




Sustainable Swine Nutrition





Sustainable Swine Nutrition

Second Edition

Edited by
Lee I. Chiba

Department of Animal Sciences
Auburn University

Auburn, Alabama, USA



This second edition first published 2023
© 2023 John Wiley & Sons Ltd

Edition History
John Wiley & Sons, Inc, (1e, 2013)

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any 
form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by law. Advice 
on how to obtain permission to reuse material from this title is available at http://www.wiley.com/go/permissions.

The right of Lee I. Chiba to be identified as the author of the editorial material in this work has been asserted in 
 accordance with law.

Registered Offices
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Office
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products visit us at  
www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print- on- demand. Some content that appears in 
standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

The contents of this work are intended to further general scientific research, understanding, and discussion only and are 
not intended and should not be relied upon as recommending or promoting scientific method, diagnosis, or treatment by 
physicians for any particular patient. In view of ongoing research, equipment modifications, changes in governmental 
regulations, and the constant flow of information relating to the use of medicines, equipment, and devices, the reader is 
urged to review and evaluate the information provided in the package insert or instructions for each medicine, equipment, 
or device for, among other things, any changes in the instructions or indication of usage and for added warnings and  
precautions. While the publisher and authors have used their best efforts in preparing this work, they make no representations  
or warranties with respect to the accuracy or completeness of the contents of this work and specifically disclaim all 
warranties, including without limitation any implied warranties of merchantability or fitness for a particular purpose. No 
warranty may be created or extended by sales representatives, written sales materials or promotional statements for this 
work. The fact that an organization, website, or product is referred to in this work as a citation and/or potential source of 
further information does not mean that the publisher and authors endorse the information or services the organization, 
website, or product may provide or recommendations it may make. This work is sold with the understanding that the 
 publisher is not engaged in rendering professional services. The advice and strategies contained herein may not be 
suitable for your situation. You should consult with a specialist where appropriate. Further, readers should be aware that 
websites listed in this work may have changed or disappeared between when this work was written and when it is read. 
Neither the publisher nor authors shall be liable for any loss of profit or any other commercial damages, including but not 
limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging- in- Publication Data
Names: Chiba, Lee, editor.  
Title: Sustainable swine nutrition / edited by Lee I. Chiba, Professor 
 Department of Animal Sciences Auburn University Auburn, Alabama, USA.  
Description: Second edition. | Hoboken, NJ, USA : Wiley-Blackwell, 2023. | 
 Includes bibliographical references and index. 
Identifiers: LCCN 2022007979 (print) | LCCN 2022007980 (ebook) | ISBN 
 9781119583899 (cloth) | ISBN 9781119583981 (adobe pdf) | ISBN 
 9781119583936 (epub)  
Subjects: LCSH: Swine—Nutrition. | Swine—Feeding and feeds. 
Classification: LCC SF396.5 .S87 2022 (print) | LCC SF396.5  (ebook) | DDC 
 636.4/0852—dc23/eng/20220223 
LC record available at https://lccn.loc.gov/2022007979
LC ebook record available at https://lccn.loc.gov/2022007980

Cover Design: Wiley 
Cover Images: © Helen Camacaro/Getty Images; Lauri Patterson/iStockphoto; krisanapong detraphiphat/Getty Images; 
Image Source/Getty Images; K321/Shutterstock 

Set in 10.5/12 TimesLTStd by Straive, Pondicherry, India



v

Contents

Contributors vii
Preface xiii
Editor xv

Part I Fundamental Nutrition

Chapter 1 Digestive Physiology and Nutrition of Swine 3
Eugeni Roura, Maximiliano Müller, Roger Campbell, Michael Ryoo,  
and Marta Navarro

Chapter 2 Water in Swine Nutrition 37
Charles M. Nyachoti, Alemu Regassa, and John F. Patience

Chapter 3 Energy and Energy Metabolism in Swine 65
Jean Noblet, Etienne Labussière, David Renaudeau, and Jaap van Milgen

Chapter 4 Lipids and Lipid Utilization in Swine 103
Werner G. Bergen

Chapter 5 Amino Acids and Amino Acid Utilization in Swine 115
Sai Zhang, Rodrigo Manjarin, and Nathalie L. Trottier

Chapter 6 Carbohydrates and Carbohydrate Utilization in Swine 151
Knud Erik Bach Knudsen, Helle Nygaard Lærke, and Henry Jørgensen

Chapter 7 Vitamins and Vitamin Utilization in Pigs 189
J. Jacques Matte and Charlotte Lauridsen

Chapter 8 Minerals and Mineral Utilization in Swine 229
Gretchen M. Hill

Chapter 9 Nutrition and Immunology in Swine 245
Lucas A. Rodrigues, Michael O. Wellington, Andrew G. Van Kessel,  
and Daniel A. Columbus



CONTENTSvi

Part II Nutrition for Successful and Sustainable Swine Production

Chapter 10 Diet Formulation and Feeding Programs 273
Sung Woo Kim and Jeffrey A. Hansen

Chapter 11 Cereal Grains, Cereal By- products, and Other Energy Sources in Swine Diets 285
Rajesh Jha and Tofuko A. Woyengo

Chapter 12 Major Protein Supplements in Swine Diets 307
Lee I. Chiba

Chapter 13 Pulse Grains and Their Coproducts in Swine Diets 343
Li Fang Wang, Eduardo Beltranena, and Ruurd T. Zijlstra

Chapter 14 Fiber in Swine Nutrition 375
J. Paola Lancheros, Charmaine D. Espinosa, Su A. Lee, Maryane S. Oliveira,  
and Hans H. Stein

Chapter 15 Antinutritional Factors in Feedstuffs 411
Tofuko A. Woyengo

Chapter 16 Feed Processing Technology and Quality of Feed 429
Chad B. Paulk, Charles R. Stark, and Kara M. Dunmire

Chapter 17 Enzymes and Enzyme Supplementation of Swine Diets 445
Chan Sol Park and Olayiwola Adeola

Chapter 18 Feed Additives in Swine Diets 471
Cormac J. O’Shea

Chapter 19 Digestibility and Availability of Nutrients in Feed Ingredients 493
Su A. Lee and Hans H. Stein

Chapter 20 Swine Nutrition and Environment 547
Ming Z. Fan, Brian J. Kerr, Steven Trabue, Xindi Yin, Zeyu Yang, and Weijun Wang

Chapter 21 Swine Housing Systems, Behavior, and Welfare 603
Peter J. Lammers, Mark S. Honeyman, Rachel M. Park, and Monique D. Pairis- Garcia

Chapter 22 Feeding Reproducing Swine and Neonatal Pigs 623
Lee J. Johnston

Chapter 23 Feeding Weanling, Grower, and Finisher Swine 647
Robert D. Goodband, Mariana B. Menegat, and Hayden E. Williams

Chapter 24 Organic Swine Production and Nutrition 667
Sandra A. Edwards

Chapter 25 Swine Nutrition and Pork Quality 683
Jason K. Apple

Index 709



vii

Contributors

Olayiwola Adeola, Ph.D. Department of Animal Sciences
 Purdue University
 West Lafayette, Indiana, United States

Jason K. Apple, Ph.D. Department of Animal Science and Veterinary Technology
 Texas A&M University- Kingsville
 Kingsville, Texas, United States

Knud Erik Bach Knudsen, Ph.D. Department of Animal Science
 Faculty of Technical Sciences
 Aarhus University
 Tjele, Denmark

Eduardo Beltranena, Ph.D. Department of Agricultural, Food and Nutritional Science
 University of Alberta
 Edmonton, Alberta, Canada

Werner G. Bergen, Ph.D. Department of Animal Sciences
 Auburn University
 Auburn, Alabama, United States

Roger G. Campbell, Ph.D. RG Campbell Advisory PTY Ltd.
 Adelaide, South Australia, Australia

Lee I. Chiba, Ph.D. Department of Animal Sciences
 Auburn University
 Auburn, Alabama, United States

Daniel A. Columbus, Ph.D. Prairie Swine Centre
 Saskatoon, Saskatchewan, Canada &
 Department of Animal and Poultry Science
 University of Saskatchewan
 Saskatoon, Saskatchewan, Canada



CONTRIBUTORSviii

Kara M. Dunmire, Ph.D. Feed Innovation Deployment
 Purina Animal Nutrition, LLC.
 Gray Summit, Missouri, United States

Sandra A. Edwards, Ph.D. School of Natural and Environmental Sciences
 Newcastle University
 Newcastle upon Tyne, United Kingdom

Charmaine D. Espinosa, Ph.D. Department of Animal Sciences
 University of Illinois at Urbana- Champaign
 Urbana, Illinois, United States

Ming Z. Fan, Ph.D. Department of Animal Biosciences
 Ontario Agricultural College
 University of Guelph
 Guelph, Ontario, Canada

Robert D. Goodband, Ph.D. Animal Sciences and Industry
 Kansas State University
 Manhattan, Kansas, United States

Jeffrey A. Hansen, Ph.D. NutriQuest
 Burgaw, North Carolina, United States

Gretchen M. Hill, Ph.D. Department of Animal Science
 Michigan State University
 East Lansing, Michigan, United States

Mark S. Honeyman, Ph.D. College of Agriculture and Life Sciences
 Iowa State University
 Ames, Iowa, United States

Alemu Regassa, Ph.D. Department of Animal Science
 University of Manitoba
 Winnipeg, Manitoba, Canada

Rajesh Jha, Ph.D. Human Nutrition, Food and Animal Sciences
 University of Hawaii
 Honolulu, Hawaii, United States

Lee J. Johnston, Ph.D. West Central Research and Outreach Center
 University of Minnesota
 Morris, Minnesota, United States



CONTRIBUTORS ix

Henry Jørgensen, Ph.D. Department of Animal Science
 Faculty of Technical Sciences
 Aarhus University
 Tjele, Denmark

Brian J. Kerr, Ph.D. National Laboratory for Agriculture and the Environment
 ARS, USDA
 Ames, Iowa, United States

Sung Woo Kim, Ph.D. Department of Animal Science
 North Carolina State University
 Raleigh, North Carolina, United States

Etienne Labussière, Ph.D.  Physiology, Environment, and Genetics for the Animal and 
Livestock Systems

 INRAE
 Rennes, France

Helle Nygaard Lærke, Ph.D. Department of Animal Science
 Faculty of Technical Sciences
 Aarhus University
 Tjele, Denmark

Peter J. Lammers, Ph.D. School of Agriculture
 University of Wisconsin- Platteville
 Platteville, Wisconsin, United States

J. Paola Lancheros, M.S. Department of Animal Sciences
 University of Illinois at Urbana- Champaign
 Urbana, Illinois, United States

Charlotte Lauridsen, Ph.D. Department of Animal Science
 Aarhus University
 Tjele, Denmark

Su A. Lee, Ph.D. Department of Animal Sciences
 University of Illinois at Urbana- Champaign
 Urbana, Illinois, United States

Rodrigo Manjarin, Ph.D. Animal Science Department
 California Polytechnic State University
 San Luis Obispo, California, United States

J. Jacques Matte, Ph.D. Agriculture and Agri- Food Canada
 Sherbrooke, Quebec, Canada



CONTRIBUTORSx

Mariana B. Menegat, Holden Farms
DVM, Ph.D. Northfield, Minnesota, United States

Maximiliano Müller, Ph.D. Centre for Nutrition and Food Sciences
 Queensland Alliance for Agriculture and Food Innovation
 The University of Queensland
 Brisbane, Queensland, Australia

Marta Navarro, Ph.D. Centre for Nutrition and Food Sciences
 Queensland Alliance for Agriculture and Food Innovation
 The University of Queensland
 Brisbane, Queensland, Australia

Jean Noblet, Ph.D. Physiology, Environment, and Genetics for the Animal and  
 Livestock Systems
 INRAE
 Rennes, France (Retired)

Charles M. Nyachoti, Ph.D. Department of Animal Science
 University of Manitoba
 Winnipeg, Manitoba, Canada

Maryane S. Oliveira, Ph.D. Department of Animal Sciences
 University of Illinois at Urbana- Champaign
 Urbana, Illinois, United States

Cormac J. O’Shea, Ph.D. Division of Animal Sciences
 School of Biosciences
 University of Nottingham, Sutton Bonington Campus
 Loughborough, United Kingdom

Monique D. Pairis- Garcia,  
DVM, Ph.D., DACAW 

College of Veterinary Medicine
 North Carolina State University
 Raleigh, North Carolina, United States

Chan Sol Park, Ph.D. Department of Animal Sciences
 Purdue University
 West Lafayette, Indiana, United States

Rachel M. Park, M.S. College of Veterinary Medicine
 North Carolina State University
 Raleigh, North Carolina, United States



CONTRIBUTORS xi

John F. Patience, Ph.D. Department of Animal Science
 Iowa State University
 Ames, Iowa, United States

Chad B. Paulk, Ph.D. Department of Grain Science and Industry
 Kansas State University
 Manhattan, Kansas, United States

David Renaudeau, Ph.D.  Physiology, Environment, and Genetics for the Animal and 
Livestock Systems

 INRAE
 Rennes, France

Lucas A. Rodrigues, M.S., DVM Department of Animal and Poultry Science
 University of Saskatchewan
 Saskatoon, Saskatchewan, Canada

Eugeni Roura, Ph.D. Centre for Nutrition and Food Sciences
 Queensland Alliance for Agriculture and Food Innovation
 The University of Queensland
 Brisbane, Queensland, Australia

Michael Ryoo, B.S. Centre for Nutrition and Food Sciences
 Queensland Alliance for Agriculture and Food Innovation
 The University of Queensland
 Brisbane, Queensland, Australia

Charles R. Stark, Ph.D. Department of Grain Science and Industry
 Kansas State University
 Manhattan, Kansas, United States

Hans H. Stein, Ph.D. Department of Animal Sciences
 University of Illinois at Urbana- Champaign
 Urbana, Illinois, United States

Steven L. Trabue, Ph.D. National Laboratory for Agriculture and the Environment
 ARS, USDA
 Ames, Iowa, United States

Nathalie L. Trottier, Ph.D. Department of Animal Science
 Cornell University
 Ithaca, New York, United States



CONTRIBUTORSxii

Andrew G. Van Kessel, Ph.D. Department of Animal and Poultry Science
 University of Saskatchewan
 Saskatoon, Saskatchewan, Canada

Jaap van Milgen, Ph.D.  Physiology, Environment, and Genetics for the Animal and 
Livestock Systems

 INRAE
 Rennes, France

Li Fang Wang, Ph.D. Department of Agricultural, Food and Nutritional Science
 University of Alberta
 Edmonton, Alberta, Canada

Weijun Wang, Ph.D. Canadian Food Inspection Agency – Ontario Operation
 Guelph, Ontario, Canada

Michael O. Wellington, Ph.D. Department of Animal and Poultry Science
 University of Saskatchewan
 Saskatoon, Saskatchewan, Canada

Hayden E. Williams, Ph.D. Eichelberger Farms
 Wayland, Iowa, United States

Tofuko A. Woyengo, Ph.D. Department of Animal Science
 Aarhus University
 Tjele, Denmark

Zeyu Yang, M.S. Department of Animal Biosciences
 Ontario Agricultural College
 University of Guelph
 Guelph, Ontario, Canada

Xindi Yin, Ph.D. Department of Animal Biosciences
 Ontario Agricultural College
 University of Guelph
 Guelph, Ontario, Canada

Sai Zhang, Ph.D. Institute of Animal Science
 Guangdong Academy of Agricultural Sciences
 Guangzhou, Guangdong, China

Ruurd T. Zijlstra, Ph.D. Department of Agricultural, Food and Nutritional Science
 University of Alberta
 Edmonton, Alberta, Canada



xiii

Preface

The field of swine nutrition is dynamic and changing rapidly. New information is continuously 
generated and added to the body of expanding fundamental knowledge on swine nutrition. All the 
information would be, obviously, imperative for successful and sustainable commercial swine 
production. To utilize the information effectively, all those recent developments or current 
advances in swine nutrition must be put into a proper context simply because of the diversity of 
such information. There are many books that cover various aspects of swine nutrition, but, unfor-
tunately, not many books are specifically designed to address pertinent issues necessary for “suc-
cessful and sustainable swine production.” Developing optimum, environmentally friendly 
feeding strategies for such a purpose involves consideration of a multitude of factors. The first 
edition of “Sustainable Swine Nutrition” successfully presented comprehensive reviews on those 
pertinent factors and issues.

As a comprehensive book on swine nutrition, it is, obviously, important to include the latest 
reviews on the basic aspects of nutrition, i.e. water, protein or amino acids, lipids, carbohydrates, 
energy, vitamins, minerals, and nutritional immunology. In addition, it is essential to dedicate the 
remaining portion of the book to the discussion of specific, pertinent issues that can be beneficial to 
the ultimate goal of the present book. That is, to provide a comprehensive review on the pertinent 
issues and subjects necessary for developing the optimum feeding strategies for successful and 
sustainable swine production. In the second edition of the book, additional chapters on the digestive 
physiology, primary energy and protein sources, antinutritional factors, feed processing, housing, 
behavior, welfare, and organic swine production have been included. Furthermore, several previous 
chapters have been combined or divided to address some pertinent issues more thoroughly. The lat-
est up- to- date fundamental information, additional chapters, and modified chapters enhance the 
value of the book and contribute greatly to “nutrition for successful and sustainable swine 
production.”

This second edition of the book would not have been possible without the generous support of my 
colleagues, and I would like to thank our contributors for the first and second editions and new col-
laborators for their willingness to participate in this endeavor. I sincerely appreciate their time and 
dedicated effort on this book project.

Lee I. Chiba
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Sustainable Swine Nutrition, Second Edition. Edited by Lee I. Chiba. 
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.

Introduction

The domestic pig (Sus scrofa) belongs to the order of Artiodactyla suborder Suiformes 
(Simpson 1945). Many of the physio- anatomical features of the species S. scrofa can be related to 
dietary adaptations typical of a plant- dominated omnivore, characterized by a high fermentative 
capacity in the proximal hindgut.

In brief, the digestion of nutrients starts in the mouth and continues in the stomach and small 
intestine with the help of both mechanic and enzymatic mechanisms. Most dietary nutrients are 
digested into single moieties and absorbed before the gut content reaches the end of the ileum and 
enters the large intestine where fermentation occurs. Undigested compounds such as complex car-
bohydrates, reaching the large intestine, are fermented and utilized by the microbiota releasing 
mainly short- chain fatty acids (SCFA). This chapter reviews the main anatomical and physiological 
features relevant to the digestion and absorption of nutrients in the pig. A comprehensive under-
standing of the role of gut microbiota in the digestive physiology of pigs has not been included in 
this chapter.

Anatomy of the Porcine Digestive System

The Oral Cavity

The mouth is the necessary point of entrance for all solid and liquid nutrients essential to maintain 
metabolic homeostasis. The anatomical and physiological features of the oral cavity respond to 
three main functions relevant to eating: (i) food selection and apprehension, (ii) physical breakdown 
and grinding of ingredients including predigestion, and (iii) lubrication and swallowing. These 
functions have been related to three main organs: the tongue, the dental, and the salivary system.

The Tongue
The pig tongue consists of a muscle appendix protruding from the base of the oral cavity (lower 
mandibula) characterized for a high mobility essential to move oral contents and a dorsal epithelial 
layer containing mechanical and sensory papillae. The tongue plays a fundamental role in food 
acquisition (particularly the front mobile tip), food selection (through taste), and oral manipulation 
as part of the mastication and the act of swallowing (Lærke and Hedemann 2012). The mechanical 

1 Digestive Physiology and Nutrition of Swine
Eugeni Roura, Maximiliano Müller, Roger G. Campbell, 
Michael Ryoo, and Marta Navarro



4 FUNDAMENTAL NUTRITION

papillae (known as filiform) facilitate a central role in moving the food bolus around the oral cavity 
for optimal processing (e.g., grinding, crushing, and lubrication) prior to and including swallowing.

In addition, the tongue plays a fundamental role in sensing dietary nutrients through the taste 
system. The basic organelle is the taste bud, with bundles of 100–150 taste sensory cells embedded 
in defined epithelial structures named as taste papillae. There are three types of taste bud- containing 
taste papillae: fungiform, foliate, and circumvallate. Pigs have many fungiform papillae covering 
the upper lingual surface. The foliate are located distal at each side of the tongue and is in contact 
with the oropharynx. The circumvallate papillae are two mushroom- shaped macroscopic structures, 
located and also in contact with the oropharynx but as part of the dorsal epithelia in pigs (Roura 
et al. 2016). The circumvallate papillae contain the highest amount of taste buds. A detailed expla-
nation of the sense of taste and nutrient sensing mechanisms in the pig can be found in the section 
on “Nutrient Digestion.”

The Dental System
The apprehension and oral processing of solid food occurs mainly due to the combined function of 
the lips, the tongue, and the dental system. The pig is a dental heterodont consisting of four types of 
specialized teeth: incisors (I), canines (C), premolars (Pm), and molars (M). The array of teeth is 
arranged in four identical and symmetric quarters two in each half of the upper and lower jaws. The 
number of tooth types differs in the various orders of mammals and is closely related to their feed-
ing habits. Incisors and canines are primarily involved in food acquisition (stripping and rooting), 
while premolars and molars are involved in oral processing of foods (crushing, grinding, and shear-
ing). Specific to the pig, the dentition consists of 44 permanent teeth with a basic dental formula in 
each quarter of 3- 1- 4- 3 indicating the number of I, C, Pm, and M, respectively. The lower tusks are 
kept sharp by friction against the upper ones making them formidable weapons as well. Numerous 
tubercles make the occlusal surface of the molars very irregular and ideal for grinding and crushing 
food (Figure 1.1) (Sova et al. 2018).

Buccal

Anterior
10 mm

Figure 1.1 Pig molars have a complex fragmentary pattern with high crushing and grinding power. The enamel surface shows 
rounded, convex cusps with narrow intervening fissures. Porcine molars are difficult to distinguish from human molars. Source: 
Sova et al. (2018), Figure 03 [p. 04]/Frontiers Media S.A/CC BY 4.0.
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The Salivary System
Adult pigs produce about 15 L of saliva daily. Saliva is a viscid, slightly acidic, and watery fluid 
secreted by the salivary glands present in the oral cavity that facilitates the mastication, digestion, 
lubrication, and deglutition of foods. The enzymatic digestion occurring before and after swallow-
ing thanks to enzymatic activities present in saliva is further presented in the section “Nutrient 
Digestion.”

The salivary glands are exocrine secretory acini with an intralobular system of intercalated and 
striated ducts. Pigs have three paired major salivary glands (parotid, submandibular, and sublingual) 
as well as hundreds of minor salivary glands embedded as part of the oral epithelia (Figure 1.2). 
Salivary glands produce three types of secretions referred to as serous, mucous, or seromucous 
(mixed). The main proteins present in serous secretions are alpha- amylase and the pig- specific 
enzyme ptyalin, both involved in the breaking down of starch into maltose and glucose. In mucous 
secretions, the main protein secreted is mucin acting mainly as a lubricant.

Pharynx, Esophagus, Stomach, and Omentum

When leaving the oral cavity, foods travel through the pharynx and esophagus before reaching the 
stomach. The esophageal submucosa is rich in bicarbonate and mucin- producing glands that lubri-
cate the walls and the food protecting the epithelium, while also buffering contents with extreme pH.

The stomach is a food conditioning chamber preceding the main site of digestion and absorption 
of nutrients, the small intestine (duodenum). The size of the stomach represents 0.6% of the body 
weight (BW) in an adult pig reaching a volume of up to 6–8 L. The relative size decreases with the 

Parotid gland

Dorsal
buccal gland

Ventral
buccal gland

Parotid duct
Mandibular gland

Mandibular duct

Diffuse (polystomatic)
part of sublingual gland

Figure 1.2 Schema of the distribution of the salivary glands in pigs. Source: Ducharme et al. (2017) / with permission of Elsevier.
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age of the animal to the extent that in young pigs the relative size is around twice as much as in the 
adult (see the section on “Developing GIT in Piglets”). Based on the structure–function of the gas-
tric mucosa, the porcine stomach can be divided into four main regions (Figure 1.3): the stratified 
squamous region named as pars esophagea, the cardiac glandular region (or corpus), the proper 
gastric region (or fundus), and the pyloric gland region (or antrum).

The most cranial region (pars esophagea) is a nonglandular extension of the esophagus located 
at the entrance of the stomach from the esophagus. In pigs, this region has a high risk in develop-
ing ulcers due to fine feed particle size or because of dealing with stressing events. The cardiac 
region contains mainly mucus- producing cells that protect the gastric mucosa from the entering 
bolus and the low pH gastric environment. Compared to other mammalian and avian species, the 
pig stomach has a very large cardiac region that is associated with having one of the lowest pH of 
around 1.5–2.5 (Smith 1965; Stevens 1977) (Figure 1.4). The fundus is also referred to as the 
proper gastric region because of the high density of HCl and mucus- producing glands (fundus 
glands). Fundus gland secretions are high in protease activity and contain pepsinogen (see 
“Nutrient Digestion” in this chapter below for additional descriptions). The stomach fundus is 
also rich in sensory cells identified as part of the endocrine/paracrine system described later in the 
section on “Nutrient Sensing and Gut- brain Axis.” The pyloric region includes mucus; chief 
(zymogenic) cells, which oversee the production of pepsinogen and gastric lipase; and enteroen-
docrine cells (EEC).

The main function of the stomach is to precondition foods for further digestion in the small intes-
tine, using mechanical and chemical processing. Mechanical digestion occurs thanks to the peristal-
tic movements that mix and soften the digesta. The apical entrance of the stomach is regulated by 
the cardiac valve that prevents the accidental regurgitation of highly acidic stomach contents. These 
movements increase in force as they reach the pylorus. The pylorus acts as a filter allowing the pas-
sage of only small particles into the duodenum. The digested food then slowly pushes into the 
duodenum through a process known as gastric emptying, regulated by neural and hormonal mecha-
nisms involving ghrelin, cholecystokinin (CCK), glucagon- like peptide 1 (GLP- 1), or peptide 
tyrosine- tyrosine (PYY) (see the section on “Nutrient Sensing and the Gut- brain Axis”). The chemical 

Gastric region
(or Fundus)

Gastro-duodenal junction (Pylorus)

Duodenum

Pars
esophagea

Pyloric gland region
(or Antrum)

Cardiac
glandular region

(or Corpus)

Figure 1.3 The stomach of a pig highlighting the four epithelial/glandular regions (pars esophagea, cardiac, gastric, and pyloric 
regions) and the gastro- duodenal junction (pylorus sphincter) gate to the duodenum.



7DIGESTIVE PHYSIOLOGY AND NUTRITION OF SWINE

processing primarily consists of the secretion of hydrochloric acid that lowers the pH below 5. The 
acidic pH allows for the activation of pepsinogen to pepsin. In addition, gastric lipase is also secreted 
in the stomach. A more detailed accounting of the chemical digestion of foods in the stomach is 
presented in the next section.

The capacity of the stomach to absorb nutrients has often been underestimated. Absorption of 
simple molecules occurs including water and water- soluble vitamins, short-  and medium- chain 
fatty acids, hormones (α- ketoglutarate, estrogens), and some AAs among others (Zebrowska 
et al. 1982; Ruoff and Dziuk 1994; Buddington et al. 2004).

The omentum is a membrane structure that covers the stomach and part of the liver in pigs. It 
helps anchoring the gastrointestinal tract to the body wall (along the spine) keeping the stomach in 
place. In addition, the omentum is one of the main fat body stores creating a network of adipocytes 
sitting around the blood vessels.

Small intestine

The small intestine is a tubular organ approximately 20 m long in the adult pig, extending from the 
stomach to the large intestine and located in the right abdomen. It is divided into three segments: 
the duodenum, jejunum, and ileum representing around 5, 90, and 5% of the total length, respec-
tively (Adeola and King 2006). The small intestine consists of four membrane layers: in a distal to 
medial direction (from outside to inside the intestinal lumen), first is the serosa, then the muscula-
ris, followed by the submucosa and the mucosa (Figure 1.5). The serosa or outermost layer has a 
squamous epithelium forming the mesentery that contains large blood vessels, connective tissue, 
and nerves. The muscular layer includes two sublayers, the outer consisting of longitudinal muscle 

Pancreatic juice

Gastric secretion

Bile (main organic compounds):

Intestinal brush border:

Pancreas and gallbladder

Jejunum

Oral cavity and esophagus Gastric fundus Gastric antrum Duodenum Jejunum and ileum Cecum and colon Rectum

IleumDuodenum

Gut pH

<3.0 =
3.1 – 4.5 =
4.6 – 5.5 =
5.6 – 6.0 =
6.1 – 7.0 =
7.1 – 8.5 =

Stomach

Gallbladder

Pancreas

∙ Bile acids
∙ Phospholipids
∙ Cholesterol

Colon

Cecum

∙ α-amylase
∙ Lipase
∙ Co-lipase
∙ Carboxyl ester hydrolase
∙ Phospholipase A2
∙ Trypsinogen/trypsin
∙ Chymotrypsinogen/chymotrypsin
∙ Elastesa 1
∙ Carboxipeptidase A and B
∙ DNASE1
∙ RNASE1

∙ Glucoamylases 1 and 2
∙ Sucrase
∙ Isomaltase
∙ Lactase
∙ Trehalase
∙ Cellobiase
∙ Aminopeptidases (N, A and
  dipeptidyl peptidase IV) *
∙ Dipeptidases (glycyl-L-leucine, L-
  alanyl-L-glutamic acid and L-alanyl-L-
  proline)*

Saliva
∙ Amylase
∙ Lipase

∙ Pepsinogen/pepsin
∙ Lipase
∙ HCL

Figure 1.4 The porcine gastrointestinal tract: main enzymatic activities secreted by tissue and pH variations along the tract using 
color coding.
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fibers and the inner consisting of circular muscles. Collectively, the synchronic contraction and 
relaxation of the muscles in the two sublayers define the rhythmic waves of intestinal motility also 
referred to as peristalsis that determines food passage rates (see the section on “Gut motility, tran-
sit time and the ileal brake”). The submucosa is made up of connective tissue and contains blood 
and lymphatic vessels and nerves. The mucosa, which is the most inner layer, is divided into three 
smaller layers: muscularis mucosa, lamina propria, and epithelium. Like the muscular and submu-
cosa layers, the muscularis mucosa possess both inner longitudinal and outer encircling muscles, 
whereas the lamina propria contains blood vessels, gut- associated lymphatic tissue (GALT), and 
neurons. The epithelium consists of folds and villi that increase the contact between the chyme and 
the epithelial cells and crypts with high secretory capacity (Figure 1.5). The average height of the 
villi is constant throughout the duodenum and jejunum while slightly declining in the ileum 
(Table 1.1). In addition, the apical membrane of enterocytes consists of microvilli enabling higher 
digestive capacity (through brush border enzymes) and subsequent absorption of nutrients from 
the lumen. In addition to the enterocytes, the intestine has four specialized epithelial cell types: 
goblet, tuft, Paneth, and EEC.

Simple columnar
epithelium with microvilli

(absorbs nutrients)

Capillary network

Goblet cells

Lacteal

Circular fold

Circular folds

Mucosa

Serosa

Serosa

Intestinal villi

Submucosa

(a) (c)

(b)

Submucosa

Muscularis
Inner circular layer

Outer longitudinal layer

Intestinal gland
Lymphatic nodule

Intestinal villus

Inner circular layer
Muscularis

Outer longitudinal layer

Paneth cells
(innate immunity)

Muscularis mucosae
Venule
Lymph vessel
Arteriole

Figure 1.5 Anatomy of the small intestinal mucosa. The gut has five concentric layers (a). The most inner layer is the mucosa 
that consists of circular folds (b) and a covering of villi (c). Each villus contains connective tissue with microvasculature and 
lymphatics called lacteals and is covered with a simple columnar epithelium composed of enterocytes and goblet cells. The 
microvilli present in the apical cell membrane of enterocytes dramatically increase the absorptive area. Crypts are short tubular 
glands between villi with stem cells and Paneth cells. Source: Mescher (2009) / with permission of McGraw Hill LLC.
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Duodenum
The adult porcine duodenum extends from the pylorus of the stomach until the duodenal- jejunal 
junction located 70–95 cm down the tract divided in four segments: superior, descending, inferior, 
and ascending. After the chemical digestion occurring in the oral cavity and by stomach, the duo-
denum is the third organ involved in enzymatic/chemical digestion of foods. While accounting 
only for 5% of the length of the small intestine, the duodenum has a crucial role in receiving the 
main digestive juices essential for food digestion: the bile (i.e., bile acids) and pancreatic juices 
(i.e., pancreatic enzymes). Pancreatic enzymes and bile acids enter the duodenum through the 
common hepatopancreatic duct forming the major duodenal papilla located 2–5 cm from the 
stomach pylorus. Pigs have a secondary pancreatic duct (accessory) that opens at a minor duode-
nal papilla located 8–10 cm distally from the major duodenal papilla. The hepatopancreatic 
sphincter (Sphincter of Oddi) controls the flow of digestive juices into the duodenum. The opti-
mization of the enzymatic digestion requires of a pH of around 6.4 (Figure 1.4). At the start of the 
duodenum, the pH is 6.1 and steadily rises to 6.4 thanks to the alkaline secretions released from 
Brunner’s glands present in the duodenal submucosa facilitate the neutralization of the acidic 
digested contents received from the stomach via the gastric pylorus. Unique to the duodenal epi-
thelium is the presence of CCK- secreting I cells (Table 1.1). The duodenum also plays a minor 
role in absorbing a small part of free nutrients.

Table 1.1 Anatomy and physiology of different cell and tissue types in porcine small intestine, colon, and rectum.

Item Duodenum Jejunum Ileum Colon Rectum

Goblet cellsa Low density Medium density Medium- high 
density

High density 
increasing caudally

Very high density

Tuft cellsb 0.5% of total cells 0.5% of total cells 0.5% of total cells 0.5% of total cells — 

Paneth cellsc — Lieberkühn crypts — — — 

Enteroendocrine 
cellsd

High in I cells; low 
in EC and L cells

Medium- high in EC and 
L cells in distal section

High in EC and L 
cells

High in EC and L 
cells

Very high in EC 
and L cells

GALTe Low density Medium density Very high density Lymphoid follicles 
only

Lymphoid 
follicles only

Villus height 
(μm)f,h

420 ± 15.0 480 ± 53.8 372 ± 43.0 — — 

Crypt depth (μm)g,h 367 ± 49.7 429 ± 59.9 316 ± 32.9 — — 

Surface area (m2)i 0.090 60.000 60.000 0.250 0.015

GALT = gut- associated lymphoid tissue consisting of lymphoid follicles and PPs.
References: a Gonzalez et al. 2013; Vertzoni et al. 2019; Zhang and Wu 2020
b Banerjee et al. 2018
c Myer 1982; Kong et al. 2018
d Gunawardene et al. 2011; Ripken and Hendriks 2015
e Jung et al. 2010; Ruth and Field 2013; Urmila et al. 2019
f Lin et al. 2020
g Metzler- Zebeli et al. 2017
h Tian et al. 2020
i Kararli 1995.
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Jejunum
The main site of digestion and absorption of nutrient is the jejunum. The length of a mature pig jejunum 
is between 14 and 19 m (this is 90% of the small intestine) that begins at the duodenojejunal junction 
transitioning into the ileum without any specific anatomical feature. This is the longest segment in 
the middle of the small intestine that is red in color (indicating very high vascularization) and con-
sists of a relatively thick intestinal wall. At the beginning of the jejunum, the pH is 6.4 that rises to 
6.6 before transitioning into the ileum back at 6.4 (Figure 1.4). Deep crypts, known as Lieberkühn, 
and highly developed villous are characteristics of the jejunal mucosa. The crypts contain a high 
density of Paneth cells with antimicrobial functions (Table 1.1). In addition, the many parallel circu-
lar folds in the mucosa (valves of Kerckring) further increase the surface area for nutrient absorption. 
Brunner’s glands are also widely distributed up to the proximal part of the jejunum to ensure that the 
acidity has been neutralized by the alkaline secretions before comprehensive absorption occurs. The 
porcine jejunal submucosa is densely populated with Peyer’s patches (PPs), lymphoid follicles rich 
B and T cells forming part of the so- called gut- associated lymphoid tissue (GALT).

Ileum
The ileum is the most distal tubular part of the small intestine. In an adult pig, the length of the 
ileum is between 0.70 and 1 m and has a pink color indicative of less vascularization than the 
jejunum. The ileocecal valve is a sphincter that regulates the movement of digested contents from 
the small to the large intestine that begins at the cecum. The primary role of this sphincter is to 
prevent the reflux of microbe- rich enteric fluid from the large intestine to the small intestine. At 
the entry point of the ileum, the pH was 6.4 increasing to 6.7 in the middle segments to fall back 
to 6.4 at the terminal end near the ileocecal junction (Figure 1.4). Compared to the duodenum and 
jejunum, digestion is minimal in the ileum, while nutrient absorption is maximized thanks to a 
relatively thin intestinal wall that reduces diffusion distance. Partially digested foods that have 
not been fully broken down to simple nutrients, particularly lipids at the proximal part of the 
small intestine have the capacity to induce the ileal brake. In pigs, the ileal submucosa also con-
tains PPs with a unique composition consisting of 90% of the immune cells being B lymphocytes.

Epithelial Cells
Intestinal epithelia consist mainly of enterocytes and four highly specialized types of cells: goblet, 
tuft, Paneth, and EEC (Table 1.1). Enterocytes are nutrient- absorptive cells that line the surface of 
the finger- like projections referred as intestinal villi. These structures collectively amplify the intes-
tinal surface area by 30- fold. Enterocytes differentiate from stem cells at the bottom of the crypts 
and mature as they migrate toward the tip of the villi. As the enterocytes move above the basal third 
of the villi, the digestive functions are activated such as border brush enzymes. When the enterocytes 
reach the upper to mid- level of the villi, the absorptive role begins to develop. When the mature cells 
reach the top of the villi, their active life terminates and are sloughed off into the lumen. Goblet cells 
are mucus- secreting cells that are distributed in the epithelial layer surrounded by enterocytes. There 
is a higher frequency of goblet cells found in the distal (ileum) compared with the proximal (duode-
num/jejunum) small intestine. Tuft cells are chemosensory cells in the epithelial lining of small and 
large intestines. Their main function is to detect physiological disturbances associated with parasitic 
infections in the intestinal lumen and signal the immune system. In the intestine, tuft cells are the 
sole source of secreted interleukin 25. During helminth infection, IL- 25 production initiates a feed-
forward mechanism involving the activation of group 2 innate lymphoid cells (ILC2) that promote 
type 2 inflammation with the generation of IL- 5, IL- 9, and IL- 13. During a helminth infection, tuft 
cell populations can become elevated to ten times their original frequency. Paneth cells are epithelial 
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cells located at the bottom of the crypts of Lieberkühn. They produce peptides such as defensins and 
lysozymes and proteins with antimicrobial activity that mediate the host–microbe interactions, 
including innate immune protection from enteric pathogens. EEC have the primary role of secreting 
gut peptides that facilitate the dialogue with the gut- brain axis of the central nervous system in 
response to specific nutrients present in the lumen. A description of the types and roles of EEC can 
be found in the section on “Enteroendocrine System.”

Large intestine

The large intestine consists of a highly lobulated tube that facilitates the development of microbiota and 
the fermentation of undigested material leaving the small intestine. It consists of the cecum, the colon, 
and the rectum. Following dietary adaptations where fibrous components are likely to increase with 
age, the development of the large intestine, particularly the colon, continues long after the small intes-
tine has already been fully developed, reaching a total length of around 7.5 m long in mature individu-
als. Thus, the colon becomes the longest proportion of the large intestine. Consequently, pigs like 
humans have been defined as mainly colonic fermenters. The undigested chyme from the small intes-
tine is released into the ileo- cecal junction passing into the ceca or directly into the colon. A series of 
pouches derived from longitudinal muscular bands from the cecum and proximal part of the spiral 
colon are referred to as haustra. These pouches compartmentalize the passage of luminal contents while 
facilitating the proliferation of the microbiota. Villi are absent in the mucosa of the large intestine a dif-
ferential feature compared to the small intestinal mucosa. In contrast, the large intestine mucosa con-
sists of columnar epithelial cells with microvilli that form straight tubular crypts. The epithelium of the 
large intestine consists of enterocytes as the main cell type, and goblet, tuft and EEC (Table 1.1). Goblet 
cells play an important role in the large intestine by secreting a sulfated carbohydrate- protein complex, 
which lubricate columnar epithelial cells that absorb water from the chyme.

Cecum
The cecum is a highly lobulated cylindrical blind sac with three teniae running along its length, 
located at the proximal end of the colon, and lying transversely on the left side of the abdomen. The 
apex of the cecum points caudoventrally. The cecum’s pH is kept at 6.1, which is a noticeable 
decline from the 6.4 at the terminal end of the ileum (Figure 1.4). There are no villi throughout the 
cecum epithelium. Segmental contractions induce absorptive and microbial activity, which is fol-
lowed by mass movements that transfer the chyme to the colon. In pigs, soluble fiber is fermented 
in the cecum, while insoluble fiber is mainly fermented in the colon. A thick mucous membrane 
makes up the internal wall of the cecum through which water and salts are absorbed. While the 
mucosa has mucous glands, these are absent in the submucosa. The lamina muscularis particularly 
in the distal section of the cecum has large lymphatic nodules (PPs).

Colon
The porcine colon begins at the ascending colon, which is an elongated, coiled, and cone- shaped 
structure. It is attached to the dorsal abdominal wall, where the apex is oriented ventrally, that 
ascends cranially (anterior direction) until encountering the liver where it turns at a right angle to 
move horizontally. This bend is referred to as the hepatic flexure marking the start of the transverse 
colon. Over a short distance along the colon, there are three teniae coli of smooth muscle (mesoco-
loic, free, and omental coli) that run longitudinally along the surface of the large intestine, which 
contract to form rows of sacs known as the haustra. The pH rises from 6.1 to 6.4 across the 
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proximal segment of the colon (Figure 1.4). The transverse colon then extends horizontally until it 
turns at a right angle at the spleen to descend caudally (posterior direction). The splenic flexure is 
the term for this bend between the transverse colon and the descending colon. The pH across the 
middle section of the colon remains at 6.5 from start to end. The descending colon moves caudally 
toward the pelvis until it begins to turn medially and transition into the sigmoid colon. The sigmoid 
colon is an “S” shaped part of the colon in the lower left quadrant of the left abdomen that is 
attached to the dorsal pelvic wall of a mesentery called the sigmoid mesocolon that provides mobil-
ity to the sigmoid colon. The pH across the distal section of the colon slightly rises and remains at 
6.6 (Figure 1.4). Eventually, in the spiral colon region, there are two teniae and two haustra that are 
no longer identifiable in the centrifugal section. No villi are found in the colon, but there are micro-
villi that line the simple columnar epithelium of the mucosa that assist in the absorption of water 
that leads to the thickening of the stool. Anaerobic fermentation of indigestible components such 
as the insoluble fiber cellulose by the intestinal microflora, which inhabit the crypts of Lieberkühn, 
is another major role played by the colon. Large lymphatic nodules are also found in the submu-
cosa of the colon. The temporary storage and transport of feces across the large intestine is 
enhanced by a layer of mucus secreted by an abundance of goblet cells distributed throughout 
the colon that provides lubrication. The teniae coli of the smooth muscle in the sigmoid colon 
broaden to form a complete layer within the rectum at the rectosigmoid junction in the large intes-
tine that marks the end of the sigmoid colon and the start of the rectum.

Rectum, Anal Canal, and Anus
The rectum follows the posterior end of the large intestine and is the last straight part of the diges-
tive system connecting with the anus in the anal canal. It is surrounded by bands of muscles 
required to move the waste product of digestion (feces) out of the body. Goblet cells are abundant 
throughout the rectal mucosa to lubricate the feces as they pass into the anus. The median pH of 
the porcine rectum is 6.3. The ampulla is the last segment of the rectum that relaxes to accumulate 
and transiently store feces. The recto- anal junction functions thanks to the longitudinal layer of the 
tunica muscularis and the lamina muscularis in the rectum. As feces accumulate in the ampulla, 
pressure sensitive receptor cells detect increasing distension that initiates the defecation reflex. The 
combination of both voluntary and involuntary process involves the rectum to forcefully contract 
and subsequently relax the internal anal sphincter regulating defecation. The anal sinuses are fur-
rows in the anal canal that contain glands in charge of secreting mucus to lubricate the feces as it 
passes through to the external environment. The median pH of the porcine anal canal, like the 
rectum, is 6.3. The anus is referred to the exterior opening surrounded by the anal sphincter.

The Pancreas

The pancreas is both an endocrine and an exocrine organ, associated with the digestive system 
located in the inner side of the duodenum loop (part of the proximal small intestine). In the pig, 
the pancreas is composed of two glandular lobes and a pancreatic duct that drains into the duode-
num 20–25 cm from the pylorus and closely distal to the bile duct from the gallbladder. Acinar 
cells, present in the exocrine pancreas, oversee the production and release of enzymes and zymo-
gens into the duodenum when stimulated. The pancreatic enzymes are essential to digest proteins, 
carbohydrates, lipids, and nucleic acids. The endocrine pancreas produces hormones that regulate 
the utilization of the absorbed digested products and it is structured in islets named after Professor 
Paul Langerhans (islets of Langerhans). The islets consist of α- cells producing the peptide glucagon, 
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β- cells producing insulin and amylin, δ- cells producing somatostatin, and F- cells producing 
pancreatic polypeptide. More detail on the endocrine and exocrine roles of pancreatic secretions 
can be found in sections “Nutrient Digestion and Nutrient Sensing and the Gut- brain Axis.”

The Liver

The liver is a complex organ with several essential functions in the maintenance of metabolic home-
ostasis including detoxification of hazardous metabolites, synthesis of a wide range of proteins, and 
other compounds necessary for digestion and growth. The liver is an accessory but crucial organ to 
the digestive system that produces bile, an alkaline fluid containing cholesterol and cholesterol- 
derived bile acids required for the breakdown of fat. The liver in pigs is divided into six lobes by 
deep interlobular fissures: the left lateral and medial, the right lateral and medial, the quadrate, and 
the caudate lobes. The gallbladder (3–5 cm, 25 mL), a small pouch that sits just under the liver, 
stores the bile produced before it is released into the small intestine to complete digestion. 
Hepatocytes are the main functional liver cells that produce the bile juice (0.6–1.1 mL kg−1 BW/h) 
(Swindle 2015). The bile juice is moved through the intrahepatic bile ducts to the extrahepatic bil-
iary system consisting of a cystic duct, connected to the gallbladder, and a bile duct, that drains in 
the duodenum, approximately 2–5 cm distal to the pylorus. Different from the pancreas, bile juices 
are produced constantly and stored in the gallbladder until nutrient stimulation. The presence of 
nutrients in the proximal small intestine, particularly lipids, triggers the sphincter of Oddi to relax, 
and the gallbladder contracts allowing the release of bile juices into the duodenum.

The Gut- Associated Lymphoid Tissue (GALT)

The GALT is the specialized intestinal immune system that protects the gut mucosa avoiding micro-
bial invasion. The distribution of GALT through small and large intestine has been outlined in 
Table 1.1. The GALT includes PPs, the mesenteric lymph nodes (MLNs), and isolated lymphoid 
follicles. PPs are transmucosal clusters with dendritic cells in the dome and interfollicular areas as 
antigen- presenting cells. PPs are present in the small intestine (Jejunum - JPP-  and Ileum - IPP- ) and 
the large intestine, with isolated lymphoid follicles (ILF; Liebler- Tenorio and Pabst 2006). In pigs, 
pancreatic polypeptides in the jejunum are richer in T cells than B cells (65% vs. 35%, respec-
tively), while in the ileal submucosa, pancreatic polypeptides consist of 90% of B cells. This sug-
gests that the jejunum has a stronger role in cell- mediated immunity compared to the ileum that is 
dependent on humoral (antibody mediated) immunity. Microfold cells are specialized epithelial 
cells, which facilitate the transport of antigens from pathogenic microorganisms to the B lympho-
cytes, that elicit the immune response. In addition, individual lymphoid nodules have been observed 
in the submucosa and lamina propria of the gastric cardia region in pigs.

Gut Motility, Transit Time, and the Ileal Brake

The transit time of the food bolus and chyme through the gastrointestinal tract determines the effi-
ciency of the digestion and absorption of nutrients ultimately affecting appetite and feeding behav-
ior. Gut motility is an essential feature to understand the passage rate of gastrointestinal contents 
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and is mainly a result of (i) tissue- specific sequences of contraction–relaxation patterns of the 
smooth muscle layers, (ii) the presence of two valves (epiglottis and cardia) and four sphincters 
(pyloric, ileo- cecal, and internal and external anal) with a “stop- go” flow function in critical points 
of the gastrointestinal tract determine bolus and chyme passage rates (Figure 1.5).

Smooth Muscle Layers
Smooth muscle layers are present in two locations throughout the gastrointestinal tract, in the 
mucosa outside the lamina propria (muscularis mucosae) and surrounding the submucosa (external 
muscular layers). The muscularis mucosae is a continuous thin layer separating mucosa from sub-
mucosa, consisting of crossed fibers of smooth muscle that facilitate the expel and mixing of glan-
dular crypt secretions into the lumen and a gentle agitation of the epithelial surface and gut contents. 
The external muscular layers trigger the sequential waves that will further mix and move the bolus 
or chyme down the gastrointestinal tube, also referred to as gut peristalsis. There are two main types 
of external smooth muscle layers, the middle circular just outside but in contact with the submucosa 
and the outermost longitudinal. Circular muscles result in slow waves that promote the mixing of 
particles and digestive secretions while preventing the reflux of the chyme. Longitudinal muscles 
stimulate the aboral movement of the chyme through combining contraction–relaxation sequences 
that result in shortening–lengthening of the tube. The result of the two external muscle layers work-
ing together is the mixing and propelling of gut contents.

Enteric Myogenesis and Enteric Nervous System (ENS)
The regulation of gut motility is a combination of myogenic and neural impulses generated by the 
enteric nervous system (ENS), the second largest accumulation of nerve cells in the body. Enteric 
myogenesis refers to the capacity of the myocyte itself to initiate a contraction and is responsible 
for initiating intestinal motor patterns. Smooth muscle fibers are electrically connected by gap junc-
tions. In addition, the gastrointestinal tract contains interstitial pacemaker cells (cells of Cajal) 
between muscle layers that generate electrical rhythmicity in the smooth muscle cells allowing for 
coordinated generation of slow waves. The ENS, in turn, is based on an autonomic neural system 
(thus capable of operating independently from the central nervous system) with thousands of small, 
interconnected ganglia that form the myenteric and submucosal plexus coordinating muscle activity 
and mucosal secretion and absorption of nutrients, respectively. In addition, the vagal innervation of 
the gut has the capacity to modulate the autonomic nervous system to help regulate digestive func-
tions and to synchronize the digestive system with other vital systems (e.g., blood flow). In the pig, 
the vagal innervation is dominant in the motility of esophagus and stomach, while the autonomic 
system is dominant in small and large intestines. Furthermore, gut peptides also play a relevant role 
capable of modifying the electrical and contractile pattern within the gut. For example, motilin and 
ghrelin promote the gastrointestinal motility, while CCK and GLP- 1 inhibit gastric emptying and 
proximal small intestine motility as part of the ileal brake (see additional details below).

Tissue- specific functions related to gut motility are briefly explained next.

Deglutition and Esophagus
Deglutition (or swallowing) is the passing of foods from the oral cavity (oral phase) to the esophagus 
through the pharynx (pharyngeal and esophageal phases). The oral phase is based on skeletal muscle 
(mainly tongue), while the pharyngeal and esophageal phases are regulated by the autonomic nervous 
system following activation with mechanoreceptors. The act of deglutition requires synchronization 
with the closure of the trachea thanks to the epiglottis preventing the accidental passage of foods to the 
upper respiratory system. In addition, swallowing is associated with the primary peristaltic contractions 
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resulting from the circular muscles of the esophagus that lead the bolus to a rapid transit into the stom-
ach. Secondary peristaltic contractions are triggered by the distension caused by material left in the 
esophagus. The primary contractions are mediated by central mechanisms through the vagal nerve, 
while the secondary contractions are locally mediated by mechanoreceptors in the esophageal lining.

Stomach
The bolus enters the stomach through the cardiac valve that functions as a barrier to prevent reflux 
of the potentially damaging highly acidic gastric content. The primary motility is also governed 
through the ENS. Characteristic of the stomach is the inner oblique muscle layer that coordinates 
the mechanical digestion promoting the grinding and mixing of large feed particles with gastric 
juices to release a more liquified state, also known as chyme. A second main function of the contrac-
tion of smooth muscle in the stomach is the forced passage of small quantities of chyme through the 
pyloric sphincter into the duodenum, a process also known as gastric emptying. Distal gastric con-
tractions and gastric emptying through the pyloric valve are triggered by the volume of feed as well 
as by the distension of the stomach through the stimulation of mechanoreceptors. Large grain par-
ticles modulate gastric emptying by delaying the passage rate into the duodenum. The middle cir-
cular muscular layer forms part of the pyloric sphincter, while the longitudinal layer participates in 
coordinating a radially symmetrical contraction and relaxation of muscles that stimulates the aboral 
movement of food into the pyloric region and duodenum. In addition, CCK and gastrin contribute 
to the modulation of gastric motility by stimulating the ENS (vagal nerve).

Small intestine and the Ileal Brake
The arrival of the chyme to the duodenum triggers chemical and mechanical stimulus that mediate 
the onset of peristaltic and secretory reflexes. The chemical signals are sensed through EEC in the 
intestinal mucosa that release the neurotransmitter serotonin that in turn stimulates the vagal nerve 
(see the section on “Nutrient sensing and the gut- brain axis” for more information on nutrient sens-
ing). The mechanical sensing activates the ENS. The motility consists of slow waves that allow for 
the mixing of the chyme with intestinal, pancreatic, and biliary secretions as well as longitudinal 
or peristaltic waves responsible for the aboral passage. Peristaltic waves do not propagate along the 
entire intestine, but instead help propel the chyme only a few centimeters into the duodenum. In 
pigs, the number of duodenal waves is positively correlated with the flow rate of the chyme 
(Ruckebusch and Bueno 1976). The physical distension and the presence of undigested nutrients 
into the duodenum, jejunum, and ileum trigger the so- called brakes consisting of negative feedback 
mechanism increasing the retention time in proximal parts of the gut (Roura and Navarro 2018). 
The ileal brake has the strongest impact slowing down the passage rate of the chyme by inhibiting 
intestinal motility, delaying gastric emptying, digestive secretions, and hunger, altogether resulting 
in feed intake suppression.

Ileo- cecal Junction, Large intestine, Rectum, and Anal Canal
The ileum generates strong contractions to propel batches of digesta into the cecum at 7–12 minutes 
intervals. At the ileo- cecal junction, there is a sphincter consisting of a circular smooth muscle layer 
with the main function of preventing reflux of cecal contents into the ileum. The motility pattern in 
the colon is characterized by segmentation contractions within the haustra that mix luminal contents 
and peristaltic contractions that facilitate the movement of digesta through haustra and into the rec-
tum. As the fecal matter reaches the distal colon, contractions speed up, but their force declines 
leading to a slower passage to facilitate water absorption. In addition, the motility of the large intes-
tine includes reversed peristalsis contractions that propel the digesta back toward the ileum resulting 
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in the accumulation of fecal matter in the proximal colon. This allows for additional capacity to 
absorb water and electrolytes and extends the time for microbial fermentation. The ejection of fecal 
matter through the anal sphincters (defecation) involves giant contractions (or mass movements) 
involving most of the large intestine and providing the major force required. In pigs, the mass move-
ments occur at intervals of around seven minutes in coordination with the ileal strong contractions 
(Hipper and Ehrlein 2001). Passed the rectum, fecal content accumulates in the anal canal where the 
internal anal sphincter is formed by an involuntary circular layer of the tunica muscularis in the 
upper two- thirds of the anal canal, whereas the external anal sphincter is a voluntary muscle com-
posed of skeletal muscles that surrounds the lower two- thirds of the anal canal. Mechanoreceptors 
in the anal canal will result in the relaxation of the internal sphincter leaving the defecation as a 
voluntary act to relax the external sphincter.

Transit Time
The time required for food to travel through the gastrointestinal tract varies with the age and size 
of the animal and the physicochemical characteristics of the diet. In adult- size pigs, the mean 
retention time (MRT) has been estimated in 1, 4, and 38 hours for stomach, small intestine, and 
large intestine, respectively (Figure 1.6). Thus, the passing time in cecum and colon represents 
70–85% of the total. However, depending on the composition of the bolus/chyme, the contents 
may stay up to 24 hours in stomach, 15–20 hours in small intestine, and up to 50–55 hours in the 
large intestine. Importantly, the amount of chyme present in the small intestine at any given time 
is relatively small indicating the relevance of a high enzyme- to- substrate ratio for an effective 
digestion. Dietary factors that increase transit time in the stomach include large food particles 
(>2 cm) or food with high water holding capacity. Diets rich in soluble fiber can also dramati-
cally increase the passage rate of the chyme through the small and large intestines, attributed to 
their water holding capacity (Jørgensen et al. 1997). The size of the large intestine increases 
with age (and weight), which, in turn, results in longer MRT in the whole gastrointestinal tract. 
MRT increased from 32 to 44 hours and above 80 hours for a 28, 85 kg pig and mature sows, 
respectively (Holzgraefe et al. 1985; Potkins et al. 1991). In contrast, increasing insoluble fiber 
content in feeds does not affect gastric transit time while potentially decreasing retention time 
in small and large intestines in pigs. As previously mentioned, the activation of the ileal brake 
following the presence of undigested nutrients into the small intestine increases the retention 
time in proximal parts of the gut through negative feedback mechanisms. As to the effect of 
animal age and size, older pigs have a longer retention time compared to young pigs associated 
with a longer intestinal tract and a better digestion and absorption of nutrients (Ratanpaul 
et al. 2019). In addition, sows have a much longer MRT than growing and finishing pigs poten-
tially lasting more than 80 hours.

Nutrient Digestion

Nutrient digestion is defined as the process by which food is dissected into simple chemical com-
pounds (nutrients) that can be absorbed along the gastrointestinal tract. In pigs, enzymatic digestion 
takes place mainly in the small intestine and fermentation in the large intestine. The composition of 
the diet determines the type of digestion, absorption capacity, and secretion of gut peptides involved 
in the regulation of energy homeostasis. The main digestive enzymes, their sources, and roles are 
summarized in Table 1.2 and illustrated in Figure 1.4 together with variations of pH along the gas-
trointestinal tract.
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Figure 1.6 Transit time of liquid and solid particles through the gastrointestinal tract in young pigs. Dietary components may stay up to 24 hours in the stomach depending on 
particle size among other aspects. The amount of chyme in the small intestine is relatively small at any given time. The transit time in cecum and colon represents 70–85% of the 
total. Source: Adapted from Stevens and Hume (1995). Abbreviations: S1 = stomach cranial, S2 = stomach caudal, SI1 = duodenum, SI2 = jejunum, SI3 = ilium, Cec = cecum, 
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Table 1.2 Main digestive enzymes with main location in the gastrointestinal tract of the pig, substrate and end products, 
and hydrolysis site.

Enzyme
Location/secretory 
glands or organs Nutrient target and product Hydrolysis site

Carbohydrases

α- amylase Parotid gland and 
pancreas

Polysaccharides → oligosaccharides (mainly 
di-  and tri- saccharides)

α- 1,4 internal links

Glucoamylases  
(1 and 2)

Brush border of 
enterocytes

Oligosaccharides → glucose α- 1,4 internal links

Sucrase Brush border of 
enterocytes

Sucrose → glucose and fructose α- 1,2 internal links

Isomaltase Brush border of 
enterocytes

Dextrins and maltose → glucose α- 1,4 and α- 1,6 internal links

Lactase Brush border of 
enterocytes

Lactose → glucose and galactose α- 1,4 internal links

Trehalase Brush border of 
enterocytes

Trehalose → glucose α- 1,4 internal links

Cellobiose Brush border of 
enterocytes

Cellobiose → glucose β- 1,4 internal links

Lipases

Lipase Von Ebner’s glands, 
stomach, and 
pancreas

Triglycerides → FFA and glycerol Ester bonds (sn- 1 and sn- 3)

Co- lipase Pancreas Triglycerides → FFA and glycerol Cofactor for pancreatic lipase

Carboxylic/cholesterol- 
ester hydrolase

Pancreas Triglycerides, phospholipids, and cholesteryl 
esters → Non- esterified cholesterol, FFA, and 
glycerol

Ester bonds (sn- 2)

Phospholipase A2 Pancreas Phospholipids → Lysophospholipids and FFA Ester bonds (sn- 2)

Proteases

Pepsinogen/Pepsin Stomach Proteins → polypeptides Peptide bonds- aromatic AA

Trypsinogen/Trypsin Pancreas Proteins and polypeptides → Free AA and 
oligopeptides

Peptide bonds- basic AA

Chymotrypsin/- ogen Pancreas Proteins and polypeptides → Free AA and 
oligopeptides

Peptide bonds- aromatic AA

Elastase 1 Pancreas Proteins and polypeptides → Free AA and 
oligopeptides

Peptide bonds- hydrophobic AA

Carboxypeptidases A/B Pancreas Polypeptides → Free AA and small 
oligopeptides (tri-  and di- peptides)

Peptide bonds, 
C- terminalaromatic, basic or 
BC AA

Aminopeptidases* Cytoplasm and 
brush border of 
enterocytes

Polypeptides → Free AA and small 
oligopeptides (tri-  and di- peptides)

Peptide bonds, N- terminal

Dipeptidases** Cytoplasm and 
brush border of 
enterocytes

Dipeptides → Free AA Di- peptide bonds

Nucleases

DNASE1 Pancreas DNA → nucleic acids 5′- phosphooligonucleotide

RNASE1 Pancreas RNA → nucleic acids 3′- Cy and Ur nucleosides

Abbreviations: AA = amino acids; BCAA = branched chain amino acids; FFA = free fatty acids; C- terminal = carboxyl terminal; 
N- terminal = amino terminal; RNA = ribonucleic acid; DNA = deoxyribonucleic acid; sn- 1, - 2,- 3 = stereospecific numbering sys-
tem; Cy = cytidine nucleoside; and Ur = uridine nucleosides.
* The main aminopeptidases studied in pig are N, A, and dipeptidyl peptidase IV.
** The main dipeptidases studied in pigs are glycyl- L- leucine, L- alanyl- L- glutamic acid, and L- alanyl- L- proline.
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Protein and Amino Acid Digestion

Protein digestion in pigs starts in the stomach, through the action of pepsin and hydrochloric acid 
(HCl). HCl is required to lower the stomach pH below 5, to transform pepsinogen into its active 
form, pepsin. Pepsin, in turn, increases the susceptibility of the ingested protein to the activity of 
pancreatic proteases by altering their quaternary and tertiary structure and exposing their AA resi-
dues.

Once the digesta reaches the proximal small intestine, pancreatic and intestine enzymes break 
down proteins and polypeptides further (Table 1.2). Among pancreatic enzymes, trypsin, chymot-
rypsin, and elastase are responsible for the initial breakdown of protein and polypeptides into small 
peptides and free AA within the small intestine. Nevertheless, these enzymes are secreted in their 
inactive forms. Pancreatic trypsinogen is activated within the duodenum through the action of brush 
border enzymes (enteropeptidase) into trypsin, which activates other zymogens including other 
trypsinogen proenzymes (trypsinogen, chymo- trypsinogen, procarboxypeptidase, and pepsinogen). 
Smaller peptides are then digested by carboxypeptidases secreted by the pancreas as well as by 
aminopeptidases present in the brush border of the small intestinal enterocytes. Thus, the final prod-
uct of lumen digestion is free AA, di-  and tripeptides that can be easily absorbed and further pro-
cessed by cytosolic enzymes within the enterocytes (Krehbiel and Matthews 2003).

The rate- limiting step in the digestion of protein seems to be the rate at which the protein source 
is dissolved and hydrolyzed. For example, skim milk powder has a higher and more rapid digestion 
than soybean meal which in turn has a higher and more rapid digestibility than corn gluten meal 
(Asche et al. 1989). Digestion of protein from diets based on barley and soybean meal fed to grow-
ing pigs occurs rapidly based on the net portal appearance (NPA) of amino acids (AAs), and this can 
be affected by the inclusion of materials such as betaine and conjugated linoleic acid (CLA) in the 
diet. The NPA of essential, nonessential, and total AAs for pigs following a single feed is shown in 
Figure 1.7.

Nonfiber Carbohydrates Digestion

Although carbohydrate breakdown starts in the mouth, the digestion that occurs in the oral cavity 
by salivary α- amylase produced by the sublingual glands is negligible compared to the digestion 
processes that occur in the intestinal lumen, partly due to the rapid inactivation of α- amylase by the 
low pH in the stomach.

Within the stomach, carbohydrate digestion is limited for both sugars and starches. The gastric 
digestion of carbohydrates is mainly due to fermentation and leads to the production of SCFA and 
lactic acid, which can only be absorbed in limited amounts by the gastric mucosa.

In the small intestine, most of the starch consumed is degraded by pancreatic α- amylase into 
maltose, isomaltose, maltotriose, alpha limit- dextrins, and some free glucose. These new di- , tri- , 
and oligosaccharides are then further processed by brush border enzymes (oligosaccharidases) as 
enterocytes membrane transporters cannot absorb molecules bigger than monosaccharides 
(Table 1.2). Among oligosaccharidases, glycoamylases can remove 1,4  linked glucose residues, 
whereas α- dextrinases (isomaltases) and sucrases can cleave the nonreducing terminal α- 1,6 and 
α- 1,2 links, respectively. The products of carbohydrate enzymatic digestion are monosaccharides 
mainly glucose, fructose, and galactose. Glucose is then actively transported inside enterocytes by 
the sodium- potassium ATPase system, which pumps the intracellular Na+ across the basolateral 
membrane (Drochner 1993). The Na+/glucose cotransporter (SGLT1) is the major route for the 
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transport of dietary sugars from the lumen of the intestine into enterocytes. Regulation of this 
protein is essential for the provision of glucose to the body and avoidance of intestinal malabsorp-
tion. It has been demonstrated that dietary sugars and artificial sweeteners increase SGLT1 expres-
sion and the capacity of the gut to absorb monosaccharides. Fructose is transported by the 
Na+- independent fructose transporter, GLUT5, transporting fructose from the lumen of the intestine 
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into enterocytes down its concentration gradient. These monosaccharides, when accumulated in 
the enterocytes, exit the cell across the basolateral membrane into the systemic circulation by 
another Na+- independent monosaccharide transporter, GLUT2, a bidirectional transporter that can 
move glucose out of or into the cell depending on its concentration gradient (Shirazi- Beechey 1995).

Starch digestibility is affected by molecular features such as the degree of porosity of the granular 
surface, particle size, and degree of gelatinization such as after grain processing (i.e., pelleting or 
extrusion), all the above ultimately affecting the accessibility of digestive enzymes to the glucose 
polymers. A more detail explanation on the effects of grain processing and starch structure on 
digestibility have been explained in the section on “Effects of grain processing and starch structure 
on nutrient digestibility.”

Fiber Digestion

Degradation of dietary fiber in the stomach and small intestine is limited compared to that of the 
cecum and large intestine. Dietary fiber will pass the ileo- cecal sphincter mainly intact, becoming 
substrate for the microbiome in the large intestine. Bacteria in the cecum and colon use the soluble 
fiber through fermentation producing SCFA including propionate, acetate, and butyrate, as well as 
other products such as lactic acid, methane, carbon dioxide, hydrogen, water, and heat. The final 
content of SCFA depends on the degradability of the substrate that reaches the large intestine. While 
oligosaccharides are easily fermented by the microflora in the colon, other elements such as cellu-
lose show a much slower breakdown, resulting in only a moderate production of SCFA in compari-
son (Drochner 1993).

As illustrated by Pekas (1991), the size and weight of the digestive system increase with age and 
BW, with a longer hindgut in 270 kg BW pigs (7.5 m) than in 70 kg BW pigs (5.4 m) or in 30 kg BW 
pigs (4.3 m). Le Goff et al. (2002) reported neutral detergent fiber digestibility was 8–17% higher 
for pigs weighing 77 kg than those weighing 34 kg. Digestibility of NDF did not differ between pigs 
of different weight when a low fiber control diet was fed. In contrast, the difference in NDF digest-
ibility for the same higher fiber diets when fed to sows was 18.5 and 9.4% higher than that measured 
in pigs weighing 77 kg when fed diets containing maize or wheat bran, respectively. There was no 
difference in NDF digestibility between the heavy pigs and sows when either were fed the lower 
NDF control diet or a diet containing sugar beet pulp as the fiber source.

In an earlier study, Noblet and Shi (1994) measured the digestibility of maize bran, wheat bran, 
and sugar beet pulp in grower pigs, finisher pigs, and in sows. The results for organic matter and 
neutral detergent fiber digestibility are shown in Figure 1.8. They demonstrate how the animal and 
the source of fiber affect energy and nutrient digestibility.

Fat Digestion

Like carbohydrate digestion, lipid breakdown (triglycerides) starts, to a small extent, in the oral 
cavity with the activity of lingual lipase. Digestion is then continued in the stomach by gastric 
lipase, where a part of the emulsification of dietary fats and fat- soluble vitamins occurs (the physi-
cal breakdown of fat globules into smaller size droplets).

Lipids then enter the duodenum mixing with bile salts and pancreatic juices that contain lipase, 
colipase, phospholipase A2, and carboxyl ester hydrolase (Table 1.2). While bile salts promote the 
solubilization of lipids, facilitating their digestion, pancreatic lipolytic enzymes (lipase, phospholipase 
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A2, and carboxyl ester hydrolase) help in the breakdown of triglycerides into more polar and smaller 
molecules such as free fatty acids (FFA), free cholesterol, and lysophospholipids. Colipase prevents 
the inhibition of lipase by bile salts within the duodenum. FFA (mono-  and diacylglycerols) can 
then be easily absorbed by enterocytes and used for the biosynthesis of new triglycerides within the 
cell. Absorption of FFA is nearly complete at the distal ileum and has been attributed to both passive 
diffusion as well as to protein- dependent models (fatty acid transporters). Within enterocytes, tri-
glycerides can then, together with cholesterol, be packaged into phospholipid vesicles (chylomi-
crons) enabling their transport/movement through the lymphatic and circulatory system. Any fatty 
acid that is not absorbed in the small intestine becomes substrate for microbial hydrogenation in the 
cecum and colon. Saturated fatty acids have lower ileal digestibility than unsaturated fatty acids.

Nutrient During Digestion

Dietary fiber has the biggest effect on the digestibility of other nutrients. This interaction has been 
associated to fiber’s physicochemical properties such as solubility (thus affecting chyme’s viscosity) 
and consists of partially interfering with the digestion of mainly proteins and fats. It has been esti-
mated that each 1% of NDF in the diet reduces by 0.5% the ileal apparent digestibility of dietary 
protein and the coefficient of energy digestibility by 1% in pigs. In contrast, the effects on insoluble 
fiber on ileal nutrient digestibility are less relevant (Dégen et al. 2007). A mechanism of action con-
tributing to how soluble fiber effects fat digestibility in pigs has been described by Gunness et al. 
(2016a, b) showed that soluble fiber (e.g., as β- glucans and arabinoxylan) inhibit bile acid availability.

The impact of dietary fiber affects the digestibility of the overall diet. This is shown in Figure 1.9 
for OM in pigs fed a low fiber and a high fiber diet over four periods when weight increased from 
35.8 to 74.3 kg. Both diets were based on corn, barley, wheat, and soybean meal. The low fiber diet 
contained 10% NDF and 3.4% ADF. The high fiber diet contained 20% NDF and 9.5% ADF. The 
high fiber diet contained 15% wheat bran, 10% soybean hulls, and 5% sugar beet pulp. Both diets 
had the same crude protein level and digestible lysine to NE ratio. The results show that OM 
digestibility increased with period/weight and was lower for the high fiber diet. The digestibility of 
most other nutrients also increased with period/weight. The digestibility of energy and N was also 
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Figure 1.8 Effects of animal type (grower, finisher, and sow) and fiber source on the digestibility coefficient for pigs of organic 
matter (OM) and neutral detergent fiber (NDF). SBP: sugar beet pulp. Source: Based on Noblet and Shi (1994).
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reduced in pigs fed the high fiber diet. The digestibility of fiber components was higher for pigs fed 
the high fiber diet. The negative effect of NDF on OM and protein digestibility is quite dramatic and 
results in reduced growth performance (Le Sciellour et al. 2018).

Divalent minerals can also reduce the digestibility and bioavailability of liposoluble gut con-
tents. Increasing dietary Ca reduces linearly the digestibility of fat by forming soaps that are 
excreted in feces. In particular, an increase from 0 to 6 g kg−1 of dietary Ca led to a fourfold 
increase (P  ≤ 0.05) in excreted palmitic and stearic acids in diets containing tallow or palm 
olein as major fat sources. More than 80% of these excreted fatty acids were present as soaps 
in feces. For the tallow- based diets, stearic acid digestibility decreased from 91 to 66% 
(P  ≤ 0.01), while palmitic acid digestibility dropped from 96 to 83% (P  ≤ 0.01). In contrast, 
dietary Ca excess did not influence fatty acid (or soap) excretion when the main oil sources 
where olive oil or soybean oil.

Effects of Grain Processing and Starch Structure on Nutrient Digestibility

The main limiting step in the digestion of grains is the access of digestive enzymes to their target 
substrates such as starch or proteins, which depends on the physical structure, including the intact-
ness of cell walls. Thus, the digestibility of grains (the main energy source in pig diets) and other 
ingredients can be affected by particle size and how they are processed, and this is not always con-
sidered when allocating energy values to ingredients in diet formulation. Reducing particle size 
disrupts plant cell walls improving the digestion of starch due to the increased surface area of interaction 
with digestive enzymes (termed “outside- in” hydrolysis). The removal of the large particle size 
fraction in feeds significantly improves feed utilization in pigs (Al- Rabadi et al. 2017). In addition, 
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Figure 1.9 Evolution of digestibility coefficient of energy (in %) across four periods for a low- fiber (bold line on the top) or 
high- fiber (bold line on the bottom) diets in Duroc (▲), Large- White (◇), and Piertrain (●), pigs. Source: Le Sciellour et al. 
(2018) / PLOS ONE / CC BY 4.0.
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the structure and porosity of the starch granules also determines enzyme access and the degree of 
resistance to digestion. Starch granules with smooth continuous surfaces can be surprisingly resist-
ant to enzyme hydrolysis, whereas other starches have granules with surface pores that allow for the 
entry of enzymes into the granules’ interior (termed “inside- out” hydrolysis). Figure 1.10 illustrates 
the hydrolysis behavior of potato and maize starch granules. Maize starch has surface pores allow-
ing the “inside- out” rapid digestion independent of granule size, whereas potato starch has no sur-
face pores allowing only the slower “outside- in” hydrolysis, the latter being highly dependent on 
granule size.

The apparent total tract digestibility (ATTD) of gross energy (GE) improves in most grains when 
particle size is reduced to less than 400 microns with the improvement being more evident in grower 
pigs than weaner pigs and for corn compared to wheat. In contrast, the effect on protein digestibility 
is generally small and inconsistent. The effect of reducing diet particle size on performance is 
reflected mainly in feed efficiency, which is consistent with the process improving grain and diet 
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energy availability (Lancheros et al. 2020). The optimal particle size depends on the type of cereal 
that, in turn, reflects the molecular structure and the accessibility or diffusion rate of digestive 
enzymes in pigs as previously mentioned when comparing maize to potato starches. In ground oats, 
a reduction in the geometric mean of the particles to c. 600 micron improved ATTD of NDF, hemi-
cellulose, and GE, while a further reduction to c. 570 micron reduced the ATTD of Ca and P but not 
NDF, hemicellulose, and GE. The effects of particle size on the DE, ME, and NE of the ground oats 
are shown in Figure 1.11. The values determined for the coarse ground oats were the closest to those 
derived from current prediction equations, but the DE, ME, and NE values for the medium ground 
oats were 4.6, 5.4, and 12.1% higher than those for the coarse ground oats. Finer grinding did not 
further improve the energy values of the ground oats.

Pelleting pig diets alters the structure of starch also making it more accessible to digestive 
enzymes and improving energy digestibility particularly in weaner and grower pigs where the 
ATTD of GE was improved 10.2 and 5.8%, respectively, compared with pigs offered the same diets 
in the mash form. The apparent discrepancy between energy digestibility and feed efficiency may 
be associated with the effects of pelleting on protein digestibility and on reducing feed wastage 
(Lancheros et al. 2020).

Extrusion consists of continuous cooking under pressure, moisture, and elevated temperature 
(Vatansever et al. 2020), which involves the use of shear force, and may be applied to feed ingredi-
ents to increase absorption and utilization of nutrients (Li et  al.  2011). Extrusion improves the 
digestibility of energy and improves the digestibility of AAs in corn- soybean diets and in peas. 
In contrast to the effect observed in pelleting, the effects of extruding diets on growth performance 
were more evident in grower than weaner pigs, and the average improvement in feed efficiency for 
grower pigs was 11.1% (Lancheros et al. 2020).

Overall, reducing particle size of pig feed improves the digestibility of starch in the absence 
of surface pores such as in potato starch granules but not in highly porous starches such as maize 
that allow the “inside- out” hydrolysis to occur. Small particle sizes enable quite marked increases 
in NDF and energy availability. The responses differ with the ingredients involved, the age/
weight of the pig, and what equipment is used to reduce particle size. Pelleting pig feeds have a 
more consistent effect on starch digestion and a larger effect than reducing particle size on pig 
feed efficiency. The latter is probably associated with the effect of pelleting diets on reducing 
feed wastage.
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Figure 1.11 Effects of oats ground coarse, medium, or fine on the measured digestible energy (DE), metabolizable energy (ME), 
and net energy value (NE) expressed as Mcal/kg. The geometric mean particle size of the course, medium, and fine ground oats 
was 765, 619, and 569 microns, respectively.



26 FUNDAMENTAL NUTRITION
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Figure 1.12 Drawing showing the four cranial nerves responsible for smell (I) or taste (VII, IX, and X) sensing. The olfactory 
epithelium and olfactory bulb showing how sensory neurons reach the lumen of the nasal cavity through the mucosa by setting a 
net of olfactory cilia. The axons of the neurons reach the glomerulus in the olfactory bulb where mitral cells will take the signal to 
the primary olfactory cortex. Lingual epithelium showing the main taste types and other functional structures in taste buds. Source: 
Adapted from Roura and Tedo (2009); Original artwork by Joaquim Roura.

Nutrient Sensing and the Gut- Brain Axis

Nutritional chemosensing is a scientific discipline that studies the perception of nutrients in bio-
logical systems linking molecular sensing mechanisms to genomic, metabolic, physiologic, and 
behavioral responses (Roura et al. 2016). Nutrient sensing in mammals starts in the nasal and oral 
cavities, as both taste and smell provide critical information to the central neuronal system (CNS) 
regarding the nutritional value of foods. The sense of smell is essential to the perception of food 
flavors. The retronasal smell relevant to foods is a response to volatile compounds released in the 
oral cavity reaching the olfactory epithelium (OE) through the nasopharynx. Pigs have an extremely 
sensitive olfactory system with one of the largest OE known in mammalian species. The OE, located 
in the upper wall of the nasal cavity, is composed of three main cell types: olfactory sensory neurons 
(OSN), supporting cells, and basal or progenitor cells. Food odorants stimulate olfactory receptors 
present on the plasma membrane of the cilia projected by the dendrite of OSN within the OE 
(Figure 1.12). OSN transduce the chemical stimulus into an electrical stimulus through membrane 
depolarization, reaching the olfactory bulb in the first instance and transferring the stimulus to 
mitral cells that will reach the primary olfactory cortex in the CNS (Roura and Tedo 2009).

The sense of taste is the result of perceiving nonvolatile compounds present in food in the oral 
cavity. Taste has been classified into five categories based on human sensing and believed to be 
conserved in pigs (Table 1.3): sweet (evoked by simple carbohydrates such as sugars), umami (associ-
ated mainly to AAs and peptides), salty (triggered by mineral salts), sour (sensing acids), and bitter 
(related to potentially toxic or antinutritional compounds). The taste system in the pig is based on c. 
19 900 taste buds located in the oral cavity clustered in groups of 100–150 specialized epithelial cells 
projecting microvilli into the mucus layer of the tongue and grouped in macroscopic structures 
known as taste papillae (Figure 1.12). In pigs, there are three types of taste papillae: fungiform 
(scattered uniformly through the upper surface of the rear half of the pig tongue), circumvallate or 
vallate (two mushroom- shaped epithelial structures carved in the rear epithelia of the tongue in 
contact with the oropharynx and surrounded by deep crypts with the presence of von Ebner’s 
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 salivary glands), and foliate (bilateral striated cuts in the back of the tongue). Some taste buds have 
also been found in the epiglottis and the soft palate epithelium. Taste buds are composed of four 
types of cells: taste cells I, II, III, and a basal/progenitor cell type. Taste cells I can sense sour com-
pounds, whereas cell types II oversee umami, sweet, and bitter sensing. Type III cells perceive salty 
taste together with playing a fundamental role as presynaptic cells that connect taste sensory cells 
to sensory neurons of cranial nerves VII, IX, or X (Figure 1.12).

The lingual nerves connect directly with the primary gustatory cortex (i.e., insular cortex). 
Subsequently, multimodal sensory signals (e.g., smell, taste, and somatosensing) convey in second-
ary brain centers such as the orbitofrontal cortex involved in hedonic responses. In pigs, quinine 
(bitter) and sucrose (sweet) both promote the activation of the gustatory cortex while differentially 
activating other regions. Sucrose activates the putamen, which is involved in the reward circuits of 
perception. In contrast, quinine strongly activates the amygdala, a brain region involved in associa-
tive conditioning such as taste aversion. The sweet and bitter brain activation patterns found in pigs 
are concordant to results from human studies indicating the similarity between the two species in 
terms of taste perception (Coquery et al. 2018).

The activation of taste cells occurs when nutrients interact with the specific taste receptors (TR) 
located in the apical transmembrane (Figure 1.12 and Table 1.3). Taste perception of sweet and 
umami tastes in the tongue is mediated by two dimers of the T1R family of G- protein- coupled 
receptors (GPCR). The T1R1/T1R3 dimer perceives umami taste responding to L- Ala, L- Asn, 
L- Asp, L- Glu, L- Gln, Pro, and Thr (Roura and Fu 2017). The T1R2/T1R3 dimer elicits sweet taste 
responding to mono and oligosaccharides, polyols, some D- AA, and some sweet compounds known 
to be of high intensity (HIS) in humans such as sucralose or rebaudioside A, among others. In con-
trast, other HIS such as aspartame and cyclamate have failed to elicit sweet responses in pigs. In 
addition, other AAs associated with taste- type responses in pigs include L- Hyp, L- Ser, L- Thr, aro-

Table 1.3 Main taste- types and taste- active compounds known in pigs.

Taste- type Chemical groups Main ligands known Taste- receptors

Umami Free AA L- AA: Lys, Glu, Asp, Ala, Gln, and Asn T1R1/T1R3

Unknown taste Peptides and free AA Peptone, L- Hyp, L- Ser, L- Thr, aromatic, and basic AA CASR, GPRC6A, 
GPR92, mGluR1 and 4

Sweet Sugars, alcohols, free 
AA, and other

Monosaccharides (e.g., glucose, fructose, galactose, and 
mannose); oligosaccharides (e.g., maltose, lactose, melibiose, 
sucrose, and trehalose); polyols (e.g., xylitol and sorbitol); 
D- AA (e.g., Ala, Asn, Gln, Phe, Ser, Thr, Trp) and Gly; 
high- intensity sweeteners (e.g., sucralose, rebaudioside A, 
acesulfame- K, saccharine, dulcin)

T1R2/T1R3, SLGT1/
SLGT3, GLUT4

Non- sweet High- intensity 
sweeteners

Aspartame, cyclamate, NHDHC, perillartine, monellin, and 
thaumatin

None

Starchy “taste” Glucose polymers Malto- oligosaccharides Unknown

Fatty “taste” Triglycerides and FFA Long- , medium- , and short- chain fatty acids (saturated and 
unsaturated)

FFAR1, 2, 3 and 4; 
GPR84

Bitter Diverse Caffeine, quinine, denatonium benzoate, L- Trp 16 T2Rs

Sour Acids Citric, ascorbic, tartaric, formic, lactic, and phosphoric acids Otop1

Salty Salts NaCl, LiCl, KCl ENACα, β, γ

Abbreviations: AA = amino acids; FFA = free fatty acids; NHDHC = neo- hesperedin dihydrochalcone.
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matic and basic AA, and peptones. Based on other mammalian data (mostly mice), the receptors 
responsible for the oral sensing of other AA may be G- protein- coupled receptors such as CaSR, 
GPRC6A, T1R1/T1R3, mGluR1, mGluR4, GPR92, as well as AA transporters/systems including 
the Pept1 receptor. Similarly, based on rodent data, some monosaccharides, such as glucose, galac-
tose, and fructose, seemed to be sensed by a pathway independent to the T1R2/T1R3 involving the 
sodium glucose- linked transporter SGLT- 1, SGLT- 2, GLUT2, or GLUT5.

Other taste types and their ligands described in pigs include bitter, salty, sour, fatty, and starchy 
tastes (Table  1.3). The perception of bitter compounds is performed by a second family of TR 
known as T2R. The T2R family in pigs consists of 16 functional receptors (da Silva et al. 2014). 
Salty taste is evoked mainly by ionic sodium when in contact with the epithelium sodium channel 
receptors EnaC- α, - β, - γ, whereas sour taste has been linked to the abundance of hydrogen ions 
perceived through the ion channel Otop 1. FFA sensing has been linked with a variety of GPCR 
mainly FFAR1, 2, 3, 4 and GPR84 (Table 1.3).

The molecular mechanisms involved in nutrient/taste sensing in the mouth are also present 
throughout the intestinal tract. These so- called chemosensors are strategically positioned as part of 
the gut mucosa. They are continuously monitoring the presence and concentration of the nutrients, 
digestion products, and microbial metabolites in the gut playing a pivotal role in the regulation of 
gastrointestinal digestive secretions, passage rates and absorption, as well as the hunger/satiety 
cycle. Nutrient sensors are expressed by EEC and mediate the secretion of gut peptides that orches-
trate feeding behavior.

Enteroendocrine System (EES)

The EES is a network of EEC present in the gastrointestinal mucosa that responds to foods by 
releasing gut peptides that coordinate digestion and absorption of nutrients involving biliary and 
pancreatic secretion and the modulation of gut motility. In addition, the EES senses toxic/harmful 
substances to initiate protective responses such as the delay of gastric emptying, the induction of 
vomiting and diarrhea, and the increase of intestinal secretions. The sensing of nutrients by EEC 
occurs through the same transmembrane receptors described as part of the taste system in the oral 
cavity (see Table 1.3). EEC represent approximately 1% of the intestinal epithelia accounting for 
the largest endocrine organ in the body. EEC are classified based on the expression and secretion of 
gut peptides. Gut peptides interact with neural circuits including the hypothalamus (the main organ 
controlling food intake) orchestrating the hunger- satiety cycle a pathway known as the gut- brain 
axis. The brain receives input via gut peptides secreted by EEC in response to ingested nutrients. 
Gut peptides are believed to stimulate brain structures (such as the hypothalamus) directly via blood 
or indirectly through efferent vagal nerve signals. A full classification can be found in the review by 
Fothergill and Furness (2018). Gut peptides are often coexpressed in the same cell, such as PYY 
with GLP- 1 or gastric inhibitory peptide (GIP) in duodenal L- cells in pigs. The main gut peptides 
studied to date in pigs are ghrelin, CCK, the two incretins GLP- 1 and GIP, and PYY (Table 1.4).

Ghrelin
Ghrelin is an appetite stimulatory (or orexigenic) peptide produced and secreted mainly by 
enteroendocrine A/X- like cells located in the fundus and corpus of the stomach and in decreasing 
amounts from duodenum to colon (Peeters 2005). Ghrelin has a positive impact on appetite increas-
ing eating time and growth by activating the growth hormone secretagogue receptor (GHS- R) in 
pigs (Reynolds et al. 2010). In addition, ghrelin has been linked to GIT motility and pancreatic 
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Table 1.4 Main gut hormones, associated enteroendocrine cell (EEC) types, and physiological impact in pig.

Digestive system 
hormones EEC- type

Nutrients known to stimulate 
EEC hormone release (in pigs) Gut tissue

Feeding and gastrointestinal 
effects

Ghrelin X/A Peptones, L- AA (L- Trp and 
L- Phe), SCFA, LCFA, LPA, 
bitter compounds

Stomach ↑ Feed intake, ↑ gastric acid 
secretion and emptying, ↑ 
pancreatic enzyme secretion

Serotonin EC Casein, LC FA Stomach, small and large 
intestine

↓ Feed intakeb, ↑ intestinal 
motilityb

Somatostatin D Unknown Stomach, small intestine ↓ Gastric acid secretion and 
emptying

Gastrin G Peptones, L- AA  
(Trp and Phe), LPA

Stomach, duodenum ↑ Gastric emptying and acid 
secretion

Secretin S LCFA Proximal small intestine ↑ Biliary and pancreatic 
bicarbonate secretion

Cholecystokinin I Mono/disaccharides, polyols, 
di/tripeptides, L- AA (Trp, 
Phe, Arg, Leu, Ile, and Lys), 
LCFA, LPA, bitter compounds

Proximal small intestine ↓ Feed intake, ↓ gastric 
emptying, ↑ gall bladder 
contraction, ↑ pancreatic 
enzyme secretion

GIP K Mono/disaccharides, polyols, 
peptones, L- AA (Trp and Phe), 
LCFA

Proximal small intestine ↓ Feed intakeb, ↑ insulin, ↓ 
gastric acid secretion and 
emptyingb, ↓ intestinal motilityb

Motilin M Unknown Proximal small intestine ↑ Gastric emptying and pepsin 
secretionb, ↑ intestinal motilityb

Insulin β- cellsa Mono and disaccharides, 
polyols, L- AA, LCFA, bitter 
compounds

Pancreas ↓ Feed intake

Neurotensin N Unknown Distal small intestine ↓ Feed intakeb, ↑ Pancreatic 
enzyme secretion

GLP- 1 L Mono/disaccharides, polyols, 
peptones, di/tripeptides, L- AA 
(Trp and Phe), SCFA, LCFA, 
LPA, BA, bitter compounds

Distal small intestine, colon ↓ Feed intake, ↓ gastric emptying 
and acid secretion, ↓ intestinal 
motility, ↓ pancreatic enzyme 
secretion, ↑ insulin

GLP- 2 L LCFA, BA Distal small intestine, colon ↑ Pancreatic enzyme secretion, 
↑ intestinal enzyme activity, ↑ 
epithelial proliferation, ↑ 
barrier function, ↑ blood flowb

PYY L Mono and disaccharides, 
polyols, peptones, L- AA  
(Trp and Phe), SCFA, BA

Distal small intestine, colon ↓ Feed intake, ↓ gastric emptying 
and acid secretion, ↓ intestinal 
motility, ↓ pancreatic enzyme 
secretion

Oxyntomodulin L Unknown Distal small intestine, colon ↓ Feed intakeb, ↓ gastric 
emptyingb

Abbreviations: AA = amino acids; BA = bile acids; SCFA = short- chain fatty acids; GIP = gastric inhibitory polypeptide; GLP- 
1,2  =  glucagon- like peptide 1 or 2; LCFA  =  long- chain fatty acids; LPA  =  lysophosphatidic acid; PYY  =  peptide 
tyrosine- tyrosine.
a β- cells have been described in the pancreas and are not part of the enteroendocrine system.
b Indicates effects observed in laboratory rodents not confirmed in pigs.
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enzyme secretion, cardiovascular functions, and cell proliferation and reproduction, among other 
activities in the pig (Dong et al. 2009). Zinc oxide and tryptophan are strong secretagogues of ghre-
lin in pigs (Zhang et al. 2007; Yin et al. 2009).

Cholecystokinin (CCK)
The CCK is a gut peptide strongly associated with meal termination/satiation produced by enteroen-
docrine I- cells located mainly in the proximal segments of the small intestine (duodenum and prox-
imal jejunum) in pigs. Recent studies have shown that CCK function is related to at least two 
isoforms CCK- 8 and CCK- 58 associated with short-  or long- term activities, respectively. CCK 
modulates appetite through the activation of the CCK- 1R located mainly in vagal afferents nerves 
or by acting directly on the CNS in pigs (Ripken et al. 2015). CCK secretion is stimulated by the 
intraluminal presence of products from the hydrolysis of carbohydrates, proteins, and lipids. Free 
AA including Arg, aromatic AA (Phe and Trp), and branched- chain AA (Leu and Ile) have been 
described to significantly stimulate CCK secretion through interaction with GPCR, such as CaSR 
and T1R1/T1R3 in ECC. In addition, CCK has been associated with improved nutrient absorption 
via stimulating GI secretion and motility, gallbladder contraction, pancreatic enzyme secretion, and/
or delayed gastric emptying (Müller et al. 2021).

Glucagon- like Peptide 1 (GLP- 1) and Gastric Inhibitory Peptide (GIP)
The GLP- 1 and GIP are often referred to as incretin hormones because of the role as stimulants of 
insulin secretion. As such, they are both considered anorexigenic hormones (thus stimulating meal 
termination or satiation) (Renner et al. 2018). GLP- 1 arises from the processing of proglucagon and 
is secreted by L- cells in a biphasic manner following meal ingestion. First, GLP- 1 is released and 
linked with duodenal neurohumoral mechanisms, whereas the second peak of secretion seems to be 
mediated by the activation of L- cells in the ileum and colon in response to the intraluminal presence 
of nutrients such as glucose and sucrose, lipids, and proteins in pigs (Steinert et al. 2013; Ripken 
et al. 2014). The GLP- 1 receptors (GLP- 1R) are expressed in many organs including pancreas, brain-
stem, hypothalamus, and vagal afferents in the gut. In addition, the incretin hormones have been 
related to the activation of the ileal brake, which may contribute to nutrient digestion and absorption 
as well as satiety by delaying gastric emptying and reducing proximal intestinal motility. GLP- 1 and 
GIP are often coexpressed with PYY in enteroendocrine L- cells located in the porcine distal gut.

Peptide Tyrosine- Tyrosine (PYY)
The PYY is an anorexigenic gut peptide that activates the Y2 receptors located in vagal afferents and 
the CNS. Glucose, lipids, and proteins/AA have been shown to trigger PYY release in the proximal 
small intestine (duodenum/jejunum) where 40–50% of the EEC have been identified as PYY- 
producing cells in pigs (Cho et al. 2015; Wewer Albrechtsen et al. 2016). In addition, PYY also 
inhibits gastric acid and pepsin secretion, pancreatic exocrine secretion, gastric emptying, and intes-
tinal motility. Thus, like GLP- 1, PYY participates in the ileal brake system, reducing the speed at 
which nutrient transport occurs in the GIT (Sheikh et al. 1989).

Developing GIT in Piglets

Pigs are born with a markedly immature digestive system. This affects feeding behavior and 
feed preferences early in life particularly under commercial conditions where piglets are weaned 
very young and abruptly compared to the natural process in the wild. In brief, the immature 
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digestive system implies impaired digestive and absorptive capacities compared to a grown pig, 
which have profound implications in terms of nutrient supply and feeding and feed formulation 
practices.

The innate dentition of piglets consists of 8 deciduous teeth that increase to 32 early in life, reach-
ing the full set of 44 permanent teeth by 18 months of age. Other differences relevant to anatomical 
metrics, small intestine development (villi height and crypt depths), and digestive enzyme activities 
between weaner and finisher pigs are highlighted in Table 1.5. The size of the stomach seems to 
increase linearly with BW. Similarly, as the pig’s BW increases, an increment in small intestine 
weight, length, and mucosal weight occurs proportionally. The relative length of the small intestine 
segments changes with age. At birth they are 7–10%, 78–84%, and 9–12% for duodenum, jejunum, 
and ileum, respectively, while in older pigs, the corresponding proportions are 4–5%, 88–91%, and 
4–5% (Adeola and King 2006). Relevant to the nutrient digestion and absorption capacity, immature 
pigs have shorter villi and decreased crypt depths than older pigs. In addition, the most dramatic 
change relates to digestive enzyme secretion. Compared to adult pigs, the relatively low enzymatic 
activities seen in piglets are compatible with an immature digestive system that explain the constraint 
in digesting feeds in early life. The shortage in enzymatic activity is particularly dramatic for the 
protease trypsin (Table 1.5).

Table 1.5 Main anatomical and physiological differences relevant to the gastrointestinal tract between weaner (approximately 
5 kg) and finisher (approximately 100 kg) pigs.

Organ size:

Length (m) Weight (g)

Weanera Finishera Weanerb Finisherc

Stomach — — 20–35 600–680

Small intestine 7.65–9.10 16.5–19.73 180.5–230 1530–2000

Large intestine 1.2–1.5 4.13–5.0 53.12 1280c

Villus height and crypt depths (μm): Duodenum Jejunum Ileum

Weanerd Finisher Weanerd Finisherg Weanerd Finisherg

Villus height 328 ± 16.2 420 ± 15.0e 332 ± 13.4 480 ± 53.8 299 ± 22.7 372 ± 43.0

Crypt depth 207 ± 18.6 367 ± 49.7f 208 ± 17.0 429 ± 59.9 202 ± 18.4 316 ± 32.9

Enzyme activities (U g- 1 digesta): Weanerh Finisheri

Lipase 10 175.5

Trypsin 0.25 957.7

Amylase 25 2,807

Abbreviations: GI = gastrointestinal.
References: a McCance 1974
b Marion et al. 2002
c Lærke and Hedemann 2012
d Yu et al. 2010
e Lin et al. 2020
f Metzler- Zebeli et al. 2017
g Tian et al. 2020
h Hedemann and Jensen 2004
i Pluschke et al. 2018.
The measures of enzyme activities were obtained from the proximal small intestine (caudal to the hepatopancreatic duct).
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Digestive Secretions in the Young Pig

Some of the most relevant differences affecting pig nutrition practices relate to the low production of 
digestive juices, particularly enzymes in young pigs. The weaning process is particularly disrupting 
causing a decline in gastric protease and pancreatic trypsin, chymotrypsin, amylase, and lipase, all fell 
the week after weaning with amylase declining by 72% and chymotrypsin by 59% (Jensen et al. 1997).

Gastric protease chymosin, a milk clotting enzyme with low proteolytic activity, is one of the few 
enzymes highly expressed in the stomach during the first weeks following birth. Chymosin may ini-
tially help gastric development by stimulating gastric distention through milk clotting. With the 
increase in pepsinogen and HCl secretion during the weeks following weaning, pepsin replaces chy-
mosin, becoming the dominant protease in the stomach of growing pigs (Rezaei et al. 2013). However, 
parietal cells in young pigs are not able to secret high amounts of HCl. The result is an inefficient 
conversion of pepsinogen into the active form pepsin (which requires a pH below 4.0). The low pro-
duction of gastric pepsin together with the low secretion of pancreatic enzymes such as trypsin, chy-
motrypsin, and carboxypeptidases A and B is the cause of the low protein digestibility observed in 
piglets and is often associated with early weaning stress and diarrhea (Hedemann and Jensen 2004).

During lactation, the lactic acid produced from the lactose- rich maternal milk helps maintain a 
low stomach pH in piglets (Suiryanrayna and Ramana  2015). Thus, under commercial early- 
weaning practices, keeping a source of lactose seems to alleviate digestive problems in the early 
postweaning phase. Lactase levels are rather high during the suckling period but rapidly decrease 
around weaning partly related to an ontogenic decline of the enzyme activity in the intestinal brush 
border (Heo et al. 2013). Digestion of main complex carbohydrates (i.e., starch) is also impaired by 
the limited secretion of pancreatic α- amylase in young pigs (Pierzynowski et al. 1993).

In addition to the limited protein and carbohydrate digestive capabilities, lipase, colipase, and 
carboxyl ester hydrolase activity is also low in young pigs. During the suckling period, carboxyl 
ester hydrolase is the most prevalent fat hydrolase secreted by the pig. However, in the post weaned 
pig, colipase and lipase are the main enzymes. The low activity of pancreatic fat hydrolases described 
at weaning has been attributed to the abrupt changes in the dietary fat content (sow milk vs. weaner 
feed) and relative low feed intake (Lindemann et al. 1986). In addition, age and BW seem to also be 
major contributors in the changes of pancreatic lipase, colipase, and carboxyl ester hydrolase activ-
ity in young pigs as concentrations of these enzymes increase in the weeks following weaning. 
Gastric lipase activity increases at weaning and then remains relatively constant significantly con-
tributing to the hydrolysis of triacylglycerols (Jensen et al. 1997).

A high level (173 g d−1) compared to a low level (45 g d−1) of DM intake in the five days immedi-
ately after weaning at 14 days of age resulted in greater villus length and higher maltase and glucoa-
mylase activities, while lactase or sucrase activities were not affected. However, despite having a 
more developed GIT and higher enzyme activities, the digestion of DM, CP, OM, and CHO was 
significantly higher for pigs fed at the lower level. The digestibility values ranged from 87.1% for 
CP to 94.7% for CHO illustrating the digestive capacity of piglets even in the period immediately 
after weaning can be high and that enzyme activities were able to cope with the substrates con-
sumed even by pigs on the high DM intake treatment (Kelly et al. 1991).

Postweaning Feeding Practices

The exposure to a complete feed (changing from the sow’s milk to a solid diet) contributes to an 
increase in HCl and digestive enzyme secretions, indicating the adaptive capacity of the gastrointes-
tinal tract in young pigs (Marion et al. 2003). The decline in most digestive enzyme activities in the 
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period immediately after weaning is well established as is the fact that piglet feed intake during this 
period is often very low. These factors have resulted in the use of specialized diets during the first 
10–12 days after weaning. The main aspects of a postweaning diet for optimal nutrition can be sum-
marized as (partially adapted from Pluske et al. 2018):

• Use of highly palatable feed ingredients to promote early feed intake.
• If allowed, these diets may benefit from high levels of ZnO that increase feed intake and 

reduce the incidence and severity of diarrhea.
• Low crude protein content diets using highly digestible protein sources (e.g., skim milk 

powder, fish meal and whey powder, and plasma protein) balanced with synthetic AAs.
• Increase sulfur amino acid to lysine ratio to 65%, the Trp to Lys ratio to 22%, and the Thr to 

Lys ratio to 70%.
• Low inclusion of soluble nonstarch polysaccharide (NSP) and add a source of insoluble NSP.
• Use processed starch sources to improve the digestibility.
• Use enzyme supplementation including carbohydrases (xylanase, β- glucanase), where appro-

priate, and consider phytase super- dosing.
• Low levels of PUFA (particularly keeping a low n- 6 to n- 3 ratio) and inclusion of medium- 

chain triglycerides/fatty acids.
• Reduce Ca levels by 10–20% and supplement with organic acids (to reduce buffering capacity 

in the stomach).
• Consider other additives that will have impacts on mitigating inflammation and immune 

function such as antioxidants and plant- derived extracts/essential oils.
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Introduction

Water is a crucial nutrient for the sustenance of life. In pigs and other mammals, a 10% loss of body 
water results in death (Maynard et al. 1979; Patience 2012a). Pigs require water for various impor-
tant body functions such as body temperature regulation, nutrient digestion and absorption, and 
elimination of waste products of digestion and metabolism. Water is a major component of secre-
tions made by the pig such as milk and saliva.

However, surprisingly little research has been done to better understand how the use of water can 
be optimized. The lack of research on water and its use in swine production originates from the fact 
that until recently, water supply in most parts of the world has been plentiful and inexpensive and is 
easily taken for granted. Because of this reason, water has been described as the forgotten nutrient 
(Thalin and Brumm 1991). These days, however, access to good quality water is becoming increas-
ingly limited thus presenting major challenges to the growth and development of pork production. 
Additionally, poor quality water negatively affects pig performance and may encourage excessive 
water usage. The latter will create manure handling and disposal problems due to increased slurry 
volume (McLeese et al. 1992).

Therefore, to optimize performance, pigs should be supplied with adequate amounts of good 
quality water. Any factors that influence the supply or the quality of drinking water will certainly 
impact on pig performance. Moreover, understanding of important factors that influence water con-
sumption by swine and devising strategies to enhance water consumption is also important. Pigs 
obtain water from three sources: through direct drinking of water, feedstuffs (10–12% of air dry 
feed), and metabolic break down of fat, protein, and carbohydrates. Pigs lose body water through a 
number of avenues including respiration, evaporation, urination, and feces. Although the amount 
lost through each of these avenues varies considerably, urination is the major route for water loss 
(NRC 2012).

This review discusses factors affecting water quality and the possible management strategies that 
can be put in place to deal with such concerns. Water content of the body and water balance; water 
requirement by different classes of pigs; and factors affecting water consumption also will be 
discussed.

2 Water in Swine Nutrition
Charles M. Nyachoti, Alemu Regassa, and John F. Patience
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Water Content of the Body

The water molecule is by far the most abundant in the pig’s body, representing some 99% of the 
total (Shields et al. 1983). By weight, water ranges from about 82.5% at birth to 53% of the body at 
market weight; the difference explained largely by declining lean and increasing lipid in the carcass 
(Shields et al. 1983). Water in the body is distributed among three pools: the intracellular space, 
representing about 69% of the total, the interstitium, representing about 22% of the total, and the 
remainder in the vascular system (Mroz et al. 1995). Maintaining proper water balance for the total 
body, as well as within cells and tissues, is a critical requirement of life in all terrestrial species. This 
is intimately related to electrolyte balance within and among cells and organs, another essential 
homeostatic process (Patience et al. 1989).

Regulation of drinking in the pig is not well understood. While hypovolemia and hypertonicity 
appear to be involved, other signals related to food consumption must also exist (Mroz et al. 1995). 
Furthermore, behavioral stimulation is well known in the pig, leading to luxury consumption of 
water during periods of boredom, hunger, and other stressors (Fraser et al. 1991).

Water is absorbed from, and secreted into, all sections of the intestinal tract, except the stomach. 
Absorption occurs by both active and passive processes (Argenzio 1984). As the chime passes pro-
gressively through the small and large intestine, the osmotic gradient increases, allowing for removal 
of most water by the terminal colon. The osmotic balance can be disturbed, for example, by the 
presence of large quantities of osmotically active ions in the intestine. This is the cause of the diar-
rhea, which occurs when sulfate- rich water is offered to pigs (Fraser et al. 1991).

Water Balance

Water Intake

While drinking represents the most important way for the pig to obtain water, it is by no means the 
only source. Feed contains free water, which is obligatorily ingested during meals. Oxidation of 
amino acids, carbohydrates, and lipids also contributes a substantial portion of the pig’s daily needs. 
However, understanding drinking behavior has proven to be a very complex topic because there are 
so many factors that influence the pig;s need and demand for water (Fraser et al. 1991). These fac-
tors include the need to satisfy physiological, biochemical, and nutrition requirements, which them-
selves are influenced by environment, health, diet, and the quality of the drinking water. But the pig 
also will use water to satisfy a variety of behavioral needs, if water is freely available to it.

Schiavon and Emmans (2000) have proposed a simplified model to predict water intake of the 
growing pig (Table 2.1). Their model indicates that water intake will be increased by the water 
needed to support digestive processes, the quantity of water lost via the feces and urine, and the 
water retained during growth. In turn, water intake will be reduced by water obtained from the feed, 
water produced by oxidative processes, and water released during protein and lipid synthesis. 
However, the authors concluded that additional experimentation is required to refine estimates, for 
example, of the quantity of water required to excrete excess nitrogen and electrolytes from the body, 
the partitioning of mineral excretion between urine and feces, and the water required for osmotic 
regulation, among other topics.

The largest source of daily water intake for the pig is derived from drinking. Indeed, many pub-
lications indicate that the only management required in the supply of water is to ensure it is readily 
available and of good quality. It is widely viewed that under such conditions, the pig will correctly 
regulate its own water supply according to its need. However, as Fraser et al. (1991) point out, this 
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is definitely not the case, as pigs will exhibit considerable drive to consume additional water beyond 
that required for physiological need (Vermeer et  al.  2009). However, the main factors affecting 
drinking water intake are body weight, feed intake, and temperature (Mroz et al. 1995).

It is critically important to the body that water balance remains under tight control because dehy-
dration and overhydration are both fatal. The hypothalamic region of the brain is considered to be 
the center for the control of thirst and drinking behavior (Koeppen and Stanton 2001). Osmoreceptors 
located in the hyptothalamus detect changes in the osmolality of extracellular fluids, and a rise in 
plasma osmolality of only 10 mosm kg−1 is sufficient to induce the sensation of thirst, resulting in 
drinking (Anderson and Houpt 1990). Hypovolemia also serves as a signal for thirst, such that a 
6–7% fall in blood volume will also induce thirst (Anderson and Houpt 1990). However, based on 
drinking patterns, other signals must be involved. Mroz et al. (1995) have suggested mucosal blood 
flow, vascular stretch or distention, and dryness of the mouth as possibilities.

The literature contains many estimates of the drinking water intake of pigs under ad libitum con-
ditions. These estimates sometimes refer to water “disappearance” as opposed to water intake 
because no allowance was made for waste. Wasted drinking water has financial implications, espe-
cially as it relates to manure volumes and annual slurry hauling costs. Consequently, the selection 
of drinker design and location is generally given considerable weight to minimize wastage 
(Brumm 2010).

Feed Water
The pig obtains a certain amount of water from the feed. The actual amount consumed with feed 
would be a function of the quantity of feed eaten and of the percent moisture in that feed. 
Quantitatively, this is not a large portion of the pig’s daily intake, representing something less than 
5% of the total.

Table 2.1 Estimated water balance of a 45 kg growing pig.

Intake mL day−1 Excretion mL day−1

Drinking watera 5552 Fecesd 672
Water from metabolismb 788 Urined 2839
Water in feedb 252 Digestione 185
Tissue synthesisc 74 Otherf 2335

Total water excreted 6,031
Retained with bodyweight gaing 635

Total water supply 6666 Total water excreted or retained 6666

a The pig weighs 45 kg, consumes 2.1 kg feed per day, gains 0.98 kg d−1, and drinks 5.55 kg waterd−1 (Shaw et al. 2006). Although 
not measured, it was assumed that protein accretion rate was 160 g d−1, ash accretion was 35 g d−1, and lipid accretion was 150 g d−1 
(Oresanya et al. 2008).
b The diet contains 12% moisture, 5% ether extract (85% digested and efficiency of digestible lipid accretion as body lipid is 90%), 
18% crude protein [of which 80% is digested and 80% is actual protein (20% is non- protein nitrogen) and 35% of digestible protein 
is retained and the rest is catabolized]. This results in 9 g lipid, 157 g protein, and 1260 g carbohydrate being oxidized per day, 
generating 1190, 450, and 560 mL water kg−1, respectively (NRC 1981).
c From Schiavon and Emmans (2000).
d Assumes diet digestibility of 82% and fecal moisture of 64%.
e From Schiavon and Emmans (2000).
f Water lost that is not accounted for by the model, the majority of which will be evaporation.
g Tissue accretion rates: 150 g lipid, 35 g ash, and 160 g protein for a total of 345 g d−1; total body weight gain was 980 g d−1, result-
ing in 635 g water d−1.



40 FUNDAMENTAL NUTRITION

Metabolic Water
The oxidation of 1 g of lipid, protein, or carbohydrate, on average, releases 1.10, 0.44, and 0.60 g of 
water. Of course, the exact quantity will be a function of the structure of the specific fatty acid, 
carbohydrate, and amino acid (Patience et al. 1989).

Water Released by Tissue Synthesis
Water is released by the synthesis of body constituents. Thus, 1 g of protein retained in the body 
releases 0.16 g water, while 1 g of lipid releases 0.07 g water (Schiavon and Emmans 2000).

Water Excretion

Renal Excretion
The quantity of water eliminated from the body via the urine will be a function of the solutes present 
in the urine and the ability of the kidney to concentrate the urine, which has been estimated at 
1 mosm L−1 in the pig (Brooks and Carpenter 1990). The solutes of greatest importance in this 
regard will be nitrogen, primarily but not exclusively as urea, calcium, phosphorus, sodium, chlo-
ride, magnesium, and potassium. These fixed cations and anions will be accompanied by metaboliz-
able anions and cations, respectively (Patience et al. 1989).

The permeability of the renal tubules is under the influence of the antidiuretic hormone (ADH), 
which is released from the pituitary gland. The ADH is released when receptors in the atria of the 
heart detect a decrease in blood volume. In response to ADH, the kidney reabsorbs more water, 
thus returning blood volume to a desirable level (Berdanier 1995). In addition to ADH, the rennin- 
angiotensin system plays a role in maintaining fluid volume, by stimulating ADH and aldosterone 
release, enhancement of sodium and chloride resorption, and vasoconstriction. Aldosterone is 
secreted by the adrenal glands and serves to conserve sodium and chloride reserves 
(Berdanier 1995).

Fecal Excretion
Water lost with the feces can be estimated in a number of ways. The simplest, but least precise, is to 
assume a typical moisture content of feces (Table 2.1). More sophisticated approaches look at the 
individual constituents of the feces and determine the quantity of moisture associated with each. 
Unfortunately, there are insufficient data available to undertake this approach with any reasonable 
degree of precision (Schiavon and Emmans 2000).

Water Consumption by Different Classes of Pigs

Water consumption by different classes of pigs has been discussed in details elsewhere (NRC 1998; 
Thacker 2001) and therefore is only briefly covered in the current review. In general, the actual 
amount of water required by pigs is not known because of the difficulties involved in quantifying 
requirements. However, the amount of water required by pigs is mainly determined by the amount 
required to maintain the body water pool, which tends to remain constant at any stage of growth 
(Thacker 2001) and are commonly based on water to feed ratios (Shaw et al. 2006). For example, 
Shaw et al. (2006) indicated 2 : 1 to 3 : 1 water to feed ratio is normal for nursery and grow- finish 
pigs, respectively, and declining as pigs grow, whereas Brumm (2006) reported water to feed 
ratios with nipple drinkers to be 3.35 : 1 for nursery pigs and 2.5 : 1 for growing pigs. Moreover, 
Jongbloed et al. (1997) have demonstrated that water to feed ratio of 2 : 1 for pregnant sows kept 
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at an ambient temperature of 18–20°C has no detrimental effect on health and nutrient digestibil-
ity, but reduces urine production by 3.6 liter (L) per day, as compared to ad libitum water con-
sumption. Estimates of water consumed by different classes of pigs are shown in Table 2.2.

Gestating Sows

The water intake of gestating sows increases proportionally to dry matter intake (Friend 1971). 
Similarly, a positive correlation between feed intake and water consumption has been observed in 
gestating sows until day 60 of pregnancy (Kruse et al. 2010). The water requirements for gestating 
sows range from 11 to 23 L of water per day (Brumm 2010) and gilts in advanced stage of preg-
nancy consume about 20 L of water daily (Bauer 1982). In addition to satisfy their physiological 
needs, water consumption by gestating sows is also influenced by behavioral characteristics. 
Therefore, we need to clearly differentiate between water consumption and requirement in gestation 
sows. Because gestating sows are limit fed, they consume additional water so as to feel satiated. If 
individually housed, gestating sows may experience some degree of boredom, which they often try 
to offset by excessive drinking. In gestation, restricted- fed sows consume most of the water between 
meals, and there is no relation between water and feed intake. Despite these problems, gestating 
sows should be provided with water for ad libitum intake as this may play an important role in ful-
filling their welfare requirements (Mroz et al. 1995).

Lactating Sows

Lactating sows need large amount of water to replace 8–16 kg of milk produced daily and to remove 
excess metabolic end products. Daily water consumption by lactating sows provided with free 
access to drinking water varies widely among individual sows. Consequently, it has been recom-
mended that lactating sows should be allowed between 15 and 20 L day−1 of drinking water, depend-
ing on size and milk production levels (Fraser et al. 1991). Latest findings have shown that water 
requirements for lactating sows range from 19 to 38 L day−1 (Kruse et al. 2011).

Adequate water intake is required for optimal milk production, which in turn impacts on litter 
performance (Fraser and Phillips 1989). In lactating sows, restricted water intake coupled with sum-
mer conditions can dramatically decrease sow feed and nutrient intake. Reduced energy intake in 
turn increases the interval between weaning and estrus in primiparous (Johnston et al. 1989) and 
second- litter sows (Reese et al. 1982). Low protein intake has also been demonstrated to decrease the 
percentage of sows returning to estrus within seven days after weaning (Brendemuhl et al. 1987). 

Table 2.2 Estimated water intake levels of different classes of pigs.

Class of pigs Water consumption (kg day−1)

Gestating sows 11.5–20
Lactating sows 12–40
Suckling pigs 0–0.2
Weaned pigs 0.5–1.5
Growing- finishing pigs (fed ad libitum) 5–7.5
Growing- finishing pigs (restricted feed) 6–9

Source: Adapted from NRC (2012).
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Provision of chilled water during the times of thermal stress helps to increase sow feed intake and 
water consumption, average daily gain (ADG), and weaning weights of litters (Jeon et al. 2006). In 
addition to milk production, lactating sow water intake is influenced by dietary factors such as salt 
content. For instance, a study in lactating sows, Seynaeve et al. (1996) found that feeding a diet con-
taining 0.4% salt over a four- week lactation period led to a significantly higher water consumption 
than those fed a low salt (0.1%) containing diet (13.9 vs. 12.4 L).

However, production parameters like milk composition, sow body weight loss during lactation, and 
piglet performance were not affected by water intake levels. This observation suggests that any impact 
on litter performance as result of inadequate water intake by lactating sows is likely due to reduced 
milk yield as opposed to altered nutritional quality of milk. This is because early piglet weight gain and 
survival were slightly correlated with the sow’s water intake during the same period (Fraser and Phillips 1989). 
In a study that evaluated the effect of extra water and nesting material on growth and reproductive 
performance and plasma protein concentration (Phengvilaysouk et  al.  2018), it was reported that 
 provision of water ad libitum together with nesting material significantly improves the reproductive 
and growth performances in sows and piglets, respectively. Interestingly, ad libitum water intake and 
nesting material reduced piglet mortality and plasma protein concentration compared with sows that 
received nesting material only and control sows showing the importance of water in immune develop-
ment. However, from practical pork production stand point, reduced water consumption by sows is 
important as it relates to urine production and the associated environmental challenges.

Suckling Pigs

It may appear that suckling pigs do not drink water. A common assumption is suckling pigs satisfy their 
water needs because they drink milk that contains more than 80% water. However, water consumption 
by suckling pigs is critical for optimal performance, and, therefore, it is important to ensure that they 
have free access to a good quality drinking water (Thacker 2001). Water consumption at this stage is 
closely related to milk consumption, effective environmental conditions in the creep area, and creep 
feed intake. High water intake may encourage creep feed consumption, but may negatively impact on 
milk intake levels (Mroz et al. 1995; Thacker 2001). The results of a study by Fraser et al. (1988) indi-
cated that on average suckling piglets can drink around 46 g of water per day within four days after birth 
with the largest daily consumption of 200 g. They can consume 36 mL of water per day on the first days 
after birth and gradually increase consumption to around 403 mL daily on day 28 (Nagai et al. 1994).

In general, suckling pigs should be provided with water for ad libitum intake in the farrowing 
crate to encourage creep feed consumption. This is particularly critical if milk intake is low, in 
which case water intake may help prevent dehydration and increase survival rate of piglets (Fraser 
et al. 1988). Early water consumption by newly born piglets depends on the type of water dispenser 
in use. Piglets discover exposed water surfaces such as bowls or cups earlier (24 hours) than nipple 
drinkers (72 hours) to increase water consumption (Phillips et al. 1990; Phillips and Fraser 1991). 
Newborn litters consume more water from a larger bowl, sufficient to accommodate three piglets at 
once. This may allow piglets to learn to drink by imitating their litter- mates (Phillips and Fraser 1991).

Weaned Pigs

During the first few days following weaning, water intake is reduced as piglets learn to seek and 
drink water. This is undesirable as it might compromise the process of digestion and absorption thus 
leading to increased incidences of diarrhea (Stockill 1990). It has been suggested that because feed 
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intake is low soon after weaning, piglets tend to increase water intake so as to achieve the feeling of 
being satisfied (McLeese et al. 1992). However, Torrey et al. (2008) reported that early weaned pigs 
do not obtain the sense of satiety through water consumption. Eating and drinking times in newly 
weaned pigs are positively correlated (Dybkjaer et al. 2006). The relationship between feed intake 
and water consumption in weanling pigs has been mathematically described (Brooks et al. 1984) as 
water intake (L/d) = 0.149 + (3.053 × kg daily dry feed intake). Clean, fresh, and safe water must be 
available at all times to achieve higher feed intake. Weaned pigs should be encouraged to drink water 
because this is an important factor determining feed intake levels (Brooks et al. 1984).

One of the factors that affect the survival of weaned piglet is long distance transportation from 
the farrowing site to the finishing site. In addition to feed, water should be provided to weaned pigs 
if they are to be transported for over 24 hours (Garcia et al. 2016). For instance, pigs transported 
without water lost markedly more weight than those transported with water, and the neutrophil to 
lymphocyte ratio also was noticeably higher in male pigs transported without water after 32 hours 
of transport period (Garcia et al. 2016). The higher neutrophil to lymphocyte ratio in pigs trans-
ported for longer period of time may indicate intestinal inflammation due to stressful situations 
associated with weaning and transportation.

Growing- Finishing Pigs

It is advisable to give free access to water located near to feed dispensers for growing- finishing pigs. 
Water intake in growing- finishing pigs is essential for lean muscle growth as lean meat is 72% water 
(Kober 1993). The minimum water requirement for pigs between 20 and 90 kg body weight is approxi-
mately 2 kg for each kilogram of feed consumed. The amount of water consumed per day by a growing- 
finishing pig depends largely on the feeding program. If pigs are allowed ad libitum feed intake, their 
water consumption will be around 2.5 kg kg−1 of feed, whereas pigs with restricted feed intake may 
consume up to 3.7 kg of water/kg of feed (NRC 1998). This variation in water intake is most likely due 
to the feeling of satiation of the pigs as stated previously for gestating sows. Water should therefore be 
available ad libitum for pigs given ad libitum access to feed. The pigs receiving restricted feed intake 
should also have access to water ad libitum as their welfare may be impaired with restricted water 
intake. Availability of water within a feeder decreases the time spent on eating, but increases average 
daily feed intake (ADFI) and ADG in growing/finishing pigs (Gonyou and Lou 2000).

Boars

Although there are no enough data on the water requirement of boars, free access to good quality water is 
advisable. Elevated ambient temperature (Wettemann and Bazer  1985) and nutrition (Close and 
Roberts 1991; Wilson 2004) are among the most common factors affecting spermatogenesis in boars. 
Thermal stress during hot summer reduces feed intake and may indirectly inhibit spermatogenesis. 
Therefore, sufficient supply of chilled and good quality water may increase feed intake and reduce the 
problem when ambient temperature is high. A temperature- related water intake study indicated that grow-
ing boars consume more water (15 L day−1) at 25°C compared with 10 L day−1 at 15°C (Straub et al. 1976).

Factors Affecting Water Consumption in Pigs

Pigs need to drink water regularly as their bodies lose water constantly via urine, respiration, feces, 
and skin. Additionally, water losses can occur in sows during gestation (amniotic fluids), at farrow-
ing (blood) and during lactation (milk). In growing pigs and fetuses, water supplies are also needed 
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for tissue growth and body fluids. Water intake varies over time and between individuals (Renaudeau 
et al. 2013; Rousselière et al. 2016). It is extremely difficult to define a precise water requirement 
for the pig. Water cannot be studied like other nutrients because many complex and highly dynamic 
processes take place within the body. For example, drinking water deficit potentially dehydrates the 
body with consequent renal compensation with no visible impact on performance, at least in the 
short term (Fraser et al. 1991). This can be achieved by a mechanism known as production of hyper-
tonic urine. However, this adaptation is limited by the ability of the kidneys to concentrate urine 
(Andreoli 2000). Therefore, in addition to simple recording of growth performance, indicators of 
the hydration status of the body must be involved in growth studies that aimed to evaluate water 
requirements.

Unfortunately, such measurements bring their own unique challenges. We need to be care-
ful to distinguish between water requirements and water consumption in pigs (Fraser 
et al. 1993), as most watering systems for pigs can result in significant amounts of water wast-
age owing to behavioral patterns at watering points and drinker type. This water loss is not a 
biological requirement for production but a behavioral response to confinement that can be 
overcome by good housing design. It can lead to significant overestimations of water con-
sumption if it is not taken into account. The best estimates of pig water requirements are 
obtained by measuring water turnover rates, using labeled water. Yang et  al. (1981) deter-
mined the water requirements of pigs under confined and dry feeding conditions as being 
approximately 120 mL kg−1 for growing pigs (30–40 kg) and 80 mL kg−1 of body weight for 
nonlactating adult pigs (157 kg).

Water consumption by pigs is influenced by several factors. These factors often contribute to the 
main water concerns encountered on swine farms. Key among these factors are body weight, the 
quality of the water provided, diet composition, physiological status of the pig, environmental con-
ditions, social factors, and equipment design and placement (Nyachoti and Kiarie 2010). A thor-
ough understanding of these factors is important to provide the amount of water that meets the 
requirements of the animals and control water wastage. Table 2.3 provides summary of the factors 
that increase or decrease water consumption by pigs.

Like all nutrients, as the pig grows, its daily requirement for water increases. Unfortunately, there 
are insufficient data in the literature to develop a credible relationship between body weight and 
water requirement. Schiavon and Emmans (2000) reported that the coefficient of correlation (R2) 
between body weight and water intake was only 0.45; this was measured under highly controlled 
conditions and one would reasonably assume that under commercial conditions, the relationship 
would be even less powerful.

Table 2.3 Factors affecting water consumption by pig.

Increase water consumption Decrease water consumption

Hunger Cold stress
Boredom Warm water temperature
Heat stress High mineral levels in water
Dietary minerals in the water
Pelted feed
Cold water temperature
Acidification
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Waterer Type and Adjustment

Nipple drinkers are the most common watering devices, particularly in North America. However, 
there is an increasing use of wet- dry feeders, swinging drinkers, and dish drinkers with the primary 
motivation to conserve water (Patience 2012b). Swinging nipple drinkers are also becoming increas-
ingly common in the North American pig industry. Both are designed to provide ad libitum water to 
pigs, and there is no evidence that growth or reproductive performance is influenced by waterer 
type. Boe and Kjelvik (2011) concluded that water supply from nipple drinkers is a better alterna-
tive for weaned piglets because of higher water intake, better water quality, and improved ADG. Yet, 
waterer adjustment to the proper height is important as pigs grow to encourage water consumption 
and reduce spillage. Cups and nipples mounted at a 90° angle should be adjusted at shoulder height, 
whereas nipples mounted at a 45° angle should be set at 2–3 inches over shoulder height. It is also desir-
able to mount the drinkers so that pigs can drink “straight on” rather than at an angle (Figure 2.1). Mounting 
drinkers at corners may help to accomplish this and reduce water wastage (Gonyou 1996).

There is a wide variation in the amount of water wastage due to waterer type and management. 
Nipples waste more water than any other watering devices. Depending on pig size, nipple height, and 
water- flow rates, nipples can waste 15–42% of the water provided (Li et al. 2005). Whereas Fraser 
and Phillips (1989) reported 23–80% waste in sows, and Brooks (1994) reported 60% wastage in 
growing- finishing pigs in a poorly managed nipple drinkers. The challenge with nipple drinkers is 
although they provide a continuous supply of fresh water; pigs can easily activate the nipple for 
recreation or by unintentional leaning on the nipple resulting in water spillage. The water spill goes 
directly into the manure pit and increases slurry volume. Therefore, nipple height and its water flow 
rate should be properly adjusted to minimize water wastage. With cup drinkers, water spill flows 
into a bowl placed beneath the water delivery devices and is available for pigs to drink. However, 
cup drinkers may also accumulate feed, urine, and feces in the bowl and may impact the well- being 
of piglets if not routinely monitored. Use of automatic stainless bowl drinkers may help to reduce 
water wastage (Bekaert and Daelemans  1970) if carefully managed to avoid excessive fouling, 
which occurs when improperly positioned in the pen. Bowl drinkers have also been shown to 
encourage water intake in nursing piglets. Wet- dry feeders, which allow the pig to eat feed either in 

Figure  2.1 Straight positioned nipple drinkers helping pigs to drink with ease (https://www.nationalhogfarmer.com/animal- 
health/5- commandments- starting- wean- pigs; Accessed 13 January 2020).
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Table 2.4 Recommended water flow rates for different classes of pigs.

Class

Flow rate

Time to fill a 473 mL bottle (s)mL min−1 mL min−1

Nursery 500 237–473 60– 120
Grower- finisher 750 473– 946 30– 60
Gestating sows 1,000 947 30
Lactating sows 1,500 NA NA

Source: Brumm (2006, 2010) and Gonyou (1996).
Min = minute; s = second; NA = data not available.

dry form or to mix it with water prior to consumption, also reduce wastage and tend to increase feed 
intake (Gonyou and Lou 2000). Other types of waterers representing a very small portion of the mar-
ket include troughs and straw drinkers, the latter requiring pigs to suck water from the water line.

Water Flow Rate and Pressure

In addition to drinker type, water flow rate and pressure in the pipeline can impact water consump-
tion and wastage. For younger pigs, nipple flow rate is important because they are hesitant drinkers. 
If water is flowing too fast, the pigs may be discouraged to drink. On the other hand, for older pigs, 
if water is flowing too slowly, pigs on the higher end of the social hierarchy become more aggres-
sive and stay on the drinker; hence, the pigs at the lower end of the social hierarchy may have less 
chance to drink. However, Phillips et al. (1990) reported that water consumption was not affected 
because of changes in water flow rate and the number of nipples. We also need to make sure that 
water is flowing equally in all nipples in the pig house. There is a chance that the first nipple has a 
greater water supply than the last one. This may hinder the delivery of the desired amount of water 
to each pig and could also result in incorrect dosages of medicine delivered via water. Therefore, in 
order to achieve the desired water flow rate from the first to last nipple of the supply system, a spe-
cial water pressure regulator can be mounted on the nipple. While waterers should be checked daily 
for maintenance, a monthly or quarterly water flow check may improve pig performance and water 
utilization. Low water flow rate of drinker increases the time spent at the drinker and discourages 
optimal water consumption by the pigs. On the other hand, high water flow rate increases water 
wastage. Therefore, selection of the optimal water flow rates will help to encourage adequate intake 
without excessive wastage of water (Table 2.4).

Because feed intake is positively correlated with sow milk production, one can argue that reduced 
nipple water flow rate would indirectly affect the performance of suckling piglets. However, reports 
from literature are inconsistent. No measurable effects of water flow rate on body weight gain, feed 
intake, or feed conversion efficiency was observed in a study where nursery pigs consumed water 
from nipple waterers with flow rates of 100, 350, 600, 850, and 1100 mL min−1 (Nienaber and 
Hahn 1984). Elsewhere, nipples with 70 mL min−1 flow rate reduced sows feed intake and body 
weight gain compared with nipples with 700 mL min−1 flow rate during the first 21 days of lactation 
in summer. However, litter size and litter weight were not affected by the difference in nipple flow 
rates (Leibbrandt et al. 2001). This variation could be attributed to the ambient temperature at which 
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these studies were conducted as high temperature coupled with water restriction reduces sows feed 
intake and piglet performance (Leibbrandt et al. 2001).

Water pressure also influences the activation of water delivery devices by the pigs and the amount 
of water wastage. A general recommendation is that water pressure in supply lines be limited to 
20 psi. This facilitates the activation of water device by the pig while controlling water wastage from 
drinking devices.

The location and color of dispenser appear to affect water consumption by the newly born piglets. 
For instance, data from a study that examined the effect of drinker location and color within the 
farrowing crate on drinking behavior and water intake of newborn pigs during the first two days of 
their birth have indicated that water consumption was higher for back left and red and blue colored 
dispenser but lower for front left and green colored dispenser lives (Deligeorgis et al. 2006).

Waterer to Pig Ratio

Waterer to pig ratio of 1 : 25 is typical for nursery and grow- finishers in the industry. The general 
recommendation is to have a single waterer for every 10–15 pigs, typically in a 1 : 12 waterer to pig 
ratio. A study with nursery pigs indicated that smaller pig to waterer ratios give better chances for 
pigs to drink and gain more body weight, and bowl drinker is preferred to nipple drinker (Ciara and 
Anna 2007). Providing access to water at the recommended level may improve growth performance 
of nursery (Sadler et al. 2008) and grow- finish pigs (Vier et al. 2018).

Feed Form and Feeder Type

Water consumption is greater for pigs fed meal diets compared to pellet diets, resulting in a similar 
water to feed ratio when accounting for differences in feed efficiency between the feed forms (Laitat 
et al. 1999). A liquid feeding system is a practice of mixing dry feed with water to deliver a mini-
mum amount of water that the animal has to consume. It is prepared by suspending dry feed in water 
using dilution rate, expressed as the amount of water (kg or l) per kg of dry feed. Dilution rate may 
vary from farm to farm, production types, and season. For example, in France, it ranges from 2.5 to 
4.8 L kg−1 for pregnant sows and 2.4–3.2 L kg−1 for fattening pigs (Roy et al. 2007; Royer et al. 2007; 
Massabie et al. 2014). The water- feed mixture should be homogenous, and its distribution usually 
is computer controlled. The feed is mixed with water in a tank, and the mixture is transported by 
means of a pump via a set of pipes that extend to reach trough in each pen. The use of wet- dry feed-
ers reduces water wastage compared to dry feeders and waterers (Brumm et al. 2000). This is par-
ticularly important for lactating sows in that it provides the sows the choice when and how much to 
eat and improve feed intake and litter growth performance (Peng et al. 2007).

Liquid feeding system is important also for newly weaned pigs as it creates smooth transition 
from milk to feed, allows the pigs to consume 35% more water, and improves feed intake than dry 
feeding system (Russell et al. 1996). However, in group- housed pigs, there is no assurance that all 
pigs satisfy their water requirements through the liquid diet  alone. Therefore, additional water 
should be provided from watering devices that can lead to water spillage particularly when the 
design of the watering device is faulty (Torrey et al. 2008). Moreover, depending on cleanliness of 
the trough, the quality of water provided, the ambient temperature, and the duration of time the 
water remains in the trough, this feeding system can be associated with increased risk of bacterial 
contamination due to residual water in the trough.
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Diet Composition

Water consumption increases when dietary composition increases the need to eliminate metabolites 
or surplus nutrients. Dietary protein and mineral concentration and daily protein and mineral intake 
have a relatively large effect on water intake and excretion (Mroz et al. 1995; NRC 1998; Shaw et al. 
2006). When pigs are fed diets with a protein concentration that exceeds their requirements for 
maintenance and growth or production purposes, the excess protein is broken down and excreted as 
urea (NRC 1998). This process exerts an additional need for water to excrete excess nitrogen, which 
explains why pigs consuming high protein diets have high water intake levels (NRC  1998; 
Figure 2.2). For instance, Shaw et al. (2006) reported increased water consumption in pigs fed diets 
with excess salt, proteins, or minerals. Reduction in water intake and ADG was reported in growing 
pigs fed a diet containing less than 0.2% salt as compared to those fed 0.27 and 0.48% salt (Hagsten 
and Perry  1976). Increased nitrogen excretion, which explains increased renal water loss, was 
observed when barrows fed a diet formulated based on apparent ileal digestible protein relative to 
pigs fed a diet formulated based on standardized ileal digestible amino acid (Lee et al. 2017).

Similarly, increasing water intake has been observed in a study where pigs were fed a diet con-
taining increasing levels of dietary D- xylose (Huntley and Patience 2018). On the other hand, sig-
nificantly higher nitrogen excretion was observed in barrows fed high crude protein diet compared 
with those fed low crude protein diet (Wu et al. 2018), indicating excess nitrogen in the diet leading 
to higher water loss in the form of urine. Moreover, the acidification of drinking water has been 
implicated to increase water consumption in piglets. For instance, the addition of DL- methionine 
hydroxy analog- free acid (Kaewtapee et al. 2010) and an organic acid blend consisting of formic 
acid, acetic acid, and ammonium formate (Mesonero et  al.  2016) into drinking water increased 
water intake in nursery pigs. Mroz et al. (1995) have suggested that many studies relating water 
intake and dietary protein content were confounded by concurrent changes in dietary mineral 
levels.

It is also well known that increasing the salt concentration in the diet will result in elevated water 
consumption (Seynaeve et al. 1996). Interestingly, pigs also consume greater quantities of water 
when the water itself is high in minerals (Maenz et al. 1994). Therefore, modification of dietary 
composition may be part of the strategies to reduce excessive water utilization by the pig industry.
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Figure 2.2 The effect of dietary crude protein on water intake in weaned pigs (Nyachoti et al. 2005) and water usage in growing 
pigs (Shaw et al. 2003).
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As occurs in many species, hunger increases water consumption. For example, Yang et al. (1981) 
reported that providing limit- fed pigs with increasing amounts of feed reduced the observed water 
to feed ratio from 5.1 : 1 to 3.3 : 1. It is widely accepted that pigs consume luxury amounts of water 
because of hunger- induced or stress- induced polydypsias or even for play, such that simply measur-
ing water disappearance may introduce errors into the estimation of water requirements (Fraser 
et al. 1991; Vermeer et al. 2009).

Environmental Conditions

Aside from body weight, dietary composition, stocking density, water flow rate, health status, 
and stress level of the animal, the amount of water consumed by a pig can be affected by ambi-
ent temperature, humidity, and ventilation. Knowledge of the daily water consumption patterns 
of pigs can serve as an indicator of unfavorable environmental conditions and a predictor of the 
onset of health challenges (Brumm 2006). Unlike other livestock species, pigs do not have func-
tional sweat glands that help them to efficiently remove body heat. Hence, respiration is the 
major route that pigs use to cool themselves. Accordingly, the water requirements for pigs 
increase in hot environments due to the greater amount of water vapor that is released from the 
lungs. For example, an increase in ambient temperature from 10 to 25 °C has been observed to 
increase water consumption from 2.2 to 4.2 L day−1 in finisher pigs (Agriculture and Food 2019). 
Similarly, Schiavon and Emmans (2000) suggested that for every 1 °C increase in the air tem-
perature, water intake increased by 0.12 L d−1. Vandenheede and Nicks (1991) reported that 
water intake increased from 2.2 to 4.2 L d−1 in finishing pigs when the temperature increased 
from 10 to 25 °C, a difference that supports the relationship established by Schiavon and 
Emmans (2000). Mount et  al. (1971) reported that raising the temperature from 12–15 to 
30–35 °C increased water consumption by 57% in 33.5  kg pigs, while Straub et  al. (1976) 
reported a 63% increase in 90 kg pigs.

It is thus very important that adequate supply of drinking water be available. High humidity 
in itself does not have a negative effect on swine performance. However, combined with high 
temperatures, it enhances the negative effects of the high temperatures. Since the pig must rely 
heavily on evaporative heat loss in order to stay cool when it is hot, humidity level is very 
important. The higher the humidity level in the air, the less effective is the process of evapora-
tive cooling (i.e., less moisture can evaporate into humid air than dry air). It has been estimated 
that at 30 °C, an increase of 18% in humidity is equivalent to an increase in air temperature of 
1 °C (Huynh et al. 2005). In a hot- humid environment, water as a cooling agent for pig becomes 
very important through the application of water sprinkler, fogging, and dripping systems. 
Whereas numerous studies have shown these systems to be beneficial in maintaining pig per-
formance in hot summers and their use should not override the provision of adequate floor 
spaces, insulation, and ventilation as well as diet reformulation strategies (low fiber and high 
energy) as these might save on the amount of water used for cooling purposes and thus manure 
volumes in the long run. For example, studies at the University of Kentucky with finishing pigs 
(weighing 50–110 kg and with a space allowance or 10 square feet/pig) and conducted in two 
summers months of 1996 and 1997 (temperature range: 22–34 °C) demonstrated the impor-
tance of cooling (either by fan or sprinkler) on performance (Cromwell 1999). Whereas com-
bining fans and sprinkler resulted in better performance, data from the fan only suggest that 
having well- insulated buildings with good air movement might be as good as or better than 
using sprinklers.
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Factors Affecting Water Quality

Numerous factors including the concentration of dissolved minerals and bacterial contamination 
can affect the quality of drinking water for swine. Poor water quality may inhibit the pig’s desire to 
drink and hence impact water intake and subsequently growth performance. Dealing with a water 
quality problem can be a major challenge and often water treatment does not correspond to improved 
animal performance. The levels of two main components namely chemical elements and composi-
tion and level of bacteria characterize the quality of water. Chemical elements dissolved in water 
have a significant influence on the quality of water for swine depending on their concentration. The 
effects of the physical aspects of water quality such as color, turbidity, and odor on pork production 
may be minimal. However, it may have health and or productivity implications if color, odor, or 
turbidity is high.

Chemical Factors

Chemical factors affecting the quality of water include pH, hardness, total dissolved solids (TDS), 
nitrates and nitrites, sulfates, iron, and lead (Kober 1993). Each of these factors is discussed briefly 
later.

pH

Water pH is the measure of its acidity or alkalinity. Water with pH ranging from 6.5 to 8.5 is con-
sidered acceptable to pigs (NRC 2012). A low pH (less than 6.5) is undesirable as it may corrode 
and dissolve metals from the plumbing and cause precipitation of medication delivered via the 
water system (NRC 1994). This might enhance the proliferation and survivability of the target path-
ogens and the precipitation of medication that could impact on pork quality by causing deposits of 
drug residues in meat (Russell 1985). High water pH (greater than 8.5) on the other hand gives the 
water a slippery feeling and leaves scaly deposits (Kober 1993) that reduce water flow. Basic water 
(pH above 7) is considered a risk factor for E. coli caused diarrhea, and water pH should be reduced 
via acidification in a situation where E. coli infection is persistent. Another practical problem with 
high water pH is that it reduces the efficacy of chlorine used for water treatment. However, wide 
deviations in water pH are uncommon.

Hardness

Water hardness is a measure of the sum of divalent cations in the water, which for the most part in 
practical circumstances means calcium and magnesium salts. Other divalent ions in the water are 
quantitatively lower and therefore irrelevant to the determination of hardness. Water hardness is 
expressed as calcium carbonate (CaCO

3
) equivalents (Kober 1993), although one needs to know the 

actual amount of calcium and magnesium to be able to predict how animal performance might be 
impacted. Water is considered soft if the concentration of calcium (Ca) and magnesium (Mg) is below 
60 ppm and hard if above 120 ppm (NRC 2012). Water with low levels of Ca and Mg (i.e., <60 ppm) 
has no effect on pig performance, but excess Ca intake might interfere with phosphorus (P) utilization. 
Thus, dietary phosphorous levels may require adjustment when using water with high CaCO

3
 



51WATER IN SWINE NUTRITION

(>300 ppm) levels (Kober 1993). In pork production, the most significant practical problem associated 
with the use of hard water relates to the deposition of scales in the watering system, which causes seri-
ous water delivery problems and requires considerable labor resources to manage.

Total Dissolved Solids

Total dissolved solids (TDS, also known as the salinity of water) is the amount of soluble salts 
(commonly magnesium, calcium and sodium bicarbonate, chloride, or sulfate forms) in the water 
(Kober 1993). Pigs consuming water with high levels of TDS have transitory diarrhea, but health, 
growth, and reproductive performances are not usually affected. The recommended maximum TDS 
level in water is 3000 ppm (NRC 2012; Table 2.5). There is contradictory evidence as to the level of 
TDS at which pig performance is impaired. For example, growth rates, feed intake, and feed effi-
ciency were better for weanling pigs fed water with 217 ppm compared with water with 4390 ppm 
TDS (McLeese et al. 1992). However, TDS at between 1000–6000 ppm have, generally, not been 
shown to consistently affect pig performance (Anderson and Stothers 1978). Furthermore, the per-
formance of growing- finishing pigs was not influenced by TDS levels up to 7000 ppm in the form 
of sulfates (Anderson et al. 1994). As experimental period in this experiment was only four days 
long, the long- term effects of high TDS levels on pig performance cannot be substantiated. 
A detailed study of water quality on a commercial farm (Patience et al. 2004) has indicated that 
sulfate levels of 1650 mg L−1 did not impair either the rate or the efficiency of growth in weanling pigs, 
although diarrhea was clearly present (Figure 2.3). However, in another trial, pigs that consumed 

Table 2.5 Evaluation of water quality for pigs based on total dissolved solids.

Total dissolved solids (ppm) Rating Comment

<1000 Safe No risk for pigs
1000–2999 Satisfactory Mild diarrhea in pigs not adapted to it
3000–4999 Satisfactory May cause temporary refusal of water
5000–6999 Reasonable Higher levels for breeding stock should be avoided
>7000 Unfit Risky for breeding stock and pigs exposed to heat stress

Source: NRC (2012).
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Figure 2.3 The effect of reverse osmosis (RO) treatment of drinking water high in total dissolved solids and sulfates on ADG 
(SEM = 0.011 kg d−1), average daily feed intake (ADFI; SEM = 0.019 kg d−1), and G:F (SEM = 0.013) evaluated under commercial 
farm conditions. Source: Based on Patience et al. (2004).



52 FUNDAMENTAL NUTRITION

Table 2.6 Effect of water sulfate on the performance of weanling pigs.

Item Control (0 ppm) Sulfate (2402 ppm)

Avg. daily gain, kg d−1 0.40 0.33
Avg. daily feed intake, kg d−1 0.79 0.71
Feed/gain 1.89 2.02
Avg. daily water intake, L d−1 1.15 1.35
Scour days (wk 1 only) 3.5 6.0

Source: Modified from Anderson and Stothers (1978).
Avg. = average; d = day; wk = week.
Sum of sodium and magnesium sulfate.

water that contained 3000 mg L−1 sodium sulfate were reported to have reduced ADG and gain to 
feed ratio (G:F) compared with pigs that consumed water without sodium sulfate (Flohr et al. 2014).

Nitrates and Nitrites

Contamination of groundwater with nitrates and nitrites mainly occurs through leaching from the 
soil or through surface water runoff that has been exposed to materials containing high nitrogen 
levels such as animal wastes, nitrogen fertilizers, decaying organic matter, silage juices, and others. 
A high level of either nitrites or nitrates may indicate bacterial contamination (Kober 1993). Nitrites 
are ten times more toxic than nitrates in monogastric animals (Emerick 1974). The Canadian 
Task Force on Water Quality (1987) recommend a limit for nitrite- N and nitrate- N at 10 and 
100 ppm, respectively, in water for livestock. Symptoms of nitrate poisoning include high respiration 
rate, increased incidence of diarrhea, reduced feed intake, poor growth, increased abortions among 
sows, and reduced vitamin A utilization (Grizzle et al. 1996; Meek 1996; Thacker 2001). Water 
nitrates levels less than 1500 (~333 ppm nitrate- N) ppm might not affect pig performance 
(Kober 1993) although a higher respiration rate was observed with the inclusion of 300- ppm nitrate 
in water fed to weaned pigs (Anderson and Stothers 1978).

Sulfates

Of all mineral contaminants, sulfates are the cause of most water quality problems with respect 
to pig production in North America (NRC 2012). It is very expensive to remove sulfates from 
drinking water, including both the initial capital cost for equipment and ongoing operating costs, 
making such systems prohibitive to install on most farms. There is considerable inconsistency in 
the literature regarding the effect of water sulfate content on pig performance. According to 
Environment Canada, a water sulfate level of less than 1000 ppm may not affect pig performance 
(Table 2.6). However, Patience et al. (2004) concluded that weanling pigs can tolerate drinking 
water containing high concentrations of sulfates (1650 mg L−1), and poor performance or diar-
rhea in nursery pigs should not be attributed to water quality until other possible contributing 
factors are ruled out. For example, growth and ADG were not affected when piglets consumed 
water that contained 1260 or 75 mg sulfates L−1 (Tremblay et al. 1989). In another study, sulfate 
level up to 3300 ppm caused a laxative effect and increased the water intake in pigs. Higher levels 
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cause diarrhea (Veenhuizen et al. 1992; Figure 2.4) and make water unsuitable for pigs (Anderson 
and Stothers 1978; AAFRD 1993; NRC 2012).

Nonetheless, pigs may tolerate higher sulfate levels than poultry as drinking water with 3000 ppm 
had no effect on pigs weaned at 28 days of age (Paterson et al. 1979). Other data indicate that water 
with less than 1500 ppm sulfate may affect the performance of early- weaned pigs (Kober 1993; 
NRC 1998). Water with 3500 ppm of sulfate is not good for sows and generally water with more 
than 4500 ppm should not be used for any livestock (Kober 1993). Sulfate in the drinking water will 
inevitably lead to diarrhea in most classes of swine. Younger pigs are most susceptible, but even 
sows may sustain a transient diarrhea if rapidly switched to water high in sulfates. For young pig-
lets, levels as low as 750 ppm can be problematic, while older animals can tolerate even higher 
levels. Because sulfate causes diarrhea of an osmotic nature, care must be taken to not assume that 
performance is impaired, just because pigs have loose stools, because in many experiments, growth 
was unaffected. On the other hand, diarrhea even of osmotic origin can increase the pig’s suscepti-
bility to secondary causes of gastrointestinal disturbance that might have a much more profound 
impact on performance and health. Recommended maximum sulfate level in water is 1000 ppm 
(NRC 2012).

Bacterial Contamination

Bacterial contamination is currently viewed as a serious problem relative to the quality of water for 
both human and livestock use. The main types of bacteria that have been associated with water qual-
ity problems include Cryptosporidium, enterotoxigenic Escherichia coli, Salmonella, and Leptospira 
(Fraser et al. 1993; Meek 1996; NRC 1998; Thacker 2001). Other microorganisms such as Protozoa 
as well as eggs and cysts of intestinal worms might affect the water quality for pigs (Fraser et al. 1993). 
The degree of water pollution by bacteria is traditionally estimated by measuring the level of 
 coliforms, which represents a group of generally pathogenic bacteria, as an indicator (Meek 1996). 
A count of 5000 total coliform/100 mL is normally used as a guideline for maximum levels in water 
for pig production (Meek 1996; NRC 2012). However, it must be emphasized that the actual level 
that can impact water quality differs depending on the virulence of specific bacteria present. Some 
pathogens may be harmful below this level, whereas other benign species may be tolerated at higher 
levels. The effect of waterborne bacteria on pig performance is poorly investigated.
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Figure 2.4 Effect of high water sulfate levels on incidences of diarrhea in piglets. Source: Based on Veenhuizen et al. (1992).
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When dealing with bacteria in the drinking water, it is important to consider the cleanliness of 
the water lines. Therefore, regular maintenance and cleaning of drinking water supply systems 
are very important. Biofilm in pipes can be a considerable source of microorganisms in the 
water, but chlorine- based disinfectants have little to no effect on biofilms. It is important to flush 
out all buildup regularly. For example, washing of the water lines with alkaline detergent such as 
AH- tec (Desintec, Germany) followed by a high- pressure micro- impulse system and careful 
washing with clean water removes all organic deposits and slime from the internal surfaces of 
water pipes and prevents the development of undesirable microorganisms (Vorozhbitov and 
Trukhman 2012).

Solving Water Quality Problem

To ensure a supply of good quality water, regular monitoring of the water itself and supply system is 
critical. While waterers should be checked daily for maintenance (National Pork Board  2018), a 
monthly or quarterly water flow check may improve pig performance and water utilization. Water 
quality should be monitored at least once a year and should always include a measurement of bacterial 
(coliform) contamination (Kober 1993). Ideally, water test results should be used to adjust feed formu-
las to compensate for any excessive amounts of minerals supplied by the water (Flipot and Ouellet 1988). 
However, the challenge here is that the bio- availability of many of the water minerals is unknown 
although one will expect that if a mineral is soluble, then it is also available (Christensen 2001).

Considering the wide variability in the levels at which pig performance is impaired by water 
contaminants, water analysis results alone may not be sufficient to justify changes in a production 
system. Therefore, any steps to institute water quality corrective measures should be guided by the 
impact the water has on animal performance (Veenhuizen 1993). This is particularly important con-
sidering that water treatment methods can be costly.

Water Treatment Techniques

The swine industry spends considerable resources on water treatment, particularly in the nursery. 
Although in some cases pigs may be able to acclimatize to water of poor quality (Veenhuizen 1993), 
there are situations in which the quality of the water is so poor to be utilized economically for pork 
production. Therefore, either an alternative source of water has to be found or the water has to be 
treated before use (Meek 1996). A major challenge with respect to water treatment is to identify a 
suitable treatment system that is not only effective but also affordable. Various water treatment 
methods (e.g., chlorination, coagulation, filtration, and pH adjustment) are available to the livestock 
industry, but their impact on animal performance is largely unknown. The following is a brief 
description of these methods.

Chlorination

Chlorination is now an accepted practice of water disinfection within the pork industry (particularly 
for nursery pigs). However, the impact of different levels of chlorination on water intake and pig per-
formance is not well understood. The amount of chlorine required to effectively disinfect water varies 
depending on the quality of the water. In general, more chlorine will be required to effectively disin-
fect water with high levels of contaminants (e.g., nitrite, iron, organic matter, etc.) or high pH because 
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these are known to reduce the efficacy of chlorine. The effectiveness of chlorine is also dependent on 
the length of the contact time and the type of bacterial contaminant; protozoa and enteroviuses are 
more resistant to chlorination than bacteria (Patience et al. 1995). For practical pork production, there 
is no merit in increasing the free chlorine level in water, but it is important to know how pigs will 
respond in the event that high chlorine is inadvertently added to the water. For instance, Tofant et al. 
(2010) indicated that over- chlorination of drinking water (2.11 mg L−1) resulted in significant repro-
ductive failure explained by increased number of spontaneous abortion, return to oestrus number and 
percentage of stillbirths, and reduced farrowing and total number of piglets in gilts and sows (Table 2.7) 
indicating the need for regular monitoring of free chlorine level in drinking water.

Acidification

Water from many sources is slightly basic (i.e., alkaline) with a pH value between 7 and 8. As the pH 
increases, the level of carbonates compared to bicarbonates also increases. This causes physiological 
and digestive upsets, especially in younger pigs. This is attributed to the fact that newly weaned pigs 
produce insufficient quantity of gastric acid (Kil et al. 2011) that is required to lower gastric pH and 
activate pepsin. Results from studies that examined the effect of drinking water acidification on the 
performance of pigs are inconsistent. McLeese et al. (1992) noted that although there is anecdotal evi-
dence supporting water acidification in nursery pig production, such benefits have not been demon-
strated in controlled research studies. In support of this concept, in a study conducted in a commercial 
facility, acidification of surface water did not affect the performance of nursery pig (Nyachoti 
et al. 2005).

However, acidification of the water supply has been reported to increase piglet performance 
(Walsh et al. 2007), by decreasing the pH of the water down to neutral pH. Similarly, acidification of 
drinking water with organic acid blend consisting of formic acid, acetic acid, and ammonium for-
mate at the rate of 2 L/1000 L of drinking water significantly improved final body weight and aver-
age daily weight gain in newly weaned pigs (Mesonero et al. 2016). Daily weight gain was also 
improved in nursery pigs that consumed water acidified with a mixture of organic acids containing 
lactic, formic, propionic, and acetic acid (De Busser et  al.  2011). Adding liquid DL- methionine 
hydroxy analog free acid into drinking water at 0.10% also significantly increased ADG and ADFI 
in nursery pigs (Kaewtapee et al. 2010). Such discrepancies could be attributed to the type of the acid 
product and its concentration that was used to acidify the water and the pH of the control water. 
Therefore, an in depth investigation is required as it is difficult to draw any conclusion based on these 
few data.

Table 2.7 The effect of over chlorination on reproductive performance of gilts and sows.

Parameters

Not over 
chlorinated Over chlorinated

P- valuen Mean ± SD n Mean ± SD

Number of spontaneous abortions 15 1.87 ± 1.41 1 91.00 ± 0.00 <0.001
Return to estrus number 11 65.9 ± 23.1 5 203.2 ± 65.1 <0.001
Number of farrowing 12 204 ± 33 4 81.3 ± 33.5 <0.001
Total number of piglets 12 2056 ± 387 4 777.3 ± 339.7 <0.001
Stillborn piglet (%) 12 6.77 ± 1.60 4 12.57 ± 3.39 <0.001

Source: Adapted from Tofant et al. (2010); n = number of months.
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Table 2.8 Effect of water type and treatment on short- time nursery pig performance.

Surface water (control) Well water Acidified surface water

Trial 1, d 0 to 46
Number of observations 24 12 12
ADFI (g d−1) 553 573 539
ADG (g d−1) 398 406 401
FC 1.36 1.43 1.43
Trial 2, d 0 to 42
Number of observations 24 12 12
ADFI (g d−1) 518 524 504
ADG (g d−1) 394 384 394
FC 1.33 1.39 1.30

d = day; ADFI = average daily feed intake; ADG = average daily gain; FC = feed conversion.
This is a short- time study and may not reflect the long- time effect.Source: Nyachoti et al. (2005).

Coagulation and Other Methods

Water with a high turbidity can be unsuitable for use in pork production, as the suspended parti-
cles reduce effective disinfection with chlorine by preventing accessibility of the microorgan-
isms. Coagulation, which involves lumping together the fine particles into large particles, which 
are in turn settled and then removed from the water, offers a viable means for treating water with 
high turbidity.

Slow sand filtration (SSF) also is a quite effective water treatment technology. It is efficient 
in removing coliforms including Giardia, Cryptosporidium, Salmonella, Escherichia coli, 
fecal streptococci, bacteriophage, and MS2 virus from water/wastewater (Verma et al. 2017). 
In addition to pathogenic microorganisms, SSF can effectively remove suspended solid parti-
cles and toxic metals (Verma et al. 2017). The drawback of this treatment method is the slow 
flow rate, which may not produce sufficient amount of treated water for big swine farms. 
However, it can be the best option in remote areas where fecal contamination and suspension 
of solid particles are the biggest challenges. Construction of big reservoir for SSF treated water 
could alleviate the quantity issue. However, results from the assessment of the effect of coagu-
lation, chlorine levels, and acidification of surface water did not improve piglet performance 
(Nyachoti et  al.  2005; Table  2.8). But coagulating the surface water reduced the number of 
most contaminants measured (Data not shown). The absence of the effect of these treatment 
methods in that study could be attributed to the fact that the level of contaminants in the 
untreated surface water may not have been high enough to affect piglet performance such that 
any reduction in the levels of these compounds could not lead to any measurable benefits. 
Second, pigs seem to handle water of variable quality reasonably well, depending on the pres-
ence of other factors as evidenced by various studies (Anderson and Stothers 1978; NRC 1998; 
Patience et al. 2004). A two- step postweaning waterline cleaning protocol that used mechanical 
draining of alkaline or enzymatic detergents followed by acidification of water have been 
shown to improve water quality and reduce total microflora concentration in the treated water 
(Brilland et al. 2017).
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Softening

Simply installing a water softener will reduce the hardness of the water. However, the softening of 
the water results in a higher level of sodium (i.e., Na is exchanged with Ca and Mg), which may 
again produce an intake of salt that is too high for optimal performance (Roush and Mylet 1986). 
Other available techniques for water treatment include ion exchange or reverse osmosis treatment 
systems and ultraviolet radiation. However, many of these techniques are quite costly and therefore 
of limited application in commercial pork production. Furthermore, reducing the concentration of 
mineral contaminants in water may not always lead to improved animal performance. For example, 
in a study by Patience et al. (1997), reducing TDS and sulfate levels from 3086 and 1634 ppm to 93 
and 15 ppm, respectively, by reverse osmosis had no beneficial effect on piglet growth performance. 
This observation and that of Nyachoti et al. (2005) indicate that water treatment may have no effect 
on performance unless water quality is an issue. However, reverse osmosis is the only method avail-
able to reduce sulfate content in water, and thus reduce or eliminate associated diarrhea, especially 
in newly weaned pigs. Some producers choose to utilize reverse osmosis in nurseries as a preemp-
tive approach to maintaining piglet health; however, the value of such installations remains specula-
tive. It might be considered an insurance policy against health problems that can be exacerbated by 
osmotic diarrhea; however, because of the cost of reverse osmosis systems, in terms of both instal-
lation and operation, it tends to be very expensive insurance.

Practical Management Approaches to Conserve Water for Pork Production

Adjusting Diets for Minerals in the Water

This is something related to adjusting diets to account for minerals obtained from water or where 
possible blending water from different sources (Veenhuizen et al. 1992; Patience et al. 1995). For 
example, when using water with high sodium levels, reducing dietary salt content may be consid-
ered. However, care should be taken to ensure adequate chloride levels as poor quality water often 
contains large quantities of sodium with relatively small amounts of chloride. Also, as mineral 
content of water varies widely, and the availability of minerals in water is not well established yet, 
caution should be taken when formulating diets to compensate for poor quality water. The specific 
mineral profile of a water supply and how it varies over time must be known before appropriate 
adjustment in ration formulation can be made.

Animal Management

Factors such as boredom, season of the year, and the stage of the breeding cycle can influence the 
water needs of the pig and therefore potential wastage. For instance, group- housing gestating sows 
rather than confining them in individual crates may reduce boredom, which has been associated 
with excessive intake of water. High stocking densities in hot weather affect the environmental 
temperature felt by the pigs and influence their water needs for cooling purposes. Therefore, we 
need to be careful with stocking density when housing pigs in groups as it may contribute to heat 
stresses. If stocking densities are too high, the temperature inside the barn may rise as more meta-
bolic heat is added to the barn, and this in turn leads to increased water consumption by the pigs to 
chill themselves and dissipate heat from the body.
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Wastewater Treatment and Modification of Floor Type

Reclaiming of wastewater for reuse may be plausible provided that it is combined with advanced 
treatment technology. It may be one of the ways forward to alleviate the forthcoming challenge fac-
ing livestock production in line with the availability of good quality water. However, due to the 
perception and health concerns associated with direct or indirect reuse of recycled water for human 
consumption and the involved high cost, this technology is not widely practiced. On top of this, if 
all of the wastewater is reused, the concentrations of dissolved ions or TDS will increase in the 
recycle loop over time. If allowed to accumulate to intolerable levels, the health and performance of 
the animals can be adversely affected. Although inclusion of a significant portion of the drinking 
water as recycled water from animal waste did not reduce growth performance and other responses 
(Bull et al. 2005), its effect on animal health and performance must be further evaluated before 
providing any recommendation. However, the use of recycled water for cleaning swine buildings 
and equipment would help to reduce the amount of potable water that could otherwise be used for 
cleaning.

Modification of floor from solid to partially and totally slatted type during cool season has been 
shown to reduce water wastage without affecting the ADFI and feed efficiency in grower- finisher 
pigs (Su et al. 2018). Combination of microbial fuel cells with flocculation also has been implicated 
to reduce the concentrations of pollutants in swine waste water (Ding et al. 2017).

Summary and Conclusions

Water is universally recognized as an important nutrient. However, there have been surprisingly few 
studies conducted on the water requirements of swine. Pigs require sufficient supply of good quality 
water for body temperature regulation, nutrient digestion and absorption, and elimination of waste 
products of digestion and metabolism. Lack of good quality water negatively affects the health of 
pigs and hence reduces their growth performance.

The quality of drinking water for pigs varies widely depending on the concentration and type of 
contaminants in the water. Although pigs can tolerate some water quality problems, there is no 
doubt that poor quality water can negatively impact their performance. For most water contami-
nants, there is not a single level at which performance is impacted. This is partly due to the fact that 
effects on animal performance at any one level vary depending on the presence of other contami-
nants. Therefore, whenever assessing water quality problems caused by a specific factor, considera-
tion for other factors present is also critical. Before implementing costly water treatment procedures, 
it is prudent to first ensure that indeed water quality is impacting on the performance. Finally, there 
is a need for further research to better characterize the individual and collective effects of factors 
that determine the water quality, the benefits of various water treatment methods, and surface water 
quality and its effects on performance.

High concentration of minerals in the water is one of the factors affecting water quality. Therefore, 
determination of the availability and amounts of minerals in the water may help to account for min-
eral supply from water and adjust feed formulas without compromising animal performance.

It is important to differentiate between requirement and consumption in determining water 
requirement. Different classes of pig require different quantity of water and several factors, includ-
ing dietary composition, physiological status, and environmental temperature affect the water 
requirements of pigs. Therefore, these factors should be critically considered in determining water 
requirement, which is generally overestimated, because of the failure to consider wastage. However, 
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owing to the difficulty to make these measurements, water consumption is used to estimate water 
requirements. In general, water requirements are commonly based on water to feed ratios.

Drinker type, water flow rate, and pressure in the pipeline can impact water consumption and 
wastage. Therefore, the most efficient and water saving device must be selected and placed so that 
it is easily accessible to pigs. The number of drinkers in the pig house should be carefully deter-
mined and the flow rate of the drinkers regularly monitored so that water is available at all times. 
Furthermore, surveillance of pigs for signs of dehydration such as thirst, lack of appetite, constipa-
tion, nervousness, and lack of muscular control can help to inspect and correct faulty drinkers and 
the general water supply system.

Although 75% of our planet is covered by water body, the vast majority of this water is not potable 
because of high alkalinity. Additionally, the quality of the remaining small percentage of fresh water 
of the world is deteriorating because of chemical and microbiological contaminations. On the other 
hand, human population is alarmingly increasing and the demand for animal protein will increase as 
well. This in turn will put tremendous pressure on livestock industries to produce more animal prod-
ucts. Therefore, future research should focus on the economical use of the available fresh water and 
generating technologies to conserve and reuse it for both livestock production and human use.
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Introduction

The cost of feed represents an important part of the total cost in swine production (>60%). Within 
that cost, energy is the most expensive component. This economic importance and the effects of 
energy on animal performance have led to the development of different systems to express the 
energy value of feeds and the energy requirements of animals. In addition, the competition for land-
scape use and feed ingredients among different animal- production sectors and the use of these 
ingredients for biogas and biofuel production and human nutrition can occur alongside efficient 
production systems with low environmental impact. However, this requires the definition of energy 
values of feeds and energy requirements of animals to provide effective facilitation for improved 
sustainability.

The objectives of this chapter are(i) to describe the different steps of energy utilization in 
swine with a description of available energy systems for evaluating the feeds, (ii) to quantify the 
different components of energy requirements in swine production and the response of growing 
pigs and reproductive sows to energy intake, and (iii) to consider some aspects of energy intake 
and  its  regulation by feed characteristics, animal characteristics, and environmental factors. 
The international unit for expressing energy is the joule (J), and this unit will be used in this 
chapter, even though some nutritionists feel more comfortable in expressing energy as calorie 
(1 cal = 4.184 J).

Energy Utilization in Swine

Methodological Aspects

Not all gross energy (GE) that is consumed will be retained by the animal; there will be losses via 
feces, urine, gas, and heat. Based on these losses in the process of energy utilization, different 
energy values and energy systems have been defined: digestible energy (DE) is the difference 
between GE intake and energy losses in feces; metabolizable energy (ME) is the difference between 
DE intake and energy losses in urine and gases from digestive fermentation; and net energy (NE) is 
the difference between ME intake and heat increment (HI) Noblet et al. 2022.

3 Energy and Energy Metabolism in Swine
Jean Noblet, Etienne Labussière, David Renaudeau, and Jaap van Milgen
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Gross Energy
The heat of combustion, or GE, is the most basic form in which energy can be expressed and 
is a property of the feed itself. The GE content of a feedstuff can be measured in a bomb calo-
rimeter. To measure GE, a small quantity of feed is completely oxidized and the heat release 
is measured. The GE content of raw materials varies greatly and ranges from about 15 kJ g−1 
DM for sugarcane molasses to 39 kJ g−1 DM for oils and fats (Sauvant et al. 2004). The differ-
ence in GE content between feeds is due to differences in chemical composition and chemical 
bonds. Of all organic components, carbohydrates (i.e., starch, sugars, and dietary fiber (DF)) 
have a relatively low GE content, whereas fat has a very high GE content. In the absence of a 
bomb calorimeter, the GE  values may be estimated from the chemical composition by predic-
tion equations. The INRA- AFZ Tables (Sauvant et  al.  2004) proposed the following 
equation:

 GE CP EE CF Ash17 3 0 0617 0 2193 0 0387 0 1867. . . . .  (Eq. 3.1)

where GE is in MJ/kg DM and CP, EE, CF, and ash are the crude protein, ether extract (fat), crude 
fiber, and ash fractions in the diet as percentages of DM. Alternatively, GE (kJ) can be predicted 
directly by an equation that includes all energy- providing nutrients (g). The following equation was 
obtained from data from Noblet et al. (2004):

 GE CP EE starch sugars NDF residue23 0 38 9 17 4 16 5 18 8 17 7. . . . . .  
  (Eq. 3.2)

where residue is the difference between OM and the other identified fractions in the equation. 
As can be seen from this equation, the energy values are lowest for carbohydrates, intermediate for 
proteins, and highest for lipids. Although Eq. 3.2 is an empirical equation, it reflects the energy 
value of individual nutrients very well. For example, the difference in energy values between starch 
and sugars is mainly related to the degree of polymerization of carbohydrates. Glucose has an 
energy value of 15.7 kJ g−1 (180 g mole−1). A long- chain polymer of glucose will have the same 
energy value per glucose unit, but will weigh less due to the release of water during the polymeriza-
tion (180 − 18 g mol−1). The theoretical energy value of a long- chain glucose polymer would, thus, 
be 15.7*180/(180 − 18) = 17.4 kJ g−1. Some variation in energy values can exist depending on the 
amino acid composition of protein and, to a lesser extent, the fatty acid composition of lipids. For 
amino acids, the GE values range from 14 kJ g−1 for aspartate to 31.6 kJ g−1 for leucine, isoleucine, 
and phenylalanine (van Milgen 2002).

Digestible Energy
The DE content of a feed corresponds to its GE content minus energy losses after digestion in the 
digestive tract and is obtained as GE minus the energy lost in the feces. Even though they are 
related to digestion, the energy of gas and heat originating from hindgut fermentation is not con-
sidered in the calculation of DE. The ratio between DE and GE corresponds to the digestibility 
coefficient (DCe) of energy. The DE content is usually measured in pigs kept in digestibility cages; 
the quantity of feces is either obtained from total collection over a minimum of four days or esti-
mated by using indigestible markers in the feed. For complete feeds or ingredients that can be fed 
alone (e.g., cereals), a direct measurement of DE content is possible. However, many ingredients 
can only be included in limited amounts in a feed, either to ensure toleration by the pig or to ensure 
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practical levels of  inclusion. In these instances, either the difference method or the regression 
method is used. With the difference method, the DE contents of two diets are measured. A control 
diet is used  providing the majority of the ingredients. A second diet is prepared based on the con-
trol diet and includes the ingredient to be evaluated, using a single level of inclusion. It is assumed 
that the difference in the measured DE contents between both diets is due only to the test ingredi-
ent. It is also assumed that the minerals and vitamins (MV) fraction of the diet do not provide 
energy, even though the DCe depends on the ash content in the diet (as discussed further on). 
Therefore, it is important to have a constant MV fraction in the control and experimental diets. The 
DCe of the test ingredient, then, is calculated as follows:

 
DCe DEexp DEcrtl crtl MV GEexp GEcrtl cr,% % / / %100 1 0 ttl MV/ 1 0

  
 (Eq. 3.3)

where GEexp and DEexp are the GE and DE of the experimental diet (MJ/kg DM), GEcrtl and 
DEcrtl are GE and DE of the control diet (MJ/kg DM), MV0 is the percentage of MV in the control 
diet (DM as % of DM), and %crtl is the percentage of the control diet (i.e., control diet minus its 
MV content, or MV0) in the experimental diet. The DE value of the test ingredient is then calcu-
lated as its GE as measured in the laboratory multiplied by DCe estimated according to Eq. 3.3. In 
such trials, the same control diet can be used for several experimental diets containing different 
ingredients to be tested or the same ingredient at different inclusion levels. Finally, as for feeds 
when no calorimeter is available, the GE content of feces can be calculated from the proximate 
composition of the feces. The following equation has been proposed by Noblet and Jaguelin 
(unpublished data):

 GE feces Ash EE CP18 73 0 192 0 223 0 065. . . .  (Eq. 3.4)

with GE as MJ/kg of DM and chemical composition as a percentage of DM.

Metabolizable Energy
The ME content of a feed is equivalent to the difference between the DE content and energy losses 
in urine and gases (mainly methane in pigs). The energy content of urine can be measured in pigs 
kept in metabolism crates. However, these experiments are laborious and too time consuming to be 
used on a routine basis. Equations for predicting urinary energy (MJ per kg feed DM) have been 
proposed for growing pigs and adult sows (Le Goff and Noblet 2001; Noblet et al. 2004):

 Urinary energy Nuri0 19 0 031. .  (Eq. 3.5)

 Urinary energy Nuri0 22 0 031. .  (Eq. 3.6)

where Nuri is the N content in the urine, expressed as g of N per kg DM feed intake. The excre-
tion of N in the urine depends on the difference between digestible N and retained N or, in other 
words, the quantity of protein in the feed and the capacity of the pig to retain energy as protein. 
The urinary energy can therefore vary according to the physiological stage of the pig and diet 
characteristics. For practical purposes and to apply a single ME value to a feed or raw material, 
it is suggested to calculate standardized urinary energy losses and standardized ME values for a 
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urinary N loss  calculated as a constant proportion of digestible N or of total N. This also indi-
cates that most ME values of ingredients published in original papers should be considered with 
caution, especially with high protein ingredients for which the N excretion is in excess of what 
would occur with  balanced and low protein diets with subsequent underestimated ME contents. 
For example, the ME value of a supplemented free amino acid would be close to its DE (or GE) 
value if the amino acid is deposited as protein. However, if the amino acid is catabolized, the 
resulting urea will be excreted in the urine and the ME value of the amino acid will be (much) 
lower than its DE value.

The measurement of methane production necessitates the pig to be housed in a respiration 
 chamber. In addition, the energy loss as methane is small in piglets and growing pigs and can there-
fore be neglected in most situations. However, in adult pigs where hindgut fermentation is more 
important (as discussed further on), methane production is four to five times greater than in growing 
pigs and thus deserves consideration in ME evaluation.

Net Energy
Net energy is defined as the ME content minus HI associated with feed utilization (i.e., the energy 
cost of ingestion, digestion, and metabolic utilization of ME) and the energy cost corresponding to 
a “normal” level of physical activity (Figure 3.1). The NE- to- ME ratio (or k) corresponds to the 
efficiency of ME utilization for NE; it also corresponds to 1 − (ΔHI/ΔME). However, the HI- to- ME 
ratio of a given feed depends on the ME intake and also on several physiological factors. For 
instance, the HI is lower for ME supplied below the maintenance- energy requirement than for 
ME  supplied above maintenance energy requirement (Noblet et  al.  1990;  1994a,b; Birkett and 
de Lange 2001). The HI is also lower when ME is used for fat deposition compared with protein 
deposition (Noblet et al. 1999). As the proportion of fat deposition typically increases more rapidly 
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than the protein deposition with increasing ME intake, the HI/ME should, at least theoretically, be 
lower at higher levels of ME intake. Therefore, to maintain the concept of a single NE value for a 
given feed or raw material, it is necessary to determine this value under standardized conditions: at 
protein and amino acid supplies meeting the requirement, at a constant composition of the gain, 
and(or) at a given physiological stage.

For growing pigs, NE intake is usually calculated as the sum of retained energy (RE) at a given 
production level and the fasting heat production at zero activity (FHP; Noblet et al. 1994a). This NE 
value and the corresponding k value then correspond to a combined utilization of energy for meeting 
requirements for maintenance and growth. The RE is either measured by the comparative slaughter 
technique or, more frequently, calculated as the difference between ME intake and HP estimated by 
calorimetry. The FHP is either measured directly in fasting animals or obtained from literature data. 
It can also be calculated by extrapolating HP measured at different feeding levels to zero ME intake 
(Figure 3.2; FHPr). However, even though it has been widely used in the past, the latter method has 
important limitations. First, it consists of extrapolating HP measured at feed intake levels typically 
ranging between 60 and 100% of ad libitum to HP at zero feed intake, with subsequent inaccuracies 
in the slope and intercept. Second and more importantly, the measured FHP is not constant and is 
affected by the feeding level prior to fasting, especially in growing animals (Koong et al. 1982; de 
Lange et al. 2006; Labussière et al. 2011). Apparently, the animal adapts its basal energy expendi-
ture to the level of feed intake and(or) growth intensity. These authors observed that FHPr was 
markedly lower than the measured FHP with subsequent lower values for NE and k and a higher HI 
(Figure 3.2). They also observed that HI, calculated as HP minus the measured FHP and expressed 
per unit of ME, is constant for different feeding levels. Furthermore, the degree of adaptation of 
FHP and HP to feeding level also depends on animal characteristics such as the genotype (Renaudeau 
et al. 2006; Barea et al. 2010). Overall, these observations question the use of FHPr as an estimate 
of FHP for calculating NE values. The measurement of FHP according to indirect calorimetry meth-
ods immediately after a fed period is highly preferable (Noblet et al. 2010). If it is not possible to 
obtain these measurements, literature values of FHP can be used as an alternative (as indicated 
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further on). The HP also depends on climatic factors with an increased HP and reduced RE if the 
animals are kept below thermoneutrality and reduced HP and RE above the upper limit of the ther-
moneutral zone. It is, therefore, recommended to keep the animals above thermoneutrality during 
fasting to avoid bias in estimating NE and k.

From a practical point of view, and to avoid bias in the calculation of NE for different feeds, it is 
necessary to carry out energy balance measurements in similar animals (i.e., same sex, same breed, 
and in the same body-  weight range), keep these animals within their thermoneutral zone, minimize 
variation in behavior, and feed the animals at about the same feed intake level with balanced diets 
so that the animals can express their growth potential. Under these circumstances, an erroneous 
estimate of FHP will affect the absolute NE value, but not the ranking between feeds. This also 
means that NE should not be measured in animals fed only an ingredient for which the chemical 
characteristics are very different from those of a complete balanced diet.

While measurements of DE and, to a lesser extent, ME are relatively easy and can be undertaken 
on a large number of feeds at a reasonable cost, the actual measurement of NE is more complex and 
expensive. The best alternative is then to use reliable NE prediction equations established from 
measurements carried out under similar and standardized conditions with balanced complete diets. 
Those based on DE or ME content and information on chemical characteristics (Noblet et al. 1994a; 
as discussed further on) can be used directly from measured chemical composition and digestibility 
data provided by direct measurements, in vitro or near infra- red methods, or by feeding tables.

Heat production can be measured directly through direct calorimetry, estimated from gas 
exchanges through indirect calorimetry, or calculated as the difference between ME intake and 
energy gain obtained by the comparative slaughter technique. The latter technique can easily be 
used in small animals such as poultry, but is much more difficult to perform and less accurate in 
large animals. As such, the most commonly used method for pigs is indirect calorimetry, which 
consists of measuring oxygen consumption, and carbon dioxide and methane production in respira-
tion chambers. These measurements, combined with the urinary energy production, are used to 
calculate HP (Brouwer 1965). This method allows measurements over a short period of time (i.e., 
three to five complete days following a one- day adaptation to the chamber) with possibilities of 
combination of successive measurements under different feeding, housing, and physiological con-
ditions on the same animal. Modeling methods can also be implemented on indirect calorimetry 
measurements to partition the total daily HP between different components, which can be used in 
the further interpretation of energy balance data (van Milgen et al. 1997; Figure 3.1) or correction 
for difference in level of physical activity.

In conclusion, the NE value of a feed and the corresponding k value should be evaluated accord-
ing to standardized and adequate methods. The values are dependent on assumptions and calcula-
tions methods (FHP), conditions of measurement (e.g., climate, activity), and the composition of 
the energy gain. This means that data on NE and k available in the literature for pigs should be 
interpreted with caution and may not be directly comparable across studies. The same comment can 
be applied to ME values, which depend of the importance of protein catabolism and, to a lesser 
extent, the inclusion of gas energy losses.

Digestive Utilization of Energy

Effect of Diet Composition
For most pig diets, DCe varies between 70 and 90%, but the variation is larger for feed ingredients 
(10–100%; Sauvant et al. 2004; Lyu et al. 2018; Navarro et al. 2019). Most of the variation of DCe 
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is related to the presence of DF, which is less digestible than other nutrients (<50% vs. 80–90% for 
fat or protein and 100% for starch and sugars; Tables 3.1 and 3.2), and reduces the apparent fecal 
digestibility of other dietary nutrients such as crude protein and fat (Noblet and Perez 1993; Le Goff 
and Noblet 2001). Consequently, DCe of a feed is linearly and negatively related to its DF content 
(Tables 3.1 and 3.3). The coefficients relating DCe to DF (Table 3.1; Eq. 3.13 in Table 3.3) are such 
that NDF, or total DF, essentially dilutes the diet, at least in growing pigs. Although DF is partly 
digested by the growing pig (Tables 3.1 and 3.2), it provides very little DE to the animal.

The digestive utilization of DF varies with its botanical origin (Tables 3.1 and 3.2), with subse-
quent variable effects on energy digestibility. Therefore, the DCe prediction equations presented in 
Table 3.2 represent average equations for mixed feeds that should not be applied to raw materials 
where specific relationships are to be used (Noblet et al. 2003). Eq. 3.14 (Table 3.3) indicates that 
minerals present in the diet have a negative effect on DCe. This effect is partly related to minerals 
associated with DF in some ingredients but also to a direct effect (perhaps the abrasion of gut 
 tissues) of minerals provided by calcium carbonate or phosphates (−0.5% of DCe per 1% additional 
ash; INRA, unpublished data).

Table 3.1 Effect of fiber origin on its digestibility coefficient in growing pigsa.

Item Fiber source

SBP SBH WB WS

Digestibility, %
 NDF 60.1 67.9 40.4 15.0
 ADF 54.0 62.2 19.0 11.2
 NSP 69.5 79.1 45.8 16.3
Change in DCeb −0.80 −0.83 −1.25 −1.77

a Adapted from Chabeauti et al. (1991).
b Decrease in digestibility coefficient of energy (DCe, %) per 1% increase in NSP.
Starch in a basal diet was partly replaced by the fiber source (SBP = sugar beet pulp, SBH = soybean 
hulls, WB = wheat bran, WS = wheat straw) in the experimental diets, NDF = neutral detergent fiber, 
and ADF  =  acid detergent fiber. DCe  =  digestibility coefficient of energy, and NSP  =  nonstarch 
polysaccharides.

Table 3.2 Digestibility coefficient of fiber fractions and energy in high fiber ingredients in growing 
pigs (G) and adult sows (S)a,b.

WB CB SBP

Digestibility, % G S G S G S

NSP 46 54 38 82 89 92
 NCP 54 61 38 82 89 92
 Cellulose 25 32 38 82 87 91
Dietary fiber 38 46 32 74 82 86
Energy 55 62 53 77 70 76

a Adapted from Noblet and Bach- Knudsen (1997).
b  WB  =  wheat bran, CB  =  corn bran, SBP  =  sugar beet pulp, NSP  =  nonstarch polysaccharides, 
NCP = Noncellulose polysaccharide, and dietary fiber = NSP + lignin.
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Effect of Technology
Digestibility of energy can be modified by technological treatments (Rojas and Stein  2017). 
Pelleting, for instance, increases the energy digestibility of feeds by about 1% (Skiba et al. 2002; 
Le Gall et al. 2009). However, for some feeds, the improvement can be more important and depends 
on the chemical and physical (particle size) characteristics of feeds. In the examples given in 
Table 3.4, the improvement in energy digestibility is mainly due to an improved digestibility of fat 
provided by corn, full- fat rapeseed, or linseed. Consequently, the energy values of these ingredients 
depend greatly on the technological treatment. In the specific situation of a high- oil corn (7.5% oil), 
pelleting increased the DE content by approximately 0.45 MJ per kg (Noblet and Champion 2003). 

Table 3.3 Effect of diet composition (% DM) on energy digestibility coefficient (DCe, %), 
ME:DE coefficient (%), and efficiency of utilization of ME for NE of mixed diets for 
growth (k

g
, %) or maintenance (k

m
, %)a.

Equation Sourceb

3.7 DCe = 98.3 − 0.90 NDF 1
3.8 DCe = 102.6 − 1.06 Ash − 0.79 NDF 1
3.9 DCe = 96.7 − 0.64 NDF 1
3.10 ME/DE = 100.3 − 0.21 CP 1
3.11 k

g
 = 74.7 + 0.36 EE + 0.09 ST − 0.23 CP − 0.26 ADF 2

3.12 k
m
 = 67.2 + 0.66 × EE + 0.16 × ST 3

a CF = crude fiber, CP = crude protein, NDF = neutral detergent fiber, EE = ether extract, 
ST = starch, and ADF = acid detergent fiber.
b Sources: 1 = Le Goff and Noblet (2001; n = 77 diets; Equations 3.7 and 3.8 in 60 kg growing 
pigs and Equation 3.9 in adult sows), 2 = Noblet et al. (1994b; n = 61 diets; 45 kg pigs), and 
3 = Noblet et al. (1993c; n = 14 diets; adult sows fed maintenance).

Table 3.4 Effect of pelleting on digestibility coefficient (%) of fat 
and energy in growing pigs.

Item Mash Pellet

Corn- soybean meal dietsa

 Fat 61.0 77.0
 Energy 88.4 90.3
Wheat- soybean meal- full fat rapeseed dietsb

 Fat 27.0 84.0
 Energy 73.1 87.4
Wheat- corn- barley- soybean meal diets
 Energyc 75.8 77.3
Energy
 Corn 87.0 90.0
 Full- fat rapeseed 35.0 83.0
 Linseed (extruded)d 51.0 84.0

a Mean of three diets containing 81% corn and 15.5% soybean meal (Noblet 
and Champion 2003).
b One diet containing 60% wheat, 15% soybean meal, and 20% full fat rape-
seed; rapeseed was coarsely ground (Skiba et al. 2002).
c Mean of four diets containing variable amounts of fiber- rich ingredients 
(wheat bran, and sugar beet pulp; Le Gall et al. 2009).
d From Noblet et al. (2008).
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For coarsely ground full- fat rapeseed, the DE values were 10.0 and 23.5 MJ DE/kg DM as mash and 
after pelleting, respectively (Skiba et al. 2002). Unfortunately, there is insufficient information in 
the literature to quantify the changes of DCe by pelleting, extrusion, acidification, particle size 
(Casas et al. 2017), or enzyme addition (Cozannet et al. 2012; Agyekum et al. 2016) on most ingre-
dients used in pig feeds. In addition, information on the impact of technology, especially the  addition 
of enzymes (carbohydrase, phytases, proteases), on the changes in the site of digestion (i.e., small 
intestine or hindgut) would be needed. It should also be noted that some effects of technology might 
be negative. For example, overheating during the drying procedures of wet products such as  distillers 
dried grains with solubles (DDGS) can result in a Maillard reaction, thereby reducing the digestibility 
of organic matter and amino acids (lysine) (Cozannet et al. 2010).

Effect of Body Weight (BW) or Physiological Stage
Energy digestibility is affected by factors other than those related to the diet itself. In growing pigs, 
DCe may vary among genotypes and, more importantly, increases with increasing body weight 
(BW) (Noblet 2007; Noblet et al. 2013; Le Sciellour et al. 2018; Table 3.5). The largest combined 
effect of BW and feeding level is observed when adult sows fed slightly above maintenance level 
are compared with growing pigs offered feed close to ad libitum (Fernandez et al. 1986; Noblet and 
Shi  1993; Le Goff and Noblet  2001; Table  3.6). The difference is most important for diets or 
 ingredients with a high DF content (Eqs. 3.13 and 3.15 in Table 3.3; Table 3.5). The negative effect 
of DF on DCe becomes smaller for heavier pigs or adult sows and, unlike young growing pigs, DF 
will have a positive contribution to the energy supply in heavier pigs. From a large data set of 

Table 3.5 Effect of diet composition and BW on energy digestibility in pigs (%)a,b,c.

BW, kg Control diet + Corn starch + Dietary fiber + Rapeseed oil

44 85.3 90.6 71.6 86.0
103 87.2 91.6 75.6 88.7
148 87.2 92.2 78.0 88.9

a Adapted from Noblet and Shi (1994).
b BW = body weight.
c The control diet contained cereals and soybean meal. The other diets were the control diet + 30% corn starch or 8% rapeseed oil 
or 30% of a mixture of fibrous ingredients (¼ wheat bran, ¼ soybean hulls, ¼ sugar beet pulp, and ¼ wheat straw).

Table 3.6 Effects of body weight and physiological stage on energy digestibility in pigs1.

Trial 12 Trial 23

Item G- pig Dry sow G- pig Lac. sow

BW, kg 60 227 62 246
Feed intake, g DM/day 2044 2119 2062 4850
Energy digestibility, % 77.2a 80.5b 79.9a 84.9b

1 G- pig = growing pigs, Lac. sow = lactating sow, and BW = body weight.
2 Mean of three diets based on corn, wheat, barley, peas, soybean meal and variable proportions of wheat bran, sunflower meal, 
corn gluten feed, and animal fat (INRA data).
3 Mean of three diets based on corn, wheat, barley, peas, soybean meal and variable proportions of wheat bran, sunflower meal, 
corn gluten feed, and animal fat (Etienne et al. 1997).
a,b Within a trial, means without a common superscript differ (P < 0.05).
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 measurements (77 diets), Le Goff and Noblet (2001) calculated that 1 g of NDF provided 3.4 and 
6.8 kJ in 60- kg growing pigs and mature sows, respectively. Using the same data, it was also shown 
that the difference in DE values between adult sows and growing pigs is proportional to the amount 
of  indigestible organic matter measured in the growing pig (4.2 kJ g−1 on average; Noblet et al. 2003; 
Noblet and van Milgen 2004; Figure 3.3; EvaPig 2008).

The improvement in energy digestibility with increasing BW is due to the greater digestibility of 
the DF fraction (Table 3.1), which is related to a greater digestive capacity of the hindgut in heavier 
pigs and, more importantly, a reduced rate of passage in the digestive tract (80 hours in adult sows 
versus 35 hours in growing pigs; Le Goff et al. 2002). The depressive effect of DF on protein and fat 
digestibility (i.e., endogenous losses) is also smaller in adult than in growing pigs, which also con-
tributes to the reduced effect of DF on DCe in adult pigs (Le Goff and Noblet 2001). In lactating 
sows with a high feed intake capacity (6–10 kg day−1), energy digestibility is also higher than in the 
growing pig (Table 3.7), and the results indicate that the difference does not seem to depend on the 
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Table 3.7 Digestible energy value of some ingredients for growing pigs and adult sows (as- fed)a.

DE, MJ/kg

Ingredient Growing pig Adult pig ab

Wheat 13.85 14.10 3.0
Barley 12.85 13.18 2.5
Corn 14.18 14.77 7.0
Pea 13.89 14.39 6.0
Soybean meal 14.73 15.61 8.0
Rapeseed meal 11.55 12.43 3.5
Sunflower meal 8.95 10.25 3.5
Wheat bran 9.33 10.29 3.0
Corn- gluten feed 10.80 12.59 7.0
Soybean hulls 8.37 11.46 8.0

a Adapted from Sauvant et al. (2004).
b Kilojoule difference in DE between adult sows and growing pigs per g of indigestible organic 
 matter in the growing pig (also see Figure 3.3).
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physiological status or the feeding level of the adult sow. This means that values obtained in adult 
dry sows at pregnancy feeding levels can be used for both pregnant and lactating sows and that these 
values are higher than those obtained in growing pigs (Table 3.7).

The DCe or the DE differences between sows and growing pigs, for a given level of DF, also 
depend on the origin of DF or on the physicochemical properties of DF. This is illustrated in 
Table 3.1 and in Figure 3.3 where the effects of DF from wheat bran, corn bran, and sugar beet pulp 
are compared. Noblet and Le Goff (2001) presented detailed information on the effect of botanical 
origin of DF on DCe in both growing pigs and adult sows. These results indicate that growing pigs 
have a limited ability to digest DF with small differences between fiber sources, while adult sows 
digest DF more efficiently but the improvement depends on the chemical characteristics of DF 
(e.g.,  level of lignin). The examples presented in Table 3.7 also illustrate the effect of botanical 
origin with smaller differences between physiological stages for Gramineae (e.g., wheat, barley, 
wheat bran), Brassicaceae (e.g., rapeseed), or Compositae (e.g., sunflower) and more pronounced 
differences for Leguminosae (e.g., pea, soybean, lupin), especially for the hull fraction of these 
grains. The consequence is that the DE difference between adult sows and growing pigs is 
 proportional to indigestible organic matter in growing pigs, but with specific coefficients for each 
(botanical)  family of ingredients (Noblet et al. 2003; EvaPig 2008; Figure 3.3).

Little information concerning the comparative digestibility in piglets and growing pigs is 
 available. Considering that piglets are usually fed highly digestible, low- fiber diets, from a practical 
point of view, piglets can be considered as growing pigs concerning the digestive utilization of 
energy. For growing pigs, especially when they are raised up to heavy BW (i.e., late finishing pigs), 
we should theoretically use energy values adapted to each stage of growth. However, the extent of 
the improvement is limited and, for practical reasons, it is recommended to use the same values for 
growing pigs and piglets, irrespective of their BW. This means that, in practice, two different DE 
values can be given to feeds: one for piglets and growing pigs and one for adult sows (Table 3.7; 
Sauvant et al. 2004). This proposal is especially justified for fibrous ingredients. A consequence of 
the effect of BW on DCe is that digestibility trials should be carried out at approximately 60 kg BW 
to be most representative for the overall weaning- growing- finishing period.

Utilization of DE for ME

The ME content of a feed equals the DE content minus the material energy losses in the urine and 
combustible gases resulting from fermentation (i.e., methane and hydrogen). The energy losses in 
the urine (mainly as urea) are mainly due to the deamination of amino acids given in excess of what 
can be deposited. At a given stage of production, urinary nitrogen excretion depends mainly on the 
protein content of the diet. Consequently, the ME:DE ratio is linearly related to the dietary protein 
content (Eq. 3.10 in Table 3.3). In most situations, the ME:DE of complete feeds is approximately 
0.96. However, this mean value cannot be applied to single feed ingredients and Eq. 3.10 cannot be 
applied beyond the range of typical CP contents of pig diets (10–20%). The most appropriate solu-
tion is then to estimate urinary energy (kJ/kg DM intake) from urinary nitrogen (g/kg DM intake) 
according to Eqs. 3.1 and 3.2 and for a retention coefficient of N equal to 50% of digestible N 
(or 40% of total N) which is representative of most practical situations in pigs fed common diets. 
This approach has been applied in the INRA&AFZ feeding tables (Sauvant et al. 2004). This also 
suggests that the ME values available from literature studies should be considered with caution, and 
the ME:DE of complete feeds or of ingredients when calculated according to the difference method 
being directly dependent on the dietary CP level of the  complete diet.
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In growing pigs, the average energy loss in methane is about 0.4% of DE intake and with little 
variability (Noblet et al. 1994a). In sows fed at maintenance level, methane production represents a 
much greater proportion of DE intake (1.5%; Noblet and Shi 1993) and may reach up to 3% of DE 
intake in sows fed very high fiber diets (Ramonet et al. 2000). More generally, methane production 
increases with BW and DF level in the diet (Noblet and Shi 1993; Jorgensen et al. 2001). A compila-
tion of literature data by Le Goff et al. (2002) and unpublished data from our laboratory (Noblet 
et al. 2004) suggests that methane energy is equivalent to 0.67 and 1.33 kJ per g of fermented DF in 
growing pigs and adult sows, respectively.

Metabolic Utilization of Energy

Effect of Physiological Stage
The utilization of ME is associated with HI or heat loss originating from the energy cost of  ingestion, 
digestion, and some physical activity, in addition to the energy loss associated with metabolic trans-
formations (e.g., the synthesis of lipid from glucose). The efficiency of ME utilization (1 − HI, or k) 
is either directly measured or, in most situations, obtained according to regression methods. First, 
k depends on the final utilization of energy with a higher value for fat energy deposition (k

f
; approx-

imately 80%) than for protein deposition (k
p
; approximately 60%). Also, the efficiency of using ME 

below maintenance differs from the utilization above maintenance energy requirements (Noblet 
et al. 1990; 1994b; 1999; Table 3.8). In the case of using ME for maintenance functions, the situa-
tion is rather complex. During fasting, animals mobilize body reserves (i.e., glycogen, lipid, and 
protein) to supply energy for maintenance functions and include the cost of energy mobilization. 
When the ME supply meets the maintenance requirements (MEm), all nutrients are provided by the 
diet, and the maintenance energy requirement then includes the cost of intake, digestion, and absorp-
tion of these nutrients. This means that the k

m
 (the slope of the line connecting FHP to MEm; 

Figure 3.2) is a relative efficiency value (i.e., the efficiency of using dietary energy for maintenance 
relative to the efficiency of using energy from body reserves) rather than an absolute value. The 
consequence of this is that k

m
 values can exceed unity.

Table 3.8 Efficiencies of utilization of ME in swine (%)a.

Stage Production ME component Efficiency Sourceb

Adult Maintenance ME 77 1
Growth/pregnancy Protein gain ME 60 2,4

Fat gain ME 80 2,4
BW gain ME 74 3

Pregnancy Uterus gain ME 50 4
Lactation Milk ME 72 5
Growth BW gain + maintenance Fat 90 3

Starch 82 3
Protein 58 3
Dietary fiber 58 3

a BW = body weight.
b 1 = Noblet et al. (1993c), 2 = Noblet et al. (1999), 3 = Noblet et al. (1994a), 4 = Noblet and Etienne (1987b), and 5 = Noblet and 
Etienne (1987a).
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Effect of Diet Composition

In a standardized situation in terms of animal characteristics and feeding level (see the 
“Methodological Aspects” section), k varies with diet composition (Eq.  3.11  in Table  3.3). 
It increases with the addition of dietary fat and starch and decreases with the addition of fiber and 
protein. The variation in k in growing pigs is due to differences in efficiencies of ME utilization 
between nutrients with the highest values for fat (approximately 90%) and starch (approximately 
82%) and the lowest (approximately 60%) for DF and crude protein (Schiemann et al. 1972; Just 
et al. 1983; Noblet et al. 1994a; van Milgen et al. 2001). The average k value obtained in 61 diets 
was 74%, and the k value of a standard cereals and soybean meal diet was 75% (Noblet et al. 1994a). 
Similar average values were obtained by Li et al. (2018) for a large set of diets measured at China 
Agricultural University in Beijing. These differences in efficiencies between nutrients also mean 
that HI per unit of energy associated with metabolic utilization of energy is higher for crude protein 
and DF than for starch or ether extract (Table 3.9). Measurements conducted in pigs, which differ 
in BW and in composition of BW gain, indicate that the efficiency of utilization of ME is little 
affected by the composition of BW gain under most practical conditions with a similar ranking 
between nutrients (Noblet et al. 1993b). Furthermore, the measurements conducted in adult sows 
fed at maintenance energy level indicate that the ranking of k values of nutrients is similar to that 
observed in growing pigs with absolute values slightly greater (Eq.  3.12  in Table  3.3; Noblet 
et al. 1990; 1993b). An interesting aspect of energy efficiency is illustrated in the results of van 
Milgen et al. (2001) and concerns the HP associated to the utilization of dietary protein for protein 
deposition or for lipid deposition. The data show that the heat increment associated with both path-
ways is similar and efficiencies are equivalent. From a practical point of view, this means that the 
NE value of dietary CP is constant, irrespective of its final utilization.

Overall, these results indicate that an increase in dietary crude protein content results in an 
increased HP (Noblet et al. 1987; Le Bellego et al. 2001; Le Bellego et al. 2002a), while the inclu-
sion of fat contributes to a reduction of HP (Noblet et al. 2001b). Diets with low crude protein and/
or high fat contents can then be considered as low heat increment diets. The effect of DF on HP 
remains unclear. In some trials and in agreement with the low efficiency of ME from DF, HP is 
increased when DF is increased (Noblet et al. 1989; Ramonet et al. 2000; Sølund Olesen et al. 2001; 
Rijnen et al. 2003; Lyu et al. 2018) whereas in other trials, HP remains constant or even decreases 
(Rijnen et al. 2001; Le Goff et al. 2002). From a biochemical perspective, HP should increase and 
most results are consistent with this. However, addition of DF may change the behavior of animals 

Table 3.9 Energy value of starch, crude protein, and fat according to energy systemsa.

Item Starch Crude proteinc Crude fatc

Energy valuesb kJ/g
 DE 17.5 (100) 20.6 (118) 35.3 (202)
 ME 17.5 (100) 18.0 (103) 35.3 (202)
 NE 14.4 (100) 10.2 (71) 31.5 (219)
Heat production, kJ/g 3.1 7.8 3.8

a Adapted from Noblet et al. (1994a; n = 61 diets.)
b Parentheses = % of starch.
c Crude protein and crude fat are assumed to be 90% digestible, whereas starch is assumed 
to be 100% digestible.
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(i.e., reduced physical  activity) or the overall metabolism, thereby decreasing HP (Schrama 
et al. 1998). Furthermore, the effects of DF probably also depend on the nature of DF.

Interaction with Climatic Factors
At ambient temperatures above the lower critical temperature (LCT), pigs dissipate their heat to 
maintain their body temperature with adjustments of feed intake (see Energy Requirements for 
Thermoregulation). Below the LCT, pigs reduce the dissipation of heat to their environment by 
mainly behavioral changes but have to increase their HP to maintain homeothermy. In that situation, 
HI is not a “loss” of energy and participates to covering the energy requirement to maintain homeo-
thermy (Quiniou et al. 2001). A higher HI is observed with high protein or high DF feeds. High 
protein diets are seldom used because of their high cost and their negative environmental impact. 
Therefore, only high DF feeds can be a potential solution for meeting thermoregulation energy 
requirements. Data in Table 3.10 confirm this possibility with a special interest in gestating sows 
that are able to degrade high DF feeds (see “Digestive Utilization of Energy”), are fed below their 
voluntary feed intake capacity, and frequently housed at temperatures below their LCT (<20 °C).

Energy Evaluation Systems

Digestible and Metabolizable Energy
Apart from direct measurement in pigs, the DE value of raw materials can be obtained from feeding 
tables (Sauvant et  al.  2004; NRC 2012; Rostagno 2017) or from the literature, which has been 
 particularly abundant over the last 10–15 years (e.g., China Agricultural University, Beijing; 
University of Illinois, Urbana; University of Alberta, Edmonton) and allows a regular update of 
tabulated values or a production of nutritional values for new ingredients. However, the utilization 
of table values should be restricted to ingredients having chemical characteristics similar to those 
actually used. The effect of variation in chemical composition can be taken into account by using 
prediction equations of DCe or DE content of families of ingredients [Noblet et  al.  2003; 
EvaPig 2008]. As illustrated in the previous section, DCe is affected by BW of the animals. It is 
therefore appropriate to use DE values adapted to each situation. From a practical point of view, it 
is suggested to use two DE values, one for “60  kg” pigs, which can be applied to piglets and 
growing- finishing pigs, and one for adult pigs applicable to both pregnant and lactating sows. Values 
given in most available feeding tables are typically obtained in the 30-  to 60 kg pig and are therefore 
not applicable to adult pigs. A methodology based on the fact that the difference in DE between 
adult and growing pigs is proportional to the amount of indigestible OM in the growing pig has been 

Table 3.10 Effect of dietary fiber level and ambient temperature on utilization of energy in pregnant sowsa,b,c.

Item Control diet + Straw + Alfalfa

ME intake, MJ/d 29.6 (100) 32.0 (108) 34.0 (115)
Heat production, MJ/d
 At 21.5 °C 26.2 (100) 27.1 (103) 26.9 (103)
 At 10.5 °C 34.9 (100) 34.6 (99) 34.5 (99)

a Adapted from Noblet et al. (1989).
b Parentheses = % of the control diet.
c All sows received the same amount of the control diet; sows on the straw or alfalfa treatments received a daily 
supplement (600 g) of straw or alfalfa. Mean body weight of sows was 205 kg.
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proposed (Noblet et al. 2003; EvaPig 2008) for estimating DE values in adult pigs from DE values 
in growing pigs (Figure 3.3). It has been implemented in the tables proposed by Sauvant et  al. 
(2004), and the EvaPig software and some examples are given in Table 3.7.

The DE content of compound feeds can be obtained by adding the DE contributions of ingre-
dients and assuming that there is no interaction, an assumption that seems to hold in most 
instances (Noblet and Shi 1994). When the actual composition of the feed is unknown, it is pos-
sible to use prediction equations based on chemical criteria (Noblet and Perez 1993; Le Goff and 
Noblet 2001):

 DE MJ kg DM EE CP NDF Ash, / . . . . .17 69 0 146 0 071 0 132 0 341  (Eq. 3.13)

where chemical criteria are expressed as % of DM and EE and CP are ether extract and crude pro-
tein, respectively. But such an equation obtained and applicable for complete feeds cannot be used 
for ingredients.

Other possibilities with near infrared or in vitro methods (Boisen and Fernandez 1997; Noblet 
and Jaguelin- Peyraud 2007) have been proposed for estimating the DE value of feeds. Some tables 
provide estimates of the content of digestible nutrients obtained as the product of nutrient content 
and (a constant) digestibility coefficient. When this information is available, the DE content can be 
estimated according to the following equation:

 DE MJ kg DM DCP DEE Starch Sugars, / . . . . .0 232 0 383 0 174 0 162 0 178 DDRes   
 (Eq. 3.14)

where DCP and DEE are the digestible crude protein and digestible crude fat contents, respectively, 
and DRes is the digestible residue calculated as the difference between digestible OM and the sum 
of other nutrients considered in the equation (% of DM; Le Goff and Noblet 2001). The DE can also 
be estimated directly from the average contribution of all crude nutrients in OM of feed according 
to the following equation (Le Goff and Noblet 2001):

 DE CP EE Starch NDF Residue0 225 0 317 0 172 0 032 0 163. . . . .  (Eq. 3.15)

with “Residue” as the difference between OM content and the other nutrients considered in the 
equation (% of DM). In all equations or predictions, DF has an important impact on the accuracy 
of  the prediction. Eqs.  3.14 and 3.15 can be applied to raw materials and compound feeds but 
with inaccuracies due to their inability to consider the nature of DF and, to a smaller extent, the 
composition of fat.

The approaches for predicting ME value of pig feeds are similar to those described for DE. 
However, because direct ME measurements are not carried out routinely and ME values depend on 
protein catabolism, it is suggested to calculate ME values from DE values and standardized urinary 
energy losses (Eq. 3.5 for growing pigs).

Net Energy
All published NE systems for pigs combine the utilization of ME for maintenance and for growth 
(Just et al. 1983; Noblet et al. 1994a) or for fattening (Schiemann et al. 1972) by assuming similar 
efficiencies for maintenance and energy retention. The system used in the Netherlands (CVB, 2018) 
has been adapted from recalculations on the data of Noblet et al. (1994a) and literature data. The NE 
systems proposed by NRC (2012) and Rostagno (2017) are based on the equations published origi-
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nally by Noblet et  al. (1994a). Emmans (1994) proposed a generic model based on corrections 
applied to the ME content. Similarly, Boisen and Verstegen (1998) suggested new concepts for 
estimating the NE value of pig feeds (so- called physiological energy) based on the combination of 
in vitro digestion methods for estimating digestible nutrients and biochemical  coefficients for evalu-
ating the ATP production potential from the nutrients.

The system proposed by Noblet et al. (1994a) is based on a large set of measurements (61 diets) 
and regression analysis; FHP was 750 kJ kg−1 BW0.60/d in the calculation of NE, which was calcu-
lated as FHP + retained energy. The prediction equations are listed in Table 3.11. These equations 
have been validated in further calorimetry trials conducted in our laboratory (Le Bellego et al. 2001; 
van Milgen et  al.  2001; Noblet  2007) and also in the numerous studies conducted at China 
Agricultural University in Beijing (Li et al. 2018). The equations are based on information available 
in conventional feeding tables, and they are applicable to single ingredients and compound feeds 
and at any stage of pig production. It is important to point out that different DE values or digestible 
nutrient contents should be used in growing- finishing pigs and adult sows with two subsequent NE 
values. Reliable information on digestibility of energy or of nutrients is, therefore, necessary for 
prediction of the NE content of feed for pigs. In fact, this information is the most limiting factor for 
predicting energy values of pig feeds.

Comparison of Energy Systems
The efficiency of ME utilization for NE differs greatly between nutrients (Table 3.9; Eqs.  3.16–3.18 
in Table 3.11). It is, therefore, logical that the hierarchy among feeds obtained in DE or ME systems 
can be different from that obtained in the NE system. Because NE represents the best compromise 
between the energy value (a property of the feed) and energy requirement (a property of the animal), 
the energy value of protein or fibrous feeds will be overestimated when expressed on a DE (or ME) 
basis. On the other hand, fat or starch sources are underestimated in a DE (or ME) system (Table 3.12).

The quality of a nutritional evaluation system is given by its ability to predict the response of the 
animals in terms of units of feed per unit of performance and independently of the diet composition 
(or specific effects of nutrients). With regard to energy evaluation systems, data presented in 
Table 3.13 illustrate the relationship between the energy system and energy cost of BW gain and 
confirm that NE as calculated according to Noblet et al. (1994a) is a better predictor of performance 
than DE or ME. In other words, the NE value is the most satisfactory estimate of the energy value 
of feeds (Noblet and van Milgen 2004).

Table 3.11 Equations for prediction of DE, ME, and NE in feeds for growing pigs 
(NEg; 61 diets; MJ/kg dry matter and % of DM)a.

Number Equationb

3.16 DE = 0.232 × DCP + 0.387 × DEE + 0.174 ST + 0.168 SU + 0.167 DRes
3.17 ME = 0.204 DCP + 0.393 DEE + 0.174 ST + 0.165 SU + 0.154 × DRes
3.18 NEg = 0.121 DCP + 0.350 DEE + 0.143 ST + 0.119 SU + 0.086 DRes
3.19 NEg = 0.703 DE − 0.041 CP + 0.066 EE − 0.041 CF + 0.020 ST
3.20 NEg = 0.700 DE − 0.038 CP + 0.067 EE − 0.037 ADF + 0.020 ST
3.21 NEg = 0.730 × ME − 0.028 × CP + 0.055 × EE − 0.041 × CF + 0.015 × ST

a Adapted from Noblet et al. (1994a).
b CP = crude protein, EE = ether extract, ST = starch, SU = sugars, DCP = digestible CP, 
DEE =   digestible EE, and DRes = digestible residue (i.e., difference between digestible 
organic matter and other  digestible nutrients considered in the equation).
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Conclusion

The energy value of a feed depends primarily on its chemical characteristics. At the DE level, it is 
mainly determined by its DF content, which acts more or less as a diluent and by fat, which is very 
energy dense. At the ME level, the change is essentially related to the dietary CP content, which 
affects the urinary N and energy losses. Finally, at the NE stage, most of the difference originates 
from CP. The impact of nutrient composition on energy values is illustrated in the coefficients of 
equations presented in Table 3.14, with the highest contribution to NE of fat and the lowest for CP. 
The energy value also depends on technological treatments and enzymes addition to the feed. 
Finally, energy value depends on the type of animal the feed is offered where the DF fraction makes 
a greater contribution to the energy value in adult pigs than in growing pigs.

Table 3.13 Performance of growing- finishing pigs according to energy system and 
diet characteristicsa,b.

Item DE ME NE

Added fat, % (Trial 1)
 0 100 100 100
 2 100 100 100
 4 99 99 100
 6 98 98 100
Crude protein (30–100 kg; Trial 2)
 Normal 100 100 100
 Low 96 97 100
Crude protein (90–120 kg; Trial 3)
 Normal 100 100 100
 Low 97 98 100

a Adapted from Noblet (2006) and unpublished data.
b Energy requirements [or energy cost of body weight (BW) gain] for similar daily BW 
gain and composition of BW gain; values are expressed relative to the energy require-
ment (or energy cost of BW gain) in the  control treatment (considered as 100).

Table 3.12 Relative DE, ME, and NE values of ingredients for growing pigsa,b.

Item DE ME NE NE/ME, %

Animal fat 243 252 300 90
Corn 103 105 112 80
Wheat 101 102 106 78
Reference diet 100 100 100 75
Pea 101 100 98 73
Soybean (full- fat) 116 113 108 72
Wheat bran 68 67 63 71
Soybean meal 107 102 82 60

a Adapted from Sauvant et al. (2004).
b Within each system, values are expressed as percentages of the energy value of a diet 
containing wheat, soybean meal, fat, wheat bran, peas, and minerals and vitamins.
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Energy Requirements

Introduction

Energy requirements are expressed on different bases. In pigs offered feed ad libitum, they consist 
mainly in fixing the diet energy density according to regulation of feed intake (appetite), the growth 
potential of the pig, climatic factors, or economical considerations. In that situation, it is difficult to 
precisely define an energy requirement because the animal will attempt to regulate its feed intake 
to  meet its energy requirements. In restrictively fed growing pigs or in reproductive sows, it is 
 necessary to define a feeding level according to anticipated performance (e.g., BW gain, carcass 
composition) or estimated requirements. These recommendations represent average values, which 
are unable to account for the effects of genotype, production level, climatic environment, behavior 
of the animal, or animal genetic variability. In more sophisticated analytical approaches (factorial 
approach or modeling), the components of energy requirements (e.g., maintenance, physical  activity, 
thermoregulation, inflammatory and immune response, growth, and milk production) are  determined. 
This section will deal mainly with the last approach.

Most trials and recommendations from literature were conducted using DE or ME as a basis for 
the expression of requirements. These recommendations have been obtained mostly with con-
ventional feeds: cereals/soybean meal- based diets with an efficiency of ME utilization for NE in 
growing pigs of about 75% (or 72% for DE). Consequently, the NE requirements (as diet energy 
density, daily energy requirements, components of energy requirements, etc.) can be obtained by 
multiplying the DE or ME requirements by 0.72 or 0.75, respectively. Our calorimetry studies have 
shown that absolute values of efficiencies of ME for NE differed slightly according to BW or 
genotype in growing pigs (Noblet et al. 1994c) or were higher in adult sows fed at maintenance 
level than in growing pigs (Noblet et al. 1993b). The difference did not depend on diet character-
istics and the magnitude of the difference in the different situations was identical for all nutrients 
(Noblet 2006). This means that NE requirements can be calculated similarly for any stage of pig 
production, including pregnant or lactating sows or growing pigs with different growth potentials. 
Because the most reliable and accurate NE equations have been obtained in growing pigs, 
it  is   proposed to use these NE equations at all stages of pig production; requirements are then 
expressed according to a “growing pig” NE value (Noblet 2006). However, these growing pig 
NE values should differ according to BW or physiological stage; for simplification, only two 

Table 3.14 Actual contribution of dietary nutrients to energy supply in growing pigs (kJ/g)a,b.

Number CP Fat Starch Sugars Residue

3.22 GE 22.6 38.8 17.5 16.7 18.6
3.23 DE 22.5 31.8 18.3 16.1 0.5
3.24 ME 19.7 32.2 18.2 15.9 0.5
3.25 NE 11.8 28.9 14.8 11.5 −0.9

a From recalculations of data of Noblet et al. (1994a).
b Measurements were collected from 61 diets fed to 45- kg pigs, and coefficients are obtained from multiple linear regression 
 equations (without intercept). Residue corresponds to the difference between organic matter and the sum of CP, fat, starch, 
and sugars.
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NE values should be used, one for growing pigs including piglets and one for adult sows, either 
pregnant or lactating (Sauvant et al. 2004).

Maintenance Energy Requirements

The energy requirement for maintenance (MEm, expressed as ME) is assumed to be proportional to 
metabolic BW (BWb). The most appropriate b value is 0.60 in growing pigs (Noblet et al. 1994a, 1999); 
this exponent is preferred over the commonly used 0.75 exponent, which has been developed for 
interspecies comparisons or estimations for adult animals within one species. The value to be con-
sidered for growing pigs raised indoor and at an environmental temperature within the thermoneu-
tral zone is about 1.00 MJ ME/kg BW0.60/d (Noblet et al. 1999). Using an average efficiency value 
of ME for NE of 75%, this corresponds to an NE requirement for maintenance of 0.750 MJ NE/kg 
BW0.60/d, which is the value used in the calculation of NE of feeds for growing pigs (Noblet 
et al. 1994a) and also the average value of FHP measured in several trials in our research group with 
castrated pigs (Le Bellego et  al.  2001; van Milgen et  al.  2001; Noblet et  al.  1994b; Le Goff 
et al. 2002; de Lange et al. 2006; Lovatto et al. 2006; Barea et al. 2010), and in other research groups 
(Koong et al. 1982; Tess et al. 1984; Li et al. 2018).

The energy requirements for maintenance, when expressed per kg of metabolic BW (BW0.60), are 
almost constant over the growth period with small differences between breeds or sexes. Differences 
are substantial only for extreme breeds with lower values for slow growing and(or) fat pigs such as 
the Meishan breed and higher values for fast growing and lean- type pigs (Noblet et al. 1999), entire 
males (Labussière et al. 2013) or pigs treated with somatotropin (Noblet et al. 1992) or between 
growing pigs selected for low and high residual feed intake (RFI; Barea et al. 2010). In addition, 
FHP and MEm are reduced at low feeding levels (de Lange et al. 2006; Labussière et al. 2011) and 
in hot conditions (Renaudeau et al. 2013). Therefore, for most pigs, MEm can be considered as 
constant under standardized practical conditions (i.e., conventional housing, thermoneutral, and 
feeding level close to ad libitum). This maintenance energy requirement includes a standard level of 
physical activity, which has an average energy cost of 0.200 MJ ME/kg BW0.60/d. Approximately 
half of this cost is due to standing (approximately four hours per day), while the other half is due to 
movements during lying (van Milgen and Noblet 2003). The value of 1 MJ ME/kg BW0.60/d for 
maintenance energy requirements has been obtained in respiration chambers and therefore with a 
reduced level of physical activity and at thermoneutrality. A slightly greater value of MEm of 
1.05 MJ ME/kg BW0.60/d can be used to account for the greater activity in normal housing produc-
tion systems (Table 3.15). Additionally, a 0.1 MJ ME/kg BW0.60/d can be further added to account 
for the activation of inflammatory system in case of pigs exhibiting subclinical signs of inflamma-
tion (Campos et  al. 2014). These figures may not be applicable in suckling piglets (Noblet and 
Etienne 1987a) or in early- weaned piglets (Noblet and Le Dividich 1982); these specific stages 
should be revisited according to more appropriate methodologies and to the recent data on ther-
moregulation and physical activity at these early stages of growth.

In reproductive sows, the MEm requirement is proportional to metabolic BW, using the classical 
value for the exponent of 0.75. The values measured for pregnant and lactating sows at thermoneu-
tral and at “standard” activity levels are given in Table 3.15. The MEm value in lactating sows is 
higher than in pregnant sows, probably due to a greater production level. Inversely, MEm in preg-
nant sows is rather variable in connection with animal variability in levels of physical activity that 
interact with housing facilities (Noblet et al. 1990; see section on Energy Cost of Physical Activity).
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Energy Requirements for Growth

From a nutritional point of view, growth corresponds to the deposition of protein, fat, minerals, and 
water with a subsequent ME requirement for protein and lipid deposition. The ME requirements for 
body protein or lipid deposition can be estimated from the quantities of deposited protein or lipid 
and the efficiencies of utilization of ME for energy deposited as protein and fat (k

p
 and k

f
, respec-

tively). For a conventional cereals/soybean meal diet, Noblet et al. (1999) proposed 60 and 80% for 
k

p
 and k

f
, respectively. The energy content of body proteins and lipids is approximately 23.8 and 

39.5 kJ g−1, respectively. The calculated ME requirements are then 40 and 50 kJ ME per g of protein 
and fat, respectively.

From technical and economical points of view, the growth of tissues (lean, adipose, viscera, etc.) 
is the most important with efforts to increase the importance of lean tissues in the carcass and con-
comitantly to reduce the importance of adipose tissues. Measurements of chemical composition of 
lean and adipose tissues weight gain, and the associated feed energy costs calculated according to 
the previous discussion, indicate that the feed cost of adipose tissue gain is about 3.5 times the cost 
of lean tissue gain (Table 3.16). The consequence of these major differences in energy content and 
energy requirement for tissues gain in pigs is that the ME requirement for BW gain depends directly 
on the lean to adipose ratio in BW gain or lipid content since the protein content of BW gain is 
 relatively constant (16–17%) in most practical situations of pig production.

The chemical and tissue composition of BW gain in growing pigs depends on several factors 
that will not be reviewed in detail here. In brief, the energy content of BW gain is lower in lean- 
type pigs than in obese- type pigs, lower in males than in females or in barrows, lower in lighter 
than in heavier growing- finishing pigs, and lower in energy- restricted than in ad libitum fed pigs 
(Campbell and Taverner  1988; Bikker et  al.  1996; Noblet et  al.  1994a; Quiniou et  al.  1999a; 
Table 3.16). Overall, the energy content of empty BW gain over the 20–100 kg BW phase ranges 
from 10 MJ kg−1 in very lean animals to 20–22 MJ kg−1 in obese types of pigs (Noblet et al. 1994c). 

Table 3.15 Energy requirements in swinea.

Stage Energy requirement, MJ Sourceb

Growth MEm = 1.05 × kg BW0.60 1
Energy gain = 23.0 × protein gain, kg + 39.9 × fat gain, kg 2
Energy content lean tissue gain = 8.5 to 10.5 MJ kg−1 2
Energy content adipose tissue gain = 31 to 33 MJ kg−1 2
ME thermoregulation, see Figure 3.5 3

Pregnancy MEm = 0.440 × kg BW0.75 4
Energy maternal gain = 9.7 × BW gain, kg + 54 × P2 gain, mm 5
Energy uterus gain = 4.8 × fetus BW gain, kg 6
ME per 100 min standing = 0.035 × BW0.75 7
ME thermoregulation/°C = 0.010 − 0.020 × BW0.75 8

Lactation MEm = 0.460 × BW0.75 9
Energy in milk = 20.6 × litter BW gain, kg − 0.376 × litter size 10

a See Table 8 for efficiencies.
b 1 = Noblet et al. (1999), 2 = Noblet et al. (1999) and Karege (1991), 3 = Quiniou et al. (2001), 
4 = Noblet and Etienne (1987b), 5 = Dourmad et al. (1998), 6 = Noblet et al. (1985b), 7 = Noblet 
et  al. (1993a), 8  =  Noblet et  al. (1989) (below 20 °C), 9  =  Noblet and Etienne (1987a), and 
10 = Noblet and Etienne (1989).
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Overall, this emphasizes the efforts for reducing the body fatness of growing pigs by either genetic 
selection or by nutritional manipulations.

Energy Requirements for Reproduction

The energy requirements of pregnant sows have been reviewed by Noblet et al. (1989, 1997) and 
Dourmad et al. (2008). The energy requirements during pregnancy correspond to the sum of require-
ments for maintenance, uterine growth, and reconstitution of body reserves. Under specific condi-
tions, additional requirements related to physical activity, or exposure to low temperatures, have to 
be taken into account. The basis for estimating energy requirements of pregnant sows is given in 
Table 3.15. The LCT of pregnant sows is 20–22 °C in single- housed females and is lower when 
straw- bedding or group- housing is used. In most practical situations, about two- thirds of the energy 
needed to meet the requirements of pregnant sows corresponds to the sow’s maintenance require-
ment. The specific pregnancy requirement (i.e., uterine tissues gain) represents a negligible propor-
tion of energy gain. However, in practice, it is higher if we consider the additional requirements for 
maintenance of the sow related to her additional metabolic BW because of uterine growth and the 
requirement for development of the mammary gland. The requirement for maternal tissues depends 
on the objective to realize a certain BW gain and its composition. This objective can be quite 
 variable in multiparous sows according to their body condition at weaning.

Overall, energy requirements of pregnant sows can be variable according to their BW, the hous-
ing conditions, and their body condition at mating (Dourmad et al. 2008; NRC 2012; INRAPorc 
software 2009). Consequently, feeding pregnant sows of a herd the same quantities of feed may 
result in large variations of performance, especially body condition at farrowing. Indeed, require-
ments for maintenance and uterine growth and possible requirements for thermoregulation and 
physical activity are priority. The energy deposited in maternal tissues will depend directly on the 
difference between feed allowance and these priority requirements. Energy deposition can even be 
lower because physical activity may be increased in sows with poor body condition or kept at low 
ambient temperatures (Noblet et al. 1997). Therefore, changes in behavior or physical activity can 
affect markedly the energy balance in pregnant sows. It is generally accepted that uterus growth 
follows an exponential curve (Noblet et al. 1985b) which demonstrates low energy requirements for 

Table 3.16 Chemical composition of tissues and body weight gain in growing pigs and  consequences 
on energy requirements for tissues gaina.

Entire males Castrated males

Composition Leanb Adipose eBW Leanb Adipose eBW

Water, % 69.9 18.7 58.5 65.6 14.9 51.0
Ash, % 1.0 0.2 3.1 1.0 0.2 3.0
Protein, % 17.9 5.4 16.7 18.2 4.1 16.0
Fat, % 10.2 75.4 21.1 15.3 81.8 30.4
Energy, kJ g−1 8.5 31.3 12.3 10.4 33.3 15.6
ME requirement3, kJ g−1 12.2 39.8 17.2 14.9 42.6 21.6

a Adapted from Noblet et al. (1994c) and J. Noblet (unpublished data); over the 20–95 kg body weight 
(BW) period and based on the comparative slaughter technique.
b Lean = including intermuscular fat; eBW = empty BW.
c Calculated as 40 and 50 kJ ME/g of protein and fat, respectively.
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uterine tissues during the first two- thirds of pregnancy and more during the last third. According to 
the increase in BW during pregnancy, the requirements for maintenance will increase progressively. 
The consequence is that if daily feed supply is kept constant during pregnancy, the daily deposition 
of energy in maternal tissues will decrease progressively with the advancement of pregnancy and 
may even become negative during the last two to three weeks before farrowing (Dourmad et al. 1998; 
Young et al. 2004). This increased energy expenditure over the last third of pregnancy in sows indi-
cates that an increase in energy supply during this period may be considered. The increased feed 
allowance at the end of pregnancy may also prepare the digestive tract to the rapid increase in feed 
intake after farrowing. These observations are illustrated in Table 3.17 and have been implemented 
in NRC (2012) or in the INRAPorc model and software tool (Dourmad et al. 2008).

In lactating sows, the most important factor of variation is clearly the level of milk production of 
the sow. Milk production is difficult to measure in sows, and it is usually estimated from litter 
growth (Noblet and Etienne 1989; Hansen et al. 2012; Table 3.15). Milk production depends on the 
genetic potential of the sow, litter size, and stage or duration of lactation (Etienne et al. 1998; Noblet 
et  al.  1998). The energy requirements during lactation correspond to the sum of maintenance 
requirements and energy requirements for milk production; the efficiency of ME for milk energy 
averages 72% (Table  3.15). The variation in energy requirements with litter gain is illustrated 
in  Figure  3.4. At very high production levels (>3000 g day−1 average litter BW gain), the feed 
 requirement is greater than 8 kg day−1. The calculation method also indicates that the additional 
ME requirement because of an additional litter BW gain is proportional to the litter weight gain 
difference. It averages 26 MJ ME per kg litter gain or the equivalent of about 2 kg of a conventional 
feed per kg of additional kg litter BW gain. This approach is an easy and convenient technique to 
estimate the feed energy requirement in lactating sows, which is the equivalent to the sum of the 
requirement for maintenance (1.9–2.2 kg of feed per day for 200–250 kg sows) and the requirement 
for milk production (2 kg of feed per kg litter BW gain). Under most practical situations, lactating 
sows are unable to consume enough feed to meet their energy requirements, and they lose BW dur-
ing lactation. The energy deficit and the subsequent BW loss are generally more important in primi-
parous sows. It is, therefore, critical to use all available techniques to maximize energy intake in 

Table 3.17 Effect of stage of pregnancy on energy utilization and 
activity in sowsa.

Stage of gestation, wk

Item 5–6 9–10 14–15

Body weight, kg 182 207 224
Energy balance, MJ d−1

ME intake 28.6 28.4 28.8
Heat production 22.6 23.1 26.4
Retained energy

Total 6.0 5.2 2.4
In uterus 0.4 1.3 2.6
In maternal tissues 5.7 4.2 0.1
As protein 2.5 2.1 2.7
As fat 3.5 3.2 − 0.1

Duration of standing, min 288 263 247
Activity heat production, MJ/d 5.7 6.2 6.9

a Adapted from Young et al. (2004); n = 12 sows.
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lactating sows. This is beyond the scope of this chapter, but it is clear that ad libitum feeding is 
highly recommended. Energy intake can be increased by using energy- dense diets by reducing the 
DF content and increasing the fat content. Although sows that are fed these diets usually consume 
less feed, they will consume more energy. Nevertheless, a large fraction of the additional energy 
supply is excreted as fat in the milk with little direct benefit for the sow (Noblet et al. 1998).

Energy Requirements for Physical Activity

As mentioned previously, energy losses associated with physical activity are difficult to estimate 
directly. From a methodological point of view, these losses represent an uncontrolled source of 
variation of HP and may lead to inaccurate estimates of energy requirements, especially under 
conditions that affect the behavior of the animals. Physical activity in swine represents a consider-
able proportion of energy expenditure, despite the low duration of standing in pigs and the reduced 
activity and locomotion when animals are kept indoors. This is due to a four to five times greater 
energy expenditure per “unit” of physical activity in swine than in most other domestic species 
(Noblet et al. 1990). Results obtained in our group are summarized in Table 3.18. Even though a 
minimal level of physical activity is inevitable and is included in the estimate of ME

m
, specific 

energy requirements for physical activity should be considered, for example, in pregnant sows 
with stereotypic activities or in pigs kept outdoors. The most critical stage of pig production where 
physical activity is high and variable is the pregnancy period. Our studies indicate that the HP is 
increased by about 0.30 kJ kg−1 BW0.75 per additional minute standing (Noblet et al. 1990; Ramonet 
et al. 2000; Le Goff et al. 2002; Young et al. 2004). For instance, in the study presented in Table 3.17, 
the duration of standing ranged from 50 to 500 minutes per day among animals. This difference 
corresponds to a difference in feed requirement of approximately 700 g per day. In general, activity 
represents a high (20% of ME intake) and variable (10–40% of ME intake) proportion of the 
energy expenditure in pregnant sows. This variability is the major source of variability in body 
condition of pregnant sows at farrowing. In growing pigs that are usually offered feed close to ad 
libitum intake, the activity of HP is less variable and represents a lower fraction of ME intake 
(8–10%; Table 3.18).
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weighing 220 kg nursing 6 (1000 g d−1) to 13 (>3000 g d−1) piglets for 21 days.
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Energy Requirements for Thermoregulation

When pigs are kept below their LCT, HP is increased to maintain body temperature. The concepts 
of thermoregulation and values of LCT in swine production have been reviewed by Mount and 
Monteith (1979) and Noblet et al. (2001a). However, the increased HP at temperatures below LCT 
is usually compensated for by higher feed intake, so that BW gain is usually maintained at low 
temperatures when pigs are offered feed ad libitum (Quiniou et al. 2001; see section “Regulation of 
Energy Intake in Pigs”). The LCT is particularly high in newborn pigs (32–34 °C) and during the 
first days after weaning (26–28 °C) with a relative high susceptibility to cold stress during these 
periods (Noblet and Le Dividich 1981, 1982). During other periods of swine production, LCT is 
lower (20–24 °C) and requirements for thermoregulation depend on housing conditions (e.g., indoor 
vs. outdoor, floor type, and group size) and feeding management. Additional feed requirements to 
maintain performance are illustrated in Figure 3.5 for growing- finishing pigs. Pregnant sows are 
frequently exposed to temperatures below their LCT because of their relatively high LCT (>22 °C) 
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Figure  3.5 Energy requirement for thermoregulation in growing pigs according to their body weight (30–90 kg).  
(Source: Adapted from Quiniou et al. 2001.)

Table 3.18 Heat production related to physical activity in swine.

Stage: Piglet Growing pig Pregnant sow

Housing: Group Group Group Single Single

Item Feeding: Ad libitum Ad libitum Ad libitum Controlled Restricted

Ambient temperature, °C 23 19–22 12 24 24
Body weight, kg 27 62 61 62 260
ME intake, MJ d−1 21.7 31.1 33.5 29.2 35.6
Heat production, MJ d−1 11.2 17.9 19.7 16.9 29.5
Activity heat production

MJ/d 2.0 2.3 3.3 2.5 6.7
% heat production 17.9 12.8 16.9 14.7 22.6
% ME intake 9.2 7.4 10.0 8.5 18.7

Sourcea 1 2 2 3 4

a 1 = Collin et al. (2001), 2 = Quiniou et al. (2001), 3 = Le Bellego et al. (2001), and 4 = Ramonet et al. (2000).
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and simplified housing conditions. The HP can be increased by 10–20 kJ kg−1 BW0.75 per °C decrease 
of ambient temperature below LCT (Geuyen et al. 1984). The higher rate is observed in individually 
housed sows and/or in poorly insulated thin sows (Noblet et al. 1997). In a 200- kg sow, the increase 
of HP due to cold stress should be compensated for by approximately 70 g of feed per 1 °C. The 
LCT of lactating sows is low (<15 °C) due to the high levels of feed intake and production, which 
are associated with a high rate of HP. In addition, heating is provided to the suckled piglets to 
improve comfort and survivability, so that cold is rarely a problem for lactating sows. More gener-
ally, the problem of cold stress has diminished in many countries due to improved insulation and 
quality of the buildings. On the other hand, heat stress has become increasingly important in tropical 
or subtropical areas of the world, or during summer periods in temperate countries (Mayorga 
et al. 2019). The heat increment is not necessarily a loss of energy and can contribute to meeting the 
energy requirement for thermoregulation during the cold periods (Table 3.10; Quiniou et al. 2001). 
Therefore, from a practical point of view, high heat- increment diets (i.e., high fiber diets) are, 
 therefore, energetically more efficient under cold condition than under thermoneutrality of hot 
 conditions (Noblet et al. 1985a, 1989, 2001a).

Response to Energy Intake

Growth of pigs depends on factors related to the animal itself (e.g., BW, sex, and genotype), the 
supply of nutrients, and the climatic environment. Their response is also characterized by the 
 partitioning of energy gain between protein and fat during the growing phase (Campbell and 
Taverner  1988; Quiniou et  al. 1999a; van Milgen et  al.  2008) or during pregnancy (Dourmad 
et al. 1996, 2008). The response during lactation is rather specific with a priority given to milk pro-
duction at the expense of body reserves, and lactating sows are able to maintain milk production 
under conditions of a negative energy balance as long as their body reserves are not depleted too 
much (Noblet et al. 1998).

In the classical factorial view on energy utilization, energy will first be used to meet the mainte-
nance energy requirements, second for protein gain, and last for fat gain. However, this view of a 
succession of priorities is not necessarily appropriate because there is a relation between protein 
gain and lipid gain. When energy intake is restricted, both protein gain and lipid gain can be affected 
simultaneously and there seems to be an “obligatory” lipid gain. Most data demonstrate that the 
response of protein gain to energy intake can be described by a linear- plateau or curvilinear- plateau 
relationship. The response of lipid gain to energy intake is practically close to linear and the theo-
retical increase in lipid gain when the maximum protein deposition is reached is difficult to detect 
(Figure 3.6). As previously mentioned, the deposition rates of protein and lipid are associated with 
deposition rates of lean and adipose tissues and BW gain (Table 3.19). The important aspects of 
these relationships are (i) that the increase of gain (g per MJ ME) is much more pronounced for lipid 
or adipose tissue gain than for protein or lean tissue gains, so that adiposity of the body will increase 
with energy level (Table 3.20); (ii) the slope for protein gain in the linear response phase is higher 
in leaner pigs or in boars (versus barrows) or in younger pigs (versus older pigs); and (iii) with 
increasing energy intake, protein deposition will reach a plateau (PDmax) and energy given in 
excess of that required to reach the plateau will be used for fat gain. These aspects have been 
reviewed by Black et al. (1986), Quiniou et al. (1999a), van Milgen and Noblet (2003), van Milgen 
et al. (2008) and are partly illustrated in Table 3.19. Similar results are given in Table 3.19 for preg-
nant sows, for which the protein response is lower than in finishing pigs. The protein response 
(slope and PDmax) to energy intake is also affected by the ambient temperature. At high ambient 
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Figure 3.6 Response of protein and lipid gains to ME intake in 45-  to 100- kg growing barrows (combined results of data obtained 
with two types of barrows). (Source: Adapted from Quiniou et al. 1996a.)

Table 3.20 Effect of energy supply on growth performance and body composi-
tion of growing pigs (45–100 kg BW)a,b.

Energy supply, MJ ME/d

Item 22.6 26.7 29.4 32.2 37.6

BW gain, g d−1 622 738 820 931 1013
Feed cost, MJ ME/kg BW gain 36.4 36.2 35.8 34.6 37.1
Body protein content,c % 17.2 16.6 16.5 16.3 16.0
Body lean contentc 56.1 54.2 53.6 53.7 52.6
Body lipid contentc 18.6 21.0 22.0 22.4 22.8
Adipose tissues contentc 12.0 14.2 15.1 15.2 15.7

a Adapted from Quiniou et al. (1996a, b).
b BW = body weight.
c As a percentage of the empty BW (i.e., BW – gut fill) at slaughter, and empty BW 
is equivalent to 95% of live BW.

Table 3.19 Response of swine to energy intake.

Item

Growing pig

Pregnant SowMale Barrow

Body weight range, kg 45–100 45–100 205a

Variation, g MJ−1 of additional ME
Protein 6.1 4.7 2.3
Fat 13.2 13.2 NAb

Lean 21.0 16.5 10.0
Adipose 9.7 9.7 12.0
Body weight gain 36.0 28.5 24.0

Sourcec 1 1 2

a Body weight at mating.
b NA = not available.
c 1 = Quiniou et al. (1996a,b, Large White × Piétrain crossbreds), and 2 = Dourmad 
et al. (1996).
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temperatures, the slope for protein gain is reduced with a commensurate slight increase in the slope 
for fat gain (Le Bellego et al. 2002b). Therefore, despite the lower feed intake at high ambient tem-
peratures, which should favor a leaner carcass, the actual adiposity of the carcass is similar in ad 
libitum fed pigs raised at thermoneutrality or in hot conditions.

Feed Efficiency in Growing Pigs

From a technical point of view, an important criterion for evaluating the efficiency of pig production 
is the feed efficiency calculated as the quantity of feed or energy per kg of BW gain (or F:G). This 
F:G criterion can also be presented as
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 (Eq. 3.21)

where [ME] is the ME concentration of the feed, kg is the efficiency of ME for energy gain (see 
Table 3.8), [E]ADG is the energy concentration of BW gain and FL is feeding level as a multiple of 
MEm. This formula indicates that F:G is reduced when [ME] of the feed is increased and also when 
FL is increased with a lower relative contribution of energy intake used for maintenance. However, 
as indicated above, [E]ADG is increased at higher energy intakes with a subsequent increase of F:G. 
Therefore, these two effects of FL on [E]ADG and on FL/[FL − 1] are opposite and F:G remains rela-
tively constant over a rather large range of FL (Table 3.20). However, at high feed intake, especially 
those above the ME intake required to attain PDmax (Figure 3.6), [E]

ADG
 increases rapidly and the 

effect of FL/[FL − 1] becomes smaller, so that F:G increases (Table 3.20). On the other hand, at very 
low feed intake, the effect of FL/[FL − 1] is important with a subsequent increased F:G value. 
Practically, this means that the ME intake required to minimize the F:G ratio is usually below ad 
libitum feed intake, especially in pigs with a lower potential for protein gain and/or a high appetite. 
As such, a slight energy restriction, especially during the finishing phase, may be recommended. 
This also means that, at a given FL value, the F:G is as low as the [E]ADG is low in connection with 
a reduced fat content in BW gain. In conclusion, the best solution for improving F:G is to reduce the 
adiposity of the carcass by minimizing the fat- to- protein ratio in BW gain.

Depending on the ME content of the feed and the BW range, the F:G in 25–100 kg pigs ranges 
between 2.5 and 3.0 in most practical situations with lower values for boars than for barrows and 
intermediate values for females (Table 3.21). This also means that the BW gain achieved by 1 kg of 
feed ranges between 350 and 400 g, which is equivalent to 25–30 g BW gain per MJ ME of feed 

Table 3.21 Comparative growth performance of boars, barrows, and 
giltsa,b

Item Boars Gilts Barrows

Feed intake, kg d−1 2.41 2.45 2.70
BW gain, g d−1 1069 988 1032
Feed cost, kg/kg BW gain 2.26 2.48 2.62

a Adapted from Quiniou et al. (2010); 63–152 days of age.
b BW = body weight.
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(Table  3.22). However, pigs are raised mainly for producing lean meat, and it is important to 
 maximize the quantity of lean gain or the energy gain in lean tissues per unit of feed. Indicative 
values are given in Table 3.22 for boars and barrows (15–17 g lean gain per MJ ME). Calculations 
given in Table 3.22 also indicate that about 40 and 14% of ME intake are retained in the BW gain 
or in the lean- tissue gain in growing pigs, respectively.

In most parts of the world, male pigs are (surgically) castrated to avoid boar taint problems in 
meat products. However, boars are raised in some areas (e.g., Australia and UK), and there is a 
tendency for not castrating the males for both welfare and economical reasons. Boars can also be 
raised up to a few weeks before slaughter with a late immunocastration (Dunshea et  al.  2001; 
Dunshea et al. 2013). The comparison of gilts, barrows, and boars, in terms of energy utilization, 
indicates that feed intake depends on gender (boar = gilt < barrow) with the lowest feed cost in boars 
(Table 3.21). In fact, castration reduces the potential of the pig for protein gain with a subsequent 
higher fat gain that is accentuated by the relative hyperphagy of barrows. The BW gain, lean gain, 
or energy gain in lean tissues per unit of feed energy intake is higher for boars. However, the body 
energy gain per unit of energy intake is better in barrows due a greater fraction of energy gain that 
is retained as fat (Table 3.22). This example of the castration of males indicates that an improvement 
in feed efficiency (boars versus barrows) does not necessarily correspond to an improvement in 
overall energy efficiency. The same conclusion will hold for the impact of genetic improvement for 
leaner carcasses and/or faster growth.

Regulation of Energy Intake in Pigs

Under ad libitum conditions, it is important to evaluate the ability of the pig to consume enough 
feed or energy to meet the requirements or the objectives in terms of rate of growth, protein gain, 
and fat gain. It is not the purpose of this chapter to consider all aspects of feed intake regulation in 
swine. In this section, we only want to describe briefly some general aspects of energy intake in pigs 
in connection with major animal factors such as BW, physiological stage, or gender and major 
 environmental factors such as feed energy concentration (Quiniou and Noblet 2012) and ambient 
temperature (Renaudeau et al. 2011).

Feeding patterns have been described in piglets, growing pigs, and lactating sows kept under 
conventional environmental conditions (Table 3.23). In brief, these studies indicate that the number 

Table 3.22 Effect of castration on the efficiency of pig growth 
(40–100 kg BW)a,b.

Item Boars Barrowsc

ME intake, MJ d−1 35.1 37.1 (106)
BW gain, g d−1 1096 1014 (92)
Protein gain, g d−1 150 144 (96)
Lipid gain, g d−1 232 255 (110)
BW gain, g MJ−1 ME 31.2 27.3 (87)
Lean gain, g MJ−1 ME 16.9 15.0 (89)
Body energy gain, MJ MJ−1 ME 0.39 0.40 (101)
Lean energy gain, MJ MJ−1 ME 0.14 0.13 (91)

a Adapted from Quiniou et al. (1995) and J. Noblet (unpublished data).
b ME = metabolizable energy; BW = body weight.
c Parentheses = % of boars.
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of meals per day decreases when BW increases and confirm that pigs, at any stage of production, 
are predominantly diurnal (with less than one- third during the night). This diurnal behavior is even 
more pronounced in heavier pigs or in lactating sows with two main consumption peaks, one in the 
morning and one in the late afternoon (Figure 3.7). However, this diurnal behavior consumption can 
interact with climatic environment such that under hot temperatures during the day and cooler tem-
peratures at night, there may be an increased proportion of the feed during the nocturnal period. 
That is particularly noticeable in lactating sows (Quiniou et  al.  2000a; Renaudeau et  al.  2003). 
Pregnant sows are usually fed restrictively and consume their feed immediately after the  distribution, 
unless it is a high- fiber feed in large volume, distributed once a day.

In growing pigs, the voluntary feed intake increases curvilinearly with BW (NRC  2012; 
Figure 3.8), but the rate of increase is affected by growth potential (e.g., genotype, sex) of the pig 
(Quiniou et al. 1999b). The rate of increase is also highly dependent on ambient temperature with 
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Figure 3.7 Effect of temperature on kinetics of daily feed intake in large white lactating sows. (Source: Adapted from Renaudeau 
et al. 2002.)

Table 3.23 Feeding behavior in swine.

Item

Stage: Piglet Growing pig Lactating sow

Breed: Crossbred Meishan Piétrain Crossbred Crossbred

Housing: Group Single Single Group Group Single

Body weight range, kg 20–30 20–60 20–60 30–90 30–90 270
Temperature, °C 23 24 24 19–22 29 22
Feed intake, g d−1 1502 1659 1622 2395 1820 6600
Number of meals/d 14.4 14.4 7.3 11.2 10.1 7.4
Meal size, g 114 125 250 248 205 972
Diurnal feed intake, % 67 61 64 65 62 80
Sourcea 1 2 2 3 3 4

a 1 = Collin et al. (2001), 2 = Quiniou et al. (1999b), 3 = Quiniou et al. (2000a), and 4 = Quiniou et al. (2000b).
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smaller rates of increase at high ambient temperatures, which means that heavier pigs are more 
sensitive to heat stress than lighter pigs (Nienaber et al. 1996; Renaudeau et al. 2011; Figure 3.8). 
In  lactating sows, voluntary feed intake is dependent on body size or parity number with lower 
intakes in primiparous sows (O’Grady et  al.  1985; Dourmad, 1991; Dourmad et  al.  1994; Neil 
et al. 1996). As growing pigs, lactating sows are particularly susceptible to heat stress by reducing 
markedly their voluntary feed intake at high ambient temperatures (Schoenherr et al. 1989). They 
are even more affected by ambient temperature changes according to their particularly high volun-
tary feed intake at thermoneutrality (Figure 3.9). In addition, the reduction in voluntary feed intake 
per °C change is as high as ambient temperature is high with a reduction averaging 200 g/°C between 
20 and 25 °C and up to 500 g/°C between 25 and 30 °C in lactating sows (Quiniou and Noblet 1999); 
corresponding values would be 10 and 30 g/°C in 25 kg piglets (Collin et  al.  2001) and 40 and 
70 g/°C in 60- kg growing pigs (Quiniou et al. 2000). These negative effects of high temperatures on 
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voluntary feed intake in sows can even be worse under high relative humidities in tropical areas 
(Renaudeau et al. 2003). More generally, the exposure to high ambient temperatures is associated 
with a reduced ability of the growing pig or the lactating sow to dissipate their HP and a potential 
risk of hyperthermy. As a result, the best adaptation consists of reducing energy intake and the inevi-
table heat associated with the ingestion and the metabolic utilization of feed energy. The magnitude 
of these effects is the most pronounced for lactating sows.

Diet energy density can be modified by including either fiber- rich ingredients that reduce the 
energy concentration or fat- rich ingredients that increase the energy concentration (Table 3.12). 
Because one limiting factor of pig growth in practical conditions is energy intake, a lot of atten-
tion has been focused on the relationship between feed intake, growth, feed efficiency, body 
composition, and energy concentration of the feed. For reviewing this aspect, some literature data 
have been compiled; in each study, at least four energy densities were compared and protein- 
energy ratios were as constant as possible. In most studies, pigs were kept individually and(or) 
under favorable climatic conditions. An increase in energy concentration is usually associated 
with a reduction in voluntary feed intake, but the reduction is less important than the energy den-
sity, so that energy intake is almost systematically increased (Figure 3.10). However, in most 
studies, there is a plateau DE intake at the highest energy densities or the increase becomes neg-
ligible when the lowest energy concentration in the study is quite high. In agreement with this 
effect of energy concentration on energy intake, BW gain is increased at higher energy concentra-
tions with a plateau for BW gain at the highest energy densities. Such an effect of diet energy 
density on energy intake has also been demonstrated in lactating sows but with a limited interest 
for the sow because most additional ingested energy as fat is exported in the milk (Noblet 
et al. 1998). Finally, this beneficial effect of high dietary energy densities on energy intake can be 
utilized in growing pigs or lactating sows exposed to heat stress. High- energy diets can attenuate 
the effect of high ambient temperature on pig performance (Le Bellego et al. 2002a; Renaudeau 
et al. 2002).
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Figure 3.10 Effect of diet energy concentration on voluntary energy intake in growing pigs (as a percentage of the DE intake at 
the lowest DE content in each study). (Source: Adapted from: Campbell and Taverner 1986; Chadd 1990; Stein et al. 1996; Smith 
et al. 1999; Quiniou and Noblet 2012.)
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Conclusion

Energy systems are based on the concept that an energy value can be attributed to a feed so that it 
can be compared with a requirement that is expressed on the same scale. In this chapter, we confirm 
that the situation is far more complex with different energy values attributed to the same feed 
according to the type of pig receiving the diet and the implementation of a feed technology. Different 
energy systems have been proposed and based on the steps of energy utilization. The NE system is 
probably as far as we can go nowadays, while maintaining the concepts of “value” and “require-
ment” in feed formulation. In reality, there are interactions between energy supply, the environment, 
and the animal. The only way to deal with the complexity of these interactions is through modeling 
(Whittemore and Fawcett  1976; Black et  al.  1986; Birkett and de Lange  2001; van Milgen 
et al. 2008). Although considerable progress has been made in this area, nutritional models of swine 
nutrition vary widely in scope. To be implemented on a large scale in the field, nutritional models 
should provide a compromise between “scientific truth” (or scientific perception) and robustness of 
the system. In that respect, it is probably too early to bury the classical concepts of energy nutrition 
outlined in this chapter.
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Introduction

Overall lipid metabolism processes in swine have been studied and identified. As in all other 
 animals, lipid metabolism in swine can be summarized in Figure 4.1. Fatty acids can arise from 
dietary consumption and from de novo synthesis in the adipose tissue in pigs. Fatty acids are rich 
energy sources and are metabolized in body tissues such as muscle to fulfil energy needs. Fatty 
acids are central players in lipid metabolism, but free fatty acids are not stored in tissue but rather 
in the esterified state as triacylglycerol. Similarly, cholesterol is also not stored in the free form in 
tissues but as cholesterol esters. Both absorbed fatty acids and fatty acids synthesized from glucose 
de novo can be used for energy expenditures; however, a positive energy balance will incur the 
accretion of fat in the adipose tissues.

In the previous chapter, “Lipids and Lipid Utilization in Swine,” in the first edition, an excellent 
review on lipids and lipid metabolism in neonatal and adult swine was presented (Lin et al. 2013). 
In this edition, a different approach will be used and built on the previous chapter. This chapter 
features information on the genomics of fatty acid synthesis that may be exploited to enhance 
 sustainability, the putative role of genetics in fatty acid composition in pork lipids, the role of 
 bioactive compounds on lipid metabolism regulation, nutritional genomics (Bergen 2018), dietary 
modifications to influence carcass composition, and regulation of feed efficiency.

Lipid Transport Between and into Tissues

Endogenous fatty acids, after adipose tissue triacyl glycerol (TAG) lipolysis, can be transported in 
the circulation bound to blood proteins as nonesterified fatty acids (NEFA) to tissues for oxidation 
purposes. Exogenous or dietary fatty acids after absorption are transported as blood lipoproteins 
(chylomicrons) to the various tissues. NEFA can enter cells directly with a transporter, while TAG- 
bound exogenous fatty acids in chylomicrons must be released by lipoprotein lipase before tissue 
uptake. Fat digestion, de novo fatty acid synthesis, lipolysis, lipoprotein transport, and NEFA trans-
port are all critical events in lipid metabolism.

During the intestinal absorption process, fatty acids (as TAG) are bound to chylomicrons and 
channeled through the lymph to the circulating blood (Figure 4.2). In pigs, de novo fatty acid 
synthesis from glucose occurs principally in the adipose tissue (Bergen and Mersmann 2005), and 
if not oxidized, they are stored as triacyl- glycerol. Stored fats in adipose tissue release fatty acids 
for utilization after lipolysis and transported in the blood as non- NEFA, while bound on blood proteins. 

4 Lipids and Lipid Utilization in Swine
Werner G. Bergen
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Figure 4.1 Fatty acids are the central currency of porcine lipid metabolism. Exogenous (consumed) fatty acids and endogenous 
fatty acids (de novo synthesis, adipose storage) can either be oxidized for energy purposes or stored as triglycerides mostly in the 
adipose tissue.
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Figure 4.2 Lipid trafficking between the small intestine, liver, skeletal muscle, and adipose tissue in pigs. Abbreviations: NEFA, 
nonesterified fatty acids; VLDL, very low- density lipoprotein; and TAG, triacyl glycerol.
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Fatty acids for tissue utilization from chylomicrons are released by lipoprotein lipases, and 
the resulting NEFA is taken up mostly by skeletal muscle, adipose tissue, and liver. Once in the 
liver,  any excess NEFA is esterified to TAG and released by the liver as very high- density 
lipoproteins.

Similarly, the uptake mechanisms for fatty acids into across cell membranes and mitochondria 
maybe amenable to genetic regulation for improvement (Figure 4.3; Schwenk et al. 2010). Blood 
protein- bound very- long chain fatty acids, once released by blood proteins, can be transported 
directly across the bilayer membrane by fatty acid transport protein 1 (FATP1). Other NEFAs 
are released from blood proteins and lipoproteins and concentrated near the membrane by fatty 
acid- binding protein (FABP). In combination with the integral protein fatty acid transporter 
(CD36), NEFA then transverse the membrane and are reattached to FABP after reaching the 
cytoplasm.

In this regard, researchers are using genome- wide association studies in farm animals (e.g., Huang 
et al. 2019a) to discover genes that respond to physiological and pathological effects of lipids during 
ketosis in dairy cows. Similar research may lead to a better understanding of such physiological 
processes may lead to enhanced efficiency and sustainability of swine production. Enhancing the 
digestibility of dietary components has been a long favored approach in nutrition research to 
improve overall efficiency in animal nutrition.
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Figure  4.3 Fatty acid transport/absorption into cells. Abbreviations: CD36, integral fatty acid transporter; FA, fatty acids; 
FABPpm, fatty acid- binding protein- plasma membrane; FABPc, fatty acid- binding protein- cytoplasm; VLC- FA, very long- chain 
fatty acids, FATP1, fatty acid transport protein, and VLC- Acyl- CoA, Very long- chain acyl- coenzyme A. (Source: Adapted from 
Schwenk et al. 2010.)
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Carcass Lipids in Pigs

For time immemorial, pork had been considered a high- fat food with sausage and bacon being the 
highest. Carcass lipid content of traditional swine breeds was high with thick back fat measures. 
As the war on fat in animal agriculture emerged in the 1970s, great effort was expanded to reduce 
fat content of pork. Initially, this could be accomplished pharmacologically with growth hormone 
(somatotropin) injections or feeding of ractopamine (beta-  adrenergic agonists). Concurrently to 
work on pharmacological agents, others proceeded to lower fat by genetic selection and cross breed-
ing. After 20 plus years what emerged were growthy, lean pigs as Yorkshires, Pietrain crossbreds 
and large white composites. Over the years, as pigs continually became leaner, pharmacological 
approaches became less and less applicable and somatotropin was never approved for pigs in the US 
and elsewhere (Hausman et al. 2018). As total carcass fat declined, intramuscular fat (marbling) 
also declined. To many consumers a lowered marbling has negative effects on organoleptic proper-
ties of pork (Cisneros et al. 1996; Gerbens et al. 2001). Consequently, the idea to have more fat in 
pork has re- emerged, despite all warnings by the medical community and human nutritionist for 
overconsumption of animal/saturated fats.

Proliferation and differentiation of intramuscular adipocytes appear to be similar to adipocytes in 
other fat depots. The putative regulatory processes that specifically cause deposition of intramuscu-
lar fat have not been identified. What we do know is that marbling is always associated with finish 
(fattening). Extensive studies have been conducted to uncover the reason(s) for the inability to have 
a desirable level of marbling in lean or not highly finished pigs. Much was learned about adipocyte 
determination, proliferation, and finally differentiation, and the role of numerous transcription fac-
tors but regulation of intramuscular fat has not been discovered yet. Parenthetically, today’s beef is 
also much leaner and marbling content is an issue as well.

Utilizing a variety of diet formulations, carcass composition may be changed in growing animals. 
For example, feeding of low- energy diets will reduce carcass fat or feeding low protein diets will 
result in lowered lean gains. Fatty acid profiles in pork adipose will reflect either endogenous fatty 
acid synthesis (saturated and monounsaturated fatty acids) or dietary/exogenous fatty acids. This 
was made aptly clear when in the past swine were fed cull peanuts [high in polyunsaturated fatty 
acids (PUFA)] and developed “soft pork.”

When including dietary lipids in pigs feeding programs, usually an increase in bodyweight gain 
is achieved, but often intramuscular fat is not enhanced (Adhikari et.al. 2017; Huang et al. 2019b). 
Another approach to modify carcass composition has been the application of compensatory gain 
principles to enhance the efficiency of nutrient utilization. Here, feeding restricted protein or 
restricted indispensable amino acid diets resulted in lowered lean gain, but after realimentation from 
the restriction period resulted in compensatory growth in lean; if the restriction was too excessive 
or lasted too long, compensatory growth and improved utilization of nutrients are not achieved. The 
principle of compensatory growth in pigs subjected to dietary amino acid restrictions during the 
early growth phase has been applied to alter growth performance and carcass composition of pigs 
(Chiba 1995; Chiba et al. 1999; Fabian et al. 2002, 2003, 2004; Kamalakar et al. 2009; Adhikari 
et al. 2017). In their work with amino acid- restricted diets, they showed a slight trend for an com-
pensatory effect at the 80% restriction with a positive effect on nutrient utilization (Adhikari 
et al. 2017). Reports by Cisneros et al. (1996) and Palma- Granados et al. (2019) suggested that an 
amino acid restriction resulted in an increase in intramuscular fat in pork. Because feeding lipids 
have been reported to depress de novo lipogenesis in animals (Jump 2004), it has been hypothesized 
that adding lipids to the diet will also discourage depot fat deposition, while stimulating intramuscular 
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fat development (e.g., Adhikari et  al.  2017; Huang et  al.  2019b). In an initial study, to amino 
 acid- restricted diets, they added 5% lipids (3% flaxseed oil and 2% poultry fat). Results showed that 
dietary lipids improved bodyweight, gain: feed ratio, and increased pork off flavor. There was no 
effect on intramuscular fat content. Differential expression of lipogenic genes measured in muscle 
and adipose tissue between all dietary treatments are not different (Adhikari et  al., unpublished 
data). In a follow- up study, Huang et al. (2019b) fed complete finisher diets to Yorshire pigs contain-
ing either 0, 2, 4, or 6% lipids and either 11 or 230 IU of vitamin E/kg of diet. All lipid- containing 
diets contained 1% flaxseed oil. Poultry fat was added to lipid- containing diets to achieve the 2, 4, 
and 6% dietary treatment concentrations. Dietary lipid treatments had no effect on subjective mar-
bling scores of loin muscle and tissue fat content (Huang et al. 2019b). Differential expression of 
FAS, SCD, PPARγ, ME1, SREBP- 1c, PPARα, leptin, adiponectin, DGAT1, and DGAT2 (all lipid 
metabolisms and/or lipogenic genes) was assessed in subcutaneous adipose and longissimus muscle 
using quantitative real- time PCR. There were no differences in differential gene expression irre-
spective of diet fed (Huang et al. 2020; Tables 4.1 and 4.2). To what degree amino acid restrictions 
or supplementation of lipids and T- 3 fatty acid sources (with vitamin E as an antioxidant) in swine 
finishing diets can affect pork composition and fatty acid profiles is not clear from the studies in the 
South Eastern United States (e.g., Adhikari et al. 2017; Huang et al. 2019b), while several European 
reports on lysine/protein- restricted feeding have resulted in increased intramuscular fat content 
in pork.

Utilization of Dietary Omega (T)- 3 PUFA Tin Pigs

The essential fatty acids in swine diets are 18 : 2 T- 6 and 18 : 3 T- 6 PUFA, 18 : 2 T- 6 is plentiful in 
such diets, but 18 : 3 T- 6 is usually present in quantities below bodily needs. This is true as well in 
humans’ diets. The most reliable source of T- 3 fatty acids is fish, but average fish intake across the 
world’s population cannot supply enough 18 : 3 T- 3 for optimal nutrition. Thus, research has been 
ongoing to increase 18  : 3 T- 3 PUFA content in dairy foods (Nguyen et al. 2019), pork (Huang 
et al. 2019b), and poultry (de Tonnac et al. 2018). In this regard, ruminants have a special issue with 
feeding of lipids and PUFA. The rumen microbiota produces conjugated linoleic acids from PUFA 
or totally saturates PUFA by biohydrogenation (Harvatine et  al.  2009). This topic will not be 
 discussed further in this review.

One approach to increasing T- 3 PUFA in pork products has been the feeding of certain plant oils. 
Huang et al. (2020) showed a modest increase in alpha linolenic acid (18 : 3 T- 3) in total extracted 
fat in muscle samples. Similar results have been reported by other workers. The 18 : 3 T- 3 in itself 
does not fullfil the T- 3  needs in animals, but the linolenic acid has to be processed (elongated 
and desaturated) into the T- 3 highly unsaturated fatty acids (HUFA), eicosapentaenoic acid (EPA), 
and docosahexanoic (DHA). The T- 6 fatty acid linoleic acid (18  :  2 T- 6) is typically much 
more  abundant in swine feeds than linolenic acid. Processing of 18 carbon T- 3 and T- 6 fatty acids 
utilizes the same elongases and desaturases (Figure 4.4; Jump 2004; Leonard et al. 2004).

Hence, linoleic acid out- competes linolenic acid for the available elongases and desaturases. 
(Leonard et al. 2004; Lee et al. 2019; de Tonnac et al. 2018). In addition, in some organisms, the 
elongase activity would be the rate limiting for elongation of 18 carbon fatty acids. The role of 
elongases and desaturase in humans is very similar to the above concepts. Thus, even when a rea-
sonable amount of linolenic acid is consumed, most likely little will be processed to EPA and DHA. 
As an alternative, pigs may be fed EPA and DHA directly from micro- algae. To that end, a number 



Table 4.1 Effects of dietary lipid and vitamin E (VE) supplementation on mRNA abundance in the adipose tissue at the end of the finisher- 2 phasea,b,c.

Item lipid, %:
 VE, IU/kg:

0 2 4 6 SEMd P- value

11 220 11 220 11 220 11 220 Lipid, Ln Lipid, Qd VE Lipid × VE Flax, 0 vs. 1%e

FAS 1.08 0.58 0.71 0.64 1.04 0.44 1.05 0.71 0.21 0.142 0.792 0.482 0.514 0.223
SCD 1.00 1.01 1.68 1.21 0.84 1.04 0.66 0.95 0.34 0.208 0.570 0.113 0.324 0.529
PPAR- γ 1.00 0.30 0.72 0.57 0.28 0.56 0.55 0.68 0.22 1.000 0.637 0.422 0.572 0.741
ME1 1.05 1.50 0.88 0.78 0.99 0.71 1.08 1.41 0.34 0.962 0.946 0.116 0.009 0.899
SREBP1c 1.13 0.90 1.69 0.96 0.91 1.13 1.18 1.48 0.42 0.036 0.684 0.351 0.430 0.070
PPAR- α 1.00 0.84 0.61 1.25 0.86 0.96 1.06 1.54 0.30 0.209 0.492 0.057 0.134 0.505
Leptin 1.13 0.98 0.61 1.00 1.06 1.13 1.65 1.00 0.36 0.066 0.718 0.216 0.544 0.326
Adiponectin 1.06 0.45 1.49 0.84 0.73 1.01 0.80 1.18 0.32 0.379 0.999 0.510 0.217 0.487
DGAT1 1.00 0.50 2.21 1.33 0.61 1.29 0.78 1.32 0.41 0.148 0.966 0.147 0.735 0.378
DGAT2 1.00 0.77 1.10 1.13 1.16 0.81 0.80 1.49 0.37 0.178 0.425 0.100 0.565 0.163

a Reported by Huang et al. (2019c).
b Lipid = 0% flaxseed oil and poultry fat for the diet with 0% lipids and 1% flaxseed oil + 1, 3, or 5% poultry fat for the diets supplemented with 2, 4, or 6% lipids, respectively, 
Ln = linear, Qd = quadratic, flax = flaxseed oil, FAS = fatty acid synthase; SCD = stearoyl CoA desaturate; PPAR- γ = peroxisome proliferator- activated receptor γ; ME1 = malic 
enzyme 1; SREBP1c  = sterol regulatory element- binding protein- 1c; PPAR- α  =  peroxisome proliferator- activated receptor α; DGAT1  =  diacylglycerol acyltransferase 1, and 
DGAT2 = diacylglycerol O- acyltransferase 2.
c Data were expressed relative to pigs fed the diet containing 0% lipids and 11 IU VE/kg. Least square means based on 12 pigs per treatments because of the uniqueness of each assay.
d SEM = pooled standard error of the mean.
e Flax, 0 vs. 1% = 0% flaxseed oil and poultry fat vs. 1% flaxseed oil + 1, 3, or 5% poultry fat for the diets supplemented with 2, 4, or 6% lipids, respectively.



Table 4.2 Effects of dietary lipid and vitamin E (VE) supplementation on mRNA abundance in the muscle tissue at the end of the finisher- 2 phasea,b,c.

Item lipid, %:
 VE, IU/kg:

0 2 4 6 SEMd P- value

11 220 11 220 11 220 11 220 Lipid, Ln Lipid, Qd VE Lipid x VE Flax, 0 vs.1%e

FAS 1.00 1.07 0.77 0.60 0.70 0.55 0.33 0.52 0.38 0.906 0.194 0.060 0.112 0.614
SCD 1.00 1.39 1.31 0.85 1.86 1.70 1.34 0.98 0.46 0.704 0.016 0.240 0.179 0.127
PPAR- γ 1.00 1.34 0.87 0.90 1.48 0.97 1.73 0.27 0.40 0.458 0.018 0.976 0.396 0.055
ME1 0.97 1.35 2.33 0.97 0.78 0.52 0.84 2.19 0.68 0.117 0.473 0.852 0.582 0.234
SREBP1c 1.00 1.84 2.22 1.27 0.86 0.97 1.61 2.44 0.41 0.420 0.925 0.852 0.577 0.450
PPAR- α 1.00 1.26 0.72 0.82 0.55 0.51 0.87 0.80 0.40 0.153 0.924 0.379 0.813 0.176

a Reported by Huang et al. (2019c).
b Lipid = 0% flaxseed oil and poultry fat for the diet with 0% lipids and 1% flaxseed oil + 1, 3, or 5% poultry fat for the diets supplemented with 2, 4, or 6% lipids, respectively, 
Ln = linear, Qd = quadratic, flax = flaxseed oil, FAS = fatty acid synthase; SCD = stearoyl CoA desaturate; PPAR- γ = peroxisome proliferator- activated receptor γ; ME1 = malic 
enzyme 1; SREBP1c = sterol regulatory element- binding protein- 1; and PPAR- α = peroxisome proliferator- activated receptor α.
c Data were expressed relative to pigs fed the diet containing 0% lipids and 11 IU VE/kg. The results of primer test indicated that mRNA abundance for other genes was low; thus, 
the qPCR quantification for those genes was not conducted. Least square means based on 12 pigs per treatments because of the uniqueness of each assay.
d SEM = pooled standard error of the mean.
e Flax, 0 vs. 1% = 0% flaxseed oil and poultry fat vs. 1% flaxseed oil + 1, 3, or 5% poultry fat for the diets supplemented with 2, 4, or 6% lipids, respectively.



FUNDAMENTAL NUTRITION110

of feed supplement manufacturers have developed supplement of micro- algae rich in DHA (Moran 
et  al.  2018; Lee et  al.  2019). Including PUFA/HUFA often requires additions of antioxidants 
 (vitamin E) to the diet.

Potential of Genetic Manipulations to Enhance T- 3 PUFA Content in Pork Products

Mammals do not possess a Delta 12 or Delta 15 desaturase; genes for these enzymes would have to 
be inserted with biotechnical approaches (transgenics) into the genome of pigs. While many trans-
genic animals have been produced by such methods, the subjects of almost all genetic engineering 
were nonfood species. Based on some previous experiences, many consumers would likely not feel 
such transgenic foods are safe to eat or healthy to consume. One alternative to this conundrum 
would be to feed plant origin 18 : 3 T- 3 and select for pigs with higher activities of elongases and 
delta 5/6 desaturases to stimulate synthesis of 20, 22, and 24 carbon T- 3 fatty acids (Figure 4.4). 
These type of studies would require an efficient, robust, sensitive, and easily to apply laboratory 
approach. Thus, routinely, RNA sequencing would not be valuable in the short term, this procedure 
could evaluate longer time progress to assess whether increase in elongases and desaturases mRNA 
had occurred. Palmquist et al. (2004) have used ratios of fatty acids to estimate activity of desatu-
rases from fatty acid analyses data. After tissue fat extraction, fatty acid analysis by gas chromatog-
raphy could, for example, note increases in 20-  to 24- carbon T- 3 HUFA in depot fats or liver in 
selection experiments. From a practical perspective, as we have little knowledge on the genetics of 
elongases and desaturases in pigs, how would you start such work and with what type of pigs? Some 
would advance the argument that when a workable assessment procedure had been established, 
using classical selection approaches would take a rather long time. This argument was also advanced 
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Figure 4.4 Omega (T)- 6 and T- 3 polyunsaturated fatty acids elongation and desaturatioin pathways. Elongase and desaturase 
enzymes are shared by T- 6 and T- 3 fatty acids. Abbreviation: PUFA, polyunsaturated fatty acids. (Adapted from Jump 2004; 
Leonard et al. 2004.)
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as animal breeders started to select for leaner pigs over 50 years ago; in retrospect, however, those 
selection efforts were very effective.

Insuring Desirable Marbling in Pork Products Without Large Increases in Adipose Depot Fat

Extent of intramuscular fat deposition (marbling) is related to the level of “finish” or fat in food 
animal carcasses (Hausman et al. 2018). Intramuscular fat (IMF) is very minimal in young pigs, and 
development of visible intramuscular adipose depots do not become evident until large depot fat 
stores (subcutaneous and visceral) start to fill in food animals (Hausman et al. 2018). Any process 
that enhances the carcass growth and protein deposition (lean gain) will lower the extent of mar-
bling. This was clearly noted in swine with the use of beta agonists (enhance lean gain; lower fat 
gain) and contemporary pigs that were selected for many generations to deposit less carcass fat 
(Bergen and Merkel 1991).

Over the years, pharmacological or genetic selection approaches have resulted in a major decrease 
in carcass fat content of pigs. As already noted above, often marbling is not even evident in lean, 
grown pigs. Our contemporary approach to producing pork includes a finishing period after the 
growth phase. Using for example, large white crossbreds (Landrace) or Yorshires, this finishing 
period will not result in the traditional amount of carcass fat cover and is typically accompanied by 
less marbling. An obvious, but technically difficult to explore, hypothesis arising is, e.g., reasonably 
low fat in the carcass is desirable, can IMF fat deposition be stimulated independently during the 
finishing period by utilizing molecular regulation?

Fat cells arise from the mesochyme, followed by a determination into preadipocytes and finally 
differentiation into adipocytes (Hausman et al. 2009). This process has been well studied with cells 
in culture, and numerous transcription factors have been identified that are involved in the molecu-
lar regulation of adipogenesis. These regulatory processes apply to both depot fat adipocytes and 
IMF adipocytes (Hausman et al. 2009). Thus, there is a possibility that the proliferation of adipo-
cytes in fat depots maybe attenuated, while the proliferation, differentiation process of cells in IMF 
may be enhanced via molecular regulation. The time needed to this type of discovery research to 
routine application in pork production would be expected to fairly long and expensive (and maybe 
against mother nature). This time frame should be compared to genetic selection of enhanced mar-
bling in low carcass fat pigs.

Spiegelman and coworkers (Rosen et al. 2000) summarized work on adipose cell differentiation 
and presented the following regulatory pathway as follows:

Hormonal cues > stimulation of the CCAAT/enhancer- binding proteins (C/EBPα,β,delta) > SREBP- 1c 
(ADD1) > PPARgamma. PPAR gamma promotes adipogenesis including fatty acid synthesis, 
 triacylglycerol production, and fatty acid- binding protein 4 (FABP4; for fatty acid trafficking).

Sul and coworkers (Wang and Sul 2009) expanded this regulatory differentiation pathway by 
showing that the transcription factor Pref1 (aka DLK1) induces transcription factor Sox9. This tran-
scription factor promotes proliferation of early adipose precursors cells and preadipocytes. As the 
signal for Pref- 1 expression wanes during development, Sox9 expression is attenuated, and the 
preadipocytes are differentiated to adipocytes. Furthermore, Sox9 ablation promotes adipogenesis 
(Gulyaeva et al. 2018) in animals. From these studies, it may be concluded that inhibiting Sox9 
expression only in IMF may increase marbling without changing fat storage in depot adipose 
tissues.

A much more cost- effective alternative for enhancing IMF may be the development of biomark-
ers. Much of the IMF is derived from circulating fatty acids rather than from de novo synthesis. 
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Thus, dietary fatty acids are directly deposited in IMF. Since pigs primarily consume corn, linoleic 
deposition in IMF adipocytes may be elevated and serve as a biomarker for genetic selection of 
marbling. Typically, the heritability of IMF is in the 0.30–0.40 range (Gol et al. 2019), but this 
increased genetic effect needs to be achieved without changing the deposition of backfat. Gol et al. 
(2019) utilized 18 : 2 T- 6 as a source for IMF fat deposition and biomarker. They found an h2 for 
18 : 2 deposition in IMF at greater than 0.40, while uniquely in this study IMF 18 : 2 T- 6 deposition 
was negatively correlated to back fat deposition rates.

Regulation of Feed Efficiency

Because feed is the number one cost item in swine production, efforts to improve feed conversion 
into salable pork products have continued to be a major goal of swine nutrition research. A most 
common measure of feed efficiency is the feed intake to gain ratio, but this value is influenced by 
feed intake, diet composition, and animal size. Thus, more satisfactory determinations of animal 
efficiency were developed. From growth and intake data, ratio- metrics such as energy conversion 
ratio (ECR; energy intake/average daily gain, [ADG]), Kleiber ratio (KR; ADG/metabolic body-
weight) and residual metrics such as residual energy intake (REI) and residual feed intake (RFI) 
were developed. The RFI system has been studied extensively in pigs and cattle, and the difference 
between the actual feed intake and the predicted feed intake from a regression analysis of ADG and 
feed intake (residuals) have been measured. A negative RFI implies a higher efficiency of feed 
usage. Calderon Diaz et al. (2017) measured seven feed efficiency metrics (three ratio metrics and 
four residual metrics) in pigs and reported a strong correlation between ECR and residual metrics. 
This means that improvements in any measure/trait of feed efficiency will also signal improvements 
in other efficiency metrics. While to date it has been difficult to pinpoint exactly which functional 
biological processes influence traits associated with feed efficiency, many efficiency metrics were 
related to cellular development, negative regulation of apoptosis, protein synthesis and degradation, 
signal transduction, hormonal and immune responses, nutrient absorption, and various aspects of 
energy metabolism (Horodyska et  al. 2018; Messad et  al. 2019; Wang et  al. 2019). In addition, 
Horodyska et al. (2019) observed a negative influence of feed efficiency on quality of pork muscle 
with lower IMF, lower 45 minutes postmortem muscle pH values, and higher Warner–Bratzler shear 
values. Sensory evaluation did not confirm such differences in tenderness. Finally, sensory analysis 
revealed that meat from high- efficiency pigs was more salty and had a tendency toward an increased 
barny/earthy/animal stable flavor (Horodyska et al. 2019). Future efforts to improve feed efficiency 
of pigs should include an assessment of pork quality.

Additional Potential Innovations

The genome of pigs has been sequenced, and the data have been mostly applied to classical selec-
tion programs. The sequenced genome is an extremely fertile ground to gather new knowledge in 
mechanisms of protein synthesis, degradation, fat metabolism, immunology and nutrition, and 
major systemic diseases. Research approaches such as genome- wide association studies can be 
exploited to this end. Marker genes to track polygenic traits in swine genomic biology to enhance 
efficiency of pork production may also be a fruitful endeavor. Alternatives to antibiotics such as 
biologically active molecules from herbs or spices are starting to be explored, particularly in 
Southeast Asia. While some of such bioactives may indeed be a replacement for antibiotics in the 
future, feeding such compounds may be detrimental to the organoleptic characteristics of pork.
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Progress toward new innovations to enhance sustainability of pork production will depend on 
basic- bench level research. Innovations in feed ingredients processing and digestibilities have 
already been discovered and applied to pork production for many years.
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Introduction

Extensive research has been conducted to improve the efficiency of amino acids (AA) utilization in 
an effort to maximize growth and lactation performances, improve environmental sustainability, 
and minimize costs of production. Nutritionists have emphasized that prediction of AA requirements 
should be based on their individual ratio relative to lysine. Such efforts have led to the development 
of diets aiming to contain an optimal protein content and fixed AA ratios. Dietary AA ratios, 
however, are dynamic because physiological processes differentially affect individual AA utilization 
and deposition in tissues.

More recent understanding of these processes highlights the limitations behind the traditional 
approach of matching dietary AA profiles to the AA composition of the animal’s tissue. For instance, 
efficiency utilization coefficients are largely unknown across both AA and tissue pools, leading to 
inaccuracies in factorial estimates of dietary AA requirement and dietary profile when based on 
tissue AA composition alone. Dietary AA are utilized by the intestinal epithelia and microflora, 
giving rise to a different AA profile following first- pass metabolism. Recent discovery of novel AA 
transporter systems and the regulation of their molecular entities have provided insight behind AA 
interactions at the cell membrane interface and the resulting impact on cellular utilization. Ultimately, 
these processes dictate the individual AA efficiency values.

The goal of this chapter is to discuss processes regulating and impacting AA utilization during 
various stages of the animal’s life cycle. Determination of AA efficiency values during lactation and 
implementation of thereof to predict requirements are also discussed.

Cellular Amino Acid Transport: Passport to Amino Acid Utilization

The intracellular availability of dietary AA is controlled by a coordinated activity of AA carrier 
proteins located in the cellular membrane and responsible for channeling AA across the cell 
membranes (Palacin et al. 1998; Shennan and Peaker 2000; Broër 2008). Regulation of AA transport 
is complex because many transporters not only handle multiple AA but also cotransport them in and 
out of the cells (Shennan and Peaker  2000). A review of mechanisms of AA transport across 
eukariotic cells is beyond the scope of this book chapter. Therefore, the discussion focusses on 
current knowledge of systems and transporters of relevance to the pig and specific tissues, with 
extrapolation from knowledge gained from other animal species.

5 Amino Acids and Amino Acid Utilization in Swine
Sai Zhang, Rodrigo Manjarin, and Nathalie L. Trottier
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Movement of AA across epithelial cells occurs via either through the transcellular or paracellular 
route. Slowly transported hydrophilic compounds are absorbed through the tight junctions via the 
paracellular route (Urakami et al. 2003). Recognizing that the barrier properties of tight junctions 
vary widely among tissues in both magnitude, typically quantified as electrical resistance and charge 
selectivity, most epithelia are “tight” thus favoring AA transport via the transcellular pathway 
(Colegio et al. 2002). The transcellular route of AA transport is composed of a noncarrier- mediated, 
freely diffusible component, and carrier- mediated component is made up of a large number of car-
riers (or transporter proteins) that are either energy- dependent (active transport) or independent 
(passive transport). The passive- mediated transport processes include a simple diffusion and a facil-
itated diffusion component. The rate of AA movement across the membrane lipid bilayer via the 
simple diffusion component is dependent on the solubility of a specific AA in the hydrophobic core 
of the lipid bi layer membrane, which is also referred to as the permeability coefficient, and by the 
concentration gradient of the AA across the membrane. Small, uncharged AA may pass freely, 
while charged AA, such as lysine, arginine, histidine, ornithine, aspartate, and glutamate, are trans-
ferred through channels or pores. The relative importance of AA transport via the simple diffusion 
process likely varies across tissues and organs, depending on the transport capacity of the carrier- 
mediated processes in that same tissue or organ.

The other component of the passive transport is the facilitated diffusion process, characterized by 
a carrier or a transport protein, which mediates the uptake of an AA. The active transport process is 
also characterized by a carrier or transport process, but, unlike the facilitated diffusion process, it is 
energy- dependent. Therefore, AA carriers or transporters of the facilitated diffusion and active 
transport processes have been classified into systems based on their transport mechanism (energy 
and nonenergy dependent) and substrate specificity (Hyde et al. 2003; Broër et al. 2004; Hundal and 
Taylor 2009). Energy- dependent transporters of the active transport processes function as secondary 
active transporters, promoting the concentrative uptake and intracellular accumulation of specific 
AA by coupling AA transport to the inward movement of Na+. Thus, Na+- dependent AA carriers are 
symport systems as they move two solutes (i.e., AA and Na+) in the same direction. Nonenergy- 
dependent AA transporters are Na+- independent and are either antiport or uniport systems.

The antiport system is composed of tertiary active exchangers moving two AA in opposite direc-
tions. It facilitates the uptake of extracellular AA in exchange for cytoplasmic AA accumulated via 
secondary active transporters (Hundal and Taylor 2009). For instance, in Figure 5.1, the b0,+ carrier 
facilitates the uptake of extracellular lysine in exchange for intracellular leucine, which was inwardly 
accumulated via the B0,+, a Na+- dependent symport system. Similar to the active transport processes, 
the facilitated diffusion processes of AA are stereospecific, but unlike the active transport processes, 
require no metabolic energy. Therefore, AA transport is passively mediated by uniport transporters’ 
down concentration or electrochemical gradient and can operate bidirectionally.

The ability of an AA to enter into organ cells depends both on the affinity of a specific AA to a 
transporter domain, as defined by K

m
, and the number of functional transporters on the cell wall, as 

defined by V
max

 (Souba and Pacitti 1992). Amino acid transport systems are characterized by their 
transport products (Souba and Pacitti  1992). Several systems have ubiquitous expression, while 
some systems are limited to specific tissues (Souba and Pacitti 1992).

Cationic Amino Acid Transport

Cationic AA participating in protein synthesis include arginine, histidine, and lysine. These AA are 
also referred as basic AA. They carry a net positive charge at physiological pH as their amino and 
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carboxylic groups and side chain are protonated. Their isoelectric point ranges from 7.59 (histidine) 
to 10.76 (arginine), which are pH values higher than the physiological pH of 7.4. Cationic AA trans-
porter (CAT) proteins are defined as transporters exhibiting affinities and translocation rates for cati-
onic AA. There are different cationic AA transport systems, and the CAT proteins specifically are 
members of the y+ system of cationic transporters. The CAT transporters are typically pH independ-
ent, and transport activity is stimulated by membrane hyperpolarization. These transporters seem to 
be stimulated by the presence of AA on the trans side of the membrane (Devés and Boyd 1998; 
Closs 2002). The Na+- independent system y+ is ubiquitously expressed and specifically transport 
cationic AA.

Neutral Amino Acid Transport

Neutral AA are those for which the isoelectric point ranges from 5.07 (cysteine) to 6.30 (proline). 
These AA carry a neutral charge at physiological pH: their amino group is protonated and thus has 
a net positive charge and the carboxyl group is deprotonated and thus has a net negative charge. 
Neutral AA transporter proteins exclusively transport neutral AA. Three families or systems of 
neutral AA transporters, notably ASC, A, and L, have been studied extensively so far. The ASCT2 
protein (encoded by SLC1A5 gene), member of family ASC, is closely associated with glutamine 
cellular uptake and is highly expressed in proliferative and glutamine- demanding cells such as 
inflammatory cells, stem cells, and even human cancer cells (Fuchs and Bode  2005; Scalise 
et al. 2018). Family A has three isoforms, i.e., SNAT1, SNAT2, and SNAT4, with SNAT2 (SLC38A2) 
being the most widely expressed and extensively regulated by glucocorticoids, growth factors, and 
insulin (Hyde et al. 2002; Hoffmann et al. 2018).

B0,+ b0,+

K+

Na+

Leu

Leu

LysNa+

ATP

Outside

Inside

Na/K ATPase Na-dependent AA
transport

Na-independent AA
transport

Y+

Lys+++

– – –

Figure 5.1 Primary (Na/K ATPase), secondary (Na+- dependent AA transporter), and tertiary (Na+- independent AA transporter) 
active transport mechanisms in the cellular membrane. Secondary active transporters (e.g., System B0,+) generate net movement of 
amino acids from the extracellular (outside of cell) to the intracellular (inside of cell) pool, whereas tertiary active transport 
(Systems b0,+ and Y+ allow for redistribution of individual amino acids without affecting total pool sizes. +++ and −−− indicate that 
the extracellular compartment carries a net positive charge and that the intracellular compartment carries a net negative charge, 
respectively. (Source: Adapted from Hundal and Taylor 2009.)
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Cationic and Neutral Amino Acid Shared Transport

Lysine can be transported via other carrier proteins that do not have a unique affinity for cationic 
AA as that of the CAT proteins. Lysine can be transported in the absence or the presence of Na+ 
(Vilella et al. 1990; Wilson and Webb 1990). The Na+- dependent transporter utilizes Na+ ions to 
increase transporter affinity (Vilella et al. 1990; Souba and Pacitti 1992; Soriano- Garcia et al. 1999). 
The Na+- dependent lysine uptake occurs via system B0,+ (Souba and Pacitti 1992). The ATB0,+ trans-
porter of system B0,+ carries cationic and neutral hydrophobic (dipolar) AA through a Na+-  and 
 Cl−- dependent mechanism (Broër 2008), with greater affinity for neutral than for cationic AA (Sloan 
and Mager  1999). The ATB0,+ demonstrates upregulation in  vitro in Xenopus oocytes cells in 
response to AA starvation of cells and downregulation in response to AA supplementation (Taylor 
et al. 1996).

Sodium- independent systems sharing the transport of lysine and neutral AA include b0,+ and y+L. 
These two systems are widely expressed in epithelial cells. System b0,+ is characterized by the 
molecular entity heteromeric cationic transporter rBAT/b0,+AT. The rBAT/b0,+AT is a broad specificity 
transporter composed of a catalytic light subunit b0,+AT1 (light chain) and the covalently associated 
type II glycoprotein heavy subunit rBAT (heavy chain) linked by a disulfide bridge (Dave et al. 2004; 
Broër  2008). Under physiological conditions, rBAT/b0,+AT acts as a tertiary active transporter, 
inducing the absorption of lysine and arginine coupled to the efflux of neutral AA (Bauch et al. 2003). 
Lysine/neutral AA counter- transport by rBAT/b0,+AT is ensured by intracellular availability of 
neutral AA. Cellular accumulation of neutral AA can be realized by the concentrative neutral AA 
transporter B0AT1 (Na+ cotransport), the molecular entity of System B0. Transporter B0AT1 is a 
Na+- dependent AA transporter that actively transports the large branched neutral AA leucine and 
valine, but not anionic nor cationic AA. It has been localized on the apical membrane of kidney and 
intestinal epithelial cells (Broër et al. 2004), where it contributes to reabsorption of neutral AA from 
the lumen into the cells.

The system y+L is characterized by the molecular entities y+LAT1/4F2hc and y+LAT2/4F2hc. 
Both y+LAT1/4F2hc and y+LAT2/4F2hc are composed of a catalytic light chain (y+LAT) and a 
heavy subunit (4F2hc) linked by a disulfide bond (Torrents et  al.  1998). The y+LAT1/4F2hc is 
expressed mainly in kidney and intestine epithelial cells, whereas y+LAT2/4F2hc has a wider tissue 
distribution, including brain, heart, testis, kidney, small intestine, and parotids (Broër et al. 2000a). 
Both transporters mediate the efflux of cationic AA in exchange for extracellular neutral AA 
(Broër 2008).

In the kidney and intestinal cells, rBAT/b0,+AT and y+LAT1/4F2hc act as a functional unit for the 
reabsorption of cationic AA in exchange for the secretion of neutral AA into the lumen (Chillaron 
et al. 1996; Bauch et al. 2003; Sperandeo et al. 2008).

Anionic Amino Acid Transport

Anionic AA are aspartic acid and glutamic acid and are also referred to as acidic AA. They carry a 
net negative charge at physiological pH with their isoelectric point falling below 7.4, with a value 
of 2.77 for aspartic acid and 3.22 for glutamic acid. Thus, both their amino and carboxylic groups 
are dissociated at physiological pH consequently carrying a net negative charge. The anionic AA 
transporters, also referred as the excitatory AA transporters (EAAT), are Na+- dependent and 
responsible for cellular transport of glutamate and aspartate. Glutamate can serve as an excitatory 
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neurotransmitter and thus EAAT is widely expressed in dendrites and axon terminal of neurons 
(Roberts et al. 2014). The porcine mammary gland was reported to express EAAT (Shu et al. 2012; 
Chen et al. 2018), with expression of EAAT3 greater during lactation compared to late pregnancy 
(Chen et al. 2018), and continued upregulation through d 17 of lactation (Shu et al. 2012), suggesting 
that EAAT3 may play a role in milk protein synthesis.

Intestinal Amino Acid Utilization

Mechanisms of Intestinal Amino Acid Absorption and Transport

Utilization of dietary protein involves a series of steps, including protein digestion in the stomach 
and small intestine, as well as absorption of peptides and free AA by the small intestine. The first 
step in AA utilization following protein digestion occurs at the luminal- apical membrane interface 
(or the epithelial brush- border) where tri-  and dipeptides may be either absorbed intact or hydro-
lyzed into their constituents dipeptide and single AA, prior to trans apical transport (Figure 5.2). 
The intracellular fates of AA following brush border membrane transport include (i) metabolism, 
(ii) in situ protein synthesis (e.g., peptidases, apoproteins, mucins, etc.), (iii) efflux back to the 
intestinal lumen in exchange for luminal AA influx, and (iv) final efflux to the portal blood via the 
basolateral membrane. In addition, intracellular AA availability and utilization is dependent on AA 
influx from the mesenteric arterial supply across the basolateral membrane. As discussed earlier, 
the movement of AA across epithelial cells occurs via either the transcellular or paracellular route. 
However, in the “leaky” epithelia of the small intestine, the paracellular pathway is a major com-
ponent of nutrient transport (Colegio et al. 2002), and thus, presumably, AA transport. The para-
cellular route, albeit less well characterized and understood, may constitute a component of dietary 
AA utilization because of its contribution to intact absorption of small molecular weight- proteins. 
For the purpose of this chapter, the discussion focuses on transcellular mechanisms of peptide and 
AA transport.

Peptides
Earlier studies indicated intraluminal peptidase activity was insufficient to account for the appear-
ance of more than a small proportion of the released free AA (Adibi 1971; Silk et al. 1976). Later, 
a close to equal distribution of tripeptidase or dipeptidase activity in the human intestine was found 
between the brush- border and soluble fractions leading to the conclusion that two distinct groups of 
mucosal peptidases exist, one located within the cytoplasmic compartment and the other at the 
brush- border membrane of the cell (Silk et al. 1985). Thus, a substantial proportion of tripeptides 
and dipeptides is hydrolyzed at the brush border before the uptake of their constituent dipeptides 
and AA by a peptide and a free AA transport mechanism, respectively.

Physiological and molecular studies have shown that the intestinal oligopeptide transporter, 
designated PepT- 1, is the exclusive oligopeptide transporter of the brush- border membrane of the 
intestinal mucosa (Adibi 2003) and is not shared by free AA (Adibi 2003). It has been proposed that 
the transport of peptides with a high affinity for brush- border peptidases are predominantly 
hydrolyzed by surface brush- border membrane enzymes and absorbed as free AA, whereas those 
with a low affinity for the surface brush border membrane enzymes are absorbed predominantly 
intact and hydrolyzed by cytoplasmic peptidases (Silk et al. 1985; Figure 5.2).
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In pigs, of all tissues (i.e., semitendinosus muscle, longissimus dorsi muscle, kidney, liver, stom-
ach, cecum, colon, and the small intestine) that were characterized using northern blot, the presence 
of peptide transporter PepT- 1 message was found only in the small intestine, with highest abun-
dance in the jejunum, followed by the duodenum and the ileum. Because the majority of AA appear-
ing in the portal blood are in their free form, basolateral AA transport following apical uptake and 
intracellular metabolism is likely mediated via single AA transport mechanisms. Hence, PepT- 1 
protein localization would be expected at the apical membrane. Furthermore, PepT- 1 is pH 
dependent and, thus, is stimulated by H+ ions at the luminal- brush border membrane interface. 
Transport across the basolateral membrane of enterocytes has not been characterized as well as that 
of the apical side because of the difficulties in isolating the basolateral membrane into vesicles for 
uptake studies. Nonetheless, peptide transport across the basolateral membrane of epithelial 
columnar cells is likely, but the quantitative and nutritional importance of peptide- derived intestinal 
absorption is unknown. Recent studies also showed that PepT- 1 expression in pig intestine is 
regulated by dietary AA level (Zhang et al. 2013; Boudry et al. 2014). Zhang et al. (2013) indicated 
downregulation of PepT- 1 in piglets fed low protein + branched chain amino acids (BCAA) (17.9% 
CP) compared to a low protein diet without BCAA (17.1% CP). Boudry et al. (2014) found that 
compared to normal protein formula (50 g CP l−1), feeding higher protein formula (77 g CP l−1) 
enhanced colonic PepT- 1 activity in low birth weight pig neonates.

Amino acid                 Peptide transporter 
Amino acid transporter Na+/K+ ATPase 

Peptidase 

H+

H+

Na+ Na+

H+

H+

Na+ 
K+

Na+Na+

Figure 5.2 Mechanisms of peptide and amino acid transmembrane transport and absorption by the intestinal columnar epithelial 
cell. See text for description.



121AMINO ACIDS AND AMINO ACID UTILIZATION IN SWINE

Single Amino Acids
The mechanisms and anatomical sites of intestinal AA uptake have been studied in many animal 
models such as murine, equine, ovine, bovine, chicken, and porcine.

Apical Transport

All of apical transporters are ion- dependent and capable of concentrative transport, except for 
system b0,+. System b0,+ has received much attention because a defect in the human kidney system 
b0,+ results in inherited hyperaminoaciduria cystinuria (Feliubadaló et al. 1999). The heteromeric 
transporter rBAT/b0,+AT is the major transporter for cationic AA and cystine in kidney and intestine. 
The ontogenetic and anatomical expression of transporter rBAT/b0,+AT have been characterized in 
swine intestinal tissue (Xiao et al. 2004; Feng et al. 2008; Wang et al. 2009). In the Tibetan pig, 
b0,+AT is expressed at high level in small intestine and kidney, with weaker expression in the heart, 
brain, lung, and dorsal muscle tissue (Wang et al. 2009). The presence of b0,+AT in the domestic pig 
(sus scrofa) was also confirmed in the duodenum, jejunum, and ileum, as well as in the colon 
(Xiao et al. 2004; Feng et al. 2008). As shown in Figure 5.3, system b0,+ AA transport activity is 
 Na+- independent, mediating apical uptake of the basic AA arginine, histidine, and lysine (AA+) and 
of cysteine (CSSC), in exchange for intracellular neutral AA, such as serine and threonine 
 (represented as AA0 in Figure  5.3; Broër  2008). The segmental distribution and developmental 
expression of the b0,+AT protein (SLC7A9 gene) along the intestine and in the kidney and muscle of 
the Tibetan suckling piglet at d 7 and 21 of age are shown in Figure 5.4.

The pattern of expression changed with lower expression in the jejunum and high expression in 
the ileum at d 21 compared to d 7. Similar pattern of expression was reported by Xiao et al. (2004), 
with higher abundance of b0,+AT mRNA in the ileum and jejunum than in the duodenum, and 
leveling off in duodenum and jejunum by d 35. Feng et al. (2008) reported the mRNA abundance of 
b0,+AT increased linearly from d 1 to 150  in ileum. System b0,+ also facilitates the movement of 
lysine into epithelial cells of the chicken jejunum (Soriano- Garcia et al. 1999; Angelo et al. 2002). 
In addition to b0,+AT, the presence of an inducible transporter for lysine in the presence of Na+ has 
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Figure 5.3 Apical and basolateral transport of cationic (AA+) and neutral (AAo) amino acids in the intestinal cell. See text for 
description. (Source: Reproduced from Broër 2008 / with permission of American Physiological Society.)
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been suggested (Broër 2008). Along the bovine small intestine, lysine is transported via both Na+ 
and Na+- independent processes, with increasing capacity for uptake in the distal region such as the 
ileum but higher affinity in the jejunal region (Wilson and Webb 1990). The bulk of apical transport 
of neutral AA occurs against intracellular concentration gradient and, thus, is Na+- dependent. Two 
major systems have been proposed, including B0 and ASC, based on the respective identification of 
their molecular entities, namely B0AT and ASCT1 proteins.

Basolateral Transport
Transporter proteins of the Na+- independent system y+ are believed to play a role in lysine uptake 
across intestinal tissue in chicken (Angelo et al. 2002), bovine (Wilson and Webb 1990), and pigs 
(Wang et  al.  2012), although the protein may be present and functional only on the basolateral 
membrane (Figure 5.5). Cationic AA efflux is mediated via CAT- 1, a uniport transporter, in counter- 
exchange for neutral AA by y+LAT1 and y+LAT2. Cationic AA transporter CAT- 1 mRNA was found 
in the horse’s small intestinal mucosa (Woodward et  al.  2010). Given its intracellular binding 
preference for arginine as demonstrated in oocytes and cultured brain cells (as discussed by Broër 
et al. 2000a) and the high blood concentration of glutamine, it has been proposed that the predominant 
function of y+LAT2 on the small intestinal basolateral membrane is to transport arginine from the 
intracellular enterocyte space to the abluminal side into portal blood in exchange for glutamine, thus 
explaining in part the high extraction rate of glutamine by the small intestinal epithelia.

The bulk of neutral AA are thought to be transported down- concentration gradient via ion- 
independent AA exchangers, including the ASC- 1, LAT- 2, y+LAT- 1, and y+LAT- 2 tranporter proteins 
(Krehbiel and Matthews 2003; Figure 5.5). The LAT- 2 is one of the molecular entities of system L, 
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and the mRNA of its encoding gene (SLC7A8) has been reported in the basolateral membrane of 
mouse and human intestinal epithelial cells (Rossier et al. 1999) and whole intestinal mucosa of the 
horse (Woodward et al. 2010). Aromatic AA seem to be selectively transported down concentration 
gradient via the Na+- independent uniporter TAT1. Finally, a symporter capable of concentrative 
transport and function to transport neutral AA from mesenteric blood supply into the cell appears 
via the Na+- dependent ATA2 and SNAT2 transport proteins. These systems of lysine uptake are 
likely utilized throughout the small intestine as evidenced by the presence of competitive inhibition 
among dietary AA in bovine (Wilson and Webb 1990) and eel cells (Vilella et al. 1990).

The affinity and capacity of Na+- independent and Na+- dependent transport systems and their 
transporters vary in different segments of the small intestinal tract (Wilson and Webb 1990), and 
thus presumably compensates for possible inefficiencies in lysine uptake resulting from competitive 
inhibition. For example, both Na+- dependent and Na+- independent jejunal systems of lysine 
transport showed greater affinity but lower transport capacity for lysine, while the same ileal systems 
have lower affinity but higher capacity for lysine transport (Wilson and Webb 1990). Whether these 
systems are under a coordinated regulation in response to dietary AA balance to ensure maximal 
lysine uptake is unknown.

Luminal versus Arterial Amino Acid Utilization
The first- pass metabolism has been recognized as substantial metabolism of AA (Stoll et al. 1998) 
in the gut, intestine, and liver. The intestinal enterocytes have high demand of nutrients from both 
the arterial blood across its basolateral membrane and the intestinal lumen across its brush- border 
membrane (Fang et al. 2010). It is without any doubt that the intestine is mainly supplied on the 
luminal side during feeding. However, AA are also available of the adluminal side of the basolateral 
membrane for counter exchange and efflux mediation of AA into the venous capillary system, 
particularly during interprandial periods. The mechanisms that determine the relative contribution 
of luminal and arterial AA directed toward meeting intestinal AA requirements are unknown. A 
clear picture of the partition between dietary and arterial AA utilization by the intestine is complicated 
by the fact that the relative contributions of these two sources vary continuously during the 
postprandial and interprandial periods, differing among the individual AA, and are affected by 
nutritional conditions (Bos et al. 2003). Stoll et al. (2000) reported that the luminal availability and 
mucosal uptake of enteral leucine were substantial in the proximal jejunum, but progressively 
diminished along the length of the small intestine. On the other hand, based on the notion that there 
is considerable protein accretion in the distal intestine despite reduced luminal AA availability, Stoll 
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et  al. (1998) proposed that the distal intestine derives a larger proportion of its AA needed for 
protein synthesis from the circulation than from the diet. This explains in part the reduced fractional 
rate of protein turnover in the distal compared to the proximal intestine (Stoll et al. 2000). However, 
higher rate of protein turnover in the proximal region may be related to higher activities and that 
proximal region also relies on arterial supply rather than luminal supply.

Unlike free fatty acids, AA have small molecular weight and, thus, have a low reflection coefficient 
and can diffuse readily from the extracellular space into the venous capillaries via capillary pores. 
Thus, portal AA appearance represents the net absorption of AA.

Large Intestine Amino Acid Utilization
There is no doubt as to the role of the small intestine in AA utilization and absorption (Metges 2000), 
but there is enough evidence to suggest that the pig’s large intestine has the ability to absorb AA. 
Labeled lysine was measured in the venous blood after introduction of 15N- labeled bacteria distal to 
the jejunum (Niiyama et  al.  1979), indicating a possible role of microbially synthesized lysine 
absorption by the large intestine. In the pig’s cecum, in situ absorption of asparagine, serine, 
threonine, tyrosine, arginine, histidine, lysine, and aspartic acid has been demonstrated (Olszewski 
and Buraczewski 1978). In the pig proximal colon, which lies immediately distal to the cecum, 
hydrophobic neutral AA were more readily absorbed than hydrophilic neutral or basic AA from any 
transport system (Sepúlveda and Smith 1979), characteristic of system B0,+. Presence of B0,+ system 
in the colon was also reported in the mouse based on absorption of radiolabeled glycine following 
direct administration to the luminal surface of the mouse colon in  vitro (Ugawa et  al.  2001). 
Expression of SLC6A14 mRNA was, however, evident in the fourth segment of the small intestine, 
cecum, and colon (Hatanaka et al. 2001). Abundance of mRNA was greater in the colon and cecum 
than the distal small intestine. In contrast, SLC15A1 mRNA (PepT- 1) was detectable in all four 
segments of the small intestine, but not in the cecum and colon. These data show that the expression 
of SLC6A14 mRNA encoding ATB0,+ is restricted to the distal region of the mouse intestinal tract. 
Quantitative estimate, however, points to approximately 10% of the microbially synthesized AA 
being absorbed from the large intestine, indicating that the large intestine of the pig, at least those 
fed conventional grain- based diets, is of little nutritional significance (Torrallardona et al. 2003a,b).

Intestinal Epithelial Amino Acid Metabolism and Ontogeny of Utilization: From Neonatal 
to Early Postweaning Life

Glutamine and Glutamate
Sow milk contains high concentrations of free and peptide- bound glutamine and glutamate, which 
are crucial for the growth, development, and function of the piglet small intestine (Wang et al. 2008; 
Kim and Wu 2009). Both glutamate and glutamine are entirely metabolized in the nursing pig small 
intestine (Reeds et al. 1996) as energy substrates for the enterocytes and for the synthesis of specific 
AA (proline, arginine, ornithine, and citruline), DNA, and proteins (Bertolo and Burrin  2008). 
Following transport across the brush- border membrane, the enzyme glutaminase (GSE) catalyzes 
the deamination of glutamine into glutamate, and the enzymes glutamate- oxalacetate amino 
transferase (GOT), glutamate- pyruvate transaminase (GPT), and glutamate deshydrogenase (GDH) 
catalyze the transamination of glutamate into α- ketoglutarate. The resulting α- ketoglutarate, then, 
enters the tricarboxylic acid cycle, where it is completely metabolized into CO

2
 and ATP (Burrin 

and Stoll 2009). Glutamine and glutamate are also used for the synthesis of citruline, an arginine 
intermediate. The enzyme pyrroline- 5- carboxylate synthase (P5CS) catalyzes the first step in the 
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reaction, converting glutamate to Δ1- L- pyrroline- 5- carboxylate (P5C). Then, Δ1- L- pyrroline- 5- 
carboxylate is either exported to the cytosol, where it is converted to proline by the enzyme pyrroline 
carboxylate reductase (P5CR), or remaining in the mitochondria and available for transamination to 
ornithine by the enzyme ornithine δ- aminotransferase (OAT). During most part of the nursing 
period, both pathways are absent in the piglet enterocyte because P5CS activity is low (Wu 1997; 
Davis and Wu 1998). Finally, glutamate can be used for the synthesis of N- acetylglutamate (NAG) 
by the enzyme N- acetylglutamate synthase (NAGS). The NAG is an allosteric activator of the 
enzyme ornithine transcarbomoylase (OTC), and thus plays a regulatory role in arginine and proline 
metabolism (Figure 5.6).

Arginine
Arginine is an essential AA for maximal growth (Southern and Baker  1983). Porcine milk 
provides less than 40% of the arginine requirement estimated for the one- week- old pig (Wu 
et al. 2004). Thus, endogenous synthesis of arginine plays a crucial role in maintaining arginine 
homeostasis in nursing piglets (Flynn and Wu 1996). Arginine is synthesized from dietary proline 
in the small intestine of nursing piglets and from endogenous citrulline in the kidney of 
postweaning pigs (Wu and Morris 1998; Bertolo and Burrin 2008). This age- related variation is 
due to developmental changes in the activity and expression of enzymes involved in arginine 
metabolism in the pig enterocytes, such as arginase (ARG I and II) and P5CR (Wu et al. 1996; 
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Wu 1997; Wu et al. 2004). Dietary proline is first converted into Δ1- L- pyrroline- 5- carboxylate 
(P5C) by the enzyme proline oxidase (PO). Then, ornithine aminotransferase (OAT) catalyzes the 
transamination of P5C with glutamate to form ornithine, which is subsequently converted to 
citrulline by carbamoyltransferase (OCT). Citrulline passes from the mitochondria to the cytosol, 
where it is converted to arginosuccinate by the enzyme argininosuccinate synthetase (ASS). The 
argininosuccinate is then cleaved by the enzyme argininossucinase (ASL) to form free arginine 
and fumarate, the former released into the portal vein and the later entering the mitochondria to 
join the pool of citric acid cycle intermediates. Finally, portal arginine bypasses the liver and 
kidney and is available for whole body metabolism (Wu and Morris  1998; Bertolo and 
Burrin 2008).

In contrast to nursing piglets, enterocytes of postweaning pigs have very low activity of 
argininosuccinate synthetase (ASS) and argininossucinase (ASL), which catalyze the conversion of 
citruline into argininine, and very high activity of arginase (ARG I and II), that degrades the arginine 
(Wu 1997). Therefore, postweaning pigs cannot synthesize arginine directly in the small intestine. 
Instead, dietary arginine, glutamine, glutamate, and proline are converted to citruline in the 
enterocytes, and then released into the portal blood (Wu  1997; Bertolo and Burrin  2008). 
Subsequently, citrulline is converted to arginine by the kidney cells, which show abundant activities 
of argininosuccinate synthetase (ASS) and argininossucinase (ASL; Brosnan  2003). The net 
synthesis of citrulline by the small intestine provides an effective mechanism to bypass catabolism 
of dietary arginine by hepatic arginase, that otherwise would catabolize arginine completely (Bertolo 
and Burrin 2008). The conversion of dietary arginine to citrulline is catalyzed by both cytosolic and 
mitochondrial arginases (ARGI and II). In contrast, the synthesis of citrulline from glutamine 
involves the mitochondrial enzymes glutaminase (GSE), which converts glutamine to glutamate, 
and P5CS, which converts glutamate to Δ1- L- pyrroline- 5- carboxylate (P5C). Finally, postweaning 
pig enterocytes can also synthesize proline from dietary arginine through the enzymes (OAT) and 
Δ1- L- pyrroline- 5- carboxylate reductase (cytosol). For instance, inhibition of OAT was shown to 
decrease proline synthesis from arginine by 80–85% in pig enterocytes (Wu et al. 1996).

Other Indispensable Amino Acids
Enterocytes are an important site for substantial degradation of BCAA but not other essential amino 
acid (EAA) in the gut of nursing piglets (Chen et al. 2009). In nursing piglets, 40% of leucine, 30% 
of isoleucine, and 40% of valine are extracted by the portal drained viscera during first- pass 
metabolism (Stoll et al. 1998). Once absorbed by the enterocytes, BCAA are transaminated to the 
corresponding α- keto acids (BCKA) by the enzyme branched- chain amino transferase (BCAT), 
located in both the cytosol and the mitochondria. Following transamination, mitochondrial branched-
 chain α- keto acid dehydrogenase complex (BCKD) catalyzes the oxidative decarboxylation of all 
three BCKA producing the acyl- CoA derivatives. However, the activity of BCKAD is very low in 
piglet enterocytes, and consequently most of the BCKA are released into the extracellular space 
(Chen et  al.  2009). It is, therefore, unlikely that the BCAA are quantitatively important energy 
substrates for the piglet small intestine. It has been proposed that the mucosal catabolism of BCAA 
may function to provide nitrogen for the synthesis of both alanine and glutamate (Figure 5.6) and to 
generate BCKA. The role of BCKA is the enterocytes is unknown, but it was also proposed that 
BCKA decreases proteolysis in enterocytes as reported in the chick’s skeletal muscle (Nakashima 
et al. 2007).

Stoll et  al. (1998) reported high catabolism of histidine, lysine, methionine, phenylalanine, 
threonine, and tryptophan by enterocytes of 0-  to 21- day old piglets. Others (Chen et al. 2007, 2009) 
have shown a lack of substantial oxidation of these indispensable AA in enterocytes of pigs because 
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of the absence of the key enzymes responsible for their degradation, including threonine 
dehydrogenase, threonine dehydratase, saccharopine dehydrogenase, and phenylalanine 
hydroxylase. Consequently, it is possible that the metabolism of histidine, lysine, methionine, 
phenylalanine, threonine, and tryptophan by the small intestine may result from the action of luminal 
microbes in the intestinal mucosa and thus accounting in part for their disappearance from the 
intestinal lumen. Chen et al. (2009) suggested that microbial modification and utilization of these 
indispensable AA may offer a mechanism by which dietary supplementation with antibiotics 
enhances protein deposition in skeletal muscle of young pigs (Bergen and Wu  2009). Limited 
degradation of methionine and phenylalanine may be catalyzed by the BCAT and possibly glutamine 
transaminases L and K (Wu and Thompson 1989a), however, only when BCAA and other AA are 
absent as shown in the rat and chicken (Wu and Thompson 1989b; Wu et al. 1991). For instance, 
2 mM addition of leucine, isoleucine, and valine to incubation medium completely inhibited the 
transamination of methionine and phenylalanine in enterocytes of both preweaning (Chen 
et al. 2009) and postweaning pigs (Chen et al. 2007).

Mammary Gland Amino Acid Utilization

Mammary Amino Acid Transport: Mechanisms and Regulation

Amino acid transfer processes across the porcine mammary tissue have been studied both in vivo 
(Trottier 1997; Guan et al. 2002; Nielsen et al. 2002; Guan et al. 2004) and in vitro (Hurley et al. 2000; 
Jackson et al. 2000; Chen et al. 2018) (Table 5.1). Milk demand by growing piglets increases as lacta-
tion advances (Hartmann et al. 1997; Zhang et al. 2018), and it appears that the net uptake of AA by 
the porcine mammary gland increases with the progression of lactation via increases in arterio- 
venous differences, indicating some regulation of AA uptake at the level of transport per se (Nielsen 

Table 5.1 Major amino acid transporters identified in porcine mammary tissuea.

Systems Genes Proteins Substrates Energy sources

Cationic amino acid transporters
y+ SLC7A1 CAT- 1 Lys, Arg, His, Orn Na+- independent
y+ SLC7A2 CAT- 2b Lys, Arg, His, Orn Na+- independent
Anionic amino acid transporters

SLC1A1 EAAT3 Glu, Asp Na+- dependent
Neutral amino acid transporters
ASC SLC1A4 ASCT1 Ala, Ser, Cys Na+- dependent

SLC1A5 ASCT2 Ala, Ser, Cys, Thr, Gln Na+- dependent
A SLC38A2 SNAT2 Gly, Pro, Ala, Ser, Cys, Gln, Asn, Ser, Met Na+- dependent
L SLC7A8 LAT2 Leu, Ile, Val, Trp Na+- independent
Cationic and neutral amino acid shared transporters
y+L SLC7A7/SLC3A2 y+LAT1/4F2hc Cationic: Lys, Arg, His Na+- independent

SLC7A6/SLC3A2 y+LAT2/4F2hc Neutral: Gln, Leu, Met, Ala, Cys Na+- independent
b0,+ SLC7A9/SLC3A1 b0,+AT1/rBAT Cationic: Lys, Arg, Orn

Neutral: Cys, Leu
Na+- independent
Na

+- 
independent

B0,+ SLC6A14 ATB0,+ Cationic: Lys, Arg, His
Neutral: Leu, Ile, Val, Met, Ala, Ser, Thr

Na+- dependent
Na+-  dependent

a Adapted from Manjarín et al. (2014) and Zhang et al. (2018).
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et al. 2002). The role of blood flow in contributing to the change in net mammary AA transport with 
progression of lactation is less well understood. Transcript abundance of genes SLC1A4 and 
SLC6A14, which respectively encode ASCT- 1 and ATB0,+ transporters, increased over 2-  and 1.3- 
folds, respectively, from d 4 to 18 of lactation (Pérez Laspiur et al. 2004). Chen et al. (2018) also 
reported the upregulation of SLC7A6/SLC3A2 and SLC1A1 during peak lactation. Lysine is the first 
limiting AA for milk protein synthesis, particularly when diets are based on corn and soybean meal 
as the main protein sources (Richert et al. 1997). The limiting availability of lysine for lactation was 
first biologically demonstrated by its highest mammary extraction rate among of all of the essential 
AA throughout lactation (Trottier et al. 1997). As a consequence, up or downregulation of genes 
encoding for lysine transporters may regulate lysine utilization via modulation of lysine uptake by 
mammary cells and, thus, may impact total dietary nitrogen utilization during lactation. A number of 
studies have shed light on the nature of the lysine transport system in porcine mammary tissue. 
Studies using porcine mammary explants have shown lysine to be transported via a Na+- independent 
system that differs from the classical y+ system (Shennan et al. 1994; Hurley et al. 2000). This notion 
is based on two observations: (i) lysine uptake in porcine mammary tissue occurs via a Na+- 
independent transport mechanism with a K

m
 of approximately 1.4 mM (Hurley et al. 2000), which is 

3–10- fold greater than the reported K
m
 for y+ systems in any other tissues (Devés and Boyd 1998) 

and (ii) lysine uptake in porcine mammary tissue is not  specific for lysine because it can be inhib-
ited by 50% in the presence of l- leucine, l- alanine, and  l- methionine at supra- physiological concen-
trations (Calvert and Shennan 1996; Hurley et al. 2000). In the mouse mammary gland, arginine was 
shown to be transported via two systems, one specific for cationic AA (i.e., the classical y+ system, 
as discussed earlier in this chapter) and the other capable of interacting with both cationic and neutral 
AA (Sharma and Kansal 2000). In fact, the K

m
 for arginine uptake in mouse mammary tissue via the 

y+ system was reported to be 0.76 mM (Sharma and Kansal 2000), which is approximately 10- fold 
greater than the reported K

m
 for arginine uptake in other tissues (Devés and Boyd 1998). It may be 

argued that the K
m
 for lysine uptake via the y+ system in porcine mammary tissue may also be much 

greater than that found in other tissues. The fact that lysine uptake is only partly inhibited by supra-
physiological concentrations of neutral AA and strongly inhibited by physiological concentrations of 
arginine (Hurley et al. 2000; Shennan and Boyd 2014) indicates that system y+ is of physiological and 
nutritional importance in lactating sow mammary gland. Pérez Laspiur et al. (2004) reported expres-
sion of genes SLC7A1 and SLC7A2, respectively, encoding for system y+ AA transporters CAT- 1 
and CAT- 2b in porcine mammary cells, with CAT- 2b responding to AA availability in an adaptive 
regulation pattern (Pérez Laspiur et al. 2009).

Numerous studies support the notion that an interaction for transport exist between cationic and the 
BCAA. Uptake of valine from lactating sow mammary tissue was strongly inhibited by leucine and 
lysine present at physiological concentrations (Hurley et al. 2000; Jackson et al. 2000). Uptake of 
lysine from lactating rat mammary tissue was also strongly inhibited by leucine present at physiologi-
cal concentration (Shennan et al. 1994; Calvert and Shennan 1996). Interactions between cationic and 
neutral AA in the mammary gland may have important nutritional implications. For instance, purified 
AA are commonly used to supplement lactation diets. Over supplementation with purified lysine in 
sow diets has led to deficiencies in valine (Richert et al. 1996, 1997). Conversely, over supplementa-
tion of purified valine decreased in vivo lysine mammary transmembrane transport in lactating sows 
(Guan et al. 2002). Knowledge of interaction between cationic AA and BCAA is necessary to under-
stand potential interactions among other AA as more purified AA are commercially available for sows 
fed low protein diets. In lactating sows, arteriovenous differences of AA across the mammary glands 
increased as concentration of dietary protein increased to meet requirement, but decreased except for 
that of leucine and isoleucine when protein concentration was fed in excess of requirement (Guan 
et al. 2004). Leucine and isoleucine arteriovenous concentrations increase in response to increase in 
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dietary intake of these AA. Thus, when feeding high protein diets, mammary glands appears to adap-
tively respond by decreasing transport of cationic and other neutral AA, but not by decreasing leucine 
or isoleucine transport. The mechanisms behind potential interactions between the cationic and BCAA 
in the lactating sow are unknown, although as discussed earlier in this chapter, AA share common 
transporters. Pérez Laspiur et  al. (2004) reported the existence of gene SLC6A14 for transporter 
ATB0,+ (System B0,+) in porcine mammary tissue. However, SLC6A14 mRNA abundance remained 
unaffected by changes in dietary protein intake and stage of lactation (Pérez Laspiur et al. 2009), indi-
cating that the nature of an inhibition or decrease in lysine uptake via ATB0,+ in the presence of high 
levels of neutral AA would be competitive rather than noncompetitive.

The earlier described heteromeric cationic transporters rBAT/b0,+AT (system b0,+), y+LAT1/4F2hc, 
and y+LAT2/4F2hc (system y+L) may explain the nature of lysine, arginine, and large neutral BCAA 
interaction at the mammary apical interface. These transporter proteins are expressed in pig 
mammary tissue during lactation (Manjarín et  al.  2012). In conditions of protein excess, 
y+LAT1/4F2hc or y+LAT2/4F2hc or both may be upregulated, increasing the net uptake of neutral 
AA and decreasing the uptake of lysine by mammary cells (Figure 5.7). This hypothesis is based on 
the earlier discussion whereby excess of protein in diet selectively increased the uptake of leucine 
and isoleucine by the pig mammary gland, whereas the transport of lysine decreased (Guan et al. 
2004). Moreover, an excess of leucine (Calvert and Shennan 1996) and valine (Richert et al. 1997) 
selectively inhibited the uptake of lysine in sow mammary tissue. In conditions of AA deprivation 
such as low protein intake or high milk demand, rBAT/b0,+AT may be upregulated ensuring suffi-
cient amounts of lysine uptake by mammary cells to support milk protein synthesis. To support 
lysine/neutral AA counter- transport, high intracellular concentration of neutral AA would be 
ensured by concentrative (Na+ cotransport) neutral AA transport activities via ATB0,+ or B0AT1 of 
system B0 as described earlier in this chapter. Again, B0AT1 is a Na+- dependent AA transporter that 
actively transports large BCAA, such as leucine and valine, but not anionic or cationic AA.

Finally, Pérez Laspiur et al. (2004) and Chen et al. (2018) reported the existence of gene SLC1A4 which 
encodes ASCT1 transporter protein. Transporter ASCT1 is a Na+- dependent AA transporter for small 
neutral AA, such as alanine, serine, and cysteine (Scalise et al. 2018). However, ASCT1 cannot contrib-
ute to the net transport of neutral AA across the apical membrane because of an obligatory exchange of 
substrate AA against each other (Broër et al. 2000b). Nevertheless, Pérez Laspiur et al. (2009) found an 
increase of SLC1A4 (ASCT1) mRNA abundance throughout lactation, indicating that it may play a 
role in the regulation of cellular AA utilization by the porcine mammary cells.
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Figure 5.7 Hypothetical model for regulation of specific lysine transporters in conditions of dietary protein excess (left) and in 
conditions of protein deprivation or high milk demand (right).
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Amino Acid Utilization During Growth

Insulin Signaling Pathway Is Shared by Amino Acids

The neonatal period is characterized by rapid growth rate, due to high levels of protein synthesis in 
all tissues of the animal in response to feeding (Suryawan et al. 2006). Gain in protein mass is more 
pronounced in skeletal muscle, where it is controlled by the postprandial rise in insulin and AA. 
The ability of skeletal muscle to respond to both anabolic stimuli contributes to a more efficient AA 
utilization and, therefore, higher rate of protein synthesis than other organs (Davis et  al. 2002). 
The molecular mechanisms, by which insulin and AA control protein synthesis, are just beginning 
to be understood. Numerous studies have shown that both hormonal and nutrient stimuli share the 
mammalian target of rapamycin (mTOR) pathway to induce gene expression and protein synthesis 
in the neonate (Kimball and Jefferson 2006; Avruch et al. 2008; Wang and Proud 2009; Wu 2009).

Insulin activates mTOR via the PI- 3- kinase- Akt pathway (Figure 5.8). Binding of insulin to its 
receptor activates it, which in turn stimulates the enzyme phosphatidylinositol 3- kinase (PI3K). 
The  PI3K, then, catalyzes the conversion of membrane- bound PIP
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Figure 5.8 Mechanism of protein synthesis via insulin signaling pathway. See text for description.
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(4,5)- bisphosphate) to PIP
3
 (phosphatidylinositol (3,4,5)- triphosphate). The PIP3 recruits the pro-

tein kinase B (PKB), and this leads to the activation of the enzyme. The PKB activates mTOR 
directly by phosphorylation of the protein and indirectly by inhibiting the actions of the TSC1/
TSC2 (Tuberous Sclerosis Complex). The TSC1 and TSC2 form a functional complex that, in its 
active form, inactivate Rheb (Ras Homolog Enriched in Brain), an mTOR activator. Activation 
of  mTOR results in the formation of mTOR Complex- 1, containing mTOR, raptor (regulatory 
 associated protein of mTOR), and G- BetaL (G- protein beta- subunit- like protein). The mTOR 
Complex- 1  mediates the phosphorylation of the eIF4EBP1 (Eukaryotic Translation Initiation 
Factor- 4E- Binding Protein- 1) and the ribosomal protein S6K1 (S6  Kinase). Unphosphorylated 
4EBP1 binds to eIF4E (Eukaryotic Translation Initiation Factor- 4E) and inhibits the initiation of 
protein synthesis. Phosphorylation of 4EBP1 by mTOR reduces its affinity for eIF4E, and the 2 pro-
teins dissociate. The EIF4E is then able to associate with other components of eIF4F, forming an 
active complex and beginning protein translation. On the other hand, the activation of S6K1 leads 
to phosphorylation of the 40S ribosomal S6 protein, facilitating the recruitment of the 40S  ribosomal 
subunit into actively translating polysomes and, therefore, increasing protein synthesis.

The molecular mechanisms, by which AA or leucine modulates the activation of mTOR 
 pathway in vivo, are unclear. AA stimulate mTOR Complex- 1 independent of PKB and TSC1/2, 
as  indicated by the fact that fed AA levels have no effect on PKB or TSC2 phosphorylation 
(Suryawan et al. 2008). AA may induce protein synthesis by increasing S6K1 and 4EBP1 activation 
(Suryawan et al. 2008), or by regulating the interaction of raptor with mTOR (Hara et al. 2002; 
Corradetti and Gua 2006), resulting in the activation of mTORC1.

Developmental Regulation of Protein Synthesis in the Growing Pig

Rate of protein synthesis in skeletal muscle is the greatest among all tissues in the neonate and 
decline more rapidly than in the rest of the body during the early postnatal period (Davis et al. 2002). 
Such developmental decline in muscle protein synthesis is more accentuated in fast twitch, glyco-
lytic muscles, and is accompanied by a decrease in ribosome number in the cells (Davis et al. 2002) 
and a decrease of the efficiency with which ribosomes translate mRNA in response to the postpran-
dial rise in insulin and AA (Suryawan et al. 2006). Additionally, activation of many of the AA and 
insulin- signaling components that are involved in the regulation of the protein synthesis in skeletal 
muscle is developmentally regulated. Activation of positive regulators of protein synthesis, mTOR, 
S6K1, and 4EBP1, decreased with age in muscle, whereas activation of negative regulators of protein 
synthesis such as TSC2 was higher in younger pigs (Suryawan et al. 2006). Finally, raptor abundance 
and the association of raptor to mTOR were greater in 7 than in 26- day- old pigs, indicating a decrease 
not only in protein activity but also in expression of genes in the muscle protein synthesis machinery 
associated with the age of the piglet (Suryawan et al. 2006). In a nutshell, muscle AA utilization is 
impacted by the aging process via the tissue’s ability to respond to hormonal (e.g., insulin) and 
nutritional (e.g., leucine) stimuli after meals on the level of gene expression and protein activity 
(O’Connor et al. 2003; Escobar et al. 2005; Suryawan and Davis 2014).

Utilization and Requirement of Amino Acids Affected by Pig Health Status

The antibiotics are being phased out as feed additives in many countries due to increasing concerns 
of resistant bacteria in the food chain (Zeng et al. 2015). The restriction of antibiotics use poses 
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swine herd at lower health status and prone to health challenge. The impact of lower health status 
on AA requirements has not been clearly demonstrated, and results have been inconsistent. While 
it is traditionally believed that lower health status increases AA requirement, a number of studies 
suggest that decreasing health status barely affects requirements, and a few suggest lowered 
requirements.

The immune system stimulation (ISS) generally results in reduction in skeletal muscle protein 
synthesis and increases in muscle protein breakdown, leading to lower whole- body protein 
deposition and compromised growth in animals (Johnson 1997; Klasing 2007; Lang et al. 2007). 
Reduction of muscle protein synthesis may due to lack of mTOR response to leucine in muscle 
during ISS (Frost and Lang 2011). On the other hand, the increase in muscle protein breakdown 
may be due to higher demand of free AA for immunologically related protein synthesis, such as 
acute phase proteins (APP), immunoglobulins, and glutathione (McGilvray et  al.  2019b). The 
increased demand for immunologically related protein synthesis has been suggested to potentially 
impact the AA requirement both qualitatively (AA profile) and quantitatively (Rakhshandeh and de 
Lange 2011; McGilvray et al. 2019a).

Nitrogen
Glutamine serves as either fuel source or, more likely, major nitrogen donor for the immune system, 
and consequently organisms have higher glutamine demand during ISS (Reeds and Jahoor 2001). 
Glutamine is a dispensable AA (NRC 2012), and higher requirement for glutamine may increase the 
demand for nitrogen. McGilvray et al. (2019a) reported alteration of dietary nitrogen utilization, AA 
flux and pool size when growing pigs are exposed to ISS following administration of LPS (30 and 
36 μg kg−1 BW). In that study, ISS exposure reduced the apparent ileal digestibility of dietary nitro-
gen by 57–76% and tended to decrease the efficiency of nitrogen utilization by 53–59% (McGilvray 
et al. 2019a). However, Huntley et al. (2018) found ISS did not impact nutrient digestibility and 
N balance of weaned pigs, but increased ME

m
 (23%), resulting in reduced lipid deposition (−30%) 

and average daily gain (−18%). The increased glutamine demand for immune activation may not be 
high enough to affect the global N requirement.

Lysine and Threonine
Lysine is traditionally recognized as the first limiting AA for pigs when fed corn- soybean- based diet 
(NRC 2012) and may be one of the limiting factor for protein synthesis, such as immunoglobulin 
synthesis during ISS. Williams et  al. (1997) and McGilvray et  al. (2019a) indicate ISS lowered 
lysine requirement, pointing to less body protein deposition (Waterlow 2006). Kampman- van De 
Hoek et al. (2015) reported that lysine flux was unaffected with exposure to ISS in pigs.

Threonine is essential for hepatic synthesis of APP and immunoglobulins during ISS (Reeds and 
Jahoor (2001) and for intestinal synthesis of mucus (Montagne et al. 2003), which is composed 
of  threonine- rich glycoproteins (Munasinghe et al. 2017; Pluske et al. 2018). Intestinal mucus 
secretion is greater during ISS (Rakhshandeh et  al.  2013). Rémond et  al. (2009) reported a 
 sevenfold increase in threonine flux across the portal drained viscera in pigs and suggested threo-
nine requirements are likely to be augmented based on these observations. Stuart et  al. (2015) 
reported a  1.5- fold increase in plasma threonine flux in pigs challenged with porcine reproductive 
and respiratory syndrome virus. Potential interaction between dietary fiber and ISS on threonine 
requirement was suggested based on the fact that high dietary fiber increases threonine requirement 
via increased endogenous threonine loss (Wellington et al. 2018). While ISS may increase threonine 
requirement, fiber and ISS effects on threonine requirement are not additive (Wellington et al. 2018).
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Branched- Chain Amino Acids
Although inflammation enhances muscle protein degradation, a significant portion of the 
inflammation- induced muscle waste is due to a failure of muscle to maintain protein synthesis 
(Klasing 2007; Lang et al. 2007; Frost and Lang 2011). The BCAA are in close relationship to 
muscle protein synthesis and breakdown. McGilvray et  al. (2019a) reported reduced metabolic 
demand for isoleucine and no change in metabolic demand for leucine during ISS in growing pigs. 
In addition, leucine supplementation above requirement in growing pigs exposed to ISS did not 
affect protein turnover, thus there were no impact on protein synthesis nor degradation (Rudar 
et al. 2017). Possible mechanisms include impaired transport of leucine into muscle and reduced 
responsiveness of the mTOR pathway (Frost and Lang 2011)

Aromatic Amino Acids
The utilization of aromatic AA (phenylalanine, tyrosine, and tryptophan) is expected to increase 
during the acute phase response of ISS because of the high turnover of aromatic AA- enriched APP 
during ISS (Reeds et al. 1994). It has been reported that tryptophan utilization increases during ISS 
(Melchior et al. 2004; Rakhshandeh and de Lange 2011; de Ridder et al. 2012), based on the notion 
that tryptophan catabolism in greater during inflammatory and immune responses. McGilvray et al. 
(2019a) found that ISS had no effect on tryptophan utilization and utilization declined, which was 
probably attributed to the reduced protein synthesis (McGilvray et al. (2019a). Furthermore, lower 
utilization of phenylalanine and ISS may also lead to lower flux of tyrosine, since proinflammatory 
cytokines induced from ISS can downregulate the phenylalanine- hydroxylase, which is essential to 
the conversion from phenylalanine to tyrosine (Capuron et  al.  2011). Taken together, apparent 
utilization of aromatic AA during ISS is affected by (i) high turnover of aromatic AA- rich APP 
leading to increased aromatic AA utilization and (ii) reduced phenylalanine- hydroxylase activity 
and protein synthesis, resulting in decreased aromatic AA utilization. In fact, McGilvray et  al. 
(2019a) recently suggested the utilization of phenylalanine for APP turnover during ISS may not be 
significant enough to affect phenylalanine flux, considering the reduced phenylalanine utilization 
associated with decelerated protein synthesis, and thus phenylalanine requirement likely remains 
unaffected.

Sulfur Containing AA
The sulfur- containing AA (SAA) are essential for the synthesis of immune system metabolites (e.g., 
APP, glutathione, taurine, etc.), and the demand of SAA is considered to be higher during ISS 
(Rakhshandeh and de Lange 2010; Litvak et al. 2013). The ISS induces production of free radicals 
with strong antimicrobial properties (Colditz 2002). Animal cells are also prone to these free radi-
cals, and thus have developed protective strategies to eliminate excessive free radicals, such as 
production of SAA- derived glutathione (Brosnan and Brosnan 2009). Increases in glutathione turn-
over is suggested to have an impact on dietary cysteine requirements and may contribute to muscle 
protein mobilization during ISS (Rakhshandeh and de Lange 2011). Rakhshandeh and de Lange 
(2011) also suggested approximately 20% increase in SAA demand during the ISS and the need of 
methionine:cystine increased from 0.57 to 0.62, pointing to greater demand for methionine than 
cystine during immune response in pigs. However, Kampman- van De Hoek et  al. (2015) and 
McGilvray et  al. (2019a) reported that ISS did not affect SAA flux, suggesting that increased 
 immunological demand for methionine may not be significant enough to affect methionine flux, 
utilization, and therefore dietary requirements.
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While AA requirements may increase during ISS in response to augmented production of immu-
nologically related proteins, the increase in muscle protein breakdown and decrease in muscle accre-
tion may offset most of the changes in requirements (Goodband et al. 2014). Humans are a good 
model to help understand the biological rationale. For instance, Reeds and Jahoor (2001) pointed out 
that additional AA required for new protein synthesis (~10 mg kg−1 day−1) during immune response 
is small compared to whole body protein turnover (5000 mg kg−1day−1) and nitrogen loss (150 mg 
kg−1 day−1). Increased demand of AA for immune response can be mostly satisfied by increased pro-
teolysis during ISS (Goodband et al. 2014). Additional studies are needed to determine the impact of 
ISS on tryptophan and SAA dietary needs, and the contribution of proteolysis to increase availability 
of these AA depends on the magnitude of the immune response (Pluske et al. 2018).

Amino Acid Partitioning During Gestation

Limited information is available on the AA utilization of the pregnant sow. Nonetheless, several 
studies have characterized temporal changes in protein and AA accretion in fetal tissue during 
gestation. Such information provides potential valuable tool for designing nutritional strategies 
aimed at maximizing the efficiency of dietary AA utilization by the pregnant sow. AA during 
pregnancy are partitioned to fulfill maternal needs, which include maintenance and mammary tissue 
growth, and extra- mammary tissue accretion, and to fulfill needs associated with the products of 
conception, which includes fetal and placental growth.

Fetal Growth

Knowledge of fetal AA metabolism is fundamental to our understanding of amino utilization during 
pregnancy. Current knowledge, however, has not culminated in the development and adoption of 
new protein and AA feeding strategies of the pregnant sow because many of the processes are not 
quantified. Earlier studies reported that pregnant sows can be fed a diet containing as low as 0.5% 
protein early in gestation before negatively affecting the birth weight of her progeny (Atinmo 
et al. 1976). Wu et al. (1998) demonstrated that pregnant sows fed negligible protein (0.5%) main-
tained plasma AA concentrations likely though increased maternal body protein degradation and 
decreased AA oxidation rate to spare AA for fetal utilization. In that same study, amniotic fluid and 
fetal plasma AA concentrations decreased, indicating a reduction in placental AA transfer, poten-
tially via downregulation of placental apical AA transporter genes as reported in protein malnour-
ished pregnant rats (Malandro et al. 1996). Protein deficiency until day 60 of gestation decreased 
amniotic fluid concentrations of arginine and ornithine by as much as 37 and 48%, respectively, 
with a corresponding increase in fetal plasma ammonia concentration, possibly indicating an 
 important role for arginine and ornithine on in utero ammonia detoxification.

Fetal growth significantly accelerates during the second half of pregnancy (Figure 5.9; Wu et al. 
1999; McPherson et al. 2004; Ji et al. 2005). Prior to d 70 of gestation, daily protein accretion per 
fetus is 0.25 g and increases to 4.63 g day−1 after d 70 of gestation. Between d 40 and 110 of gesta-
tion, protein accretion accounts for as much as 64–51%, while fat accounts for only 16–12.4%. 
Intestinal growth increases noticeably, accounting for 2.5–6.2% of body weight for d 40 to 110 of 
gestation, respectively, and represents the largest increase in organ size (McPherson et al. 2004). 
Fetal AA composition changes with gestation, with a substancial increase in glycine and  hydroxyproline 
and a notable increase in proline and arginine (Table 5.2). All other AA decrease as a proportion 
of  total AA. Glutamine and glutamate are not presented in Table 5.2. The sum of these two AA 
represent 13.5% of fetal AA composition and do not change with  gestational age.
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Based on the hydroxyproline figure, it is estimated that collagen represents 7% of the total fetal 
protein content on d 40 of gestation and up to 29% between d 110 and 114 of gestation. Uterine uptake 
of arginine and proline plus hydroxyproline meets requirements for fetal growth during late gestation 
only marginally. Proline extraction by the uterine vein is second to highest of all  dispensable AA, 
while arginine extraction is nearly half of that of proline on d 110 of pregnancy (Figure 5.9).

On the other hand, although citrulline and ornithine exhibit relatively low uterine extraction rates 
(not shown in Figure 5.10), their corresponding net uterine uptake was estimated to be 55-  and 
 15- fold greater, respectively, than their accretion in fetal tissue, indicative of fetal citrulline and 
ornithine utilization for arginine synthesis (Figure  5.11). Thus, citrulline and ornithine seem to 
spare arginine. Of the indispensable AA, lysine and methionine demonstrate the highest extraction 
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Figure 5.9 Relationship between day of gestation and fetal protein content (g). Breakpoint occurred 
at 68.5 d of gestation. The relationship before d 68.5 is described as y = 0.249 × (x − 68.5) + 17.078 and 
after d 68.5 is described as y = 4.629 × (x − 68.5) + 17.078. (Source: Reproduced from Ji et al. 2005 / 
with permission of Oxford University Press.)

Table 5.2 Amino acid composition of the fetal pig (g amino acid/100 g 
total amino acids)a.

Amino acid

Gestational age, d

40 60 90 110 114

Alanine 6.06 6.13 6.45 6.83 6.76
Arginine 6.30 6.60 6.93 6.80 6.78
Glycine 6.16 7.34 9.88 10.7 11.30
Histidine 2.57 2.14 2.15 2.15 2.17
Hydroxyproline 0.84 1.85 3.15 3.50 3.64
Isoleucine 3.64 3.48 3.15 3.04 3.03
Leucine 8.42 7.81 7.29 7.13 7.07
Lysine 8.60 6.97 6.26 6.04 6.04
Methionine 2.32 2.14 2.03 1.99 1.95
Phenylalanine 4.64 4.14 3.81 3.65 3.60
Proline 6.15 8.29 8.20 8.21 8.19
Threonine 4.21 3.87 3.66 3.47 3.39
Tryptophan 1.20 1.24 1.24 1.20 1.16
Valine 5.68 4.91 4.74 4.51 4.41

a Adapted from Wu et al. (1999). The number of animals per gestational 
age is 6 for d 40, 60, and 90, 5 for d 110, and 4 for d 114.
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rates, followed by leucine and phenylalanine. In terms of uterine arteriovenous differences, leucine 
demonstrates the largest, followed by lysine, arginine, and threonine (Wu et al. 1999). Therefore, 
leucine, lysine, threonine, methionine, and phenylalanine seem to be crucial indispensable AA used 
in fetal development. It is unknown whether or not the extraction rate and pattern change with 
advancement of gestation. Such change would reflect the relative utilization of AA during preg-
nancy for fetal growth. Uterine uptake of arginine, proline, and hydroxyproline is marginal to meet 
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Figure 5.11 Net uterine amino acid uptake relative to fetal amino acid accretion on days 110–114 of gestation. Values obtained 
from Wu et al. (1999). Dashed- line indicates 100% of uterine uptake corresponding to fetal accretion. Citrulline and ornithine are 
5537 and 1502%, respectively, and, thus, not presented in the figure.
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Figure 5.10 Uterine arterial amino acid extraction. Values are expressed as percentage calculated 
from Wu et al. (1999) uterine arteriovenous difference concentration × 100/arterial concentration 
obtained on days 110–114 of gestation.
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fetal arginine requirement, indicating that arginine is synthesized by the fetal pig. Of all indispen-
sable AA, lysine demonstrates the closest to 100% utilization of uterine uptake to fetal accretion, 
followed by phenylalanine and methionine (Figure 5.11).

Mammary Gland Growth

The mammary gland of swine develops extensively during gestation for both the primiparous and 
multiparous sows and as well as during lactation for the primiparous sow. Understanding mammary 
gland development during gestation is critical to maximize development of the milk producing mam-
mary epithelial cells that define the mammary parenchyma because litter growth rate in lactation is 
directly correlated with mammary gland size (Nielsen et  al.  2001). During gestation, mammary 
growth is characterized by a marked increase in parenchymal tissue mass and mammary tissue DNA 
concentration during the last third of the pregnancy period (Kensinger et  al.  1982; Sørensen 
et al. 2002), which coincide with the characteristic increase in fetal protein accretion rate. Although 
one could propose that these two events are under some shared coordinated regulation, such as mam-
mogenic hormones (Ji et al. 2006), mammary tissue development may in part be regulated by fetal 
signaling (Kensinger et al. 1986). The mammary gland contains substantial amount of fat with ether 
extract concentration linearly decreasing from 94 to 58% from d 45 to 112 of pregnancy. In contrast, 
protein concentration increases from 5 to 39%, with the abdominal glands containing more proteins 
and less fat compared to those of the thoracic and inguinal regions (Ji et al. 2006). Individual mam-
mary gland daily protein accretion rate during the slow developmental phase of pregnancy (d 1 to 75) 
averages 0.08 g and during the rapid developmental phase (d 75 to 112) averages 1.05 g. Assuming a 
total of 12 fetuses and 14 mammary glands, these measurements translate into dietary AA partition-
ing between fetal and mammary pools to meet the need of tissue protein accretion, with 27 and 73% 
utilized in mammary and fetal protein synthesis, respectively, during the slow developmental phase 
of gestation. During the rapid developmental phase, a shift occurs in favor of fetal protein accretion, 
with a partitioning of 21% to mammary and 79% to fetal pools. Although relatively minor, such shift 
may translate into higher channeling of dietary AA toward the mammary tissue pool in the early up 
to two thirds relative to last third of gestation. This observation sheds some lights into the importance 
of minimizing mammary fat pad accretion and maximizing AA utilization for mammary protein 
accretion, in particular during the slow developmental phase of gestation. Such maximization may be 
dependent on the appropriate balance of AA. For instance, the transition between slow and rapid 
developmental phase coincides with changes in histological structures, with abundant network of 
collagenous tissue defining the fat pad adipocyte lobules in early to mid- gestation to elongation of 
lactiferous ducts and development of the epithelial structures in latter period (Hovey et al. 1999). 
Thus, mammary protein composition may change with stromal cell proteins containing more 
hydroxyproline compared to epithelial cell proteins. Amino acid composition and profile of the 
mammary gland between early and late pregnancy are not known, but such knowledge would provide 
additional tool for the factorial estimate of dietary AA profile for pregnancy. In addition, the factors 
that govern AA uptake by the mammary gland during gestation have not been researched. Given that 
mammary development markedly accelerates during the last third of pregnancy, it is likely that mam-
mary AA utilization and possibly the efficiency therefore increases.

Finally, energy intake during pregnancy can negatively impact mammary parenchymal tissue 
protein accretion during the rapid developmental phase between d 75 and 105, and, thus, likely AA 
utilization. Excessive energy intake in gilts decreased DNA accretion, parenchymal RNA, and total 
mammary parenchymal protein. Although greater dietary protein intake does not increase total 
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mammary parenchymal protein, it seems to reduce mammary extraparenchymal stromal weight. 
Thus, increasing dietary protein between d 75 and 105 of gestation does not benefit mammary 
development, but high dietary energy is detrimental to the development of mammary secretory 
 tissue (Weldon et al. 1991).

Amino Acid Partitioning During Lactation

Lactating sow must be provided with an adequate amount and proportion of AA to maximize die-
tary protein utilization. Approximately one- third of the total circulating AA is extracted by the 
mammary gland during lactation (Guan et al. 2004) and directly used for milk protein synthesis and 
mammary tissue accretion and metabolism. Imbalances created by excesses or deficiencies of die-
tary AA reduce the efficiency of dietary nitrogen utilization by the animal, limiting milk protein 
synthesis (Pérez Laspiur et al. 2009) and increasing the release of nitrogen products into the envi-
ronment (Otto et al. 2003). For years, the focus of lactating sow AA nutrition has been to maximize 
piglet growth. Amino acid nutrition of the sow should factor in AA needs, function, and metabolism 
of the mammary gland. Amino acid utilization from arterial supply into the mammary epithelial 
cells for milk protein synthesis and secretion is not 100% efficient. Thus, knowledge of mammary 
efficiency of AA utilization is needed to better define AA requirement for lactation.

Definition of Utilization Efficiency Value for Amino Acids

Knowledge of accurate efficiency values for individual AA is needed for future model prediction of 
dietary AA requirements and feed formulation. It is also important to note that the efficiency is only 
quantifiable at least so far for those AA that are strictly essential, or in other words, those that cannot 
be synthesized by the animal.

The apparent efficiency value can be estimated as follows:

 

Apparent AA utilization efficiency
Milk AA output gd

Dietary

1

SSID AA intake gd 1
 (Eq. 5.1)

The apparent efficiency includes AA contribution from body protein mobilization. Thus, the 
“milk AA output” in the numerator does not only originate from the diet. “Dietary AA intake” in the 
denominator is not specific for milk alone since AA are partitioned to both milk and maternal needs 
(Zhang and Trottier  2019). The NRC (2012) estimated a “true” efficiency by correcting the 
numerator and denominator to be specific for “milk AA output from diet” and “dietary SID AA 
intake for milk,” respectively, as follows (Zhang and Trottier 2019):

 

True AA utilization efficiency
Milk AA output from diet gd

D

1

iietarySID AA intake for milk gd 1
 (Eq. 5.2)

In the true utilization efficiency calculation, the numerator specifies “from diet” to indicate that 
AA contribution from body protein losses, if any, is corrected for, and the denominator specifies 
“for milk” to indicate that SID AA required for maintenance is corrected for (Zhang and 
Trottier 2019). Milk yield is estimated based on piglet ADG (NRC 2012). Thus,
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True AA utilization efficiency

AA output in milk g d AA mobil/ iized from body protein gd

SID AA intake g d AA for mainte

1

/ nnance gd 1
 (Eq. 5.3)

Biological efficiency values (BEV) of AA for lactation have been shown to vary depending on the 
dietary CP concentration and level of AA intake, AA balance (Huber et  al.  2015,  2016; Zhang 
et al. 2019b), and environmental temperature (Zhang et al. 2019a). Maximal biological efficiency 
values (MBEV) are assumed when used to predict AA requirement. In order to generate MBEV, 
dietary AA must be marginally limiting to push utilization at its maximum level. Feeding reduced 
CP diet with better AA balance improves BEV and is a useful tool to experimentally generate 
MBEV. Huber et al. (2015, 2016) and Zhang et al. (2019b) compared the BEV of AA in nonreduced 
CP and reduced CP diets. Across dietary CP concentrations and CAA inclusion rates, Huber et al. 
(2016) showed that AA efficiencies generally increase and quite considerably for some AA (arginine, 
histidine, isoleucine, and leucine) with improvement in dietary AA balance. Zhang et al. (2019b) 
showed that the MBEV of N and EAA increased in reduced CP diet except that of lysine, methionine, 
threonine, valine showed no significant improvement. It is proposed based on these data that lysine, 
methionine, threonine, and valine are the top four limiting AA in corn and soybean meal- based 
lactation diets. In the study by Zhang et al. (2019b), MBEV of lysine was similar to that of NRC 
(0.67) in nonreduced CP diets. Although marginally limiting in lysine, nonreduced CP diets contain 
excessive nitrogen and other EAA, which may affect lysine efficiency based on the molecular 
activity of the shared transporter systems and proteins, as discussed earlier in this chapter. When 
Zhang et al. (2019b) tested whether the presence of other EAA in excess affected lysine efficiency 
for lactation, no apparent interactions between lysine and other EAA on lysine utilization were 
observed.

Among the EAA, pertinent efficiency values for arginine and histidine remain debatable because 
of the de novo synthesis of arginine and the extensive recycling of 3- methyl- histidine between 
muscle protein and blood pools with possible milk secretion of histidine arising from mammary 
metabolism (Trottier et al. 1997).

The Scope of Amino Acid Utilization Efficiency

The apparent utilization efficiency of AA, by definition (Eq. 5.1), considers individual sow as a 
“black box” including maintenance cost and mobilization. However, lactating sows have relatively 
high maintenance cost due to greater BW (NRC 2012) and generally mobilize body protein and 
lipid to align with high lactation demand (Theil 2015; Strathe et al. 2017). According to Figure 5.12, 
the inefficiency occurs mostly in the process where (i) AA are transported from blood into the 
mammary gland and (ii) AA are metabolized by the mammary gland.

The mechanism by which AA efficiency increases with optimization of AA balance is not only 
due to the simple fact that less AA are available. There is a consistent increase in piglet litter gain 
and milk AA output associated with optimization of AA balance (Manjarín et  al.  2012; Huber 
et al. 2015; Chamberlin 2017; Zhang et al. 2019b). There are likely interactions among AA at the 
mammary basolateral membrane interface that affect their efficiency of transport across the 
mammary cells and ultimately their utilization by the mammary gland (Guan et al. 2002; Guan 
et al. 2004; Manjarín et al. 2012). On the other hand, the relatively low utilization efficiency (0.56) 
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of valine (Guan et al. 2002; Zhang et al. 2019b) is likely associated with valine mammary metabo-
lism for mammary protein remodeling in situ (Trottier 1995) or synthesis of glutamate AA family 
in mammary gland (Li et al. 2009). So far, it is difficult to tease out the contribution of inefficiency 
derived from mammary AA transporter system and mammary AA metabolism and turnover.

Hormonal Regulation of Amino Acid Utilization

Thus far, AA transport processes have been compared between rodent mammary tissue and preg-
nant and lactating animals (Verma and Kansal 1993; Sharma and Kansal 1999, 2000) and between 
suckled and nonsuckled glands (Shennan et  al.  1994; Trottier et  al.  1997). In mammary tissue 
obtained from pregnant, compared to that of lactating mice, V

max
 for AA transport systems was less 

(Verma and Kansal 1993), indicating that lactation induces change in capacity transport, hence an 
increase in expression of genes encoding for AA transport proteins. It is well recognized that milk 
yield is limited by the rate of milk removal (Mepham 1983) and is stimulated by the suckling action 
and activity of the nursing piglets (Auldist et  al.  1995; King et  al.  1997). Transport systems y+ 
(Sharma and Kansal 2000) and L (Sharma and Kansal 1999) remained suppressed in nonlactating 
mammary tissue and were upregulated by lactogenic hormones, including insulin and prolactin, 
at  the onset of lactation (Sharma and Kansal  1999,  2000), indicating that insulin and prolactin 
play a role in mediating cationic AA transport in mammary cells. Prolactin responds to milk demand 
by partitioning nutrients away from adipose tissue in favor of the mammary gland where it 
affects the synthesis of milk proteins, including β- casein, whey acidic protein, and α- lactalbumin 
(Ben- Jonathan et al. 2006). In lactating sows, prolactin is the key lactogenic hormone and is essen-
tial not only for the initiation of lactation but, unlike for the dairy cow, is also indispensable for 
maintenance of lactation (Farmer 2001).

In lactating rodents, milk accumulation for a few hours decreased A- V differences of AA across 
the mammary gland (Viña et al. 1981). Similarly, Shennan et al. (1994), using rodent mammary 
explants, showed that the uptake of amino- isobutyric acid (AIB), an AA analog with substrate 
specificity for the L transporter system, decreased in glands not suckled for 24 hours compared to 
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suckled glands. In the same study, Shennan et al. (1994) made the observation that AIB uptake by 
the rat mammary gland via system L was upregulated by prolactin. Theil et al. (2005) showed that 
prolactin receptor gene expression decreased in porcine glands that remained unsuckled for 72 hours. 
Earlier, Shennan et al. (1994) had suggested that milk accumulation may decrease AA uptake by 
lowering the number of prolactin receptors in the basolateral aspect of mammary epithelial cells. 
Based on those reports, it is suggested that prolactin binding may mediate the uptake and utilization 
of AA in lactating mammary tissue.

Mammary Gland Growth

During lactation, there is considerable mammary tissue growth as demonstrated by a twofold 
increase in total mammary DNA from parturition to d 21 of lactation in gilts (Kim et al. 1999a). 
Kim et al. (1999a) also indicated that the mammary gland of gilts undergoes both hypertrophy and 
hyperplasia during lactation. In contrast, albeit reported in only one study, no increase in DNA 
concentration in mammary tissue was found from parturition to d 21 of lactation in multiparous 
sows, indicating that is little net mammary gland growth in multiparous sows (Manjarín et al. 2012). 
In that same study, total RNA concentration linearly increased from parturition until d 21 of 
lactation, indicating increasing cellular protein synthetic activity (Manjarín et al. 2012). AA entering 
the mammary gland are utilized for the synthesis of both milk and constitutive proteins. A quantitative 
estimate of the latter is not available, but it is reported that the sum of indispensable AA uptake by 
the lactating mammary gland exceeds the sum in secreted milk (Trottier et al. 1997; Trottier and 
Guan 2000; Guan et al. 2004). Approximately 26% of the indispensable AA are retained by the 
lactating mammary gland. Kim et al. (1999b) reported that for every suckling piglet, there is a net 
0.7 g of indispensable AA accreted per day, which accounts for approximately 14% of the retained 
indispensable AA. Consequently, there is a substantial use of indispensable AA in mammary 
metabolic pathways, including oxidation and synthesis of dispensable AA and other compounds. 
For example, of a total of 188.5 g of essential AA taken up by the sow mammary gland daily, 49 g 
is retained, accounting for about 25% of the total uptake (Trottier et al. 1997). Indispensable AA 
retained by the mammary cells may be used to synthesize dispensable AA to provide energy for 
lactose and fatty acid synthesis, or to support structural protein synthesis and mammary gland 
remodeling (Spires et al. 1975). The indispensable AA arginine, leucine, isoleucine, and valine were 
reported to have the largest accumulation in mammary gland, whereas the output of dispensable AA 
such as proline, aspartate, and asparagine in sow’s milk exceed uptake (Trottier et al. 1997).

Amino Acid Metabolism in Porcine Mammary Gland During Lactation

A substantial proportion of apparently retained AA by the mammary gland during lactation is used 
in metabolic pathways as illustrated in Figure  5.13. Whether these pathways represent obligate 
losses or are regulated as part of the global milk synthetic process is not known. Nonetheless, 
mapping the entire AA metabolic processes may allow in the future to target genes of interests and 
increase funneling of AA utilization into products of nutritional values for the nursing piglet.

Arginine
Several studies have shown that arginine is catabolized in lactating porcine mammary tissue to form 
proline, ornithine, and urea via the arginase pathway, and small amounts of polyamines and nitric 
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oxide (NO) via the arginase and NO synthase pathways (O’Quinn et  al.  2002). There are two 
 different arginases in the lactating porcine mammary tissue: arginase I (a cytosolic enzyme) and 
arginase II (a mitochondrial enzyme). Both enzymes cleave arginine to yield urea and ornithine. The 
ornithine produced in the cytosol can be either utilized for polyamine synthesis by ornithine decar-
boxylase (ODC) and spermidine synthase (SP; Wu and Morris 1998), or can be transported into the 
mitochondria and converted to Δ1- L- pyrroline- 5- carboxylate by the enzyme OAT. Then, Δ1- L- 
pyrroline- 5- carboxylate is either converted to glutamate by the enzyme Δ1- L- pyrroline- 5- carboxylate 
deshydrogenase (P5CD) or exported to the cytosol and converted to proline by the enzyme Δ1- L- 
pyrroline- 5- carboxylate reductase (P5CR). According to this, the activity of P5CR was 56- fold 
greater than that of P5CD in lactating porcine mammary tissue, thus favoring the conversion of 
arginine- derived P5C into proline rather than into glutamate or glutamine. Moreover, porcine 
 mammary gland lacks the enzyme Δ1- L- P5CS, and, therefore, proline cannot be synthesized from 
glutamine or glutamate by this tissue (O’Quinn et al. 2002).

Nitric oxide synthesis is quantitatively a minor pathway for arginine degradation in lactating 
mammary gland (O’Quinn et  al.  2002). Nitric oxide is produced from arginine and molecular 
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 oxygen in a reaction catalyzed by the enzyme, NO synthase. Once it is synthesized, it rapidly 
 diffuses into the tissue, regulating blood flow and the uptake of plasma nutrients by the mammary 
cells (Meininger and Wu 2002; Kim and Wu 2009).

Due to extensive degradation of arginine by arginase I and II in mammary epithelial cells (Rezaei 
et al. 2016), milk arginine alone is not sufficient to support neonate’s growth (Wu 2013). The piglet 
small intestine, however, is equipped with the ability to convert proline to arginine, as discussed 
earlier, to meet arginine requirement. In fact, proline is the most abundant AA found in milk.

Branched Chain Amino Acids (BCAA)
Uptake of BCAA leucine, valine, and isoleucine by porcine mammary gland (76 g d−1 on d 13–20 
of lactation) is much greater than their secretion in milk protein (46 g d−1; Trottier et al. 1997). Thus, 
the lactating porcine mammary gland may catabolize approximately 30 g of BCAA per day. Several 
studies indicate that BCAA catabolism in mammary cells resembles catabolism of BCAA in other 
organs, involving 2 initial enzymatic steps (Li et al. 2009). The first step is the transamination of 
leucine, isoleucine, and valine by the enzyme branched- chain amino transferase (BCAT). There are 
two mammalian BCAT isozymes: a mitochondrial (BCATm) expressed ubiquitously and a cytosolic 
(BCATc). Although several studies have shown that BCATc is found almost exclusively in nervous 
tissue (Sweatt et  al.  2004; Hutson et  al.  2005), Li et  al. (2009) reported the presence of both 
 mitochondrial and cytosolic isoforms of BCAT in mammary tissue. Therefore, transamination 
of BCAA in porcine mammary gland may occur in the mitochondria and the cytoplasm of mam-
mary cells. In  this transamination reaction, the α- amino group of leucine, isoleucine, and valine 
is   transferred to α- ketoglutarate to form glutamate, leaving behind the corresponding BCKA 
 (α- ketoisocaproate, α- keto- ß- methylvalerate, and α- ketoisovalerate, respectively). Then, the 
branched- chain BCKD complex catalyzes oxidative decarboxylation of all three BCKA, producing 
the acyl- CoA derivative. The branched- chain BCKD is a multienzyme complex located on the inner 
surface of the mitochondrial membrane (Harper et al. 1984). Therefore, if transamination of BCAA 
occurs in the cytoplasm by the cytosolic isoform of BCAT, the BCKA produced may need to be 
transported to the mytochondria to complete oxidation. The next step in the oxidation of BCAA is 
oxidation of the acyl- CoA, catalyzed by two different dehydrogenases. After this step, the individ-
ual BCAA catabolic pathways diverge, producing acetyl- CoA (leucine and isoleucine) and succinyl- 
CoA (valine and isoleucine), which are finally incorporated into the Krebs cycle (Nelson and 
Cox 2008).

Glutamate/Glutamine and Aspartate/Asparagine
Glutamate/glutamine and aspartate/asparagine may have considerable nutritional importance, as 
they are the most abundant free and protein- bound AA in sow milk at peak of lactation (Wu and 
Knabe 1994). Lack of glutaminase activity in lactating mammary glands partially explains the high 
concentration of glutamine in milk (Li et al. 2009). Additionally, glutamate and glutamine have the 
highest extraction rate by the mammary gland during lactation (Trottier et al. 1997).

Extraction of aspartate/asparagine is lower than their output in milk, indicating their synthesis by 
the mammary cells (Trottier et al. 1997). Li et al. (2009) showed that most milk aspartate is derived 
from transamination of glutamate, a reaction catalyzed by the enzyme glutamate oxalacetate 
transaminase (GOT). Alternatively, glutamate can be converted into glutamine by the cytosolic 
enzyme glutamine synthetase (GS). Although the activity of GOT was shown to be higher than the 
activity of GS, glutamine synthesis was higher than aspartate synthesis in porcine mammary tissue 
(Li et al. 2009). Finally, glutamate can be transminated with pyruvate by the enzyme GPT to form 
alanine and α- ketoglutarate. Glutamate synthesis predominates over alanine synthesis, indicating 
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that the transamination reaction moves toward the formation of glutamate in the lactating sow 
(Li et al. 2009).

Conclusion

Extensive research has been performed to improve utilization efficiency of AA to maximize growth 
and lactation performance, improve environmental sustainability, and minimize production cost. 
Accurate estimation of utilization efficiency to predict requirements is key to achieve these goals.

This chapter emphasized discussing mechanisms (i.e., transporter and regulation) of AA 
 utilization in different production phases (i.e., growth, gestation, and lactation). Utilization of AA 
in response to immune challenge was also covered. Transport systems, interactions, regulations, and 
the resulting impact on cellular utilization in the intestine and mammary gland, the key organs in 
nutrient uptake in growing pigs and neonates were reviewed. Continued research progress in this 
area is critical in order to improve AA nutrition of swine in a sustainable way.
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Introduction

Carbohydrates are naturally occurring compounds that consist of carbon, hydrogen, and oxygen in 
the ratio of C

n
:H

2n
:O

n
. Carbohydrates are the single most abundant feed energy in diets for pigs, 

comprising 60–70% of total energy intake. Dietary carbohydrate are classified according to their 
degree of polymerization into sugars, oligosaccharides, and polysaccharides, the latter consisting of 
starches with different degrees of resistant to complete digestion and of nonstarch polysaccharides 
(NSP) (Cummings and Stephen 2007; Englyst et al. 2007; Bach Knudsen and Lærke 2018). It is 
now clear that the dietary carbohydrates have different fates and physiological properties in the 
intestinal tract and the body (Bach Knudsen and Jørgensen 2001). Starch and sugars are digested 
(hydrolyzed by the pigs’ own enzymes) to monosaccharides in the small intestine and absorbed and 
metabolized. Nondigestible oligosaccharides resistant starch (RS) and NSP are on the other hand 
fermented to varying degree by the microbiota primarily in the large intestine (cecum and colon). 
Here they are converted into short- chain fatty acids (SCFA) and lactic acids (LA), which also are 
absorbed and metabolized in colonic epithelium, hepatic, adipose, and muscle cells (Bergman 1990). 
Although all products deriving from the assimilation of carbohydrates can be metabolized in the 
cells to provide energy or stored in the body as glycogen or lipids for later use, the amount of energy 
provided as ATP per mole of hexose depends on whether the absorption product is a hexose or a 
SCFA (Table  6.1). Therefore, the composition of the carbohydrate fraction has a considerable 
impact on the energy value of the feed due to differences both in digestibility and utilization 
(Just 1982; Noblet and Perez 1993; Jha and Berrocoso 2015).

The composition of dietary carbohydrates ingested throughout the pigs lifespan varies widely 
(Bach Knudsen and Jørgensen 2001). The carbohydrates in sows’ milk are mainly lactose, while 
diets provided for growing pigs and adult sows have a more complex composition in terms of 
chemical structure and organization. On top of the inherent development in intestinal morphological 
structure, digestive enzyme activity, and microbial hydrolytic activity, there is an influence of the 
dietary changes occurring over the pigs lifespan (Kidder and Manners 1980; Efird et al. 1982; van 
Beers- Schreurs et al. 1998; Janczyk et al. 2007). The main purpose of this chapter is to provide an 
overview of the carbohydrates present in the diet for pigs and how the carbohydrates are digested, 
absorbed, and utilized.

6 Carbohydrates and Carbohydrate Utilization in Swine
Knud Erik Bach Knudsen, Helle Nygaard Lærke, and Henry Jørgensen
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Chemistry of Dietary Carbohydrates and Lignin

The dietary carbohydrates make up a diverse group of substances with a range of chemical, physico-
chemical, and physiological properties. The primarily chemical classification is by composition of 
sugar monomers, the type of linkage (α or β), and molecular size (degree of polymerization, DP) 
(Cummings and Stephen 2007; Englyst et al. 2007; Bach Knudsen and Lærke 2018). This approach 
divides the carbohydrates into three main groups: sugars (DP, 1- 2), oligosaccharides (DP, 3- 9), and 
polysaccharides (DP, ≥10) (Table 6.1).

Sugars

Sugars (DP, 1–2) are water- soluble components composing of mono-  and disaccharides (Figure 6.1). 
The three principal monosaccharides are glucose, fructose, and galactose, which are the building 
blocks not only for sugars but also for di- , oligo- , and polysaccharides (Table  6.1, Figure  6.1) 
Sucrose is the most abundant sugar in plant products (Bach Knudsen 1997), whereas lactose consti-
tutes the major part of the carbohydrates in milk. A disaccharide  like maltose can also occasionally 
be found in feeds if starchy grains have germinated, but mostly monosaccharides and maltose are 
present in low concentrations.

Oligosaccharides

Oligosaccharides (DP, 3–10) are water- soluble compounds composed of three to nine monomers linked 
together by either α or β bonds (Figure 6.1). The most commonly present oligosaccharides in feedstuffs 
are α- galactosides (raffinose, stachyose, and verbascose) (Bach Knudsen and Li  1991; Carlsson 
et al. 1992) and fructooligosaccharides (Pollock and Cairns 1991; van Loo et al. 1995). Oligosaccharides 
are present in roots, tubers, and seeds and coproducts of many legumes, mallow, composite, and mus-
tard species (Bach Knudsen and Li 1991; Pollock and Cairns 1991; Carlsson et al. 1992; van Loo 
et al. 1995) but can also be incorporated as ingredients (van Loo et al. 1995; Flickinger et al. 2003). 
Other types of oligosaccharides such as xylooligosaccharides and trans- galactooligosaccharides are 
occasionally used as ingredients in diets for pigs (Grizard and Barthomeuf 1999), and maltooligosac-
charides can be present in case of sprouted grains.

Table 6.1 Classes of feed carbohydrates and their likely degradation end products available for absorption in the intestinal tract 
of pigsa.

Class DP Example Endogenous enzymes Absorbed molecules ATP per mole molecule

Monosaccharides 1 Glucose Glucose 38
1 Fructose Fructose 38

Disaccharides 2 Sucrose + Glucose + fructose 38
2 Lactose + Glucose + galactose 38

Oligosaccharides 3 Raffinose − SCFA 24
4 Stachyose − SCFA 24
3–9 Fructooligosaccharides − SCFA 24

Polysaccharides ≥10 Starches + Glucose 38
Resistant starch + SCFA 24

≥10 Non- starch polysaccharides − SCFA 24

a DP, degree of polymerization; SCFA, short- chain fatty acids.
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Starch

Native starch is water- insoluble semi- crystalline storage compounds synthesized as roughly spheri-
cal granules in many plant tissues (Gallant et al. 1992; Jenkins and Donald 1995; Martens et al. 2018) 
(Figures 6.2 and 6.3) of which, cereals, peas, and beans are the most important sources in the nutri-
tion of pigs (Theander et  al.  1989; Bach Knudsen  1997). Pure starch consists predominantly of 
α- glucan (approximately 99% of dry matter) in the form of amylose and amylopectin. Amylose is 
roughly a linear α(1- 4)- molecule (approximately 99%) with a molecular weight of approximately 
1 × 105 to 1 × 106, while amylopectin is a much larger molecule (molecular weight, approximately 
1 × 107 to 1 × 109) that is heavily branched and consist of approximately 95% of α(1- 4)-  and approxi-
mately 5% of α(1- 6)- linkages (Biliaderis 1991). The two α- glucans are present in various proportions 
in the starch granules, and the starches are defined as waxy when the ratio of amylose to amylopectin 
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Figure 6.2 The two major polymers of starch (amylose and amylopectin) making up the starch granules and their organization 
within the starch granule. (a) A single granule, comprising concentric rings of alternating amorphous and semi- crystalline 
composition. (b) Expanded view of the internal structure. The semi- crystalline growth ring contains stacks of amorphous and 
crystalline lamellae. (c) The currently accepted cluster structure for amylopectin with semi- crystalline growth ring. A- chain 
sections of amylopectin form double helices, which are regularly packed into crystalline lamellae. B- chains of amylopectin provide 
intercluster connections. Branching points for both A and B chains are predominantly located within the amorphous lamellae. 
Source: From Jenkins et al. 1994 / with permission of John Wiley & Sons.
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is low (approximately < 15%), normal when amylose represents approximately 16–35% and high- 
amylose (or amylo- ) when amylose exceeds approximately 36% (Ring et al. 1988). By X- ray diffrac-
tion studies, the starch can be divided into types A, B, and C (Biliaderis 1991). Starch with A- type 
crystallinity is dominant in cereals and has in general an open structure, while B- type crystallinity is 
more compact and found in tubers as, e.g., potato. Type C starch is a combination of A and B starch 

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

(M) (N) (O)

100 μm

Figure 6.3 SEM pictures of the morphology of starch samples isolated from different plants (magnitude 1000 times). A  = regular 
potato, B =  waxy potato, C = HMT potato, D  = pea A, E  = pea B, F  = waxy corn, G =  corn A, H =  corn B, I = high amylose corn 
A, J = high amylose corn B, K = barley, L  = wheat, M  = waxy rice, N = rice A, O = rice B. Source: From Martens et al. 2018 / 
Springer Nature / CC BY 4.0.
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and is present in legumes (Würsch et al. 1986; Dhital et al. 2016). It is important here to note also that 
starch is often also separated into large A granule and small B granules (Zhang et al. 2016).

All unmodified starch, if solubilized, can potentially be hydrolyzed by α- amylase to a variety of 
glucose, maltose, maltotriose, and α- limited dextrins but at a variable rate as indicated in Figure 6.4 
where the in vitro hydrolysis of cereal, legume, and tuber starches is shown (Martens et al. 2018). 
A number of physical and chemical properties, however, may interfere with the rate and extent of 
starch digestion in the small intestine and make starch resistant to digestion (known as resistant 
starch; RS) (Sun et al. 2006; Martens et al. 2019). A division of RS into four different categories was 
proposed by Englyst et al. (1992): RS

1
 is physically inaccessible starch entrapped within intact cell 

wall structures as found in peas and fava beans; RS
2
 is raw starch granules that are resistant because 

of the starch structure as found in raw potato starch; RS
3
 is retrograded amylose that is formed by 

irreversible recrystallization during cooling of gelatinized starch, and RS
4
 is chemically modified 

starch. The latter is normally not used in animal feed.

Nonstarch Polysaccharides

The NSP consist of a series of soluble and insoluble polysaccharides primarily present in plant cell 
walls but some may also be present intracellular as storage NSP (Selvendran 1984; Carpita and 
Gibeaut 1993; McDougall et al. 1996; Vincken et al. 2003; Loix et al. 2017) (Figure 6.5). The cell 
wall consists of middle lamella and primary and secondary cell walls. The middle lamella is the 
outermost layer of the cell walls and is a pectin- rich region between primary walls of adjacent cells 
and cement adjacent cells together (O’Neill and York 2003; Cosgrove and Jarvis 2012). The primary 
cell walls are flexible and highly hydrated. They are mainly composed of polysaccharides, structural 
glycoproteins, phenolic esters, ionically and covalently bonded minerals, and enzymes (Cosgrove 
1997; Loix et al. 2017). The composition and quantity of matrix polysaccharides vary significantly 
according to plant species and cell type (Carpita 2000). There are two distinct types of primary walls: 
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Figure 6.4 In vitro digestion kinetics for purified cereal starch (wheat B, maize B E, and high amylose maize B G), legume starch 
(pea B H), and tuber starch (potato, A). Symbols indicate the average of triplicate measured values, and line represents the first- 
order kinetic model fitted to these data. Source: From Martens et al. 2018 / Springer Nature / CC BY 4.0.
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Pectin
•   Homogalacturonan (HGA)
•   Xylogalacturonan (XGA)
•   Rhamnogalacturonan I (RGI)
•   Rhamnogalacturonan II (RGII)

Lignin
•   G (gualacyl)- lignin
•   S (syringyl)- lignin
•   H (p-hydroxyphenyl)- lignin
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•   Xyloglycan (Xylans)
•   Mannoglycans (mannans)
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Figure 6.5 Structure and composition of the primary and secondary cell wall of plants. (a) The primary cell wall is located 
outside of the plasma membrane and consists of cellulose microfibrils, which are constructed by cellulose synthase complexes, 
hemicellulose, lignin, and soluble proteins. Hemicellulose binds to the surface of the cellulose microfibrils and can be divided into 
four groups; xyloglycan (xylans), mannoglycans (mannans), xyloglucans, and mixed linkage β- glucans. Pectins form a hydrated 
gel between the cellulose- hemicellulose network and consists of four pectin domains: homogalacturonan (HGA), xylogalacturonan 
(XGA), rhamnogalacturonan I (RGI), and rhamnogalacturonan II (RGII). (b) The secondary cell wall is constructed between the 
primary cell wall and the plasma membrane. Between the typically more arranged cellulose microfibrils, lignin molecules are 
impregnated, thereby replacing pectin molecules. Lignin is a complex phenolic polymer consisting of three monolignol subunits: 
G (guaiacyl)- , S (syringyl)- , and H (p- hydroxyphenyl)- lignin. Source: From Loix et al. 2017 / Frontiers Media S.A. / CC BY 4.0.
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Type I cell walls are found in dicotyledons and nongraminaceous monocotyledons, whereas Type II 
cell walls are found in the Graminae family and some other monocotyledons (Carpita and 
Gibeaut 1993). Secondary cell walls, located between plasma membrane and primary cell walls, are 
formed in plant tissues that have ceased growing and are rich in cellulose thick, rigid, and  lignified 
(Albersheim et al. 1994).

The building blocks of NSP are the pentoses arabinose and xylose, the hexoses glucose, galac-
tose, and mannose, the 6- deoxyhexoses rhamnose and fucose, and the uronic acids glucuronic and 
galacturonic acids (or their 4- O- methyl esters). The monosaccharides making up the polysaccha-
rides can exist in two ring (pyranose and furanose) forms. They can be linked through glycosidic 
bonds at any one of their three, four, or five available hydroxyl groups and in two (α or β) orienta-
tions. As a result, NSP can adopt a huge number of three- dimensional shapes and, thereby, offer a 
vast range of functional surfaces. The NSP can also be linked to lignin and suberin, which creates 
hydrophobic surfaces. In addition, charged groups on monomers, i.e., the acid group of uronic 
acids, can affect the ionic properties and be esterified to different degrees.

The most important NSP present in plant and plant coproducts used in feeds for animals are 
c ellulose, mixed linkage (1 → 3; 1 → 4)- β- glucan (β- glucan), arabinoxylan (AX), xyloglucans, and 
pectic substances (homogalacturonan, rhamnogalacturonan type I and II, xylogalacturonan, and 
a rabinogalactans type I and II) (Figure 6.6). Cellulose is a linear homopolymer of d- glucopyranosyl 
residues linked via consecutive β- (1 → 4) linkages (Figure 6.6). Because the hydrogen of the –OH 
groups at C- 3 is in close proximity to the ring oxygen of the adjacent residue, the hydrogen bonds 
between O- 3 and O- 5 stabilizes the glucan chains intermolecularly (Selvendran 1984). β- Glucan is a 
linear homopolymer of d- glucopyranosyl residues linked mostly via two to three consecutive   
β- (1 → 4) linkages that are separated by a single β- (1 → 3) linkage (Izydorczyk and Dexter 2008; 
Wood 2010); trisaccharide (DP 3) and tetrasaccharide units (DP 4) typically account for 90–95% of 
total oligosaccharides after hydrolysis of β- glucan with lichenase (Izydorczyk and Dexter 2008). AX 
represent a family of polysaccharides formed from a linear backbone of (1 → 4)- β- d- xylopyranosyl 
units substituted to varying degrees with mainly α- arabinofuranosyl residues at the O- 2 position, the 
O- 3 position or both, which results in four structural elements in the molecular structure of AX: mono-
substituted xylose (X) at O- 2 or O- 3, disubstituted X at O- 2,3 and unsubstituted X (Voragen et al. 1992; 
Izydorczyk and Dexter 2008). In cereals, the relative amount and the sequence of distribution of the 
structural elements in AX vary with the source and type of tissue (Saulnier et al. 2007; Izydorczyk and 
Dexter  2008). Xyloglucan consists of a backbone of β- (1 → 4)- linked d- glucose units, which is 
he avily branched with xylose and β- galactose residues attached to some of the xylose units. Pectins 
represent a heterogeneous group of cell wall polysaccharides with the main structural elements: 
homogalacturonan, rhamnogalacturonan types I and II, xylogalacturonan, and arabinogalactans types I 
and II (Visser and Voragen 1996; Vincken et al. 2003; Caffall and Mohnen 2009).

Lignin

Lignin is not a carbohydrate, but will be mentioned here as it is tightly associated to cell wall poly-
saccharides. Furthermore, many of the earlier and still commonly used analytical methods for fiber 
determination include lignin as a part of the fiber fraction. Therefore, it is difficult to discuss the 
physiochemical properties and degradation of carbohydrates in the gastrointestinal tract without 
inclusion of lignin in the description. Lignin is formed by the polymerization of coniferyl, 
p- coumaryl, and sinapyl alcohols (Liyama et al. 1994; Davin et al. 2008). These phenylpropane 
units are linked in an irregular three- dimensional pattern by ether and carbon–carbon bonds in 
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Figure 6.6 Schematic representation of the major cell wall polysaccharides – cellulose, β- glucan, arabinoxylan, xyloglucan and 
pectin – and the non- carbohydrate polyphenolic ether lignin.
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which any of the carbons may be part of the aromatic ring. The main function of lignin is to cement 
and anchor the cellulose microfibrils and other matrix polysaccharides, and in this way stiffen the 
walls making it very rigid and with the purpose for the plant to protect itself. This structure, how-
ever, makes it difficult to degrade by the microorganisms in the large intestine (Figures 6.5 and 6.6).

Physicochemical Properties of Fiber

The physicochemical properties, hydration properties, and viscosity of fiber are linked to the type 
of polymers that makes up the cell wall and their intermolecular association (McDougall et al. 1996). 
The hydration properties of fiber are characterized by the swelling capacity, solubility, wa ter- 
holding capacity, and water binding capacity (WBC). The latter two have been used interchangea-
bly in the literature because both reflect the ability of a fiber source to immobilize water within its 
matrix. Due to the many multi- OH groups present in polysaccharides, they have a strong affinity to 
water, but also strong interactions among polysaccharide molecules via hydrogen bonding. 
Therefore, the balance between molecule–molecule interaction and molecule–water interaction is 
the key to understand the polysaccharide solubility and most nonstarch polysaccharides is in 
am orphous state (Guo et al. 2017). The first part of the solubilization process of polymers is swell-
ing, in which incoming water spreads the macromolecules until they are fully extended and di spersed 
(e.g., the cell wall in Figure 6.5 expands in the three- dimensional space) (Thibault et al. 1992). For 
polysaccharides that adopt regular, ordered structures (e.g., cellulose or linear arabinoxylan), 
so lubilization is not possible because the linear structure increases the strength of the noncovalent 
bonds, which stabilize the ordered conformation. Under these conditions, only swelling can occur 
(Thibault et al. 1992). The majority of polysaccharides result in viscous solutions if dissolved in 
water (Morris 1992). The viscosity is dependent on the primary structure, molecular weight of the 
polymer, and concentration. Large molecules increase the viscosity of diluted solutions and their 
ability to do so depends primarily on the volume they occupy. Although a range of polysaccharides 
by analytical definitions are soluble, their in vivo solubility may be restricted in the feed matrix, 
thus limiting their viscosity elevating properties (Wood 1990; Johansen et al. 1997).

Classification and Terminology of Carbohydrates Based on Physiology

A challenge in classification of dietary carbohydrates by their chemical composition is to relate it to 
nutritional impact and particularly how to the various chemical divisions relate to the site of digestion 
(Table 6.1) (Cummings and Stephen 2007; Bach Knudsen and Lærke 2018). Another classification of 
the carbohydrate fraction is therefore a division into carbohydrates that can potentially be digested by 
endogenous enzymes (digestible carbohydrates, DC) and carbohydrates that potentially can be fer-
mented by the microbiota (nondigestible carbohydrates, NDC) (Cummings and Stephen 2007; Bach 
Knudsen and Lærke 2018). Digestible carbohydrates include sugars and starch, whereas NDC include 
NSP, RS, and nondigestible oligosaccharides (NDO). Nondigestible carbohydrates plus lignin are 
named dietary fibers as defined by the European Commission as: “carbohydrate polymers with ten 
and more monomeric units which are neither digested nor absorbed in the human small intestine.” The 
European Commission definition is based on the Codex Alimentarius (Cummings et al. 2009; Phillips 
and Cui 2011) but extended to include NDOs with DP 3- 9. Although lignin is not mentioned directly 
in the definition, it is stated in the text that lignin is included in the DF definition (Cummings et al. 2009; 
Phillips and Cui 2011). The term “Fiber” is used for total NSP and lignin and represents the part of the 
feed that is traditionally considered fibers of the feed (Theander et al. 1989; Chesson 1991).
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Measurements of Dietary Carbohydrates and Lignin

The conventional system, now in use for more than 150 years, is the so- called proximate system of 
analysis according to Weende (Henneberg and Stohmann 1859). It consists of the analysis of dry 
matter, ash, fat, crude protein (N × 6.25), and crude fiber, where the latter is determined as the resi-
due after reflux of fat- extracted residue with 1.25% sulfuric acid and 1.25% sodium hydroxide and 
corrected for ash in the insoluble residue. A nitrogen- free extract (NFE) is then calculated as the dry 
matter not accounted for by the sum of ash, protein (N × 6.25), fat, and crude fiber (Figure 6.7). The 
principle in the Van Soest method for determination of fiber is the quantification of nonsolubilized 
neutral detergent fiber (NDF), which includes almost entirely insoluble fiber components, RS

3
 and 

cell wall- bound protein, after removal of the cell content (sugars, starch, protein but also pectins and 
other soluble fiber components) by a neutral detergent solution (Van Soest 1963a,b; Van Soest 1982; 
van Soest et al. 1991). Further treatment of the NDF fraction with 1M H

2
SO

4
 solution solubilize the 

hemicellulose, and the remaining acid detergent fiber (ADF) fraction includes mainly lignocellu-
lose plus insoluble minerals. Further treatment of the ADF fraction with 12M H

2
SO

4
 solubilizes the 

cellulose and yields a crude lignin fraction (acid detergent lignin, ADL).
With modern analytical techniques based on specific enzymes, colorimetric, and chromato-

graphic assays (Figure 6.8), the carbohydrate fraction can be divided according to the chemical and 
nutritional classifications in Table 6.1 and Figures 6.1, 6.2 and 6.6. Commonly used methods include 
enzymatic or chromatographic methods to determine sugars and oligosaccharides, enzymatic meth-
ods to determine starch and RS, and gravimetric or enzymatic- chemical- gravimetric methods to 
determine dietary fiber as a whole or separated into soluble and insoluble polysaccharides and 
lignin; for an overview see (Bach Knudsen and Lærke 2018). Because the different analytical meth-
ods used for the determination of fiber vary widely in terms of analytical principles, the values 
reported in the literature will vary too (Bach Knudsen and Lærke 2018). For all classes of feedstuffs, 
DF gives the highest values because it includes all DF components including NDO, fructans, and RS. 

CF A
shFatCP

Lignin

NSP Starch

S
ug

ar
s

RS

Fiber

Dietary fiber

Non-digestible
carbohydrates

Digestible
carbohydrates

OS

NFE

Figure 6.7 Carbohydrates and lignin making up the crude fiber and nitrogen free extract (NFE) of the proximate (Weende) 
analysis. CP, crude protein; NFE, nitrogen free extract; NSP, non- starch polysaccharides; OS, oligosaccharides; RS, resistant 
starch.
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NDF values are consistently lower than the total fiber values but relatively close to the insoluble 
fiber components (sum of lignin, cellulose, and I- NCP). The ADF values are close to the sum of 
cellulose and lignin, whereas the values for crude fiber are consistently the lowest for all groups of 
feedstuffs (Bach Knudsen and Lærke 2018).

Carbohydrates and Lignin in Feedstuffs

The carbohydrates in the feeds are not present as pure chemical entities but as a mix of sugars, 
o ligosaccharides, and polysaccharides, the latter mostly linked to other biopolymers such as pr oteins 
and lignin (Figure 6.9). The modern pig industry relies on relatively few feedstuffs, mostly from cere-
als (corn, wheat, barley, oats, rye, and rice), cereal coproducts (different milling fractions, re sidues 
from biofuel and alcohol industries, etc.), cereal substitutes (e.g., tapioca and maniocca), le gumes 
(e.g., peas, beans, and lupins), protein concentrates (e.g., meal or cakes of soybean, rape, sunflower, 
and cotton), and coproducts from the sugar and starch industries.

Whole grain cereals and cereal coproducts are used worldwide as energy and protein sources for 
pigs. Cereals have a high content of digestible carbohydrates primarily in the form of starch and an 
intermediate level DF in the form of insoluble cellulose and lignin and insoluble and soluble AX 
and β- glucan. Cereal brans, hulls, and coproducts from the bioethanol and alcohol industry have a 
lower concentration of starch and concomitant higher concentration of DF than the corresponding 
whole grain cereals. In these feeds, the DF is primarily in the form of insoluble components  – 
 cellulose, insoluble AX, and lignin. Protein crops and feedstuffs are included in diets for pigs 
because of their high protein and amino acid content. However, the carbohydrate fraction is also an 
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im portant energy source even though the composition is somewhat different to that of cereals. 
While all cereals contain high levels of starch, this polysaccharide is only present in measurable 
quantities in peas and fava beans. In contrast, the protein concentrates contain relatively high levels 
of sugars and NDO in the form of α- galactosides. The content of the main NSP – arabinan (peas and 
rapeseed), arabinogalactans (soybeans and rapeseed), and galactans (lupins) present either free or 
linked to rhamnogalacturonans – present in protein- rich crops and feedstuffs vary widely. This is 
because the protein crops and feedstuffs derive from different botanical families – leguminosae 
(soybean meal, peas, fava beans, and lupins), cruciferae (rapeseed), compositiae (sunflower), etc. – and 
due to the diverse composition of the individual tissues making up the seed (for more details see 
(Bach Knudsen and Lærke  2018). Coproducts from the vegetable food and agro industries are 
mainly residues from fruit and vegetables deriving primarily from the industrial production of sugar, 
starch, and pectin. These coproducts represent a very heterogeneous group as they come from dif-
ferent plant families and botanical origins (tubers, roots, fruits, culms, shells, and hulls). A factor 
contributing to the diversity in composition and functionality is the exposure of the plant materials 
during processing to a wide variety of different physical and chemical treatments for the extraction 
of the economically important components. The coproducts will consequently have different matri-
ces depending on the botanical origin but all with plant cell walls in the form of NSP and lignin 
constituting most of the DM.

The diverse composition of the carbohydrates in the feedstuffs (Table 6.2) makes it possible to 
produce compound feeds with very different composition. For instance, diets very low in dietary 
fiber can be produced from rice as the primary source of carbohydrates (Hopwood et al. 2004), 
whereas, in contrast, coproducts from the vegetable food and agricultural industries can be used to 
produce feeds very high in dietary fiber (Serena et al. 2008b).

Processing of Feedstuffs and Common Feeds

Starches in feedstuffs are always present in grains and legumes in association with proteins, many 
of which are relatively hydrophobic, and the protein- starch network is surrounded by cell walls 
(Figure 6.9). During the digestion processes, starch, therefore, tends to be maintained in the inte-
rior of the ingested particles protected from water. Starches from tubers and legumes are pa rticularly 
well protected from the polar environment of luminal fluids (Würsch et al. 1986; Dhital et al. 2016), 

(a) (b) (c)
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Figure 6.9 (a) Scanning electron microscope photo of the outer layers of the wheat kernel. Source: Eye of Science/Science Photo 
Library; (b) Model illustrating location of starch granules in plant cells. S, P and C refer to starch granules, protein bodies and cell 
wall matrices, respectively; Source: Dhital et al. 2017 / with permission of Taylor & Francis Ltd. (c) Schematic diagram showing 
starch granules and protein embedded in the cell wall structure of legume cotyledon. Source: Adapted from Dhital et al. 2016.



FUNDAMENTAL NUTRITION164

but even in cereals, the starch may not be accessible to α- amylase unless they have been physically 
altered (Dhital et al. 2017). The principal processes facilitating starch availability for water pene-
tration and consequent α- amylase digestion are physical processing (grinding, cracking, and roller 
milling) and heating (pelleting, expanding, and extrusion cooking) of the grains and legumes 
(Chae and Han 1998). Grinding is a physical process that reduces the size of the particles and 
increases the surface area inducing more contact points between digestive enzymes and the sub-
strate. For instance, a cubic, measuring 1 cm on each side, will have a surface area of 6 cm2. If the 
cubic is then divided into pieces each measuring 0.1 cm, then the surface area of the divided cubic 
will increase to 60 cm2 or a 10- fold increase. Another form of physical treatment is hydrothermal 
treatment, which alters the physical form of the starch from a crystalline to a gel structure 
(Figure 6.10). This enlarges the surface and promotes efficient entry into the polar solution for 
interaction with α- amylases (Biliaderis  1991). Chilling after cooking re- alters the polysaccha-
ride’s physical state (retrograde), which may reduce the digestibility (Figure 6.7). Starches with a 
high proportion of amylose (high amylose) are usually more susceptible to reduction in digestibility 

Table 6.2 Typical carbohydrate and lignin contents (g kg−1 DM) of feedstuffsa.

Digestible CHO Nondigestible CHO Dietary

Feedstuff Sugars Starchb Total OS Fructansc RS S- NCPd I- NCPe Cellulosee KLe Fiberf fiberg

Rice 2 837 839 2 <1 3 9 1 3 8 22 27
Corn 17 680 697 3 6 10 9 66 22 11 108 127
Wheat 13 647 660 6 15 4 25 74 20 19 138 163
Rye 25 611 636 7 31 2 42 94 16 21 174 214
Barley 16 585 601 6 4 2 56 88 43 35 221 233
Oats 13 466 479 5 3 2 40 110 82 66 298 308
Wheat middling 24 572 596 12 23 3 71 101 19 11 201 239
Wheat bran 37 220 257 16 20 2 29 273 72 75 449 487
Corn feed meal 35 560 595 5 2 6 10 114 33 18 174 187
Corn bran 26 374 400 26 4 2 32 240 83 25 379 411
Barley hull meal 21 172 193 12 7 2 20 267 192 115 594 615
DDGS -  corn ND 35 — ND ND ND 25 183 68 47 323 — 
DDGS -  wheat ND 92 — ND ND ND 55 135 61 86 337 — 
Soybean meal 77 27 104 60 — — 63 92 62 16 233 293
Peas -  white 39 432 471 49 — 22 52 76 53 12 192 263
Fava beans 32 375 407 54 — 32 50 59 81 20 210 296
Rape seed cake 72 15 87 16 — — 43 103 59 90 295 311
Cotton seed cake 12 18 30 54 — — 61 103 92 83 340 394
Pea hull 15 84 99 ND 5 4 121 148 452 9 721 730
Potato pulp <1 122 122 ND ND 127 280 95 202 35 612 739
Sugar beet pulp 38 5 43 ND 0 ND 290 27 203 37 737 737
Alfalfa 21 68 89 2 6 ND 77 113 139 128 457 465
Chicory roots 156 ND 156 ND 470 ND 76 24 48 11 158 628

a CHO, carbohydrates; OS, oligosaccharides; RS, resistant starch; S- NCP, soluble noncellulosic polysaccharides; I- NCP, insoluble 
noncellulosic polysaccharides; KL, Klason lignin; DDGS, distiller’s dried grains with solubles; ND, not determined.
b Digestible starch is calculated as total starch- RS.
c Fructans are a mix of oligosaccharides (DP 3- 9) and polysaccharides (DP > 10).
d S- NCP is synonymous with soluble fiber.
e Insoluble fiber = I- NCP + cellulose + KL.
f Fiber = S- NCP + I- NCP + cellulose + KL.
g Dietary fiber = Fiber + OS + fructans + RS.



165CARBOHYDRATES AND CARBOHYDRATE UTILIZATION IN SWINE

after heat processing than the waxy types (Brown et al. 2001) because retrogradation of amylase is 
an irreversible process leading to a compact structure (similar to cellulose).

Co- products from the vegetable food and agro industries represent yet another form of processing 
of the feedstuffs prior to its use as feed for animals. For instance, co- products from the industrial 
production of oil, biofuel, sugar, starch, beer, and pectin have all undergone physical and chemical 
processing in one or another way (Serena and Bach Knudsen 2007; Pedersen et al. 2014). These 
types of feedstuffs will in general, represent a very heterogeneous group of plant residues, coming 
from different plant families and botanical origin (cereals, tubers, roots, fruits, seeds, culms, shells, 
and hulls). During the processing steps, they are exposed to a wide variety of different physical and 
chemical treatments for the extraction of the economically important components. The residue will 
consequently have a different matrix with a high content of protein (e.g., soybean meal, rape seed 
meals, etc.) and plant cell walls as NSP and lignin.

Digestion of Carbohydrates in the Small Intestine

The transport processes in the intestinal enterocyte cannot accommodate anything larger than mon-
osaccharides. Consequently, the majority of carbohydrates present in the feed need to be degraded 
to low- molecular- weight compounds prior to absorption. For disaccharides and starches, this 
involves the α- amylase secreted in salivary and pancreatic juice and various oligosaccharidases, 
sucrase, and lactase present on the intestinal brush boarder (Kidder and Manners 1980; Gray 1992). 
A contributing carbohydrate hydrolytic effect, however, comes from the microflora permanently 
colonizing these sites of the gastrointestinal tract. Jensen and Jørgensen (1994) reported a gradual 
increase in total anaerobic bacteria from 107 to 109 viable counts in stomach to 109 viable counts in 
distal small intestine. Substantial levels of LA and SCFA have also been reported in digesta c ollected 
from the stomach and the more distal parts of the small intestine (Argenzio and Southworth 1974; 
Bach Knudsen et al. 1991).

Physical state of starch Digestibility

Native starch granule
A, B, and C form
(party crystalline)

B (and C) form
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Rapid cooling
low moisture

Slow cooling
high moisture
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Digestible

Partly
digestible
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Figure 6.10 Physical state of starch in relation to its digestibility. Source: From Cummings (1997); based on data from Biliaderis 
(1991) and Cummings and Englyst (1995).
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Sugars

Sucrose is readily degraded and absorbed from the gut lumen of pigs, and there is no limitation 
in the digestibility even at very high levels (Table 6.3) (Ly 1992, 1996). Glucose is directly avail-
able for absorption in the small intestine and 100% absorbable, while the absorption of fructose 
is slower and in some cases incomplete. The lactase activity is high in unweaned piglets, and, 
therefore, lactose, the disaccharide deriving from milk, is efficiently digested and absorbed. 
However, the activity is markedly reduced after weaning to a level that is not sufficient to degrade 
high loads of lactose in the diet. In a study with catheterized pigs, it was shown the absorption 
coefficient was reduced to almost half when the intake level was doubled (Rérat et al. 1984b; 
Oksbjerg et al. 1988).

Oligosaccharides

Although pigs lack the enzymes capable of cleaving the bonds in most oligosaccharides, studies 
with raffinose from soyabean, lupins and peas, fructans (a mix of oligosaccharides and inulin), 
fructooligosaccharides, and transgalactoologosaccharides show highly variable and relatively high 
digestibility coefficients in the small intestine (Gdala et al. 1994; Gdala and Buraczewska 1997; 
Gdala et  al.  1997; Canibe and Bach Knudsen 1997b; Houdijk et  al.  1999; Houdijk et  al.  2002) 
(Table 6.3) due to microbial activity. The digestibility coefficients also appear to be dose related as 
indicated by the much greater digestibility coefficient at a low (Houdijk et al. 1999) compared to a 
higher inclusion level (Hedemann and Bach Knudsen 2009).

Table 6.3 Typical values for the digestibility of sugars and oligosaccharides in the gastrointestinal tract of pigs.

Sugars Oligosaccharides

Source Glucose Fructose Sucrose Raffinose Stachyose Verbascose Fructans Total

Glucose 98.3 — — — — — — — 
Fructose — 86.6 — — — — — — 
Sucrose — — 98.3 — — — — — 
Peas
Dried — — 96 68 74 58 — 66
Toasted — — 94 65 53 23 — 42
Soybean meal — — 87 38 49 — — 49
Lupins
Blue — — 93 84 93 77 — — 
Yellow — — 92 64 88 74 — — 
Inulin 40a 40a

Chicory rootsb — — — — — — 33c 33c

a Average valued of three diets varying 53–208 g kg−1 DM
b The fructans in chicory roots are a mix of oligosaccharides and polysaccharides.
c Average values from three diets varying 79–156 g kg−1 DM.
Sources: Ly 1992; Gdala et al. 1994; Canibe and Bach Knudsen 1997b; Hedemann and Bach Knudsen 2009.
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Starch

The only carbohydrase secreted in the endogenous digestive juice is salivary and pancreatic α-  amylase, 
which digests α- 1,4- glucosidic linkages in starches (Kidder and Manners  1980; Moran  1985; 
Gray 1992). Quantitatively, salivary α- amylase contributes little to the degradation of starch, since it is 
acid labile and rapidly degraded in the stomach where the pH typically will be in the range of 2–4 
(Argenzio and Southworth 1974; Duke 1986). The vast majority of starch is therefore degraded by 
pancreatic α- amylase in the intestinal lumen. Bicarbonate secreted in the pancreatic juice raises the pH 
to a level of 5–6 in duodenum, and the pH further increases along the length of the small intestine to 
reach neutrality at the ileum (Argenzio and Southworth 1974; Duke 1986). The high endogenous secre-
tion also dilutes the feed bolus to a level of approximately 10% dry matter, which facilitates the penetra-
tion of the polar solution the feed particles, and thereby ensuring an efficient cleavage of starch. The 
α- amylase is not able to break the α- 1,6 linkages present in amylopectin, and the capacity to break α- 
1,4 links adjacent to the branching point is sterically hindered. Consequently, end- products of α- amylase 
digestion are maltose, maltotriose, and α- limit dextrins. These oligosaccharides are then degraded fur-
ther to glucose by oligosaccharidases present as large glycoprotein components on the surface of the 
intestinal brush- border membrane (Lentze  1995). Glycoamylase (amyloglucosidase, maltase- 
glucoamylase) is capable of cleaving single α- 1,4- linked glucose residues sequentially from the nonre-
ducing end of α- limited dextrin, but is blocked when an α- 1,4- linked glucose is located at the terminal 
end of the saccharide. The α- dextrinase is the only carbohydrase capable of cleaving the nonreducing 
terminal α- 1,6 link after it has been uncovered by action of the other enzymes (Moran 1985; Gray 1992). 
The shorter α- 1,4 linked oligosaccharides, such as maltose and maltotriose, are then cleaved to glucose 
by maltase, which is a highly efficient α- 1,4 glucosidase. The final glucose product is transported by the 
specific glucose carrier SLGT1, an integrated brush- boarder glycoprotein expressed only in the small 
intestine and with a high affinity for the monosaccharide. The actual driving force for uphill transport 
of glucose into the enterocyte is provided by the sodium- potassium ATPase, which pumps the intracel-
lular Na+ across the apical membrane (Lentze 1995). Glucose probably diffuses from the basolateral 
(serosal)  surface via GLUT2 to the capillaries of the villous core and further to the portal vein.

The digestibility of starch at the end of the small intestine is influenced by the crystalinity (A, B, C), 
the presence of cell walls, and chemical composition of the starch (amylose, amylopectin) (Table 6.4). 
In finely ground cereals, the finely ground particles enable easy access to starch for hydrolysis by α- 
amylases, and most studies show that the bulk of the starch has been digested and absorbed by the time 
the digesta reach the end of the small intestine (Martens et al. 2019). A factor, however, that may 
reduce the digestibility of starch in the small intestine is the particle size of the feed, as coarse particles 
encapsulate intracellular nutrients and, thereby, withhold the content from digestion by endogenous 
enzymes. For instance, the digestibility of starch in coarse barley was approximately four absolute 
units lower than in finely ground barley (Table 6.4). Hydrothermal treatments such as pelleting and 
extrusion cooking alter the native structure of starch and makes the starch from cereals even more 
digestible as demonstrated in studies with breads and extrusion cooking that all show starch digestibil-
ity above 98% (Glitsø et al. 1998; Bach Knudsen and Canibe 2000; Bach Knudsen et al. 2005; Sun 
et al. 2006; Stein and Bolkhe 2007; Le Gall et al. 2009b; Martens et al. 2019). Encapsulation of starch 
in cell walls (Würsch et al. 1986) is another factor that influences the digestibility of starch and partly 
responsible for the lower digestibility of legume starches (82–89%) than cereal starches (95–99%) 
(Table 6.4). Hydrothermal treatment in the form of toasting does not seem to be sufficiently efficient 
in increasing the digestibility of pea starch (Canibe and Bach Knudsen 1997b), whereas extrusion 
cooking increases the digestibility to a level intermediate between raw peas and cereals (Sun 
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et al. 2006). The crystalline nature of raw potato starch (type B) makes it the least digestible starch for 
pigs with values in the range of 30–50% (van der Meulen et al. 1997a; Sun et al. 2006) but can also be 
partly responsible for the lower digestibility of legume starches (type C). Raw potato starch, however, 
is only occasionally used at low levels in practical swine production. The amylose:amylopectin ratio 
is a another factor of importance, where starches with higher amylose content generally have a lower 
ileal digestibility (Regmi et al. 2011a; Nielsen et al. 2015; Martens et al. 2019).

Nonstarch Polysaccharides

Although no NSPases are secreted to or present on the intestinal brush- border membrane to cleave 
the bondings in NSP, it has since long been known that there is a significant loss (20–25%) and 
modification of NSP during passage of the small intestine. It is also known that the different NSPs 
are degraded to a variable extent with a higher digestibility of the linear and relatively soluble 
β- glucan than of cellulose and soluble and insoluble arabinoxylan (Bach Knudsen and Hansen 1991; 
Bach Knudsen et al. 1993; Glitsø et al. 1998; Bach Knudsen et al. 2005; Le Gall et al. 2009b). 
Pectin polysaccharides have shown high degradation in some studies (Canibe and Bach 
Knudsen 1997b) and low in others (Jørgensen et al. 1996).

Table 6.4 Intake and digestibility of starch and nonstarch polysaccharides in the small intestine of pigs fed various types of raw 
and processed starches and fibersa.

Starch NSP

Item type Form Intake, g d−1 Digestibility, % intake, g d−1 Digestibility, %

Cereal mix A R 556 96.0 182 20.0
+Wheat bran A R 310 95.7 351 11.0
+Sugar beet pulp A R 193 95.3 633 37.0
Wheat flour A R 978 99.4 45 30.0
+Wheat bran A R 1003 98.7 86 10.0
+Oat bran A R 1086 98.6 77 36.0
Oat groats A R 885 97.0 123 21.0
Oat flour A R 878 98.6 81 25.0
Oat bran A R 814 98.9 202 15.0
Wheat- fine, 2.9% > 2 mm A R 874 96.3 212 8.0
Wheat- coarse, 12.0% > 2 mm A R 832 96.3 215 6.0
Barley- fine, 0.7% > 2 mm A R 819 96.5 286 18.0
Barley- coarse, 23.3% > 2 mm A R 832 92.2 303 −7.0
Rye flour bread A G 838 98.9 116 19.0
Whole grain rye bread A G 777 98.0 202 7.0
High fiber wheat bread A G 841 98.8 350 21.8
High fiber rye bread A G 721 98.3 321 22.7
Peas- dried C R 457 88.9 225 40.0
Peas- toasted C G 443 85.7 197 24.0
Faba bean 1 C R — 81.5 — — 
Faba bean 2 C R — 86.4 — — 
Potato B R 712 39.8 — — 
Potato B G 751 98.3 — — 

a NSP, nonstarch polysaccharides; A, type A starch; B, type B starch; C, type C starch; R, raw; G, gelatinized.
Sources: Graham et al. 1986; Bach Knudsen and Hansen 1991; Bach Knudsen et al. 1993; Canibe and Bach Knudsen 1997b; Gdala 
and Buraczewska 1997; Glitsø et al. 1998; Bach Knudsen et al. 2005; Sun et al. 2006.
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Physical Effects

The fiber fraction may potentially interact with the digestion processes in the foregut as it represents 
the entity of feed not degraded by the endogenous enzymes (Bach Knudsen and Jørgensen 2001). 
Therefore, its concentration and the flow at ileum increases with increasing dietary fiber concentra-
tion (Table 6.5). As the digesta move along stomach and small intestine, a proportion of NSP is solu-
bilized, which will enhance the viscosity of the liquid phase (Figure 6.11). However, the ability of 
the different fiber sources to increase luminal viscosity depends on the chemical and structural 
composition, molecular weight, and resistance to degradation. Thus, although β- glucan has a higher 
molecular weight than arabinoxylan (Izydorczyk and Biliaderis 1995; Wood 2010), the heavy depo-
lymerization of β- glucan (Johansen et al. 1997; Kasprzak et al. 2012) make it relatively less influ-
ential on luminal viscosity than the more resistant arabinoxylan (Bach Knudsen et al. 2005; Lærke 
et al. 2008; Le Gall et al. 2009a,b; Kasprzak et al. 2012). Nevertheless, a compilation of results with 
78 diets that all have been studied in ileal cannulated pigs (Bach Knudsen et  al., unpublished) 
showed that neither content of soluble nor insoluble fiber had any major impact on the digestibility 
of starch, except in some very special situations. Moreover, the ileal digestibility of starch in sows 
is at the same level as in growing pigs and not influenced by either soluble or insoluble fiber even 
when provided at very high levels (429–455 g/kg DM) (Serena et al. 2008b).

Fermentation of Carbohydrates in the Large Intestine

The large intestine can be considered an anaerobic fermentation chamber with a low oxygen con-
centration, low flow rate, and high moisture content, all being conditions that favor bacterial growth 
(Figures 6.12 and 6.13). In numbers, the microbial ecosystem may reach 1011–1012 viable counts per 

Table 6.5 Digesta flow, marker index, and concentration of carbohydrates in diet and ileal digestaa.

Item Digesta flow, g d−1 Marker index

Dig CHO NDC

sugars Starch fructans NSP

Growing pigs
Low dietary fiber

Diet 100 6 517 — 56
Ileum 2126 652 7 17 — 366

Medium dietary fiber
Diet 100 7 454 — 97
Ileum 2584 472 8 12 — 372

High dietary fiber
Diet 100 29 492 14 211
Ileum 3785 345 8 28 20 514

Adult sows
Low dietary fiber

Diet 100 21 501 9 140
Ileum 5560 347 10 59 3 267

High dietary fiber
Diet 100 23 210 6 363
Ileum 9816 187 3 33 1 507

a  Dig, digestible; CHO, carbohydrates; NDC, nondigestible carbohydrates; NSP, nonstarch polysaccharides. Sources: Bach 
Knudsen and Canibe 2000; Bach Knudsen et al. 2005; Serena et al. 2008b.
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Figure 6.11 Impact of soluble and insoluble non- starch polysaccharides on the rheological properties of digesta.
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Figure 6.12 Fermentation and fermentation parameters in different segments of the large intestine.
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gram fresh material and with each species occupying a particular niche and with numerous inter-
relationships between them (Louis et al. 2007; Flint et al. 2008). The microbiota of pigs mainly 
consists of the Firmicutes and Bacteroidetes phyla (Leser et al. 2002; Kim et al. 2015) with the main 
bacterial groups comprising the following bacteria: Streptococcus spp., Lactobacillus spp., 
Eubacterium spp., Fusobacterium spp., Bacteroides spp., Peptostreptococcus spp., Bifidobacterium 
spp., Selenomonas spp., Clostridium spp., Butyrivibrio spp., Escherichia spp., Prevotella, and 
Ruminococcus spp.(Leser et al. 2002; Kim et al. 2015). The products of fermentation in the large 
intestine are SCFA, which are absorbed into the portal vein, used as substrate for intestinal cell 
growth and renewal, or excreted in feces (Bergman 1990), gases that are excreted through flatus and 
expiration (Jensen and Jørgensen 1994) and microbial biomass. The most important substrate for 
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Acetate Propionate

Liver
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Monosaccharides
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     Gases
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     Bacterial polulation shift
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Figure 6.13 Fermentation of dietary fiber residues into short- chain fatty acids, acetate, propionate and butyrate, in the large 
intestine. A part of butyrate will be used as energy for the epithelial cells lining the large intestine but the major part absorbed to 
the portal vein and, like propionate, cleared in the liver. Acetate, propionate and butyrate will all contribute energy to body cells.
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the bacteria in the large intestine is the dietary residues that escape digestion in the small intestine. 
Consequently, there is a nutrient gradient in distal direction of the large intestine (Figure 6.12) with 
the greatest concentration of carbohydrates in cecum and the proximal colon and the lowest in distal 
colon and rectum. The high nutrient concentration in cecum and proximal colon leads to high 
microbial growth and SCFA production and consequently high SCFA concentration and low 
pH (Bach Knudsen et al. 1993; Jensen and Jørgensen 1994; Glitsø et al. 1998; Nielsen et al. 2015). 
As the digesta move aborally and most of the readily available carbohydrates are broken down, the 
bacterial growth is reduced resulting in reduced SCFA production, lower SCFA concentration, and 
pH near neutrality (Bach Knudsen et  al. 1991; Bach Knudsen et  al. 1993; Nielsen et  al. 2015). 
In some occasions, the profile of SCFA may also change, usually in the way that acetate increase at 
the expense of propionate from cecum/proximal colon to the distal colon (Bach Knudsen et al. 1991).

Sugars and Oligosaccharides

All sugars except lactose and fructose at high doses will be digested almost completely in the small 
intestine (Ly 1992, 1996; Bach Knudsen and Canibe 2000). The amount that passes to the large 
intestine is consequently very low and in any case rapidly degraded in cecum and proximal colon. 
For oligosaccharides, the amounts reaching the large intestine may in some cases be substantial but 
also for this group of carbohydrates, the degradation is rapid in the large intestine. High doses of 
rapidly fermentable carbohydrates provided as unabsorbed sugars, starch, and inulin, however, may 
cause a rapid lactic acid production and consequently a substantial drop in pH (Bach Knudsen 
et al. 2003; Petkevicius et al. 2003).

Starch

Residual starches (RS
1
) that reach the large intestine from a finely ground diet is rapidly degraded 

in cecum and proximal colon (Bach Knudsen et al. 1993). The same is presumably the case with 
RS

2
 from peas, whereas the degradation in the large intestine is somewhat slower when a sorghum- 

acorn- based diet is fed (Morales et al. 2002). Also diets where digestible wheat starch is substituted 
by RS

1
 from raw potato and high- amylose maize starch (Nielsen et al. 2015) or a diet with RS

3
 from 

tapioca (Jonathan et al. 2013) result in slow microbial degradation. For the latter two experiments, 
RS also reduced the degradation of NSP (Jonathan et al. 2013; Nielsen et al. 2015). Incomplete total 
tract digestion of starch can sometime be observed when intact kernels are present in the diets 
(Bach Knudsen, personal communication).

Nonstarch Polysaccharides

When NSP arrive in the large intestine, the polysaccharides have already been modified and partly 
degraded by the microbiota in the foregut (Johansen et al. 1997; Kasprzak et al. 2012; Ivarsson 
et al. 2014), which makes the substrate more prone for degradation. Additionally, the higher swell-
ing capacity of soluble as compared to insoluble fiber (Zhou et al. 2018) will make the former NSPs 
more prone for microbial degradation. Consequently, β- glucan, soluble arabinoxylan, and pectins 
(Bach Knudsen et al. 1993; Canibe and Bach Knudsen 1997a; Glitsø et al. 1998; Le Gall et al. 2009b; 
de Vries et al. 2014; Nielsen et al. 2015) are all degraded in cecum and proximal colon while the 
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more insoluble NSP, e.g., cellulose and insoluble arabinoxylan, are degraded more slowly and at 
more distal locations of the colon (Bach Knudsen et al. 1993; Gdala et al. 1997; Canibe and Bach 
Knudsen 1997a; Glitsø et al. 1998; Le Gall et al. 2009b; de Vries et al. 2014; Nielsen et al. 2015). 
This is illustrated by the results in Figure 6.14 showing the progression in the degradation of NSP 
residues from ileum to feces of piglets that were fed a diet consisting of cereals and soybean meal 
as sole plant materials (Gdala et al. 1997). Based on the composition of the plant ingredients, galac-
tose and uronic acids can be regarded as markers for pectin polysaccharides deriving predominantly 
from soybean meal, xylose as marker for arabinoxylan from cereals, and glucose as marker of 
 β- glucan and cellulose (Bach Knudsen 1997, 2014). The impact of the chemical composition of the 
dietary fiber fraction is further illustrated in Figure 6.15 and Table 6.6 that summarizes studies 
where various plant materials have been fed. The total tract degradation (fermentation) of cellulose 
and arabinoxylan is much greater in nonlignified materials (wheat flour, rolled oats, rye flour, oat 
bran, and sugar beet pulp) than in lignified materials (pericarp/testa from rye and wheat, and wheat 
bran) (Graham et al. 1986; Bach Knudsen and Hansen 1991; Bach Knudsen et al. 1993; Longland 
et al. 1993; Glitsø et al. 1998). Moreover, because of the close association of polysaccharides and 
lignin in secondary lignified tissues (Figure 6.5), the whole polysaccharide lignin complex becomes 
very insoluble, and the main cell wall polysaccharides are virtually degraded to the same extent as 
illustrated by the rather similar degradation of rye pericarp/testa as compared to other rye fractions 
(Glitsø et al. 1998). This is in contrast to nonlignified materials where cellulose is less degraded 
than to noncellulosic (hemicellulose) polysaccharides (Bach Knudsen and Hansen  1991; Glitsø 
et al. 1998). The inclusion level can also reduce the degradation of NSP as illustrated for crystalline 
cellulose from solka- floc in Table 6.6, whereas the degradation of the NSP in sugar beet pulp is not 
influenced by the inclusion level (Longland et al. 1993). Moreover, Stanogias and Pearce (1985) 
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Figure  6.14 Fermentation of non- starch polysaccharide residues from ileum to feces of piglets fed a cereal- soybean meal 
as sole plant materials. Source: Data from Gdala et al. (1997). Colon 1, 2, and 3 defines the proximal, mid, and, distal third of 
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Figure 6.15 Schematic illustration of carbohydrate degradation in the large intestine and influence on colonic and fecal weight, 
bulk and energy. NSP, non- starch polysaccharides.

Table 6.6 Total tract degradation (fermentation) of total nonstarch polysaccharides, β- glucan, cellulose, and arabinoxylan 
measured in experiments with plant materials of different fiber contenta.

Digestibility, %

Plant source Fiber, g kg−1 DM Total NSP β- glucan Cellulose AX

Cereal mix- soyabean meal 210 58 100 45 44
Barley- soyabean meal 148 74 100 56 66
Wheat flour 35 83 100 60 85

+“Wheat aleurone” 55 67 100 47 68
+“Wheat pericarp/testa” 62 50 100 24 50
+Wheat bran 62 62 100 44 62

Rolled oats 93 90 100 78 82
+Oat bran 109 92 100 83 84

Whole grain rye 156 67 ND 28 65
Rye flour 94 87 ND 84 83
Rye aleurone 180 73 ND 35 73
Rye pericarp/testa 177 14 ND 10 −1
Wheat- fine, 2.9% > 2 mm 154 68 100 — 71
Wheat- coarse, 12.0% > 2 mm 148 64 100 — 68
Barley- fine, 0.7% > 2 mm 185 61 100 — 62
Barley- coarse, 23.3% > 2 mm 148 57 100 — 53
Semi- purified + solka- floc – low 128 50 ND 51 ND
Semi- purified + solka- floc – high 229 12 ND 9 ND
Semi- purified + sugar beet pulp – low 123 97 ND 93 ND
Semi- purified + sugar beet pulp – high 211 96 ND 89 ND

a NSP = nonstarch polysaccharides; AX = arabinoxylan; ND = not determined.
Sources: Graham et al. 1986; Bach Knudsen and Hansen 1991; Bach Knudsen et al. 1993; Longland et al. 1993; Canibe and 
Bach Knudsen 1997b; Glitsø et al. 1998; Bach Knudsen et al. 2005.
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failed to demonstrate any consistent relationship between the fiber inclusion level and the degrada-
tion of fiber from natural sources. Long- term feeding of high- fiber diets may also have an effect on 
the degradation of NSP. Longland et al. (1993) concluded that pigs fed high- fiber diets may adapt 
to the diets in terms of N and energy balance after one week, but three to five weeks may be neces-
sary before adapting to the degradation of resistant NSP residues.

Several factors favor a more extensive degradation of fibrous components in sows or adult ani-
mals compared to piglets and growing pigs. Adult animals usually have a lower feed intake per unit 
of body weight, a slower digesta transit, a greater intestinal volume, and a higher cellulolytic activ-
ity (Varel and Pond 1985; Glitsø et al. 1998; Serena et al. 2008a). Past and recent studies have 
generally also shown a greater degradation of fiber and a greater content of metabolizable energy in 
sows than in growing pigs fed the same diets (Fernández et al. 1986; Shi and Noblet 1993; Jørgensen 
et  al.  2007). The greatest differences have been observed for some cereal coproducts and most 
roughage (Fernández et al. 1986; Jørgensen et al. 2007). Moreover, fiber polysaccharides with a 
complex composition, i.e., arabinoxylan from corn bran are far more degraded in sows than in 
growing pigs (Noblet and Bach Knudsen 1997).

Physical Effects

An increased intake of dietary fiber will inevitably influence the bowel not only due to SCFA pro-
duction, lowering of pH, and stimulation of microbial growth but also because of the mechanical 
action of the nondegradable residues that influence the water- holding properties (Figure 6.16). The 
consequence is an increased bulk in colon and feces, stimulation of bowel movements, leading to a 
reduction in the transit time (Glitsø et al. 1998; Wilfart et al. 2007; Serena et al. 2008a). The effect 
of the various fiber sources on fecal weight and energy excretion, however, is tightly correlated to 
the type of polymers entering the large intestine. Soluble fibers like arabinoxylan, β- glucan, and 
pectins are extensively degraded in the large intestine (Table 6.6), providing only modest influence 
on the fecal dry and wet weight. This is in contrast to insoluble fiber components such as cellulose, 
insoluble noncellulosic polysaccharides (hemicelluloses), and lignin that are very resistant to micro-
bial degradation (Glitsø et al. 1998; Serena et al. 2008b; Le Gall et al. 2009b) and with a high impact 
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Figure 6.16 Effect of soluble and insoluble fiber on the fecal bulking in growing pigs and sows. Source: Adapted from Bach 
Knudsen and Hansen (1991) and Serena et al.(2008b).
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on fecal dry and wet weight. From Figure 6.16, it is also clear that sows have a greater capacity to 
degrade fibers in the gut than growing pigs.

Quantitative Digestion and Fermentation of Nutrients in the Small and Large Intestines

The importance of the dietary fiber concentration on the quantitative digestion of nutrients at ileum 
and over the total tract is illustrated in Table 6.7. The bulk of sugars (close to 100%), starch (97%), 
protein (75%), and fat (72%) disappear during the passage of the small intestine, whereas NSP and 
lignin for most parts are recovered in ileal effluent. The dietary concentration of fiber is therefore the 
most important contributor to the amount of organic matter that passes from the small to the large 
intestine. Approximately half of the OM that enters the large intestine is fermented as it passes along 
the large intestine. However, there is a substantial difference between the nutrients; no fat disappears, 
whereas 37% of crude protein, 59% of the NSP, 71% of nonidentified residues, and 90% of starch 
disappear. The table also shows that the amount of organic matter degraded in the large intestine 
increases in response to the fiber concentration, i.e., the degradation is 170 g OM/d with a fiber level 
of 150 g/kg DM and 286 g OM/d with a fiber concentration of 200 g/kg dry matter. For sows fed diets 
with 429–455 g/kg DM, the degradation of OM can reach levels of 355–503 g/d (Serena et al. 2008b).

Absorption of Products Deriving from Carbohydrate Assimilation

Several studies have shown that the supply of energy from carbohydrate deriving nutrients to the 
body takes place in two phases: a phase with rapid and high influxes of nutrients (absorptive phase) 
lasting four to five hours after a meal and a phase with low influx of nutrients (post absorptive phase) 
lasting until the next feeding (Giusi- Peerier et al. 1989; Rérat 1996; Bach Knudsen et al. 2000; Bach 
Knudsen et  al.  2005) (Figure  6.17). In the absorptive phase, reducing sugars are dominating 

Table 6.7 Intake and recovery of nutrients (g per day) at ileum and in feces and the effects of fiber on the recovery of nutrients 
at ileum and in fecesa.

Recovery
Effect of fiber

Recovery
Effect of fiber

Item Intake, g d−1 ileum, g d−1 Intercept Slope R2 feces, g d−1 Intercept Slope R2

Dry matter 2000 536 113 3.1 0.75 273 −25 2.2 0.79
Organic matter 1903 475 88 2.8 0.78 231 −38 2.0 0.80
Protein (Nx6.25) 351 88 39 0.4 0.29 56 10 0.34 0.65
Fat 130 36 25 0.1 0.06 35 21 0.1 0.15
Carbohydrates:

Sugars 99 NDc — — — NDc — — — 
Starch 984 31 13 0.11 0.08 3 −1 <0.1 0.15
NSP 244 191 5 1.3 0.76 79 −49 0.9 0.69

Ligninb 36 36c −2 0.3 0.54 36c −2 0.27 0.34
Residue 59 100 6 0.7 0.31 29 −16 0.3 0.21

a The data in this table were compiled from 21 published and one unpublished work representing 78 diets. The intake was calcu-
lated based on 2000 g of dry matter and converted to macronutrients from the reported chemical compositions. The recovery 
at  ileum and in feces was calculated based on the digestibility coefficients reported in the papers (K. E. Bach Knudsen et al., 
unpublished data). ND, not determined; NSP, nonstarch polysaccharides.
b It is assumed that lignin is not broken down during passage of the gut.
c Sugar residues in ileum and feces will be part of the residue fraction.
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Figure  6.17 Absorption (mmol h−1) of glucose and short- chain fatty acids after consumption of a diet low in dietary fiber, 
medium in dietary fiber and high in dietary fiber. The pigs were fed three times daily at eight hours interval. Source: Adapted from 
Bach Knudsen et al. (2000) and (2005).
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 products deriving from carbohydrate assimilation with levels that are four to eight times higher than 
of SCFA. In the postabsorptive phase, however, SCFA become increasingly important, and the 
amount of SCFA may equal the amount of reducing sugars in the last hours before the next feeding.

The dietary composition of carbohydrates influences the rate and type of products deriving from 
carbohydrate assimilation. Thus, glucose and sucrose are absorbed more rapidly than starch and, 
particularly, lactose (Rérat et al. 1984a, b). It also seems that maltose is absorbed to the portal vein 
more rapidly than starch (Rérat et al. 1993). The type of starch has also been found to influence the 
rate of glucose absorption (van der Meulen et al. 1997a; Regmi et al. 2011b; Ingerslev et al. 2014), 
while the fiber level only seems to have an influence on the rate of glucose absorption when added 
to the diet as a fiber isolate or concentrate. Viscous guar- gum and oat β- glucan added to a semi- 
synthetic diet or an arabinoxylan concentrate reduce the postprandial appearance of glucose in the 
portal vein (Ellis et al. 1995; Hooda et al. 2010; Christensen et al. 2013). In contrast, neither insolu-
ble (wheat bran) nor soluble fiber (sugar- beet fiber, oat bran and rye) sources or soluble fiber in a 
feed matrix seem to modify nutrient absorption (Michel and Rerat 1998; Bach Knudsen et al. 2000; 
Bach Knudsen et al. 2005; Theil et al. 2011; Ingerslev et al. 2014).

Lactic acid appears in the portal vein in the early phase of absorption and is better synchronized 
with the absorption profile of starch than with SCFA (Bach Knudsen et al. 2000; Serena et al. 2007). 
In some studies, the estimated absorption of lactic acid is close to the absorption of SCFA, but it 
cannot be excluded that the absorption of LA in experiments with catheterized pigs is overestimated 
as a substantial proportion of LA can derive from glucose oxidation in the gut (Vaugelade et al. 1994).

The absorption of SCFA occurs at a slower rate than glucose (Figure 6.17). Diurnal variations in 
portal concentrations of SCFA have only been reported when high levels of readily fermentable 
carbohydrates (lactose or sugar alcohols) were fed (Giusi- Peerier et al. 1989; Rérat et al. 1993) or 
after prolonged fasting (Rérat et al. 1987; Bach Knudsen et al. 2005). A considerable increase in 
absolute and relative contribution of SCFA to the animals’ energy supply is observed when the level 
of carbohydrates fermented in the large intestine is increased either by fibers, RS, poorly absorbed 
sugars, or sugar alcohols (Giusi- Peerier et al. 1989; Rérat et al. 1993; Bach Knudsen et al. 2000; 
Bach Knudsen et al. 2005; Ingerslev et al. 2014). For instance, the portal flux of SCFA increases 
(r = 0.90) and that of glucose decreases (r = −0.70) in response to more carbohydrates being fer-
mented in the large intestine (Table 6.8). This also influences the proportion of energy absorbed as 
glucose or as SCFA; only approximately 4% of absorbed energy derives from SCFA with a low 
NDC maize starch diets compared to 44% when a high NDC potato diet was fed. An even greater 
energy contribution from SCFA was observed in sows that were fed a high- fiber diet with 429 g/kg 
DM fiber and where 52% of the energy derived from SCFA compared with 12% in a low- fiber diet 
containing 177 g/kg DM fiber (Serena et al. 2009).

The type of carbohydrates that reach the large intestine can also modify the molar composition of 
SCFA in the portal vein. Thus, replacing wheat bran by sugar beet fiber increased the proportion 
of acetate and decreased propionate (Michel and Rerat 1998), RS increased butyrate at the expense 
of acetate (van der Meulen et al. 1997a; Regmi et al. 2011b; Ingerslev et al. 2014), and oat bran and 
rye increased the proportion of butyrate at the expense of acetate in portal blood (Bach Knudsen 
et al. 2000; Bach Knudsen et al. 2005; Ingerslev et al. 2014).

Utilization of Absorption Products from Carbohydrate Assimilation

The site of absorption of carbohydrate- derived products influences the utilization of energy. From the 
fermentation equation for the conversion of carbohydrates into SCFA, it can be estimated that approx-
imately 25% of the energy is lost in H

2
 and CH

4
. While the loss as H

2
 is relatively low, the loss as CH

4
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is substantial and much greater in sows (1.5–3.5% of digested energy) than in growing pigs (0.5–
1.2% of digested energy) (Jørgensen 2007). The theoretical production of adenosine triphosphate 
(ATP) in the intermediate metabolism per mole of released hexose (glucose) from the small intestine 
or as SCFA from the large intestine are 38 and 24, respectively (Table 6.1, Figure 6.18) which is the 
reason for the lower utilization of metabolizable energy absorbed from the large intestine relative to 
the small intestine (Table 6.9). The difference is a consequence of loss of energy in fermentation 
gases and a less efficient utilization of SCFA in the intermediary metabolism. In adult sows, however, 
the utilization is somewhat greater than in growing pigs, probably because the energy primarily is 
used for maintenance rather than for growth. By infusion of SCFA into the large intestine of growing 
pigs, a partial utilization of the energy in SCFA was found to be 82% (Jørgensen et al. 1997) com-
pared to a relative energy value of energy derived from fermentation in the large intestine of 73% 
relative to energy being enzymatically digested in the small intestine (Jørgensen et al. 1996). Other 
experiments have shown lower efficiency compared to that found by Jørgensen et al. (1997) when the 
SCFA either were given orally as fermented feed (Jentsch et al. 1968) or infused into the cecum 
(Gädeken et al. 1989; Müller et al. 1991; Roth et al. 1991) of sows or growing pigs (Table 6.10).

The effect of a change in carbohydrate composition from digestible to nondigestible carbohy-
drates on energy value are twofold. First, the digestibility of energy and consequently metabolizable 
energy will decrease as not all potential energy present in fiber polysaccharides will be degraded. 
Second, the utilization and thereby the net energy as proportion of metabolizable energy will be 
reduced because a larger fraction of absorbed energy will derive from SCFA, which is utilized less 
efficiently than glucose.

Implication

The intestinal tract of growing pigs and adult sows has a high hydrolytic activity from endogenous 
and microbial enzymes to hydrolyze simple and complex carbohydrates present in feedstuffs. 
This ensures that the bulk of sugars and starch are digested and absorbed in the small intestine. 

Table 6.8 Effect of meal size and intake of digestible starch and nondigestible carbohydrates on portal concentrations and 
fluxes of glucose and short- chain fatty acids and the proportion of energy absorbed as glucose and short- chain fatty acidsa.

Intake, g
Absorbed

Meal 
size

Dig 
starch

NDC Glucose SCFA energy, %

Diet RS NSP mmol l−1 mmol h−1 μmol l−1 mmol h−1 Glu SCFA

LF wheat bread 1300 746 4 77 8.10 175 775 30 93.0 7.0
HF wheat bran 1300 663 3 140 7.69 127 854 30.8 90.5 9.5
HF oat bran 1300 605 3 140 7.66 132 908 37.1 89.1 10.9
HF rye bread 1250 676 13 254 6.60 157 1140 76.9 82.4 17.6
HF wheat bread 1250 610 7 275 6.43 117 1001 66.5 80.2 19.8
Maize starch 860 536 9 39 8.85 146 459 13.9 96.0 4.0
Pea starch 860 535 15 36 6.90 105 454 17.8 93.1 6.9
Maize starch 1250 762 20 66 8.14 185 480 19.1 95.7 4.3
Maize:potato (1 : 1) starch 1250 609 189 66 6.94 109 1240 60.3 80.6 19.4
Potato starch 1250 361 458 66 5.97 49 1620 88.9 55.9 44.1

a  Dig, digestible; NDC, nondigestible carbohydrate; SCFA, short- chain fatty acids; RS, resistant starch; NSP, nonstarch 
 polysaccharides; Glu, glucose; LF, low fiber; HF, high fiber.
Sources: van der Meulen et al. 1997a, b; Bach Knudsen et al. 2000; Bach Knudsen et al. 2005.
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SCFA

24 mole ATP per
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Figure 6.18 Theoretical production of adenosine triphosphate (ATP) in the intermediate metabolism per mole of released hexose 
as glucose from the small intestine or as short- chain fatty acids from the large intestine.

However, high loads of fructose and lactose may lead to malabsorption of these sugars. Although 
no endogenous enzymes are secreted or present in the small intestine to cleave the bonds in most 
oligosaccharides and NSP, around 40% of oligosaccharides and 20% of NSP disappear during pas-
sage of the stomach and small intestine. The main site for degradation of fiber polysaccharide is 
the large intestine where the dietary fibers are converted into SCFA, gases, and microbial growth. 
The utilization of the energy absorbed as SCFA from the large intestine is, however, lower than 

Table 6.9 Utilization of energy fermented in the large intestinea.

Diet component
Body weight 

range, kg

Energy fermented 
large intestine,  

% of DE

Efficiency (RE/ME) 
in relation to small 

intestine, % Author

Potato starch, cellulose 60–90 18–33 51 Just et al. (1983)
Potato, sugar beet, grass, Lucerne 

meal
90–180 9–40 66 Hoffmann et al. 

(1990)
Maize starch, cellulose, soya hull 30–105 13–27 63 Bakker et al. 

(1994)
Beet pulp, corn distillers grain, 

sunflower meal, etc
38–47 3–27 82 Noblet et al. 

(1994)
Pea fiber, pectin 40–125 7–29 73 Jørgensen et al. 

(1996)
Barley straw, barley hull, wheat 

bran, potato fiber, soya fiber
50–70 4–29 76 Jørgensen 

(unpublished)
Wheat bran, sugar beet pulp, seed 

residue, brewers spent grain, pea 
hull, potato pulp, pectin residue, 
sugar beet pulp, sugar beet pulp

46–125
160–243

8–35
5–40

69
90

Jørgensen 
(unpublished)

Jørgensen 
(unpublished)

a RE, retained energy; ME, metabolizable energy.
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that of energy absorbed as glucose from the small intestine primarily due to losses of energy as 
fermentative gases and a lower utilization of SCFA in the intermediate metabolism. Careful choices 
of  feedstuffs and processing conditions are ways by which the energy value of diets for pigs can 
be improved.
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Introduction

The history of the discovery of vitamins was concentrated mainly in the first half of the twenti-
eth century. It extends from the first use of the term vitamin (short for “vital amine”) in 1915, to 
describe the factor extracted from the cuticle of rice that cures beriberi (thiamine), to the most 
recent discovery of the vitamin B

12
, in 1948. During this time, the approach used in both human 

and animal nutrition research focused on symptoms of vitamin deficiency and hence the associ-
ated diseases. The consequences of this approach are still present in vitamin research nowadays. 
In the field of animal nutrition, in particular, estimation of vitamin requirements is still often 
based on the levels required to prevent the appearance of deficiency symptoms rather than those 
required to optimize production performance. In addition, current recommended vitamin intakes, 
particularly for B- complex vitamins, are the result of research carried out mostly in the 1950s 
and 1960s. At that time, it was assumed that a significant portion of animals’ vitamin intake 
occurred through coprophagia (ARC 1981; McDowell 2000) since several B- complex vitamins 
are synthesized in the digestive tract by bacterial microflora and excreted in the feces. Today, 
however, it is known that, under current livestock housing conditions, the coprophagia behavior 
is negligible and cannot provide a reliable supply of B- complex vitamins (Greer and Lewis 1978; 
de Passillé et al. 1989; Bilodeau et al. 1989). In addition, the widespread use of slatted floors can 
only further marginalize the importance of coprophagia as a source of B- complex vitamins 
in swine.

For several vitamins, the requirements for swine have not been clearly established (ARC 1981; 
INRA 1984; NRC 1998; McDowell 2000; BSAS 2003; NRC 2012) mostly because of the lack of 
up- to- date information that could be used to support reliable recommendations. The high level of 
productivity characterizing today’s intensive farm management calls for intensive anabolism to 
maintain growth, gestation, and lactation at an optimal level. Nutrient allowances may need to be 
adjusted to meet the increased level of production, but much of the limited information available on 
this topic is outdated. Not only was most of this information published before the 1980s, literature 
reports since 1998  have focused mainly on specific vitamins mostly vitamin E and biotin. 
(Table 7.1). Since the first edition of the present book (i.e., 2012), vitamin D has been in focus in 
pig nutrition.

Thirteen substances are considered as vitamins and are generally divided in two main groups, 
fat-  and water- soluble vitamins (Table 7.2). Some of the historic, metabolic, and dietary character-
istics related to vitamin nutrition in pigs are presented in Table  7.2. Vitamins A, D, E, and K, 
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 so- called fat- soluble, can be stored in reserves when the dietary provision is in excess of the animal 
requirements. Vitamin C and B- complex vitamins are water soluble and are not stored in significant 
amount except for vitamin B

12
. Therefore, a regular (daily) provision corresponding to the animal 

requirements is necessary for an optimal metabolic activity of those micronutrients. These last two 
characteristics are particularly important during critical physiological stages where metabolic needs 
may change rapidly in particular, gestation and weaning. In such cases, the animals can count (for 
fat- soluble) or not (most of the B- vitamins) on tissue reserves. The withdrawal of vitamin supple-
mentation during the finishing period which has been proposed to reduce feed costs relies partly on 
the importance of these tissue reserves. Although growth performance is generally not altered by 
this practice (McGlone 2000; Shaw et al. 2002), tissue reserves are depleted enough to affect con-
centrations of vitamins (in particular, water- soluble) in meat (Shaw et al. 2002) and, in turn, the 
nutritional value of pork (Leonhardt et al. 1996; Lombardi- Boccia et al. 2005). In such situations, 
the natural content of some water- soluble vitamin in feed ingredients is critical, but the accurate 
information is very limited and outdated especially in view of the variety of ingredients used nowa-
days in swine diets. A rare report was recently released on that matter (Chen et al. 2019). They 
mentioned that although vitamin concentrations vary greatly from one feed ingredient to another, 
the contribution to a balanced diet may be far from negligible in some cases especially if high levels 
of these ingredients are used.

The present chapter aims to integrate recent scientific advances in vitamin nutrition of pigs in an 
attempt to complement the basic information already available in significant publications on that 
subject, such as ARC (1981), NRC (2012), McDowell (2000), Lewis and Southern (2001), and 
BSAS (2003).

Table 7.1 Approximate number of citations related to vitamins in pigs reported by 
ARC (1981), NRC (1998) and since 1998.

Vitamins ARC (1981) NRC (1998)
NRC (2012) additions vs. 

NRC (1998)a

Fat- soluble
Vitamin Ab 107 24 2
Vitamin D 32 14 2
Vitamin E 90 43 15
Vitamin K 5 6 — 
Water- soluble
Thiamine 13 11 1
Biotin 22 35 — 
Riboflavin 20 15 — 
Pantothenic acid 23 19 1
Pyridoxine 23 14 4
Niacin 34 22 1
Choline 22 20 — 
Folic acid 12 12 2
Vitamin B

12
86 15 4

Vitamin C 42 13 4

a Citations (not included) were reported on cocktail of all vitamins (n = 4), of fat- soluble 
vitamins (n = 1) or of water- soluble vitamins (n = 4).
b including β- carotene.



Table 7.2 Historical, dietary, and metabolic characteristics of vitamins.

Vitamina

History discovery/
isolation/synthesisa

Vitamers (biologically active 
forms)a

Monthly 
loss (%)b

Recommended provision NRC (2012)c Current provision (mg/kg)c,d

We Ge Fe Pe Le Be W G F P L B

A 1909/1931/1947 Retinol, retinoic acid, retinal, 
carotenoids

3.5/9 2.2 1.3 1.3 4.0 2.0 4.0 12.1 5.9 5.2 9.8 10.0 10.6

Ef 1922/1936/1938 Tocopherol, tocotrienols 3.0/4.5 16 11 11 44 44 44 71 25 22 66 67 72
D 1918/1932/1959 Ergocalciferol (vitamin D

2
) 

and cholecalciferol 
(vitamin D

3
)

1.6/1.1 220 150 150 800 800 200 1910 985 875 1531 1557 1608

K 1929/1936/1939 Menadione, phylloquinone, 
menaquinone

6.0/10 0.5 0.5 0.5 0.5 0.5 0.5 4.8 2.4 2.2 3.5 3.5 3.5

Cg 1912/1928/1933 Ascorbic acid 1–2 — — — — — — — — — 250 250 250
Thiamin 1890/1910/1936 Thiamin 2.6/7.9 1.0 1.0 1.0 1.0 1.0 1.0 2.9 — — 2.1 2.1 2.1
Riboflavin 1920/1933/1935 FMN (flavin mononucleotide) 

and FAD (flavin adenine 
dinucleotide)

3.3/2.7 5.0 5.0 2.0 3.8 3.8 3.8 9.7 4.8 4.2 7.5 7.7 7.7

Niacin 1935/1935/1949 NAD (nicotinamide- adenine 
dinucleotide) et le NADP 
(nicotinamide- adenosine 
dinucleotide phosphate)

3.5/3.2 30 30 30 10 10 10 51 25 22 41 41 41

Pantothenic acid 1931/1938/1940 Pantothenic acid 0/0 10 8.0 7 12 12 12 36 17 15 27 27 28
Pyridoxine 1934/1938/1939 Pyridoxine, pyridoxal and 

pyridoxamine
5.9/8.6 7.0 1.0 1.0 1.0 1.0 1.0 4.0 — — 4.0 4.0 3.7

Biotin 1931/1935/1943 Biotin 4.4/2.9 50 50 50 200 200 200 370 70 70 260 290 310
Choline 1932 Acetylcholine and 

phosphatidylcholine
2.1/4.9 500 300 300 1250 1000 1250 224 — — 645 479 638

Folic acid 1941/1941/1946 Méthyltétrahydrofolates et 
tétrahydrofolates

2.1/5.6 0.3 0.3 0.3 1.3 1.3 1.3 1.8 — — 1.7 1.7 1.8

Vitamin B
12

1926/1948/1972 Methylcobalamin and 
adenosylcobalamin

2.0/5.4 15 10 5 15 15 15 46 23 20 34 35 39

a Adapted from Le Grusse and Watier (1993) and Charlton and Ewing (2007).
b Adapted from Shurson et al. 2011, the first value is for vitamin premix only and the second for combined vitamin and trace mineral premixes. The value for vitamin C is reported 
by Charlton and Ewing (2007).
c Values are all in mg/kg of diet (90% of dry matter) except for vitamin A (κIU), vitamin D(IU), biotin (μg/kg), and vitamin B

12
 (μg/kg).

d Adapted from Flohr et al. (2016).
e Body weight (kg) intervals for weaner (W), grower (G), and finisher (F) are 7–11, 23–55, and 55–100, P is for pregnancy, L for lactation, and B for boars.
f Current provisions of vitamin E may be higher for lactating sows (150 mg kg−1), or higher for growing- finishing pigs (meat quality stabilizer).
g Vitamin C may be provided in stressful conditions where synthesis is limited.
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Vitamins and Reproduction in Pigs

Male Reproduction

Traditionally, the research on male fertility has dealt with genetic, behavior, and housing aspects. Very 
little research has been done on boar nutrition, and this limited interest is probably linked to animal 
husbandry practices (natural service) in previous decades. Indeed, in such situation, nutrition of the boar 
has little effect on sows’ reproductive performance or fertilization rates because a boar ejaculate con-
tains 5–20 times more spermatozoa than required to fertilize all the ova (n = 15–20). However, artificial 
insemination (AI), which is worldwide used nowadays, 80% or more of services in many countries 
(Khalifa et al. 2014), has changed completely the importance of husbandry conditions for boars. This 
includes adequate and specific nutrition to maximize AI doses per ejaculate. In this context, the effect 
of micronutrients on reproductive performance in male pigs is poorly documented (Audet et al. 2004).

Testicular degeneration has long been recognized as one of the manifestations of a vitamin E 
deficiency in the male. However, there are not that many studies available regarding the requirement 
of vitamin E for male fertility in swine. Semen is rich in unsaturated fatty acids, which increase the 
susceptibility to peroxidation and may cause structural damage to sperm and subsequently alter 
sperm motility. Brzezinska- Slebodzinska et al. (1995) suggested that dietary vitamin E may serve 
as an antioxidant in boar semen, whereas addition of tocopherol to the ejaculate did not protect 
the sperm from peroxide damage (Jones and Mann 1977). When 1000 IU vitamin E/day was fed 
to  boars for a seven- week period the lipid peroxidation of the collected semen was reduced 
(Brzezinska- Slebodzinska et  al.  1995). Probably, α- tocopherol, which is the biologically most 
important form of vitamin E, needs to be incorporated in between the fatty acid methyl esters of the 
phospholipids in the cellular membranes in order to exert efficient antioxidant protection, which is 
possible through dietary means (see also Marin- Guzman et al. 1997, 2000).

Preliminary findings with a limited number of animals suggested that dietary vitamin concentra-
tions as recommended by NRC (1998) were not sufficient to maximize semen production in situa-
tion of intensive semen collection (Audet et al. 2004). Dietary supplements of vitamins (3–10 × NRC 
recommendation) did not influence hormonal status but affected blood and seminal pools of vita-
mins (Audet et al. 2009a). Except for vitamin B

6
, most of the vitamins were transferred, though with 

different efficiencies, from blood to seminal plasma (Audet et al. 2009b). However, no marked effect 
of dietary vitamin supplements was observed on semen production and semen quality either in situ-
ation of long- term intense semen collection or in AI commercial conditions (Audet et al. 2009b).

Under stressful conditions such as excessive heat, a cocktail of antioxidative micronutrients such 
as zinc, selenium, and vitamins C and E was beneficial for some aspects of sperm quality such as 
motility (Horký et al. 2016). In terms of vitamin D, Lin et al. (2017) showed that semen production, 
sperm quality, hormone synthesis, and gene expression related vitamin D metabolism were opti-
mized at 2000 IU/kg of diet in a titration study with three levels of supplementation at 200, 2000, 
and 4000 IU/kg. It should be noted that the current vitamin D recommendation is 200 IU/kg for 
boars (Table 7.2).

Female Reproduction

Prolificacy in female pig lines has increased substantially during the last 10–20 years after several 
decades of stagnation. Intensive genetic selection programs based on litter size have been set up 
with occidental breeds in order to develop the so- called “hyperprolific” lines of pigs. In such case, 
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a considerable increase in ovulation rate (four to five) has been achieved but, at the expense of 
embryo survival at the beginning of gestation. Nevertheless, the litter size is increased by one to two 
piglets per litter (Driancourt et al. 1998; Foxcroft 2012). Although it has been known for many years 
that an increase in ovulation rate in pigs is detrimental for embryo survival, the precise mechanisms 
involved are not well understood. The poor quality of oocytes produced from these supplementary 
mature follicles along with its consequence on either fertilization of ova and/or the ability of the 
embryo cells for development and differentiation has been raised as a main related issue (Driancourt 
et al. 1998).

Hyperprolificacy has also induced heterogeneity of piglet weight within the litter (Tribout 
et al. 2003; Le Cozler et al. 2004). A lack of uniformity in piglet weights has carry- over effects after 
birth in terms of growth performance and quality of carcass and meat (Gondret et al. 2005). Several 
postnatal strategies (adoption, split- weaning) have been proposed to decrease within- litter variation 
of piglet weights but with limited success (Matte et al. 1991). A prenatal strategy appears essential, 
but a reliable improvement of this production trait requires a better understanding of the related 
“in utero” physiological causes of the phenomenon. Several fat-  and water- soluble vitamins have 
been identified and related to those “in utero” physiological events, especially in early gestation 
(Mahan and Vallet  1997; Matte et  al.  2006). During this period, embryo losses may represent 
between 15 and 40% of the initial number of fertilized ova and the optimal embryo development 
relies on the so called « feto- maternal dialogue » (Cox 1997). In such situation, uterine secretions, 
also called “uterine milk” (Solymosi and Horn 1994), provide both the right amount and balance of 
nutrients, hormones, and growth factors. Viable embryos also contribute to the composition of this 
medium by producing hormones and cytokines which, in turn, influence the composition of uterine 
secretions. Later in gestation and lactation, fetuses and piglets are entirely dependent for their vita-
min requirements on the transfer (in utero, colostrum, and milk) from the dam. In fact, in term of 
duration, the combined gestation and lactation periods (approximately 135–140 days) are as long as 
the rest of the postweaning life of a slaughter pig (approximately 130 days). This emphasizes the 
importance of an adequate maternal transfer of these micronutrients. Using specific data from the 
relevant literature and from a trial with sows during late gestation and early lactation (Matte and 
Audet 2020), an attempt was made to estimate the efficiency of prenatal (in utero) transfer from 
dams to piglets using prefarrowing plasma concentrations of vitamers in dams and the correspond-
ing pre- colostral values in piglets. Similarly, the efficiency of the postnatal (colostrum- milk) trans-
fer was estimated from plasma values of pre-  and postcolostral vitamers in piglets (Table  7.3). 
It appears that the efficiency of in utero- placental transfer of vitamins from dams to fetuses and to 
piglets varies from a vitamin to another, while the importance of the early postnatal transfer through 
colostrum is crucial for the early status of most vitamins in the newborn animal (Table 7.3).

Fat- Soluble Vitamins and Vitamin C

Vitamin A
Vitamin A is essential for reproduction, although the role for this biological function is relatively 
unknown. It is required for maturation of ovarian follicles, for the proper functioning of corpora 
lutea and epithelial cells of the oviducts, the uterine environment, and the cervix, and for embryonic 
development. It stimulates estrogen synthesis in tertiary follicles and progesterone synthesis in cor-
pora lutea (Nunetz et al. 1995). Lack of retinol leads not only to a decline in general health, but more 
specifically to a decrease in ovarian size and to testicular atophy (Palludan 1963). The vitamin A 
reserves of the sow make it difficult to establish requirements (NRC 2012). Braude et al. (1941) 
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reported that mature sows fed diets without supplemental vitamin A completed three pregnancies 
normally; only in the fourth pregnancy did signs of vitamin A deficiency appeared.

Reports from Eastern Europe in the mid 1960s indicated that injected retinol would increase litter 
size (ARC 1981). Likewise, subsequent studies (Coffey and Britt 1993) showed that dietary sup-
plementation of vitamin A and/or β- carotene before mating and during early pregnancy can have 
beneficial effects on litter size at birth and at weaning. However, in the study by Pusateri et  al. 
(1999), a single injection (1 × 106 IU vitamin A) at any time from weaning to farrowing did not 
 influence total litter size, litter weight, pig weight, number of runts, or number of mummies.

A study from Lindemann et al. (2008) showed that the injection of high doses (intramuscular 
injection with 250 000 IU vitamin A or intramuscular injection with 500 000 IU of vitamin A at 
weaning and breeding) to young sows (parity 1 and 2) increased linearly the subsequent number of 
pigs born and weaned per litter, whereas for sows of parity 3 to 6, litter sizes were not affected by 
the vitamin A treatments. The high- dose treatments were compared against a diet containing 
11 000  IU vitamin A/kg diet, and the study concluded that vitamin A requirement for maximal 
 performance may vary with age (Lindemann et al. 2008).

Vitamin A may influence both ovarian steroidogenesis and the uterine environment by affecting 
ovarian progesterone production (Chew 1993). The pig uterus secretes a large amount of several 
proteins in response to progesterone (Roberts and Bazer 1988). These uterine proteins are very 
important to the nutriture of the conceptus (Buhi et al. 1979). This is especially true in the pig, 
because the porcine throphoblast does not invade the uterine epithelium, it rather remains in super-
ficial attachment to the uterine surface. The presence of vitamin A- carrier proteins, the so- called 
retinol- binding protein (RBP), that can transport vitamin A from the maternal uterine endometrium 
to the conceptus has been demonstrated in uterine secretions from pigs in the luteal phase of the 
estrous cycle, and in the pig conceptus (Chew 1993). Adams et al. (1981) reported that total vitamin A 
in uterine secretions increased in progesterone treated pigs, thus indicating an increased local 

Table 7.3 Estimation of efficiency of “in utero”- placental and colostral milk transfers of different vitamins from dams 
to newborn piglets.

Vitamina

Pre- colostral (piglets)/
pre- farrowing (dam)c

Relative importance of 
“in utero” transfer

Postcolostral/
pre- colostral (piglets)d

Relative importance of 
colostral- milk transfer

Aa 0.26 -  -  -  - 2.7 + + +
Ea 0.44 -  - 4.7 + + + + +
Da 0.09 -    -  -  -  -  -  -  -  -  - 2.8 + + +
Ca 2.9 + + + 4.1 + + + +
B

9
a 0.54 -  - 3.1 + + +

B
12

a 4.4 + + + + 2.0 + +
B

2
b 0.68 -  - 3.0 + + +

B
3

b 1.0 + 4.0 + + + +
B

6
b 5.1 + + + + + 0.34 -  -  - 

B
8

b 7.9 + + + + + + + + 0.23 -  -  -  - 

a Adapted from Hakansson et al. (2001) for vitamin A; from Hakansson et al. (2001), Loudenslager et al. (1986), and Pinelli- 
Saavedra and Scaife (2005) for vitamin E; Amundson et al. (2017) for vitamin D; Pinelli- Saavedra and Scaife (2005) and Yen 
and Pond (1983) for vitamin C; Barkow et al. (2001) and Matte and Girard (1989) for vitamin B

9
; and Simard et al. (2007) for 

vitamin B
12

.
b Adapted from Matte and Audet (2020).
c Ratio between plasma vitamer concentrations of pre- colostral values in piglets and the prefarrowing values in dams.
d Ratio between plasma vitamer concentrations of pre- colostral and postcolostral values in piglets.
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 transport of retinoids by RCP to the developing conceptus. Antipatis et al. (2008) demonstrated that 
reduced vitamin A during conception and early pregnancy, but not during later pregnancy, was asso-
ciated with increased within- litter uniformity in birth weight, and the mechanism was proposed to 
be ascribed to alteration in progesterone production. Moderate reductions in maternal vitamin A at 
either stage of pregnancy did not affect pregnancy rate, litter size, progesterone secretion, and 
 allometric relationships between fetal or neonatal organ and total body size (Antipatis et al. 2008).

Research on the possible specific role of β- carotene (and other carotenoids) has been previously 
hampered by the assumption that its sole function in animals is to provide vitamin A. Consequently, 
knowledge of the role of β- carotene (and other carotenoids) on reproduction as well as on immune 
responses is relatively scarce compared with the knowledge existing on vitamin A. Cross- breed gilts 
injected weekly with 228 mg of β- carotene from mating trough weaning had lower embryonic mor-
tality, larger litter size, and heavier litter weight at birth and at weaning than did unsupplemented 
gilts (Brief and Chew 1985). This is in general agreement with the study of Coffey and Britt (1989) 
who reported a linear increase in litter size at birth in multiparous sows injected once at weaning 
with increasing doses of β- carotene (0, 50, 100, or 200 mg of β- carotene). It was unclear whether 
this was due to increased ovulation rate or to decreased embryonic mortality (Chew 1993). Even 
though some studies show improved reproductive performance with supplemental β- carotene, it 
remains unclear whether β- carotene plays a direct role in regulating certain reproductive processes 
or whether it merely serves as a source of vitamin A (Chew 1993). Studies on the possible role of 
β- carotene on male reproduction are lacking.

Vitamin D
Vitamin D recommendation for sows according to NRC (1998) during gestation and lactation was 
not based on scientific reports, and, in general, very little evidence was available regarding vitamin 
D in relation to reproduction in swine. However, more scientific studies have been conducted since 
that time and the recommendation of vitamin D for gestating and lactating swine was increased 
to 800 IU in NRC (2012) (Table 7.2), and some of the scientific studies that formed the basis for 
this  increase in vitamin D recommendation are presented later. Besides the classical actions, 
the  1,25(OH)

2
D

3
 has well- known immunomodulatory and antiproliferative properties (Hewison 

et al. 2001). In contrast, the impact of 1,25(OH)
2
D

3
 on reproduction is poorly understood despite 

evidence relating vitamin D with reproductive function in both males and females. For instance, 
female fertility seems to be markedly reduced in vitamin D- deficient murine models (Vigiano 
et al. 2003). The influence of vitamin D on the reproductive capacity has been linked to calcium- 
independent mechanisms (Kwiecinski et al. 1989). In this way, it has been found that 1α- OHase is 
expressed in placenta from normal pregnancies (Zehnder et al. 2002). In view of this, and the fact 
that reproduction in females is markedly diminished in states of vitamin D deficiency, it has been 
postulated that local synthesis of 1,25(OH)

2
D

3
 may play a role in implantation and/or placentation 

(Halloran and Deluca 1983; Hickie et al. 1983; Kwiecinski et al. 1989), either through the estab-
lished immunomodulatory effects of 1,25(OH)

2
D

3
 or via the regulation of specific target genes 

associated with implantation (Zehnder et al. 2001). The study by Jang et al. (2018) seems to confirm 
that calcitriol may play an important role in the establishment and maintenance of the pregnancy by 
regulating endometrial function in pigs.

A study reported by Lauridsen et al. (2010) was undertaken to obtain information on the dose–
response pattern of two vitamin D sources, vitamin D

3
, and 25(OH)D

3
 with respect to early repro-

duction of reproducing female sows. In experiment 1, 160 gilts were randomly assigned from the 
first estrus until d 28 of gestation to dietary treatments containing 4 concentrations of one of the two 
different vitamin D sources (200, 800, 1400, and 2000 IU/kg from cholecalciferol or corresponding 
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of 5, 20, 35, and 50 μg kg−1 feed from 25(OH)D
3
. In a concurrent experiment, the same eight dietary 

treatments were provided to 160  multiparous sows from the first day of mating until weaning. 
Reproductive performance of sows was not influenced by dietary vitamin D treatments, except for 
a lower number of still born piglets with the high doses of vitamin D (1400 and 2000 IU vitamin D 
giving 1.17 and 1.13 still born piglets per litter, respectively) compared with the low doses of vita-
min D (200 and 800 IU vitamin D giving 1.98 and 1.99 still born piglets per litter, respectively). 
More recent studies have been conducted on the effect of dietary 25(OH)D

3
 on sow milk quality and 

health parameters of sows. In the study by Zhou et al. (2017), sows were, immediately after mating, 
randomly allotted to one of two diets supplemented with 50 μg 25(OH)D

3
/kg or basal diets without 

25(OH)D
3
 (containing 50 μg kg−1 vitamin D3). Interestingly, the 25(OH)D

3
- fed sows had one more 

piglet at farrowing and 1.17 more piglets at weaning than sows fed basal diets. Furthermore, benefi-
cial effects were obtained on the studied milk quality and bone health parameters of the offspring. 
A more recent study (Zhang et al. 2019) comparing 2000 IU cholecalciferol with 50 μg 25(OH)D

3
/

kg feed for sows from day 107 of gestation until weaning on day 21 of lactation concluded that the 
addition of 25(OH)D

3
 to the diets improved total litter weight gain, calcium digestibility, milk fat 

content, and milk IgG concentration and milk 25(OH)D
3
 content of the sows. From the above- 

mentioned studies, it may be concluded that addition of high levels of vitamin D and addition of the 
25(OH)D

3
 exposed beneficial effect for reproducing and lactating sows, which also confirmed the 

rationale of increasing the vitamin D recommendation by NRC (2012) as also explained by 
Lauridsen (2014). However, the effect regarding transfer of vitamin D to the offspring seems less 
efficient at least it was concluded by Lauridsen et al. (2010) that, irrespective to the dietary dose and 
form of vitamin D for the sows, very little vitamin D was transferred to the progeny, i.e., 25(OH)D

3
 

was not detectable in most of the suckling piglets, and in those piglets where 25(OH)D
3
 was detect-

able, the concentration was below 5 nmol l−1 plasma (Lauridsen et al. 2010). In the study by Zhou 
et al. (2017), clear effects of the additional 25(OH)D

3
 treatment of sows were obtained with regard 

to the 25- (OH)D
3
 concentrations in sow colostrum and milk and in sow and piglet plasma. In the 

latter study, vitamin D concentration was analyzed by ELISA, whereas in the study by Lauridsen 
et al. (2010), HPLC was used. Likewise in a more recent study (Flohr et al. 2014) using RIA for 
analyzing concentrations of 25- (OH)D

3
 in body fluids, it was shown that an increase in maternal 

vitamin D (from 2000 to 9600 mg vitamin D3/kg feed) only increased the serum 25- (OH)D
3
 in pig-

lets from 1.4 to 5.7 ng ml−1, while the concentration of 25- (OH)D
3
 in serum of piglets suckling sows 

provided 800 mg vitamin D3/kg was below detection limit.
Among domestic farm animals tested, baby pigs are born with the lowest plasma concentration 

of 25(OH)D
3
, which increases their susceptibility to vitamin D deficiency (Horst and Littledike 1982). 

In fact, an increased risk of hyperkyposis was observed in off- spring when maternal diets deficient 
in vitamin D was used in a porcine model (Halanski et al. 2018). The fact that swine differs from 
other husbandry may be partly due to the production systems; for instance, the concentration of 
plasma vitamin D and most of its metabolites in pigs exposed to sunlight was, respectively, 2.2–20.3 
times the concentration of pigs kept in confinement (Engstrom and Littledike 1986). In a study by 
Goff et al. (1984), five sows received 5 million IU cholecalciferol intramuscularly 20 days prepar-
tum, and the effect of the sow treatment was investigated on sow and piglet plasma concentrations 
of vitamin D

3
 and its metabolites analysed by RIA. Though a limited number of sows in this experi-

ment, a high degree of correlation was found with regard to the concentrations of 25(OH)D
3
, 

24,25- (OH)
2
D

3
, and 25,26- (OH)

2
D

3
 in plasma of both sows and piglet at birth. However, piglet 

neonatal plasma concentration of 1,25(OH)
2
D

3
 was low and did not correlate with maternal plasma. 

It was concluded that the treatment provided an effective means of supplementing pigs with D
3
 via 

sow’s milk (Goff et al. 1984). Irrespective of analytical technique used for determination of vitamin D 
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concentration, the studies somehow come to that same conclusion that the more 25(OH)D
3
 transfer 

via milk in sows fed 25(OH)D
3
 was not enough to significantly increase serum 25(OH)D

3
 levels of 

the off- spring. Hence, in order to increase vitamin D status of piglets other strategies than maternal 
transfer via sow milk may be needed.

Vitamin E
Severe vitamin E deficiency in reproducing animal species results in fetal death and resorption 
(Nielsen et al. 1979). Most swine studies have demonstrated an increased litter size at birth when 
vitamin E was supplemented in cereal grain- based diets (Adamstone et al. 1949). Mahan (1994) 
investigated increasing levels of dl- α- tocopheryl acetate (22, 44, or 66 IU/kg diet) over a five- parity 
period on sow reproductive performance and on α- tocopherol concentration in serum, colostrum, 
and milk of the sows. With increasing dietary vitamin E, there was an increased number of piglet 
born and decreased incidence of mastitis, metritis, and agalactia (Mahan 1994). In addition, the 
concentration of α- tocopherol in colostrum and milk increased with increasing dietary levels of 
vitamin E (Mahan 1994). The pig is born almost deficient in vitamin E because as stated earlier (see 
also Table 7.3) there is a low placental transfer of α- tocopherol to the developing fetus (Mahan 1991). 
However, within a short period (four days) after birth, suckling pigs are capable of increasing their 
plasma α- tocopherol status with a factor 83 (Lauridsen et al. 2002b). Increasing levels of dietary 
vitamin E to lactating sows are reflected in the pig plasma and tissue status at weaning (Mahan 1991; 
Lauridsen and Jensen 2005).

Studies have investigated the effect of different vitamin E sources (RRR-  and all- rac- α- tocopheryl 
acetate) on sow reproductive performance and α- tocopherol status of dam and the progeny. There 
was no effect of the vitamin E source on various sow reproductive measurements, litter size, or the 
incidences of mastitis- metritis- agalactia or fluid discharges from the vagina (Mahan et al. 2000). 
Feeding the natural source (RRR- α- tocopheryl acetate) compared with all- rac- α- tocopheryl acetate 
resulted in higher α- tocopherol concentrations in serum, colostrum and milk, as well as in serum and 
liver of 21- day old nursing pigs (Mahan et al. 2000). Quantitative measurements of the comparative 
efficacy of the two vitamin E forms are difficult because the newly absorbed α- tocopherol replaces 
the circulating α- tocopherol (Traber et al. 1998), thereby preventing quantitative estimates for the 
total dose incorporated into plasma or milk. The use of stable isotope- labeled α- tocopherol is 
required and has major advantages over nonlabeled compounds for determination of the relative 
activities of natural and synthetic vitamin E forms can be ingested simultaneously for intraindividual 
comparisons. By feeding sows capsules with labeled vitamin E forms (d

3
- RRR- α- ) and d

6
- all- rac- α- 

tocopheryl acetate to pregnant sows it was found (Lauridsen et al. 2002a,b) that swine discriminate 
between RRR-  and all- rac- α- tocopherol with a preference for RRR- α- tocopherol; thus, the official 
bioequivalence factor of 1.36:1 for RRR-  to all- rac- α- tocopherol is underestimated. Sow plasma and 
milk d

3
- α-  to d

6
- α- tocopherol concentrations were 2:1, leading to a 2:1 ratio in suckling piglet plasma 

and tissues (Lauridsen et al. 2002a,b). In a subsequent sow- study, a HPLC method was used to sepa-
rate the eight steroisomers of α- tocopherol into five peaks (peak 1: all four 2S- forms, peak 2: 2RSS-
 α- tocopherol, peak 3: 2RRS- α- tocopherol, peak 4: 2RRR- α- tocopherol (=natural α- tocopherol), and 
peak 5: 2RSR- α- tocopherol. The concentration of α- tocopherol and its stereoisomer distribution was 
studied in sow milk and plasma of the sows and their progeny. Sows were provided increasing levels 
(70, 150, or 250 IU of all- rac- α- tocopheryl acetate kg, as fed basis) one week prior to parturition and 
during the lactation of 28 days, and milk and plasma samples were obtained on day 2, 16, and 28 of 
the sows and at day 2, 16, and 28 of the piglets (for details see Lauridsen and Jensen 2005). Table 7.4 
shows the distribution of the stereoisomer forms in milk of sows and plasma of piglets. As seen the 
RRR- stereoisomer form was the most predominant form α- tocopherol, whereas the 2S- forms were 
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only present in limited proportions, irrespective that the proportion of the RRR- form and the 
2S- forms in the dietary all- rac- α- tocopheryl acetate is 12.5 and 50%, respectively. As expected from 
previous studies, increasing dietary level of all- rac- α- tocopheryl acetate increased the concentration 
of total α- tocopherol in the sow milk but this effect was not so clear for piglet plasma. However, 
when samples were lipid standardized, the influence of the dietary treatment of sows on α- tocopherol 
concentration was highly significant (Lauridsen and Jensen 2005). Overall, the data in Table 7.4 
indicate that the sow discriminates between natural and synthetic vitamin E with a preference for the 
RRR- α- tocopherol, which is reflected in the sow milk and suckling piglets.

Vitamin C
Currently, the conditions in which supplemental vitamin C may be beneficial for reproduction are 
not well defined, and therefore no vitamin C requirement estimate is given for pigs (ARC 1981, 
NRC 2012). However, the importance of adequate tissue levels of ascorbic acid for fetal develop-
ment is clear from studies on sows with a genetically determined defect of synthesis. When Wegger 
and Palludan (1994) supplemented feed with 50 mg ascorbic acid/kg body weight, maturation of 
oocytes, fertilization, and embryonic and fetal development occurred normally. Plasma concentra-
tions of ascorbate were 0.58 ± 0.04 and 1.27 ± 0.09 mg dl−1 in supplemented sows and fetuses, 
respectively, whereas the corresponding values for unsupplemented animals were 17 ± 8 μg dl−1 and 
18 ± 6 μg dl−1, respectively. After stopping supplementation with ascorbic acid for 24–38 days at 
various stages of pregnancy, edema, and subcutaneous and subperiosteal hemorrhages developed in 
the fetuses. Calcification of the skeleton was greatly reduced. Thus, ascorbic acid is required for 
correct functioning of the ovaries, specifically for maturation of tertiary follicles and maintenance 
of the function of corpora lutea. With regard to male reproduction, ascorbic acid is also required 
for proper development, maturation, and maintenance of function of sperm and for the synthesis 
of  testosterone in the interstitial cells. The effect of supplemental vitamin C (1 g day−1) for boar 
reproduction is controversial (Audet et al. 2004; Lechowski et al. 2018).

Like vitamin E, ascorbic acid plays a role in protection against oxidative processes, which is 
important for both protection of sperm, and the breakdown of highly reactive oxygen molecules and 
radicals in granulosa and luteal cells and also immune function. In a study reported by by Pinelli- 
Saavedra et al. (2008), the effects of dietary supplementation with vitamin E and vitamin C from 
beginning of pregnancy until weaning at 21 days of age was studied in relation to α- tocopherol 

Table 7.4 Total concentration and stereoisomer forms of α- tocopherol in sow milk (mg/kg, d 2 
of lactation) and piglet plasma (mg/l, day 4 of age). Sows were fed increasing levels (70, 150, and 250 IU/
kg) of all- rac- α- tocopheryl acetate from day 108 of gestation until weaning (at day 28 after farrowing).

Item Total α- tocopherola 2S RSS RSS RSR RRR

70 IU
Sow milk 6.39 0.25 1.08 1.50 1.26 2.28
Piglet plasma 7.24 0.13 1.24 1.63 1.33 2.21

150 IU
Sow milk 10.2 0.69 1.73 2.37 2.07 3.40
Piglet plasma 6.53 0.27 1.42 1.97 1.56 2.79

250 IU
Sow milk 16.5 1.41 3.22 3.72 3.35 4.79
Piglet plasma 7.27 0.23 1.25 1.81 1.38 2.38

a Adapted from Lauridsen and Jensen (2005).
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deposition in colostrum, milk piglet plasma, and tissues, and immune responses. When ascorbic 
acid was fed alone (10 g vitamin C/day), increased lymphocyte response to ConA and PHA was 
observed, whereas no effect was seen on piglet lymphocyte activity. Vitamin E supplementation 
(500 mg kg−1 feed) affected the content of α- tocopherol, and the combined vitamin E and C sup-
plementation (500 mg vitamin E and 10 g vitamin C/kg feed) increased the concentration of IgA and 
IgG in piglet plasma. In another sow study (Pinelli- Saavedra and Scaife 2005), no effect of vitamin 
C supplementation (up to 10 g day−1) was seen on sow reproductive performance and piglet growth 
performance. The efficacy of the placental transfer decreased as maternal serum concentrations of 
vitamin C increased. The main supply of vitamin C to the new born piglet was via the mammary 
gland rather than the placenta. A significant positive correlation between piglet plasma ascorbic 
acid and maternal milk ascorbic acid concentration has been shown (Hidiroglou and Batra 1995).

Water- Soluble Vitamins

Thiamin and Pantothenic Acid
To the best of our knowledge, nothing has been reported in the literature on thiamine and pantoth-
enic acid in relation to reproduction of pig species for several decades. After reporting only one 
experiment on thiamine in reproducing swine (Ensminger et al. 1947), ARC (1981) stated: “. . . There 
appears, however, to be no good evidence from work with other animals to suggest that the requirement 
for thiamin for reproduction is likely to be substantially different from that for optimum growth.” 
For pantothenic acid, the absence of information is also apparent as most recent references are from 
around fifty years ago (Davey and Stevenson 1963; Teague et al. 1971).

Biotin
Several studies have shown beneficial effects of supplementation of this vitamin on reproductive 
performance, while others have not found any effect (see reviews by Brooks 1986 and Kornegay 1986). 
In general, experiments have either involved a limited number of animals which have not allowed 
significant differences to be clearly discerned or have been carried out on animals with a low repro-
ductive capacity. In a trial using over 300 litters on several parities, Lewis et al. (1991) reported that 
a dietary supplement of 330 μg kg−1 did not influence litter size at birth but increased the number of 
piglets weaned at 21 days of age. In other large- scale trials (with more than 500 sows and gilts), 
Greer et al. (1991) reported a clear reduction of foot lesions after a 12 months’ supplementation of 
biotin at 500 μg kg−1 feed but no tangible effect on reproductive performance. The lack of effect on 
reproduction was also observed by Watkins et al. (1991) in another study using 223 litters from 
90 sows over a period covering 5 parities (three years) with fortification of 440 μg biotin/kg feed.

To the best of our knowledge, there has been only one report published after the above- mentioned 
initial studies on biotin in reproducing sows (Garcia- Castillo et al. 2006). No effect was observed 
on reproductive performance of gilts after massive supplements of 10 and 28 (mg kg−1) of biotin vs 
a control treatment of 0.07 mg kg−1 from the prepubertal period (70 kg of body weight) until the 
end of the first lactation. Nevertheless, this new information is unlikely to be of major impact or 
biological significance considering the limited number of animals, only 7 gilts per treatment.

Riboflavin
Before 1988, researchers had not suspected a role for riboflavin on swine reproduction. In the early 
1980s, it was shown that the sow’s uterus secreted large quantities of riboflavin approximately one 
week after mating (Moffatt et al. 1980). A dietary supplement of 100 mg day−1, given from day 4 to 
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day 10 of gestation, increased litter size at farrowing, probably due to the higher survival rate of 
embryos (Bazer and Zavy 1988). However, the results of this experiment have never been repro-
duced in later studies (Luce et al. 1990; Tilton et al. 1991; Wiseman et al. 1991; Pettigrew et al. 1996). 
The supplement used by Bazer and Zavy (1988) appears to have been effective in animals with a 
low reproductive capacity (<10 live- born piglets per litter). Results obtained in a more recent study 
on the subject using 60 mg riboflavin/day during the entire gestation (Rivera- Alejandro and Jiménez- 
Cabán (2014) confirm the initial study of Bazer and Zavy (1988), where the number of live piglets 
at parturition was increased from 8.1 to 10.5  in unsupplemented and supplemented sows (daily 
bolus of 100 mg from days 4 to 10 of gestation), respectively. The factors explaining these divergent 
results need to be better understood before making more definitive recommendations on riboflavin 
requirements in reproducing sows. Along with the traditional reproductive performance criteria, 
metabolic criteria have been used in order to determine optimal levels of dietary riboflavin. Such 
criteria include blood levels of total riboflavin (FAD, FMN, and riboflavin) and glutathione reduc-
tase activity in erythrocytes (often called EGRAC). This technique, developed in human nutrition, 
has also been used commonly in swine nutrition. The result is expressed in the form of a coefficient, 
with values of 1.0–1.2 representing an adequate intake of riboflavin; 1.2–1.3, marginal intake; and 
>1.3, inadequate intake (Le Grusse and Watier 1993). Table 7.5 shows the effects of dietary ribofla-
vin levels on the evolution of EGRAC activity according to the stage of gestation in two separate 
experiments (Frank et al. 1984; Pettigrew et al. 1996). The experiments can be compared since one 
common level of dietary riboflavin supplement was used and the response, in terms of EGRAC 
values, was similar. A daily intake of 10 mg of riboflavin appears to be sufficient in stabilizing and 
minimizing EGRAC values. However, even though EGRAC levels appear to be a reliable criterion 
for identifying riboflavin deficiency, some doubts have been raised upon its validity as a sensitive 
index of riboflavin requirements for both human and pigs. In fact, EGRAC values are not correlated 
with total riboflavin concentrations in the blood or liver of pigs (Giguère et al. 2002), while, in 
humans, alternative indicators are required (Hoey et al. 2009).

Pyridoxine and Niacin
The effect of pyridoxine on litter size is not well documented, and most studies were carried out 
before the 1960s. NRC (1998) and ARC (1981) have not made formal recommendations, only sug-
gestions, for requirements. Two studies from the early 1980s suggest that dietary concentrations of 

Table 7.5 Riboflavin status estimated from glutathione reductase 
activity in erythrocytes (EGRAC) according to dietary supplement 
of vitamin B2 and stage of gestation in sows.

Dietary supplement 
of riboflavin (mg/j)

EGRAC 
(3 weeks)

EGRAC 
(7 weeks)

EGRAC 
(14 weeks)

1.5a 1.45 1.91 2.82
5.5a 1.37 1.42 1.64
9.5a 1.16 1.21 1.20
10b 1.23 1.22 1.17
60b 1.20 1.22 1.18
110b 1.20 1.21 1.19
160b 1.20 1.23 1.18

a Adapted from Frank et al. (1984).
b Pettigrew et al. (1996).
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2.0–3.0 mg kg−1 would be required to meet tissue needs and to increase reproductive performance 
(Easter et  al. 1983; Russell et  al. 1985). Knights et  al. (1998) reported that dietary levels of 16 
(vs. 2.6 mg kg−1) after weaning increased pyridoxine status and the apparent nitrogen retention of 
sows during gestation, decreased weaning to oestrus interval without any other effects on reproduc-
tive performance. In reports studying the interaction between selenium (Se) and pyridoxine in early 
gestation, Bueno- Dalto et al. (2015a,b and 2016) showed the importance of the supply of this vita-
min for the endogenous antioxidant system glutathione peroxidase (GPx). This metabolism is par-
ticularly important in early gestation because ovarian metabolism may generate an excess of reactive 
oxygen species (ROS) during the peri- estrus period, which may impair ovulatory functions and 
early embryo development. However, later in gestation, placentation raises embryo oxygen tension 
and may induce a higher expression of ROS markers and eventually embryo losses. Pyridoxine is 
crucial for the regulation of the flow of one- carbon units leading to the transsulfuration pathway and 
activation of the GPx system (Bueno Dalto and Matte 2017). However, although this metabolism is 
fully functional in adults, here the sow, it is inactive in conceptuses and embryos even after placen-
tation. In this line, while beneficial effects for the GPx system and ovulatory process were reported 
shortly after estrus, with provision of supplementary pyridoxine (10 mg kg−1), it was not the case for 
embryo development and integrity later in gestation at 30 days of gestation, i.e., after placentation 
(Bueno Dalto and Matte 2017). A better understanding of the role of vitamin B

6
 in the foeto- maternal 

connection in pig species is required for reliable assessments of the most adequate dietary levels of 
this vitamin.

For niacin, Ivers et al. (1993) concluded that a diet devoid of exogenous niacin and containing 
low concentration (0.12%) of tryptophan (precursor of niacin) was sufficient to meet niacin 
 requirements during both gestation and lactation.

In a descriptive study, Mosnier et al. (2009) showed that niacin and pyridoxal status decreased 
shortly after farrowing in multiparous sows in spite of a high feed intake during the first week of 
lactation (6.4 kg d−1) and dietary supplies of niacin, tryptophan, and vitamin B

6
 at 45 mg kg−1 0.22% 

and 3 mg kg−1, respectively. It was suggested that niacin and pyridoxine might have been transiently 
suboptimal in early lactation. The importance of the partition of tryptophan for niacin synthesis 
remains to be better understood during that period in order to make reliable estimate of niacin 
required for  lactating sows.

Choline
Maternal supplementation of methyl donors including choline (400 mg kg−1), betaine (3 g kg−1), 
folic acid (15 mg kg−1), and of vitamin B

12
 (150 μg kg−1) provided throughout gestation enhanced 

birthweight and postnatal [up to 110 kg of body weight (BW)] growth rate of offspring, this, in 
 parallel with an greater expression of the IGF- 1 genes and altered DNA methylation of IGF- 1 gene 
promotor (Jin et al. 2018).

For the period of lactation, two reports (Donovan et al. 1997; Mudd et al. 2016) presented the parti-
tion of the different forms of choline in sow colostrum and milk from 12 hours pre- partum to 28 days 
postpartum. Most of the choline content (75–85%) in the colostrum and milk is bound to phospho-
lipids that is likely to be highly available for the piglet. Although inadequate (517 mg kg−1) vs ade-
quate dietary choline (1591 mg kg−1) did not elicit a global impact on milk nutrient composition, 
certain milk nutrients such as betaine, select fatty acids, and free amino acids were sensitive to mater-
nal choline intake in sows (Mudd et al. 2016). In fact, the dietary provision of choline from sow milk 
will be partitioned by piglet metabolism between oxidation to betaine (remethylation) and direct 
utilization of the preformed vitamer (membrane integrity and neurotransmitter functions), this last 
role sparing endogenous synthesis of choline and reducing methylation needs. This partition of milk 
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dietary choline may contribute to the regulation of the development of hyperhomocysteinemia 
observed in piglets (Ballance and House 2005; Simard et al. 2007; Côté- Robitaille et al. 2015).

Folic Acid
Folic acid has attracted, during the last decades, a great interest in human nutrition mainly because 
of its protective effects against cardiovascular disease and congenital malformations. The metabolic 
roles played by folic acid are closely linked to those of vitamin B

12
. The vitamin is critical for the 

transfer of single- carbon units, which is fundamental for the synthesis of purine and pyrimidine 
bases and for the remethylation pathway (methionine cycle). Therefore, folic acid plays a crucial 
role in protein deposition and tissue synthesis. In the remethylation pathway of homocysteine to 
methionine, folic acid is a precursor providing a methyl group and vitamin B

12
 is the enzymatic 

cofactor (Le Grusse and Watier 1993). Thus, one of the beneficial roles of folic acid is related to the 
control of homocysteine levels in the organism. This substance, an intermediary metabolite from the 
normal metabolism of methionine, is a powerful oxidant which, at high levels, is harmful to blood 
vessel integrity and normal embryo development (Pietrzik and Brönstrup 1997); the organism must 
maintain a level of homocysteine as low as possible. A deficiency in folic acid and/or vitamin B

12
 

results in local or systemic homocysteine accumulation (Bässler, 1997), which would be a key fac-
tor increasing the risks of cardiovascular disease, abortion and congenital malformations (Pietrzik 
and Brönstrup 1997).

In pig species, it is now well acknowledged that providing folic acid supplements to gestating 
sows increases prolificacy by roughly 10% (Matte et al. 1984; Kovčin et al. 1988; Lindemann and 
Kornegay 1989; Thaler et al. 1989; Friendship and Wilson 1991; Lindemann 1993; van Wettere 
et al. 2013). Supplements given during lactation were also efficient in increasing postnatal growth 
of piglets (Matte et al. 1992; Wang et al. 2011) possibly through a higher transfer of the vitamin 
through colostrum and milk (Barkow et al. 2001). Such a response was also obtained by Jin et al. 
(2018), who supplemented folic acid with choline. The effect of folic acid on prolificacy is probably 
due to the decrease in embryo mortality during the first month of gestation (Tremblay et al. 1989). 
Folic acid likely acts at two levels: directly on embryo development (DNA, proteins, and estrogen 
secretion) (Matte et al. 1996; Guay et al. 2002a) and indirectly by stimulating the uterine secretion 
of growth promoters such as the cytokine transforming growth factor β

2
 (TGFβ

2
) and eicosanoids 

beneficial to the acceptance of embryos by the uterus such as prostaglandin E
2
 (PGE

2
) (Matte 

et al. 1996; Giguère et al. 2000; Guay et al. 2004a; Guay et al. 2004b). However, it is also likely that 
the embryonic and uterine responses to folic acid also depend on animals’ parity (Matte et al. 2006). 
In fact, responses to dietary folic acid, both in terms of prolificacy (Lindemann and Kornegay 1989) 
and uterine secretions of PGE

2
 (Duquette et al. 1997) and TGFβ

2
 (Guay et al. 2004b), are more 

marked in multiparous sows than in nulliparous sows (Table 7.6). Several hypotheses have been 
raised to explain this parity- based difference in response. It is now believed that the mitigated 
effects of folic acid in gilts is probably linked to the limiting metabolic availability of another vita-
min mentioned earlier, B

12
 (see the next section for more specific details on vitamin B

12
), which 

would interfere with homocysteine homeostasis. According to Matte et al. (2006), it appears that at 
least part of the parity effect of folic acid on sow physiology and reproductive performance 
(Table 7.5) is related to homocysteine homeostasis. In terms of physiology, it is supported by the 
importance of this intermediary amino acid in (i) altering trophoblast integrity (DiSimone et al. 2004; 
Kim et al. 2009) and (ii) favoring extracellular release of arachidonic acid (C20:4n − 6) and then 
inducing an intracellular depletion of this precursor of PGE

2
 and accumulations of thromboxane B2 

(TXB2) and reactive oxygen species (ROS), leading to an unbalance in the redox state of cells 
(Signorello et al. 2002). In terms of performance, the report of van Wettere et al. (2013) using folic 
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acid (5 vs. 20 mg kg−1) and vitamin B
12

 (20 vs 150 μg kg−1) supplementations with an extensive 
population of sows (n = 1079) with parity ranking and homocysteine data is clearly supportive of 
the concept of a parity- dependent response to folic acid and vitamin B

12
 supplementations related to 

homocysteine homeostasis.
In experiments studying the effects of folic acid fortifications (30 vs. 1.3 mg kg−1) throughout 

gestation on early life (28 days of age), metabolism of intrauterine growth retarded (IUGR) suckling 
piglets, reported that, in high-  vs low- supplemented litters, some aspects of hepatic one- carbon 
metabolism were improved in IUGR piglets (Liu et  al.  2011), whereas their altered antioxidant 
capacity and lipid metabolism along with their gene- related expression were normalized to the level 
of normal birth weight piglets (Liu et al. 2012, 2014). Liu et al. (2014) associated their treatment 
responses to the regulation of DNA methylation of promoter by folic acid supplementation during 
pregnancy. Nevertheless, in terms of BW at birth or at weaning, there was no dietary treatment 
effect either on IUGR or normal birth weight piglets. The fetal programming and lactocrine 
 consequences of those responses on metabolism of IUGR pigs need to be further investigated.

In terms of optimal dietary concentrations of folic acid, a whole body balance approach with 5 
supplement levels ranging from 0 to 20 mg kg−1 was used by Matte and Girard (1999) who showed 
that the metabolic use of folic acid in pregnant sows would be optimal at approximately 10 mg kg−1 
in sows with litter sizes of 12–13 live- born piglets.

Vitamin B
12

The role of vitamin B
12

 in the reproductive process is poorly known. Vitamin B
12

 requirements are 
studied in a different way than other water- soluble vitamins since the withdrawal of the vitamin 
supplement or of other vitamin B

12
 source (animal- origin ingredients only) in the feed must be done 

over a prolonged period (at least a year) to induce symptoms of deficiency such as abortion shortly 
before farrowing (Ensminger et al. 1951; Cunha et al. 1944; Frederick and Brisson 1961). As men-
tioned earlier, recent studies on folic acid have identified a possible influence of homocysteine on 
the response of the reproductive function to folic acid, but they have also raised concerns about 
vitamin B

12
, which has been neglected in swine nutrition during the last 30–40 years. In fact, the last 

NRC publication (1998) reported that there have been few experiments on vitamin B
12

 in reproduc-
ing sows since the 1940s (Anderson and Hogan 1950; Frederick and Brisson 1961; Teague and 
Grifo 1966). Guay et al. (2002a) showed that fasting concentrations of plasma B

12
 in nulliparous 

sows were two to three times lower than in multiparous sows. This low B
12

 status in nulliparous 
sows is probably linked to the fact that, as for other micronutrients, B

12
 needs for reproduction are 

in competition with requirements for growth and maintenance. Once maturity is reached, more of 

Table  7.6 Prolificity at parturition and embryo mortality and composition 
of  allantoic fluid at 30 days of gestation according to parity and dietary 
 supplements of folic acid during gestationa.

Item
Sow:
Supplement of B

9
:

Nulliparous Multiparous

− + − +

Piglets born alive per litter 9.1 9.3 11.5 13.5
Embryonic mortality %) 14.4 12.8 39.2 32.6
Total allantoic PGE

2
 (ng) 1574 1750 1890 2318

Total allantoic TGFβ
2
 (ng) 81.1 66.0 66.7 138.1

a From Matte et al. (2006).
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the B
12

 supply becomes available for the reproductive function. Furthermore, B
12

 requirements for 
the reproductive function appear to be particularly large in early pregnancy considering the massive 
transfer of vitamin B

12
 to the uterus at that time (Guay et al. 2002b). Indeed, the total vitamin B

12
 

concentration in uterine horns at 15 days of gestation represents between 180 and 300% of the total 
concentration in plasma, with the total volume of plasma being estimated at 4% of body weight 
(Matte and Girard 1996). The physiological mechanism underlying this transfer is not well under-
stood in pigs although one of the known B

12
 carriers, transcobalamin I, has been identified in por-

cine endometrial tissues (Pearson et al. 1998). Moreover, Guay et al. (2002b) showed that a dietary 
supplement of 160 ppb similar to that used by Frederick and Brisson (1961) could be an efficient 
way to increase B

12
 status as measured by the variation of plasma B

12
 in early gestation (up to day 15). 

Nevertheless, an optimal level of dietary B
12

 needs to be estimated considering the limited informa-
tion that was used to establish the present estimate of requirements at 15 ppb (NRC 1998). In this 
respect, the statement made by ARC (1981) is quite evocative: “The proposed figure of 15 μg·kg−1 
of dietary DM, must be considered very tentative and may need to be increased tenfold or more 
according to the results (.  .  .).” More recently, attempts have been made to estimate the optimal 
level of dietary B

12
 for nulliparous sows (Simard et al. 2007). The dietary concentrations of cyano-

cobalamin that maximized plasma vitamin B
12

 and minimized plasma homocysteine of sows during 
gestation were estimated at 164 and 93 μg·kg−1, respectively. The biological significance of such 
concentrations of cyanocobalamin needs to be validated with performance criteria using large 
 numbers of animals during several parities. The supplementation of vitamin B

12
 during gestation 

also affected the transfer of this vitamin to the piglets, which occurred both in utero and through 
colostrum intake (see Table 7.3), and it prevented accumulation of homocysteine in piglets during 
lactation (Simard et al. 2007).

Vitamins and Growth in Pigs

As mentioned previously, the duration of the postweaning period in modern pig production corre-
sponds roughly to about half the life existence of a pig (from fertilization of ova to slaughter). 
A logical first step for a reliable estimation of the optimal provision of vitamins for the early post-
weaning period could be to establish, on a standard basis (per day and per kilogram of BW), the 
provision of vitamins brought by colostrum and milk during lactation as compared to the postwean-
ing dry feed. Concentrations of some vitamins (as fed basis) in colostrum, milk, and dry feed are 
presented in Table 7.7 along with an estimation of the daily provision of those vitamins to piglets 
per kilogram of BW. Vitamins are more concentrated by 1.4 (vitamin B

12
) to 4 (vitamin E) times in 

colostrum than in milk. This cannot be explained entirely by differences in total solid contents that 
are approximately 20–25% lower in milk than in colostrum (Pond and Houpt 1978; Yang et al. 2009). 
For the daily provision of those vitamins to piglets per kilogram of BW, the importance of colos-
trum intake is critical bringing between 3.6 and 18.3 times more vitamins B

12
 and E, respectively, 

for the newborn piglets than milk, later in lactation. As mentioned earlier, the transfer of vitamin 
from dams to piglets via the colostral route is a crucial because the lack of efficiency for prenatal 
transfer of some vitamins (Matte and Audet  2020). Therefore, one can argue that the colostral 
 provision would correspond to the maximum amount required by a pig during his ex- utero life.

For the postweaning feed, the dietary vitamin level recommended by NRC (2012) corresponded, 
in terms of daily provision per kilogram BW, to values generally lower (except for D, B

9
 and B

3
) 

than for colostrum but generally higher (except for A, D, B
2
, and B

8
) than for milk (Table 7.7). The 

average dietary vitamin levels currently used in the USA swine industry (Flohr et al. 2016) provided 
more vitamins (per day per kilogram of BW) than both milk and colostrum (except for A, E, B

2
, and 
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B
6
 which are still below the maximal colostral level). In addition, some countries such as the Danish 

pig production officially recommend higher levels of some specific vitamins, for example, the rec-
ommendation of vitamins E and D for weaners is 140 and 800 IU/kg feed, respectively (SEGES, 
Svineproduction 2019).

Some reports have been published on growth performance and various criteria responses to die-
tary provision of “multi- vitamins.” The dietary vitamin provision (riboflavin, niacin, pantothenic 
acid vitamin B

12
, and folic acid) needed to optimize some aspects of growth performance were 

higher (>470% of NRC 1998) in high lean than in moderate lean strain of pigs between 9 and 28 kg 
of BW (Stahly et al. 2007). More recently, it has been reported that provision of these 5 B- vitamins 
(>270% of NRC 1998) for crossbred conventional pigs is beneficial for several aspects of growth 
performance during the three growth phases corresponding to 10–20 kg, 20–50 kg, and 50–105 kg 
of BW (Cho et al. 2017). These last authors mentioned that responses are not consistent (see also 
Zhang et al. 2013) and may depend upon several factors related to basic vitamin levels in ingredi-
ents, basic vitamin status of animals, and conditions of husbandry. In fact, other studies reported 
that during the growing- finishing period (33–110 kg of BW), supplements of vitamins (riboflavin, 
pyridoxine, pantothenic acid, and biotin) at 400 and 800% of GfE (1987) or NRC (1998) did not 
influence performance but enriched pork meat by 37, 58, and 129% for vitamin B

6
, pantothenic 

acid, and biotin, respectively (Böhmer and Roth- Maier 2007).

Table 7.7 Vitamin concentrations in colostrum, milk, and postweaning dry feed and corresponding daily provisions to piglets 
per kilogram body weight (BW).

Colostruma Milka

Postweaning feed 
as recommended by NRC 

(2012)

Postweaning feed 
(currently used according 

to Flohr et al. (2016)

Vitamin
Amount 

(/l)

Provision 
to piglets 

(/d/kg BW)c

Amount 
(/l)

Provision 
to piglets 

(/d/kg BW)c

Amount 
(/kg)

Provision 
to piglets 

(/d/kg BW)c

Amount 
(/kg)

Provision 
to piglets 

(/d/kg BW)c

A (mg) 2.5a 0.77 0.7 0.09 0.67 0.03 3.6 0.18
E (mg) 13.2a 4.1 2.5 0.31 16 0.8 71.3 3.6
D (μg) 0.53a 0.16 2.7 0.33 5.5 47.8 2.4
C (mg) 24.7a 7.6 11.1 1.4 N/Ad N/Ad N/Ad N/Ad

B
9
 (μg) 44.6a 13.7 13.4 1.6 300 15.0 1800 90.0

B
12

 (μg) 6.1a 1.9 6.1 0.75 17.5 0.88 46 2.3
B

2
 (mg) 4.4b 1.4 2.2e 0.27 3.5 0.18 9.7 0.49

B
3
 (mg) 0.56b 0.17 7.0e 0.86 30.0 1.5 51.3 2.6

B
6

b (mg) 4.4b 1.4 1.7e 0.21 7.0 0.35 4.0 0.2
B

8
b (μg) 23.5b 7.21 46e 5.7 50.0 2.5 370 18.5

a Adapted from Hakansson et al. (2001) for vitamin A; from Håkansson et al. (2001), Loudenslager et al. (1986), Pinelli- Saavedra 
and Scaife (2005), and Pinelli- Saavedra et al. (2008) for vitamin E; Amundson et al. (2017) for vitamin D; Pinelli- Saavedra and 
Scaife (2005) and Yen and Pond (1983) for vitamin C; Barkow et al. (2001) and Matte and Girard (1989) for vitamin B

9
; and 

Simard et al. (2007) and Audet et al. (2015) for vitamin B
12

.
b Adapted from Matte and Audet (2020).
c Based on a colostrum daily intake of 0.43 l and 1.4 kg BW at 0–1 d of age, a milk daily intake of 0.8 l and 6.5 kg BW at 14–21 d 
of age, and a feed daily intake of 0.5 kg and 10 kg BW at 21–35 d of age.
d N/A = data not available. However, a dietary supplement at 1 g kg−1 would correspond to 50 mg d−1 kg−1 BW.
e Adapted from Davis et al. (1951) for vitamins B

2
 and B

3
; Côté- Robitaille et al. (2015) for vitamin B

6
, and from Bryant et al. (1985) 

for vitamin B
8
.
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Fat- Soluble Vitamins and Vitamin C

Although the risks of vitamin deficiency are practically nonexistent today, it should be noted that 
the postweaning period may be critical especially for fat- soluble vitamins due to limited fat absorp-
tion capability. The apparent digestibility of fat by suckling piglets is high (96%; Cranwell and 
Moughan 1989), but at weaning it decreases to 65–80% (Cera et al. 1988). Furthermore, weaning 
age has declined over time in order to increase sow productivity, and the European ban on antibiotic 
growth promoters are factors of importance for the development of postweaning stress in pigs. 
Besides, during the postweaning phase, there is a greater relative growth response for weanling 
pigs, particularly for muscle tissue, thus requiring a higher need for vitamins. It should be noted that 
the antioxidant activity of especially vitamins E and C calls for special attention in relation to the 
interaction with other antioxidants (selenium), potential prooxidants (iron and copper and unsatu-
rated fatty acids), both in relation to the dietary supplementation of weaners and growers; however, 
these issues will be addressed elsewhere.

Vitamin A
Swine is able to store vitamin A in the liver, which makes the vitamin available during periods of 
low intake. Requirements for vitamin A depend on the criteria evaluated; weight gain is less sen-
sitive than cerebrospinal fluid pressure, liver storage, or plasma levels. For pigs during the first 
eight weeks of life, 75–605 μg retinyl acetate/kg of diet is required depending on response crite-
ria used. In growing- finishing pigs, the requirement varies from 35 to 130 μg retinyl acetate/kg 
when daily gain was used as criterion, and from 344 to 930 μg retinyl acetate/kg, when liver stor-
age and cerebrospinal fluid pressure was used as the criterion (NRC 2012). However, vitamin A 
fortification in commercial swine starter diets is generally added in excess of NRC (1998, 2012) 
standards. In weaners, no differences between three levels of vitamin A (2200; 13 200, or 
26 400 IU/kg) were obtained on performance with regard to a 35 days postweaning period (Ching 
et al. 2002). In addition, no effect on the performance of growers was obtained with high doses 
of vitamin A (10 000, 20 000, or 40 000 IU/vitamin A/kg feed) in comparison with the control 
treatment at 5000 IU/kg feed (Hoppe et al. 1992). It should be noted that high dietary levels of 
vitamin A could have detrimental effect on the young pig’s vitamin E status during the postwean-
ing period and could be detrimental to the antioxidant status (Ching et al. 2002). Symptoms cor-
responding to hypervitaminosis A (sudden lameness) appeared in pigs three to four days after 
introduction of a feed with a vitamin A- content ten times higher than the claim (195 000 IU/kg) 
(Reiner et al. 2004).

As mentioned before, there is a poor absorption of intact β- carotene in the pig. However, 
 β- carotene plays an important role in immunoregulation and may therefore call for special attention 
with regard to weaners, whose immune system may be depressed. It has been shown that concentra-
tions of plasma immunoglobulins (IgG) were higher among piglets born from gilts injected with 
β- carotene (Brief and Chew  1985) although concentrations of immunoglobulins in colostrum 
were not changed. Increased mitogen proliferation has been reported in pigs supplemented with 
 β- carotene (Hoskinson et  al.  1992). In pigs (50–55 kg) injected once with 0, 20, or 40 mg of 
 β- carotene, the vitamer was found in all subcellular fractions of lymphocytes with highest concen-
tration in nuclei, intermediate in mitochondria and microsomes, and lowest in cytosol (Chew 
et  al.  1991a). The treatment did not alter concentrations of retinol or α- tocopherol in plasma 
(Chew et al. 1991b). Supplementation of β- carotene did not appear to influence the serum IgG con-
centration in sows and piglets (Kostoglou et al. 2000). The role of β- carotene supplementation on 
the immune function of pigs remains to be elucidated.



207VITAMINS AND VITAMIN UTILIZATION IN PIGS

Vitamin D
The fact that the piglet is born with the lowest plasma concentration of 25- OHD

3
 may predispose 

piglets to neonatal rickets, a condition of vitamin D deficiency associated with retarded skeletal 
growth and myopathy. Vitamin D deficiency reduces retention of calcium, phosphorus, and mag-
nesium (Miller et al. 1965). Thus, in mature swine, a mild deficiency reduced bone mineral con-
tent (osteomalacia), whereas pigs may exhibit signs of calcium and magnesium deficiency, 
including tetany, after a severe vitamin D deficiency. Bethke et al. (1946) and NRC (2012) sug-
gested a minimum requirement of 150–200 IU/kg diet for pigs during the weaning and growing 
pigs (Table 7.2), but the official British (BSAS 2003) recommendations are generally higher vary-
ing from 800 (for pigs until 60 kg live weight) and 600 IU (from 60 to 90 kg live weight). Danish 
swine production recommendations (Norms for Nutrients. 2019. 10th ed. National Committee for 
Pigs, Copenhagen, Denmark) vary from 800 (for piglets, approximately 6–9 kg) to 500 (for pig-
lets, approximately 9–30 kg) and 400 IU (for pigs from 25 to 100 kg live weight). Some guidelines 
have incorporated the added value of increased bioavailability of vitamin D when using 
25- hydroxyvitamin D3  instead of vitamin D3 for enhancing the vitamin D status of the pig 
(Lauridsen 2014), and the potency of various doses of the 25- hydroxyvitamin D- 3 with regard to 
biological responses such as growth performance, immune function and antioxidative capacity in 
piglets post weaning (Konowalchuk et al. 2013; Yang et al. 2019). Since the active form of vitamin D, 
1,25(OH)

2
D

3
, is dependent on the presence of 25(OH)D3, and the fact that pigs are in general low 

in vitamin D status at birth and weaning, other than nutritional strategies have been investigated to 
increase the concentration of serum and plasma 25(OH)D3 of piglets, and to enrich pork with 
vitamin D. In brief, these methods have been injection (Matte et al. 2017) or administration of 
vitamin D3 to the drinking water (Jang et al. 2018) and use of UVB light (Matte et al. 2017; Kolp 
et al. 2017; Barnkob et al. 2019) or sunlight (Larson- Meyer et al. 2017) to weaned, growing, or 
finishing pigs.

The efficacy of feeding high amounts of vitamin D
3
 to finishing pigs to increase muscle cal-

cium and subsequently to improve meat tenderness has also been investigated. Wiegand et al. 
(2002) fed 250 000 or 500 000 of vitamin D

3
 per day to finishing pigs three days prior to slaughter 

and although the high dietary supplementation resulted in elevated plasma calcium concentra-
tions, no improvement was observed on pork tenderness. However, supranutritional levels of 
40 000 or 80 000 IU of supplemental vitamin D

3
 per kilogram of diet (as fed basis) for at least 

44 days improved pork color and increased pH, but muscle calcium concentrations were not 
affected (Wilborn et  al.  2004). Likewise, Lahucky et  al. (2007) investigated the effect of 
500 000 IU vitamin D

3
/day for five days before slaughter for growing- finishing pigs and observed 

a higher plasma calcium concentration and some effects on the redness of muscle. In addition to 
the effect of feeding supplemental vitamin D on pork, the impact on the nutritional quality of the 
meat has been studied. A study by Jakobsen et  al. (2007) identified a dose–response effect 
between the total concentration of vitamin D (i.e., the sum of vitamin D

3
 and its metabolite, 

25- hydroxyvitamin D
3
) in the meat and in liver with the total dietary concentration in the feed. 

The combination of supplementing finisher pigs with both phytase and 25- OH- D
3
 was recently 

addressed (Duffy et  al.  2018),; however, no benefit was obtained on pig performance, bone 
parameters, or pork quality.

Besides toxicity resulting from excess vitamin A, vitamin D is the vitamin most likely to be toxic 
for both humans and livestock. Excessive intake of vitamin D produces a variety of effects, all asso-
ciated with abnormal elevation in blood calcium. The estimated upper dietary level of vitamin D

3
 in 

swine has been estimated at 33 000 and 2200 IU/kg diet depending on the exposure time, less and 
above 60 days, respectively (McDowell 2000).
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Vitamin E
The early postweaning period is a critical state for vitamin E as a nutrient for growth and health. As 
tocopherols (vitamin E) are absorbed in the small intestine as free alcohols alone or in combination 
with emulsified fat products, the commercial available all- rac- α- tocopheryl acetate must be hydro-
lyzed before absorption, a process that may be limited in weaned pigs (Chung et al. 1992; Hedemann 
and Jensen 1999, Lauridsen et al. 2001). Although piglets nursing sows fed adequate or increased 
dietary vitamin E had higher reserves upon weaning (Mahan 1991, 1994; Lauridsen and Jensen 2005), 
the tissue (heart and muscle) tocopherol declines rapidly during the postweaning period (Lauridsen 
and Jensen 2005). However, the concentration of α- tocopherol in liver did not change in piglets 
from 35 to 49 days of age. Previous studies have indicated that the porcine liver has a very high 
short- term storage capacity for α- tocopherol (Jensen et al. 1990; Lauridsen et al. 2002b). Thus, the 
decrease observed in other tissues (heart and muscle) may indicate that a dietary level of 70 IU/kg 
of all- rac- α- tocopheryl acetate in the weaner diet or the bioavailability of the all- rac- α- tocopheryl 
acetate source was insufficient to induce exportation of α- tocopherol from the liver to other tissues 
(Lauridsen and Jensen 2005). In a subsequent experiment with weaners fed increasing levels of dif-
ferent dietary all- rac- α- tocopheryl acetate (85, 150, and 300 mg all- rac- α- tocopheryl acetate/kg 
diet) at a 5% dietary fat level of either animal fat, sunflower oil, or fish oil, it was observed that the 
concentration of α- tocopherol in serum decreased during the first week after weaning and that die-
tary vitamin E supplementation had no influence on plasma concentration before day 42 of age 
(Lauridsen  2010). Thereafter, serum α- tocopherol concentration reflected the dietary vitamin E 
level and stayed between 1.5 and 2.0 mg l−1 when piglets were fed 150 and 300 mg all- rac- α- 
tocopheryl acetate/kg diet (Lauridsen 2010). A plasma or serum concentration of 1.5 mg to 2.0 mg l−1 
may be used as a guideline for establishing a satisfactory vitamin E status of the pig (Wilburn 
et al. 2008). In addition, a long- term high- dose enriched diet (250 mg kg−1) was recommended for 
improving oxidative status of piglets in the postweaning period (Rey et al. 2017).

Several studies have been performed with the overall purpose of improving pork quality through 
dietary vitamin E supplementation (of review see Jensen et al. 1998). Lipid oxidation is one of the 
primary processes of quality deterioration in meat and meat products. The changes in quality are 
manifested by adverse changes in flavor, color, texture, and nutritive value and by possible produc-
tion of toxic products. Dietary supplementation of vitamin E above requirement levels has been 
found to be effective in reducing lipid oxidation in meat and meat products. The amount of vitamin 
E accumulated depends on muscle characteristics, supplementation level, and duration of supplemen-
tation (Jensen et al. 1998). It should be noted that vitamin E toxicity has not yet been demonstrated 
in swine, and dietary levels as high as 550 mg kg−1 (Bonette et al. 1990) and 700 mg kg−1 (Jensen 
et al. 1997) have been fed to growing pigs without toxic effects. Actually, deposition of α- tocopherol 
does not reach saturation levels in muscle tissue of pigs fed 700 mg α- tocopheryl acetate (Jensen 
et al. 1997). The major benefit attained is protection against oxidative changes, thereby improving 
storage stability. Other meat quality parameters are affected such as meat color and drip loss, though, 
the efficiency of supplemental vitamin E to control color deterioration in pork meat varies consider-
ably (Jensen et al. 1998). Relationship between endogenous vitamin E and drip loss reduction has 
been shown in pre- frozen (Asghar et al. 1991; Monahan et al. 1994) and raw (Cheah et al. 1995) pork, 
although the mechanism behind needs to be fully explained (Jensen et al. 1998). Subsequently, it has 
been shown that supranutritional vitamin E supplementation in a strategic finishing diet formulated 
to reduce muscle glycogen levels amplified effects on glycogen levels and tended to reduce the water 
binding capacity of meat as compared to a control diet (Rosenvold et al. 2002). It has in addition been 
shown that drip losses from porcine meat were reduced by elevating the dietary inclusion levels of 
vitamins and trace minerals 150–200% of the recommended levels (Apple 2007). Other antioxidants 
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and antioxidant blends with vitamin E have been investigated for their potential to attenuate oxidative 
stress reactions leading to impaired carcass and pork quality (see for instance Lu et al. 2014).

Vitamin C
Vitamin C is not routinely added to pig feed because pigs are capable of synthesizing vitamin C 
within one week of age (Braude et al. 1950). However, during stressful situations such as weaning, 
the presence of l- gulono- γ- lactone oxidase (GLO), a critical enzyme for the biosynthesis for vita-
min C, might be low (Ching et al. 2001). In addition, upon weaning a decline in plasma ascorbic 
acid (Yen and Pond 1981, Mahan and Saif 1983) has been observed, which may have been an indi-
cation of inadequate synthesis of the vitamin or stress associated with weaning. Mahan (1994) 
observed improved performance in weanling pigs fed a stable source of vitamin C during the first 
two weeks after weaning. De Rodas et al. (1998) evaluated the efficacy of a stable source of vitamin 
C for improving performance and iron status in early weaned pigs (14 days of age). It was con-
cluded that 75 ppm L- ascorbyl- 2- poly- phosphate was adequate to meet the dietary vitamin C of 
early- weaned pigs. In a study reported by Fernandez- Duenas et al. (2008), supplementation of vita-
min C at 150 mg kg−1 and/or β- carotene at 350 mg kg−1 had no effect on animal performance or 
antioxidant status.

The interaction between vitamin E and C is particularly relevant due to the synergism between 
the two vitamins, a sparing action of vitamin C on vitamin E (as reviewed by Burton et al. 1990). 
This is illustrated by the fact that the highest response of α- tocopherol in immune cells (Figure 7.1), 
liver, and muscle tissue in weanling piglets after dietary vitamin E was observed when vitamin C 
was included in the weanling feed at 500 mg of vitamin C per kilogram of feed (Lauridsen 
and Jensen 2005). In ddition, the vitamin C supplementation caused an increase in the relative con-
tribution of the RRR- α- tocopherol in the immune cells of the piglets on the expense of the 
 RRS- tocopherol and consistently increased the concentration of IgM throughout the weaner 
period compared with piglets with no added dietary vitamin C. In the study by Zhao et al. (2002), 
plasma levels of IgG in weanling piglets showed a linear increase with increasing levels of  vitamin C 
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Figure 7.1 Concentration of α- tocopherol in immune cells of weanling piglets fed control  (without vitamin C supplementation 
or with 500 mg vitamin C/kg feed. Source: Adapted from Lauridsen and Jensen (2005).
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(up to 300 mg  vitamin C per kilogram feed). Whether or not supplemental vitamin C plays a role in 
stimulating immune function in pigs requires further studies.

The interaction of vitamins C and E is also important in relation to meat quality. When 300 mg 
vitamin C/kg or 200 mg dl- α- tocopheryl acetate, or a combination of both vitamins, was fed to bar-
rows from 25 to 106 kg live weight, some synergistic actions between the two vitamins were 
observed in terms of enhanced vitamin E concentration in all investigated tissues (except ham) on 
the dietary treatment with vitamin C alone (Eichenberger et al. 2004). However, the oxidative stabil-
ity measured as TBARS was not influenced by dietary vitamin C supplementation, whereas it was 
improved with the dietary vitamin E supplementation. In another study (Pion et al. 2004), on- farm 
vitamin C supplementation to drinking water at 0, 1000, and 2000 mg l−1 for 48 hours before slaugh-
ter did not influence pork quality; however, the importance of the timing of the supplementation 
relative to slaughter needs to be investigated.

Ascorbic acid is also essential for the hydroxylation of proline and lysine, which are integral con-
stituents of collagen. Collagen is essential for the growth of cartilage and bone. Vitamin C enhances 
the formation of both bone matrix and tooth dentin. The role of vitamin C in the prevention or allevia-
tion of osterochondrosis in swine has been investigated since osteochondrosis could be related to 
insufficient collagen cross- linking because of reduced hydroxylation of lysine (Nakano et al. 1983; 
NRC 1998). However, dietary supplementation with vitamin C was ineffective in preventing osteo-
chondrosis. In a study with 47 day- old- pigs receiving 1500 or 1000 mg ascorbic acid/kg diet for four 
months, no influence on bone formation marker (except osteocalcin) and various plasma and urine 
indices of bone metabolism (Pointillart et al. 1997). Based on this long- term study, the authors con-
cluded that high intakes of ascorbic acid had no positive influence on bone metabolism or bone 
characteristics in pigs. Furthermore, in a study with a high prevalence of foreleg lesions, no associa-
tion of low levels of vitamin C in pigs and incidence of foreleg defects could be found (Armocida 
et al. 2001).

Vitamin K
The pig’s (weanling and growing) requirement for vitamin K is estimated to be 0.5 mg kg−1 diet. 
Dietary vitamin K may be provided as the natural forms; K

1
 (phylloquinone) and K

2
 

( menaquinone- 4), but these forms are costly. Therefore, the synthetic forms, K
3
 (menadione) or its 

derivative, menadione sodium bisulfate (MSB), are used as vitamin K sources, and additionally 
Marchetti et al. (2000) also concluded that the synthetic form, menadione nicotinamide bisulfite 
(MNB) is a good source of vitamin K for the pig. Vitamin K is required for proper blood coagula-
tion. It is necessary for the conversion of four so- called clotting factors (II, VII, IX, X) in blood 
from their precursor forms into their active forms. Hence, in deficiency, clotting factors remain 
inactive resulting in prolonged bleeding time. Diagnosis is based on the estimation of prothrombin 
time. Liver stores of vitamin K can be depleted very rapidly during even very short periods of 
vitamin K- deficient diet consumption (Kindberg and Suttie 1989). According to NRC (1998), vita-
min K levels up to 1000 times the requirement are tolerated by the animals. Vitamin K deficiency 
increases prothrombin and clotting times and may result in internal hemorrhages and death 
(NRC 1998). Some factors, which interfere with blood clotting, may increase the pig’s require-
ment for vitamin K. These are excess calcium (Hall et al. 1991) and mycotoxin or mold contami-
nated feed ingredients (Hoppe 1988; NRC 1998). It is not known whether a high level of dietary 
calcium reduced the synthesis of vitamin K by intestinal microbes, reduces the absorption of 
vitamin K from the gut, or destroys the activity of vitamin K. Further antagonistic effects on vita-
min K in pigs may, besides mouldy corn, be exerted by antibiotics and imbalance in fat- soluble 
vitamins. There appears to be a tissue- specific interaction between vitamins E and K, when  vitamin E 
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is supplemented to rat diets (Tovar et al. 2006), since phylloquinone concentrations were lower 
in the vitamin E supplemented compared to the vitamin E restricted group. In addition, the four 
natural occurring tocopherols and β- carotene tended to cause relatively strong and weak, respec-
tively, haemorrhage effects with regard to prothrombin and partial troboplastin time indicies 
(Takahashi 1995).

Water- Soluble Vitamins

Thiamin and Biotin
The number of reports specifically related to thiamine for pigs is very limited since both ARC 
(1981) and NRC (1998, 2012). Woodworth et al. (2000) showed that dietary supplementation of 
thiamin up to 5.5 mg kg−1 (2.5–5 times the ARC (1981) and NRC (1998) levels, respectively) had no 
effect on growth performance of weanling pigs (5–25 kg of body weight) as compared to the unsup-
plemented corn- soybean meal- dried whey- based diet. A case report was released recently (Hough 
et al. 2015) for postweaned pigs in relation to a neurological defect identified as polioencephaloma-
lacia which occurred in several herds in USA in 2012 and responded to administration of vitamins 
preparations only when thiamin was included. According to the authors, this apparent transient thia-
min deficiency was probably related to a feed manufacturing problems. Although this case report 
illustrates the importance of an adequate levels of this vitamin for young modern pigs, the level of 
thiamin in an basal diet (in particular organic) containing a variety of cereals and home- grown 
(Germany) ingredients is sufficient to cover thiamin requirements of all classes of pigs (Witten and 
Aulrich 2018, 2019).

For biotin, the most known effect of supplemental biotin in swine diet is related to its role in 
maintenance of hoof integrity and in increasing hooves’ resistance to lesions. According to the rec-
ommendations of NRC (1998) and INRA (1984), biotin requirements range from 50 to 100 μg kg−1. 
Although NRC (1998) stated that “A considerable portion of the pig’s biotin requirement is pre-
sumed to come from bacterial synthesis in the gut,” it is likely to be unavailable for the pig since the 
main site of intestinal absorption is the small intestine (Mosenthin et al. 1990). Therefore, for biotin, 
the dietary provision is particularly critical; this is all the more important that, in contrast to other 
vitamins such as folic acid and vitamin B

12
, the importance of the enterohepatic cycle for biotin 

homeostasis is negligible, biotin biliary excretion representing less than 2.2% of the dietary biotin 
intake (Zempleni et al. 1997).

Kopinski and Leibholz (1989), in an elegantly designed study on requirements in growing- 
finishing pigs, suggested that the highest level of the range 50–100 μg kg−1 was required to effectively 
prevent hoof lesions. Also, levels of 100 μg kg−1 optimized biotin concentrations in various organs 
(Figure 7.2). Such responses could be a useful criterion for determining biotin requirements in swine.

In another study, Partridge and McDonald (1990) demonstrated a trend toward the improvement 
of food conversion efficiency in pigs receiving a supplement of 500 μg kg−1 between 15 and 88 kg 
of body weight. According to these authors, the effect may be caused by the more efficient meta-
bolic use of polyunsaturated fatty acids in animals receiving the biotin supplements. The process of 
fatty acid elongation requires the participation of two- carbon molecules such as acetate and 
malonate, with malonate being 20–30 times more effective in long- chain fatty acid elongation 
than  acetate (Roland and Edwards  1971). Malonate synthesis requires the presence of biotin 
(Watkins 1989; Watkins and Kratzer 1987). Because dietary supplements of biotin may modify the 
fatty acid profile in pigs (Martelli et al. 2005), it seems likely that the type of fats in the carcass 
could be, at least partly, related to the animal’s biotin status.
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Vitamin B
6
, Riboflavin, and Niacin

In piglets, pyridoxine concentrations in plasma are very low at weaning (Matte et al. 1997, 2001), 
probably due to the fact that sow’s milk is a poor source of vitamin B

6
, around 0.40 μg ml−1 

according to Benedikt et al. (1996). This amount would represent roughly half the daily require-
ment needed for growth in piglets (Coburn 1994). After weaning, the deficit is exacerbated by the 
fact that the in vivo interconversion and oxidation of amino acids increases substantially since the 
protein content in feed is greater and less adequately balanced (in terms of amino acids) as com-
pared to sow’s milk. Pyridoxal- 5- P (one of the active metabolites of pyridoxine) is an essential 
enzyme cofactor in these protein metabolism reactions (Le Grusse and Watier 1993). The meta-
bolic use of pyridoxal- 5- P is dependent upon the growth rate of the young piglet (Matte 
et al. 1997, 2001).

Several aspects of tryptophan metabolism are dependent upon pyridoxine (vitamin B
6
): the tryp-

tophan oxidation pathway releases alanine (a glucogenic amino acid), acetyl- CoA (total oxida-
tion), or nicotinamide nucleotides (Le Grusse and Watier 1993). Following an inadequate provision 
of B

6
, intermediate metabolites of tryptophan oxidation (such as kynurenine (Kyn) and xanthurenic 

acid) may chronically accumulate in circulation and impair tryptophan uptake into the brain by 
competing for the carriage of this amino acid through the blood- brain barrier and hence reduced 
serotonine synthesis (cited by Bender 1987). The synthesis of this amine that is also derived from 
the B

6
- dependent catabolism (decarboxylation) of tryptophan can be stimulated, in rats, by dietary 

B
6
 supplements (Hartvig et al. 1995), but the effects are more marked after concomitant supple-

ments of B
6
 and tryptophan (Lee et al. 1988). In B

6
- supplemented piglets, it has been shown that 

plasma disappearance of tryptophan increased along with a concomitant transient production of 
Kyn after a gastric load of tryptophan (Matte et al. 2001) suggesting that the oxidation pathway 
of  tryptophan can be stimulated by B

6
. However, no information is available on dietary B

6
 and 

 serotonin in pigs.
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In early- weaned piglets, impacts of interactions between vitamin B
6
, tryptophan, and other 

 nutrients (riboflavin) have been investigated in relation to glucose homeostasis. (Matte et al. 1997, 
2001,  2005,  2016). In such case, either the decarboxylation of tryptophan to serotonin, a B

6
- 

dependent enzymatic reaction, or the role of pyridoxine in tryptophan oxidation toward the synthe-
sis of niacin might be involved. Indeed, as mentioned before, a B

6
 deficiency could block the 

sequence of reactions to an intermediate metabolite, xanthurenic acid, which is believed, besides its 
above- mentioned detrimental metabolic effects, to also reduce considerably insulin efficiency 
(Kotake et al. 1968). Beyond growth performance, the interaction between pyridoxine and trypto-
phan was also investigated in relation to development of immune competence in postweaned piglets 
(Matte et al. 2011). As far as the immune status is concerned, separate effects of treatments were 
observed on in vivo antibody response (tryptophan supplementation) and on immune cell popula-
tions and on in vitro responses to a mitogen agent suggesting that each nutrient exerts a role through 
independent mechanisms, at least for the immunological indicators chosen in that experiment. In 
spite of late (eight to nine weeks of age) and short effects of supplementary dietary levels of Trp (2.2 
vs. 2.6 g kg−1) and B

6
 (2.8 vs. 6.0 mg kg−1) on feed conversion ratio, it was concluded that vitamin 

B
6
 is not a major factor for the partition of this amino acid between protein deposition (growth 

responses) and catabolism and therefore for tryptophan requirements of postweaning piglets.
Pyridoxine is also particularly important as an enzymatic cofactor in the transsulphuration path-

way for the disposal of homocysteine to cysteine (Le Grusse and Watier 1993). Zhang et al. (2009) 
showed that B

6
 deficiency in weaned piglets induced rapidly (within three weeks) depressed growth 

performance and pyridoxal- P status along with a severe homocysteinemia. Using the same growth 
and metabolic criteria in a repletion experiment with different levels of dietary supplements of pyri-
doxine, they reached a conclusion similar to Matte et al. (2005) and Woodworth et al. (2000) that 
there was no advantage, in terms of performance, to exceed a total B

6
 intake of 8 mg kg−1 for wean-

ling piglets. This value is five times greater than the NRC recommendation (1998; 2012) and cor-
responds to average supplementation levels used by the industry in North America (BASF 2001; 
Flohr et al. 2016)). Based on criteria such as growth performance and/or nitrogen retention, it had 
been thought for many years that dietary levels of 2–5 ppm of B

6
 were required for postweaning pigs 

(5–30 kg in weight) (Adams et al. 1967; Kösters and Kirchgessner 1976; ARC 1981; Bretzinger 1991; 
NRC 1998).

As mentioned earlier, vitamin B
6
 metabolism is closely related to other B- vitamins, in particular, 

riboflavin (B
2
). The biologically active metabolites of B

2
, FMN, and FAD are involved in the con-

version of B
6
 in its biologically active vitamers, pyridoxal phosphate, and its excretory form, 

4- pyridoxic acid (Le Grusse and Watier 1993). Riboflavin is an enzymatic cofactor involved with a 
niacin component of niacin (NADPH) in the glutathione reductase that regenerates oxidized glu-
tathione to reduced glutathione. The latter becomes available for the Se- dependent glutathione per-
oxidase (GSH- Px), critical for tissue peroxidation in several species including pigs. Decreased 
hepatic GSH- Px activity and Se retention were reported in young pigs on a B

2
- deficient diet (Brady 

et al. 1979). A supplementation of 2 mg per day (vs. none) of riboflavin increased GSH- Px in sev-
eral organs and increased Se retention particularly when the Se source was selenite (Parsons 
et al. 1985).

The link between tryptophan and niacin, as mentioned earlier, is well known (Le Grusse and 
Watier 1993) for several species including pigs (Markant et al. 1993). The conversion of tryptophan 
to niacin is dependent upon several dietary and hormonal factors (Fukuwatari and Shibata 2007) 
including species (60, 45, 37–50, and 170 mg of tryptophan equivalent to 1 mg of niacin in human, 
chicks, pigs, and ducks) (Firth and Johnson 1956; Fukuwatari and Shibata 2007; Chen et al. 1996; 
Matte et al. 2016) but is independent of dietary niacin content (Fukuwatari and Shibata 2007).  
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For pigs, the genotype has been evoked as a factor of variation for the partition of tryptophan 
between catabolism (toward synthesis of niacin) and protein deposition (growth responses) (Le 
Floc’h et al. 2017) but it remains to be better understood. In early weaned piglets, it has been shown 
that supplements of 0.05% of tryptophan increased by over 45% the concentration of plasma nico-
tinamide, a biologically active metabolite of niacin (Matte et al. 2011). In terms of growth perfor-
mance criteria during the postweaning, growing and finishing period, results are inconsistent. Ivers 
et al. (2012) estimated that a supplementation of 14 mg kg−1 of niacin is likely sufficient to maxi-
mize N utilization and growth performance between 14 and 39 kg of BW, whereas in a previous 
report, they (Ivers et al. 1993) did not observe any treatment effect on any of growth performance 
criteria within a range of supplementation between 0 and 81 mg kg−1 In growing- finishing pigs, Real 
et  al. (2002) concluded that 13–55 mg kg−1 added dietary niacin improved average daily gain, 
gain:feed ratio, and meat quality (drip loss, pH and color). This last report was the basis for the 
recommended dietary requirement for niacin at 30 mg kg−1 in NRC (2012) for all postweaning, 
growing, and finishing periods (5–135 kg of BW).

For postweaned piglets (3–10 weeks of age), using growth performance criteria, it was recently 
suggested (Matte et al. 2016) that a basal dietary level of niacin corresponding approximately to the 
NRC (2012) recommendation, was suboptimal. Moreover, high levels of dietary niacin (79–87 mg 
kg−1) may attenuate Trp oxidation toward niacin metabolites.

Pantothenic Acid
Pantothenic acid has received some attention for the recent decades. In early weaned piglets, linear 
response on ADG and ADFI was observed within the range of 0–120 mg kg−1 (Grinstead et al. 1998). 
As a matter of comparison for earlier in life, the pantothenic provision to suckling piglets during 
lactation corresponds to 47 mg kg−1 DM of milk. In growing- finishing pigs, at dietary concentra-
tions higher than that required to maximize body weight gain (up to 120 mg kg−1), it would modify 
body composition through a partition of energy from fat accretion toward protein deposition (Stahly 
and Lutz 2001; Autrey et al. 2002; Santoro et al. 2006). However, it seems that this effect of panto-
thenic acid on fat and protein partitioning of meat is controversial because several studies did not 
report any response with dietary levels of supplementation between 30 and 90 mg kg−1 (Radcliffe 
et al. 2003; Yang et al. 2004; Saddoris et al. 2005; Groesbeck et al. 2007). Nevertheless, supplemen-
tal dietary pantothenic acid at levels of 110 mg kg−1 from 95 to 165 kg of BW may have valuable 
applications in niche markets such as heavy pig production by improving carcass quality (leanness) 
without affecting fatty acid composition (Minelli et al. 2013).

Choline and Betaine
Choline is considered as a B- vitamin although its typical dietary concentration is much higher than 
other micronutrients (Emmert et al. 1998). Moreover, it does not correspond to the classical defini-
tion of vitamins because it can be metabolically synthesized by the pig through methylation brought 
by the conversion of S- adenosyl- methionine (SAM) to S- adenosyl- homocysteine (SAH); three mol-
ecules of SAM (3  methyl groups) are required for synthesis of phosphatidylcholine (Stead 
et  al. 2006). This vitamer is involved mainly as a structural components being the predominant 
phospholipids (>50%) in most mammalian membranes (Zeisel 2006). Another choline vitamer, ace-
tylchloline, is well known for its neurotransmitter functions. Phosphatidylcholine (also called leci-
thin) can become a methyl donor via its oxidation in betaine. The importance of betaine for nutrition 
and physiology of livestock have been reviewed (Eklund et al. 2005). Briefly, betaine is the trime-
thyl derivative of the amino acid glycine that originates in the body from either choline oxidation or 
from nutritional sources. It is recognized as a powerful osmoprotective agent and as a methyl donor 
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in transmethylation reactions (Lipiński et al. 2012). This last metabolic pathway, which regulates 
homocysteine in circulation, is called betaine- homocysteine methyl transferase (BHMT) pathway 
(Finkelstein 1990). However, it seems that the BHMT pathway is poorly efficient in depressing 
systemic homocysteine in growing- finishing pigs (Skomial et al. 2004) probably because of its lim-
ited tissue distribution, only in liver and kidneys in pigs (Delgado- Reyes et  al.  2001) and also 
because of the relative insensitivity of hepatic and renal BHMT enzymatic activities to dietary 
intakes of sulfur amino acids, choline, or betaine. Recent advances in the functions of choline and 
betaine as well as the interactions between these two methyl donors and methionine have been 
reviewed for several species including pigs (Simon 1999; Cronje 2018). Some studies has been 
reported since NRC (1998) using plant lecithin as an alternative to dietary choline chloride which is 
often considered as harmful for the oxidative stability of some other nutrients in the diet. In fact, in 
contrast to human where lecithin is absorbed more slowly than choline chloride, there was no dif-
ference in diurnal variations between the two sources of choline in pigs (Jakob et al. 1998). In terms 
of growth performance and meat quality, there was no significant impact of supplements of choline 
chloride (0 vs. 0.2%) or lecithin (0 vs. 1.0, 1.5, 2.0, or 2.5%) (Kuhn et al. 1998).

Folic Acid and Vitamin B
12

In starter, grower, and finisher swine, the parenteral or oral administration of folic acid has been 
found to have positive effects on growth performance in some cases (Lindemann and Kornegay 1986; 
Matte et  al.  1990; Matte et  al.  1993; Yu et  al. 2010) or has had no effect at all (Gannon and 
Leibholz 1990; Letendre et al. 1991). The impact of interactions between folic acid, vitamin B

12
, 

and methionine on growth performance and meat quality were evaluated in growing- finishing pigs 
(Giguère et al. 2008). Although supplements had no impact on growth performance, meat quality, 
and meat oxidative stability, the dietary supplement of folic acid enriched meat in folates by 22% 
and decreased its content in homocysteine, a response that was also observed by Yu et al. (2010); 
The enrichment of pork with folates deserves to be better investigated with regard to its importance 
(mentioned earlier) for human nutrition and health (Giguère et al. 2008). Links between folic acid 
and vitamin B

12
 metabolism and health status of growing- finishing pigs (16–24 weeks of age) have 

been suggested by Grutzner et al. (2015). They showed that concentrations of serum folates and 
vitamin B

12
 were lower and their related metabolites (homocysteine and methyl- malonic acid) were 

higher in animals that were acutely, chronically, or subclinically infected by Lawsonia intracellularis. 
The consequences of this link between folic acid and B

12
 nutrition to health response have been 

recently addressed in an experiment where two populations of piglets (birth to eight weeks of age) 
with high or low homocysteine levels in blood plasma were generated by altering the dietary provi-
sion of folates (1 vs. 10 mg kg−1) and B

12
 (20 vs. 200 μg kg−1) to sows during gestation and lactation 

and by direct intramuscular (i.m.) injections of B
12

 to piglets (Audet et al. 2015). Detrimental effects 
on indicators of cell- mediated immunity suggested a weakened immune competence. Unexpectedly, 
however, plasma homocysteine was positively correlated with growth rate and feed intake of piglets 
after weaning. Therefore, the only logical interpretation to such results would be that young “high 
performing” piglets that also generate high levels of plasma homocysteine are immunologically 
more fragile (Audet et al. 2015) and speculatively, less resistant to disease challenges. This concept 
might be important as an explanation to the opposite relation often reported in concrete husbandry 
situations between superior performance and disease resistance.

Estimates of vitamin B
12

 requirements in growing- finishing pigs are based on studies carried out 
before 1966. Requirements are known to increase with the animal’s potential for protein deposition 
and protein concentrations in feed. Cyanocobalamin supplements may alleviate for some imbal-
ances in the intake of amino acids such as methionine and lysine (cited in ARC 1981). In piglets 
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weaned at 26 days of age, an intramuscular injection of vitamin B
12

 corresponding to a dietary 
intake 100 times greater than that recommended by the NRC (1998) at 20 μg kg−1, resulted in an 
increase in weight gain and in feed intake of approximately 14 and 12% during the four weeks after 
weaning (Wilson et  al.  1991). More recently, using performance criteria and metabolic criteria 
(mainly homocysteine), House and Fletcher (2003) showed that a supplement of 35 μg of crystalline 
cyanocobalamin/kg of feed without natural cobalamin was required for 5–10 kg weaner pigs. In a 
study mentioned above with growing- finishing pigs (Giguère et al. 2008), a vitamin B

12
 supplement 

over 25 μg kg−1 had no effect on growth performance, meat quality criteria, or metabolic criteria 
linked to methionine remethylation, particularly homocysteine status. However, the highest supple-
ment in vitamin B

12
 (150 ppb) increased the B

12
 content by 55% in pork. These results were con-

firmed by bioavailability measurements of dietary vitamin B
12

 and metabolic fate of homocysteine 
in growing pigs that were surgically prepared to assess portal appearance of these metabolites after 
a meal (Matte et al. 2010, 2012).

Conclusion

Vitamins are nutrients essential to growth, maintenance, and health of pigs, just as amino acids and 
fatty acids are. Each vitamin plays well- defined metabolic roles, the importance of which varies 
depending on the animal’s physiological status (starter, grower, or breeder).

The high level of productivity characterizing today’s intensive farm management calls for inten-
sive anabolism to maintain growth, gestation, and lactation at an optimal level. Nutrient allowances 
may need to be adjusted to meet the increased level of production but much of the limited informa-
tion available on this topic is outdated. The levels used and/or recommended by private and public 
agencies vary widely. The lack of information on vitamins is responsible for this empirical or anec-
dotal approach that persists even today. Although the risks of a vitamin deficiency are practically 
nonexistent today, determining optimal levels for the productivity of swine production operations is 
a research challenge for the future. Besides the cost of feed vs reproductive and growth performance 
as the classical economical criteria to optimize the vitamin intake, other relevant issues should be 
also taken into account. For example, the vitamin provision to gestating and lactating sows and its 
efficient transfer to fetuses and piglets are particularly critical because pigs are entirely dependent 
for half of their existence (ova fertilization to slaughter) on the transfer of vitamins from their 
mother. Vitamin provision may have impact on health of pigs when taking into account that all 
vitamins have direct or indirect influence on the immune response. Further, vitamin supplementa-
tion above recommended level may influence human nutrition when considering effects on meat 
quality both in terms of stability (e.g. vitamin E) and meat enrichment (e.g., some B- vitamins and 
vitamin D), the latter being a potential marketing tool for the promotion of pork commodities.
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Introduction

Minerals in swine diets continue to be a challenge in swine production. Research revealing require-
ments for specific genotypes, age, and physiological state has not been determined for specific 
minerals, yet it has been known for over 10 years that genotypes differ in body composition and 
differing growth patterns (Hinson et al. 2009; Alexander et al. 2010; Pomar et al. 2014). The deter-
mination of a mineral in a feed ingredient or diet does not guarantee that the presence of this nutrient 
is useful to the animal to perform a function, hence, bioavailable. Some ultratrace elements do not 
have a confirmed role as a physiological function, hence may not really be a required nutrient that 
should be added to diets (O’Dell and Sunde 1997. As noted previously (Hill 2013), F, Cr, V, Si, Ni, 
As, Li, Pb, and B have not been proven as a catalyst or a regulator confirming its physiological func-
tion. Additionally, Zn and Cu are used by the swine industry as pharmacological agents that enhance 
growth at concentrations exceeding requirements for these nutrients.

Macro minerals are those required by the animal in large amounts (g or kg/d) and include Ca, P, 
Mg, and S as well as the electrolytes Cl, K, and Na. Trace or microelements (μg/d) include Zn, Cu, 
Mn, Se, Mo, I, and Co. Although Fe is required in diets in an intermediate amount between macro 
and microelements, it is usually considered as a trace element.

As noted by Mahan and Vallet (1997), “. . . There are periods during pregnancy when sows may 
have a temporally high requirement for certain vitamins and minerals.” Using markers to study bone 
metabolism, van Riet et al. (2016) reported that primiparous and multiparous sows differed, but not 
during the reproductive cycle. However, Crenshaw et al. (2013) found that the percent of bone ash 
increased with parity. Genetic differences and this research help to remind us why it is not possible 
to quantify definitely the nutrient requirement of sows and probably their offspring.

Sulfur

This element is a part of certain vitamins and amino acids and is found in skin, nail, and hair tissue 
where there is a high S- amino acid content. Animals that require thiamin, biotin, cysteine, cysteine, 
taurine, and methionine need S. Plants and micro- organisms utilize S to make methionine, an essen-
tial amino acid for swine, the pig’s microorganisms cannot synthesize in adequate amounts to meet 
their needs.

In recent years, the role of S in its interactions with Se, Cu, and Fe is probably of greatest concern 
in swine diets because of its presence in dried distillers grains with solubles (DDGS) where sulfuric 

8 Minerals and Mineral Utilization in Swine
Gretchen M. Hill



FUNDAMENTAL NUTRITION230

acid is used in processing. As noted previously (Hill 2013), determination of S is difficult because 
it is an anion, and consistent results are only available from reputable laboratories who perform 
S analysis routinely.

Calcium

This important macroelement is associated with its essentiality in the skeleton as hydroxyapatite, 
whitlockite, carbonate, or phosphate, but the other 1% of the body’s Ca is also essential in the blood 
and cells. The amount of Ca must be carefully controlled because of its relationship with P, Mg, etc. 
Hence, measured Ca in swine diets does not guarantee its bioavailability to serve a function in the 
body, and its absorption is carefully controlled resulting in plasma Ca homeostasis, meeting the 
needs of the body. This regulation in plasma Ca concentration prevents hypercalcemia or hypocal-
cemia and is the role of calcitonin and parathyroid hormone (PTH) to prevent tetany, paresthesia, 
muscle weakness, anorexia, etc.

The role of Ca bone and tissue health was previously discussed (Hill 2013).
The research of Rortvedt and Crenshaw (2012) to characterize the cause of kyphosis (spine cur-

vature that is outward and abnormal) illustrates the interaction of Ca, P, and vitamin D and reminds 
us why absolute requirements are not possible without considering other nutrients.

Calcium Absorption and Transport

Active transport is utilized in the duodenum when Ca intake is low, but when Ca intake is high, passive 
paracellular transport in the jejunum and ileum is utilized. The hormone derived from vitamin D, 
calcitriol, controls active transport under the control of PTH. Calbindin is involved in the transfer 
of Ca in absorption. The Ca2+- Mg2+ ATPase is utilized in the duodenum with the exchange of Mg for 
Ca. Because Ca absorption is limited, excess Ca is excreted in the feces.

Calcitriol activity in the brush border is also involved in P absorption via alkaline phosphatase 
and other carriers. Numerous other roles of calcitriol are known in bone metabolism and other  tissues 
for cell differentiation, proliferation, and growth. Fiber and phytate (myoinositol  hexaphosphate) 
decrease the absorption of Ca and other minerals.

As noted previously (Hill 2013), the amount of Ca in plasma is tightly regulated with about half 
of the Ca in blood being free and the remainder bound to protein (albumin or pre- albumin) and 
sulfate, phosphate, or citrate. Hence, plasma Ca is not a good indicator of Ca status.

Digestibility and Metabolism

The mobilization of Ca from bone and utilization from dietary sources are important for bone 
health, milk production, and longevity. Crenshaw’s laboratory (Darriet et al. 2017) determined that 
diets with acidogenic mineral supplements increased urinary and fecal Ca excretion and decreased 
Ca retention. Greater amount of Ca (0.95% with 0.63% total P) has not been shown to improve sow 
lactation or pig performance, which is similar to the results in growing pigs reported by Stein’s labo-
ratory (Merriman et al. 2017). The retention of Ca and P changes during gestation with increased 
digestibility in the later stages (Lee et al. 2019). This means of compensation by the sow may be its 
means of “managing” different housing systems and increased productivity as genetics change (Tan 
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et  al.  2016). The observed homeostatic regulations of Ca and P in neonates via transcriptional 
changes of regulatory genes (Gagliardi et al. 2017) may be a means utilized by sows during gesta-
tion and lactation.

Dietary Needs

Because of the cost of P sources and the importance of bone health, research has continued rela-
tive to Ca:P and use of phytase. Using Ca:total P of 1 : 1 in a low P diet with phytase (500 units 
Natuphos/kg), one laboratory (Liu et al. 2014) found increased apparent absorption of P from 
the small intestine and P absorption from the cecum with Ca unaffected. The true total tract 
digestibility (TTTD) of limestone and dicalcium phosphate or their combination were similar 
with 1 : 1 ratio and increasing concentrations of Ca at 4.0, 5.0, and 6.0 g/kg in young pigs (Zhang 
and Adeola  2017). With semi- purified diets, TTTD of calcitic limestone was reported to be 
76.8% and monosodium phosphate was 88.8% (She et al. 2015). Using breaking strength and 
ash (Ross et al. 1984), calcitic limestone (2 sources), oyster shell flour, gypsum, marble dust, 
and aragonite had bioavailabilities of 93–102%, but dolomitic limestone was less bioavailable 
(51 and 78%). With Ca:P from 0.6:1 to 1.3:1 did not affect average daily gain (ADG) in growing 
pigs (Fan and Archbold 2012). Standardized total tract digestible (STTD) Ca requirement of 
11–25- kg pigs to maximize bone ash was 0.48%. However, greater STTD of Ca was found to 
decrease ADG and G:F (González- Vega et  al.  2016). Researchers have also investigated the 
cost/benefit on Ca and P needs by altering  depletion and repletion feeding sequences (Gonzalo 
et al. 2017).

Phytase

Research on the use of phytase supplements in nonruminant diets has been investigated for some 
time (Hill 2013). There are new products (Torrallardona et al. 2012; Torrallardona and Ader 2016; 
Arredondo et al. 2019) and techniques of utilizing phytase such as “super dosing,” as well as studies 
to determine the effect of dietary ingredients on intestinal organisms production of phytase (Heyer 
et al. 2016). Adding phytase to diets increases apparent total tract digestibility (ATTD) and STTD 
of Ca and the ATTD of P regardless of Ca source (González- Vega et al. 2015). Additionally, regres-
sion equations for the use of predicting STTD of P are not always accurate for all DDGS products 
(Almeida and Stein 2012).

Recently, Moran et al. (2019) reported that exogenous inositol improved the efficiency of gain 
initially after weaning similar to super- dosing phytase. They also reported that super- dosing phytase 
(2500 FTU/kg) initially increased serum Zn (21d not 42d), Cu, and decreased Fe.

Phosphorus

The body’s need for P, its relationship with Ca and Mg, high costs in diet formulation, and high fecal 
excretion make P the mineral element most likely to be of concern in swine production. Like Ca, a 
majority of P is found in the skeleton, but it is essential in intermediary metabolism, as a nucleic 
acid and cell membrane component, in oxygen delivery, and a component of acid–base balance 
 cannot be overlooked.
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Digestion, Absorption, and Transport

As previously noted (Hill 2013), inorganic P is absorbed in the inorganic form throughout the 
small intestine. Although the exact mechanisms are not known, it is believed that most is 
absorbed primarily in the duodenum and jejunum. Without phytase, phytic acid negatively 
affects absorption and makes the bound P unavailable. Alkaline phosphatase and phospholipase 
hydrolyze organic P so carrier- mediated active transport or diffusion can occur. Calcitriol stimu-
lates absorption. Organic trace minerals have been shown to increase digestibility of P in corn- 
soybean diets in a research setting. Known interactions with Mg, Al, and Ca may reduce 
P absorption and may bind to P in plasma. However, most P is transported as phospholipids or 
bound to other proteins.

Phosphorus is the second most abundant mineral in the body, and most of it is found in the skel-
eton associated with Ca and laid down on collagen in the ossification process during the bone for-
mation. Calcitriol and PTH as with Ca influence P metabolism. The P not in bone is found in soft 
tissue and extracellular fluids where it is part of nucleic acids, energy metabolism (high- energy 
phosphate bonds), acid–base balance, oxygen delivery, and enzymatic activities. With heat stress 
and differing P concentrations, Weller et  al. (2013) used gene expression profile of nine genes 
encoding electron transport proteins in muscle and reported that P and temperature were important 
in regulation of oxidative phosphorylation. Immunological castrates are similar to boars (entire 
males) in P utilization (Elsbernd et al. 2015). The digestibility and absorption of P from monocal-
cium phosphate are not altered by the amount of P in the diet (Stein et al. 2008), and it is more 
 bioavailable than dicalcium phosphate (Petersen et al. 2011).

Excretion

In high grain diets, most of the dietary P is bound in the phytate molecule, which is not available 
without phytase. Hence, P is excreted in the feces. However, the absorbed P is excreted in the urine 
in the inorganic form and is involved in P balance. It has been known for some time that pharmaco-
logical Zn reduces digestibility of Ca and P, but the addition of microbial phytase increases ATTD 
and STTD if Ca and ATTD of P (Blavi et al. 2017).

Bikker et al. 2016 using semi- purified low- P diets reported that increasing feeding level increased 
endogenous phosphorus losses from the digestive tract and fecal excretion in grow- finish pigs. The 
phosphorus excretion per day when expressed on a BW basis was less for grow- finish pigs than 
sows (4.6 vs. 5.6 mg/kg BW). Bikker et al. (2017); however, noted that using endogenous P loss 
determined in grow- finish pigs may underestimate P needs in sows.

Phytase above 4000 FTU/kg has been shown to supply adequate Ca and P when fed deficient 
diets to nursery pigs, resulting in performance similar to pigs fed adequate Ca and P. This practice 
would need to be evaluated further before use in perspective breeding animals. When phytase is 
added to sow diets that are deficient in Ca and P, weight loss is similar to that of sows fed adequate 
Ca and P (Wealleans et al. 2015). Phytase has been shown to increase urinary P and retained P when 
adequate P diets are fed (Olsen et al. 2019).

Ingredient source may affect efficacy of phytase as noted by Bournazel et al. (2018) who reported 
that dehulled rapeseed meal may improve the release of P in stomach by microbial phytase. The 
ATTD and STTD of P increased in four differing canola meal diets as phytase in the diet increased 
(She et al. 2017). Rojas et al. (2013) reported that phytase added to corn, hominy feed, bakery meal, 
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and corn germ meal would improve P digestibility. Research indicates that using total or apparent 
P digestibility may overfeed P in brown rice diets (Yang et al. 2007). If Ca is reduced in the diet by 
changing the Ca:P from 1.9 to 1.3, the efficiency of phytase is not improved (Létourneau- Montminy 
et al. 2010). A prebiotic, inulin, has been shown to not interact with phytase relative to mineral sta-
tus or growth performance (Jolliff and Mahan 2012). Zinc balance was improved with supplemental 
Zn and phytase when 0 or 100 ppm Zn was fed, but as expected due to the Cu X Zn interaction, Cu 
balance was reduced by Zn supplementation (Adeola et al. 1995). Hinson et al. (2009) found that a 
diet formulated with reduced crude protein and additional amino acids, low phytic acid corn and 
phytase maintained growth performance, and carcass characteristics compared to a typical corn- soy 
diet. In sows, phytase supplementation increased apparent total tract digestibility of P but not crude 
protein or Ca during lactation in low P diet (Nasir et al. 2012).

Electrolytes

The anions and cations are how the body fluids maintain pH balance and buffering capacity neces-
sary for cellular function. The important cations are sodium, potassium, calcium, and magnesium; 
the anions are chloride, bicarbonate, and proteins/amino acids, organic acids, phosphate, and  sulfate. 
A brief description can be found in Hill (2013).

Sodium

Salt is 40% Na and has a high absorption rate. The kidney’s glomerulus filters Na and as the major 
cation in extracellular fluid is reabsorbed by the proximal tubule, loop of Henle, distal convoluted 
tubule, and collecting ducts. In the blood, Na is unbound and its concentration is tightly regulated.

Chloride

Usually, the concentration of Cl in extracellular fluid is the opposite of Na and hence passively 
 follows Na in absorption from the small intestine. It can be reabsorbed actively by parts of 
the kidney.

Potassium

Because K is the essential and primary cation in intracellular fluid, it is carefully balanced with 
excretion primarily by the kidneys equaling absorption. The hormone, aldosterone, is involved in 
K and Na and hence fluid balance.

Salt

Although Na, K, and Cl are known to be required electrolytes, little work has been completed 
to define the role of salt (NaCl). Earlier work was reviewed by Hill (2013). Research indicates 
that a range of 166–250 mEq/kg is appropriate for weanling pigs (Lei et al. 2017). When dietary 
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electrolytes were studied as mEq in sows (DeRouchey et al. 2003) weaning weight, milk composi-
tion, and rebreeding were not affected. Changing dietary electrolyte balance has been shown to not 
affect growth performance, meat quality, carcass yield, or esophageal ulcer scores in finishing pigs, 
and the electrolyte blood components returned to prior concentrations after a 10- day withdrawal 
period (Edwards et al. 2010).

Iron

Iron Regulation

Work in other mammalian species indicates that Fe homeostatic regulation develops around wean-
ing (Lönnerdal 2017). Hence, the development of small intestinal Fe transporters (divalent metal- 
ion transporter 1 and ferroportin) occurs overtime. The relative expressions of both duodenal 
divalent transporter 1(DMT1) and solute carrier family 39 member 14 (ZIP14) were increased in 
weaned pigs fed 20 ppm Fe compared to those fed 520 ppm Fe (Hansen et al. 2009). The excretion 
of Fe is not controlled, but the liver, which also controls the release to other organs, regulates 
absorption in the proximal small intestine. Hepcidin, a peptide secreted by the liver, responds to Fe 
parameters (Darshan and Anderson 2007). Rincker et al. (2005) reported the role of Fe- regulated 
proteins (IRP) in storage and transport proteins in neonatal and nursery pigs. Additional information 
is available in Hill (2013).

Iron Metabolism in the Pig

Pigs are born with about 30% of the total Fe in the body as humans yet their rate of growth is much 
greater, and colostrum and milk are very poor sources. Hence, Fe must be supplied in an available 
form. Giving an Fe injection at two to three days of age results in almost three times the total body 
Fe of an uninjected pig. In today’s swine production, usually 200 mg of Fe is injected as Fe dextran 
within three days of birth. Jolliff and Mahan (2011) reported that additional 100 mg of injected Fe 
prior to weaning increased hematological status but with no increase in growth. Gut closure occurs 
early in life and prevents the absorption of large molecules. As the parity of the sow increases, the 
hepatic Fe concentrations decrease in the neonate (Hill et  al.  1983). Spears laboratory (Hansen 
et al. 2009) also found that weaned pigs fed adequate (120 ppm) or high dietary Fe (520 ppm) had 
greater relative hepatic hepcidin expression than those fed low Fe.

Wan et al. (2017) reported that feeding 80 mg Fe as ferrous N- carbamyglycinate chelate during 
late gestation increased the liter weight of live pigs and Fe saturation, but reduced total iron- binding 
capacity and hepatic and renal Fe in neonates compared to supplementing the sows with Fe sulfate 
(Wan et al. 2018).

Lactoferrin, an Fe binding protein, has antibacterial and antiviral activity as a nonimmune natural 
defense (Valenti and Antonini 2005). Two peptide fragments of lactoferrin that are released during 
digestion were shown to increase growth and decrease the concentration of E. coli in the ileum, 
cecum, and colon (Tang et al. 2009). Wang et al. (2006) reported that dietary lactoferrin increased 
villus height and decreased crypt depth while improving growth and relative abundance of mRNA 
of PR- 39 and protegrin- 1 genes in nursery pigs. Bacterial growth and hence susceptibility to infec-
tion will occur with excessive oral or injectable Fe in the neonate. Details of Fe needs and utilization 
are reviewed in the latest NRC (2012).
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Dietary Fe

The Fe concentration in feedstuffs and Fe sources is not an indication of its usefulness to the pig. 
For example, 80 ppm provided by dietary ingredients will not support adequate growth in growing 
pigs (Rincker et  al.  2004). In general, the Fe in animal protein sources is more available for 
 absorption if the animal needs metabolic Fe. Rincker et al. (2005) and Kerr et al. (2008) recently 
reported Fe concentrations in feedstuffs. Phytase (2500 FTU/kg) added to a low Fe diet (50 ppm) 
increased growth performance compared to 300 ppm Fe in a wheat- based soy diet (Laird 
et al. 2018).

Zinc

The essentially of Zn in mammals is not questioned due to its role in many structures and enzymes 
in the body. As noted by McMahon and Cousins (1998), “it is small, hydrophilic, and a highly 
charged species which cannot cross biological membranes by passive diffusion.” Hence, transport-
ers with unique time, temperature, and pH requirements are involved in the absorption, utilization, 
and release of Zn and continue to be studied.

Transporters and Metallothionein

Two families of proteins are involved in Zn transport: (i) ZnT (solute- inked carrier 30 or SLC30A) 
and (ii) Zip (Zrt- and Irt- like proteins (slc39A). The role of ZnT transporters is to lower Zn in cells 
and vesicles, while Zip proteins transport Zn from extracellular fluid or vesicles into cytoplasm 
(Cousins et al. 2006). There are 10 members in the ZnT family and 14 in the SLC39 family.

The first recognized transporter, ZNT- 1, is found in many tissues of the body and is involved in 
transporting Zn out of the duodenal and jejunal intestinal cells where it is highly expressed. Hence, 
as expected when 2500 ppm Zn was fed to nursery pigs, mRNA of ZnT1 was increased (Martin 
et al. 2013). Because ZnT- 1 is not decreased during low Zn intakes, it is likely that it is not a control 
point in Zn status regulation.

Until recently, ZnT- 2 was only known to import Zn into vesicles and was found in secretory 
tissues such as the pancreas, prostrate, placenta, ovary, and mammary. Lee et al. (2015) reported 
that ZnT- 2 is expressed in mammary epithelial cells. Without ZnT- 2, there were defects in the 
mammary glands that resulted in reduced milk production that had less protein, fat, and lactose 
content.

The next Zn transporter found in mice was ZnT- 3 that is expressed in the brain and testis in syn-
apses and axons of specific neurons. The ZnT- 4 is involved in Zn transport from the mammary 
gland into milk as well as a high level of expression in the brain. Zip 5 responds to Zn intake in the 
intestine. Zip 10 has a role in the liver, and there is an upregulation of Zip4 as well as Zip2 during 
Zn deficiency while Zip3 is decreased when Zn is supplemented (Cousins et al. 2006). Many of the 
Zn transporter genes are regulated by hormones and cytokines and as a result there is often an 
increase in hepatic Zn and hypozincemia during sepsis and inflammation.

The DCT1 transporter is high in the crypts and lower in the villi of enterocytes. Its expression 
increases during Fe deficiency, and this multi- element transporter may explain some of the interac-
tions between Zn, Fe, Cd, Mn, and Cu. Metallothionein (MT) is high in the intestine, pancreas, 
kidney, and liver. The 20 cysteines that are a part of MT are responsible for the metal binding that 
is characteristic of this protein. Its role during cellular stress is as a redox unit.
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Immunity

Using regression models and k- means cluster analysis, Brugger and Windisch (2019) were able to 
confirm statistically that tissues essential for acute survival (heart, skeletal muscle, and immune tis-
sues) were spared during Zn deficiency. The addition of Zn (37, 60, and 120 ppm) had no effect on 
an antibody response to bovine serum albumin or serum IL- 1 or IL- 2 concentrations (Guo- jun 
et al. 2009). Heat stress negatively affects the intestinal barrier, and Sanz- Fernandez et al. (2014) 
reported that supplementing Zn as an amino acid complex can reduce the damage to the intestinal 
integrity. In contrast, excessive intake of Zn was found to reduce lymphocyte stimulation as well as 
chemotaxis and phagocytosis of bacteria by polymorphonuclear leukocytes (Chandra 1984). Using 
mice, Philcox et al. (2000) were able to show with mice that MT reduces intestinal Zn loss during 
an acute endotoxin inflammation, but not during starvation or dietary Zn restriction. Hence, the 
importance of MT relative to Zn in immunity maybe important when pigs are weaned, not eating, 
have depressed antioxidant status, and impaired intestinal barrier and mitochondrial function (Cao 
et al. 2018).

Pharmacological Zn

Since the reports of pharmacological Zn (2000–3000 ppm) fed as Zn oxide improved growth perfor-
mance (Hill 2013), Carlson et al. (1999) were to first to report improved changes in gut morphology. 
Even with the negative impact of transmissible gastroenteritis on normal gut architecture, pharma-
cological Zn improved gut health and performance (Stanger et al. 1998). Even though the major site 
of Zn absorption is not the ileum, Grilli et al. (2015) reported that is part of the gut had improved 
structure and integrity and tumor necrosis factor- a protein concentration was reduced and suggested 
that a microencapsulated Zn oxide might produce similar responses.

Several studies have reported the impact on the microbiota of pharmacological Zn (Hill 2013). 
Recently using experimental animals, Zackular et  al. (2016) reported that mice infected with 
Clostridium difficile had reduced disease activity and increased toxin activity. When pharmacologi-
cal Zn was fed to nursery pigs, Kreuzer- Redmer et al. (2018) reported that after one week, the level 
of activated T- helper cells was increased as well as higher transcript amounts of interferon γ and 
T- box 21 compared to pigs fed 57 or 164 ppm Zn. However, after two weeks of dietary intervention, 
they reported “higher relative cell counts of CD4+CD25 regulatory T- helper cells and higher expres-
sion of forkhead box P3 (FOXP3) transcripts.”

Long- term feeding of pharmacological Zn has been known to alter Cu status and interact with 
other nutrients as well (Hill et al. 1983). Recently, Walk et al. (2015) reported that Ca, P, Na, K, and 
Cu digestibility was reduced and that source of P and phytase can alter the effect. Feed preference 
studies (Reynolds et al. 2010) showed that pigs did not prefer diets supplemented with Zn oxide at 
pharmacological concentrations compared to basal diets (100 ppm).

Reproduction

The first report of the relationship of Zn deficiency and defective reproduction resulting from the 
practice of geophagia and consuming a wheat diet led Prasad and associates (Prasad et al. 1961) to 
conclude that Zn deficiency might explain hypogonadism. More recently, Hunt et al. (1992) noted 
that serum testosterone concentrations, seminal volume, and total seminal Zn loss per ejaculate is 
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sensitive in Zn depletion even if short term. In rat studies, it appears that prepubertal Zn deficiency 
damage in male reproduction can be repaired with Zn supplementation, but postpubertal degenera-
tive changes due to Zn deficiency may not be reversible (Mason et al. 1982). More recently, Croxford 
et al. (2011), using mice as the experimental animal, found that Zip5 imports Zn into sertoli cells 
and spermatocytes assisted by Zip8 and Zip10. Zip 14 was found in undifferentiated spermatogonia 
and Leydig cells. Sutovsky et al. (2019) have recently reviewed improvement of sperm capacitation 
management relative to Zn.

Hostetler et al. (2003) noted that the level and concentration of Zn, Cu, and Mn are much greater 
in the conceptus than reproductive tissue indicating the important role of transporters and adequate 
trace mineral status for reproduction. Interactions of trace elements due to deficiencies and dietary 
excesses on reproductive success or lack thereof are well documented in experimental animals 
(Reinstein et al. 1984; Cottin et al. 2018). Zinc transporters in pregnancy and lactation have been 
determined in rodents (Liuzzi et al. 2003) as has the importance of MT (Andrews and Geiser 1999). 
Since pro-  and antioxidative environment is important for health and providing an appropriate envi-
ronment for the embryo (Guérin et al. 2001), the impact of deficiency and excess has been studied. 
Tian and Diaz (2013) reported that at the end of oocyte development, available Zn is essential. The 
importance of Zn to improve preimplantation embryonic development has been studied in pigs by 
Jeon et al. (2014). In humans, it has been found that Zn transporters, MT, and metal regulatory 
transcription factors are in oocytes but not in cumulus cells (Ménézo et al. 2011).

Following the findings of Hill et al. (1983) and Vallet et al. (2014), Johnston et al. (2019) recently 
reported research carried out in a commercial setting. Adding 365 ppm Zn as sulfate from day 75 to 
farrowing reduced the number of low birth weight pigs, and mortality was reduced from a 15 to 
12.2% when 595 ppm Zn was added as sulfate to a diet containing 125 ppm Zn.

Copper

Seldom in swine production in agriculture do we see overt Cu deficiency, but health and growth 
may be impaired. The Cu requirement for the growing pig is estimated to be 5–10 ppm, but no 
research has been carried out to determine the requirement for today’s genetics and of all ages and 
in all physiological states. Neonates are born with a higher amount of Cu on a weight basis than they 
will have in later life, and Cu, Zn, and Fe concentrations in colostrum are higher than in mature 
milk, which supports the nursing pig.

When the dietary Cu concentration was increased beyond the 1998 NRC, the Cu content of the 
colostrum, liver, and empty sow body increased (Peters et al. 2013) and further increased if addi-
tional Ca and P were added to their diets. The opposite was true for Fe. The Cu concentration in 
mature milk decreased quadratically, and a linear decline in Fe concentration was observed as parity 
advanced (Peters et al. 2013).

Absorption and Transport

As noted previously (Hill 2013), Cu and Fe must be bound so no “free” Cu or Fe is available to 
cause oxidative stress. The “free” Cu is released from the dietary sources of Cu by stomach acid and 
protease enzymes. The primary copper transporter, CTR1, can then be involved in cellular uptake 
of Cu+1 by enterocytes in the upper small intestine and ultimately other cells. Divalent metal trans-
porter 1 (DMT1), which the major transporter of Fe and likely Mn, may also be involved in limited 
Cu transport. Copper is exported from the upper small intestine into the blood by ATP7a, a Cu 
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ATPase (Fry et al. 2012). From the liver, the primary Cu storage organ, Cu is incorporated into 
ceruloplasmin (Cp) for transport to other tissues. There is more than one form of Cp and its form 
differs with age, and because it is influenced by estrogen, its concentration may vary with age and 
sex (Hill 2013). Although Cp has a role in the antioxidant system, so does Cu/Zn SOD, which may 
be the best indicator of Cu status.

Grower- Finisher Pigs

Mahan’s laboratory (Gowanlock et al. 2015) reported that when Cu, Zn, Fe, and Mn were added to 
basal corn- soy diets, the hepatic and duodenal MT increased, but jejunum MT did not change. 
Plasma minerals were not affected. Hepatic Zn increased as dietary Zn concentrations increased, 
but tissue concentrations of Cu, Mn, and Fe were not changed with dietary additions. This study 
indicates that when minerals are fed according to NRC during the nursery stage, the innate Cu, Fe, 
and Mn may be adequate for market animals. Similar results were found by Shaw et al. (2006). 
Hernández et  al. (2008) reported that decreasing Cu from 156 ppm to 27 ppm Cu and Zn from 
170 ppm to 56 ppm from various sources, performance, and mineral status were not altered.

Ruiz- Ascacibar et al. (2019) studied the mineral composition and deposition in the empty body 
of pigs from birth to 140 kg. They reported that the relative deposition rate decreased with increas-
ing empty body weight except for Zn. This may explain the observation about the need for added 
Zn in finisher diets of Mahan’s laboratory.

Pharmacological Cu

As noted previously (Hill 2013), it was observed in England that pigs that licked Cu pipes grew 
faster, but the mysteries about the need pharmacologically continues. Like Kornegay et al. (1989), 
most believe that concentrations of 150–250 ppm of Cu that increase growth is not an immunologi-
cal response, but more likely microbiota or gut physiology changes (Shurson et  al.  1990; Zhao 
2007). While the use of 250 ppm Cu as sulfate in grow/finish diets was the initial Cu pharmacologi-
cal agent, many other forms of Cu successfully stimulate growth. However, it should be noted that 
like pharmacological Zn, it does not always result in a uniform response.

Research of Shelton et al. (2011) revealed that if 3000 ppm Zn as oxide was fed initially from 
weaning for 14 days followed by 125 ppm Cu as sulfate for 28 days growth performance equaled or 
exceeded if both stimulates were fed. Spear’s laboratory (Fry et  al.  2012) reported the feeding 
225 ppm Cu as tribasic Cu chloride may cause less oxidative stress than when Cu in the sulfate form 
was fed to weanling pigs. Their work showed that at the transcription level, several Cu transporters 
and chaperones were increased.

Manganese

Previously, we noted that the need for Mn was greater for reproduction than for growth although 
this mineral is found throughout the body without a main storage organ (Hill 2013). Since Mn is 
found in plants, typically it is found in livestock diets, and questions about its value as an organic 
dietary form are unanswered. It is known that biliary excretion hence fecal excretion is the route 
used by the body to control Mn status in pigs. As noted earlier, it is imported and exported into and 
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out of cells by using Fe transporters such as DMT1 and ferroportin. Hence, its interaction with Fe 
is important and an example is the increase in duodenal Mn concentrations when pigs are fed a low 
Fe diet, and hepatic Mn is lower when pigs are fed a high Fe diet (Hansen et al. 2009). The mito-
chondrial form of SOD requires Mn to function in the antioxidant system and may be used as a 
status indicator.

Of interest in swine production, Damo et al. (2013) reported that Mn is necessary for maximal 
growth inhibition of several pathogenic bacteria by S100A8/S100A9 heterodimer calprotectin as 
part of nutritional immunity.

Excess dietary Mn (150 ppm) reduces Se concentration when the Mn concentration is increased 
in the longissimus thoracis et lumborum tissue, decreased ADG, increased catalase activity, and 
caused increased lipid oxidation while tenderness was increased (Schwarz et al. 2017).

Selenium

Initially, Se was known to be toxic, but in 1972, it was found to be a component of glutathione per-
oxidase. It has both metallic and nonmetallic properties and hence is unique in biology. Analysis of 
tissue Se concentrations is difficult and should be accomplished by a quality laboratory. In humans, 
the tissues with the highest concentration of Se are kidneys, liver, spleen, pancreas, and testes.

As previously noted (Hill 2013), FDA controls the amount of Se that can be added to livestock 
diets due to the narrow range between deficiency and toxicity. Although most species are believed 
to require 0.1 ppm, pigs are thought to need 0.1–0.3 ppm. Thus, 0.3 ppm is the maximum that can be 
added to swine diets in the United States. Glutathione peroxidase 1 (GPX1) is usually used in deter-
mining Se status of animals. However, there are many forms of GPX (1, 2, 3, and 4), and it is found 
in many tissues. The three iodothyronine 5′ deiodiase enzymes are involved in the removal of 5 or 
5’I from thyroid hormones. There are other important Se- containing proteins. It should be noted 
that Se is not managed the same in all species and tissues and hence status indicators are not the 
same in all species.

When Se was not fed to nonpregnant females, they were able to maintain serum Se, but it 
decreased in pregnant gilts (Piatkowski et al. 1979). Ultimately, this early work provided evidence 
that 0.1 ppm Se and 22 IU/kg vitamin E were necessary to maintain tissue Se.

Mahan’s laboratory has shown in numerous studies and with pigs of various ages and physiologi-
cal states that organic Se is more useful to the pigs than inorganic sources. Recently, they reported 
(Peters et al. 2013) that organic Se increased Se in colostrum and mature milk more than inorganic 
sources.

Chromium

Although there are many sources of Cr available to swine producers for use in diets, Cr does not 
meet the criteria that were established for essentially as previously noted (Hill 2013). Additionally, 
Cr is very difficult to analyze; hence, published values in the literature are often inaccurate. Although 
some research in rats indicates that Cr III improves “glucose tolerance factor,” which is thought 
to facilitate the uptake in insulin- sensitive cells, this has not been validated in swine. It has been 
suggested that the result of some Cr studies is due to insulin and not to other physiological roles of 
Cr in swine. Chromium may increase muscle tissues, decrease fatty tissues, decrease stress, and 
improve reproduction. However, those effects have not been validated or the possible mechanisms 
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identified. Recently, tolerance of heat stress was studied to determine if Cr propionate could assist 
in production (Mayorga et  al.  2019). However, feeding 200 ppb Cr did not improve ADG or 
 circulating glucose, insulin, NEFA, cholesterol, triglycerides, or lipolysaccharide- binding protein.
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Introduction

Despite extensive efforts in swine nutrition research towards the nutritional characterization of die-
tary ingredients (e.g., nutrient content and digestibility) and the determination of nutrient require-
ments for maximum output (e.g., lean gain, milk production), there is a remarkable gap between 
growth potential and realized performance in commercial herds. While several factors contribute to 
this variability in performance (Patience et al. 2015), immunological status likely plays a significant 
role (Laanen et al. 2013). In today’s highly intensive swine production systems, pigs are continu-
ously exposed to pathogens and immune stimulatory antigens that negatively impact productivity. 
Pigs exposed to immune challenge show reduced appetite and growth and less efficient use of nutri-
ents compared to healthy animals (van Heugten et al. 1996; Rakhshandeh and de Lange 2012). This 
decrease in performance can have a substantial impact on profitability of producers. Largely due to 
a concerted effort to reduce antibiotic usage in livestock production, there is increased interest in 
furthering our understanding of the role that nutrition plays in supporting the immune response 
(Pluske et al. 2018). This information will be critical to development of programs that support pro-
duction and robustness of pigs under a variety of stressful conditions. Among the nutrients whose 
utilization is impacted by immune status, amino acids are likely to have critical roles in supporting 
both aspects of the immune response and maintaining growth performance in animals exposed to 
a pathogen challenge and other enteric challenges associated with ingredient selection (Wu 2013; 
Le Floc’h et al. 2018). As such, this chapter will discuss the impact of immune status on animal 
production and the interaction between diet composition and animal health with a primary focus on 
the functional roles of amino acids during times of immune challenge.

An Overview of Immune Response

There have been many excellent reviews on the immune system (Bourne  1973; Salmon  1987; 
Rothkötter et al. 2002; Bailey 2009; Rakhshandeh and de Lange 2012), and readers are directed to 
these for a more comprehensive discussion. Briefly, the immune system is composed of both innate 
(nonspecific, rapid) and adaptive (specific, slow) responses (Sompayrac 2019) that combine to pro-
vide remarkable protection against a vast microbial world employing a plethora of infection strate-
gies. The innate system is composed of chemical (e.g., defensins) and physical (e.g., mucin, epithelium) 
barriers as well as a number of cell types (e.g., granulocytes, natural killer cells, macrophages, and 
dendritic cells) capable of nonspecifically preventing pathogens and other harmful compounds from 
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gaining access to the systemic environment. Identification of microorganisms that penetrate the innate 
immune system occurs through recognition of specific chemical structures (e.g., lipopolysaccharide 
[LPS], flagellin) known as microbe- associated molecular patterns (MAMPs). These chemical struc-
tures are common in bacterial, viral, and fungal particles but are absent in mammalian cells, allowing 
for a rapid identification of potentially pathogenic organisms (Medzhitov 2007). Identification of 
MAMPs is mediated by several families of pattern recognition receptors (PRR) present on epithelia 
and cells of the innate system such that activation of these receptors by their microbial- origin ligands 
indicates possible microbial penetration of defenses and danger resulting in stimulation of inflamma-
tory cytokines and/or viral defense mediators. These cytokines and immune mediators activate both 
systemic and local inflammatory responses that include fever, inappetence, hepatic synthesis of acute- 
phase proteins (e.g., haptoglobin, C- reactive protein, and albumin), leukocyte proliferation, increased 
blood flow, and infiltration of immune cells and plasma proteins to the local site of PRR activation 
(Medzhitov 2007). In this way, the innate system serves as the first line of defence against external 
stimuli at tissue and cell levels and triggers the subsequent immune response.

The majority of infections occur through mucosal surfaces (e.g., gastrointestinal tract, respiratory 
tract, and reproductive tract) as opposed to the skin. Along these surfaces the innate immune system 
employs a variety of unique innate mechanisms to prevent the microbial penetration of what is often 
a single layer of epithelial cells (Cesta 2006). Such mechanisms include the secretion of mucin, 
antimicrobial peptides, and immunoglobulins (i.e., secretory immunoglobulin A), which prevent 
exposure of the epithelial barrier to pathogenic organisms (Mantis et al. 2011; Robinson et al. 2015). 
Furthermore, the epithelium is lined with specialized mucosa- associated lymphoid tissue (MALT) 
including cells of the innate and acquired immune system. These tissues play a critical role in 
defence against pathogens and are markedly influenced by nutritional management, as further 
 discussed later.

While the innate immune system provides a rapid, nonspecific first line of defense to pathogens, 
the adaptive immune system mediates specific immune responses. Immune cells, such as mac-
rophages and dendritic cells, that are key mediators of the innate immune system also serve as 
antigen- presenting cells (APCs) that ultimately activate T and B cell population- generating antigen 
(pathogen)- specific cytotoxic T cells and immunoglobulins (Goerdt and Orfanos 1999). Critically, 
some activated B and T cells become memory cells, remaining within tissues after resolution of the 
pathogen challenge and producing a more rapid and higher magnitude response on subsequent 
exposure (O’Leary et al. 2006).

Gut Health, Microbiome, and Immunity

The gastrointestinal tract (GIT) performs the crucial role of nutrient absorption while acting as a 
barrier to luminal threats, such as toxins and microorganisms from entering the body. Immune chal-
lenge results in significant physiological alterations of the gut, including changes in gut motility, 
digestive enzyme secretion, absorptive capacity, mucin production, and gut barrier permeability 
(Faure et al. 2007; Turner 2009). As such, gut health, as defined by the combined ability of the gut 
to perform digestive, absorptive, and barrier functions, has often become synonymous with overall 
health of the animal. Overall, maintenance of gut and animal health is achieved through the com-
bined effects of a number of mechanisms as outlined in Figure 9.1 and contributing to the creation 
of bacterial, physical, chemical, and immunological barriers (Hooper 2009).

The selective permeability of the GIT is achieved by a single layer of epithelial cells that separate 
the lumen from the underlying tissues of the body (Wells et al. 2010, 2011). The functions of physi-
cal barrier and regulation of nutrient transport are facilitated by the presence of transmembrane 
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protein networks as well as the intestinal mucus layer. Desmosomes, adherens junctions, and tight 
junctions (i.e., occludin, claudins, junctional adhesion molecules) act to physically bind epithelial 
cells together, regulating both transcellular and paracellular transport of nutrients from the intestinal 
lumen (Groschwitz and Hogan 2009) and preventing invasion of the host by intestinal bacteria, 
viruses, and parasites. The maintenance of gut barrier function is aided by the production of secreted 
mucin by specialized epithelial cells called goblet cells (Li et al. 2007; Dharmani et al. 2009) as well 
as transmembrane mucins located in the apical enterocyte cell wall. The resulting mucus layer, via 
gel formation between transmembrane mucins and secreted mucin, may serve as an anchor for the 
mucin layer, acting as the first component of gut barrier function. The mucus layer consists of an 
inner, dense layer adhered to the epithelium which is resistant to bacterial penetration and serves to 
retain high concentrations of secreted defense proteins (e.g., antimicrobial peptides, secretory IgA) 
and an outer, loosely adhered layer (Hooper 2009; Broom and Kogut 2018). Together, the mucus 
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layers act to prevent contact of pathogens and other luminal threats with the underlying epithelium 
through maintenance of a physical barrier and through continuous removal of pathogens via peri-
stalsis (Johansson et al. 2011; Faderl et al. 2015). Studies have demonstrated the stimulatory effects 
of immune challenge on mucin secretion in the gut (Faure et  al.  2007; Dharmani et  al.  2009; 
Wellington et al. 2020a), supporting its importance in host defence.

The gut microbiome has been shown to play a significant role in maintaining gut homeostasis, gut 
health, and improved growth performance in pigs (Lallès et al. 2007; Mann et al. 2014; Guevarra 
et al. 2018). The microbiome represents the combined genome of the entire gastrointestinal micro-
bial community, representing hugely diverse metabolic activities and contributing to an equally 
diverse gut metabolome that alters host responses through a variety of receptor- mediated (e.g., 
PRR, short- chain fatty acid receptors) and metabolic (e.g., butyrate metabolism) pathways (Bäckhed 
et al. 2012). In pigs, the microbiome is established at birth during the interaction of the neonate with 
the environment immediately after birth (Mach et al. 2015), although there remains a controversial 
suggestion that colonization is initiated in utero (Perez- Muñoz et  al. 2017). Significant changes 
occur with age, mainly influenced by diet and environment (Isaacson and Kim  2012; te Pas 
et al. 2020) and, to a lesser extent, by genetics (Pajarillo et al. 2014; Roubos- van den Hil et al. 2017). 
Although the sow may not have a primary influence on neonatal microbial succession (Mach 
et al. 2015), there is evidence of sow microbiome influence on the neonate (Cheng et al. 2018). The 
composition of gut microbial communities and the metabolites generated through fermentation 
of  dietary and endogenously secreted substrates are markedly influenced by diet composition. 
As detailed below, the resulting changes in gut luminal composition have significant implications 
for barrier function and for nutritional requirements. Finally, since recent work has identified an 
association between the gut microbiome and the microbiome and health of other mucosal surfaces 
(Surendran Nair et al. 2019; Enaud et al. 2020), the argument that nutritional modification of the gut 
microbiome could also influence the health of distant mucosal surfaces could be reasoned.

Impact of Immune System Activation on Performance

While the immune system is important for elimination of invading pathogens and maintaining the 
health of the animal, mounting an immune response has consequences for the animal both in the 
short-  (e.g., production of immune cells) and long- term (e.g., recovery of damaged tissues) (Schokker 
et al. 2015). Animals exposed to immune challenge, without exhibiting any clinical signs of disease, 
show reduced appetite and growth and less efficient use of nutrients compared to healthy animals (Le 
Floc’h et al. 2004). Previous studies have estimated a reduction in lean growth of 20–35% and feed 
efficiency of 10–20% in growing pigs at subclinical levels of disease (Williams et al. 1997a,b; Le 
Floc’h et al. 2009). It was recently reported that pigs reared in suboptimal housing conditions had 19, 
23, and 20% poorer daily gain, feed intake, and nitrogen utilization efficiency, respectively, when 
compared to animals kept in clean pens (Jayaraman et al. 2015a; Jayaraman et al. 2017). The observed 
reduction in growth is explained, in part, by modifications to nutrient utilization and metabolism dur-
ing pathogen exposure which redirect nutrients from diet and body reserves to support immune func-
tion (Reeds et  al.  1994). These alterations are brought about by the release of pro- inflammatory 
cytokines by stimulated immune cells and have a direct effect on liver, brain, muscle and fat tissue, 
resulting in reduced feed intake, fever, growth depression, increased proteolysis/decreased protein 
synthesis in muscle, negative nutrient balance, and lethargy (Dionissopoulos et al. 2006). In pigs, 
where receptors for specific cytokines were blocked, researchers observed greater than 30% increase 
in whole body protein deposition and growth rate (Dionissopoulos et al. 2006), demonstrating the 
key role cytokine release plays in the growth response.
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In general, the reduction in growth performance observed with exposure to immune challenge is 
related to a decrease in feed intake and/or a reduction in nutrient utilization efficiency (Figure 9.2; 
Pastorelli et al. 2012). When the infection involves the gut, there are additional losses associated with 
reduced barrier function, increased mucin production, and decreased digestive function in the gut, 
further impairing nutrient availability (Kim et al. 2012a). An understanding of the extent to which 
these factors contribute to the reduction in growth performance is critical to development of nutri-
tional strategies aimed at preventing and/or mitigating the effects of immune challenge. In a meta- 
analysis of studies examining various immune- stimulating conditions (i.e., digestive bacterial 
infections, poor housing conditions, mycotoxicosis, parasitic infections, respiratory diseases, LPS 
challenge), Pastorelli et al. (2012) quantified the extent to which reduced performance was due to a 
depression in feed intake vs. increased maintenance nutrient requirements. Both the magnitude of the 
response in growth performance and the contribution of the two factors to the response were depend-
ent on the immune challenge, with parasitic infections and poor housing conditions showing the 
lowest reduction in growth performance and digestive bacterial infections, mycotoxicosis, respira-
tory diseases, and LPS challenge having the greatest impact. Decreased feed intake had the greatest 
contribution to reduced performance in mycotoxicosis, respiratory diseases, and LPS challenge with 
alterations in maintenance nutrient requirements having the greatest contribution to digestive  bacterial 
infections and poor housing conditions. Interestingly, Pastorelli et  al. (2012) reported no  
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contribution of increased maintenance requirements to reduced growth performance with LPS chal-
lenge. However, there have been multiple studies demonstrating changes in requirements for growth 
of various amino acids during LPS challenge (Rakhshandeh et  al.  2010; de Ridder et  al.  2012; 
Litvak et al. 2013b; Wellington et al. 2018) suggesting that maintenance requirements/nutrient uti-
lization efficiency is affected by LPS. Overall, these findings reveal that the effects of immune chal-
lenge as assessed by experimental models can differently affect growth performance, nutrient 
utilization, and feed intake patterns based on the model used; therefore, caution should be used 
when interpreting results across various conditions. Moreover, under commercial conditions, 
 multiple strategies may be needed to maintain pig performance due to the potential for exposure to 
various sources of immune stimulation.

Given the potentially significant effects on animal productivity as a result of exposure to patho-
gens and other stressors, Pluske et al. (2018) suggested several strategies that should be considered 
to improve the health and productivity of commercially raised pigs. These include (i) decreasing the 
presence of immune- stimulating agents (e.g., pathogens), (ii) selecting (genetics) for enhanced 
immunity, (iii) regulating the immune response for specific conditions, and (iv) reducing the nega-
tive effects of the immune response while maintaining disease control. Sustainable pig production 
will employ multiple strategies while reducing reliance on strategies with potential negative impacts 
on human health (e.g., antibiotics) or environment (e.g., zinc oxide) (Marquardt and Li 2018). While 
there are several nutritional strategies available (e.g., diet acidification, plant- based compounds, 
probiotics, etc.), only the general effects of dietary macronutrients (i.e., protein, fiber) and func-
tional amino acid supplementation will be discussed here. Readers are directed to Chapter 18 for 
information on various feed additives.

The Role of Protein and Fiber on Gut Environment

Both dietary protein and dietary fiber content can have a significant impact on animal health, mainly 
through effects on gastrointestinal health (Jha and Berrocoso 2016). These factors are becoming 
increasingly important in swine production as coproducts and other alternative feedstuffs com-
monly used in swine diets to reduce feed costs tend to have a high fiber content and vary in protein 
content and amino acid bioavailability (Pieper et al. 2012a; Zijlstra and Beltranena 2013), largely 
due to damage associated with heat processing (Jha et al. 2011).

While adequate dietary protein is required to meet amino acid requirements for maintenance and 
growth functions, high dietary protein intake can negatively impact animal health (Windey 
et al. 2012; Diether and Willing 2019). High protein diets result in an increase in the amount of 
undigested protein flow into the hindgut, and the fermentation of this undigested protein by colonic 
microbiota may have detrimental effects on gut health (Jha and Berrocoso 2016; Zhao et al. 2020). 
Metabolites of protein fermentation, including branched- chain fatty acids, ammonia, biogenic 
amines, hydrogen sulfide, and phenolic and indolic compounds (Pieper et al. 2012b; Yao et al. 2016; 
Gilbert et al. 2018), have been associated with toxic and proinflammatory effects on the gut epithe-
lium (Windey et al. 2012; Diether and Willing 2019). These include compromised colonic epithelial 
cell structure and metabolic functions, thinning of the mucus barrier, and increased colonic perme-
ability (Gaskins 2000; Hughes et al. 2008; Yao et al. 2016). Diets high in protein are a predisposing 
factor in the development of postweaning diarrhea due to E. coli (Prohászka and Baron 1980; de 
Lange et al. 2010). Multiple studies have demonstrated that feeding a low protein diet that is forti-
fied with adequate amounts of essential amino acids will reduce the amount of substrate available 
for the proliferation of pathogenic bacteria and minimizing proteolytic fermentation and the pro-
duction of associated toxic metabolites (Nyachoti et al. 2006; Opapeju et al. 2008). Of note, the 
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negative effects, including impaired growth performance and increased intestinal permeability, are 
generally associated with feeding plant, non- digestible, presumably fermentable protein sources 
that contain higher content of antinutritional factors (e.g., trypsin inhibitors, lectins, and P34  protein) 
(Zeamer et al. 2021).

In general, greater inclusion of dietary fiber results in reduced growth performance in swine (Jha 
et al. 2019) mainly through impacts on nutrient availability, although many of these negative effects 
can be overcome through adjustments in feed formulation (e.g., formulation on dietary net energy 
basis). Dietary fiber content can also have substantial impacts on animal health primarily due to 
effects on the gut epithelial integrity, availability of fermentable substrate for gut microbes, formation 
of fermentation end products, and stimulation of proliferation of beneficial bacteria (de Lange 
et al. 2010; Bach Knudsen et al. 2012). Unlike with protein, fermentation of fiber is generally consid-
ered to have beneficial effects on gut health in the pig, with many of these effects being attributable 
to the inclusion of fermentable (i.e., soluble) dietary fiber (Jha and Berrocoso 2015). The main end 
products of fiber fermentation, short- chain fatty acids (such as acetate, propionate, and butyrate), 
have been shown to stimulate intestinal epithelial proliferation and barrier function (Bach Knudsen 
et al. 2012), inhibit undesirable bacterial growth through reduction of luminal pH (May et al. 1994), 
and impact mucosal immunity (Kanauchi et al. 2001). Butyrate, in particular, has been shown to have 
a positive impact on gut mucosal health (Ohira et al. 2017; Feng et al. 2018). The provision of fer-
mentable dietary fibers has also been shown to result in a more stable, diverse microbiota, and the 
inclusion of fermentable fiber has also been suggested to preferentially promote the proliferation of 
nonpathogenic and potentially beneficial bacteria, such as Lactobacilli and Enterococci (Mikkelsen 
et al. 2003; Konstantinov et al. 2004; Bikker et al. 2006), while reducing harmful bacteria, such as 
some Clostridia spp. and E. coli (Jeaurond et al. 2008; Liu et al. 2008a). However, the actual impact 
of inclusion of fiber in diets on animal health, and, particularly, pathogen susceptibility, has not been 
consistent (Pluske et al. 2003; de Lange et al. 2010; Bach Knudsen et al. 2012), likely due to differ-
ences in the physicochemical properties and fermentability of different fiber sources (Bach Knudsen 
et al. 2012; Taciak et al. 2017). The increase in intestinal mucous secretion and enterocyte sloughing 
with high- fiber diets affect gut integrity (Mariscal- Landín et al. 1995; Schmidt- Wittig et al. 1996; 
Hedemann et al. 2006) and may result in increased pathogen susceptibility. Pluske et al. (2003) noted 
increased incidence of clinical swine dysentery in growing pigs and diarrhea in weanling pigs fed 
diets high in fermentable fiber (i.e., nonstarch polysaccharides) due to increased water secretion in the 
gut. Moreover, nursery pig diets supplemented with beta- glucan resulted not only in increased growth 
performance but also increased the susceptibility to Streptococcus suis infection (Dritz et al. 1995).

While the inclusion of fermentable fiber has generally positive effects on the gut environment, 
fiber can also act as an antinutritional factor through effects on nutrient digestibility and increased 
endogenous protein secretions (e.g., mucin) which contribute to an increase in supply of undigested 
protein to the colon (Yao et al. 2016) and reduce amino acid availability for growth. Likewise, fer-
mentation of dietary protein also results in the formation of beneficial metabolites such as short- 
chain fatty acids (Wong et al. 2006). In general, however, the inclusion of dietary fermentable fiber 
and/or the reduction in dietary protein will result in an increase in beneficial metabolites while 
reducing negative metabolites (Bikker et al. 2006; Nyachoti et al. 2006; Htoo et al. 2007). For exam-
ple, Wellington et al. (2020b) showed, in growing pigs, an attenuation of the negative effects of high 
dietary protein content when high dietary fiber was offered concomitantly, mainly through altera-
tion to the gastrointestinal production of short-  and branched- chain fatty acids. This is likely a result 
of gastrointestinal microbes favoring the energetic fermentation of fiber over protein sources as well 
as a greater incorporation of nitrogen- containing substrates such as amino acids and ammonia into 
the microbial biomass (Jeaurond et al. 2008; Pieper et al. 2012b; Yao et al. 2016).
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Amino Acids: Feeding the Pig’s Immune System

Stimulation of the immune system alters protein and amino acid metabolism and utilization, with 
amino acids redirected from growth toward supporting the immune response (Reeds et al. 1994). 
This is exacerbated by the reduced feed intake that generally accompanies infection and subsequent 
immune response, further reducing lean tissue gain and limiting the exogenous supply of amino 
acids to meet changing requirements (Quiniou et  al.  1996; Reeds and Jahoor  2001; Le Naou 
et al. 2012). Thus, the increase in amino acid requirement to support the immune response is largely 
met through the mobilization of endogenous sources of amino acids (i.e., muscle protein) (Reeds 
et al. 1994). The amino acid profile of muscle protein differs significantly from that of proteins 
involved in the immune response, resulting in an amino acid imbalance and a disproportionate use 
of some amino acids during immune challenge that leads to an obligatory increase in whole- body 
amino acid catabolism and reduction in body protein growth (Figure 9.3 Reeds et  al.  1994; 
Klasing 2007). Goodband et al. (2014) and Rakhshandeh and de Lange (2011) suggested that mobi-
lization of endogenous sources (i.e., body protein catabolism) is sufficient to provide the additional 
amino acids required for the immune response for the majority of amino acids, however, due to the 
distinct amino acid profile in immune system components vs. muscle protein, considerable protein 
stores need to be mobilized in order to meet immune system requirements. For example, Rakhshandeh 
and de Lange (2011) estimated that 6 g of muscle protein would need to be catabolized in order 
to meet the cysteine requirements for just 1 g of acute- phase protein (APP) production. Moreover, 
this limits the efficiency with which mobilized amino acids can be reutilized for muscle 
 protein   synthesis  (Reeds and Jahoor  2001). Overall, adjustment of diet formulations, through  
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Figure 9.3 Amino acid profile of human acute- phase proteins and skeletal muscle protein (SMP). Source: Adapted from Reeds 
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provision of supplemental amino acids and/or altered amino acid profile, may be needed in order 
to support the immune response and gut health as well as maintain pig growth performance (i.e., 
lean gain) or, at the very least, limit the negative impact of immune stimulation on body protein 
deposition. This will be even more significant in the post- antibiotic era, as there is evidence sug-
gesting that an altered essential amino acid profile in low protein, antibiotic- free diets improves 
growth performance, intestinal development, nutrient utilization, and gut health of weaned pigs 
(Spring et al. 2020; Zhou et al. 2020).

Of the amino acids, threonine (Thr), aromatic amino acids (AAA), and sulfur amino acids (SAA) 
are of particular importance as precursors for the synthesis of many acute- phase proteins, immuno-
globulins, and other critical components of the immune response (Reeds et al. 1994; Reeds and 
Jahoor  2001; Klasing  2007). Previous studies have demonstrated an increased requirement for 
growth for methionine (Met) and cysteine (Cys) (Litvak et al. 2013b; Rakhshandeh et al. 2014), 
threonine (Thr) (Jayaraman et al. 2015a; Mathai et al. 2016), tryptophan (Trp) (Le Floc’h et al. 2009; 
de Ridder et al. 2012), and arginine (Arg) (Li et al. 2012; Zhu et al. 2013) in response to immune 
stimulation. Likewise, studies have shown that pigs housed in low sanitary conditions (van der Meer 
et al. 2016) or inoculated with Salmonella typhimurium (Rodrigues et al. 2021) had greater weight 
gain and feed efficiency when fed diets supplemented with Met, Thr, and Trp above requirements 
for growth, suggesting that they may benefit from the supplementation of a combination of amino 
acids. In addition, several amino acids generally considered as nonessential (e.g., glutamine (Gln), 
Arg, Cys) may become essential during immune challenge, necessitating their inclusion in diet 
formulations (Rezaei et al. 2013). Moreover, traditional determination of amino acid essentiality 
has been based on outcome variables related to growth (i.e., average daily gain, feed efficiency) 
with little consideration given to the nonproteinogenic functions of amino acids. This has led to a 
necessary shift in terminology in order to account for the “functional” aspects of amino acids with 
respect to nutrition and health (Wu 2013). Indeed, while growth performance may not necessarily 
be influenced by supplementation of functional amino acids, immune status, gut health, and overall 
pig robustness may be improved (Klasing 1988; Defa et al. 1999; Wang et al. 2006). The remainder 
of this chapter is dedicated to discussing key functional amino acids of importance to pig health 
(Table 9.1).

Sulfur- containing Amino Acids (SAA)

Both Met and Cys have been shown to play critical roles in the development of the immune system 
and in maintaining the immune response, and the metabolism of these amino acids is closely 
linked  (Shoveller et al. 2004; Lewis 2009). As reviewed by Ruan et al. (2017), Met is involved 
in  the  immunity development at organ, nonspecific, humoral, and cellular levels. Methionine 
 utilization increases during the immune response due to its key role as a methyl donor, which is 
important for both cell proliferation (including immune cells) and in the production of polyamines, 
choline, and carnitine (Lu 2000; Grimble 2008) as well as acute- phase proteins (Grimble 2008; 
Métayer et  al.  2008). Methionine also contributes to the maintenance of gut barrier function 
through the upregulation of tight junction proteins (Chen et al. 2014) and can act as an antioxi-
dant through the methionine sulfoxide reductase system for the repair of damaged proteins (Oien and 
Moskovitz 2007). A key role of Met and Cys during immune stimulation is the production of 
 glutathione and taurine, major cellular antioxidants required for theprotection of proteins that can be 
damaged during pathogenesis (Oien and Moskovitz  2007; Wang et  al.  2009; Wu et  al.  2013). 
Glutathione and taurine (a  product of SAA metabolism) have also been shown to increase cell 
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Table 9.1 Summary of effects of amino acids influencing intestinal health, overall immunity, or growth in healthy and immune 
challenged pigsa.

Amino acid Effectb Status References

SAA ↑ Intestinal epithelial growth Healthy Bauchart- Thevret et al. (2009)
↑ Efficiency of AA utilization LPS Kim et al. (2012b)
↑ Plasma protein and albumin synthesis LPS Litvak et al. (2013a)
↑ Protein deposition LPS Litvak et al. (2013b)
↑ Integrity and barrier function of the small- intestinal mucosa Healthy Chen et al. (2014)
↑ Protein deposition LPS Rakhshandeh et al. (2014)
↑ Villus development and ↓ oxidative stress Healthy Shen et al. (2014)
↑ Feed efficiency LSC van der Meer et al. (2016)
↑ Proinflammatory IFN- γ response and protein utilization ETEC Capozzalo et al. (2017a)
↑ Daily weight gain ETEC Capozzalo et al. (2017b)
↓ Plasma urea nitrogen and ↑ villus height LSC Kahindi et al. (2017)
↓ Ear biting LSC van der Meer et al. (2017)

Trp ↓ Plasma haptoglobin levels, IDO activity, and lung weight CFA Le Floc’h et al. (2008)
↑ Plasma levels of Trp LSC Le Floc’h et al. (2009)
↑ Feed intake ETEC Trevisi et al. (2009)
↓ Histopathological inflammation DDS Kim et al. (2010)
↑ Substrate for protein deposition LPS de Ridder et al. (2012)
↑ Daily weight gain LSC Capozzalo et al. (2013)
↓ Oxidative stress of the liver Diquat Mao et al. (2014b)
↑ Feed efficiency and plasma levels of Trp ETEC Capozzalo et al. (2015)
↓ Intestinal inflammatory and immune response ETEC Jayaraman et al. (2015b)
↑ Feed efficiency LSC van der Meer et al. (2016)
↑ Average daily gain LSC Jayaraman et al. (2017)
↓ Ear biting LSC van der Meer et al. (2017)

Thr ↑ Serum IgG concentration Healthy Wang et al. (2006)
↑ Production of mucus Healthy Law et al. (2007)
↑ Protein synthesis in muscle and intestine and mucins Healthy Wang et al. (2007)
↑ Gut barrier function Healthy Wang et al. (2010)
↑ Downregulation on the expression of TLR in tissues PRLV Mao et al. (2014a)
↓ Intestinal damage and immune responses ETEC Ren et al. (2014)
↑ Feed efficiency LSC Jayaraman et al. (2015a)
↓ Fever response ETEC Trevisi et al. (2015)
↑ Feed efficiency LSC van der Meer et al. (2016)
↑ Protein synthesis in gastrointestinal tissues Healthy Munasinghe et al. (2017)
↓ Ear biting LSC van der Meer et al. (2017)
↑ Protein deposition LPS Wellington et al. (2018)
↑ Protein deposition LPS McGilvray et al. (2019)
↑ Growth performance ST Wellington et al. (2019)
↑ Mucin production LPS/ST Wellington et al. (2020)

Arg ↑ Intestinal protein synthesis and ↓ intestinal permeability PRV Corl et al. (2008)
↓ Expression of intestinal proinflammatory cytokines LPS Liu et al. (2008b)
↑ mTOR signal activation in skeletal muscle Healthy Yao et al. (2008)
↑ Microvascular development in the small intestine Healthy Zhan et al. (2008)
↑ Cellular and humoral immunity Healthy Tan et al. (2009)
↑ Protein synthesis for mTOR and TLR4 signaling pathways LPS Tan et al. (2010)
↑ Intestinal gene expression, growth, and integrity Healthy Wu et al. (2010)
↓ Stress- induced metabolites Weaning He et al. (2011)
↓ Activation of the TLR4- Myd88 signaling pathway SC Chen et al. (2012)
↓ Release of liver proinflammatory cytokines and free radicals LPS Li et al. (2012)
↑ Antioxidant capacity and ↓ expression of inflammatory 

cytokines
Diquat Zheng et al. (2013)

(Continued )
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 proliferation (Redmond et al. 1998; Wu et al. 2004), which may be critical in maintaining gut barrier 
as well as acute- phase protein production.

The importance of Met and Cys, which is produced via trans- sulfuration of Met, during immune 
stimulation has been demonstrated by a number of previous studies. Malmezat et al. (2000) reported 
increased contribution of trans- sulfuration to both Met and Cys flux in plasma of rats after infection 
with enterotoxigenic E. coli. Additionally, an increased whole- body flux of Cys was observed in 
mini pigs after experimental ileitis (Rémond et al. 2011) and in starter pigs after immune system 

Table 9.1 (Continued)

Amino acid Effectb Status References

↑ Intestinal mucosal immune barrier function and integrity ETEC Zhu et al. (2013)
↑ mRNA levels for key intestinal transporters DON Wu et al. (2015)
↑ Jejunal morphology and AA levels in the serum and 

intestine
DON Wu et al. (2015)

Gln/Glu ↓ Villous atrophy and intestinal morphology impairment ETEC Yi et al. (2005) -  Gln
↑ Hsp70 expression Healthy Zhong et al. (2011) -  Gln
↑ Plasma IgG concentration LPS Hsu et al. (2012) -  Gln
↑ Feed efficiency Healthy Cabrera et al. (2013) -  Gln+Glu
↓ Abnormalities of intestinal structure MYC Duan et al. (2014) -  Glu
↑ Intestinal cell growth and membrane integrity Diquat Jiao et al. (2015) -  Glu
↓ Intestinal permeability and ↑ villus height Healthy Wang et al. (2015b) -  Gln
↑ Antioxidative capacity and energy metabolism LPS Wang et al. (2015c) -  Glu
↑ Antioxidant status and expression of AA transporters Diquat Yin et al. (2015) -  Glu
↓ Growth suppression, oxidative stress, and ↑ serum AA pool HP Duan et al. (2016) -  Glu
↑ Immunity and intestinal antioxidative capacity Healthy Lv et al. (2018) -  Gln

Ast/Asn ↓ Expression of hepatic proinflammatory cytokines LPS Leng et al. (2014) -  Asp
↑ Intestinal integrity and energy status LPS Pi et al. (2014) -  Asp
↑ Villus height and villus height:crypt depth ratio LPS Wang et al. (2015a) -  Asn
↓ Gut proinflammatory cytokine and enterocyte apoptosis LPS Chen et al. (2016) -  Asn
↓ Expression of muscle proinflammatory cytokines LPS Wang et al. (2017) -  Ast
↑ Intestinal claudin- 1 protein expression and ↓ villous atrophy LPS Zhu et al. (2017) -  Asn

BCAA ↑ Performance, intestinal development, and expression of AA 
transporters

Healthy Zhang et al. (2013) -  BCAA

↑ Mucin production and goblet cell numbers in the jejunal 
mucosa

PRV Mao et al. (2015) -  Leu

↑ Growth performance and intestinal immunity Healthy Ren et al. (2015) -  BCAA
↑ Intestinal development and whole- body growth Healthy Sun et al. (2015) -  Leu
↑ mTOR complex 1- dependent translation LPS Hernandez- García et al. 

(2016) -  Leu
↑ Intestinal β- defensin expression Healthy Ren et al. (2016) -  BCAA
↑ Efficiency of protein deposition Healthy Rudar et al. (2017) -  Leu
↑ Intestinal morphology and cell proliferation Healthy Duan et al. (2018) -  BCAA
↑ Repartitioning of AA from visceral to peripheral protein 

deposition
LPS Rudar et al. (2019) -  Leu

a AA, amino acid; Ast/Asn, aspartate/asparagine; Arg, arginine; BCAA, branched- chain amino acids; CFA, complete Freund’s 
adjuvant; DDS, dextran sodium sulfate- induced colitis; DON, deoxynivalenol; ETEC, enterotoxigenic E. coli; Gln/Glu, glutamine/
glutamate; HP, hydrogen peroxide; Hsp70 = heat shock protein 70; IDO, indoleamine 2,3- dioxygenase; IgG, immunoglobulin G; 
IFN- γ, interferon gamma; Leu, leucine; LPS, lipopolysaccharide; LSC, low sanitary condition; mTOR, mammalian/mechanistic 
target of rapamycin; Myd88, myeloid differentiation primary response protein MyD88; MYC, mycotoxin; PRLV, pseudorabies live 
vaccine; PRV, porcine rotavirus; SAA, sulfur- containing amino acids; Thr, threonine; TLR, Toll- like receptor; Trp, tryptophan; SC, 
Salmonella enterica serovar Choleraesuis; ST, Salmonella enterica serovar Typhimurium.
b ↓: decreased, impaired, or suppressed; ↑: increased, improved, or supported.
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stimulation by LPS (Rakhshandeh et al. 2020), possibly related to an increased pool of glutathione 
in the liver (Budziński et al. 2011). Supplementation of SAA has also been shown to increase the 
intracellular glutathione pool and maintain gut redox status and integrity in weaned pigs (Bauchart- 
Thevret et al. 2009; Chen et al. 2014; Shen et al. 2014). Albumin production has also been shown to 
be reduced in immune- stimulated pigs with a restricted dietary SAA intake (Litvak et al. 2013a).

Early work by Rakhshandeh et al. (2010) demonstrated that during immune stimulation, SAA are 
preferentially retained in nonprotein pools, such as glutathione, as indicated by a reduction in 
nitrogen:sulfur- balance. Rakhshandeh et al. (2014) further demonstrated that while the efficiency of 
utilization of total SAA for whole- body protein deposition was not influenced by immune stimula-
tion, estimates of maintenance requirements for total SAA were increased. An increased require-
ment for Met+Cys has been demonstrated in pigs (as Met+Cys:Lys ratio) in pigs following LPS 
injection (Kim et al. 2012b), infected with E.coli (Capozzalo et al. 2017a,b) or Salmonella typhimu-
rium (Rodrigues et  al.  2021), and under commercial (unsanitary) conditions (van der Meer 
et al. 2016; Kahindi et al. 2017; van der Meer et al. 2017). The increased requirement for total SAA 
may be mostly due to an increased in Met requirement, as demonstrated by Litvak et al. (2013b) 
who showed an increased requirement for Met while maintaining the dietary Met to total SAA ratio 
(i.e., Met:Met+Cys). This is further supported by an increase in rates of transmethylation (Yu et al. 
1993) and trans- sulfuration (Malmezat et al. 2000) of Met during immune challenge. Indeed, Met 
is highly unstable and rapidly oxidizes to Cys, releasing free radicals in the process (Grimble 2008). 
Therefore, intracellular Cys is maintained at low levels (Anderson and Meister 1987) limiting free 
Cys availability for the production of glutathione and APP. As a result, the provision of SAA during 
times of immune challenge is most likely better met through provision of Met.

Aromatic Amino Acids

As demonstrated by Reeds et al. (1994), many APP are rich in aromatic amino acids (i.e., phenylala-
nine, tyrosine, and tryptophan) indicating the potential for an increased need for these amino acids 
during disease challenge, although to date only Trp has been studied extensively. For example, plasma 
levels of Trp have been shown to decrease during inflammation (Le Floc’h et al. 2012) indicating 
increased utilization or catabolism of Trp and potential need for dietary supplementation to support 
its use. A major function of Trp during the immune response is as a precursor for kynurenine produc-
tion, via upregulation of indoleamine 2,3- dioxygenase (IDO) during immune challenge (Popov and 
Schultze 2008). Increased IDO activity and Trp catabolism are well- established outcomes of immune 
system activation resulting in decreased plasma Trp and increased kynurenine concentrations (Le 
Floc’h et al. 2018). Kynurenine is further utilized to produce a number of metabolites including qui-
nolinic acid, niacin, and nicotinamide (Le Floc’h et al. 2012). Tryptophan is also a precursor for 
melatonin, which, along with two end- products of the kynurenine pathway, 3- hydroxyanthranilic 
acid and 3- hydroxykynurenine, have been shown to have antioxidant properties (Christen et al. 1990; 
Goda et al. 1999; Le Floc’h and Seve 2007). Indeed, Trp supplementation above requirements has 
been shown to reduce oxidative stress in piglets (Mao et al. 2014b). Tryptophan also appears to have 
an immunomodulatory function, acting to reduce the severity of the immune response. For example, 
Trp has been shown to result in reduced IDO activity (Le Floc’h et al. 2008) and reduced overall 
inflammation (Kim et al. 2010). Supplemental Trp may also act to reduce the severity of immune 
stimulation through improvements in feed intake (Capozzalo et al. 2015).

Studies have demonstrated a beneficial effect of Trp supplementation in pigs and an increased 
requirement for Trp during immune stimulation. de Ridder et al. (2012) estimated a 7% increase in 
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the Trp requirement during immune stimulation via administration of LPS. This is in line with 
Jayaraman et al. (2017) who estimated an increase in optimal Trp:lysine (Lys) ratio of 4 percentage 
points in piglets kept under low vs. high sanitary conditions and further demonstrated that provision 
of an increased dietary Trp:Lys ratio reduced the intestinal inflammatory and immune response in 
E. coli challenged pigs (Jayaraman et al. 2015b). Le Floc’h et al. (2009) observed improved growth 
performance with greater dietary Trp in weaned pigs housed in low sanitary condition. In pigs chal-
lenged with E. coli, Trevisi et al. (2009) and Capozzalo et al. (2013, 2015) demonstrated improved 
feed intake and growth performance with additional dietary Trp.

Threonine

Threonine is a critical amino acid during times of immune stimulation, mainly as a precursor for 
production of mucins in the gut but also as a key constituent of many APP and immune cells 
(Faure et al. 2007; Munasinghe et al. 2017). Wang et al. (2006) and Defa et al. (1999) demon-
strated that greater dietary Thr was required to maximize immune status (i.e., plasma IgG concen-
tration) than was required to optimize growth. Adequate levels of Thr have been shown to be 
crucial for mucin synthesis and maintenance of gut function in piglets (Law et  al.  2007) and 
maintenance of integrity of nonspecific defenses of the gut wall. It was estimated that Thr repre-
sents approximately 16% of total amino acids in mucins (Lien et al. 1997) and that Thr uptake is 
critical for adequate mucin production, particularly in young pigs (Law et al. 2007). Wang et al. 
(2010) recommended an increase in dietary Thr to 0.89% in post- weaned pigs based on improved 
intestinal structure and health. Likewise, Ren et al. (2014) reported a positive effect of greater 
dietary Thr on intestinal morphology and immune status of weaned piglets challenged with 
E. coli.

In addition to its importance in maintaining gut integrity, Thr is an important precursor for the 
synthesis of many acute- phase proteins involved in the immune response, such as C- reactive 
protein, fibrinogen, and haptoglobin (Reeds et al. 1994). Threonine is also the most abundant 
essential amino acid in immunoglobulin protein (Tenenhouse and Deutsch 1966; Li et al. 2007), 
and higher dietary Thr is required to optimize serum IgG in both healthy (Cuaron et al. 1984; 
Hsu et al. 2001) and immune- challenged pigs (Defa et al. 1999; Wang et al. 2006). There was a 
positive relationship between Thr intake and serum IgG levels in weaned piglets after injection 
with bovine serum albumin or swine fever- attenuated vaccine (Defa et al. 1999). Moreover, after 
challenging pigs with E. coli, supplementation of Thr improved jejunal levels of IgG and 
interleukin- 1β (Ren et al. 2014) as well as increased secretion of IgM in pigs (Trevisi et al. 2015). 
Piglets fed increasing levels of Thr showed reduced elevation of serum interferon- γ and higher 
expression of different Toll- Like Receptors following pseudorabies vaccination (Mao 
et al. 2014a).

Immune stimulation by LPS injection has been shown to increase the Thr requirement for protein 
deposition (Wellington et  al.  2018). This increase has been demonstrated to be the result of an 
increase in the maintenance Thr requirement and not a decrease in the efficiency of utilization of 
Thr for whole- body protein synthesis (Wang et al. 2007; McGilvray et al. 2019). Dietary supple-
mentation of Thr above the requirements for growth has been shown to increase growth perfor-
mance in pigs exposed to poor sanitary conditions (Jayaraman et al. 2015a) and when challenged 
with Salmonella (Wellington et al. 2019) or E. coli (Trevisi et al. 2015). Likewise, supplemental Thr 
has been shown to enhance gut health (Koo et al. 2020a), nitrogen utilization, and body protein 
deposition (Koo et al. 2020b) in pigs fed simple diets.
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Arginine

Arginine serves as a precursor for several compounds including polyamine synthesis, hormones 
(e.g., IGF, insulin, and growth hormone), and creatine (Wu and Morris 1998; Suchner et al. 2002) 
and is a major component of intestinal alkaline phosphatase (Le Floc’h et al. 2018). A major metab-
olite of Arg metabolism, nitrous oxide, acts as a vasodilator, signaling molecule, and mediator of the 
immune response (Le Floc’h et al. 2018).

Dietary supplementation of Arg increases expression or production of a number of immune- related 
proteins (e.g., Il- 8, TNF- α, immunoglobulins) (Li et al. 2007; Tan et al. 2009). The positive effects of 
Arg appear to be mainly as a result of its effects on gut function and health. Arginine increases pro-
tein synthesis in the small intestine and muscle via the mTOR signaling pathway (Fumarola 
et al. 2005; Yao et al. 2008), and supplementation with Arg has been shown to be effective at activat-
ing intestinal protein synthesis in pigs exposed to an enteric pathogen (Corl et al. 2008) and protect-
ing against enterocyte death in LPS- challenged pigs (Tan et al. 2010). Arginine has also been shown 
to reduce the intestinal inflammatory response in pigs challenged with LPS (Liu et  al.  2008b), 
improves microvascular development and tissue architecture in the small intestine, and mitigates the 
negative impact as well as suppress the negative effects of harmful metabolites, such as oxidative 
stress, on intestinal function (Zhan et al. 2008; Wu et al. 2010; He et al. 2011; Zheng et al. 2013). 
Indeed, Arg improves intestinal barrier function and integrity and overall immunity in healthy 
weaned pigs (Tan et al. 2009) as well as in pigs following either E. coli LPS (Zhu et al. 2013) or 
Salmonella (Chen et al. 2012) challenge and was able to mitigate the deoxynivalenol- related reduc-
tion in expression of intestinal nutrient transporters (i.e., glucose and amino acids) (Wu et al. 2015). 
Additionally, Arg supplementation was reported to exert protective effects on the liver of weaned 
piglets after LPS injection, possibly through the inhibition on the TLR4 signaling pathway 
(Li et al. 2012).

Glutamine and Glutamate

Glutamine (Gln), the most abundant free amino acid in the body, and glutamate (Glu) have multiple 
functions important in maintaining animal growth and health. Both Gln and Glu (via Gln) are key 
precursors for production of the major cellular antioxidant glutathione (Reeds et al. 1997; Humbert 
et al. 2007). They have also been shown to regulate gene expression, particularly those related to 
production of tight junction proteins (Jiao et  al.  2015; Wang et  al.  2015b), heat shock proteins 
(Zhong et  al.  2011), and antioxidants (Yin et  al.  2015). Glutamine also serves as a precursor 
for  purine and pyrimidine biosynthesis (Wu  1998), as an energy substrate for enterocytes 
(Wu et al. 2011), and as nitrogen donor (Le Floc’h et al. 2004). Overall, both Glu and Gln play key 
roles in the maintenance of protein synthesis and cell proliferation and in the maintenance of gut 
integrity and support of the immune response.

Although considered nonessential amino acids, several studies have demonstrated positive effects 
of dietary supplementation with Gln and Glu, although few studies have been conducted to  demonstrate 
these effects in specific disease models. Weaned piglets supplemented with Gln for 25 days showed 
lower inflammatory response in the gut and improved immunity and growth potential at weaning 
(Hsu et al. 2012). Improved weight gain and feed efficiency in Gln- supplemented weaned piglets 
may be linked to enhanced intestinal antioxidative capacity, morphology, and health (Yi et al. 2005; 
Cabrera et al. 2013; Lv et al. 2018). Both Gln and Glu have been shown to reduce villus atrophy (Wu 
et al. 1996; Rezaei et al. 2013). Glutamate supplementation was able to alleviate antioxidative stress 
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and damage to intestinal architecture caused by mycotoxins in growing pigs (Duan et al. 2014). Pigs 
challenged with E. coli had improved immune function, as indicated by lymphocyte function, when 
fed a diet supplemented with Gln (Yoo et al. 1997). Likewise, dietary supplementation with Glu or 
α- ketoglutarate (a Glu precursor) improved antioxidant balance in weaned piglets that either injected 
intraperitoneally with hydrogen peroxide (Duan et al. 2016) or LPS (Wang et al. 2015c).

Aspartate and Asparagine

Aspartate has been shown to be involved in the regulation of hepatic proinflammatory cytokine 
expression as well as in TLR4 and NOD signaling and also enhanced liver integrity in weanling pigs, 
at short-  and long- term in response to LPS challenge (Leng et al. 2014). Similarly, TLR4, NODs/NF- κB, 
and p38 signaling pathways were inhibited, while intestinal architecture was maintained when 
 LPS- challenged piglets were fed diets supplemented with Asp (Wang et al. 2017). Aspartate’s key role 
in intestinal health is due, in part, to improved energy status via increased availability of ATP and ADP 
with a concomitant decrease in the AMP/ATP ratio and improvement in the activities of tricarboxylic 
acid cycle enzymes (Pi et al. 2014) or diamine oxidases (Wang et al. 2017). Asparagine supplementa-
tion decreased the expression of TLR4, NODs, and p38 and suppressed enterocyte apoptosis in LPS- 
challenged weanling pigs (Chen et  al.  2016). In the same way, Asn supplementation decreased 
intestinal damage caused by LPS injection and regulated mast cell activation in piglets (Zhu 
et al. 2017). Tissue- specific beneficial effects of feeding Asn were further confirmed by the modula-
tion of the AMPK signaling pathway and improved energy status in LPS- challenged piglets (Wang 
et al. 2015a).

Branched- Chain Amino Acids (BCAA)

The branched- chain amino acids (BCAA) may be beneficial during times of immune challenge. 
Leucine (Leu) in particular may play a role in supporting growth and gut health during immune 
challenge due to its in major protein synthetic and protein degradation pathways (e.g., mTOR) 
(Columbus et al. 2015; Lynch and Adams 2014). A primary result of disease challenge is an increase 
in protein turnover, mainly due to a decrease in protein synthesis in muscle tissue and increase in 
viscera (e.g., liver, spleen) (Orellana et al. 2002) largely through a decrease in translation initiation 
(Orellana et al. 2011) and increase in protein degradation signaling, which is reversed with Leu 
supplementation (Hernandez- García et  al.  2016). Leucine may also support a redistribution of 
amino acids toward muscle protein synthesis, as demonstrated by Rudar et al. (2019) who observed 
an increase in protein synthesis in muscle tissue and decrease protein synthesis in viscera (e.g., 
liver) in LPS- challenged pigs provided supplemental Leu. The overall benefit of Leu supplementa-
tion is unclear; however, as Rudar et al. (2017) demonstrated that feeding high Leu levels to nursery 
pigs was only able to improve whole- body protein turnover before and not during an LPS 
challenge.

In addition to their role in muscle growth, BCAA are required for optimal expression of intestinal 
amino acid and peptide transporters, including rBAT and PepT- 1, further enhancing intestinal devel-
opment and amino acid absorption and availability (Zhang et  al. 2013). Optimal dietary BCAA 
levels also support gut health. Duan et al. (2018) demonstrated improved intestinal villus height and 
villus height:crypt depth as well as increased goblet cell number with increasing dietary Val and Ile 
ratio to Leu. Likewise, Sun et al. (2015) supplemented Leu to suckling piglets and reported increased 
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duodenum villus height, greater ileum and duodenum villus height:crypt depth ratio, and enhanced 
expression of Leu transporters in the jejunum. Supplementation with Leu increased mucin pro-
duction and goblet cell numbers in the jejunal mucosa of weaned pigs challenged by porcine 
rotavirus (Mao et  al.  2015). Ren et  al. (2015) reported the maintenance of growth performance 
and intestinal immunity in weaned piglets when fed a low protein diet supplemented with BCAA. 
Comparatively, an in vitro study revealed positive effects of BCAA on intestinal defensin production 
(Ren et al. 2016).

Summary

Traditional swine nutrition has focused on meeting the demands for maximum growth; however, 
it is now clear that nutrition will play a key role in promoting animal health. A greater understand-
ing of the interaction between nutrition and health and the development of nutritional strategies 
to maintain pig health is particularly critical with legislative and societal pressure to reduce anti-
biotic usage in livestock agriculture. While several nutrients have key roles in supporting gut 
health and immune status, this review has focused on the functional roles of amino acids in main-
taining pig health. The immune response is supported via a repartitioning of amino acids away 
from growth toward the needs of the immune system. There also exists ample evidence of non- 
proteinogenic functions of amino acids, such as regulation of the immune response and support 
of gut health. The future of swine nutrition will necessarily involve a reclassification of amino 
acids based on functionality as well as a determination of the nutrient requirements of disease 
challenge.

References

Anderson, M. E., and A. Meister. 1987. Intracellular delivery of cysteine. Enzymol. 143:313–325. doi: https://doi.org/ 
10.1016/0076- 6879(87)43059- 0.

Bach Knudsen, K. E., M. S. Hedemann, and H. N. Lærke. 2012. The role of carbohydrates in intestinal health of pigs. Anim. Feed 
Sci. Technol. 173:41–53. doi: https://doi.org/10.1016/j.anifeedsci.2011.12.020.

Bäckhed, F., C. M. Fraser, Y. Ringel, M. E. Sanders, R. B. Sartor, P. M. Sherman, J. Versalovic, V. Young, and B. B. Finlay. 2012. 
Defining a healthy human gut microbiome: Current concepts, future directions, and clinical applications. Cell Host Microbe 
12:611–622. doi: https://doi.org/10.1016/j.chom.2012.10.012.

Bailey, M. 2009. The mucosal immune system: Recent developments and future directions in the pig. Dev. Comp. Immunol. 
33:375–383. doi: https://doi.org/10.1016/j.dci.2008.07.003.

Bauchart- Thevret, C., B. Stoll, S. Chacko, and D. G. Burrin. 2009. Sulfur amino acid deficiency upregulates intestinal methionine 
cycle activity and suppresses epithelial growth in neonatal pigs. Am. J. Physiol.- Endoc. M. 296:E1239–E1250. doi: https://
doi.org/10.1152/ajpendo.91021.2008.

Bikker, P., A. Dirkzwager, J. Fledderus, P. Trevisi, I. le Huërou- Luron, J. P. Lallès, and A. Awati. 2006. The effect of dietary protein 
and fermentable carbohydrates levels on growth performance and intestinal characteristics in newly weaned piglets. J. Anim. 
Sci. 84: 3337–3345. doi: https://doi.org/10.2527/jas.2006- 076.

Bourne, F. J. 1973. The immunoglobulin system of the suckling pig. P. Nutr. Soc. 32:205–215. doi: https://doi.org/10.1079/
PNS19730041.

Broom, L. J., and M. H. Kogut. 2018. The role of the gut microbiome in shaping the immune system of chickens. Vet. Immunol. 
Immunop. 204:44–51. doi: https://doi.org/10.1016/j.vetimm.2018.10.002.

Budziński, G., A. Suszka- Świtek, A. Caban, G. Oczkowicz, M. Heitzman, W. Wystrychowski, B. Dolińska, F. Ryszka, and 
L.  Cierpka. 2011. Evaluation of cysteine effect on redox potential of porcine liver preserved by simple hypothermia. 
Transplant. Proc. 43:2897–2899. doi: https://doi.org/10.1016/j.transproceed.2011.08.065.

Cabrera, R. A., J. L. Usry, C. Arrellano, E. T. Nogueira, M. Kutschenko, A. J. Moeser, and J. Odle. 2013. Effects of creep feeding 
and supplemental glutamine or glutamine plus glutamate (Aminogut) on pre-  and post- weaning growth performance and 
intestinal health of piglets. J. Anim. Sci. Biotechnol. 4:29. doi: https://doi.org/10.1186/2049- 1891- 4- 29.



261NUTRITION AND IMMUNOLOGY IN SWINE

Capozzalo, M. M., J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. F. Hansen, J. W. Resink, and J. R. Pluske. 2017a. Pigs 
experimentally infected with an enterotoxigenic strain of Escherichia coli have improved feed efficiency and indicators of 
inflammation with dietary supplementation of tryptophan and methionine in the immediate post- weaning period. Anim. Prod. 
Sci. 57:935–947. doi: https://doi.org/10.1071/AN15289.

Capozzalo, M. M., J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. F. Hansen, J.- W. Resink, P. A. Stumbles, D. J. Hampson, 
and J. R. Pluske. 2015. Effect of increasing the dietary tryptophan to lysine ratio on plasma levels of tryptophan, kynurenine 
and urea and on production traits in weaner pigs experimentally infected with an enterotoxigenic strain of Escherichia coli. 
Arch. Anim. Nutr. 69:17–29. doi: https://doi.org/10.1080/1745039X.2014.995972.

Capozzalo, M. M., J. C. Kim, J. K. Htoo, P. A. Stumbles, D. J. Hampson, N. Ferguson, and J. R. Pluske. 2013. Pigs kept under 
commercial conditions respond to a higher dietary tryptophan: lysine ratio immediately after weaning. Manipulating Pig 
Production XIV. Proceedings of the 14th Australasian Pig Science Association (APSA) Biennial Conference, 24–27 November, 
Melbourne, Australia. p. 91.

Capozzalo, M. M., J. W. Resink, J. K. Htoo, J. C. Kim, F. M. de Lange, B. P. Mullan, C. F. Hansen, and J. R. Pluske. 2017b. 
Determination of the optimum standardised ileal digestible sulphur amino acids to lysine ratio in weaned pigs challenged 
with enterotoxigenic Escherichia coli. Anim. Feed Sci. Technol. 227:118–130. doi: https://doi.org/10.1016/j.anifeedsci. 
2017.03.004.

Cesta, M. F. 2006. Normal structure, function, and histology of mucosa- associated lymphoid tissue. Toxicol. Pathol. 34:599–608. 
doi: https://doi.org/10.1080/01926230600865531.

Chen, S., Y. Liu, X. Wang, H. Wang, S. Li, H. Shi, H. Zhu, J. Zhang, D. Pi, C.- A. A. Hu, X. Lin, and J. Odle. 2016. Asparagine 
improves intestinal integrity, inhibits TLR4 and NOD signaling, and differently regulates p38 and ERK1/2 signaling in 
 weanling piglets after LPS challenge. Innate Immun. 22:577–587. doi: https://doi.org/10.1177/1753425916664124.

Chen, Y., D. Chen, G. Tian, J. He, X. Mao, Q. Mao, and B. Yu. 2012. Dietary arginine supplementation alleviates immune challenge 
induced by Salmonella enterica serovar Choleraesuis bacterin potentially through the Toll- like receptor 4- myeloid 
 differentiation factor 88 signalling pathway in weaned piglets. Brit. J. Nutr. 108:1069–1076. doi: https://doi.org/10.1017/
S0007114511006350.

Chen, Y., D. Li, Z. Dai, X. Piao, Z. Wu, B. Wang, Y. Zhu, and Z. Zeng. 2014. L- Methionine supplementation maintains the integrity 
and barrier function of the small- intestinal mucosa in post- weaning piglets. Amino Acids. 46:1131–1142. doi: https://doi. 
org/10.1007/s00726- 014- 1675- 5.

Cheng, C., H. Wei, C. Xu, X. Xie, S. Jiang, and J. Peng. 2018. Maternal soluble fiber diet during pregnancy changes the intestinal 
microbiota, improves growth performance, and reduces intestinal permeability in piglets. Appl. Environ. Microbiol. 84. doi: 
10.1128/AEM.01047- 18.

Christen, S., E. Peterhans, and R. Stocker. 1990. Antioxidant activities of some tryptophan metabolites: Possible implication for 
inflammatory diseases. Proc. Natl. Acad. Sci. USA. 87:2506–2510.

Columbus, D. A., M. L. Fiorotto, and T. A. Davis. 2015. Leucine is a major regulator of muscle protein synthesis in neonates. 
Amino Acids 47(2):259–270. doi: https://doi.org/10.1007/s00726- 014- 1866- 0.

Corl, B. A., J. Odle, X. Niu, A. J. Moeser, L. A. Gatlin, O. T. Phillips, A. T. Blikslager, and J. M. Rhoads. 2008. Arginine activates 
intestinal p70s6k and protein synthesis in piglet Rotavirus enteritis. J. Nutr. 138:24–29. doi: https://doi.org/10.1093/
jn/138.1.24.

Cuaron, J. A., R. P. Chapple, and R. A. Easter. 1984. Effect of lysine and threonine supplementation of sorghum gestation diets 
on  nitrogen balance and plasma constituents in first- litter gilts. J. Anim. Sci. 58:631–637. doi: https://doi.org/10.2527/
jas1984.583631x.

de Lange, C. F. M., J. Pluske, J. Gong, and C. M. Nyachoti. 2010. Strategic use of feed ingredients and feed additives to stimulate 
gut health and development in young pigs. Livest. Sci. 134:124–134. doi: https://doi.org/10.1016/j.livsci.2010.06.117.

de Ridder, K., C. L. Levesque, J. K. Htoo, and C. F. M. de Lange. 2012. Immune system stimulation reduces the efficiency of 
tryptophan utilization for body protein deposition in growing pigs. J. Anim. Sci. 90:3485–3491. doi: https://doi.org/10.2527/
jas.2011- 4830.

Defa, L., X. Changting, Q. Shiyan, Z. Jinhui, E. W. Johnson, and P. A. Thacker. 1999. Effects of dietary threonine on performance, 
plasma parameters and immune function of growing pigs. Anim. Feed Sci. Technol. 78:179–188. doi: https://doi.org/10.1016/
S0377- 8401(99)00005- X.

Dharmani, P., V. Srivastava, V. Kissoon- Singh, and K. Chadee. 2009. Role of intestinal mucins in innate host defense mechanisms 
against pathogens. J. Innate Immun. 1:123–135. doi: https://doi.org/10.1159/000163037.

Diether, N. E., and B. P. Willing. 2019. Microbial fermentation of dietary protein: an important factor in diet–microbe–host 
 interaction. Microorganisms 7:19. doi: https://doi.org/10.3390/microorganisms7010019.

Dionissopoulos, L., C. E. Dewey, H. Namkung, and C. F. M. D. Lange. 2006. Interleukin- 1ra increases growth performance and 
body protein accretion and decreases the cytokine response in a model of subclinical disease in growing pigs. Anim. Sci. 
82:509–515. doi: https://doi.org/10.1079/ASC200654.



FUNDAMENTAL NUTRITION262

Dritz, S. S., J. Shi, T. L. Kielian, R. D. Goodband, J. L. Nelssen, M. D. Tokach, M. M. Chengappa, J. E. Smith, and F. Blecha. 1995. 
Influence of dietary β- glucan on growth performance, nonspecific immunity, and resistance to Streptococcus suis infection 
in weanling pigs. J. Anim. Sci. 73:3341–3350. doi: https://doi.org/10.2527/1995.73113341x.

Duan, J., J. Yin, W. Ren, T. Liu, Z. Cui, X. Huang, L. Wu, S. W. Kim, G. Liu, X. Wu, G. Wu, T. Li, and Y. Yin. 2016. Dietary 
 supplementation with l- glutamate and l- aspartate alleviates oxidative stress in weaned piglets challenged with hydrogen 
peroxide. Amino Acids 48:53–64. doi: https://doi.org/10.1007/s00726- 015- 2065- 3.

Duan, J., J. Yin, M. Wu, P. Liao, D. Deng, G. Liu, Q. Wen, Y. Wang, W. Qiu, Y. Liu, X. Wu, W. Ren, B. Tan, M. Chen, H. Xiao, 
L. Wu, T. Li, C. M. Nyachoti, O. Adeola, and Y. Yin. 2014. Dietary glutamate supplementation ameliorates mycotoxin- 
induced abnormalities in the intestinal structure and expression of amino acid transporters in young pigs. PLOS One 
9:e112357. doi: https://doi.org/10.1371/journal.pone.0112357.

Duan, Y., B. Tan, J. Li, P. Liao, B. Huang, F. Li, H. Xiao, Y. Liu, and Y. Yin. 2018. Optimal branched- chain amino acid ratio 
improves cell proliferation and protein metabolism of porcine enterocytes in in vivo and in vitro. Nutrition 54:173–181. 
doi: https://doi.org/10.1016/j.nut.2018.03.057.

Enaud, R., R. Prevel, E. Ciarlo, F. Beaufils, G. Wieërs, B. Guery, and L. Delhaes. 2020. The gut- lung axis in health and respiratory 
diseases: A place for inter- organ and inter- kingdom cross talks. Front. Cell. Infect. Microbiol. 10. doi: https://doi.org/10.3389/
fcimb.2020.00009.

Faderl, M., M. Noti, N. Corazza, and C. Mueller. 2015. Keeping bugs in check: The mucus layer as a critical component in 
 maintaining intestinal homeostasis. IUBMB Life 67:275–285. doi: https://doi.org/10.1002/iub.1374.

Faure, M., F. Choné, C. Mettraux, J.- P. Godin, F. Béchereau, J. Vuichoud, I. Papet, D. Breuillé, and C. Obled. 2007. Threonine 
utilization for synthesis of acute phase proteins, intestinal proteins, and mucins is increased during sepsis in rats. J. Nutr. 
137:1802–1807. doi: https://doi.org/10.1093/jn/137.7.1802.

Feng, W., Y. Wu, G. Chen, S. Fu, B. Li, B. Huang, D. Wang, W. Wang, and J. Liu. 2018. Sodium butyrate attenuates diarrhea in 
weaned piglets and promotes tight junction protein expression in colon in a gpr109a- dependent manner. Cell. Physiol. 
Biochem. 47:1617–1629. doi: https://doi.org/10.1159/000490981.

Fumarola, C., S. L. Monica, and G. G. Guidotti. 2005. Amino acid signaling through the mammalian target of rapamycin (mTOR) 
pathway: Role of glutamine and of cell shrinkage. J. Cell. Physiol. 204:155–165. doi: https://doi.org/10.1002/jcp.20272.

Gaskins, H. R. 2000. Intestinal bacteria and their influence on swine growth. In: Swine nutrition, 2nd ed. CRC Press, Boca Raton, 
FL. p. 585–608. doi: https://doi.org/10.1201/9781420041842.

Gilbert, M. S., N. Ijssennagger, A. K. Kies, and S. W. C. van Mil. 2018. Protein fermentation in the gut; implications for intestinal 
dysfunction in humans, pigs, and poultry. Am. J. Physiol.- Gastr. L. 315:G159–G170. doi: https://doi.org/10.1152/
ajpgi.00319.2017.

Goda, K., Y. Hamane, R. Kishimoto, and Y. Ogishi. 1999. Radical scavenging properties of tryptophan metabolites. In: G. Huether, 
W. Kochen, T. J. Simat, and H. Steinhart, editors. Tryptophan, serotonin, and melatonin: Basic aspects and applications. 
Springer US, Boston, MA. p. 397–402.

Goerdt, S., and C. E. Orfanos. 1999. Other functions, other genes: Alternative activation of antigen- presenting cells. Immunity 
10:137–142. doi: https://doi.org/10.1016/S1074- 7613(00)80014- X.

Goodband, B., M. Tokach, S. Dritz, J. DeRouchey, and J. Woodworth. 2014. Practical starter pig amino acid requirements in 
 relation to immunity, gut health and growth performance. J. Anim. Sci. Biotechnol. 5:12. doi: https://doi.org/ 
10.1186/2049- 1891- 5- 12.

Grimble, R. 2008. Sulfur amino acids, glutathione, and immune function. In: Glutathione and sulfur amino acids. In: M. Roberta, 
M. Guiseppe, and N. J. Hoboken, editors, Human Health and Disease. John Wiley & Sons, Ltd., Hoboken, NJ. p. 273–288.

Groschwitz, K. R., and S. P. Hogan. 2009. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy 
Clin. Immun. 124:3–20. doi: https://doi.org/10.1016/j.jaci.2009.05.038.

Guevarra, R. B., S. H. Hong, J. H. Cho, B.- R. Kim, J. Shin, J. H. Lee, B. N. Kang, Y. H. Kim, S. Wattanaphansak, R. E. Isaacson, 
M. Song, and H. B. Kim. 2018. The dynamics of the piglet gut microbiome during the weaning transition in association with 
health and nutrition. J. Anim. Sci. Biotechnol. 9:54. doi: https://doi.org/10.1186/s40104- 018- 0269- 6.

He, Q., H. Tang, P. Ren, X. Kong, G. Wu, Y. Yin, and Y. Wang. 2011. Dietary supplementation with l- arginine partially counteracts 
serum metabolome induced by weaning stress in piglets. J. Proteome Res. 10:5214–5221. doi: https://doi.org/10.1021/
pr200688u.

Hedemann, M. S., M. Eskildsen, H. N. Lærke, C. Pedersen, J. E. Lindberg, P. Laurinen, and K. E. B. Knudsen. 2006. Intestinal 
morphology and enzymatic activity in newly weaned pigs fed contrasting fiber concentrations and fiber properties. J. Anim. 
Sci. 84:1375–1386. doi: https://doi.org/10.2527/2006.8461375x.

Hernandez- García, A. D., D. A. Columbus, R. Manjarín, H. V. Nguyen, A. Suryawan, R. A. Orellana, and T. A. Davis. 2016. 
Leucine supplementation stimulates protein synthesis and reduces degradation signal activation in muscle of newborn pigs 
during acute endotoxemia. Am. J. Physiol.- Endoc. M. 311:E791–E801. doi: https://doi.org/10.1152/ajpendo.00217.2016.



263NUTRITION AND IMMUNOLOGY IN SWINE

Hooper, L. V. 2009. Do symbiotic bacteria subvert host immunity? Nat. Rev. Microbiol. 7:367–374. doi: https://doi.org/10.1038/
nrmicro2114.

Hsu, C. B., S. P. Cheng, J. C. Hsu, and H. T. Yen. 2001. Effect of threonine addition to a low protein diet on IgG levels in body fluid 
of first- litter sows and their piglets. Asian- Austral. J. Anim. Sci. 14:1157–1163. doi: 2001.14.8.1157.

Hsu, C. B., J. W. Lee, H. J. Huang, C. H. Wang, T. T. Lee, H. T. Yen, and B. Yu. 2012. Effects of supplemental glutamine on growth 
performance, plasma parameters and LPS- induced immune response of weaned barrows after castration. Asian- Austral. 
J. Anim. Sci. 25:674–681. doi: https://doi.org/10.5713/ajas.2011.11359.

Htoo, J. K., B. A. Araiza, W. C. Sauer, M. Rademacher, Y. Zhang, M. Cervantes, and R. T. Zijlstra. 2007. Effect of dietary protein 
content on ileal amino acid digestibility, growth performance, and formation of microbial metabolites in ileal and cecal 
digesta of early- weaned pigs. J. Anim. Sci. 85:3303–3312. doi: https://doi.org/10.2527/jas.2007- 0105.

Hughes, R., M. J. Kurth, V. McGilligan, H. McGlynn, and I. Rowland. 2008. Effect of colonic bacterial metabolites on CaCo- 2 cell 
paracellular permeability in vitro. Nutr. Cancer 60:259–266. doi: https://doi.org/10.1080/01635580701649644.

Humbert, B., P. Nguyen, L. Martin, H. Dumon, G. Vallette, P. Maugère, and D. Darmaun. 2007. Effect of glutamine on glutathione 
kinetics in vivo in dogs. J. Nutr. Biochem. 18:10–16. doi: https://doi.org/10.1016/j.jnutbio.2006.02.002.

Isaacson, R., and H. B. Kim. 2012. The intestinal microbiome of the pig. Anim. Health Res. Rev. 13:100–109. doi: https://doi. 
org/10.1017/S1466252312000084.

Jayaraman, B., J. K. Htoo, and C. M. Nyachoti. 2017. Effects of different dietary tryptophan:lysine ratios and sanitary conditions 
on growth performance, plasma urea nitrogen, serum haptoglobin and ileal histomorphology of weaned pigs. Anim. Sci. 
J. 88:763–771. doi: https://doi.org/10.1111/asj.12695.

Jayaraman, B., J. Htoo, and C. M. Nyachoti. 2015a. Effects of dietary threonine: Lysine ratioes and sanitary conditions on perfor-
mance, plasma urea nitrogen, plasma- free threonine and lysine of weaned pigs. Anim. Nutr. 1:283–288. doi: https://doi. 
org/10.1016/j.aninu.2015.09.003.

Jayaraman B., J. Htoo, and C. M. Nyachoti. 2015b. Effects of increasing standardized ileal digestible tryptophan:Lysine ratio on 
performance and ileal expression of cytokine mRNA in weaned pigs challenged with E. coli K88. J. Anim. Sci. 98(Suppl. 
S3):201–202.

Jeaurond, E. A., M. Rademacher, J. R. Pluske, C. H. Zhu, and C. F. M. de Lange. 2008. Impact of feeding fermentable proteins and 
carbohydrates on growth performance, gut health and gastrointestinal function of newly weaned pigs. Can. J. Anim. Sci. 
88:271–281. doi: https://doi.org/10.4141/CJAS07062.

Jha, R., and J. D. Berrocoso. 2015. Review: Dietary fiber utilization and its effects on physiological functions and gut health of 
swine. Animal 9:1441–1452. doi: https://doi.org/10.1017/S1751731115000919.

Jha, R., and J. F. D. Berrocoso. 2016. Dietary fiber and protein fermentation in the intestine of swine and their interactive effects 
on gut health and on the environment: A review. Anim. Feed Sci. Technol. 212:18–26. doi: https://doi.org/10.1016/ 
j.anifeedsci.2015.12.002.

Jha, R., J. Bindelle, A. Van Kessel, and P. Leterme. 2011. In vitro fibre fermentation of feed ingredients with varying fermentable 
carbohydrate and protein levels and protein synthesis by colonic bacteria isolated from pigs. Anim. Feed Sci. Technol. 
165:191–200. doi: https://doi.org/10.1016/j.anifeedsci.2010.10.002.

Jha, R., J. M. Fouhse, U. P. Tiwari, L. Li, and B. P. Willing. 2019. Dietary fiber and intestinal health of monogastric animals. Front. 
Vet. Sci. 6. doi: https://doi.org/10.3389/fvets.2019.00048.

Jiao, N., Z. Wu, Y. Ji, B. Wang, Z. Dai, and G. Wu. 2015. L- glutamate enhances barrier and antioxidative functions in intestinal 
porcine epithelial cells. J. Nutr. 145:2258–2264. doi: https://doi.org/10.3945/jn.115.217661.

Johansson, M. E. V., D. Ambort, T. Pelaseyed, A. Schütte, J. K. Gustafsson, A. Ermund, D. B. Subramani, J. M. Holmén- Larsson, 
K. A. Thomsson, J. H. Bergström, S. van der Post, A. M. Rodriguez- Piñeiro, H. Sjövall, M. Bäckström, and G. C. Hansson. 
2011. Composition and functional role of the mucus layers in the intestine. Cell. Mol. Life Sci. 68:3635. doi: https://doi. 
org/10.1007/s00018- 011- 0822- 3.

Kahindi, R., A. Regassa, J. Htoo, and M. Nyachoti. 2017. Optimal sulfur amino acid to lysine ratio for post weaning piglets reared 
under clean or unclean sanitary conditions. Anim. Nutr. 3:380–385. doi: https://doi.org/10.1016/j.aninu.2017.08.004.

Kanauchi, O., T. Iwanaga, A. Andoh, Y. Araki, T. Nakamura, K. Mitsuyama, A. Suzuki, T. Hibi, and T. Bamba. 2001. Dietary fiber 
fraction of germinated barley foodstuff attenuated mucosal damage and diarrhea, and accelerated the repair of the colonic 
mucosa in an experimental colitis. J. Gastroen. Hepatol. 16:160–168. doi: https://doi.org/10.1046/j.1440- 1746.2001.02427.x.

Kim, C. J., J. A. Kovacs- Nolan, C. Yang, T. Archbold, M. Z. Fan, and Y. Mine. 2010. l- Tryptophan exhibits therapeutic function in 
a porcine model of dextran sodium sulfate (DSS)- induced colitis. J. Nutr. Biochem. 21:468–475. doi: https://doi.org/10.1016/ 
j.jnutbio.2009.01.019.

Kim, J. C., C. F. Hansen, B. P. Mullan, and J. R. Pluske. 2012a. Nutrition and pathology of weaner pigs: Nutritional strategies to 
support barrier function in the gastrointestinal tract. Anim. Feed Sci. Technol. 173:3–16. doi: https://doi.org/10.1016/ 
j.anifeedsci.2011.12.022.



FUNDAMENTAL NUTRITION264

Kim, J. C., B. P. Mullan, B. Frey, H. G. Payne, and J. R. Pluske. 2012b. Whole body protein deposition and plasma amino acid 
profiles in growing and/or finishing pigs fed increasing levels of sulfur amino acids with and without Escherichia coli 
lipopolysaccharide challenge. J. Anim. Sci. 90:362–365. doi: https://doi.org/10.2527/jas.53821.

Klasing, K. C. 1988. Nutritional aspects of leukocytic cytokines. J. Nutr. 118:1436–1446. doi: https://doi.org/10.1093/
jn/118.12.1436.

Klasing, K. C. 2007. Nutrition and the immune system. Br. Poult. Sci. 48:525–537. doi: https://doi.org/10.1080/00071660701671336.
Konstantinov, S. R., A. Awati, H. Smidt, B. A. Williams, A. D. L. Akkermans, and W. M. de Vos. 2004. Specific response of a novel 

and abundant Lactobacillus amylovorus- like phylotype to dietary prebiotics in the guts of weaning piglets. Appl. Environ. 
Microbiol. 70:3821–3830. doi: https://doi.org/10.1128/AEM.70.7.3821- 3830.2004.

Koo, B., J. Choi, C. Yang, and C. M. Nyachoti. 2020a. Diet complexity and l- threonine supplementation: Effects on growth perfor-
mance, immune response, intestinal barrier function, and microbial metabolites in nursery pigs. J. Anim. Sci. 98. doi: https://
doi.org/10.1093/jas/skaa125.

Koo, B., J. Lee, and C. M. Nyachoti. 2020b. Diet complexity and l- threonine supplementation: effects on nutrient digestibility, 
nitrogen and energy balance, and body composition in nursery pigs. J. Anim. Sci. 98. doi: https://doi.org/10.1093/jas/skaa124.

Laanen, M., D. Persoons, S. Ribbens, E. de Jong, B. Callens, M. Strubbe, D. Maes, and J. Dewulf. 2013. Relationship between 
biosecurity and production/antimicrobial treatment characteristics in pig herds. Vet. J. 198:508–512. doi: https://doi. 
org/10.1016/j.tvjl.2013.08.029.

Lallès, J.- P., P. Bosi, H. Smidt, and C. R. Stokes. 2007. Nutritional management of gut health in pigs around weaning. P. Nutr. Soc. 
66:260–268. doi: https://doi.org/10.1017/S0029665107005484.

Law, G. K., R. F. Bertolo, A. Adjiri- Awere, P. B. Pencharz, and R. O. Ball. 2007. Adequate oral threonine is critical for mucin 
production and gut function in neonatal piglets. Am. J. Physiol.- Gastr. L. 292:G1293–1301. doi: https://doi.org/10.1152/
ajpgi.00221.2006.

Le Floc’h, N., L. LeBellego, J. J. Matte, D. Melchior, and B. Sève. 2009. The effect of sanitary status degradation and dietary 
tryptophan content on growth rate and tryptophan metabolism in weaning pigs. J. Anim. Sci. 87:1686–1694. doi: https://doi. 
org/10.2527/jas.2008- 1348.

Le Floc’h, N. L., F. Gondret, J. J. Matte, and H. Quesnel. 2012. Towards amino acid recommendations for specific physiological 
and patho- physiological states in pigs. P. Nutr. Soc. 71:425–432. doi: https://doi.org/10.1017/S0029665112000560.

Le Floc’h, N., D. Melchior, and C. Obled. 2004. Modifications of protein and amino acid metabolism during inflammation and 
immune system activation. Livest. Prod. Sci. 87:37–45. doi: https://doi.org/10.1016/j.livprodsci.2003.09.005.

Le Floc’h, N., D. Melchior, and B. Sève. 2008. Dietary tryptophan helps to preserve tryptophan homeostasis in pigs suffering from 
lung inflammation. J. Anim. Sci. 86:3473–3479. doi: https://doi.org/10.2527/jas.2008- 0999.

Le Floc’h, N., and B. Seve. 2007. Biological roles of tryptophan and its metabolism: Potential implications for pig feeding. Livest. 
Sci. 112:23–32. doi: https://doi.org/10.1016/j.livsci.2007.07.002.

Le Floc’h, N., A. Wessels, E. Corrent, G. Wu, and P. Bosi. 2018. The relevance of functional amino acids to support the health of 
growing pigs. Anim. Feed Sci. Technol. 245:104–116. doi: https://doi.org/10.1016/j.anifeedsci.2018.09.007.

Le Naou, T., N. Le Floc’h, I. Louveau, H. Gilbert, and F. Gondret. 2012. Metabolic changes and tissue responses to selection on 
residual feed intake in growing pigs. J. Anim. Sci. 90:4771–4780. doi: https://doi.org/10.2527/jas.2012- 5226.

Leng, W., Y. Liu, H. Shi, S. Li, H. Zhu, D. Pi, Y. Hou, and J. Gong. 2014. Aspartate alleviates liver injury and regulates mRNA 
expressions of TLR4 and NOD signaling- related genes in weaned pigs after lipopolysaccharide challenge. J. Nutr. Biochem. 
25:592–599. doi:https://doi.org/10.1016/j.jnutbio.2014.01.010.

Lewis, A. J. 2009. Methionine- cystine relationships in pig nutrition. In: A. J. P. F. D’Mello, editor, Amino acids in animal nutrition. 
CABI Publishing, Wallingford, UK. p. 143–155. doi: https://doi.org/10.1079/9780851996547.0000.

Li, P., Y.- L. Yin, D. Li, S. W. Kim, and G. Wu. 2007. Amino acids and immune function. Brit. J. Nutr. 98:237–252. doi: https://doi. 
org/10.1017/S000711450769936X.

Li, Q., Y. Liu, Z. Che, H. Zhu, G. Meng, Y. Hou, B. Ding, Y. Yin, and F. Chen. 2012. Dietary L- arginine supplementation alleviates 
liver injury caused by Escherichia coli LPS in weaned pigs. Innate Immun. 18:804–814. doi: https://doi.org/ 
10.1177/1753425912441955.

Lien, K. A., W. C. Sauer, R. Mosenthin, W. B. Souffrant, and M. E. R. Dugan. 1997. Evaluation of the 15N- isotope dilution tech-
nique for determining the recovery of endogenous protein in ileal digestion of pigs: Effect of dilution in the precursor pool 
for endogenous nitrogen secretion. J. Anim. Sci. 75:148–158. doi: https://doi.org/10.2527/1997.751148x.

Litvak, N., J. K. Htoo, and C. F. M. de Lange. 2013a. Restricting sulfur amino acid intake in growing pigs challenged with 
lipopolysaccharides decreases plasma protein and albumin synthesis. Can. J. Anim. Sci. 93:505–515. doi: https://doi.org/ 
10.4141/cjas2013- 014.

Litvak, N., A. Rakhshandeh, J. K. Htoo, and C. F. M. de Lange. 2013b. Immune system stimulation increases the optimal dietary 
methionine to methionine plus cysteine ratio in growing pigs. J. Anim. Sci. 91:4188–4196. doi: https://doi.org/10.2527/
jas.2012- 6160.



265NUTRITION AND IMMUNOLOGY IN SWINE

Liu, P., X. S. Piao, S. W. Kim, L. Wang, Y. B. Shen, H. S. Lee, and S. Y. Li. 2008a. Effects of chito- oligosaccharide supplementation 
on the growth performance, nutrient digestibility, intestinal morphology, and fecal shedding of Escherichia coli and 
Lactobacillus in weaning pigs. J. Anim. Sci. 86:2609–2618. doi: https://doi.org/10.2527/jas.2007- 0668.

Liu, Y., J. Huang, Y. Hou, H. Zhu, S. Zhao, B. Ding, Y. Yin, G. Yi, J. Shi, and W. Fan. 2008b. Dietary arginine supplementation 
alleviates intestinal mucosal disruption induced by Escherichia coli lipopolysaccharide in weaned pigs. Br. J. Nutr. 100:552–560. 
doi: https://doi.org/10.1017/S0007114508911612.

Lu, S. C. 2000. S- Adenosylmethionine. Int. J. Biochem. Cell B. 32:391–395. doi: https://doi.org/10.1016/S1357- 2725(99)00139- 9.
Lv, D., X. Xiong, H. Yang, M. Wang, Y. He, Y. Liu, and Y. Yin. 2018. Effect of dietary soy oil, glucose, and glutamine on growth 

performance, amino acid profile, blood profile, immunity, and antioxidant capacity in weaned piglets. Sci. China Life Sci. 
61:1233–1242. doi: https://doi.org/10.1007/s11427- 018- 9301- y.

Lynch, C. J., and S. H. Adams. 2014. Branched- chain amino acids in metabolic signalling and insulin resistance. Nat. Rev. 
Endocrinol. 10:723–736. doi: https://doi.org/10.1038/nrendo.2014.171.

Mach, N., M. Berri, J. Estellé, F. Levenez, G. Lemonnier, C. Denis, J.- J. Leplat, C. Chevaleyre, Y. Billon, J. Doré, C. Rogel- 
Gaillard, and P. Lepage. 2015. Early- life establishment of the swine gut microbiome and impact on host phenotypes. Env. 
Microbiol. Rep. 7:554–569. doi: https://doi.org/10.1111/1758- 2229.12285.

Malmezat, T., D. Breuillé, C. Pouyet, C. Buffière, P. Denis, P. P. Mirand, and C. Obled. 2000. Methionine transsulfuration 
is  increased during sepsis in rats. Am. J. Physiol.- Endoc. M. 279:E1391–E1397. doi: https://doi.org/10.1152/
ajpendo.2000.279.6.E1391.

Mann, E., S. Schmitz- Esser, Q. Zebeli, M. Wagner, M. Ritzmann, and B. U. Metzler- Zebeli. 2014. Mucosa- associated bacterial 
microbiome of the gastrointestinal tract of weaned pigs and dynamics linked to dietary calcium- phosphorus. PLOS One 9. 
doi: https://doi.org/10.1371/journal.pone.0086950.

Mantis, N. J., N. Rol, and B. Corthésy. 2011. Secretory IgA’s complex roles in immunity and mucosal homeostasis in the gut. 
Mucosal Immunol. 4:603–611. doi: https://doi.org/10.1038/mi.2011.41.

Mao, X., X. Lai, B. Yu, J. He, J. Yu, P. Zheng, G. Tian, K. Zhang, and D. Chen. 2014a. Effects of dietary threonine supplementation 
on immune challenge induced by swine Pseudorabies live vaccine in weaned pigs. Arch. Anim. Nutr. 68:1–15. doi: https://
doi.org/10.1080/1745039X.2013.869988.

Mao, X., M. Liu, J. Tang, H. Chen, D. Chen, B. Yu, J. He, J. Yu, and P. Zheng. 2015. Dietary leucine supplementation improves the 
mucin production in the jejunal mucosa of the weaned pigs challenged by porcine Rotavirus. PLOS One 10:e0137380. doi: 
https://doi.org/10.1371/journal.pone.0137380.

Mao, X., M. Lv, B. Yu, J. He, P. Zheng, J. Yu, Q. Wang, and D. Chen. 2014b. The effect of dietary tryptophan levels on oxidative stress 
of liver induced by diquat in weaned piglets. J. Anim. Sci. Biotechnol. 5:49. doi: https://doi.org/10.1186/2049- 1891- 5- 49.

Mariscal- Landín, G., B. Sève, Y. Colléaux, and Y. Lebreton. 1995. Endogenous amino nitrogen collected from pigs with end- to- end 
ileorectal anastomosis is affected by the method of estimation and altered by dietary fiber. J. Nutr. 125:136–146. doi: https://
doi.org/10.1093/jn/125.1.136.

Marquardt, R. R., and S. Li. 2018. Antimicrobial resistance in livestock: Advances and alternatives to antibiotics. Anim. Front. 
8:30–37. doi: https://doi.org/10.1093/af/vfy001.

Mathai, J. K., J. K. Htoo, J. E. Thomson, K. J. Touchette, and H. H. Stein. 2016. Effects of dietary fiber on the ideal standardized 
ileal digestible threonine:lysine ratio for twenty- five to fifty kilogram growing gilts. J. Anim. Sci. 94:4217–4230. doi: https://
doi.org/10.2527/jas.2016- 0680.

May, T., R. I. Mackie, G. C. Fahey, J. C. Cremin, and K. A. Garleb. 1994. Effect of fiber source on short- chain fatty acid production 
and on the growth and toxin production by Clostridium difficile. Scand. J. Gastroenterol. 29:916–922. doi: https://doi. 
org/10.3109/00365529409094863.

McGilvray, W. D., H. Wooten, A. R. Rakhshandeh, A. Petry, and A. Rakhshandeh. 2019. Immune system stimulation increases 
dietary threonine requirements for protein deposition in growing pigs. J. Anim. Sci. 97:735–744. doi: https://doi.org/10.1093/
jas/sky468.

Medzhitov, R. 2007. Recognition of microorganisms and activation of the immune response. Nature 449:819–826. doi: https://doi. 
org/10.1038/nature06246.

Métayer, S., I. Seiliez, A. Collin, S. Duchêne, Y. Mercier, P.- A. Geraert, and S. Tesseraud. 2008. Mechanisms through which sulfur 
amino acids control protein metabolism and oxidative status. J. Nutr. Biochem. 19:207–215. doi: https://doi.org/10.1016/ 
j.jnutbio.2007.05.006.

Mikkelsen, L. L., M. Jakobsen, and B. B. Jensen. 2003. Effects of dietary oligosaccharides on microbial diversity and fructo- 
oligosaccharide degrading bacteria in faeces of piglets post- weaning. Anim. Feed Sci. Technol. 109:133–150. doi: https://doi. 
org/10.1016/S0377- 8401(03)00172- X.

Munasinghe, L. L., J. L. Robinson, S. V. Harding, J. A. Brunton, and R. F. Bertolo. 2017. Protein synthesis in mucin- producing 
tissues is conserved when dietary threonine is limiting in piglets. J. Nutr. 147:202–210. doi: https://doi.org/10.3945/
jn.116.236786.



FUNDAMENTAL NUTRITION266

Nyachoti, C. M., F. O. Omogbenigun, M. Rademacher, and G. Blank. 2006. Performance responses and indicators of gastrointes-
tinal health in early- weaned pigs fed low- protein amino acid- supplemented diets. J. Anim. Sci. 84:125–134. doi: https://doi. 
org/10.2527/2006.841125x.

Ohira, H., W. Tsutsui, and Y. Fujioka. 2017. Are short chain fatty acids in gut microbiota defensive players for inflammation and 
atherosclerosis? J. Atheroscler. Thromb. 24:660–672. doi: https://doi.org/10.5551/jat.RV17006.

Oien, D. B., and J. Moskovitz. 2007. Substrates of the methionine sulfoxide reductase system and their physiological relevance. 
Curr. Top. Dev. Biol. 80:93–133. doi: https://doi.org/10.1016/S0070- 2153(07)80003- 2.

O’Leary, J. G., M. Goodarzi, D. L. Drayton, and U. H. von Andrian. 2006. T cell– and B cell–independent adaptive immunity 
mediated by natural killer cells. Nat. Immunol. 7:507–516. doi: https://doi.org/10.1038/ni1332.

Opapeju, F. O., M. Rademacher, G. Blank, and C. M. Nyachoti. 2008. Effect of low- protein amino acid- supplemented diets on 
the growth performance, gut morphology, organ weights and digesta characteristics of weaned pigs. Animal 2:1457–1464. 
doi: https://doi.org/10.1017/S175173110800270X.

Orellana, R. A., P. M. O’Connor, H. V. Nguyen, J. A. Bush, A. Suryawan, M. C. Thivierge, M. L. Fiorotto, and T. A. Davis. 2002. 
Endotoxemia reduces skeletal muscle protein synthesis in neonates. Am. J. Physiol.- Endoc. M. 283:E909–E916. doi: https://
doi.org/10.1017/S0007114512004321.

Orellana, R. A., F. A. Wilson, M. C. Gazzaneo, A. Suryawan, T. A. Davis, and H. V. Nguyen. 2011. Sepsis and development impede 
muscle protein synthesis in neonatal pigs by different ribosomal mechanisms. Pediatr. Res. 69:473–478. doi: https://doi. 
org/10.1203/PDR.0b013e3182176da1.

Pajarillo, E. A. B., J. P. Chae, M. P. Balolong, H. B. Kim, K.- S. Seo, and D.- K. Kang. 2014. Pyrosequencing- based analysis of fecal 
microbial communities in three purebred pig lines. J. Microbiol. 52:646–651. doi: https://doi.org/10.1007/
s12275- 014- 4270- 2.

Pastorelli, H., J. van Milgen, P. Lovatto, and L. Montagne. 2012. Meta- analysis of feed intake and growth responses of growing 
pigs after a sanitary challenge. Animal 6:952–961. doi: https://doi.org/10.1017/S175173111100228X.

Patience, J. F., M. C. Rossoni- Serão, and N. A. Gutiérrez. 2015. A review of feed efficiency in swine: Biology and application. 
J. Anim. Sci. Biotechnol. 6:33. doi: https://doi.org/10.1186/s40104- 015- 0031- 2.

Perez- Muñoz, M. E., M.- C. Arrieta, A. E. Ramer- Tait, and J. Walter. 2017. A critical assessment of the “sterile womb” and “in utero 
colonization” hypotheses: Implications for research on the pioneer infant microbiome. Microbiome. 5:48. doi: https://doi. 
org/10.1186/s40168- 017- 0268- 4.

Pi, D., Y. Liu, H. Shi, S. Li, J. Odle, X. Lin, H. Zhu, F. Chen, Y. Hou, and W. Leng. 2014. Dietary supplementation of aspartate 
enhances intestinal integrity and energy status in weanling piglets after lipopolysaccharide challenge. J. Nutr. Biochem. 
25:456–462. doi: https://doi.org/10.1016/j.jnutbio.2013.12.006.

Pieper, R., J. Bindelle, G. Malik, J. Marshall, B. G. Rossnagel, P. Leterme, and A. G. V. Kessel. 2012a. Influence of different car-
bohydrate composition in barley varieties on Salmonella Typhimurium var. Copenhagen colonisation in a “Trojan” challenge 
model in pigs. Arch. Anim. Nutr. 66:163–179. doi: https://doi.org/10.1080/1745039X.2012.676814.

Pieper, R., S. Kröger, J. F. Richter, J. Wang, L. Martin, J. Bindelle, J. K. Htoo, D. von Smolinski, W. Vahjen, J. Zentek, and A. G. 
Van Kessel. 2012b. Fermentable fiber ameliorates fermentable protein- induced changes in microbial ecology, but not the 
mucosal response, in the colon of piglets. J. Nutr. 142:661–667. doi: https://doi.org/10.3945/jn.111.156190.

Pluske, J. R., B. Black, D. W. Pethick, B. P. Mullan, and D. J. Hampson. 2003. Effects of different sources and levels of dietary 
fibre in diets on performance, digesta characteristics and antibiotic treatment of pigs after weaning. Anim. Feed Sci. Technol. 
107:129–142. doi: https://doi.org/10.1016/S0377- 8401(03)00072- 5.

Pluske, J. R., J. C. Kim, and J. L. Black. 2018. Manipulating the immune system for pigs to optimise performance. Anim. Prod. 
Sci. 58:666–680. doi: https://doi.org/10.1071/AN17598.

Popov, A., and J. L. Schultze. 2008. IDO- expressing regulatory dendritic cells in cancer and chronic infection. J. Mol. Med. 
86:145–160. doi: https://doi.org/10.1007/s00109- 007- 0262- 6.

Prohászka, L., and F. Baron. 1980. The predisposing role of high dietary protein supplies in enteropathogenic E. coli infections of 
weaned pigs. Zbl. Vet. Med. B. 27:222–232. doi: https://doi.org/10.1111/j.1439- 0450.1980.tb01908.x.

Quiniou, N., J.- Y. Dourmad, and J. Noblet. 1996. Effect of energy intake on the performance of different types of pig 
from  45  to  100  kg body weight. 1. Protein and lipid deposition. Anim. Sci. 63:277–288. doi: https://doi.org/10.1017/
S1357729800014831.

Rakhshandeh, A., and C. F. M. de Lange. 2011. Immune system stimulation in the pig: Effect on performance and implications for amino 
acid nutrition. In: R. J. van Barneveld, editor, Manipulating pig production XIII. Aust. Pig Sci. Assoc., Werribee, Australia. p. 
31–46.

Rakhshandeh, A., and C. F. de Lange. 2012. Evaluation of chronic immune system stimulation models in growing pigs. Animal. 
6:305–310.

Rakhshandeh, A., C.F.M. de Lange, J.K. Htoo, and A.R. Rakhshandeh. 2020. Immune system stimulation increases the irreversible 
loss of cystein to taurine, but not sulfate, in starter pigs. J. Anim. Sci. 98:skaa001. doi:10.1093/jas/skaa001.



267NUTRITION AND IMMUNOLOGY IN SWINE

Rakhshandeh, A., J. K. Htoo, N. Karrow, S. P. Miller, and C. F. M. de Lange. 2014. Impact of immune system stimulation on the 
ileal nutrient digestibility and utilisation of methionine plus cysteine intake for whole- body protein deposition in growing 
pigs. Br. J. Nutr. 111:101–110. doi: https://doi.org/10.1017/S0007114513001955.

Rakhshandeh, A., J. K. Htoo, and C. F. M. de Lange. 2010. Immune system stimulation of growing pigs does not alter apparent 
ileal amino acid digestibility but reduces the ratio between whole body nitrogen and sulfur retention. Livest. Sci. 134:21–23. 
doi: https://doi.org/10.1016/j.livsci.2010.06.085.

Redmond, H. P., P. P. Stapleton, P. Neary, and D. Bouchier- Hayes. 1998. Immunonutrition: The role of taurine. Nutrition 14:599–604. 
doi: https://doi.org/10.1016/S0899- 9007(98)00097- 5.

Reeds, P. J., D. G. Burrin, B. Stoll, F. Jahoor, L. Wykes, J. Henry, and M. E. Frazer. 1997. Enteral glutamate is the preferential 
source for mucosal glutathione synthesis in fed piglets. Am. J. Physiol.- Endoc. M. 273:E408–E415. doi: https://doi. 
org/10.1152/ajpendo.1997.273.2.E408.

Reeds, P. J., C. R. Fjeld, and F. Jahoor. 1994. Do the differences between the amino acid compositions of acute- phase and muscle 
proteins have a bearing on nitrogen loss in traumatic states? J. Nutr. 124:906–910. doi: https://doi.org/10.1093/jn/124.6.906.

Reeds, P. J., and F. Jahoor. 2001. The amino acid requirements of disease. Clin. Nutr. 20:15–22. doi: https://doi.org/10.1054/
clnu.2001.0402.

Rémond, D., C. Buffière, C. Pouyet, I. Papet, D. Dardevet, I. Savary- Auzeloux, G. Williamson, M. Faure, and D. Breuillé. 2011. 
Cysteine fluxes across the portal- drained viscera of enterally fed minipigs: Effect of an acute intestinal inflammation. Amino 
Acids 40:543–552. doi: https://doi.org/10.1007/s00726- 010- 0672- 6.

Ren, M., X. T. Liu, X. Wang, G. J. Zhang, S. Y. Qiao, and X. F. Zeng. 2014. Increased levels of standardized ileal digestible 
 threonine attenuate intestinal damage and immune responses in Escherichia coli K88+ challenged weaned piglets. Anim. 
Feed Sci. Technol. 195:67–75. doi: https://doi.org/10.1016/j.anifeedsci.2014.05.013.

Ren, M., S. H. Zhang, X. F. Zeng, H. Liu, and S. Y. Qiao. 2015. Branched- chain amino acids are beneficial to maintain growth 
performance and intestinal immune- related function in weaned piglets fed protein restricted diet. Asian- Australas. J. Anim. 
Sci. 28:1742–1750. doi: https://doi.org/10.5713/ajas.14.0131.

Ren, M., S. Zhang, X. Liu, S. Li, X. Mao, X. Zeng, and S. Qiao. 2016. Different lipopolysaccharide branched- chain amino acids 
modulate porcine intestinal endogenous β- defensin expression through the sirt1/erk/90rsk pathway. J. Agric. Food Chem. 
64:3371–3379. doi: https://doi.org/10.1021/acs.jafc.6b00968.

Rezaei, R., W. Wang, Z. Wu, Z. Dai, J. Wang, and G. Wu. 2013. Biochemical and physiological bases for utilization of dietary 
amino acids by young Pigs. J. Anim. Sci. Biotechnol. 4:7. doi: https://doi.org/10.1186/2049- 1891- 4- 7.

Robinson, K., Z. Deng, Y. Hou, and G. Zhang. 2015. Regulation of the intestinal barrier function by host defense peptides. Front. 
Vet. Sci. 2. doi: https://doi.org/10.3389/fvets.2015.00057.

Rodrigues, L. A., M. O. Wellington, J. C. González- Vega, J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 2021. Functional 
amino acid supplementation, regardless of dietary protein content, improves growth performance and immune status of 
weaned pigs challenged with Salmonella Typhimurium. J. Anim. Sci. 99:skaa365. doi: https://doi.org/10.1093/jas/skaa365.

Rothkötter, H. J., E. Sowa, and R. Pabst. 2002. The pig as a model of developmental immunology. Hum. Exp. Toxicol. 21:533–536. 
doi: https://doi.org/10.1191/0960327102ht293oa.

Roubos- van den Hil, P. J., R. Litjens, A.- K. Oudshoorn, J. W. Resink, and C. H. M. Smits. 2017. New perspectives to the entero-
toxigenic E. coli F4 porcine infection model: Susceptibility genotypes in relation to performance, diarrhoea and bacterial 
shedding. Vet. Microbiol. 202:58–63. doi: https://doi.org/10.1016/j.vetmic.2016.09.008.

Ruan, T., L. Li, X. Peng, and B. Wu. 2017. Effects of methionine on the immune function in animals. Health. 09:857. doi: https://
doi.org/10.4236/health.2017.95061.

Rudar, M., L.- A. Huber, C. L. Zhu, and C. F. M. de Lange. 2019. Effects of dietary leucine supplementation and immune system 
stimulation on plasma AA concentrations and tissue protein synthesis in starter pigs. J. Anim. Sci. 97:829–838. doi: https://
doi.org/10.1093/jas/sky449.

Rudar, M., C. L. Zhu, and C. F. de Lange. 2017. Dietary leucine supplementation decreases whole- body protein turnover before, 
but not during, immune system stimulation in pigs. J. Nutr. 147:45–51. doi: https://doi.org/10.3945/jn.116.236893.

Salmon, H. 1987. The intestinal and mammary immune system in pigs. Vet. Immunol. Immunop. 17:367–388. doi: https://doi. 
org/10.1016/0165- 2427(87)90155- 3.

Schmidt- Wittig, U., M.- L. Enss, M. Coenen, K. Gärtner, and H. J. Hedrich. 1996. Response of rat colonic mucosa to a high fiber 
diet. Ann. Nutr. Metab. 40:343–350. doi: https://doi.org/10.1159/000177936.

Schokker, D., J. Zhang, S. A. Vastenhouw, H. G. H. J. Heilig, H. Smidt, J. M. J. Rebel, and M. A. Smits. 2015. Long- lasting effects 
of early- life antibiotic treatment and routine animal handling on gut microbiota composition and immune system in pigs. 
PLOS One 10:e0116523. doi: https://doi.org/10.1371/journal.pone.0116523.

Shen, Y. B., A. C. Weaver, and S. W. Kim. 2014. Effect of feed grade L- methionine on growth performance and gut health in 
nursery pigs compared with conventional DL- methionine. J. Anim. Sci. 92:5530–5539. doi: https://doi.org/10.2527/
jas.2014- 7830.



FUNDAMENTAL NUTRITION268

Shoveller, A. K., J. D. House, J. A. Brunton, P. B. Pencharz, and R. O. Ball. 2004. The balance of dietary sulfur amino acids and 
the route of feeding affect plasma homocysteine concentrations in neonatal piglets. J. Nutr. 134:609–612. doi: https://doi. 
org/10.1093/jn/134.3.609.

Sompayrac, L. M. 2019. How the immune system works. John Wiley & Sons, Hoboken, NJ.
Spring, S., H. Premathilake, C. Bradway, C. Shili, U. DeSilva, S. Carter, and A. Pezeshki. 2020. Effect of very low- protein diets 

supplemented with branched- chain amino acids on energy balance, plasma metabolomics and fecal microbiome of pigs. 
Sci. Rep. 10:15859. doi: https://doi.org/10.1038/s41598- 020- 72816- 8.

Suchner, U., D. K. Heyland, and K. Peter. 2002. Immune- modulatory actions of arginine in the critically ill. Br. J. Nutr. 
87:S121–S132. doi: https://doi.org/10.1079/BJN2001465.

Sun, Y., Z. Wu, W. Li, C. Zhang, K. Sun, Y. Ji, B. Wang, N. Jiao, B. He, W. Wang, Z. Dhai, and G. Wu. 2015. Dietary l- leucine 
supplementation enhances intestinal development in suckling piglets. Amino Acids 47:1517–1525. doi: https://doi.
org/10.1007/s00726- 015- 1985- 2.

Surendran Nair, M., T. Eucker, B. Martinson, A. Neubauer, J. Victoria, B. Nicholson, and M. Pieters. 2019. Influence of pig gut 
microbiota on Mycoplasma hyopneumoniae susceptibility. Vet. Res. 50:86. doi: https://doi.org/10.1186/s13567- 019- 0701- 8.

Taciak, M., M. Barszcz, E. Święch, A. Tuśnio, and I. Bachanek. 2017. Interactive effects of protein and carbohydrates on produc-
tion of microbial metabolites in the large intestine of growing pigs. Arch. Anim. Nutr. 71:192–209. doi: https://doi.org/ 
10.1080/1745039X.2017.1291202.

Tan, B., X. G. Li, X. Kong, R. Huang, Z. Ruan, K. Yao, Z. Deng, M. Xie, I. Shinzato, Y. Yin, and G. Wu. 2009. Dietary l- arginine 
supplementation enhances the immune status in early- weaned piglets. Amino Acids 37:323–331. doi: https://doi.org/10.1007/
s00726- 008- 0155- 1.

Tan, B., Y. Yin, X. Kong, P. Li, X. Li, H. Gao, X. Li, R. Huang, and G. Wu. 2010. L- Arginine stimulates proliferation and prevents 
endotoxin- induced death of intestinal cells. Amino Acids 38:1227–1235. doi: https://doi.org/10.1007/s00726- 009- 0334- 8.

te Pas, M. F. W., A. J. M. Jansman, L. Kruijt, Y. van der Meer, J. J. M. Vervoort, and D. Schokker. 2020. Sanitary conditions affect 
the colonic microbiome and the colonic and systemic metabolome of female pigs. Front. Vet. Sci. 7. doi: https://doi. 
org/10.3389/fvets.2020.585730.

Tenenhouse, H. S., and H. F. Deutsch. 1966. Some physical- chemical properties of chicken γ- globulins and their pepsin and papain 
digestion products. Immunochemistry 3:11–20. doi: https://doi.org/10.1016/0019- 2791(66)90277- 1.

Trevisi, P., E. Corrent, M. Mazzoni, S. Messori, D. Priori, Y. Gherpelli, A. Simongiovanni, and P. Bosi. 2015. Effect of added die-
tary threonine on growth performance, health, immunity and gastrointestinal function of weaning pigs with differing genetic 
susceptibility to Escherichia coli infection and challenged with E. coli K88ac. J. Anim. Physiol. Anim. Nutr. 99:511–520. 
doi: https://doi.org/10.1111/jpn.12216.

Trevisi, P., D. Melchior, M. Mazzoni, L. Casini, S. De Filippi, L. Minieri, G. Lalatta- Costerbosa, and P. Bosi. 2009. A tryptophan- 
enriched diet improves feed intake and growth performance of susceptible weanling pigs orally challenged with Escherichia 
coli K88. J. Anim. Sci. 87:148–156. doi: https://doi.org/10.2527/jas.2007- 0732.

Turner, J. R. 2009. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9:799–809. doi: https://doi. 
org/10.1038/nri2653.

van der Meer, Y., W. J. J. Gerrits, A. J. M. Jansman, B. Kemp, and J. E. Bolhuis. 2017. A link between damaging behaviour in pigs, 
sanitary conditions, and dietary protein and amino acid supply. PLOS One 12:e0174688. doi: https://doi.org/10.1371/journal. 
pone.0174688.

van der Meer, Y., A. Lammers, A. J. M. Jansman, M. M. J. A. Rijnen, W. H. Hendriks, and W. J. J. Gerrits. 2016. Performance of 
pigs kept under different sanitary conditions affected by protein intake and amino acid supplementation. J. Anim. Sci. 
94:4704–4719. doi: https://doi.org/10.2527/jas.2016- 0787.

van Heugten, E., M. T. Coffey, and J. W. Spears. 1996. Effects of immune challenge, dietary energy density, and source 
of  energy  on performance and immunity in weanling pigs. J. Anim. Sci. 74:2431–2440. doi: https://doi.org/ 
10.2527/1996.74102431x.

Wang, H., Y. Liu, H. Shi, X. Wang, H. Zhu, D. Pi, W. Leng, and S. Li. 2017. Aspartate attenuates intestinal injury and inhibits TLR4 
and NODs/NF- κB and p38 signaling in weaned pigs after LPS challenge. Eur. J. Nutr. 56:1433–1443. doi: https://doi. 
org/10.1007/s00394- 016- 1189- x.

Wang, H., C. Zhang, G. Wu, Y. Sun, B. Wang, B. He, Z. Dai, and Z. Wu. 2015b. Glutamine enhances tight junction protein 
 expression and modulates corticotropin- releasing factor signaling in the jejunum of weanling piglets. J. Nutr. 145:25–31. 
doi: https://doi.org/10.3945/jn.114.202515.

Wang, L., Y. Hou, D. Yi, Y. Li, B. Ding, H. Zhu, J. Liu, H. Xiao, and G. Wu. 2015c. Dietary supplementation with glutamate 
 precursor α- ketoglutarate attenuates lipopolysaccharide- induced liver injury in young pigs. Amino Acids 47:1309–1318. 
doi: https://doi.org/10.1007/s00726- 015- 1966- 5.

Wang, W. W., S. Y. Qiao, and D. F. Li. 2009. Amino acids and gut function. Amino Acids 37:105–110. doi: https://doi.org/10.1007/
s00726- 008- 0152- 4.



269NUTRITION AND IMMUNOLOGY IN SWINE

Wang, W., X. Zeng, X. Mao, G. Wu, and S. Qiao. 2010. Optimal dietary true ileal digestible threonine for supporting the mucosal 
barrier in small intestine of weanling pigs. J. Nutr. 140:981–986. doi: https://doi.org/10.3945/jn.109.118497.

Wang, X., Y. Liu, S. Li, D. Pi, H. Zhu, Y. Hou, H. Shi, and W. Leng. 2015a. Asparagine attenuates intestinal injury, improves energy 
status and inhibits AMP- activated protein kinase signalling pathways in weaned piglets challenged with Escherichia coli 
lipopolysaccharide. Br. J. Nutr. 114:553–565. doi: https://doi.org/10.1017/S0007114515001877.

Wang, X., S. Y. Qiao, M. Liu, and Y. X. Ma. 2006. Effects of graded levels of true ileal digestible threonine on performance, serum 
parameters and immune function of 10–25 kg pigs. Anim. Feed Sci. Technol. 129:264–278. doi: https://doi.org/10.1016/ 
j.anifeedsci.2006.01.003.

Wang, X., S. Qiao, Y. Yin, L. Yue, Z. Wang, and G. Wu. 2007. A Deficiency or excess of dietary threonine reduces protein synthesis 
in jejunum and skeletal muscle of young pigs. J. Nutr. 137:1442–1446. doi: https://doi.org/10.1093/jn/137.6.1442.

Wellington, M. O., A. K. Agyekum, K. Hamonic, J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 2019. Effect of supplemental 
threonine above requirement on growth performance of Salmonella typhimurium challenged pigs fed high- fiber diets. 
J. Anim. Sci. 97:3636–3647. doi: https://doi.org/10.1093/jas/skz225.

Wellington, M. O., K. Hamonic, J. E. C. Krone, J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 2020a. Effect of dietary fiber 
and threonine content on intestinal barrier function in pigs challenged with either systemic E. coli lipopolysaccharide or 
enteric Salmonella typhimurium. J. Anim. Sci. Biotechnol. 11:38. doi: https://doi.org/10.1186/s40104- 020- 00444- 3.

Wellington, M. O., R. B. Thiessen, A. G. Van Kessel, and D. A. Columbus. 2020b. Intestinal health and threonine requirement of 
growing pigs fed diets containing high dietary fibre and fermentable protein. Animals 10:2055. doi: https://doi.org/10.3390/
ani10112055.

Wellington, M. O., J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 2018. Impact of dietary fiber and immune system stimula-
tion on threonine requirement for protein deposition in growing pigs. J. Anim. Sci. 96:5222–5232. doi: https://doi.org/10.1093/
jas/sky381.

Wells, J. M., L. M. P. Loonen, and J. M. Karczewski. 2010. The role of innate signaling in the homeostasis of tolerance and 
 immunity in the intestine. Int. J. Med. Microbiol. 300:41–48. doi: https://doi.org/10.1016/j.ijmm.2009.08.008.

Wells, J. M., O. Rossi, M. Meijerink, and P. van Baarlen. 2011. Epithelial crosstalk at the microbiota–mucosal interface. Proc. Natl. 
Acad. Sci. 108:4607–4614. doi: https://doi.org/10.1073/pnas.1000092107.

Williams, N. H., T. S. Stahly, and D. R. Zimmerman. 1997a. Effect of level of chronic immune system activation on the growth and 
dietary lysine needs of pigs fed from 6 to 112 kg. J. Anim. Sci. 75:2481–2496. doi: https://doi.org/10.2527/1997.7592481x.

Williams, N. H., T. S. Stahly, and D. R. Zimmerman. 1997b. Effect of chronic immune system activation on body nitrogen 
 retention, partial efficiency of lysine utilization, and lysine needs of pigs. J. Anim. Sci. 75:2472–2480. doi: https://doi. 
org/10.2527/1997.7592472x.

Windey, K., V. D. Preter, and K. Verbeke. 2012. Relevance of protein fermentation to gut health. Mol. Nutr. Food Res. 56:184–196. 
doi: https://doi.org/10.1002/mnfr.201100542.

Wong, J. M. W., R. de Souza, C. W. C. Kendall, A. Emam, and D. J. A. Jenkins. 2006. Colonic health: Fermentation and short chain 
fatty acids. J. Clin. Gastroenterol. 40:235.

Wu, G. 1998. Intestinal mucosal amino acid catabolism. J. Nutr. 128:1249–1252. doi: https://doi.org/10.1093/jn/128.8.1249.
Wu, G. 2013. Functional amino acids in nutrition and health. Amino Acids 45:407–411. doi: https://doi.org/10.1007/

s00726- 013- 1500- 6.
Wu, G., F. W. Bazer, G. A. Johnson, D. A. Knabe, R. C. Burghardt, T. E. Spencer, X. L. Li, and J. J. Wang. 2011. Triennial growth 

symposium: Important roles for L- glutamine in swine nutrition and production. J. Anim. Sci. 89:2017–2030. doi: https://doi. 
org/10.2527/jas.2010- 3614.

Wu, G., Y.- Z. Fang, S. Yang, J. R. Lupton, and N. D. Turner. 2004. Glutathione metabolism and its implications for health. J. Nutr. 
134:489–492. doi: https://doi.org/10.1093/jn/134.3.489.

Wu, G., S. A. Meier, and D. A. Knabe. 1996. Dietary glutamine supplementation prevents jejunal atrophy in weaned pigs. J. Nutr. 
126:2578–2584. doi: https://doi.org/10.1093/jn/126.10.2578.

Wu, G., and S. M. Morris. 1998. Arginine metabolism: Nitric oxide and beyond. Biochem. J. 336:1–17. doi: https://doi.org/10.1042/
bj3360001.

Wu, G., Z. Wu, Z. Dai, Y. Yang, W. Wang, C. Liu, B. Wang, J. Wang, and Y. Yin. 2013. Dietary requirements of “nutritionally 
 non- essential amino acids” by animals and humans. Amino Acids. 44:1107–1113. doi: https://doi.org/10.1007/
s00726- 012- 1444- 2.

Wu, L., P. Liao, L. He, Z. Feng, W. Ren, J. Yin, J. Duan, T. Li, and Y. Yin. 2015. Dietary l- arginine supplementation pro-
tects  weanling pigs from deoxynivalenol- induced toxicity. Toxins 7:1341–1354. doi: https://doi.org/10.3390/
toxins7041341.

Wu, X., Z. Ruan, Y. Gao, Y. Yin, X. Zhou, L. Wang, M. Geng, Y. Hou, and G. Wu. 2010. Dietary supplementation with l- arginine 
or N- carbamylglutamate enhances intestinal growth and heat shock protein- 70 expression in weanling pigs fed a corn-  and 
soybean meal- based diet. Amino Acids 39:831–839. doi: https://doi.org/10.1007/s00726- 010- 0538- y.



FUNDAMENTAL NUTRITION270

Yao, C. K., J. G. Muir, and P. R. Gibson. 2016. Review article: Insights into colonic protein fermentation, its modulation and 
potential health implications. Aliment. Pharm. Ther. 43:181–196. doi: https://doi.org/10.1111/apt.13456.

Yao, K., Y.- L. Yin, W. Chu, Z. Liu, D. Deng, T. Li, R. Huang, J. Zhang, B. Tan, W. Wang, and G. Wu. 2008. Dietary arginine 
 supplementation increases mTOR signaling activity in skeletal muscle of neonatal pigs. J. Nutr. 138:867–872. doi: https://
doi.org/10.1093/jn/138.5.867.

Yi, G. F., J. A. Carroll, G. L. Allee, A. M. Gaines, D. C. Kendall, J. L. Usry, Y. Toride, and S. Izuru. 2005. Effect of glutamine 
and spray- dried plasma on growth performance, small intestinal morphology, and immune responses of Escherichia coli 
K88+- challenged weaned pigs. J. Anim. Sci. 83:634–643. doi: https://doi.org/10.2527/2005.833634x.

Yin, J., M. Liu, W. Ren, J. Duan, G. Yang, Y. Zhao, R. Fang, L. Chen, T. Li, and Y. Yin. 2015. Effects of dietary supplementation 
with glutamate and aspartate on diquat- induced oxidative stress in piglets. PLOS One 10:e0122893. doi: https://doi. 
org/10.1371/journal.pone.0122893.

Yoo, S. S., C. J. Field, and M. I. McBurney. 1997. Glutamine supplementation maintains intramuscular glutamine concentrations 
and normalizes lymphocyte function in infected early weaned pigs. J. Nutr. 127:2253–2259. doi: https://doi.org/10.1093/
jn/127.11.2253.

Yu, Y. M., J. F. Burke, and V. R. Young. 1993. A kinetic study of L- 2H3- methyl- 1- 13C- methionine in patients with severe burn 
injury. J. Trauma. 35:1–7. doi: https://doi.org/10.1097/00005373- 199307000- 00001.

Zeamer, K. M., R. S. Samuel, B. S. Pierre, R. C. Thaler, T. A. Woyengo, T. Hymowitz, and C. L. Levesque. 2021. Effects of a 
low allergenic soybean variety on gut permeability, microbiota composition, ileal digestibility of amino acids, and growth 
performance in pigs. Livest. Sci. 243:104369. doi: https://doi.org/10.1016/j.livsci.2020.104369.

Zhan, Z., D. Ou, X. Piao, S. W. Kim, Y. Liu, and J. Wang. 2008. Dietary arginine supplementation affects microvascular 
 development in the small intestine of early- weaned pigs. J. Nutr. 138:1304–1309. doi: https://doi.org/10.1093/jn/138.7.1304.

Zhang, S., S. Qiao, M. Ren, X. Zeng, X. Ma, Z. Wu, P. Thacker, and G. Wu. 2013. Supplementation with branched- chain amino 
acids to a low- protein diet regulates intestinal expression of amino acid and peptide transporters in weanling pigs. Amino 
Acids 45:1191–1205. doi: https://doi.org/10.1007/s00726- 013- 1577- y.

Zhao, Y., G. Tian, D. Chen, P. Zheng, J. Yu, J. He, X. Mao, Z. Huang, Y. Luo, J. Luo, and B. Yu. 2020. Dietary protein levels 
and amino acid supplementation patterns alter the composition and functions of colonic microbiota in pigs. Anim. Nutr. 
6:143–151. doi: https://doi.org/10.1016/j.aninu.2020.02.005.

Zheng, P., B. Yu, J. He, G. Tian, Y. Luo, X. Mao, K. Zhang, L. Che, and D. Chen. 2013. Protective effects of dietary arginine 
 supplementation against oxidative stress in weaned piglets. Br. J. Nutr. 109:2253–2260. doi: https://doi.org/10.1017/
S0007114512004321.

Zhong, X., X. H. Zhang, X. M. Li, Y. M. Zhou, W. Li, X. X. Huang, L. L. Zhang, and T. Wang. 2011. Intestinal growth and mor-
phology is associated with the increase in heat shock protein 70 expression in weaning piglets through supplementation with 
glutamine. J. Anim. Sci. 89:3634–3642. doi: https://doi.org/10.2527/jas.2010- 3751.

Zhou, J., Y. Wang, X. Zeng, T. Zhang, P. Li, B. Yao, L. Wang, S. Qiao, and X. Zeng. 2020. Effect of antibiotic- free, low- protein 
diets with specific amino acid compositions on growth and intestinal flora in weaned pigs. Food Funct. 11:493–507. 
doi: https://doi.org/10.1039/C9FO02724F.

Zhu, H., Y. Liu, X. Xie, J. Huang, and Y. Hou. 2013. Effect of l- arginine on intestinal mucosal immune barrier function in weaned 
pigs after Escherichia coli LPS challenge. Innate Immun. 19:242–252. doi: https://doi.org/10.1177/1753425912456223.

Zhu, H., D. Pi, W. Leng, X. Wang, C.- A. A. Hu, Y. Hou, J. Xiong, C. Wang, Q. Qin, and Y. Liu. 2017. Asparagine preserves 
 intestinal barrier function from LPS- induced injury and regulates CRF/CRFR signaling pathway. Innate Immun. 23:546–556. 
doi: https://doi.org/10.1177/1753425917721631.

Zijlstra, R. T., and E. Beltranena. 2013. Swine convert co- products from food and biofuel industries into animal protein for food. 
Anim. Front. 3:48–53. doi: https://doi.org/10.2527/af.2013- 0014.



Nutrition for Successful and Sustainable Swine 
Production

Part II





273

Sustainable Swine Nutrition, Second Edition. Edited by Lee I. Chiba. 
© 2023 John Wiley & Sons Ltd. Published 2023 by John Wiley & Sons Ltd.

Diet Formulation

Purpose of Formulation

Nutritional Plane
Feed formulation for swine can serve many purposes, but the first purpose served should be that of 
the animal needs. As an initial consideration, the stage of growth, age of an animal, or weight is 
typically used to describe nutrient requirements in most reference publications (ARC  1981; 
NRC 2012). Alternatively, in the simplest terms, one can assess requirements or needs based on the 
nutrients required for maintenance and the nutrients required for some productive/nonmaintenance 
function. For many nutrients, one might include a need for endogenous losses that categorically 
do not fit in the other two areas because it is a predictable outcome, such as endogenous losses of 
amino acids associated with digestion. In all cases, one must identify and establish some baseline 
requirements for inclusion in the formulation software in order to determine how to meet those 
requirements.

One can further break down the maintenance and productive functions into more specific entities, 
such as those for lean growth, fat growth, fetal growth, milk production, and activity. These com-
partmental methods have coefficient estimates published in various publications such as the NRC 
(2012) or ARC (1981). From a formulation standpoint, the use of such models offers the potential 
to improve formulation accuracy from a directional standpoint, but not likely from an absolute 
standpoint. For example, energy consumption is often described in many species with the following 
equation:

 Energy Intake Energy Maintenance Energy Production Functionn  

For weaned pigs, the formulator must consider how to transition the piglets from nursing their 
mother to ultimately a dry feed- based diet made up primarily of grains. The newly weaned piglet is 
expected to rapidly adapt to a new environment, new feed and water source, new social order, sepa-
ration from its mother, etc. This transition is significant due to known food allergies (soy protein 
sensitivity; Li et al. 1991; Kim et al. 2010; Taliercio et al. 2014), lack of enzymes for digestion of 
the new diet, emotional stress of weaning, potential disease stresses, and the like. The formulator 
has many different techniques available to help the animal cope from specialty ingredients to setting 
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nutrient minimums and maximums, each of these constraints contributes significantly to the final 
feed recipe.

Purchasing Support

Provide General Pricing Targets
Most feed formulators apply the practice of least- cost feed formulation, where multiple ingredients 
are allowed to enter into a formula but not all are needed to create a feasible solution to the problem. 
This method is of primary interest to those persons associated with commercial livestock produc-
tion or feed production, where a true value proposition is created as an outcome of the formulation 
exercise. The role of feed formulation in commercial enterprises is multidimensional, including the 
purpose of meeting the animals’ needs, but also the purpose of supporting the purchasing agent. 
Purchasing support is poorly understood by the student and academic areas primarily due to over-
emphasis of the nutritional plane/requirement component. In commercial enterprises, the formula-
tor is often required to establish purchase price points, relative valuations, quantification of savings 
amounts, and many other financial aspects. Many purchasing agents need the ability to make 
 decisions independent of the formulation software, and therefore need simple tools or relationships 
to make a purchasing decision, again the formulator is more often than not the skilled worker 
 providing these data.

Establish Alternative Price Points (Alternative Ingredient Strategies)
In principle feed formulation does not vary dramatically between a commercial feed manufacturer 
and a livestock feeder, but in practice these operations vary significantly. More often than not the 
livestock feeder has fewer rations and fewer ingredients to solve for in their feed mill. In reality, 
both formulators tend to have two or three primary ingredients that provide the bulk of the energy 
(corn or wheat) and protein/amino acids (soybean meal). These ingredients are typically readily 
available in most locations substantially all of the time and in large quantities. Alternatives to the 
base ingredients are often dictated by the time of year (harvest season), proximity of the feed mill 
to other food/feed manufacturing facilities, and origination locations. For example, a feeder located 
next to a commercial flour mill most likely has wheat middlings readily available at an attractive 
price, whereas some located in very rural areas may have no access to the same product. Likewise, 
barley is a good alternative to corn/wheat in locations where it is grown, but may only be available 
at harvest time in limited quantities. The formulator will need to help the purchasing agent 
 determine how best to value the reasonable alternative ingredients.

Develop Purchasing Strategies
Beyond providing the pricing or purchasing tools for the purchasing agent, the feed formulator can 
dramatically influence purchasing decisions by how they implement the nutrient matrix or the for-
mulation technique and program. Each feed ingredient has variance associated with it due to pro-
cessing, agronomics, and the like. It should be obvious that variance in the nutrient levels can lead 
to performance levels less than expected, particularly on those nutrients that are limiting in the 
formula. The formulator has several options for addressing the risk of not meeting the key nutrient 
requirements in the formula due to nutrient variation in the ingredients, this is often referred to 
as  stochastic formulation. Stochastic formulation incorporates knowledge of ingredient variance 
 coupled with a probability of achieving the target nutrient levels. From a practical standpoint the 
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formulator can account for the variance either in the individual ingredient nutrient specs or at the 
time of formulation (true stochastic formulation). Roush et al. (2007) argues in favor of real- time 
stochastic formulation versus ingredient modification, this argument is moot if the true probabilities 
are compared. Indeed, applying nutrient variance to individual ingredients offers the potential to 
more accurately value ingredients prior to purchase versus a method that only intends to account for 
the variance, thereby truly improving the purchasing decision.

Other Objectives
Outside of meeting the animals’ needs and productive function, solving for costs of production/
purchasing support, the formulator may be faced with incorporating other objectives into the formu-
lation process. Incorporating constraints into the formulation process for these objectives often 
allows the formulator to discover the cost of managing these elements. Examples of other objectives 
may include

• Environmental regulations, which may require the formulator to impose restrictions on 
nutrients such as nitrogen or phosphorus, maximum mycotoxin or other toxins in the 
 ingredients, and specific functional characteristics such as pellet quality, flow characteristics, 
bulk density, moisture content, or the like.

Ingredient Matrix Development

Initial Matrix
Commercial feed formulation software may be offered to the formulator with some base matrix 
from NRC (1998), Feedstuffs magazine, or other origins. The formulator is encouraged to establish 
the initial matrix using information from their local geography and on those ingredients more likely 
to present themselves as opportunities. Ideally, the formulator would have some amount of actual 
results to establish nutrient means and variances for each ingredient. Each user is encouraged to 
recognize that processed ingredients tend to have fairly predictable results, but these results are 
often inherently linked to the inbound product stream and the processing methodology. The reader 
is cautioned against assuming these two components are the same or similar enough among vendors 
to create a single ingredient for the formula, many like ingredients should be valued separately in 
the formulation.

Many nutrients are less than 100% available to animal and availability may differ by ingredients. 
Thus, the use of available nutrient profiles is recommended for those nutrients of economic impor-
tance and that enough data exist for to establish reliable availabilities among many ingredients. The 
formulator must reconcile that available nutrients represent an incremental improvement over total 
and is almost always directionally correct. In brief, the value proposition is increased with no sig-
nificant increase in risk. There is a point of diminishing returns, such is the case of energy availabil-
ity. While it is easily understood that the ideal energy system for swine is a Net Energy System, it 
should also be easily understood that the availability and quality of information available to estab-
lish Net Energy values are limited and does not offer substantial improvement over a “modified.” 
Metabolizable Energy method. Whether this is true at the moment is not the point, the point is that 
while a Net Energy System represents a directional improvement, the lack of information does 
not  allow us to take advantage of the system or increases our risk to the point of not offering 
improvement.
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Formulation Methodology

Least- Cost Methods

Least- Cost per Unit of Feed
Most feed formulators and software vendors focus on solving feed formulas to the least cost per unit 
of feed. Typically, the formulator supplies a set of constraints consistent with the nutrient require-
ments for key nutrients such as amino acids, major minerals, and energy. The software then solves 
a series of simultaneous equations to an optimum cost solution for the given ingredients and nutri-
ents. Care must be given to allow for a feasible solution, the fewest possible constraints typically 
allow for a range of feasible outcomes at the lowest possible cost, adding constraints typically 
increases costs.

Least- Cost per Unit of Gain
Least- cost per kilogram of gain typically represents some combination of formulation methodolo-
gies. One will not likely find commercially available software to provide this functionality, but 
certain companies provide customized programs that match the formulator’s objective. More likely 
than not, the goal will be to tie some production function outcome to a specific/variable nutrient to 
predict a cost function. This technology typically provides and incremental improvement in for-
mulation that is directional correct, and it should not be used as a predictor of future 
performance.

Key Software Concerns
Nutrient Factoring and Ratioing. 
Ratioing nutrients in the formula specification is a key  consideration. For example, setting the “opti-
mum” ratio of amino acids allows the ratios to be maintained. In many systems, most major nutri-
ents are ratioed to energy density of the formula, this tends to work well because most species 
modify consumption based on energy density. Typically, ratioing to energy represents a significant 
directional improvement in formulation.

Factoring is not necessarily the same as ratioing. Factoring will often set a nutrient at one specific 
level of the factored nutrient, whereas ratioing tends to maintain the ratio regardless of nutrient 
level. For example, if we set a lysine:energy factor of 1.5 per 1500 kcal, we can be assured lysine is 
1.5 at 1500, but if energy is 1600, this does not mean lysine will be 1.6, it just depends on how you 
get there. It is important to understand how factoring is used versus ratios, these are not typically 
handled the same in software.

Production Minimums 
It often occurs that the mechanical systems of a mill cause the formulator to implement a production 
minimum. For example, a particular mill may not be able to accurately weigh less than 1.82 kg/ton 
of an ingredient on its minor scale. Thus, you could set a production minimum of 1.82 kg, forcing 
the formula to require either 0 or 1.82 + kilogram, of the ingredient.

Rounding
One key issue is how software engineers approach ingredient rounding when solving formulations. 
This aspect is particularly relevant for highly potent ingredients like phytase, where a small amount 
of rounding greatly contributes to a nutrient level. In some software rounding is applied after a fea-
sible solution is found, which can be costly. Ideally, the software solution applies rounding as part 
of the feasible solution thereby maximizing value.
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Feeding Program

Principles of Feeding Program

This section will discuss general aspects of feeding programs for pigs at different ages or physiologi-
cal stages. Detailed nutrient requirements for pigs are discussed in other chapters (Chapter 22 for 
sows, Chapter 23 for nursery pigs, Chapter 23 for finishing pigs). In swine production, the main goals 
of feeding program: are (i) to provide nutrients meeting the requirements for optimal productive 
performance and health, (ii) to maximize economic benefits, and also (iii) to minimize nutrient excre-
tion by improving efficiency of nutrient utilization. A sound feeding program would utilize phase 
feeding by stage of production or physiological status to achieve these three goals.

Phase Feeding by Different Ages or Physiological Status

Sow

Lactation 
Feeding management of lactating sows primarily targets to improve milk production and to mini-
mize maternal tissue loss, which is also related to reproductive performance in the subsequent par-
ity. However, a major hurdle to achieve these targets would be insufficient voluntary feed intake. 
Thus, the feeding program for lactating sows should consider both improving nutrient intake and 
enhancing efficiency of nutrient utilization. It is well demonstrated that gestational body condition 
affects voluntary feed intake during lactation (Williams 1998; Kim and Easter 2003). Obese sows 
due to overfeeding during gestation are shown to eat less during lactation than normal sows. It is 
suggested that reduced voluntary feed intake is related to increase insulin resistance and altered 
blood levels of insulin, leptin, and probably grhelin (Weldon et al. 1994; Père and Etienne 2007).

In order to prevent the occurrence of obesity at farrowing, feed restriction is commonly practiced 
during gestation. Traditionally, in the United States and many other countries, sows are housed 
individually in gestation stalls and fed individually in order to control energy intake. Societal 
requests of the removal of gestation stalls, however, have influenced the traditional practice of using 
gestation stalls to utilize more group sow housing in pens. Increasing number of hog farmers has 
voluntarily removed gestation stalls (Kaufmann 2007). Group housing of gestating sows is often 
adequate to have 5–20 sows in small pens. These pens often have feeders with partial dividers that 
allow individual feeding and thus to control energy intake. However, it would be important to group 
sows by body condition to lessen behavioral stress (Zhao et al. 2013). Alternative group feeding 
uses a large pen with electronic feeders allowing individual sows to enter and eat a given amount of 
feeds (Spoolder et al. 1997; Bates et al. 2003). However, the initial investment and maintenance cost 
of electronic feeders should be considered.

Feeding sows during lactation should consider helping to increase nutrient intake. Popular feeding 
program could be a step increase in feed allowance during the first three to five days after farrowing 
and then frequent provisions of fresh feed (two to four times per day) to encourage appetite during 
the remainder of lactation period. Feeding lactating sows during hot and humid climate can be chal-
lenging to maintain appetite due to heat stress (Black et  al.  1993). Sows with heat stress have 
increased systemic oxidative stress and reduced voluntary feed intake (Zhao and Kim  2020). 
Altering time of feed provision to early morning and late evening may encourage sows eat more in 
hot and humid climate. Another consideration for feeding lactating sows is to provide nutrient dense 
feeds. When feed intake is not sufficient, increasing nutrient concentration would help to prevent a 
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severe catabolic status during lactation. Increased use of supplemental fat by reducing the amount 
of starch and reduction of crude protein, whereas providing sufficient essential amino acids is sound 
dietary strategy for lactating sows under heat stress condition (Rosero et al. 2012; Zhang et al. 2020).

When determining nutrient requirements for lactating sows, these components need to be consid-
ered: (i) nutrients for milk production, (ii) nutrients for mammary tissue synthesis, and (iii) nutri-
ents needed for maternal growth and maintenance (Kim et  al.  2009). Nutrient requirements of 
lactating sows can be affected by nutrient needs from mammary glands to produce milk and to build 
mammary parenchymal tissues (Kim et al. 1999a,b). A sow will mobilize her body tissue to provide 
nutrients for mammary glands when dietary intake is not sufficient (Kim et al. 2001).

When nutrient intake is not sufficient during lactation, maternal body tissues would be mobilized to 
offset the difference between nutrient output through mammary glands and nutrient input from dietary 
intake. When nutrient intake changes, the amount of nutrients contributed from maternal tissue mobi-
lization will be adjusted to balance the nutrient needs for milk production, which related to litter sizes. 
Amino acids contributed from maternal tissue mobilization have different profile from those used for 
milk production, and thus ideal dietary amino acid profile would be altered as the contribution of 
amino acids from maternal tissue mobilization changes (Kim et al. 2001; Table 10.1). Young, high 
prolific lean- type sows often have insufficient voluntary feed intake with higher nutrient needs for 
maternal gain, whereas old sows often have sufficient voluntary feed intake with limited nutrient needs 
for maternal use. Considering different needs of nutrients in quantity and quality between young and 
old sows, parity feeding can be applied in feeding lactating sows (Kim et al. 2013). Diets for young 
sows with insufficient feed intake and maternal growth can contain higher nutrient concentrations than 
diets for old sows with sufficient feed intake without significant needs for maternal growth.

Gestation 
Highly prolific sows need to support the growth of as many as 14–20 fetuses. Fetal growth occurs 
mostly after day 70 of gestation (McPherson et al. 2004; Ji et al. 2005). Accretion of protein in 

Table 10.1 Ideal amino acid patterns and the order of limiting amino acids for lactating sows (Kim et al. 2009 / 
with permission of Oxford University Press.).

Item

Estimated 21- day weight loss (kg)a: 75–80 33–45 12–15 6–8 0 7–0

Level of tissue mobilization (%)b: 50 40 20 5 0 NRC 
(1998)c

Ideal amino acid pattern (% of Lys)
Lys 100 100 100 100 100 100
Thr 75 69 63 60 59 62
Val 78 78 78 77 77 85
Leu 128 123 118 115 115 114
Ile 60 59 59 59 59 56
Arg 22 38 59 69 72 56

Order of limiting amino acidsd

First Thr Lys Lys Lys Lys Lys
Second Lys Thr Thr Val Val Val
Third Val Val Val Thr Thr Thr

a These values refer to weight loss of sows during lactation estimated based on amount of protein loss and tissue 
 composition measured by Kim et al. (2001).
b These values refer to the percentage of AA in milk output that derive from tissue protein catabolism in the sow.
c The NRC (1998) estimates do not consider tissue protein mobilization.
d This assumes that a typical corn- soybean meal diet (0.90%) is fed during lactation.
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fetal tissues increases at least 19 fold after day 70 of gestation, whereas accretion of fat is reasona-
bly constant during gestation (Kim et al. 2009). Sows also need to support the growth of mammary 
glands which occurs mostly after day 70 of gestation (Ji et al. 2006). Accretion of protein in mam-
mary tissues increases at least 24 fold after day 70 of gestation, whereas accretion of fat is fairly 
constant during gestation (Kim et al. 2009; Table 10.2). It has been shown that ideal dietary amino 
acid profiles for gestating sows differ between early and late gestation due to the changes in rates 
of protein accretion among different types of tissues (Kim et al. 2009; Table 10.3). Considering 
significant increase in protein needs and altered ideal amino acid profiles for sows during late gesta-
tion, phase feeding can be applied in feeding gestating sows by providing low protein diet during 
early gestation and high protein diet toward late gestation (Kim et al. 2013). Phase feeding with 
varied protein concentrations can allow energy restriction without compromising increased protein 
needs and altered ideal amino acid profiles for sows in late gestation. However, increase of feed 
allowance (so called “bump feeding”) may have limited benefits due to increase in energy supply 
negatively influencing lactation feed intake (Weldon et al. 1994).

Table 10.2 Amino acid needs for maternal gain and maintenance (g/day; Kim et al. 2009). 
Average BW of sows was 160 kg at breeding, 195 kg at day 70 of gestation, and 220 kg at 
day 114 of gestation (Ji et al. 2005). Values for Trp and Met were adapted from finishing 
pigs (Mahan and Shields 1998).

Amino acid

Day 0–70 Day 70 to farrowing

Sum Maintenance Gain Sum Maintenance Gain

Lys 6.41 1.64 4.77 8.06 1.78 6.28
Thr 5.19 2.48 2.71 6.78 2.69 4.09
Trp 0.93 0.43 0.50 1.17 0.46 0.71
Met 1.60 0.46 1.14 2.02 0.50 1.52
Val 4.12 1.10 3.02 4.66 1.19 3.47
Leu 5.58 1.15 4.43 6.23 1.25 4.98
Ile 3.80 1.23 2.57 4.68 1.34 3.34
Arg 5.77 1.23 4.54 7.96 1.34 6.62

Table 10.3 Lysine- based ideal amino acid ratio for sows with various fetal numbers (Data from Kim 2010).

Number of fetus Day of gestation Lys Thr Trp Met Val Leu Ile Arg

6 0–70 1.00 0.80 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.73 0.15 0.26 0.65 0.92 0.56 0.95

8 0–70 1.00 0.80 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.72 0.16 0.27 0.66 0.93 0.56 0.96

10 0–70 1.00 0.80 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.72 0.16 0.27 0.66 0.94 0.56 0.97

12 0–70 1.00 0.79 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.71 0.16 0.27 0.66 0.95 0.56 0.97

14 0–70 1.00 0.79 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.71 0.16 0.27 0.66 0.96 0.55 0.98

16 0–70 1.00 0.79 0.15 0.25 0.65 0.88 0.59 0.90
70–114 1.00 0.70 0.16 0.27 0.67 0.97 0.55 0.98

18 0–70 1.00 0.79 0.15 0.25 0.65 0.89 0.59 0.90
70–114 1.00 0.70 0.16 0.28 0.67 0.97 0.55 0.99
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Nursing Pigs
In typical US swine production, sows nurse piglets for 14–28 days after parturition. During this 
short nursing period, piglets gain about 150–250 g per day, and sow milk is the only source of nutri-
ents to support this rapid growth if creep feed is not provided. Pigs are born with minimal nutrient 
storage and thus sufficient milk intake is essential for optimal growth of nursing piglets. Colostrum 
and mature milk from a sow provide nutrients that are highly available to piglets (Lin et al. 2009; 
Mavromichalis et al. 2001). However, sows with poor body condition or/and poor feed intake may 
have problems with mammary glands providing quality nutrients to nursing piglets (Kim 
et al. 1999a,b). Moreover, research shows that milk yield is a limiting factor to support the growth 
of nursing piglets (Aherne 1980; Zijlstra et al. 1996). Creep feed can be a practical way of support-
ing growth of nursing pigs if milk production from sows is not sufficient.

Nursery Pigs
In swine production, pigs are typically weaned at day 14–28 of age. Newly weaned pigs undergo a 
high stress period due to sudden changes in diet types from milk to solid- type feed, separation from 
sows, and changes in the environment (Maxwell and Carter 2000; Zheng et al. 2021). Pigs often 
experience a postweaning growth slump due to weaning stresses. Sudden changes in diet types 
often cause diarrhea because newly weaned pigs have insufficient secretion of endogenous enzymes 
and gastric HCl to digest feed ingredients with complex structures (Pluske et  al.  1997; Lalles 
et al. 2004) as well as antinutritional compounds causing allergenic immune response in the small 
intestine (Taliercio and Kim  2013). It is, therefore, important to use ingredients that are highly 
digestible and lacking antinutritional compounds to newly weaned young pigs and then gradually 
changing to conventional ingredients such as corn and soybean meal. Dairy coproducts such as 
whey permeate, whey powder, lactose, whey protein concentrates are commonly used in the diets 
for newly weaned young pigs because of similar structural property of nutrients in dairy co- products 
to sow milk (Mahan et al. 2004; Cromwell et al. 2008; Jang et al. 2021). Feed ingredients derived 
from animal products including blood plasma, blood meal, fish meal, meat meal, meat and bone 
meals, poultry meal, etc. are excellent protein supplements for newly weaned young pigs (de Rodas 
et al. 1995; Kim and Easter 2001; Adedokun and Adeola 2005) because of high digestibility com-
pared to plant proteins with complex structures and potential antinutritional compounds. However, 
some plant proteins, after processing to hydrolyze nutrients and antinutritional compounds, can be 
fed to newly weaned young pigs (Kim et al. 2003 and 2010; Goebel and Stein 2011; Oliveira and 
Stein 2016).

In order to help nutrient digestion and maintenance of intestinal health, feed additives are often 
used in nursery diets. Acidifiers and feed enzymes can help to enhance nutrient digestibility and 
utilization. Prebiotics, direct- fed microbials, postbiotics, and phytobiotics can help to maintain 
intestinal health of newly weaned pigs. Extensive research has been done to investigate effective 
types and dose levels of feed additives to achieve the goal. There are numerous papers reviewing the 
efficacy of feed additives (Liao and Nyachoti 2017; Baker et al. 2021; Zheng et al. 2021). Selective 
use of feed additives can help the growth and health of newly weaned pigs.

Phase feeding program can be well applied in feeding nursery pigs. Typically, three or four 
phases are used in feeding nursery pigs from wean to 9 or 10 weeks of age when pigs reach 22–25 kg 
body weight. First phase of nursery diet can include dairy coproducts and animal proteins gradually 
changing to corn and soybean meal toward the last phase of nursery diet. Phase feeding program 
should be adjusted based on weaning age or body weight at weaning.
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Finishing Pigs
In commercial pig production, nursery pigs are moved to finisher unit (or grower- finisher unit) 
when they reach around 22–25 kg, which is typically 9–10 weeks of age. In this stage, pigs will eat 
well and thus feed intake and growth are not typical problems. But, instead, increasing fat gain and 
reduced feed efficiency (expressed as gain/feed) are major challenges to the producers.

A split- sex feeding regime is one of practice used in swine production because barrows and gilts 
have different growth rate and lean gain potentials. Barrows eat more energy and grow faster than 
gilts with the same age (NRC 2012). However, barrows have faster fat gain than gilts. If both barrows 
and gilts are raised in a same pen consuming a diet with same nutrient compositions, barrows will 
grower faster than gilts, whereas gilts will be leaner than barrows. Therefore, it can be beneficial to 
house barrows and gilts separately to provide different diets. Barrows can be fed a lower protein diet 
compared with a diet for gilts. Thus, a split- sex feeding could benefit the producers by enhancing 
lean growth of barrows, weight gain of gilts, and uniformity of the herds. However, mixed- sex feed-
ing is often practiced in pig production as this allows the increased use of pen space by housing more 
pigs during an earlier phase. As pigs grow, barrows can be marketed early providing space for gilts 
until marketing.

As pigs grow, their feed intake increases and fat gain accelerates. In order to encourage lean gain, 
feed should be designed to contain ideally balanced amino acids (=ideal protein) needed for protein 
gain. Protein synthesis would stop if any essential amino acids are limited (=limiting amino acids) 
and thus balancing dietary amino acids for protein synthesis is important to enhance lean gain. Ideal 
protein has been investigated and characterized (Wang and Fuller 1989; Chung and Baker 1991). 
Use of the ideal protein concept in feed formulation will also benefit pig production by reducing 
nitrogen excretion into the environment and reducing feed costs. Ideal protein for growing pigs is 
summarized in Table 10.4 (NRC 2012). Typical supplemental amino acids used in swine feeds are 
L- Lys, L- Thr, L/DL- Met, and L- Trp, whereas L- Val and L- Ile are also considered occasionally.

In a typical pig production facility in the United States, pigs are fed dry rations. Pigs have 
access to dry feeds in feeders, whereas water is supplied from a waterer separated from the feeder. 
In the meantime, liquid feeding systems or wet feeding systems have been shown to improve feed 
intake. Liquid feeding usually provides feed at 20–30% dry matter after mixing with water to 
create slurry in a pan or provide feed using liquid ingredients typically from food dairy process-

Table 10.4 Lysine- based ideal amino acid ratio for growing pigs.

Amino acid

Body weight (kg)

5–7 7–11 11–25 25–50 50–75 75–100 100–135

Lys 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Thr 0.59 0.59 0.59 0.60 0.61 0.63 0.66
Trp 0.17 0.16 0.16 0.17 0.18 0.18 0.18
Met 0.29 0.29 0.29 0.29 0.28 0.29 0.30
Val 0.63 0.64 0.63 0.65 0.65 0.66 0.67
Leu 1.00 1.00 1.00 1.01 1.00 1.01 1.02
Ile 0.51 0.51 0.51 0.52 0.53 0.53 0.54
Phe 0.59 0.59 0.59 0.60 0.60 0.60 0.61
His 0.35 0.34 0.34 0.35 0.46 0.34 0.34
Arg 0.45 0.45 0.46 0.46 0.46 0.45 0.46

Source: Adapted from NRC (2012).
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ing and liquid fermentation. Pigs with liquid feeding have shown improved weight gain mainly 
due to increased feed intake (Gonyou and Lou 2000; de Lange et al. 2006). Usually liquid feeding 
does not improve feed efficiency due to increased feed intake. As pigs in liquid feeding have 
greater feed intake, pigs could gain more fat compared with pigs in dry feeding. When liquid 
feeding is used in a farm, feeder management is important to prevent spoilage and mold problems 
from wastage in the feeder.

Antimicrobial growth promotors (AGP) and ractopamine have been shown to enhance lean gain 
of pigs. Therefore, until recently, AGP and ractopamine have been used in swine production. 
However, recent ban or voluntary removal of AGP and ractopamine has adversely influenced days 
to market and lean growth of finishing pigs.

Particle size of feedstuffs affects the pig’s ability to digest nutrients in the feed (Wondra et al. 1995; 
Acosta et al. 2020). It is typical to grind corn to 600–800 μm when a diet is fed as a mash or meal 
form. Digestibility of nutrients in corn can be improved if corn is ground finely, many producers are 
grinding to 300–400 μm or finer. However, when corn is ground finely, it is suggested to pellet the 
feed in order to prevent bridging in a feeder and a feed bin.

Summary

Feed formulation for swine should consider the stage of growth, age of an animal, or body weight, 
which affects nutrient requirements. Nutrient requirements can be assessed based on the nutrients 
needed for maintenance and for production (or gain). Most feed formulators apply the practice of 
least- cost feed formulation, where multiple ingredients are allowed to enter into a formula. The role 
of feed formulation in commercial enterprises is multidimensional, including the purpose of meeting 
the pig’s need, but also the purpose of supporting the purchasing agent. Most feed formulators and 
software vendors focus on solving feed formulas to the least- cost per unit of feed. Ratioing nutrients 
in the formula specification is a key consideration. Most major nutrients are ratioed to energy den-
sity of the formula.

Main goals of feeding program are to provide nutrients meeting the requirements for optimal 
productive performance but at the same time to maximize economic benefits and minimize nutrient 
excretion. Basic principles of a sound feeding program would include phase feeding of pigs by 
stage of growth or physiological status. For sows, the formulator should consider maximizing 
nutrient intake during lactation to support intensive milk production. However, nutrient intake, 
especially energy, should be controlled during gestation to prevent obesity at farrowing. For weaned 
pigs, the formulator must consider how to transition the piglets from nursing their mother to ulti-
mately a dry feed- based diet made up primarily of grains and legume seed meals. For finishing pigs, 
formulation to improve feed efficiency should be a key target.
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Introduction

Pigs require energy to maintain normal body processes, growth, reproduction and lactation pro-
cesses, and physical activity. Feeds supplying energy are major components of all swine diets, of 
which carbohydrates (sugar, starch, and fiber), lipids, and protein/amino acids components provide 
energy. Carbohydrates are the most abundant energy source in swine diets. Although fat and oils 
contribute on average 2.25 times more gross energy than carbohydrates, these make a smaller over-
all contribution to the total energy of swine diets as are included in diets in lower quantities. Protein 
usually contributes between 15 and 20% of the total dietary energy, primarily when diets are 
 formulated to have excess protein than the requirement for protein synthesis.

Energy is the most expensive component in swine diets, accounting for about 50% of the total 
farrow- to- finish production cost and more than 30% of the total cost of raising a pig to market. 
Thus, it is very important to develop a feeding program that provides energy to swine diets cost- 
effectively. Traditionally, carbohydrates from cereal grains have been the most abundant energy 
source in swine diets. Among the cereals, corn and wheat have been primarily used as energy 
sources in different parts of the world. But, the demand and supply chain of conventional feedstuffs 
is stretched because of the competition between food, feed, and fuel, as well as the decrease in cul-
tivable land to meet the need of the increased human population (Avalos 2014). Therefore, there is 
a need for cost- effective alternative energy feedstuffs for swine diets.

For sustainable swine production, alternative feedstuffs play a key role for three main reasons. 
First, for economic sustainability, alternative feedstuffs, and coproducts in particular, have become an 
important option to control rapidly increasing feed costs (Zijlstra and Beltranena 2009). In part for 
biofuel production, the novel industrial demand for feed grains has elevated the long- term price fore-
casts for feed grains to another price plateau. Alternative feedstuffs are a short- term solution for com-
mercial swine production to control feed costs, with proper risk management strategies, including 
modern feed quality evaluation, as key components. Second, for agronomic sustainability, alternative 
crops with unique agronomic features might be important (Miller et  al.  2002). For example, the 
drought tolerance of sorghum and triticale may support a switch from traditional feed grains that 
are less drought- tolerant such as wheat and corn. Triticale requires 14% less crop inputs than wheat 
(Davis- Knight and Weightman  2008). An important criterion for sustainable success is that the 
newly included crops have a market as alternative feedstuff if quality targets for the primary market 
cannot be met. Finally, for societal and environmental sustainability, the use of coproducts as feed-
stuffs for swine addresses the argument that pigs compete with humans for food (Nonhebel 2004). 
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The conversion of inedible residues from the food, biofuel, and bioprocessing industries into high- 
quality animal protein food mitigates the impact of these industries on the environment. For example, 
behind every food product in a supermarket, there is at least one useful coproduct that is overlooked, 
even though certain global regions already use coproducts from the food industry effectively to 
 produce pork that is less reliant on feed grains. Pigs, as an omnivorous species, are ideally suited 
to consume a wide variety of feedstuffs and, thus, can be an integral part of sustainable livestock 
production systems.

The use of alternative feedstuffs in the swine industry is not new. In traditional swine production, 
pigs were housed in small numbers, and high growth rates were less important. Pigs were fed feed-
stuffs that currently are regarded as alternatives, such as leftover human food products (Pond and 
Lei 2001). Such traditional production is still common practice in global small- scale swine produc-
tion, particularly in Asia (Chen 2009). The development of modern swine- production systems that 
demand high growth rates, safe, and consistent pork products resulted from a reliance on a supply 
of affordable feed grains and a few protein sources to produce pork competitively (Pond and 
Lei 2001). Currently in North America, the inclusion of alternative sources of dietary energy in the 
commercial swine industry is considered advantageous solely during periods of price increases 
for common feed grains. Dietary inclusion of coproducts provides opportunities for diversifying 
the feedstuff matrix by using local feedstuffs, reducing feed costs, and producing value- added pork 
(Jha et al. 2013). In the last decade, only one alternative feedstuff, corn dried distiller’s grains with 
solubles (DDGS), has reached commodity status within the North American swine industry 
(Patience et al. 2007). Across the world, few regions have a solid logistical system in place for the 
commercial swine industry to rely on coproducts as main feedstuffs in swine diets. However, some 
European countries with a small land base, such as The Netherlands, have historically been heavily 
dependent on a large array of alternative feedstuffs (FEFAC 2005). Finally, alternative feedstuffs are 
considered for the organic pork production (Partanen et al. 2006), perhaps to either avoid the use of 
corn and soybeans that have been genetically modified for herbicide resistance and other traits or 
the required use of homegrown organic feedstuffs.

This chapter describes three categories of dietary energy sources: (i) developments in traditional 
crops, (ii) alternative crops, and (iii) coproducts resulting from the biofuel and food industry and 
crop fractionation. Details of alternative dietary energy sources in the diets of pigs have been sum-
marized previously (Thacker and Kirkwood  1990; Myer and Brendemuhl  2001; Sauber and 
Owens 2001). So, the focus of the present chapter will be on new developments within the last 
decade, with emphasis on the coproducts available for use in the diets of pigs.

Energy Evaluation Systems

Swine diets are formulated based primarily on using cereals as the main source of energy. The com-
petition for food, feed, and fuel of these conventional feedstuffs has forced animal nutritionists and 
the feed industry to formulate animal diets using alternative feedstuffs including coproducts from 
cereals. Feed quality information is essential as feed accounts for 65–70% of the total cost involved 
in pig production (Woyengo et al. 2014). The basis of any commercial farming system is to formu-
late a diet combining ingredients with the least cost in order to give a better return on invest-
ment. However, the nutritional content varies widely within and between crops depending upon the 
type of feedstuffs (Jha et  al.  2011a,  2011b), within and between fibrous and starchy feedstuffs 
(Tiwari and Jha 2016, 2017), and harvesting condition and processing method (Hernot et al. 2008). 
In addition, a large range in nutrient content exists within and between these feedstuffs because of 
variable agronomic conditions, genetic variation, and processing techniques in these feedstuffs and 
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 coproducts. The wide variation among the nutritional values of these feedstuffs creates a necessity 
for developing routine feed evaluation techniques to detect these variations in order to formulate 
balanced diets and achieve optimal animal performance.

Indisputably, the choice of an energy evaluation system will alter the relative values placed on 
feeds (Noblet et al. 1993). For example, the relative energy value of the selected feedstuffs used in 
the swine diet (Sauvant et al. 2004) is presented in Table 11.1. For energy evaluation, the digestible 
energy (DE) and metabolizable energy (ME) systems overestimate the energy contribution to sup-
port maintenance and growth (Black 1995), while the net energy (NE) system offers a more accu-
rate ranking of feedstuffs (Whittemore 1997). The feed industry in The Netherlands has been relying 
on the NE system since 1970 (CVB 1993), partly to manage the risk of a wide ingredient matrix 
(Zijlstra and Payne 2007). The difference in approach to energy evaluation among scientists and 
countries is reflected in the selected approach in research deliverables.

Traditionally, feedstuffs are subjected to different protocols of laboratory analysis for nutrient 
profiling from representative samples to be analyzed followed by digestibility and energy utilization 
determination using animal studies to determine their inclusion level, effects and adverse effects (if 
any) on the performance of animals. The new feedstuff is then incorporated in the commercial feed-
ing program if it is found to be comparable to the conventional feedstuffs. Also, several published 
table values and prediction equations have been used to determine the nutrient profile before 
 incorporating it in feeding programs traditionally.

Table values or reference values of the nutrient profile of feed ingredients are available from dif-
ferent sources like NRC (National Research Council, United States), INRA (French National 
Institute for Agricultural Research), CVB (Centraal Veevoeder Bureau, the Netherlands), FEDNA 
(Fundación Española para el Desarrollo de la Nutrición Animal, Spain), and NARO (National 
Agriculture and Food Research Organization, Japan). It is the easiest method of getting the nutrient 
value of feedstuffs, but the table values vary widely within and between the tables as the source of 
data differs. It also varies among batches and countries due to several factors, including agronomi-
cal conditions and genetic variations. This discrepancy among tables makes it inferior in accuracy 
and of limited value for getting quality outcomes. As an example, table values and analyzed values 
of the same feed ingredients were found to vary widely, as presented in Table 11.2. Lower accuracy 
is the limiting factor in the use of table values. Due to this variation, a potential lower safety margin 
in using table values for feed formulation can affect the performance of pigs.

Table 11.1 Relative energy value of the selected feedstuffs used 
in swine diet.

Feedstuff DE ME NE NE:ME

Reference diet 100 100 100 75
Animal fat 243 252 300 90
Corn 103 105 112 80
Wheat 101 102 106 78
Barley 94 94 96 77
Pea 101 100 98 73
Soybean (full- fat) 116 113 108 72
Wheat bran 68 67 63 71
Dried distiller’s grains 82 80 71 67
Soybean meal 107 102 82 60
Canola meal 84 81 64 60

Source: Adapted from Sauvant et al. (2004).



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION288

Several predictions equations have been developed to predict the energy values of feedstuffs in 
swine and are found to predict with very high accuracy (R2 = 0.97) (Noblet and Perez 1993; Noblet 
et  al.  1994). All the prediction equations are based on the basic nutrient values of feedstuffs. 
Obtaining an accurate prediction of the NE content of alternative feedstuffs is considered important 
(Smits and Sijtsma 2007) to assure equivalent growth performance following the introduction of 
alternative feedstuffs or coproducts.

Animal Studies

The in vivo method is so far the best and most robust model to determine the digestibility of feed-
stuffs in animals. However, the accuracy of the digestibility of the in vivo method depends upon the 
marker used and the method by which the amount of marker is quantified. Also, there has been wide 
variation reported by different researchers while determining the nutritional value of feedstuffs 
using animal studies. Moreover, logistical limitations, skilled expertise required, and longer time 
and higher costs involved to conduct animal studies are the limiting factors in using animal studies 
in the routine feed evaluation program.

In vitro Studies

For defining the energy value of individual samples within a feedstuff, getting an accurate 
measurement or prediction of the ATTD of energy is most important (Zijlstra and Payne 2007). 
The main reason is that for defining the DE, ME, or NE content, the ATTD is the most variable 
component and the GE content (especially of cereal grains) is the most consistent component. 
A novel aspect in describing the energy value of feedstuffs for swine is a description of the 
kinetics of digestion or fermentation of carbohydrates, the main energy- contributing macronu-
trient. For starch, the objective is to define the kinetics of starch digestion, whereas for fiber the 
kinetics of fiber fermentation is regarded to be important (Zijlstra et al. 2010). The in vitro stud-
ies provide the opportunities to overcome the practical limitations of the commonly used 
approaches (table values, prediction equations, and animal studies) used to determine energy 
value of feedstuffs.

Table 11.2 Comparison of nutrient profile of wheat by- products between analyzed values (Jha et al. 2012) and Table values 
(NRC 2012)a.

Analyzed values Table values

Shorts Millrun Middlings Bran Shorts Middlings Bran

Item A B A B

Dry matter 90.1 89.9 89.1 90.4 88.6 91.0 87.9 89.1 87.3
Ash 7.3 5.5 6.5 6.2 5.3 6.7 NA 2.1 4.2
ether extract 2.9 3.4 4.8 4.1 4.1 3.0 4.6 3.2 4.7
Crude protein 27.8 24.9 18.7 19.0 22.1 15.9 16.7 15.8 15.1
Crude fiber 7.9 5.2 8.3 9.9 7.1 12 NA 5.2 7.8

a NA = not available.



289CEREAL GRAINS, CEREAL BY- PRODUCTS, AND OTHER ENERGY SOURCES IN SWINE DIETS

In vitro Enzymatic Digestion Study
In vitro enzymatic digestion method simulates the activity taking place in the whole gastrointestinal 
tract (stomach, small intestine, and large intestine) of animals to determine the digestibility of nutri-
ents (Boisen and Fernández 1997), while the in vitro fermentation method simulates the microbial 
fermentation taking place in the large intestine, in addition to the enzymatic digestion in the stom-
ach and small intestine (Jha et al. 2011b, 2011c). In vitro digestion techniques can be used to screen 
large set of samples in a short period of time and are noninvasive to animals and relatively very 
cheaper than in vivo methods.

It is imperative that any simulation should be reproducible and should correlate well with in vivo 
parameters for diverse feedstuffs. A close linear relationship (R2 = 0.94) between the in vitro enzyme 
digestibility of organic matter and in vivo total tract digestibility of energy was found for 90 sam-
ples of 31 different feedstuffs (Boisen and Fernández 1997). A similar finding was reported by 
Regmi et al. (2009) for single samples of 8 feedstuffs (R2 = 0.97). Within feedstuff, variability was 
predicted well for cereal grains and but poorly for canola meal and corn DDGS (Regmi et al. 2009). 
However, a medium to poor correlation and prediction accuracy was found when other coproducts 
[canola meal, corn DDGS, soybean meal (SBM), and wheat millrun] were evaluated (combined 
average R2  = 0.69), with the highest for wheat millrun (R2  = 0.79) and lowest for corn DDGS 
(R2 = 0.29) (Wang 2014). Thus, further refinement in the in vitro digestibility study, as initiated by 
some workers (Regmi et al. 2008, 2009; Wang 2014), might be helpful to get better predictions 
using this model.

In vitro Microbial Fermentation Study
Some energy feedstuffs (like barley and oats) and coproducts are typically rich in fiber content, 
which needs to be considered while using in the swine feeding program. The fiber in feedstuffs nega-
tively affects the nutrients digestibility (Jha et al. 2010), but it may also play an important role in 
improving the gut health of pigs (Jha and Berrocoso  2015) and the environment (Jha and 
Berrocoso 2016). Some fibers in concentrated form, such as barley and oat β- glucan, have a prebiotic 
effect in pigs (Pieper et al. 2008). The fibers and some of the starches that are not digested by endog-
enous enzymes of pigs become available for microbial fermentation, primarily in the large intestine, 
and produce metabolites like volatile fatty acids (VFA; Jha et al. 2019; Tiwari et al. 2019), which can 
contribute nutritional value to animals, directly by providing energy. The VFA can be used to predict 
the extent of energy digestion in the large intestine (McBurney and Sauer 1993). The energy pro-
duced from VFA may contribute up to 15.0% of the ME requirements of growing pigs (Dierick 
et al. 1989) and even up to 30.0% of the ME requirements of gestating sows (Varel and Yen 1997). 
Use of purified enzymes for this purpose is promising (Regmi et al. 2008; Regmi et al. 2009); how-
ever, their validation with in vivo study is important. In vitro fermentation models using pig fecal 
inoculum (Jha et al. 2011b,c; Jha et al. 2012) have been used to determine both fermentation metabo-
lites and intestinal microbiota. Moreover, this method allows the evaluation of the role of exogenous 
enzymes in enhancing nutrient utilization (Jha et al. 2015). In vitro fermentation method is validated 
with high correlation in pigs for nonstarch polysaccharide (NSP) degradation (r = 0.96) (Anguita 
et al. 2006) and organic matter (r = 0.77) (Christensen et al. 1999). The fermentation characteristics 
of different conventional feedstuffs and coproducts were studied both in  vivo and in  vitro (Jha 
et al. 2010 2011b, c; Jha and Leterme 2012) and had similar fermentation characteristics and metab-
olites produced. Thus, in vitro fermentation models can serve as an option for rapid technique while 
considering the evaluation of energy and functional properties of any feedstuff. However, the in vitro 
model does not consider simultaneous production- absorption of the metabolites as happens in the 
large intestine in vivo. Thus, it may overestimate the energy contribution from VFA in animals.



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION290

Near- Infrared Spectrophotometry

The near- infrared spectrophotometry (NIRS) has been adopted widely as a rapid feed evaluation 
technique and is becoming increasingly popular. The use of NIRS technology to determine basic 
nutrients such as moisture, protein, fat, and fiber of major feed ingredients and finished feeds have 
been around for many years (Valdes and Leeson 1992). With the advancement in technology, NIRS 
is being used for a range of measurements that are based on using laboratory methods to provide 
reference values for establishing calibration. For nutritionists that rely on digestible as opposed to 
total nutrient values for feed formulation, the additional cost of obtaining a large sample set with 
determined digestibility values has been cost- prohibitive to establish NIRS calibrations, but some 
research calibrations have been established (Zijlstra et al. 2011). Also, industries have been working 
to develop a rapid NIRS technology- based tool to estimate the bioavailability of nutrients from dif-
ferent feedstuffs. The idea is to assist the industry to adopt and use standards based on the functional 
utility of the grain purchased rather than relying on the current grain physical grades to determine 
value in use. Every feed ingredient has its spectral properties, which can be utilized to determine the 
nutritional value. Robustness is the ability of calibration to accurately predict DE in samples from 
a wide range of sources. Thus, it is important to have a good calibration database to have better 
prediction equations. Agronomic conditions, cleanliness of sample, and genetic origin will vary 
among feed samples and will affect the ability of NIRS to predict swine DE content accurately 
(Zijlstra et al. 2010). Also, NIRS penetrates deeper into the sample because of its wavelength; how-
ever, the depth of penetration depends upon the particle size and particle density (DeThomas and 
Brimmer 2002). Thus, not only the feed ingredient or complete feed type but also their other physi-
cal properties need to be considered. Moreover, the substitution of in vivo determinations of DE 
content with a reliable in vitro method would be the key for cost- effective NIRS application.

Dietary Energy Sources

Cereals

Traditionally, the driver for a competitive swine industry has been extensive, low- cost grain produc-
tion. The grain standard will differ locally because of agronomic conditions. Withingrains, alterna-
tive cultivars are being developed mostly not only to enhance yield but also to enhance the density 
of the digestible nutrients.

Corn
Corn is globally the cereal standard grain and is the basis for commercial swine production in the 
United States and Latin America. The nutritional value of hybrid yellow, dent corn is well defined 
(e.g., Sauber and Owens 2001) and has been updated over the years. It has high starch and low fiber 
content resulting in most nutrients being easily digested by pigs. The apparent total tract digestibil-
ity (ATTD) of dry matter and starch in corn is close to 90 and 95%, respectively (Rojas and 
Stein 2015). Corn can be included in the diets of all categories of pigs as the sole energy source 
cereal, except in the initial two to three weeks of the postweaned pigs. However, some fiber sources 
should be added to the corn- based diet of gestating sows to avoid constipation.

Within the last decade, breeding efforts improved, apart from yield, the nutritional or agronomic 
characteristics of alternative corn cultivars with unique traits such as short season (Opapeju 
et al. 2006), low phytate (Spencer et al. 2000; Veum et al. 2001; Hill et al. 2009), phytase- containing 
(Nyannor et  al.  2007), herbicide- resistance (Hyun et  al.  2004), rootworm resistance (Hyun 
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et al. 2005), or enhanced oil (energy) and amino acid (AA) density (Pedersen et al. 2007). Although 
breeding programs have placed emphasis on yield increases for small grains, yield increases in corn 
have been much larger than for small grains like barley, oat, wheat, and sorghum (Alston et al. 2009) 
in recent decades. The yield of corn in areas with sufficient heat and water is much greater than 
barley or wheat and is the main reason that the production of small grains in the United States has 
been largely replaced with corn.

Wheat
Wheat is the major cereal grain used as an energy source in the swine diets in western Canada, 
northern Europe, and Australia, primarily because of their local production and price competitive-
ness. The nutritional value of wheat has been well defined (Sauber and Owens 2001; Jha et al. 2011a) 
and found to have comparable DE content to corn. The range in chemical characteristics of wheat, 
especially CP, starch, and NSP, causes variation in chemical composition and DE content of wheat 
for pigs and perhaps feed processing quality (Zijlstra et al. 1999; Jha et al. 2011a). The impact of 
variability in wheat quality on subsequent growth performance in young pigs can be reduced by 
enzyme application (Cadogan et al. 2003) and processing (Jha et al. 2011a). Thus, like corn, wheat 
can be efficiently utilized by pigs of all ages. However, consideration must be given to nutrient 
composition, method of processing, and quality and price of wheat for use in pig diets.

Barley
Second to wheat, barley is a cereal grain used as a dietary source of energy for swine in western 
Canada, northern Europe, and Australia as it is locally grown and widely available at a competitive 
price. Similar to wheat, the perception exists that barley has higher variability in DE content 
(Fairbairn et al. 1999; Jha et al. 2010) than corn. Similar to corn, unique traits have been developed, 
such as low phytate in barley (Veum et al. 2002; Htoo et al. 2007a,b) and starch profile in barley 
(Bird et al. 2004), but these advances have been achieved to a lesser extent compared with corn.

The inclusion of barley grain in young pig’s diets is limited due to its high fiber content that is 
associated with lower nutrient digestibility and NE value (Lynch et  al.  2007, Jha et  al.  2010). 
Whether young pigs fed barley grain instead of wheat in diets formulated to equal NE value can 
maintain growth performance requires investigation.

Oat
Traditionally, oat was not used in the regular swine feeding program due to its high fiber content and 
relatively lower nutritional value. However, it has been tested as a potential energy source in swine 
diets for long. Although the gross energy (GE) value of oat is higher than that for corn (4.125 vs. 
3.959 Mcal/kg), NE value is much lower (1.401 vs. 2.329 Mcal/kg) in oat than corn (De Goey and 
Ewan 1975). This is primarily due to the high fiber content in oat, which reduces nutrient utilization 
(Jha et al. 2010). The nutritional value of oat has been defined; the average energy value of the oat 
is given as 80% of the energy value of corn while using in swine diets. Despite lower energy value, 
oat can be used effectively in swine diets as oats are highly palatable and are higher in protein and 
lysine content than corn. However, the inclusion of oat in young pigs’ diets should be limited due to 
their high fiber content (Jha et al. 2010). Oat can constitute up to 25% of the starter pig diet and up 
to 40% in the grower- finisher diet. Processing like grinding, rolling, and pelleting enhances the 
nutrient utilization of oat and should be considered. Oat is getting more attraction in recent years 
due to its competitive price and higher availability of improved varieties with reduced fiber content 
(Jha et al. 2011b). Also, oat fibers (especially β- glucans) are found to improve the intestinal health 
of pig by modulating gut microbiota (Pieper et al. 2008; Tiwari et al. 2019).
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Sorghum
Sorghum (Sorghum bicolor), also known as milo, is grown in a number of countries around the 
world and is a major energy feedstuff in swine diets in Mexico due to the high amount of local 
production. It has higher starch content than corn and wheat but lower fat content than corn 
(Jaworski et al. 2015). The digestibility of starch in sorghum is lower than that of corn and wheat 
(Cervantes- Pahm et al. 2014b). The GE, DE, and ME content of sorghum is similar to corn and 
wheat (Cervantes- Pahm et al. 2014a; Bolarinwa and Adeola 2016), and the feeding value of sor-
ghum compared to corn is 98–99% (Tokach et al. 2012). Thus, it can be used as the sole cereal grain 
in the diets of pigs without any adverse effect on the growth performance of weanling or grower- 
finisher pigs.

Rye
Rye (Secale cereal) is a grass grown extensively as a grain, a forage crop, and a cover crop in some 
parts of Europe. It is one of the most important cereal crops in central Europe; it is closely related 
to wheat; however, it has several economic advantages (Allen 2002). It has about 90% of the energy 
content of corn for growing- finishing pigs. Previously, rye was not commonly used in swine feeding 
programs as older cultivars were susceptibility to ergot infection and had high fiber content, espe-
cially viscous NSP components. However, recently developed new types of hybrid rye are charac-
terized not only by increased yield potential, resistance to fungus and pests, and low production 
costs but also the lower content of antinutritive substances in these varieties (Schwarz et al. 2014). 
Thus, rye has a competitive advantage compared to corn and wheat to be grown in organic farming 
as there is a reduced requirement of fertilizer and pesticide. Also, rye has gained increased interest 
as an energy feedstuff for pigs because of its lower price, winter hardiness, and ability to grow on 
sandy soils with low fertility (Bushuk 2001). However, rye has a high concentration of NSP, which 
has been correlated with antinutritive properties, especially in young pigs (Jürgens et al. 2012). So, 
the use of rye should be limited in your pigs, while it can be a good alternative energy source for use 
in grower- finisher pig diets and becomes increasingly attractive as the age of the pig increases. 
Hybrid rye may be included in diets fed to weanling, growing, and finishing pigs by 10, 25, and 
50%, respectively, without causing reductions in growth performance or carcass quality (Schwarz 
et al. 2014).

Triticale
Water and nitrogen are key drivers for successful grain production. In semi- arid areas such as parts 
of western Canada and Australia, water supply and drought are recurring issues. Enhanced drought 
tolerance and N- use efficiency in corn and small grains might be an approach to increase grain 
yield. However, the cultivation of feed grains with a higher yield and lower crop input requirements 
(Davis- Knight and Weightman 2008) in areas with marginal growing conditions should also be part 
of a solution package to maximize pork produced per hectare. Crops such as triticale, a hybrid of 
wheat and rye (Radecki and Miller 1990), may improve feed grain yield in marginal growing condi-
tions (McLeod et al. 2001) and requires 14% less crop inputs compared to wheat (Davis- Knight and 
Weightman 2008). Traditionally, the growth performance of pigs fed triticale has been assumed 
lower because studies conducted in the distant past indicated that triticale might reduce the growth 
performance of young pigs relative to corn (Hale and Utley 1985). Ergot tolerance has also been 
enhanced (Salmon 2004). However, modern triticale cultivars are low in trypsin inhibitors, and the 
palatability of pigs fed triticale is, thus, less of a concern (Radecki and Miller 1990). Indeed, weaned 
pigs fed diets containing either 60% of wheat or 60% of modern varieties of triticale achieved an 
identical growth performance (Beltranena et al. 2008).
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Roots and Tubers

Roots and tubers are rich in starch and can serve as a good source of energy in pig diets. Among the 
roots and tubers, the largest at the global level is potatoes. Also, sweet potatoes, cassava, and taro 
are available for animal feeding in different parts of the world, especially in developing countries 
and can be a cost- effective source of energy in the diets of pigs. The GE contents and energy digest-
ibility of tubers (sweet potato, cassava, and taro) range from 4.1 to 4.3 Mcal/kg and 74 to 87%, 
respectively (Table 11.3; Tiwari and Jha 2016). However, some of the tubers like cassava and taro 
contain antinutritional factors, which need to be considered while using those tubers in the diets of 
pigs.

Coproducts

Corn DDGS
The DDGS is a coproduct from dry- grind cereal grain ethanol industry. Several cereal grains, 
including corn, wheat, sorghum and triticale, are used for the production of ethanol, leading to the 
availability of DDGS for livestock feeding. Of these cereals, corn is the most widely used cereal 
grain used for the production of ethanol by the dry milling process, and hence corn DDGS is the 
most widely available form of DDGS for livestock feeding. Thus, the focus of this chapter will be 
on the nutritive value of corn DDGS.

Production of ethanol from corn involves saccharification of corn grain by starch degrading 
enzymes, fermentation of the hydrolyzed starch by yeast to produce ethanol, and distillation to 
obtain ethanol. The remaining material, which is known as whole stillage, is processed into DDGS. 
Most ethanol plants extract some oil from the liquid phase (solubles) of the whole stillage during 
the production of DDGS from the whole stillage, leading to the production of low- fat DDGS. Some 
ethanol plants also separate fiber from corn before fermentation (front- end fraction) or after fermen-
tation (tail- end fraction), leading to the production of DDGS with relatively high protein (high- 
protein DDGS). Thus, DDGS has generally lower content of starch and greater content of CP, fiber, 
fat, and P than parent corn grain. The nutrient compositions of regular DDGS, low- fat DDGS, and 
high- protein DDGS are presented in Table 11.4. The CP, fiber, and P content of regular and low- fat 
DDGS is approximately three times greater than that for corn grain. The fat content in low- fat 
DDGS is close to that of corn grain, whereas the protein content in the high- protein DDGS is around 

Table 11.3 Nutrient profile and in vitro digestibility of selected tubers (% DM basis; adapted from Tiwari and Jha 2016)a.

Feedstuff DM Ash CP EE ADF NDF Starch GEb DEb MEb NEb IVDMD IVDGE

Purple sweet 
potato

42.98 1.95 4.79 2.77 5.68 7.95 47.02 4.134 4.135 4.120 2.882 86.8 87.5

Okinawa sweet 
potato

40.83 2.79 5.30 2.04 8.14 9.67 51.67 4.154 4.116 4.100 2.869 81.6 82.3

Taro 37.43 2.39 8.84 1.87 10.38 11.46 38.43 4.333 4.117 4.099 2.860 70.3 64.9
Cassava 41.87 4.13 3.73 1.05 6.53 11.30 60.85 4.193 4.095 4.080 2.863 82.1 83.1

a DM = dry matter; CP = crude protein; EE = ether extract; ADF = acid detergent fiber; NDF = neutral detergent fiber; GE = gross 
energy; DE  =  digestible energy; ME  =  metabolizable energy; NE  =  net energy; IVDMD  =  in  vitro digestibility of DM, 
IVDGE = in vitro digestibility of GE.
b Mcal/kg.
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four times greater than that in corn grain. Corn has a high leucine content, and hence corn DDGS 
has a very high leucine content (NRC 2012).

More than 90% of total dietary fiber in corn DDGS is insoluble (Table 11.4). The major NSP in 
corn are arabinoxylans (Bach Knudsen 2004). Thus, the major NSP in corn DDGS are also arabinoxy-
lans. Arabinoxylans constituted approximately 40% of total NSP in corn DDGS (Pedersen et al. 2014). 
The DGGS also contains some yeast- derived fiber components because of the presence of yeast in 
DDGS. Yeast fiber is rich in mannanoligosaccharides and β- glucans (Böttger and Südekum 2018; 
Shurson 2018). However, the actual contribution of yeast to total fiber in DDGS is variable and has 
not been well established (Böttger and Südekum 2018). Starch present in DDGS is the starch that 
escapes digestion by starch degrading enzymes and fermentation by yeast during ethanol production. 
Thus, starch present in DDGS can be considered to contain more resistant starch as a proportion of 
total starch than corn. The high proportion of fat in DDGS is unsaturated because linoleic acid 
(unsaturated fatty acids) constitutes a high proportion (>40%) of total fat in corn (NRC 2012).

As shown in Table 11.4, DDGS has a lower NE value than corn grains because of its lower DE 
value and starch content and greater CP and fiber content. The DE and starch values of a feedstuff 
are positively correlated with NE value of the feedstuff, whereas CP and fiber values of a feedstuff 
are negatively correlated with NE value of the feedstuff (Noblet et al. 1994). The lower DE value 
for DDGS than for corn grain is due to the lower digestibility of GE in DDGS than in corn because 
DDGS has a greater GE value than corn grain (NRC 2012). For example, the ATTD of GE for 
DDGS was 65% (Jaworski and Stein 2017), whereas that for corn was 84% (Opapeju et al. 2007). 
The lower ATTD of GE for DDGS than for corn is due to the greater fiber content in the former than 
in the latter. The DDGS can increase the weight of visceral organs in pigs, likely due to the high 
fiber content in the DDGS. For example, Agyekum et  al. (2012) reported lower empty visceral 
organ weight of growing pigs fed corn- SBM- based diet with 0% DDGS than of growing pigs fed 
corn- SBM- based diet with 30% DDGS; however, the empty visceral organ weight for the diet with 

Table 11.4 Mean nutrient composition, energy values for selected coproduct feedstuffs for pigsa.

Content, % Energy, kcal/kg

Feedstuffb DM CP EE Starch NDF ADF TDF IDF SDF DE NE

Regular DDGS 88.88 28.59 8.43 4.11 29.51 12.67 36.86 35.49 1.37 3483 2206
HP corn DDGS 89.20 38.01 8.43 1.87 30.64 14.64 34.20 31.80 2.40 4277 2994
Wheat middlings 88.48 15.96 4.23 19.38 36.27 10.93 36.35 33.69 2.69 2840 1911
Wheat bran 90.10 17.24 3.90 14.08 44.76 13.77 46.15 42.80 3.35 2478 1024
Full- fat rice bran 94.90 14.92 19.40 26.16 15.93 8.37 20.08 19.21 0.87 3984 3142
Defatted rice bran 89.74 17.20 3.18 28.09 22.75 11.92 28.92 26.43 2.50 2849 2115
Sugar beet pulp 91.23 8.96 1.31 3.37 43.79 21.35 54.60 40.83 13.62 470

a DM = dry matter; CP = crude protein; EE = ether extract; NDF = neutral detergent fiber, ADF = acid detergent fiber; TDF = total 
dietary fiber; IDF = insoluble dietary fiber; SDF = soluble dietary fiber; DE = digestible energy; NE = net energy; DDGS = dried 
distiller’s grains with solubles; and HP = high protein.
b Source: Regular DDGS = Avelar et al. (2010), Wu et al. (2016), Acosta et al. (2017), Coble et al. (2017), Jaworski and Stein 
(2017), Rho et al. (2017), Espinosa and Stein (2018), and Abelilla and Stein (2019); HP corn DDGS = Rho et al. (2017), and 
Espinosa and Stein (2018); Wheat middlings = Berrocoso et al., 2015; Garcia et al., 2015; Wu et al. 2016; Acosta et al. 2017; Casas 
and Stein, 2017; Casas et al. (2018), Jaworski and Stein (2017), Navarro et al. (2018), Abelilla and Stein (2019), Navarro et al. 
(2019); Wheat bran = Jaworski et al. (2015), and Jaworski et al. (2016); Full- fat rice bran = Casas and Stein (2016a,b), and Casas 
et al. (2019); Defattd rice bran = Casas and Stein (2016a,b), Huang et al. (2018), and Casas et al. (2019); Sugar beet pulp = Serena 
and Bach Knudsen (2007), Murray et al. (2008), Eklund et al. (2014), Berrocoso et al. (2015), Wang et al. (2016), Navarro et al. 
(2019), and Nguyen et al. (2019).
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30% DDGS was reduced to that of a diet with 0% DDGS by supplementation with fiber- degrading 
enzymes. The DDGS can also modulate the immune system in pigs. For instance, dietary inclusion 
of corn DDGS promoted differentiation of goblet cells that secrete mucin (Saqui- Salces et al. 2017), 
whereas supplementation of corn DDGS- based diets with fiber degrading enzymes improved intes-
tinal barrier function in weaned pigs (Li et al. 2018). An increase in visceral organ weight results in 
increased dietary energy requirement for maintenance at the expense of skeletal tissue deposition 
due to increased energy expenditure in the visceral organs. Also, immune response results in the 
increased dietary requirement of energy and nutrients such as AA for maintenance at the expense of 
skeletal tissue deposition.

The effects of dietary inclusion of DDGS on growth performance and carcass traits of pigs have 
been reported. Woyengo et al. (2014) after reviewing results from several studies on the effects of 
dietary inclusion of DDGS on growth performance and carcass traits of pigs concluded that the level 
of DDGS could be increased up to 30% in diets for finishing pigs without compromising growth 
performance. However, the growth performance of nursery pigs is reduced by the dietary inclusion 
of DDGS (Avelar et al. 2010). Also, the dressing percentage of finishing pigs was reduced by die-
tary inclusion of DDGS at 30%. Recently, increasing dietary inclusion levels of high protein DDGS 
from 0 to 30% linearly reduced the average daily gain of nursery pigs by 19% (Yang et al. 2019). 
With regard to grow- finish pigs, inclusion of 30% of corn DDGS in corn- based diets (formulated to 
similar NE value and SID AA content) for pigs from 29 to 120 kg body weight reduced final body 
weight by 1.8 kg and carcass yield by 1.9% but did not affect backfat depth (Wu et al. 2016). Also, 
inclusion of 30% of corn DDGS in corn- based diets (formulated to similar NE value and SID AA 
content) for pigs from 106 to 125 kg body weight reduced final body weight by 1.0 kg and carcass 
yield by 0.4% but did not affect backfat depth (Coble et al. 2017). The reduced growth performance 
and carcass yield of pigs can partly be attributed to increased expenditure of energy and nutrients in 
the gastrointestinal tract and the high content of leucine in DDGS. Excess dietary leucine has an 
antagonist effect on isoleucine and valine, and hence the very high content of leucine in corn DDGS 
can result in reduced bioavailability of isoleucine and valine in pigs (Yang et al. 2019), leading to 
reduced growth performance and carcass yield. However, the nutrient utilization of DDGS can be 
enhanced by the use of some exogenous enzymes, thereby minimizing the negative effects of DDGS 
inclusion in swine diets (Tiwari et al. 2018).

In summary, the inclusion of large amount of DDGS in diets for pigs results in reduced growth 
performance, likely due to its higher fiber content that can increase the dietary requirement of 
energy and AA for maintenance, and its very high leucine content that can antagonize isoleucine 
and valine metabolism.

Wheat Milling Coproducts
Wheat bran and wheat millruns are coproducts from the wheat milling industry to obtain wheat 
flour mainly for the human food industry. Wheat consists of endosperm that is rich in starch; the 
germ that is rich in protein, fat, minerals, and vitamins; aleurone layer that are rich in fiber and 
protein; and seed coat that is rich in fiber (Tervila- Wilo et  al.  1996; Bach Knudsen 2004). The 
endosperm is located at the center of the grain, and it constitutes a high proportion of the seed 
(Tervila- Wilo et al. 1996; Bach Knudsen 2004). The germ is located at the inner and lower parts of 
the grain (Bach Knudsen 2004), whereas the aleurone layer and seed coat are the outer parts of the 
grain (Tervila- Wilo et al. 1996; Bach Knudsen 2004). During flour milling, the starchy endosperm 
is separated from the other parts of grains. The isolated starch endosperm is then processed into the 
flour, whereas the other remaining parts of the wheat grain are processed into various coproducts 
that are used mainly in the livestock feed industry. The most important wheat milling coproducts 
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used to formulate swine diets include wheat bran and wheat middlings (Jha et al. 2012). Wheat bran 
is composed of the seed coat, aleurone layer, germ, and small amounts of starchy endosperm, 
whereas wheat middlings is composed of fine particles of bran, germ, and starchy flour (Rosenfelder 
et al. 2013). Thus, both wheat bran and wheat middlings have a greater content of CP, fiber, miner-
als, and fat and lower content of starch than wheat (Table 11.4). However, wheat bran has lower 
starch content and higher fiber content than wheat middlings due to the presence of some flour in 
the wheat middlings. Also, wheat bran has higher total dietary fiber content than corn DDGS; wheat 
middlings and corn DDGS have similar total dietary fiber content.

A high proportion (>90%) of total dietary fiber in wheat milling coproducts is insoluble (Table 11.4). 
However, wheat coproducts have a slightly higher soluble fiber content than corn DDGS (Table 11.4). 
Arabinoxylans constitute a high proportion of total NSP in wheat grain (Bach Knudsen 2004), and 
hence they are the major NSP present in wheat coproducts. Arabinoxylans are composed of xylan 
backbones with branches that are composed of arabinose units (Bach Knudsen 2004). The ratio of 
arabinose to xylose in arabinoxylans of wheat and its coproducts is lower than that of corn and its 
coproducts. For instance, the ratio of arabinose to xylose in arabinoxylans of wheat was 0.62, whereas 
that for corn was 0.74. (Bach Knudsen 2004). The digestibility of arabinoxylans is partly dependent 
on the ratio of arabinose to xylose in arabinoxilans because the arabinose cross- link xylans with 
lignin, leading to increased resistance of arabinoxylans to enzymatic degradation (Huisman 
et al. 2000; Appeldoorn et al. 2010). Thus, the digestibility of NSP in wheat and its coproducts is 
greater than that of corn and its coproducts. For instance, wheat middlings had greater apparent ileal 
digestibility (AID; 46.6 vs. 1.5%) and ATTD (72.4 vs. 57.2%) of NSP than regular corn DDGS 
(Jaworski and Stein 2017). Also, the AID of GE for wheat middlings was greater than that for regular 
corn DDGS (42.4 vs. 29.2%); however, the two feedstuffs did not differ in ATTD of GE (66.3 vs. 
64.8%; Jaworski and Stein 2017). The NE value for wheat middlings is greater than that for wheat 
bran (Table 11.4) likely because of the high fiber and lower starch content in the latter than in the 
former. The NE value for wheat middlings is lower than that for regular corn DDGS (Table 11.1), 
likely due to the lower fat content and hence lower GE content for wheat middlings than for regular 
corn DDGS because wheat middlings has a lower content of CP and greater content of starch than 
regular corn DDGS (Table 11.4), and both wheat middlings and regular corn DDGS are similar in 
ATTD of GE. However, the NE value of wheat middlings that is estimated based on its DE value and 
macronutrient composition might be lower than its actual NE value because of higher the ileal digest-
ibility of NSP and hence GE for the wheat middlings. The energy that is digested in the small intes-
tine is utilized more efficiently than the energy that is digested in the hindgut.

The effects of dietary inclusion of wheat coproducts on growth performance and carcass traits of 
pigs have been reported. The increasing inclusion level of wheat middlings from 0 to 20% in wheat- 
based diets formulated to similar NE and SID AA content did not affect the growth performance of 
nursery pigs (Garcia et al. 2015). However, inclusion of 30% wheat middlings in wheat- based diets 
(formulated to similar ME value and SID AA content) for pigs from 85 to 125 kg body weight 
reduced final body weight by 5.2 kg and hot carcass weight by 5.6 kg, increased full visceral weight 
by 0.8 kg; but did not affect dressing percentage (Stewart et al. 2013). Thus, there is a need to estab-
lish if higher dietary levels (>20%) of wheat middlings can affect the growth performance of nurs-
ery pigs. Also, there is a need to identify the optimal dietary level of wheat coproducts in diets for 
grow- finish pigs with regard to growth performance and carcass traits.

Rice Bran
Rice bran is a coproduct of the rice milling industry. The structure of whole rice grain (after the 
removal of hulls) is generally similar to that of wheat grain. During rice milling, the seed coat, 
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 aleurone layer, and germ are isolated from the whole rice grain to obtain brown rice. Sometimes the 
brown outer layer of the brown rice is removed by a process known as rice polishing, which gives 
rise to white rice that is rich in starch and rice polish. Rice bran is the major coproduct of rice mill-
ing, and it consists of seed coat, aleurone layer, germ, and small amounts of starchy endosperm. 
Thus, rice bran, like wheat barn, has a relatively high content of CP, fiber, and fat (Table 11.1). Rice 
bran can be defatted or not. Full- fat rice bran has a fat content that is greater than that in wheat 
coproducts and corn- DDGS (Table  11.4). Defatted rice bran has lower fat content than wheat 
coproducts or corn DDGS. Arabinoxylans are the major NSP in rice bran (Casas et  al.  2019). 
However, the arabinose to xylose ratio in rice bran arabinoxylans (0.98; Casas et al. 2019) is greater 
than that in wheat coproducts or corn DDGS, implying that rice bran NSP are more resistant to 
digestion by fiber degrading enzymes. However, the ATTD of GE for full- fat rice bran (75.6%, 
Casas and Stein  2016b) and defatted rice bran (75.6–83.2%) (Casas and Stein  2016b; Huang 
et al. 2018) was greater than the values for wheat middlings and regular corn DDGS. It will be 
interesting to establish if the greater ATTD of GE for rice bran is due to greater GE digestibility in 
the small intestine, or hindgut, or both.

The NE value for full- fat rice bran and defatted rice barn for pigs have not been reported. However, 
based on the CP, starch, EE, and ADF values (Table 11.1) and the fore- mentioned ATTD of GE 
values of the rice brans, the NE value for full- fat rice bran is greater than that for wheat bran, wheat 
middlings, and corn DDGS (Table 11.1), whereas that for defatted rice bran is similar to that of 
wheat middlings and corn DDGS, but greater than that for wheat bran. An increase in dietary inclu-
sion of full fat or defatted rice bran in diets from 0 to 30% through partial replacement of corn and 
SBM resulted in a quadratic decrease in the average daily gain of for nursery pigs such that an 
increase in the dietary level of full fat or defatted rice bran from 0 to 10% resulted in an increase in 
the average daily gain, whereas a further increase in the dietary level of these feedstuffs to 30% 
resulted in a decrease in the average daily gain (Casas and Stein  2016a). In their (Casas and 
Stein 2016a) study, the average daily gain of the pigs fed diet with 20% rice bran did not differ from 
that of pigs fed a diet with 0% rice bran. Thus, up to 20% of defatted or full- fat rice bran could be 
included in diets for nursery pigs to partially replace corn and SBM without compromising perfor-
mance. Information is lacking on the effect of dietary inclusion of rice bran on growth performance 
and carcass traits of grow- finish pigs.

Sugar Beet Pulp
Sugar beet pulp is a coproduct from sugar beet processing plants to obtain sugar. It has a higher 
content of fiber and lower content of starch, amino acids, and fat than corn DDGS, wheat bran, 
wheat middlings, and rice bran (Table 11.4). One of the major NSP in sugar beet pulp is pectin 
(Serena and Bach Knudsen  2007). Pectin is more soluble than most NSP (Serena and Bach 
Knudsen 2007; Slama et al. 2018). Hence, NSP in sugar beet pulp is more soluble than those in the 
aforementioned cereal coproducts (Table 11.4). The AID of NSP values (11.5 and 22.9%) for sugar 
beet pulp were lower than the values for wheat middlings (38.8 and 50.1%; Navarro et al. 2019). 
However, the ATTD of NSP for (88.7 and 91.4%) sugar beet pulp values were greater than the val-
ues for wheat middlings (56.9 and 62.5%; Navarro et al. 2019) likely because of the higher content 
of soluble NSP (that is highly fermentable) in the sugar beet pulp. The NE value for sugar beet pulp 
is lower than that of rice bran, wheat bran, wheat middlings, and corn DDGS (Table 11.4) because 
of the lower content of fat and starch and higher content of fiber in sugar beet pulp than in the other 
afore- mentioned feedstuffs. Inclusion of sugar beet pulp in diets for nursery pigs at 6% did not 
affect the growth performance of the pigs; however, the inclusion of sugar beet pulp in diets for 
nursery pigs at 12, 18, or 24% reduced the growth performance of the pigs (Wang et al. 2016).
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Fat
The major fats that are included in swine diets include soybean oil, tallow, and choice white grease. 
All these fats have approximately three times higher content of NE than cereal grains. Thus, they 
are included in diets for swine to increase dietary energy density and hence feed efficiency. Also, 
heat increment for fat is lower than that of other energy sources in swine diets, such as starch, NSP, 
and AA, and hence fat can be included in diets for pigs housed in environments with high tempera-
tures to alleviate the heat stress. Soybean oil has a relatively high content of unsaturated fatty acids, 
whereas tallow and choice white grease have a relatively high content of saturated fatty acids 
(NRC 2012). Digestibility of fat increases with an increase in the proportion of unsaturated fatty 
acids in the fat (Su et al. 2015). Also, unsaturated fatty acids have been shown to have an extra- 
caloric effect because they can increase amino acid digestibility probably by slowing down the flow 
of digesta in the gastrointestinal tract (Cervantes- Pahm and Stein 2008; Woyengo et al. 2016). Thus, 
the addition of soybean oil in diets for pigs can result in increased nutrient digestibility. Indeed, the 
inclusion of soybean oil in SBM- based diet for growing pigs at 7.55% increased the standardized 
ileal digestibility of indispensable AAs by a mean of 2.9% (Cervantes- Pahm and Stein 2008). Also, 
Li and Sauer (1994) included canola oil in diets for growing pigs at 3.2, 6.2, 9.2, and 12.2% and 
observed a linear increase in AID of AAs with an increase in the dietary level of canola oil. However, 
the NE value for soybean oil was lower than that for choice white grease (4679 vs. 5900 kcal/kg), 
and this lower NE for soybean oil was attributed to the high heat increment for unsaturated fatty 
acids than for saturated fatty acids (Kil et al. 2011). Thus, the NE value of soybean oil can be lower 
than that for choice white grease or tallow.

Inclusion of tallow or soybean oil in diets for grow- finish pigs (28–114 kg body weight) at 5% did 
not affect growth performance; however, soybean oil increased the iodine value of longissimus mus-
cle from 58.7 to 65.1 g/100 g (Apple et al. 2009). Inclusion of tallow or soybean oil in diets for grow- 
finish pigs (46–130 kg body weight) at 4% increased growth performance. In their (Stephenson 
et  al.  2016) study, however, soybean oil increased the jowl iodine value from 67.8–75.9 g/100 g, 
which was alleviated by the withdrawal of soybean oil from diet or replacement of soybean oil with 
tallow 42 days prior to slaughter. Dietary inclusion of soybean oil or choice white grease in diets for 
grow- finish pigs (44–125 kg body weight) at 5% increased feed efficiency; also, dietary soybean oil 
increased average daily gain (Benz et al. 2011). However, the jowl fat iodine value was increased 
from 67.1 to 71.5 g/100 g by the dietary choice white grease and to 82.0 g/100 g by the dietary soy-
bean oil (Benz et al. 2011). The jowl fat iodine value for pigs fed a diet with soybean oil was reduced 
from 82.0 to 73.3 g/100 g by removal of soybean oil from the diet 58 days prior to slaughter (Benz 
et al. 2011). Since the acceptable upper limit of jowl fat iodine value is 73 g/100 g (Benz et al. 2011), 
tallow or choice white grease can be included in diets for grow- finish pigs up to around 5% to improve 
growth performance without compromising carcass iodine value. However, soybean oil should be 
removed from diets of grow- finish pigs or be replaced with fat rich in saturated fatty acids (such as 
tallow and choice white grease) several days before slaughter weight to avoid the negative effects of 
unsaturated fatty acids on carcass quality. The actual number of days by which soybean oil should be 
removed from the diets or be replaced by fat rich in saturated fatty acids needs to be established.

Minor Feedstuffs

Crude Glycerol
Crude glycerol, a sugar alcohol, is a coproduct of oil biodiesel industry. Ingested glycerol can be 
absorbed in the small intestine and be used to generate energy via glycolysis and tricarboxylic acid 
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cycle or be used for the synthesis of glucose (Tao et al. 1983). Glycerol, like any other carbohydrate, 
can be fermented in the gastrointestinal tract by microorganisms to generate VFA that serve as energy 
for animals (Avila- Stagno et al. 2014). Thus, glycerol serves as a source of energy for pigs. Crude 
glycerol (87% glycerol) contained 3344 kcal/kg of DE and 3207 kcal/kg of ME (Lammers et al. 2008), 
which are close to the DE and ME values that were reported by NRC (2012) for corn (3451 and 
3395 kcal/kg, respectively) and wheat 3313 and 3215 kcal/kg, respectively). Partial replacement of 
wheat with glycerol at 0, 4, or 8% in diets for nursery pigs (9–22 kg) resulted in a linear increase in 
average daily gain by 7.8% (Zijlstra et al. 2009). Also, the inclusion of glycerol at 0, 3, or 6% in diets 
for nursery pigs through a reduction in corn content and a slight increase in soybean content of the 
diets resulted in a linear increase in average daily gain of nursery pigs (11–27 kg) by 7.4% (Groesbeck 
et al. 2008). Thus, it appears that crude glycerol is a more efficient source of energy than corn or 
wheat and can be included up to 8% in diets for nursery pigs to improve the growth performance.

Starch Fractions
Starch is the major source of energy in practical swine diets, and it is included as a component of 
the feedstuffs. Starch concentrates may be produced by dry or wet fractionation. Starch concen-
trates that were produced from field pea and zero tannin faba bean by air classification had NE 
values (2610 and 2680 kcal/kg, respectively; Gunawardena et al. 2010) that were close to that of 
corn grain (2672; NRC 2012). Pulses such as field pea and zero tannins have antinutritional factors 
that limit nutrient utilization in pigs (Woyengo et al. 2017). Hence, field pea and zero tannin faba 
bean starch concentrates that have negligible amounts of antinutritional factors can be a good source 
of energy in diets for pigs, especially for nursery pigs that have poorly developed digestive system. 
Also, cooked rice was more digestible than cooked corn (Parera et al. 2010), implying that cooked 
rice can be a good source of energy in nursery pig diets. In addition to these highly digestible starch 
products, resistant starch (which is starch that escapes the enzymatic digestion in the small intestine 
but is highly fermented in the hindgut) can be included in diets for nursery pigs to improve gut 
health. Some of the sources of resistant starch that improved gut health when they were included in 
diets for nursery pigs include raw potato starch (Bhandari et al. 2009), high amylose starch (Fouhse 
et al. 2015), and enzymatically modified waxy cornstarch (Newman et al. 2016). However, it should 
be noted that resistant starch is not a good source of energy because VFA, which are the end product 
of carbohydrate digestion in the hindgut, are less efficient sources of energy than simple sugars 
(monosaccharides) that are the end products of carbohydrate digestion in the small intestine. Also, 
resistant starch can reduce nutrient digestibility in the small intestine (De Schrijver et al. 1999) and 
reduce recalcitrant fiber fermentation in the hindgut (de Vries et al. 2016). Thus, there is a need to 
identify the optimal level of inclusion of resistant starch in diets for nursery pigs.

Fiber Fractions
Various cereal grains, pulses, and oilseeds are dehulled to reduce their fiber content before their inclu-
sion in swine diets. Thus, hulls from these fore- mentioned feedstuffs are available for livestock feeding. 
Inclusion of hulls in diets for sows that have restricted access to feed caused satiety and reduced stereo-
typic behavior (Holt et al. 2006). However, hulls are bulky and have a high content of insoluble fiber 
that is poorly fermented by pigs and reduce the ileal digestibility of other nutrients. For instance, the 
ATTD of GE (46.9%) for soybean hulls by growing pigs was lower than that for corn DDGS (64.8%) 
and wheat middlings (66.3%; Jaworski and Stein 2017). Inclusion of oat hulls in corn- SBM- based diets 
for growing pigs at 10% reduced AID of fat (Ndou et al. 2019). Thus, the inclusion of hulls in diets 
for weaned and grower- finisher pigs should be limited. In addition to hulls, fiber fractions, including 
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β- glucans and arabinoxylans that are extracted from cereal grains, can be included in pig diets to 
improve gut health. For example, the inclusion of arabinoxylan rich fraction from wheat in diets for 
growing pigs increased fermentation in the hindgut and lowered colonocyte DNA damage (Belobrajdic 
et al. 2012).
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Introduction

Feed costs account for the largest economic input in most swine enterprises, and improving the 
efficiency of feed utilization is the utmost importance for successful and sustainable pig production. 
Wasteful usage of protein supplements is likely to increase the cost of production in any swine 
enterprise because protein sources, along with energy sources, account for a major portion of total 
feed costs. In addition, feeding excess protein to animals can have an adverse impact on the environ-
ment. The management of wastes and odors has become a major issue facing the pig industry, and 
large amounts of N excreted in animal wastes can lead to contamination of water and odorous emis-
sions. Furthermore, the competition between humans and animals, particularly nonruminant spe-
cies, for quality sources of protein is likely to increase continuously because of the ever- increasing 
world population. Therefore, efficient feed utilization not only improves profitability of pig enter-
prises and has a positive impact on the environment but it also helps ensure continuous availability 
of quality sources of nutrients for future pig production.

The objective of this chapter is to review briefly the major protein supplements used in pig pro-
duction. In addition to some traditional protein supplements, some information on potential protein 
sources or proteinaceous feed additives has been included. The relative feeding values and sug-
gested maximum incorporation rates of some protein supplements are presented in Table 12.1. For 
the complete information on the composition of feed ingredients, readers are referred to a recent 
NRC (2012) publication, Jurgens et al. (2012), various publications by Feedipedia (2012-2020), and 
others. Excellent reviews on protein supplements have been presented over the years [e.g., Aherne 
and Kennelly (1985), Thacker and Kirkwood (1990), Seerley (1991), Church and Kellems (1998), 
Chiba (2001), and Chiba (2010a,b)], and the readers are referred to those publications for further 
information.

Diet Formulation

The main objective of diet formulation and feeding strategy in commercial pig production is to 
maximize profits, which does not necessarily imply maximal animal performance. To maximize 
economic efficiency, supplying indispensable nutrients as close as possible to meeting but not 
exceeding the requirements of the pig is advantageous. In addition, it will have a positive impact 
on  today’s environmentally conscious society by reducing the excretion of unutilized nutrients. 
Such optimum feeding strategies involve consideration of a multitude of factors, but two 
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 concepts that may contribute greatly to the formulation of efficient and environmentally 
friendly  diets are the ideal protein concept and formulation of diets based on available amino 
acids (AA).

The historical account of ideal protein and how the fundamental concepts of AA nutrition can be 
integrated into practical modeling approaches for the nutrition of growing pigs and sows have been 
described by van Milgen and Dourmad (2015). The body uses mixtures of AA collectively for protein 
synthesis, thus the balance of AA is obviously important for optimum utilization of protein. Any devia-
tions in the bodily functions from a desirable pattern of AA may lead to a reduction in pig performance 
or some aberrations, depending on the degree of departure. The efficiency of AA utilization can be 
increased by, for instance, using the high- quality CP source with a desirable AA balance or formulat-
ing the diet to achieve the ideal protein. In the commercial pig production, using high- quality protein 
sources to satisfy the AA needs may not always be possible. Thus, using a mixture of various protein 
sources with complementary AA compositions, or supplementing diets with synthetic AA to simulate 
the ideal AA pattern is, perhaps, more practical means to incorporate this concept into the diet 
formulation.

Table 12.1 Relative feeding values and recommended maximum inclusion rates of selected protein sourcesa

Protein sources
Relative 

feeding valueb,c Lys (g/100 g)d

Maximum recommended inclusion rate (% of diet)b,e

Starter Grower- finisher Gestation Lactation

Alfalfa meal, dehy — 4.55 0 10 25 0
Blood meal, spray- dried 220–230 9.70 3 6 5 5
Canola meal 70–85 5.52 0 15 15 15
Corn DDGS 45–55 2.44–3.29 5 20 40 10
Corn gluten feed 40–55 3.62 5 25 40 10
Corn gluten meal 55–70 1.60 5 5 5 — 
Cottonseed meal — 3.82 0 10 20 0
Fababeans 65–75 6.08 10 20 10 — 
Fish meal, menhaden 160–170 7.21f 20 6 6 6
Flaxseed — 4.03 5 5 5 — 
Meat and bone meal 105–115 5.17 7.5 7.5 10 5
Meat meal 120–140 5.67 0 5 10 5
Peas 65–75 7.15f — 20–35 40 — 
Plasma protein, spray- dried 205–215 8.86 10 T T T
Skim milk, dried 100–115 6.58 30 T T T
Soy protein concentrate 135–145 6.27 20 T T T
Soy protein isolate — 6.12 10 T T T
Soybean meal 100 6.28 15 25 25 20
Soybean meal, dehulled 105–110 6.20 15 25 25 20
Soybeans, full- fat, heated 85–100 5.94 0 20 10 10
Sunflower meal 50–65 3.66 0 20 10 0
Whey, dried 55–65 7.62 30–40 15 5 5

a CP = crude protein, dehy = dehydrated, and DDGS = dried distillers grains with solubles.
b Based on: Reese et al. (1995), Hill et al. (1998), Reese et al. (2000), Reese et al. 2010, and Simpson (2012).
c Soybean meal (44% CP) = 100%. Values apply when ingredients are fed at no more than maximum recommended percent of 
complete diet. A range is provided to compensate for quality variation.
d Based on values reported by NRC (2012).
e A symbol (T) indicates no nutritional limitation in a diet balanced for indispensable amino acids, minerals, and vitamins, but the 
economical consideration or some other factors may preclude the use of an ingredient for a particular class of swine.
f Based on the combined data or the average.
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All the nutrients are not available to pigs, thus expressing the requirements and formulating diets 
based on the available nutrients would be more effective in precisely satisfying the pig’s nutritional 
needs. However, it is questionable whether there is sufficient information on the nutritive value of 
individual feed ingredients to achieve such an objective. Unfortunately, there seems to be no agree-
ment on how to address the availability issue in practice (Batterham et al. 1990; Parsons 1996; 
Mosenthin et  al.  2000) and the question remains whether using available nutrient values will 
improve the precision of diet formulation to meet the needs of the industry. Nevertheless, formulat-
ing diets based on available AA should be the improvement over formulation on a total AA basis. 
Obviously, to formulate pig diets based on available nutrients, further progress must be made in 
describing a true nutritional value of feed ingredients.

Plant Protein Supplements

Oilseed Meals in General

The major protein sources used for food animal production are oilseed meals. The production of 
oilseeds has increased from approximately 524 million metric tons (mmt) in 2015–2016 to approxi-
mately 581 mmt (preliminary data) in 2019–2020 [Foreign Agricultural Service (FAS), United 
States Department of Agriculture (USDA)]. The total oilseed production was only approximately 
287 mmt in 1997–1998 (Chiba 2001). Many oilseeds are grown for their seeds to extract oils for 
human consumption and other purposes, whereas some oilseeds are grown for, e.g., fiber produc-
tion. The soybean is clearly the prominent oilseed produced in the world (Figure 12.1), and soybean 
meal (SBM) accounted for 70.7% of the world production of protein meals in 2019–2020 
(Table  12.2). Major producers of soybeans and SBM are presented in Tables  12.3 and  12.4, 
respectively.

Although moderate heating is generally necessary for inactivating antinutritional factors pre-
sent in oilseed meals, overheating of meals can greatly reduce the amount of digestible or avail-
able Lys and other AA (Church and Kellems 1998). Fortunately, the potential problems are well 
recognized by the oilseed processors, which are reflected in today’s production of high- quality 
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Figure 12.1 Annual production of major oilseeds. SB = soybean, RS = rapeseed, SF = sunflower, CS = cottonseed, PN = peanut, 
PK = palm kernel, and CR = copra. Source: Foreign Agricultural Service, United States Department of Agriculture (USDA), 
Washington, DC, US; mmt = million metric ton.
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Table 12.3 Soybean production by main producers (thousand metric tons).

Item

Year

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

Brazil 96 500 114 600 122 000 117 000 128 500
United States 106 869 116 931 120 065 123 664 96 667
Argentina 58 800 55 000 37 800 56 000 48 800
China 12 360 13 644 15 200 15 900 18 100
Paraguay 9217 10 336 10 300 9000 10 100
India 6929 10 992 8350 11 500 9300
Canada 6456 6597 7717 7300 6145
Others 19 434 22 482 20 112 21 711 21807
Total 316 565 350 582 341 544 362 075 339 419

Source: Foreign Agricultural Service, United States Department of Agriculture (USDA), Washington, DC, US.

Table 12.4 Soybean meal production by main producers (thousand metric tons).

Item

Year

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

China 64 548 69 696 71 280 68 112 72 468
United States 40 525 40 630 44 657 44 583 46 358
Argentina 33 211 33 280 27 930 31 800 29 870
Brazil 30 750 31 280 34 500 33 100 35 650
European Union 11 811 11 376 11 811 12 877 12 324
India 4400 7200 6160 7600 6720
Mexico 3480 3635 4152 4350 4750
Others 27 247 28 837 31 861 33 958 36 353
Total 215 972 225 934 232 351 236 380 244 493

Source: Foreign Agricultural Service, United States Department of Agriculture (USDA), Washington, DC, US.

Table 12.2 World production of major protein meals (million metric tons).

Item

Year

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020

Soybean meal 215.97 225.93 232.35 236.38 244.49
Rapeseed meal 38.61 38.8 39.53 39.47 39.41
Sunflower meal 16.51 19.34 19.89 21.13 22.15
Cottonseed meal 13.10 13.44 15.73 15.72 15.69
Palm kernel meal 8.18 8.91 9.77 10.11 9.96
Peanut meal 6.64 7.09 7.32 6.93 7.69
Fish meal 4.51 4.87 4.98 4.70 4.62
Copra meal 1.77 1.81 1.95 1.96 1.90
Total 305.27 320.19 331.52 336.41 345.91

Source: Foreign Agricultural Service, United States Department of Agriculture (USDA), Washington, DC, US.
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meals. Most oilseed meals are high in crude protein (CP) content, but except SBM (Aherne and 
Kennelly 1985), they are generally low in Lys. The extent of dehulling affects the CP and fiber 
contents, whereas the method of oil extraction affects the ether extract content (Aherne and 
Kennelly 1985), thus, the energy content of the meal. Oilseed meals are generally low in Ca, but 
high in P. The biological availability of minerals in plant sources such as oilseeds is generally low, 
and this is especially true for P.

Alfalfa Meal

Alfalfa (Medicago species) is one of the most popular forage crops grown throughout the world 
(Thacker 1990a), and it is an excellent source of many nutrients. The CP content of alfalfa ranges 
from 12 to 23% (Seerley 1991; Feedipedia 2012-2020), and it has a reasonable amount of Lys and 
a good AA balance (NRC 2012; Feedipedia 2012-2020). Sun cured alfalfa is high in Ca and a rea-
sonably good source of other minerals, except P (Thacker 1990a). Alfalfa meal is a good source of 
vitamins A, D, E, and K and some B vitamins such as riboflavin, pantothenic acid, biotin, and niacin 
(Thacker  1990a; Seerley  1991). The crude fiber content of alfalfa can range from 21 to 30% 
(Seerley 1991; Feedipedia 2012-2020), which can reduce the digestibility of energy and protein 
(Thacker 1990a). On the average, energy digestibility of dehydrated alfalfa is 45.2% in growing 
pigs, whereas its N digestibility is 39.6% (Feedipedia  2012-2020). In addition to high in fiber, 
alfalfa contains potential toxins such as saponins and tannins (Thacker 1990a), and it may also con-
tain a trypsin inhibitor and a photosensitizing agent. Those components can, therefore, depress feed 
intake, inhibit digestive enzymes, interfere with cellular metabolism, or have other adverse effects. 
Despite its shortcomings, however, there is still considerable interest in using alfalfa or alfalfa meal 
in pig diets.

It is commonly recommended that alfalfa meal should not be used in diets for weanling pigs 
(Thacker 1990a), but the dietary inclusion of alfalfa may affect cecal microbiota composition and 
short- chain fatty acids (FA), decrease diarrhea incidence, and improve weanling pig performance 
(Adams et al. 2019). The rate and efficiency of weight gain in grower- finisher pigs decreased pro-
gressively as the content of alfalfa meal increased from 0 to 60% (Powley et al. 1981). The corn- 
SBM diet containing 10% alfalfa meal did not affect AA digestion, but increasing alfalfa meal from 
0 to 20% linearly reduced apparent ileal digestibility and standardized ileal digestibility (SID) of 
most AA (Chen et al. 2015). Although Chen et al. (2014) indicated that alfalfa meal should be lim-
ited to less than 5% of the diet, it has been assumed that grower- finisher pigs can utilize 2.5–10% 
alfalfa meal (Seerley 1991). The use of alfalfa in gestating sows has a long history, and most research 
has indicated the improved reproductive performance (e.g., Pollmann et al. 1981), which may be 
related to the increased ketogenic substances in sows. More than 60% alfalfa in the gestation diet 
may have, however, adverse effects, and except during the preparturition and early lactation phase 
to prevent or alleviate constipation, alfalfa meal should not be included in the lactation diet 
(Thacker 1990a).

Because of its high fiber content and palatability problems, alfalfa should not be used in weanling 
pig diets, but it may reduce diarrhea incidence. Grower- finisher pig diets may contain approxi-
mately 5–10% alfalfa meal, and greater inclusion rate may reduce growth performance. Although 
alfalfa may have its greatest potential for use in gestating sows, it should be limited to 25% of the 
diet. Although alfalfa can be fed to sows during preparturition and early lactation phase to prevent 
or alleviate constipation, it is not recommended for lactating sows.
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Canola Seed (Rapeseed) and Meal

World annual rapeseed production was 11.4 mmt in 1980–1981 (Aherne and Kennelly 1985), and it 
increased to 34.3 mmt in 1997–1998, 68.7 mmt in 2015–2016, and 69.0 mmt in 2019–2020 (FAS, 
USDA). The leading countries in rapeseed production are Canada, China, and India. The world 
production of rapeseed meal ranged from 38.6 to 39.4 mmt during 2015–2016 to 2019–2020 
(Table 12.2). In the mid- 1970s, Canada’s rapeseed production shifted to cultivars that contain low 
erucic acid and glucosinolate in the oil and meal, respectively, and those cultivars were trade- named 
canola (Aherne and Bell 1990). The oil must contain less than 2% erucic acid, whereas the meal 
must contain less than 30 μmol glucosinolates/g (Thacker 1990b). Canola seeds contain only about 
15% glucosinolates compared with the old rapeseed. Generally, canola seed contains about 40% 
ether extract (Aherne and Bell 1990), and the CP content of canola meal can range from 36 to 39% 
(Canola Council of Canada 2019). Although Lys content of canola meal is lower than SBM, it has 
relatively comparable AA profile (NRC 2012). The SID of Lys in canola meal is approximately 
77% (Canola Council of Canada 2019). The DE and ME contents in solvent extracted meal are 
2605–3180 and 2303–2925 kcal/kg for DE and ME, respectively, and canola meal is relatively a 
good source of essential minerals, choline, and B complex vitamins (NRC 2012; Canola Council of 
Canada 2019).

Tannins and sinapine are two other compounds found in canola seed or meal, but their effects on 
pigs are not really clear (Thacker 1990b). The max tolerance of glucosinolate seem to be approxi-
mately 2 μmol/g in growing pig diet (Schöne et al. 1997a,b). It has been reported earlier that canola 
meal can have negative effects on growth performance of weanling pigs (Aherne and Bell 1990) 
because of, perhaps, the low palatability and reduced feed intake. The inclusion rates of up to 5% 
canola meal in weanling pig diets and 10% in grower- finisher and sow diets have been recommended 
(Thacker 1990b); however, Wang et al. (2017) indicated that 20% canola meal can be included in 
weanling pig diets. For grower- finisher pigs, canola meal can be included up to 25% of the diet 
(Little et al. 2015), and the high- protein and conventional canola meal may fully replace SBM as a 
protein supplement without impairing the pig performance or carcass quality (Little et al. 2015). 
Reproductive performance of sows or their litter performance was not affected by including 25% 
canola meal during gestation and 30–35% canola meal during lactation (Liu et al. 2018).

Some recent research indicated that weanling pig and grower- finisher diets may contain 20 and 
25% canola meal, respectively. Some researchers indicated that canola meal can supply all the sup-
plemental protein need for finisher pigs and replace SBM completely in grower- finisher pig diets. 
Approximately 25 and 30–35% canola meal can be included in the gestation and lactation diet, 
respectively, without loss of performance of sows or their litter.

Copra (Coconut) Meal

Coconut (Cocos nucifera) is widely distributed in many tropical areas of the world. The primary 
product is copra or its dry kernel, which is used for coconut oil production (Thorne et al. 1990). The 
production of copra was 4.9 mmt in 1992–1993, 5.5 mmt in 1997–1998, 5.3 mmt in 2015–2016, and 
5.8 mmt in 2019–2020 (FAS, USDA). The leading oil- producing countries are Indonesia, Philippines, 
and India (Thorne et al. 1990). Copra meal or cake is the main by- product of the oil production, and 
the world copra meal production ranged from 1.8 to 1.9 mmt during 2015–2016 to 2019–2020, 
(Table 12.2). The terms copra cake and copra meal refer to the mechanically extracted and solvent 
extracted products, respectively, but they are often used interchangeably (Feedipedia 2012-2020). 
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The CP content of copra meal typically ranges from 20 to 26%, and it is deficient in Lys (Church 
and Kellems 1998) with Lys being only 1.91–2.1% of CP (Feedipedia 2012-2020; Stein et al. 2015). 
The average N digestibility in copra mea was 67.9% (Feedipedia 2012-2020), whereas the SID of 
Lys was 72.8% in growing pigs (Stein et al. 2015). Although the gross energy content of copra meal 
is greater, its digestible (DE) and metabolizable energy (ME) content are lower than corn because 
of the crude fiber content (NRC 2012; Feedipedia 2012-2020). Coconut meal can be subjected to 
mold growth such as Aspergillus spp. Although there have been no reports of aflatoxicosis in pigs 
fed copra mea, in the past, aflatoxin contaminations in pig diets have been reported in the field 
(Thorne et al. 1990).

Considering its deficiency in Lys, low available AA, and high fiber content, copra meal may not 
be a suitable protein source for pig diets. However, copra meal may represent the largest quantity of 
locally available source of protein in many tropical areas (Siebra et al. 2008; Stein et al. 2015). 
Increasing dietary copra meal from 0 to 15% reduced growth performance of weanling pigs 
(Jaworski et  al.  2014). For grower- finisher pigs, growth performance, digestibility, and carcass 
quality decreased progressively as dietary copra meal increased from 0 to 50% (Thorne et al. 1990). 
O’Doherty and McKeon (2000) concluded that grower- finisher pig diets can contain 20% copra 
meal, but dressing percentage may be reduced. Supplementation of diets with synthetic AA or high- 
quality protein sources may increase the use of copra meal (Feedipedia 2012-2020; Stein et al. 2015), 
but adding Lys or other AA or both (Thorne et al. 1990) was not really effective in alleviating the 
reduced pig performance. With β- mannanase supplementation, 12% or even 25–30% copra meal 
can be included in the grower- finisher pig diet (Diarra 2016; Jang et al. 2020). Stein et al. (2015) 
concluded that copra meal should be less than 15% in diets fed to weanling pigs and less than 25% 
in diets for grower- finishing pigs.

It has been suggested in the past that copra meal should be limited to 10–20% of pig diets for 
optimum performance. Coconut meal is not a good protein source for weanling pigs, but up to 
25–30% of copra meal can be included in the grower- finisher pig diets by adding β- mannanase. 
Supplementation with synthetic indispensable AA seems to be a plausible way to utilize copra meal 
in pig diets, but such an approach has not been fully explored.

Cottonseed Meal

Cotton (Gossypium spp.) has been grown for several thousand years as a source of textile fiber, and 
the cotton plant also yields cottonseed (Tanksley  1990). The world cottonseed production was 
34.7 mmt in 1997–1998, 35.8 mmt in 2015–2016, and 44.4 mmt in 2019–2020 (FAS, USDA), and the 
major producers are India, China, United States, and Brazil (ERS, USDA). Typical cottonseed pro-
cessing can yield 50% cottonseed meal, and the world production of cottonseed meal increased from 
13.1 mmt in 2015–2016 to 15.7 mmt in 2019–2020 (Table 12.2). The CP content of cottonseed meal 
varies from 35 to 51% (Tanksley 1990; Ma et al. 2018). The Lys content ranges from 1.51 to 2.44% 
and its SID ranges from 55.0 to 76.0% (Ma et al. 2018). The crude fiber content of cottonseed meal 
is greater than SBM (2012; Ma et al. 2018), and its energy value is negatively related to the fiber 
content (Ma et al. 2018). Cottonseed meal compares favorably with SBM in most B- vitamins, but it 
is a poorer source vitamin D, β- carotene, and minerals (Seerley 1991). Gossypol, a phenolic com-
pound produced by the glands in the cottonseed plant (≥100 ppm), can cause toxicity in animals 
(Tanksley 1990; Church and Kellems 1998). Cottonseed meals from glandless cotton varieties devoid 
of gossypol are a better source of protein, but they are not really available for animal feeding because 
of the low yield (Tanksley 1990). Heat processing can be used to inactivate gossypol to some extent. 
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Iron salts may also be effective in blocking the toxic effect of gossypol by forming a Fe- gossypol 
complex.

The use of glanded cottonseed meal as the only source of protein in grower- finisher diets is likely 
to reduce pig performance (Tanksley 1990) because of the low Lys content and availability. Lysine 
or Fe supplementation may partly alleviate the adverse effects of gossypol (Mello et  al.  2012). 
In addition to Lys, supplementation with Thr and Trp or high- quality protein sources may resulted 
in a good pig performance (Tanksley  1990). Cottonseed meal may replace SBM as a primary 
 protein source in the finisher diet without affecting the efficiency of growth or carcass traits (Qin 
et  al.  2015). The digestibility of AA was greater for glandless than glanded cottonseed meal 
(Tanksley 1990), and glandless cottonseed meal supplemented with Lys could be used to replace at 
least 40% of the supplemental protein without any adverse effects on growing pigs (LaRue 
et al. 1985). It has been recommend earlier that a cottonseed meal diet should be supplemented with 
ferrous sulfate on a 1:1 with free gossypol (Haschek et al. 1989). Free gossypol can adversely affect 
the performance of reproducing pigs (Feedipedia 2012-2020), and Tanksley (1990) indicated that 
sow lactation diets should contain less than 50% cottonseed meal as the supplemental protein, and 
limiting it to 25% of the protein source is recommended.

Growth and reproductive performance of pigs can be reduced by ≥100 ppm gossypol in their 
diets. Because of the high- fiber content and limited information, the use of cottonseed meal in 
weanling pig diets should be limited, even though replacing 40% of the supplemental protein with 
glandless cottonseed meal may have no adverse effects on growing pigs. Cottonseed meal can sup-
ply approximately 40–50 or 25% of the supplemental protein in growing and gestation or lactation 
diets, respectively, but all diets should be formulated based on Lys.

Distillers Grains with Solubles, Dried

Distiller’s grains can be defined as a cereal by- product of the distillation process, and the two pri-
mary sources are the brewery and fuel- ethanol plants (Liu 2011). Global production of bioethanol 
increased in recent decades, and the production of dried distiller’s grains with solubles (DDGS) 
reached 38.9 mmt in 2019–2020 (ERS, USDA). Spiehs et al. (2002) reported that the average CP, 
lipid, crude fiber, and ash contents of 118 DDGS samples were 30.2, 10.9, 8.8, and 5.8%, respec-
tively, on a dry matter (DM) basis. The CP contents of corn, sorghum, and wheat DDGS were 27.4, 
31.5, and 40.7% (DM), respectively, and Lys contents of those DDGS were 0.76, 0.66, and 0.65%, 
respectively (Stein and Shurson 2009). The lipid content of “low- oil” DDGS has been reduced 
from 10.5 to 5.5% (Loar et al. 2012). The digestibility of GE in wheat DDGS in weanling pigs 
ranged from 82.6 to 86.4% (Wang et al. 2016), and the ileal and fecal digestible energy (DE) of 
wheat DDGS in growing pigs averaged 9.7 and 13.5 MJ/kg, respectively (Nyachoti et al. 2005). 
The estimated DE and ME values for corn DDGS were 15.6 and 14.2 MJ/kg, respectively (Corassa 
et al. 2017). The apparent ileal digestible Lys, Thr, and Ile in wheat DDGS were 43.8, 62.9, and 
68.0%, respectively (Nyachoti et al. 2005). The SID CP and Lys in sorghum and corn DDGS seems 
to be similar in grower pigs, whereas the other SID AA values in sorghum DDGS were less than 
corn DDGS (Urriola et  al.  2009). The DDGS is a good source of available P (Stein and 
Shurson 2009).

Although growth performance of weanling pigs reduced linearly as dietary DDGS increased 
from 0 to 20% (Wang et al. 2016), inclusion of up to 30% DDGS had no effect on growth perfor-
mance or carcass traits of grower- finisher pigs when diets were formulated on the NE and ileal 
digestible AA basis (McDonnell et al. 2011). After comprehensive review, Stein and Shurson (2009) 
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concluded that DDGS is an excellent source of energy and digestible P, and acceptable growth per-
formance can be obtained by including up to 30% DDGS in diets for weanling to grower- finisher 
pigs. Many DDGS may contain relatively a high concentration of oxidized lipids and supplementa-
tion with 30% of peroxidized DDGS may negatively affect growth performance of weanling to 
finisher pigs (Song et al. 2014). Similarly, including up to 30% DDGS may result in softer pork, but 
such a problem can be alleviated by withdrawing DDGS at least three weeks before harvest 
(Xu et al. 2009) or using DDGS with less ether extract content and unsaturated FA (Sotak et al. 
2015). Stein and Shurson (2009) indicated that up to 50% DDGS can be included in gestation diets 
and up to 30% DDGS can be included in lactation diets without adversely affecting sow and litter 
performance.

Growth performance of weanling pigs can be reduced by 20% DDGS, but acceptable growth 
performance can be obtained by feeding up to 30% DDGS in weanling to grower- finisher pigs by 
formulating diets appropriately. Acceptable carcass traits can be obtained by withdrawing DDGS 
for at least three weeks before harvest or feeding DDGS with less ether extract and unsaturated FA. 
Gestating and lactating sows can be fed diets containing up to 50 and 30% of DDGS, respectively, 
without adversely affecting their reproductive performance.

Flaxseed (Linseed) Meal

Flax or linseed (Linum usitatissimum) is one of the oldest crops known to man (Aherne and Kennelly 
1985; Bowland 1990), and now it is produced primarily for its oil (Church and Kellems 1998). The 
world production of flaxseed was 2.3 mmt in 1996 and 3.2 mmt in 2018, and Kazakhstan, Canada, 
Russia, and China are leading producers (FAO 2019b). The oil content of flaxseed ranges from 40 
to 45% (Bowland 1990; Feedipedia 2012-2020), and flaxseed meal is a by- product of oil extraction 
from flaxseed. Flaxseed and flaxseed meal have been receiving a lot of attention in recent years 
because of their omega (T)- 3 FA contents and their potential beneficial effects of those FA on 
human health (Huang et  al.  2021). Flaxseed meal contains 1.4–5.6% ether extract, and the CP 
 content averages 35–36% (Bowland 1990; NRC 2012), and its Lys content and SID Lys are 1.2% 
and 63–77%, respectively (NRC  2012). The variation in the crude fiber content (NRC  2012; 
Feedipedia 2012-2020) may affect its nutritional value. The major macro minerals and B- complex 
vitamins are comparable to other oilseed meals, and it is a good source of Se (Bowland 1990). 
Flaxseed meal contains a number of antinutritional factors such as linamarin and linatine 
(Bowland 1990). Linamarin, cyanogenic compound, is normally destroyed by the heat during the 
oil extraction, but linatine, which can act as an antagonist for vitamin B

6
, may lead to its deficiency 

(Aherne and Kennelly 1985; Bowland 1990).
Although flaxseed meal is a potential protein supplement for pigs, its fiber content, presence of 

antinutritional factors, and its low Lys content may limit its use in pig diets (Feedipedia 2012-2020). 
On the other hand, flaxseed can be incorporated into pig diets to alter or improve the FA profile of 
pork (Huang et al. 2021). A low concentration of flaxseed meal (up to 3%) can be included in creep 
feed or weanling pig diets (Bowland 1990; Chiba 2001). Grower- finisher pig diets can contain 
5–10% (Li et al. 2000b), 15% (Richter and Kohler 1997), or even 25% (Bowland 1990) flaxseed 
meal without any adverse effects, provided that the diet is balanced for Lys or digestible AA. 
Seerley (1991) suggested that flaxseed meal could replace up to 50% of the protein supplement. 
Flaxseed meal, however, may have an antithyroid effect, and its use in young pigs should be limited 
to 10% of the diet (Richter and Kohler 1997). On the other hand, the mucilage in flaxseed meal can 
absorb a large amount of water, and it may be beneficial in preventing constipation in sows 



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION316

(Bowland 1990; Seerley 1991). The literature on the use of flaxseed meal for sows is rather limited, 
but, if properly balanced for Lys, at least, 10% flaxseed meal can be include in the sow diets 
(Bowland 1990).

Flaxseed meal should be limited to 10% or less in the diet for young pigs because of its fiber, 
antinutritional factors, and less Lys content. However, if appropriately balanced for AA, up to 15%, 
or even up to 25%, of flaxseed meal can be included in the grower- finisher diet without any adverse 
effects, and it can improve the FA profile of pork for human health. For gestating and lactating sows, 
at least 10% of flaxseed meal can be included in their diets.

Palm Kernel Meal

The palm kernel is the edible seed of the oil palm fruit, and Elaeis guineensis is the one generally 
used for palm oil and palm kernel oil production (FAO 2002; Feedipedia 2012-2020). Palm oil, oil 
derived from the outer parts of the fruit, has numerous nonfood applications, but it is a major staple 
oil and an indispensable ingredient in some regions of the world, whereas palm kernel oil, derived 
from the kernel, is economically less important (Feedipedia 2012-2020). The world production of 
palm kernel was 16.0 mmt in 2015 and it increased to 20.1 mmt in 2019–2020 (FAS, USDA). Palm 
kernel meal is the main by- product of the palm kernel oil extraction process, and its world production 
has increased from 8.2 mmt in 2015–2016 to 10.0 mmt in 2019–2020 (Table 12.2). According to 
Feedipedia (2012-2020), it has large quantities of crude fiber (14–30%) with 10–18% lignin, and the 
neutron detergent and acid detergent fiber contents are 58–78 and 34–51%, respectively, whereas the 
ether extract content is 6–15%. The CP content is only 14–20%, and palm kernel meal may not be 
considered as a true protein supplement. The Lys content can be 2.0–3.8% of CP (Feedipedia 2012-2020), 
and the values reported by others (Sulabo et al. 2013b) fall within that range. Although palm kernel 
meal might be better suited for ruminant and some other species because of the nutrient contents 
(Feedipedia 2012-2020), its potential value in pig diets has been investigated over the years.

Although palm kernel meal is not very palatable to young pigs and it may reduce growth per-
formance (Kim et al. 2001; Feedipedia 2012-2020), the inclusion of 5, 10, or 15% palm kernel 
meal in the diet has been shown to have no effect on overall growth performance of weanling 
pigs (Jaworski et al. 2014). Similarly, with β- glucanase supplementation, including 0, 4, 8, 12, or 
16% palm kernel meal in the grower diet, increased feed intake linearly and had no effect on 
weight gain, blood urea N, and pH, proximate analysis, shear force, or water holding capacity of 
loin muscle (Lee et  al.  2017), or no effect on pork quality with 12% palm kernel meal (An 
et al. 2017). The nutrient or total AA digestibility of palm kernel meal diets seemed to be lower 
in finisher pigs, but adding an enzyme complex counteracted the negative effect on growth per-
formance of pigs (Kim et al. 2001). Stein et al. (2015) concluded that palm kernel meal can be 
included at 15 and 25% in diets for weanling pigs and grower- finisher pigs, respectively. Because 
of its low palatability and high dietary fiber content, palm kernel meal may not be appropriate 
for  lactating sows; however, 30–40% of palm kernel meal can be fed to gestating sows 
(Feedipedia 2012-2020).

In some production systems, palm kernel meal can be economically important and viable feed 
ingredient for pigs. Although it is high in the fiber content and not palatable, perhaps, up to 15 and 
25% palm kernel meal can be included in weanling and grower- finisher pig diets, respectively. 
Enzyme supplementation is likely to enhance the greater use of palm kernel meal in pig diets with-
out deleterious effects on growth performance or meat quality. Gestating sows can utilize up to 
30–40% of palm kernel meal in their diets.
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Peanut Meal and Whole Peanuts

Peanuts (Arachis hypogaea L.) have been grown extensively in tropical and subtropical regions 
(Aherne and Kennelly 1985), and the peanut production increased greatly as the demand for its oil 
increased. The world production reached 17.5 mmt in 1980–1981 (Aherne and Kennelly  1985), 
27.1 mmt in 1997–1998, 41.1 mmt in 2015–2016, and 44.9 mmt in 2019–2020, and China and India 
are the largest producers (FAS, USDA). Peanut kernels are a rich source of lipids (40–50% oil) and 
also CP (26–34%; Feedipedia 2012-2020). The world production of its by- product, peanut meal, 
ranged from 6.6 to 7.7 mmt during 2015–2016 to 2019–2020 (Table 12.2). The CP content of peanut 
meal ranges from 41 to 50% (Seerley 1991; Feedipedia 2012-2020), and it is deficient in Lys and 
low in Met and Trp (Seerley  1991). The solvent- extracted meal may be better choice because 
mechanically extracted meals may contain 5–7% oil and tend to become rancid and produce soft fat 
in pigs (Seerley 1991; Feedipedia 2012-2020). The content of most minerals in peanut meal is lower 
than SBM, but it is a good source of Mg, S, and K (Aherne and Kennelly 1985). Peanut meal is a 
good source of niacin, pantothenic acid, and thiamin, but it can be deficient in others (Aherne and 
Kennelly 1985; Seerley 1991). Although antinutritional factors in peanuts are of limited concern 
(Church and Kellems 1998), their lipid content can cause some mold problems such as Aspergillus 
flavus and aflatoxin (Aherne and Kennelly 1985).

The optimum inclusion rate of roasted peanuts for weanling pigs was 5% (Haydon and 
Newton 1987), whereas 5% raw or roasted peanuts on an equal Lys basis (Newton and Haydon 1988) 
or 10, 15, or 20% of full- fat peanuts (Balogun and Koch 1979b) had no effect on growth perfor-
mance or nutrient digestibility in growing pigs. Heat- processing of whole peanuts reduced trypsin 
inhibitor activity, but it had no effect on pig performance (Balogun and Koch 1979a). Feeding 20% 
whole peanuts reduced carcass quality (Balogun and Koch 1979b), but if balance for Lys, peanuts 
were as effective as added fat in improving feed efficiency. Haydon et al. (1990) reported that 12% 
raw and roasted peanuts can be substituted for 5% animal fat in the lactation diet. Many early stud-
ies indicated that peanut meal alone can reduce growth performance of pigs (Feedipedia 2012-2020). 
Supplementation of peanut meal diet with only Lys was partially effective, but addition of Met alle-
viated the growth depression (Aherne and Kennelly 1985; Feedipedia 2012-2020), even though 
growth performance seemed to be lower than that obtained with SBM (Chiba 2001). There was no 
difference in growth performance of pigs fed the SBM diet and those fed the diets containing 
15–20% peanut meal and 3–4% blood (Ilori et al. 1984), indicating the importance of the dietary 
AA balance.

Weanling pigs can utilize approximately 5% of roasted peanuts. Grower- finisher pigs can utilize 
greater concentrations, but 20% whole peanuts may reduce carcass quality, even though they can 
improve feed efficiency. Whole peanuts are an excellent source of dietary lipids for sows. Because 
of its low Lys content, peanut meal alone is not a suitable protein supplement for weanling or 
grower- finisher pig diets. Using peanut meal in a combination with ingredients high in Lys might 
be the most effective way to incorporate peanut meal in pig diets.

Safflower Meal

Safflower (Carthamus tictorius) is cultivated throughout tropical climates (Darroch 1990; Church 
and Kellems 1998). The world production of safflower seed was 0.84 mmt in 1996 (FAO 1997) and 
0.63 mmt in 2018 (FAO 2019a), and Kazakhstan, United States, and Mexico are major producers 
(FAO 2019a). Safflower seeds contain approximately 40% hull and 36–40% oil (Seerley 1991). 
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A prepress solvent oil extraction process produces an undecorticated safflower meal with approxi-
mately 20–22% CP and 40% crude fiber. The quality of safflower meal is highly variable because 
of the amount of hulls and the extent of oil extraction. The decorticated meal has a greater CP 
(42–45%) and less crude fiber (15–16%) and better suited for animal feeding (Williams and 
Daniels 1973). Safflower meal is a poor source of Lys, Met, and Ile for pigs, and its available Lys is 
low (Darroch 1990). Safflower meal is relatively good source of Ca and P and a rich source of Fe, 
and it has a poor vitamin profile, except biotin, riboflavin, and niacin (Aherne and Kennelly 1985; 
Darroch 1990). Safflower meal contains two phenolic glucosides, matairesinol- β- glucoside, which 
gives a bitter flavor, and 2- hydroxyarctiin- β- glucoside, which has cathartic properties (Darroch 1990), 
but both of which can be removed by extraction with water or methanol, or by the addition of 
β- glucosidase.

A relative feeding value of the undecorticated safflower meal may be only 45–50% of SBM for 
pigs, even though the decortication improves its nutritional value (Williams and Daniels  1973; 
Darroch 1990). Considering their nutrient requirements and digestive capacity, safflower meal may 
not be a suitable protein source for weanling pigs (Chiba 2001). Feeding the diet containing 17% of 
decorticated safflower meal reduced growth performance and increased carcass fat in growing pigs 
(Feedipedia 2012-2020). Safflower meal should be supplemented with AA or protein sources high 
in Lys, and it should be restricted to pigs greater than 45 kg live weight (Williams and Daniels 1973; 
Williams and O’Rourke 1974). Darroch (1990) indicated that, if the Lys requirement is satisfied, up 
to 12% safflower meal can be included in the diet but it should not provide more than 5–10% or 
12.5% of the supplemental protein in the growing pig diet (Chiba 2001). Although dehulled saf-
flower meal can be included at up to 15% in the gestating sow diet, it should be limited to very low 
concentrations for the lactation diet (Darroch 1990).

Feeding safflower meal to weanling pigs is not recommended. Decorticated safflower meal may 
be used to supply approximately 5–10% of the supplemental protein in grower- finisher pig diets, or 
even slightly greater than 12% of safflower meal could be included in the grower- finisher diet, pro-
vided that the Lys requirement is met. Safflower meal can be included up to 15% in the diet of 
pregnant females, but it should be limited to very low concentrations for lactating sows.

Sesame Meal

Sesame (Sesamum indicum) is one of the oldest vegetable oil crops cultivated by man 
(Feedipedia 2012-2020). The world production of sesame seed was 2.5 mmt in 1996 (FAO 1997) 
and 6.0 mmt in 2018 (FAO 2020). The major producers of sesame are Sudan, Myanmar, and India. 
Sesame is primarily grown for its edible seeds and oil with 65% of the seeds being used for oil pro-
duction and 35% for food (Feedipedia 2012-2020). On average, sesame seeds contain 25% CP, 50% 
ether extract, 4% crude fiber, 5% ash and 11% N- free extract (Johnson et al. 1979). Dehulled and 
expeller- extracted sesame meal contains 42% CP and 6.5% fiber (Ravindran  1990; Yamauchi 
et al. 2006). The solvent extraction produces a meal that is greater in the CP (48.5%) and lower 
in  oil (2.5%) than meals produced by the screw press or hydraulic methods (Seerley  1991; 
Feedipedia 2012-2020). Sesame meal is an excellent source of Met, Cys, and Trp, but it is low in 
Lys (Aherne and Kennelly 1985; Ravindran 1990). Sesame meal is a good source of Ca, P, Mg, and 
other minerals, and its vitamin contents are similar to other oilseed meals (Aherne and Kennelly 1985; 
Ravindran 1990). Oxalic and phytic acids in the hull may have adverse effects on availability of 
minerals and CP (Aherne and Kennelly 1985). Decortication of seeds removes most oxalates, but it 
has little effect on phytate (Ravindran 1990; Ravindran et al. 1994).
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The inclusion of 1–3.5% ground sesame seeds may limit peroxidation and enhance feed intake 
and feed efficiency in pigs (Yamasaki et al. 2003). The information on the use of sesame meal in pig 
diets is rather limited. Because of the low Lys content and possible palatability problems associated 
with phytates and oxalates, sesame seeds should be limited to 5% of the diet for weanling pigs 
(Ravindran 1990). Sesame meal could be utilized by grower- finisher pigs, but the inclusion rate 
would depend on the type and quantity of other protein sources in the diet (Ravindran 1990). Earlier 
reports indicated that 15% sesame meal can be included in the grower pig diet (Feedipedia 2012-2020). 
Seerley (1991) pointed out that sesame meal should be blended with other protein sources high in 
Lys, and it can replace up to 10% of the SBM in grower- finisher diets. Li et al. (2000a) reported that 
the ileal digestibility of most AA tended to decrease and growth performance decreased linearly as 
dietary sesame meal increased, but up to 10% sesame meal can be included in the grower- finisher 
diet by considering the apparent ileal digestibility of CP and AA (Tartrakoon et al. 2001). By com-
bining with some protein source high in Lys, sesame meal can replace up to 10% of SBM in sow 
diets (Seerley 1991).

Because of its low Lys content, palatability problems, and antinutritional factors, sesame meal 
should be limited to 5% of the weanling pig diet. By considering the its CP and ileal AA digestibil-
ity when formulating diets and combining it with other protein sources high in Lys, sesame meal 
can replace up to 10% of SBM in the grower- finisher and sow diets.

Soybeans and Soybean Products

The existence of soybeans (Glycine max) dates back to at least 2838 B.C. (Aherne and Kennelly 1985). 
Soybean production has increased over the years, and its world production was 82.2 mmt in 1980–
1981 (Aherne and Kennelly 1985), 117.3 mmt in 1992–1993, 156.1 mmt in 1997–1998, 316.6 mmt 
in 2015–2016, and 355.7 mmt in 2019–2020 (FAS, USDA). Brazil, United States, Argentina, and 
China are the main producers of soybeans (Table 12.3). The majority of soybeans are crushed into 
oil and SBM, and about 75% of SBM produced in the world is used for pig and poultry production 
(Stein et al. 2013). Soybean meal is the most widely used protein supplement in pig diets in many 
countries, and it is unsurpassed by other plant protein sources in terms of its production (Table 12.2) 
and feeding value. Consequently, it is the standard to which other protein sources are compared. 
China, United States, Argentina, and Brazil are the major SBM producing countries (Table 12.4). 
Soy protein concentrate is produced from dehulled and oil- extracted soybeans, whereas soy protein 
isolate is the most highly refined soy protein or most of the nonprotein components have been 
removed. A rapidl expanding area of interest in recent years has been bioengineering of soybeans, 
and new soybeans on the horizon include those with 80–100% increase in Met, 100–400% increase 
in Lys, reduced oligosaccharide contents, and altered FA contents (Haumann 1997). These develop-
ments on soybeans and also on cereal grains are likely to have considerable impacts on the way the 
nutritional needs of animals will be satisfied in the future.

The nutrient content of soybeans and soybean products has been summarized and presented 
over  the years (e.g., Seerley  1991; Church and Kellems  1998; NRC  2012; Stein et  al.  2013; 
Feedipedia 2012-2020). Whole soybeans contain 36–37% CP, whereas SBM contains 41–50% CP 
depending on the processing. Soybean meal is generally available in two forms, 44% CP meal and 
dehulled meal, which contains 48–50% CP. Soybean meal has an excellent AA balance, and it is 
high in Lys, Trp, and Thr, which are most often deficient in cereal grains. Soy protein concentrate 
contains about 70% CP, whereas soy protein isolate contains about 90% CP on a DM basis. Whole 
soybeans contain 31–39% oil, which is usually removed by solvent oil extraction. Because of its 
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low fiber content, the digestible and ME contents of SBM are greater than most other oilseed meals. 
Soybean meal is generally low in minerals and vitamins. Phytate P accounts for about two- thirds of 
the total P in SBM, and the availability of many mineral elements may be low because of the forma-
tion of phytate- protein- mineral complexes during the processing. Soybeans contain trypsin- 
chymotrypsin inhibitors and other antinutritional factors, but heat treatment, extrusion, and(or) 
ethanol extraction are effective in removing most of those growth inhibitors (Aherne and 
Kennelly 1985; Cromwell 1998; Stein et al. 2013). Heat treatment may reduce availability of Lys 
and other AA (Hulshof et al. 2017), but the range of heat treatments normally found during the 
processing has no effect on the nutrition value (Stein et al. 2013).

The ability of pigs to utilize raw soybeans may be related to their age and changes in their relative 
AA needs, and older pigs seem to tolerate raw soybeans better than younger pigs (Cromwell 1998). 
Young and grower- finisher pigs fed raw, uncooked soybeans have a reduced growth performance, 
but carcass traits were not affected when diets were supplemented with appropriate AA (Danielson 
and Crenshaw 1991). Although raw soybeans may have some detrimental effects during lactation, 
it can be fed to gestating sows as the only source of protein supplement without any adverse effects 
(Yen et al. 1991). Properly processed soybeans have high energy digestibility and a greater SID AA 
compared to raw soybeans (Feedipedia 2012-2020) and can be used to replace SBM in grower- 
finisher and reproducing pig diets (Danielson and Crenshaw 1991; Seerley 1991; Newkirk 2010). 
Because of the lipid content, whole soybeans may improve growth performance of growing pigs 
and reproductive performance of lactating sows (Newkirk 2010). However, whole soybeans may 
have adverse effects on the carcass fat of growing pigs (Feedipedia 2012-2020). Although whole 
soybeans can be used in practical pig diets, the economics should be an important consideration in 
their use (Seerley 1991).

Soybean meal is simply the most widely used protein supplement in the United States and other 
countries, and a proper proportion of SBM and corn or other cereal grains make an excellent dietary 
AA pattern for pigs (Seerley 1991; Stein et al. 2013; Feedipedia 2012-2020). Commercially avail-
able SBM are quite consistent in terms of the nutrient content (Danielson and Crenshaw 1991; 
Seerley 1991) and can be fed to all classes of pigs. The inclusion rates are generally 30% in grower, 
finisher, and sow diets and slightly lower (20–25%) in weanling pig diets (Feedipedia 2012-2020). 
Moran et al. (2017) indicated that SBM in the diet for weanling pigs from a production unit, which 
were affected by porcine reproductive and respiratory syndrome (PRRS) virus, can be increased 
because the percentage of pigs removed for the medical treatment decreased linearly with increas-
ing SBM. Fermented (Kim et  al.  2010) or microbially enhanced or bioprocessed SBM (Sinn 
et al. 2017) can be a suitable alternative to fishmeal, dried skim milk, or plasma protein because 
of  their beneficial effects on the immune system, weaning diarrhea, and others. In addition, fer-
mented SBM promoted the expression of hepatic insulin- like growth fator- 1 and enhanced growth 
performance of grower- finisher pigs (Fan et  al.  2018). Feeding low- oligosaccharide SBM from 
weaning- to- finisher period reduced viscosity of the intestinal digesta, but it had no effect on growth 
performance, intestinal morphology, or carcass traits of pigs (Pangeni et al. 2017).

Growth performance of weanling pigs fed soy protein concentrate was similar to those fed the 
dried skim milk- based diet (Sohn et al. 1994a). Similarly, weanling pigs fed soy protein isolate 
(Sohn et al. 1994a) or moist extruded soy protein concentrate (Li et al. 1991) had similar perfor-
mance to those fed the dried skim milk- based diet. A greater digestibility of N or AA over SBM is, 
perhaps, responsible for the response of pigs to those soybean products (Walker et al. 1986; Sohn 
et al. 1994b). However, Oliveira and Stein (2016) indicated that the SID of most AA and the stand-
ardized total tract digestibility of P are not different between soy protein concentrate and SBM, 
even though the concentration of DE or ME is greater in soy protein concentrate than SBM. Grinding 
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soy protein concentrate to approximately 180 μm may maximize the SID of indispensable AA 
 without affecting the DE or ME content, and diets based on SBM and soy protein concentrate as 
the main sources of protein, i.e., no fish meal or fish meal and spray- dried plasma protein, can be 
fed  to  pigs during the initial two week postweaning without affecting growth performance 
(Casas et al. 2017).

Gestating sows can perform rather well with raw soybeans as the only source of protein supple-
ment. Properly processed whole soybeans can be used to replace soybean meal in pig diets. Soybean 
meal is the most widely used protein supplement, and a proper proportion of SBM and cereal grains 
make the most balanced AA source for all classes of pigs. Soy protein concentrate and isolate can 
be used successfully in weanling pig diets as a replacement for dried skim milk, fish meal, plasma 
protein, and others.

Sunflower Seeds and Meal

Sunflower (Helianthus anuus) was developed as an oilseed in Southern Europe in the sixteenth 
century, and its oil is highly valued for its stability at high temperatures (Aherne and Kennelly 1985). 
The worldwide sunflower production was 13.2 mmt in 1980–1981 (Aherne and Kennelly 1985), and 
it has increased to 21.2 mmt in 1992–1993, 23.9 mmt in 1997–1998, 40.6 mmt in 2015–2016, 
and  51.0 mmt in 2019–2010 (FAS, USDA). Major sunflower producing countries are Ukraine, 
Russia, Argentina, and Turkey (FAS, USDA). Sunflower seeds contain approximately 38% oil, 
17% CP, and 15% crude fiber (Dinusson 1990; Feedipedia 2012-2020). The world production of 
sunflower meal has increased from 16.5 mmt in 2015–2016 to 22.2 mmt in 2019–2020. The CP 
content of solvent- extracted meal can range from 36 to 44% (Aherne and Kennelly 1985). It is defi-
cient in Lys, and González- Vega and Stein (2012) indicated that the SID of CP and Lys among 
sunflower seeds, sunflower meal, and dehulled sunflower meal were similar (González- Vega and 
Stein 2012). The SID CP and Lys in sunflower meals were 77.0 and 74.3%, respectively (Nørgaard 
et al. 2012b) or varied from 66.7 to 79.3% and 67.0 to 82.1%, respectively (Liu et al. 2015). Although 
Ca and P contents of sunflower meal are similar to other plant protein sources and low in trace ele-
ments, it tends to be high in the B vitamins and β- carotene (Aherne and Kennelly 1985). Unlike 
other major oilseeds and oilseed meals, sunflower seeds and meals seem to be relatively free of 
antinutritional factors (Dinusson 1990).

Although sunflower seeds can provide additional energy, the inclusion of sunflower seeds should 
be limited to 15% or lower in weanling pig diets because of the fiber content (Feedipedia 2012-2020). 
It has been mentioned earlier that sunflower seeds may increase growth performance of grower- 
finisher pigs. However, 25 and 50% sunflower seeds in the finisher diets reduced weight gain and 
carcass traits (Laudert and Allee 1975), and Marchello et al. (1984) indicated that grower- finisher 
diets should not contain more than 8–10 or 13% sunflower seeds. Although milk fat increased with 
sunflower seeds in gestation diets, pig survival rate or performance was not affected (Kepler 
et al. 1982). Because of its effect on feed intake, sunflower seeds should be limited to 25% of lacta-
tion diets (Kepler et al. 1982; Feedipedia 2012-2020). In addition to Lys, sunflower meal is deficient 
in Trp and Thr (Wahlstrom et al. 1985), and it may not be a suitable protein source for weanling pigs 
(Feedipedia 2012-2020). With Lys supplementation, up to 16% of sunflower meal can be included 
in the grower- finisher diet without adverse effects on growth performance or carcass traits (Shelton 
et al. 2001; de Araújo et al. 2014). Gestating sows and adult boars have lower Lys requirements, and 
sunflower meal can be used as the sole protein source in their diets, provided that diets contain 
 sufficient digestible Lys (Dinusson 1990; Feedipedia 2012-2020). With Lys supplementation or in 
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combination with other protein sources high in Lys, sunflower meal can be used in the lactation diet 
(Chiba 2001).

The use of sunflower seeds or meal is limited by its high level of fiber and its deficiency in Lys 
and several other AA. Sunflower seeds should be limited 10–15% of the weanling or grower- finisher 
diets. Feeding sunflower meal to young pigs should be avoided, but with supplementation with Lys, 
it can be included in the grower- finisher diet up to 16% without any adverse effects. Similarly, sun-
flower meal can be used as the protein supplement for reproducing pigs if their diets are balanced 
for Lys.

Animal Protein Supplements

Animal Protein Sources in General

Animal protein supplements are a good source of Lys and other AA, and the pattern of AA is often 
very similar to the dietary needs of the pig. Compared with plant sources, they are also a very good 
source of vitamins and minerals such as the B vitamins (especially, vitamin B

12
) and Ca and P. 

However, animal protein supplements are more variable in the nutrient content, and they are sub-
jected to high drying temperatures during processing for dehydration and sterilization. A proper 
heating is necessary to produce a quality product. Animal protein sources include meat meal and 
meat and bone meal. Meat meal is distinguished from meat and bone meal based on the P content. 
If the product contains more than 4% P, it is generally considered as meat and bone meal. For those 
meals, the Ca content should not be more than 2.2 times the actual P content. In addition, those meat 
by- product meals should not contain more than 14% pepsin indigestible residues and not more than 
11% of the CP should be pepsin indigestible.

Because of many factors, considerable variations in the quality of animal by- product meals can be 
expected. Clearly distinguishing one animal by- product meal from other animal by- products may be 
difficult, and also there seem to be differences in the terminology used by various countries. Furthermore, 
animal by- product meals and other processed animal protein sources were considered as the vector of 
the bovine spongiform encephalopathy (BSE) epidemy in the Western Europe in the 1980–1990s. For 
that and other reasons, European Union and many other countries have some restrictions on the use of 
animal by- products. Readers are referred to various European Union regulations/legislations and 
Jędrejek et al. (2016) for the status of the use of animal by- products in the European feed industry. For 
those reasons, the description of meat meal and meat and bone meal and others or the discussion on the 
use of those products in pig diets in this chapter should be viewed with such uncertainties in mind.

Blood Meal

Older methods of producing blood meal, such as oven drying and drum drying, may result in incon-
sistent products with varying degrees of contaminations, poor palatability, and low availability of 
Lys and other AA (Miller 1990; Campbell 1998; Feedipedia 2012-2020). Spray drying and flash 
drying procedures have improved both the palatability and Lys availability of blood meal 
(Miller 1990; Cromwell 1998). Blood meal contains mostly CP (about 90–95% of DM) and small 
amounts of lipids (less than 1% DM) and ash (less than 5% DM; Feedipedia 2012-2020). The com-
position of blood meal was reviewed by Miller (1990). Spray dried and flash dried blood meals 
contain 86 and 83% CP and 7.4 and 9.7% Lys, respectively. Similar values for blood meal have been 
reported by NRC (2012) and Feedipedia (2012-2020). The SID CP and Lys were estimated to be 
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76.4 and 78.9%, respectively, in grower pigs (Navarro et al. 2018). Blood meal is very high in Leu, 
which may increase the Ile requirement. Except highly available Fe, mineral concentrations are 
quite low in blood meal (Feedipedia 2012-2020), and it is a poor source of the vitamins. Like some 
other animal products, the utilization of blood meal is regulated in some countries for certain  species 
(Feedipedia 2012-2020).

Blood meal is generally unpalatable, especially if overheated, and it should not be included in 
animal diets more than 5–6% (Feedipedia 2012-2020). Wahlstrom and Libal (1977) reported that 
replacing SBM with 4% drum- dried blood meal on equivalent protein basis had adverse effects. 
However, replacing SBM with 6% of flash- dried blood had no effect on growth performance of 
grower- finisher pigs, and 3 or 6% flash- dried blood meal had greater N retention in weanling pigs 
than those fed the SBM diet (Parsons et al. 1985). Miller (1990) indicated that pigs fed diets con-
taining 5% flash- dried blood meal during the starter, grower, and finisher phases performed as well 
as or better than those fed diets without blood meal (Miller 1990). It has been reported that, after a 
period of acclimation, spray- dried blood meal can actually stimulate feed intake in weanling pigs 
(Kats et al. 1994a,b). Blood meals of various origins (i.e., bovine, porcine, and avian) seem to be 
equally effective (Kats et al. 1994b), and DeRouchey et al. 2002) reported that spray- dried blood 
meal and blood cells and crystalline Lys had similar bioavailability in weanling pigs. More recently, 
Abonyi et al. (2016) reported that 75% of SBM in the weanling pig diets can be replaced by blood 
meal. Two and 5% blood meal can be used by weanling and older pigs, respectively (Miller 1990), 
but blood meal or blood cells in diets for growing pigs may increase the requirement for, again Ile 
(van Milgen et al. 2012).

It has been indicated earlier that blood meal may not be an appropriate source of protein for 
weanling pigs, but young pigs may be able to utilize 3 or 6% flash- dried or spray- dried blood meal. 
Depending on the status of Leu and Ile, up to 5 or 6% blood meal can be included in the diet for 
older pigs.

Feather Meal

Although feathers have a high CP content, they are virtually indigestible in their natural state unless, 
e.g., disulfide bonds are broken (Papadopoulos 1985). The most widely used commercial feather 
product is hydrolyzed feather meal. Although feather meal is deficient in Met, Lys, His, and Trp, it 
is rich in many other AA (Han and Parsons 1991). The nutrient contents of feather meal ranged from 
76.4 to 87.3% CP, 2.0 to 8.6% ether extract, 1.3 to 4.8% ash, 1.46 to 2.15% Lys, 4.07 to 5.30% Cys, 
and 0.45 to 0.61% Met (Han and Parsons 1991). Some hydrolyzed feather meals may also contain 
poultry blood. Four feather meals without blood contained 76.9–84.8 CP, 6.19–7.28% Lys, 5.78–
11.83% ether extract, and 1.23–2.85% ash, whereas four different feather meals with blood con-
tained 80.6–84.8 CP, 6.72–7.41% Lys, 5.7617–8.69% ether extract, and 1.11–3.02% ash (Sulabo 
et al. 2013a). The availability of nutrients may vary greatly, but with the possible exception of Lys, 
the availability of indispensable AA in feather meals seems to be similar to SBM for nonruminant 
species (Han and Parsons 1991). The SID of feather meals without blood ranged from 69.5 to 71.0 
and 48.1 to 59.0% for CP and Lys, respectively, and the SID of those with blood ranged from 57.4 
to 76.3 and 60.9 to 76.3% for CP and Lys, respectively (Sulabo et al. 2013a).

Hydrolyzed feather meal was effective as a source of nonspecific N to improve carcass quality of 
finisher pigs (Chiba et al. 1995). The rate and efficiency of weight gain did not differ in finisher pigs 
fed corn- SBM diets containing 0–12% feather meal, but carcass quality was reduced with 12% 
feather meal, indicating that up to 9% feather meal could be included in the finisher diet (Chiba 
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et al. 1996). With Lys supplementation, feather meal may be used as the only source of protein sup-
plement without decreasing carcass quality (Chiba et al. 1996). Apple et al. (2003) indicated that as 
much as 6% FM can be incorporated into isolysinic diets of grower- finisher pigs without adversely 
affecting growth performance or carcass and meat quality, and Seo et al. (2009) reported similar 
results. There has been some effort to replace SBM completely with feather meal. Finisher pigs fed 
the corn- feather meal diet supplemented with the necessary AA utilized feed and AA for body 
weight gain and lean gain as efficiently as those fed the corn- SBM diet (Divakala et  al.  2009). 
Similarly, finisher pigs fed the diet formulated based on the determined SID AA content of feather 
meal with blood and supplemented with Lys and Trp utilized feed and Lys as efficiently as those 
fed the corn- SBM diets (Brotzge et al. 2014). Enzymatically treated feather meal had positive effect 
on growth performance and intestinal health (Pan et al. 2016), and it can be a promising source of 
protein for weanling and other pigs.

Because of the deficiency of important indispensable AA, feather meal should be incorporated 
into the pig diet based on AA, which may increase the CP content of diets and the excretion of uri-
nary N into the environment. Supplementation with appropriate AA, therefore, would be the best 
way to use feather meal in pig diets. For optimum growth performance, feather meal should be 
limited to 6% of diets. However, with appropriate AA supplementation, it is possible to utilize 
feather meal as a sole source of protein supplement for older pigs.

Fish Meal

World production of fish meal was 5.9 mmt in 1992–1993, 5.1 mmt in 1997–1998 (Chiba 2001), 
4.5 mmt in 2015–2016, and 4.6 mmt in 2019–2020 (Table 12.2). The major producers are Peru, Viet 
Nam, Chile, China, and Thailand. Fish meal should not contain more than 10% moisture or 7% salt, 
and the amount of salt must be specified if it is greater than 3% (Chiba 2001). Although most of the 
oil is removed from fish meal (8–11%; Feedipedia 2012-2020), antioxidants are commonly included 
in the meal to prevent oxidation, overheating, and molding (Church and Kellems 1998). Fish meals 
are generally high in protein (50–75%) and indispensable AA that are deficient in many cereal 
grains (Seerley 1991; Church and Kellems 1998; NRC 2012), and the ash content is generally below 
12% (Feedipedia 2012-2020). The average Lys, Thr, and Trp contents are 4.56, 2.58, and 0.63%, 
respectively (NRC 2012) and those range from 7.0 to 8.1, 3.1 to 4.6, and 0.8 to 1.2% of the CP, 
respectively (Feedipedia 2012-2020). Most mineral elements, especially Ca and P, and B vitamins 
are moderate to high compared with other protein sources (Seerley 1991; Church and Kellems 1998). 
The quality of fish meal may vary greatly depending on the quality of the raw materials, processing 
factors, and oxidation (Seerley 1991), and there may be some restrictions on its use in some  countries 
(Feedipedia 2012-2020).

Fish meal is highly digestible and has a high biological value (Feedipedia 2012-2020). Addition 
of 5% fish meal promoted optimum pig performance during the first three week after weaning, 
whereas 10% fish meal was most effective during the last two week of the five- week weanling pig 
study (Gore et al. 1990). Similarly, weanling pigs fed the diets with 6% fish meal had greater feed 
intake and weight gain than those fed the control diet (Jones et al. 2018). Stoner et al. (1990) reported 
that the maximum weight gain in weanling pigs was obtained with 8% fish meal, but 12% fish meal 
was necessary to maximize their feed intake. Bergström et al. (1997) indicated that weanling pigs 
with the low health status seemed to respond more to fish meal than those with high- health status. 
Laksesvela (1961) reported earlier that most of the growth response to fish meal in grower- finisher 
pigs was obtained with the initial concentration of 6–8%, and carcass quality was not affected by 
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6–8% fish meal or less. The response of grower- finisher pigs to 5% fish meal was greater with the 
high- nutrient diet than the conventional diet (Pike et al. 1984). Cromwell (1998) suggested that the 
amount of fish meal in pig diets should not exceed 6–7% because of its potential of causing a fishy 
flavor in pork, and its use should be avoided in the diets of pigs that are approaching the slaughter 
weight.

The variation in the quality of fish meal is an important consideration in determining the opti-
mum inclusion rate in pig diets. The results of studies seem to indicate that the optimum inclusion 
rate would be somewhere between 5 and 12% of the diet. Considering the organoleptic characteris-
tic of pork, however, the use of fish meal should be limited to 6–7% of the finisher diet.

Meat Meal and Meat and Bone Meal

Meat meal and meat and bone meal can be defined as the rendered product from mammalian tissues, 
exclusive of blood, hair, hoof, horn, hide trimmings, manure, and stomach and rumen contents 
(Chiba 2001). Meat meal consists mostly of waste meat trimmings and organs, whereas meat and 
bone meal may contain 21–61% bone. Bone protein is 83% collagen, which may account for 
50–65% of the total CP, and contains largely indigestible keratin. If the product contains more than 
4% P, again, it is considered as meat and bone meal. The average compositions of meat by- product 
meals are 56.4% CP, 3.20% Lys, 1.89% Thr, 0.40% Trp, 11.1% ether extract, 6.37% Ca, and 3.16% 
P for meat meal, and 50.1% CP, 2.59% Lys, 1.63% Thr, 0.30% Trp, 9.21% ether extract, 10.94% Ca, 
and 5.26% P for meat and bone meal (NRC 2012). The SID of CP, Lys, Thr, and Trp in finisher pigs 
were 63.5, 65.1, 65.9, and 78.5%, respectively, for meat meal (Kong et al. 2014), and 81.0, 77.0, 
76.9, and 81.0%, respectively, for meat and bone meal (Navarro et al. 2018). The ME and N- corrected 
ME ranged from 1569 to 3308 kcal/kg DM and 1474 to 3361 kcal/kg DM, respectively (Adedokun 
and Adeola 2005). The apparent total tract digestibility of P (52.1–80.1%) and Ca (53.0–81.0%) in 
meat and bone meals differed greatly, and the standardized total tract digestibility of P ranged from 
54.8 to 84.4% (Sulabo and Stein 2013). The use of meat by- product meals as a protein supplement 
in the animal feed for various species can be, again, regulated in many countries.

The N retention was improved by supplementation of meat by- product meal with either Lys and 
Met or Trp, but supplementation with all 3 AA was necessary to improve growth performance of 
weanling pigs (Leibholz  1982). Growth performance and DM digestibility in weanling pigs 
decreased linearly as replacement of SBM with meat meal increased from 0 to 100% (Evans and 
Leibholz 1979). Inclusion of 5–10% meat meal reduced the rate and efficiency of growth (Cromwell 
et al. 1991), but addition of L- Trp prevented the reduction of growth performance in grower- finisher 
pigs. Further supplementation with Ile or a combination of Ile and Thr had no effect. Lettner et al. 
(2001) indicated that up to 12% of meat meal can be included in the finisher diet, provided that the 
diet is balanced for the limiting ileal digestible AA. A low- ash meat and bone meal supported better 
rate and efficiency of growth than a high- ash meant and bone meal, but grower pigs fed the SBM 
diet had better growth performance and greater digestibility and N retention than those fed the meat 
and bone meal diets (Kennedy et al. 1974; Partanen et al. 1998). The efficiency of N utilization in 
finisher pigs decreased as dietary meat and bone meal increased from 10 to 20% (Partanen and 
Nasi  1994). Meat by- product meals can be used to replace one third of the SBM or protein 
 supplement without any adverse effects on growing pigs (Seerley 1991) or sows (Cromwell 1998).

Meat meal and meal and bone meal should be included no greater than 10% of the pig diet 
because of the variation in the nutritional quality, palatability problems, and the Ca and P contents. 
More than 10% meat by- product meals can be included in grower- finisher pigs diets if diets are 
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fortified with appropriate AA. It has been suggested that meat by- product meal can replace up to 
one- third of SBM or protein supplement grower- finisher and sow diets.

Milk, Dried

Dried milk or milk powder is produced by evaporating milk to dryness, and dried milk products 
include dried whole milk and dried skim milk. The only difference between dried whole milk and 
dried skim milk is that most of the fat and fat- soluble vitamins are removed from the dried skim 
milk (Chiba 2001). Both milk products are very palatable and highly digestible protein supplements 
with an excellent balance of AA (Pond and Maner 1984). Dried skim milk contain: 36.8% CP, 
2.42% Lys, 1.44% Thr, 0.44% Trp, 0.9% ether extract, 47.8% lactose, 1.27% Ca, and 1.06% P 
(NRC 2012). Both dried whole milk and dried skim milk are good sources of vitamins and minerals 
(Seerley  1991; Cromwell  1998). The only nutrients that tend to be deficient are the fat- soluble 
 vitamins, Fe, and Cu, and depending on the species, Mg and Mn (Seerley  1991; Church and 
Kellems 1998). Under most instances, the value of milk products in human diets makes them too 
valuable to be used in animal diets.

Although they are nearly always too expensive for use as a feed ingredient (Mahan 2003), a cer-
tain amount of dried skim milk has been used in pig starter diets over the years. Research emphasis 
on this area has been mostly to replace dried skim milk with alternative protein supplements in 
weanling pig diets rather than evaluating the value of the dried milk per se. Dried whole milk and 
skim milk can be fed successfully to all classes of pigs. For instance, Yen et al. (2004) concluded 
that grower- finisher pigs fed diets containing 10% dried skim milk would have growth perfor-
mance, carcass traits, and N digestibility similar to those fed typical corn–SBM diets. Their results 
indicate that dried milk can be used as a source of protein for older pigs when the price is favorable 
because of, e.g., its surplus (Yen et al. 2004).

Dried milk products are almost the perfect food for very young pigs and also for other classes of 
pigs. The use of these products in pig diets would be determined mostly based on the economic 
considerations.

Plasma Protein

The plasma fraction of blood yields a fine, light tan powder containing 78% protein (spray- dried 
plasma protein), whereas the blood cell fraction yields a fine, dark red powder containing 92% pro-
tein (spray- dried blood cells; Campbell  1998; NRC  2012). Spray- dried plasma protein contains 
approximately 78% CP, and it is relatively high in Lys, Trp, and Thr (6.90, 1.41, and 4.47% respec-
tively), but low in Met and Ile (0.79 and 2.29%, respectively; Campbell 1998; NRC 2012). Besides 
its AA content, globular proteins (including immunoglobulins) in dried plasma may stimulate feed 
intake and growth during the critical postweaning stage, and it has been shown to be an excellent 
source of protein for early- weaned pigs (Cromwell 1998). Spray- dried plasma seems to be highly 
digestible, and according to NRC (2012), the SID of CP, Lys, Trp, and Thr are 81, 87, 92, and 80%, 
respectively. The AA profile of plasma protein seems to match closely to the young pig’s r equirements. 
Plasma protein may have a positive effect on the immune system of the young pig.

Campbell (1998) summarized 25 studies that evaluated the nutritional value of spray- dried 
plasma protein. Essentially, all the experiments have shown that plasma protein can improve feed 
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intake and weight gain of early- weaned pigs and reduce the postweaning lag. Similar results have 
been reported by others (e.g., Gottlob et al. 2007). Researchers reported earlier that 6% (Gatnau and 
Zimmerman 1992) or up to 10% plasma protein (Kats et al. 1994a) can be used during the early 
postweaning period. With more than 6% dietary plasma protein, however, Met may become the first 
limiting AA (Kats et al. 1994a). Pigs reared in an on- farm nursery setting responded more to plasma 
protein than those in a cleaner, off- site nursery (Bergström et al. 1997), indicating the effect of the 
nursery environment on its efficiency. Similarly, weanling pigs affected by PRRS virus seemed to 
have a greater response to plasma protein (Crenshaw et al. 2017). Several studies indicated that the 
high molecular weight fraction (globulin) may have a biological function, and it can affect the pig 
performance through the gut health (Campbell 1998; Balan et al. 2020). Plasma protein in the lacta-
tion diet had no beneficial effects on young sows, but it increased reproductive performance of older 
sows (Carter et al. 2018).

Spray dried plasma protein can increase growth performance of weanling pigs by, perhaps, 
enhancing feed intake and the immune function. The degree of response is dependent on the inclu-
sion rate, age, and weight of pigs, health status, and environment. Spray- dried plasma protein may 
be included up to 6–10% of the diet for weanling pigs, but the diet may have to be supplemented 
with Met if it contains more than 6% plasma protein.

Poultry By- Product Meal

Poultry by- product meal consists of the ground, rendered, or cleaned part of slaughtered poultry, 
such as heads, feet, undeveloped eggs, and intestines, exclusive of feathers (Church and Kellems 1998; 
Feedipedia 2012-2020). It cannot contain more than 16% ash and more than 4% acid- insoluble ash 
(Church and Kellems 1998). Poultry by- product meal contains 58% CP and 13% fat, and it has good 
AA balance and provides minerals and vitamins (Seerley 1991). Dong et al. (1993) reported that 
poultry by- product meals obtained from several manufacturers in North America differed in chemi-
cal composition (e.g., 55–74% CP, 10–19% ether extract, and 11–23% ash on a DM basis) and 
protein digestibility, indicating the range of product quality that can be expected in the market place. 
More recent data on the average composition of poultry by- product meal are 64.0% CP, 3.39% Lys, 
2.35% Thr, 0.46% Trp, 12.0% ether extract, and 13.3% ash (NRC 2012). Rojas and Stein (2013) 
reported that the SID values for poultry by- product meal were 72.1% CP, 68.9% Lys, 67.1% Thr, 
and 72.7% Trp. The apparent total tract digestibility of GE was 89.2% (Rojas and Stein 2013).

Poultry by- product meal is generally palatable and can be included in the pig diet similar to meat 
meal (Feedipedia  2012-2020), and Seerley (1991) indicated that poultry by- product meal can 
replace some SBM, and it is an excellent source of protein for pigs. Rostagno et al. (2005) indicated 
that the amount of digestible Lys may be comparable to SBM, even though the value may depend 
on the processing method. Little research has been conducted on the use of poultry by- product meal 
in the pig diet (Chiba 2001; Feedipedia 2012-2020). Replacing plasma protein with 10% poultry 
by- product meal had no effect on overall growth performance of weanling pigs (Veum et al. 1999). 
Similarly, replacing plasma protein, blood meal, fish meal, and portion of SBM with 20% poultry 
by- product meal had essentially no effect on overall growth performance of weanling pigs (Zier 
et al. 2004). The low- ash poultry by- product meal seemed to be a better source of protein than the 
high- ash poultry by- product meal for weanling pigs (Keegan et al. 2004). Orozco- Hernandez et al. 
(2003) reported that increasing poultry by- product meal up to 7.5% in the weanling to finisher 
pig  diets resulted in reduced growth performance. Similarly, finisher pigs fed diets containing 
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15% poultry meal as the sole protein source had reduced feed intake and weight gain compared with 
those fed the SBM diets (Shelton et al. 2001). It has been suggested that poultry by- product meal 
should be limited to 5–8% of pig diets because of the variability of the products on the market 
(Chiba 2001).

Poultry by- product meal can be an excellent source of protein for pigs. Some researchers demon-
strated that up to 20% poultry by- product meal can be included in the pig diets without any adverse 
effects on growth performance. However, the composition or protein quality of poultry by- product 
meals on the market may vary considerably. For that reason, perhaps, it would be best to limit the 
use of poultry by- product meal to approximately 5–8% of pig diets.

Whey, Dried

The global production of whey was estimated to be 200 mmt in 2011 (Arévalo et al. 2016). Generally, 
dried whey contains about 90, 20, 40, and 43% of the lactose, protein, Ca, and P that are originally 
present in milk. Dried whey contains at least 65% lactose, which has been shown to be the best 
sugar for baby pigs (Seerley 1991). Dried whey may not be considered as a protein supplement 
because of its CP content, but it normally contains about 13–17% of high- quality CP (Seerley 1991; 
Arévalo et al. 2016). The average composition of dried whey or whey powder to be 72.9% lactose, 
11.6% CP, 0.88% Lys, 0.71% Thr, 0.20% Trp, 0.83% ether extract, and 8.0% ash (NRC 2012). Reis 
et al. (2007) reported that the ileal CP digestibility of sweet dried whey was 68.3%. Generally, AA 
availability of milk products is considered high, but their quality can be impaired by overheating. 
Dried whey is an excellent source of B vitamins, but it may be low in vitamins A and D, which are 
retained in the cheese (Leibbrandt and Benevenga 1991; Seerley 1991). Season, type of cheese 
produced, and geographical locations can have an effect on the mineral content of dried whey 
(Leibbrandt and Benevenga 1991). The type of cheese produced and the addition of salt- laden press 
drippings influence the salt content of whey (Leibbrandt and Benevenga 1991).

Although there have been some research effort to replace dried whey with some other ingredi-
ents, the research to evaluate its effect on weanling pig performance has been rather limited in 
recent years. However, the efficacy of high- quality dried whey in enhancing growth performance of 
weanling pigs has been well established in the past (e.g., Cera et  al.  1988). Pancreatic enzyme 
activities in the digestive system seems to be greater in pigs fed the diets containing dried whey 
(Lindemann et al. 1986), and consequently it is highly digestible and can be utilized efficiently 
(Cera et al. 1988). By including either lactalbumin or lactose in the diet, Tokach et al. (1989) indi-
cated that both the protein and carbohydrate fractions of dried whey are important. However, Mahan 
(1992) and Mahan et al. (1993) concluded that the lactose component of dried whey was primarily 
responsible for the beneficial effects of dried whey. It has been shown that edible- grade deprotein-
ized whey and crystalline lactose can replace the lactose provided by high- quality dried whey with-
out affecting pig performance (Nessmith et al. 1997). Tokach et al. (1995) reported that feeding the 
milk product (dried skim milk and edible dried whey) has beneficial effects on pigs not only during 
the starter phase but also during the grower- finisher phase. The inclusion rate of 10–30% is com-
monly used but 30–45% can be included without any adverse effects on weanling pig performance 
(Seerley 1991).

Dried whey is an excellent source of carbohydrate, i.e., lactose, and high- quality CP, and can be 
fed to all classes of pigs. However, it is primarily used for weanling pigs. Most diets offered dur-
ing the early weaning phase contain some dried whey. Although 30–40% of dried whey can be 
included in the weanling pig diet, it is routinely included in weanling pig diets at 10–30%. 
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The optimum inclusion rate of dried whey in pig diets would be determined mostly by economic 
considerations.

Other Protein Supplements or Feed Additives

Because of the projected increase in the global population and the expansion of animal production, 
potential protein sources, such as microalgae and insect meals, have been receiving a considerable 
interest in recent years. In addition, along with some yeast products, other proteinaceous substances, 
such as fish protein hydrolysates or peptides and antimicrobial peptides, have been receiving some 
attention. For instance, a wide variety of fish protein hydrolysates or peptides are considered as a 
bioactive ingredient and shown to have antioxidative, antihypertensive, immunomodulatory, and 
antimicrobial activities (Chalamaiah et al. 2012). Antimicrobial peptides have been reported to have 
beneficial effects on growth performance, nutrient digestibility, the intestinal microbiota, intestinal 
morphology, and immune functions in pigs (Xiao et al. 2015). Those hydrolysates or peptides are 
not included in the diet as a source of AA per se, and also they may not be considered as a protein 
supplement. Rather, they may be considered as a feed additive, even though, traditionally, feed addi-
tives have been defined as a nonnutritive substance added to feed to improve the efficiency of feed 
utilization, feed acceptance, or benefit the health or metabolism of the animal in some way. 
Regardless of the classification, a brief discussion on some of those proteinaceous feed ingredients 
in this chapter may be justified because they can be a source of dietary protein or AA.

Antimicrobial Peptides

To prevent diseases and improve growth performance in pigs, subtherapeutic doses of antibiotics in 
feed have been used in the United States and Europe since 1950s. Public concerns on the antibiotic 
resistance have led to the ban of antibiotic as growth promoters in the European Union and others 
and the restricted use of dietary antibiotics in other countries. In recent years, considerable effort 
has been made to explore alternatives to antibiotics to ensure health and growth performance of 
pigs. Antimicrobial peptides can be promising novel antibiotics or alternatives to conventional anti-
biotics. Antimicrobial peptides are part of the innate defense peptides or peptides produced as a first 
line of defense by all living organisms (Hollmann et al. 2018). Those compounds with a variable 
AA composition (typically, 6–100 AA residues) can be mammalian (e.g., defensin), amphibian 
(e.g., magainin), insect (e.g., cecropin), plant (e.g., thionin), or microbial (e.g., gramicidin and 
nisin) origin and can be classified as antiviral, antibacterial, antifungal, or antiparasitic peptides 
(Xiao et  al.  2015). For the complete list of antimicrobial peptides, please see, e.g., the online 
 database (http://aps.unmc.edu/AP/).

Supplementation with 500 mg antimicrobial peptides/kg increased serum IgG, IgM, IgA, swine 
fever antibody, and total complement activity, indicating that dietary antimicrobial peptides 
enhanced the humoral immune response of weanling pigs (Yuan et al. 2015). Similarly, 400 mg 
antimicrobial peptides/kg reduced the secretion of IgA in the jejunum and reduced serum IgA, IgG, 
interleukin- 1β, and interleukin- 6  in newly weaned pigs challenged with Escherichia coli (Wu 
et  al. 2012), and the authors concluded that the enhanced growth performance by antimicrobial 
peptide supplementation was due to increased immune status and reduced intestinal pathogens and 
increased N and energy retention. In addition, Ren et al. (2015) reported that antimicrobial peptides 
increased the population and function of T cells and reduced the apoptotic cells, indicating, again, 
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the improved cellular immune function in weanling pigs. They recommended 1000 and 500 mg 
antimicrobial peptides/kg for the first two weeks and the entire four- week period, respectively. After 
reviewing a number of studies, Xiao et al. (2015) concluded that a single or composite antimicrobial 
peptides can improve the intestinal morphology, energy and nutrient digestibility, immune status, 
and growth performance, alleviate the intestinal injury and metabolic disturbances, and increased 
the survival rate of weanling pigs.

Because of their wide range of activities, antimicrobial peptides may have beneficial effects on 
the nutritional status, health, and growth performance of pigs. Although antimicrobial peptides may 
not be contributing protein or AA as such, it is clear that those peptides are effective in improving 
the health and growth performance of weanling pigs.

Fish Protein Hydrolysates and Peptides

The fish industry is a pillar of their economy in many countries worldwide (Chalamaiah et al. 2012; 
Zamora- Sillero et al. 2018). Depending on the type of fish and processing method, a substantial 
portion of biomass is not used for human consumption (Gevaert et  al.  2016; Zamora- Sillero 
et al. 2018). The inedible parts can be processed into various products, such as fish meal and ferti-
lizer (Chalamaiah et al. 2012). In recent years, the production of protein hydrolysates has increased 
worldwide using both chemical and biological methods (Zamora- Sillero et al. 2018). Chalamaiah 
et al. (2012) summarized the proximate and AA composition of more than 50 fish protein hydro-
lysates, and their CP content ranged from 60 to 90%. Although the AA content varied depending on 
several factors, those fish protein hydrolysates are a good source of indispensable AA. Those hydro-
lyzed fish products have antioxidative, antimicrobial, antihypertensive, and other activities (Zamora- 
Sillero et al. 2018). Fish hydrolysates are now available worldwide as a supplement and a functional 
dietary ingredient (Gevaert et al. 2016). Various biological activities have been demonstrated in both 
animals and humans, but there seem to be no consistent regulatory guidelines on those hydrolysates 
(Gevaert et al. 2016).

Earlier, Stoner et al. (1985) reported that although feed intake or feed efficiency was not affected, 
pigs fed the diet supplemented with 3% fish protein hydrolysates had greater weight gain than those 
fed the corn- SBM diet. More recently, Thuy et al. (2016) reported that replacing fish meal with 
catfish protein hydrolysates was effective in improving growth performance of weanling pigs. 
Similarly, weanling pigs fed diets containing salmon hydrolysate had greater feed intake than those 
fed the diet containing soy protein concentrate, and they responded similarly to those fed the diet 
with fishmeal (Nørgaard et  al.  2012a). Although salmon protein hydrolysates had no effect on 
growth performance of weanling pigs, their duodenal absorption area was improved by the hydro-
lysate supplementation (Opheim et al. 2016). Salmon protein hydrolysates differed in the raw mate-
rials resulted in no difference in growth performance, intestinal morphology, or intestinal microbiota 
in weanling pigs (Opheim et al 2016). The inclusion of 3% spray dried plasma protein and salmon 
protein hydrolysate had no effect on the growth performance of weanling pigs, and it had no subse-
quent carryover effects, and Tucker et al. (2011) concluded that salmon hydrolysate can be a viable 
alternative protein for weanling pigs. Fish peptides seemed to affect the fecal microbiome of wean-
ling pigs, which could have long term or lasting beneficial effects on grower- finisher pigs (Poudel 
et al. 2020).2016).

The use of fish hydrolysates as a source of protein for young pigs is not really a new idea. 
Research over the years has clearly shown that, e.g., fish protein hydrolysates or peptides can 



331MAJOR PROTEIN SUPPLEMENTS IN SWINE DIETS

 effectively replace some special ingredients that are typically included in weanling pig diets to 
enhance their health and growth performance. Fish protein hydrolysates or peptides can be not only 
a viable source of protein for young pigs but also a functional dietary ingredient.

Insect Meals

There are approximately 1 million known species of insects in the world and, perhaps, millions of 
others have not been identified (Sánchez- Muros et  al.  2014). In recent years, insects have been 
receiving some attention as an important and sustainable alternative source of protein for animal 
feeds (Sogari et al. 2019). Sánchez- Muros et al. (2014) summarized the proximate composition of 
more than 60 species and the AA content of more than a dozen species. The CP content was > 40% 
for 28 species, > 60% for 20 species, and 70.1–77.1% CP for 4 species, and the CP digestibility 
ranged from 45 to 86%. Some insect species contain indigestible components such as chitin, and 
none of the species studied approached the Lys content of fish meal. However, some species con-
tained greater amount of other indispensable AA compared with fish meal. It should be pointed out 
that only a handful of species were evaluated and also there could be millions of other species with 
different stages of development, which may differ in AA profiles considerably (Sánchez- Muros 
et al. 2014). Nevertheless, some insects can be a viable source of energy, CP, lipids, minerals, and 
vitamins (Rumpold and Schlüter 2013). Some insects can grow and reproduce easily, have great 
feed efficiency, and can be reared with bio- waste products. Although there are some challenges 
associated with the use of insects or insect meal as a source of protein for animal feeds, such as the 
mass production (Sánchez- Muros et al. 2014), the regulation (Sogari et al. 2019), and the consumer 
acceptance (Sogari et al. 2019), again, they can be an important source of protein and amino acid 
for food producing animals.

Although there have been some studies with fish and poultry and limited research with pigs (e.g., 
Newton et al. 1977), the use of insects or insect meals as a source of protein or AA for pig diets has 
not been explored until recently. It has been shown that black solder fly (Hermetia illucens) larvae 
meal or prepupae can be an effective replacement for SBM and grease in weanling pig diets 
(Spranghers et al. 2018). Biasato et al. (2019) concluded that a partially defatted black soldier fly 
meal can be used for weanling pigs without adverse effects on growth performance, nutrient digest-
ibility, blood profile, gut morphology, or histological features. Although there was no difference in 
growth performance or fecal digestibility between the SBM and insect diets, the prepupae of the 
black soldier fly reduced group D Streptococcus slightly in weanling pigs (Spranghers et al. 2018). 
For finisher pig, Yu et al. (2019) indicated that black soldier fly may enhance mucosal immune 
system by altering bacterial composition and their metabolites. As dietary dried mealworm (Tenebrio 
molitor) increased, the N retention, DM and CP digestibility, and insulin- like growth factor increased 
linearly and decreased blood urea N in weanling pigs (Jin et al. 2016). The growth performance of 
weanling pigs improved up to 6% mealworm in their diet (Jin et al. 2016). In addition, weanling 
pigs fed the whole and peeled (legs removFeeding ed) crickets (Teleogryllus testaceus) had greater 
weight gain, feed efficiency, nutrient digestibility, and N retention than those fed the fishmeal diet 
(Miech et al. 2017).

The mass production, the regulatory systems, and the consumer acceptance are some of the chal-
lenges associated with the use of insects or insect meals for pig diets. Recent positive findings may 
provide a new perspective on insects or insect meals as a sustainable alternative source of protein or 
AA for pig production in the future.
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Microalgae

Algae are photosynthetic organisms that grow in a range of aquatic habitats, and there are two types 
of algae. Macroalgae are multicellular, plant- like form of algae and commonly referred to as sea-
weeds. Microalgae are unicellular photosynthetic microorganisms living in saline or freshwater 
environments that convert sunlight, water, and carbon dioxide to algal biomass. Microalgae can 
produce a wide range of compounds such as polysaccharides, lipids, pigments, proteins, vitamins, 
bioactive compounds, and antioxidants (Yaakob et al. 2014). There are distinct groups of microal-
gae such as eukaryotic diatoms (Bacillariophyceae), green algae (Chlorophyceae), and golden 
algae (Chrysophyceae), and also cyanobacteria (Cyanophyceae or blue- green algae; Madeira 
et al. 2017). There may be more than 100 000–800 000 species of microalgae, and only part of those 
species have been described in literature (Madeira et al. 2017). Culturing algae has been practiced 
since the late 1800s and early 1900s (Yaakob et al. 2014), and diverse approaches have been used 
to produce and characterize microalgae- derived protein products such as protein concentrates, 
hydrolysates, and bioactive peptides that can be used as animal feeds (Soto- Sierraa et al. 2018). 
Although the protein content of some species may be in the 20s, most species contain 40–70% CP, 
and many species of microalgae contain 2.5–7.0 g Lys/100 g CP and reasonable amount of other 
indispensable AA (Madeira et al. 2017).

Dietary microalgae supplementation improved nutrient digestibility and increased lymphocyte 
concentration but had no effect on growth performance or blood metabolites (Kibria and Kim 2019). 
Supplementation with 1 and 5% of partially defatted microalgae improved growth performance of 
weanling pigs (Urriola et al. 2018), but 10% defatted microalgae had no effect on growth perfor-
mance, even though they reduced plasma urea N (Ekmay et al. 2014). Fish oil, which is high in T- 3 
FA, or microalgae reduced the stress response in weanling pigs following the immune stress chal-
lenge and both can differentially modulate the acute- phase response, indicating that microalgae are 
a viable source of ω- 3 FA (Lee et al. 2019). Supplementation of the diet for young gilts with ω- 3 FA 
from microalgae improved feed efficiency and reduced serum cholesterol, but it had no beneficial 
effects on the ovary (Otte et al. 2019). Newmann et al. (2018) indicated that spirulina (blue- green 
algae) can replace SBM in the growing pig diets completely, provide that the diet is balanced for 
AA. After reviewing several studies, Madeira et al. (2017) concluded that different microalgae had 
no effect on physical characteristics of pork such as color, pH, oxidative stability, cooking loss, or 
some others, and they can reduce ω- 6 to ω- 3 ratio or increase the eicosapentaenoic acid and doco-
sahexaenoic acid contents of pork. Similarly, Huang et al. (2021) indicated that feeding microalgae 
to pigs can enhance the ω- 3 FA content of pork.

Microalgae can be a good source of CP and AA, carbohydrates, lipids, important minerals and 
vitamins, carotenoids, and other nutrients, and they may improve the health status of young pigs. 
Microalgae can replace protein supplement in pig diets without adverse effects on growth 
 performance or pork quality, and they can increase the ω- 3 FA content of pork.

Yeast Products

Yeast products consist of yeast biomass or dead yeast cells such as dried yeast, brewer’s dried yeast, 
torula dried yeast, and whey yeast (Stone 2006; Shurson 2018). Dried yeast is grown on sugar sub-
strates in aerobic bioreactors, and it is mostly used by the food industries (Stone 2006; Shurson 2018). 
Brewer’s yeast is a by- product of the beer and ale industry (Stone 2006; Shurson 2018), whereas 
torula yeast is a special yeast species often grown on the wastewater from the paper industry 
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(NRC 1998, 2012; Stone 2006; Shurson 2018). Both brewer’s yeast and torula yeast are used by the 
feed industry. Whey yeast, by- product from the cheese industry, has been also used by the feed 
industry, but its production and availability have diminished over the years (Stone 2006). Yeast 
products are a good source of CP or AA and contain approximately 40% CP, but approximately 20% 
of the CP in yeast is in the form of nucleic acids (Stone 2006). Although the total Lys, Met, and Thr 
contents of, e.g., brewer’s yeast is better than those in SBM, their availability of indispensable AA 
is lower than SBM (Shurson 2018). Brewer’s yeast is an excellent source of lipids, energy, P, and B 
vitamins (Stone  2006; Kim et  al.  2014; Shurson  2018). The cell wall of the yeast cell consists 
of  polysaccharides and specific components, such as β- D- glucans and α- D- mannans, may be 
responsible for the modulation of gut microbiota and immunity (Liu et al. 2018).

It has been shown that yeast extract or yeast- derived protein can partially replace blood plasma, 
and also yeast products can be a possible replacement for antimicrobial additives for weanling pig 
diets (Carlson et al. 2005; Pereira et al. 2012). LeMieux et al. (2010) indicated that dried brewer’s 
yeast can be used in preweaning and weanling pig diets without any adverse effects on growth per-
formance of young pigs. Yeast extracts contain nucleotides (Liu et al. 2018) and increasing yeast- 
based nucleotides in antibiotic- supplemented diets reduced energy and nutrient digestibility in 
weanling pigs (Waititu et al. 2016a). However, supplementation with nucleotide- rich yeast extract 
under unsanitary conditions can improve the immune response in weaning pigs (Waititu et al. 2016b; 
Waititu et al. 2017). For grower pigs, Zhang et al. (2019) indicated that brewer’s yeast hydrolysate 
increased the digestibility of dry matter, energy, and N and improved growth performance. 
Supplementation of the gestation diet with yeast derivatives resulted in more favorable microbiota 
in sows and increased the colostrum availability and its energy content (Hasan et al. 2018). In addi-
tion, yeast derivatives in the gestation diet promoted beneficial microbiota in the neonate at one 
week of age (Hasan et al. 2018). Supplementation of gestation and lactation diets with yeast culture 
had beneficial effects on sow productivity by improving litter weight gain (Kim et al. 2008).

Yeast or yeast products can be used to replace special ingredients in weaning pig diets. In addi-
tion, because of their beneficial effects on the immune system, perhaps, yeast products can be a 
viable alternative to antimicrobial agents. Dietary yeast products may have beneficial effects on the 
microbiota of sows and their neonates and, possibly, reproductive performance.
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Introduction

Pulse grains are important starch and protein sources for humans, especially in developing coun-
tries. Approximately one- third of pulse grains are used in feed (Kelley et al. 2000), and use of pulse 
grains in livestock feeds may increase (van Barneveld et al. 2000).

Pulse crops are attractive for sustainable crop production in temperate climates (Miller et al. 2002). 
Growing pulse crops can reduce fertilizer demand for subsequent crops in rotations involving cereal 
grain and oilseeds, because Rhyzobia bacteria living in symbiotic association with pulse roots can 
fix atmospheric N. Diversification of cropping systems with pulses may prevent soil nutrient deple-
tion, improve soil health by increasing microbial activity, and reduce disease and pest pressure 
(Krupinsky et al. 2002; Williams et al. 2014). World production of 11 pulse crops was 96 million 
MT in 2017 (Figure 13.1); dry bean, field pea, chickpea, and lentil accounted for 73% of pulse 
production (FAOSTAT 2019). India is the leading producer of pulse crops. Since 1980, the Canadian 
prairies have become a major producer of pulse crops (Carew et al. 2013). Nowadays, lead producer 
of field pea and lentil is Canada, of faba bean is China, and of lupin is Australia.

Pulses can be alternative feedstuffs to support sustainable swine production. Locally produced pulses 
can be cost effective to formulate swine diets (Bell and Wilson 1970), mitigate high feed cost (Zijlstra 
and Beltranena 2009; Woyengo et al. 2014a), and produce organic pork (Sundrum et al. 2000; Partanen 
et al. 2006). Pulses can replace animal protein sources such as meat and bone meal or fish meal, and 
plant protein sources such as soybean meal (SBM) or canola meal (Jezierny et  al. 2010a; Stein 
et al. 2016). Cool season and tropical legume seeds are valuable sources of protein and energy in swine 
diets (Huisman and van der Poel 1994; Mekbungwan 2007; Jezierny et al. 2010a). Most lupin produced 
is used as feedstuff with less than 5% of global production consumed by humans (Písaříková and 
Zralý 2009; Watts 2011). The mix of pulses with rapeseed cake rich in sulfur amino acids (AA) can fully 
replace SBM in growing pig and sow diets and partially replace SBM in piglet diets (Hanczakowska and 
Swiatkiewicz 2013, 2014). Introducing novel pulses may pose a risk for consistent growth performance 
due to antinutritional factors (ANF) that should be managed using modern feed evaluation techniques.

Nutritional Characteristics of Pulse Grains and Coproducts

To include pulse grains effectively in pig feed, their nutritional characteristics must be understood. 
Pulse grains contain two to three times more protein than cereals, but are low in fat and high in 
starch, except for lupin with little starch but more fat and protein (Abreu and Bruno- Soares 1998). 
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Pulse grains have larger starch granules than cereal grains. Pulse grains also provide dietary fiber. 
The nonstarch polysaccharide (NSP) content was 17.7% in faba bean, 18.5% in field pea, and 
32–40% in lupin (Gdala 1998).

For pulses, e.g., field pea, proteins are divided into two classes that account for 80% of seed stor-
age proteins: salt- soluble globulins and water- soluble albumins. Globulins are divided into two 
groups based on their sedimentation coefficients: legumin of the 11S fraction and vicilin and convi-
cilin of the 7S fraction (Tzitzikas et al. 2006). In comparison, soybean mainly contains glycinin of 
the 11S fraction and β- conglycinin of the 7S fraction (Hidayat et al. 2011). Yellow lupin seed con-
tains five proteins: conglutins ϒ and δ (unique to lupin), conglutin β1 and β2 (vicilin- like), and 
conglutin α (legumin- like). Conglutin ϒ, δ, and α possess interchain disulfide bonds (Esnault 
et al. 1991).

In pulse grains, arginine, leucine, lysine, aspartic acid, and glutamic acid account for approxi-
mately 50% of total AA (Sosulski and Holt 1980). Pulses are rich in lysine (7.3% of CP in field pea), 
leucine, and arginine but deficient in sulfur- containing AA and tryptophan (Gatel  1994; Iqbal 
et al. 2006); moreover, digestibility of methionine is poor. Thus, canola meal rich in sulfur- containing 
AA and threonine may complement pulse grains in swine diets (Partanen et al. 2001). Breeding for 
high sulfur- containing AA in pulse seed is promising (Molvig et al. 1997).

Field Pea

In 59 field pea (Pisum sativum) samples, CP content ranged 13.7–30.7% of seed DM (average 22.3%). 
Total globulin content ranged 49.2–81.8% in pea protein. Vicilin was most abundant (26.3–52.0%), 
followed by legumin (5.9–24.5%) and convicilin (3.9–8.3%) (Tzitzikas et al. 2006). Albumin and glob-
ulin content in field pea is inversely related (Gueguen and Barbot 1988). Vicilin contains less sulfur 

Beans, dry, 31,406

Field pea, 16,205 Chickpea, 14,777 

Lentil, 7,591 

Cow pea, 7,408 

Pigeon pea, 6,808 

Faba bean, 4,840 

Lupin, 1,611 Other, 5,333 

Figure 13.1 Global pulse production in 2017 (1000 MT; Source: Food and Agriculture Organisation of the United Nations. 
Reproduced with permission.
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than other proteins (Osborne and Harris 1907). In field pea, sulfur- containing AA are first- limiting and 
threonine is second- limiting (Holt and Sosulski 1979). Others reported that tryptophan was the first- 
limiting AA and sulfur- containing AA were second- limiting AA in field pea (Wang and Daun 2004). 
Arginine, aspartic acid, and glutamic acid were the most abundant AA in field pea (Holt and 
Sosulski 1979). Considering low concentration of methionine, threonine, and tryptophan, crystalline 
sources of these AA are required to fortify field pea diets (Stein and de Lange 2007).

The CP content in field pea varies greatly among and within cultivars (Gatel and Grosjean 1990). 
Protein and starch content in field pea were inversely correlated (Wang and Daun 2004). However, 
protein content does not accurately predict AA content in field pea. In field pea, essential AA con-
tent may decrease as CP content increases (Holt and Sosulski 1979; Igbasan et al. 1997; Partanen 
et al. 2001; Wang and Daun 2004).

Field pea contained 28–56% starch with approximately one- third as amylose (Gujska et al. 1994; 
Igbasan et al. 1997; Tzitzikas et al. 2006; Chung et al. 2008). However, green pea starch in Brazil 
was 61% as amylose and 39% as resistant starch (RS). Pea starch presented simple and composite 
granules with various shapes and sizes, B- type crystallinity pattern (Polesi et al. 2011). Field pea 
contained 17% dietary fiber, but low (2%) free lipid (Igbasan et al. 1997; Chung et al. 2008).

Variety and crop growing conditions may affect starch, fiber, and fat content of field pea 
(Wang and Daun 2004). Wrinkled, white- flowered field pea contained less starch (26.7 vs. 50%) 
than round field pea (Grosjean et  al.  1999). Field pea samples grown in Australia over two 
 seasons  varied in proximate composition among genotypes but differed little between years 
(Black et al. 1998). Cultivars of field pea differ in seed coat color. But, seed coat color was not 
related to protein or starch content (Igbasan et al. 1997).

Faba Bean

Faba bean (Vicia faba) typically contains more protein, but less starch than field pea. White- flowered 
faba bean contained 33% CP, whereas white- flowered field pea contained 26% CP (Partanen 
et  al.  2001). Cultivars within flower color influenced starch, CP and NDF composition. White- 
flowered cultivars contained more vicine and convicine (Ivarsson and Neil 2018). Vicine and covi-
cine content may be more relevant to pig performance than the low tannin content of modern faba 
cultivars (Cho et al. 2019).

Faba bean contains approximately 41% starch (Bach Knudsen 1997) and 0.3–0.5% P with 60% 
phytate- bound (Selle et al. 2003). Starch content of faba bean and field pea was greater when deter-
mined polarimetrically than enzymatically, e.g. 43.8 vs. 34.5% DM in faba beans and 50.9 vs. 39% 
DM in peas (Jezierny et al. 2017).

Chickpea

Chickpea (Cicer arietinum) grain contains 20.5–30.5% CP, 32.8% starch, 8.8% crude fat, 12.5% 
total dietary fiber, and 1.29% chemically available lysine (Chavan et al. 1986; Wang et al. 2017). 
Globulin proteins in chickpea may suppress N metabolism by increasing N excretion, primarily as 
urinary N (Rubio et al. 1998). Vicilin, a major storage protein, contains much amides but little sulfur 
AA (Mandaokar et al. 1993). In chickpea, sulfur AA are first- limiting; valine, threonine, and tryp-
tophan are also limiting (Khan et al. 1995). Tryptophan has been reported as the first- limiting AA 
(Chavan et al. 1986).
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Chickpea has two types, Desi and Kabuli, with similar protein and essential AA content (Khan 
et al. 1995). Kabuli has larger seed (26 vs. 21 g/100 seeds). Desi contained more ADF (14.5 vs. 5%) 
and NDF (26.4 vs. 18.1%) and lower fat (3.7 vs. 5.1%) than Kabuli (Khan et al. 1995; Thacker 
et al. 2002). Desi contains up to 19.1% ADF (Visitpanich et al. 1985). Desi and Kabuli chickpea in 
Canada contained 42.9–46.3% total starch with 10.8–13.5% amylose, 6.5–7.1% free lipid and 0.9% 
bound lipid (Chung et al. 2008). Mexican chickpea cultivars varied little in chemical composition, 
averaged 19.5% CP and 5% fat (Sotelo et al. 1987). Chickpea starch in Brazil had 29% amylose and 
32% RS, and starch granules had large oval shape and small spherical shape, with smooth surface 
and C- type crystallinity pattern (Polesi et al. 2011). Spring- planted chickpea has 8 g kg−1 more CP 
than winter- planted chickpea (Singh et al. 1990).

Lentil

Lentil (Lens culinaris) from Canada contained 28.7–31.5% CP and 46.0–47.1% total starch, but 
low amylose content (13.4–14.5%) and low free lipid content (2.0%) (Chung et al. 2008). Green 
lentil in Canada contained moderate amount of fiber (5% ADF and 15% NDF) (Landero et al. 2012).

Lupin

Three major varieties of lupin exist: yellow lupin (Lupinus luteus) and white lupin (Lupinus 
albus) mainly in Europe and blue lupin (Lupinus angustifolius) in Australia (Sedlakova 
et al. 2016). Lupin seed contains (DM- based) 33–40% CP, 5–13% lipid, but slightly lower lysine 
(1.46%) and methionine (0.22%). Lysine and methionine are limiting AA in lupin seed (Aguilera 
et al. 1985; Sujak et al. 2006). Compared with French cultivars, Australian cultivars contained 
less methionine, tannin (0.3 vs. 0.6%), and fat (7 vs. 11%) (Eggum et al. 1993). Yellow lupin 
contains more CP (39–46.5%) than white lupin (34–38%) and blue lupin (33%), greater than 
faba bean (26%) and field pea (25%) (Brand et  al.  2004; Sujak et  al.  2006; Hanczakowska 
et al. 2017; Mierlita et al. 2018). Lupin seed contain 40% NSP, greater than other pulse grains, 
but negligible starch and more soluble dietary fiber (Eggum et al. 1993; Bach Knudsen 1997). 
Lupin seed is high in galactose, and its main storage carbohydrates are β- galactans (Perez- 
Maldonado et al. 1999). White lupin had high oil content (6.9–14.1%), with monounsaturated 
oleic acid being most abundant (48–56%), followed by polyunsaturated linoleic (19.9–20.4%) 
and linolenic fatty acids (8.0–10.9%) (Sujak et al. 2006; Mierlita et al. 2018; Rybinski et al. 2018).

Antinutritional Factors in Pulse Grains

Pulse grains contain plant metabolites, e.g., protease inhibitors, saponins, lectins, glycosides, tan-
nins, and alkaloids, which may affect nutrient digestion or feed intake in swine (Jezierny et al. 2011; 
Woyengo et al. 2017).

Protease Inhibitors

Grain legumes, e.g., soybean, field pea, and faba bean contain protease inhibitors (Mikic et al. 2009). 
Trypsin inhibitor (TI) ranged 0.58–15.90 trypsin- inhibited units (TIU)/mg in field pea (Gatel 1994). 
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Most European spring pea cultivars contain less than 3 TIU/mg, but some ranged 6.1–8.4 TIU/mg 
(Masey O’Neill et al. 2012). Winter cultivars of field pea may contain as much as 11.2 TIU/mg. 
Growing conditions may influence pea TI content (Leterme et al. 1990). In Canada, one field pea 
cultivar ranged 2.22–7.66 TIU/mg. Cultivar of field pea accounted for more variability of TI than 
environment (Wang et al. 1998b). In Desi and Kabuli chickpea, trypsin inhibitor activity (TIA) was 
greater than chymotrypsin inhibitor activity. Desi cultivars have greater TIA than Kabuli chickpea 
(Singh and Jambunathan 1981). The TIA for one Canadian Kabuli chickpea sample was 5.2 mg g−1 
(Wang et al. 2017). Lupin contains negligible amounts of TI (Eggum et al. 1993; Petterson 2000; 
Písaříková and Zralý 2009).

Significant amounts of trypsin and chymotrypsin inhibitors from legumes can survive gastric and 
small intestine digestion in pigs (Rubio et al. 2006). Protease inhibitors of the Bowman- Birk family 
are proteins of low molecular weight (6–9 kDa) and inhibit serine proteases through competition 
with substrates for access to the active site of the enzyme. Bowman- Birk inhibitor proteins resist 
porcine gastrointestinal digestion. Survival rate of Bowman- Birk inhibitor proteins in chickpea- 
based diets at the ileum was 7.3% for TIA and 4.4% for chymotrypsin inhibitory activity (Clemente 
et al. 2008).

Inclusion of faba bean and field pea in diets for young pigs had minor effects on exocrine pan-
creatic secretions (Gabert et al. 1996b). Growing pigs can tolerate 4.5 mg g−1 diet of trypsin and 
chymotrypsin inhibitors in chickpea and pigeon pea. These thresholds are unlikely exceeded in 
conventional swine diets containing pulse grains. Inclusion of pigeon pea meal may increase liver 
weight of growing pigs (Batterham et al. 1993). The TIA may reduce standardized ileal digestibil-
ity (SID) of AA in pigs (Woyengo et al. 2017; Messad et al. 2018). Pulses may exhibit pancreatic 
lipase inhibit activity (Lee et al. 2015). Chickpea had inhibitory activity against α- glucosidase, 
α- amylase and lipase that may impair the digestion of carbohydrates and lipids (Ercan and 
El 2016).

Tannins

Pulse grains contain condensed tannins that can precipitate protein by forming tannin- protein com-
plex (Naczk et al. 2001). Field pea and faba bean contained more condensed tannin than chickpea 
(Perez- Maldonado et al. 1999), but condensed tannins are sometimes barely detectable in field pea. 
Genotype affected total phenolic content in field pea more than environment. Total phenolics in 
field pea ranged 162–325 mg catechin equivalent/kg DM among cultivars (Wang et  al.  1998a). 
Brown- seeded cultivars of field pea contained appreciable quantities of tannins, whereas yellow-  
and green- seeded cultivars did not (Igbasan et al. 1997). Black chickpea contained 0.2% condensed 
tannin (Salgado et al. 2001). Color- flowered cultivars of field pea contained much more tannins 
(0.9%) than white- flowered ones (0.04%), and thus had declined nutrient digestion (Gdala and 
Buraczewska 1997; Grosjean et al. 1999; Smulikowska et al. 2001).

New cultivars of chickpea contained 0.01–0.05% tannin (Singhai and Shrivastava 2006). Recently, 
Canadian Kabuli chickpea contained 0.4% tannin (Wang et al. 2017).

High- tannin faba bean contains 1.6% tannins, most in the seed coat (5.8–7.6%) and little in the 
cotyledons (0.56–0.65%) (Cansfield et al. 1980; van der Poel et al. 1991). Color- flowered faba bean 
contained more condensed tannins (0.21–0.77% DM), whereas the white- flowered cultivar did not 
(Masey O’Neill et al. 2012; Jezierny et al. 2017; Ivarsson and Neil 2018). Color- flowered, high- 
tannin faba bean cultivars are more tolerant to frost and therefore have greater yield than zero- tannin 
cultivars (Henriquez et al. 2018).
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Condensed tannin in faba bean, similar to tannins in sorghum grain (Marquardt et al. 1977), can 
reduce activity of trypsin but not chymotrypsin, and lower aminopeptidase activity in the small 
intestine (Jansman et al. 1994; Van Leeuwen et al. 1995). Condensed tannins in faba bean interact 
with dietary proteins rich in proline and histidine, and endogenous proteins in the digestive tract 
of pigs, thereby increasing excretion of endogenous proteins and reducing protein digestibility 
(Jansman et  al.  1993a; Jansman et  al.  1995). Dietary condensed tannin below 0.6% catechin 
equivalents may not cause systemic effects (Jansman et al. 1993b). Plant breeding can increase 
feeding value of faba bean by selecting low- tannin, white- flowered cultivar (van der Poel 
et al. 1992a).

Alkaloids

Many lupin species contain alkaloids that are toxic or teratogenic to livestock (Panter et al. 2000). 
However, alkaloids in lupin may vary substantially. Alkaloid content ranged 0.01–0.99% in blue 
lupin and 0.03–0.15% in yellow lupin (Wasilewko et  al.  1999; Hanczakowska et  al.  2017). 
Quinolizidine alkaloid content ranged 9–634 mg kg−1 in the three main lupin species in the 
Mediterranean basin (Musco et  al.  2017). Pigs tolerate indole alkaloid gramine better than qui-
nolizidine alkaloid that dominates in white lupin (Pastuszewska et  al.  2001). Growing pigs can 
tolerate up to 0.5 g gramine/kg yellow lupin diets or 0.2 g alkaloids/kg blue lupin diets (Godfrey 
et al. 1985; Pastuszewska et al. 2001).

Antigen and Immunologic Response

Young pigs fed diets containing field pea, faba bean, lupin, and chickpea can display systemic anti-
body responses to specific dietary proteins. Antibodies against β- conglutin of yellow lupin, vicilin 
of common vetch (Vicia sativa) and vicilin of red pea (Lathyrus cicero) were detected in sera of 
piglets after 28- day feeding (Seabra et al. 2001). Piglets fed legume- containing diets had greater 
plasma immunoglobulin (Ig) G titers to legume proteins than piglets fed casein (Salgado et al. 2002a). 
Immunoreactive polypeptides in ileal digesta of piglets fed pea, faba bean, and chickpea belonged 
mainly to proteins of the 7S family, and to other proteins including PA2 albumin and lectin in pea. 
Polypeptides from the 11S family were detected in piglets fed lupin or chickpea. Proteins of the 
7S  family were more immunogenic than proteins of the 11S family in weaned piglets (Salgado 
et al. 2003).

Functional Properties of Pulse Grains

Pulse grains have nutritional and health benefits in humans (Rochfort and Panozzo 2007; Jukanti 
et al. 2012; Arnoldi et al. 2015; Gupta et al. 2017) that may also benefit pigs. Fermentable carbo-
hydrates in pulse grains may modulate microbial population and composition, thus may prevent 
or provoke intestinal disorders in piglets (van der Meulen et al. 2010; Aumiller et al. 2015). Field 
pea fiber is highly fermentable, producing short- chain fatty acids (SCFA) and microbial protein, 
thus can modulate the gut environment and reduce N excretion (Jha et  al.  2011; Jha and 
Leterme 2012). Pea fiber may improve intestinal barrier function in weaned piglets (Chen et al. 
2013). Hulls of pea and faba bean may promote net fluid absorption in piglets during post weaning 
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diarrhea (van der Meulen and Jansman 2010; Jansman et al. 2012). Hulls of field pea and faba 
bean may bind E. coli and enterotoxin, thereby reducing diarrhea prophylaxis and treatment 
(Becker et al. 2012). Lupin may increase bifidobacteria in caecum and reduce Campylobacter spp. 
excretion after one- week feeding (Jensen et  al.  2013). However, diets containing lupin cannot 
protect pigs against developing swine dysentery or alleviating diarrhea (Sorensen et  al.  2009; 
Hansen et al. 2010). Blue lupin may have functional properties that alter fat metabolism in pigs 
(Martins et al. 2005).

Nutrient Digestion of Pulse Grains and Coproducts in Pigs

Energy

Field Pea
Field pea is a good source of starch for pigs. For example, the DE and NE values of Canadian field pea 
averaged 3.72 and 2.58 Mcal/kg DM in 20- kg pigs and 3.92 and 2.72 Mcal NE/kg DM in 50- kg pigs, 
respectively. However, energy values varied among samples. In growing pigs, the DE value varied 
from 3.19 to 4.56 Mcal/kg DM and NE value from 2.22 to 3.08 Mcal/kg DM (Leterme et al. 2008). In 
gestating sows, the DE value of field pea in Western Canada ranged from 3.44 to 4.05 Mcal/kg DM 
and the NE from 2.40 to 2.84 Mcal/kg DM (Premkumar et al. 2008). Thus, using table values for 
energy to formulate diets is risky and rapid evaluation of DE of field pea is warranted (Wang and 
Zijlstra 2018). The DE value of field peas can be predicted by in vitro techniques (Montoya et al. 2010b).

Chickpea
Kabuli chickpea had 62.3% apparent ileal digestibility (AID) and 88.6% apparent total tract 
 digestibility (ATTD) of GE, 3.78 Mcal DE (as fed) and 2.70 Mcal predicted NE/kg in 90- kg pigs 
(Wang et al. 2017). Fiber content affects energy value. High fiber chickpea had 5.5% units lower 
ATTD of GE (81.3 vs. 86.8%) and 0.21 Mcal/kg lower DE (3.56 vs. 3.87 Mcal/kg as fed) than low 
fiber (14.8 vs. 6.3% ADF) chickpea in 20- kg pigs (Visitpanich et al. 1985).

Lentil
Energy- yielding nutrients in lentil are highly digestible. For example, increasing inclusion of up to 30% 
lentil to replace 20% SBM and 10% wheat grain did not reduce ATTD of GE of diets in 9- kg pigs 
(Landero et al. 2012). Lentil had 7% units lower ATTD of GE and 0.54 Mcal lower DE/kg DM, but 
similar NE value (2.60 vs. 2.63 Mcal/kg DM) compared with SBM in 31- kg pigs (Woyengo et al. 2014b).

Faba Bean
Energy- yielding macronutrients in faba bean are also highly digestible. The ATTD of OM in faba 
bean ranged from 79.0 to 88.1% in 15- kg pigs (Jansman et al. 1993a). The ATTD of GE in zero- tannin 
faba bean was 88.5% and DE value was 3.47 Mcal/kg (as fed) in 60- kg pigs (Zijlstra et al. 2004b; 
Kiarie et  al.  2013). Although their tannin content differed, dark- flowered faba bean and white- 
flowered faba bean had similar ATTD of DM (93.2 vs. 92.6%) in growing pigs (Mosenthin et al. 1993).

Lupin
Fiber content affects energy value of lupin. Blue lupin contains double the ADF than field pea; 
consequently, its ATTD of GE was 10% units lower (72 vs. 83%), and AID of GE was 20% units 
lower (57 vs. 77%) in growing pigs (Salgado et al. 2002c). Compared with wheat grain, more of the 
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DE of lupin was from hindgut fermentation (Taverner et al. 1983). In the pig gut, 28% ADF and 
70% hemicellulose in lupin are degraded. Digestibility of fiber in lupin was higher in mature sows 
than growing pigs; thus, contribution of energy from hindgut fermentation of lupin is substantial in 
sows. Energy digestibility of blue lupin hulls, whole seed and dehulled seed was 40, 77 and 81% in 
growing pigs, but 78, 85 and 89% in sows, respectively (Noblet et al. 1998). Cultivar of lupin and 
growing region may cause variation in the DE value (Kim et al. 2009b).

Protein

Pulse grains contain protease inhibitors that may affect protein digestion (Gatel 1994). Feeding 
pulse grains to pigs may increase ileal endogenous losses of serine- protease family trypsin or chy-
motrypsin (Salgado et al. 2002d). Digestibility of methionine was poor in pulse grains such as field 
pea, faba bean, and lupin (Partanen et al. 2001). The major storage protein, e.g. vicilin in field pea, 
can be broken down rapidly in the stomach and subsequently digested in the small intestine within 
three hours. However, lectin remained mostly intact throughout the stomach and small intestine. Pea 
albumins, rich in sulfur AA, were also not completely digested, contributing to lower digestibility 
of sulfur AA of field pea in pigs (Le Gall et al. 2007). In vitro digestion techniques are promising in 
predicting protein and AA digestibility of pulse grains in pigs (Swiech and Buraczewska 2001; 
Jezierny et al. 2010b).

Field Pea
Field pea ANF may reduce nutrient utilization by increasing ileal endogenous N and AA losses. 
However, true ileal digestibility (TID) of CP in field pea was similar to SBM in 19-  to 32- kg pigs. 
Due to lower TI content, field pea induced less specific ileal endogenous losses of CP (44 vs. 65 g 
kg−1 DMI) and AA than SBM, and the SID of CP, methionine and tryptophan were lower for field 
pea than SBM in young pigs (Eklund et al. 2012; Petersen et al. 2014). The TID of indispensable 
AA, except for lysine, was similar between pea protein isolate and field pea, but pea protein isolate 
had lower ileal endogenous losses of AA, thus greater AID and SID of CP, isoleucine, leucine, 
lysine, and valine than field pea (Woyengo et al. 2015). Color-  and white- flowered field pea had 
similar AID of CP, although they differed in tannin content (Kasprowicz and Frankiewicz 2004). 
The SID AA content may vary among field pea samples (Montoya et al. 2010a).

Chickpea
Compared with defatted soybean, chickpea had 5%- unit lower SID of CP in 100- kg pigs 
(Rubio 2005). Kabuli chickpea had 66% SID of CP and 71.7% SID of lysine in 90- kg pigs (Wang 
et al. 2017), which was lower than that of field pea in growing pigs (Eklund et al. 2012).

Lentil
Lentil had about 7–12%- units lower SID of AA than SBM. The SID of lysine was 81% compared 
with 93% for SBM (Woyengo et al. 2014b).

Faba Bean
Faba bean had lower SID of CP than lupin and SBM. The SID of AA varied among cultivars, partly 
due to condensed tannin (Jezierny et al. 2011). Feeding faba bean or field pea to 8-  or 18- kg pigs 
did not alter composition and flow of total, protein- bound and free AA in pancreatic juice (Gabert 
et al. 1996a). Condensed tannins can reduce activity of trypsin, but not chymotrypsin. Feeding 20% 
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faba bean hulls containing 3.5% condensed tannin reduced trypsin activity in ileal digesta, but not 
duodenal digesta of pigs. Reduced activity of proteases may minimally affect dietary protein diges-
tion. Rather, binding of tannins to dietary proteins or increased excretion of endogenous proteins 
may reduce AID of CP (Jansman et al. 1994). The AID of CP of faba bean decreased from 74.3 to 
68.8% in 20- kg pigs with increasing tannin content (Grala et al. 1993). White- flowered and dark- 
flowered faba bean, differing in tannin content (<0.1 vs. 0.58%), had similar TID of CP (89 vs. 
88.7%) and AA in 35- kg pigs (Mosenthin et al. 1993). Faba bean containing 0.6–0.7% tannin had 
10%- units lower AID of CP and of most AA than SBM in 25- kg pigs (Kasprowicz and 
Frankiewicz 2004). The AID of lysine, threonine, and methionine for zero- tannin faba bean was 
85.9, 76.1, and 74.1%, respectively (Zijlstra et al. 2004b). Zero- tannin faba bean has SID of CP 
(76.7%) similar to, but greater SID of lysine (87.1%) than wheat grain or corn DDGS in 29- kg pigs 
(Kiarie et al. 2013). White- flowered faba bean had high SID of CP (83.7%) and lysine (90.5%), but 
low SID of methionine (58.2%) in 22- kg pigs (Presto et al. 2011).

Lupin
Compared with SBM, sweet lupin contains similar CP, but cannot completely substitute SBM 
because digestible tryptophan, isoleucine, and threonine are insufficient (Wunsche et  al.  1990). 
Blue lupin had similar AID of isoleucine (86%) to SBM; however, isoleucine is limiting (Batterham 
and Andersen 1994). The TID of CP and lysine of blue lupin is 90.7 and 93.1%, respectively in 
 52- kg pigs (Hennig et al. 2008). White lupin had similar TID of CP as soybean protein (91 vs. 
91.5%) in humans (Mariotti et al. 2002). In 9- kg pigs, blue lupin had similar AID of CP to SBM, 
field pea and faba bean (Salgado et al. 2002b). In 35- kg pigs, blue lupin had lower SID of CP than 
SBM and field pea (Norgaard et al. 2012). In 100- kg pigs, blue lupin had 5%- unit lower SID of CP 
and AA than defatted soybean, but similar SID as field pea (Rubio 2005). However, availability of 
lysine for blue lupin in growing pigs was only 37–65% using feed efficiency as criterion, compared 
with field pea at 93% and SBM at 89–98% (Batterham et al. 1984).

Fiber and alkaloid content in lupin may not affect protein digestibility. Blue lupin contained more 
ADF (22 vs. 15%) than white lupin, but also had greater SID of lysine (88 vs. 81%) (Mariscal- 
Landin et al. 2002). Alkaloids content differed within yellow lupin, but little variation exists in AID 
of CP (81.9–84.9%) and SID of CP (87.5–90.5%) in 13-  to 34- kg pigs (Wasilewko et al. 1999).

Starch

Pulse grains contain less starch than cereal grains (41–45% vs. 57–68%). Larger pulse starch gran-
ules were embedded in the protein matrix; hence, pulse had lower AID of starch, e.g. 85% for faba 
bean, 85–90% for field pea and chickpea compared with 93–96% for cereal grains in growing and 
finishing pigs (Rubio et  al.  2005; Tan et  al.  2017). But, pulse starch can be almost completely 
digested in total tract of pigs (Tan et al. 2017). Others reported greater AID of starch (96.3–98.1%) 
for faba bean varying in tannin content (Jansman et al. 1993a). Starch determination method may 
yield different starch digestibility values. Using the polarimetric method resulted in greater digest-
ibility values than enzymatic starch analysis (Jezierny et al. 2017). Flower color or tannin content 
of field pea had little correlation to AID of starch. The AID of starch of white-  and colored- flowered 
field pea containing 0.04–0.6% tannin was 85–87%, and of faba bean containing 0.59–0.67% tannin 
was 82–86% in 34- kg pigs (Gdala and Buraczewska 1997). Undigested starch may have nearly 
equal energetic efficiency as digested starch considering adequate provision of SCFA and decreased 
energy loss due to decreased activity of pigs (Fouhse and Zijlstra 2018).
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Fiber

Fiber in pulse grains is highly fermentable. Field pea hull is more fermentable than barley hull (Canibe 
and Bach Knudsen 2002). Field pea and chickpea had greater AID and ATTD of total dietary fiber 
(TDF) than corn in growing- finishing pigs (Tan et al. 2017). In 45- kg pigs, lupin hulls are more fer-
mentable than field pea hulls, especially the degradation of cellulose (Stanogias and Pearce 1985). In 
100- kg pigs, 65% NSP and 82% oligosaccharides of lupin were degraded at the distal ileum, greater 
than 56 and 43% for NSP and 51 and 69% for oligosaccharides in defatted soybean and chickpea, 
respectively (Rubio et al. 2005). Most oligosaccharides in field pea and faba bean are degraded in 
the small intestine. In 34- kg pigs, 83% α- galactosides in faba bean and up to 93% α- galactosides in 
white-  or color- flowered field pea were fermented by the distal ileum (Gdala and Buraczewska 1997).

Fat

Chickpea and lupin had similar AID of stearic, oleic, linoleic, and linolenic fatty acids. However, 
the AID of unsaturated (C18:1, C18:2 and C18:3) fatty acids was greater than AID of saturated 
(C14:0, C16:0) fatty acids (71–92 vs. 48–71%) in 100- kg pigs (Rubio et al. 2005).

Minerals

The true total tract digestibility (TTTD) of P in field pea was 51–60% in 32- kg pigs (Stein et al. 2006a; 
Johnston et al. 2013). The STTD of P is greater for lupin kernel than lupin hull (72 vs. 52%) in 
growing- finishing pigs (Park et al. 2019).

Feeding Pulse Grains and Their Coproducts to Pigs

Pulse grains are feedstuffs that provide both energy and protein. Incorporating locally produced 
pulse grains into swine diets may provide cost and health benefits. Livestock production in Europe 
relies greatly on import of SBM. Because most soybean is genetically modified, concerns regarding 
its inclusion in feed may arise, especially in organic chains (Martelli et al. 2009).

Field Pea

Field pea is a starch and protein source in pig diets. In diets formulated to equal NE value and SID 
AA content, 30–40% field pea can entirely replace SBM without detrimental effects on growth but 
not G:F in weaned pigs (Smith et al. 2013; Landero et al. 2014; Hugman et al. 2018). Inclusion of 
48–60% raw field pea in diets may reduce ADFI or ADG in weaned pigs (Stein et al. 2010). Inclusion 
of field pea should remain below 20% for early- stage weaned pigs. For growing- finishing pigs, 
inclusion up to 70% field pea in diets did not affect performance and carcass quality (Stein 
et al. 2006b; Stein and de Lange 2007). However, in diets formulated based on equal DE and AA, 
inclusion of 64% field pea replacing SBM and corn in diets reduced ADG and G:F in  growing- finishing 
pigs (Brand et al. 2000).

Field pea can also serve as an energy source in pig diets. Inclusion of 18–20% field pea to replace 
corn in diets fed to 8- kg pigs did not affect ADFI, ADG and G:F (Stein et al. 2004), but may decrease 
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G:F in 12- kg pigs (Brooks et al. 2009). However, inclusion of 30% field pea to replace 22% corn 
and 8% SBM without balancing for NE and SID AA content for diets reduced ADFI and ADG in 
6- kg weaned pigs (Friesen et al. 2006). Inclusion of 36% field pea to replace 25% corn and 12% 
SBM did not reduce growth performance in 22 to 110- kg pigs, but may increase loin depth (Stein 
et al. 2004), and may increase fat content in the longissimus muscle (Degola and Jonkus 2018).

Faba Bean

Following plant breeding, zero- tannin faba bean (<0.05% condensed tannin) have a similar NE 
value and greater SID AA content than field pea, and thus can be considered for inclusion in diets 
for swine (van der Poel et al., 1992a; Zijlstra et al. 2008).

Faba bean is a viable protein source in diets fed to weaner pigs. Previously, 12.5% faba bean was 
included in diets as partial replacement for SBM and barley without influencing performance in 
6- kg pigs (Onaghise and Bowland 1977). Recently, 40% zero- tannin faba bean fully replaced SBM 
in the starter diet without dietary adaptation to faba bean (Omogbenigun et al. 2006; Beltranena 
et al. 2009). Zero- tannin faba bean can fully replace field pea or SBM without reducing perfor-
mance in growing- finishing pigs (Gunawardena et al. 2007b). Dietary inclusion of 30% faba bean 
to replace 16% SBM and 14% corn for 40- kg pigs, and 20% faba bean to replace 8% SBM and 12% 
corn for 120- kg pigs increased ADG (Prandini et al. 2011). However, without balancing for NE or 
SID AA content, inclusion of 30% faba bean replacing 15% SBM and barley or inclusion of 31.7% 
faba bean replacing 22% rapeseed meal and barley reduced ADG in growing but not finishing pigs 
(Castell 1976; Partanen et al. 2003).

Although color- flowered faba bean contained more condensed tannin and white- flowered faba 
bean contained more vicine and convicine, cultivar determines their nutritional value rather than 
flower color (Ivarsson and Neil 2018). Although condensed tannin can reduce nutrient digestibility, 
dietary inclusion of 30% high- tannin (0.2%) colored- flowered or low- tannin (0.003%) white- 
flowered faba bean had similar growth performance in 25- kg pigs (Flis et al. 1999). Inclusion of 
30% colored- flowered faba bean replacing 14% SBM in diets with equal NE and SID AA content 
did not affect ADFI, ADG and G:F in 30-  and 60- kg pigs (Smith et al. 2013), but lowered lean yield 
(White et al. 2015).

Feeding faba bean to pigs may affect meat quality. Dietary inclusion of 25% color- flowered faba 
bean to replace 15% SBM and 10% wheat increased fat content in the longissimus muscle, similar 
to feeding 28% field pea (Degola and Jonkus 2018). Feeding 10% faba bean with 0.5–0.7% tannin 
improved sensory characteristics of pork, e.g., juiciness, tenderness, and palatability (Milczarek and 
Osek 2016). Inclusion of 26% faba bean to replace 18% rapeseed meal and 8% barley in diets dark-
ened meat color (Partanen et al. 2003). Slightly darker meat in pigs fed zero- tannin faba bean com-
pared with SBM or field pea was also reported (Gunawardena et al. 2007a). Partial substitution of 
9% SBM with 18% faba bean in diets fed to 56- kg pigs did not affect meat color, water- holding 
capacity, tenderness, and chemical composition (Gatta et al. 2013).

Chickpea

Off- grade chickpea can be used as energy and protein sources in swine diets (Bampidis and 
Christodoulou  2011). Dietary inclusion of 15% Kabuli chickpea is viable for weaned pigs. 
However, inclusion of 30% Kabuli chickpea reduced ADG and G:F in 10- kg pigs despite 
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 formulating diets to equal NE and SID AA content (Wang et al. 2017). Without balancing for NE 
and AA, inclusion of 30% Kabuli or Desi chickpea to replace 18% SBM and wheat in diets reduced 
ADG in 20- kg pigs (Mustafa et al. 2000). Fiber content may affect DE value of chickpea, but not 
growth performance of pigs. Inclusion of 26% chickpeas with low (6.3% ADF) or high fiber 
(14.8% ADF) to replace 14% SBM did not affect ADG and G:F in 20- kg pigs (Visitpanich 
et al. 1985). For finishing pigs, inclusion of 30% Kabuli or Desi chickpeas to replace 12% SBM 
did not affect growth performance, dressing percentage, or lean yield (Mustafa et al. 2000). Over 
350 chickpea cultivars have been released globally (Thudi et al. 2016), and their nutritional values 
require investigation.

Lentil

Feeding value of lentil in pigs has not been well investigated. In diets balanced for equal NE and 
SID AA content, inclusion of 22.5% lentil to replace 15% SBM did not affect ADG and G:F in 
weaned pigs; however, inclusion of 30% lentil reduced ADG and G:F. Thus, lentil inclusion should 
not exceed 22.5% in diets for nursery pigs to maintain growth (Landero et al. 2012).

Lupin

Sweet lupin has a lower bitter alkaloid content (Pearson and Carr 1976) and can be a cost- effective 
ingredient for pigs. However, species or cultivars differ considerably in their suitability as protein 
source for pigs. Pigs can utilize blue and yellow lupin well, but not white lupin (van Barneveld 1999; 
Písaříková and Zralý 2009). White lupin contains more alkaloids and may have lower N- retention 
than blue and yellow lupin (Gdala et al. 1996). High inclusion of white lupin can suppress feed 
intake and even halt growth. Reduction of alkaloid in white lupin may ameliorate reduced growth 
(Pearson and Carr 1977). Pigs may refuse to eat high alkaloid lupin (Hanczakowska et al. 2017). 
Lupin alkaloid may reduce feed palatability. Increasing inclusion up to 25% yellow lupin in diets 
decreased feed preference in 22.5- kg pigs. Nevertheless, inclusion of 25% yellow lupin to replace 
21% SBM did not affect ADFI and ADG in 19- kg pigs (Bugnacka and Falkowski 2001). Feed pref-
erence for blue lupin may be similar to that of SBM, but better than rapeseed meal and sunflower 
meal in 18- kg pigs (Sola- Oriol et al. 2011). However, even with low alkaloid content, the value of 
lupin for pigs may be limited by other factors that suppress voluntary feed intake (Pearson and 
Carr 1977). Mean retention time of lupin diets was inversely related to feed intake. Diets containing 
white lupin seed had double mean retention time in 60- kg pigs and reduced feed intake, compared 
with diets of animal protein, field pea or blue lupin (Dunshea et al. 2001). Diets containing lupin 
may be limiting in methionine in growing pigs (Pearson and Carr 1979). Methionine supplementa-
tion in a diet containing 23.7% blue lupin increased ADG and G:F in 21- kg pigs (Leibholz 1984). 
White lupin increased ileum digesta viscosity, ammonia concentration in ileum and caecum digesta, 
and total bacteria and Enterobacteriaceae in ileal digesta in growing pigs (Kasprowicz- Potocka 
et al. 2017).

Considering high fiber and bitter alkaloid, high inclusion of lupin in diets fed to young pigs 
should be avoided. Inclusion of 25% white lupin replacing SBM increased diet ADF from 5 to 10%, 
consequently, decreased ADG and ADFI in 10- kg pigs (McNiven and Castell 1995). However, die-
tary inclusion of 31% white lupin to replace 20% SBM did not affect ADFI, but slightly reduced 
ADG in 18- kg pigs (Zraly et al. 2008). Inclusion of 26% blue lupin to replace whey or skim- milk 
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did not affect ADFI and G:F in weaned pigs (Pearson and Carr 1976; Kim et al. 2012). However, 
inclusion of 31% blue lupin to replace 18% SBM reduced ADFI in 9- kg pigs (Kasprowicz- Potocka 
et al. 2013). Inclusion of 37% blue lupin to replace 27% SBM and 11% triticale decreased ADG and 
G:F in 20- kg pigs (Kasprowicz- Potocka et al. 2016b). Feeding value of blue lupin is superior to 
white lupin. Dietary inclusion of 37% blue lupin to replace 30% barley only slightly reduced ADG, 
but inclusion of 37% white lupin reduced ADFI 49% and ADG 80% in 15- kg pigs (Pearson and 
Carr 1979). For yellow lupin, 16–20% inclusion did not affect ADFI, ADG, and G:F in weaned pigs 
(Kim et al. 2008; Kasprowicz- Potocka et al. 2013); thus, 15% inclusion was recommended (Kim 
et al. 2008).

For growing pigs, including 15% white lupin did not reduce ADFI and ADG (King 1981; Flis 
et al. 1998; Kasprowicz- Potocka et al. 2017). Inclusion of 19% white lupin to replace 12% SBM 
did not affect ADFI, but decreased ADG and G:F in growing pigs (Donovan et  al.  1993). 
Inclusion of 30% white lupin reduced ADFI and ADG in 35- kg pigs (Moore et  al.  2016). 
Inclusion of 20% yellow lupin to replace 14% SBM and barley increased ADG and G:F in 30- kg 
pigs (Roth- Maier et al. 2004). Inclusion of 35% blue lupin to replace 24% SBM did not affect 
ADFI and ADG in 43- kg pigs (Kasprowicz- Potocka et al. 2016b). Inclusion of 25% blue lupin 
to replace 22% field pea and 3% barley decreased ADG in 30- kg pigs (Norgaard and 
Fernandez 2009).

For finishing pigs, 14% white lupin can be included in diets without affecting growth (Flis 
et al. 1998; Zraly et al. 2008), but may decrease G:F (Donovan et al. 1993). Inclusion of 20% blue 
lupin to replace 14% SBM did not affect ADFI and ADG in finishing pigs (Kasprowicz- Potocka 
et al. 2016b). Dietary inclusion of 15% blue lupin to replace 15% SBM in diets without balancing 
for NE and SID AA content did not affect ADFI, but reduced ADG and G:F in 60- kg pigs (Degola 
and Jonkus 2018). Inclusion of 30% Australian sweet lupin kernel in diets with equal NE decreased 
ADG and ADFI in 63- kg pigs (Kwak et al. 2000). Feeding blue or yellow lupin instead of SBM to 
sows may reduce litter weight of piglets (Hanczakowska et al. 2017).

Feeding lupin seed or kernel instead of animal protein may reduce dressing percentage because 
of increased gut fill and larger intestine weight (King et al. 2000). Inclusion of 30% white lupin 
reduced carcass weight and dressing percentage and increased C18:1  in backfat (Van Nevel 
et al. 2000). However, inclusion of 14–20% white lupin may not affect dressing percentage and lean 
yield (Donovan et al. 1993; Leikus et al. 2004). Inclusion of 20% white lupin to replace 10% blue 
lupin and 5% canola meal can be used as strategy to reduce feed intake, body fat, and backfat of 
pre- slaughter immune- castrated pigs (Moore et al. 2017). Inclusion of 20% white lupin may improve 
texture, juiciness, tenderness, and taste of meat (Zraly et al. 2006, 2007). However, inclusion of 
35% blue lupin did not affect carcass and meat quality (Kim et al. 2011).

Pulse Coproducts

Fractionation generates pulse coproducts (Zijlstra et al. 2004a; Zijlstra and Beltranena 2007). In 
weaned pigs, feeding faba bean or field pea protein concentrates had similar growth performance to 
feeding a blend of soy protein concentrate, corn gluten meal, and menhaden meal (Gunawardena 
et al. 2010b). Dietary inclusion of 9.5% yellow field pea protein concentrate to replace soy protein 
concentrate or 47% yellow field pea starch to replace cooked corn did not affect growth perfor-
mance in weaned pigs (Parera et al. 2010). Dietary inclusion of 20% field pea starch to replace 
wheat increased sow ADFI and ADG during lactation and reduced weight loss during the first three 
weeks of lactation (Thingnes et al. 2013).
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Feed Formulation and Risk Management

Introducing pulse grains as feedstuff into swine diets is an opportunity to improve the economic 
sustainability of swine production, but also poses a risk that must be managed properly. This risk 
can be divided into a range of factors such as variation of chemical composition, ANF, and potential 
reductions of pork quality (de Lange 2000; Smits and Sijtsma 2007).

Apart from feed intake that is a major factor impacting growth and may be affected by ANF 
and fiber content (Seneviratne et al. 2010), feed quality evaluation for energy is the most impor-
tant factor for successfully introducing new feedstuffs. Indisputably, the choice of energy evalu-
ation system will alter the relative values placed upon feeds (Noblet et  al.  1993). The feed 
industry in The Netherlands has been reliant on the NE system since 1970 (CVB 1993), partly to 
manage the risk of a wide ingredient matrix (Zijlstra and Payne 2007). Inclusion of high fiber or 
high protein feedstuffs into diets formulated to equal DE or ME reduces diet NE value. 
Subsequently in studies detecting reduced growth performance, the test feedstuff was blamed. 
Formulating diets to equal NE content may help maintaining growth performance (Zijlstra and 
Beltranena 2008).

Another risk associated with feedstuffs is nutrient variability due to cultivar, agronomic, weather, 
harvest, and storage conditions. With coproducts, processing introduces additional variability 
(Zijlstra et al. 2001). Predictions of nutritional value based on physical, chemical, and biological 
evaluations are warranted (Wang and Zijlstra 2018).

Increase Feeding Values of Pulse Grains

Processing Methods to Reduce ANF

Pulse grains contain varying quantities of ANF. Pulse grains cultivars containing low ANF are nutri-
tionally preferable (Singh 1988). Although breeding may increase the nutritive value of lentil, chick-
pea, field pea, and faba bean (Materne et al. 2011), ANF are still present in pulse grains. Processing 
of pulse grains can reduce or eliminate ANF. In general, thermal treatments (above 100 °C or greater) 
do reduce activity of enzyme inhibitors and lectin. Germination is most effective to reduce phytate 
in pulse grains, whereas dehulling can effectively reduce phenolics and tannins (Patterson et al. 2017).

Extrusion can reduce most ANF in pulse grains. Trypsin is heat labile; thus, extrusion can reduce 
TIA 85–91% in chickpea, 30–50% in faba bean, and 50–60% in field pea (Adamidou et al. 2011). 
Extrusion above 140 °C reduced condensed tannin, inhibitors of trypsin (3.8 down to 0.2 IU/mg), 
chymotrypsin (2.8 down to 1 IU/mg) and α- amylase, and lectin in field pea (Alonso et al. 1998), 
faba bean (Alonso et al. 2000; Leontowicz et al. 2001a; Leontowicz et al. 2001b), and lentil (Rathod 
and Annapure  2016). Soaking prior to extrusion may increase nutritive value of pulse grains 
(Abd El- Hady and Habiba 2003). Processing variables affect the nutritional value of pulse grains 
(Wiseman 2013). Extrusion of field pea reduced TIA from 2 to 0.18 TIU/mg at 129 °C, and not 
detectable at 135 or 142 °C (Frias et al. 2011). Extrusion at 105–111 °C with preconditioning slightly 
reduced phytate and tannin content in faba bean, chickpea, and field pea (Adamidou et al. 2011). 
Extrusion can reduce RS in pulse grains. Extrusion (135 °C, 22% moisture) reduced RS in field pea 
89% (Zaworska et al. 2018). Extrusion (160 °C, 500 rpm) may decrease raffinose and stachyose in 
lentil, field pea, and chickpea (Berrios et al. 2010).

Dry heating chickpea at 140 °C longer than six hours inactivated TI, but reduced protein quality 
(Marquez et al. 1998). Heating faba bean starch at 80, 100, or 120 °C for 12 hours at 23% moisture 
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increased crystallinity and gelatinization temperature, decreased slowly digestible starch, and 
increased RS at 80 and 100 °C, but decreased RS at 120 °C (Ambigaipalan et al. 2014).

Dehulling can reduce condensed tannin and polyphenols in faba bean (Alonso et al. 2000). Cooking 
is more effective in reducing ANF in chickpea than decortication. Cooking decreased oligosaccharide 
30–34%, phytate 24–34.5%, polyphenols 58.7–62.2%, and TIA 53.6–59.9% (Attia et  al.  1994). 
Boiling for three hours then drying for 20 hours at 70 °C destroyed 57% TI in chickpea (Sotelo 
et al. 1987). Boiling did not reduce tannin content in chickpea and lentil (Ummadi et al. 1995). Soaking/
microwave cooking may reduce tannin and phytate content in Kabuli chickpea (Xu et  al.  2016). 
Pressure cooking chickpea at 120 °C did not reduce protease inhibitors in the albumin fraction, but 
increased in vitro protein digestibility from 71.8 to 83.5% (Clemente et al. 1998). Exposing field pea 
to organic acids and oxides reduced TIA 80%, lectins 70%, and tannins 40% (Dvorak et al. 2005). 
Germination was less effective than autoclaving or microwave cooking in reducing TI, lectins, tannins, 
and saponins in chickpea, but more effective in reducing phytate, stachyose, and raffinose 
 (El- Adawy  2002). Polyvinylpyrrolidone addition can reduce tannin content in faba bean hulls 
(Garrido et al. 1991).

Processing to Increase Digestibility and Performance

Dehulling
Faba bean. Dehulling decreases content of condensed tannin and fiber and increases the CP content 
of faba bean (Meijer et al. 1994). Dehulling increased the AID of DM and CP, but not starch, of faba 
bean by 3% units in 35- kg pigs (van der Poel et al. 1992b; Mariscal- Landin et al. 2002). Inclusion 
of 30% dehulled faba bean and SBM to replace 30% full fat soybean seed and wheat bran in diets 
did not affect ADG and ADFI in 10- kg pigs. However, when given a choice, pigs did prefer full fat 
soybean seed over dehulled faba bean (Emiola and Gous 2011).

Lupin. Dehulling may lower nutritional value of lupin for pigs, despite lower fiber, greater CP 
and lysine content and greater AID of AA and DE value in lupin kernel. Formulated to equal lysine/
DE, 50% lupin kernel to replace 50% lupin reduced ADG in 20- kg pigs (Fernández and 
Batterham  1995). Lupin hull contains little alkaloids. Oligosaccharides in the lupin kernel may 
influence pigs more. Increasing inclusion up to 30% dehulled white or blue lupin linearly decreased 
ADG for both lupins and decreased ADFI for white lupin compared with lupin with hulls in 15-  to 
47- kg pigs. Pigs prefer SBM than dehulled lupin, but adding 5% lupin hulls to SBM diet did not 
affect feed preference and ADFI (Ferguson et al. 2003). Increasing inclusion of 24% dehulled blue 
lupin to replace up to 24% of milk products (whey and skim milk) in wheat- based diets with equal 
DE and SID AA fed to 6- kg weaned pigs reduced ADG mainly due to decreased ADFI. Thus, inclu-
sion of dehulled lupin immediately after weaning should be limited to less than 18% to prevent 
reduced growth (Kim et al. 2012).

Chickpea. Decortication of Kabuli chickpea seed decreases dietary fiber, Ca, Zn, and polyphe-
nols content and increases reducing sugars content and in vitro protein digestibility, but may not 
alter phytate content or TIA (Attia et al. 1994).

Grinding
Field pea. Particle size reduction affects nutrient digestion. Increasing particle size linearly 
decreased ATTD of CP and GE, and DE of field pea in 28- kg pigs, also linearly decreased in vitro 
starch digestibility (Montoya and Leterme 2011). Mill settings can affect particle size and  dispersion 
of AA among particle sizes. Loss of AA may occur if field pea is ground too fine (Tudor et al. 2009). 
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Mill type, e.g. hammer or disc- mill, with different settings and screen size altered particle size and 
its distribution. Hammer- milled field pea gave greater hydration and in vitro starch digestion rate 
than disc- milled field pea (Nguyen et al. 2015).

Lupin. Particle size influences nutrient and AA utilization and fermentation characteristics of 
lupin in the porcine gut. Decreasing particle size of blue lupin increased AID of CP, ATTD of 
GE, and decreased straight- chain fatty acids and increased branched- chain fatty acids in hindgut 
fermentation in 45- kg pigs (Kim et al. 2009a). Fine grinding (1- mm sieve) of blue lupin may 
increase AID of ether extract, but not ATTD of OM and NSP of diets in 20- kg pigs (Pieper 
et al. 2016).

Soaking and Germination
Germination can modify chemical composition of seed, thereby influencing nutrient digestion. 
However, germination of lupin did not increase nutrient digestion in pigs. Germination of yellow or 
blue lupin increased CP and fiber content, but reduced ether extract, alkaloids, and oligosaccharide 
content. Germination of lupin did not affect SID of CP, but decreased SID of lysine and methionine 
compared with raw seed in 25- kg pigs (Chilomer et al. 2013).

Inclusion of 14.5% germinated seeds of yellow lupin to replace 14% SBM or inclusion of 15.5% 
germinated blue lupin to replace 13% SBM did not affect ADFI and ADG in 9- kg pigs. Inclusion 
of 26.5% germinated blue lupin to replace 19% SBM reduced ADFI in weaned pigs, indicating 
that  greater level of germinated blue lupin seeds should be avoided in diets for weaned pigs 
(Kasprowicz- Potocka et al. 2013).

Soaking followed by pressure cooking (116 °C, 172 kPa, 20 minutes) can reduce RS in chick-
pea (Periago et al. 1997). Pressure cooking after soaking chickpea in tap water and alkaline solu-
tion of sodium bicarbonate reduced starch content, but increased in  vitro starch digestibility 
(Rehman 2007).

Autoclaving and Roasting
Autoclaving has little effect on nutritive value of faba bean in pigs, especially for low- tannin faba 
bean (Jansman et al. 1993a). Autoclaving faba bean 30 or 60 minutes did not increase SID of CP in 
35- kg pigs (Ivan and Bowland 1976). Autoclaving (105 °C, 30 minutes) low- tannin faba bean did 
not increase AID of CP and starch in 15- kg pigs (Jansman et al. 1993a). Steam processing of faba 
bean cotyledons at 100 °C did not increase AID of CP in 35- kg pigs, indicating ANF such as TI and 
lectin present in cotyledons only play a minor role in depressing the digestion of protein in faba 
bean (van der Poel et al. 1992b).

Increasing temperature or prolonged time reduced lysine content in lupin and rendered lysine 
chemically unavailable. Inclusion of 30% oven- heated blue lupin at 105–150 °C for 15 minutes 
linearly decreased ADG, G:F and increased backfat thickness in growing pigs. Autoclaving lupin 
seed at 121 °C for 5–45 minutes linearly decreased ADG and G:F (Batterham et al. 1986a). Lupin 
has lower lysine availability than SBM. Autoclaving white lupin seed at 121 °C for five minutes 
did  not affect growth of 20- kg pigs, indicating that low lysine availability might be not due to 
 heat- labile ANF (Batterham et al. 1986b).

Pelleting
Pelleting has various effects among pulse grains. Pelleting field pea at 75 °C did not affect AID of 
CP, starch, and GE but increased ATTD of GE in 69- kg pigs (Stein and Bohlke  2007). Steam- 
pelleting faba bean increased the SID of CP, isoleucine, leucine, methionine, valine, and starch and 
the predicted NE value in 54- kg pigs (Ruiz et al. 2017).
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Extrusion
Extrusion is widely used in the food and pet food industry (Berrios 2012). With shear force, 
heat can reduce starch crystallinity, leading to better digestibility, particularly in young animals 
(Wiseman 2013). Extruding field pea and kidney bean starch at 20 or 24% moisture using a 
twin- screw extruder reduced crystallinity in starch. Extruded starch contained more rapidly 
digestible starch (RDS) and less RS. Field pea and kidney bean starch extruded with more 
moisture contained less RDS and more slowly digestible starch than that extruded with less 
moisture (Sharma et al. 2015). Extrusion (152–156 °C, 20% moisture) of faba bean increased 
in vitro protein and starch digestibility (Alonso et al. 2000). Extrusion temperature (135, 160, 
and 175 °C) had less effect on solubility and molecular weight of lentil proteins (Li and 
Lee 2000).

Field Pea. Extrusion may increase nutrient digestibility more than pelleting in field pea. Increasing 
extrusion temperature from 75 to 155 °C linearly increased AID of starch and GE and quadratically 
increased the SID of CP and ATTD of GE of field pea diets in 69- kg pigs. In comparison, pelleting 
at 75 °C increased ATTD of GE, but did not increase AID of starch and GE, or SID of CP. Field pea 
extruded at 75 °C had greater SID of CP and AA than that pelleted at 75 °C. However, extrusion or 
pelleting at 75 °C did not affect the ATTD of starch, NDF, and ADF (Stein and Bohlke  2007). 
Extrusion may especially increase ileal digestibility of tryptophan and cystine of field pea in 
 growing pigs (Mariscal- Landin et al. 2002).

Extrusion can greatly reduce RS content in field pea, but not the content of raffinose, stachyose, 
and tannins (Hejdysz et al. 2016). Extrusion (135 °C, 22% moisture) of field pea reduced RS content 
and TIA, but did not increase AID of CP and ATTD of GE in 10- kg pigs. Extruding field pea may 
not increase growth performance in weaned pigs (Prandini et al. 2005; Tusnio et al. 2017). Weaned 
pigs fed raw field pea two- week postweaning can maintain growth but not G:F. The reduced G:F in 
weaned pigs could not be ameliorated by extrusion of the field pea (Hugman et al. 2018). However, 
inclusion of 25% extruded field pea increased ADFI, ADG, and G:F in 10- kg or 28-  to 95- kg pigs 
compared with raw field pea (Zaworska et al. 2018).

Faba Bean. Extrusion may not increase the nutritive value of faba bean for pigs. Extruded zero- 
tannin faba bean starch diet has lower AID of starch than wheat diet (Wierenga et al. 2008). Extrusion 
of faba bean increased G:F in 8- kg pigs but not ADFI and ADG (Ruiz et al. 2018). Increasing inclu-
sion up to 37.5% faba bean to replace 31% barley and 10% SBM in diets formulated to similar DE 
and lysine fed to 37- kg pigs did not affect ADFI, but linearly decreased ADG and G:F during the 
growing but not finishing phase. Extrusion at 120 °C for 30 seconds did not ameliorate reduced 
growth (O’Doherty and McKeon 2001).

Chickpea. Extrusion increased in  vitro protein digestibility of chickpea flour (Milan- Carrillo 
et al. 2000). The optimal settings (150 °C, 26.5% moisture, 190 rpm) were suggested for extrusion 
of chickpea with a single- screw extruder (Milan- Carrillo et al. 2002). Increasing inclusion up to 
30% extruded chickpea to replace 16% SBM and barley linearly increased ADG and G:F in 20- kg 
pigs (Christodoulou et al. 2006b) and did not influence the meat quality of pigs (Christodoulou 
et al. 2006a).

Lentil. Extrusion increased in  vitro protein and starch digestibility of lentil with increasing 
 temperature from 140 to 180 °C (Rathod and Annapure 2016).

Lupin. Extrusion of white lupin did not increase growth performance in 10- kg pigs (Prandini 
et al. 2005). Expansion (80 °C, 20 seconds) of blue lupin did not affect ATTD of GE, ether extract, 
Ca, and P but increased AID of lysine and methionine of lupin in 41- kg pigs. Expanding lupin seed 
did not affect growth performance in 54- kg pigs, but increased ADG in 84- kg pigs compared with 
raw lupin (Yang et al. 2007).
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Fractionation

Fractionation of field pea and faba bean has been conducted for four decades (Bramsnaes and 
Olsen 1979). Dehulling of field pea followed by fine grinding and air classification allows separa-
tion of fine [protein concentrate] and coarse (mainly starch) fractions that can be used in pig feeding 
(Wu and Nichols 2005). Protein concentrate from chickpea contains 67.8% CP and 17.3% lipid and 
has high nutritive value (Ulloa et al. 1988). Dry separation of cotyledon of field pea had lower pro-
tein recovery (29–42%), whereas wet separation allowed recovering 45–56% of seed proteins 
(Bergthaller et al. 2001).

Pulse protein concentrates are attractive nutritionally for substituting specialty protein sources in 
young pigs (Valencia et al. 2008; Gunawardena et al. 2010b). Field pea protein isolate is highly 
digestible, partly due to removal of ANF (Le Guen et  al.  1995a, b). However, field pea protein 
 isolate lacks the functional properties of plasma protein.

Field pea and faba bean starch concentrates are feedstuffs for young pigs (Gunawardena 
et  al.  2010a,  b). Extrusion may increase their nutritional value (Wierenga et  al.  2008). Starch 
 chemistry of isolates may influence glycemic responses in pigs (van Kempen et al. 2010).

Fermentation
Fermentation can modify chemical composition of pulse grains and thereby nutrient digestibility. 
Fermentation of blue lupin seeds with bacteria and yeast under aerobic conditions increased content 
of CP, fiber, fat, and ash and AA and decreased content of oligosaccharides and phytate but increased 
the alkaloid content. Fermentation increased AID of CP of lupin in 25- kg pigs (Kasprowicz- Potocka 
et al. 2016a; Zaworska et al. 2017).

Enzyme Addition
Vicine and convicine in faba bean cannot be eliminated by heat treatment but can be reduced by 
 β- glucosidase addition. The hydrolysis products (divicine and isouramil) can decompose rapidly 
into inactive compounds (Arbid and Marquardt 1985). In yellow lupin, 80% α- galactosides can be 
digested in the small intestine of 18- kg pigs. Addition of 0.5% microbial α- galactosidase increased 
digestibility of α- galactoside to 97%. Supplementation of α- galactosidase increased digestibility of 
oligosaccharides in 11- kg pigs (Gdala et al. 1997). However, for cereal- white lupin- based diet, sup-
plementation of α- galactosidase did not increase AID of CP and SID of AA in 8- kg pigs, but tended 
to increase AID of NDF (Pires et al. 2007).

The use of NSP- degrading enzymes may increase nutrient digestibility of fiber- rich ingredients 
(Zijlstra et al. 2010). Supplementation of microbial phytase in field pea diets can increase ATTD of 
P and Ca, thereby reducing P excretion (Stein et al. 2006a; Kahindi et al. 2015). Addition of fungal 
hemicellulose and cellulase to field pea diets did not alter performance in 7- kg pigs (Brooks 
et al. 2009). Similarly, supplementation of enzyme cocktail to blue lupin diets did not affect growth 
performance in 27- kg pigs, likely because the enzyme complex was not lupin NSP specific (Kim 
et al. 2011).

Summary

For sustainable swine production, economics, environment, and societal acceptance are key 
 components. As omnivores, pigs can effectively convert pulse grains in pork products (Zijlstra and 
Beltranena  2013). Locally produced pulse grains can be a component for sustainable organic 
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 farming. Feeding pulse grains to pigs may also pose challenges. First, nutrient composition variabil-
ity exists within and among pulse grains. Thus, feed quality evaluation for energy and AA content 
and their digestibility is important, as is the system selected for evaluation (Williams et al. 1985; 
Font et al. 2006; Kim et al. 2009b; Montoya and Leterme 2012; Wang and Zijlstra 2018). Second, 
pulse grains commonly contain ANF that may reduce voluntary feed intake and nutrient digestion. 
Feed processing may increase nutritive value of pulse grains. Pulse grain with high fiber content 
may reduce dressing percentage. In conclusion, inclusion of pulse grains in pig diets may not only 
reduce feed cost per unit of pork produced but also provides challenges to achieve predictable 
growth performance and pork quality.
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Introduction

Of all nutrients in diets for pigs, none have been more complex and difficult to characterize, ana-
lyze, and understand than fiber, and there are major gaps in our knowledge about dietary fiber and 
how fiber contributes to the overall provision of energy and nutrients for pigs. Because fiber cannot 
be digested, but only can contribute positively to the energy status of an animal after fermentation 
by microbes, a prerequisite for utilization of energy in fiber is that the animal has a large and diverse 
microbial population in the intestinal tract. Through evolution, some animal species have developed 
enhanced capacities for fiber fermentation, which resulted in differences among animal species in 
the development of their digestive systems. However, unlike pregastric and hindgut fermenters, pigs 
have a relatively small fermentation capacity, which by definition limits the ability of pigs to fer-
ment fiber and subsequently utilize the energy from fiber. However, certain substances that are 
included in the fiber fraction of feed ingredients are easily fermentable, and the majority of the solu-
ble fibers are fermented in the cecum of pigs (Urriola et al. 2010; Jaworski and Stein 2017), whereas 
the insoluble dietary fibers (IDFs) are harder to ferment. Accurate analysis of the different fiber 
fractions is, therefore, a prerequisite for being able to predict the utilization of fiber by pigs, but 
unfortunately, there is great confusion about fiber analysis and even when the same analysis is used, 
results may be different depending on the actual equipment used for the analysis. As a consequence, 
detailed analysis of fiber and its different components is important for understanding fiber and pre-
dicting the energy value to pigs of fiber in different feed ingredients. The objective of the current 
contribution is to summarize current knowledge about dietary fiber in terms of characterization, 
analysis, and fermentation of fiber. Postabsorptive metabolism of absorbed end products resulting 
from fiber fermentation in pigs is illustrated and the impact of dietary fiber on digestibility and 
absorption of other nutrients is discussed as well.

Definition of Dietary Fiber

Dietary fiber is defined as the sum of “non- digestible soluble and insoluble carbohydrates with three 
or more monomeric units and lignin that are intrinsic and intact in plants, and isolated or synthetic 
non- digestible carbohydrates with three or more monomeric units determined to have physiological 
effects that are beneficial to human health” (FDA 2016). Total dietary fiber (TDF) include all non-
digestible carbohydrates such as oligosaccharides, cellulose hemicelluloses, and resistant starch 

14 Fiber in Swine Nutrition
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(Bach Knudsen et al. 2013). Based on functional, chemical, and physical properties, TDF may be 
divided into soluble dietary fiber (SDF) and IDF.

The SDF may form a viscous gel due to its solubility in water and is composed of pectins, gums, 
inulin- type fructans, and other hemicelluloses like β- glucans (Lattimer and Haub 2010). SDF is 
partially or completely fermented in the cecum producing short- chain fatty acids (SCFA; 
Slavin 2013; Jaworski and Stein 2017). IDF does not form gels due to its water insolubility and is 
composed of cellulose, lignin, and insoluble hemicelluloses (Dreher 2001; Lattimer and Haub 2010). 
IDF may be fermented in the large intestine, where SCFAs are synthesized and after absorption 
contribute to the energy needs of the animal (Bach Knudsen 2011; Stipanuk and Caudill 2013). 
However, IDF is much less fermentable than SDF (Urriola et al. 2010).

Structures of Dietary Fiber

Although the concept of defining dietary fiber is straight forward as indicated below, not all ingre-
dients and diets contain all fiber components, and analytical difficulties exist in terms of quantifying 
each component. However, attempts to analyze all fiber components need to be made to account for 
all nutrients in feed ingredients (Navarro et al. 2018a).

Oligosaccharides
Naturally occurring oligosaccharides consist of galacto oligosaccharides, fructooligosaccharides, 
and mannan oligosaccharides (Figure 14.1). Synthetically produced transgalacto oligosaccharides 
are also available, but are primarily used in the human food sector and are usually not used in swine 
nutrition. Oligosaccharides typically contain between 3 and 60 monosaccharides and are separated 
from other fiber components based on their solubility in 80% ethanol (Englyst and Englyst 2005).

Galacto oligosaccharides, which are sometimes called α- galactosides, include raffinose, stachy-
ose, and verbascose, and are primarily present in legumes with soybeans having the greatest con-
centration. Typical concentration of raffinose in soybean meal vary between 1 and 1.5%; stachyose 
varies between 4 and 8%, and verbascose is usually present at less than 0.5% (Choct et al. 2010; 
Ibáñez et al. 2020). Stachyose is present at lower concentrations in field peas and lupins, but the 
concentration of verbascose is between 1 and 3% in field peas (Wang and Daun 2004; Zaworska 
et al. 2018) and may be greater than 3% in lupins (Kaczmarek et al. 2016). Inclusion of galacto 
oligosaccharide is often limited in diets for young animals because they may cause diarrhea (Liying 

Galacto oligosaccharides

Transgalacto oligosaccharidesOligosaccharides

Fructo-oligosaccharides
Inulin
Levans

Mannan-oligosaccharides

Raffinose
Stachyose
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Figure 14.1 Oligosaccharides in feed ingredients.
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et al. 2003), but fermentation of soybean meal effectively removes galacto oligosaccharide from the 
meal (Cervantes- Pahm and Stein 2010; Rojas and Stein 2013; Espinosa et al. 2020).

Fructooligosaccharides are sometimes referred to as fructans and consist of inulin and levans, 
which contain a molecule of sucrose and a varying number of fructose monosaccharides (Franck 2006). 
Inulin is naturally present in wheat, chicory, and other plants and may contain up to 60 monosac-
charides. Inulin is sometimes produced commercially by extraction from chicory and may be 
included in diets for pigs as a prebiotic and may have immune protective effects in the small intestine 
of pigs (Hansen et al. 2010). Levans are longer chained and sometimes branched fructooligosaccha-
rides that are produced by bacteria and fungi who secrete the levansucrase enzyme (Franck 2006).

Glucomannan is a water- soluble hemicellulose and is also known as mannan oligosaccharide. 
Alpha- (1- 4)- linked mannose and glucose in a ratio of 1.6:1 are the main sugars in glucomannan 
(Katsuraya et al. 2003). Glucomannan is present in bacterial residues, konjac and mung bean plants, 
and yeast cell walls and exists with various branches or glycosidic linkages in the linear structure 
(Elbein 1969; Arvill and Bodin 1995; Chorvatovičová et al. 1999; Tokoh et al. 2002). For pigs, 
glucomannan derived from the cell wall of yeast has been used as an alternative to antibiotic growth 
promoters because this may eliminate pathogenic bacteria from the intestinal tract (Miguel 
et al. 2004). Average daily gain, average daily feed intake, and gain to feed of pigs fed diets contain-
ing supplemental glucomannan were increased compared with pigs fed a control diet (Miguel 
et al. 2004; Rosen 2006; Edwards et al. 2014).

Nonstarch Polysaccharides
Nonstarch polysaccharides (NSP) are composed of up to several hundred thousand monosaccharide 
units (Loy and Lundy 2019). In cereal grains, NSP provide rigidity to the outer layer and are key 
constituents needed for physiological processes during grain development (Hamaker et al. 2019). 
NSP do not contain α- (1- 4)- linked glycosyl units that are characteristic for starch (Englyst 
et al. 2007), but instead contain 1. β- linkages that cannot be digested by animal enzymes. The NSP 
consist of cellulose and noncellulosic polysaccharides (Bach Knudsen et al. 2013), with the latter 
group sometimes called hemicellulose (Figure 14.2). Cellulose is present in all plant feed ingredi-
ents, and the majority of the noncellulosic polysaccharides in cereals and cereal grain coproducts 
are arabinoxylans and mixed linked 1. β- glucans although smaller amounts of xyloglucans may also 
be present (Bach Knudsen 2001). In contrast, the NSP in oilseed meals and other legumes primarily 
consist of cellulose, xyloglucan, and pectic polysaccharides (Choct et al. 2010; Navarro et al. 2019).

Cellulose
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Figure 14.2 Nonstarch polysaccharides in feed ingredients.
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Cellulose
Cellulose is the most abundant organic compound in the biosphere, and it is the major polysaccha-
ride of glucose in plants (Tymoczko et  al.  2015; Held et  al.  2015). Cellulose is composed of 
unbranched chains of β- (1- 4)- linked D- glucose that bind between 7000 and 15 000 glucose units in 
a flat ribbon form. This particular conformation allows cellulose chains to maintain the conforma-
tion and form intramolecular hydrogen bonds between the hydroxyl groups at the C3 positions of 
neighboring glucose residues (Hamaker et al. 2019). This structure and the associated H bonds also 
allow the cellulose chains to stack together to form larger microfibrils, which facilitate the associa-
tion with other carbohydrates and lignin moieties that allow the formation of a rigid strong cell wall 
structure (Tymoczko et al. 2015; Loy and Lundy 2019).

Cellulose contains both crystalline and amorphous domains, and the structure of the cellulose 
molecules influences the physical properties and chemical behavior. Reactants and enzymes may 
penetrate the amorphous region, and it is, therefore, primarily the amorphous regions of the cellu-
lose that may be fermented. In contrast, the crystalline regions are largely resistant to fermentation 
(Ciolacu et al. 2011). In corn and corn distillers dried grains with solubles (DDGS), the crystallinity 
of cellulose is approximately 50% (Xu et al. 2009).

Hydrolysis of cellulose requires endoglucanases, which randomly hydrolyze β- (1- 4) glycosidic 
bonds from the internal part of the amorphous region, forming new reducing or nonreducing ends 
that may be hydrolyzed by exoglucanases (Duan and Feng  2010; Zhang and Zhang  2013). 
Exoglucanases cleave from the reducing or nonreducing ends of cellulose (Zhang and Zhang 2013) 
to release oligosaccharides or disaccharides. To complete hydrolysis, two additional enzymes are 
needed: cellodextrinases and β- glucosidases. Cellodextrinases hydrolyze soluble cello- 
oligosaccharides, which generates cellobiose (Duan and Feng 2010), and β- glucosidases hydrolyze 
soluble cellodextrins and cellobiose to glucose (Zhang and Zhang 2013).

Arabinoxylan
Arabinoxylan is the main noncellulosic NSP in cereal grains and grain coproducts and often com-
prise 50–60% of all fiber in cereal grains and cereal grain coproducts (Jaworski et  al.  2015). 
Arabinoxylan contains a xylose backbone and sidechains containing arabinose, D- glucuronic acid, 
and acetyl groups (Navarro et al. 2019). Xylose units may also be attached to arabinose monomers 
in the sidechains, and these xylose units may be further substituted with galactose. Strong hetero-
geneous intermolecular complexes are formed due to the arabinoxylan cross- linking. These com-
plexes affect enzymatic degradation and potential encapsulation of nutrients within the cell wall 
(Lapierre et al. 2001; Pedersen et al. 2014). Several phenolic acids including ferulic acid, p- coumaric, 
dehydrodiferulic, and dehydrotriferulic acids may be covalently bound to cell wall arabinoxylans 
through ester linkages to the arabinose side chains. The phenolic acids are major barriers to fermen-
tation of fiber because they link to lignin, which make the sidechains un- fermentable.

Arabinoxylans are present in the cell wall material from the endosperm and in the bran, but arabi-
noxylan from the bran has a lower arabinose/xylose ratio compared with arabinose from intact fiber, 
which includes bran and endosperm (Yadav et al. 2007). Therefore, the arabinoxylan that is located 
in the endosperm is more branched or have a less heterogeneous structure with more arabinose side 
chains than the arabinoxylan from the bran portion (Hamaker et al. 2019). The concentration of 
ferulic acid in the endosperm is also less than in the bran portion (Yadav et al. 2007). The phenolic 
acid content is high and in corn bran, it can be up to 5%, primarily ferulic acid (Saulnier and 
Thibault 1999).

Ferulic acid residues allow arabinoxylan chains to cross- link with each other through di and tri 
ferulic acid bridges, which together with linkages to lignin, and association with proteins limit the 
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solubility of arabinoxylan (Navarro et al. 2019). Due to the complex structure of arabinoxylans nine 
different enzymes are needed for complete hydrolysis, and it is believed that at least three or four of 
these enzymes are not synthesized by microbes in the hindgut of pigs (Stein 2019). To increase fer-
mentation of arabinoxylans, β- (1- 4) endoxylanases may be added to swine diets to cleave the xylan 
backbone via hydrolysis of the β- (1- 4) glycosidic bonds between xylose units (Dodd and Cann 2009). 
The debranching enzyme α- arabinofuranosidase also is needed to hydrolyze the α- (1,5) glycosidic 
bond between 2 L- arabinose units in the side chain, but this enzyme is not expressed by intestinal 
microbes, and therefore, needs to be added to the diets (Stein 2019). To de- lignify the arabinoxylans, 
ferulic and coumaric acid esterases are needed to hydrolyze the linkage between L- arabinose and 
ferulic acid or coumaric acid, respectively (de Vries 2003). However, these esterases are also not 
expressed by intestinal microbes and need to be added to the diets (Stein 2019).

Beta- glucans
Beta- glucans are homopolysaccharides of β- d- glucopyranosyl residues linked via a mixture of  (1- 3) 
and (1- 4) glycosidic linkages, with blocks of (1- 4) linked units (oligomeric cellulose- like  segments) 
separated by (1- 3) linkages (Izydorczyk 2017; Hamaker et al. 2019). Beta- glucans are present in 
quantities lower than arabinoxylans and cellulose, and polished rice, sorghum, and corn contain less 
than 1% beta glucans, whereas the concentration is approximately 2% in rye, and 2–5% in barley 
and oats (Jha and Berrocoso 2015; Navarro et al. 2019). In corn, β- glucan is composed of approxi-
mately 67.5% cellotrimer and 26.7% cellotetramer segments. The remaining part of the molecule 
consists of 0.3% cellobiose segments and 5.4% cellodextrin- like oligosaccharides containing more 
than four consecutive 4- O- linked glucose residues (Yoshida et al. 2014; Hamaker et al. 2019).

In the beta- glucan structure, the β- (1- 3) linkages form coils that create an asymmetric conforma-
tion that prevents intermolecular alignment of chains into cellulose microfibrils. The asymmetric 
conformation allows the molecule to form water- soluble gel- like matrices that reinforce the cellu-
losic microfibrils in the wall (Burton and Fincher 2009).

Pectic Polysaccharides
Pectic polysaccharides are the major noncellulosic NSP in oilseeds and oilseed meals, which include 
homogalacturonan, rhamnogalacturonans, arabinans, arabinogalactans, and xylogalacturonans 
(Navarro et al. 2019). Homogalacturonan is a polymer of galacturonic acids that are substituted with 
O- methyl or O- acetyl groups (Caffall and Mohnen 2009). The more complex rhamnogalacturonan 
Type I has a backbone consisting of alternating units of galacturonic acid and rhamnose and side-
chains containing galactose, arabinose, and O- acetyl units. Rhamnogalacturonan Type II is the most 
complex of the pectic polysaccharides with the galacturonan backbone having sidechains contain-
ing arabinose, galactose, fucose, glucuronic acid, rhamnose, and other monosaccharides. Due to the 
highly branched structure, rhamnogalacturonan Type II is largely resistant to fermentation by 
microbes in the hindgut of pigs (Albersheim et al. 2011). Arabinogalactans consist of a galactose 
backbone with arabinose sidechains (Type I) or both arabinose and galactose in the sidechains 
(Type II), whereas xylogalacturonans have a galacturonic acid back bone and sidechains of xylose 
(Caffall and Mohnen 2009).

Xyloglucans
Xyloglucans are mainly present in oilseed meals and pulse crops and consist of a glucose backbone 
with sidechains of xylose to which galactose, fucose, and arabinose may be attached (Bach Knudsen 
et al. 2013). After cellulose, xyloglucans are the quantitatively most important fiber component in 
oilseed meals.
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Lignin
Lignin is not considered a polysaccharide, but is present in the cell wall and the sum of lignin and 
NSP equals the amount of TDF in a feed ingredient. Based on its structure and presence in the cell 
wall, lignin prevents biochemical degradation and physical damage of cell walls (Bach 
Knudsen 1997). Lignin is an organic polymer formed by phenyl propane units organized in a tri- 
dimensional structure. Coniferyl, sinapyl, and p- coumaryl alcohols, which can be transformed into 
guaiacyl (G unit), syringyl (S unit) and p- hydroxyphenyl (H unit), are the precursors needed to 
synthesize lignin (He et al. 2018), and these units are connected by aryl- ether and carbon−carbon 
linkages (Van Erven et  al.  2019). The concentration of lignin in the corn grain is around 1.1% 
(weigh basis), which is lower than in other cereal grains (Bach Knudsen 1997; Hamaker et al. 2019).

Lignin is bound to coumaric acid or ferulic acid in arabinoxylans or pectic polysaccharides, but 
small amounts of lignin may be bound to other polysaccharides (Cuevas Montilla et  al.  2011). 
Digestive or microbial enzymes cannot degrade lignin, and lignified parts of fiber are, therefore, 
unfermentable. As a consequence, fermentability of arabinoxylan from the bran of the corn grain is 
low due to the linkages between lignin and arabinoxylan in the cell wall.

Analysis of Fiber in Feed Ingredients

Analysis of dietary fiber in feed ingredients may be divided into three main methods: (i) enzymatic–
gravimetric methods; (ii) nonenzymatic–gravimetric methods; and (iii) enzymatic–chemical meth-
ods (Figure  14.3). Nonenzymatic–gravimetric methods include two procedures: The Weende 
method, which uses acid hydrolysis to extract sugars and starch, and alkaline hydrolysis to remove 
protein, some hemicelluloses, and lignin. The other procedure is the Van- Soest method, which 
quantifies neutral detergent fiber (NDF) and acid detergent fiber (ADF; Champ et al. 2003), also 
known as the detergent fiber analysis.

Enzymatic–gravimetric methods include the use of enzymes to remove protein and starch fol-
lowed by precipitation and isolation of SDF and a correction for protein and ash in the residue 
(McCleary 2003). The most used enzymatic gravimetric methods to analyze feed ingredients are 
analyses that quantify IDF, SDF, TDF, and lignin.

In enzymatic–chemical methods, amylase is added to the sample to remove starch, followed by 
separation of soluble and insoluble fractions and determination of polysaccharides by chromatogra-
phy (McCleary 2003). The enzymatic–chemical methods allow for quantification of the individual 
sugars included in NSP. Phenolic acids and lignin may also be analyzed.

Soluble
hemicellulose

Insoluble
hemicellulose

Cellulose

Lignin

Crude
fiber ADF

NDF

NSP
TDF

IDF

SDF

Lignin

Figure 14.3 Fiber components included in each analysis for dietary fiber.
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Crude Fiber Analysis

The crude fiber analysis is a chemical- gravimetric method, which separates carbohydrates into 
crude fiber and nitrogen free extract. This method was developed at the Agricultural Experiment 
Station in Weende in Germany and is, therefore, included in the proximate analysis procedures 
known as the Weende Analyses (Fahey et al. 2019). Fiber is quantified by digesting a sample with 
1.25% sulfuric acid and 1.25% sodium hydroxide and the residue left after digestion is quantified 
after drying (Bach Knudsen 2001). However, because of the alkali that is used to dissolve the pro-
tein, some lignin is also dissolved, and because of the sulfuric acid that is used, some of the hemicel-
luloses are also dissolved (Fahey et al. 2019). The crude fiber analysis, therefore, does not capture 
all fiber in a feed ingredient and the underestimation of hemicellulose and lignin may be more than 
50% (Bach Knudsen 2001; Alyassin and Campbell 2019). As a consequence, the crude fiber analy-
sis is not considered an accurate assessment of the fiber in a feed ingredient. Nevertheless, despite 
the inaccuracies associated with the crude fiber analysis, the amount of crude fiber needs to be 
declared for all swine diets that are commercially sold in the U.S. The official method for analyzing 
fiber in feed ingredients is AOAC method 962.09 (AOAC Int. 2007), but a fiber bag technique for 
analysis is also available (Method Ba6a.05; AOCS 2006).

Detergent Fiber Analyses

A method to analyze ADF and lignin was developed by van Soest and coworkers in the 1960s, and 
the method has later been modified (van Soest et al. 1991; Mertens 2003). The main objective of the 
ADF analysis is to analyze cellulose and lignin, but the analysis does not include insoluble hemicel-
luloses (Jung 1997; Udén et al. 2005). In this method, protein is removed from the fibrous residue 
using cetrimonium bromide. Samples are then treated with 1 N H

2
SO

4
 to remove nonfibrous com-

pounds (Mertens 2003). At the end, samples are dried and the ADF fraction is calculated as the final 
weight of the sample divided by the initial sample weight.

Because the ADF method does not quantify total fiber due to the exclusion of hemicelluloses, the 
NDF method was developed (van Soest et al. 1991; Udén et al. 2005). NDF represents the insoluble 
fraction in fiber, which includes hemicellulose, cellulose, and lignin, but excludes soluble hemicel-
luloses, resistant starch, and low molecular weight sugars. The NDF analysis is performed using a 
chemical solubility- gravimetric method. Samples are treated with anionic detergent, which is 
mainly composed of sodium dodecyl sulfate, ethylenediaminetetraacetic disodium salt dehydrate, 
and sodium lauryl sulfate. These reagents extract the proteins, and fats are removed by hot water 
and acetone (Mertens 2003). During the extraction, thermostable α amylase is added to remove 
starch and this is followed by filtration and washing (Mongeau and Brooks 2003). Samples are then 
dried, and the NDF fraction is calculated as the final weight of the sample divided by the initial 
sample weight. Quantities of ADF and NDF in a feed ingredient may be analyzed using separate 
analyses – or they may be analyzed using a sequential procedure where the NDF is first quantified 
and the residue is then treated with the acid detergents.

The ADF residue may be further treated with 12M sulfuric acid for three hours, which results in 
the dissolution of cellulose and other nonlignin components. At the end of digestion, the residue is 
dried and lignin is calculated as the weight of the sample after the treatment divided by the weight 
of the sample before the treatment (Fukushima et al. 2015; Fahey et al. 2019). Lignin analyzed 
using this procedure is called acid detergent lignin (ADL). Another method to measure lignin 
includes the acid detergent permanganate lignin procedure, which typically yields values that are 
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slightly greater, but correlated with, values for ADL (Fahey et al. 2019). Lignin may also be quanti-
fied using the Klason lignin procedure. In this analysis, samples are treated with amylase and 
amyloglucosidase to remove starch followed by a precipitation using 80% ethanol. Afterward, sam-
ples are treated with 12M sulfuric acid, and the nonhydrolyzed residue is collected and ashed and 
Klason lignin is determined as the difference in weight between the residue before ashing and after 
ashing (Hatfield et al. 1994; Bach Knudsen 1997).

Insoluble hemicelluloses may be calculated as the difference between ADF and NDF, and cellu-
lose can be calculated as the difference between ADF and lignin (Jaworski and Stein 2017; Abelilla 
and Stein 2019). However, the detergent fiber analyses do not quantify any of the soluble hemicel-
luloses or the low molecular weight sugars and inaccuracies in results for NDF and ADF may be 
associated with extraction of tannins and chelation with Ca (Fahey et al. 2019).

Total Dietary Fiber Analysis

There are several AOAC official methods for measuring TDF. The first AOAC official method for 
TDF (Method 985.29; AOAC Int.  2007) was an enzymatic–gravimetric method, which did not 
allow separation of dietary fiber into soluble and insoluble fractions. The basic principle of this 
method is that dried and defatted samples are treated with enzymes (α- amylase, amyloglucosidase, 
and protease) that mimic the digestive process in the small intestine. Digestible carbohydrates and 
protein are hydrolyzed and removed from the sample and the residue is weighed (Prosky et al. 1984; 
Mertens 2003). The residue also is analyzed for undigested proteins and ash, and the TDF is the 
weight of the filtered and dried residue less the weight of the protein and ash.

Subsequent modifications allowed for separating TDF into SDF and IDF (Method 991.43; AOAC 
Int. 2007). This method is an extension of Method 985.29 (AOAC Int. 2007), but includes an addi-
tional step. After the enzymatic digestion by heat- stable α- amylase (95 °C for 30 minutes), protease, 
and amyloglucosidase, IDF is filtered, and the residue is washed with warm distilled water. The 
combined solution of filtrate and water is precipitated with four volumes of 95% ethanol for SDF 
determination. The precipitate is then filtered and dried. Both SDF and IDF residues are corrected 
for protein and ash before final calculation of SDF and IDF. TDF is calculated as the sum of SDF 
and IDF.

The AOAC procedures for measuring TDF (e.g., AOAC Method 985.29 and AOAC Method 
991.43) do not quantitatively measure undigestible low- molecular- weight sugars and only partially 
includes resistant starch although these fractions are also included in the total fiber fraction in a feed 
ingredient or diet. However, the method developed by McCleary (2007) allows for measuring low- 
molecular- weight sugars in addition to measuring TDF (including resistant starch) and this method 
was later adopted by the AOAC (Method 2009.01). In this procedure, samples are incubated with 
pancreatic α- amylase and amyloglucosidase (37 °C, pH 6) for 16 hours to hydrolyze nonresistant 
starch and protein is digested with protease. The pH is then adjusted to 4.3 and precipitated SDF and 
IDF are recovered in sintered glass crucibles. After washing with ethanol and drying, the weight of 
each fraction is recorded. One duplicate is analyzed for protein and ash. The TDF is the weight of 
the filtered and dried residue less the weight of the protein and ash. The ethanol wash solution can 
be concentrated, desalted, and analyzed by HPLC to determine low- molecular- weight sugars 
(McCleary 2007).

An extension of method 2009.01 was later suggested to quantify IDF, SDF, and TDF inclusive of 
the resistant starch as well as low- molecular- weight sugars, but this method includes resistant starch in 
the SDF fraction (Method 2011.25; McCleary et al. 2012; Nguyen et al. 2019a). Sample preparation 
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is similar to method 2009.01, and after incubation and digestion, samples are digested and filtered 
and the IDF is determined gravimetrically after correction for protein and ash in the residue. Ethanol 
is then added to the filtrate of the IDF, and SDF is captured by filtration and determined gravimetri-
cally after correction for protein and ash in the precipitate. The TDF is calculated as the sum of IDF 
and SDF. The nonprecipitable part of the filtrate may also be recovered by concentrating the filtrate 
and analyzed by HPLC to measure low- molecular- weight sugars (McCleary et al. 2012).

AOAC Method 2011.25 is similar to AOAC Method 991.43, with the exception that Method 
2011.25 simulates digestion in vivo and, therefore, TDF may be better quantified because resistant 
starch and low- molecular- weight sugars are included in the analysis (Nguyen et al. 2019a).

Thus, a total of 4 AOAC procedures may be used to analyze TDF, but each method will give dif-
ferent values because different parts of the fiber fraction is included (Table 14.1). However, it was 
recently demonstrated that method 991.43 and method 2011.25 do not give different estimates for 
TDF even when feed ingredients with relatively high concentrations of resistant starch are analyzed 
(Nguyen et al. 2019a). Whether this is a result of method 991.43 capturing most of the resistant 
starch or because method 2011.25 does not effectively quantify resistant starch is not known. It is, 
therefore, likely that further refinements in analyzing the TDF in feed ingredients will be developed 
in the future.

Analysis for Nonstarch Polysaccharides

The TDF procedure includes both NSP and lignin, but NSP may be analyzed separately by quantify-
ing all monosaccharides in the fiber using a chemical gravimetric method. The procedure is per-
formed in three parallel extractions: (i) total NSP, (ii) noncellulosic polysaccharides, and (iii) 
insoluble NSP (Bach Knudsen 1997). This procedure starts with the removal of starch using an 
enzymatic procedure that includes (i) α- amylase to cleave α- (1- 4) linkages to maltose, maltriose and 
maltodextrins and (ii) amyloglucosidase to cleave dextrins (Bach Knudsen 1997). Afterwards, sol-
utes are removed using a sodium phosphate buffer at pH 7, and NSP is precipitated using ethanol. 
Sulfuric acid is then used to swell the cellulose and hydrolyze the NSP (Bach Knudsen  1997; 
Jaworski et al. 2015). Individual monosaccharide sugars are subsequently analyzed using gas chro-
matography. However, the monosaccharides first need to be derivatized (Chen et al. 2009), which is 
a chemical modification that allows for analysis of carbohydrates because of the instability of 

Table 14.1 Current AOAC methods to analyze dietary fibera,b

Item Enzymatic–gravimetric methods
Enzymatic–gravimetric- liquid 

chromatographic methods

AOAC method: 985.29 991.43 2009.01 2011.25

Total dietary fiber + + + +
Insoluble dietary fiber − + − +
Soluble dietary fiber − + − +
Resistant starch − − + +
Low- molecular- weight 
sugars

− − + +

a + component measured in the method; − component not measured in the method.
b Adapted from AOAC Int. (2007); Fahey et al. (2019), and Nguyen et al. (2019a).
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polysaccharides at high temperatures. Derivatization confer volatility to the carbohydrates without 
structural changes and improves chromatographic condition for detection (Izydorczyk 2017). There 
are different techniques for derivatization, but specifically for the analysis of monosaccharides in 
fiber, an acetylation of alcohols is used in the presence of 1- methyl imidazole as a catalyzer (Bach 
Knudsen 1997).

Uronic acids are analyzed separately using a colorimetric method (Scott 1979). Five standards 
with different concentrations of uronic acid are used to build a calibration curve. The standards 
and the samples react with 96% sulfuric acid in the presence of a solution composed of sodium 
chloride and boric acid as a catalyzer. Subsequently, 3,5 dimethyl phenol is added to form a 
chromogen because this reagent is selective for 5- formyl- 2- furancarboxylic acid, which is 
formed from uronic acids (Scott 1979). After this reaction, the absorbance of the sample as well 
as the absorbance of the five standards is read on a spectrophotometer (Bach Knudsen 1997). 
Following quantification of monosaccharides and uronic acids, total NSP is calculated as the 
sum of the analyzed monosaccharides plus the uronic acids (Bach Knudsen  1997; Jaworski 
et al. 2015).

Phenolic Acid Analyses

Phenolic acids are often associated with arabinoxylan and may link to lignin, which forms a major 
barrier for microbial fermentation in the hindgut (Wefers et al. 2017; Vangsøe et al. 2020). The major 
phenolic acids in cereal grains are coumaric acid and ferulic acid (Vangsøe et al. 2020). Analysis of 
ferulic acid and coumaric acid starts with treatment of the samples with 0.5M KOH to extract the 
free and bound ferulic and coumaric acids. Bound phenolic acids are then extracted by suspending 
the sample in sodium acetate buffer (pH 5.7). Quantification of the phenolic acids is performed 
using ultra- high performance liquid chromatography (Appeldoorn et  al.  2010; Van Dongen 
et al. 2011).

Fermentation of Dietary Fiber

Pigs lack endogenous enzymes to digest dietary fiber; therefore, microbes in the intestinal tract of 
pigs ferment dietary fiber to obtain energy (Anguita et al. 2006). Fermentation is a metabolic pro-
cess where organic substrates are enzymatically hydrolyzed to yield energy in the absence of oxy-
gen (Abdel- Rahman et  al.  2013). The undigested portion of carbohydrates (i.e., nondigestible 
oligosaccharides, NSP, resistant starch) serves as a substrate for intestinal microbes, and this results 
in the production of SCFA, which can be utilized by pigs as a source of energy (Macfarlane and 
Macfarlane 2007). Dietary fiber is mostly fermented in the hindgut of the pig, particularly in the 
cecum and large intestine; however, the apparent ileal digestibility (AID) of NSP by pigs can range 
from zero to 45%, indicating that some fermentation can occur prior to the hindgut of the pig (Bach 
Knudsen et al. 2013; Abelilla and Stein 2019). Fermentation of nutrients in the gastrointestinal 
tract results in symbiotic advantages for the pig and the microbial population because microbes 
ferment dietary fiber to obtain ATP and synthesizes SCFA, which are absorbed and used as a 
source of energy by the pig. Fermentation, therefore, influences microbial ecology of pigs (Pieper 
et  al.  2009) and may positively impact intestinal health. Production of SCFA in the hindgut is 
dependent on the substrate (i.e., composition and physicochemical characteristics, degree of ligni-
fication, and rate of passage) and microbial ecology in the gut (Jha and Berrocoso 2015), which 
indicates that the rate of hydrolysis of NSP may vary among feed ingredients. Substrates high in 
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soluble fiber (e.g., beet pulp) have high fermentability, whereas substrates high in insoluble fiber 
(e.g., canola meal, corn fiber, oat bran, and wheat middlings) have lower fermentability (Jha and 
Berrocoso 2015; Navarro et al. 2018b, 2019). The composition of dietary fiber appears to affect 
fermentability more than the total amount of dietary fiber being consumed by pigs indicating that 
the pigs capacity for fermentation of dietary fiber is not easily overwhelmed (Navarro 
et al. 2018c, 2019).

Synthesis of Short- Chain Fatty Acids

Short- chain fatty acids consist of carbon atoms and the SCFA produced from carbohydrate fermenta-
tion mainly comprises acetate, propionate, and butyrate (Miller and Wolin 1979). Intestinal microbes 
require an anaerobic environment, and microorganisms that produce SCFA in the absence of oxygen 
include Acetobacter, Clostridium, Kluyveromyces, Propionibacterium, and Moorela (Liang et al. 2012; 
Ehsanipour et al. 2016; Bhatia and Yang 2017). Fermentation is an energy conservation process where 
the substrate is less extensively metabolized than in aerobic oxidation. In anaerobic fermentation, only 
a small amount of energy is extracted for microbial growth and approximately 75% of energy in glu-
cose is retained in SCFA (Bergman 1990). Microbes hydrolyze undigested carbohydrates into mono-
saccharides during fermentation, and the monosaccharides are subsequently absorbed into the 
microbial cell and channeled into the pathways of central metabolism (White 2000). Pentoses and 
hexoses are oxidized via the pentose phosphate pathway and the Emdem–Mayerhoff–Parnas/Entner–
Doudoroff pathway, respectively (Jensen and Jørgensen 1994). The end product of both pathways is 
pyruvate, which is subsequently oxidized for synthesis of SCFA. Other end products of microbial 
fermentation of dietary fiber include hydrogen, methane, and carbon dioxide (Jensen and 
Jørgensen 1994).

Two pathways can be used to synthesize acetate from pyruvate (Table  14.2; Figure  14.4). 
In the first pathway, ATP is generated with no net H+ used. In the second pathway, formate is 
also generated with a subsequent synthesis of ATP and methane, which allows microbes to get 
rid of 4 H+.

For propionate synthesis, three different biochemical pathways may be used: (i) randomizing 
pathway, (ii) acrylate pathway, and (iii) propanediol pathway (Macy and Probst  1979; Hetzel 
et al. 2003; Scott et al. 2006). In the randomizing pathway, ATP is generated with 4 H+ used per 
mol of propionate formed from succinate via succinyl- , methylmalonyl- , and propionyl- coA 
(Figure 14.5; Macy et al. 1978). In the acrylate pathway, no ATP is generated, but 4 H+ is used; 

Table 14.2 Summary of pathways involved in short- chain fatty acid (SCFA) synthesis.

Pathway SCFA synthesized ATP generation Number of H+ used By- products

Acetate- I Acetate 1 0 — 
Acetate- II Acetate 1 4 Methane
Randomizing Propionate 1 4 — 
Acrylate Propionate 0 4 — 
Propanediol Propionate 1 0 — 
Acetyl- CoA Butyrate 1 4 — 
Glutarate Butyrate 1 4 — 
4- Aminobutyrate Butyrate 1 4 — 
Lysine Butyrate 1 8 Ammonia
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therefore, this pathway is used to get rid of H+ to maintain redox balance (Figure 14.6). Lactate 
is converted to propionate with acrylyl CoA serving as an intermediate (Whanger and 
Matrone 1967). The metabolic reduction of lactate to propionate provides cells with a route to 
attain redox balance through acrylate and other metabolizable analogs (Prabhu et  al.  2012). 
Bacteria related to Roseburia produce propionate from fucose and rhamnose via the propanediol 
pathway with propanediol as an intermediate (Figure 14.7; Scott et al. 2006). This pathway is 
present in the human colon, but it is not clear if this pathway is also used by pigs (Scott et al. 2006). 
In the propanediol pathway, one ATP is generated per mol of propionate formed (Walter 
et al. 1997).
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Figure 14.4 Two different pathways for synthesis of acetate. Source: Modified from Urriola et al. (2013).
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Figure 14.5 Synthesis of propionate via randomizing pathway. Source: Modified from Urriola et al. (2013).
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For butyrate synthesis, four pathways can be used with crotonyl CoA as a common intermediate: 
(i) the acetyl- CoA, (ii) the glutarate, (iii) the 4- aminobutyrate, and (iv) the lysine pathway (Vital 
et al. 2014). The acetyl- CoA pathway is believed to be the most common pathway used for butyrate 
production using pyruvate/acetyl- CoA (derived from complex polysaccharides) as a substrate. The 
three remaining butyrate- producing pathways are less abundant, and these pathways are used by 
Firmicutes, Spirochaetaceae, and Bacteroidetes (Vital et al. 2014) which are present in the pig colon 
(Looft et al. 2014). In the acetyl- CoA pathway, glutarate pathway, and 4- aminobutyrate pathway, 
microbes generate one ATP and get rid of 4 H+ per mole of butyrate formed to maintain redox bal-
ance (Figure 14.8–14.10; Vital et al. 2014). In the lysine pathway, one ATP is generated per mole of 
butyrate formed, and 2 moles of ammonia (NH

3
) are excreted as well, which results in a loss of 8 H+ 

(Figure 14.11; Perret et al. 2011).
The typical ratio of SCFA in feces is 60:20:20 acetate, propionate, and butyrate, respectively (Flint 

et al. 2012). However, different sources of dietary fiber may affect this ratio and acetate may range 
from 60 to 90%, propionate from 10 to 30%, and butyrate from 1 to 20% of the total SCFA synthe-
sized (Titgemeyer et al. 1991; Marsono et al. 1993). As an example, the proportion of acetate was 
greater in feces from pigs fed diets containing DDGS compared with pigs fed diets without DDGS 
(Espinosa et al. 2019) although that is not always the case (Urriola and Stein 2010). However, SCFA 
recovered in feces represent the SCFA that was not absorbed by the pig, and it is uncertain if all 
SCFA are absorbed with the same efficiency, but if that is not the case, the ratio between synthesized 
acetate, propionate, and butyrate may be different from the ratio between the 3 SCFA that is present 
in the feces. Fecal bulk is heavily influenced by dietary fiber with increasing quantities of feces being 
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voided by pigs as dietary fiber concentration increases. It is, therefore, not unusual that the concen-
tration of SCFA is less in feces from pigs fed a high- fiber diet than from pigs fed a low- fiber diet. 
However, if the concentration of each SCFA is multiplied by the total quantity of feces being voided, 
pigs fed high- fiber diets always excrete more SCFA than pigs fed low fiber diets (Jaworski et al. 2017).

Absorption of Short- Chain Fatty Acids

The SCFA synthesized are released from the microbial cell into the intestinal lumen to be absorbed by 
pigs and mainly used as a source of energy. The majority of the production and absorption of SCFA 
in the gastrointestinal tract of pigs takes place in the large intestine (Barcroft et  al.  1944; Elsden 
et al. 1946). Less than 1% of SCFA infused in the cecum are recovered in the feces of pigs (Jørgensen 
et al. 1997b) indicating that SCFA absorption in the large intestine is highly efficient. Short- chain fatty 
acids are absorbed through passive diffusion, anion exchange (carrier- mediated), or by transporter- 
mediated absorption (Kirat and Kato 2006; Wong et al. 2006). Passive diffusion requires the proto-
nated form of each SCFA, but only 1% of total SCFA in the intestinal lumen is protonated (Cook and 
Sellin 1998). However, protons (from Na/H exchange, K+H+- ATPase, or bacterial metabolic activity) 
are exchanged at the apical epithelium where the pH is lower compared with the center of the lumen, 
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and therefore, almost 60% of SCFA are protonated by the time they are present at the apical epithe-
lium (Cook and Sellin 1998). The carrier- mediated mechanism exchanges bicarbonate for SCFA at 
the intestinal epithelium (Cook and Sellin 1998). Active SCFA transporters are located throughout the 
gastrointestinal tract, but abundance of transporters may be dependent on SCFA  production 
(Hadjiagapiou et al. 2000; Gill et al. 2005). Active transporters of SCFA include  monocarboxylate 
transporter (MCT- 1) and sodium- coupled MCT- 1 (Welter and Claus 2008; Thangaraju et al. 2008). 
The MCT- 1 is a proton- coupled transporter of SCFA, lactate, and other monocarboxylates into 
 colonocytes (Welter and Claus 2008). The sodium MCT- 1, on the other hand, is a sodium- coupled 
electrogenic transporter with high affinity for butyrate (Thangaraju et al. 2008). The SLC5A8 form of 
the sodium- coupled MCT- 1 was first identified as a tumor suppressor and is expressed on the apical 
epithelium, which thereby allows access to butyrate for transport (Ganapathy et al. 2008). The MCT- 1 
transporter is present in human and pig colonocytes (Ritzhaupt et al. 1998), but it is not clear if the 
SLC5A8 transporter is also present in pig colonocytes (Parada Venegas et al. 2019).

Absorption of other nutrients from the diet may also be facilitated during SCFA absorption 
(Yen 2001). Minerals bound to amino acids or SCFA can be absorbed through solvent drag, which 
involves movement of minerals through the tight junction pores (Goff 2018). Minerals suspended in 
the water can be absorbed when water passes through the pores within the protein meshwork form-
ing the tight junction (Goff 2018).
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Figure 14.10 Synthesis of butyrate via 4- aminobutyrate pathway. Source: Modified from Vital et al. (2014).
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Metabolism of Short- Chain Fatty Acids

Uptake of individual SCFA by various tissues is regulated through the enzymatic activation of 
SCFA. The relative activities of key enzymes (i.e., acetyl- CoA synthetase, propionyl- CoA syn-
thetase, and butyryl- CoA synthetase) in specific tissues ensure that butyrate is mainly metabolized 
in intestinal epithelium, whereas propionate and acetate are mainly metabolized in the liver (Ash 
and Baird 1973; Bergman 1990). Acetate, propionate, and butyrate are activated with coenzyme A, 
and this reaction is catalyzed by acetyl- CoA synthetase, propionyl- CoA synthetase, and butyryl- 
CoA synthetase, respectively (Bergman 1990). The activated SCFA are channeled into pathways of 
central metabolism to be metabolized and used as energy for maintenance and growth, as well as 
substrates for lipogenesis (Figure 14.12). Acetate accounts for at least 90% of the total SCFA in 
general circulation indicating selective metabolism of butyrate and propionate by colonocytes and 
hepatocytes, respectively (Robertson 2007).

The majority of the absorbed4 butyrate is oxidized to carbon dioxide and ketone bodies in the 
colonic mucosa, which indicates that colonocytes prefer butyrate as a source of energy instead of 
glucose and glutamine (Bergman 1990; Elia and Cummings 2007). The residual butyrate is mainly 
metabolized by the liver and used as a substrate for lipogenesis (Bergman  1990). Aside from 
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providing energy, butyrate can regulate cell proliferation and differentiation, which subsequently 
may prevent colon cancer and adenoma development (Cook and Sellin 1998; Wong et al. 2006).

The activity of propionyl- CoA synthetase is high in the liver of rats and ruminants (Ash and 
Baird 1973), and as a result, the majority of the absorbed propionate is metabolized in the liver to 
be used as a substrate for gluconeogenesis (Wong et al. 2006). Biotin and vitamin B

12
 act as coen-

zymes of propionyl- CoA carboxylase and methylmalonyl- CoA carboxylase, respectively (Marston 
et al. 1961); therefore, increased concentration of propionate can be detected in plasma if animals 
are deficient in vitamin B

12
.

Acetate, which is the most abundant SCFA produced from carbohydrate fermentation, is absorbed 
and transported to the liver (Cook and Sellin 1998). Acetate may also be metabolized by the brain, 
as well as by skeletal and cardiac muscle (Elia and Cummings 2007). The activity of acetyl- CoA 
synthetase is high in adipose tissue and in the mammary gland, which favors acetate to be used as a 
substrate for fatty acid synthesis (Wong et al. 2006).

Contribution of Energy from Fermentation

Fermentation and Digestibility of Dietary Fiber

Because fiber is not digested by endogenous enzymes, digestion of dietary fiber refers to disappear-
ance of fiber that are degraded by microbial fermentation in the intestinal tracts of pigs. Fermentation 
of dietary fiber varies among feed ingredients because of different types of fiber in the feed ingre-
dients (Bindelle et al. 2009). The AID of dietary fiber in high fiber feed ingredients fed to pigs 
ranges from −10 to 62% indicating that some microbial activity may take place when pigs are fed 
certain diets (Bach Knudsen and Jørgensen 2001). However, the apparent total tract digestibility 
(ATTD) of cellulose varies between 23 and 65% in barley, 24 and 60% in wheat and wheat by- 
products, 10 and 84% in rye and rye fractions, and between 13 and 42% in bran and hulls of wheat, 
corn, and oats (Bach Knudsen and Jørgensen 2001). The ATTD of cellulose in a corn and soybean 
meal diet fed to growing pigs is 72.2%, but if high fiber ingredients including wheat middlings or 
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soybean hulls are added to the diet, the ATTD is reduced to around 60% (Jaworski and Stein 2017). 
The ATTD of cellulose and hemicellulose in corn is less than in soybean meal or some high fiber 
ingredients including canola meal, copra expellers, and sugar beet pulp (Navarro et al. 2018b). The 
ATTD of NDF in corn, wheat, and sorghum is 63, 58, and 65%, respectively, and the ATTD of ADF 
is 56, 21, and 61%, respectively (Rodriguez et al. 2020). The ATTD of NDF in canola meal is only 
39%, but the ATTD of NDF in corn DDGS, corn gluten meal, copra expellers, and sugar beet pulp 
ranged from 73 to 83% (Navarro et al. 2018b). The average ATTD of NDF in different sources of 
canola meal, 00- rapeseed meal, and 00- rapeseed expellers is 59.1, 59.5, and 61.4, respectively, and 
the ATTD of ADF was 41.4, 45.1, and 47.5%, respectively (Maison et al. 2015). The AID of TDF 
in corn DDGS varies from 11.4 to 30.8%; the ATTD of TDF varies from 29.3 to 57.0% (Urriola 
et al. 2010). The ATTD of SDF in most feed ingredients fed to pigs is relatively greater compared 
with IDF (Jaworski and Stein 2017; Navarro et al. 2018b).

Unlike endogenous losses of proteins, amino acids, fat, and minerals, endogenous fiber cannot be 
secreted into the intestinal tract of pigs because fiber by definition originate from plants. However, 
fiber may be analyzed in both the ileal and fecal outputs from pigs fed a fiber- free diet (Cervantes- 
Pahm et al. 2014a; Abelilla 2018). The reason for this observation is that certain nondietary fiber 
components in ileal digesta and feces are analyzed as fiber (Cervantes- Pahm et al. 2014a; Montoya 
et al. 2015, 2016). Indeed, mucin and microbial matter contribute to the ileal output analyzed as both 
SDF and IDF, but most of the mucin is fermented in the hindgut of pigs and the major endogenous 
contribution to fiber in the feces, therefore, is microbial matter, which is included in the IDF fraction 
(Montoya et al. 2015). Whereas this “endogenous” fiber is simply a result of the inability of current 
fiber analyses to distinguish between endogenous and microbial matter and unfermented plant mate-
rial in ileal digesta and feces, the practical implication is that in fiber digestibility experiments, a 
correction for the “endogenous” fiber is needed. Values for fiber fermentation should, therefore, be 
expressed as standardized ileal digestibility (SID) or standardized total tract digestibility of fiber after 
correction for the endogenous components in ileal digesta and feces (Cervantes- Pahm et al. 2014a). 
A further consequence of the fermentation of mucin and other endogenous fractions in the hindgut is 
that some of the absorbed SCFA in the hindgut originate from nondietary substrates (Montoya 
et al. 2017). If the contribution of SCFA from fermentation of dietary fiber needs to be determined, it 
therefore, is necessary to correct for the SCFA produced via fermentation of nondietary substrates.

Soluble fiber is easily fermented by pigs, whereas insoluble fiber has a lower fermentability 
(Urriola et al. 2010; Acosta et al. 2020). Most of the SDF is fermented in the small intestine or the 
cecum, whereas IDF is primarily fermented in the hindgut (Jaworski and Stein 2017). Whereas the 
source of dietary fiber greatly influence fermentability of fiber (Cervantes- Pahm et  al.  2014b; 
Navarro et al. 2018b; Zhao et al. 2020), the quantity of fiber from a specific source does not impact 
fiber fermentability (Navarro et al. 2019), and as a consequence, the greater inclusion rate of dietary 
fiber in a diet is, the greater is the contribution of SCFA to the total energy balance of the pig (Iyayi 
and Adeola 2015; Navarro et al. 2018a).

Amount of Short- Chain Fatty Acids Produced per Gram of Fermented Fiber

Each gram of fermented fiber may yield different amounts of SCFA depending on the type of fiber 
that is fermented. Alpha galactosides such as raffinose and stachyose from soybeans yield more 
gases (CH

4
 and H

2
), cause flatulence, and produce less SCFA during fermentation in the large intes-

tine than fermentation of cellulose and hemicellulose (Liener  1994). The relative synthesis of 
acetate, propionate, and butyrate vary slightly among different sources of fiber (Topping and 
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Clifton 2001; Zhao et al. 2020), but for practical purposes, the ratios between acetate, propionate, 
and butyrate may be assumed to be constant in pigs (de Lange 2008). Among the 3 SCFA, acetate 
is the most dominant, followed by propionate and butyrate. In vitro production rate of SCFA from 
colon digesta of pigs is greater if feed ingredients contain soluble fiber than if the substrate is only 
insoluble (den Besten et al. 2013). Fermentation of branched chained amino acids yields branched 
chain fatty acids (isobutyrate, isovalerate, and valerate) so the concentration of the branched chained 
fatty acids depends on the degree to which branched chained amino acids were fermented. In most 
circumstances, the production of the three branched chained fatty acids is less than 5% of the total 
SCFA production.

Moles of ATP Produced per Mole of Short- Chain Fatty Acids Absorbed and Metabolized

Most of the SCFA that is synthesized in the intestinal tract is absorbed and used as an energy source 
or a regulator for energy metabolisms including fatty acid synthesis, lipolysis, cholesterol synthesis, 
gluconeogenesis, and glucose uptake (den Besten et al. 2013). When fully oxidized, acetate, propi-
onate, and butyrate provide 10, 18, and 28 moles of ATP, respectively. However, because of the 
greater proportion of acetate produced compared with butyrate, acetate provides as much total 
energy as butyrate (Roediger 1982; Clausen and Mortensen 1995; Jørgensen et al. 1997a).

Negative Effects of Fiber on Energy and Nutrient Digestibility

Possible Mechanisms

The use of high fiber ingredients in pig diets has increased to reduce feed cost in diet formulation 
(Woyengo et al. 2014), but increased concentration of fiber in the diet may reduce digestibility of 
other nutrients. The possible negative effects of fiber on nutrient digestibility depends on the type 
of fiber and on inclusion rate. SDF is easily fermented, but because soluble fiber increases water- 
binding capacity in the intestine of pigs, the viscosity, and bulkiness of digesta may increase, which 
reduces the time of exposure to the digestive enzymes (Cervantes- Pahm et al. 2014a; Lindberg 2014). 
In contrast, insoluble fiber may increase the passage rate of the digesta, which may also reduce 
nutrient digestibility by decreasing exposure time to digestive enzymes (Lindberg 2014; Acosta 
et al. 2020). It is also possible that endogenous losses of energy and nutrients increase as dietary 
concentrations of fiber increases.

Effects on Energy Digestibility

Increasing fiber concentration by increasing the inclusion of wheat bran or corn DDGS in the diet 
progressively decreased digestibility of dry matter, starch, and energy (Wilfart et al. 2007; Gutierrez 
et al. 2016; Acosta et al. 2020). The ATTD of gross energy was reduced by increasing the inclusion 
rate of wheat bran (Huang et al. 2015), palm kernel meal (Huang et al. 2018), and canola meal 
(Sanjayan et al. 2014). Inclusion of canola meal, corn germ meal, sugar beet pulp, and wheat mid-
dlings up to 30% also decreased ATTD of gross energy in diets fed to pigs (Navarro et al. 2018c). 
The reduction in dietary energy digestibility was associated with a reduction in dry matter and 
organic matter digestibility (Wilfart et al. 2007; Berrocoso et al. 2015). Adding a mixture of wheat 
bran, maize bran, soybean hulls, sugar beet pulp, canola meal, corn germ meal, and wheat middlings 
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to increase dietary fiber concentrations also reduced total tract energy digestibility in pigs with a 
corresponding reduction in carbohydrate digestibility (Le Gall et al. 2009). Increasing dietary fiber 
by adding sugar beet pulp to diets decreased the ATTD of gross energy (Zhang et al. 2013; Zhang 
et al. 2018). The degree of energy reduction was calculated to be 1% for each 1% increase in NDF 
concentration (Le Gall et al. 2009). This negative effect of NDF on energy digestibility and energy 
concentrations in feed ingredients and diets fed to pigs has often been demonstrated (Noblet and 
Perez 1993; Sol et al. 2017; Zeng et al. 2019; Choi et al. 2020). The solubility of fiber influences 
energy digestibility due to differences in fermentability between soluble and insoluble fiber (Urriola 
et al. 2010; Jaworski and Stein 2017) and the presence of lignin in dietary fiber may reduce energy 
digestibility (Wenk 2001). The reduction in energy digestibility of diets is a consequence of (i) the 
substitution of digestible protein and carbohydrates such as starch with protein and carbohydrates 
bound to less digestible cell wall components of the fiber source, (ii) the influence of the physio- 
chemical characteristics of the fiber on the digestion and absorption processes of the dietary nutri-
ents, and (iii) the physiological effects of fiber on the gastrointestinal tract (Le Gall et al. 2009).

Effects on Amino Acid Digestibility

The effect of dietary fiber on amino acid digestibility depends on the type of fiber used in diets and 
the inclusion rate. Addition of 7.5% citrus pectin to a soybean meal- cornstarch based diet reduced 
the AID of protein and amino acids by 8.2–28.7 percentage units (Mosenthin et al. 1994). A reduc-
tion in the SID of crude protein and amino acids was also observed when 4 or 8% apple pectin was 
added to a wheat- corn- soybean meal- based diet (Buraczewska et al. 2007). A linear decrease in ileal 
N digestibility was observed when purified NDF that was processed from wheat bran was added at 
increasing levels to a soy isolate- cornstarch based diet fed to pigs (Schulze et al. 1994). Adding 15% 
purified wheat NDF also reduced the AID of amino acids by 2–5.5 percentage units except for the 
AID of Cys, Ala, and Gly, which were reduced by 18, 16, and 12 percentage units, respectively 
(Lenis et al. 1996). Increasing the concentration of NDF from 2.72 to 4.16% by adding graded levels 
of soy hulls (3–9%) to soybean meal- cornstarch based diets also induced a linear or quadratic reduc-
tion in AID and SID of most amino acids (Dilger et al. 2004). Likewise, the AID and SID of most 
amino acids were linearly reduced by increasing the concentration of TDF from 12.1 to 21.2% by 
adding alfalfa meal from 0 to 20% in corn- soybean meal- wheat bran diets (Chen et  al.  2015). 
Addition of coarse rapeseed meal and rapeseed hulls also decreased the AID of amino acids in the 
diet containing wheat and barley fed to pigs (Pérez de Nanclares et al. 2017). However, when 10% 
cellulose and barley straw was added to a soybean meal- cornstarch based diet, the AID of amino 
acids except Leu and Gly was not reduced (Sauer et al. 1991). A reduction in AID of amino acids 
was also not observed when graded levels of purified cellulose (4.3–13.3 %) were added to a soy-
bean meal- cornstarch based diet fed to young pigs (Li et al. 1994) and addition of cellulose (10%) 
to a semipurified diet reduced the AID of crude protein and amino acids (Cervantes- Pahm et al. 2014a; 
Liu et al. 2016). In contrast, when carboxymethylcellulose was added to the diets, SID of crude 
protein and amino acids increased (Larsen et al. 1994; Bartelt et al. 2002; Fledderus et al. 2007). 
Insoluble and poorly fermentable fiber such as cellulose impact protein digestibility through its 
water holding property whereas soluble fibers such as carboxymethylcellulose and pectin mediates 
its effects through its viscosity property. Summarized data indicated that each 1% increase in NDF 
in the diet resulted in a reduction of 0.03–0.08% of AID of crude protein (Dégen et al. 2007).

Dietary fiber can reduce the efficiency of amino acids utilization by impairing the digestion pro-
cess, decreasing amino acid absorption or increasing endogenous amino acid losses (Mosenthin 
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et al. 1994; Mathai et al. 2016). When a diet containing 20% purified wheat bran fiber was fed to 
pigs, an increase in ileal N flow was observed, but 59% of the N was of endogenous origin indicat-
ing increased synthesis of mucin as fiber increased (Schulze et al. 1995). Addition of graded levels 
of pea inner fibers to protein- free diets resulted in an exponential increase in ileal N flow, which was 
correlated with increased water- holding capacity of the diet (Leterme et al. 1998). The ileal flow of 
epithelial cells also increased exponentially with a corresponding linear increase in crude mucin and 
bacteria (Leterme et al. 1998). When a viscous and nonfermentable fiber (i.e., carboxymethylcel-
lulose) was added, mucin secretion and endogenous N loss also increased, but there was no change 
in ileal bacterial population (Bartelt et al. 2002; Piel et al. 2005). However, an increase in some ileal 
populations of bacteria was observed by Owusu- Asiedu et al. (2006) when viscous and fermentable 
fibers such as guar gum was fed to pigs. In contrast, adding cellulose that is an insoluble and poorly 
fermentable fiber at 3.31–16.5% to the diet did not induce an increase in endogenous amino acid 
losses, which may be the reason for the absence of a reduction in the AID of amino acids of the diets 
when cellulose was added (Li et al. 1994). The level and the source of dietary fiber are important 
factors that influence endogenous amino acid losses (Sauer and Ozimek 1986), and inclusion of 
cellulose may reduce the AID of amino acids only if a certain threshold level is exceeded (Li 
et al. 1994).

Effects on Pancreatic Enzymes and Mucin Production

Effects of fiber on pancreatic secretions and enzyme activity may be modulated by the physico- 
chemical properties of fiber, which results in differences in endogenous losses of nutrients. Barley 
or wheat- based diets increased bile and pancreatic juice secretions compared with cornstarch, 
casein, or cellulose- based diets without affecting enzyme output (Low 1989). Addition of flaxseed 
meal or oat hulls that are high in fiber to corn- soybean meal diets induced an increase in bile acid 
secretion by pigs (Ndou et al. 2019). However, when 40% wheat bran was added to isonitrogeous 
and isocaloric diets, chymotrypsin and trypsin secretions were greater than when pigs were fed diets 
without wheat bran (Langlois et al. 1986). In contrast, addition of pectin to soybean meal- based 
diets did not increase pancreatic secretions and did not affect secretions and enzyme activities of 
trypsin and chymotrypsin (Mosenthin et al. 1994). However, dietary carboxymethylcellulose may 
reduce pepsin activity in the stomach without affecting trypsin and chymotrypsin activities (Larsen 
et al. 1993).

The goblet cells of the gastrointestinal tract secrete mucin, which is a high molecular weight 
glycoprotein that lubricates the epithelial surface and protects the gut from physical abrasions, 
chemical aggressions, and microbial pathogenic attachments that may compromise gut health 
(Forstner and Forstner 1994; Tanabe et al. 2006). Mucin also plays an important role in digestion 
and absorption of nutrients and changes in mucin secretions may change the dynamics of absorption 
of dietary nutrients and endogenous molecules in the gut (Tanabe et al. 2006).

Dietary fiber may increase mucin secretion, and intestinal concentration of amino sugars in 
mucin (glucosamine and galactosamine) increased linearly as graded levels of wheat straw, corn 
cobs, and wood cellulose were added to protein- free diets fed to pigs (Mariscal- Landín et al. 1995). 
Supplementation of 5% citrus fiber to a purified diet also produced a significant increase in small 
intestinal mucin secretion (Satchithanandam et al. 1990). Because increasing dietary fiber increases 
the synthesis of mucin, which also contributes to the increment in endogenous loss of protein, the 
ideal Thr to Lys ratio for growing pigs may be different compared with pigs fed a diet containing 
less fiber (Mathai et al. 2016; Wellington et al. 2019).
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In the stomach, the bulk forming property and the fermentability of fiber did not affect mucin 
secretion, but in the cecum, the fermentability of fructooligosaccharide and beet pulp increased 
mucin secretion (Tanabe et al. 2006). A similar observation was reported by Libao- Mercado et al. 
(2007) when the addition of pectin- stimulated mucin and mucosal protein synthesis in the colon, but 
not in the jejunum.

The mucin molecule is composed of a protein backbone with attached carbohydrate side chains. 
One of the two regions of the mucin molecule has a protein backbone composed of Pro, Ser, and 
Thr. This region is resistant to proteolytic digestion because 80% of the protein backbone is pro-
tected by oligosaccharides of which the carbohydrate components are fucose, galactose, N- acetyl 
galactosamine, N- acetyl glucosamine, and sialic acids (Montagne et al. 2004). Because of the pro-
teolytically resistant region of mucin, it is poorly digested and, therefore, contributes significant 
amounts of endogenous crude protein and carbohydrates in the ileal digesta (Lee et al. 1988; Lien 
et al. 1997; Montoya et al. 2015). Therefore, values for the ileal digestibility of Thr, Pro, and Ser are 
relatively lower compared with the digestibility of other amino acids.

Endogenous protein and amino acids recovered from the ileal digesta are mostly from pancreatic 
enzymes, epithelial cells, bacterial cells, and mucin, whereas endogenous carbohydrates are mostly 
from mucin (Lien et al. 1997; Miner- Williams et al. 2009). Endogenous protein and amino acids 
that are not reabsorbed before the end of the ileum are utilized by microbes in the hind gut of pigs 
(Souffrant et al. 1993; Libao- Mercado et al. 2009). Very little mucin is recovered in the feces, which 
demonstrates that mucin in the hindgut is fully fermented (Lien et al. 2001; Montoya et al. 2015).

Effects on Utilization of Other Nutrients

Carbohydrates
Addition of wheat bran to a barley- based diet did not affect starch digestibility (Högberg and 
Lindberg 2004) and adding 20% or 40% wheat bran to a cereal- based diet did not affect starch 
digestibility (Wilfart et al. 2007). Ninety nine percent of the starch was digested in the small intes-
tine, and no starch was detected in the feces (Högberg and Lindberg 2004; Wilfart et al. 2007). In 
contrast, the addition of graded levels of wheat bran, maize bran, soybean hulls, or sugar beet pulp 
to increase dietary fiber reduced the ATTD of dietary fiber (Le Gall et al. 2009; Huang et al. 2018; 
Zhao et al. 2018). The ATTD of NDF, ADF, cellulose, and hemicellulose was reduced if lignocellu-
lose was added to a barley- wheat- soybean meal- based diet (Barszcz et al. 2019). The ATTD of TDF 
was reduced by adding canola meal or wheat middlings from 0 to 30% to diets, but the ATTD of TDF 
was increased by adding sugar beet pulp, which is more easily fermented than other fiber sources 
(Navarro et al. 2019). The ATTD of sugars and dietary fiber was reduced by increasing the inclusion 
rate of rapeseed meal in diets fed to pigs (Pérez de Nanclares et al. 2019). The addition of guar gum 
also reduced glucose absorption from the jejunum by 50% (Rainbird et al. 1984). Similar observa-
tions were reported by Nunes and Malmlöf (1992) and Owusu- Asiedu et al. (2006) who observed 
that guar gum, but not cellulose, reduced plasma glucose concentration in pigs. The digesta viscosity 
induced by guar gum may have reduced the diffusion rate of glucose from the lumen to the epithelial 
cells causing a reduction in the absorption of glucose (Rainbird et al. 1984; Kritchevsky 1988).

Lipids
Dietary fiber may impede micelle formation and directly inhibit lipolytic activity, which may con-
tribute to the reduction in digestibility of fat (Schneeman and Gallaher 2001). Addition of 20 or 40% 
wheat bran to a cereal- based diet reduced the ATTD of ether extract by 7–12% units compared with 



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION398

the control diet (Wilfart et al. 2007). Addition of beet pulp or soybean hulls to a basal diet also 
reduced the AID and ATTD of fat, whereas addition of wheat bran did not affect digestibility 
(Graham et al. 1986; Lyu et al. 2018). In contrast, adding a combination of triticale, wheat, and 
wheat bran as a source of fiber to cereal- based diets improved the AID and ATTD of fat compared 
with the control diet (Högberg and Lindberg 2004). Increasing purified NDF from 3 to 11% in diets 
fed to pigs did not affect the ATTD and TTTD of fat (Kil et al. 2010). These observations suggest 
that the solubility of diets containing different sources of fiber influences fat digestibility because 
when a mixture of wheat bran, maize bran, soybean hulls, and sugar beet pulp was added at graded 
levels to a low- fiber diet, the ATTD of fat was not affected despite increasing levels of TDF in the 
diet (Le Gall et al. 2009). It is also possible that there is less stimulatory effect of purified NDF on 
fermentation of intestinal microbes, which produce the endogenous fat. The level of dietary fiber 
inclusion also influences lipid digestibility because decreasing fat digestibility was observed as 
coconut expeller, soybean hulls, or sugar beet pulp was added at graded levels to a low- fiber control 
diet (Canh et al. 1998).

Minerals
Dietary fiber is composed of polysaccharides that may bind minerals, but the results of studies on 
the effect of dietary fiber on mineral digestibility are not consistent. Addition of 6% cellulose 
depressed the apparent absorption of Ca, P, Mg, and K. Serum concentrations of Ca, P, Cu, and Zn 
per unit of mineral ingested were also lower in sows fed high fiber diets containing a combination 
of corn cobs and wheat bran or oats and oat hulls compared with corn- soybean meal diets (Girard 
et al. 1995). Likewise, insoluble fiber or phytate in diets may decrease the absorption of Ca or P due 
to less transit time in the gut (Nortey et al. 2007; Hill et al. 2008). In contrast, addition of oat hulls, 
soybean hulls, and alfalfa meal did not affect total tract Ca, P, Zn, or Mn digestibility (Moore 
et al. 1988). Likewise, the AID and ATTD of Ca, P, Mg, and Zn were not affected by addition of 6% 
inulin to diets fed to pigs (Vanhoof and De Schrijver 1996). The presence of hulls in rapeseed meal 
did not affect the ATTD of Ca and P (Bournazel et al. 2018). The AID of ash was also not affected 
by the addition of 20 or 40% wheat bran to a low fiber diet, but the ATTD of ash was reduced if high 
levels of wheat bran were added to the diet (Wilfart et al. 2007; Zhao et al. 2018).

Effect of Dietary Fiber on Nitrogen Excretion and Manure Characteristics

A major impact of dietary fiber on nitrogen excretion in pigs is the shift of nitrogen excretion from 
the urine to the feces, which results in a reduction of the ratio between urine nitrogen excretion and 
fecal nitrogen excretion. With enhanced microbial fermentation in the hindgut because of the pres-
ence of fiber, the ammonia produced by the fermentation of dietary and endogenous protein is used 
for bacterial metabolism and growth (Zervas and Zijlstra 2002). Therefore, there is an overall reduc-
tion in the concentration of ammonia available for absorption in the blood to go to the liver for urea 
synthesis (Mroz et al. 2000; Zervas and Zijlstra 2002). As a consequence, urinary nitrogen excretion 
is reduced. The ratio between urine and fecal nitrogen excretion was reduced by increasing inclu-
sion of corn cob, grass hay, lucerne hay, corn stover, and sunflower husk in diets fed to growing pigs 
(Mpendulo et al. 2018). However, the shift from urinary to fecal nitrogen excretion is dependent on 
different sources of fiber because increasing inclusion of sugar beet pulp in diets linearly decreased 
urinary to fecal nitrogen excretion ratio (Bindelle et al. 2009). The magnitude of response for the 
shift from urine to fecal nitrogen excretion also depends on the fiber sources because the urine to 
feces nitrogen excretion ratio in pigs fed diets containing barley is lower compared with diets 
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containing corn or wheat; diets containing beet pulp has a lower urine to feces nitrogen excretion 
ratio than diets containing tapioca meal (Canh et al. 1997; Leek et al. 2007). Fermentable fiber such 
as pectin and potato starch has a stronger impact on shifting nitrogen excretion from urine to feces 
compared with poorly fermentable fiber such as cellulose (Pastuszewska et al. 2000). A gradual 
substitution of sugar beet pulp with oat hulls also increased the urinary to fecal nitrogen excretion 
ratio (Bindelle et al. 2009). This reduction in urinary nitrogen excretion is an advantage in the light 
of environmental concerns about ammonia emission from pig production systems (Aarnink and 
Verstegen 2007).

Increasing fiber in the diet linearly increases the amount of daily fecal matter excretion in pigs 
(Moeser and van Kempen 2002). However, there is a corresponding reduction in fecal dry matter 
with increasing fiber intake suggesting a significant contribution of water to the fecal bulk from pigs 
fed high- fiber diets (Canh et al. 1998). Manure pH is also reduced with the addition of dietary fiber 
to the diet and manure pH of pigs fed diets with soybean hulls and beet pulp was lower compared 
with pigs fed a control diet without soybean hulls and sugar beet pulp (Mroz et  al.  2000). The 
manure from pigs fed diets containing 22% NDF from soybean hulls also had lower pH compared 
with the manure from pigs fed diets containing 6 or 12% NDF (Moeser and van Kempen 2002). The 
reduction in the pH of the manure was attributed to the presence of high concentrations of SCFA in 
the feces depending on the level and source of fiber (Canh et al. 1998; Nguyen et al. 2019b).
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Introduction

Feedstuffs of plant origin including cereal grains and oil seeds and their coproducts form the bulk 
of swine diets because they are relatively cheap. However, feedstuffs of plant origin contain antinu-
tritional factors that can limit the utilization of dietary nutrients by pigs. Thus, definition of the 
antinutritional factors present in swine feedstuffs of plant origin and the negative effects of the 
antinutritional factors on dietary nutrient utilization and mechanisms by which the antinutritional 
factors reduce dietary nutrient utilization are critical to (i) optimize their utilization in diets for pigs 
and (ii) develop interventions.

The major antinutritional factors present in the feedstuffs of plant origin for pigs include (i) phytic 
acid, which is present in almost all feedstuffs of plant origin; (ii) trypsin inhibitors (TI), which are 
present in soybeans, pulses, and camelina and their coproducts; (iii) glucosinolates, which are present 
in feedstuffs of Brassica family including canola and camelina and their coproducts; (iv) cynogenic 
glucosides, which are present in flaxseed, sorghum, and cassava and their coproducts; (v) tannins, 
which are present in sorghum, canola, pulses, cottonseed, and barley and their coproducts; (vi) fiber, 
which is present in almost all plant feedstuffs for pigs; and (vii) mycotoxins, which can be present in 
almost all plant feedstuffs for pigs. This chapter will focus on negative effects of the fore- mentioned 
antinutritional factors on dietary nutrient utilization in pigs and the underlying mechanisms.

Phytic Acid

Phytic acid, which consists of an inositol ring with six phosphate groups is the major storage form 
of P in plants. Naturally, phytic acid occurs as phytate (i.e., salt form) in spherical inclusions called 
globoids located within protein bodies (Prattley and Stanley 1982; Ockenden et al. 2004; Joyce 
et al. 2005), and it is concentrated in seeds, where it provides P required for seed germination and 
development (Centeno et al. 2001). Thus, phytic acid is present in almost all feedstuffs of plant 
origin that are used to formulate swine diets. The phytic acid content in these feedstuffs is variable 
and dependent on several factors, among them, type, variety, and growing conditions of crops from 
which the feedstuffs are derived (Steiner et al. 2007). Generally, however, it is highest in cereal mill-
ing coproducts (1.7–3%) followed by oilseed meals (1.6–2.4%) and then cereal grains (0.75–1.0%; 
Eeckhout and De Paepe 1994; Selle et al. 2003; Steiner et al. 2007). Its higher content in the cereal 
milling by- products than in the cereals themselves is attributable to its high content in the aleurone 
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and germ cells, which are part of the coproducts (Ravindran et al. 2006; Steiner et al. 2007). Phytic 
acid content in practical swine diets ranges from around 1–2% (Woyengo and Nyachoti 2011).

Monogastric animals such as pigs and poultry poorly degrade the phytic acid in the stomach and 
small intestine because they do not produce sufficient amount of phytase, which cleaves phosphate 
groups from phytic acid (Kornegay 2001). For example, Rutherfurd et al. (2004) and Cowieson 
et al. (2006) found its ileal digestibility in broilers to be as low as 10%. Phytic acid has negative 
charges, and hence it can bind positively charged molecules of dietary or endogenous origin in the 
gastrointestinal tract, leading to reduced nutrient utilization (Maenz 2001). However, phytic acid 
can be degraded by phytase that is produced by microorganisms in the hindgut. Hence, phytic acid 
can negatively affect nutrient utilization in the stomach and small intestine.

Phytic acid reduces the apparent mineral digestibility in pigs. The inclusion of phytic acid in 
cornstarch- casein- based diet for nursery pigs at 2% reduced apparent ileal digestibility of Ca, Mg, 
Na, and K by 41.3, 32.1, 67.4, and 6.5 percentage points, respectively (Woyengo et al. 2009). Also, 
an increase in the dietary level of phytic acid from 0.94 to 1.43% resulted in reduced ash digestibil-
ity in growing pigs by 2.2 percentage points (Kemme et al. 1999). Phytic acid reduces apparent 
mineral digestibility in pigs likely by reducing dietary mineral absorption and increasing endoge-
nous secretion of the minerals in the gastrointestinal tract lumen. This is because (i) phytic acid 
reduced absorption of 59Fe3+ (Kim et al. 1993) and 65Zn (Rubio et al. 1994) in rats; (ii) decreased 
apparent ileal digestibility of sodium and magnesium in piglets to negative values (−18.2 and 
−3.0%, respectively; Woyengo et al. 2009), implying that phytic increased ileal endogenous losses 
of these minerals; and (iii) increased endogenous losses of calcium, iron, sodium (Cowieson 
et al. 2004) and of calcium, magnesium, manganese, and sodium (Cowieson et al. 2006) in broilers. 
Cations have positive charges at acidic, neutral and basic pH. Thus, phytic acid can (i) complex 
dietary cations, leading to their reduced digestibility and (ii) complex endogenous cations, leading 
to their increased secretion through negative feedback mechanisms, reduced re- absorption,and 
hence increased endogenous losses of the cations.

Amino acids have net positive charges at acidic pH and net negative charges at neutral pH, and 
hence phytic acid can directly bind amino acids of dietary and endogenous origin at acidic pH found 
in the stomach and bind amino acids of dietary and endogenous origin via cations at neutral pH 
found in the small intestine (Maenz 2001). Indeed, an increase in the level of phytic acid from 0 to 
2% in diets for nursery pigs reduced gastric pepsin activity (Woyengo et al. 2010). Also, an increase 
in the level of phytic acid from 0.78 to 1.56% in diets for growing pigs reduced apparent ileal digest-
ibility of amino acids (Liao et al. 2005). However, supplementation of a casein–cornstarch–casein- 
based (phytic acid- free) diet for nursery pigs with phytic acid at 2% did not affect ileal endogenous 
losses of amino acids (Woyengo et al. 2009). It should be noted that the amount of endogenous 
amino acids that appear at the terminal ileum is a function of their rate of production and absorption. 
Thus, phytic acid may increase the secretion of protein without effect on ileal flow of the amino 
acids if the amino acids are re- absorbed. However, energy is spent during the synthesis and reab-
sorption of endogenous protein. Hence, phytic acid may reduce dietary energy availability for pro-
duction without affecting ileal flow of endogenous amino acids.

In addition to minerals and amino acids, phytic acid can decrease energy digestibility. For 
instance, the apparent ileal and total tract digestibilities of energy in nursery pigs were reduced by 
7.5 and 6.1%, respectively, due to an increase in dietary phytic acid concentration from 0.78 to 
1.56% (Liao et al. 2005). Phytic can reduce energy digestibility by reducing the digestibility carbo-
hydrates, lipids, and protein, which are the energy- generating nutrients. Phytic acid reduced in vitro 
starch digestibility (Thompson et al. 1987), and activities of α- amylase, sucrose, and maltase in the 
duodenum of broilers (Liu et  al. 2008), implying that phytic acid reduces the digestibility of 



413ANTINUTRITIONAL FACTORS IN FEEDSTUFFS

carbohydrates partly by reducing the activity of digestive carbohydrases. Also, dietary phytic acid 
reduced apparent absorption of total lipid and cholesterol in mice (Lee et al. 2007) and increased 
fecal cholesterol and bile acid excretion in rats (Lee et al. 1997), indicating that phytic acid reduces 
apparent fat digestibility partly by reducing (re)absorption of lipids.

The inclusion of phytic acid in cornstarch- based diet (phytic acid free diet) at 2% reduced growth 
performance of nursery pigs (7.4–12.8 kg body weight) by 37% (Woyengo et al. 2012), which is 
attributed to reduced nutrient digestibility, increased endogenous nutrient losses, and increased 
requirement of dietary energy for maintenance. Thus, phytic acid negatively affects the nutrient 
utilization in pigs, and its negative effects should be alleviated.

Trypsin Inhibitors

TI are bioactive proteins that inhibit the activity of trypsin or trypsin and chymotrypsin. TI occur 
naturally in many plants, and their function is to protect the plants from predators (Ryan 1990). 
Among the feedstuffs used to formulate swine diets, soybeans, pulses, and camelina and their 
coproducts contain appreciable amounts of TI. There are two major classes of TI: Kunitz and 
Bowman- Birk (Pusztai et al. 2004). Kunitz inhibits trypsin, whereas Bowman- Birk inhibits both 
trypsin and chymotrypsin (Pusztai et  al.  2004). The major TI in soybeans and its coproducts is 
Kunitz, whereas the major TI in pulses is Bowman- Birk (Jezierny et al. 2010); TI present in camel-
ina and its coproducts have not been characterized. Kunitz is more heat labile than Bowman- Birk 
(Jezierny et al. 2010).

Dietary TI reduces amino acid digestibility by binding to pancreatic trypsin and chymotrypsin in 
the small intestine to form inactive complexes that cannot digest the partially digested protein com-
ing from the stomach (Jezierny et  al.  2010). The partially undigested protein from the stomach 
stimulates I cells in the duodenum to secrete cholecystokinin (CCK), which in turn increases the 
secretion of these enzymes into the small intestine via a negative feedback mechanisms (Hara 
et al. 2000; Morisset 2008). The increased secretion of pancreatic enzymes results in increase in size 
of the pancreas (Pacheco et al. 2014), and hence increased expenditure of dietary energy in the 
pancreas. The increased secretion of pancreatic enzymes also results in increased requirement of 
dietary amino acids for synthesis of the pancreatic enzymes. Finally, the increased production of 
CCK can result in reduced voluntary feed intake because CCK inhibits feed intake (Ripken 
et al. 2015). Thus, TI can reduce performance of pigs by reducing amino acid digestibility, increas-
ing dietary requirement of energy and amino acids for maintenance and by reducing the voluntary 
feed intake (Weller et al. 1990; Ripken et al. 2015).

Intestinal activities of trypsin and chymotrypsin of pigs were reduced due to an increase in the 
dietary level of TI by 8.27 TIU/mg through supplementation with purified TI (Yen et  al.  1977). 
Digestibility of crude protein and lysine in growing pigs fed a diet containing defatted soybeans 
flour was increased from 38 to 77% and from 41 to 80%, respectively, due to reduction in dietary 
TI from 13.3 to 3.3 TIU/mg through autoclaving of the defatted soybean flour (Li et  al. 1998). 
Similarly, apparent total tract digestibility of N was reduced by 45% due to an increase in the dietary 
level of TI from 0 to 23 TIU/mg through replacement of casein or heat- treated soy flour with raw 
soy flour (Struthers et al. 1983). However, pancreas weight of pigs was not affected by an increase 
in the dietary level of TI by 8.27 TIU/mg through supplementation with purified TI (Yen et al. 1977). 
Also, pancreas weight of pigs was unaffected by an increase in the dietary level of TI from 15 to 
21.3 TIU/mg through replacement of soybean meal with raw soybeans (Myer et  al.  1982). 
Additionally, pancreas weight of pigs was unaffected, whereas that for rats was increased by an 
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increase in the dietary level of TI from 0 to 23 TIU/mg through replacement of casein or heat- treated 
soy flour with raw soy flour (Struthers et al. 1983). Results from studies with poultry have shown 
increased pancreas weight due to dietary TI (Chohan et al. 1993; Pacheco et al. 2014). Thus, dietary 
TI reduces protein digestibility in pigs. However, unlike in poultry and rats, dietary TI appears to 
have limited effect on the size of pancreas in pigs.

The effects of including TI- containing soybean products in diets for pigs on feed intake and 
growth performance have been extensively studied; results from these studies were recently 
reviewed by Woyengo et al. (2017). In summary, dietary TI can be increased up to 3.00 TIU/mg 
without compromising performance of pigs; dietary TI levels greater than 3.00 TIU/mg result in 
reduced growth performance of pigs. Soybean meal has relatively lower level of TI because most TI 
in it is inactivated during the desolventizing- toasting stage of oil extraction process. The TI in soy-
bean meal ranged from 3 to 12 TIU/mg (Fan et al. 1995; Valencia et al. 2008; Baker et al. 2010; 
Woyengo et al. 2014). Thus, soybean meal can be included in diets for pigs (that do not contain any 
other TI- containing feedstuffs) at ≤25% without any negative effects of TI on growth performance 
of the pigs. However, the level of soybean meal in practical diets for pigs rarely exceeds 35%, 
implying that TI cannot limit the inclusion of soybean meal in practical swine diets if the TI level in 
the soybean meal is less than 9 TIU/mg.

Raw full- fat soybean products contain significant amounts of TI; the values ranged from 70 to 
112 TIU/mg (Chohan et al. 1993; Leeson and Atteh 1996). Thus, the TI in full- fat soybean meal 
should be reduced by feed processing technologies such as extrusion, toasting, or micronizing 
before their inclusion in swine diets. The TI in extruded or micronized full- fat soybeans ranged 
from 3.2 to 8.2 TIU/mg (Fan et al. 1995; Baker et al. 2010; Woyengo et al. 2014). Also, Jezierny 
et al. (2010), after reviewing results from several studies, reported that the TI in pulses (field pea, 
faba bean and lupin) ranged from <0.4 to 8.55 TIU/mg. Thus, TI may not limit the inclusion of 
pulses or heat- processed full- fat soybeans in practical swine diets (that do not contain other TI- 
containing feedstuffs) if the TI levels in the pulses and heat- processed full- fat soybeans are within 
the fore- mentioned ranges. Also, inclusion in swine diets of full- fat soybean products from soy-
beans that has been bred to have very low level of TI (<9 TIU/mg) may not be limited by their TI. 
The TI in camelina meal ranged from 12 to 28 TIU/mg (Budin et al. 1995), and hence the level of 
inclusion of camelina meal in diets for pigs should be limited and should be partly be based on the 
TI level in the camelina meal.

Glucosinolates

Glucosinolates are sulfur- containing compounds that are found in plants of Brassica family 
(Mithen 2001; Tripathi and Mishra 2007). The function of glucosinolates in plants of Brassica fam-
ily is to protect the plants from pathogens and predators (Mithen 2001; Tripathi and Mishra 2007). 
Feedstuffs that are used to formulate swine diets that contain glucosinolates include canola, 
 camelina, and carinata and their coproducts. Of these feedstuffs, canola coproducts are the major 
feedstuffs that are used to formulate swine diets. There are various species of canola, which include 
Brassica napus and Brassica Juncea. Glucosinolates are not toxic, but can be degraded to various 
toxic products such as goitrin, nitriles, and thiocynates by heat (Slominski and Campbell 1989; 
Newkirk and Classen  2002) or by enzyme known as myrosinase (Mithen  2001; Tripathi and 
Mishra 2007). Myrosinase is present in plants of Brassica family in close proximity to glucosi-
nolates, but in compartments that are different from those containing glucosinolates (Mithen 2001). 
Myrosinase is also produced by microorganisms that reside in the gastrointestinal tract of animals 
(Bell 1993). Thus, glucosinolates can be degraded to toxic products by (i) heat during the production 
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of oil and coproducts from oilseeds of Brassica family; (ii) heat when feed is subjected to heat pro-
cessing such as extrusion and pelleting; (iii) feedstuff myrosinase in the mouth (during feed masti-
cation) and gastrointestinal tract; and (iv) microbial myrosinase in the gastrointestinal tract.

Glucosinolates can be classified into two major groups depending on the amino acids from which 
they are derived; aliphatic and aromatic glucosinolates. Aliphatic glucosinolates are synthesized 
from aliphatic amino acids such as methionine, whereas aromatic glucosinolates are synthesized 
from aromatic amino acids such as tryptophan and phenylalanine (Tripathi and Mishra  2007). 
Aromatic glucosinolates are more heat labile than aliphatic glucosinolates (Jensen et al. 1995). The 
content and composition of glucosinolates in a feedstuff is dependent on species of the feedstuff and 
on how the feedstuff has been processed. The major aliphatic and aromatic glucosinolates in Napus 
canola products are progoitrin and glucobrassicin, respectively (Seneviratne et al. 2010; Woyengo 
et al. 2011; Lee and Woyengo 2018), whereas the major aliphatic glucosinolates in Juncea canola 
products are gluconapin (Dehghani 2013; Smit et al. 2014). The major aliphatic glucosinolates in 
camelina and carinata products are glucocamelinin and sinigrin, respectively (Lawrence and 
Anderson  2018). Composition of aromatic glucosinolates for Juncea canola coproducts has not 
been reported. Generally, canola and its coproducts have lower content of glucosinolates than 
camelina and carinata products because the former has been bred to contain less glucosinolates. For 
instance, the total glucosinolate content in Napus canola coproducts ranged from 4.1 to 14.2 μmol/g 
(Seneviratne et al. 2010; Landero et al. 2011; Woyengo et al. 2011; Velayudhan et al. 2017; Smit 
et al. 2014; Zhou et al. 2016), whereas that in camelina and carinata coproducts ranged from 20.6 
to 36.3 μmol/g (Thacker and Widyaratne  2012; Kahindi et  al.  2014; Rodriguez- Hernandez and 
Anderson 2018). Among the canola products, Napus canola meals have lower content of aliphatic 
glucosinolates and hence total glucosinolates than Juncea canola coproducts. The aliphatic glucosi-
nolates content in solvent extracted Napus canola meal ranged from 3.0 to 4.3 μmol/g (Landero 
et al. 2011; Smit et al. 2014), whereas that in Juncea canola meal ranged from 10.4 to 12.5 μmol/g 
(Dehghani 2013; Landero et al. 2013; Smit et al. 2014). Cold- pressed coproducts have greater con-
tent of aromatic glucosinolates and hence total glcuosinolates than solvent extracted or expeller 
pressed coproducts because the former is subjected to less heat during oil extraction. For instance, 
total glucosinolate content in cold- pressed canola cake was 14.9 μmol/g (Lee and Woyengo 2018), 
which is greater than the values (3.8–5.9 μmol/g) that were reported for solvent extracted Napus 
canola meals (Landero et al. 2011; Smit et al. 2014).

The composition of glucosinolate degradation products is partly dependent on the type of glu-
cosinolate and pH of the reaction medium. Results from in vitro studies show that progrotrin is 
degraded to goitrin at neutral pH (Leoni et al. 1993; Galletti et al. 2001) and to nitriles at acidic pH 
(Matusheski et al. 2006; Frandsen et al. 2019). Glucobrassicin is degraded to thiocynates at neutral 
pH and to nitriles at acidic pH (Chevolleau et al. 1997; Agerbirk et al. 1998). The effect of reaction 
medium pH (acidic vs. neutral pH) on composition of glucocamelinin and sinigrin degradation 
products has not been reported. Generally, glucosinolates reduce voluntary feed intake because they 
are bitter. Nitriles are toxic when they are consumed in large quantities, and hence they have to be 
detoxified by the liver and kidney, leading to increased metabolic activity in the liver and kidney 
that resulted in hyperplasia, hypertrophy, and necrosis of cells in these organs (Pearson et al. 1983; 
Roland et al. 1996). However, consumption of small amount of nitriles can be beneficial as they 
have antioxidant activity (Tanii et al. 2008). Goitrin and thiocyanates interfere with the synthesis of 
thyroid hormones, leading to the enlargement of thyroid gland and reduced amounts of thyroid 
hormones within the body (Felker et al. 2016). Also, goitrin and thiocyanates have to be detoxified 
by liver and kidneys, leading to hyperplasia, hypertrophy, and necrosis of cells in these organs. An 
increase in metabolic activity and hence size of visceral organs results in increased dietary energy 



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION416

expenditure in these organs at the expense of skeletal tissue deposition. Also, reduction in thyroid 
hormone production results in reduced metabolic processes that are required for normal growth, 
leading to reduced growth rate of animals because thyroid hormones are involved in the regulation 
of various metabolic processes in the body. Thus, the toxicity of glucosinolates can potentially vary 
depending on their content in the diet, composition of glucosinolates in the diet, and pH conditions 
in the gastrointestinal tract.

The effects of increasing the level of glucosinolates in diets for pigs through the dietary inclusion 
of feedstuffs of Brassica family on liver, thyroid gland weights, and growth performance have been 
extensively studied and reviewed (Bell 1993; Woyengo et al. 2017). In summary, liver and thyroid 
gland weights and growth performance of pigs are not affected by Napus canola- derived glucosi-
nolates when their dietary concentration is less than 2.50 μmol/g, implying that pigs can tolerate up 
to 2.50 μmol/g of Napus canola- derived glucosinolates. However, growth performance of pigs was 
negatively affected by Juncea canola- derived glucosinolates when their dietary concentration was 
increased to 1.30 μmol/g likely because of relatively greater bitterness of gluconapin in Juncea 
canola coproducts (Landero et al. 2013). Thus, the dietary level of Juncea canola- derived glucosi-
nolates that the pigs can tolerate is less than 2.50 μmol/g; this dietary needs is to be identified. The 
tolerable dietary levels of camelina-  and carinata- derived glucosinolates have not been reported. 
Napus solvent extracted canola meal had total glucosinolate content that ranged from 3.3 to 
8.7 μmol/g (Landero et al. 2011; Smit et al. 2014). Thus, Napus solvent extracted canola meal can 
be included in diets for pigs (that do not contain any other glucosinolate- containing feedstuffs) at 
≤28% without any negative effects of glucosinolates on growth performance of the pigs. Napus 
expeller pressed canola meal and cold- pressed canola cake had total glucosinolate content that 
ranged from 8.0 to 15.0 μmol/g (Seneviratne et  al.  2010; Woyengo et  al.  2011; Velayudhan 
et al. 2017; Zhou et al. 2016; Lee and Woyengo 2018). Thus, Napus expeller pressed canola meal 
and cold- pressed canola cake can be included in diets for pigs (that do not contain any other 
glucosinolate- containing feedstuffs) at ≤16% without any negative effects of glucosinolates on 
growth performance of the pigs. Grow- finish pigs (≥25 kg body weight) have lower requirement of 
dietary protein, and thus, the inclusion of Napus solvent extracted canola meal in their diets may not 
be limited by glucosinolates. However, the inclusion of Napus solvent extracted canola meal in the 
diets for nursery pigs is limited by glucosinolates due to their higher dietary requirement of protein. 
Also, the inclusion of Napus expeller pressed canola meal and cold- pressed canola cake in the diets 
for both nursery and grow- finish pigs is limited by glucosinolates due to the relatively high content 
of glucosinolates in these canola coproducts. As previously mentioned, the composition of glucosi-
nolates in Juncea canola, camelina, and carinata coproducts is different from that of Napus canola 
coproducts. Thus, the dietary tolerable levels of glucosinolates in the former may be different from 
that of the latter. However, the dietary tolerable levels of glucosinolates in Juncea canola, camelina, 
and carinata coproducts have not been reported. Because Juncea canola, camelina, and carinata 
coproducts have too high levels of glucosinolates, their inclusion in swine diets is definitely limited 
by the presence of glucosinolates in them.

Cynogenic Glucosides

Cynogenic glucosides are amino acid- derived compounds that are found in various plants in which 
they serve as protective agents against herbivores (Poulton  1990; Gleadow and Møller  2014). 
Feedstuffs that are used to formulate swine diets that contain cynogenic glucosides include flaxseed 
products, sorghum, and cassava.
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Like glucosinolates, cynogenic glucosides are not toxic, but can be degraded to toxic hydrogen 
cyanide by enzyme known as β- glycosidase (Poulton 1990). The β- glycosidase is present in plants 
tissues in close proximity to cynogenic glucosides, but in compartments that are different from 
those containing cynogenic glucosides (Gleadow and Møller 2014). Hydrogen cyanide is bitter and 
also produces a special type of odor that deters herbivores from consuming hydrogen cyanide- 
containing products (Gleadow and Møller 2014). Additionally, the ingestion of hydrogen cyanide 
can lead to hypoxia because it can bind and inactivate enzymes that are involved in oxygen metabo-
lism (Petrikovics et al. 2015). Finally, high consumption of hydrogen cyanide can lead to enlarge-
ment and necrosis of liver and kidneys because it is toxic and hence it has to be detoxified by these 
organs (Rocha- e- Silva et al. 2010). Indeed, toxic vacuoles were formed in liver of quails due to the 
consumption of potassium cyanide at 3.0 mg/bird/day (Rocha- e- Silva et al. 2010). The tolerable 
level of cynogenic glucosides in diets for pigs has not be reported, and hence there is need to fill this 
gap in knowledge.

Tannins

Tannins are polyphenolic compounds that naturally occur in many plants in which they serve as 
defense mechanism against predators and pathogens (Bennick  2002; Gilani et  al.  2012). Swine 
feedstuffs that have appreciable amounts of tannins include brown- seeded sorghum, pulses, canola, 
and their coproducts. Tannins are darkish brown to brown in color. Tannins are concentrated in seed 
hulls (Smulikowska et al. 2001), and hence the reason why hulls of feedstuffs that are rich in tannins 
are brownish in color. There are two classes of tannins: hydrolysable and condensed tannins 
(Jansman et al. 1994a; Bennick 2002; Gilani et al. 2012). Hydrolysable tannins are more susceptible 
to acidic, alkaline, and enzymatic hydrolysis, whereas the condensed tannins are more resistant to 
the hydrolysis (Bennick 2002; Gilani et al. 2012). The major tannins found in feedstuffs that are 
used to formulate swine diets are condensed tannins (Gilani et al. 2012).

Tannins can bind to dietary nutrients, leading to their reduced availability for digestion and 
absorption. Energy and protein (amino acids) are the first and second most expensive components 
of swine diets. Starch is the major source of energy in practical swine diets. Tannins interacted with 
starch by forming hydrogen and hydrophobic bonds with amylose component of starch (Amoako 
and Awika 2016; Amoako and Awika 2019), and this resulted in reduced in vitro digestibility of 
starch (Amoako and Awika 2016). Tannins have particularly strong affinity for proteins; they inter-
act with proteins mainly through hydrophobic and hydrogen bonding (Bennick 2002). For instance, 
canola tannins precipitated bovine serum albumin (Naczk et al. 1996), whereas sorghum tannins 
precipitated wheat proteins (Dunn et al. 2015).

In addition to binding dietary nutrients, tannins bind to endogenous proteins to form insoluble 
complexes. In the mouth, tannins interacted with salivary proteins to form insoluble complexes (Lu 
and Bennick 1998; Soares et al. 2018). In the stomach, tannins interact with pepsin to form insolu-
ble complexes, leading to reduced activity of the pepsin. For instance, tannins precipitated pepsin 
in vitro (Sathe and Sze- tao 1997; Helal et al. 2014). In the small intestine, tannins can interact with 
digestive enzymes, leading to their reduced activity. For example, tannins inhibited the activity of 
chymotrypsin (Sathe and Sze- tao  1997) and amylase in  vitro (Gonçalves et  al.  2011; Links 
et al. 2015) and of trypsin in ileum of pigs (Jansman et al. 1994b). Also, tannins reduced amin-
opeptidase activity in small intestinal mucosa of weaned pigs (van Leeuwen et al. 1995). Additionally, 
tannins strongly interacted with porcine gastric mucins (Gombau et al. 2019), implying that tannins 
can increase secretion of mucin within the gastrointestinal tract and interfere with nutrient absorption. 
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Finally, tannins reduced cecal microbial activity in vitro (Biagia et al. 2010), implying that tannins 
can reduce organic matter fermentation in the gastrointestinal tract. Binding of tannic acid to pepsin 
in the stomach of rats increased pepsin and hydrochloric acid secretions (Mitjavila et al. 1973), 
implying the binding of tannins to endogenous protein and minerals result in an increase in their 
secretion via negative feedback mechanisms. Increased secretion of endogenous nutrients results in 
increased dietary requirement for the nutrients for maintenance and increased dietary requirement 
of energy for the synthesis of the nutrients, re- absorption, and post- absorptive metabolism of the 
nutrients (Nyachoti et al. 1997).

The effects of tannins in diets for pigs on digestibility and endogenous losses of protein have been 
determined in several studies. Porcine in vitro total tract digestibility of crude protein for low- tannin 
field pea (0.025% tannin content) was greater than that for high- tannin field pea (0.87% tannin 
content) by 9.74% (Smulikowska et al. 2001). Also, an increase in the level of tannins in diet for 
growing pigs from 0.04 to 0.52% through replacement of 50% low- tannin field pea with high- tannin 
field pea decreased true ileal digestibility of crude protein by 6.24% (Święch and Buraczewska 2005). 
For faba bean, an increase in the level of tannins in diet for growing pigs from <0.10 to 0.68% 
through replacement of 20% low- tannin hulls of faba bean with high- tannin hulls of faba bean 
decreased true ileal digestibility of crude protein by 15.7% (Jansman et  al.  1994b). Similarly, 
replacement of 20% low- tannin hulls of faba bean with high- tannin hulls of faba bean increased 
ileal and fecal endogenous losses of crude protein by 40.9 and 28.1%, respectively (Jansman 
et al. 1995). With regard to sorghum, standardized ileal digestibility of CP and lysine was reduced 
by 10.6 and 25.7%, respectively, due to replacement of 89.9% low- tannin sorghum (0.003% tannin) 
with the high- tannin sorghum (0.64% tannin) in diets for growing pigs (de Souza et al. 2019). The 
reduced protein digestibility by tannins can be attributed to their binding to dietary protein, protein- 
digesting enzymes, and gastrointestinal mucosa.

The effects of tannins in diets for pigs on energy digestibility have also been investigated. An 
increase in the level of tannins in diet for growing pigs from <0.001 to 0.06% through replacement 
of 30% low- tannin field bean with high- tannin field bean resulted in decreased apparent total tract 
digestibility of gross energy in pigs by 2.84% (Flis et al. 1999). Apparent ileal digestibility of gross 
energy was reduced by 8.9% due to replacement of 89.9% low- tannin sorghum (0.003% tannin) 
with the high- tannin sorghum (0.64% tannin) in diets for growing pigs (de Souza et al. 2019). 
Also, Pan et al. (2016) included sorghum containing low- tannin (<0.16% tannin), medium- tannin 
 (0.67–0.98% tannin), or high tannin (1.11–1.51% tannin) in diets for pigs at 96.9% (as a sole source 
of energy and protein in the diets) and observed negative correlation between tannin content in sor-
ghum and apparent total tract digestibility of gross energy, digestible energy, and metabolizable 
energy values. In their study, the apparent total tract digestibility of gross energy, digestible energy, 
and metabolizable energy values for high- tannin sorghum was lower than those for medium- tannin 
sorghum, which in turn was lower than those for the low- tannin sorghum. The reduced dietary 
energy digestibility and value by tannins can be attributed to their binding to dietary carbohydrates 
and protein, carbohydrate-  and protein- digesting enzymes, and gastrointestinal mucosa.

Despite the reduction in nutrient digestibility, dietary tannins can have beneficial effects in diets 
for weaned pigs. For example, the inclusion of tannins in diets for weaned pigs at 0.113, 0.225, and 
0.450 resulted in linear increase in average daily gain and feed efficiency and tended to (i) increased 
viable count of lactobacillus in jejunum and (ii) decreased crypt depth in ileum (Biagia et al. 2010). 
Recently, the inclusion of tannins in a diet at 0.054% reduced diarrhea of weaned pigs that had been 
challenged with enterotoxigenic Escherichia coli (Girard et al. 2018).

From these studies, it is apparent that dietary tannins not only reduce the nutrient digestibility in 
pigs but also improves the gut health of weaned pigs. The intensity of interactions between tannins 
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and nutrients or endogenous secretions is dependent on total content, size, and molecular structure 
of tannins (Hagerman 1992). However, information is lacking on the effects of total content and 
molecular structure of tannins on the growth performance and gut health of pigs. Thus, there is a 
need to fill this gap in knowledge in order to identify optimal dietary level of tannins for weaned 
pigs and dietary levels of tannins that other classes of pigs can tolerate.

Fiber

Fiber is composed of nonstarch polysaccharides (NSP) and polyphenols such as lignin (Kumar 
et  al.  2012). The NSP can either be soluble or insoluble. Fiber is indigestible by endogenous 
enzymes produced in the stomach and small intestine of monogastric animals such as pigs 
(Bedford 2000; Jha et al. 2011), but NSP can be fermented in the hindgut of these animals depend-
ing on the degree of lignification (Van Soest 1994). Fiber can physically limit the availability of 
other nutrients for small intestinal digestion (Schulze et  al.  1994; Wilfart et  al.  2007; Hooda 
et al. 2010). Also, fiber can bind nutrients in gastrointestinal tract to form complexes that are indi-
gestible (Choct et al. 2010). Finally, some soluble NSP can increase digesta viscosity, and thereby 
reduce the flow rate of digesta in the gastrointestinal tract, and further limit nutrient digestion, 
whereas insoluble fiber can increase gastrointestinal digesta passage rate, leading to reduced time: 
(i) of interaction between enzymes and their substrate (undigested nutrients) and (ii) for absorption 
of nutrients (Bedford and Schulze 1998; Hooda et al. 2011). The reduction in nutrient digestibility 
by fiber can reduce growth performance of pigs. Also, because fiber is indigestible, its inclusion in 
diets for pigs dilutes dietary nutrient density that may reduce dietary nutrient intake. Additionally, 
the increased digesta viscosity due to dietary soluble fiber can promote satiety, leading to reduced 
voluntary feed intake (Scheenman 1985). Volatile fatty acids, which are the end products of fiber 
fermentation in the hindgut, stimulate the production of gastrointestinal peptide hormones (e.g., 
peptide tyrosine tyrosine and glucagon- like peptide- 1) that inhibit food intake (Adam et al. 2014).

The effects of fiber on nutrient digestibility and growth performance of pigs have been investi-
gated. Increasing dietary total NSP from 10 to 70 g/kg through the inclusion of guar gum (a soluble 
NSP) in a semi- purified diet of weaned pigs reduced daily gain by 40% (McDonald et al. 1999). 
Increasing total dietary fiber from 0 to 389 g/kg through the inclusion of sugar beet pulp (that con-
tains insoluble and soluble NSP) in a purified diet also reduced feed intake and apparent total tract 
digestibility of N for growing pigs by 11 and 15%, respectively (Zhang et al. 2013). Similarly, the 
inclusion of 100 g insoluble fiber/kg from either cellulose or ground straw in diets for growing pigs 
reduced apparent total tract digestibility of N and amino acids, but not apparent ileal digestibility of 
N and amino acids (Sauer et al. 1991). However, increasing the dietary inclusion of total NSP from 
103 to 138 g/kg using wheat bran (rich in insoluble NSP) in a complete diet for weaned pigs 
increased feed intake by 35%, whereas increasing the dietary inclusion of total NSP to 145 g/kg 
using sugar beet pulp in the diet did not affect feed intake of weaned pigs (Molist et al. 2009). Also, 
increasing dietary level of total NSP from 120 to 180 g/kg through the inclusion of cellulose 
(an insoluble NSP) in a complete diet for broiler chicks increased the feed intake by 9.3%, whereas 
increasing the dietary level of total NSP up to 190 g/kg through the dietary inclusion of wood shav-
ings did not affect the feed intake of broiler chicks (Amerah et al. 2009). Thus, soluble fiber reduces 
feed intake and nutrient digestibility. However, the effect of insoluble fiber on feed intake is variable 
depending on the source and dietary inclusion level. Insoluble fiber may have limited effects on ileal 
nutrient digestibility. Pig feedstuffs that have relatively high content of soluble fiber are sugar beet 
pulp, oats, and rye, whereas pig feedstuffs that have high content of insoluble fiber are DDGS; corn, 
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wheat, and rice brans; wheat millrun/middlings; and soybean hulls. Thus, the inclusion of these 
feedstuffs in swine diets can be limited by their high fiber content.

Mycotoxins

Mycotoxins are secondary metabolites that are produced by fungi (moulds) that grow on several 
feedstuffs or foodstuffs (Bryden  2012). Swine feedstuffs that fungi can grow on include cereal 
grains and oilseeds and their coproducts (Guerre 2016). Generally, however, cereal grains and their 
coproducts are more negatively affected by the fungal growth than oilseed and their coproducts 
(Guerre 2016). The DDGS has approximately three times higher levels of mycotoxins than parent 
cereal grains because during the production of ethanol and DDGS from the cereal grains, most 
starch is converted to ethanol and carbon dioxide to leave DDGS with higher content of all compo-
nents (other than starch) that were originally in the parent cereal grains. Fungi can grow on the 
feedstuffs before harvest, during storage after harvest, and during storage after grain processing. 
The major genera of fungi that grow on the feedstuffs to produce mycotoxins include Aspergillus 
and Fusarium (Bryden 2012). There are several types the mycotoxins that are produced by these 
fungi when they grow of the feedstuffs. The major ones are aflatoxins, fumonisins, deoxynivalenol, 
and zearalenone (Binder et al. 2007; Bryden 2012; Escrivá et al. 2015). Aflatoxins are produced by 
various species of Aspergillus (Binder et al. 2007; Bryden 2012), whereas fumonisins, deoxyniva-
lenol, and zearalenone are produced by various species of Fusarium (Bryden  2012; Escrivá 
et al. 2015). The content and composition of mycotoxins in feedstuffs varies widely depending on 
factors that affect the growth of fungi on the feedstuffs. The major factor that affects fungi growth 
on feedstuffs before harvest is climate. Aspergillus grow well in warm and wet weather conditions, 
whereas Fusarium grow well in cool and wet weather conditions. For instance, warm humid sub-
tropical and tropical conditions favors the growth of A. flavus and A. parasiticus on corn ears lead-
ing to accumulation aflatoxins in corn grain, whereas temperate climate conditions favors the 
growth of F. graminearum on corn ears, resulting in the accumulation of deoxynivalenol in corn 
grain (Guerre 2016). Fumonisins frequently contaminate corn in most parts of the world except 
North America (Guerre 2016). The major factors that affect fungi growth on feedstuffs post- harvest 
are temperature and moisture. Stored feedstuffs contain microorganisms that they acquired 
 pre- storage (Magan et  al.  2003). Higher storage temperature and higher grain moisture content 
(>13%) favor the growth of these fungi on the feedstuffs (Magan et al. 2003). The effects of aflatoxins, 
fumonisins, deoxynivalenol, and zearalenone on performance and health of pigs are discussed later.

Consumption of aflatoxins results in reduced growth performance of pigs (Rustemeyer et al. 2010; 
Andretta et al. 2012). Upon ingestion, the aflatoxins are rapidly absorbed and metabolized/detoxi-
fied in liver. The increased metabolism in liver due to aflatoxin results in increased weight of the 
liver (Andretta et al. 2012), and hence reduced availability of nutrients for performance as previ-
ously discussed under phytic acid, glucosinolates, and tannins. Thus, the reduced performance of 
pigs due to consumption of aflatoxins is mainly due to hepatotoxicity. Consumption of deoxyniva-
lenol results in increased intestinal permeability to toxins and pathogens (Pinton et al. 2010), com-
promised immune system (Gauthier et  al.  2013), reduced nutrient digestibility (Jo et  al.  2016), 
vomiting (Smith and MacDonald  1991), and hence reduced performance of pigs (Andretta 
et al. 2012). Fumonisins are structurally similar to sphingolipids, which are involved in cell growth, 
function, and apoptosis (Terciolo et al. 2019). The ingestion of fumonisins results in interference in 
sphingolipids synthesis, thereby impairing the functions liver (Andretta et al. 2012) and immune 
system (Devriendt et  al.  2009), and hence reduced performance of pigs (Andretta et  al.  2012). 
Zearalenone are structurally similar to oestrogens. Their ingestion results in their binding to 
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oestrogen receptors, leading to increased uterus size (Andretta et al. 2012) and reduced reproductive 
performance of pigs (Bryden 2012).

It is thus apparent from this studies that dietary mycotoxins negatively affect pig performance. 
Because of the negative effects of mycotoxins on performance of pigs, U.S. Food and Drug 
Administration and European Union has come up with acceptable maximum dietary levels of vari-
ous mycotoxins for various classes of pigs. Dietary mycotoxin levels below the acceptable maxi-
mum levels are assumed to have negligible effect on performance of pigs. However, results some 
recent studies have shown that pig performance can be negatively affected by dietary levels of myco-
toxins that are below the acceptable maximum dietary levels. For example, Alizadeh et al. (2015) 
observed that contamination of diets for piglets with deoxynivalenol at 0.9 mg/kg negatively affected 
growth performance and various markers of gut health such as expression of different tight junction 
proteins, which is the European Union recommended upper limit of deoxynivalenol in diets for pig-
lets. Also, Terciolo et al. (2019) observed histological alterations in the heart and the intestine due to 
contamination of diets for piglets with fumonisins at 3.7 mg/kg, which was less than the European 
Union recommended upper limit (5 mg/kg) of fumonisins in diets for piglets. Thus, there may be a 
need to re- identify the maximum tolerable levels of mycotoxins in diets for pigs.

Summary

Plant feedstuffs for pigs contain various ANF including phytic acid, TI, glucosinolates, cynogenic 
glucosides, tannins, fiber, and mycotoxins that limit the dietary nutrient utilization in pigs. Phytic 
acid is an ANF that is present in almost all plant feedstuffs that are used to formulate practical swine 
diets. Phytic acid reduces dietary nutrient utilization through reduced digestibility and increased 
endogenous intestinal secretion of nutrients. Trypsin inhibitor is an ANF that is present in soybean 
coproducts, pulses, and camelina. The maximum tolerable TI in diets for pigs appears to be 3.00 TIU/
mg. Pulses have relatively low content of TI. Also, solvent- extracted soybean meal has low content 
of TI because most TI in it is destroyed during the desolventizing- toasting stage of oil extraction. 
Hence, the inclusion of pulses and solvent extracted soybean meal in swine diets is generally not 
limited by TI. However, raw soybeans or expeller- pressed soybean coproducts and camelina coprod-
ucts have high content of TI, and hence they should be heat treated to inactivate most of the TI 
before their inclusion in swine diets or should be included in diets based on their actual TI content 
and maximum tolerable of TI in diets.

Glucosinolates are the major ANF in feedstuffs of Brassica family. Pigs can tolerate up to 
2.50 μmol/g of Napus canola- derived glucosinolates in their diets. The conventional Napus solvent 
extracted canola meal has low concentration of glucosinolates (<9 μmol/g). Thus, up to 28% of 
Napus solvent extracted canola meal can be included in diets for pigs without major effects on nutri-
ent utilization. However, Napus expeller- pressed canola meal and Napus cold- pressed canola cake 
can have high and variable concentration of glucosinolates (>9 μmol/g), and hence their level of 
inclusion in diets for pigs can be lower than that for Napus solvent extracted canola meal and should 
ideally be based on the actual glucosinolate concentration in the coproducts and maximum tolerable 
of glucosinolate in diets. The composition of glucosinolates in Juncea canola, camelina, and cari-
nata coproducts is different from that of Napus canola coproducts, and hence the tolerable levels of 
glucosinolates in these coproducts in pigs should be established.

Cynogenic glucosides are the major ANF in flaxseed and cassava coproducts that limit nutrient 
utilization by pigs. Dietary fiber is an ANF that is present in almost all plant feedstuffs that are used 
to formulate practical swine diets. Soluble fiber present in rye, oats, and barley reduces dietary 
nutrient utilization by increasing digesta viscosity. Insoluble fiber reduces dietary nutrient utilization 
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by increasing the passage rate of digesta in gastrointestinal tract. Tannins are ANF that are mainly 
present in sorghum and pulses and they reduces dietary nutrient utilization through reduced feed 
intake and digestibility and increased endogenous intestinal secretion of nutrients. Mycotoxins are 
ANF that can be present in almost all plant feedstuffs that are used to formulate practical swine diets 
depending on growing and storage conditions. Aflatoxins, fumonisins, and deoxynivalenol reduce 
the dietary nutrient utilization mainly by interfering with liver function. Deoxynivalenol addition-
ally reduces dietary nutrient utilization by negatively affecting gastrointestinal integrity and causing 
the pigs to vomit.
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Introduction

Swine feed cost represents 65–80% of total cost of production. Ingredients make up the greatest 
proportion of the cost, while feed manufacturing and delivery account for approximately 5% of the 
total diet cost. This has led producers to take advantage of feed manufacturing practices to maxi-
mize utilization of feedstuffs. In addition, variations in the quality of ingredients and finished feed 
can affect pig performance. Producers must routinely evaluate the quality of their ingredients and 
the manufacturing process in the feed mill to ensure a low cost to benefit ratio. A systematic evalu-
ation of each process within the feed manufacturing facility will identify opportunities for improve-
ment in manufacturing efficiency and reduced nutrient variation of finished feed, which ultimately 
results in a lower cost of swine production.

Purchasing and Formulating Feed Ingredients

Alternative ingredients are frequently used in swine diet formulations to decrease diet cost. Using 
high- quality ingredients is of greatest importance when formulating which can be challenging with 
the use of variable alternative ingredients. Common coproducts that can have variable quality include 
soybean meal, dried distillers’ grains with solubles (DDGS), bakery meal, and meat and bone meal 
(MBM). These ingredients undergo multistep processing before reaching the final product sold for 
feed usage. Differences within shipment variation, plant variety, growing conditions, and growing 
location can also play a role. Additional costs that come with alternative ingredients include added 
analytical costs to develop and maintain least- cost formulation matrix values, increased receiving 
time at the feed mill, additional feed mill storage, longer batching times from the addition of more 
ingredients to the scales, and reduced pellet mill throughput. Feed mill challenges can arise with 
changes in pellet quality, feed density, and palatability when alternative ingredients are included. 
Therefore cost shifts from ingredients to analytical verification and feed manufacturing which 
should be considered in purchasing decisions to determine actual system- wide benefit.

Soybeans are the most abundant oilseed worldwide that provide by- products including soybean 
meal and oil. Soybean meal used as a plant protein supplement is often formulated and sold by crude 
protein content, commonly 46% for swine diets. Although soybean meal has low variation in protein 
quality several processing steps are needed to achieve high- quality soybean meal. After dehulling 
and solvent extraction, soybean meal is further processed by heating to destroy antinutritional 
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factors. However, there can also be negative effects of over processing such as the Maillard brown-
ing reaction and amino acid (AA) digestibility loss. In the Maillard reaction a free AA (commonly 
Lys) will bind to a reducing sugar and toast or brown the soybean meal. Overprocessing or under-
processing of soybean meal can impact the nutritional value and ultimately performance. In a study 
analyzing 22 sources of soybean meal sourced from crush plants in the northern Midwest, central 
Midwest and eastern United States only minor differences were observed in CP and AA concentra-
tions and digestibility, while digestible AA content remained constant regardless of geographical 
location of soybean crush plant (Sotak- Peper et al. 2017). The protein value of soybean meal in the 
United States was not influenced by location. Another study evaluated the variation of soybean meal 
from top producing countries of China, Argentina, Brazil, the United States, and India (Lagos and 
Stein 2017). Soybean meal sourced from Brazil and India had the highest concentrations of CP and 
AA with China having the lowest concentration. The United States and China had soybean meal 
with greater apparent ileal digestibility (AID) and standard ileal digestibility (SID) compared to 
Argentina, Brazil, and India. Soybean meal sourced from China had less SID CP and AA. The great-
est concentrations of digestible AA soybean meal sourced from the U.S. and India followed by 
Brazil then Argentina. Soybean sourced from the United States, China, and Brazil had less variabil-
ity among sources compared to Argentina and China. Therefore, sourcing soybean meal outside of 
a country draws more precaution than soybean meal within country, especially the United States.

Dried distiller’s grains with solubles (DDGS) is a coproduct of ethanol production. The percent 
of fat is used to identify DDGS commonly ranging from 4.5 to 9%. Over time ethanol plants have 
extracted more oil during the process. These changes will influence DDGS inclusion. Stein et al. 
2009 found that a 30% inclusion of DDGS had no influence in performance. When formulating 
diets using DDGS nutritionists need to consider the decreased metabolizable energy (ME) and net 
energy (NE) which is attributed to the increase in fiber content. There is approximately 12.0% acid 
detergent fiber (ADF) and 30.5% neutral detergent fiber (NDF) in DDGS. High dietary fiber content 
is also commonly associated with decreased nutrient utilization, low NE values, and reduced car-
cass yield. DDGS is primarily insoluble fiber that has an impact on digesta viscosity, rate of fermen-
tation, and amount of VFA absorbed.

Energy values can easily be underestimated or overestimated influencing the caloric efficiency 
effecting growth performance. Maintenance energy requirement will be increase with the increase 
in fiber content. In a study evaluating medium- oil DDGS source and level on growth performance 
of finishing pigs, there were DDGS sources with 5.4% oil and 9.4% oil with each source included 
at 20 and 40% of the diet. For every 15% increase in DDGS energy intake decreased about 2%, 
while CP intake increases about 10% with approximately a 2% decrease and ADG and G:F (Graham 
2014a). Negative effects of DDGS include decreases final body weight, carcass yield, hot carcass 
weight, backfat and loin eye depth, which were also observed in Graham 2014a. In a study of low- , 
medium- , and high- oil DDGS predictive energy equations indicated that on an as- fed basis, increas-
ing the oil content of DDGS by 1% will result in a change of 60 kcal/kg and change in NE of 
115 kcal/kg (Graham 2014b). Both inclusion level and duration of feeding should be considered 
when feeding DDGS.

Bakery meal is any combination of waste products that were rejected for human use including: 
candy, cookies, and crackers among others or it can single- sourced meal. Seasonal variation can add 
to the variability in oil, salt, sugar, and starch. A study of 46 sources of bakery meal from 5 regions 
in the United States; Iowa, Minnesota, the eastern U.S., eastern Midwest, and western Midwest U.S. 
(Liu et al. 2018). The high DM content observed in bakery meal compared to other feed ingredients 
is due to excessive drying of the waste products indicating a potential reason for the reduced Lys 
digestibility. There were only slight differences in chemical composition from the different regions. 
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Most notably, calcium and phosphorus were highest with bakery meal sourced from Minnesota 
compared to all other sources. Phosphorus, phytic acid, and phytate (P) were highest in the eastern 
and eastern Midwest bakery meal sources with the western Midwest source intermediate.

MBM used as an animal protein supplement is a by- product of carcass rendering and can also be 
a calcium and phosphorus source. MBM is a combination of fat trimmings, discarded meat and 
carcass, and bones. Further processing is done to grind, cook, and press this by- product into usable 
material. However, within the heat processing step crude protein, AA content, and mineral content 
can be destroyed. Collagen protein found in skin and connective tissue contributes to the high pro-
tein content. MBM is a regulated by- product with a minimum of 4% P with Ca not exceeding 2.2% 
that of P (AAFCO), less than 4% P is considered meat meal. In a study evaluating eight MBM 
sources CP values were between 45.7 and 57.2, acid hydrolyzed ether extract (AEE) values were 
between 11.6 and 15.2, and ash values were between 20.6 and 33.2 (Sulabo and Stein  2013). 
Variation was greatest for ash (13.7%) followed by AEE (10.5%) then CP (6.2%). The range of Ca 
and P was 5.1–11.0% and 2.6–5.3% with variations of 22 and 20%, respectively.

A diet formulation can only be as nutrient rich as the ingredients included. Challenges with vari-
able alternative ingredients can be mitigated through approved suppliers to assure for manufacture 
of high- quality feed. Implementing ingredient specifications with a supplier can assist with receiv-
ing a consistent product. Communication with purchasing agents, suppliers, transporters, and 
receiving personnel is the foundation for producing high- quality finished feed, limiting product 
liability and variability, and lowering the cost of feed (Stark and Jones 2012). Product description, 
expected nutrient content, analytical methods, physical characteristics, and the basis for rejection 
should be included with a specification sheet. Considerations for alternative ingredient use in feed 
mills include mill design, mill capacity and storage, delivery time, and negative impacts on perfor-
mance of unexpected formulation changes due to ingredients (Stark 2012a).

Feed Ingredient Receiving

Determining ingredient quality prior to diet formulation and feed processing is an important tool in 
precision feeding in swine production. Visual appearance and chemical analysis are commonly used 
to determine the quality of ingredients. Quality concerns include antinutritional factors, physical, 
chemical, and biological hazards. Collecting and retaining samples at receiving is important for 
testing prior to use to insure quality ingredients are used to produce high- quality finished feed.

Prior to sample collection, sampling equipment and sample storage procedures must be identified 
(AAFCO 2017). Proper labeling and clean sampling equipment are of utmost importance to prevent 
cross contamination. Equipment used to provide a representative sample include grain probes and 
sampling triers. Examples of probes and triers used for feed sampling are shown in Figure 16.1.

Grain probes and triers are available in many diameters and lengths from 0.5 to 1.375 in and 18 
to 120  in, respectively. To determine the best sampling tool, length of the tool should reach the 
height or length of the container being sampled. Larger diameters should be used for whole grain 
ingredients and smaller diameters used for ground ingredients and complete feeds. When using a 
grain probe, the probe should be closed when inserted into the product and then twisted to reveal 
holes, allowing grain to flow in. With double tube grain probes, the tube should then be twisted to 
retain sample in the probe which can then be removed. Bags of dry feed, bags of free- flowing mate-
rial, course textured feed, pellets, cube, wafers, powdered feeds, and bulk dry ingredients should be 
sampled using a trier or probe. Trailers, rail cars, hopper bottom trucks, and straight trucks should 
be collected with 10 full probes of material from 10  equally spaced sections of the container 
(Figure 16.2).
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In vehicles with multiple compartments, the samples should be spaced evenly to collect 10 sam-
ples across all compartments. If samples cannot be collected using a probe, another option is cut 
stream sampling during unloading, depending on safety and accessibility. Equipment used for cut 
stream sampling includes pelican samplers or PVC pipe samplers. The sample should be taken in 
the middle of the load, and stream flow may need to be reduced while collecting so the sample does 
not overflow. Collection should be a side to side sweep of the sampler, collecting the entire stream. 
Bin sampling similar to trucks and rails with 10 full probes from 10 different areas spaced around 
the bin. Liquid ingredients should be sampled at the mixer’s delivery line, or storage tanks. Before 
sample collection, liquid lines should be flushed to prime the line and discard the recovered material. 

Figure 16.1 From left to right, and example of a double tube grain probe and bag trier, respectively (Gibson Company).
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Figure 16.2 Diagram of truck and rail car sampling.
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Liquid samples should be stored in plastic or glass containers (AAFCO 2017). Samples should be 
kept in the properly labeled bag and are best stored in a freezer or refrigerator.

Obtaining a representative sample for analysis is key to determine the quality of an ingredient. 
The samples odor and visual appearance can help decide quality and basis of rejection of some 
products. Whole grain ingredients such as corn can be visually inspected for excessive material 
from the field and indication of molds and should be tested to evaluate moisture and mycotoxins. 
Sensory inspection by personnel of by- product ingredients or processed ingredients such as DDGS, 
soybean meal, and fat is helpful in determining when running tests is critical. Soybean meal samples 
that appear dark and smell burnt can be an indication of Maillard browning reactions which can 
cause a decrease in amino acid availability. Energy content of DDGS and soybean meal can be 
affected by the amount fat extraction from DDGS and soybean meal. Fat source sensory inspection 
can indicate lipid oxidation with darker and rancid smelling the sample the greater chance of lipid 
oxidation. Testing for lipid oxidation can be analyzed using peroxide value by measuring the amount 
of peroxides, which are formed in early oxidation. The near inferred reflectance spectroscopy 
(NIRS) is a useful tool for on- site testing of ingredient quality. Sensory inspection becomes more 
challenging when considering minor and micro ingredients which is where supplier verification is 
important. The previously described ingredients should be rejected if the negative effects mentioned 
are displayed, however analysis beyond sensory inspection with NIRS should be performed to 
confirm.

In addition to sensory inspection, chemical analysis of a sample is needed to determine nutrient 
composition. Proximate analysis is often utilized because it provides dry matter, crude protein, 
crude fat, crude fiber, and ash.

Official methods used for crude protein include the LECO combustion method (AOAC 968.06) 
or Kjeldahl digestion method (AOAC 954.01). These analyses are crucial for protein meals. 
Additional analysis for protein content of ingredients include amino acid profile (AOAC 982.30 
E(a,b,c) chp. 45.3.05,2006), available lysine (AOAC 975.44 chp 45.4.03,2006), protein solubility 
by potassium hydroxide (J Anim Sci, 69:2918- 2924, 1991), trypsin inhibitor activity (soybean; 
AACC22- 40, 2006), urease activity (AACC 22- 90), and protein dispersibility index (AACC 
46- 24).

The Soxhlet extraction by ether or hexane is the official method for crude fat (ether extract) 
analysis (AOAC 920.39). Further analysis to determine fat and oil quality include peroxide value 
(AOAC 965.33), iodine value (AOCS Ja 14- 91), thiobarbituric acid rancidity (AOCS Cd 19- 90), 
color scale (AOCS Cc 13a- 43), total carotenoids (AOAC 938.04), and fatty acids (AOAC 996.06).

Analysis to determine crude fiber content includes ceramic fiber filter method (AOAC 962.09) or 
crucible method (AOAC 978.10). ADF (AOAC 973.18), amylase treated NDF (AOAC 2002.04), 
and total detergent fiber (AOAC 985.29) are also official methods in determining fiber content of 
ingredients. Additional fiber analyses include cellulose (AOAC 973.18) and lignin (AOAC 973.18).

To determine the inorganic portion of feed ingredients, ash and minerals should be analyzed. 
Official ash analysis (AOAC 942.05) gives little information and should be further analyzed for 
mineral analysis which includes copper, iron, manganese, zinc, and calcium (AOAC 968.08).

Determining a cost- effective feed ingredient testing program will help meet nutrient needs while 
lowering production cost from a feed mill and pig performance standpoint. Determining the official 
analysis should be utilized will depend on the management question. However, when implementing 
a new supplier proximate analysis should be analyzed to assure ingredient quality with strict testing 
when it comes to by- product and alternative ingredients.

In addition to chemical analysis, rapid methods have been adapted to evaluate quality of ingredi-
ents. These methods help nutritionists and production systems save time and money. Determining 
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the moisture content of an ingredient is important for making decisions pertaining to storage, shrink, 
and other feed milling processes. Options for rapid analysis of moisture include using a Dickey–
John moisture analyzer or near infrared reflectance spectroscopy (NIRS). In addition, NIRS can be 
used to analyze other components such as protein, fat, fiber, starch, and amino acids. The accuracy 
of these results is dependent on many different factors. Literature states that there is a particle size 
by sample preparation method interaction of NIR ground samples and NIR unground samples com-
pared to wet chemistry (Evans et al. 2019). However, if a sample is properly prepared, NIR results 
are comparable to wet chemistry methods. Crude protein results were influenced where wet chem-
istry and NIR ground samples were 20.3 and 19.6%, respectively, compared to the unground NIRS 
sample with 17.8% CP (Evans et al. 2019). Further, samples ground to 267 microns can provide 
more accurate proximate analysis results compared to particle sizes ranging from 693 to 3343 microns 
(Leiva et al. 2019). Ingredient quality can also be measured using NIR methods. Over processing of 
ingredients such as soybean meal can reduce reactive lysine content and negatively impact overall 
lysine digestibility by increasing antinutritional factors. Establishing accurate NIRS calibrations is 
imperative for predictability. Improved calibrations have shown that NIRS as a tool predicting reac-
tive lysine compared to wet chemistry methods (Dunmire et al. 2019). Additionally, NIRS com-
pared to official analytical methods were highly correlated for total Lys, available Lys, and Lys/CP. 
Advancements have been made with NIRS technology in feed mills to include in- line analyzers. 
In- line analyzers can provide results as ingredients pass along a sensor allowing for continuous 
monitoring and segregation based on nutrient value (Stark 2013).

Before receiving loads of grains, it is important to determine the risk of mycotoxins. In addition 
to analytical test, weekly reports are available to assess the risk of mycotoxin contamination in 
grains from a specific area. This can influence the how many loads need to be sampled. Mycotoxins 
are produced from molds and fungi that can develop during a wet harvest or when grain is stored. 
Known mycotoxins include aflatoxin, ochratoxin, deoxynivalenol (vomitoxin), T- 2, zearalenone, 
and fumonisin. Presence of mycotoxins in complete feed can lead to growth performance and health 
challenges in swine. Testing for them at the feed mill can help mitigate these issues. Maximum 
acceptable levels have been established. High aflatoxin levels that can be found in corn, peanuts, 
and cottonseed can cause reduced gain and intake, liver damage, hemorrhaging, thymic atrophy, and 
reduced immunity cautionary levels are 0.02 ppm (Van Heutgen 2001). High ochratoxin levels that 
can be found in barley and oilseed crops can cause reduced gain and intake, kidney function, 
increased water consumption, polyuria, and reduced immunity cautionary levels are 0.2 ppm (Van 
Heutgen 2001). High deoxynivalenol (DON) vomitoxin levels that can be found in corn, wheat, 
barley, rye, and oats can cause reduced gain and intake, feed refusal, and vomiting cautionary levels 
are 1.0 ppm (Van Heutgen 2001). High T- 2 levels that can be found in wheat and barley can cause 
reduced gain and intake, dermatitis, lymphoid necrosis, and reduced fertility cautionary levels are 
0.5 ppm. High zearalenone levels that can be found in corn, wheat, barley, and rye can cause hypere-
strogenism and infertility are 0.5 ppm (Van Heutgen 2001). High fumonisin levels that can be found 
in corn can cause reduced gain and intake, liver damage, and pulmonary edema cautionary levels 
are 5.0 ppm (Van Heutgen 2001). While the maximum allowances serve as a guideline, there may 
be effects at lower levels, there are many factors that determine the effects. Mycotoxin quick testing 
requires little training and sample preparation and is helpful for on- site rejection of ingredients. 
Mycotoxin testing in feed and ingredients can come from qualitative testing and quantitative testing 
and can range in skill intensity. Lateral flow devices or test strips can be used as a single mycotoxin 
test to define qualitatively or quantitively. Enzyme- linked immunosorbent assays (ELISA) can also 
be used for multimycotoxin testing but is more skill intensive. Another onsite option is the NIRS but 
cannot measure the mycotoxins themselves, can only establish low or high concentration and is 
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only as sensitive as the calibration. Onsite laboratory testing provides quick results and alternative 
to the added time and cost associated with laboratory testing and results. Additional highly skill 
intensive methods include high- performance liquid chromatography (HPLC) and liquid chromatog-
raphy couple with mass spectrometry (LC–MC) or tandem MS (LC–MC/MS). These methods pro-
vide a wide range of detailed results, require little sample, are time consuming and expensive.

Particle Size Reduction in Feed

The importance of grinding cereal grains for use in swine feed became understood back in 1930s. 
As the primary ingredients in swine feed cereal grains were ground for improvements in nutrient 
digestibility. By breaking up the hard- protective outer layer nutrients become more available 
because of the increased surface area for digestive enzymes to act. Ingredients including soybean 
meal, rendered products, distillers dried grains, and wheat by- products are supplier ground ingredi-
ents that are ready for use in complete feed and do not require further feed mill processing. The 
importance of grinding was first researched using ground sorghum to demonstrate improvement in 
nutrient digestibility with reducing particle size. The idea was then expanded to pigs fed ground 
corn and sorghum with improvements found in feed efficiency (Aubel 1945, 1955). These prelimi-
nary experiments led to the application of the grinding process to all swine production systems.

There are two common mills that are used to reduce the particle size of ingredients, roller mills, 
and hammermills. Roller mills reduce particle size by crushing, in which a comprehensive force is 
applied to the ingredient. This process produces a small amount of fine material resulting in a fairly 
uniform particle size of the grain. Hammermills reduce the particle size of ingredients by impact 
grinding (Pfost 1976). This creates a more spherical particle shape and increases the amount of fine, 
pulverized particles, resulting in a less uniform particle size. Previous research has determined that 
the increased amount of nonuniform particles generated when grinding grains using a hammermill 
results in a greater angle of repose, indicating poorer flowability (Groesbeck et al. 2006). In addition 
to reducing handling characteristics, grinding grains increase costs associated with milling. These 
costs include (i) equipment cost; (ii) maintenance cost; (iii) the energy required to mill one ton of 
grain (kWh/ton); and (iv) the production rate per horsepower hour of operation. The initial equip-
ment cost may seem expensive, but depending on the mill, the energy cost for one year can exceed 
the cost of a new piece of grinding equipment. The energy required to operate a roller mill or ham-
mermill over its life expectancy will be 10–20 times more than the machine cost alone (Heimann 
2014). Understanding the variety of factors that influence the efficiency and production rate of 
grinding can be very beneficial to feed manufacturers. Previous data have demonstrated that reduc-
ing the particle size of cereal grains leads to an increased energy requirement and decreased produc-
tion rate (Gebhardt et al. 2018). However, the rate at which these factors change can be altered by 
grain, mill type, mill parameters, and mill maintenance. Roller mills and hammermills have differ-
ent operating cost and capital investments. With the knowledge of the negative effects particle size 
reduction can have on milling efficiency, it is important to further investigate if these loses can be 
accounted for by improvements in animal performance.

Improvements in nutrient digestibility with decreasing particle size have been thoroughly 
researched. For example, reducing sorghum article size from 1262 to 471 μm improved apparent 
ileum and total tract digestibility of DM, starch, N, and GE in finishing pigs (Owsley et al. 1981). 
Acosta et al. 2015 did not observe any improvements in energy and nutrient digestibility when corn 
particle size was reduced from 700 to 300 μm with a hammer mill but did observe improvement 
when corn was ground using a roller mill. In contrast, Rojas and Stein (2015) observed a linear 
increase in the concentration of ME in corn as particle size was reduced from 865 to 339 μm using 
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a hammermill. However, Bertol et al. (2017) developed a model that observed a break point between 
523 and 524 μm; therefore, reducing the particle size below 523 μm did not further improve AMEn 
value of corn.

The standard method for determining the particle size is conducted using wire cloth sieves and 
sieve shakers (ANSI/ASAE S319.4 FEB 2009 R2012). It is important to note that there are several 
modifications used when determining particle size which will dramatically change the results. 
These modifications include the number of sieves used in a stack, length of agitation time, disper-
sion agents, and sieve agitators. Therefore, it is important to document how particle size is analyzed. 
It has been reported that there is no difference in particle size between 10-  and 15- minutes agitation 
time with the use of dispersion agents and sieve agitators (Kalivoda 2016). Addition of a dispersion 
agent to hammer mill ground corn can reduce results by about 80 microns and the additions of sieve 
agitators reduced particle size by about 40 microns (Fahrenholz et al. 2010; Stark and Chewning 2012). 
Kalivoda et al. (2016) recommends when measuring particle size, the use of sieve agitators and 
sieving agent should be used to decrease mean particle size and increase the standard deviation. 
This will be a more accurate representation of particle size.

Nursery pig performance is highly variable with decreasing particle size. Diet texture and palat-
ability have a significant influence on nursery pig intake when particle sizes are below 500 microns. 
Finely ground corn less than 325 microns has been observed to have a negative impact when fed to 
nursery pigs due to reduced feed intake with no impact on feed efficiency (De Jong et al. 2014a, b). 
Other research has demonstrated improved feed efficiency when corn particle size was reduced 
from 700 to 400 microns (Bokelman et al. 2014). Furthermore, Bokelman et al. 2014 and Gebhardt 
et al. 2018 found that nursery pigs preferred diets with corn ground at 525 or 700 μm consuming 67 
or 80% of their daily intake but with diets containing corn ground to 267 or 400 microns pigs con-
sumed 33 or 20% of their daily intake, respectively.

Based on multiple studies conducted prior to 2012, it was concluded that there was a 1.0–1.3% 
improvement in finishing pig feed efficiency for every 100 μm reduction in particle size when corn 
or sorghum was ground from approximately 1000–400 μm (Wondra 1995a; Paulk 2011; De 
Jong 2015). Bertol et al. (2017) observed a 6% improvement in feed efficiency when gilts were fed 
diets with corn ground from 904 to 483 μm. However, reducing particle size did not influence feed 
efficiency of barrows. In contrast to previous research, Gebhardt et  al. (2018) did not observe 
improvements in finisher pig feed efficiency when corn was ground to reduced particle sizes (561–
285 μm) using a roller mill. As previously mentioned, Bertol et al. (2017) and Rojas et al. (2015) 
determined increased ME of corn when the particle size was reduced. When formulating diets to be 
balanced for these increases in ME, there were no differences in finishing pig feed efficiency 
observed. It has been well documented that reducing the particle size of grains improves the feed 
efficiency of finishing pigs. However, previous research has demonstrated more variability in what 
may be considered as optimal particle size.

While reducing particle size improves animal performance, consideration must be given to the 
changes in stomach morphology. Ulceration of the esophageal region of the stomach has been 
extensively observed and researched with the reduction in particle size in finishing pigs (Maxwell 
et al. 1970; Wondra et al. 1995a; and Ayles et al. 1996) and lactating sows (Wondra et al. 1995b). 
The occurrence of ulcers with the decrease in particle size results from the increased mixing of 
stomach contents due to increased surface area. This mixing results in a decreased pH of stomach 
contents and allows continuous exposure of the esophageal region to digestive acids (Reimann 
et al. 1968; Maxwell et al. 1970). When gastric ulcers are advanced, it can cause death. Minimizing 
stomach ulcers without having negative effects on performance is challenge for swine 
producers.
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Challenges of grinding are found both in the feed mill and on the farm. Decreasing particle size 
can influence the performance but must be balanced for increased cost and risk of ulceration.

Feed Batching

Feed batching systems are known as the bottle neck of the feed mill. With the growth of the feed 
additive industry, this has increased the number of ingredients added to swine diets within the last 
decade. More ingredients mean more time needed to weigh ingredients accurately. Most commonly, 
there are several major ingredient scales as well as minor, totes, and micro scales. Under- addition 
of ingredients can lead to poor animal performance, while over- addition of ingredients can lead to 
deviation in inventory and added cost. Either way, the additional time needed to accurately batch 
feed far outweighs the cost of inaccuracy. Keeping scales within the upper and lower specification 
limits (1–2%) of the required quantities is key to getting precise diets in front of the pig (Stark and 
Jones 2015).

The speed and accuracy of the batching systems causes increased cost and headaches for feed 
mills. Smaller inclusion of ingredients such as concentrated enzymes, vitamins, and minerals 
requires greater scale resolution, finer control of equipment, and a higher degree of accuracy during 
weighing. This proposes a challenge when trying to weigh ingredients to the nearest 0.01 lbs 
(Stark 2016). Using loss- in- weight systems can help to improve weighing accuracy.

Increased consumer demands and government regulations have led to improvements for feed 
batching. These improvements include precision feed manufacturing, ingredient lot tracing, using 
bar code readers during hand additions, and summarizing process data (Stark 2014). Time, screw 
conveyor diameters, and the use of variable frequency drives (VFD) at multiple speeds determined 
the accuracy of scales (Stark and Jones 2015).

Feed Mixing

The type of mixer used to mix ingredients greatly influences the time needed to create a uniform mix. 
Efficient mixer options include double shaft ribbon and paddle mixers. The order of scale discharge 
should be major scale, minor scale, and finally micro- scales. The location of discharge of micro- 
ingredients should also be considered to prevent discharge into dead zones or areas of the mixer 
where mixer paddled do not reach. The size of the batch of feed should never exceed the volume 
which the mixer is designed. However, the ingredient density must be considered since it can influ-
ence the uniformity of the mix. Commonly, high by- product diets will decrease density and therefore 
the batch size should decrease. As a general guideline, ribbons should always be visible (Stark 2016). 
Material buildup is a key indication that ribbons and paddles are not functioning properly.

For precision formulation to be successful, a uniform mix is required. To determine a uniform 
mix a coefficient of variation (CV) must be determined. A mixer uniformity test is often done by 
using a single source tracer (i.e. salt, trace minerals, or iron filings) as the indicator. Ten samples 
should be pulled in order from different spots in the mixer and the tracer analyzed to be tested for 
uniformity. The CV can be calculated by CV%  =  (standard deviation/mean) × 100%. The feed 
industry standard is a CV of less than 10%. If results are between 10 and 15%, it is a good mix and 
mixing time should be increased by approximately 25%. With results of 15–20%, mixer time should 
be increased by 50%, and mixer wear and ingredient propriety should be addressed. Any results 
greater than 20% is considered poor and should be evaluated. Any changes in mixing should be vali-
dated by mixer uniformity.
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To prevent drug carryover during mixing, the mixer should be subjected to effective cleanout 
procedures. The CGMP regulations require medicated feed manufacturers to use one or more of the 
approved cleanout procedure, such as cleaning, sequencing, and/or flushing to prevent unsafe con-
tamination by drug carryover. The most effective cleanout procedure is considered the thorough 
cleaning of the feed manufacturing equipment. However, given its time- consuming nature and the 
down time needed to thoroughly clean the equipment, sequencing and flushing are the most com-
monly used in the feed industry. Sequencing is the predefined succession of feed manufacturing to 
prevent contamination of subsequent batches. This is usually done in high production facilities were 
they have enough production volume to predefine a weekly production schedule. When implement-
ing flushing procedures, it is recommended to use flush size of 5–10% of the mixer’s total capacity 
(Martinez et al. 2018).

A uniform mix can be assured through mixer testing. Factors that can influence ingredients dis-
tribution included ingredient characteristics and type of mixer. Additionally, mixer ribbons should 
be inspected weekly to minimize build up from addition of liquid ingredients. Mixer uniformity 
CVs should be done quarterly for validation. Mixer uniformity should be routinely monitored for its 
impact on animal performance and system- wide cost.

Feed Pelleting

Pelleting swine diets has been well documented and is done for improvements in performance and 
feed handling. Benefits of pelleting include (Behnke 1994):

• Decreased feed wastage
• Reduced selective feeding
• Decreased ingredient segregation
• Less time and energy expended in prehension
• Destruction of pathogens
• Improved palatability

Pellets are produced via steam conditioning providing heat and moisture helping the material 
pass though the die. When heated, the starch and protein present create adhesive forces to establish 
the pellet. The temperature that the mash is heated to before pelleting is highly depended on ingre-
dients present. For example, nursery pig diets with high inclusions of whey included would need to 
be pelleted at a lower temperature (about 145 °F) than a corn- soy finishing pig diet (about 185°F). 
Conditioner type, single pass or double pass, will determine the retention time with 30–45 seconds 
or 75–90 seconds, respectively. While longer retention times can improve pellet quality, this can 
also destroy some nutritional value and increase cost of pellet mill throughput. While higher reten-
tion times tend to improve pellet quality and pellet mill throughput.

Feeding pelleted diets to pigs has previously resulted in improvements in the rate of gain (Wondra 
et al. 1995a). However, there have also been a number of reports suggesting no significant benefits 
on growth rate due to pelleting (Skoch et al. 1983). Paulk (2009) summarized a series of 16 experi-
ments and based on the average determined that pelleting diets for growing- finishing pigs resulted 
in approximately a 6 and 7% improvement in rate and efficiency of gain, respectively. There are a 
number of theories that try and explain the mechanism behind the improvement in growth perfor-
mance do to pelleting. Skoch et al. (1983) proposed the idea that  pelleting increased the bulk density 
of diets and reduced dustiness, therefore, making the diets more palatable. However, this is not sup-
ported by the inconsistencies observed with feed intake in pelleting trials. Although pelleting does 
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not increase starch gelatinization to the extent of extrusion previous research has demonstrated an 
increase in gelatinized starch from approximately 6.1 to 11.7% in pelleted based diets (Lewis 
et al. 2015a). Rojas et al. (2015) observed an increase in apparent ileal digestible GE and starch and 
increased ME concentration in pigs fed pelleted diets compared to meal diets. However, the observed 
improvement in ME was less than the improvement in feed efficiency that has been previously 
reported. It is hypothesized that a majority of the improvement in feed efficiency results from a 
reduction in feed wastage (Hanrahan 1984). This is in agreement with previous research that dem-
onstrated no difference in feed efficiency when pigs were fed pelleted diets that were ground into 
meal form vs meal diets (Lewis et al. 2015b).

When pelleting diets, feed mills must determine what their target pellet quality is. Ingredient 
composition, equipment design, and manufacturing parameters influence pellet quality as well as 
pellet mill production rate and energy consumption. Previous research observed an improvement in 
feed efficiency as percent fines decreased in pelleted finishing pig diets (Schell and van 
Heugten 1998; Nemechek et al. 2015; Stark 2014). However, Langdon (2015) demonstrated no 
difference in feed efficiency as pellet fines was decreased (60, 45, 30, 15, or 0%). These differences 
in response to pellet quality can potential be explained by feeder type and management. Nemechek 
et al. (2015) demonstrated that pigs fed pelleted diets with 50% fines had improved feed efficiency 
when feeders were adjusted to 12.7 mm opening vs a 25.4 mmm opening. Although feeder gap 
improved feed efficiency of poor- quality pellets, pigs fed good quality pellets had the best feed 
efficiency. Segregation of nutrients from fines to pellets is another area of concern with pellet 
quality.

Reducing the percent fines at the feeder is the objective of producing good- quality pellets. 
However, each production system is different, and variety of factors can influence the handling 
stress pellets undergo and the amount of fines generated. Although the amount of percent fines is 
the major concern feed mill require a methodology to estimate pellet quality for quality assurance 
purposes. Therefore, cooled pellet samples are collected at the feed mill to determine pellet durabil-
ity index (PDI; ASAE 1997; S269.4) to estimate pellet quality. These methods will be discussed in 
the finished feed quality section below.

In addition to pellet quality, pellet cooling is important to drying pellets to decrease mold growth 
by reducing moisture. The goal is to decrease the moisture content adding during pelleting less than 
initial mash moisture content. Air flow, feed bed depth, ambient temperature, speed of the fan, and 
amount of fines blocking air flow will determine rate and uniformity of cooling (Stark 2012b).

Post- Pellet Liquid Application

Certain scenarios during feed manufacturing make it beneficial to add liquid ingredients after diets 
have been pelleted. For example, mixer- added fat has been shown to decrease pellet quality (Gehring 
et al. 2011). In addition, certain feed additives are not heat stable and are denatured during the con-
ditioning processes (De Jong et al. 2017). Post- pellet liquid application (PPLA) of fat or enzymes 
can occur at the pellet die while the pellets are hot or after the pellets have been cooled to alleviate 
these negative effects (Stark 2016). The liquid can be applied via spray nozzles or spinning discs. 
The goal of a PPLA system is to apply an accurate amount of liquid by weight to the pellets with a 
360- degree uniform coating of material. The ideal PPLA system would include accurate ingredient 
metering, uniform ingredient distribution, liquid is absorbed into the pellet, and liquid and dry mate-
rial contained within the contained within the coating system. When determining appropriate PPLA 
system equipment, it is important to consider the ingredient density, viscosity, pH, quantity, desired 
accuracy, and optimal temperature.
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Method of application and control of metering are the two important factors to consider when 
determining a PPLA system. Liquid application typically occurs either after the pellet die or after 
pellets have been cooled. Applying liquid immediately after the die requires less expensive equip-
ment that can be installed on existing equipment. However, the disadvantage to this system is the 
minimum amount of time the pellet has to absorb the liquid prior to cooling. When greater than 3% 
of liquid is applied prior to cooling, the liquid can be drawn off the surface of the pellet and end up 
in the cooler and the cooler air system. This can have a negative effect on the cooling system and 
the maintenance of cooling equipment will increase. When applying liquid to cooled pellets, a 
stand- alone system (spray in a screw, ribbon, or paddle conveyor; plenum or weir; rotating drum or 
reel; spinning disk; or batch mixer) is required. Both systems require liquid to be applied to a con-
tinuous flow, making it difficult to achieve target accuracy. The three principle methods used for 
measuring the flow rate of material in a continuous system are volumetric, mass flow, and loss- in- 
weight (Stark 2016). Regardless of which system is employed, regular cleaning, maintenance, and 
calibration of the system should be scheduled to ensure accurate and trouble- free operation. The use 
of PPLA systems requires additional monitoring but can help in accurate inclusion of liquid ingre-
dients and improve the final feed quality.

Feed Delivery

Once feed manufacturing is complete, the final step is delivering feed. While this may seem simple, 
deliveries to the wrong bin happen frequently. Feed delivered to the wrong bin must either be fed to 
pigs at the wrong growth stage, blended with existing feed, or removed from bin all of which require 
a lot of time and money with potential losses in performance. Use of automation systems as a check 
system can help get the feed to the right place. Use of barcodes for loading and unloading and GPS 
tracking are a few tools that can be used to minimize incorrect feed delivery. Feed delivery equip-
ment should be selected for uploading speed, durability, and minimize the degradation of pellet 
quality.

Finished Feed Quality

Nutrient value and pellet quality will determine the quality of finished feed. Using PDI and fines 
discussed previously are indication of pellet quality. There are several ways to determine PDI that 
involved different machines and modifications. The goal of all these methods is to determine the 
quality of the pellet after transportation and therefore the pellet that is present at the feeder for 
consumption. The traditional method is the KSU tumble box method in which a sample is rotated 
in a box for 10 minutes and can be modified with the addition of hex nuts to make the method 
more abrasive. The tumble box method is the most common method found in the feed mill because 
of the low equipment cost required. Another method involves Holman NHP 100 pellet tester in 
which forced air is used to agitate pellets and determine PDI. The Holmen methods are more 
aggressive and less time consuming compared to the tumble box and method with results that can 
be produced from 30 to 120 seconds. The use of an inline pellet tester, Holmen NHP 300, can 
produce results directly to a computer by collecting, cooling, and sieving samples directly from 
the pellet mill. Using a fully automated inline pellet tester can help with real time production 
parameter adjustments (Stark 2014). The use of PDI information can be used to create a model to 
determine pellet quality at the feeder and help nutritionist with information of effects of 
ingredients.
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To determine nutrient value of finished feed, feed mills adapted use of table top near infrared 
(NIR) technology. Advantages if using NIR is quick, real time answers with minimal sample prepa-
ration, in- line options, precision and low cost after initial investment. In the past NIR has only been 
used for analysis of receiving ingredients; however, opportunities with finished feed creat an addi-
tional check for guaranteed analysis. Challenges with using an NIR machine include the importance 
of correct calibration equations used to predict nutrient content from wet chemistry analysis. 
Recently, companies have developed software to manage NIR machines and data remotely; how-
ever, there this requires time and additional cost for maintenance of calibrations and data 
management.

Feed Mill Biosecurity and Animal Food Safety

The United States swine industry has made substantial gains in herd health by implementing farm 
biosecurity practices. Many of the primary routes of pathogen entry into the farm (i.e. other pigs, 
farm employees, visitors, air, etc.) have been minimized in high health systems, while less research 
has characterized the risk of feed as a transmission vector. However, there is increasing interest in 
risk associated with feed mills and opportunity for biosecurity protocols to be adapted. While not 
all pathogens are strong candidates for feed- based transmission, the knowledge about the role of 
feed and its transfer of pathogens is growing.

Feed mill biosecurity is important to the feed and animal- agriculture industries as a way to con-
trol the spread of feedborne disease and other hazards. Implementing a biosecurity plan to prevent 
or mitigate biological hazards in a feed mill is challenging because of differences in facility design, 
manufacturing operations, and significant risk factors among feed mills. However, biosecurity plans 
at the mill can minimize risk of introduction of biological hazards and limit potential economic 
losses from these hazards. The first step toward minimizing risk is to develop a feed mill biosecurity 
plan. Methods for developing a swine feed mill biosecurity plan are described by Cochrane 
et al. 2016. Other references, such as the AFIA guide for Developing Biosecurity Practices for Feed 
& Ingredient Manufacturing, and the K- State Swine Feed Mill Biosecurity Audit are helpful for 
facilities to determine opportunities for improving biosecurity. The followings are six key recom-
mendations to consider when developing a biosecurity plan:

• Use receiving mats or funnels to limit pathogen entry into the receiving pit. The ingredient 
receiving pit is the single biggest entry point for contaminants into the feed manufacturing 
system. Magossi et al. (2019) reported that the pit was second to only employee shoes as the 
most unhygienic locations tested in 12 U.S. feed mills.

• Create lines of separation at all doors to minimize contamination from footwear. This involves 
employees and visitors changing shoes to keep exterior shoes on one side of the line and 
interior shoes on the other. Examples of how facilities may implement lines of separation are 
shown in Figures 16.1 and 16.2. In both examples, additional exits are available in case of 
emergency to satisfy OSHA requirements. If lines of separation cannot be developed, consider 
zoning to standardize traffic patterns, with foot baths or food- grade dry sanitizing powder 
placed in high traffic areas.

• Create cleaning and disinfection stations for delivery vehicles and feed trucks. Use wet- 
cleaning and sanitizers to remove debris from the tires, wheels, undercarriage, and exterior of 
ingredient trucks and feed delivery trucks prior to their entry into the mill. Similarly, create 
stations prior to entry of delivery trucks on and off of farms.
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• Sanitize floors routinely. Sweep or vacuum all dirt and dust from floor, then mop with a 10% 
bleach solution or and EPA- approved FAD disinfectant on a weekly basis to limit the accumu-
lation and spread of virus on nonfeed- contact surfaces

• Refrain from using dust, screenings, or similar materials as an ingredient or added back into 
feed production. These materials are frequently placed back in ground corn or an ingredient 
bin to minimize shrink. However, dust is consistently reported to carry high levels of patho-
gens, and should be composted or discarded, never fed to animals.

• When delivering feed, use cleaning and disinfection stations prior to entering and exiting 
farms. Alternatively, consider unloading feed across a line of segregation or fence into another 
feed truck or extend bin augers so bins can be filled on the exterior of the line of segregation, 
as shown in Figure 16.3.

Conclusion and Future Trends

Feed processing is a rapidly changing field. As research and new technology influence the under-
standing of the effects of processing on animal performance, analytical methods for incoming ingre-
dients, automation improvements, and further implementation of biosecurity, these areas will 
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continue to evolve. Applying these changes to feed manufacturing and nutrition will continue to be 
a challenge for the future.

In the future, attention on feed safety will be a concern from both a food safety regulation stand-
point and biosecurity. Therefore, complete traceability of feed and ingredients will require strict 
record- keeping. Diet formulation will be challenged with the push for medication free therefore 
introducing alternative ingredients having subsequent effects at the feed mill. Ingredient changes 
can affect pellet quality, all the way to down to mixing and batching depending on ingredient char-
acteristic and inclusions. The variety of alternative ingredients will be the challenge. Narrowing 
the margin of variability of preprocessed ingredients (i.e. DDGS) at receiving will also be a focal 
point.

Relationships between mill managers, nutritionists, and decision makers are key for communi-
cating the importance of quality, safe feed on the effects it can have on both pig performance and 
pocket performance. When implementing new technology, determining the cost–benefit should be 
decided with all parties to be affected to determine how the changes will affect all aspects of the 
process of getting feed to pigs. The ability for feed mills to adapt to these changes in technology, 
ingredients, and regulation will determine a successful system.
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Introduction

Swine diets have been formulated based on feed ingredients originating from cereal grains and 
protein- rich by- products from the oil extraction of legume seeds. Although most nutrients in plant 
feed ingredients are digestible by pig endogenous enzymes, digestion and absorption of nutrients 
are often hindered by the presence of dietary antinutritional components in plant feed ingredients. 
Moreover, the use of alternative feed ingredients (e.g., by- products after milling processes of cereal 
grains or from the oil extraction of legume fruits or seeds other than soybeans) that contain high 
concentration of dietary antinutrients has received attention for reuse and production cost 
reduction.

Phytic acid is the major storage form of P in plant feed ingredients. Most plant feed ingredients 
contain considerable concentration of P; however, P in phytic acid is hardly digested and absorbed 
by pigs due to low endogenous phytase production and the low solubility of phytate, a salt form of 
phytic acid with cations, in the gastrointestinal tract (GIT). Therefore, majority of P in plant feed 
ingredients is undigested and excreted in feces, which may cause eutrophication. Moreover, because 
of the low digestibility of P in plant feed ingredients, inorganic P sources such as mono-  or di- 
calcium phosphate have been used in swine diets which are finite sources from the earth and account 
for considerable portion of production cost. Reduction of nutrient utilization from the negative 
effects of dietary phytate and fiber results in oversupply of nutrients in swine diets, leading to the 
increased excretion of nutrients and total cost of production. To mitigate the negative effects of 
those antinutritional factors, exogenous enzymes have been used in swine diets.

The current global feed enzyme market is approximately $ 940 million US Dollars. The use of 
exogenous enzymes in animal feeds is expected to surpass 1 billion US Dollars by 2024, with 
phytase, carbohydrases, and proteases as the key animal feed enzymes for improving feed efficiency 
and nutrient utilization as well as reducing environmental waste. Phytase and carbohydrases 
are the two dominant exogenous enzymes in swine diets which degrade dietary phytin and carbo-
hydrates, respectively. In addition, supradosing of phytase may improve the growth performance 
of pigs, which exceeds the expected response. Moreover, recent studies have suggested that oligo-
saccharides released from dietary fiber by exogenous carbohydrases may improve the gut health 
of pigs. In this chapter, various aspects of exogenous enzymes, mainly focusing on carbohydrases 
and phytase, in swine diets are discussed together with brief introduction of their substrates. 
Furthermore, future studies required to improve the understanding and implications of exogenous 
enzymes are suggested.

17 Enzymes and Enzyme Supplementation of Swine Diets
Chan Sol Park and Olayiwola Adeola
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Antinutritional Effects of Phytic Acid and Dietary Fiber

Phytic Acid

Phytic acid in plant feed ingredients mostly presents as a structure consisting of an inositol ring and 
6 phosphate esters (myo- inositol 1,2,3,4,5,6- hexakis dihydrogen phosphate; IP

6
; Figure 17.1a). Five 

of 6 phosphate groups are equatorially oriented, but the phosphate group on carbon 2 is axially 
oriented, which makes it resistant to phytase activity (Adeola and Cowieson 2011). Completely dis-
sociated phytic acid can carry 12 negative charges, all of which can bind to various cations, basic 
AA residues of proteins, or carbohydrates (Olukosi and Adeola 2012). Phytate refers to the salt of 
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phytic acid chelated with cations (Figure 17.1b). In plants, phytic acid generally presents as a form 
of mixed salt (i.e., phytin) with cations such as K, Mg, and Ca (Figure 17.1c).

Solubility of phytin is dependent, in part, on ratio among chelated cations. Due to the strong 
affinity of phytic acid for divalent cations (Rimbach et al. 2008), phytin with high ratio of Ca2+ plus 
Mg2+ to K+ is less soluble than low ratio of Ca2+ plus Mg2+ to K+. In general, legume seeds and their 
byproducts after oil extraction contain lower ratio of Ca2+ plus Mg2+ to K+ than cereal grains. On the 
other hand, phytin is mainly located in aleurone layer of most cereal grains except for corn in which 
germ is the major site of phytin storage (O’Dell et al. 1972; Steiner et al. 2007), whereas legume 
seeds contain phytin throughout the cotyledon (Reddy et al. 1982). Therefore, dehulling process can 
remove a portion of phytin in several cereal grains and reduce antinutritional effects.

After ingestion of dietary phytin, cations are replaced with protons (hydrogen) in acidic condi-
tions of stomach, leading to a liberation of partially protonated phytic acid (Schlemmer et al. 2001). 
Phosphate groups in liberated phytic acid can be partly degraded by intrinsic plant phytase 
(Rodehutscord et al. 2016). However, the activity of intrinsic plant phytase is limited due to the poor 
resistance of intrinsic plant phytase to proteolytic digestion and unfavorable pH in the stomach and 
small intestine (Rodehutscord and Rosenfelder 2016). In addition, intrinsic plant phytase is gener-
ally susceptible to heat damage, and therefore, heat processing of diets such as pelleting or extrud-
ing reduces the activity of intrinsic plant phytase (Schlemmer et  al.  2001). Indeed, endogenous 
phytase is produced in the small intestine of pigs, mainly in the mucosal layer of jejunum (Hu 
et al. 1996). However, little P in phytic acid is digested and absorbed due to the poor solubility of 
phytate (Adeola and Cowieson 2011).

As pH of digesta gradually increases along the small intestine, phytic acid readily binds to di-  and 
trivalent cations to form a stable complex, which reduces the solubility of phytic acid as well as cati-
onic minerals including Ca, Mg, Fe, Zn, Cu, Mn, and Cd (Rimbach et  al.  2008). Formation of 
mineral- phytate complex is resistant not only to intrinsic plant phytase and endogenous phytase but 
also to exogenous phytase. Maenz et al. (1999) reported that Zn- phytate complex was the most 
resistant to phytase activity at neutral pH, but Ca- phytate complex may be the most problematic due 
to the greatest concentration of Ca in diets compared to other dietary cations (Dersjant- Li et al. 2015). 
Dietary phytic acid may also increase the endogenous loss of Na (Woyengo et al. 2009). Cowieson 
et al. (2006) observed similar findings in broiler chickens and discussed that pH of digesta in the 
duodenum was decreased by phytic acid, leading to the increased secretion of NaHCO

3
 from pan-

creas. Changes in endogenous Na secretion in the small intestine may be critical for absorption of 
other nutrients because it may impair the activity of Na- K- ATPase (Dersjant- Li et  al.  2015). 
However, unlike poultry, reabsorption of Na may occur in the large intestine of pigs, and therefore, 
imbalance of electrolytes may only have a local effect in the small intestine, but not affect the whole 
physiological system of the body (Woyengo et al. 2009).

Phytic acid may bind to positively charged amino acid (AA) residues in proteins and form binary 
protein- phytate complex at acidic pH condition or bind to proteins together with Ca and form ter-
nary protein- Ca- phytate complex at neutral pH condition (Selle et  al.  2012). The formation of 
protein- phytate complex decreases the solubility of proteins (Kies et  al.  2006a; Yu et  al.  2012), 
which reduces AA digestibility. Moreover, phytic acid may reduce the activity of pepsin in the 
stomach by binding to pepsinogen (Woyengo et al. 2010). Endogenous losses of AA may be affected 
by phytic acid, which was consistently observed in broiler chickens (Cowieson et al. 2004; Cowieson 
and Ravindran 2007; Liu and Ru 2010). Possible mechanism suggested by Cowieson et al. (2009) 
includes gastric stimulation of pepsinogen and HCl secretion by protein- phytate complexes, leading 
to the increased secretion of mucin and pancreatic juice in the small intestine. The reabsorption of 
endogenous secretions may be compromised due to the increased secretion of NaHCO

3
 stimulated 
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by acidic digesta. However, Woyengo et al. (2009) reported that the endogenous losses of AA in 
pigs were not affected by the addition of phytic acid in purified diets. Woyengo and Nyachoti (2013) 
discussed that in pigs, although endogenous secretion of AA may be increased by dietary phytic 
acid, the reabsorption of those AA may not be affected.

Phytic acid may interact with α- amylase (Knuckles and Betschart 1987) or lipase (Knuckles 1988) 
and reduce the digestibility of gross energy (GE). Reduced activity of mucosal amylase, sucrase, 
and maltase in the duodenum or jejunum was observed in broiler chickens fed high phytic acid diets 
(Liu et al. 2008). However, negative effects of phytic acid on digestibility of GE or energy values 
(i.e., digestible energy or metabolizable energy) in pigs remain unclear due to variations in results 
of studies conducted with phytase.

Dietary Fiber

Dietary fiber mainly resides in plant feed ingredients as a cell wall component. Major component of 
dietary fiber is nonstarch polysaccharides (NSP) in which monosaccharides (i.e., pyranose and 
furanose) are bound to each other at various positions and orientations, leading to the formation of 
complex structures (Bach Knudsen 2011). In general, the NSP in cereal grains mainly consist of 
arabinoxylan, β- glucan, and cellulose, whereas those in legume seeds mainly consist of cellulose, 
xylan, xyloglucan, pectin polysaccharides, and glycoproteins (Choct 1997; Bach Knudsen 2011).

Dietary fiber may physically prevent the digestion of nutrients or chemically interfere with diges-
tive enzymes in the GIT (Adeola and Cowieson 2011). It has been reported that increasing concen-
tration of dietary fiber decreased digestibility of nutrients (Le Goff and Noblet  2001; Dilger 
et al. 2004; Navarro et al. 2019). In addition, reduced digestibility of nutrients may be related to 
altered gastrointestinal motility by ingestion of dietary fiber. Gastrointestinal motility is mainly 
dependent on stimulation and response of enteric nervous system and viscosity of digesta. Wenk 
(2001) suggested that dietary fiber stimulates the peristaltic movement of the GIT and decreases the 
retention time of digesta. Wilfart et al. (2007) also reported that increasing dietary concentration of 
wheat bran, which contained insoluble NSP as a major component of dietary fiber, decreased the 
retention time of digesta in the small intestine. Reduced retention time of digesta in the small intes-
tine may lead to the reduced digestibility of nutrients because nutrients in digesta may flow to the 
large intestine before being digested and absorbed. On the other hand, soluble NSP is known to 
increase the viscosity of digesta, leading to delayed gastric emptying (Johansen et al. 1996) and 
increased retention time of digesta (Owusu- Asiedu et al. 2006). Previous review studies suggested 
that the retention time of digesta may be increased by soluble NSP and reduced by insoluble NSP 
(Montagne et al. 2003; Zijlstra et al. 2010). However, results of previous studies conducted to verify 
the relationship among the solubility of NSP, viscosity of digesta, and retention time are inconsist-
ent, especially when purified dietary fiber sources were used (Owusu- Asiedu et al. 2006; Hooda 
et al. 2011). Moreover, delayed gastric emptying of pigs by soluble NSP may lead to reductions of 
feed intake and growth performance (Zijlstra et al. 2010; Adeola and Cowieson 2011). Therefore, it 
can be concluded that the growth performance as well as digestibility of nutrients can be affected by 
complex interactions between insoluble and soluble NSP on gastrointestinal motility and viscosity 
of digesta.

Apart from the retention time of digesta, digestibility of nutrients may be affected by viscosity of 
digesta per se by interfering with absorption of nutrients through unstirred water layer of mucosa 
(Johnson and Gee 1981). In addition, increased viscosity of digesta may decrease villus height and 
ratio between villus height and crypt depth in the small intestine, leading to a reduction of nutrient 
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absorption (McDonald et al. 2001). Although negative effects of viscosity of digesta were observed 
in poultry (Pekel et al. 2015; Konieczka and Smulikowska 2018), these effects are not consistent in 
pigs (Bartelt et al. 2002; Hooda et al. 2011; Lærke et al. 2015). Increased viscosity of digesta may 
also increase the endogenous losses of N and AA, which may result in an underestimation of digest-
ibility values (Chen et al. 2017).

Phytase

Mode of Actions

Phytase (myo- inositol hexakis dihydrogen phosphate phosphohydrolases) hydrolyzes phosphate 
group from phytic acid in a stepwise manner. Most commercial phytases are classified as histidine 
acid phytases based on the catalytic mechanism (Greiner and Konietzny 2010). Depending on the 
location (i.e., carbon number) where phytases initiate the hydrolysis of phosphate ester, phytases 
can be divided into 3- phytase, 5- phytase, and 6- phytase with Enzyme Commission (EC) identifier 
3.1.3.8, 3.1.3.72, and 3.1.3.26, respectively.

Commercial phytases are mostly either 3-  or 6- phytase. Phytase produced by microbes has been 
considered as 3- phytase, whereas those produced by plants has been considered as 6- phytase; how-
ever, this is not a general rule (Greiner and Konietzny 2010). Commercial phytases are produced by 
fermentation of genetically modified microbes which enables the mass production (Greiner and 
Konietzny 2010). In general, fungal phytase produced by Aspergillus niger, which was the first 
phytase marketed in the animal feed industry, is considered as the first generation of phytase, and 
bacterial phytase produced by Escherichia coli, which was produced after fungal phytase, is consid-
ered as the new generation of phytase (Dersjant- Li et al. 2015).

Phytase hydrolyzes the phosphate group at the designated location first (i.e., carbon 3, 5, or 6), 
and then hydrolyzes the next phosphate groups by sequentially moving round phytic acid (Adeola 
and Cowieson 2011). Due to the axial orientation of phosphate group located on carbon 2, end 
products of catalytic reaction are 5 orthophosphates (Pi) and myo- inositol 2- phosphate (IP

1
; Yu 

et al. 2012). However, depending on various conditions and characteristics of phytase, the reaction 
of phytase generally releases Pi and partially phosphorylated myo- inositol phosphates such as myo- 
inositol penta-  (IP

5
), tetra-  (IP

4
), or triphosphate (IP

3
; Menezes- Blackburn et al. 2015). Even though 

phytase does not completely hydrolyze phosphate groups in IP
6
, the solubility of phytic acid 

increases with decreasing number of phosphate groups in myo- inositol ring (Schlemmer et al. 2001), 
allowing phytic acid to be available to endogenous phytase and reducing the detrimental effects of 
phytic acid on other nutrients.

There is no standard unit to express the activity of phytase, but it is usually expressed as phytase 
unit (FTU), which defines the amount of phytase that liberates 1 μmol of Pi per minute from 
0.0051 M sodium phytate at pH 5.5 and 37 °C (method 2000.12; AOAC 2000). The unit of phytase 
activity is often provided as FYT, but it is synonymous with FTU. Although FTU can provide the 
general information of phytase activity, it cannot represent the actual activity of phytase when fed 
to pigs because of the differences in in vivo and in vitro conditions.

Exogenous phytase mainly acts in the stomach and proximal small intestine where phytic acid 
presents as a soluble form. Rutherfurd et al. (2014) reported that 72–78% of phytate complexes was 
degraded before terminal jejunum when phytase was added in corn- soybean meal (SBM)- based 
diets at 1107 or 2215 FTU/kg, whereas 40% of phytate complexes was degraded in pigs fed the 
diet without phytase. Therefore, the activity of phytase in mild acidic condition and resistance to 
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proteolytic digestion are critical for in vivo efficacy of phytase. Relevant characteristics of several 
commercial phytases were evaluated by Menezes- Blackburn et al. (2015), and a part of results is 
presented in Table 17.1. Most commercial phytases maintained 80% of their optimal activity in 
weak acidic condition ranging from pH 3.0 to 5.5; however, phytases produced from Peniophora 
lycii and A. niger (PL and AN in Table 17.1, respectively) had reduced activity at pH 3. All phytases 
had low activity at pH 7. Most phytases were resistant to pepsin except for those produced from 
P. lycii and A. niger. Due to those differences in optimal pH range and susceptibility to pepsin, the 
efficacy of phytase may vary among commercial products.

The efficacy of phytase also depends on the substrate specificity. Phytase that has broad substrate 
specificity can hydrolyze IP

6
 into 5 Pi and IP

1
, whereas phytase that has narrow substrate specificity 

can hydrolyze IP
6
 into Pi and various partially phosphorylated myo- inositol phosphates (Greiner 

and Konietzny 2010). For example, if there are two phytases which have the same FTU but different 
substrate specificities, phytase with narrow substrate specificity would more rapidly remove IP

6
 or 

IP
5
 releasing Pi and produce various myo- inositol phosphates such as IP

3
 or IP

4
, whereas phytase 

with broad substrate specificity would mainly act on IP
6
 and release the same amount of Pi by near 

complete hydrolysis. Therefore, even though the same amount of Pi is released by the two phytases, 
the phytase with narrow substrate specificity may produce more myo- inositol with fewer phosphate 
groups (i.e., IP

3
 and IP

4
) than the phytase with broad substrate specificity, which may be more ben-

eficial to pigs because myo- inositol with fewer phosphate groups have greater solubility than IP
5
 or 

IP
6
 (Greiner and Konietzny 2010; Adeola and Cowieson 2011).
The composition, structure, and concentration of phytin vary among feed ingredients. Therefore, 

the efficacy of phytase relies on the available substrates in feed ingredients. Almeida et al. (2017) 
reported that the concentration of phytase to maximize the standardized total tract digestibility 
(STTD) of P ranged from 160 FTU/kg for SBM to 1219 FTU/kg for sunflower meal. In addition, 
Almeida and Stein (2012) found that the graded concentration of dietary phytase from 0 to 1500 FTU/
kg quadratically increased the STTD of P in corn, corn high- protein distillers’ dried grains, and corn 
germ, but not in corn distillers’ dried grains with solubles (DDGS). The STTD of P in DDGS is rela-
tively greater than other feed ingredients originating from plants because phytin in cereal grains is 
partly hydrolyzed during fermentation process to produce ethanol (Pedersen et al. 2007). Therefore, 

Table 17.1 Characteristics of seven commercial phytasesa,b.

Relative activity (%)d Residual activity (%)d,e

Item Donor organism Class pH rangec pH 3 pH 7 − pepsin + pepsin

EC1 Escherichia coli 6- phytase 4.0–5.0 92.5 0.8 95 93
EC2 Escherichia coli 6- phytase 3.5–5.0 101.3 2.2 98 98
EC3 Escherichia coli 6- phytase 3.0–5.0 82.8 1.7 92 92
BSP Buttiauxella spp. 6- phytase 3.0 235.1 0.5 87 85
CB Citrobacter braakii 6- phytase 3.0–4.5 145.7 0.6 93 92
PL Peniophora lycii 6- phytase 4.5–5.5 12.5 7.8 58 34
AN Aspergillus niger 3- phytase 4.5–5.5 64.2 7.0 81 47

a Adapted from Menezes- Blackburn et al. (2015).
b The in vitro assay was conducted with 350 μl of sodium phytate solution at 37 °C for 30 minutes.
c An 80% of the optimal activity.
d The activity of phytase at pH 5.5 was considered as 100%.
e The incubation was conducted at pH 3 for 45 minutes.
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the efficacy of phytase in DDGS or diets containing high concentration of DDGS may be diminished; 
however, it should be noted that other previous studies observed the increased digestibility of P in 
DDGS (Xue and Adeola 2015; Almeida et al. 2017). In addition, heat processing of diets affects the 
activity of phytase. De Jong et  al. (2017) revealed that the residual activity of four commercial 
phytases linearly decreased from 76.2 to 20.2% as the conditioning temperature increases from 
65 to 95 °C.

Calcium can bind to phytic acid and form a Ca- phytate complex in the GIT, which is resistant to 
phytase activity. The formation of Ca- phytate complex is dependent on pH of digesta and molar 
ratio between Ca and phytic acid (Selle et al. 2009). Based on the extensive review of previous stud-
ies, Selle et al. (2009) reported that the formation of Ca- phytate complex generally occurs at pH 5. 
Therefore, the activity of phytase in the stomach, where Ca- phytate complex formation is unlikely, 
is critical for the efficacy of phytase. Even though phytase cannot completely hydrolyze the phos-
phate groups in phytic acid, the affinity of phytic acid to bind Ca ion decreases as the number of 
phosphate groups in myo- inositol ring decreases (Luttrell 1993), leading to the increased availabil-
ity of phytic acid to endogenous and exogenous phytases. In addition, increased concentration of 
dietary Ca or Ca- to- P ratio (Ca:P) may reduce the efficacy of phytase. Brady et al. (2002) reported 
a greater apparent total tract digestibility (ATTD) of P with 362 FTU/kg in diets with Ca:P at 1.15:1 
than in diets with Ca:P at 1.85:1. In addition, Beaulieu et al. (2007) observed the increased ATTD 
of P in diets prepared with Ca:P at 1.12:1 or 1.66:1 when phytase was added at 500 FTU/kg of diet, 
but not in diets prepared with Ca:P at 2.31:1. However, Adeola et al. (2006) showed that the benefi-
cial effects of 1000 FTU/kg phytase on growth performance were not influenced by dietary Ca:P 
from 1.2 to 1.8:1, which linearly decreased the growth performance regardless of phytase addition. 
Poulsen et al. (2010) reported similar findings in which ATTD of P by phytase addition (750 FTU/
kg of diet) were not affected by increasing Ca:P ratio from 0.9 to 1.8:1 and discussed that negative 
effects of Ca on efficacy of phytase may be dependent on dietary concentration of Ca and P per se 
rather than their ratio. Considering the recommended Ca:P at 1 to 1.25:1 in NRC (2012), negative 
effects of Ca or Ca:P on phytase activity do not seem to be problematic if nutrient composition is 
properly controlled when formulating diets. Moreover, based on the results of aforementioned stud-
ies, the addition of phytase greater than 500 FTU/kg of diet may not interact with dietary Ca:P. 
However, care must be taken when standardized total tract digestible Ca and P are applied. It should 
be noted that phytase affects the STTD of both Ca and P in diets which needs to be considered in 
diet formulation (Stein et al. 2016).

Studies on Nutrient Utilization

Previous studies have shown that the addition of phytase improved the STTD of P in various feed 
ingredients. Rojas et al. (2013) reported that the effect of phytase to improve STTD of P was greater 
in corn and hominy feed, all of which contained approximately 80% of P in phytate complexes, 
than in corn DDGS, which only contained 15% of P in phytate complexes. Specifically, the STTD 
of P in corn and hominy feed was improved by 51 and 61%, respectively, but that in corn DDGS 
was improved by 8% when phytase was added at 600 FTU/kg. On the other hand, an interaction 
between the effect of feed ingredient and phytase was not observed in Rodríguez et al. (2013) which 
showed the improved STTD of P by exogenous phytase at 500 FTU/kg in seven different feed 
 ingredients including oilseeds or their meals after the oil extraction.

Previous studies conducted to determine the effects of phytase on digestibility of P and other 
nutrients in complete diets outnumber the studies with feed ingredients. In general, most studies 
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conducted with graded concentration of phytase in diets containing low concentration of P reported 
linear or quadratic increases in ATTD of P regardless of phytase products used in studies. Some of 
previous studies reported that graded concentration of phytase in diets without inorganic P source 
quadratically increased the ATTD of P close to the values for positive control diets containing ade-
quate concentration of P by inorganic P sources (Jendza et al. 2005; Zeng et al. 2011; Almeida 
et al. 2013; She et al. 2017; Arredondo et al. 2019). The concentration of phytase to maximize the 
ATTD of P in corn- SBM- based diets without inorganic P source was estimated at 1016 FTU/kg 
(Almeida et al. 2013) and 1107 FTU/kg (Arredondo et al. 2019) for weanling pigs and 801 FTU/kg 
(Almeida et  al.  2013) for growing pigs, all of which were estimated by broken- line analysis. 
Increased ATTD of P by dietary phytase was also observed in both gestating and lactating sows 
(Jongbloed et al. 2004; Hanczakowska et al. 2009; Jang et al. 2014).

Although the effect of phytase on increasing the ATTD of P is evident in previous studies, the 
extent to increase the ATTD of P in diets varied among studies partly due to the different phytase 
characteristics used in experiments. The effects of four different phytases on ATTD of P in corn- 
SBM- based diets are presented in Figure 17.2. In the study reported by Kerr et al. (2010), the effi-
cacy of four phytases was evaluated in separated four experiments, but ingredient composition of 
experimental diets was identical, and the mean initial body weight (BW) of pigs was also consistent 
among four experiments ranged from 82.4 to 89.3 kg. The ATTD of P quadratically increased when 
phytase originating from A. niger or E. coli was added at a range of 0 to 1000 FTU/kg, whereas the 
ATTD of P linearly increased when phytase originating from E. coli (different product from former 
phytase) or P. lycii was added.

The addition of phytase in diets may increase digestibility of other nutrients because of the anti-
nutritional effects of phytic acid, which is referred to as extraphosphoric effect (Adeola and 
Cowieson 2011). Linear or quadratic increases in the ATTD of Ca were generally observed together 
with the ATTD of P. However, the effects of phytase on ATTD of Ca were not observed in other 
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Figure 17.2 Responses of apparent total tract digestibility (ATTD) of P to activity of phytase (phytase unit; FTU) in pigs fed 
corn- soybean meal- based diets; Aspergillus niger phytase (●, solid line), y  =  15.8 + 0.0639x + 0.000 0335x2; Escherichia coli 
phytase 1 (○, short dash line), y = 15.3 + 0.0900x + 0.000 0461x2; Escherichia coli phytase 2 (▲, round dot line), y = 21.9 + 0.0258x; 
Peniophora lycii phytase (♦, long dash line), y = 20.0 + 0.0206x. Source: Adapted from Kerr et al. (2010).
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studies (Zeng et al. 2011; She et al. 2017). These differences among results may be due to the dif-
ferences in ingredient composition of diets or source of phytase used in experiments. Furthermore, 
results for the effects of phytase on ATTD of GE or AA varied among previous studies. Several 
studies reported that the ATTD of GE was increased by the addition of phytase, but the extent to 
increase digestibility values was less than responses in ATTD of P (Adedokun et al. 2015; Velayudhan 
et al. 2015; Arredondo et al. 2019). Liao et al. (2005) found that the apparent ileal digestibility 
(AID) of Arg, His, Phe, Thr, and Val was increased by the addition of phytase in wheat- SBM- canola 
meal- based diets but not in corn- SBM- , wheat- SBM- , or barley- pea- canola meal- based diets. 
Cowieson et al. (2017a) conducted meta- analysis based on data from 28 peer- reviewed papers to 
determine the effects of phytase on digestibility of AA in diets (Table 17.2). In the meta- analysis, 
majority of studies were conducted with corn- based diets with the addition of phytase ranging from 
250 to 20 000 FTU/kg. The results showed that the AID of indispensable AA, except for Arg, Met, 
and Trp, was improved by the addition of phytase in diets.

Improved digestibility of minerals by the addition of phytase was also observed in previous stud-
ies; however, the results were variable. In general, the ATTD of K and Mg linearly or quadratically 
increased as dietary phytase concentration increases, but improvement in ATTD of other minerals 
was not consistent among studies (Adedokun et  al.  2015; Velayudhan et  al.  2015; Arredondo 
et al. 2019).

Table 17.2 Effect of phytase on apparent ileal digestibility (%) of amino acids in diets fed to pigsa,b.

Control Phytase

Item Mean SEc Mean SE P- value

Indispensable amino acid
Arg 84 1.3 86 1.2 NSd

His 77 1.3 78 1.2 <0.01
Ile 78 1.3 80 1.2 <0.01
Leu 79 1.3 81 1.2 <0.001
Lys 78 1.3 80 1.2 <0.01
Met 81 1.3 81 1.2 NS
Phe 77 1.3 81 1.2 <0.001
Thr 69 1.2 72 1.2 <0.001
Trp 74 1.5 76 1.4 0.09
Val 75 1.3 77 1.2 <0.01
Dispensable amino acid
Ala 73 1.3 75 1.2 <0.05
Asp 75 1.3 77 1.2 <0.001
Cys 70 1.4 71 1.3 NS
Glu 82 1.3 84 1.2 <0.05
Gly 66 1.3 68 1.2 <0.05
Pro 75 1.3 77 1.2 <0.01
Ser 71 1.3 73 1.2 <0.05
Tyr 77 1.3 79 1.2 <0.001

a Adapted from Cowieson et al. (2017a).
b Data represents 925 observations originating from 28 peer- reviewed research articles published from 1994 to 2016. The acitivity 
of phytase in diets ranged from 250 to 20 000 phytase unit/kg. Body weight of pigs ranged from 6 to 71 kg with mean of 29.4 kg.
c SE = standard error.
d NS = no significance.
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Studies on Growth Performance

Improved growth performance by phytase is generally observed with increased digestibility of P. 
Therefore, the beneficial effects of phytase on growth performance of pigs can be mostly explained 
by increased digestibility of P in diets. In general, the average daily gain (ADG) and gain- to- feed 
ratio (G:F) of pigs linearly or quadratically increased as the concentration of phytase in diets 
increases, which is consistent with the responses in ATTD of P. However, the effects of phytase on 
average daily feed intake (ADFI) varied among previous studies, which were generally observed in 
experiments conducted for 42 days or more (O’Quinn et  al.  1997; Adeola et  al.  2004; Jendza 
et al. 2005; Torrallardona and Ader 2016). These observations may indicate that an improvement in 
ADG of pigs is not because of increased ADFI of pigs, but because of increased digestibility of P, 
and an improvement in ADFI is due to the accumulative effect of increased BW during experimen-
tal periods.

Improvements in bone parameters such as bone breaking strength, bone ash content, or the con-
centration of P in bone ash were observed together with increased growth performance in weanling 
pigs (Radcliffe and Kornegay  1998; Zeng et  al.  2011) and growing- finishing pigs (O’Quinn 
et al. 1997; Jendza et al. 2005; Veum and Liu 2018). This can be also explained by increased digest-
ibility of P in diets. Previous studies observed the linear or quadratic increases in the concentration 
of Ca and P in plasma when pigs were fed graded concentration of phytase (Adeola et al. 2004; 
Beaulieu et al. 2007). Therefore, increased absorption of Ca and P by phytase results in increased 
bone development. On the other hand, quantitative carcass traits do not seem to be affected by the 
addition of phytase in diets for finishing pigs (Dersjant- Li et al. 2018; Duffy et al. 2018). In sows, 
the addition of phytase to diets did not affect the performance of sows and litter (Nyachoti et al. 2006; 
Hill et al. 2008; Nasir et al. 2014).

Supradosing of Phytase

Adeola and Cowieson (2011) defined “supradosing” of phytase as the addition of phytase greater 
than 2500 FTU/kg of diet, considering that the conventional concentration of phytase in diets ranges 
from 500 to 1000 FTU/kg. Previous studies have been reported that the ADG and G:F of pigs quad-
ratically increased above the responses in pigs fed positive control diets when phytase was added up 
to 10 000 FTU/kg or greater (Braña et al. 2006; Kies et al. 2006b; Veum et al. 2006; Zeng et al. 2014). 
However, exact mechanisms of the supradosing effect are not completely understood. Adeola and 
Cowieson (2011) suggested three possible mechanisms: (i) increased liberation of Ca and P that 
establishes more favorable Ca:P for digestion and absorption; (ii) diminished antinutritional effects 
of phytic acid; and (iii) increased absorption of myo- inositol that potentially improves growth of 
pigs.

Phytase in diets mainly acts on IP
6
 and IP

5
, which readily forms an insoluble complex with Ca. 

Therefore, the conventional concentration of phytase (i.e., 500 to 1000 FTU/kg) may increase solu-
ble Ca in the lumen more than the P released from phytic acid, leading to the increased Ca:P and 
decreased absorption of both Ca and P (Adeola and Cowieson 2011). However, supradosing of 
phytase may further release P from phytic acid and consequently establish adequate Ca:P in the 
lumen (Adeola and Cowieson 2011). Phytic acid has potential negative effects not only on Ca and 
P but also on other nutrients including proteins, carbohydrates, and other minerals. Therefore, 
supradosing of phytase may increase the digestibility of those nutrients, leading to an improvement 
in growth performance of pigs. In addition, increased uptake of myo- inositol may be responsible for 
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increased growth performance of pigs. Cowieson et  al. (2017b) reported that the plasma myo- 
inositol concentration in pigs fed the diet containing 1000 or 3000 FTU/kg phytase was not different 
from that in pigs fed the diet containing 0.2% myo- inositol at 360 minutes after ingestion. Beneficial 
effects of myo- inositol on growth performance were observed in broiler chickens (Cowieson 
et al. 2013; Żyła et al. 2013). Previous studies with mice found that myo- inositol induced the trans-
location of glucose transporter 4 (GLUT4) to the membrane surface of skeletal muscle cells (Dang 
et al. 2010; Yamashita et al. 2013), which may imply that myo- inositol exert insulin- like effects. 
Lu et al. (2019) also found that the addition of phytase at 2000 FTU/kg of diet increased the concen-
tration of myo- inositol in plasma and GLUT4 in muscle plasma membrane. Therefore, increased 
absorption of myo- inositol in pigs may increase the protein synthesis due to the insulin mimetic 
effects and the stimulation of insulin signaling pathway (Bevan 2001).

Carbohydrases

Mode of Actions

Various carbohydrases have been developed and studied in swine nutrition. Carbohydrases refer to 
the enzymes that can hydrolyze the covalent bonds between two adjacent monosaccharides in their 
polymers. Most exogenously added feed carbohydrases are the enzymes that cannot be produced by 
pigs, but in some cases, specific carbohydrase is applied to enhance the enzymatic reaction together 
with the endogenous enzyme (e.g., exogenous amylase). Exogenous carbohydrases for swine diets 
are generally produced by fermentation of microbes from either classical or genetically modified 
strains (Paloheimo et al. 2010). Commercially available carbohydrases can be divided into three 
categories: (i) single- component carbohydrase; (ii) enzyme complex produced by blending two or 
more single- component carbohydrases; (iii) enzyme cocktail that contains multiple enzyme activi-
ties produced by a single fermentation (Masey O’Neill et al. 2014). Carbohydrases commonly used 
in swine diets include xylanase, β- glucanase, cellulase, β- mannanase, α- galactosidase, and 
pectinase.

Xylanase (endo- 1,4- β- xylanase; EC 3.2.1.8) catalyzes the hydrolysis of (1→4)- β- xylosidic bond 
(Paloheimo et al. 2010). The substrate for xylanase is arabinoxylan that consist of (1→4)- β- xylan 
backbone with various branches mostly with arabinose at O atoms of carbon 2 or 3 in xylose mono-
mers (Choct 1997). Other monomers found in fewer quantities in the branches include glucuronic 
acid, 4- O- methylglucuronic acid, acetic acid, ferulic acid, and p- coumaric acid (Collins et al. 2005). 
Branches of monomers not only exist directly on xylan backbone by either glycosidic linkage or 
esterification but also exist on O atom of carbon 5 in arabinose branch (Agger et al. 2010). In addi-
tion, dehydrodimer feruloyl residue on arabinose forms cross- linkage of arabinoxylan molecules, 
leading to a complex structure of arabinoxylan (Agger et  al.  2010). Degree of branching and 
 monosaccharide constituents in branches vary among feed ingredients and directly affect the phys-
icochemical characteristics of arabinoxylan (Collins et al. 2005; Paloheimo et al. 2010). Because 
xylanase does not have the ability to hydrolyze branches (Collins et al. 2005), the efficacy of xyla-
nase depends on components and structure of arabinoxylan, as well as access of xylanase to the 
xylan backbone. Therefore, the aid of other exogenous enzymes which hydrolyze branches of 
 arabinoxylan may enhance the efficacy of xylanase. Previous in  vitro studies showed that the 
 addition of branch- degrading enzymes, such as arabinofuranosidase or feruloyl esterase, increased 
the hydrolyzed xylose when arabinoxylan was incubated with xylanase (Lei et  al.  2016; Ravn 
et  al.  2018). Hydrolysis of arabinoxylan reduces the molecular weight of polysaccharides and 
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 produces oligosaccharides, which may reduce the negative effects of dietary fiber and increase the 
proliferation of beneficial microflora in the large intestine.

A linear polysaccharide chain connected by (1→3) and (1→4) linkage between glucose mono-
mers, β- glucan is the major component of soluble NSP in barley and oat (Bach Knudsen 1997; 
Choct  1997). β- Glucanase [endo- 1,3(4)- β- glucanase; EC 3.2.1.6] acts on (1→3)-  or 
(1→4)- β- glycosidic bonds of β- glucan. Due to the presence of (1→3)- β- glycosidic bonds, β- glucan 
in cereal grains is more soluble in water than the linear chain of (1→4)- β- glycosidic bonds (i.e., cel-
lulose), thereby increasing the viscosity of digesta (Choct 1997). Åman and Graham (1987) reported 
that the solubility of β- glucan in barley is 54%, whereas that in oat is 80%. Because of the structural 
similarity between β- glucan and cellulose, β- glucanase is often mischaracterized as cellulase 
(Adeola and Cowieson 2011). However, cellulase refer to as a series of enzymes including endo- 1,4-
 β- glucanase (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91), and β- glucosidase (EC 3.2.1.21), all of 
which contribute to releasing glucose monomers from cellulose (Adeola and Cowieson 2011).

Beta- mannanase (endo- 1,4- β- mannanase; EC 3.2.1.78) is applied to hydrolyze the polysaccha-
rides mainly consisting of mannose including mannan, galactomannan, glucomannan, and galacto-
glucomannan (Jackson 2010). β- Mannanase catalyzes the hydrolysis of (1→4)- β- mannosidic bonds 
in mannan- based polysaccharides. The structure of mannan consists of only mannose as a linear 
chain, whereas that of glucomannan consists of glucose and mannose (Singh et al. 2018). Branches 
can be formed with galactose in both mannan and glucomannan by (1→6)- α- galactocyl bond (Singh 
et al. 2018). Mannan is mostly found in by- products of oil extraction particularly from palm and 
coconut (Bach Knudsen 1997). The concentration of mannan in copra expellers and palm kernel 
expellers used in the study reported by Kwon and Kim (2015) were 24.6 and 31.3%, respectively. 
Hsiao et al. (2006) reported that the average concentration of mannan in 22 sources of hulled SBM 
was 1.60% and that in 14 sources of dehulled SBM was 1.25%.

The hydrolysis of terminal α- galactose in raffinose- oligosaccharides and other polysaccharides 
containing α- galactose residues is catalyzed by α- galactosidase (EC 3.2.1.22). Raffinose- 
oligosaccharides including raffinose, stachyose, and verbascose are abundant in by- products of the 
oil extraction from legume seeds (Bach Knudsen 1997). Raffinose consists of sucrose (glucose and 
fructose) and one galactose residue in which one molecule of galactose is bound at carbon 6 of 
glucose. Stachyose contains two galactose molecules and sucrose in which galactose residues are 
bound at carbon 6 of the first galactose attached to glucose, whereas verbascose contains three 
galactose molecules attached in the same way (Martínez- Villaluenga et al. 2008). Grieshop et al. 
(2003) reported that the major raffinose- oligosaccharide in nine samples of SBM produced in the 
United States was stachyose ranged from 4.15 to 5.72% dry matter (DM) basis.

Pectinase generally refers to the class of enzymes that hydrolyzes pectin polysaccharides such as 
polygalacturonase, pectin transeliminase, or pectin methyl esterase (Adeola and Cowieson 2011). 
Pectin is the polysaccharide chain consisting of galacturonic acid (Jackson 2010). In general, by- 
products of the oil extraction from legume seeds contain greater concentration of pectin than cereal 
grains (Malathi and Devegowda 2001). Pectinase has been generally applied together with other 
carbohydrases as enzyme cocktails.

Among various carbohydrases, xylanase and β- glucanase have been predominant in livestock 
industry (Adeola and Cowieson 2011) because the majority of NSP in cereal grains including corn, 
wheat, and barley is arabinoxylan or β- glucan (Bach Knudsen 1997). β- mannanase has been occa-
sionally applied especially when feed ingredients containing high concentration of mannan was 
used (Kim et al. 2017). Oligosaccharides released from NSP may be degraded further to monosac-
charides which can be absorbed and used as energy sources for pigs. However, most carbohydrases 
cannot completely hydrolyze their substrates into monosaccharides possibly due to the substrate 
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specificity or structural complexity. Nevertheless, exogenous carbohydrases have been applied 
mainly to reduce the antinutritional effects of NSP by reducing the molecular weight, thereby 
releasing the nutrients encapsulated by NSP or diminishing the interference with digestion and 
absorption of nutrients (Adeola and Cowieson 2011). Decreased molecular weight of NSP may also 
reduce the viscosity of digesta and subsequently increase digestibility of nutrients or GE (Bartelt 
et al. 2002; Kiarie et al. 2007; Passos et al. 2015; Zhang et al. 2017; Tiwari et al. 2018), although 
the effect of carbohydrases on viscosity of digesta is inconsistent among previous studies (Nørgaard 
et al. 2019).

Studies on Nutrient Utilization

Although direct feeding of carbohydrases and measuring the responses of pigs can be considered as 
the most suitable and practical assessment, in vitro experiments have been used to determine the 
efficacy of carbohydrases due to its cost- effectiveness and methodological simplicity. In vitro DM 
or nutrient digestibility has been determined in previous studies to select feed ingredients suitable 
for a specific carbohydrase (Bindelle et al. 2011; Kong et al. 2015; Park et al. 2016a) or to evaluate 
the efficacy of various carbohydrases in selected feed ingredients (Zeng et al. 2018). Because exper-
imental errors can be readily controlled in in vitro experiments, beneficial effects of carbohydrases 
on in  vitro DM or nutrient digestibility were observed in previous studies. However, results of 
in vitro experiments have been generally inconsistent with the results of in vivo experiments (Park 
et al. 2016b; Torres- Pitarch et al. 2018; Woyengo et al. 2018).

Reduced antinutritional effects of dietary fiber by carbohydrases can result in improved digesti-
bility of nutrients or GE in diets. Therefore, numerous studies have been conducted to evaluate the 
efficacy of carbohydrase using digestibility of nutrients or GE as responses. However, results were 
variable among studies. In general, the beneficial effects of carbohydrases on digestibility of nutri-
ents or GE were observed in diets containing feed ingredients with high dietary fiber (Owusu- 
Asiedu et  al.  2012; Kim et  al.  2017; Koo et  al.  2017; Tsai et  al.  2017). However, other studies 
reported that there was no effect of carbohydrase on digestibility of nutrients or GE (Kwon and 
Kim 2015; Jang et al. 2016; Woyengo et al. 2018). This inconsistency among reports may be due to 
the differences in intrinsic characteristics of carbohydrases including microbial origins, substrate 
specificity, optimal pH condition, and activity or due to the differences in extrinsic factors such as 
ingredient composition of experimental diets, BW of pigs, or environmental conditions. Ndou et al. 
(2015) conducted an experiment with two diets based on either wheat or corn to evaluate the effects 
of five xylanases from different origins. A part of the results is shown in Figure 17.3. The addition 
of xylanase originating from Bacillus substilis (X3 in Figure 17.3) in wheat- based diets increased 
the AID of arabinoxylan, leading to an improvement in AID of GE, whereas there was no effect of 
this xylanase in corn- based diets. However, two different xylanases originating from Trichoderma 
reesei (X2 and X5 in Figure 17.3) increased the AID of arabinoxylan and GE in corn- based diets, 
which were not observed in wheat- based diets. These observations may indicate that each carbohy-
drase has its own suitable feed ingredients which contains specific structure and composition of 
dietary fiber favorable to its enzymatic reaction. Therefore, feed ingredients that contain adequate 
structure and amounts of substrates need to be considered when using carbohydrases to capture the 
beneficial effects.

The addition of carbohydrases in diets may increase the digestibility of AA by reducing the inter-
ference of dietary fiber with the proteolytic enzymes or by degrading dietary fiber surrounding 
proteins in feed ingredients. Ao et al. (2010) and Owusu- Asiedu et al. (2012) reported that the AID 
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of several indispensable AA in diets increased when carbohydrase mixtures were added. Kiarie 
et al. (2010) also observed a linear increase in the standardized ileal digestibility of Met as dietary 
concentration of enzyme complex increases. However, Kong and Adeola (2012) did not observe the 
effect of β- glucanase on AID of AA in barley- SBM- based diets. Reduced molecular weight of 
 dietary fiber may also prevent the excessive secretion of mucin, leading to a reduction of endoge-
nous losses of N and AA. Cadogan and Choct (2015) observed that the secretion of mucin in the 
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Figure 17.3 The apparent ileal digestibility (AID) of arabinoxylan (a) and gross energy (b) in diets without (control) and with 
five xylanases: X1, Fusarium verticilloide xylanase; X2, Aspergillus Clavatas xylanase; X3, Bacillus substilis xylanase; X4, 
Trichoderma reesei xylanase; and X5, Trichoderma reesei xylanase (different product from X4). Xylanases were added into wheat- 
based (black bar) or corn- based diets (white bar). Interactions between diets and xylanase were observed in the AID of arabinoxylan 
(SEM = 3.5; P = 0.011) and gross energy (SEM = 1.9; P = 0.044). Within responses, means with different letter differ (P < 0.05). 
Source: Adapted from Ndou et al. (2015).
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duodenum and ileum was reduced by xylanase when pigs were fed wheat- based diets. However, 
Yin et al. (2000) and Bartelt et al. (2002) found that endogenous loss of N was not affected by the 
addition of xylanase to diets.

Carbohydrases can be also used in diets for sows, although a few studies have been conducted to 
determine the effects of carbohydrases on digestibility of nutrients and GE in sows. In gestating 
sows, de Souza et al. (2007) reported that the addition of xylanase did not affect the AID and ATTD 
of DM and N in diets, but those values were improved in lactating sows. Similar findings were also 
observed in other studies, which showed beneficial effects of carbohydrases on digestibility of 
nutrients or GE (Upadhaya et al. 2016a; Kim et al. 2018; Zhou et al. 2018). Cozannet et al. (2018) 
conducted a meta- analysis of data collected from eight studies of lactating sows and reported that 
the ATTD of DM and GE was increased by the addition of enzyme complex containing xylanase 
and β- glucanase.

Studies on Growth Performance

Similar to the results of digestibility studies, the effects of carbohydrases on growth performance 
are also inconsistent among studies. Improved digestibility of nutrients or GE by carbohydrases 
generally resulted in increased ADG or G:F in previous studies (Yoon et al. 2010; Hanczakowska 
et al. 2012; Kim et al. 2017; Koo et al. 2017). However, Passos et al. (2015) reported that the growth 
performance of pigs was not affected by the addition of xylanase despite of the improved AID of 
nutrients, which may indicate that the addition of carbohydrases is not effective if diets contain 
adequate concentration of nutrients or GE for pigs. The addition of carbohydrases in diets does not 
seem to affect the quantitative carcass traits of finishing pigs (Thacker et al. 2002; Yoon et al. 2010; 
Hanczakowska et al. 2012).

Previous studies with lactating sows that observed improvements in ATTD of nutrients or GE 
with added carbohydrases also reported improvements in performance of sows. In general, the addi-
tion of carbohydrases reduced the BW loss (Cozannet et al. 2018; Kim et al. 2018; Zhou et al. 2018) 
or back fat thickness loss (Upadhaya et al. 2016a) during lactation. Dietary carbohydrases do not 
seem to affect litter size (Upadhaya et al. 2016a; Kim et al. 2018; Zhou et al. 2018), but based on 
the results of meta- analysis, Cozannet et al. (2018) reported that the addition of enzyme complex 
containing xylanase and β- glucanase improved the litter size and BW of piglets at weaning.

Carbohydrases and Gut Health

Majority of dietary fiber in diets is not digested in the small intestine and enters the large intestine. 
Moreover, as discussed earlier, increased intake of dietary fiber reduces the digestibility of nutri-
ents, and consequently undigested nutrients also flow to the large intestine together with dietary 
fiber, all of which results in a provision of nutrients to microbiota. Therefore, microbial population 
in the large intestine is directly and indirectly driven by dietary fiber which may be either beneficial 
or detrimental to host animals.

Kiarie et al. (2013) suggested two possible roles of carbohydrase in microbial population: reduc-
tion of undigested nutrients and provision of short- chain oligosaccharides as prebiotics. Zhang et al. 
(2018a) evaluated the effects of five different xylanases in two diets (i.e., corn-  or wheat- based 
diets) on microbial population in the ileum and cecum by high- throughput sequencing. The results 
of this experiment showed that each xylanase differently affected the microbial population depending 
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on diets as well as sites of the GIT. For example, one xylanase increased the relative rRNA abun-
dance of Lactobacillus spp. in the cecum of pigs fed corn- based diets, whereas the other two xyla-
nases reduced that of Lactobacillus spp. in the cecum of pigs fed wheat- based diets. Zhang et al. 
(2018a) also reported that the diversity of microbial population increased in pigs fed diets contain-
ing xylanase compared with pigs fed diets without xylanase. Lactobacillus spp. is generally consid-
ered as beneficial bacteria for host animals due to the ability to decrease pH of lumen, which may 
suppress the proliferation of pathogenic microbes. Several studies observed that the addition of 
carbohydrases in diets increased the population of Lactobacillus spp. in the ileum (Chen et al. 2016) 
or feces (Kiarie et al. 2007; Clarke et al. 2019), whereas Reilly et al. (2010) and Li et al. (2019) 
found that the population of Lactobacillus spp. in the ileum was reduced by carbohydrases in diets.

Modulation of microbial population in the GIT may result in changes in intestinal barrier integ-
rity and immune responses of host animals. Li et al. (2018, 2019) conducted an experiment to deter-
mine the effects of xylanase and enzyme complex containing xylanase, β- glucanase, and cellulase 
on the mRNA expression of tight junction proteins and cytokines in the ileum and colon of weanling 
pigs. Results of this experiment revealed that the addition of enzyme complex in diets increased the 
mRNA expression of claudin- 3 in the ileum (Li et al. 2018), which was consistent with Tiwari et al. 
(2018) that reported increased mRNA expression of claudin and occludin in the jejunum by xyla-
nase. Li et al. (2019) also reported that the addition of xylanase or enzyme complex in diets increased 
the mRNA expression of claudin- 3 and occludin in the colon and decreased the concentration of 
interleukin- 1β and tumor necrosis factor- α in plasma, which may imply a reduced inflammation in 
the GIT. Koo et al. (2017) found that the fecal score of weanling pigs were improved by feeding 
diets containing enzyme cocktail mainly consisting of xylanase, cellulase, and amylase, which may 
be due to the improved intestinal barrier integrity.

Other Exogenous Enzymes

Although exogenous enzyme market is dominated by carbohydrases and phytase, other exogenous 
enzymes have been occasionally used which include protease (EC 3.4.21.62), lipase (EC 3.1.1.3), 
and lysozyme (EC 3.2.1.17).

Protease and lipase have been generally applied to aid the enzymatic activity of their counterparts 
in the GIT. Previous studies conducted to evaluate the efficacy of protease showed increased ATTD 
of N in diets (Tactacan et al. 2016; Upadhaya et al. 2016b; Lei et al. 2017; Pan et al. 2017; Payling 
et al. 2017; Nørgaard et al. 2019). Yu et al. (2016) also reported that the standardized ileal digestibil-
ity of N and several indispensable AA were increased by the addition of protease in diets. On the 
other hand, the results of growth performance were not consistent among studies. Improvements in 
growth performance of pigs by dietary protease were observed in several studies (Tactacan 
et al. 2016; Upadhaya et al. 2016b; Payling et al. 2017), but not in other studies (Pan et al. 2017; 
Figueroa et al. 2019). Lei et al. (2017) showed that adding protease to diets reduced ADFI of pigs 
without affecting ADG, leading to an improvement in G:F. However, reduction of ADFI, ADG, and 
final BW of pigs was observed in other studies (Mc Alpine et al. 2012; O’Shea et al. 2014; Choe 
et  al.  2017). Mc Alpine et  al. (2012) discussed that the reason for reduced ADFI might be that 
increased digestion and absorption of AA stimulate the feedback mechanism of pigs.

A few studies have been conducted to test the effects of lipase on weanling pigs. Liu et al. (2018) 
showed that the ATTD of DM, N, fat, and GE in diets were improved by lipase at d 14 post weaning. 
Chen et al. (2014) reported that growth performance was improved by the addition of lipase to diets, 
but Liu et  al. (2018) and Zhang et  al. (2018b) did not observe any effects of lipase on growth 
performance.
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Lysozyme (N- acetylmuramide glycanhydrolase) hydrolyzes the peptidoglycan of bacterial cell 
walls, and therefore considered as a potential alternative to antibiotics (Oliver and Wells 2015). 
Previous studies reported beneficial effects of dietary lysozyme on growth performance and intesti-
nal morphology (Oliver and Wells 2013; Long et al. 2016).

Future Studies for Exogenous Enzymes

The use of phytase in swine diets seems to be promising compared to carbohydrases. Due to the 
evident effects of phytase on P utilization, efforts have been made to estimate the matrix value (i.e., 
nutritional values given to phytase based on anticipated improvements in digestible P and other 
nutrients) to appropriately use phytase in swine diets (Adeola and Cowieson 2011). However, con-
sidering the variations in the structure of phytin among feed ingredients, fixed matrix value for 
complete diets may be compromised if various feed ingredients are used in diet formulations. 
Therefore, it may be more appropriate to estimate the matrix value for each feed ingredient for pre-
cision nutrition. Numerous studies have been conducted to determine the efficacy of phytase on 
digestibility of P and other nutrients in feed ingredients which provide a wide range of data to esti-
mate the matrix value. In addition, the additivity of matrix values in feed ingredients needs to be 
further studied.

As discussed earlier, mode of actions for phytase supradosing is still unclear. Improvements in Ca 
utilization may be a trigger for beneficial effects of supradosing. Therefore, future research needs to 
focus on the effects of phytase on digestibility of Ca. Other possible mechanisms for supradosing of 
phytase also need to be investigated further with various responses including intestinal morphology, 
gut barrier integrity, humoral changes, or microbial population, all of which may contribute to better 
understanding of phytase supradosing.

It has been reported that the addition of exogenous carbohydrases increased the digestibility of 
substrate polysaccharides (Ndou et al. 2015; Kim et al. 2017). Nevertheless, the results of previous 
studies on digestibility of nutrients as well as growth performance were not consistent. This incon-
sistency may be due to the insufficient breakdown of substrates or insufficient substrates in diets. 
Considering the complexity of and variation in dietary fiber in feed ingredients, the structure of 
dietary fiber including the chemical bonds within and between polysaccharides as well as their 
3- dimentional structure needs to be studied further for precise application of carbohydrases. 
Moreover, low molecular weight oligosaccharides released by carbohydrase may still exert the neg-
ative effects on digestion and absorption of nutrients. Therefore, further research is needed for better 
understanding of behaviors of oligosaccharides in the GIT.

Previous studies have shown the potential of carbohydrases as a gut health promotor (Zhang 
et al. 2018a; Li et al. 2018, 2019). However, exact mode of actions and responsible microorganisms 
have not been identified. Even though majority of low molecular weight oligosaccharides would be 
fermented by microbes, there may be direct effects on pigs such as stimulating the intestinal surface 
or exerting physiochemical changes in the lumen. In addition, relationship among carbohydrase, 
microorganisms, and host animals needs to be studied further for better application of carbohy-
drases (Kiarie et al. 2013).

Summary

Exogenous enzymes have been routinely used in swine industry to attenuate the negative effects of 
antinutritional factors and consequently improve the nutritional values of diets and growth perfor-
mance of pigs. Considerable amounts of phytic acid and dietary fiber reside in feed ingredients and 
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exert antinutritional effects in swine diets. Phytic acid in diets can be hydrolyzed by exogenous 
phytase. The addition of phytase in diets increases the digestibility of P and possibly increases the 
digestibility of other nutrients. The addition of large doses of phytase further improves the digestibil-
ity of P and growth performance of pigs. The role of carbohydrases is to hydrolyze the dietary fiber 
that hinder the digestion and absorption of nutrients. Furthermore, oligosaccharides released by 
carbohydrase may improve the gut health of pigs by shifting microbial population beneficial to host 
animals. Further research is needed to precisely use exogenous enzymes for reducing the waste of 
nutrients and maximizing the benefits, all of which is prerequisite for sustainable swine nutrition.
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Introduction

Feed additives may be defined as ingredients in a swine dietary formulation, which may not directly 
provide nutrients to the animal but may have functionality that brings about a positive change. The 
primary target of most feed additives is the gastrointestinal tract and could include enhancement of 
nutrient and energy utilization, modification of the immune status, and/or the enteric microbiota. 
The secondary target might be ancillary organs such as the liver or kidneys or even systemic change, 
but ultimately the intention is to improve the composition or output of an economically important 
trait such as weight gain, meat or milk composition. In other scenarios, the target might be to 
improve health outcomes for swine that may be compromised due to various environmental stress-
ors such as management practices like weaning, disease, or unsuitable environmental conditions. 
Finally, feed additives may be included to modify the content or quantity of excreta with the pur-
pose of mitigating nutrient excretion or gaseous emissions. In practice, where feed additives are 
employed, these target outcomes are intertwined. Feed additives may be included in dietary formu-
lation to act directly on the animal or in the case of gestating and lactating animals, to effect a 
change indirectly in the progeny. Comparatively, far less research has been conducted on the latter. 
Hence, feed additives tend to be involved in a stage of production and challenge- dependent fashion. 
The vast majority of research into feed additives is focused on managing the postweaning period.

Experimental studies evaluating the role of certain feed additives have provided important evi-
dence on the potential and limitations of their usage in feed formulations under a variety of condi-
tions. Far less is known about the interactions, whether it is synergistic, additive, or antagonistic that 
may occur as a consequence of involving multiple additives. Furthermore, it is difficult to predict 
what these outcomes may be without, at least, evaluating the animal response.

In the eight years since the publication of the original edition of this chapter, there has been an 
explosion of research evaluating and reporting on feed additives that may serve as alternatives to 
prophylactic antibiotics. This reflects the continuation of the ban of in- feed antibiotics in the European 
Union and the increasing pressure in other countries to phase out their usage. The challenge contin-
ues to identify feed additives, which compare favorably with antibiotics in terms of efficacy to 
improve growth and health outcomes, but also technical considerations such as inclusion rates, func-
tionality following feed processing, and under a variety of operating conditions. An important work 
is the redefining of already established feed additives investigation to solve additional problems 
related to swine production. Examples of this include the use of enzymes such as phytase to alleviate 
lower gastrointestinal tract infections in piglets (Brandão Melo et al. 2020; Perez- Palencia et al. 2021).

18 Feed Additives in Swine Diets
Cormac J. O’Shea
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Antimicrobial Agents

Antimicrobials have held an important role in swine diets both in a prophylactic capacity to mitigate 
the onset of disease particularly in challenging production conditions, and as a therapeutic to resolve 
subclinical and clinical disease. In addition to these important roles, antimicrobials have been 
applied in swine diets as growth promoters. The earlier edition of this chapter has reviewed this feed 
additive in great detail and will not be substantially revisited in the present edition. The trend of 
reduced antimicrobial usage at prophylactic dosage rates in many parts of the world reflects the 
concerns that farm animals may serve as reservoir for antimicrobial resistance because of the shared 
role of many drugs in food production and animal health. As a consequence, their use have been 
heavily restricted in the European Union since 2006 [(Regulation (EC) No 1831/2003 of the 
European Parliament and of the council on additives for use in animal nutrition 2003] and subject 
to limited availability by veterinary prescription in the USA, Canada, and Australia. Despite these 
policies around the stewardship of antimicrobial use, the global outlook remains set to see antimi-
crobials as an important additive not just in the suckling and weaning phases but also in the grower- 
finisher phase (Lekagul et al. 2019). Antibiotics are considered to be an essential part of the toolkit 
for managing disease and poor growth performance particularly in weaned pig performance. Some 
of the reasons for this success and popularity is the excellent profile of in- feed antibiotics such as 
low dosage rate, predictable response rate, and functionality after diet preparation. Some authors 
have evaluated the consequences of not using in- feed antibiotics in the weaning and growing finish-
ing phase. Diana et al. (2019; Table 18.1) assessed the growth performance, routine disease treat-
ment requirements, and mortality of weaners and grower- finishers in a commercial setting and 
found minimal impact on lifetime growth performance when antibiotics were excluded although 
more veterinary treatments and slightly higher finisher mortality were observed in the untreated 
group. Regardless of these interesting findings, the decline of antibiotic use has stimulated much 
research into alternative feed additives to support swine production.

Microbial Supplements

Live or viable dietary microbial supplements, often termed probiotics, which exert a beneficial 
effect of some kind when consumed by the pig, have received increasing attention as alternatives to 
prophylactic in- feed antibiotics. Comprehensive reviews have been produced that cover definitions, 
mechanism of action, application in pig production (Kenny et al. 2010; Fouhse et al. 2016; Liao 

Table 18.1 Effect of the inclusion of in- feed antibiotics [sulfadiazine- trimethoprim, 14.4 mg/kg body weight (BW) per day) on 
growth performance of pigsa,b.

First weaner stage Second weaner stage Finisher stage

Variables NOI ABI P- value NOI ABI P- value NOI ABI P- value

ADFI (g) 585 647 0.048 1381 1440 0.589 1811 1819 0.984
ADG (g) 402 436 0.018 711 744 0.774 865 882 0.893
FCR 1.48 1.52 0.483 1.95 1.95 0.944 2.10 2.07 0.853
BW (kg) 21.9 23.0 0.032 41.4 43.3 0.218 99.4 101 0.483

a  NOI  =  no in- feed antibiotics, ABI  =  in- feed antibiotics, ADG  =  average daily gain, ADFI  =  average daily feed intake, and 
FCR = feed conversion ratio.
b Source: Diana et al. (2019) Springer Nature / CC BY 4.0.
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and Nyachoti 2017; Barba- Vidal et al. 2019), and technical, safety, and regulatory considerations 
(Salminen et al. 1998; A.V. Wright 2005). Microbial supplements commonly reported in the litera-
ture include bacteria and yeasts, while bacteriophages are less commonly, but increasingly studied 
(Kim et al. 2014; Kim et al. 2017) and are included in dietary formulations with the purpose of colo-
nizing and/or influencing the contents of the gastrointestinal tract with the consequent benefits that 
might bring for the pig. Attempts to deliver live microbials via waterlines are understudied at the 
present time, and the limited reports available show little efficacy in mitigating infectious chal-
lenges in weaned pigs (Walsh et al. 2012a,b). It follows that a microbial supplement must therefore 
possess the technical properties to remain viable during sections of the feed production process, 
during storage and then post ingestion, survive the harsh environment of the upper gastrointestinal 
tract to reach the lower gastrointestinal tract. Once there, the microbial supplement must influence 
the composition of the resident microbiota and/or the metabolic profile or the gastrointestinal tract 
contents. In order for a microbial supplement to colonize the lower gastrointestinal tract, it must 
coexist with or displace a portion of the resident microbiota. The enteric microbiota of the pig may 
be generally considered to have a stage of life- specific profile and be either dynamic or stable at key 
stages of life, with the greatest instability seen around weaning. Thereafter, the microbiota transi-
tions to a relatively stable period characterized by greater diversity throughout adulthood (Chen 
et al. 2017; Wang et al. 2019). Environmental exposure to microorganisms has a key role in estab-
lishing and accelerating to a mature enteric microbiota (Vo et al. 2017). Hence, the most effective 
junction to introduce microbial supplements is before the establishment of a stable microbiota, and 
the literature mostly focuses on the benefits of such in the post- weaned period. Here there is persua-
sive evidence for an improvement in health and growth variables. The role that probiotics may place 
in the swine industry was placed in the context by Kenny et al. (2010) who concluded that a benefi-
cial response to probiotics was very much dependent on the environment. Farms with suboptimal 
conditions, in terms of health and hygiene, would likely elicit the greatest improvements, whereas 
farms with a record of high productivity, health, and welfare could expect negligible benefit. Kenny 
et al. (2010) also discuss an indirect role for promoting lactic acid bacteria through modification of 
the maternal diet, with the sow thus providing a potentially greater source of the beneficial microbes 
when compared with the problematic direct feeding of newly weaned pigs with poor appetites.

A sensible starting point to identify candidate probiotics is profiling the microbial community of 
sow’s milk on the general assumption that these microbes will have a beneficial or benign role in 
the microbiota of the piglet. Martín et al. (2009) reported on the presence of various microbes in 
sow’s milk and evaluated their probiotic potential using a range of criteria including capacity to 
survive the gastrointestinal processes and confer a benefit for the pig.

More recently, studies have attempted to associate the enteric microbiota using metagenomic 
methodology with important production traits in pigs (Si et al. 2020; Vigors et al. 2020). Those 
authors report various taxonomic ranks down to species level that are associated with feed effi-
ciency measurements. The potential of dietary microbial supplements composed of single species 
or combinations to mitigate experimental infectious disease challenges has been reported for vari-
ous pathogenic microorganisms, including Escherichia coli K88 (Pan et  al.  2017), Salmonella 
enterica serovar Typhimurium (Casey et al. 2007; Gebru et al. 2010). A review by Liao and Nyachoti 
(2017; see Table 18.2) summarized the outcomes in the literature of feeding microbial supplements 
at each production phase, and it can be concluded that there are benefits for the key performance 
variables, particularly at weaning stage.

Bacteriophages, viral particles which predate upon and multiply with bacteria, are comparatively 
understudied relative to bacteria and yeasts as microbial supplements but in recent times are receiv-
ing more attention. A review on the evidence for bacteriophages to mitigate Salmonella and 
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Escherichia coli infections has been provided by Zhang et al. (2015). Kim et al. (2017) reported an 
improvement in growth performance and a reduction in ileal coliform bacteria of weaned pigs 
offered a bacteriophage cocktail. The use of bacteriophages in weaning diets has shown improve-
ment in diarrheal score, reductions in intestinal coliforms and Clostridium spp., and improvements 
in growth comparable with more commonly used growth promoters (Hosseindoust et al. 2017).

Fermentable Carbohydrates

Fermentable carbohydrates encompass a broad group of complex carbohydrates that are not 
degraded, or only partially degraded by endogenous enzymes produced by the pig during passage 
through the gastrointestinal tract. Consequently, fermentable carbohydrates are available for utiliza-
tion by the enteric microbiota. This utilization primarily occurs in the large intestine, but there may 
be some microbial fermentation initiated earlier in the tract, largely dependent on the solubility and 
degradability of the carbohydrate. As a consequence of this, the phylogeny or metabolic activity of 
the microbiota can be altered, which may have consequences for the pig. A primary goal of using 
fermentable carbohydrates in diets is to promote microbes that will preferentially utilize such sub-
strates as energy sources (Gibson et al. 1995; Zimmermann et al. 2001). Various studies profiling 
the influence of fermentable carbohydrates have shown that the abundance of lactic acid- producing 
bacteria such as Lactobacillus spp. and Bifidobacteria spp., is enhanced and are associated with 

Table 18.2 Response of growth performance variables to dietary inclusion of microbial supplements at 
different pig production phasesa,b.

Microorganisms ADFI ADG FCR Age group

B. subtilis NS S(+) S(−) Growing- finishing pigs
C. butyricum
L. acidophilus S(−) S(+) NS Weaned piglets
S. cerevisiae
L. acidophilus NS S(+) NS Growing pigs
S. cerevisiae
B. subtilis
L. plantarum ATCC 4336 NS S(+) NS Weaned piglets
L. fermentum DSM 20016
E. faecium ATCC 19434
E. faecium EK13 — NS — Newborn piglets
Bi. longum AH1206 NS NS NS Neonatal piglets
B. licheniformis — S(+) S(−) Weaned piglets
B. subtilis NS S(+) S(−) Growing pigs
B. licheniformis
B. subtilis NS S(+) S(−) Grower- finisher pigs
B. licheniformis
B. subtilis MA139 NS S(+) S(−) Weaned piglets
B. toyonensis S(+) S(+) S(−) Weaning piglets
B. licheniformis NS NS S(−) Growing–finishing pigs
B. subtilis
S. cerevisiae subsp. boulardii CNCM I- 1079 — — S(−) Weaned piglets

a ADG = average daily gain, FCR = feed conversion ratio, ADFI = average daily feed intake, S(+) =  significantly 
increased, S(−) = significantly decreased, NS = non- significant, and —  = not studied.
b Adapted from Liao and Nyachoti (2017).
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improvements in markers of gastrointestinal health and growth performance outcomes especially in 
young pigs. A consequence of promoting lactic acid bacteria may be a decline in other less desirable 
groups, such as Clostridia spp. and the Enterobacteriaceae. Dotsenko et  al. (2018) reported 
how  arabinoxylooligosaccharides and xylooligosaccharides, fermentable carbohydrates associated 
mostly with wheat directly increase lactic acid bacteria and suppressed the growth of Clostridium 
perfringens in an in vitro study.

An additional objective of including a dietary fermentable carbohydrate is to increase the ratio 
of carbohydrate to protein that is available for fermentation in the large intestine and hence reduce 
the formation of protein degradation products (Smith and Macfarlane 1998; Awati et al. 2006). 
Protein fermentation is associated with diarrhea in newly weaned piglets (Heo et al. 2008), possi-
bly through the generation of toxic metabolites such as ammonia (Blachier et al. 2007). While 
protein fermentation occurs across the gut microbiome, it has been associated with potentially 
pathogenic microbes such as enterobacteria and clostridia (Vince and Burridge  1980). More 
recently, advanced methodologies have revealed the breadth of taxa which utilize undigested pro-
tein in the large intestine (Amaretti et al. 2019). Short- chain fatty acids (SCFA) are the main by- 
product that arise as a consequence of microbial fermentation of carbohydrates in the lumen and 
have several important roles both locally, including serving as an energy source for epithelial 
colonocytes (Evans et al. 1992). The SCFA produced in the greatest concentrations are acetic acid, 
propionic acid, and butyric acid. The branched- chain fatty acids (BCFA), isovaleric acid, isobu-
tyric acid, and valeric acid are present in comparatively smaller concentrations (~collectively 
around 5% of the SCFA pool). While protein fermentation contributes generally to the SCFA pool, 
it is the main contributor to the formation of BCFA (Marounek et al. 2002) and therefore a relative 
decrease in those SCFA is considered a marker of an enhanced carbohydrate:protein substrate ratio 
in the large intestine.

In addition to the BCAA, ammonia is a by- product that arises from protein fermentation. 
Ammonia is undesirable in the lumen where it is toxic to epithelial cells (Blachier et al. 2007). Pié 
et al. (2007) reported that BCFA and ammonia were associated with several proinflammatory mol-
ecules in weaned pigs and demonstrated how a combination of dietary fermentable carbohydrates 
sources led to a decrease in ammonia and BCFA in lumen contents and an increase in lactic, acetic, 
and propionic acids. Hence, the role of integrating fermentable carbohydrates into the diet can be 
viewed as multipurpose, modifying the  composition of the microbiota but also the profile of micro-
bial metabolic end products.

All carbohydrates that escape degradation in the upper gastrointestinal tract may be considered 
fermentable, but the extent of microbial degradation and hence function varies significantly. 
Therefore, cellulose will be comparatively undegraded and have less influence on the quantity and 
composition of fermentation end products than, for example, an oligofructose such as galacto-  
(Difilippo et al. 2015) and fructooligosaccharides (Ayuso et al. 2020). However, there are additional 
functional consequences such as modifying the rate of digesta transit through the gut, influencing 
the rate of digesta disappearance from the gut and as a direct stimulant for the lumen, and influenc-
ing the mucosa and stimulating immunity. In this regard, the degradability of the fermentable car-
bohydrate is relevant in addition to other physico- chemical properties. Thorough reviews on these 
subjects are available (Jha and Berrocoso 2015; Williams et al. 2019).

In recent years, fermentable carbohydrates that may be labeled as prebiotic but are included at 
low levels in the diet have received greater attention. The lower inclusion rates are relevant because 
one presumed mode of action is not to meaningfully influence digestion dynamics or the composi-
tion of fermentation end-  products, but rather to influence the enteric microbiota and/or the immune 
system on the pig that will have downstream consequences for important production variables. 
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Some examples of these include the algal polysaccharides, such as beta- glucans and sulfated poly-
saccharides, which have demonstrated impressive improves in pig performance, particularly when 
directly provided to weaned pigs but also for progeny after feeding to gestating and lactating 
sows (O’Doherty et al. 2017). A compelling application of such prebiotics, which have immune- 
modulating properties, is in feeding sows during gestation and lactation to influence the physiology 
and performance of the piglets possibly permanently. Sows fed green algae extracts rich in sulfated 
polysaccharides had altered IgA antibodies in milk at day 7 and 21 of lactation (Bussy et al. 2019). 
Heim et al. (2015) found a significantly greater bodyweight in pigs at slaughters from sows fed 
laminarin (1 g/day) during the final stages of gestation and for the duration of lactation.

Fermentable Carbohydrates and the Environment
Fermentable carbohydrates and, to a lesser extent, probiotics have occupied a role outside the weaner 
phase as a dietary mechanism to improve emissions from pigs. Due to the previously discussed 
impact of fermentable carbohydrates in modifying digestive processes and altering the profile of 
microbial end products, these feed additives can influence the concentrations and proportions of 
compounds that are associated with environmental pollution in intensive swine production. Many 
by- products of protein fermentation are associated with the noxious smell of pig manure including 
cadaverine, putrescine, the BCAA, and ammonia (Le et al. 2005). While the degradation products of 
fermentable carbohydrates will also contribute to odor formation, generally the provision of such in 
the diet has been reported to have a beneficial impact on odor emissions. There are of course excep-
tions to this; Lynch et al. (2008) found an increase in odor emissions in finishing pigs fed 20% sugar 
beet pulp, attributed to the greatly increased SCFA production stimulated by the high content of fer-
mentable pectin in the beet pulp. Several excellent reviews are available on the topic of fermentable 
carbohydrates in pig production with a focus on gaseous emissions (Sutton et al. 1999; Nahm 2003).

Microbial supplements and fermentable carbohydrates are often considered collectively because 
of a shared purpose in modifying in some way the microbiota of the pig. Furthermore, these addi-
tives are often integrated into a diet in tandem, with the purpose of providing the exogenous live 
microbes with an energy supply in the gut. The concept of combining pro-  and pre- biotics, termed 
“synbiotics,” is reviewed by Zimmermann et al. (2001).

Minerals

Trace minerals traditionally included to satisfy physiological requirements for growth and mainte-
nance can also have functional benefits beyond minimum requirements. Of these, zinc (Zn) and cop-
per (Cu) are well established, and for Zn at least, are now under scrutiny because of contribution to 
environmental pollution. Other minerals such as selenium may have condition- specific application at 
supranutritional inclusion rates to manage various challenges in the field and have attracted attention 
in recent years to evaluate a role for supplementing beyond the recommended inclusion rate (Liu 
et al. 2018). Selenium, Zn, and Cu all have important roles to play in mitigating oxidative stress, a state 
where physiological concentrations of oxides may be heightened (Klotz et al. 2003). Like with other 
farm production systems, changes in the health status, nutritional sufficiency, or ambient conditions 
may vary scenarios, which can induce physiological imbalance in redox status.

Zinc Oxide
Zinc (Zn) is an essential mineral serving a range of physiological functions, chiefly as a compo-
nent of various metalloenzymes involved in DNA regulation and enzymatic digestive processes. 
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The nutritional requirement for Zn by weaned pigs has been reported to be between 80 and 
100 ppm (van Heugten et al. 2003; Pettigrew 2006). Zinc has been integrated to weaned pig diets 
at concentrations beyond nutritional requirements in an extra- nutritional role due to the benefi-
cial response observed in mitigating the negative consequences of the post- wean period. In the 
aspiration of reducing or replacing the use of in- feed antibiotics, Zn emerged as a product that 
consistently demonstrates efficacy in the post- wean setting (Pettigrew 2006). Pharmacological 
doses of Zn improve fecal consistency and have been demonstrated to increase appetite, feed 
efficiency, and growth rate in piglets (Poulsen 1995; Pérez et al. 2011). When fed at levels in 
excess of dietary requirements, zinc has multiple modes of action both directly on the lumen 
epithelium (Medani et al. 2012) and through its effect on the microbiota. Zinc has antimicrobial 
and microbiostatic effects on the enteric microbiota. These effects may be genus and species 
specific, with some reports that gram- positive bacteria may be more susceptible than gram nega-
tive (Højberg et al. 2005). Starke et al. (2014) have shown that the microbiota is sensitive in a 
similarly selective manner. Those authors profiled the microbial community of weaned pigs 
offered high dietary ZnO and reported a decrease in cell numbers of Lactobacillus spp. numbers 
and Streptococcus spp., while Enterobacteriaceae and Bifidobacterium spp. were unaffected. 
The presence of high levels of dietary ZnO has also been shown to suppress concentrations of 
SCFA and other microbial metabolites such as ammonia (Starke et al. 2014; O’Shea et al. 2014a) 
demonstrating an impact on microbial metabolic activity. Hence, the presence of ZnO throughout 
the gastrointestinal tract has profound, suppressive impacts on the gut microbiota and its activi-
ties at least in the immediate post- wean period. A reduction in microbial fermentation due to the 
suppression of the microbiota may lead to greater opportunities for host capture of nutrients 
(Højberg et al. 2005).

High dietary ZnO has been associated with an improvement in fecal score, both where diarrhea 
is reported (Trckova et al. 2015) and in nonclinical scenarios (O’Shea et al. 2014a). This desiccating 
effect on feces likely reflects both the suppression of the gut microbiota and also direct effects on 
the colonic epithelium. The secretion of fluid from colonocytes is an innate defense mechanism that 
can contribute to dehydration in newly weaned pigs. High dietary zinc has been shown to have a 
profound effect on the morphology and gene expression of newly weaned pig colonocytes, increas-
ing mucin- producing cells and modulation of cytokine expression associated with inflammation 
(Liu et al. 2014a).

The use of pharmacological doses of Zn has consequences for the composition of the enteric 
microbiota, as microorganisms particularly sensitive are selected against, whilst resistant strains 
may benefit from a competitive advantage. Evidence for resistance to Zn has been reported, and this 
problem may be compounded by greater prevalence or emergence of multiresistant microorganisms 
such as E. coli (Yazdankhah et al. 2014). While it is commonplace for Zn dosage rates of 2500–
3000 ppm to be seen in weaning pig diets, particularly where inorganic compounds such as zinc 
oxide (ZnO) is used, there is a lot of interest and recent research to indicate efficacy at lower 
 inclusion rates when the mineral is provided in different forms. The range of such “next- generation” 
Zn compounds now available is expanding and are generally characterized as either being chelated 
to an organic molecule and hence more readily available for absorption from the gastrointestinal 
tract or are presented in a different format, such as encapsulation or in the nanoparticle range 
(Pei et al. 2019). It follows that this enhanced bioavailability facilitates the inclusion of organic Zn 
at lower inclusion rates. Morales et  al. (2012) reported improved growth performance in newly 
weaned pigs offered a proprietary Zn compound at 110 ppm in contrast with conventional Zn oxide 
included at 3000 ppm. Improvements in growth performance at similar low concentrations have 
been observed for other various chelates such as zinc glycine (Wang et al. 2010) and zinc chitosan 
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 compounds (Xie et al. 2010). Hence, the future of Zn use as a feed additive will likely see increasing 
prevalence of such alternative compounds at lower concentration rates.

Copper
Copper is required for hemoglobin synthesis and involvement in the redox balance at approximately 
5–6 ppm. At greater levels, between 100 and 200 ppm, a growth- promoting effect is observed (Cromwell 
et al. 1998; NRC 2012). Copper has antimicrobial effects in the gastrointestinal tract, which has been 
associated with improvements in growth performance and management of diarrhea in the weaning 
stage. Højberg et al. (2005) reported decreased counts of coliforms in cecal and colon contents of 
weaned piglets at a dosage rate of 175 ppm. The compound form of copper may be an important con-
sideration. Van Kuijk et al. (2019) reported that piglets preferred copper hydroxychloride when com-
pared with sulfated forms. Espinosa et al. (2017) reported an improvement in the growth performance 
and diarrhea score of weaned piglets offered diets containing copper hydroxychloride, which were not 
associated with changes to digestibility. Therefore, the improvements observed with supranutritional 
doses of copper may be primarily related to reducing the microbial load in newly weaned piglets.

Legislation and Future Usage of Heavy Metals
The usage of zinc and copper may become limited in many regions. Excessive accumulation of heavy 
metals disrupts the homeostasis of the soil microbiome and plant development. While this contamina-
tion tends to occur in focal locations and may be related to other industries aside from agriculture (Tóth 
et al. 2016; Wyszkowska et al. 2013), concerns of environmental pollution herald changes in policy. For 
example, in the European Union, concerns about the accumulation of heavy metals in manure- applied 
soil have led to plans to phase out usage of such minerals beyond what is required for nutritional needs. 
Circumvention of these restrictions if they occur elsewhere will lie in optimizing the use of heavy 
metals at lower concentrations in more effective forms such as organic chelates or encapsulation.

Selenium
Selenium is a trace mineral in pig diets with a range of physiological functions. Dietary selenium is 
required in the synthesis of selenoproteins, which have a role in regulating redox balance. It has a 
narrow band between deficiency and toxicity when provided as an inorganic form such as selenium 
selenite. In recent years, with the availability of organic forms reported to have greater safety pro-
files, there has been interest in a role for selenium as a functional feed additive. Application of 
organic selenium in a functional capacity may have the greatest potential where the environmental 
challenges are pronounced, such as variations in temperature. A key role for organic selenium that 
has been investigated is in the preservation of meat quality variables, particularly during challeng-
ing growth conditions, which may affect meat composition. Typically, selenium is included in the 
diet in the range of 0.2–0.3 ppm. Liu et al. (2018) reported that a dietary Se yeast at 1 ppm improved 
some markers of oxidative stress in heat stress pigs. In addition to improving meat composition, Se 
has also reported to mitigate the effect of a high temperature challenge on intestinal epithelial integ-
rity (Liu et  al. 2016), improving compromised epithelial barrier function associated with a heat 
stress.

Acidifiers

The commencement of the weaning period is characterized by the abrupt, premature separation of 
the piglet from the sow and consequently the cessation of lactose- rich sow’s milk. This rapid change 
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from one form of nutrition to the other has profound consequences for gastrointestinal physiology 
and biochemistry. Appropriate acidity at distinct regions of the gastrointestinal tract is considered 
an important variable that influences the digestibility of the post wean diet, inhibits the passage of 
potential pathogens through the stomach, and is in part an indicator of lactic acid bacteria activity 
(Cranwell et al. 1976). Barrow et al. (1977) reported a higher stomach pH in weaned pigs when 
compared with contemporaries remaining with the sow and a lag of eight days until gastric acidity 
was comparable between suckling and weaned groups. A strong association between lactic acid 
concentrations and pH reported by that same study suggested an important role for lactose in influ-
encing gastric acidity. In a similar, more recent study, Montagne et al. (2007) did not observe the 
same trend in stomach pH but did report on a stabilization of a lower cecal and colonic pH in the 
latter stages of weaning. Snoeck et al. (2004) showed a similar decrease in pH along several regions 
of the gastrointestinal tract as weaning progressed, with some pigs having a stomach pH as low as 
1.6–1.7 at one to two weeks postweaning. In that study, E. coli F4 fimbriae were rapidly degraded 
at that pH range but persisted for longer periods at > pH 3. The diet may have an important role to 
play in the acidification of the gastrointestinal tract postweaning. Various ingredients, such as inor-
ganic calcium and phosphorus sources, have very high acid- binding capacities, indicating their 
presence in the diet may impede acidification in the gut (Lawlor et al. 2005). Consequently, there 
has been a lot of interest in using various acids as feed additives to redress the assumed impact of 
weaning on gastrointestinal tract pH. The mode of action may be to enhance acidification of  various 
regions along the gastrointestinal tract, but this is unlikely to be the only mode of action responsible 
for the growth response observed (Ravindran and Kornegay 1993)

Organic Acids
Organic acids such as the SCFA and their salts are added in the diet either individually or combined 
to bring about a beneficial change in gastrointestinal function through reducing pH (Partanen and 
Mroz 1999; Mroz 2005). Organic acids may also directly influence the enteric microbiota through 
disrupting the cell membranes of sensitive microbes and, thus, favoring those that prefer a more 
acidic microenvironment (Mroz  2005), which can lead to the improved growth performance of 
weaned pigs (Table 18.3). The SCFA are also produced along the gastrointestinal tract as a by- 
product of microbial degradation of dietary components and have pleiotropic roles in the gut and 
systemically. Locally, the SCFA provide a direct source of energy for epithelial cells, influence the 
composition of the microbiota (Zhang et al. 2018), and directly or indirectly modify the immune 
status of intestinal tissue (Grilli et al. 2016). In more recent years, thanks to detailed investigations, 
more complex roles for SCFA have been described. Butyrate, for example, has been reported to 
have multiple sites of action, directly inhibiting bacteria virulence, but also acting as a substrate for 

Table 18.3 Effect of various dietary organic acids on the growth performance of weaned pigsa,b.

Formic acid Fumaric acid Citric acid
Potassium 
diformate

Variable − + − + − + − +

ADFI (g) 667 710 613 614 534 528 764 823
ADG (g) 387 428 358 374 382 396 479 536
FCR 1.64 1.60 1.59 1.55 1.67 1.60 1.60 1.54

a ADFI: average daily feed intake, ADG: average daily gain, and FCR: feed conversion ratio.
b Adapted from Mroz (2005).
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epithelial cells in the lumen, accelerating cellular repair, and thought to have a role on gut epithelia 
through  participation in a hormone- neuro- immuno pathway. Increased butyric acid may be achieved 
directly through dietary provision of a butyrate salt, such as sodium butyrate or through introducing 
a  fermentable carbohydrate, that will enhance butyric acid production endogenously in the lower 
gastrointestinal tract (Guilloteau et al. 2010). Dietary butyrate has been shown to enhance growth 
performance in weaned pigs (Manzanilla et al. (2006).

Other examples of organic acids associated with pig production include formic, benzoic, citric, 
and lactic acid. These may be added singly or in cocktails to achieve similar purposes of acidifi-
cation. Hosseindoust et al. (2017) reported an improvement in growth performance accompanied 
by reductions in intestinal coliform and Clostridia spp. using a cocktail of citric, formic, and 
lactic acid in weaned pigs. Feeding weaning pigs a combination of formic and lactic acid brought 
about a decrease in stomach pH and a decrease in Enterobacteria in stomach contents (Hansen 
et al. 2007).

Benzoic acid has multiple purposes, depending on the stage of production. In weaned piglets, 
dietary benzoic acid is provided as a growth promoter, bringing about beneficial changes in gut 
morphology and markers of protein fermentation (Diao et al. 2014) and improving growth perfor-
mance. Dietary benzoic acid at 0.5% of the diet improved growth performance, markedly improving 
weight gain and feed efficiency in the first two weeks post wean (Torrallardona et al. 2007). Diao 
et  al. (2014) reported how piglets fed benzoic acid had decreased intestinal pH at 14 days and 
42 days postweaning and a decrease in Escherichia coli counts at both time periods also. Those 
authors also reported an increase in propionic acid and a decrease in ammonia at different locations 
along the lower gastrointestinal tract. Provision of benzoic acid may also increase lactic acid pro-
ducing bacteria. Diao et  al. (2014) reported an increase in ileal Bifidobacteria spp and caecal 
Bacillus spp in 14- day- old weaned piglets. In finisher pigs, benzoic acid has been reported to 
improve ammonia emissions in a dose- dependent manner due in part to the strong acidifying effect 
of benzoic acid on urine pH (Murphy et al. 2011). Inclusion of benzoic acid at 0.3 and 0.5% brought 
about improvements in bodyweight gain in weanlings and grower- finishers due to an improvement 
in feed conversion efficiency (Zhai et al. 2017).

Enzymes

The use of exogenous enzymes to modify important economic outcomes in intensive pig production 
has a long history relative to many feed additives, particularly in the case of phytase (Jongbloed and 
Kemme 1990; Simons et al. 1990) and are now routinely found included in dietary formulations for 
various purposes across different phases of production. It is now clear that dietary enzymes work 
best in scenarios where ingredients and/or the nutrients and energy supplied are suboptimal (Gagne 
et al. 2002). Exogenous enzymes therefore offer the greatest potential to enhance the use of by-  and 
coproducts that otherwise would underperform relative to traditional mainstream ingredients. In 
current usage, the role sought for enzymes is to reduce feed costs while maintaining animal growth 
performance. In feed formulation, a nutrient value is now commonly assigned to the enzyme, particu-
larly for phytase and increasingly for other enzymes, which then allows expensive energy and amino 
acid sources to be proportionately reduced (Cowieson and Roos 2016).

The response to enzymes is subject to many factors, including the technical efficacy of the  product 
that must remain active following feed processing, storage and transit through the acidic and enzy-
matic conditions of the gastrointestinal tract (Dersjant- Li et al. 2015). The magnitude of response 
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for parameters such as growth performance, destruction of the target substrate or bone mineralisa-
tion in the case of phytase is influenced by the composition of the diet, available nutrients and 
energy, the age of the pig and various environmental conditions.

Phytase
Plant materials stores P as phytic acid (myo- inositol 1,2,3,4,5,6- hexakis [dihydrogen phosphate] 
[InsP

6
)) and its salts, a form that is unavailable to pigs due to low levels of endogenous enzymatic 

activity. Phytase describes a family of phosphatase enzymes that catalyze the hydrolysis of phytic 
acid and its salts in a stepwise manner in the upper gastrointestinal tract to progressively smaller 
phosphated inositols and ultimately increase P availability to the pig. A review, that provides more 
detail on this topic, is provided by Dersjant- Li et al. (2015). The optimization of dietary P is an 
important objective in finisher pig diets to mitigate P excretion and the subsequent risk of leaching 
(Nelson et al. 2005; Liu et al. 2012; Bai et al. 2014). Furthermore, the future supply of economically 
extractable P is finite, and although there is uncertainty of when this source will run out, the appro-
priate usage of dietary P will continue to be a priority for nutritionists (Cordell and White 2011). 
Phytase has been implemented successfully in pig diets across the growth stages with important 
improvements seen in bone composition, bone strength and growth performance. Phytase supple-
mentation in suboptimal P diets allows improvements in P excretion while maintaining growth 
performance (Varley et al. 2010; Vigors et al. 2014). New directions for phytase include the promis-
ing evidence for super- dosing phytase to achieve higher levels of phytate destruction and boost 
performance further (Lu et al. 2019; Moran et al. 2017) and as a tool to mitigate post- wean health 
challenges. Weaner pigs consume and excrete comparatively far less P, but there are important rea-
sons to optimise P nutrition in this phase also as high levels can contribute to scouring (Varley 
et al. 2011a). Varley et al. (2011b) reported an improvement in feed conversion ratio and Ca and P 
utilisation during the weaner phase when phytase was added to diets containing suboptimal P, while 
Moran et al. (2017) reported an improvement in fecal score with the addition of phytase.

Carbohydrases and Proteases
While enhancing the availability of dietary protein has been a long- term preoccupation for nutri-
tionists, commercially proteases have really only gained a foothold as a single enzymatic additive 
in pig diets in the 15 years (Cowieson and Roos 2016). Carbohydrases and proteases signify impor-
tant advances in trying to optimize the carbohydrates and proteins of the diet more recalcitrant to 
digestion, which may therefore be fermented in the large intestine and can be problematic for 
the reasons discussed earlier. Duarte et al. (2019) recently demonstrated a beneficial response to 
xylanase and protease both singly and when combined in newly weaned pigs.

Interaction Between Enzymes

The potential to improve the availability of a range of nutrients simultaneously is attractive to maxi-
mize the use of diet ingredients, particularly where co and by- products are used. There is interest on 
the potential additivity or interactions between several enzymes that target different substrates. 
Evidence for reduced phytase activity in the presence of endogenous proteases (Kumar et al. 2003; 
Morales et al. 2011) has spurred research into the interactions between phytase and commercial 
proteases (Dersjant- Li et al. 2015). The potential for a commercial protease and a carbohydrase 
blend of xylanases and β- glucanases to interact with phytase was investigated in finisher pigs 
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offered diets based on wheat distillers grains and rapeseed meal (Torres- Pitarch et al. 2018). Those 
authors reported that phytase maintained growth performance, carcass composition, and bone min-
eral  density in a low P diet regardless of the addition of proteases or carbohydrases. In contrast, 
O’Shea et al. (2014b) reported a negative impact on appetite and bodyweight gain in finisher pigs 
following supplementation of both protease and xylanase to a similar by- product- based diet. While 
there is an abundance of literature evaluating the response and mode of action of single enzymes, 
there is much to be done in the future to understand the complex interactions that may be induced 
when enzymes are combined.

Flavors

Stimulating an appropriate appetite is an important consideration across all phases of production but 
is a particularly important priority for the lactating sow and the newly weaned piglet due to inap-
petence that can occur at these times. Pigs have highly developed olfactory and taste senses 
(Hellekant and Danilova 1999; Brunjes et al. 2016), and the organoleptic properties of the feed are 
a critical factor. Preference for, or aversion to a feed, is a complex process that can lead to feed 
refusal or diminished appetite if dietary ingredients with strong odors or flavors are present (Mawson 
et al. 1993; Gaultier et al. 2011; Michiels et al. 2012). The purpose of adding flavors to diets is to 
enhance palatability or mask off- flavors or odors in feed. While the control of appetite and hence 
bodyweight gain is an important objective for gestating sows, a common challenge reported in 
newly farrowed sows is inappetence, which has origins in modern genotypes and environmental 
factors (Eissen et al. 2000). Stimulating appetite through the addition of flavors such as anise, but 
not butyrate (Wang et al. 2014) and raspberry and vanilla (Silva et al. 2018) has been reported as 
increased feed consumption in sows with subsequent benefits for milk production and the growth of 
piglets. There is also a role to play in using supplementation of the sow’s diet with a flavor to stimu-
late the feeding behavior of the progeny through sensory conditioning (Figueroa et al. 2013; Blavi 
et al. 2016). The abrupt, premature transition from liquid milk to solid feed leads to a well- described 
reduction in appetite in weaned piglets (Dong and Pluske 2007). This can be alleviated through the 
addition of flavors that may simulate some of the characteristics of sow milk (Araújo et al. 2010) or 
simply a flavor that enhances the palatability and appeal of the weaning diet (Sterk et al. 2008). 
Millet et  al. (2008) found no benefit of providing a flavored creep feed to suckling piglets on 
 subsequent weaning performance and similarly Sulabo et  al. (2010) found no benefit in growth 
response to supplementing either creep diet or weaner diet with a flavor.

Assuming enhanced intake is the solitary mode of action is probably not accurate for all the feed 
additives, which may be considered as flavors, due to other various properties such as antioxidant, 
anti- inflammatory, or antimicrobial capacity. For example, Mellencamp et al. (2009) showed an 
improvement in piglet performance following the supplementation of sow diets with oregano oil, 
which was attributed in part to enhanced feed intake during lactation. However, Tan et al. (2015) 
also reported improvements in piglet performance following supplementation of sows with oregano 
oil but only modest improvements in sow intake in the third week of lactation. Those authors attrib-
uted the improvements in part to changes in redox status. Amrik and Bilkei (2004) reported an 
improvement in sow mortality and increased farrowing rate following supplementation of pre- 
farrowing and lactation diets with oregano. There is encouraging evidence for flavors to be a benefi-
cial additive to boost appetite, but studies have been variable reflecting the complex nature of 
sensory response, the wide array of flavors available, and the uncertainty around mode of action.
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Phytogenic Compounds

The term “phytogenic,” meaning derived from plants, has appeared with greater frequency in litera-
ture concerned with pig nutrition in the past decade. The increased interest in phytogenic feed addi-
tives relates to the possible application of these compounds in place of in- feed antibiotics. The term 
phytogenic as it relates to pig nutrition refers to a broad panel of compounds, with multiple modes 
of action. Furthermore, it is relatively common to experimentally test blends of phytogenic com-
pounds rather than single extracts, or to pair phytogenic compounds with other feed additives such 
as organic acids (Omonijo et al. 2018). This makes it difficult to provide an overview of efficacy in 
any meaningful way. Nonetheless, the subject has been reviewed in greater detail elsewhere and 
further reading is available (Windisch et al. 2008; Karásková et al. 2015; Yang et al. 2015). An 
excellent review on the shortcomings of current studies and the future direction of phytogenic com-
pound research have been provided by Blanco- Penedo et  al. (2017) and Omonijo et  al. (2018). 
Phytogenic compounds related to pig nutrition, which have been reported in the literature, include 
essential oils and various botanical and herbal extracts. A wide array of factors such as harvesting 
conditions and extraction processes affect the concentration and properties of these extracts and 
may partially explain some of the variability in response seen when fed to pigs. Furthermore, 
researchers frequently combine phytogenic compounds or pair them with other additives that can 
mask the mechanistic link (Yang et al. 2019). Nonetheless, there are some persuasive data available, 
and it is clear from the volume of publications emerging in recent years that while there remains 
more research to be undertaken, phytogenic compounds are increasingly playing a role in diet for-
mulations. The target phase for phytogenic compounds has predominately focused on the post-
weaning period, but the impact on later growth phases has also been investigated with a view to 
improve other challenges related to pig production including gaseous emissions and meat quality. 
The mode of action, which has been reported from pig and in vitro experimentation, is varied and 
includes impacts on gut motility, peristalsis and relaxation (Magalhães et al. 1998; Zhai et al. 2018), 
immunomodulatory (Liu et al. 2014b), and antimicrobial effects (Si et al. 2006; de Nova et al. 2019; 
Yang et al. 2019).

The literature on phytogenic compounds and the response of growth performance in weaned pigs 
is persuasive. Turmeric, garlic, and capsicum offered individually at 10 ppm to weaned pigs chal-
lenged with pathogenic E. coli had improved diarrhea score, increased ileal villi height, and modi-
fied a range of immune variables (Liu et al. 2013, 2014b). In another study, Li et al. (2012) reported 
how pigs fed essential oils, thymol, and cinnamaldehyde had improved growth performance and 
diarrhea score during the weaner- grower phase along with changes to serum immunity variables. 
Those authors also reported a decrease in fecal E coli counts. Castillo et  al. (2006) reported an 
increase in the abundance of Lactobacillus spp. relative to Enterobacteria spp. in weaned pigs 
offered an experimental diet containing carvacrol, cinnamaldehyde, and capsicum oleoresin extracts. 
A recent study showed that offering a phytogenic supplement containing essential oils from Thymus 
vulgaris, Origanum vulgare, and Coriandrum sp. and a plant extract of Castanea sativa to pigs 
challenged with Lawsonia intracellularis, an important intracellular pathogen reduced the fecal 
shedding of the microbe (Draskovic et  al.  2018). In contrast to the improvements seen in these 
infectious challenge studies, Hagmüller et  al. (2006) found no improvement of feeding pigs a 
thymol- rich phytogenic compound on measurements of hemolytic E. coli shedding following a 
challenge. A study reported by Ahmed et al. (2013) incorporating antibiotics as a positive control 
showed a beneficial response of resveratrol, but not an essential oil blend, on the growth perfor-
mance of Salmonella enterica serovar Typhimurium- challenged piglets. While both phytogenic 
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treatments modified the immune status and fecal microbiota, the antibiotic- treated group had the 
best growth performance.

The impact of phytogenic compounds on the composition of the enteric microbiota and implica-
tions for fermentation have stimulated research into the potential impact on growth performance 
and noxious gaseous emissions of grower- finisher pigs. Piglets offered a phytogenic supplement 
containing fenugreek, clove, and cinnamon had improved growth performance and a reduction in 
fecal ammonia nitrogen and hydrogen sulfide (Cho et al. 2006). Grower- finisher pigs offered diets 
containing an essential oil blend (primarily caraway and lemon), dried herbs, and spices (rosemary 
and thyme), and quillaja saponins had improved bodyweight gain and decreased ammonia, but not 
nitrous oxide or methane emissions (Bartoš et al. 2016).

The potential for essential oils to beneficially impact the sensory qualities and to modify the 
antioxidant capacity of meat has been summarized in a review by Zhai et  al. (2018). Some 
 improvements have been reported, but the results are generally variable; therefore, a consensus for 
 phytogenic compounds as this pertains to essential oils is not evident at this stage.

Polyphenols

Polyphenols are secondary plant metabolites, and as the name implies contain multiple phenol 
structures and includes compound groups such as flavonoids, stilbenes, lignans, and phenolic acids. 
Dietary polyphenols induce various biological responses that are of interest to pig nutritionists 
including immunomodulatory and antioxidant properties. However, polyphenols are also character-
ized by low availability, rapid metabolism, and sometimes poor water solubility, and depending 
on the target tissue or system, may limit their application (Biasutto et al. 2014). Excellent general 
reviews on the definitions, structures, bioavailability, and biological response are available (Manach 
et al. 2004, 2005; El Gharras 2009). The utility and limitations of polyphenols for pigs and poultry 
have been reviewed by Mahfuz et al. (2021). The general consensus of those authors were for a role 
for polyphenols in pig production as feed additives with multiple properties relevant to pig health 
and metabolism.

Mycotoxin Binders

Fungi are abundant at varying concentrations in plant material used for animal feed and replicate 
rapidly in the field and during storage under appropriate conditions (Bryden 2012). Mycotoxins are 
metabolites generated as a consequence of fungal activity. Various studies show widespread levels 
of fungi and toxin contamination in excess of levels that are considered safe for animal health 
(González Pereyra et al. 2008; Pleadin et al. 2012). The aflatoxins, fumonisins, zearalenone, tri-
chothecenes, and ochratoxin A are the most relevant found in feedstuffs (Di Gregorio et al. 2014). 
Mycotoxin contamination of primary ingredients and feed is a significant global problem because 
following consumption can induce various deleterious effects in pigs with particular phases of pro-
duction such as dry sows and weaned piglets being more vulnerable (Bryden 2012). At a general 
level, fungal growth results in musty odors and increased dusting in feed, reducing palatability and 
appetite. While undoubtedly there is a critical role to play in the prevention of fungal growth and the 
concentration of mycotoxins in the feed production supply chain, there are feed additives available 
to mitigate the physiological impact on animals. There are a wide range of dietary mineral additives 
that have been studied for adsorbent capacity, including aluminosilicates, bentonites, zeolites, 
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 sepiolite, and diatomite, which have been reviewed in detail for their role in pig diets by Di Gregorio 
et al. (2014).

Interactions Between Feed Additives

Feed additives tend to be developed in a singular manner, with the intention of being integrated into 
a complete but simplistic feed formulation with the purpose of inducing an added benefit for the 
target animal. In commercial practice, however, the reality is that several feed additives may be 
added for various reasons. It is difficult to predict the outcome of these multiplications. Several 
examples of these have been cited in this chapter on the possible additivity, synergy, or otherwise in 
response to delivering multiple additives in the diet.

Summary

In summary, the past decade has seen a surge in the availability and subsequently research of feed 
additives that may have general or very specific functions in pig diets in an age and environmental 
specific manner. Under certain environmental conditions, impressive responses in growth rate or 
other important variables have been reported, which compare favorably with the improvements 
associated with in- feed antibiotics. Important research priorities for the future include understand-
ing the potential additivity or interaction between various feed additives and characterizing the 
other purposes, for which both novel and well- defined feed additives may be utilized.
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Introduction

To formulate cost- effective diets, nutritional evaluation of feed ingredients is an essential part. Most 
nutrients used in feed formulation and for requirement estimates need to be expressed as digestible 
rather than total or available contents (NRC 2012). Therefore, determination of nutritional value 
in feed ingredients and nutrient requirements based on digestible nutrients are required for an accu-
rate formulation of swine diets. Because nutrients have different digestibility values in different 
ingredients, it is necessary that the digestibility of each nutrient in each ingredient is determined. 
However, to formulate diets accurately, digestibility values for nutrients in different feed ingredients 
must be expressed in such a way that these values are additive in mixed diets. Because digestibility 
can be expressed in different ways, and it is, therefore, necessary that only values that are expressed 
in such a way that they are additive in a mixed diet are used in diet formulation (Stein et al. 2005; 
Xue et al. 2014; She et al. 2018b).

The objective of the present contribution is to provide clarity for determination of values for 
digestibility by discussing different methods, terminologies, and specific considerations. Digestibility 
and availability of amino acids (AA), carbohydrates, lipids, minerals, and vitamins will be reviewed.

Bioavailability of Nutrients

Bioavailability is defined as “the degree to which an ingested nutrient in a particular source is 
absorbed in a form that can be utilized in metabolism by the animal” (Ammerman et al. 1995). It is 
difficult to directly measure values for the bioavailability of nutrients, but there are a number of 
methods that allow for indirect estimates for bioavailability.

Historically, bioavailability has been estimated by calculating the efficiency of utilization of nutrients 
(Batterham 1974), the biological value (Mitchell 1924), the relative bioavailability using the slope- ratio 
method (Finney 1952; Littell et al. 1997), or the digestibility of the nutrient (Dietrich and Grindley 1914).

The efficiency of utilization is calculated in a way that is similar to calculating feed efficiency. 
As  an example, the utilization of crystalline Lys was calculated by dividing differences in gain 
between pigs fed diets with no crystalline Lys or with crystalline Lys by differences in feed intake 
of pigs (Batterham 1974).

The term “biological value” of nutrients is defined as a percentage retention of the absorbed nutrients 
(absorbed nutrient – nutrient urine excretion). The biological value has been considered important to 
estimate utilization of nutrients including AA, Ca, and P after absorption (Hart et al. 1909; Mitchell 1924).

19 Digestibility and Availability of Nutrients in Feed Ingredients
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The relative bioavailability is calculated using the slope- ratio method as the ratio of the slope of 
the response to the test ingredient to the slope of the response to a standard ingredient (Littell 
et al. 1997). Response criteria may include whole- body protein deposition (Batterham 1992), AA 
oxidation (Moehn et al. 2005), growth performance (Chung and Baker 1992b), bone characteristics 
(Ross et al. 1984), or urine excretion or retention (Cho et al. 1980; Opapeju et al. 2012). There are 
three assumptions for the slope- ratio assay that are essential for obtaining meaningful estimates 
(Littell et al. 1997): (i) the response to nutrients is linear (i.e., nutrients need to be provided below 
the requirement), (ii) the y- intercepts for regression lines are the same (“common intercept”), and 
(iii) the response to the basal diet is equal to the common intercept.

For practical feed formulation, however, bioavailability values for macronutrients that are esti-
mated by the efficiency, biological value, or relative bioavailability procedures are not recom-
mended because these values are not additive in a mixed diet and the procedures used to estimate 
these values are time consuming and tedious. Instead, the digestibility of macronutrients has been 
measured and used as an indication of the quantities of nutrients that are available to the animal. 
However, for many macronutrients, specifically vitamins, digestibility cannot be determined and 
relative bioavailability is often used.

Use of Digestibility

Direct Method vs. Difference Method

The direct method is the simplest and easiest method to use if digestibility of nutrients is determined 
in feed ingredients. Test feed ingredients are included as the sole source of a nutrient in a test diet. 
Therefore, the digestibility of the nutrient in the test diet containing the test feed ingredient is 
considered the digestibility of the nutrient in the test feed ingredient. Values for the digestibility of 
nutrients are calculated from the following equation:

 
Digestibility Intake Output Intake% / .100

 

The difference method is used to determine digestibility of nutrients or energy in feed ingredients 
that may induce problems if fed as the only source of the nutrient. This may be because of low 
palatability of the ingredient, low concentration of the nutrient in the ingredient, or a high 
concentration of antinutritional factors. In this case, a basal diet and a test diet containing both a 
basal and a test ingredient are formulated (Fan and Sauer 1995a,b). A basal diet can contain one or 
more ingredients that provide nutrients of interest in the diet, but if more than one ingredient in the 
basal diet contains the test nutrient, the ratio between these ingredients needs to be constant in the 
basal diet and in all test diets. Values for the digestibility of nutrients are then calculated by difference 
using the following equation (adopted from Kong and Adeola 2014):

 
D D D P PIng Test Basal Basal Ing% / ,

 

where D
Ing

 is the digestibility of the test nutrient in the test ingredient, D
Test

 is the digestibility of 
the test nutrient in the test diet, and D

Basal
 is the digestibility of the test nutrient in the basal diet. 

P
Basal

 is the proportional contribution of the test nutrient from the basal diet to the test diet and P
ing

 is 
the proportional contribution of the test nutrient from the test ingredient to the test diet. P

Basal
 and 

P
Ing

  are expressed as coefficients and the sum of the proportional contributions must be 1.00. 
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The  proportional contributions can be calculated from the following equation (adopted from Kong 
and Adeola 2014):

 

Proportional contribution Nutrient in test ingredient

In

[(

cclusion rate Nutrient in test diet) / ] / ,100  

where nutrient and inclusion rates are expressed on a percentage basis.
A prerequisite for getting accurate results with the difference procedure is that analyzed nutrients 

in the basal diet and in the test ingredient add up to the analyzed concentrations in the test diet. 
If that is not the case, accurate results cannot be calculated with this procedure. Additivity of nutri-
ents in diets is the most important assumption for using the difference procedure. However, errors 
from diet formulation, subsampling of feed, analysis inaccuracy, and variation in nutrients among 
different sources of feed ingredient do not always allow for additivity of analyzed nutrients in com-
plete diets. Specifically, this has been a problem for Ca in complete diets fed to pigs and broilers 
(Walk 2016; Wu et al. 2018). Therefore, calculation of digestibility values based on calculated nutri-
ents rather than analyzed nutrients in test diets is sometimes used to get more accurate results (Lee 
et  al.  2019b). Another consideration when using the difference procedure is that the basal diet 
should not have lower digestibility of the test nutrient than the test ingredient, and in general, the 
greater the contribution of the test ingredient to the nutrients in the test diet is, the more accurate 
results will be calculated. Dry matter (DM) should sometimes be used in calculations if the test 
ingredient and the basal diet contain different amounts of moisture (Kong and Adeola 2014). The 
greater standard error of the mean associated with the use of the indirect procedure compared with 
the direct procedure will require more replications to maintain a certain power of an experiment 
(Oliveira et al. 2020b).

The regression procedure is also based on the difference procedure, but with several diets con-
taining the test ingredient. In this procedure, test ingredients are included in diets by replacing 
ingredients in the basal diet with multiple inclusion rates (Park and Adeola 2020; Wang et al. 2020). 
Differences in digestibility among diets are subsequently extrapolated to 100% replacement 
(Adeola 2001).

Because more than 1 diet is needed to determine digestibility values in a test ingredient if the 
difference procedure is used, the direct procedure is preferred because it is easier to use only one 
diet and because fewer replications are needed to get a certain power of the experiment. However, 
feeding test diets that contain nutrients below the requirement to pigs for a long period of time have 
been thought to impact digestibility values, but recent data demonstrated that is not the case 
(Bolarinwa and Adeola 2016; Jaworski et al. 2016; Zhao et al. 2017; Oliveira et al. 2020b). There 
may, however, be feed ingredients with very high concentration of fiber or with very low palatability 
that requires use of the difference procedure (Sulabo et al. 2013; Almeida et al. 2014).

Total Collection vs. Partial Collection (Index Method)

Fecal or digesta samples can be quantitatively collected (Adeola 2001). Ingestible markers that have 
specific colors (i.e., chromic oxide, indigo carmine, and ferric oxide) are used to distinguish 
initiation and termination of collections.

Fecal or digesta samples can also be partially collected using an index or an indicator 
(Adeola 2001). The partial collection is used when complete quantitative collection of ileal digesta 
or fecal samples is not possible. Requisites for the index include easy to analyze, not absorbed from 
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the intestinal tract, nonessential, not toxic to the animals, and uniform in diets, digesta, and feces 
(Adeola 2001). Acid insoluble ash (provided from diatomaceous earth), chromium (provided as 
Cr

2
O

3
), and titanium (provided as TiO

2
) are the three indexes that are most frequently used. Values 

for the digestibility of nutrients are then calculated from the following equation (Stein et al. 2007):

 

Digestibility Nutrient Nutrient

Index

Output Input

In

% [ /1

pput OutputIndex/ ] ,100  

where concentrations of nutrients and index are in %.
The concentration of the indicators needs to be stabilized in the digesta or fecal samples before 

collection is initiated, and an adaptation period of three to seven days is needed for the indexes to 
be stabilized in fecal output (Clawson et al. 1955; Adeola 2001; Jang et al. 2014). However, in ileal 
digestibility experiments, an adaptation period of three to four days is adequate (Kim et al. 2020). 
In experiments to determine total tract digestibility, 5–10 days of adaptation is usually used, but the 
required time for adaptation appears to depend on the fiber concentrations of the diet (Choi and 
Kim 2019). One advantage of using the index method is that feed intake is not required in the 
calculation of digestibility and pigs can, therefore, be fed on an ad libitum basis.

Amino Acid Digestibility

The term “AA digestibility” refers to the digestion and absorption of AA into the body. Dietary 
protein or peptides are degraded into free AA or small peptides throughout the intestinal tract by 
enzymatic hydrolysis and microbial fermentation. However, free AA and small peptides can only be 
absorbed before the end of the small intestine of pigs, which means that there is no absorption of 
AA in the hindgut of pigs, whereas the unabsorbed AA and peptides are fermented by bacteria in 
the hindgut. Therefore, total tract digestibility of AA does not reflect actual AA absorption. For this 
reason, ileal digestibility is the most accurate estimation of AA digestibility to avoid the interference 
of microbial modification in the hindgut (Sauer and Ozimek 1986).

Ileal fluids from pigs can be collected at the end of the small intestine using techniques that have 
been reviewed and discussed (Gabert et al. 2001; Moughan 2003). However, surgical installation of 
a T- shaped cannula in the distal ileum of pigs (i.e., 10–15 cm prior to the ileocecal valve) is the 
procedure of choice in most countries in the world. This procedure has proven to minimize trial- to- 
trial variation and thus provides accurate output. The standard procedure for installation of the 
cannula and ileal digesta collection has been explained (Stein et  al.  1998). The T- cannula only 
allows for partial collection of ileal digesta and thus requires the use of an index. Therefore, the ileal 
digestibility of AA is calculated with concentrations of AA and index in diet and ileal digesta (Stein 
et al. 1998).

Endogenous Losses of AA

The ileal digesta contain undigested dietary AA along with endogenous AA that are secreted into 
the intestinal tract of pigs. The endogenous proteins mainly originate from mucoproteins, epithelial 
cells, digestive enzymes including gastric secretions, pancreatic juice, and bile acids, and serum 
albumin in forms of peptides, free AA, amines, and urea (Low and Zebrowska 1989; Moughan and 
Schuttert  1991; Tamminga et  al.  1995). Sixty percent of total endogenous losses are from the 



497DIGESTIBILITY AND AVAILABILITY OF NUTRIENTS IN FEED INGREDIENTS

intestinal secretions that consist of sloughed cells, mucin, and glycoconjugates secreted by the 
enterocytes and bile acids (Low and Zebrowska 1989; Lien et al. 1997). Only 8–10% of the total 
endogenous losses are from saliva and gastric, pancreatic, and bile secretions. However, 70–80% of 
the endogenous proteins that are secreted into the intestinal tract are hydrolyzed and reabsorbed into 
the body before the end of the distal ileum (Souffrant et al. 1993; Krawielitzki et al. 1994; Fan and 
Sauer 2002b). The remaining endogenous losses of AA consist mainly of deconjugated bile salts 
and mucin glycoprotein that are highly resistant to proteolysis and thus not reabsorbed (Taverner 
et al. 1981; Moughan and Schuttert 1991; Lien et al. 1997). The fact that mucin glycoprotein is rich 
in Pro, Glu, Asp, Ser, and Thr and because 90% of the AA in bile acids is Gly result in a greater 
content of these AA in endogenous losses and lower digestibility compared with other AA. The 
lower digestibility of these AA can also be explained by the slow absorption into the body (Taverner 
et  al.  1981). Greater Pro synthesis in the intestines by pyrroline- 5- carboxylate reductase than 
degradation by Pro oxidase is also a possible reason for the high concentration of Pro in endogenous 
protein (Mariscal- Landin et al. 1995). The AA composition of endogenous protein has been reported 
(Wünsche et al. 1987; Boisen and Moughan 1996; Stein et al. 1999; Kong et al. 2014; Park and 
Adeola 2020).

The endogenous AA that are secreted into the intestinal tract may be categorized into non- diet 
specific (i.e., basal endogenous) and diet specific (Jansman et al. 2002; Stein et al. 2007). Basal 
endogenous losses of AA are inevitable losses of AA that are independent of the diet or feed 
ingredient, but are increased with increasing dry matter intake of pigs (Stein et al. 2007). Therefore, 
the basal endogenous losses of AA are usually expressed as g per kg dry matter intake (DMI). 
However, basal endogenous losses of AA that are measured in g/kg DMI decrease by increased 
DMI of pigs (Stein et al. 1999; Moter and Stein 2004). This decrease in the basal endogenous losses 
may be because the relative contribution of the fasting endogenous losses decreases as DMI 
increases (Moter and Stein 2004). Therefore, it is suggested that the basal endogenous losses of AA 
be measured in growing pigs and lactating sows fed close to ad libitum intake and in gestating sows 
restricted in feed intake to reflect commercial conditions (Moter and Stein 2004).

Basal endogenous losses of AA can be determined by feeding a protein- free diet to pigs and 
subsequently measuring the ileal outflow of AA (Stein et al. 2007). Feeding the protein- free diet to 
pigs may create an imbalance of AA and overestimate values for the endogenous losses of Gly and 
Pro. Alternative procedures to estimate basal endogenous losses of AA have been discussed (Stein 
et al. 2007), but the N- free diet is by far the most commonly used procedure because it is simple and 
practical (Stein et al. 2007; Adeola et al. 2016). Values for basal endogenous losses of AA from 101 
experiments that were conducted at the University of Illinois from 2010 to 2020 are summarized 
(Table 19.1). Because there are variations in the endogenous losses of AA among experiments, it is 
recommended to determine the basal endogenous losses of AA every time the SID of AA is measured 
(Stein et al. 2007; Park et al. 2013).

The basal endogenous losses of AA are calculated from the following equation:

 
IAA AA Ileal digesta outflow Feed intakeEnd Output / ,

 

where IAA
End

 is the basal endogenous losses of AA determined at the distal ileum that is expressed 
as g/kg DMI. AA

Output
 expressed in % DM is the concentration of the AA in the ileal digesta and ileal 

digesta outflow and feed intake are expressed as kg of DM. The index is used because quantitative 
collection of ileal digesta is impossible if pigs are fitted with a T- cannula. By assuming that the 
amount of index fed to pigs is equal to the amount of index excreted in the digesta the following 
calculation can be completed:
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Feed intake Index Ileal digesta outflow Index

a
Input Output ,

nnd thus Ileal digesta outflow Feed intake Index IndeInput, / / xxOutput ,  

where feed intake and ileal digesta outflow are expressed as kg of DM and concentrations of index 
are expressed in % DM.

By modifying the previous equations, the basal endogenous losses of AA can be calculated with 
concentrations of AA and index in the diet and the ileal digesta without knowing the amount of feed 
intake and ileal digesta outflow (Stein et al. 2007):

 
IAA AA Index IndexEnd Output Input Output/ ,

 

where IAA
End

 is in g/kg DMI and concentrations of AA and index are in % DM.
Fiber and antinutritional factors in feed ingredients may induce diet- specific endogenous losses 

of AA (Sève et  al.  1994; Boisen and Moughan  1996; Jansman et  al.  2002). The diet- specific 
losses may vary depending on the type of feed ingredients used. For example, purified ingredi-
ents, including casein, have no fiber or antinutritional factors, and therefore are not likely to 
induce secretions of specific endogenous AA. Therefore, total endogenous losses of AA from 
pigs fed a casein diet are close to the basal endogenous losses of AA. However, some feed 

Table 19.1 Summary of values for the basal endogenous losses of AA from growing pigs fed 
N- free dietsa,b.

Item N Average SD CV, % Min Max

Initial BW, kg 100 35.27 23.16 65.66 7.21 106.60
Basal endogenous losses of AA, g/kg DM intake
CP 95 20.19 5.04 24.96 10.10 36.16
Indispensable AA

Arg 101 0.72 0.23 31.78 0.32 1.53
His 101 0.21 0.07 31.73 0.11 0.55
Ile 101 0.36 0.10 28.83 0.17 0.64
Leu 101 0.59 0.17 28.40 0.32 1.07
Lys 101 0.48 0.17 34.94 0.20 1.13
Met 101 0.10 0.04 43.31 0.05 0.36
Phe 101 0.37 0.11 30.78 0.10 0.71
Thr 101 0.63 0.17 26.41 0.34 1.21
Trp 101 0.28 1.48 526.88 0.03 15.00
Val 101 0.53 0.15 27.90 0.10 0.93

Dispensable AA
Ala 101 0.70 0.16 23.13 0.38 1.22
Asp 100 0.88 0.23 26.45 0.47 1.84
Cys 100 0.24 0.09 39.48 0.12 0.70
Glu 100 1.07 0.30 27.76 0.20 2.32
Gly 97 1.93 0.50 25.87 0.96 3.90
Pro 69 6.40 2.70 42.15 1.53 14.75
Ser 100 0.62 0.48 77.44 0.32 5.15
Tyr 74 0.29 0.08 26.66 0.16 0.50

a Data were from 101 experiments conducted at University of Illinois from 2010 to 2020.
b AA = amino acid, SD = standard deviation, CV = coefficient of variation; Min = minimum, 
Max = maximum, BW = body weight, DM = dry matter, and CP = crude protein.
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 ingredients that have high concentrations of fiber and antinutritional factors may increase the 
specific endogenous losses of AA by pigs as reviewed previously (Tamminga et al. 1995; Boisen 
and Moughan 1996; Nyachoti et al. 1997; Jansman et al. 2002). Variation in total quantities of 
endogenous proteins that have been reported in the literature also has been published (Jansman 
et al. 2002; Park et al. 2013).

Diet- specific endogenous losses of AA cannot be directly determined. However, the homoargi-
nine technique and the N15 isotope dilution technique may be used to estimate total endogenous 
losses of some AA. The total endogenous losses of all other AA are then calculated using a ratio 
among AA in the endogenous protein loss that is assumed to be always constant. The AA composi-
tion in the endogenous protein loss, however, is not always constant (Stein et al. 1999), and these 
techniques may, therefore, not yield accurate estimates for endogenous losses of AA. The tech-
niques are also tedious and expensive to use, and total endogenous losses are, therefore, not 
 commonly determined (Stein et al. 2007).

Apparent Ileal Digestibility of AA

The apparent ileal digestibility (AID) of AA is calculated by subtracting ileal AA outflow from AA 
intake (Stein et al. 2007):

 
AID AA intake Ileal AA outflow AA intake% / ,100

 

where AA intake and ileal AA outflow are expressed in g. The AA intake (a) and ileal AA outflow 
(b) are calculated from the following equations:

 

a AA intake AA Feed intake

b Ileal AAoutfl

Input1 000 100, /

oow AA Ileal digesta outflowOutput1 000 100, / , 

where AA intake and ileal AA outflow are expressed in g, AA concentrations are expressed as % of 
DM, and feed intake and ileal digesta outflow are expressed in kg DM. By plotting (a), (b), and 
“Ileal digesta outflow/Feed intake = Index

Input
/Index

Output
” into the first equation, the AID of AA can 

be calculated from the following equation (Stein et al. 2007):

 
AID AA AA Index IndexOutput Input Input Output% / /1 100,,

 

where concentrations of AA and index are expressed on a percentage basis.
Values for AID do not always give accurate information about AA absorption because both 

unabsorbed AA and the endogenous AA are included in the total ileal AA output. The endogenous 
AA contribute a relatively greater portion to the total ileal AA output from pigs if concentrations of 
AA in ileal digesta are below the requirement than if they are at or above the requirement. Therefore, 
values for AID of AA are affected by the level of dietary AA and are underestimated in pigs that are 
fed low- protein diets (Donkoh and Moughan 1994; Fan and Sauer 2002a; Stein et al. 2005). This 
underestimation results in values for AID that are measured in individual feed ingredients not being 
additive in mixed diets that contain multiple feed ingredients (Stein et al. 2005; Xue et al. 2014). 
The lack of additivity is only observed if a low- protein feed ingredient (i.e., cereal grain) is included 
in the mixed diet (Xue et al. 2014). The problem with nonadditivity is a function of the endogenous 
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losses being included in values for AID and to solve this problem, some of the endogenous losses 
need to be removed from the equation.

By correcting values for the AID of AA for total endogenous losses, values for true ileal 
digestibility (TID) of AA are calculated. However, from a practical diet formulation point of view, 
it is important that digestibility values represent the ingredient- specific endogenous losses because 
these losses should be debited against the ingredient. Values for TID of AA are sometimes used in 
academic exercises to estimate AA absorption, but should not be used in practical feed formulation.

Standardized Ileal Digestibility of AA

Because the basal endogenous losses of AA are independent of ingredients and diet composition, 
these losses may be disregarded in the calculation of digestibility. By doing that values for standardized 
ileal digestibility (SID) of AA are calculated using the following equation (Stein et al. 2007):

 
SID AID IAA AAEnd Input% / ,

 

where AID is in %, IAA
End

 is in g/kg DMI, and AA
Input

 is in g/kg DM.
Because values for SID are calculated by excluding the basal endogenous losses of AA, these 

values are not affected by dietary AA concentration and values for SID of AA are, therefore, additive 
in mixed diets (Stein et al. 2005; Xue et al. 2014). Therefore, it is recommended to use SID values 
rather than AID values in practical formulation (Mosenthin et al. 2000; Jansman et al. 2002; Stein 
et al. 2007; NRC 2012). Use of SID values for AA in diet formulation rather than total AA or AID 
of AA also may reduce urine N excretion because diets containing multiple feed ingredients may 
result in less balanced AA if formulated based on total AA or the AID of AA (Lee et al. 2017). The 
use of values for SID of AA in diet formulation for pigs has been adopted rapidly throughout the 
world (Stein 2017). Therefore, SID values in most feed ingredients fed to pigs have been published 
and requirements for AA are also expressed on an SID basis (NRC 2012; Rostagno et al. 2017).

Factors Affecting Digestibility of AA

Use of Crystalline AA
If a test diet does not contain sufficient AA, crystalline AA may be included in diets during the 
adaptation period before collecting ileal digesta from pigs (Pedersen et al. 2007; Strang et al. 2016). 
Crystalline AA mixtures are used because it is assumed that AA in the crystalline forms are rapidly 
absorbed and thus are 100% digestible (Chung and Baker 1992a). Addition of a crystalline AA 
mixture to diets containing AA below requirements during both the adaptation and collection peri-
ods, however, does not influence the AID or SID of CP and AA (Oliveira et al. 2020a). The observa-
tion that AID and SID values are not influences by dietary crystalline AA also confirms that 
crystalline AA are completely absorbed before the end of the ileum (Oliveira et al. 2020a). The 
implication is that crystalline AA can be added to test diets used in digestibility experiments if the 
crystalline AA are disregarded in the calculations of AID or SID values.

Fiber and Anti- Nutritional Factors
Values for AID of AA are affected by dietary protein because of the interference of endogenous 
protein in the ileal digesta. By definition, values for the SID of AA are supposed to be not influenced 
by dietary protein, but the SID of AA decreased by increasing protein levels in diets containing corn 
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and soybean meal (Zhai and Adeola  2011), which may be a result of increases in diet- specific 
endogenous losses of AA.

Antinutritional factors include dietary fiber, trypsin inhibitors, lectins, and tannins in feed 
ingredients that may reduce ileal digestibility of AA by pigs (de Lange et  al.  1989; Jansman 
et al. 1994; Le Guen et al. 1995; Schulze et al. 1995; Yu et al. 1996). Dietary fiber may increase 
diet- specific ileal endogenous losses of AA and thus decrease the digestibility of AA (Mosenthin 
et al. 1994; Schulze et al. 1994; Lenis et al. 1996). However, the negative effect of fiber depends on 
the type of fiber that is used because different fibers have different physicochemical properties 
(Chen et al. 2017).

Effects of Heat Treatment
Heat treatment has been used to improve the nutritional value of feed ingredients that contain 
antinutritional factors. However, overheating the feed ingredients may result in decreases in both 
concentrations of AA and the digestibility of AA in corn coproducts and soy products (Fontaine 
et al. 2007; González- Vega et al. 2011; Kim et al. 2012a; Oliveira et al. 2020c). This decrease is a 
result of Maillard reactions between reducing sugars and AA that may take place during heating 
of ingredients in the presence of moisture (Maillard 1912). Lysine is the most susceptible AA to 
the Maillard reaction because Lys has an ε- amino group that is highly reactive, and, therefore, 
cross- linkages between the ε- amino group and reducing sugars are easily formed (Brestenský 
et al. 2014).

Dietary Fat
Inclusion of fat in diets reduces gastric emptying and the passage rate of digesta, which may result 
in increased time for dietary proteins to be hydrolyzed by digestive enzymes, and as a consequence, 
digestibility of AA is increased (Imbeah and Sauer 1991; Li and Sauer 1994; Cervantes- Pahm and 
Stein 2008; Kil and Stein 2011). However, dietary fat does not affect endogenous losses of AA from 
pigs (de Lange et al. 1989).

Effect of Age and Physiological State of Animals
Amino acids in sow milk are highly digestible by young pigs (Mavromichalis et al. 2001), but AA 
in soybeans are not well digested by piglets (Caine et al. 1997). The reduction in digestibility of AA 
is because young animals have low activities of some digestive enzymes in early life (Hartman 
et al. 1961; Moughan 1991). Digestibility of AA increases with increased age of pigs (Wilson and 
Leibholz 1981; Li and Sauer 1994). However, it is not clear if there are differences in the digestive 
capacity of pigs between growing- finishing pigs and sows. Values for the SID of AA in various feed 
ingredients are not different between growing pigs and lactating sows if they are provided at the 
same level of feed intake (Stein et al. 2001).

Effect of Feed Intake
The AID of protein and AA increases as feed intake of pigs increases and reaches a plateau when 
pigs are fed diets with an amount that is close to twice the maintenance energy requirement 
(Sauer et  al.  1982; Haydon et  al.  1984; Albin et  al.  2001; Moter and Stein  2004; Goerke 
et  al.  2012). The reason for the increase in the AID of AA as AA intake increases is that a 
proportion of basal endogenous losses of AA in the ileal digesta is greater if feed intake is low 
than if feed intake is greater (Butts et al. 1993; Stein et al. 1999; Moter and Stein 2004). However, 
SID of AA decreases as feed intake of pigs increases (Moter and Stein 2004), because SID values 
are calculated by correcting AID for the basal endogenous losses. The implication of this 
observation is that the SID of AA in feed ingredients should be measured in pigs fed at the same 
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level of feed intake as pigs fed under commercial conditions (Stein et  al.  2001; Moter and 
Stein 2004).

Pigs that are used in digestibility experiments are often fed diets on a restricted basis, which may 
impact the digestibility of AA. However, feeding once or twice per day does not influence the AID 
of AA if pigs are fed close to ad libitum intake and AID values obtained in pigs fed three times the 
maintenance requirement for metabolizable energy are not different from values obtained in pigs 
fed on an ad libitum basis (Chastanet et al. 2007).

Lipid Digestibility

The amount of energy available to pigs in lipids is greater compared with that available in carbohy-
drates and proteins. Therefore, the primary role of dietary lipids has been to increase energy con-
centration in swine diets. Dietary lipids in feed ingredients that are commonly used in swine diets 
are predominantly present in the form of triglycerides (Stahly 1984). However, all feed ingredients 
contain different amounts of lipids and different fatty acid compositions (Sauvant et  al.  2004; 
NRC 2012).

Lipids are not soluble in the aqueous environment of the gastrointestinal tract of pigs, and therefore, 
digestion and absorption of dietary lipids are different compared with other nutrients. Because lipids 
are hydrophobic, they must be emulsified by bile acids to be hydrolyzed by digestive enzymes. After 
digestion, the monoacylglycerols, diacylglycerols, free fatty acids, and glycerols are packed with bile 
salt to form micelles to increase movement in the lumen and absorption into the enterocytes.

Most absorbed lipids in growing animals are directly deposited in adipose tissue and, to a lesser 
extent, oxidized to yield energy in the form of ATP. Because it is assumed that all absorbed lipids are 
bioavailable in the body, bioavailability is most often determined based on digestibility of dietary lipids.

Lipid digestibility may be measured both at the end of the ileum (i.e., ileal digestibility) and over 
the entire intestinal tract (i.e., total tract digestibility). However, the ileal digestibility of lipids is 
more accurate than total tract digestibility because dietary lipids are mostly digested and absorbed 
before the end of the ileum (Nørgaard and Mortensen 1995) and most endogenous lipids are excreted 
into the large intestine (Jørgensen et al. 2000). In the large intestine of pigs, there is also significant 
microbial hydrogenation of unsaturated fatty acids, which results in changes in the fatty acids 
profiles (Jørgensen et al. 1993; Duran- Montgé et al. 2007), and there is a net synthesis of endogenous 
lipids in the large intestine (Shi and Noblet 1993; Reis de Souza et al. 1995). Therefore, the AID of 
lipids is often greater than the apparent total tract digestibility (ATTD) of lipids (Kil et al. 2010; 
Kim et al. 2013; Espinosa et al. 2019). However, the difference between AID and ATTD of lipids 
may be negligible in pigs fed diets with low concentrations of fiber (Jørgensen et  al. 2000; Kil 
et al. 2010) because low dietary fiber results in low microbial fermentation activity in the hindgut 
and thus a low synthesis of microbial lipids.

Endogenous Losses of Lipids

The ileal digesta and fecal samples contain both undigested dietary lipids and lipids of endogenous 
origin, which consist of bile acids, sloughed cells, and microbial fat (Sambrook 1979). Therefore, 
as is the case for the AID of AA, the apparent digestibility of lipids increases as the concentrations 
of dietary lipids increase (Jørgensen et al. 1993; Jørgensen and Fernández 2000; Kil et al. 2010). 
The apparent digestibility of lipids is underestimated if the concentration of dietary lipids is low 
because of large contributions of endogenous lipids to the total output of lipids. Values for the 
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standardized or true digestibility of lipids that are corrected for the endogenous losses, however, are 
not affected by increasing dietary lipid intake (Kil et al. 2010), and values for true or standardized 
digestibility of lipids are, therefore, additive in mixed diets.

Factors Affecting Digestibility of Lipid

Lipid digestibility in diets fed to pigs may be affected by several factors including lipid analysis, 
chemical and physical characteristics of fatty acids, dietary factors, and animal factors.

Lipid Analysis

Lipids in diets, digesta, and feces may be analyzed using different extraction methods, which result 
in differences according to the lipid analysis method used (Boisen and Verstegen 2000). Crude fat 
concentration may be increased if an acid hydrolysis step is used prior to ether extraction 
(Stoldt 1952). Acid hydrolysis is more critical for lipid analysis in fecal samples than in diet samples 
because it is more difficult for ether to extract the mineral fatty acid soaps that are formed in the 
intestinal tract if they are not acid hydrolyzed prior to analysis. However, the mineral fatty acid 
soaps can be extracted by solvents if hydrolyzed (Just 1982), and acid hydrolysis, therefore, changes 
values for lipid digestibility (Ji et al. 2008). The ATTD of lipids in soybean oil was 7.3% greater if 
acid hydrolysis was not used before ether extraction than if diet and fecal samples were acid 
hydrolyzed (Agunbiade et al. 1992). Therefore, it is important to specify the analysis procedures for 
crude fat analysis (Kim et al. 2013), and it is recommended to use acid hydrolysis prior to ether 
extraction to prevent the overestimation of lipid digestibility (Just 1982).

Chemical Characteristics of Lipids

Chemical characteristics of dietary lipids are mostly related to characteristics of fatty acids including 
degree of saturation, chain length, and existing form. These characteristics may largely influence 
the micelle formation, lipid solubility in the intestinal tract and thus digestibility of lipids in pigs.

Unsaturated fatty acids are more digestible compared with lipids with fewer double bonds 
(Jørgensen et al. 2000; Li et al. 2017; Wang et al. 2020). The reason for this is that unsaturated fatty 
acids may better support formation of micelles compared with saturated fatty acids (Freeman 
et al. 1968; Stahly 1984). Unsaturated fatty acids may also help absorption of saturated fatty acids 
by increasing the formation of micelles (Powles et  al.  1993), which indicates that the ratio of 
unsaturated to saturated fatty acids in feed ingredients is an important factor for lipid and energy 
digestibility (Stahly 1984; Powles et al. 1995; Kellner and Patience 2017).

Lipid peroxidation is the oxidative degradation of lipids (Kerr et al. 2015). Polyunsaturated fatty 
acids are highly reactive to oxidation because of multiple double bonds. Peroxidation of oil may 
reduce lipid digestibility (Lindblom et al. 2018) because lipid peroxidation makes fatty acids more 
saturated by hydrogenation (DeRouchey et  al.  2004; Liu et  al.  2014a) and lipid peroxidation 
metabolites (e.g., aldehydes) that interfere with lipid digestibility are produced (Lindblom 
et al. 2018).

Lipid digestibility is also affected by chain length of fatty acids. Short- chain fatty acids are more 
soluble in the intestinal tract than longer- chain fatty acids and therefore may be directly absorbed 
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without micelle formation (Ramírez et al. 2001). Short- chain fatty acids may also be more easily 
assembled into micelles than longer- chain fatty acids (Bach and Babayan 1982; Stahly 1984). As a 
consequence, fatty acids that contain less than 14 carbons in the chain are more digestible in 
weanling pigs than fatty acids that contain more carbons in the chain (Cera et al. 1989; Straarup 
et al. 2006). However, it is not always possible to demonstrate an impact of chain length of fatty 
acids on digestibility of lipids in growing pigs (Jørgensen et al. 2000).

Pancreatic lipase hydrolyzes triglycerides at the sn- 1 and sn- 3 positions, and the remaining 
monoglyceride has a greater potential to be incorporated into micelles than free fatty acids, 
which results in greater digestibility of the fatty acid attached at the sn- 2 position. Free fatty 
acids also form insoluble mineral soaps in the intestinal tract (Ramírez et al. 2001), which reduces 
digestibility and they may disturb micelle formation (Dierick and Decuypere 2004). Therefore, 
increasing free fatty acids (i.e., non- esterified fatty acids) in dietary lipids decreases digestibility 
of lipids in weanling (Swiss and Bayley 1976; Powles et al. 1994) and growing- finishing pigs 
(Powles et al. 1993; Jørgensen and Fernández 2000). However, there was no effect of increasing 
free fatty acids on lipid digestibility in diets fed to weanling pigs if the free fatty acids were pro-
vided from choice white grease or soybean oil (DeRouchey et al. 2004; Kerr and Shurson 2017).

Physical Properties of Lipids

Dietary lipids may be provided in intact forms that are present in cereal grains, pulse crops, and 
coproducts or free forms in which fats were extracted from plant or animal sources. However, 
extracted oil is more digestible by pigs than intact oil because there are no cell walls that interfere 
with the digestion of lipids (Adams and Jensen 1984; Li et al. 1990; Duran- Montgé et al. 2007; Kil 
et al. 2010; Kim et al. 2013). The reason for this may be that extracted oil is more accessible to bile 
acids and digestive enzymes in the intestinal tract. Therefore, digestibility of lipids in intact oils 
may be increased by rupturing lipid cell walls. Pelleting diets, in which most dietary fats were in 
intact forms, increased the digestibility of lipids in weanling and growing pigs (Noblet and 
Champion 2003; Xing et al. 2004). The true digestibility of lipids in corn distillers dried grains with 
solubles was greater than in corn germ, which indicates the production process including steeping 
and fermentation contributed to the increased digestibility (Kim et al. 2013).

Dietary Fiber

Because dietary fiber increases microbial fermentation in the hindgut and, therefore, synthesis of 
microbial fat, which will be excreted in feces, the calculated ATTD of dietary fat is reduced as 
dietary fiber increases. However, if values for AID or TID of fat, rather than ATTD of fat, are 
calculated, the negative impact of fiber on calculated digestibility values is avoided. Dietary fiber 
may negatively affect lipid digestibility because increasing dietary fiber results in increased passage 
rate of digesta and decreased solubility of lipids in the intestinal tracts of pigs (Stahly 1984). Another 
reason for the reduction in lipid digestibility is increased losses of epithelial cells, bile acids, and 
microorganisms, which increases the endogenous losses of lipids and decreases digestibility of 
lipids (Bach Knudsen et al. 1991; de Lange 2000).

Different physicochemical characteristics of fiber may have different impact on lipid digestibil-
ity. Lipid digestibility was decreased in poultry and pigs by supplementing dietary soluble dietary 
fiber (Smits and Annison 1996; Ndou et al. 2019) because of increased digesta viscosity, which 



505DIGESTIBILITY AND AVAILABILITY OF NUTRIENTS IN FEED INGREDIENTS

interferes with enzymatic hydrolysis, micelle formation and thus absorption of lipids. In contrast, 
increasing purified cellulose, which is an insoluble fiber, did not change lipid digestibility in pigs 
(Kil et al. 2010).

Interactions Between Dietary Lipid and Minerals

Lipid digestibility may also be reduced by dietary minerals. Especially, Ca and Mg tend to form 
insoluble soaps with long- chain fatty acids in the intestinal tract and, therefore, may negatively influ-
ence lipid digestion (Stahly 1984). High concentrations of Ca in the diets decreased lipid digestibility 
in weanling and growing pigs (Jørgensen et al. 1992; Han and Thacker 2006), but that was not the 
case for the ileal digestibility (Jørgensen et al. 1992). The reason for this difference may be that 
insoluble soap is mainly formed in the large intestine. In contrast, addition of fat to diets fed to pigs 
did not affect the ATTD of Mg, Zn, Mn, Na, and K and instead increased the ATTD of Ca, P, and S 
if supplemental oils were from tallow, palm oil, corn oil, or soybean oil (Merriman et al. 2016).

Effects of Feed Additives on Lipid Digestibility

Pigs drink water at a rate of at least 2.5 times as much as the amount of feed DM consumed 
(NRC 2012), and the intestinal tract of pigs is, therefore, an aqueous environment. Because dietary 
lipids need to be emulsified for digestion and absorption and because young animals produce a 
limited amount of bile salts, lipid digestibility is depressed in the early stage of life of pigs.

Use of emulsifiers, either lecithin or lysolecithin, increased lipid digestibility in diets for wean-
ling pigs containing supplemental oils (Jones et al. 1992; Reis de Souza et al. 1995; Jin et al. 1998). 
However, the use of emulsifiers did not always increase lipid digestibility (Soares and Lopez- 
Bote 2002; Dierick and Decuypere 2004; Xing et al. 2004; Kerr and Shurson 2017). The inconsistent 
results may be a result of variations among fat sources, which may have different chemical 
characteristics and levels of dietary lipids (Jones et  al. 1992; Dierick and Decuypere 2004) and 
variations among sources of emulsifiers (Wieland et  al.  1993; Dierick and Decuypere  2004). 
Exogenous lipase in diets may improve lipid digestibility, but this hypothesis was not yet confirmed 
in diets fed to growing pigs (Dierick and Decuypere 2004; Liu et al. 2018).

An antimicrobial agent (i.e., carbadox), which depresses microbial activity, improved lipid 
digestibility in diets fed to pigs (Partanen et al. 2001; Wang et al. 2005). Likewise, the supplementation 
of copper hydroxychloride to diets for pigs increased the ATTD of lipids (Espinosa et al. 2019). 
This increase in lipid digestibility may be due to a reduction in endogenous loss of fat due to 
reduced synthesis of microbial fat if copper hydroxylchloride or other antimicrobials are used. 
Increased microbial activity increases the endogenous losses of lipids by promoting irreversible bile 
catabolism (Smits and Annison 1996), and microbial hydrogenation may reduce lipid digestibility 
by converting unsaturated fatty acids to saturated fatty acids in the small intestine (Yen 2001).

Effect of Age of Animals

Because newly weaned pigs have consumed liquid diets until weaning, introduction of solid feeds 
to weanling pigs may decrease lipid digestibility because of limited pancreatic lipase activity 
(Lindemann et al. 1986; Kerr et al. 2015). The low digestibility of fat in weanling pigs is more 
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pronounced if pigs are fed diets containing animal origin oil instead of plant oils (Cera et al. 1989; 
Jones et al. 1992; Jin et al. 1998). This indicates that weanling pigs have a lower digestibility of 
saturated fatty acids than of unsaturated fatty acids. However, the difference in digestibility between 
animal origin and plant origin fat disappears as pigs become older (Agunbiade et al. 1992; Jørgensen 
and Fernández 2000). Lipid digestibility gradually increases during the post- weaning period (Cera 
et al. 1989; Soares and Lopez- Bote 2002; Straarup et al. 2006) and pigs may reach a maximum 
capacity for digestion of lipids at approximately 40 kg (Wiseman and Cole  1987; Agunbiade 
et al. 1992).

Digestible Carbohydrates

Digestibility of Monosaccharides and Disaccharides

Glucose and galactose are easily absorbed via energy- dependent transporters before the end of the 
small intestine and fructose is absorbed via facilitated diffusion (Englyst and Hudson  2000). 
However, arabinose, xylose, and mannose are absorbed in the small intestine via a passive 
 transport process, but concentrations of these monosaccharides in food and feed are quantitatively 
small (Englyst and Hudson  2000; IOM  2001). Most monosaccharides are believed to be 100% 
digestible (Englyst and Hudson 2000; Abelilla and Stein 2019b).

Sucrose (i.e., glucose + fructose) and maltose (i.e., glucose + glucose) are present in small amounts 
in most plant feed ingredients fed to pigs with the exception that soybean meal contains 8–9% 
sucrose (Cervantes- Pahm and Stein 2010; Navarro et al. 2018). Lactose (i.e., glucose + galactose) is 
a disaccharide that is present only in milk products. These disaccharides are digested by the brush- 
border enzymes, and the monosaccharides that are hydrolyzed from the disaccharides are absorbed 
into the bloodstream. It is assumed that dietary sucrose, maltose, and lactose are 100% digested and 
absorbed in the small intestine (van Beers et al. 1995), but digestibility of disaccharides is rarely 
measured.

Starch Digestibility

Plant feed ingredients are rich sources of starch (Wiseman  2006; Bach Knudsen et  al.  2006; 
NRC  2012; Stein et  al.  2016a). Because most swine diets are formulated based on plant feed 
ingredients, commercially fed pigs usually consume diets that are high in starch. Starch exists in the 
form of granules that contain amylose and amylopectin polymers (Navarro et al. 2019). Amylose 
consists of glucose units that are mostly linked in a linear way with α(1- 4) glycosidic bonds. 
Amylopectin is also composed of glucose units, but the glucose molecules are linked with both α(1- 
4) and α(1- 6) glycosidic linkages, which makes amylopectin a large and highly branched polymer. 
Starch in most cereal grains contains apparently 25% amylose and 75% amylopectin (BeMiller 2007).

Dietary starch is digested in the mouth by salivary amylase and in the small intestine by α- amylase, 
isomaltase, and maltase and is absorbed into the bloodstream as glucose molecules. There are several 
factors that affect the rate and extent of starch digestion: (i) the crystallinity of the starch granules, 
(ii) the source of starch, (iii) the amylose- to- amylopectin ratio, and (iv) the type and extent of pro-
cessing of feed ingredients containing starch (Cummings et al. 1997; Englyst and Hudson 2000; 
Svihus et  al.  2005). Amylose is more resistant to enzymatic digestion than amylopectin (Svihus 
et al. 2005). There is limited information on the digestibility of starch in feed ingredients fed to pigs, 
but it is believed that the AID of starch in most cereal grains is greater than 90% (Bach Knudsen 
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et al. 2006; Sun et al. 2006; Wiseman 2006). However, depending on the feed ingredients, up to 20% 
of dietary starch may escape enzymatic digestion in the small intestine (Sun et al. 2006; Stein and 
Bohlke 2007; Cervantes- Pahm et al. 2014). Undigested starch (i.e., resistant starch) will enter the 
hindgut where it will be rapidly fermented by microorganisms, and the ATTD of starch, therefore, is 
close to 100% (Canibe and Bach Knudsen 1997; Sun et al. 2006; Stein and Bohlke 2007; Gunawardena 
et al. 2010). Short- chain fatty acids that are by- products of fermentation will be absorbed into the 
body as energy sources, but this will result in a reduced efficiency of energy utilization compared 
with absorption of glucose in the small intestine. Because of the microbial fermentation of resistant 
starch in the hindgut, values for total tract digestibility of starch are not representative of the digest-
ibility of starch. Therefore, it is more accurate to measure the ileal digestibility of starch than total 
tract digestibility. There is no endogenous secretion of starch into the small intestine and, therefore, 
the AID of starch will closely represent digestion and absorption of dietary starch.

Extruding feed ingredients or mixed diets increases the AID of starch in pigs because of gelatini-
zation of starch (Sun et al. 2006; Stein and Bohlke 2007; Rojas et al. 2016; Rodriguez et al. 2020). 
The gelatinized starch is highly digestible because during the process of gelatinization the starch 
granules are hydrolyzed, and there are more space between molecules that allows better access by 
digestive enzymes (Ai 2013). Starch digestibility may be increased by pelleting (Rojas et al. 2016), 
but that is not always the case (Svihus et al. 2005; Stein and Bohlke 2007).

In pigs fed diets containing high fiber feed ingredients, there was disappearance of some of the 
dietary fiber prior to the distal ileum, which indicates that some microbial fermentation takes place 
in the small intestine (Bach Knudsen and Jørgensen 2001; Urriola and Stein 2010; Jaworski and 
Stein 2017). It is, therefore, possible that some of the dietary starch that disappears in the small 
intestine may be fermented rather than digested and absorbed as glucose. However, more research 
is needed to demonstrate to which extend fermentation of starch in the small intestine contributes to 
small intestinal starch disappearance in pigs fed diets containing different levels of dietary fiber.

Nondigestible Carbohydrates

Digestibility of Oligosaccharides

Raffinose, stachyose, and verbascose are the three main oligosaccharides that are naturally present 
in feed ingredients, such as beans, legumes, cotton seeds, and molasses (Navarro et  al.  2019). 
Raffinose consists of one unit of glucose, one unit of fructose, and one unit of galactose. Stachyose 
and verbascose have a structure that is similar to raffinose with the exception that they contain two 
or three units of galactose, respectively. The glucose, fructose, and galactose units are linked with 
combinations of α(1- 2) and α(1- 6) glycosidic linkages and raffinose, stachyose, and verbascose are 
commonly called α- galactosides. The enzyme α- galactosidase is needed to hydrolyze the glycosidic 
linkages between the sugar molecules in the oligosaccharides, but pigs do not secrete this enzyme 
in the intestinal tract, and α- galactosides are, therefore, not digested in the small intestine (Caine 
et al. 1997). However, 50–80% of α- galactosides disappeared prior to the distal ileum (Bengala- 
Freire et al. 1991; Caine et al. 1997; Smiricky et al. 2002), which may be a result of the fermentation 
taking place in the small intestine. The total tract digestibility of α- galactosides is 100% because 
α- galactosides that are not fermented in the small intestine are rapidly fermented in the large 
 intestine (Smiricky- Tjardes et al. 2003).

Depending on feed ingredients, swine diets may contain fructans, levans, and mannan- 
oligosaccharides, but there is limited information about the digestibility of these oligosaccharides. 
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Synthetic oligosaccharides including fructooligosaccharides and transgalactooliogosaccharides 
may also be used in swine diets because these may have prebiotic effects in the intestinal tract by 
increasing microbial fermentation activity. These oligosaccharides are partly fermented in the small 
intestine (Smiricky- Tjardes et al. 2003), but there is no information on total tract digestibility.

Digestibility of Dietary Fiber

Dietary fiber is defined as carbohydrates that are not digested by body enzymes, but are completely 
or partially fermented (De Vries 2004). Non- starch polysaccharides, resistant starch, non- digestible 
oligosaccharides, and sugar alcohols are classified as dietary fiber (Englyst and Englyst  2005; 
Englyst et al. 2007). Because these carbohydrates are mostly building blocks for plant cell walls, 
dietary fiber is always present in plant- based feed ingredients in various forms and amounts 
(Cummings et al. 1997; Navarro et al. 2019). However, some carbohydrates that are not present in 
plant cell walls are also classified as dietary carbohydrates because they have similar physiological 
characteristics as plant cell- wall carbohydrates (De Vries 2004). Therefore, dietary fiber includes 
non- starch polysaccharides that contain both plant cell- wall components and non- cell- wall 
 components (Bach Knudsen et al. 2013).

Cellulose and hemicelluloses are the most common non- starch polysaccharides in cell walls, but 
lignin is also considered part of the fiber in feed ingredients. Cellulose consists of glucose molecules 
that are linearly linked by β(1- 4) linkages, which cannot be hydrolyzed by digestive enzymes in pigs. 
The most common hemicelluloses in cereal grains are arabinoxylan (BeMiller  2007; Jaworski 
et al. 2015; Navarro et al. 2019). Arabinoxylans consist of a xylose backbone and side chains that are 
composed of arabinose, mannose, galactose, and glucose (Cummings and Stephen 2007). Hemicelluloses 
in oilseed meal may be linked with uronic acids that are derivatives from galactose (galacturonic acid), 
and this hemicellulose- uronic acid complex is likely to form salts with metal ions such as calcium and 
zinc (Southgate and Spiller 2001; Cummings and Stephen 2007). Because some of the hemicelluoses 
are soluble, they are more fermentable in the large intestine of pigs than cellulose.

Other noncellulosic polysaccharides that are considered dietary fiber include pectins, gums, 
 non- digestible oligosaccharides, and resistant starches. The main components of pectins are linear 
polymers of galacturonic acids that are derived from galactose and these are linked by α(1- 4) link-
ages. Pectins may also contain side chains of rhamnose, galactose, and arabinose (Cummings and 
Stephen 2007). Gums are natural plant polysaccharides, but may also be produced by fermentation. 
Plant gums are naturally occurring when plants or shrubs that are physically damaged, or as a part 
of the seed endosperm (BeMiller 2007). An example of an exudate gum is gum arabic and an exam-
ple of a gum from seed endosperm is guar gum. Xanthan gum and pullulan are  examples of gums 
produced from fermentation.

Dietary fiber may also be classified into soluble dietary fiber and insoluble dietary according to 
solubility (Lee et al. 1992). Total dietary fiber is defined as carbohydrates and lignin resistant to 
enzymatic digestion by endogenous enzymes (Trowell 1976). Insoluble dietary fiber includes lignin, 
cellulose, and some of the hemicelluloses that are components of the cell wall, and soluble dietary 
fiber are the non- cell wall components along with the remaining hemicelluloses.

The ileal digestibility of dietary fiber is generally low, but disappearance of dietary fiber in the 
small intestine has been reported, which indicates that microbial fermentation in the small intestine 
is somewhat efficient (Bach Knudsen and Jørgensen  2001; Urriola and Stein  2010; Gutierrez 
et al. 2013; Jaworski and Stein 2017; Abelilla and Stein 2019a). However, the only end products 
from microbial fermentation of dietary fiber are the short- chain fatty acids, which are easily 
absorbed and from a quantitative point of view, it is, therefore, not important if fiber is fermented in 
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the small intestine or the large intestine. Therefore, the total tract digestibility of dietary fiber can be 
used to estimate disappearance of dietary fiber in the intestinal tract of pigs.

The total tract digestibility of total dietary fiber is less than 70% depending on the fiber 
 components in feed ingredients (Bach Knudsen and Jørgensen 2001; Urriola et al. 2010; Jaworski 
and Stein 2017). The total tract digestibility of soluble dietary fiber is greater than of insoluble 
dietary fiber because soluble dietary fiber is highly fermentable in the hindgut (Urriola et al. 2010; 
Urriola and Stein  2010; Jaworski and Stein  2017). Therefore, the greater the concentration of 
 soluble dietary fiber is, the greater is digestibility of total dietary fiber.

There is limited secretion of carbohydrates into the intestinal tract, but endogenous secretions 
and microbial matter may be analyzed as fiber, and therefore contribute to misinterpretation of data 
for digestibility of fiber (Cervantes- Pahm et al. 2014; Montoya et al. 2015; Abelilla 2018). Both 
soluble and insoluble contributions of endogenous secretions to ileal or total tract output of dietary 
fiber have been described (Montoya et al. 2015). The origin of these secretions are primarily mucin 
and microbial matter including chitin (Montoya et al. 2015). Mucin mostly consists of substances 
that are characterized as soluble dietary fiber, which is fermented in the hindgut (Montoya 
et al. 2015). In contrast, microbial matter is primarily analyzed as insoluble dietary fiber and is not 
fermented in the hindgut and most endogenous secretions that are analyzed in the feces are, 
therefore, insoluble fiber (Montoya et al. 2015). As a consequence of the endogenous secretion of 
compounds analyzed as fiber, a correction for these secretions is needed to calculate the digestibility 
of fiber. Endogenous secretions analyzed as fiber may be quantified by feeding a fiber- free diet 
(Cervantes- Pahm et  al.  2014). By correcting values for the AID or ATTD for the endogenous 
secretions analyzed as fiber, values for the SID or standardized total tract digestibility (STTD) of 
dietary fiber may be calculated and these values are more representative of the disappearance of 
fiber in the intestinal tract than values fore AID or ATTD of dietary fiber (Cervantes- Pahm et al. 2014; 
Montoya et al. 2015, 2016).

Bioavailability and Digestibility of Minerals

Excellent reviews on comparative mineral bioavailability are available (Nelson and Walker 1964; 
Ammerman and Miller 1972; Peeler 1972; Cantor et al. 1975a,b; Cromwell 1992; Ammerman 
et al. 1995; Richards et al. 2010; Vitti and Kebreab 2010). Most of these reviews have dealt with 
the relative bioavailability of minerals in mineral supplements and less information has been 
published about the availability of minerals in plant feed ingredients. Recently, a review of min-
eral absorption and interactions among minerals was published (Goff  2018). However, with 
recent evidence demonstrating that endogenous losses of minerals contribute to the total mineral 
output from animals (Petersen and Stein 2006; González- Vega et al. 2013), a greater emphasis 
has been placed on determining digestibility of minerals rather than relative bioavailability.

Effects of Phytate and Exogenous Phytase on Digestibility of Mineral in Pigs

Corn is unique among the cereal grains because 90% of the phytate is located in the germ portion 
of the kernel (Reddy et al. 1982). Wheat and rice germ also have considerable concentration of 
phytate, but the hull portion is also rich in phytate. Thus, wheat bran and rice bran have high 
concentrations of phytate (Halpin and Baker 1987; Casas and Stein 2015). Soybeans are different 
from most other oilseeds in that phytic acid is contained in protein bodies distributed throughout 
the seed. Therefore, soy protein isolates contain more phytate than soybean meal (Erdman 1979). 
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Phytic acid in peanuts, cottonseed, and sunflower seeds is concentrated only in crystalloid and 
 globoid substructures.

Phytic acid is charged negatively under neutal pH conditions in the aqueous environment of the 
intestinal tract of pigs and di-  and trivalent cations (e.g., Ca, Mg, Fe, Zn, Cu, and Mn) tend to chelate 
to phytic acid to maintain a stable complex. Therefore, it is likely that the bioavailability of minerals 
in plant feed ingredients is lower compared with animal feed ingredients. Supplementation of micro-
bial or feed ingredient- derived phytase significantly improves the utilization of phytate- P by pigs 
(Almeida and Stein 2010; Broomhead et al. 2018). On the other hand, the use of exogenous phytase 
in diets fed to pigs may also release the minerals that are chelated to phytate, which results in an 
increase in digestibility. The digestibility of Ca, K, Na, Mg, Cu, Mn, and Zn is often increased by use 
of microbial phytase at levels ranging from 250 to 15 000 FTU/kg diet (Adeola et  al.  1995; Kies 
et al. 2006; Zeng et al. 2014; Arredondo et al. 2019). However, phytase differentially affects the digest-
ibility of minerals, and it is, therefore, necessary that the effects of phytase on each mineral is assessed.

Phosphorus

Excretion of P that is caused by excess dietary P or low digestibility of P may increase environmental 
pollution (Knowlton et al. 2004). Therefore, there has been an attempt to formulate diets for pigs based 
on digestible P because that results in reduced excretion of P (Almeida and Stein 2010). Historically, 
the relative bioavailability of P in feed ingredients with monosodium phosphate or monocalcium phos-
phate as the standard was used to estimate P availability (NRC 1998). However, values for the relative 
bioavailability of P are not additive in mixed diets, and these values vary depending on the standard 
used and the bioavailability values for the standards are usually greater than P digestibility (Petersen 
et al. 2011). It is also less costly to obtain digestibility values than bioavailability values. Therefore, it 
is recognized that values for digestible P need to be used in diet formulation (NRC 2012).

Total tract digestibility is used to determine the digestibility of P because although P is absorbed 
in the small intestine there is no net absorption or secretion of P into the large intestine (Fan 
et al. 2001; Shen et al. 2002; Ajakaiye et al. 2003; Bohlke et al. 2005; Dilger and Adeola 2006). It is 
also easier and less expensive to measure the total tract digestibility of P than to measure the ileal 
digestibility of P.

Values for the ATTD of P are usually influenced by the dietary level of P as is the case for the AID 
values for AA (Fan et al. 2001; Stein et al. 2008; Kim et al. 2012b). The reason for this is that both 
undigested dietary P and endogenous P are excreted in the fecal output (Fernández  1995; Fan 
et al. 2001; Akinmusire and Adeola 2009; Zhai and Adeola 2012). As a consequence, ATTD of P 
usually underestimates P digestibility if dietary P is low. Therefore, values for the ATTD of P need 
to be corrected for endogenous loss of P and STTD of P is calculated. Values for the STTD of P are 
calculated from the following equation (Almeida and Stein 2010):

 

STTD = P intake Poutput daily basal endogenous loss

of P

% [ (

)] // ,P intake  

where intake, output, and daily basal endogenous loss of P are in g/d.
Values for the STTD of P from individual feed ingredients are additive in mixed diets (Fan and 

Sauer 2002a; Fang et al. 2007; Kwon 2016; She et al. 2018b). The STTD of P has been determined 
in most feed ingredients that are commonly used for pigs and are also included in feed ingredient 
tables and requirement estimates (NRC 2012; Stein et al. 2016a; Rostagno et al. 2017).
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Endogenous Loss of P
The main sources of endogenous P are epithelial intestinal cells that contain phospholipids, diges-
tive fluids and enzymes, and microbes in the intestinal tract (Fan et al. 2001). The endogenous loss 
of P may be measured using the regression method, which results in estimation of total endogenous 
loss of P (Akinmusire and Adeola 2009). Using this procedure, the digestible P (g/kg DM intake) is 
regressed against P intake from diets with different concentration of P that is expressed as g/kg 
DMI. The slope and the y- intercept of the regression are considered the values for true total tract 
digestibility of P and endogenous loss of P, respectively.

Basal endogenous loss of P has been estimated using a P- free diet (Petersen and Stein 2006). 
Using this procedure, P in the feces from pigs fed the P- free diet is used to correct values for the 
ATTD of P, and thus the STTD of P is calculated. The P- free diets used in most experiments that 
have measured the STTD of P are based on gelatin as the protein source and cornstarch that do not 
contain P. The basal endogenous loss of P is calculated using the following equation (Almeida and 
Stein 2010):

 

Basal endogenous loss mg kgDMintake Poutput

Feed 

/ ( , ) /1 000

iintake,  

where P output that is calculated using the concentration of P and fecal output is in g/d and feed 
intake is in kg DM/d.

Values for the basal endogenous loss of P by growing pigs have been constant among a large 
number of experiments. The average basal endogenous loss of P that was summarized by NRC was 
190 mg/kg DM intake (NRC 2012), and the average of currently published experiments is 186 mg/
kg DM intake (Table 19.2). Increasing cellulose in P-free diets does not influence the basal endog-
enous loss of P, but the basal endogenous loss of P may differ among different fiber sources (Son 
and Kim, 2015; Son, 2016; Bikker et al., 2016). Because of the constant contribution of endogenous 
P to total P output, it is not necessary to measure the basal endogenous loss of P every time the 
STTD of P in feed ingredients is determined (NRC 2012).

Table 19.2 Summary of values for the basal endogenous losses of P and Ca from growing pigs fed P- free and Ca- free diets, 
respectivelya.

Item N Average SD CV, % Min Max

Phosphorusb

Initial BW, kg 33 34.8 16.3 46.7 11.0 78.7
Basal endogenous losses of P, mg/kg DM intake 33 186 40.2 21.6 111 325

Calciumc

Cornstarch- based diet
Initial BW, kg 2 18.5 1.1 5.7 17.7 19.2
Basal endogenous losses of Ca, mg/kg DM intake 2 172 68.6 40.0 123 220

Corn- based diet
Initial BW, kg 7 16.3 3.4 20.9 10.2 19.8
Basal endogenous losses of Ca, mg/kg DM intake 7 433 108.5 23.3 329 659

a  SD  =  standard deviation, CV  =  coefficient of variation, Min  =  minimum, Max  =  maximum, BW  =  body weight, and 
DM = dry matter.
b Data for P were from 33 experiments that were conducted from 2006 to 2018.
c Data for Ca were from 9 experiments that were conducted from 2015 to 2019.
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Phytate, Inorganic P, and Exogenous Phytase
Phytic acid or phytate consists of an inositol ring and 6 phosphates that are attached by ester bonds. 
Phytate is a primary form of P stored in grains and oilseeds, which results in a high concentration 
of phytate bound P relative to total P (NRC 2012). Swine diets mostly contain plant feed ingredi-
ents, and thus dietary P is largely unavailable to pigs because pigs do not produce a sufficient 
amount of phytase to hydrolyze the ester bonds. As a consequence, most dietary P is supplied by 
mineral supplements. The two most used mineral supplements in swine diets are dicalcium phos-
phate (DCP) and monocalcium phosphate (MCP) and DCP and MCP produced in North America 
contain approximately 18.5 and 21.0% P, respectively (NRC 2012).

Phosphorus can also be provided by plants when exogenous phytase that releases P from the 
phytate is used. Exogenous phytase increases P digestibility in plant feed ingredients used in a num-
ber of studies (Simons et al. 1990; Selle and Ravindran 2008; Almeida and Stein 2012). Details on 
the use of phytase are discussed in Chapter 17.

Interaction Between P and Ca
Dietary P is not affecting Ca digestibility, but increasing dietary Ca reduces the ATTD of P in 
 growing pigs and gestating sows (Stein et al. 2011; González- Vega et al. 2016; Lee et al. 2020). 
Reduction in P digestibility caused by Ca is likely a result of precipitation of a nondigestible 
Ca- P complex, but more research is needed to demonstrate the exact mechanism behind this 
hypothesis.

Effect of Age and Physiological State of Animals  The STTD of P in most feed ingredients commonly 
used in swine diets has been determined in recent years (NRC 2012). However, most experiments 
used growing pigs and subsequently these values were applied to all categories of pigs, including 
sows. Results of several studies have demonstrated that values for the digestibility of P and Ca in 
growing pigs are greater than in lactating and gestating sows when they were fed the same diet 
(Kemme et al. 1997; Lee et al. 2021). The reason for the reduced digestibility of Ca and P by gestat-
ing sows is that gestating sows have a very low requirement for Ca and P. The ATTD of P and Ca is 
greater in lactating sows compared with gestating sows because of the greater requirement for P and 
Ca by lactating sows to produce milk. However, digestibility of P and Ca in growing pigs is not 
influenced by the dietary concentration, whereas Ca and P homeostasis is controlled by urine 
 excretion (González- Vega et al. 2016).

Calcium

The relative bioavailability of Ca in some Ca sources is over 90% if limestone is used as the stand-
ard, but there are few data for the bioavailability of Ca in feed ingredients (Ross et  al.  1984; 
Kuznetsov et al. 1987; NRC 1998). The lack of data for the bioavailability of Ca is likely a result of 
Ca being less expensive than other feed ingredients. Therefore, Ca in feed ingredients has been 
considered less important than other nutrients. However, limestone is often used as a flow agent in 
feed ingredients or a carrier in nutritional supplements, which may lead to an oversupply of Ca in 
diets for pigs (Walk 2016; Wu et al. 2018), which has negative effects on digestibility of P (Stein 
et al. 2011; Lee et al. 2020) and on growth performance of pigs (González- Vega et al. 2016; Lagos 
et al. 2019; Vier et al. 2019). To prevent excess Ca in diets, therefore, values for the digestibility of 
Ca by pigs in feed ingredients have been determined (González- Vega et al. 2015b; Stein et al. 2016b; 
Zhang and Adeola 2017; Lee et al. 2019b).
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Total tract digestibility of Ca is measured because there was no net absorption of Ca from the 
hindgut of pigs (González- Vega et al. 2014). The ATTD of Ca is, however, influenced by the dietary 
level of Ca because of endogenous Ca secretion (González- Vega et al. 2013). Therefore, the endog-
enous loss of Ca has been determined by using the regression method (González- Vega et al. 2013; 
Zhang and Adeola 2017) or by using a Ca- free diet (González- Vega et al. 2015b; Lee et al. 2019b). 
Calculation of the ATTD of Ca, endogenous loss of Ca, and the STTD of Ca is similar to 
 calculations for ATTD and STTD of P.

Endogenous Loss of Ca
The main sources of endogenous loss of Ca are body fluids, epithelial intestinal cells, digestive 
fluids and enzymes, and microbes in the intestinal tract (González- Vega and Stein  2014). Total 
endogenous loss of Ca that is estimated by the regression method ranged from 160 to 316 mg/kg 
DM intake depending on the feed ingredients used (González- Vega et  al.  2013; Zhang and 
Adeola 2017). The endogenous loss of Ca may also be determined using a cornstarch- based Ca- free 
diet, which results in a loss of Ca ranging from 123 to 220 mg/kg DM intake (González- Vega 
et al. 2015a, b; Table 19.2). Because corn does not contain Ca, a corn- based Ca- free diet has also 
been used and the basal endogenous loss of Ca using this diet ranges from 329 to 659 mg/kg DM 
intake (González- Vega et  al.  2015a; Merriman  2016; Blavi et  al.  2017; Lee et  al.  2019b; Sung 
et al. 2020). The main reason for the difference in values for the basal endogenous loss of Ca that 
are obtained using the two types of Ca- free diets is the presence of phytate and fiber in corn. 
Endogenous origin Ca can be chelated to dietary phytate from corn, and, therefore, use of microbial 
phytase has reduced the basal endogenous loss of Ca because the endogenous Ca released from the 
Ca- phytate complex by microbial phytase was reabsorbed (Lee et al. 2019a, b).

Phytate and Exogenous Phytase
Calcium in swine diets is mostly provided by limestone, DCP, and MCP because most grains and 
oilseed meals have low Ca concentration (NRC 2012). Because swine diets are formulated based 
mostly on plant feed ingredients, these feed ingredients also provide phytate. However, Ca from 
limestone and the phytate from plant ingredients can form a non- digestible Ca- phytate complex in 
the intestinal tract of pigs (González- Vega et al. 2015a, b; Lee et al. 2019b). Therefore, addition of 
phytase to the diet releases Ca from the complex, which results in an increase in the digestibility of 
Ca in limestone (González- Vega et al. 2015b; Blavi et al. 2017; Lee et al. 2019b), but phytase does 
not increase the digestibility of Ca in MCP or DCP (González- Vega et al. 2015b; Lee et al. 2019b).

Sodium and Chloride

Sodium and Cl are minerals involved in acid–base balance in the body and in urinary excretion of 
cations and anions (Remer 2000). Therefore, suitable bioassays for bioavailability are difficult to 
develop. Using information from requirement studies, Na in NaCl, Na

2
SO

4
, NaHCO

3
, Na acetate, 

and Na citrate is thought to be equally bioavailable and Cl in NaCl, KCl, NH
4
Cl, and CaCl

2
·2H

2
O 

is also equally bioavailable for pigs. Defluorinated phosphates are generally rich in Na, and the Na 
in defluorinated phosphate was 83% available for pigs relative to Na in NaCl (Miller 1980).

Most Na and Cl are provided by salt in swine diets, and true absorption of Na and Cl is believed 
to be close to 100% (Groff et al. 1995). The ATTD of Na in diets containing salt, cereal grains, 
oilseed meals, animal products, and mineral premix fed to weanling and growing pigs ranges from 
77.9 to 94.0 (Kies et al. 2006; Sauer et al. 2009; Jolliff and Mahan 2012; Arredondo et al. 2019), 
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and the digestibility of Na is, therefore, greater than that of other minerals. Although the ATTD of 
Na is generally high, it may be increased by the addition of microbial phytase to the diet (She 
et al. 2018a; Arredondo et al. 2019). There is limited information about the ATTD of Cl in diets fed 
to pigs, but it is likely that the ATTD of Cl is greater than 70% (Sauer et al. 2009).

Magnesium

Magnesium is one of the bone minerals and is used as a cofactor for a number of enzymes in the 
body. It is believed that the amount of Mg provided by corn and soybean meal in diets is adequate 
to meet the requirement of growing pigs (Svajgr et al. 1969; Krider et al. 1975). However, impurity 
of limestone and calcium phosphates also provides Mg as magnesium oxide or magnesium 
phosphate (Spiropoulos 1985; Baker 1989). Therefore, most commercial mineral premixed do not 
contain Mg, but if synthetic diets are used, Mg needs to be added.

Bioavailability of Mg for pigs in feed- grade sources of MgO, MgSO
4
, and MgCO

3
 is estimated 

to be 100% relative to the Mg in reagent- grade MgO, and Mg in grains and concentrates was 
50–60% available compared with MgO (Miller 1980). The true absorption efficiency by chickens of 
Mg from soybean meal is 60%, which is about the same as that estimated for MgSO

4
·7H

2
O (Guenter 

and Sell 1974). The ATTD of Mg in diets containing cereal grains, oilseed meals, or milk products 
fed to weanling or growing pigs ranges from 15 to 50% (Kemme et al. 1999; Kies et al. 2006; Sauer 
et al. 2009; Jolliff and Mahan 2012; Merriman et al. 2016). However, because Mg is a divalent 
cation, dietary Mg may be chelated to phytate, and addition of microbial phytase to diets, therefore, 
increases the ATTD of Mg (She et al. 2018a; Arredondo et al. 2019).

Potassium

Potassium is the third most abundant mineral in the body. Most K is present in muscle tissues (Stant 
et al. 1969), and K is involved in maintaining the electrolyte balance and neuromuscular function. 
Potassium is also used in the Na- K pump in cell membranes for the active transport process.

Corn- soybean meal diets are rich in K, and K supplements are, therefore, not added to commer-
cial diets for pigs. Definitive information on K bioavailability from various K sources is lacking, but 
K in K

2
CO

3
, KHCO

3
, K

2
HPO

4
, K acetate, and K citrate is assumed to be 100% available relative to 

the K in KCl (Peeler 1972). Potassium in K
2
CO

3
, KHCO

3
, corn, and soybean meal is 100% bioavail-

able relative to K acetate (Combs and Miller 1985; Combs et al. 1985). Among response criteria that 
have been used to estimate the bioavailability of K are blood K, urinary K, and K retention, but only 
K retention (balance trials) seems to respond linearly to K intake (Combs and Miller 1985).

The ATTD of K in diets containing plant and animal ingredients fed to weanling and growing 
pigs is greater than 73% (Kies et al. 2006; Jolliff and Mahan 2012; Merriman et al. 2016). If micro-
bial phytase is added to the diets, the ATTD of K may increase to above 90% (She et al. 2018a; 
Arredondo et al. 2019).

Copper

Copper is needed in the synthesis of hemoglobin and several enzymes needed to produce energy. 
Dietary Cu is provided by natural feed ingredients and mineral supplements including Cu sulfate.
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Copper bioavailability, like that of Zn, is difficult to quantify accurately because Cu accumulation in 
tissues (primarily liver) increases only slightly (and curvilinearly) between deficient levels and a dietary 
level of up to 250 mg Cu/kg diet. Beyond this level, Cu accumulates rapidly and generally in a linear 
fashion. Copper in CuO has a lower bioavailability in chickens and pigs than Cu from Cu sulfate 
(Cromwell et al. 1989; Baker et al. 1991; Aoyagi and Baker 1993a; Baker and Ammerman 1995a). The 
relative bioavailability of Cu in a number of Cu sources has been estimated in chickens with analytical- 
grade CuSO

4
·5H

2
O used as the standard (Aoyagi and Baker 1993b, 1994, 1995). Copper in feces is 

utilized no better than 30% relative to that provided as CuSO
4
·5H

2
O (Izquierdo and Baker 1986). The 

ATTD of Cu in swine diets is less than the ATTD of most other minerals and sometimes negative (Kies 
et al. 2006; Burkett et al. 2009), although values between 15 and 40% are most often observed (Adeola 
and Orban 1995; Burkett et al. 2009; Liu et al. 2014b). The ATTD of Cu in chelated Cu is greater than 
in nonchelated sources (Burkett et al. 2009; Liu et al. 2014b). Absorption of Cu is reduced if Na

2
S 

(Barber et  al.  1961; Cromwell et  al.  1978), roxarsone (Czarnecki and Baker  1985; Edmonds and 
Baker 1986), or reducing agents such as cysteine or ascorbic acid (Baker and Czarnecki- Maulden 1987; 
Aoyagi and Baker 1994) are included in the diet. Dietary Cu may be chelated to phytate, and microbial 
phytase, therefore, increases the ATTD of Cu (She et al. 2018a; Arredondo et al. 2019).

Iodine

Iodine is needed for the synthesis of thyroid hormones that control the metabolism in the body. Little 
definitive work on bioavailability and digestibility of I has been conducted. However, in research with 
rats, it was estimated that I in KI, Ca (IO

3
)

2
·2H

2
O, KIO

3
, CuI, and ethylenediaminedihydriodide 

(C
2
H

8
N

2
·2HI) is close to 100% bioavailable relative to NaI (Miller 1980; Miller and Ammerman 1995). 

It is, therefore, assumed that the I present in iodized salt is 100% available relative to NaI.

Iron

Iron is primarily used for synthesis of red blood cells and for the transfer of oxygen from the lungs 
to body tissues. Baby pigs reared in confinement are uniquely susceptible to Fe deficiency anemia 
because of their rapid growth rate and lack of placental or mammary Fe transfer from dam to 
offspring. Thus, it is standard practice to give newborn pigs Fe injections during the first few days 
of life. Over 90% of the Fe from Fe- dextran (100-  or 200- mg injections) is incorporated into 
hemoglobin (Braude et al. 1962; Miller 1980). Fe- dextran doses administered orally during the first 
12 hours after birth (prior to gut closure) also promote efficient Fe incorporation into hemoglobin 
(Harmon et al. 1974; Thorén- Tolling 1975; Cornelius and Harmon 1976). Injection of Fe is usually 
the preferred mode of administration, but data from 20 commercial swine farms in Ontario, Canada, 
indicated that 34% of weaned pigs and 61% of pigs that had been weaned for three weeks are 
deficient in Fe (Perri et al. 2016).

There is no effective means of increasing placental or mammary transfer of Fe from the sow to 
her offspring. Oral administration of Fe to sows or administration via injection does not increase 
pig Fe stores at birth or Fe concentration in milk sufficiently to prevent anemia in the offspring 
(Pond et al. 1961). Feeding of Fe to gestating sows or lactating sows at high levels may elicit hemo-
globin responses in the nursing pigs (Peters and Mahan 2008; Li et al. 2018), but this is primarily 
due to consumption of Fe from the feces of the sow rather than being a result of absorption of Fe 
from the milk.
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Pig studies on Fe bioavailability have revealed essentially 100% relative bioavailability of Fe in 
FeSO

4
·2H

2
O, FeSO

4
·7H

2
O, Fe citrate, and Fe choline citrate relative to Fe in FeSO

4
·H

2
O. Iron in 

oxides of Fe is almost unavailable, whereas Fe in carbonates is variable in bioavailability, depending on 
where the carbonates are mined (Harmon et al. 1969; Henry and Miller 1995). Deposition of Fe in 
liver of pigs was greater if Fe was provided as FeSO

4
·H

2
O compared with Fe that was bound to 

protein, indicating that chelated Fe may not always be more bioavailable than non- chelated Fe 
(Thomaz et al. 2014; Ma et al. 2018).

Commercial dicalcium phosphate and defluorinated phosphates are rich in Fe, containing 
 2.5–3.0% FePO

4
·2H

2
O because of the impurity of the sources (Baker 1989). Bioavailability of Fe in 

these products generally ranges from 35 to 85% (Ammerman and Miller 1972; Kornegay 1972; 
Deming and Czarnecki- Maulden 1989).

The Fe in grains and oilseed meals is complexed with phytate, fiber, or protein. As such, its 
bioavailability is expected to be lower than in FeSO

4
·7H

2
O, but data for availability of Fe in these 

sources are limited. Without definitive data, one should assume that cereal grain and oilseed Fe 
sources are no more than 50% available, relative to FeSO

4
·H

2
O.

The true digestibility of Fe by humans consuming a mixed animal-  and plant- based diet is 
assumed to be around 15% (Groff et al. 1995), but many factors can affect the digestibility of Fe. 
Dietary ascorbic acid, Cys, and organic acids including citrate or lactate may double the efficiency 
of Fe absorption. On the other hand, dietary phytate, oxalates, and excess dietary Zn (in the pres-
ence of phytate) decrease the absorption of Fe to less than half that occurring without these antago-
nizing factors. Digestibility of Fe is much greater when consumed by Fe- deficient animals than by 
Fe- adequate animals. The ATTD of Fe in Fe- adequate diets containing plant feed ingredients and Fe 
sulfate is less than 40% (Burkett et al. 2009; Liu et al. 2014b; Arredondo et al. 2019).

Manganese

Manganese is a trace mineral that is involved in metabolism of nutrients, bone formation, blood 
clotting, and maintenance of immune systems. Manganese deficiency is a greater problem in poultry 
than in swine. The bioavailability of manganese has, therefore, been extensively studied using avian 
models (Southern and Baker  1983a, b; Halpin and Baker  1987; Tufarelli and Laudadio  2017). 
Tissues (primarily bone) accumulate Mn linearly, and this is used as a basis for assessing Mn 
bioavailability. Relative to MnSO

4
·H

2
O, Mn bioavailability is approximately 100% in MnCl

2
, 75% 

in MnO, 55% in MnCO
3
, and 30% in MnO

2
 (Henry 1995). Availability of Mn in a protein- Mn or a 

Met- Mn complex is similar to that in MnSO
4
·H

2
O (Baker et al. 1986; Fly et al. 1989). The Mn in 

corn, soybean meal, wheat bran, and fish meal is considered totally unavailable for both poultry and 
swine (Baker et al. 1986), and the Mn in rice bran is only minimally bioavailable.

Values for the ATTD of Mn in plant feed ingredients fed to pigs ranges from 14.7 to 27.3% 
(Adeola and Orban 1995; Liu et al. 2014b; Merriman et al. 2016). In practical diets, excesses of 
either Fe or Co in corn- soybean meal diets have minimal influence on Mn utilization, but excesses 
of Mn reduce Fe absorption from the gut. Excess dietary P reduces Mn utilization substantially 
in poultry (Baker and Wedekind 1988; Wedekind and Baker 1990a, b; Wedekind et al. 1991a, b; 
Baker and Oduho  1994). Increasing dietary F also decreases retention of Mg in body tissues 
(Tao et al. 2005).

Even with a highly available source of Mn such as MnSO
4
·H

2
O, gut absorption of Mn by chicks 

is only about 2–3% of the ingested dose (Wedekind et al. 1991a, b), but elimination of all fiber and 
phytate from the diet nearly doubles the absorption efficiency of Mn (Halpin et al. 1986). However, 
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in pigs fed a corn- soybean meal diet supplemented with MnSO
4
, the ATTD of Mn was 35% and this 

value was increased to 50% if microbial phytase was added to the diet (Arredondo et al. 2019).

Selenium

Selenium is a mineral that is an essential component of antioxidant enzymes. Because most feed 
ingredients that are used in swine diets have a low concentration of Se (NRC 2012), supplemental 
Se is included in commercial mineral premixes.

Selenium in Na
2
SeO

3
 and Na

2
SeO

4
 is well utilized, and based on Se accumulation in tissues, it is 

estimated that Se in selenomethionine is more than 100% bioavailable in poultry and pigs relative 
to Se in Na

2
SeO

3
 (Mathias et al. 1967; Cantor et al. 1975a, b; Mahan and Moxon 1978). Selenium 

from cereal grains has high digestibility (60–80%), and even greater digestibility of Se from alfalfa 
meal has been reported, whereas digestibility of Se is less than 40% in fish and poultry by- product 
meals. Poultry data provided Se bioavailability estimates in soybean meal of only 18% for restora-
tion of glutathione peroxidase activity, but 60% for prevention of exudative diathesis (Cantor 
et al. 1975b). The bioavailability of Se in animal- derived feed ingredients fed to broiler chicken 
averages 28% relative to Na

2
SeO

3
, whereas plant feed ingredients have Se bioavailability of 47% 

(Wedekind et al. 1998). Selenium- enriched yeast has a bioavailability of 159% relative to Na
2
SeO

3
. 

Mahan and Parrett (1996) also compared Se- enriched yeast to Na
2
SeO

3
 as Se sources for grower- 

finisher pigs. Based on Se retention in the body, the Se in Se- enriched yeast was more bioavailable 
than the Se in Na2SeO

3
, but the opposite was true when serum GSH was used as the criterion for 

determining bioavailability.
Selenium absorption from the gut is relatively efficient and 63% of an administered dose was 

absorbed by pigs (Wright and Bell 1966). There is little definitive information on the ATTD of 
Se  in feed ingredients fed to pigs, but it seems that the true digestibility of Se is approximately 
41 and 73%, respectively, for sodium selenite and Se- enriched yeast fed to growing pigs (Kim and 
Mahan 2001). A variety of arsenic compounds as well as Cys, Met, Cu, tungsten (W), Hg, Cd, and 
Ag decrease the efficiency of Se absorption from the gut (Baker and Czarnecki- Maulden 1987; 
Lowry and Baker 1989).

Zinc

Zinc is needed for the immune system, structure and function of the skin, the senses of smell and 
taste, and synthesis of insulin. Dietary Zn in swine diets is mostly provided by inorganic sources 
(i.e., Zn oxide or Zn sulfate) in mineral premixes. Zinc, like many other trace elements, is poorly 
utilized by nonruminant animals fed conventional corn- soybean meal diets. Indeed, the dietary 
requirement for Zn is three to four times greater in animals fed these diets than in those fed phytate- 
free (e.g., egg white) diets (Norii and Suzuki 2002; Gibson et al. 2018). In the presence of phytate 
and fiber, excess Ca decreases Zn absorption and retention (Morgan et al. 1969). However, use of 
pharmacological levels of Zn (i.e., 3000 mg/kg diet) may interfere with Ca and P digestibility by 
competing for the same transports for absorption or by forming an indigestible Ca- phytate- Zn 
complex (Blavi et  al.  2017). High concentrations of dietary Zn oxide also reduce the ability of 
microbial phytase to increase the ATTD of P in diets fed to pigs (Blavi et al. 2017). Whereas excess 
Zn can exacerbate Cu and Fe deficiency, excesses of either Cu or Fe have minimal effects on Zn 
utilization (Southern and Baker 1983c; Bafundo et al. 1984).
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Little swine data exist for the relative bioavailability of Zn in Zn- containing supplements. Miller 
et al. (1981) reported that the bioavailability of Zn in Zn dust (99.3% Zn) was high for pigs relative 
to analytical- grade ZnO. Feed- grade ZnO for pigs, however, has a bioavailability of only 56–68% 
(Hahn and Baker 1993; Wedekind et al. 1994), relative to that in a feed- grade ZnSO

4
·H

2
O standard. 

The ATTD of Zn in inorganic Zn and feed ingredients ranges from 7 to 40% (Burkett et al. 2009; 
Liu et  al.  2014b; Merriman et  al.  2016), but the ATTD of Zn is increased if dietary phytate is 
removed or if a chelated source is included in diets fed to pigs (Liu et al. 2014b). However, addition 
of microbial phytase to a corn- soybean meal- based diet did not increase the ATTD of Zn (Arredondo 
et al. 2019), indicating that there is limiting binding of Zn to phytate in a corn- soybean meal diet.

Many of the factors that affect the efficiency of Fe utilization also apply to Zn. Thus, low intakes of 
Zn and dietary- reducing agents, such as ascorbic acid and Cys, increase Zn absorption. Stress or trauma 
or both (e.g., surgery and burns) decrease the efficiency of Zn absorption in humans (Groff et al. 1995).

Because high levels of feed- grade ZnO are often used in the United States for growth promotion 
in weanling pigs (Hahn and Baker 1993; Hill et al. 2000), the issue of bioavailability of Zn in ZnO 
products has become more important. Based on the review by Baker and Ammerman (1995b), it 
may be concluded that the Zn in ZnSO

4
·H

2
O, ZnCO

3
, ZnCl

2
, analytical- grade ZnO, Zn- Met, and Zn 

acetate is highly bioavailable relative to analytical- grade ZnSO
4
·7H

2
O, and all of these sources may, 

therefore, supply Zn in diets fed to swine. Weight gain and bone Zn accumulation of animals fed 
Zn- deficient diets are the best measures of bioavailability of Zn, but soft- tissue Zn, plasma Zn, and 
plasma alkaline phosphatase activity generally give poor fits when regressed against supplemental 
Zn intake (Wedekind et al. 1992).

The Zn in soy products is poorly utilized (Edwards and Baker 2000). Soybean meal, soy protein 
concentrate, and soy protein isolate have Zn bioavailabilities (relative to ZnSO

4
·7H

2
O) of 34, 18, 

and 25%, respectively. Utilization of Zn is greater in animal ingredients than in plant- source ingre-
dients, but some animal products may contain factors that antagonize Zn utilization (Baker and 
Halpin 1988).

Chromium

Chromium is needed for nutrient and nucleic acid metabolism. Chromium helps insulin bind to cells 
in the body for controlling blood concentration of glucose. However, there is limited information 
about concentrations of Cr in feed ingredients used in swine diets (NRC 2012), and the digestibility 
or bioavailability of Cr has rarely been reported. Chromium became of interest in swine nutrition 
when Page et al. (1993) reported that Cr tripicolinate supplementation increased carcass merits in 
finishing pigs. Subsequently, it was observed that Cr addition to diets for gestation sows may 
increase litter size (Lindemann et al. 1995, 2004). However, use of Cr tripicolinate did not increase 
the performance of pigs under thermal and immune stresses (Kim et al. 2009, 2010).

Relative to Cr tripicolinate, the bioavailability of Cr in Cr propionate, Cr- Met, and Cr yeast is 
13.1, 50.5, and 22.8%, respectively, in the growing pig (Lindemann et  al.  2008). There is no 
definitive information on the ATTD of Cr in supplemental Cr or complete diets fed to pigs.

Bioavailability and Digestibility of Vitamins

Vitamins are essential nutrients that are required for normal metabolic function of the body. Vitamins 
may be provided by feed ingredients either in the functional form or as the precursor to the functional 
form. Microbes in the hindgut may also synthesize some of the water- soluble vitamins. However, 



519DIGESTIBILITY AND AVAILABILITY OF NUTRIENTS IN FEED INGREDIENTS

commercial diets for breeding and growing pigs are supplemented with crystalline sources of 
vitamins above the requirements of pigs (Flohr et  al.  2016). There are two primary concerns 
regarding vitamin bioavailability: (i) stability in vitamin and vitamin- mineral premixes and in diets 
and supplements and (ii) utilization efficiency from plant and animal feed ingredients. Reviews by 
Wornick (1968), Zhuge and Klopfenstein (1986), Baker (1995, 2001), and Veum (2004) provide 
details of factors affecting the stability of crystalline vitamins in diets and premixes. Cautions to 
minimize loss of efficacy may include avoiding heat, light, oxygen, and moisture.

There are many pitfalls when bioavailability of vitamin is estimated. Body stores often preclude 
developing a distinct deficiency during the course of a conventional growth trial. Even if a deficiency 
can be produced, one must deal with the vexing question of whether the responding criterion 
(usually weight gain) increased because of the vitamin being supplied or perhaps because of 
increased diet intake that results from adding the unknown ingredient to an often less- than- 
voraciously palatable purified diet. Because water- soluble B vitamins respond better insofar as 
growth is concerned, they are, in many respects, easier to evaluate than fat- soluble vitamins.

Certain conclusions about the proper bioassay methodology for maximum efficacy and extrapo-
lative values of results for assessing vitamin bioavailability are evident (i) a pretest period to obtain 
desired deficiency states is generally necessary, (ii) the activity of a key enzyme of which the vita-
min is a component or cofactor is generally a less- desirable dependent variable than weight gain, 
(iii) precursor materials (e.g., Met for choline and Trp for niacin) must be carefully considered, 
and  (iv) use of specific vitamin inhibitors may assist in establishing the veracity of assessed 
 bioavailability values.

Vitamin A

Vitamin nomenclature policy (Anonymous 1979) dictates that the term vitamin A be used for all 
β- ionone derivatives, other than pro- vitamin A carotenoids that exhibit the biological activity of all-
 trans retinol (i.e., vitamin A alcohol or vitamin A

1
). Esters of all- trans retinol should be referred to 

as retinyl esters. Vitamin A is fat- soluble and exists in many different forms – retimoids, carotenoids, 
and retinol (i.e., retinyl esters).

Vitamin A is important for vision because it is needed in the synthesis of pigments in the retina 
of the eyes. Retinoic acid, another form of Vitamin A, is also needed for the growth, development, 
and maintenance of the immune system by differentiating and proliferating T cells.

Vitamin A is present in animal tissues, whereas most plant materials contain only pro- vitamin A 
carotenoids, which must be split in the intestinal tract to form vitamin A. Digestive enzymes includ-
ing pepsin, proteolytic enzymes, lipases, and esterase can release vitamin A and carotenoids from 
foods (Sauberlich 1985). Because the retinyl esters and carotenoids are hydrophobic, absorption 
depends on the micelle formation in the small intestine. Absorption efficiency of the retinols and 
retinyl esters is around 75%, but it is variable for carotenoids (Combs 2012a). Absorption efficiency 
of vitamin A is relatively constant regardless of dietary levels, but higher doses of carotenoids are 
absorbed much less efficiently than lower doses (Erdman et al. 1988). Crystalline β- carotene has 
better absorption efficiency compared with the intact form of β- carotene that exists in protein-  or 
fiber complexes (Rao and Rao 1970; Rodriguez and Irwin 1972). Dietary pectin reduces absorption 
of β- carotene in broiler chickens (Erdman et al. 1986). After absorption, vitamin A is transported as 
retinol in blood, but it is stored as retinyl palmitate mostly in the liver.

Vitamin A esters are more stable in feeds and premixes than retinol because retinol has the 
hydroxyl group and the four double bonds on the side chain, which is susceptible to oxidative 
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losses. Vitamin A can be esterified, but this does not completely protect the vitamin from oxidative 
loses. Current commercial sources of vitamin A are generally “coated” esters (e.g., acetate or 
 palmitate) that contain an added antioxidant such as ethoxyquin or butylated hyroxytoluene.

The bioavailability of vitamin A precursor materials is lower in pigs compared with rats because 
pigs are less efficient in converting carotenoid precursors to active vitamin A (Ullrey  1972). 
Relative to all- trans retinyl palmitate, bioefficacies (wt/wt) were from 7 to 14% in corn carotenes 
fed to pigs. Thus, at best, carotenoid precursors in corn and corn coproducts have no more than 
261  international unit (IU)/mg vitamin A activity when consumed by swine. Quantification of 
vitamin A bioavailability is difficult, but accumulation of vitamin A in the liver may be the most 
acceptable method (Erdman et al. 1988; Chung et al. 1990).

Vitamin D

Vitamin D is referred as “the sunshine vitamin” because exposure to ultraviolet light will produce 
the active form of Vitamin D. Vitamin D is mainly involved in maintaining blood levels of Ca. The 
term vitamin D is appropriate for all steroids having cholecalciferol biological activity (Ross 
et al. 2011). Vitamin D indicates both ergocalciferol (vitamin D

2
) and cholecalciferol (vitamin D

3
) 

that exist in nature.
Feed ingredients used in swine diets may contain vitamin D, but commercially, vitamin D

3
 is 

available as a spray- dried product (frequently in combination with vitamin A) or as gelatin- coated 
beadlets. One IU is equal to 0.025 μg of cholecalciferol (Anonymous 1979). These products are 
quite stable if stored as the vitamin itself at room temperature. However, in complete feeds and 
mineral- vitamin premixes, up to 20% of vitamin D activity can be lost after four to six months of 
storage at room temperature (Baker 2001).

Vitamin D precursors are present in plant and animal feed ingredients as ergosterol 
7- dehydrocholesterol, but the precursor needs to be convented into active forms by ultraviolet irra-
diation. Bioavailability of vitamin D

2
 and D

3
 is believed to be equal for pigs, but D

3
 may be more 

bioactive than D
2
 (Horst et al. 1982). Hydroxylated forms of cholecalciferol [25(OH)D

3
, 1α(OH)D

3
, 

1,25(OH)
2
D

3
], particularly 1α- hydroxylated products, are assumed to be more bioavailable than 

vitamin D
3
 because the steps of converting into active forms are eliminated in the body, but research 

to demonstrate the bioavailability of these metabolites is needed.

Vitamin E

Vitamin E has antioxidant functions in cells. Vitamin E can only be synthesized by photosynthetic 
organisms including plants. Vitamin E is the generic term for all tocol and tocotrienol derivatives 
having α- tocopherol biological activity. There are eight naturally occurring forms of vitamin E: α- , 
β- , γ- , and δ- tocopherols and α- , β- , γ- , and δ- tocotrienols. Among these, D- α- tocopherol possesses 
the greatest biological activity (Bieri and McKenna 1981). An IU of vitamin E is the activity of 1 mg 
of DL- α- tocopheryl acetate. The DL- form of tocopheryl acetate (i.e., tocopherol) has less bioavaila-
bility for swine compared with the D- form (Anderson et al. 1995; Shelton et al. 2014). Compared 
with α- tocopherol, β- tocopherol and γ- tocopherol have only 40 and 10% activity, respectively (Bieri 
and McKenna 1981). Alpha- tocotrienol is the only other natural form to possess activity, which on 
the rating scale used above was listed by Bieri and McKenna (1981) as containing a biopotency 
of 25%.
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Plant ingredients are richer in vitamin E bioactivity than animal- source feed ingredients. Plant 
oils are particularly rich in bioactive vitamin E, although corn and corn oil contain about six times 
more γ- tocol than α- tocol (Ullrey  1981). Fat- extracted soybean meal has very little vitamin E 
activity.

Because vitamin E is fat- soluble, absorption takes place in the small intestine with fat droplets. 
Depending on the intake of vitamin E, the absorption efficiency ranges from 20 to 70%, but 
 γ- tocopherol is only 85% efficient relative to α- tocopherol (Combs 2012b).

Vitamin E can be destroyed by oxidation, and this process is accelerated by heat, moisture, unsat-
urated fat, and trace minerals. Losses of 50–70% may occur in alfalfa hay stored at 32 °C for 
12 weeks and losses of up to 30% may occur during dehydration of alfalfa (Livingston et al. 1968). 
Treatment of high- moisture grains with organic acids also greatly enhances vitamin E destruction 
(Young et al. 1975; Young et al. 1977, 1978). However, even mildly alkaline conditions of vitamin E 
storage are also detrimental to vitamin E stability. For example, finely ground limestone or MgO 
coming in direct contact with vitamin E can markedly reduce bioavailability of vitamin E, and 
vitamin E may also be destroyed by fermentation of grains.

Vitamin K

Vitamin K is needed for blood coagulation. It is also involved in the chelation of Ca in bones. There 
are three forms of vitamin K: phylloquinones (K

1
) in plants, menaquinones (K

2
) formed by microbial 

fermentation, and menadiones (K
3
), which are synthetic. All three forms of vitamin K are biologically 

active, but because vitamin K has a rapid turnover rate, the metabolites are quantitatively excreted 
in the urine.

Because animals cannot synthesize vitamin K, supplementation of vitamin K by natural sources 
or vitamin premixes is necessary for pigs, even though vitamin K may be synthesized via microbial 
fermentation. Only water- soluble forms of menadione (vitamin K

3
) are used to supplement swine 

diets. Because menadione is water soluble, it can be absorbed well even in low- fat diets. The 
commercially available forms of K

3
 supplements are menadione sodium bisulfite (MSB), menadione 

sodium bisulfate complex (MSBC), and menadione dimethyl pyrimidinol bisulfite (MPB). These 
forms contain 52, 33, and 45.5% menadione, respectively. Stability of these K

3
 supplements in 

premixes and diets is impaired by moisture, choline chloride, trace elements, and alkaline conditions. 
The MSBC and MPB forms of vitamin K can lose almost 80% of bioactivity if stored for three 
months in a vitamin- trace mineral premix containing choline, but losses are less if stored in a similar 
premix containing no choline (Baker 2001).

Coated K
3
 supplements are generally more stable than uncoated supplements. Bioactivity of 

MPB is greater than either MSB or MSBC for broiler chickens (Griminger  1965; Charles and 
Huston  1972), and MPB also have high bioactivity in diets fed to pigs (Seerley et  al.  1976). 
Menadione nicotinamide bisulfite (MNB; 45.7% menadione, 32% nicotinamide) can be used as a 
source of vitamin K for young broiler chickens and pigs (Oduho et al. 1993; Marchetti et al. 2000).

Thiamine (Vitamin B
1
)

Thiamine is needed for carbohydrate metabolism, branched chain amino acid metabolism, and 
neural functions (Sauberlich 1985; Koh et al. 2015). Thiamine occurs predominantly as free forms 
in plants, but thiamine in animal tissues is in phosphorylated forms. Thiamine is available to the 
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food and feed industries as thiamine·HCl (89% thiamine) or thiamine·NO
3
 (92% thiamine). These 

compounds are stable up to 100 °C and are readily soluble in water (NRC 1987). An IU of thiamine 
activity is equivalent to 3 μg of crystalline thiamine·HCl.

Because thiamine contains a free amino group, heat processing can reduce thiamine bioactiv-
ity via the Maillard reaction if moisture is present as well. Similarly, alkaline treatment may 
reduce  thiamine activity. The thiamine contained in swine feed ingredients is present largely in 
phosphorylated forms, either as protein- phosphate complexes or as thiamine mono- , di- , or 
triphosphates. Phosphatase and pyrophosphatase are used to release thiamin from the phosphate 
complex, and thiamin is absorbed in the small intestine via both active transport and passive 
diffusion.

Some raw ingredients (e.g., fish) contain thiaminase, which can destroy thiamine in diets to 
which it may be added. While thiaminase is of particular concern in the nutrition of cats and fur- 
bearing animals, it is of little consequence in modern swine feeding. Thiamine in fishmeal is lost to 
the fish solubles fraction when fishmeal is produced. Thus, fishmeal contains essentially no 
bioavailable thiamine. Similarly, as a result of the high- temperature processing, meat meals and 
pelleted feeds contain very little bioavailable thiamine.

Grains and soybean meal contain thiamine (Chen et al. 2019). The AID of thiamine was greater 
than 60% in wheat, whole- grain bread, and boiled potatoes and was greater than 90% if roast pork 
provides most thiamin in diets fed to pigs (Roth- Maier et al. 1998). Therefore, even with losses of 
bioactivity due to heat or lengthy storage, practical diets for swine will rarely be deficient in 
thiamine. However, in most cases, commercial diets for pigs are fortified with synthetic thiamine 
(Flohr et al. 2016).

Riboflavin (Vitamin B
2
)

Riboflavin is essential for metabolism of carbohydrates, AA, and lipids and for cellular antioxidant 
protection. This vitamin is stable to heat, but relatively labile to light, alkali, and oxygen, which 
results in reduced bioavailability. In feedstuffs, riboflavin exists primarily as a nucleotide coenzyme, 
in which form the bioavailability is probably less than 100%. Proteolytic enzymes and brush border 
phosphatases are needed to liberate a free form of riboflavin to be absorbed via active transport. 
Bioavailability of riboflavin in a corn- soybean meal diet is estimated at 60% relative to crystalline 
riboflavin in chickens (Chung and Baker 1990). The AID of riboflavin in roast pork and roast beef 
fed to pigs was greater than 50% (Roth- Maier et al. 1998).

Crystalline riboflavin may lose activity in vitamin- mineral premixes over time and high- 
temperature storage enhances the activity loss (Zhuge and Klopfenstein 1986). Excess dietary levels 
of tetracycline, Fe, Zn, Cu, ascorbate, and caffeine may reduce the bioavailability of riboflavin 
(Sauberlich  1985). However, growth performance data failed to prove negative effects of any 
nutrients on the bioavailability of crystalline riboflavin in broiler chickens (Patel and Baker 1996).

Niacin (Vitamin B
3
)

Niacin is essential to biosynthesize the pyridine nucleotides [i.e., NAD(H) and NADP(H)] that are 
involved in the metabolism of energy and macronutrients. Supplementation of crystalline niacin to 
niacin- deficient diets increased feed intake, N retention, and weight gain of pigs, but energy retention 
was not affected by niacin supplementation (Ivers and Veum 2012). Yeast and some animal feed 
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ingredients are great sources of niacin. The term niacin is the generic descriptive term for pyridine 
3- carboxylic acid and derivatives delivering nicotinamide activity. Thus, pyridine 3- carboxylic acid 
per se is properly referred to as nicotinic acid (Anonymous 1979).

Niacin is stable to heat, oxygen, moisture, or light when added to feed or premixes. By- products 
of cereal grains and oilseeds contain more niacin compared with grains or oilseeds (Chen et al. 2019). 
Much of the niacin in plant feed ingredients, mostly nicotinamide nucleotides, is unavailable 
because they are bound to protein (Yen et al. 1977). Approximately 85–90% of the niacin in cereal 
grains and 40% of niacin in oilseeds are in a bound form and thus unavailable (Ghosh et al. 1963). 
The AID of niacin in wheat by growing pigs was approximately 55% (Wauer et  al.  1999). 
Hydrolyzing with alkaline may release protein-  or carbohydrate- bound niacin in these ingredients 
and niacin in corn is, therefore, more available in pigs after soaking corn in an alkali solution 
(Kodicek et al. 1959). Meat and milk products, on the other hand, do not contain bound niacin, but 
instead contain free nicotinic acid and nicotinamide.

Because nicotinic acid is synthesized from Trp and because all common feed ingredients contain 
both Trp and nicotinic acid, it is very difficult to estimate the bioavailability of niacin in feed ingre-
dients per se. It is estimated that 50 mg of Trp yields 1 mg of nicotinic acid (Baker et al. 1973; 
Czarnecki et al. 1983). It is possible that excess Leu in corn- soybean meal swine diets antagonizes 
Trp or nicotinic acid or impairs the metabolic conversion of Trp to nicotinic acid (Anonymous 1986). 
However, data from studies with broiler chickens indicate that excess Leu has no effect on either Trp 
conversion to niacin or niacin bioavailability (Lowry and Baker 1998). Excess dietary Leu may 
decrease plasma and hypothalamic concentrations of serotonin that is synthesized from Trp, indicat-
ing that Trp uptake into the brain can be reduced by excess Leu (Wessels et  al.  2016; Kwon 
et al. 2019). However, there is scarce information about the antagonistic effects of excess dietary 
Leu on niacin synthesis in pigs.

Iron, on the other hand, is required in two metabolic reactions in the pathway of Trp to nicotinate 
mononucleotide. The conversion efficiency of Trp to niacin is reduced in broiler chickens that are 
deficient in Fe (Oduho et al. 1994).

Niacin in nicotinamide is approximately 120% as bioavailable as niacin in nicotinic acid as 
a   precursor for nicotinamide adenine dinucleotide synthesis (Baker et  al.  1976; Oduho and 
Baker  1993). It has, however, also been suggested that niacin and nicotinamide are equally 
 bioavailable in chickens (Bao- Ji and Combs 1986; Ruiz and Harms 1988).

Pantothenic Acid (Vitamin B
5
)

Pantothenic acid (PA) is used in the synthesis of coenzyme A. The two forms in which PA is 
generally sold are D-  and DL- Ca pantothenate, but the DL- form needs to converted to the D- isomer 
to be utilized by the body (Staten et al. 1980). Whereas 92% of D- Ca pantothenate can generate PA, 
only 46% of DL- Ca pantothenate can generate PA activity. Crystalline PA is relatively stable to 
heat, oxygen, and light, but it can lose activity rapidly when exposed to moisture.

Most foods and feed ingredients contain PA in the form of coenzyme A or acyl- carrier protein. 
Thus, absorption may depend on the digestibility of protein complexes. Pantothenic acid in corn and 
soybean meal diets is 100% bioavailable, but it is only 60% for PA in barley, wheat, and sorghum in 
broiler chickens (Southern and Baker  1981). Values for the bioavailability of PA in a typical 
American diet for adults range from 40 to 60% (Yu and Kies  1993), but processing including 
freezing, canning, or refining may decrease bioavailability of PA in foods (Sauberlich 1985). The 
AID of pantothenic acids in wheat by growing pigs was approximately 60% (Wauer et al. 1999).
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Vitamin B
6

The three naturally occurring forms of vitamin B
6
 are pyridoxine, pyridoxamine, and pyridoxal. 

This vitamin is important for many reactions in the metabolism of AA and synthesis of red blood 
cells and neurotransmitters. Corn and soybean meal contain significant quantities of vitamin B 
(Chen et al. 2019), and supplemental vitamin B

6
 is not generally necessary in practical swine diets. 

Because corn and soybean meal- based diets are not deficient in vitamin B
6
, it is difficult to estimate 

bioavailability of supplemental vitamin B
6
 if added to these diets, and synthetic diets are, therefore, 

needed to determine vitamin B
6
 bioavailability. The AID of vitamin B

6
 in wheat fed to pigs was 

approximately 68%, but the AID of pyridoxine and pyridoxal in wheat was approximately 88 and 
61%, respectively (Wauer et al. 1999). The AID of pyridoxamine in wheat was close to 0% (Wauer 
et al. 1999).

Compared with crystalline vitamin B
6
, values for the bioavailability of vitamin B

6
 in corn and 

soybean meal is 40 and 60%, respectively (Yen et al. 1976). Treating corn with moderate heat (i.e., 
80–120 °C) may increase vitamin B

6
 bioavailability, but greater heat treatment (i.e., 160 °C) may 

decrease availability (Yen et  al.  1976). Corn contains vitamin B
6
 as forms of pyridoxal and 

pyridoxamine, but vitamin B
6
 in corn is more susceptible to heat compared with pyridoxine 

(Schroeder 1971). Plant feed ingredients may contain B
6
 in forms of either pyridoxine glucoside or 

pyridoxallysine, but both compounds have minimal B
6
 bioactivity (Gregory and Kirk 1981; Trumbo 

et al. 1988).
Minerals in the form of carbonates or oxides in premixes can reduce the bioactivity of vitamin B

6
 

(Verbeeck 1975). High temperatures can also enhance the loss of activity. Retention of B
6
 activity 

after three months of storage at room temperature is 76%, but activity decreased to 45% after three 
months of storage at 37 °C (Baker 2001). Vitamin B

6
 activity in pelleted complete diets that are 

stored at room temperature for three months can be reduced by 20% (Baker 2001).

Biotin (Vitamin B
7
)

Commercial D- biotin has no specific unit of activity. Thus, 1 g of D- biotin equals 1 g of activity. 
Much of the biotin in feed ingredients exists in a bound form, ε- N- biotinyl- L- Lys (biocytin). 
Crystalline biotin is absorbed from the small intestine, but the bioavailability of biotin in biocytin 
varies and is dependent on the digestibility of the proteins in which it is present (Baker 1995). 
Pelleting or heat treatment has little effect on biotin activity in feeds, but oxidative rancidity severely 
reduces biotin bioavailability.

Avidin, a glycoprotein in egg albumen, binds biotin and makes biotin less available for the body 
(Hamilton and Veum 2012). Proper heat treatment of egg white will denature avidin and prevent it 
from binding biotin. Bioavailability of biotin in corn fed to broiler chickens is twice as high as in 
wheat, barley, and sorghum (Anderson and Warnick  1970; Frigg  1976; Anderson et  al.  1978). 
Bioavailable biotin concentrations are 0.11, 0.08, 0.09, and 0.04 mg/kg for corn, barley, sorghum, 
and wheat, respectively (Anderson et al. 1978). In laying hens, biotin in soybean meal and meat and 
bone meal is 100 and 86% available, respectively (Buenrostro and Kratzer 1984).

Because of the high concentrations of bioavailable biotin in corn and soybean meal, a response to 
supplemental biotin in pigs fed a corn- soybean meal- based diets is not expected. However, 
supplemental biotin to sows may increase conception rate, decrease weaning- to- estrus interval, and 
improve both foot health and hair coat, particularly in advanced parities (Bryant et  al.  1985). 
Addition of 0.33 mg biotin/kg to a corn- soybean meal diet throughout gestation and lactation 
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increases the number of pigs weaned, but does not improve foot health (Lewis et al. 1991). However, 
supplementation of corn- soybean meal diets for gilts or sows with 0.44–0.70 mg biotin/kg does not 
always increase N and energy digestibility or animal performance (Watkins et al. 1991; Hamilton 
and Veum 2012).

Folacin (Vitamin B
9
)

The term folacin is the accepted generic term for folic acid and related compounds exhibiting 
“folacin” activity. Over 150 forms of folacin exist in foods. Chemically, folic acid consists of a 
pteridine ring, para- aminobenzoic acid (PABA), and glutamic acid. Animal cells cannot synthe-
size PABA, nor can they attach glutamic acid to pteroic acid (i.e., pteridine attached to PABA). 
Therefore, folic acid must be supplied in the diet of non- ruminant animals. The folacin in feeds 
and foods exists largely as poly- glutamates (Pietrzik et al. 2010). In plants, folacin exists as a poly- 
glutamate conjugate containing a γ- linked polypeptide chain of (primarily) seven glutamic acid 
residues. Intestinal proteases do not cleave the glutamate residues from this compound. Instead, a 
group of intestinal enzymes known as conjugases (folyl poly- glutamate hydrolases) remove all, 
but the last glutamate residue. The mono- glutamyl form than poly- glutamates is thought to be 
absorbed into the enterocyte (Pietrzik et al. 2010). Most of the folic acid taken up by the brush 
border is reduced to tetrahydrofolate (FH

4
) and then methylated to N5- methyl- FH

4
, which is the 

predominant form of folate in blood plasma. The majority of the N5- methyl- FH
4
 in plasma is 

bound to protein.
Like thiamin, folic acid has a free amino group (on the pteridine ring), which makes it sensitive 

to heat treatment with moisture and reducing sugars. Intestinal conjugase inhibitors may be present 
in certain beans and pulses, which may reduce folacin absorption (Krumdieck et  al.  1973; 
Bailey 1988). Storage of feeds and premixes can also reduce folacin activity (Verbeeck 1975).

It is difficult to observe a response to folacin supplementation from growing pigs fed conventional 
corn- soybean meal diets, but vitamin premixes used in swine diets usually contain folic acid (Flohr 
et al. 2016). Reproductive performance may be improved by supplementation of folacin to diets fed 
to gestating- lactating sows (Lindemann and Kornegay 1989; Matte et al. 1992), although that is not 
always the case (Pharazyn and Aherne 1987; Easter et al. 1983; Harper et al. 1994).

Cyanocobalamin (Vitamin B
12

)

Vitamin B
12

 is present in the tissues of animals and is involved in energy and AA metabolisms. This 
vitamin can be synthesized by bacteria, and plant feed ingredients are usually devoid in vitamin B

12
. 

Both animal and fermented feed ingredients contain vitamin B
12

 as methylcobalamin or adenosyl-
cobalamin that are bound to proteins. As in humans, but unlike in sheep and horses, an “intrinsic” 
factor is required for gut absorption of B

12
 by pigs. The bioavailability of vitamin B

12
 ranges from 

12 to 33% in dairy products fed to pigs compared with synthetic vitamin B
12

 (Dalto et al. 2018). 
Bioavailability of vitamin B

12
 by pigs decreases if dietary vitamin B

12
 increases, which indicates 

that there is a negative correlation between intake and bioavailability (Matte et al. 2010).
Cyanocobalamin, or vitamin B

12
, is available in crystalline form, where 1 U.S. Pharmacopoeia 

unit is considered equivalent to 1 μg of the vitamin. Crystalline vitamin B
12

 is believed to be stable 
in feeds and premixes because crystalline B

12
 is stable in long- term storage (Macek and 

Feller 1952).
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Choline

In animal nutrition, choline is categorized as a B- vitamin, even though the quantity required far 
exceeds the “trace organic nutrient” definition of a vitamin. Choline is involved in a number of 
metabolisms in the body including (i) phospholipid synthesis, (ii) acetyl choline formation, and 
(iii) transmethylation of homocysteine to Met. Broiler chickens fed a choline- free diet prioritized 
phospholipid and acetylcholine synthesis over transmethylation. If one half to two- thirds of the 
choline needed for maximal growth is supplied as choline, as in practical diets, synthetic choline 
and betaine are equally efficacious (Lowry et al. 1987; Dilger et al. 2007).

In mammalian, but not in avian species, excess Met can replace the dietary need for choline. 
In crystalline form, choline chloride (74.6% choline) is hygroscopic. Therefore, a separate premix 
for choline is needed to prevent other vitamins in the general premix from the damage derived from 
high humidity. Crude plant oils (e.g., corn and soybean oil) contain choline as phospholipid- bound 
phosphatidyl choline. The bioavailability of choline in this form is at least 100% relative to choline 
chloride (Emmert et al. 1996). Alkaline treatment and “bleaching” are applied when refined plant 
oils are produced, which removes most phospholipids, including phospholipid- bound choline, and 
refined plant oils, therefore, do not contain choline.

Values for the bioavailability of choline in soybean meal, peanut meal, and canola meal fed 
to broiler chickens are estimated at 83, 76, and 24%, respectively, relative to crystalline choline 
chloride (Molitoris and Baker  1976a; Emmert and Baker  1997). Excess protein in diets fed to 
broiler  chickens may increase the dietary requirement for choline (Molitoris and Baker 1976b). 
Because choline is involved in the metabolism of lipids, more choline is needed to minimize liver 
fat content compared with the amount of choline needed to maximize growth (Anderson et al. 1979).

An assessment of bioavailability of choline is difficult because all common feed ingredients used 
in swine diets supply both choline and Met, which is likely to confound results. However, use of 
a transmethylation inhibitor or an inhibitor of Met methylation of aminoethanol in choline biosyn-
thesis (i.e., 2- amino- 2- methyl- 1- propanol) may be useful (Molitoris and Baker 1976a; Anderson 
et al. 1979; Lowry et al. 1987).

Pigs fed a corn- soybean meal diet often do not respond to choline supplementation, which is 
likely because soybean meal is so rich in choline (NCR- 42 Committee on Swine Nutrition 1980). 
However, gestating sows benefit from choline addition to corn- soybean meal diets (Kornegay and 
Meacham 1973; Stockland and Blaylock 1974; NCR- 42 Committee on Swine Nutrition 1976).

Ascorbic Acid (Vitamin C)

Ascorbic acid is a water- soluble vitamin that is needed in the antioxidant protection of cells. 
Vitamin C exists mostly as ascorbic acid, but also as dehydroascorbic acid in plant and animals 
foods and feeds. There is little concern about the bioavailability of ascorbic acid because pigs can 
synthesize vitamin C. Nonetheless, vitamin C is often included in vitamin premixes for use in puri-
fied swine diets because of its antioxidant and putative antistress properties. Plasma cortisol, an 
indicator of stress, is likely reduced by supplementation of vitamin C in diets fed to weanling pigs 
that are changed with a lipopolysaccharide (Eicher et al. 2006).

Vitamin C activity may be lost during storage, but coating ascorbate with ethylcellulose may 
reduce the loss of potency. Both pelleting and extrusion may reduce bioactivity of supplemental 
ascorbate (Baker 2001). Vitamin C is susceptible to oxidation that transforms ascorbic acid (reduced 
form) to dehydroascorbic acid, which in turn can be further irreversibly oxidized to diketogulonic 
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acid (Parsons et al. 2011). Both reduced and oxidized forms of ascorbate retain scurvy- preventing 
ascorbate activity, but diketogulonic acid has no activity because the reaction resulting in generation 
of this compound is not reversible. Both ascorbate and dehydroascorbate are heat labile, particularly 
when heat is applied in the presence of trace minerals such as Cu, Fe, or Zn.
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Introduction

Global pork production has steadily increased over the past several decades with pork representing 
about 35% of the overall meat production, thereby contributing significantly to the world food secu-
rity, trade, and economy (VanderWaal and Deen 2018). Evidently, pathogens and swine herd health 
are regarded as the top risk factors that can potentially disrupt normal pork production (VanderWaal 
and Deen 2018). Pigs are also recognized intermediate hosts for zoonotic diseases such as the gen-
eration of pandemic influenza virus, and a recently emerged Influenza A virus subtype G4 EA 
H1N1 virus in swine has been shown in increasing its human infectivity and raised concerns for the 
possible generation of pandemic viruses (Sun et  al. 2020). Porcine reproductive and respiratory 
syndrome (PRRS), the porcine epidemic diarrhea virus (PED), and African swine fever (ASF) are 
some of the most challenging porcine viral pathogens currently facing the global pork industry. 
Development of efficacious vaccines has been associated with limited success for control of PED 
(Park and Shin 2018) and PRRS (Montaner- Tarbes et al. 2019; Wei et al. 2019). So far, there are no 
reports of commercially available vaccines for ASF, and this is likely due to the fact that ASF 
viruses are not only large genome DNA based and have a very large particle size but also have some 
of the most complex viral structure (Wang et al. 2019a). While gene editing for control of these 
porcine viral diseases has been demonstrated (Whitworth et al. 2016; Hübner et al. 2018; Whitworth 
et al. 2019), regulatory framework and consumer acceptance would be conceived as the main hur-
dles for practical applications (Proudfoot et al. 2019). It should be emphasized that stringent bios-
ecurity measures, including high- quality swine barn physical infrastructure and facilities, are some 
of the prerequisite and practical mitigation strategies to sustain swine herd health, viable swine 
nutrition, and production operations.

Since the last edition of the Sustainable Swine Nutrition edited by Chiba (2013), unprecedented 
global COVID- 19 pandemic challenges and disruptive cell- based new meat production technolo-
gies have emerged, which need to be touched on in the context. Meanwhile, considerable progress 
has been made in many fronts of multidisciplinary areas of applied and basic pig nutrition, digestive 
and metabolic physiology, metabolism, gut microbiome, and biotechnology, which warrants criti-
cally reviewing and effectively implementing these new developments into swine nutrition and 
feeding and production practices.

20 Swine Nutrition and Environment
Ming Z. Fan, Brian J. Kerr, Steven L. Trabue, Xindi Yin, Zeyu Yang, 
and Weijun Wang



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION548

The main concerned negative impacts of intensive swine production on the footprint of the environment, 
including limited efficiency of utilization and excessive manure nutrient excretions, emission of 
greenhouse gases (GHG) and odorants, and the persistence of antimicrobial resistance (AMR), are 
still to be mitigated (Figure 20.1). These environmental concerns may be now even more challeng-
ing for the Canadian and US pork industries because in- feed antimicrobial uses have been banned 
in both countries since December 2018.

Being consistent with our previous contribution to this book by Fan (2013), herein we have focused 
more on reviewing recent conceptual understanding about various dietary and physiological factors 
affecting gut microbiota- microbiome in mediating efficiency of digestive and postabsorptive utiliza-
tion of dietary monomer and polymer nutrient elements. These include carbon (C), nitrogen (N), 
sulfur (S), calcium (Ca), phosphorus (P), magnesium (Mg), the electrolytes of sodium (Na) and 
potassium (K), as well as the swine dietary required main microminerals of copper (Cu), iron (Fe), 
manganese (Mn), selenium (Se), and zinc (Zn) in weanling and feeder pigs. Comprehensive nutri-
tional and nondietary strategies are summarized and recommended for adoption and further commer-
cialization development to maximize pork production profit margins and tackling the environmental 
sustainability concerns including AMR and GHG facing the global pork production industry.
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Figure 20.1 Schematic illustration of the major sustainable issues associated with enhancing mass- energy conversion of intensive 
pork production. Source: Adapted from Fan et al. (2006).
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Emerging Contemporary Issues Impacting Pork Industry

Concurrently, the unprecedented new acute respiratory syndrome (SARS) pneumonia, termed 
 coronavirus disease- 2019 (COVID- 19), is caused by the new coronavirus SARS- CoV- 2 with its 
onset in Wuhan of China in December 2019 (Wu et al. 2020; Zhou et al. 2020b). COVID- 19 has 
been causing enormous damages in losses of a large number of human lives and disruption of global 
social and economic activities (Bar- On et al. 2020), being regarded as the most severe pandemic 
occurred within the past century ever since the 1918 Influenza Pandemic. This SARS- CoV- 2 might 
have been originated from wild bats (Zhou et al. 2020a,b), and pangolins were evidenced as its pos-
sible intermediate hosts before it jumped species to infect humans (Lam et al. 2020). The global 
scientific community still seeks to resolve the path of the SARS- CoV- 2 insurgency.

Similar to SARS- CoV, SARS- CoV- 2 virus particle recognizes and binds to the human host epi-
thelial apical receptor, i.e., angiotensin- converting enzyme 2 (ACE2) via their spike trimeric glyco-
protein (S) subunit- 1 (S1) receptor- binding domain (RBD) (Lan et al. 2020; Shang et al. 2020; Zhou 
et al. 2020a). Biological roles of ACE2 in animals and humans are well established to be, such as a 
membrane surface hydrolase, and the chaperone, with a molecular weight at about 120 kDa, for 
control of trafficking of other epithelial transmembrane proteins (e.g., Na+- dependent neutral amino 
acid transporter BoAT1 in gut) for the apical membrane anchoring (Yan et al. 2020). Expression of 
ACE2 is widely reported in oral, respiratory, as well as intestinal and renal polarized epithelia with 
anchoring on the apical membrane surface (Ren et al. 2006; Yang et al. 2016; Xu et al. 2020). Each 
full- length ACE2 consists of an N- terminal peptidase domain and a C- terminal transmembrane 
helix with an extended intracellular segment (Yan et al. 2020). The cryo- EM structure analyses have 
further unraveled that a multiunit complex consisting of the SARS- CoV- 2 spike glycoprotein two 
subunit S1 RBD in binding to the corresponding peptidase domains of a dimerized ACE2 unit and 
then in overtopping further binding to another dimerized transmembrane protein unit (e.g., BoAT1) 
in polarized human epithelia through noncovalent and nonionized hydrogen bonds and van der 
Waals forces (Yan et al. 2020). Clearly, this SARS- CoV- 2 binding to the human ACE2 is in a much 
strong affinity in support of its much high infectivity in comparison with the SARS- CoV (Shang 
et al. 2020; Yan et al. 2020). Respiratory and gastrointestinal manifestations of CoV- 19 infection 
symptoms and SARS- CoV- 2 virus load and shed via patients’ respiratory and fecal routes were 
demonstrated (Cheung et al. 2020; Zhou et al. 2020b). Understanding the basic cellular and molecu-
lar mechanisms of how SARS- CoV- 2  infects humans can help educate general public and train 
swine producers and pork value chain workers to clearly know its high contagiousness and its pri-
mary routes of community transmission through proximity physical contact. Thus, before effective 
vaccination is developed, stringent social distancing and thorough strict personal hygiene are essen-
tial to contain the spreading of COVID- 19.

Liu et al. (2020) have further demonstrated that SARS- CoV- 2 was effectively transmitted via 
human respiratory droplets in aerosols. Their results indicate that good room ventilation, open 
space, effective sanitization of protective apparel, and proper use and disinfection of toilet areas 
can all effectively decrease the level of SARS- CoV- 2  in aerosols for transmission (Liu 
et al. 2020). Morawska and Milton (2020) revealed and recognized the significant potential for 
airborne spread of COVID- 19 through inhalation exposure to viruses in microscopic respiratory 
droplets, i.e., microdroplets, at short to medium distances for up to several meters, or room 
scale. And thus they are advocating for the use of preventive measures to mitigate this route of 
airborne transmission (Morawska and Milton 2020). Under this context, while it has been well 
adopted in most Asian countries, simply wearing a nonmedical grade effective facial mask or 
covering needs to be further implemented by the broader global community, including pork 
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producers and pork packing plant workers, to contain COVID- 19 via the community transmission 
route of human respiratory droplets and microscopic in aerosols.

There has been reporting of a high variability in clinical manifestations of the COVID- 19, rang-
ing broadly from asymptomatic infection to acute respiratory failure and death, which is now fur-
ther shown to be associated with the CD4+ and CD8+T cells as well as B cells based adaptive 
immunity specifically to neutralize SARS- CoV- 2’s ability in docking to the ACE2 (Braun et al. 2020; 
Cao et al. 2020; Grifoni et al. 2020). Thus, T cell and B based adaptive immunity responses specific 
to block SARS- CoV- 2’s binding to host ACE2 are likely the underlying mechanisms for the indi-
vidual human susceptibility and the between species vulnerability to infection by SARS- CoV- 2.

Furthermore, Shi et  al. (2020) observed that SARS- CoV- 2 replicated poorly in chickens and 
ducks. We have here further compared the coding AA sequence alignments of the full- length ACE2 
genes in some common domesticated animals of pigs, dogs, cats, chicken, ferrets, and bovine spe-
cies in comparisons with humans, respectively (Figure 20.2). Chicken, representing poultry and 
other avian species, generally have a low ACE2 homology (66%) to humans. We have then com-
pared the AA sequence alignments and homologies of the N- terminus based peptidase (PD) recep-
tor domain of the ACE2 corresponding to the RBD of SARS- CoV- 2 virus spike glycoprotein two 
subunit S1, in pigs, dogs, cats, chicken, ferrets, and bovine species in comparisons with humans, 
respectively (Table 20.1). Chicken again have a low ACE2 receptor domain PD homology (50%) to 
humans (Table 20.1). These ACE2 genomics comparisons, consistent with the above- cited literature 
report (Abdel- Moneim and Abdelwhab  2020), suggest that poultry and other avian species are 
likely not susceptible to infection and thus not to play a role in community transmission of SARS- 
CoV- 2 as in humans.

Although cats and dogs have a relatively higher (about 84–85%) ACE2 full- length homology to 
the humans, all of the other compared mammalians, including pigs, dogs, cats, chicken, ferrets, and 
bovine species, are in similar ranges (~80%) of the ACE2 homologies to humans (Figure 20.2). 
Moreover, bovine species have the highest ACE2 receptor domain PD homology (90%) to humans. 
And this is followed by the porcine at 80%, whereas the other three mammalian species of dogs, 
cats, and ferrets have shared the identical ACE2 receptor domain PD sequence and its homology 
(70%) to humans (Table 20.1).

These genomics comparisons of the SARS- CoV- 2 receptor ACE2- binding domain or motif across 
species are consistent with the report by Shi et al. (2020) and the review by Abdel- Moneim and 
Abdelwhab (2020) that ferrets, cats, monkeys, hamsters, tree shrews, transgenic mice, and fruit bats 
were permissive to infection by SARS- CoV- 2, and cats were susceptible to airborne infection by 
SARS- CoV- 2. The comparison analyses by Wan et al. (2020) shown that while conventional rodents 
(mice and rats) are not possible intermediate SARS- CoV- 2 hosts, several other mammalian species 
including cats, civet, ferrets, pigs, and nonhuman primates are possible intermediate hosts and/or 
transmitters to SARS- CoV- 2. Whereas in the same report by Shi et al. (2020), SARS- CoV- 2 was 
shown replicated poorly in dogs and pigs. However, Sit et al. (2020) reported that dogs could be 
infected with SARS- CoV- 2. A zoo tiger infection and mink to human transmission of COVID- 19 have 
been reported (Abdel- Moneim and Abdelwhab 2020; Medicalxpress 2020; USDA 2020). Tigers and 
cats are in the same family, while ferrets and minks are closely related and ferrets are used as a rele-
vant animal model for studying viral pathogenesis in humans (Enkirch and von Messling 2015) and 
COVID- 19 vaccine development. Meanwhile, there is a lack of reports of porcine and bovine- based 
clinical manifestations of COVID- 19. On the other hand, differential immunity responses among the 
species would ultimately account for their clinical responses. Clinical studies have further shown that 
clinical manifestations of COVID- 19 in humans are significantly associated with adaptive immunity 
responses including circulating blood levels of intermediate total lymphocyte, CD3+, CD4+, and 



Figure 20.2 The coded amino acid (AA) sequence alignments of the angiotensin- converting enzyme 2 (ACE2) of the host polarized 
epithelial apical membrane surface receptor recognized in binding to the SARS- CoV- 2 virus particle in humans, pigs, dogs, cats, 
chicken, ferrets, and bovine species. Fully conserved residues are shaded in red. The residues with the global similarity scores over 0.7 
calculated using Reiser are boxed in blue. The sequence alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/), and the figure was prepared using ESPript (http://espript.ibcp.fr/ESPript/ESPript/). Each sequence is labeled by the 
source, enzyme name (ACE2), and uniport number/accession number. Overall, the human sequence had 81.37, 83.46, 85.22, 65.92, 
82.61, and 80.97% homologies to the known sequences of pigs, dogs, cats, chicken, ferrets, and bovine species, respectively.
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CD8+T cell counts as well as pro- inflammatory cytokines of IL- 6 and IL- 8 (Zhang et al. 2020). Thus, 
our ACE2 species genomics comparisons along with literature reports suggest that cats, dogs, ferrets, 
pigs, and bovine species may be all biologically susceptible to infection by SARS- CoV- 2 or serve as 
possible intermediate SARS- CoV- 2 hosts as humans, whereas clinical manifestations of COVID- 19 in 
porcine and bovine species and potential roles of two domestic food animal species in transmission 
of SARS- CoV- 2 still need to be further documented.

In summary, the on- going global COVID- 19 pandemics have been causing widespread damages 
and challenges until successful vaccination strategies are developed. Although pigs are not yet clini-
cally manifested by COVID- 19, swine researchers, pork producers, and particularly pork packing 
plant workers need to be very vigilant in personal protection, environment hygiene, and appropriate 
social distancing, including properly handling our pets of cats and dogs as well as other domesticated 
animals of ferrets, minks, and bovine species, in protecting against transmission of this very conta-
gious and deadly viral disease and its disruptive negative effects on pork production value chains.

Table 20.1 Amino acid (AA) sequence alignments and homologies of the N- terminus based peptidase 
(PD) domain of angiotensin- converting enzyme 2 (ACE2) of host polarized epithelia, recognized as the 
apical membrane surface ACE2 receptor domain, in binding to the receptor binding domain (RBD) 
of SARS- CoV- 2 virus spike glycoprotein two subunit S1, in pigs, dogs, cats, chicken, ferrets, and bovine 
species in comparisons with humans, respectively.

Speciesa

AA numbering from N- terminus in ACE2

Homology (%)b24 30 35 37 38 41 42 83 353 393

Pigc L E E E D Y Q Y K R 80
Dogc L E E E E Y Q Y K R 70
Catc L E E E E Y Q Y K R 70
Chickenc E A R E D Y E F K R 50
Ferretc L E E E E Y Q Y K R 70
Bovinec Q E E E D Y Q Y K R 90
Human Q D E E D Y Q Y K R 100

a The partial sequences labeled by the species’ source, the enzyme name (ACE2), and uniport number/acces-
sion number are pig- ACE2- B1PZW5; dog- ACE2- C7ECV0; cat- ACE2- Q56H28; chicken- ACE2- XP_416822; 
ferret- ACE2- Q2WG88; and human- ACE2- Q9BYF1, respectively.
b The concerned species’ ACE2 receptor PD domain AA sequence homology (%) to the human’s, 
respectively.
c The concerned species’ ACE2 receptor PD domain AA residues in boldface that are different from the 
humans.

Figure 20.2 (Continued).
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Two other societal factors have also emerged and may have long- term opposite impacts on global 
pork production. One factor being the recent series of high- profile human epidemiological studies 
have questioned the long time misconception of causal associations between some of the fatal 
chronical human diseases, including cancers and cardiovascular failures, and consumptions of red 
meats including pork (Vernooij et al. 2019; Zeraatkar et al. 2020). Carroll and Doherty (2019) have 
concluded that the public have long been misinformed of consumption of red and processed meat 
being bad for human health. Thus, new efforts should be continuously made to promote health 
aspects of pork production, such as providing high- quality protein and bioavailable trace minerals 
for human nutrition and public health.

The other societal factor is the calling for balancing human diets with much less animal protein 
especially red meats to be associated with reduced food animal production for ethical concerns 
about animal welfare (Maes et al. 2016; Carroll and Doherty 2019) and concerns of effects of high 
level of meat consumption on the environment for developing much more sustainable global food 
systems (Krishna Bahadur et al. 2018; Poore and Nemecek 2018; Willett et al. 2019). Thus, swine 
production needs to become much more environmentally sustainable to be continuously acceptable 
as an increasing component of the global food systems.

In a different direction, plant protein- based diets for vegetarian and vegan are gradually gaining 
acceptance (Medawar et al. 2019). Cultured meat concept has been conceived as newly emerging 
disruptive meat production technologies (Datar 2010; Sharma et al. 2015). These emerging societal 
changes in consumer behavior and food production systems will inevitably influence the global 
pork production trend and scale for the next coming decades. Therefore, pork industry needs to 
further enhance its animal welfare standards for public acceptance, efficiency of energy and mass 
conversion in pig growth and production for profit margins, as well as environmental footprint to 
stay competitive and viable as an industry for the long run.

Carbon Nutrient Utilization and Environment Impacts

Carbon is fundamental in metabolic energy- contributing ingredients, namely starch, proteins, oils 
and fats, and nonstarch polysaccharides (NPS), and is an essential component (CO

2
) measured dur-

ing indirect calorimetry experimentation (Campos et al. 2014; Huntley et al. 2018). Efficiency of C 
is not, however, evaluated in most swine nutrient balance trials, which generally focus on energy, N, 
or mineral utilization. However, given the basis of C as the key element in energy metabolism with 
CO

2
 as an end product, and it is also a volatile organic carbon gas in GHG (i.e., methane emissions), 

its input–output relationship is important when considering an overall environmental impact 
(Figure 20.1). Thus, any dietary or animal factor that influences the digestion and retention of die-
tary C will have a direct environmental impact.

Unlike excess intake of dietary N, dietary intake of energy, and thus C, above that needed for 
maintenance and lean tissue growth can be stored in adipose tissue. As summarized in the Table 20.3, 
the body is much less efficient (20%) in capturing and retaining dietary C (a typical diet contains 
about 40% carbon, Kerr et al. 2006) where, on a live body basis, the body of a pig contains approxi-
mately 24% C (B. Kerr, unpublished data), with body protein and lipid contributing to approxi-
mately 53 and 76% of the retained C, respectively (Kleiber 1961). Up to 25% of total dietary C 
intake may be lost as the GHG CH

4
 and CO

2
 in manure during swine feeding and via post- feeding 

fermentation under liquid manure slurry storage (Table  20.3). It is less conventional to directly 
measure C than to determine DM and GE in swine nutrition research. While there are limited data 
on C digestibility and/or retention in pigs, the use of dry matter (DM), organic matter (OM), or 
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gross energy (GE) digestibility can effectively be used as a surrogate for C digestibility 
(Kerr et al. 2013, 2015, 2017). Ji et al. (2008) and Rho et al. (2018) contrastingly observed that the 
total tract DM and OM digestibility could overestimate or underestimate the corresponding GE 
digestibility in grower pig diets by 1–2% units, respectively, likely due to differences in their 
research conditions and proximate nutrient composition of their study diets. Similar responses in 
dietary DM and GE digestibility values were reported in weaning pigs (Omogbenigun et al. 2004; 
Zuo et al. 2015; Acosta et al. 2020). Because of this relationship, an improvement in DM, OM, or 
GE digestibility results directly in an improvement in C digestibility, and because little energy is 
lost in urine independent of N- containing compounds (Calloway and Margen 1971; Putnam 1971; 
van Milgen et al. 2001), any dietary manipulation that improves DM or GE digestibility or improves 
the efficiency of growth in terms of feed to gain ratio will be advantageous for reducing the amount 
of C released into the environment.

Up to 15% of total dietary C intake may be lost as CO
2
 and CH

4
 during swine feeding and liquid 

swine manure fermentation (Table 20.2). As a potent GHG, CH
4
 mainly originates from anaerobic 

microbial fermentation during the storage of liquid manure slurry from swine production facilities 
(Figure 20.1) (Mackie et al. 1998; Fan et al. 2006). Emission of GHG from intensive swine produc-
tion operations is believed to account for a significant portion of the total GHG generated within the 
animal production sectors (Mackie et al. 1998). Furthermore, while the overall animal production 
sector is documented to contribute to about 14.5% of the total human- induced GHG emissions, 
swine, poultry, dairy, and beef, respectively, contribute to 9, 8, 20, and 41% to the sector’s total 
emissions (Gerber et al., 2013). Consequently, improvements in ingredient or dietary DM digesti-
bility are key to improving C balance in the pig and to mitigate GHG emission from swine 
production.

Extensive research and summarization of the DE content of ingredients play a key role in this 
topic, with ingredients having a greater DE:GE ratio (i.e., energy digestibility) being advantageous 
to C balance compared to ingredients with a low DE:GE ratio (NRC 2012). In addition, feed pro-
cessing techniques (e.g., grinding) can increase the surface area of the diet allowing for increased 
efficacy of digestive enzymes, which on an energy basis may increase the DE by 30–45 kcal/kg diet 
(or approximately 0.90% units of energy or DM digestibility) for each 100 μm reduction in particle 
size (Hancock and Behnke 2001; Lundbald 2009; Richert and DeRouchey 2010; NRC 2012), an 
improvement which would effectively reduce fecal C loss by the animal by a similar percentage unit.

Table 20.2 Chemical names and composition of major environmentally concerned gas emissions 
from swine production facilities.

Chemical name Chemical formula Chemical name Chemical formula

Acetic acid C
2
H

4
O

2
Hydrogen sulfide H

2
S

Propionic acid C
3
H

6
O

2
Methane thiol CH

4
S

Butyric acid C
4
H

6
O

2
Carbonyl sulfide COS

Isobutyric acid C
4
H

6
O

2
Dimethyl sulfide C

2
H

6
S

Isovaleric acid C
5
H

10
O

2
Dimethyl disulfide C

2
H

6
S

2

Valeric acid C
5
H

10
O

2
Ammonia NH

3

Isocaproic acid C
6
H

12
O

2
Indole C

8
H

7
N

Caproic acid C
6
H

12
O

2
3- Methyl indole C

9
H

9
N

Heptanoic acid C
7
H

14
O

2
Trimethyl amine C

3
H

9
N

Phenol C
6
H

6
O Nitrous oxide N

2
O

Cresol C
7
H

8
O Methane CH

4

Ethyl phenol C
8
H

10
O Carbon dioxide CO

2
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Utilization of Lipids

Cholesterol and its ester products of both animal and plant origins are very low in quantity; these 
lipid compounds do not yield metabolic energy ATP and are largely involved in forming membrane 
structure and serve as precursors for the biosynthesis of regulatory steroid hormones and metabo-
lites such as bile acids and vitamin D. Fats and oils as supplements in commercial swine diets are 
used to enhance net energy density and to reduce diet dustiness. The apparent ileal and fecal digest-
ibility has been reported to be approximately 90% for highly saturated fats, higher at 94–97% for 
oils such as rapeseed oil and coconut oil, and near complete (97–98%) in oils high in polyunsatu-
rated fatty acids such as fish oil in grower pigs fed semi- purified diets with an estimated low dietary 
neutral- detergent fiber (NDF) (Jørgensen et al. 2000). Thus, total tract crude fat digestion in swine 
is almost complete at about 100% digestibility when fed semi- purified diets with very low dietary 
fiber content.

Studies by Ji et al. (2008) reported the apparent fecal crude fat digestibility ranged from 78 to 
81% in grower pigs fed typical corn and soybean meal- based diets, containing approximately 
9% dietary NDF, with dietary supplementation of beta- glucanase- protease in enhancing the 
apparent ileal and fecal digestibility values of DM, CP, and minerals but not improving the 
crude fat digestibility. However, observed high crude fat digestibility of 91–95% in the grower 
pigs fed semi- purified diets with dietary crude fat primarily originating from supplementing soy 
oil and dietary NDF at 24–25%. Kerr et al. (2013) reported that inclusion of fiber- rich corn- 
derived distillers’ dried grains with soluble (DDGS) at 30% in replacing corn and increasing 
dietary NDF to 12.4% resulted in much lower and a demonstrated pattern of postnatal develop-
mental decreases in the apparent fecal crude fat digestibility values in the weanling pigs at 71%, 
grower pigs at 59–62%; and in the finisher pigs at 45%, respectively. Dietary supplementation 
of various exogenous enzymes, including phytase, cellulases and hemi- cellulases, did not 
improve the crude fat digestibility in the starter and finisher swine (Kerr et  al. 2013). Being 
consistently to the study by Kerr et al. (2013), Rho et al. (2018) reported low crude fat digesti-
bility of 64–68% in the liquid feeding grower pigs with the dietary inclusion of DDGS at 30% 
and dietary NDF content at about 16% without significant effects of steeping and exogenous 
enzyme cocktail supplementation. Clearly, these variable dietary NDF contents (i.e., 9 vs. 
12–16% vs. 24–25%) did not consistently affect the crude fat digestibility changes among the 
above studies. Thus, pigs fed diets with a significant level of inclusion of high- fiber and high- fat 
coproducts such as the corn- derived DDGS will likely be associated with much reduced diges-
tive utilization of crude fat.

From a classic view, high levels of dietary fiber, as antinutritive factors, might have contributed 
to disruption of lipid digestion process involving the formation of lipid droplets and lipase hydroly-
sis in the gut lumen and potentially caused a much higher hepatic- biliary endogenous lipid secretion 
loss. Other factors might have further contributed to the low fat digestibility in the starter and fin-
isher pigs fed 30% DDGS- based diets reported by Kerr et al. (2013) and Rho et al. (2018). Plant 
lignin has been well established to negatively affect nutrient digestibility as a group of antinutritive 
factors particularly in monogastric animals (Crampton and Maynard 1938; Jung et al. 1997; Huang 
et al. 2017). Sewalt et al. (1997) and Vermaas et al. (2015) further reported that lignin, freed up or 
isolated from various sources such as biomass and/or plant feed pretreatment, could effectively bind 
to and precipitate enzymes, thereby negatively affecting enzyme activities. Pedersen et al. (2014) 
reported that Klason lignin content was enriched and averaged at 2.5% in their surveyed corn DDGS 
samples, and this lignin would be in a much more freed up and reactive form and at the level, when 
included via DDGS at 30%, much higher than an anticipated lignin content in typical corn and 
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soybean swine diets. Furthermore, while feed antibiotics are typically not used in commercial 
grower- finisher swine diets, it should be pointed out that the antibiotic Tylan was included in the 
starter and finisher pigs in the study by Kerr et al. (2013), and the feed antibiotics could have inhib-
ited gut symbiotic microbial growth the potential contributions of gut microbial lipases to lipid 
digestion, leading to the relatively low fecal lipid digestibility values of these pigs in their studies.

Thus, it can be conceived that several strategies may be further developed, such as the use of 
reduced level of DDGS inclusion, e.g., at 10–15% with much reduced level of lignin, dietary sup-
plementation of exogenous lipases and counteracting treatment of potential negative effects of 
lignin would improve crude fat digestibility, dietary net energy density, and growth performances of 
pigs fed the DDGS- based diets and mitigate environmental footprint from intensive swine 
operation.

On other hand, because lipids are susceptible to peroxidation where it has been shown that swine 
diets with significant lipid peroxidation will negatively influence swine growth performances (Kerr 
et al. 2015; Shurson et al. 2015). However, it is not known if dietary lipid peroxidation will nega-
tively affect lipid digestion (Shurson et al. 2015). Therefore, compound swine diet storage and valid 
shelf life span may be also an important consideration in organizing sustainable swine production.

Utilization of Starch

As major C- polymer nutrient group, dietary starch primarily from cereal grains is well digested in 
weanling pigs at 87% at the ileal level via the host starch digestive enzymes and reaches 94% at the 
fecal level by additional microbial fermentation (Omogbenigun et al. 2004). Dietary supplementa-
tion of a complete exogenous feed enzyme mixture, including various hemi- cellulases, invertase, 
phytase, protease, alpha- amylase, and cellulase, increased the ileal starch digestibility from 87 to 
95% by improving 8% units and the fecal starch digestibility from 94 to 99% with an improvement 
of 5% units, respectively, in weanling pigs (Omogbenigun et  al.  2004). Wierenga et  al. (2008) 
reported that, albeit of small magnitudes, ileal starch digestibility was higher (95.8 vs. 93.0%), 
whereas total tract starch digestibility was lower (98.2 vs. 98.4%) in extruded wheat grain than in 
extruded zero- tannin faba bean in weaning pigs. Clearly, their results also showed that extrusion 
resulted relatively high starch digestibility at the ieal and fecal levels in weaning pigs (Wierenga 
et al. 2008). In a semi- purified diet- based study, Fouhse et al. (2015) shown that different types of 
starch, i.e., different types of resistant starch (RS), not only affected their ileal starch digestibility 
but also impacted growth performance endpoints and various gut physiology indices such as lumi-
nal pH, fermentation, and microbiota and mucosal morphology however did not affect total tract 
starch digestibility in weaning pigs. Results of this weanling pig study are consistent with the well- 
established concept that starch digestion capacity is not fully established in weanling pigs (Fan 2013). 
Chen et al. (2020) further shown that multitherapeutic antimicrobials could enhance growth perfor-
mances of weaning pigs through improving the ieal terminal starch hydrolytic enzyme activity. 
Thus, efficiency and dynamics, such as speed and site, of dietary starch digestion in weanling pigs 
can be further maximized through effective mitigation of various dietary strategies to unleash their 
positive impacts on growth performances and footprint of environment.

On the other hand, the study by Ji et al. (2008) reported the dietary starch digestibility was 98% 
at the distal ileal level and 99% at the fecal level in grower pigs without additional significant effects 
by dietary supplementation of exogenous beta- glucanase and protease. In the study by Rideout et al. 
(2008), ileal digestibility of normal corn starch was 99.4%; and ileal digestibility of three other 
tested RS ranged from 57.2 to 72.9%, whereas the total tract digestibility of the normal corn starch 
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and the three tested RS was at 100% through microbial fermentation in the hindgut of grower pigs. 
Furthermore, differential chemical and physical properties were responsible for differential ileal 
starch digestibility values and their effects on CP and macromineral utilization and intestinal micro-
bial fermentation patterns in terms of some of the key metabolites such as an odor- causing com-
pound indole and the cell proliferating substrate butyrate in cecal digesta in grower pigs (Rideout 
et  al.  2008). Rosenfelder- Kuon et  al. (2017) determined the ileal starch digestibility from eight 
different genotypes of barley, rye, triticale, and wheat each, on average, the ileal starch digestibility 
was at 92.7, 95.0, 97.3, and 92.2% for barley, rye, triticale, and wheat, respectively. These in vivo 
ileal starch digestibility data further confirm the established notion that the host enzyme starch 
digestion capacity in the small intestine is fully established in the grower- finisher pig (Fan 2013). 
Hence, while starch digestion is complete at the fecal level in grower- finisher pigs, hindgut fermen-
tation of a small quantity of residual starch and/or dietary supplemental RS in the feeder pigs may 
exert additional benefits to improve metabolic physiology and mitigate odor impact of intensive 
swine production.

Utilization of Nonstarch Polysaccharides

Utilization efficiency of swine feeds, particularly containing high- fiber agricultural coproducts such 
as canola meal, wheat bran and shorts, and the biofuel industry coproducts, such as dried distiller’s 
grains with solubles (DDGS), is largely limited by poor fiber digestibility variable at about 23 – 
60% (Fan 2013; Kerr and Shurson 2013; Woyengo et al. 2014; Jha and Berrocoso 2015), which 
limits pork profit margin and contributes to negative impacts of swine production on environment. 
Trying to improve fiber digestion by the addition of NSP- degrading enzymes into swine diets is not 
a new concept (Chesson 1987; Bedford 2000; Kerr and Shurson 2013). While the efficacy of these 
fiber degradation exogenous enzymes to improve NSP and energy digestibility has been inconsist-
ent and variable depending upon trial conditions (Zijlstra et  al.  2010; Kerr and Shurson  2013). 
Variable experimental conditions such as growth stages of pigs, basal diet composition, and nature 
of exogenous fiber enzymes may be responsible for these inconsistencies.

In the study by Omogbenigun et al. (2004) with weanling pigs fed corn, barley, wheat- wheat 
screenings, canola meal, blood plasma, pea and soybean meal- based diets, dietary supplementation 
of multienzymes of cellulase, galactanase, mannanase, and pectinase increased fecal digestibility of 
dietary NSP from 49 to 67% and DM from 76 to 80%, respectively, and improved average daily 
gain and feed conversion efficiency without affecting average daily feed intake. Duarte et al. (2019) 
with weanling pigs (initial BW at 7.2 kg) fed corn, DDDS, blood plasma, poultry meal and soybean 
meal- based diets, dietary supplementation of xylanase alone or with protease improved average 
daily gain and jejunal morphology (i.e., increasing villus height and decreasing crypt depth), and 
reduced ileal digesta viscosity, however, did not affect feed conversion efficiency and the apparent 
ieal DM, GE, and CP digestibility. It should be pointed out that while plasma protein (3 or 3.3%) 
was used in both weanling pig studies, ZnO at the 250 ppm pharmacological level was used in the 
study by Duarte et  al. (2019), whereas no dietary antimicrobials were used in the study by 
Omogbenigun et al. (2004). Yin et al. (2018) reported that dietary supplementation of therapeutic 
aureomycin improved growth performances and gut permeability but decreased the total tract DM 
digestibility in weaning pigs fed corn-  and SBM- based diets. These studies are generally consistent 
with a literature review and a meta- analysis based study in concluding that supplementation 
with multienzyme complexes, including mannanase and xylanase alone or in combination with 
β- glucanase and/or protease, had most consistent effects on piglet growth and nutrient digestibility 
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with a mean difference improvement on the apparent total tract digestibility of GE being 1.6% in 
weaned pigs (Torres- Pitarch et al. 2017). Weaning pig gut microbiota are undergoing development, 
thus dietary supplementations of suitable exogenous fiber enzymes as well as experimental condi-
tions such as use of antimicrobials and other gut modifiers would effectively improve digestive 
utilization of dietary fiber and DM in weanling pigs. Experimental conditions such as initial BW, 
study duration, exogenous fiber enzyme stability, and use of antimicrobials may also affect experi-
mental endpoint responses and should have been designed and controlled to be relevant to industrial 
practices and further considered for comparisons between reported studies. Fan et al. (2001) shown 
that weanling pigs fed on SBM- based and semi- purified low- fiber diets with dietary NDF ranging 
from 1 to 5%, fecal DM digestibility could reach 96–92%, respectively, thus representing the high-
est possible fecal DM digestibility in weanling pigs when dietary fiber is very low or well digested. 
As indicated earlier, any improvement in GE and DM digestibility due to fiber in responses to exog-
enous fiber enzyme supplementation should have a direct impact on C balance as well to mitigate 
the negative environment impacts associated with GHS.

In the study by Ji et al. (2008) with grower pigs fed corn and soybean meal based diets, dietary 
supplementation of beta- glucanase increased fecal digestibility of total dietary fiber (TDF) from 
61 to 66% and DM from 87.4 to 88.5%, respectively. Passos et al. (2015) observed that dietary 
supplementation of xylanase increased ileal digestibility of dietary DM, OM, GE, total mineral, 
and NDF without affecting growth performance endpoints and jejunal morphology in grower 
pigs fed corn-  and SBM- based diets. This is likely due to the fact the basal diets were not 
designed to be inadequate in net energy density and limiting essential AA contents in this study 
(Passos et al. 2015). However, Liu et al. (2012) did not report significant improvement in dietary 
fiber digestibility in the wheat bran (NDF, 67–69%; and ADF, 55%) and the soybean hull (NDF, 
65–71%; and ADF, 60–62%) based diets, when the diets were supplemented with cellulase and 
xylanase in grower pigs. Ajakaiye et al. (2003) shown grower pigs fed on SBM- based and semi- 
purified low- fiber diets with dietary NDF ranging from 1 to 5%, fecal DM digestibility could 
reach 96–92%, respectively, hence representing the highest possible fecal DM digestibility in 
grower pigs when dietary fiber is very low or well digested. Therefore, inconsistent responses in 
efficacy of fiber digestibility and growth performances to various dietary supplementation of 
cellulase and hemicellulases in grower pigs are likely affected by the composition of basal diets 
and sources of dietary fiber.

As a major biofuel coproducts, DDGS have high and variable total dietary fiber contents (Stein 
and Shurson 2009; Pedersen et  al. 2014). At their established upper dietary inclusion of 30%, 
Urriola et  al. (2010) observed that the fecal digestibility values of TDF and NDF in DDGS for 
grower pigs were generally low and variable, ranging from 29 to 57% for TDF and ranging from 52 
to 66% for NDF, respectively. Soluble fiber in the DDGS and other pig feeds was low and was near 
compete digestion at the fecal levels (Urriola et al. 2010; Ji et al. 2008; Liu et al. 2012). Studies have 
been conducted to examine effects of exogenous fiber enzyme cocktails on improving efficiency of 
dietary fiber utilization in feeder pigs. Rho et al. (2018) did not observe significant improvements 
in the fecal digestibility of NDF (50–54%), DM (77–79%), and GE (79–81%) in the liquid feeding 
grower pigs fed corn and SBM- based diets with DDGS supplemented at 30% under steeping and 
exogenous fiber cocktail supplementation. Whereas Jakobsen et al. (2015) shown that fermentation 
and dietary supplementation of mixtures of xylanase and β- glucanase or cellulase and xylanase 
independently improved fecal NSP digestibility in DDGS in feeder pigs. Furthermore, Kerr et al. 
(2013) reported much low fecal digestibility values of dietary NDF (27–39%) and ADF (31–40%) 
in the weanling and grower pigs and also relatively low fecal digestibility values of dietary NDF 
(35–47%) and ADF (44–57%) in the late finisher pigs fed corn and SBM- based meal form of diets 
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with DDGS supplementation at 30%. Dietary supplementation of various exogenous cellulases and 
hemi- cellulases from a number of vendors did not improve the fecal NDF and ADF digestibility 
values in the feeder pigs and the late finisher pigs (Kerr et al. 2013). Pedersen et al. (2014) reported 
that Klason lignin content was averaged at 2.5% in DDGS samples and this lignin would be in a 
much more freed up and reactive form; and at the level, when included via DDGS at 30%, much 
higher than an anticipated lignin content in typical corn and soybean swine diets. Sewalt et  al. 
(1997) and Vermaas et al. (2015) documented that lignin could effectively bind to and precipitate 
enzymes, thereby negatively affecting cellulase and hemi- cellulase activities. Furthermore, antibi-
otic Tylan was included in the starter and finisher pigs in the study by Kerr et al. (2013), and the feed 
antibiotics could have inhibited gut symbiotic microbial growth the potential contributions of gut 
microbial cellulase and hemi- cellulase to fiber digestion, leading to the relatively low fecal fiber 
digestibility values of these pigs in their studies. Thus, relatively high dietary level of lignin or poly-
phenolic tannin associated with DDGS inclusion at 30% is likely, in part, to result in poor efficiency 
of digestive utilization of dietary fiber, DM, GE, and carbon in feeder pig feeding.

On other hand, diet type and level of dietary fiber digestive utilization also impact manure output, 
where it has been shown that an increase in dietary fiber, which if not fully digested, result in 
increased manure DM output (Graham et al. 1986; Canh et al. 1998b; Kreuzer et al. 1998; Burkhalter 
et al. 2001), which therefore has a direct impact on manure C output (Kerr et al. 2006). This has 
been most studied in diets containing DDGS (Trabue and Kerr 2014; van Weelden et al. 2016a,b; 
Saqui- Salces et al. 2017; Kerr et al. 2017, 2018) where it has been shown that there is a consistent 
increase in manure C content with DDGS inclusion in the diet. The impact of diet type on C- based 
emissions (VOC and GHG) has also been most studied in diets containing DDGS, which while 
some individual gas emissions have been shown to be affected by DDGS inclusion, there appears to 
be little to no apparent effect of DDGS addition on total C released or GHG equivalence (Trabue 
and Kerr 2014; Trabue et al. 2016; Kerr et al. 2018). Given that lignin may affect microbiota, the 
potential impact of Klason lignin level in association with DDGS inclusion in diets on biogenesis 
and emission of GHG in vivo and during post- feeding manure slurry storage in feeder pig feeding 
need to be further quantified in future studies.

Limited and inconsistent efficacy of fiber8 enzymes, including cellulases and hemi- cellulases, in 
swine diet supplementation can be generally reflected from above review, and this is further reflected 
by low market share of fiber enzymes on the global feed enzyme market (Adeola and Cowieson 2011). 
While exogenous fiber enzymes are expected to be functional in ruminal acidic pH environment in 
ruminant feeding, fiber enzyme stability has been recognized as a major limiting factor responsible 
for their limited in vivo efficacy in ruminant nutrition (Beauchemin et al. 2003; Krause et al. 2003), 
and primary hydrolytic sites of exogenous fiber enzymes would be in the small and large intestines 
in swine (Kidder and Manners 1978). Optimal exogenous fiber enzyme activity pH would range 
from slightly acidic to slightly alkaline pH in the small and large intestines in pigs (Kidder and 
Manners 1978). Resistance to irreversible inactivation by very low gastric acidic pH such as pH = 
2–4, as well as intestinal luminal proteases, including pepsin, trypsin, and chymotrypsin, would be 
desirable properties for exogenous fiber enzymes (Li et al. 2013; Wang et al. 2019). The importance 
and efficacy of exogenous fiber enzyme stability has been further demonstrated reported by Zhang 
et al. (2018) in the transgenic pigs expressing phytase alone with selected β- glucanase and xylanase 
that are stable in passaging through the gastric environment. Apart from enhanced Ca and P digest-
ibility, these transgenic pigs had improved fecal DM digestibility and growth performance end-
points including average daily gain, average daily feed intake, and feed conversion efficiency and 
shortened days to market by 19–21% when fed corn and soybean meal- based diets further supple-
mented with other agriculture by- products of wheat bran, rice bran meal, cotton seed meal, and 
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rapeseed meal (Zhang et al. 2018). Hence, development of exogenous fiber enzymes that are highly 
stable in the gastric- gut lumen environment is the future direction to further enhance their application 
efficacy in swine nutrition to mitigate C utilization efficiency.

Gut Microbiota and Utilization of Carbon Nutrients

Gut microbiota contributes to digestion and degradation of dietary carbon nutrients in pigs (Xiao 
et al. 2016). Wang et al. (2019b) carried out metagenomic analyses of fecal microbial diversity and 
restructured 360 high- quality bacterial and archaea genomes in piglets fed cereal grain- based com-
mercial type of weaning diets going through the first to the 3rd wk of weaning transition by using 
the Illumina MiSeq and the Hiseq 2500 PE125 platforms. Fecal alpha diversity was low at the start-
ing of the 21- days weaning, increased during the first wk of weaning, and reached and maintained 
its plateau at end of the two to three week of weaning (Wang et al. 2019b). And this observation is 
consistent with the report by Frese et al. (2015) that piglet fecal alpha- diversity was increased by 
weaning vs. suckling and reached its plateau at end of the two week of post- weaning by using the 
Illumina MiSeq platform. During weaning transition, while young pigs are well known to lose their 
host gut endogenous lactase hydrolytic capacity, several genera of bacteria only within the Firmicutes 
phylum, including members of Lactobacillus, Subdoligranulum, and Ruminococcus, have now been 
identified to catalog extracellular β- galactosidase (GH2 – BbgIII) and intracellular β- galactosidase 
(GH2 – BbgI, LacM, and BbgIV) or β- galactosidase (GH42 – LacA) genes (Wang et al. 2019b). 
Owing to the intrinsic limitations of (i) partial sequencing 16S rRNA gene R3/R4 regions with the 
MiSeq platform and (ii) high error rates in short- read shot gun sequencing and assembly of regions 
with repetitive sequences including rRNA operons with the Hiseq 2500 PE125 platform, taxa of 
bacteria responsible for lactose degradation were primarily identified at the genus level within the 
Firmicutes phylum, and only Lactobacillus delbrueckii was identified at the level of species with 
declining abundances during the weaning transition (Wang et al. 2019b). Xue et al. (2020) shown in 
adult rats fed excessive level of dietary lactose from 30 to 50% for three week induced colonic dys-
biosis, abnormal microbial fermentation, and disorder of ion transport in colon, leading to lactose 
intolerance and diarrhea. Bacterial degradation of lactose under the anaerobic environment of lower 
gut in vivo and swine manure slurry storage in vitro in lagoon would lead to further fermentation of 
glucose and galactose, contributing to biogenesis of volatile short- chain fatty acids (Table 20.2) and 
the typical swine odor impact, as discussed by Mackie et al. (1998). Thus Firmicutes bacteria con-
tribute to intestinal microbial lactose degradation in the weanling pigs fed dry whey powder- 
supplemented diets.

Furthermore, Firmicutes phylum of bacteria have now been characterized in weaning pig gut to 
have abundant extracellular pullulanases (GH13- Amy12) as endo- acting α- (1→6)- amylases, then 
much less abundant extracellular neopullulanase2 as endo- acting α- (1→4)- amylase as well as extra-
cellular α- (1→4)- glucan branching enzyme (GH13- GlgB) genes; and clearly, this α- (1→4)- glucan 
branching enzyme (GH13- GlgB) services as a glucanotransferase complementing to catalyze glu-
can chain conversion from the α- (1→4)- glucosidic linear linkage to the α- (1→6)- glucosidic 
branched linkage, thus effectively degrading polymer starch into gluco- oligosaccharides within the 
Firmicutes bacteria (Wang et al. 2019b). Whereas weaning pig gut Bacteroidetes phylum of bacteria 
have also harbored a distinct and more complete set of pathway genes for starch degradation, includ-
ing extracellular endo- acting α- (1→4)- amylases (GH13- Amy1 and 4) and extracellular neopullula-
nase (GH13- SusG) as endo- acting α- (1→4)/(1→6)- amylases as well as the periplasmic exo- acting 
neopullulanase (GH13- SusA) and the wide spectrum specificity periplasmic α- glucosidase 
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(GH97- SusB), thus digesting starch into free D- glucose for further catabolism by these bacteria 
(Wang et al. 2019b). The periplasmic exo- acting α- glucosidases of the Bacteroidetes phylum of 
bacteria would further cooperatively degrade gluco- oligosaccharides that are supplied through the 
hydrolysis by Firmicutes phylum of bacteria extracellular α- amylase and α- (1→4)- glucanotransferase, 
into free D- glucose (Wang et al. 2019b). Thus, Bacteroidetes phylum of bacteria could be benefited 
from Firmicutes phylum of bacteria in harvesting metabolic energy from starch in the intestinal 
environment. While young pigs are also well known to still further develop their host pancreatic 
α- amylase and the gut terminal starch digestion enzyme complex maltase- glucoamylase (MGA) 
and sucrase- isomaltase (SI) hydrolytic capacity, intestinal Firmicutes and Bacteroidetes phyla of 
bacterial starch degradation pathway enzymes, as revealed by Wang et al. (2019b), would contribute 
to additional starch digestion in weaning pigs. Bacterial fermentation of glucose derived from 
the starch degradation, under anaerobic condition of lower gut in vivo and swine manure slurry storage 
in vitro in lagoon, contributing to biogenesis of volatile short- chain fatty acids (Table 20.2) and the 
typical swine odor impact (Mackie et al. 1998). These gene- centric gut metagenomic analyses 
provide further genetic evidence for the additional prebiotic effects in weaning pigs benefited from 
feeding cereal grain- based weaning diets. Future studies need to be conducted with a sequencing 
platform for higher resolution to identify specific bacterial species and/or strains engaged in starch 
degradation within the Firmicutes and Bacteroidetes phyla.

Gut microbiota play important roles in the degradation of dietary fiber in pigs (Varel and 
Yen 1997; Xiao et al. 2016). By deep metagenome sequencing of faecal DNA from 287 pigs with 
the Illumina GAIIx and the Hiseq 2000 platforms, Xiao et al. (2016) identified 7.7 million nonre-
dundant genes representing 719 metagenomic species; and with functional metabolic pathways’ 
genes, including fiber degradation, previously found and reported in the human gut metagenomic 
catalogue by Qin et al. (2010), 96% were also present in the porcine catalogue, further supporting 
the notion to the use of porcine gut microbiome for human biomedical research. Weaning pig 
Gram- positive gut commensal Firmicutes phylum of bacteria would degrade fructan by possessing 
intracellular β- fructofuranosidase genes (ScrA/ScrB, GH32) and extracellular fructansucrase 
genes (Inu, GH68, and FruA, GH32) (Wang et al. 2019b). Within the Firmicutes phylum, e.g., 
several genera of bacteria including Subdoligranulum variabile, Faecalibacterium prausnitzii, 
Eubacterium, and unclassified Clostridiales possessed the intracellular β- fructofuranosidase 
(ScrA), while FruA, ScrB, and Inu were presented only in Lactobacilli to process ingested fructan 
in the weaning pig (Wang et al. 2019b). Bacteroidetes phylum of bacteria were also identified to 
degrade fructan in the gut by expressing β- (2→6) endo- fructanases (GH32) to act in extracellular, 
periplasmic, and intracellular spaces in the weaning pig (Wang et al. 2019b). Liu et al. (2012) 
reported that dietary supplementation of chicory root powder rich in fructose polymer inulin 
increased colonic Bacillus and Prevotella bacteria by quantitative PCR analyses. These gene- 
centric gut metagenomic analyses provide genetic evidence for the well- documented prebiotic 
effects of gut microbiota in weaning pigs utilizing fructan supplemented diets. Furthermore, bacte-
rial fermentation of fructose derived from the fructan degradation, under anaerobic condition of 
lower gut in vivo and swine manure slurry storage in vitro in lagoon, contributing to biogenesis of 
volatile short- chain fatty acids (Table 20.2) and the typical swine odor impact (Mackie et al. 1998). 
Specific porcine gut symbiotic bacteria engaged in degrading frucan and exerting frucan- based 
prebiotic effects still need to be further established at the levels of species and/or strains through 
using metagenomic platforms at a much higher resolution.

Arumugam et al. (2011) classified human gut microbiota into three main bacterial enterocyte 
phenotypes of Bacteroides as enterotype- 1, Prevotella as enterotype- 2, and Ruminococcus as ente-
rotype- 3. Several studies have further identified Prevotella genus of bacteria are more specific to 
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dietary fiber digestion in pigs. Ivarsson et al. (2014) observed ileal microbiota in grower pigs fed 
diets supplemented with different sources of pectin and arabinoxylan were significantly increased 
with Prevotella bacteria when analyzed by quantitative PCR. Burrough et al. (2015) reported that 
colonic microbiota α- diversity, i.e., bacterial richness, was not affected, whereas there was a 
decreased Firmicutes:Bacteriodetes ratio with significantly lower abundance of Lactobacillus and 
higher abundance of Prevotella, leading to increased abundances of bacterial genes involved in 
fiber degradation with postweaned pigs were fed corn and soybean meal- based diets with DDGS 
replacing corn at 30% for five week and sampled at nine week of age through sequencing the V3- V4 
region of the 16S rRNA genes using the Illumina MiSeq platforms. Mach et al. (2015) showed sig-
nificant correlations between body weight and luminal secretory IgA and fecal Prevotella abun-
dance in piglets between the ages of 14 days of suckling and 70 days of postweaning growth. In the 
study by Ramayo- Caldas et al. (2016), performances of 518 healthy large white piglets, weaned on 
cereal- based cereal grain based typical commercial diets at 28 d of age and none of their sows and 
piglets received antibiotic therapy, were measured and their fecal microbiota were characterized at 
the phylum level by pyrosequencing the V3- V4 region of the 16S rRNA gene in a Roche 454 GS 
FLX at the end of postweaning growth at ages of 60–70 days. Phylogenetic network analysis was 
applied to identify linkages between pig fecal microbiota groups at the phylum level of growth traits 
such as final body weight (BW) and average daily gain (ADG); there was a strong coexclusion (r = 
−0.67) between fecal abundances of Prevotella and Ruminococcus genera; and there was a strong 
co- occurrence (r = 0.67) between fecal abundances of Prevotella and Mitsuokella genera (PEB) 
(Ramayo- Caldas et al. 2016). Network and statistical analyses further revealed that rather than dif-
ferent α- diversity (i.e., richness of microbiota), the specific PEB genera of Prevotella and Mitsuokella 
bacteria were significantly linked to both final BW (P = 0.005) and ADG (P = 0.027) during the 
postweaning period (Ramayo- Caldas et al. 2016). Unfortunately, feed conversion, DM, and dietary 
fiber digestibility and their association with measured fecal microbiota abundances at phylum levels 
were not determined in this study. Prevotella bacteria possess abundant plant cell wall fiber degra-
dation pathway enzymes, as discussed by Burrough et al. (2015) and reported by Crespo- Piazuelo 
et al. (2019), thus weanling pigs with gut microbiota rich in Prevotella bacteria would have higher 
efficiency of dietary fiber and energy digestibility, leading to higher final BW and ADG during the 
postweaning growth.

Wang et al. (2012) established a metagenomic plasmid screening library was constructed, result-
ing in a number of screened and assembled insert sequences of fiber degradation genes likely 
derived from Prevotella bacteria in the cecal microbiota of grower pigs fed crystalline cellulose- 
enriched diets for four week. One of the identified insert novel porcine gut bacterial cellulase gene, 
referred to as p4818Cel5_2A, was overexpressed and characterized as a monomodular GH5- 
endoglucanase to exhibit relatively high activities toward a wide variety of plant cell wall polysac-
charides, including cellulosic substrates of avicel and solka- Floc® and the hemicelluloses of 
β- (1→4)/(1→3)- glucans, xyloglucan, glucomannan, and galactomannan; and hydrolysis product 
analyses further revealed that this enzyme was a processive endo- β- (1→4)- glucanase capable of 
hydrolyzing cellulose into cellobiose and cellotriose as the primary end products (Wang et al. 2019c). 
Given that this newly characterized monomodular processive GH5- endoglucanase p4818Cel5_2A 
might have been derived from Prevotella and/or Clostridia species (Wang et al. 2012, 2019c), this 
cellulase gene may be further developed to be a porcine gut microbiome biomarker to guide dietary 
and genetic strategies for enhancing dietary DM and fiber digestibility, feed conversion efficiency, 
and growth in feeder pigs. As pointed out by Wang et al. (2019c), this enzyme may also be further 
tailored as an efficient biocatalyst candidate for potential industrial application including as an 
exogenous multiproperty cellulase supplement in swine nutrition.
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On other hand, when Burrough et al. (2015) predicted significantly enhanced abundances in fecal 
microbial fiber degradation pathway genes, including cellulases and hemi- cellulases, in feeding 
postweaned pigs with diets supplemented with 30% DDGS. Furthermore, bacterial fermentation of 
glucose and hemi- cellulose sugars such as arabinose, xylose, and mannose derived from the degra-
dation of cellulose and hemi- celluloses, under anaerobic condition of lower gut in vivo and swine 
manure slurry storage in  vitro in lagoon, contributing to biogenesis of volatile short- chain fatty 
acids (Table 20.2) and the typical swine odor impact (Mackie et al. 1998). Polyphenolic lignin is 
high in fiber feeds such as DDGS and is central to crosslinking with hemicelluloses and pectin in 
the formation porosity and macrofibril structure, limiting enzyme access and causing recalcitrance 
of plant cell wall materials to biodegradation (Zhang and Lynd 2004). Huang et al. (2017) reviewed 
lignin also has antimicrobial property thus inhibiting microbial enzymes in digesting fiber in the 
gut. While contribution of anaerobic bacterial fermentation to polyphenolic lignin degradation has 
been recognized (Bugg et al. 2011; Tian et al. 2014; Xie et al. 2016), there is scarcity of lignin deg-
radation pathway enzyme genes reported in metagenomic sequencing and cataloguing studies in 
pigs (Xiao et al. 2016; Wang et al. 2019), humans (Qin et al. 2010), cows Hess et al. (2011), and 
pandas (Zhu et al. 2011). By using a metagenomic screening library, Fang et al. (2012) identified 
and characterized lignin- degrading enzyme genes encoding laccase and multicopper oxidase gene 
from panda fecal samples, suggesting the presence of lignin degrading enzymes in the gut environ-
ment. Kadosh et  al. (2020) shown that a single phenolic metabolite gallic acid, formed from 
3- dehydroshikimate derived from polyphenols by the action of the bacterial enzyme shikimate 
dehydrogenase (SDH)20 specifically from the two bacterial strains of Lactobacillus plantarum and 
Bacillus subtilis, abolishes the somatic mutant p53 protein tumor suppression activity via changes 
of binding to chromatin, affecting jejunal transcriptome pattern and causing ileum and colon of the 
study mice becoming hyperproliferative dysplasia. However, when treated with antibiotics, this gal-
lic acid effect could be effectively counteracted (Kadosh et al. 2020). These results suggest polyphe-
nols and their subsequent metabolism by microbiota could not only enhance bowel tumor formation 
risks in humans but also reduce terminal nutrient digestion and absorptive functions in food animal 
including pigs. Thus, porcine gut microbiome and microbiota can be further modulated, at specific 
bacterial species and gene levels, to further enhance swine fiber utilization, performances, and nega-
tive C impacts on environment.

The pivotal roles of gut microbiota to hosts are further defined by the concepts of gut eubiosis vs. 
dysbiosis, and these concepts have been widely reported in studies for human nutrition and health 
management. Eubiosis refers to the eubiotic status under which gut microbiota are balanced with 
beneficial bacterial species in maintaining healthy host, whereas dysbiosis is a status under which 
healthy or “good” bacteria are longer in control of colonization and proliferation of pathogenic or 
“bad” bacteria, thus leading to negative health development in host (Iebba et al. 2016). With pyrose-
quencing and Illumina- based MiSeq partial sequencing of 16S rRNA genes, changes in bacterial 
taxonomy, as affected by gut dysbiosis, are characterized at the phylum level and the identified ones 
are mainly Firmicutes, Bacteroidetes, and Proteobacteria. Gut dysbiosis, as approximately indi-
cated by increasing Firmicutes/Bacteroidetes ratio, has been associated with human obesity (Ley 
et al. 2006; Costantini et al. 2017). Out of the Firmicutes phylum, Clostridium difficile has been 
recognized as the opportunistic pathogenic bacterial species that can cause symptoms ranging from 
diarrhea to life- threatening inflammation of the colon in humans (Mylonakis et  al.  2001; Iebba 
et al. 2016). As a major genus in the Bacteroidetes phylum, there is a large number of Prevotella 
bacteria spp., and they play important roles in fiber degradation, whereas some Prevotella bac-
teria spp. are intestinal pathobionts (Precup and Vodnar 2019). For example, Prevotella copri is 
recognized for the development of chronic inflammatory diseases such as rheumatoid arthritis 
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(Larsen 2017; Maeda and Takeda 2019). Under this context, as analyzed by fecal shotgun metagenomics, 
Zhao et al. (2018) conducted a randomized human clinical study and identified 15 most relevant 
positive bacterial responders in promoting short- chain fatty acid production and attenuating type- 2 
diabetes mellitus (T2DM) marked by improvement in hemoglobin A1c levels partly via increasing 
glucagon- like peptide- 1 production. Their identified 15 most relevant positive bacterial responders 
for managing T2DM include two Bifidobacterium spp. under the Actinobacteria phylum occupying 
the two top spots, 12 species all within the Firmicutes phylum and only one Sutterella sp. within the 
Proteobacteria phylum (Zhao et al. 2018). They further shown that enhancing these T2DM- positive 
bacterial responders decreased bacterial producers of the metabolically and environmentally (i.e., 
odor impact) detrimental compounds such as indole and hydrogen sulfide (Zhao et al. 2018). Thus, 
bacterial contributions to the modulation of gut dysbiosis for eubiosis and improving host physio-
logical functions and health status need to be clarified and established at level of species and/or 
strains.

Gut dysbiosis, as induced by high- fat feeding in the mice model, increased the proportion of an 
LPS- containing microbiota in the gut and caused mild increases (1.5–3 folds) in plasma LPS con-
centration two to three times, resulting in low- grade metabolic endotoxemia (Cani et al. 2007) and 
inflammation via the glucagon- like polypeptide- 2 (GLP- 2) (Cani et al. 2008, 2009) and initiating 
metabolic syndromes such as obesity and insulin resistance (Cani et al. 2007, 2012). In contrast, 
Boutagy et al. (2016) reviewed that under sepsis caused by pathogenic bacterial infections, circulat-
ing blood plasma LPS would reach to 10–50 times higher than the plasma LPS activity level of the 
metabolic endotoxemia defined by Cani et  al. (2007). Gram- negative rather than Gram- positive 
bacteria have been recognized as a source of endotoxin (Mani et al. 2012; Fan and Archbold 2015; 
Boutagy et al. 2016). The determination of endotoxin activity in blood circulation and biological 
samples is quantitatively conducted by the limulus amebocyte lysate (LAL) based chromogenic 
method (Munford 2016). Endotoxin activity (EU) is an arbitrarily defined unit and indicates endo-
toxicity in analyzed biological samples (EU/mL or g). The FDA (2015) has defined 1 EU of endo-
toxin activity is equal to one International Units (IU) and represents the activity contained in 0.2 ng 
of the pure endotoxin from the U.S. Reference Standard Endotoxin Lot EC- 2 (USP standard refer-
ence material). Munford (2016) reviewed that most vendors of endotoxin assay kits include their 
own preparation of an E. coli LPS as the assay standard, practically, at 1 EU = 0.067–0.100 ng LPS 
(∼0.25 pmol, assuming average LPS molecular weight at = ∼4000). For example, Kaliannan et al. 
(2013) adopted the GenScript assay kit in their study, in which 1 EU = 0.10 ng of E. coli LPS 
or equivalent to the amount of LPS present in approximately 105 E. coli bacteria (GenScript 2019). 
A careful review of endotoxemia research literature has shown that most authors would indicate their 
vendors of the LAL- based chromogenic endotoxin assay kits but would not define their endotoxin 
activity unit. Furthermore, Kaliannan et al. (2013) demonstrated in rodents that intestinal alkaline 
phosphatase (AP) could effectively detoxify endotoxin and prevent metabolic syndrome associated 
with metabolic endotoxemia, and this was also achieved through modulating gut microflora (Malo 
et al. 2010; Lallès 2014). Kaliannan et al. (2015) again in rodents shown that omega- 3 polyunsatu-
rated fatty acids and multiwide spectrum antibiotics could also attenuate metabolic endotoxemia 
and systemic inflammation for human health management through modulation of gut AP function-
ality. Economopoulos et al. (2016) in a mice model study shown that early childhood exposure to 
antibiotics causing metabolic syndrome later on in adulthood was associated alternations in gut 
microbiota, and this occurrence could be effectively prevented through orally coadministrating 
exogenous AP, suggesting that gut endogenous AP is not sufficient to prevent gut dysbiosis caused 
by antibiotics treatment. Fuke et al. (2019) reviewed various dietary factors in the regulation of 
systemic endotoxemia. Gut dysbiosis- induced endotoxemia and systemic inflammation would have 
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implications in affecting growth and efficiency of nutrient utilization in pigs (Gabler and 
Spurlock 2008; Mani et al. 2012). Roles of gut endogenous and exogenous AP and dietary factors 
in modulation of host gut dysbiosis and whole- body physiology are further illustrated in Figure 20.3. 
More research is needed to quantify potential impacts of gut dysbiosis- associated metabolic endo-
toxemia on C utilization efficiency in pork production.

Several lines of evidence suggest that pigs, particularly young pigs during weaning transition, are 
susceptible to develop and experience gut dysbiosis, metabolic endotoxemia, systemic inflamma-
tion, and various adverse physiological responses. First, when analyzed at the fecal level, majority 
of the bacteria in the pig intestinal microbiota are from the two Phyla of Firmicutes and Bacteroidetes 
(Isaacson and Kim 2012; Frese et al. 2015; Slifierz et al. 2015; Zhao et al. 2015; Xiao et al. 2016). 
And there are clear and distinct postnatal differences and changes in composition of microbiota 
along the longitudinal axis from the proximal to the end of the intestine with ileum and cecum hav-
ing a relatively high percentage of bacteria in the phylum Proteobacterium such as Enterobacteriaceae, 
a large family of pathogenic bacteria, including well- known pathogens such as Escherichia coli and 
Salmonella existing in young (suckling and weanling) pigs vs. postweaned feeder (grower- finisher) 
pigs (Isaacson and Kim 2012; Fouhse et al. 2015; Slifierz et al. 2015; Zhao et al. 2015; Crespo- Piazuelo 
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Figure 20.3 Proposed mechanistic contributions of exogenous alkaline phosphatases (AP), intestinal endogenous AP, and gut 
symbiotic bacterial origins of AP as essential gut modifiers primarily to (1) the digestive dephosphorylation of proinflammatory 
pathogen- associated molecular patterns (PAMPs) compounds, including endotoxins of lipopolysaccharides (LPS) and deactivation 
of their binding to cell membrane surface toll- like receptors (e.g., TLR4) and signaling intracellular nucleotide- binding 
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GTP) in diversifying gut luminal microbiota, preventing dysbiosis, altering bile acid metabolism and regulatory roles, and exerting 
prebiotic effects and secondarily to (2) modulation of gut epithelial tight junction (TJ) paracellular permeability, nuclear factor 
kappa- light- chain- enhancer of activated B cells (NF- κB) based gut local and systemic inflammation, naïve (e.g., via cytotoxic CD4 
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et al. 2018). Thus, young pigs especially weaning pigs are vulnerable to gut dysbiosis in colonizing 
pathogenic bacteria and developing diarrhea and growth check (Lackeyram et al. 2010). Second, 
Laugerette et al. (2015) optimally measured and compared endotoxin activity in a large number of 
plasma samples in healthy fasting and postprandial pigs (8.5 ± 1.3 EU/mL, n = 186); rodents (0.9 ± 
0.2 EU/mL, n = 295); and humans (0.73 ± 0.05 EU/mL, n = 903). Clearly, the porcine plasma endo-
toxin activity is several folds of the values measured in the rodents and humans under the same 
condition (Laugerette et al. 2015). Plasma endotoxin activity was reported at 4–5 EU/mL and at 
about 8 EU/mL under the rodent metabolic endotoxemia status induced by high- fat feeding and/or 
LPS injection (Cani et al. 2007; Kaliannan et al. 2013). Metabolic endotoxemia is defined to be two 
to three times of higher endotoxin activity than a normal level (Kaliannan et al. 2013). Comparatively, 
the study by Laugerette et al. (2015) supports the notion that pigs, as a species, experience spontane-
ous low- grade metabolic endotoxin in comparisons with rodents and humans, and the porcine 
results of this study are consistent with the porcine studies by Mani et al. (2013a,b) with plasma 
endotoxin activity analyzed by using the rFC- based fluorescence assay. Third, studies by Burello 
et al. (2017, 2019) and Kiffer- Moreira et al. (2014) collectively point to the fact that porcine gut AP 
enzyme affinity is much lower (i.e., having a larger K

m
 value) in comparison with humans in hydro-

lyzing natural substrates such as LPS and triphosphate nucleotides (e.g., ATP), thus leading to 
spontaneous metabolic endotoxin. Finally, weaning transition reduced gut AP enzyme affinity and 
capacity, contributing to gut dysbiosis and development of diarrhea and growth check in young pigs 
(Lackeyram et al. 2010). Through chronic challenges with extra LPS injections to mimic pathogenic 
bacterial infectious inflammation, Campos et al. (2014) and Huntley et al. (2018) demonstrated that 
weaned and grower pigs did not show changes in DM and energy digestibility, however, experi-
enced decreases in feed intake and energy deposition with increases in ME requirements for main-
tenance under immune activation and inflammation. Furthermore, Mani et al. (2013b) shown that 
pigs in the genetic line divergently selected for low residual feed intake and high feed conversion 
efficiency were associated with significantly low plasma endotoxin activity as well ileal and hepatic 
AP activity in contrasting to pigs in the high residual feed intake genetic line analyzed by using the 
recombinant Factor C (rFC)- based fluorescence assay kit, while endotoxin activity unit EU was not 
defined in terms of equivalent to what amount of free LPS in the study. This study further shown 
that pigs of the high residual feed intake genetic line were associated with gut- dysbiosis derived 
metabolic endotoxemia marked by several folds of higher plasma endotoxin activity, suggesting 
porcine pan- genomic controlling components (Mani et al. 2013a). This rFC- based assay is rela-
tively new and has been approved by FDA for pharm industry application since 2018, and thus is 
believed to be environmentally more sustainable than the classic LAL- based assay (Piehler 
et al. 2020). Piehler et al. (2020) compared both the LAL-  and the rFC- based endotoxin activity 
assays and concluded that the rFC- based assay was reliable and suitable for routine bacterial endo-
toxin testing. Therefore, dietary, genomic, and metagenomic strategies can be collectively devel-
oped to mitigate porcine gut dysbiosis, metabolic endotoxemia, efficiency of pork production, and 
C footprint impacts on environment.

Pathogenic bacteria mediate their effects through the pathogen- associated molecular pattern 
(PAMPs, e.g., LPS, ATP) compounds’ direct interactions, as typical physiological ligands, with 
cellular membrane surface toll- like receptors (e.g., TLR4) and the intracellular NOD receptors 
(NLRs) (Shaw et al. 2008), exerting proinflammatory and immune responses and causing infec-
tious diseases (Poltorak et al. 1998; Lallès 2010; Fan and Archbold 2015). Intestinal endogenous 
AP is found on the apical membrane of the small and the large intestines and plays essential roles 
in protecting gut health through catalysis of hydrolytic dephosphorylation of gut luminal endo-
toxin LPS (Poelstra et al. 1997), ultimately detoxifying endotoxins, preventing gut dysbiosis 
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and disorders, and maintaining whole- body normal metabolism (Kaliannan et  al. 2013; Estaki 
et al. 2014). Deficiency in intestinal endogenous AP activity leads to chronic bowel inflammatory 
disorders (Bilski et al. 2017). Exogenous recombinant bovine and human gut AP supplements in 
their coated forms have been developed and used in rodent studies and human clinical research for 
various human health management therapeutic purposes (Eriksson et al. 2003; Estaki et al. 2014; 
Fawley and Gourlay  2016; Rader  2017). Several lines of evidence from rodent studies using 
knock- out mice in combination with exogenous recombinant AP supplementation demonstrated 
that endogenous and/or exogenous AP could effectively prevent gut dysbiosis by enhancing com-
mensal bacterial population, particularly the gram- positive Firmicutes phyla of bacteria, and 
reducing proliferation of specific pathogenic bacteria (Malo et  al.  2010,  2014). As shown in 
Figure  20.3, gut symbiotic bacteria also contribute to the overall AP activity in the lumen 
(Malo 2015); however, this bacterial AP activity is mainly from the gram- negative but not the 
gram- positive bacteria (Cheng and Costerton 1977). It was further demonstrated that endogenous 
and exogenous AP did not directly kill gram- negative bacteria (Malo et  al.  2010). Rather, AP 
enzymes indirectly exert their impact on diversifying gut commensal bacterial populations while 
reducing pathogenic bacterial population through enzymatically decreasing luminal concentra-
tions of ATP and other nucleotide triphosphates (Lallès 2014; Malo et al. 2014). However, exact 
working biological mechanisms of AP in restoring and maintaining gut eubiosis remain to be fur-
ther elucidated. Meanwhile, there is a scarcity of reports of using metagenomic analyses such as 
shotgun sequencing and full- length 16S rRNA gene sequencing for quantifying gut microbiota 
responses at the bacterial species and strain levels in animals and humans receiving exogenous AP 
supplementation orally.

However, exogenous recombinant bovine and human AP supplements currently available on the 
market will not be feasible for potential commercial application in swine and other livestock appli-
cations for several reasons. First, these mammalian recombinant AP enzymes are not thermo- stable, 
and majority of these enzyme activities would be lost during the feed pelleting temperature and 
duration (e.g., 80–90 °C for 7–10 minutes) (Fan and Archbold 2015). Second, these mammalian 
recombinant AP enzymes are gastric acidic pH and gastric pepsin labile and would lose their activi-
ties during the passage through the gastric phase (Eriksson et  al.  2003; Millán  2006b; Fan and 
Archbold 2015; Archbold et al. 2017). Third, although recombinant bovine AP are very high in their 
activities, their enzyme affinity is relatively very low and are effectively inhibited by luminal free 
L- Phe (Millán 2006a; Millán 2006b). Thus, these facts are rendering these bovine and human exog-
enous AP enzymes from being effective in detoxification of physiological levels of proinflamma-
tory molecules including LPS, flagellin, and nucleotides triphosphate (e.g., ATP) as well as in 
restoring and maintaining gut eubiosis in the porcine gut lumen.

Exogenous recombinant AP supplements have been conceptually recognized to complement the 
porcine gut endogenous AP functional deficiency, including AP contributions from the gut symbi-
otic bacteria as shown in Figure 20.3, particularly in weanling pigs (Fan and Archbold 2015; Melo 
et al. 2016). However, there is a scarcity of reported research on the application of exogenous feed 
AP in weanling swine nutrition. Other commercially available feed phosphatases such as microbial 
phytases are specific to the degradation of phytate but not biochemically effective for the 
dephosphorylation- based detoxification of endotoxin for attenuating metabolic endotoxemia, as 
analyzed by using the chromogenic substrate p- nitrophenyl phosphate for assessing phytase for AP 
functional kinetics (Forsberg et al. 2014). Moreover, microbial phytases are typically only func-
tional under the gastric acidic environment and will lose most of their activity once moved into the 
small and the large intestinal lumen, thus not expected to play significant physiological roles as AP 
in the gut. Therefore, it is imperative to develop functional exogenous recombinant AP as 
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potentially novel feed enzyme gut modifiers to enhance gut eubiosis, physiology, as well as feed 
conversion efficiency and performances in pigs especially weanling pigs.

Alternatively, dietary long- chain omega- 3 polyunsaturated fatty acids (ω- 3- PUFA) have been 
reported to positively modulate gut AP functionality=, dysbiosis, and enhance physiology with 
implications for both human health management and pig nutrition and pork production (Costantini 
et  al.  2017; Holscher  2020). Dietary inclusion of ω- 3- PUFA has been documented to regulate 
whole- body physiology through conversion into bioactive autacoids, including the resolvins E 
series, the resolvins D series, and protectins in various types of cells (Calder  2012; Fan 2013). 
Resolvins and protectins are very potent cellular regulators and are anti- inflammatory and can 
resolve inflammation via cell membrane surface and intracellular receptors partly through regulat-
ing gut AP functionality and microbiota (Calder 2012; Fan 2013). In rodent models, Campbell et al. 
(2010) showed that resolvin- E1 derived from ω- 3- PUFA could effectively attenuated bowel inflam-
matory responses through enhancing gut AP functionality, while Kaliannan et al. (2015) demon-
strated that increased dietary ω- 3- PUFA contents and their ratios to ω- 6- PUFA were effective to 
manage metabolic endotoxemia and low- grade systemic inflammation associated with gut dysbio-
sis by upregulating gut AP expression, which could also be manifested by the use of a wide spec-
trum of antibiotic treatment. However, in the human clinical study by Watson et al. (2018), daily 
ingestion of 4 g of ω- 3- PUFA for 8 wk in healthy middle- aged volunteers did not affect gut bacterial 
diversity and microbiota composition. In contrast, Kaliannan et al. (2015) in the transgenic mice 
study shown that ω- 3- PUFA could attenuate metabolic syndrome endpoints associated with meta-
bolic endotoxemia and systemic inflammation for human health management through effectively 
enhancing gut AP functionality and suppressing gut LPS- producing bacteria identified at the phy-
lum level. Call et al. (2020) in a preterm porcine parenteral nutrition model observed that the inclu-
sion of ω- 3- PUFA lipids could re- shape hepatic- gut bile acid pools and prevent cholestasis; however, 
rather than analyzing microbiota change responses in the bile duct exit in the duodenal region, they 
conducted the MiSeq- based colonic digesta microbiota profiling and reported decreases in relative 
abundance of several Firmicutes Phylum Gram- positive anaerobes, including Clostridrium XIVa, 
and higher abundance of Gram- negative Enterobacteriaceae bacteria in the phylum Proteobacterium. 
Furthermore, gut microbiota and microbiome have been targeted for developing immune- based 
therapies for some of the critical human diseases including auto- immune diseases and cancers 
(Cryan et al. 2019; Honda and Littman 2016; Helmink et al. 2019; Skelly et al. 2019); however, 
limited research has been reported to investigate roles of ω- 3- PUFA in the treatment of these critical 
illness beyond the metabolic diseases. More human clinical studies in this topic area will help fur-
ther elucidate optimal dietary levels and ω- 3/ω- 3- PUFA ratios in both human health management 
swine nutrition and pork production applications.

Several studies have been conducted to investigate effects of dietary inclusion of ω- 3- PUFA on 
pig nutrition, performances, and physiological responses. Bazinet et al. (2003) reported that dietary 
inclusion of ω- 3- PUFA reduced whole- body C- 18 fatty acid oxidation but did not affect perfor-
mance endpoints in segregated early- weaned pig responses. Huber et al. (2018) reported that dietary 
inclusion of ω- 3- PUFA variable from fish oil (1.25–5%) did not improve growth performance, 
plasma acute- phase protein, and jejunal morphology endpoints in weanling pigs. Lee et al. (2019) 
reported that dietary inclusion of ω- 3- PUFA variable from fish oil and oil (at 1.25) from algae sup-
plement did not improve growth performances in weanling pigs. In contrast, Mani et al. (2013a) 
shown that dietary inclusion of ω- 3- PUFA could reduce postprandial plasma endotoxemia by 50% 
partly through blocking transepithelial LPS transport but they did not report performance changes. 
McAfee et al. (2019) in a sow to weaning pig study shown dietary inclusion of gradient levels of 
ω- 3- PUFA from a well- protected commercial fish oil (0–1%) supplemental product Gromega and 
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at 1% dietary inclusion, d- 3  weaning pig BW and some plasma physiological endpoints were 
improved, and ethoxyquin as the antioxidant was also included in their study diets. Gut AP expres-
sion and microbiota responses were not examined in the above reviewed pig studies. Several dis-
crepancies in experimental conditions may be responsible for the inconsistent responses to the 
dietary inclusion of ω- 3- PUFA in the pig studies. Anti- oxidation protection of their testing oil 
sources was not described and it appeared to be that oils were mixed with their study diets daily in 
the study by Mani et al. (2013a). Dietary supplementation of vitamin E was used to preserve ω- 3- 
PUFA in the weanling pig studies (Huber et al. 2018; Lee et al. 2019). Dietary inclusion levels and 
ratios of ω- 6/ω- 3- PUFA were variable and seemed yet to be optimized for enhancing swine gut and 
whole body physiology and nutrition. Roszkos et al. (2020) reviewed that ω- 6/ω- 3- PUFA share the 
same biochemical pathway for their elongation, justifying the notion to establish an optimal dietary 
ratios of ω- 6/ω- 3- PUFA. While transgenic pigs capable of synthesizing ω- 3- PUFA have been devel-
oped Lai et al. (2006), their commercial application for pork production may be limited by the regu-
latory approval process. While flaxseed and algae are the practical sources of ω- 3- PUFA in swine 
nutrition application and effective antioxidation protection are warranted in diet formulation (Lai 
et al. 2006), Gromega is the well protected and commercially available feed grade ω- 3- PUFA sup-
plement (McAfee et al. 2019). Thus, further research is needed to establish the potential role and 
efficacy of ω- 3- PUFA in the modulation of porcine gut dysbiosis, physiology, nutrition, and perfor-
mances also for counteracting footprint of intensive pork production on environment.

Other feed additives (e.g., acidifiers, minerals, pre-  and probiotics, direct- fed microbials, and 
plant extracts) may also have an effect on gut microbiota, intestinal fermentation, and total tract GE 
and nutrient (e.g., DM) digestibility (Fan 2013; Liu et al. 2018), but these effects have not been well 
quantified. A unique seaweed, classified as red macroalgae Asparagopsis taxiformis, has been dem-
onstrated effective in modulating rumen microbiota and reducing methane (CH

4
) production and 

emission as a feed additive in cattle feeding (Roque et al. 2019). Future research should be carried 
out to examine the potential of this red macroalgae Asparagopsis taxiformis- based seaweed as a 
functional supplement in swine nutrition and feedings and its efficacy on mitigating biogenesis and 
emission of methane from swine manure slurry resulted from feeding this supplement in swine 
manure storage facilities.

Nitrogen Nutrient Utilization and Environment Impacts

Efficiency of N utilization, including N intake, excretion, and retention, is one of the most studied 
nutrients in swine nutrition. Retention of dietary N in the body is far from 100% efficient, ranging 
from 30 to 60% of N intake (Table 20.3), with pigs consuming diets formulated to be highly digest-
ible and with amino acid levels closely matching their respective requirements resulting in the high-
est level of N efficiency, while pigs consuming practical diets are reflective of lower levels of N 
retention (Chung and Baker 1992; Kirchgessner et al. 1994; Otto et al. 2003a; van Kempen et al. 
2003; van Milgen and Dourmad 2015). Of the N that excreted, approximately 30% is excreted in the 
feces, including the gastrointestinal endogenous N, and 70% N excreted in the urine. Factors that 
can influence the digestion and retention of dietary N include both dietary (diet composition, exog-
enous enzymes, crystalline amino acids, feed processing, and exogenous feed additives) and animal 
(pig age or BW, gender, genetic background, stage of production, health, and environmental condi-
tions) effects. Several detrimental environmental aspects associated N nutrients are illustrated in 
Figure 20.1, including NH

3
 and N

x
O emission during swine manure slurry storage as well as exces-

sive nitrate leaching resulted from swine manure soil application (Mackie et  al.  1998; Fan 
et al. 2006). Microbial catabolism of tryptophan contributes to the biogenesis and manure emission 
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of the N- containing key- odor volatile compounds of indole and 3- methyl indole, as summarized in 
Table 20.3, while microbial catabolism of phenylalanine and tyrosine leads to other odor- causing 
volatile compounds cresol phenols (Mackie et al. 1998; Rideout et al. 2004). In addition, host and 
microbial catabolism of nitrogenous S- amino acids cysteine and methionine as well as other organic 
nitrogenous S- compounds leads to volatile and toxic sulfides as compiled in Table 20.3 and reviewed 
by Mackie et al. (1998) and Carbonero et al. (2012). Thus, inefficient utilization of nitrogenous 
nutrients bears important negative impacts on environment.

Digestive Utilization of Nitrogen Nutrients

A wide variety of ingredients can be used in feed formulation relative to their price in relation to 
their digestible AA content in addition to how different ingredients and their nutritional profile 
complement each other to meet the nutritional needs of an animal (NRC 2012). As expected, it is 
possible to increase the digestibility of the diet, and thus reduce fecal N loss, through the use of 
ingredients that are highly digestible (e.g., skim milk, soy isolates, and plasma proteins) in contrast 
to ingredients that are less digestible (e.g., heat- damaged proteins). This is limited, however, because 

Table 20.3 Estimation of percentages of nutrient flows in swine production (% of intake)a.

Nutrient elements

Partitioning (%) of nutrient flow

Body Respiration Manure Gas

Energy nutrient elements
Carbonb,c 20 55 10 15
Nitrogend,e 35 Neg 25 40
Sulfurf–i 40 Neg 55 5
Macromineral elements
Calciume,f,j,k 55–67 Neg 33–45 Neg
Phosphoruse,f,j,k 39–67 Neg 33–61 Neg
Magnesiumj 29–38 Neg 62–71 Neg
Sodiumk 15 Neg 85 Neg
Potassiumk 10 Neg 90 Neg
Micromineral elements
Coppere,j,l 0–48 Neg 52–100 Neg
Ironk,l 16–46 Neg 54–84 Neg
Manganesej–l 23–42 Neg 58–77 Neg
Zincj–l 4–50 Neg 50–96 Neg

a Neg = negligible.
b Kerr et al. (2006).
c Kerr et al. (2018).
d Kirchgessner et al. (1991).
e Li et al. (2011).
f Trabue et al. (2016).
g Trabue et al. (2014).
h Trabue et al. (2019a).
i Trabue et al. (2019b).
j Adeola (1995).
k Forsberg et al. (2013).
l Liu et al. (2014).
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of their cost compared to other feedstuffs and potential limitations to use in the diet (e.g., high whey 
in finishing pigs, high fiber in nursery pigs). Fiber associated with plant feed ingredients limits true 
ileal CP and AA digestibility (Fan and Sauer  2002; Fan et  al.  2006). Surprisingly, Adeola and 
Ragland (2016) and Rho et al. (2017) reported much higher standardized ileal CP and AA digesti-
bility values in conventional DDGS and high- CP DDGS than the values reported in DDGC and 
other coproducts in the study by Soares et al. (2012), as well as higher and/or comparable true ileal 
CP and AA digestibility values in SBM in the study by Fan et al. (1995) for growing pigs. The 
determination of standardized ileal CP and AA digestibility values obtained through measuring the 
basal ileal CP and AA endogenous outputs by using a N- free low- fiber diet would, in principle, have 
led to underestimated rather than overestimated ileal CP and AA digestibility values in the studies 
by Soares et al. (2012), Adeola and Ragland (2016), and Rho et al. (2017). Crosbie et al. (2020) 
reported standardized ileal CP and AA digestibility values in insect larvae meals and slightly lower 
than the standardized and/or true ileal CP and AA digestibility values in SBM (Fan et al. 1995; 
NRC 1998, 2012). Thus, intrinsic factors and differences in research conditions may be causing 
discrepancies in the determination of ileal CP and AA digestibility values among feed ingredients.

Prescribed therapeutic antimicrobials are used in swine industry. Fan et al. (2020) attempted to 
improve understanding of the modes of action of in- feed therapeutic antibiotics in improving gut 
health and growth performance of weaning pigs by examining effects of dietary supplementation of 
therapeutic aureomycin on the ileal CP and AA digestibility, the intestinal terminal protein gut ter-
minal protein hydrolase aminopeptidase N (APN) activity kinetics and the APN gene in weaning 
pigs fed crystalline Lys- supplemented corn and SBM-  based low- CP diets. Their results suggest that 
dietary improved growth performances of weaning pigs by dietary therapeutic aureomycin were not 
attributed to improved efficiency of the digestive and postabsorptive utilization of dietary CP, and 
increased apparent ileal Lys digestibility was noted independent of the gut terminal protein hydro-
lase APN kinetics as well as the APN and the cationic AA transporter- 1 (CAT- 1) protein expression 
at protein and mRNA abundances (Fan et al. 2020). Both porcine epidemic diarrhea virus (PEDV) 
and gastroenteritis virus (TGEV) are transmissible viruses of high morbidity and mortality in neo-
natal and weanling pigs, and APN has been recognized as the gut enterocytic apical membrane 
receptor for both PEDV and TGEV Whitworth et al. 2019). Thus, the lack of effects of dietary sup-
plementation of therapeutic aureomycin on the small intestinal APN kinetics and gene expression, 
indicating that therapeutic aureomycin would have no efficacy against PEDV and TGEV infection 
in young pigs.

One method to improve the digestibility of the diet is through the utilization of exogenous 
enzymes. While most commercially available enzymes are targeted toward improving the digesti-
bility of fiber- based complexes (Bedford and Schulze 1998; Kerr and Shurson 2013), specifically 
targeting proteins with proteases has shown promise. Omogbenigun et al. (2004) shown that dietary 
supplementation of proteases with multicarbohydrate enzymes in weanling pigs fed cereal grain, 
canola meal, and soybean meal- based diets with wheat- by- products increased the apparent ileal CP 
digestibility and improved growth performance end points. Zuo et al. (2015) reported dietary exog-
enous protease supplementation increased growth performances, gut development, total tract pro-
tein digestibility, and gut health status of weaned piglets when fed low- digestible plant protein 
supplements. As reviewed by Lee et al. (2018), the addition of a protease in diets not containing 
other enzymes was shown to improve the apparent ileal AA digestibility for most AA and resulted 
in an improvement in feed efficiency. When other enzymes were added to the diet, however, the 
benefit of the added protease is negligible (Lee et al. 2018). Hence, if a diet is already formulated 
with good- quality ingredients high in AA digestibility in feeder pigs, the benefit of the added pro-
tease may be limited.
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Jeon et al. (2019) shown that dietary supplementation of beta- mannanase improved standardized 
ileal digestibility of some essential AA and growth performances in grower pigs. In contrast, Ji et al. 
(2008) did not observe improvement in the standardized ileal CP and AA digestibility in growing 
pigs supplemented with combined protease and beta- glucanase. In the multienzyme transgenic pig 
study by Zhang et al. (2019), the coexpression of NSP enzymes of beta- glucanase and xylanase with 
phytase not only improved total tract mineral digestibility but also improved total tract CP digesti-
bility, leading to significant improvement in growth performances and days required to reaching 
market BW in feeder pigs fed agriculture by- product- based high- fiber diets. Tessier et al. (2020) in 
the rodent study using 15N and 2H intrinsic labeling demonstrated that sunflower protein isolate after 
removal of fiber had real CP and AA digestibility (at about 97%) similar to goat whey protein. Thus, 
fiber intrinsically limits ileal CP and AA digestibility in plant feeds. Ingredient processing for fiber 
removal and use of efficacious exogenous NSP enzymes would further improve ileal CP and AA 
digestibility in plant feeds.

Postdigestive Utilization of Nitrogen Nutrients

While excess AA have minimal effects on pig performance, they can have a large influence on N 
loss because excess AA are not stored but are deaminated in the body and their N component 
excreted as urinary urea (Kerr and Easter 1995; NRC 2012). Thus, a key to minimizing N loss is to 
supply N (i.e., AA) as closely to their requirement as possible for productive purposes. While this 
appears to be a seemingly easy task, on a practical basis, this can be a challenge due to differences 
in AA requirements at specific points in time (e.g., lean tissue gain, maintenance, milk, conceptus, 
immune functions, etc.) over the life of an animal and due to the biological variation between ani-
mals and groups of animals for each parameter of interest (NRC 2012). Given these challenges, the 
most common approach to determining a specific AA is a modeling approach. To this end, an enor-
mous amount of research time and effort has been taken to estimate digestible AA requirements for 
swine based on maintenance, lean deposition rates, growth patterns, dietary fiber levels, and health 
status as summarized by the Committee on Nutritional Requirement of Swine in 2012 (NRC 2012). 
Once specific AA requirements are known, it is then through the feed that these needs must be met, 
which for AA, standardized ileal AA digestibility has a distinct advantage over total or fecal AA 
digestibility (Stein et al. 2007; NRC 2012). Consequently, extensive research and a summary of that 
research has reported the digestibility of AA in many feed ingredients (NRC 2012). In addition, 
there has been a tremendous increase in the availability of crystalline AA (isoleucine, lysine, 
methionine, threonine, tryptophan, and valine) which are 100% available for metabolic purposes 
(Leibholz et al. 1986; Izquierdo et al. 1988), and depending upon prices relative to other feedstuffs, 
can be used in diet formulation to closely match diet composition to animal needs. Thus, the linkage 
of known requirements with an understanding of the digestible AA concentration of feed ingredi-
ents can improve the ability to meet needs for all AA, while potentially minimizing excess AA 
intake which will ultimately minimize N excretion.

Fates of postdigestive utilization of absorbed CP compounds, including AA and non- AA nitrog-
enous compounds such as nucleotides, are the gastrointestinal endogenous fecal excretion, nonre-
versible catabolism in providing ATP, and excretion as NH

3
 and urea as well as various biosynthesis 

(Fan et al. 2006). Visceral organs use disproportionally large amounts of absorbed CP compounds 
to support their active metabolism, referred to as first- pass and first- priority utilization and metabo-
lism (Fan et al. 2006). Environmental, nutritional, and physiological stressors can effectively affect 
visceral organ metabolism, thus remodeling and shifting whole body requirements for digestible CP 
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and AA. As compared in Table 20.4, fractional synthesis rates (FSR) of hepatic and other visceral 
organs were dramatically augmented in 24- day- old weaning pigs fed a corn and soybean meal- 
based diet experiencing an experimental recovery jugular catheterization surgical trauma 
(Bregendahl et al. 2004, 2008), indicating this physiological stressor would dramatically enhance 
CP and AA required for maintenance in pigs. For example, when shifting grower pigs from SBM- 
based diet to high- fiber hulled barley- based diets, their distal ileal endogenous Thr and Met losses 
were increased from 5 – 12% to 31% of the NRC (1998) recommended true ileal digestible Thr and 
Met requirements, whereas their distal ileal endogenous CP AND Lys losses were only augmented 
from 5–8% to 17–18% of the NRC (1998) recommended true ileal digestible CP and Lys require-
ments (Fan and Sauer 2002; Fan et al. 2006). These comparisons are consistent with the portal tracer 
balance study by Stoll et al. (1998) in showing more than 50% of the enteral Met and Thr intake was 
first- pass utilized by the viscera in pigs. Cemin et al. (2018) shown that His requirement in terms of 
its ratio to dietary Lys was 31%, lower in weanling pigs fed crystalline AA supplemented and low- 
SBM diets than the 34% compiled by NRC (2012) for weanling pigs fed corn- SBM- based diets. 
These comparisons suggest that dietary digestible essential AA requirements may need to be much 
higher in pigs fed high- fiber by- products based diets or altered if compositions of basal diets are 
different, compared with the AA requirements for pigs fed corn- SBM- based diets that NRC 
(1998, 2012) are based on.

In this context, Yap et  al. (2020) demonstrated that limitation of dietary essential AA supply, 
particularly Thr and Trp, would sensitively affect whole body metabolic status likely due to their 
essential regulatory roles. Since December 2018, Canada and US pork industry has banned the 

Table 20.4 Comparisons of fractional synthesis rates (FSR) of hepatic and other visceral organs in 24- day- old weaning pigs 
fed a corn and soybean meal- based diet receiving vs. not receiving the experimental recovery jugular catheterization surgical 
trauma.

FSR (%/d)a

Organ Surgical traumab No surgical traumac Change of FSR (%)d

Pancreas 141.7 ± 18.0 93.8 ± 13.9 51
Livere 87.0 ± 5.5 48.9 ± 5.9 78
Spleene 45.9 ± 2.1 35.0 ± 3.0 31
Lungse 37.6 ± 2.4 25.8 ± 2.9 46
Kidneye 50.1 ± 3.8 33.50 ± 2.9 49
Stomach 52.9 ± 4.4 40.6 ± 3.4 30
Proximal jejunum 89.0 ± 14.1 79.3 ± 5.8 12
Distal jejunum 76.7 ± 8.1 68.4 ± 5.4 12
Cecum 55.4 ± 4.2 47.0 ± 4.1 18
Colon 47.4 ± 3.7 42.7 ± 3.8 11

a Values are means ± SE, n = 5, as measured by intraperitoneal injection of a flooding dose of phenylalanine (Bregendahl et al. 
(2004, 2008).
b Data from the study by Bregendahl et al. (2008) in which the weaning pigs received an experimental recovery jugular catheteriza-
tion surgical trauma including the surgery on the d 5 postweaning and followed by 3- d post- surgical recovery prior to sacrificing 
for the terminal sampling.
c Data from the study by Bregendahl et al. (2004) in which the weaning pigs did not receive an experimental recovery jugular 
catheterization surgical trauma and were subjected to the terminal sacrificing for sampling on the d 8 postweaning.
d Percentage (%) changes in FSR values in the surgical trauma group of piglets reported by Bregendahl et al. (2008) relative to 
nonsurgical trauma reported by Bregendahl et al. (2004).
e Indicating organs with significant relative FSR changes (P < 0.05) between the surgical trauma group and the nonsurgical trauma 
group of weaning piglets, as compared by the pooled t- tests.
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over- counter use of feed antimicrobials as growth promotants. Jayaraman et al. (2015) and Kahindi 
et al. (2017) shown that under immune activation triggered by unsanitary conditions, dietary stand-
ardized ileal digestible sulfur- AA and Thr requirements and their ratios to standardized ileal digest-
ible need to be higher in weanling pigs. Mathai et al. (2016) and Wellington et al. (2018) reported 
that high dietary fiber or immune activation by LPS injection increased dietary standardized ileal 
digestible Thr requirements. And reduction in voluntary feed intake under the immune activation 
and high dietary fiber intake might have also contributed to the reported changes in these essential 
AA intake in the above studies. Furthermore, standardized ileal Thr digestibility under the high- 
fiber diet feeding might have underestimated true ileal Thr digestibility simply because the basal 
ileal endogenous Thr loss typically measured at low dietary fiber N- free basal diet condition would 
be much lower than the ileal endogenous Thr loss value estimated under high dietary fiber condi-
tions (Fan and Sauer 2002). Thus, dietary digestible essential AA requirements in pigs need to be 
further defined for different basal diet composition and feeding environment to precisely guide 
swine diet formulation for optimal growth performances and efficiency of N utilization.

Diet Formulation to Minimize Nitrogen Losses

Formulating swine diets using only natural feedstuffs in order to meet the first limiting AA as 
defined in the NRC (2012) results in large excesses of dispensable and indispensable AA. However, 
depending on ingredient and crystalline AA cost and availability, total dietary CP levels can be 
drastically reduced thereby limiting excess N (or AA) intake. In an extensive review of the litera-
ture, Kerr et al. (2003) summarized that for each one percentage unit reduction in CP, N excretion 
was reduced by approximately 8%, with no impact on pig performance. An example of how this 
type of diet formulation can impact total N loss is that to meet the needs of a 40- kg pig by feeding 
a diet containing no crystalline AA (only corn, SBM, and DDGS), the diet would be approximately 
23% CP, while a diet containing 6 crystalline AA (a diet with no SBM in the diet) would be approxi-
mately 12% CP, which based on the review by Kerr et al. (2003) would result in a 88% drop in total 
manure N excreted. Thus, swine manure N can be dramatically reduced by low- CP feeding, but this 
potential reduction is modulated by feed ingredient availability and cost relationships.

Not only does feeding low- CP, AA- supplemented diets affect N excretion into the environment, 
but combined with its potential to reduce manure pH (Sutton et al. 1999; Shriver et al. 2003; Kerr 
et al. 2006), feeding low- CP diets also results in reduced aerial ammonia emissions as well (Latimier 
et al. 1993, Pfeiffer 1993; Otto et al. 2003b; Kerr et al. 2006; Panetta et al. 2006; Leek et al. 2007; 
Le et  al. 2009), in a direct relationship to the reduction in total manure N excreted. Besides an 
improvement in reducing N emissions into the environment, this reduction may also affect pig per-
formance as well where it has been shown that pigs kept in an ammonia- contaminated environment, 
at 50 ppm, have been shown to have greater pulmonic weight and percentage of pulmonic weight, 
have lungs that contain 51% more bacteria, and grow slower than pigs kept in a room with filtered 
air without added ammonia (Drummond et al. 1978, 1980). Hence, low- CP feeding can effectively 
reduce ammonia emission out of swine production facilities into environment and improve pig 
health and welfare.

The impact of feeding reduced CP, and AA- supplemented diets on the emission of volatile organic 
compounds are inconclusive as it has been shown that lowering dietary CP decreases (Hobbs et al. 
1996; Hayes et al. 2004; Le et al. 2007; Leek et al. 2007), increases (Cromwell et al. 1999; Otto 
et al. 2003b), or does not affect (Obrock- Hegel et al. 1997; Sutton et al. 1999; Clark et al. 2005; Le 
et al. 2008, 2009) volatile organic compounds or odor emissions. The effect of feeding reduced CP, 



575SWINE NUTRITION AND ENVIRONMENT

and AA- supplemented diets on greenhouse gas emissions are likewise inconclusive (Clark et al. 
2005; Velthof et al. 2005; Kerr et al. 2006; Le et al. 2009; van Weelden et al. 2016b). These reviewed 
responses are likely due to the fact that changes in emission of ammonia and other volatile organic 
compounds because of low- CP feeding have caused very limited reduction of other key swine odor 
compounds such as indole, skatole, and sulfides. Although biogenesis and emission of greenhouse 
gas CH

4
 is large as reviewed by Mackie et al. (1998), but emission in the form of N

x
O may be lim-

ited during swine manure slurry storage. Future research should be conducted to investigate impacts 
of low- CP feeding on biogenesis and emission of N

x
O from crop field application of resulting swine 

manure slurry.
Research has also evaluated the ability to shift urinary N excretion into fecal N loss (i.e., incor-

poration into microbial mass). In general, increasing or supplementing the dietary content of resist-
ant starch, nondigestible oligosaccharides, or nonstarch polysaccharides (NSP), or inulin has been 
shown to increase hind- gut bacterial proliferation thereby increasing the proportion of N excreted 
in the feces compared to the urine (Canh et  al. 1997, 1998a,b; Younes et  al. 1997; Bakker and 
Dekker 1998; Zervas and Zijlstra 2002; Rideout et al. 2004). While this has no impact on the net 
loss of N from the animal, the shifting of N loss from urine into fecal microbial mass has environ-
mental impact where it has been shown to reduce ammonia emissions from manure storage facilities 
(van de Peet- Schwering et al. 1999; Aarnink and Verstegen 2007; Jha and Berrocoso 2016). While 
the addition of certain fiber results in a reduction in ammonia losses, these same fibers generally 
increase manure volatile fatty acid concentrations (Canh et al. 1987, 1998a,b; Sutton et al. 1999; 
DeCamp et al. 2001; Shriver et al. 2003). In contrast, the addition of dietary fiber has been shown 
to have little impact on odor and greenhouse gas emissions (Gralapp et al. 2002; Galassi et al. 2004; 
Velthof et al. 2005; Trabue and Kerr 2014; Trabue et al. 2016; Kerr et al. 2018). The above- reviewed 
responses are also likely due to the fact that changes in the emission of ammonia, volatile organic 
compounds, and GHG because of dietary inclusion of fermentable NSP have limited reduction 
impacts on biogenesis and emission of other key swine odor compounds such as indole, skatole, and 
sulfides as well as the major GHG, CH

4
 and N

x
O.

Dysbiosis, Endotoxemia, and Utilization of Nitrogen Nutrients

Postnatal pig growth is marked by very high efficiency of protein and energy/carbon (C) deposi-
tion, at 89–91%, and fractional growth rate at birth and colostral suckling (Le Dividich et al. 1994). 
Efficiency of CP deposition in neonatal pigs is maintained at about 80–82% during the rest neona-
tal suckling and/or feeding on liquid milk replacers (Fan et al. 2006), which is uniquely supported 
by high small intestinal glucose and AA absorption rate through expressing glucose and AA 
exchangers and transporters along the entire gut crypt- villus axis (Fan et  al.  2004; Yang 
et al. 2011, 2016, 2017) and high visceral and skeletal muscle protein synthetic capacity and effi-
ciency (Yang et al. 2008; Columbus et al. 2015; Rudar et al. 2019). Then this is followed by a 
dramatic decline in postweaned efficiency of whole- body N utilization and fractional growth rate 
growth being responsible for low profit margin and some of the main environmental sustainability 
issues facing the global pork production (Fan et al. 2006; Fan et al. 2008). While the gastrointesti-
nal endogenous CP loss and protein turnover are two the recognized negative factors contributing 
to the postweaned poor efficiency of whole- body N utilization in pigs (Bergen 2008; Fan et al. 
2008), decreases in the fractional synthesis rate (FSR, %/d) in the skeletal muscle, i.e., the largest 
body protein pool, are mainly responsible for the low efficiency of whole- body N utilization and 
growth in postweaned pigs (Davis et al. 2008; Rudar et al. 2019). The reduced skeletal muscle FSR 
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in postweaned pigs is largely due to declined muscle cell regulatory responses and sensitivity to 
various nutrient (e.g., leucine) and hormonal (e.g., insulin) stimuli, which is then further causally 
associated with postweaning porcine gut dysbiosis and spontaneous metabolic endotoxemia due to 
the intrinsic gut AP functional deficiency in pigs, which has been well deliberated in an earlier sec-
tion of this chapter.

In a number of acute and chronic immune activation pig studies through the injection of purified 
LPS, infectious endotoxemia and inflammation- induced whole- body protein catabolic state (Webel 
et al. 1997), decreased feed intake and dietary protein and energy intake and deposition but increased 
energy requirement for maintenance (Rakhshandeh and de Lange 2012; Campos et al. 2014; Huntley 
et al. 2018), altered muscle fiber type (McGilvray et al. 2019a) and enhanced sulfur- AA and Thr 
requirements without affecting ileal AA digestibility and partial efficiency of retention of these AA 
(Rakhshandeh et al. 2014; Wellington et al. 2018; McGilvray et al. 2019b), however, decreased par-
tial efficiency of Trp retention (de Ridder et al. 2012). These differential responses in requirements 
and partial efficiency for body deposition among Met/Cys, Thr, and Trp, as activated by infectious 
endotoxemia and inflammation through acute and chronic LPS injection, reflect their different roles 
in contributing to whole body maintenance and body protein deposition. These results are consistent 
with what Fan et al. (2006) reviewed that the first- pass and first- priority utilization by the viscera 
could effectively remodel, shift, and repartition whole- body CP and AA metabolism and 
utilization.

In a postweaned pig study by Rudar et al. (2016), effects of feeding excess level of dietary CP and 
excess amount of the well- recognized signaling essential AA Leu on whole- body protein retention 
and metabolic status were examined in the feeder pigs with and without LPS injection. In our view, 
the normal pigs in their study would represent spontaneous porcine metabolic endotoxemia associ-
ated gut dysbiosis and the LPS- injected pigs would be associated with induced infectious endotox-
emia and inflammation (Rudar et al. 2016). Importantly, their data suggest the notion that excess 
dietary CP and Leu were not effective to ameliorate the negative effects of endotoxemia on whole- 
body protein anabolism and to restore protein deposition rate. To the best of our knowledge, upregu-
lation of intestinal AP functionality would be potentially the correct direction of developing dietary 
strategies to attenuate negative effects of endotoxemia on whole- body protein metabolism and uti-
lization (Figure 20.3), as demonstrated through the rodent studies by Kaliannan et al. (2013, 2015) 
in which enhancing intestinal AP functionality directly via exogenous AP supplementation or indi-
rectly via dietary ω- 3- PUFA supplementation in mitigating endotoxemia- mediated metabolic syn-
drome and in restoring muscle sensitivity to insulin.

Apart from playing the direct and essential role in intestinal detoxifying PAMPs compounds, 
biological mechanisms of AP in modulation of whole- body physiology appear to be related to 
remodeling microbiota and microbiome from dysbiosis to eubiosis and improving host immunity 
and metabolism, as illustrated in Figure 20.3, which need to be further elucidated. In their classic 
knock- out mice study, Malo et al. (2010) clearly shown intestinal commensal gut microbiota, par-
ticularly the gram- positive Firmicutes phylum of bacteria, could be effectively recovered while 
proliferation of pathogenic bacteria such as Salmonella typhimurium were inhibited by AP after 
antibiotic treatment. Malo et al. (2014) further proposed a working mechanism that intestinal AP 
dephosphorylated luminal nucleotide triphosphates, thus leading to the “gut lumen pH- lowering 
effects” in affecting gut microbiota; however, this theory was not supported by their data then 
rejected by them. Nevertheless, the Malo et al. (2014) study did directly link intestinal AP dephos-
phorylation of luminal nucleotide triphosphates to microbiota recovery.

Intestinal digesta has a significant amount of DNA/RNA and nucleotides as nonprotein nitrog-
enous (NPN) compounds that are originated from dietary ingredient DNA, dietary supplemental 
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nucleotides (Liu et al. 2018), sloughed- off host gut epithelial DNA/RNA, and luminal dead bacterial 
genomic DNA/RNA. Several digestive enzymes are involved in the degradation and recycling of 
DNA/RNA and nucleotides for the salvage pathway of utilizing of recycled nucleotides in luminal 
bacterial and fast- turn- over host cellular (e.g., intestinal epithelia and immune cells) de novo DNA 
synthesis proliferation, including host pancreatic ribonuclease and deoxyribonuclease to convert 
DNA/RNA into oligonucleotides, host intestinal mucosal and symbiotic bacterial phosphodiester-
ase to convert oligonucleotides into free nucleotide phosphates (e.g., ATP, ADP and AMP) and host 
intestinal and/or symbiotic bacterial AP and nucleotidase for the final dephosphorylation of luminal 
nucleotide phosphates into free nucleosides (e.g., inosine, adenosine, guanosine, cytidine, 
3- methyluridine, uridine, and thymidine) for transmembrane absorption by bacteria and host intestinal 
epithelia (Whitt and Savage 1988; Fan et al. 1999). It has been well documented that biosynthesis 
of nucleosides is a multistep biochemical pathway intensively requiring trophic AA (i.e., Gln, Asp, 
and Gly) and the metabolic energy ATP for cell cycles (Lane and Fan 2015); thus, bioavailability 
of nucleosides could become a limiting factor for maintaining gut symbiotic microbial eubiosis and 
host physiology. Although host gut epithelia express mammalian AP and nucleotidase and gram- 
negative bacteria widely express AP (Cheng and Costerton 1977; Whitt and Savage 1988), a number 
of gut commensal bacteria, particularly the gram- positive bacteria such as Firmicutes phylum, 
do not express bacterial AP for the terminal dephosphorylation of luminal nucleotide phos-
phates into free nucleosides (Cheng and Costerton 1977). More importantly, free nucleosides 
rather than nucleotide phosphates are then effectively transported by membrane nucleoside 
transporters for the intracellular salvage pathway of further utilization by gut bacteria and host 
(Martinussen et al. 2010; Pastor- Anglada and Pérez- Torras 2018). Thus, nucleotidase and/or AP 
are needed to further enhance bioavailability of nucleosides for maintaining gut symbiotic 
microbial eubiosis and host physiology. Wang et  al. (2020) shown that inosine could be an 
effective alternative substrate for enhancing human T- cell- based immunity and immune ther-
apy, while Mager et al. (2020) identified specific gut bacterial species in releasing inosine into 
systemic circulation for modulation of immune therapy for cancers. Therefore, development of 
efficacious exogenous supplemental AP could improve the efficiency of DNA/RNA and 
nucleotide- based NPN utilization, whole- body physiological function, and immunity in swine 
nutrition and production.

Development and commercialization of effective exogenous supplemental AP as gut modifier in 
swine nutrition will have two additional important implications. First, dietary supplementation of 
exogenous AP, in principle, will not lead to increases in AMR, simply because this potentially 
emerged new enzyme gut modifier can potentially restore gut eubiosis but will not kill any bacteria. 
Second, decreased intestinal dysbiosis will not only prevent or minimize subclinical mild and septic 
inflammation but may also reduce microbial biogenesis of some of the key odor- causing 
compounds including ammonia, volatile sulfides, phenols such as phenol and 4- methylphenol 
(or p- cresol), indole and 3- methyl indole (or skatole), as well as several VFAs (butanoic, 
3- methylbutanoic, and pentanoic acid) (Trabue et al. 2011). Albeit of their relatively low concentra-
tions at the ppm level in fresh swine manure, indole, skatole, and sulfides are recognized as some of 
the key volatile compounds causing the featured swine manure odor, and skatole is also responsible 
for off- flavor of pork products (Jensen et al. 1995; Mackie et al. 1998; Rideout et al. 2004; Trabue 
et  al.  2011; Fan  2013). Skatole was among the three compounds, including skatole as well as 
4- methylphenol (or p- cresol) and 4- ethylphenol, accounting for up to 93 percent of the summed 
odor activity value following land application of swine manure slurry (Parker et al. 2013).

Some bacterial Trp catabolites, particularly indole and tryptamin, play important roles in regula-
tion of gut and whole body physiology via affecting enteroendocrine secretion such as GLP- 1 and 



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION578

innate immunity (Chimerel et al. 2014; Roager and Licht 2018), whereas out of the volatile sulfides, 
hydrogen sulfide (H

2
S) also affects gut and whole body physiology via GLP- 1 and peptide YY 

(PYY) secretion (Bala et al. 2014). Biogenesis of indole and skatole is carried out by specific genera 
and species of bacteria and some of which may be pathogenic (Yokoyama and Carlson 1979; Jensen 
et al. 1995; Mackie et al. 1998; Vhile et al. 2012; Roager and Licht 2018; Zhao et al. 2018), while 
some of the bacterial spp. identified for catabolizing sulfur- AA into H

2
S have also been reviewed 

(Carbonero et al. 2012). Interestingly, some bacterial species identified for catabolizing Trp into 
indole and skatole as well as degrading sulfur- AA into H

2
S are also causally associated with devel-

oping inflammatory bowel diseases in humans (Carbonero et al. 2012; Roager and Licht 2018).
Dietary supplementation of chicory root inulin could effectively reduce skatole content but did 

not affect the contents of indole, p- cresol, total volatile sulfides including H
2
S and total ammonia/

ammonium in fresh feces of grower pigs fed corn-  and SBM- based diets (Rideout et  al.  2004). 
Through shotgun metagenomic sequencing, Zhao et al. (2018) shown reduction in abundances of 
the key bacterial genes encoding for tryptophanase and sulfite reductase, respectively, responsible 
for prebiotic- fiber feeding in association with decreased indole and H

2
S contents in presence of 

their identified responder species and/or strain of bacteria in the human gut; however, skatole 
response was not reported in their study. These reviewed research reports of gut bacterial catabolism 
of Trp and sulfur- AA are consistent with the research findings that pigs, under acute and chronic 
infectious endotoxemia and immune activation by LPS injection, are associated with increased 
requirements and/or reduced partial efficiency of retention for Trp and sulfur- AA (de Ridder 
et al. 2012; Rakhshandeh et al. 2014). Both feed grade crystalline Trp and sulfur- AA are widely 
used in global commercial swine diet formulation. It appears to be that dietary supplementation of 
suitable types and levels of prebiotic fibers such as inulin is likely to attenuate skatole biogenesis, 
however, may be limited to transform gut microbiota & microbiome to remodel and control biogen-
esis of indole, phenols, and sulfides. Thus, development and application of exogenous supplemental 
AP as a gut modifier would potentially modulate gut microbiota/microbiome and mitigate biogen-
esis and emission of swine manure odor impact associated with indole, skatole, phenols, and 
sulfides, address concerns of off- flavor pork by concumers, and enhance efficiency of Trp, aromatic 
AA (i.e., Phe/Tyr), and sulfur- AA utilization in swine nutrition, improving profit margins for swine 
producers.

Sulfur Compound Utilization and Environment Impacts

Sulfur (S) in swine diets includes organic S such as sulfur AA and peptides such as glutathione as well 
as inorganic sulfate compounds largely included in swine diet formulation as sulfate- based trace min-
eral supplements. Total dietary S content in swine diets and its requirements by swine are not a con-
cern thus are not defined (NRC 2012). For example, Ji et al. (2008) reported that dietary total S content 
was at 0.22–0.23% (on DM basis) in crystalline Lys- Thr- Met supplemented low- CP corn-  and SBM- 
based diets for grower pigs. The Canadian Food Inspection Agency has set the total dietary S content 
in commercial swine diets to be at the 0.40% (on air- dry basis with 88% dry matter) ceiling level after 
consultation with various Canadian swine industry stake holders (Table 20.5). And this is largely due 
to safety concerns for pigs in barn facilities, environment, swine producers, swine manure slurry han-
dling workers, and general public. Simply, a significant proportion of S in swine manure slurry is 
known converted into volatile sulfides that are not only causing strong odor impact but also are very 
toxic to pigs and humans (Mackie et al. 1998; Rideout et al. 2004). Thus, efforts need to be made to 
minimize total swine manure S excretion and the negative impacts of volatile sulfide emission from 
intensive swine production on environment and swine production facility nearby community.
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Sulfur AA metabolism has been reviewed in detail (du Vigneaud 1952; Baker 2006) with meet-
ing the S- AA requirements of being a critical component in optimizing lean and efficient growth 
(NRC 2012). Sulfur can also be taken up by the animals in drinking water, where high water 
sulfate levels have been shown to increase the incidence of diarrhea and reduce pig performance 
(CAST 1974; Anderson and Stothers 1978; Paterson et al. 1979; Veenhuizen et al. 1992; Anderson 
et al. 1994; NRC 1998, 2012). In contrast to S- AA requirements, inorganic S requirements have 
received little attention, other than being required under unique circumstances (Lovett et  al. 
1986). Thus, total S requirements are not a concern in practical swine nutrition and diet 
formulation.

Table 20.5 Summary of the National Research Council (NRC, 2012) recommended 
levels and the maximum levels of macro- minerals and micro- minerals in swine 
diets regulated by the Canadian Food Inspection Agency (CFIA 2016).

Mineral elements
Requirement levels 
by NRC (2012)a

Maximum levels 
by CFIAb

Sulfur (%) — 0.4
Calcium (%) 0.80 2.0
Phosphorus (%) 0.50 1.0
Magnesium (%) 0.04 0.3
Sodium (%) 0.20 1.1
Chloride (%) 0.20 — 
Potassium (%) 0.28 3
Copper (ppm)c 5.0 125
Cobalt (ppm)c — 1
Iodine (ppm)c 0.14 4
Iron (ppm)c 100 750
Manganese (ppm)d 3.0 125 or 1000
Selenium (ppm)c 0.25 1
Zinc (ppm)e 80 150

a Levels (i.e., total chemical content except otherwise specified) of minerals in diets 
(at 90% dry matter) for the phase- II weaning pig (5–12 kg body weight) in repre-
senting some of the highest mineral requirement levels recommended by the NRC 
(1998, 2012).
b Maximum levels (i.e., total chemical content except otherwise specified) of miner-
als in commercial swine diets (at 88% dry matter) regulated by the CFIA (2016).
c The NRC (1998, 2012) recommended value represents a supplemental level of the 
concerned available micro- mineral in swine diets but does not include the concerned 
micro- mineral contributed from other dietary components, whereas the CFIA (2016) 
regulated value represents maximum total chemical content of the concerned 
micro- mineral allowed in swine diets.
d The NRC (1998, 2012) recommended value represents a supplemental level of the 
available Mn in swine diets but does not include Mn contributed from other dietary 
components, whereas the CFIA (2016) regulated value represents maximum total 
chemical content of Mn (125 ppm for starter pigs of 3–25 kg; and 1000 ppm for 
grower- finisher swine of 25–135 kg body weight, respectively) allowed in swine 
diets.
e The NRC (1998, 2012) recommended value represents a supplemental level of the 
available Zn in swine diets but does not include Zn contributed from other dietary 
components, whereas the CFIA (2016) regulated value represents maximum total 
chemical content of Zn allowed, including in the form of insoluble ZnO that poten-
tially has an antimicrobial property, in swine diets.
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As is the case with most nutrients, excess S in the form of AA (Met and Cys) or sulfate forms of 
minerals (iron sulfate, manganese sulfate, and zinc sulfate) that are subsequently excreted via urine 
can be further converted by manure microbes to form volatile sulfur compounds (VSC), with being 
H

2
S most commonly reported during pig feeding and during the swine manure slurry storage 

(Banwart and Bremner 1975; Mackie et al. 1998), as illustrated in Figure 20.1. This is especially 
important given that the retention of total sulfur intake has been suggested to reach only up to 65% 
(Shurson et al. 1998). Increased dietary S has been shown to increase S- containing odorants in feces 
or manure (Sutton et al. 1999; van Heugten and van Kempen 2002; Eriksen et al. 2010), although 
this may be modulated by dietary CP levels (Liu et al. 2017). While certain ingredients contain 
concentrated levels of total S (e.g., blood meal, canola meal, fish meal, dried whey, etc., NRC 2012), 
the total S level in DDGS has been most studied because its concentration is abnormally high due 
to the high contents of AA during the removal of starch during fermentation but also due to residual 
sulfate left from the use of H

2
SO

4
 in the steeping processing of corn for ethanol production (Kerr 

et al. 2006; Linde et al. 2008; NRC 2012). In light of this, there has been extensive research on the 
addition of DDGS to swine diets where it has been shown that supplemental dietary DDGS will 
either not affect (Spiehs et al. 2012) or increase manure S excretion (Trabue and Kerr 2014; Kerr 
et al. 2018; Trabue et al. 2019b). Ji et al. (2008) shown that dietary supplementation of β- glucanase- 
protease enzyme blend product did not consistently improve the apparent ileal total S (68–71%) and 
standardized ileal sulfur- AA (Cys, 78–81% vs. Met, 85–88%) digestibility, however, improved the 
apparent total tract S digestibility (82 vs. 85%) in grower pigs fed crystalline Lys- Thr- Met supple-
mented low- CP corn-  and SBM based diets with total dietary S content at 0.22–0.23% (on DM 
basis). These results indicate large intestinal microbial fermentation does contribute significantly to 
S digestion and absorption and total tract S digestibility is reasonably high in pigs. Thus, formula-
tion of low- S diets through using low- S ingredients and nonsulfate trace mineral supplements will 
lead to increased whole- body S retention efficiency and manure S excretion in swine.

In contrast to the well- described relationship between N excretion and ammonia emission 
(Latimier et al. 1993; Pfeiffer 1993; Panetta et al. 2006; Leek et al. 2007; Le et al. 2009), the rela-
tionship between total S excretion and volatile sulfides’ emissions is inconclusive. Li et al. (2011) 
reported that DDGS supplemented to the diet resulted in manure with increased H

2
S emissions 

which is supported by Kerr et al. (2018) who reported increased total volatile S compounds due to 
dietary supplementation of DDGS. In contrast, Spiehs et  al. (2012) and Trabue et  al. (2019b) 
reported no effect of DDGS supplementation on total reduced S emissions, and Trabue and Kerr 
(2014) reported a reduction in H

2
S emissions (largely attributed to crust formation). There is more 

agreement on GHG emissions in responses to dietary DDGS supplementation, where Li et  al. 
(2011), Trabue and Kerr (2014), Kerr et al. (2018), and Trabue et al. (2019b) have all reported no 
impact of DDGS on GHG emissions. In an experiment evaluating impact of inorganic S intake on 
total manure S excretion and sulfides’ emissions, Trabue et al. (2019a) indicated that for each 0.10% 
increase in dietary total S content, total manure S increased by 10% and H

2
S emission increased by 

8%. This is largely attributed to S being retained in the body by 40%, with 55% ending up in the 
manure and only 5% being emitted as volatile S- containing sulfides compounds. Ji et al. (2008) 
reported the apparent total tract S digestibility was 82% in grower pigs fed a CP corn-  and SBM- 
based diet with total dietary S content measured at 0.22%, on DM basis; and this would correspond 
to 2.2 g total S intake/kg DM diet vs. 0.40 g fecal S output/kg DM diet, respectively. Whereas in the 
study by Rideout et al. (2004), fresh fecal output of total volatile sulfides as the hydrogen sulfide or 
S was estimated to be 83.2 mg H

2
S or 78.3 mg S/kg DM diet, respectively. Collectively, results of 

the studies by Rideout et al. (2004) and Ji et al. (2008) would suggest about 3.6% of total dietary S 
and about 20% of total fecal S were, respectively, used for the biogenesis of total volatile sulfides in 
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the gastrointestinal tract and ended in the fresh feces of growing pigs fed a typical CP corn and SBM 
based diet. These estimates of total volatile sulfides in fresh feces of the growing pigs are consistent 
with the 5% emission of the total swine manure S as volatile S- containing sulfides’ compounds 
reported by Trabue et al. (2019a). Thus, only a small fraction of swine fecal and manure total S is 
converted into volatile sulfides via microbial activities, potentially causing odor impacts.

Dietary supplementation of prebiotic chicory root inulin could effectively reduce skatole but not 
total volatile sulfide content in fresh feces of grower pigs fed the corn and SBM- based diets (Rideout 
et al. 2004). Through shotgun metagenomic sequencing, Zhao et al. (2018) associated the key bacte-
rial gene encoding sulfite reductase with prebiotic- fiber feeding induced reduction of biogenesis of 
hydrogen sulfide in presence of their identified responder species of bacteria in the gut of human 
testing subjects demonstrating improvements in type- II diabetic symptoms. Some of the bacterial 
spp. identified for converting inorganic sulfates into H

2
S and/or other volatile sulfides have been 

reviewed by Carbonero et al. (2012). Nevertheless, volatile sulfides are recognized as a group of the 
key volatile odor- causing compounds responsible for the featured swine manure odor (Rideout 
et al. 2004; Trabue et al. 2011). Thus, manipulation of microbiota/microbiome in porcine gut and in 
swine manure slurry during storage may be more effective than merely reducing total dietary S 
inputs and manure S excretion in the control of biogenesis and emission of volatile sulfides and their 
environmental impacts.

Macromineral Utilization and Environment Impacts

The requirements for macrominerals including calcium (Ca), phosphorus (P) and digestible P, mag-
nesium (Mg), sodium (Na), chlorine (Cl), and potassium (K), in g/kg diet (on 90% DM air- dry 
basis), are well established for swine under various production and physiological phenotypes of 
conditions (NRC 1998, 2012), reflecting developmental changes in contents of these macrominer-
als in nonfat body weight (Mahan and Shields 1998). These macromineral requirements for the 
phase- II weanling pigs corn-  and SBM- based diets, as recommended by NRC (2012), represent 
some of the highest dietary contents of these nutrient recommended by the NRC Swine Committee. 
Comparatively, these dietary contents of macrominerals recommended by the NRC (2012) for the 
phase- II weanling pigs are further listed with the CFIA (2016) regulated upper limit of dietary lev-
els of these minerals in Canadian commercial swine diets (Table  20.5). Noticeably, the CFIA 
allowed upper total swine dietary levels of Ca at 2% vs. P at 1% are about twofolds higher than the 
NRC suggested total swine dietary Ca and P contents.

Both Ca and P are major components of the skeletal system, with approximately 98 and 75% of 
whole body Ca and P, respectively, stored in bone mass. Only 20 to 50% of the Ca or P consumed, 
however, is retained in the body (Kornegay and Harper 1997), resulting in a large portion of these 
minerals end up in the manure with excessive manure P being responsible for surface water 
eutrophication as a major recognized environmental concern (Table 20.3). A key to minimizing 
excretion of Ca and P is reducing the amount of Ca and P fed by having accurate Ca and P require-
ments, either through the summarization of empirical data or through a modeling approach. As 
discussed in detail by the Committee on Nutrient Requirements of Swine (NRC 2012), there was 
limited empirical data meeting defined standards from which to determine Ca and P requirements, 
whereupon the Committee elected to use a modeling approach to estimating Ca and P require-
ments. This modeling approach estimated P retention based on the close relationship between 
whole- body P mass and whole- body N mass. After which, application of basal endogenous fecal 
and urinary P losses was determined and through estimating the efficiency of using standardized 
total tract digestible (STTD) P intake for whole- body P retention, a STTD P requirement was determined, 
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with the Ca requirement calculated using fixed ratios between STTD P and total Ca (NRC 2012). 
Once this modeling process was completed, the redefined estimates of P requirements resulted in a 
15 to 20% drop in the STTD P needs in the diet alone compared to the previous swine NRC ((NRC, 
1998)). Corn and SBM- specific total tract endogenous endogenous Ca and P losses by Fan and 
Archbold (2012) were likely much higher the basal endogenous fecal Ca (0.91 ± 0.20) and P (1.31 
± 0.15) losses, suggesting true digestible Ca and P requirements should be further established.

An another key in minimizing excess Ca and P intake, and therefore minimizing Ca and P losses, 
is knowing the digestibility of these minerals within a feedstuff, similar as that for other nutrients 
the animals consumes. It is well known that Ca and P digestibility can be affected by mineral and 
feedstuff sources, Ca:P ratios, other mineral levels, and body weight (NRC 2012). Furthermore, 
dietary Ca and P are closely interrelated to each other in their digestive and postabsorptive utiliza-
tion and metabolism. Mahan and Shields (1998) reported that pig whole- body Ca:P ratio decreased 
from birth to 20 kg then remained relatively constant to 90 kg BW, as reflected by the declining 
dietary Ca and P requirement levels and Ca/P ratios from weanling to later finishing pigs (NRC 2012). 
Current optimal dietary Ca/P ratios are largely defined to be between 1:1 and 1.25:1 for total Ca- to- 
total P as well as 2:1 and 3:1 for total Ca- to- available P, respectively, through empirical perfor-
mance trials in pigs fed cereal grains and SBM- based diets (NRC 1998, 2012). Stein et al. (2011) 
also observed decreases in the apparent P but not in the apparent Ca digestibility by increasing 
dietary Ca intake levels with feed grade limestone in growing pigs. Fan and Archbold (2012) 
attempted to establish true digestible Ca to true digestible P ratio in growing pigs through measur-
ing true Ca and P digestibility and retention; however, true Ca and P digestibility and retention 
responses were not consistently affected by dietary Ca intake levels with dietary inclusion of 
increasing feed grade limestone. As discussed by Gonzalez- Vega and Stein (2014), variable dietary 
Ca/P ratios may interfere with Ca and P solubility, transport, and their gastrointestinal endogenous 
recycling and losses. Lee et al. (2019, 2020) shown P digestibility and basal endogenous 
P loss were affected in gestation sows compared with growing pigs, and increasing dietary Ca/P 
ratios enhanced P retention and improved bone resorption. Gestation sows are fed with restricted 
diets especially during their late gestation to control their weight gain and fat deposition. However, 
essential dietary contents, including Ca and P, in the gestation sow diets have been not listed for 
considering this dramatic reduced feed intake in gestation sows (NRC 1998, 2020). For example, 
dietary total contents of Ca (0.75%) and P (0.60%), on 90%- DM air- dry basis, are recommended 
for gestation sows with an estimated 1.85 kg/day feed intake (NRC 1998, 2020). It is conceivable 
that the CFIA (2016) allowed upper total swine dietary levels of Ca at 2% and P at 1% would genu-
inely reflect much higher actual Ca and P contents that are likely formulated for late gestation sow 
diets by Canadian swine industry. Thus, optimal digestible Ca to digestible P ratios still need to be 
defined in pigs. Dietary Ca and P levels and the Ca/P ratios for gestation sows need to be correctly 
established by considering their variable restricted feed intake levels to meet the sows’ Ca and P 
requirements and to minimize bone mineral resorption, thus reducing excessive swine manure 
P excretion.

In cereal grains, grain by- products, and oilseed meals, approximately 60 to 75% of the P is 
organically bound in the form of phytate or phytin–P which is poorly available to the pig. As a 
result, the biological availability of P in cereal grains is variable, ranging from less than 15% in 
corn to approximately 50% in wheat. In oilseed meals, P availability is also relatively low, being 
32% for canola meal and 48% for soybean meal (NRC  2012). For animal protein by- products 
meals, their P will have a higher digestibility, with the P in meat and bone meal being approxi-
mately 70%, although this can be variable. Lastly, the P in inorganic P supplements tends to be 
highly available, with the P in monocalcium phosphate being 88% digestible (NRC  2012). 
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Utilization of exogenous phytase to release phytin- P has been extensively shown to improve P 
digestibility, being affected by the amount and type of phytase added, feedstuff composition of the 
diet which the phytase acts on, the Ca and P levels (and ratios) of the diet, and body weight of the 
animal (Gonzalez- Vega and Stein 2014). Microbial phytases hydrolyze dephosphorylation of 
phytate (IP, myo- inositol hexakisphosphate), and depending upon which of the 6- C positions on the 
inositol ring phytase initiate its first dephosphorylation hydrolysis, microbial phytases are grouped 
into 3- , 5- , and 6- phytases (Ariza et al. 2013). Most of earlier commercially available microbial 
phytases are 3-  and 5- phytases. Shen et al. (2005) used the original Natuphos phytase (not contain-
ing 6- phytase) in an in vitro study in showing that 85–89% of the total phytate P could be hydro-
lyzed within two hours under the gastric pH and the rest P, presumably IP6, was further completely 
hydrolyzed with extended incubations for 4–10 hours, which would not occur in  vivo in pigs, 
because gastric digesta retention time in stomach is at about two hours. Dersjant- Li et al. (2020) 
shown that dietary supplementation of 6- phytase effectively improved growth performances of 
weanling pigs without inorganic phosphate supplementation, and this was also due to the improve-
ments of energy and AA digestibility.

Less is known about the digestibility of Ca in commonly used feedstuffs, but because of their 
phytic acid content in plant- based feedstuffs, the Ca bioavailability tends to be low. However, given 
the total content of Ca in most feedstuffs is low, this has little effect on the overall dietary Ca digest-
ibility. Calcium digestibility in animal protein by- products meals is moderately high, and the digest-
ibility of Ca in most inorganic mineral sources is also relatively high (NRC 2012). In a study with 
the transgenic enviropigTM expressing a conventional microbial 3-  and 5- phytase, Meidinger et al. 
(2013) shown that the complete removal of inorganic P and partial removal of inorganic Ca in for-
mulating low- Ca and low- P diets dramatically improved efficiency of P retention largely through 
reducing fecal P excretion in weanling, grower, and finisher pigs fed corn and SBM- based diets. 
Zhang et al. (2018) in the transgenic pigs expressing a conventional microbial 3-  and 5- phytase 
alone with β- glucanase and xylanase shown enhanced Ca and P digestibility, improved fecal DM 
digestibility, growth performances, and shortened days to market by 19–21% when fed corn and 
SBM- based diets further supplemented with other agriculture by- products of wheat bran, rice bran 
meal, cotton seed meal, and rapeseed meal. Because of regulatory approval limitation, commercial 
applications of these transgenic phytase pig lines seem not realistic. Nevertheless, taken together, 
the use of exogenous phytases can reduce dietary levels of Ca and P, thereby lowering P excretion 
by 30 to 60%.

Adequate dietary level of magnesium (Mg) is essential in swine and commercial swine dietary 
ingredients typically provide total Mg content to meet the NRC level at 0.04%, on 90%- DM air- 
dry basis (NRC 1998, 2012). However, when formulating purified or semi- purified diets, supple-
mental Mg needs to be added to the diet formulation. Ji et al. (2008) reported total dietary Mg at 
0.16% in their corn- SBM- based diets but only at Mg 0.03% (DM basis) in their casein- based diet 
with inclusion of supplemental Mg for grower pigs. Adeola (1995) determined the apparent total 
tract Mg digestibility at 39–42% in inorganic Mg supplemented corn- SBM- based diets and die-
tary phytase supplementation did not improve the Mg digestibility and retention. Ji et al. (2008) 
measured the apparent ileal (12–13%) and total tract Mg digestibility (33–35%) values in grower 
pigs fed in their corn- SBM- based diets that were much lower than the values (50–60%) reviewed 
by NRC (1998, 2012). Wu et al. (2019) reported the much lower true fecal Mg digestibility at 
about 11% in corn fed grower pigs. Kovácsné Gaál et  al. (2004) reviewed and concluded that 
dietary Mg supplementation improved Mg digestibility, physiological status, and performances in 
several food animal species including sows, cows, broilers, and laying hens. Meanwhile, the CFIA 
(2016) has regulated upper total swine dietary level of Mg at 0.30%, and this may again suggest 
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that much higher supplemental Mg is being used in commercial swine diets by Canadian swine 
industry. Thus, research is needed to further establish true total tract digestible Mg requirements 
in swine to potentially improve and optimize swine nutrition and performances.

Sodium (Na+), chloride (Cl−), and potassium (K+) are the major electrolytes for maintaining 
whole- body physiological functions such as acid–base balance, osmolarity, membrane potential, 
as well as absorption, resorption, and transport of nutrients including nutrient solutes, ions, and 
water (NRC  1998,  2012). Whole- body homeostasis and control of the major electrolytes are 
largely achieved by the Na+/K+- ATPase and the second Na+- ATPase (e.g., Adeola et al. 1989; Fan 
et al. 2001) at the consumption of a significant amount of metabolic energy ATP. The Na+/K+- 
ATPase and the second Na+- ATPase are expressed on the basolateral membrane in the intestinal 
epithelia (Fan et al. 2001). Dietary Na, Cl, and K requirements in swine were largely established 
via performance trials (NRC 1998, 2012). NRC (2012) recommended dietary NaCl supplementa-
tion is from 0.18 to 0.50% (air- dry basis) much higher in weanling pigs and lower in grower- 
finisher swine. The CFIA (2016) has regulated the upper dietary Na level at 1.1% while no limit 
is given to Cl, and this may again allow some flexibility for Canadian commercial swine and feed 
industry. Plant- based swine feeds are rich in K but low in Na and Cl contents; thus, typical com-
mercial swine diets are not supplemented for K but added with NaCl. Ji et al. (2008) and Meidinger 
et al. (2013) reported total dietary K at 0.89–0.92% and 0.62–0.63 % (DM basis) in corn- SBM- 
based grower and finisher diets, respectively, that are much higher than the level of 0.30% (air- dry 
basis) compiled by NRC (2012) for pigs. Meanwhile, the CFIA (2016) has regulated the upper 
total swine dietary level of K at 3.0%. And K is the recognized mineral fertilizer for crops.

Furthermore, Ji et al. (2008) observed the apparent ileal Na digestibility at about −500% and Cl 
digestibility at about −60%, suggesting no net absorption of Na and Cl in the small intestine and 
considerable levels of endogenous Na and Cl recycling within the stomach- small intestine to sup-
port gut functions, whereas the fecal digestibility reached 88% for Na and 95% for Cl in the 
grower pig. Meidinger et al. (2013) observed the whole- body Na and K deposition was low at 
about 10–15% in conventional finisher swine, whereas the phytase- finisher pigs improved K dep-
osition by about 16% at the cost of Na, and this is consistent with the summary of Table 20.3. Poor 
efficiency of whole- body Na, Cl, and K retention and excessive manure excretion of these major 
electrolytes may have the following implications, as discussed by Meidinger et al. (2013), includ-
ing (i) alkaline manure pH and ammonia emission; (ii) excessive manure slurry associated with 
high level of water consumption; and (iii) a significant amount of metabolic energy consumption 
and CO

2
- C production associated with processing these excessive electrolytes. Thus, there is a 

huge potential to further improve postabsorptive utilization of whole- body Na, Cl, and K electro-
lytes to enhance swine production efficiency and associated footprints to environment.

Micromineral Utilization and Environment Impacts

The supplemental levels of microminerals, including copper (Cu), cobalt (Co), iodine (I), iron (Fe), 
manganese (Mn), selenium (Se), and zinc (Zn) ppm in diet (on 90% DM air- dry basis), are well estab-
lished for swine under various production and physiological phenotypes of conditions 
(NRC  1998,  2012), also reflecting developmental changes in contents of these microminerals in 
nonfat body weight (Mahan and Shields 1998). These supplemental levels of microminerals for the 
phase- II weanling pigs corn and SBM- based diets, as recommended by NRC (2012), represent some 
of the highest supplemental levels of microminerals recommended by the NRC Swine Committee. 
Whereas since 2016, the CFIA has regulated upper limits of total dietary levels for all of these trace 
minerals in Canadian commercial swine diets (Table 20.5).
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Pharmacological levels of dietary Cu ion (at about 250 ppm) and insoluble ZnO (at 2500–3000 ppm) 
had been widely used for as growth- promoting additives in weaning pig diets (NRC 1998, 2012; 
Shannon and Hill 2019). However, these pharmacological levels of dietary Cu ion and ZnO applica-
tions are associated with concerns of AMR and their potential impacts on inhibiting surface soil 
microbial activity (e.g., Fan 2013). European Union countries regulated dietary Cu and Zn levels in 
compound diets for swine (e.g., Zn at 120–150 ppm) (Brugger and Windisch 2017). The CFIA 
(2016) also regulated total dietary contents of Cu to be at 125 ppm and 150 ppm upper limits; how-
ever, there is no specifications of the Zn compound forms to address these public and environmental 
safety concerns. Swain et al. (2016) reviewed recent progress of developing low- dose Nano- zinc for 
swine nutrition applications. On other hand, B

12
 is widely included in vitamin premix in swine diet 

formulations, thus Co deficiency and supplementation is no longer an issue. Iodine is typically sup-
plemented in iodinated salt in iodine- deficient regions. While there are no major public health and 
environmental safety concerns about supplementing high dietary levels of Se in swine diets, Se has 
been increasingly recognized as an effective antioxidant in swine nutrition and human food and 
health. Mahan et al. (1999) shown that dietary supplementation of higher levels of Se especially 
organic Se could effectively increase Se contents in pork products. Thus, the CFIA (2016) regulated 
dietary upper Se level at 1 pm is much higher than the supplemental Se levels of (0.15–0.30 ppm) 
compiled by NRC (2012), to give the Canadian swine and feed industry the needed flexibility in 
developing high- Se swine diets.

Out of these seven essentially required microminerals, contents of Cu, Fe, Mn, and Zn in 
common swine feed ingredients of plant origins are substantial as compiled by NRC 
(1998, 2012). However, there is less consistent and reliable data about true bioavailability of 
these trace minerals in common swine feed ingredients, largely because of technical difficulties 
to obtain these estimates and little economical incentives to measure true trace mineral bioa-
vailability. Adeola (1995), Ji et al. (2008), and Liu et al. (2014) reported very variable apparent 
total tract digestibility of Cu, Fe, Mn, and Zn in weanling and grower pigs fed corn and SBM- 
based diets. Cargo- Froom et al. (2019) estimated and compared true total tract digestibility of 
trace minerals in plant and animal protein- based diets for dogs and shown trace minerals in 
plant proteins were much more highly digestible than previously thought. Yang (2019) and 
Yang et al. (2019) shown that the apparent total tract digestibility of Cu, Fe, Mn, Se, and Zn 
was dramatically affected by their assay dietary contents due to the impacts of the gastrointes-
tinal endogenous fecal losses of these trace minerals in postweaned pigs fed corn and SBM- 
based diets. True total tract digestibility of Cu, Fe, Mn, Se, and Zn associated with corn-  and 
SBM- based diets was determined by the regression analysis and was much higher than the 
apparent total tract digestibility of these trace minerals in weanling and grower pigs fed the 
corn and SBM based diets previously reported in the literature (Adeola 1995; Ji et al. 2008; Liu 
et al. 2014). They further shown that the gastrointestinal endogenous fecal losses of these trace 
minerals dominate whole- body requirements of these trace minerals in pigs (Yang 2019; Yang 
et al. 2019). Thus, the gastrointestinal endogenous fecal losses and true total tract digestibility 
of trace minerals associated with diets should be measured to help define true digestible trace 
mineral requirements and to guide swine diet formulation.

It has been well documented that hepatic-biliary secretion is the major route of the gastroin-
testinal endogenous trace mineral excretion. Dietary and physiological factors that influence 
the visceral organ turn-over rates, such as the experimental surgical trauma as compiled in 
Table 20.4, would inevitably trigger changes in trace mineral requirements under field condi-
tions. Therefore, the gastrointestinal endogenous fecal losses and true total tract digestibility of 
trace minerals associated with commercial swine diets under various challenging conditions 



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION586

should be further investigated to help define true digestible trace mineral requirements and to 
more accurately guide swine diet formulation and production operation.

Summary

Global pork production provides about 35% of the overall meat consumed in the world in support 
of human nutrition and public health. Stringent biosecurity measures, including high quality swine 
barn physical infrastructure and facilities as well as effective vaccination for disease prevention, are 
some of the pivotal pre- requisite and practical mitigation strategies to sustain swine herd health, 
swine nutrition and viable pig production operations.

The occurring and on- going global Covid- 19 pandemics have been causing widespread damages 
and challenges to pork industry and society until successful social and vaccination strategies are 
fully developed and implemented on the global scale. Pork industry needs to further enhance its 
animal welfare standards for public acceptance and efficiency of energy and nutrient mass conver-
sion in pig growth and production to improve profit margins and to be socially and economically 
sustainable.

Comprehensive nutritional and non- dietary strategies are reviewed, summarized and recom-
mended for adoption and further commercialization to tackle the environmental sustainability con-
cerns, including excessive manure nutrient excretion, AMR threat to public health and GHG 
emissions facing the global pork production industry. Pigs are biologically susceptible to incur gut 
dysbiosis, thus developing metabolic and septic endotoxemia and inflammation. Modulation and 
optimization of porcine gut microbiota and microbiome will further enhance nutrition, physiology 
and sustainable pork production; and with pigs as relevant large animal models, these efforts will 
also inevitably contribute greatly to development of new strategies for human health management 
as well as disease prevention and treatment.
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Introduction

Swine were domesticated and adapted by early agricultural societies as they grew quickly and gave 
birth to large, resilient litters (Kittawornrat and Zimmerman 2010). Over the last century, scientific 
advancements have prioritized improving the efficiency and productivity of domesticated swine-
herds by changing management practices, housing systems, nutrition, and genetics. Domestication 
coupled with tremendous fluctuations to the pig’s natural environment has resulted in changes to the 
behavioral needs, as well as the development of abnormal and unwanted behaviors as an indirect 
effect on the species. This chapter begins with a summary of pig behavior and follows with a 
focused discussion on how vbehavior and performance are impacted by housing systems through-
out all production phases.

Pig Behavior

Before one can understand the etiology of abnormal behaviors, natural behavior must first be 
defined. Natural behaviors consist of a set or series of behaviors inherent and genetically encoded 
to the animal (Rollin 1993). Animals will prioritize those behaviors in which they are highly moti-
vated to perform. Although domestication alters the behavioral repertoire of any species, comparing 
motivational behaviors between wild and domesticated breeds helps scientist to quantify how man-
agement factors influence behavior and behavioral development.

Wild pigs’ most common habitats include forests and scrub brush areas but are capable of living 
in a variety of habitats including mountains, swamps, and farmland (Frädrich 1974). An ideal envi-
ronment for pigs is one that has a high- energy food source present, cover from predators, and pro-
tection from inclement weather (D’Eath and Turner  2009). Depending on the environmental 
conditions, home ranges for wild pigs can range anywhere from 100 to 6000 hectares (Kurz and 
Marchinton 1972; Pine and Gerdes 1973; Martin 1975; Barrett 1978; Mauget 1979; Janeau and 
Spitz 1984). Floor space provided in commercial swine systems is drastically different, with mini-
mum floor area recommendations ranging from 0.55 to 3.25 m2 per animal based on body weight 
and production stage (Salak- Johnson et al. 2012).

Social groupings vary dependent on sex and stage of development. Sounders are groups of female 
pigs composed of two to four sows that are genetically related along with their young from the most 
recent litter (Macdonald 1984; Graves 1984; Gabor et al. 1999). A sounder will operate as a unit 
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sharing their home range and synchronizing their activities from foraging to parturition (Stolba and 
Wood- Gush 1989).

When piglets are weaned from the sounder, they will break off and form juvenile groups that will 
share the same home range as the sounder but will engage in activity and rest separately (Cousse 
et al. 1994; Stolba and Wood- Gush 1989). Boars will also separate from these juvenile groups as 
they reach sexual maturity and form small bachelor groups (~3 boars/bachelor group). As boars age, 
they will become more solitary (Frädrich 1974) and will interact with adult females only during 
mating (Gonyou 2001).

Aggression is uncommon in groups of familiar pigs (Mendl  1995), as a linear dominance 
 hierarchy is established (Jensen and Wood- Gush 1984; Gonyou 2001) where subordinate pigs avoid 
conflict by physically removing themselves from the area. In modern pig production, pigs are not 
maintained in family social groupings but rather housed with same age and production stage 
 conspecifics (D’Eath and Turner 2009). Compared to wild herds, pigs in modern production envi-
ronments have less space allocated per animal and will reside in larger group sizes. This results in 
increased aggression as pigs have less ability to engage in mutual avoidance, and therefore, fights 
can be more intense and last for a longer duration in these environments (D’Eath and Turner 2009).

During active hours, wild pigs spend the majority of their time foraging for food (approximately 
75%; Frädrich 1974). Foraging includes rooting, grazing, and exploring with the snout and is per-
formed to obtain suitable and diverse foodstuffs (Stolba and Wood- Gush 1989). Diets vary based on 
habitat and may include agricultural crops, wild plant seeds, roots, nuts, invertebrates, carrion, tree 
bark, grasses, forbs, and berries (Dardaillon 1987; Focardi et al. 2000; Genov 1981, Graves 1984; 
Herrero et al. 2006; Leaper et al. 1999). Although vegetation does compose ~90% of pig’s overall 
diet, these animals cannot thrive on grass alone (Graves 1984).

Pigs in commercial environments are provided a concentrated feed composed primarily of finely 
ground corn and soybean meal. Feed is provided one to two times a day for breeding stock or ad 
libitum for nursery and finisher pigs and substrate is not typically provided. Because pigs can con-
sume their required nutrients in less time when fed concentrated diets and do not have access to 
substrate, foraging behavior is redirected and can result in abnormal behaviors including sham 
chewing, bar biting, ear chewing, and tail biting (Fraser  1975; Rushen  1985; Wood- Gush and 
Vestergaard 1989; Lawrence and Terlouw 1993; Schrøder- Petersen and Simonsen 2001).

In addition to foraging, pigs are highly motivated to perform thermoregulatory behaviors. The 
body weight of a pig strongly influences the ambient temperature at which pigs are comfortable 
(Wathes and Whittemore 2006). The impact of thermal environment on nutrient utilization by pigs 
at different production stages is beyond the scope of this chapter but is well summarized by Noblet 
et  al. (2001). During hot seasons, pigs will adapt a stable home range with several water holes 
(Eisenberg and Lockhart 1972) to regulate temperature. In colder weather, pigs will seek warmth 
through huddling and insulating day beds with additional vegetation (Signoret et  al.  1975; 
Ruhe 1997). In commercial settings, the thermal environment is maintained at the room level pri-
marily through the control of airflow, humidity, and supplemental heat. Sprinklers or drip lines 
combined with fans are commonly used to cool pigs during hot weather with evaporative cooling 
cells becoming increasingly common. Heat lamps, heating pads, and creep areas are routinely used 
within farrowing crates to create a warmer microclimate for newborn pigs. During cold weather, 
supplemental heat is often added to pig barns through various heaters and control of ventilation, but 
bedding substrate is not normally provided.

Lastly, the pregnant gilt or sow will perform nest building behavior prior to parturition, and this 
is considered one of the most highly motivated behaviors performed. Nesting behavior is primarily 
performed by rooting, pawing, and manipulating materials with the snout (D’Eath and Turner 2009). 
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Nesting material may include twigs, hay, grass, and leaves. Sows may travel up to 6.5 km to find 
substrates (Jensen 1986). Nesting behaviors occur within 24 hours of farrowing and peak 6–12 hours 
prior to parturition (Jensen 1986; Cronin et al. 1994; Algers and Uvnas- Moberg 2007; Wischner 
et al. 2009). Nest building behaviors are a complex set of behaviors driven by hormonal regulation 
(Jensen 1993; Algers and Uvnas- Moberg 2007; Johnson and Marchant- Forde 2011) and environ-
mental feedback (Burne et al. 2000). In order to successfully perform this behavior, the sow requires 
both materials to manipulate (e.g. straw) and physical space within the housing environment. 
Traditional stalls lack both of these resources, which may contribute to longer farrowing durations 
and higher stillborn rates (Thodberg et al. 2002; Condous et al. 2016).

One to two weeks postfarrowing, sows will rejoin the sounder (Petersen et al. 1989), and it is 
common for the group to synchronize lactation behavior. In current commercial farrowing facilities, 
sows are typically provided 3.6 m2 of space and do not have nest building materials provided. Sows 
that are not provided nest building material may develop abnormal oral behaviors during parturition 
such as bar biting (biting/chewing stall bars or chains), sham chewing, or manipulation of their 
drinker (Lawrence and Terlouw 1993).

Evaluating Welfare

Metrics used to evaluate welfare are divided into three broad categories: animal, environment, and 
resource- based measures (Mench 2003; Rushen et al. 2011). Animal- based measures are gathered 
through direct assessment of the animal on farm, while environment- based measures evaluate fea-
tures of the housing facilities. Resource- based measures are derived from evaluation of records, 
documents, and interviews with farm personnel. Table 21.1 provides specific examples of measures 
for each category. By combining findings from metrics within each category, thorough conclusions 
about the animal welfare experienced on farm can be determined. Verification programs have 
adapted this type of evaluation framework to assess animal welfare on farm and at processing 
facilities.

Gestation Systems

After a gilt weans her first litter, she will typically spend about 85% of her reproductive lifetime 
within gestation housing. Gestation housing includes boar housing, breeding facilities, and housing 
for pregnant gilts and sows. On many farms, replacement gilt development also occurs under the 
gestation housing umbrella. However, this section will focus on housing for pregnant sows and gilts 
because this is the largest segment and primary driver of gestation housing system design 
decisions.

Individual Gestation Stalls

In the United States, 97% of the swine breeding herd is housed in facilities without outside access, 
and over 75% of all gestating sows and gilts are housed in individual stalls (USDA 2015). Gestation 
stalls are usually tubular metal frames with a feeder and drinker positioned at one end. The flooring 
of the stall is commonly concrete, with 76% of gestation stalls having either full or partial slats 
(USDA 2015). Although there are variations in dimensions on commercial farms, a typical gestation 
stall is 2.2 m long, 0.6 m wide, and 1.0 m high. These dimensions restrict the ability of most sows to 
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turn around (McGlone et al. 2004a; Li and Gonyou 2006). Gestation stalls provide the opportunity 
for individual feeding regimes as well as allowing a small number of workers to effectively manage 
a large number of sows. Gestation stalls prevent some physical altercations between sows (McGlone 
et al. 2004b; Rhodes et al. 2005; McGlone 2013), but impacts of aggressive interactions between 
neighbors may be exasperated by the inability for the less dominant animal to flee (Marchant- 
Forde 2010). Gestation stalls prevent sows from performing exploratory behavior and regulating 
their thermal environment by moving to preferred micro- climates within a barn or pen (Rhodes 
et al. 2005; McGlone 2013). Stereotypies— a behavior pattern that is repetitive, invariant, and has 
no obvious goal or function (Mason 1991)— occur more frequently in individually housed sows 
(McGlone et al. 2004a, 2004b; Rhodes et al. 2005; McGlone 2013), but it is not possible to deter-
mine from available studies whether stereotypies are caused by management factors associated with 
gestation management (i.e. limit feeding and lack of physical substrate to manipulate) or by gesta-
tion stalls directly.

Group housing is a broad alternative strategy to gestation stalls with numerous variants. The main 
differences in group housing systems include the number of sows in a group, space allocated per 
sow, and feed delivery method. In the literature, sow number per group can range from three ani-
mals (Barnett 1997) to as many as 200 (Barbari 2000) with space per pig usually ranging between 
1 m2/pig and 5 m2/pig (Schau et al. 2013; Verdon et al. 2015). Three general types of feeding systems 
for dry feed are used in group housed sows. They include floor feeding, individual feeding stalls, 
and electronic sow feeders.

Group Housing with Floor Feeding

Delivering feed manually or automatically onto the floor pen is one of the simplest methods for feed-
ing group housed sows. Floor fed sows (Figure 21.1) are either kept in small groups or feed droppers 
are spread throughout the pen to accommodate approximately six to eight sows per feed delivery point 
(Marchant- Forde 2009). Variation in feed intake and body condition among group housed sows is 

Table 21.1 Example metrics for evaluating swine welfare on farma.

Animal basedb Environment basedc Resource basedd

Eye condition Ammonia concentrations measured in barn 
during site visit

Ammonia concentrations recorded 
weekly by producer

Thermal comfort (i.e., location 
of pigs in relation to one 
another)

Ambient air temperature of barn during 
site visit

Regular monitoring, maintenance, and 
timely repair of heating, cooling, and 
ventilation equipment documented

Body condition score Space allowance
Waters and feeders in good state of repair

Feed delivery records
Employee training documented

Lesion score Identify pen protrusions that could injure 
an animal

Zero tolerance of abuse policy 
documented

Written emergency procedures available
Lameness/gait score Euthanasia equipment readily available and 

operational
Mortality and culling records with 

reasons outlined

a Based on Mench (2003), Rushen et al. (2011), and NPB (2019).
b Animal- based measures are measures gathered from direct assessment of the animal on farm.
c Environment- based measures evaluate features of the housing facilities.
d Resource- based measures are derived from evaluation of records, documents and interviews with farm personnel.
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Figure 21.1 Group housed sows with floor feeding. Source: Photograph: Provided by Monique D. Pairis- Garcia.

most pronounced in floor- feeding systems as aggressive sows will outcompete subordinate pen mates 
(Verdon et al. 2015). Salak- Johnson et al. (2007) reported that increasing floor space from 1.4 to 2.3 m2 
improved body condition score and reduced lesions on the head, neck, shoulder, rear, and hind legs in 
floor fed sows housed in pens of five. Similarly, Hemsworth et al. (2016) demonstrated that providing 
more floor space immediately after mixing group housed sows reduced aggressive behavior but sows 
adapted to reduced floor space over time. Aggression was highest during feeding, which in that study 
occurred four times per day via dropping feed onto the floor of the pen (Hemsworth et al. 2016).

Group Housing with Feeding Stalls

Aggression around feed can be reduced in group housed sows by providing each sow with an indi-
vidual feeding stall, particularly those which have a gated full- body length stall (Barnett et al. 1992; 
Barnett 1997; Andersen et al. 1999). Self- closing free access stalls allow sows the opportunity to 
choose whether to socialize with pen cohorts or separate themselves from the group (Harmon and 
Levis 2003). Usually, these feeding/loafing stalls can lock an animal in to facilitate caretaker duties 
including vaccinating, estrus detection, inspection, and other activities. While generally less com-
petitive than floor feeding systems, gaining access to preferred feeding stalls can also lead to aggres-
sion between group housed sows (Verdon et al. 2015).

Group Housing with Electronic Sow Feeders

Electronic sow feeders (Figure 21.2) allow individualized feeding of sows in a protected environ-
ment. Typically, 40–50 sows can be fed from one feeding station sequentially. After a sow enters the 
feeding area, a protective gate closes behind her to prevent other sows from entering. Individual 
sows are identified via transponders in the ear tag and feed is dispensed from the computer con-
trolled feeder. Frequency and amount of feed dispensed will vary across designs but generally small 
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amounts of feed are delivered until the sow either exits the feeder – thereby ending the dispensing 
of feed until a later visit to the feeder – or the sow has received her entire feed allotment. The system 
typically cycles every 24 hours and if maintained and managed well can provide valuable informa-
tion to animal caretakers regarding sow activity and feed consumption. Gilts and sows unfamiliar 
with electronic sow feeders require training, but this is generally easily accomplished with well- 
designed training pens and protocols.

Large groups of sows may be able to more efficiently use limited floor space as communal areas 
can be shared. Work by Li et al. (2018) indicates that providing 1.5 m2 per sow in an electronic sow 
feeder system is adequate for maintaining reproductive performance and welfare of gestating sows. 
Increasing floor space allowance from 1.5 to 2.1 m2 did not affect performance or skin lesion scores 
of sows (Li et al. 2018). Because electronic sow feeders require sows to eat sequentially, aggressive 
behavior may still occur particularly around the entrance to the feeder. Vulva injuries may be more 
frequent when electronic sow feeders are used, especially if sufficient space is not provided between 
the sow that is eating and the sows waiting to enter the feeder (McGlone et  al. 2004b; Rhodes 
et al. 2005; McGlone 2013; Verdon et al. 2015).

Static vs. Dynamic Groups

Pigs establish a social hierarchy within a group and frequent mixing of groups disrupt that order and 
usually results in more aggression and injury as the social hierarchy must be re- established with the 
introduction or removal of any pig. Under dynamic group management, the number of sows per pen 
is kept fairly constant by adding pregnant sows that are early in their gestation cycle to replace sows 
removed prior to parturition or due to culling. Alternatively, static group management occurs when 
individual sows are grouped together early in gestation with no additions to the pen occurring as 
sows are culled or removed for farrowing. Dynamic systems allow for maximal use of space and are 
akin to a continuous flow strategy for growing pigs. Static systems require batching groups of sows 
based on expected farrowing date and are analogous to an all- in- all- out management system.

Figure  21.2 Group housed sows with bedding and electronic sow feeder. Source; Photograph: Provided by Monique D. 
Pairis- Garcia.
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Housing sows in dynamic gestation groups increased total injury score and reduced nonagonistic 
social interactions compared to gestation sows kept in static groups (Anil et al. 2006). In that study, 
group size was kept at 50 sows per pen, sows were provided 1.72 m2 of floor space, and feed was 
delivered via an electronic sow feeder. Although farrowing performance and longevity were not 
impacted between groups, welfare was reduced in the dynamic system (Anil et al. 2006). In another 
study, it was demonstrated that maintaining static groups of females for 2 gestation cycles reduced 
aggression between the first gestation period and the second (Campler et al. 2019). In that study, 
groups of 19 or 20 sows were housed in 6.8 × 5.5 m pens and fed using an electronic sow feeder 
(Campler et al. 2019). In the second gestation cycle, there was more space per sow as nine sows did 
not rebreed in synch with the group or were otherwise removed (Campler et al. 2019).

Provision of Bedding and Other Substrates

Providing straw or other bedding could potentially increase sow comfort and improve overall wel-
fare in all gestation systems as it is an important stimulus and outlet for exploration, foraging, root-
ing, and chewing behavior (Tuyttens 2005). In practice, group pens may provide the most realistic 
opportunity for incorporating bedding. Reproductive performance was similar between systems 
using individual gestation stalls and group pens with feeding stalls in bedded hoop barns (Lammers 
et al. 2007). Because of lower construction costs for a hoop barn as compared to a mechanically 
ventilated gestation facility, weaned pig costs was found to be reduced for the group housed sows 
(Lammers et al. 2008).

The wide range of factors associated with gestation sow housing systems makes it difficult to 
objectively compare overall welfare across qualitatively different systems. While group housing 
systems allow more freedom of movement and social interaction, they can also be associated with 
more aggression around feeding and uneven body conditioning. Individual gestation stalls may 
afford a very high level of protection against aggression during feeding, but gestation stalls in exist-
ing barns are often simply too narrow to support good welfare for late parity and otherwise large 
sows. Existing reviews support the conclusion that sow productivity can be similar across well- 
managed systems and that welfare of sows can also be improved in most cases ((McGlone et al. 
2004b; Rhodes et al. 2005; McGlone 2013).

Farrowing Systems

Farrowing systems utilized in swine production can vary in design based on the needs of the sow, 
piglet, and caretaker. In general, farrowing systems include traditional stalls, modified stalls, pens, 
groups, and outdoor systems. Regardless of the system used, the producer must balance the behav-
ioral needs of the sow and piglet while supporting the management and productivity of the system. 
This section will outline the advantages and disadvantages of the four most commonly used systems 
to date, addressing the needs of the sow, piglet and producer.

Traditional Stalls

Traditional farrowing stalls (Figure 21.3) were widely adapted in the 1960s in an effort to minimize 
piglet mortality (Roberston et  al. 1966), as piglet mortality specific to crushing may be reduced 
when using a stall that confines and controls sow movement (Kilbride et  al.  2012). Table  21.2 
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summarizes reported mortality rates for different farrowing systems. Although this this may be ben-
eficial for the piglet, the sow’s movement is restricted and prevents her from performing nest build-
ing behaviors.

Modified Stalls

In an effort to improve physical space, modified stalls have been implemented. Modified stalls con-
sist of a traditional farrowing stall that can be adjusted and opened to allow the increased movement 
of the sow. Modified stall designs include ellipsoid, turn- around and 360° Farrower™ stalls. Although 
these systems provide benefit for the sow from a behavioral standpoint, sows are still typically con-
fined during the active stage of nest building and are not provided with nest building materials (Baxter 
et al. 2012). Therefore, although sows may have access to more space during lactation, modified 
stalls do not address the behavioral needs of the sow during parturition. From the piglet and producer 
perspective, modified stalls may not dramatically decrease piglet mortality (Table 21.2), but this 
system does allow flexibility for the producer, as they can confine the sow when needed (Weber 2000).

Figure  21.3 Traditional farrowing stall (2.0 × 0.61 m) with metal bars running the length of the stall. Source: Photograph: 
Courtesy of Steven Moeller, The Ohio State University, Columbus, OH, US.
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Individual Pens

To address the behavioral needs of the sow, pens or free farrowing systems have been utilized to 
 facilitate sow movement and provide suitable nesting material prior to and during parturition. Pen 
systems consist of an open space designed in a manner to encourage the sow to lie down in a specific 
location within the pen. Elaborate pen systems are designed to include designated areas for farrowing, 
nesting (creep area for piglets), and elimination (Cronin et al. 2000; Figure 21.4). More simplified pen 
examples include hillside, sloped, and mushroom pens (E.g. Werribee, Schmid and pigSAFE pens; 
Vosough Ahmadi et al. 2011; Guy et al. 2012). Pen systems allow sows to express a greater range of 
behaviors through increased physical space. In addition, if the pen is designed in such a way to pro-
vide substrate (i.e. solid flooring), sows can fulfill their motivation to nest build (Cronin et al. 1994).

Table 21.2 Reported mortality rates of farrowing systemsa.

Mortality, %

System Totalb Livebornc Crushingd

Traditional stalls 18.1–18.3 6.1–11.7 4.6–5.5
Modified stalls 16.3–17.4 11.4–11.7 NRe

Simple pens 16.4–20.7 10.2–14.2 NR
Designed pens 15.0–16.6 11.8 NR
Group 11.8–28.0 10.9–22.6 5.6–6.0
Outdoor 17.1–20.4 12.8–16.8 8.9

a Vosough Ahmadi et al. (2011), Baxter et al. (2012), Chidgey et al. (2015), Kilbride et al. (2012), Baxter et al. (2009), Weber et al. 
(2009), Li et al. (2010), and Mazzoni et al. (2018).
b Still born and live born deaths combined.
c Excluding still born deaths.
d Live born deaths from crushing, excluding deaths from unknown causes, %.
e NR = not reported.

Figure 21.4 Pen system design with designated areas for farrowing and elimination. A creep area for the piglets is located in the 
corner of the pen. Substrate is provided for nest building. Source: Photograph: Provided by Monique D. Pairis- Garcia.
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Although pen systems can provide additional space to the litter and sow during lactation, piglet 
mortality within the first three days of life can increase. Both simple and elaborate pen designs have 
protective structures (i.e. railings, protrusions) to protect piglets from being crushed when the sow 
lies down (McGlone and Blecha 1987; Blackshaw et al. 1994). Although these designs help mini-
mize crushing, total mortality rates can be as high as 20.7% (15–20.7%; Vosough Ahmadi et al. 2011; 
Baxter et al. 2012). This high mortality rate may be associated with challenges faced by gilts in pen 
systems. For example, work conducted by Cronin et al. (2000) observed that gilts were more likely 
to farrow in unintended areas (e.g. elimination areas), resulting in increased piglet death due to 
hypothermia. Therefore, pen design and animal experience can both be critical factors influencing 
piglet mortality.

Group Farrowing

Group farrowing systems offer increased space and nesting material, as well as a diversified social 
environment for the sow. Group farrowing systems can be in either an indoor or outdoor setting and 
consist of a common shared space and individual farrowing areas (Figure 21.3). Individual farrow-
ing areas may include paddocks, A- frames, runs, or boxes and should support the sow’s desire to 
isolate herself from the group prior to farrowing (Figures 21.4, 21.5, and 21.6). As with pen systems, 
group housing in farrowing may result in higher piglet mortality; however, this is dependent upon 
house design, sow experience, and management.

From the producer perspective, farrowing systems need to be profitable, as well as sustainable in 
an industry with fluid profit and loss cycles (Johnson and Marchant- Forde 2009). In addition, labor 
costs and worker safety must also be considered from both a practical and financial standpoint. 
Traditional and modified stalls allow caretakers to easily access both the sow and piglets for routine 
care (processing, treatment). In these systems, sows can be individually evaluated from a nutritional 

(a) (b)

Figure 21.5 Indoor group (a) and outdoor group (b) systems with communal shared space and individual areas for farrowing. 
Source: Photograph: Provided by Monique D. Pairis- Garcia.
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and health standpoint and feed can be adjusted based on body condition and lactation stage 
(Roberston et al. 1966).

Labor costs may be increased within pen farrowing systems compared to traditional stalls, as 
sows in loose housing may be more difficult to manage when intervention is required. Sow tempera-
ment is an additional concern within the pen environment as there are minimal opportunities for 
restraint from a management standpoint. Previous work suggests that caretakers may be less likely 
to assist sows within pen farrowing compared to traditional stalls, which could result in welfare 
concerns for both the sow and the piglet (Cronin et al. 2000).

Table 21.3 summarizes farrowing systems relative to floor space per sow. Indoor group farrowing 
systems have the highest labor costs and greatest economic footprint for a farrowing system (Kerr 
et al. 1988). This high economic impact is due to capital investment, labor input, and high piglet mor-
tality. An example of an indoor group system is a deep- bedded system developed in Sweden described 
by Algers(1991) and Honeyman (1995). In an attempt to replicate this system in the United States, the 
farrowing rate and group lactation were successful, but the free- choice farrowing boxes had high piglet 
mortality with most mortalities occurring in the first week after birth and due to crushing (29% prewean 
mortality over 9 farrowings) (Honeyman and Kent 2001). Lammers et  al. (2004) describe several 
indoor, group farrowing systems used in the Midwest U.S. Ultimately, for group farrowing to be a 
successful system, genetic selection valuing maternal behavior and highly trained labor are critical.

Outdoor farrowing systems are able to meet or exceed similar space and social requirements of 
indoor group housed systems while remaining economically efficient (Baxter et al. 2012). This farrow-
ing system does require more labor from caretakers to manage sows across large distances, although 

Figure 21.6 Outdoor huts designed to allow sows to isolate themselves from the group to farrow. Source: Photograph: Provided 
by Monique D. Pairis- Garcia.



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION614

some operations keep labor low by using layouts that streamline operations. The use of specialized 
equipment (e.g. all- terrain vehicles, trailers, temporary holding pens, huts, and electric fence) can aid 
in allowing caretakers to handle and manage pigs safely and effectively (Pairis- Garcia 2015; Honeyman 
et al. 2001). The advent of low cost GPS systems may also prove useful in outdoor systems.

In outdoor systems, the farrowing hut is the major modifier of the environment for the sow and 
piglet. These simple structures can be made from wood, steel, or plastic. Various floorless hut types 
(five) were compared in Iowa (Honeyman and Roush 2002) over four years. Prewean mortality was 
impacted by hut design width. Superior huts had a defined and larger sow area with designated 
space that provided pliglets space protection from the sow. Clean, absorptive, plentiful bedding is 
critical in outdoor farrowing systems. Bedding allows the sow to perform nest building behavior and 
creates a microenvironment for the piglets that is dry and draft free. Outdoor farrowing requires 
lower capital investment with minimal maintenance costs for producers suggesting this could be a 
sustainable alternative.

A key to managing group farrowing systems in either indoor or outdoor systems is to group sows 
so that all sows within the group farrow within a narrow time frame. This prevents older, larger 
piglets from stealing milk from younger litters as well as facilitates batching of labor activities. 
Flexible floor layouts and temporary fencing support altering the size of group- farrowing pens as 
needed. A mix of indoor and outdoor systems may be a model for sustainable, alternative produc-
tion of natural pork (Honeyman 1996; Honeyman 2005).

Any farrowing system must address the needs of the sow, piglet, and producer in an effort to 
optimize pig welfare while ensuring the economic productivity of the system (Johnson and 
Marchant- Forde 2011). For any farrowing system design, creating an environment that supports the 
sow’s natural behavior while minimizing piglet mortality should be a priority. The system should 
also be designed in a way to allow the producer to provide the care needed for the pigs in an environ-
ment that is safe and effective.

Growing Pig Housing

Pigs grow rapidly and convert feed efficiently to weight gain from birth to market. The rapid growth 
is maximized when environmental and nutritional needs of the pig are met. Because of this rapid 
growth, the environmental and nutritional needs or requirements of the growing pig quickly change 
over time. Housing systems and the accompanying management approaches are designed to meet 
and adjust to these dynamic needs.

Unlike other domestic mammalian species, pigs are covered with minimal hair. Pigs historically 
relied on subcutaneous fat layers for insulation and protection. This subcutaneous fat has been 

Table 21.3 Comparison of space allowance for across systemsa.

System Floor space, m2/sow and litter Stocking density, sows/100 m2 area

Traditional stalls 3.5–3.6 27–28
Modified stalls 4.3–5.3 18–23
Simple pens 3.4–10.5 9–29
Designed pens 7.1–8.9 11–14
Group Variable
Outdoor Variable

a Based on Vosough Ahmadi et al. (2011), Baxter et al. (2012), and Pairis- Garcia (2015).
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effectively removed through decades of animal breeding and selection for leanness. Thus, the 
 modern pig is even more dependent on the housing system for protection and environmental 
buffering.

Housing systems for the weaned, growing, and finishing pig have evolved rapidly with “modern” 
confinement barns beginning in the 1960s and becoming widespread. After about 1990, multisite 
production systems that emphasized biosecurity, pig flow, and all- in/all- out management became 
prevalent. The multisite systems were adopted to enhance pig health and improve pig performance. 
Multisite systems feature (Site 1) sow farms that produce piglets often weaned at or prior to 21 days. 
Site 2 locations are nursery barns where the weaned pigs are reared. After five to seven weeks or 
around 23 kg live weight, pigs are moved to finishing sites for feeding to market weight (Site 3; 
Harris 2000). Traditionally, flooring in nursery facilities is slotted plastic or metal with solid pen 
dividers to minimize the spread of infectious diseases between pens. Finishing barns almost always 
have concrete slats for flooring and metal gating to separate pens.

Wean- to- finish barns were introduced and widely adopted after 2000. These facilities placed the 
weaned pig directly into finishing barns and reduced or eliminated some labor costs as well as addi-
tional transport stress for the pig. Today, wean- to- finish barns are not quite as popular because pig 
companies are recognizing that managing newly weaned pigs requires a different set of manage-
ment skills than managing a finishing pig. There is continued interest in placing finishing barns near 
crop fields so that the manure can be used as fertilizer for growing crops.

Group Size and Stocking Density

Growing pigs are able to perform well in a wide range of group sizes. Typical group size is 
approximately 20–30 grow- finish pigs per pen; however, research confirms that pig performance 
is sustained in larger group sizes if stocking density remains constant. Wolter et al. (2001) com-
pared performance of groups of 25, 50, and 100 wean- to- finish pigs per pen uniformly allocated 
0.68 m2 floor space and 4.3 cm feeder space per pig. Pigs were raised from 5.9 kg to a mean pen 
weight of 116 kg. No growth performance or carcass traits were impacted by group size and mor-
tality rates were similar across treatments (Wolter et al. 2001). Morbidity was higher for pens of 
25 pigs as compared to pens of 50 pigs but was not statistically different from morbidity in pens 
of 100 pigs (Wolter et al. 2001). Similarly, Schmolke et al. (2003) reported no difference in growth 
performance or incidence of tail biting in pens of 10, 20, 40, or 80 pigs (initial body weight 23 kg, 
final body weight 95 kg) when all pigs were allotted 0.76 m2 floor space and 3.2 cm feeder space 
per pig.

Because of the small size of weaned pigs compared to finishing pigs, when weaned pigs are 
placed in a finishing barn, there is extra space in the pen. This may be addressed by overstocking 
or double stocking the pens until the pigs grow larger to utilize the available space more effi-
ciently. Wolter et  al. (2002a) examined the performance of pigs in double- stocked pens for 
70 days following weaning at 17 days of age in a pair of experiments. In the first experiment, 
floor and feed space was kept uniform across pens, but pens were either stocked with 52 or 
104 weaned pigs. This resulted in a floor space and feeder allowance of 0.65 m2 and 4 cm for 
the pigs in single- stocked pens and 0.325 m2 and 2 cm for pigs kept in the double- stocked pens. 
In the second experiment, smaller pens and group sizes were used— 27 pigs/pen, 0.64 m2/pig, 
and 5.6 cm feeder space/pig vs 54 pigs/pen, 0.32 m2/pig, and 2.8 cm feeder space/pig. Double 
stocking reduced growth rate and increased culling in pigs in both experiments (Wolter 
et al. 2002a).
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In a subsequent study, pens of 108 weaned pigs (0.313 m2/pig) were provided either 2 or 4 cm of 
feeder space/pig for eight weeks (Wolter et al. 2002b). Growth performance was not impacted by 
feeder space allowance for the first six weeks following weaning. However, for weeks six to eight 
and for the entire eight- week study period, growth rate was lower, and morbidity was higher for pigs 
allocated 2 cm of feeder space (Wolter et al. 2002b).

Laskoski et al. (2019) reported that group size and feeder space allowance impacts growth rate 
and incidence of lesions to the ear and tail of nursery pigs. Newly weaned pigs (20.5 days of age, 
5.6 kg BW) were assigned to pens of 15, 20, 25, or 30 pigs for a 42- day long feeding trial. Total 
feeder space provided was uniform for each pen resulting in feeder space per pig of 4.3, 3.2, 2.6, 
and 2.1 cm/pig, respectively. Space allowance within the pen was kept constant (0.23 m2/pig) across 
treatments. It is impossible to determine if the reduced growth rate and higher incidence of ear and 
tail lesions is best attributed to the number of pigs per pen or feeder space allowance per pig as these 
factors are confounded (Laskoski et al. 2019).

Space allowance (0.52 m2/pig vs 0.78 m2/pig) but not group size (18 vs 108 pigs/pen) has been 
shown to negatively impact the growth performance of 37 kg pigs fed for seven to eight weeks 
(Street and Gonyou 2008). Pigs with more space grew faster and more efficiently than crowded 
pigs. Pigs housed in large groups had poorer scores for lameness and leg lesion scores, but morbid-
ity levels were not different across treatments. Crowding pigs increased lameness in large groups 
but decreased lameness in small groups. The negative impacts of reduced floor space were most 
dramatic as pigs grew larger (Street and Gonyou 2008).

Space allowance also has an impact on the growth performance in pigs raised from 27 to 138 kg 
(Johnston et al. 2017). In that multistate study, pigs were allotted 0.71, 0.80, 0.89, 0.98, or 1.07 m2/
pig. Feeder space across locations ranged from 4.8 to 9.7 cm/pig but was held constant across 
floor space treatments within each location. Increasing floor space allowance up to 0.89 m2/pig 
increased final bodyweight and increased ADG and ADFI, but salivary cortisol concentrations and 
lesion score were not impacted by stocking density (Johnston et al. 2017). The negative conse-
quences of overstocking were mostly observed as pigs approached market weight (Johnston 
et al. 2017).

Floor space allowance is one of the most significant factors affecting growth performance, eco-
nomic return, and animal welfare for growing pigs. Providing inadequate space clearly reduces 
growth rate and welfare (Wolter et al. 2002a; Street and Gonyou 2008; Johnston et al. 2017), but it 
is recognized that space requirement changes as an animal grows. Expressing space requirement in 
terms of space per animal (m2/pig) or in terms of weight density (kg/m2) is straight forward, but is 
not precise over a wide range of body weights. Alternatively, an allometric approach using the fol-
lowing equation:

 A k BW0 667.
 

where A: area in m2

 k = space allowance coeffienct
 BW = body weight in kg

was evaluated in a review paper by Gonyou et  al. (2006). Based on growth performance from 
 published work, Gonyou et al. (2006) suggest that the critical value of k is between 0.0317 and 
0.0348. Table  21.4 summarizes space allowance (m2/pig) for various body weights using the 
 allometric approach.
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Feeders and Drinkers or Waterers

Perhaps one of the more important but often overlooked features of swine barns are the feeders and water-
ers (drinkers). These devices are responsible for delivering high- quality nutrients to the pigs with minimal 
waste. This is no minor feat in swine barns as pigs are remarkably good at wasting feed and water!

Feed waste occurs primarily due to feeder design and feeder adjustment. Feed waste in growing 
pigs ranges from 2 to 12% (van Heutgen 2010). Monitoring and adjusting feeders to reduce waste is 
a critical component of growing pig management. Reducing feed flow so that 25–50% of the feed 
pan is covered with feed is generally recommended (DeRouchey and Richert 2010; van Heutgen 2010).

Reducing water waste is also a worthwhile effort. Waste water dilutes manure, fills manure stor-
age, and increases water costs. In a summary of water waste in pig barns by waterer type with con-
ventional nipple waterers as the base for comparison, swinging nipples reduced water waste by 
11%, managing height and flow by 16–26%, bite- style nipples by 8–22%, and bowls or cups by 
9–31% (Muhlbauer et al. 2010). Wet–dry feeders provide both feed and water in the same pan and 
may reduce water wastage while maintaining or improving growth performance (van Heutgen 2010; 
Muhlbauer et al. 2010; Meyers et al. 2013; Li et al. 2017). Total time spent eating was significantly 
reduced in finishing pigs fed using a wet–dry feeder as compared to a dry feeder (Li et al. 2017). 
Because each pig required less time to consume adequate feed, competition for access to a given 
space at a wet–dry feeder should be less than at a dry feeder (Li et al. 2017). This has obvious impli-
cations for improving animal welfare as feeding systems with high levels of competition may be 
detrimental to individual pig performance and welfare even if pen average outcomes are similar 
(Botermans and Svendsen 2000; Georgsson and Svendsen 2002).

Mixing

Growing pigs incurs stress when moved or mixed, which may result in aggression or fighting. These 
events should be minimized and closely monitored; however, some changes to group dynamics are 
unavoidable, such as weaning. Younger pigs seem to adjust to changes in groups with less fighting 
than older pigs. Mixing pigs over about 34 to 45 kg should be avoided when possible, as because 
fighting will be intense. If mixing is unavoidable, some tips that may help include allow extra floor, 
feeder and waterer space, move all pigs to a new space rather than add pigs to an existing group, add 
bedding if possible, and check pigs frequently. One advantage of the wean- to- finish system is that 
pig moves and mixing can be minimized.

Table 21.4 Recommended space allowance for growing pigsa.

Pig body weight, kg Space allowance, m2/headb

15 0.19–0.21
45 0.40–0.44
75 0.56–0.62
105 0.71–0.78
135 0.84–0.92

a Based on the following equation A  =  k × BW0.667 (Gonyou 
et al. 2006).
b Lower values calculated with k = 0.0317; upper values calculated 
with k = 0.0348
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Bedded Systems

Partially in response to the major shift to confinement swine housing, a counter/alternative pro-
duction system movement has flourished since the mid- 1990s that is driven by consumer demand 
for certain pork quality and credence attributes (Honeyman et al. 2006). These “pork niche mar-
ket” production systems typically feature bedding, minimal environmental controls, natural venti-
lation, more space allocated per pig, no antibiotics, certain swine breeds, and specified feed 
ingredients. Many use bedded hoop barns or other alternative structures (Honeyman and 
Harmon 2003; Honeyman 2005) and are smaller operations linked in marketing networks. This 
trend is analogous to other livestock production trends of cage- free eggs, free- range chickens, 
grass- fed beef, or organic dairy. Although this is a small part of the US pork market, the niche pork 
production is consumer- responsive, seems vigorous, growing, and is often a forecast of upcoming 
trends.

The use of bedding such as small- grain straws or cornstalks is beneficial to absorb fecal and uri-
nary wetness and provide the pig with the ability to modify their environment to reduce draft and 
heat loss in cold environments. The bedded pack actually composts in place, aerated by the rooting 
pigs, and can generate heat, which is beneficial in cold environments. During hot periods, the pigs 
will frequent wetter parts of the pack that are not composting. Bedded areas can also be sprinkled 
to help pigs stay cool. Bedding adds cost while providing the benefits described. In addition, bed-
ding provides a stimulating continually changing environment for the pigs and lessens aggression 
and stereotypical behaviors. Clean dry bedding is critical for success in these systems.

Summary

Acknowledging the natural environment, diet, social groupings, and behavior of wild pigs allows 
for critical evaluation of currently used production systems and their impact on swine welfare. 
Behavioral and biological motivations must be considered when choosing housing environments 
and management strategies to create an environment suitable for these animals. Doing so may miti-
gate the performance of abnormal and unwanted behaviors and ultimately supports good animal 
welfare within a sustainable swine production system.
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Introduction

The central objective of this chapter is to provide requirements for nutrient composition of diets fed 
to reproducing swine. Nutrient requirements are derived from the biological needs for body main-
tenance, productive functions (e.g., muscle growth, bone growth, milk production, and semen pro-
duction), and activity of the pig. As the pig becomes larger physically, nutrient demands for body 
maintenance will increase. Likewise pigs with the genetic ability to develop more muscle faster or 
produce larger quantities of milk will require more nutrients to support these functions and thus 
have higher nutrient requirements than pigs with lower genetic potential. So, nutrient requirements 
are strictly a function of the pig’s biological needs for optimal growth and productivity. The National 
Research Council’s Subcommittee on Swine Nutrition periodically updates the nutrient require-
ments of swine (NRC 2012).

The nutrient requirements listed in this chapter are based on the National Research Council’s 
publication “Nutrient Requirements of Swine” (NRC 2012) and the National Swine Nutrition Guide 
(NSNG 2010). The requirements listed represent minimum levels required for optimal production 
under ideal conditions. Typically, practicing nutritionists increase requirements by 10 to 15% 
because, in the real world of pig production, conditions on commercial farms do vary. Feed mixing 
errors, nutrient variability of natural feedstuffs, antinutritional factors present in feed ingredients, 
undetected environmental or disease challenges could change nutrient requirements of pigs. This 
safety margin is not included in the nutrient requirements presented in this chapter. So, the nutrient 
requirements presented in this chapter may need to be adjusted to support the desired pig perfor-
mance on any particular farm.

Breeding Swine

Replacement Gilts

Proper nutrition and management of gilts during their development will set the stage for a long, 
productive life once that female enters the breeding herd. Most research efforts in gilt development 
have focused on feeding during the growing- finishing period with the primary emphasis to encour-
age a high proportion of gilts to express pubertal estrus at an early age. A successful gilt develop-
ment program must generate females with a high farrowing rate and large litters at first farrowing. 

22 Feeding Reproducing Swine and Neonatal Pigs
Lee J. Johnston
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Additionally, proper gilt nutrition increases the probability of the breeding female staying  productive 
in the herd for a long period of time.

Establishing Gilt Development Targets
The primary challenge in a gilt development program is establishing the proper growth targets and 
nutritional requirements to ensure maximal long- term productivity of sows after they enter the breed-
ing herd. Rozeboom (2015) published an extensive review of literature regarding the conditioning of 
replacement gilts for optimal reproductive performance. He clearly highlighted the challenges of 
identifying specific targets for age, growth rate, and body composition of gilts at first mating that 
result in optimal reproductive performance of gilts because these traits are highly inter- related. For 
example, selection of a specific age at first mating comes with a specific body composition. Changing 
the age also likely changes the body composition. Thus, traits are confounded. Slowed growth (510 
g/d) caused by restricted feeding during the growing- finishing period delays puberty (Beltranena 
et al. 1991), but increasing growth rate above 600 g/d in ad libitum fed gilts did not hasten pubertal 
estrus. Kummer et al. (2009) found that increasing growth rates from 577 to 724 g/d hastened expres-
sion of puberty and decreased the incidence of anestrous gilts. In contrast, Patterson et al. (2010) 
observed no effect of growth rates ranging from about 440 to 800 g/d on age at puberty. Slow growth 
during the development period of gilts is related negatively to size of the first litter (Tummaruk 
et  al.  2001). But, very fast growth may be detrimental to proper skeletal development of gilts 
(Williams et al. 2004; Orth 2007) and lifetime productivity of sows (Jorgensen and Sorensen 1998; 
Johnston et al. 2007; Knauer et al. 2011). It appears that both slow growth and very rapid growth of 
gilts are detrimental to reproductive performance. Growth rate of gilts from birth to selection for 
breeding should be maintained between 600 and 800 g/d to optimize lifetime productivity.

Body composition at puberty and the time of first mating could influence first litter and lifetime 
performance of females. Retrospective analysis of gilt development data and the resulting reproduc-
tive performance of those females indicate a positive association between body fat at selection and 
productive life as a breeding sow (Lopez- Serrano et al. 2000; Stalder et al. 2005; Johnston et al. 2007). 
These studies seem to suggest that fatter gilts at selection will have increased lifetime productivity 
after entering the breeding herd. In contrast, Rozeboom et al. (1996) manipulated body composition 
of gilts at first mating in a controlled experiment and found no influence on the proportion of gilts 
that were retained through four parities. Similarly, Edwards (1998) concluded after reviewing sev-
eral studies that modification of the gilt’s fat reserves as she enters the breeding herd through protein 
restriction or increased feeding levels rarely demonstrates an improvement over several parities.

Gilts should weigh at least 135 kg at first mating but not exceed 155 kg to enhance lifetime pro-
ductivity. Williams et al. (2005) found that the number of pigs born over three parities was depressed 
when females did not weigh 135 kg at first mating. This target range in body weight at first mating 
provides a reasonable balance between enough body mass and maturity for adequate skeletal devel-
opment and tissue reserves without allowing the female to get too big. Our retrospective data 
(Johnston et al. 2007) suggest that allowing gilts to get too heavy can compromise lifetime produc-
tivity. Similarly, Dourmad et al. (1994) suggested that excessive body weight reduces sow longev-
ity. In addition, excessive body weight and size can create sow welfare concerns if sows become too 
large to fit comfortably in existing farrowing and gestating stalls.

Nutrient Requirements for Gilt Development
The targets for growth rate (600 to 800 g/d) and body weight at first mating (135 to 155 kg) were 
used to establish nutrient requirements for developing gilts listed in Tables 22.1 and 22.2. Estimates 
of voluntary feed intake of gilts were adapted from the NSNG (2010). The expected feed intakes and 
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the target growth rates listed above were used in the growing pig model of NRC (2012) to establish 
requirements. Feeding the developing gilt is very similar with a few exceptions to feeding slaughter 
progeny through the early and middle portions of the growth period except that a more moderate 
growth rate is desired. Most nutritionists recommend higher levels of dietary calcium and phospho-
rus (usually 0.1% higher) throughout the growing phase to optimize bone mineralization based on 
research of Nimmo et al. (1981). This recommendation is broadly observed throughout the swine 
industry. However, Rozeboom (2015) suggested that findings of other research groups do not support 
this recommendation and called for further research to establish mineral requirements for optimal 
skeletal development in replacement gilts. Levels of vitamins and trace minerals are increased dra-
matically in the last phase of growth compared to that of slaughter progeny. This increase reflects the 
expectation that these females will soon be performing more like gestating sows than market hogs so 
nutrient levels are increased in anticipation of this new level of performance. This also reflects the 
common practice in commercial pork production to switch developing gilts to diets containing the 
breeder vitamin- trace mineral premix when they are selected to enter the gilt pool. Vitamin and trace 
mineral requirements listed in Table 22.2 reflect this change for gilts from 110 to 140 kg body weight.

Gestating Sows

Feeding sows during gestation focuses on minimizing embryo and fetal losses and preparing the 
sow for farrowing and lactation. Proper preparation of the sow for farrowing and lactation dictates 
that caloric intake and the associated body weight gain is controlled to prevent sows from getting 
too fat during gestation. In the very early stages of gestation immediately after conception, the first 

Table 22.1 Energy and amino acid requirements of replacement gilts (as- fed basis)a,b.

Body weight, kg

Item 20–50 50–80 80–110 110–140

Estimated feed intake, kg/dc 1.5 2.1 2.5 2.7
Diet ME, kcal/kg 3265 3265 3265 3265
ME intake, kcal/d 4.9 6.8 8.2 8.8
Expected weight gain, g/d 774 872 882 806
SID amino acid, %

Arginine 0.45 0.39 0.33 0.28
Histidine 0.34 0.29 0.25 0.21
Isoleucine 0.52 0.44 0.39 0.33
Leucine 1.00 0.85 0.74 0.62
Lysine 0.99 0.84 0.73 0.61
Methionine 0.29 0.24 0.21 0.18
Methionine + Cystine 0.56 0.48 0.42 0.36
Phenyalanine 0.59 0.51 0.44 0.37
Phenyalanine + Tyrosine 0.93 0.80 0.69 0.59
Threonine 0.60 0.52 0.46 0.41
Tryptophan 0.17 0.15 0.13 0.11
Valine 0.64 0.55 0.48 0.41

a Based on NRC (2012) growth model with no safety margin included. Assumed Fat- free Lean (FFL) gain of 325 g/d.
b SID = standardized ileal digestible.
c Adapted from National Swine Nutrition Guide (2010).



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION626

objective is to provide conditions that will ensure maximal survival of embryos and favor a large 
litter size at the subsequent farrowing. Growth of the developing fetuses in conjunction with increas-
ing nutrient stores in the sow’s body through continued growth of young sows or replenishment of 
nutrient stores lost during the previous lactation for older sows are the main objectives during mid- 
gestation (day 30–75). In late gestation, fetal growth continues at a very rapid rate and mammary 
development occurs in preparation for the upcoming lactation. Proper feeding programs will satisfy 
these nutritional needs and ensure continued reproductive performance of sows at a reasonable cost.

Establishing Nutrient Needs
Variations in body size and condition, productivity, stage of gestation, health status, and environ-
mental circumstances dictate different daily amounts of nutrients to be fed to satisfy the sow’s 

Table 22.2 Mineral and vitamin requirements of replacement gilts (as- fed basis)a,b.

Body weight, kg

Item 20–50 50–80 80–110 110–140

Estimated feed intake, kg/dc 1.5 2.1 2.5 2.7
Diet ME, kcal/kg 3,265 3,265 3,265 3,265
ME intake, kcal/d 4.9 6.8 8.2 8.8
Expected weight gain, g/d 774 872 882 806
Minerals, % or Amt/kgd

Calcium, % 0.67 0.59 0.53 0.68
Phosphorus, STTD, % 0.31 0.27 0.25 0.30
Sodium, % 0.10 0.10 0.10 0.15
Chlorine, % 0.08 0.08 0.08 0.12
Magnesium, % 0.04 0.04 0.04 0.06
Potassium, % 0.22 0.19 0.18 0.20
Copper, mg 3.9 3.4 3.2 10.0
Iodine, mg 0.13 0.14 0.14 0.14
Iron, mg 60.4 48.8 42.7 80.0
Manganese, mg 1.9 2.0 2.1 25.0
Selenium, mg 0.19 0.16 0.15 0.15
Zinc, mg 56 53.1 51 100.0

Vitamins, Amt/kgd

Vitamin A, IU 1248 1330 1338 4000
Vitamin D, IU 144 153 154 800
Vitamin E, IU 11.0 11.0 11.0 44.0
Vitamin K (menadione), mg 0.50 0.50 0.50 0.50
Biotin, mg 0.05 0.05 0.05 0.20
Choline, g 0.29 0.31 0.31 1.25
Folacin, mg 0.29 0.31 0.31 1.30
Niacin, avail., mg 28.8 30.7 30.9 10.0
Pantothenic acid, mg 7.6 7.4 7.2 12.0
Riboflavin, mg 2.3 2.2 2.0 3.8
Thiamin, mg 1.0 1.0 1.0 1.0
Vitamin B

6
, mg 1.0 1.0 1.0 1.0

Vitamin B
12

, ug 9.0 6.2 5.1 15.0

a Based on NRC (2012) growth model with no safety margin included.
b ME = metabolizable energy; Amt = amount; STTD = standardized total tract digestible; avail. = available.
c Adapted from National Swine Nutrition Guide (2010).
d Trace mineral and vitamin requirement estimates are increased to that of gestating sows in the final phase of the gilt development 
period.
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requirements. Nutrient requirements for gestating sows can be broken down into three basic com-
ponents: maintenance, fetal growth, and maternal weight gain. Each of these components can be 
estimated individually and the components then summed to establish the sow’s total daily nutrient 
need.

Nutrient requirements for maintenance are influenced primarily by body weight of the sow and 
the environment in which the female is housed. Older, heavier sows have increased nutrient needs 
and will require more feed to maintain their body than younger, lighter sows. Maintenance energy 
requirements account for 75–85% of the sow’s total energy requirement. In general, for every 23 kg 
increase in sow body weight, daily metabolizable energy needs increase about 470 kcal that requires 
about 0.15 kg of additional feed (assumes a corn- soybean meal- based diet). In addition to body 
weight, maintenance energy requirements are influenced by the effective ambient temperature 
experienced by the sow. The effective ambient temperature is not necessarily the thermometer read-
ing but is the temperature that the sow experiences. Use of bedding provides insulation so reduced 
temperatures do not feel as cold to the sow. Conversely, wet conditions make the sow feel colder 
than the thermometer reading due to evaporative heat loss. Under commercial conditions, we are 
most concerned about temperatures that fall below the sow’s thermoneutral, or comfort zone. These 
cooler temperatures require increased energy and hence feed intake to maintain the sow’s core body 
temperature without the need for the sow to mobilize her own body tissues. Generally speaking, for 
every 5.5 °C drop below 18 °C, individually housed sows should receive an additional 360 g of a 
corn- soybean meal diet to satisfy their maintenance energy requirement. Group housing and use of 
bedding material can help the sow conserve body heat so increased feeding levels need not be 
implemented until temperatures fall below 10–13 °C.

Growth of the products of conception and the associated nutrient needs for that growth are fairly 
resistant to nutritional manipulations at feed intakes typical of production settings. Under condi-
tions of adequate energy intakes ranging from 6 to 10 Mcal of ME daily, changes in weight of 
fetuses are relatively small (Noblet et al. 1990). Similarly, feeding level has little influence on body 
composition of fetuses. However, feeding sows supplemental fat in late gestation can improve the 
survival rate of piglets after birth.

Conceptually, maternal weight gain is supported by “extra” nutrients available after needs for 
maintenance and fetal growth are satisfied. Maternal weight gain accounts for about 15 to 25% of 
the sow’s total energy needs. The composition of this weight gain is determined primarily by parity 
of the sow and diet composition (Pettigrew and Yang  1997). Similarly, the amount of maternal 
weight gain desired will depend on age of the sow (Tables 22.3 and 22.4). Nulliparous (Parity 0) and 
primiparous (Parity 1) sows are still growing so more weight gain should be allowed compared with 
older sows that have reached their mature body weight. Gains in maternal body weight provide a 
reservoir of nutrients for the upcoming lactation should the demands of milk production exceed 
nutrient intake from feed. However, excessive weight gains can predispose the sow to poor perfor-
mance during lactation due to depressed voluntary feed intake of sows (Weldon et al. 1994; Sinclair 
et al. 2001) and reduced sow longevity (Dourmad et al. 1994).

Fetal Imprinting
Supply of nutrients to the fetuses during pregnancy can influence size at birth and ultimately pig per-
formance from birth to market weight. This phenomenon, called fetal imprinting, is the “physiologi-
cal ’setting’ by an early stimulus or insult at a ’sensitive’ period, resulting in long- term consequences 
for function” (Davies and Norman 2002). Extreme reductions in nutrient intake by pregnant sows or 
reduced nutrient supply to individual fetuses causes intrauterine growth retardation (IUGR) and 
seems to be responsible for development of low birth weight pigs (runt pigs) at farrowing (Foxcroft 
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et al. 2006). These low birth weight pigs display lower survival, slower postnatal growth rates, lighter 
carcass weights at a given harvest age with more carcass fat and less lean compared to pigs with aver-
age or heavy birth weights (Milligan et al. 2002; Gondret et al. 2006). There seems to be a consensus 
that a critical threshold in birth weight exists related to piglet survival to weaning. Various research 
groups have determined independently that preweaning mortality increases dramatically when birth 
weight of piglets is below 0.95 kg (Calderon- Diaz et al. 2017), 1.00 kg (Zeng et al. 2019) or 1.11 kg 
(Feldpausch et al. 2016). It seems that piglets need to weigh at least 1 kg at birth to enhance their odds 
of survival to weaning. A few studies (Cromwell et al. 1989; Dwyer et al. 1994; Wu et al. 2006) have 
investigated the effects of elevated nutrient intake during gestation on birth weight and postnatal per-
formance of progeny working under the basic premise that increased nutrient intake would minimize 
occurrence of low birth weight pigs. In general, provision of nutrients above recommended levels did 
not elicit important, lasting effects in the offspring. So, a more targeted approach is necessary to 
reduce the incidence of low weight pigs at birth and(or) improve their postnatal survival.

Recently, attention has been focused on trace mineral supplementation of sow diets, specifically 
zinc supplementation. Vallet et al. (2014) supplemented corn- soybean meal diets fed to pregnant 
gilts from day 80 of gestation until farrowing with 0.07% zinc sulfate. Zinc sulfate supplementation 
was in addition to 150 ppm added zinc in the basal diet. Additional zinc had no effect on piglet birth 
weight or weaning weight of pigs. However, the stillbirth rate declined as birth interval of pigs 
increased and more importantly, preweaning mortality of pigs weighing less than 1 kg at birth was 
reduced substantially by supplemental zinc sulfate. Subsequently, Holen et al. (2020) evaluated the 
effects of 365 ppm or 595 ppm dietary zinc in diets that contained 125 ppm Zn. Additional zinc was 

Table 22.3 Energy and amino acid requirements for gestating sows (as- fed basis)a,b.

Parityc

Item 0 1 2 > 2

Litter size, total born 12.5 14.5 13 15
Body weight at breeding, kg 155 155 195 195
Assumed feed intake, kg/dayd 2.3 2.3 2.1 2.1
Assumed total weight gain, kg 64 68 40 45
Dietary ME, Mcal/kg 3.3 3.3 3.3 3.3
SID amino acid, %:

Lysine 0.54 0.55 0.39 0.40
Threonine 0.38 0.39 0.31 0.32
Methionine 0.15 0.16 0.11 0.11
Methionine + cysteine 0.35 0.36 0.27 0.28
Tryptophan 0.10 0.10 0.08 0.08
Isoleucine 0.30 0.31 0.22 0.23
Valine 0.38 0.39 0.29 0.30
Arginine 0.28 0.29 0.20 0.21
Histidine 0.18 0.19 0.13 0.13
Leucine 0.49 0.51 0.37 0.38
Phenylalanine 0.30 0.30 0.22 0.23
Phenylalanine + tyrosine 0.52 0.53 0.39 0.40

a Based on NRC (2012) gestating sow model with no safety margin included. Assumes one diet is limit- fed throughout gestation 
under thermoneutral conditions.
b ME = metabolizable energy; SID = standardized ileal digestible.
c Parity 0 means female in her first pregnancy.
d Feed allotment assumes 5% feed wastage and should be adjusted to achieve a desired body condition or weight gain.
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supplied by zinc sulfate in the last 40 days of gestation to mixed parity sows on a commercial farm. 
Zinc supplementation decreased overall preweaning mortality of piglets from 15% to 13.2 and 
12.2%, respectively. Much of the decline in mortality was realized in piglets that weighed less than 
1 kg at birth. In this birth weight category, mortality declined from 38.3 to 36.4 and 28.1% with 
increasing zinc supplementation. The mechanism(s) responsible for improved survival of light birth 
weight pigs is not clear at present. However, this research suggests that renewed attention on trace 
mineral nutrition of reproducing sows warrants attention. Since the placenta is the link between 
maternal nutrient supply and the developing fetus, researchers have focused recently on improving 
placental development and function. Proper placental development is central to successful fetal 
development and reducing incidence of low- birth weight piglets (Wu et al. 2010). High concentra-
tions of dietary arginine and its catabolic products, nitric oxide and polyamines, seem to improve 
placental growth and function resulting in improved litter size, decreased within- litter variation in 
piglet birth weight, and decreased proportion of runt pigs compared to feeding a standard corn- 
soybean meal- based diet to gilts from days 30 to 114 of gestation (Wu et al. 2010). Arginine may be 
considered a “functional amino acid.” “Functional amino acids” may be essential or nonessential 
amino acids that play a specialized role in bodily functions above and beyond the traditional require-
ments for body maintenance, growth, and reproduction (Wu and Kim 2007).

Table 22.4 Mineral and vitamin requirements for gestating sows (as- fed basis)a,b.

Item % or Amt/kg

Minerals:
Calcium, % 0.68
Phosphorus, STTD, % 0.30
Sodium, % 0.15
Chlorine, % 0.12
Magnesium, % 0.06
Potassium, % 0.20
Copper, mg 10
Iodine, mg 0.14
Iron, mg 80
Manganese, mg 25
Selenium, mg 0.15
Zinc, mg 100

Vitamins:
Vitamin A, IU 4000
Vitamin D, IU 800
Vitamin E, IU 44
Vitamin K (menadione), mg 0.50
Biotin, mg 0.20
Choline, g 1.25
Folacin, mg 1.30
Niacin, avail., mg 10
Pantothenic acid, mg 12
Riboflavin, mg 3.75
Thiamin, mg 1.00
Vitamin B

6
, mg 1.00

Vitamin B
12

, μg 15.00

a Based on NRC (2012) with no safety margin included.
b Amt = amount; STTD = standardized total tract digestible; avail. = available.
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Amino acids other than arginine have received some attention as possible modulators of piglet 
development in utero and subsequent piglet performance. The amino acid, leucine, and its metabo-
lite, β- hydroxy- β- methylbutryate (HMB), have been studied to determine possible effects on piglet 
birth weight and postnatal performance. Supplementation of sow diets with HMB in late gestation 
increases birth weight of pigs, improves postweaning growth performance (Tatara et al. 2007, 2012), 
and increases carcass lean percentage of market pigs (Tatara et al. 2007). Improved postnatal per-
formance of pigs may be due to increase circulating concentrations of growth hormone in pigs 
produced by HMB- treated sows (Tatara et al. 2007, 2012; Wan et al. 2017). Rehfeldt et al. (2001) 
showed that exogenous administration of growth hormone preferentially increased birth weight of 
small pigs. So, HMB may be useful to preferentially increase weight of small pigs at birth that 
would decrease within- litter birth weight variation and improve survival of low birth weight pigs. 
Clarke et al. (2019) used pregnant mice as a model for sows to test this hypothesis and reported no 
beneficial effects of HMB on birth weight of pups. Lack of positive results may mean that HMB is 
not effective in reducing within- litter variation in birth weights or that the mouse model is not an 
appropriate model for sows. Supplementation of early gestation diets with L- proline may increase 
litter size and improve piglet birth weight presumably through improvements in functionality of the 
placenta; however, this positive response was specific to second parity females (Gonzalez- Anover 
and Gonzalez- Bulnes  2017). The concept of functional amino acids is relatively new and may 
become an integral part of establishing dietary requirements for pregnant sows in the future.

Precision Feeding
Amino acid needs of the pregnant sow are not constant throughout gestation. Kim et al. (2009) sug-
gested that both the quantity of amino acids required and the ratio among individual amino acids 
varies as pregnancy progresses, which dictates a different amino acid profile in early and late gesta-
tion diets. Formulating diets for gestating sows according to this approach improved sow weight 
gain throughout gestation and eliminated the backfat loss observed in control sows. The practical 
implementation of this nutritional approach will require alteration of feed storage bins and feed 
delivery lines since sows in all stages of gestation currently are fed from the same feed bin on most 
commercial farms.

Feeding to Improve Sow Welfare
In most pork production systems, gains in sow body weight need to be controlled during gestation 
to prevent the sow from getting too fat. In geographical areas where high energy dense diets are 
economically priced, feed intake of sows usually is restricted to limit caloric intake. Consequently, 
sows experience hunger much of each day that encourages stereotypic behaviors to develop 
(Lawrence and Terlouw 1993; Brouns et al. 1994). Odberg (1978) defined stereotypic behaviors as 
those motions that are repeated regularly, serve no obvious function, and are apparently useless to 
the animal.

Even though increasing feed intake is effective in reducing stereotypic behaviors (Bergeron 
et al. 2000), it is not practical because of the increased body weight gain that ensues. An alternative 
approach is to decrease the caloric density of the diet by including high levels of fibrous ingredients 
and allowing greater feed intake. Several researchers (Brouns et al. 1994; Bergeron et al. 2000; 
Danielsen and Vestergaard  2001) have demonstrated that diets containing between 50 and 89% 
fibrous ingredients fed at levels to satisfy the sow’s nutrient requirements of maintenance, fetal 
growth, and moderate sow body weight gain significantly reduce stereotypic behaviors. Diets for 
gestating sows should contain at least 30% NDF (Meunier- Salaun et al. 2001), contain high levels 
of fermentable fiber, and be fed at levels to ensure nutrient requirements for optimal reproduction 
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are satisfied if a goal is to minimize expression of stereotypic behaviors. There may be one level of 
nutrient or feed intake required to support acceptable biological performance and a higher level 
required for improved sow welfare (Johnston and Holt 2006). Currently, diets for gestating sows in 
North America typically are not formulated with an eye toward improving sow behavior.

Late Gestation Feeding
Traditionally, gestating sows have received a set amount of feed designed to meet their nutritional 
requirements and control gain in body weight. Throughout most of gestation, the feeding level 
remained constant. However, rapid growth of fetuses and the products of conception in the last third 
of gestation occurs (Ullrey et al. 1965; Kim 2010). This rapid increase in fetal growth causes sows 
to fall into negative nutrient balance if feeding levels remain constant (Shields and Mahan 1983; 
Trottier 1991). To avoid negative nutrient balance, “bump feeding” may be implemented with the 
hope that nutrient balance will be restored and piglet birth weights might be improved. Bump feed-
ing is simply a 50 to 100% increase in feed allotment from about day 75 of gestation until farrowing. 
While this practice will correct the negative nutrient balance, excessive increases in body fat may 
result if feed intake is increased above that needed for the developing fetuses. Increased body fat-
ness of sows at farrowing consistently reduces voluntary feed intake of sows during the subsequent 
lactation (Weldon et al. 1994; Sinclair et al. 2001; Kim et al. 2015). Goncalves et al. (2016) recently 
separated the effects of increased energy intake and increased amino acid intake during late gesta-
tion using 1,100 sows under commercial conditions. They reported increased energy intake increased 
body weight gain of sows with a greater response when amino acid intake was increased as well. 
Increasing net energy intake by 50% did not affect birth weight of the total litter but did increase 
birth weight of live pigs by only 30 g and significantly increased the stillbirth rate in sows. Increasing 
amino acid intake by 86% reduced stillbirth rate and improved preweaning survival of pigs. Taken 
together, there was not strong evidence that increased energy and(or) amino acid intake in late ges-
tation resulted in more pigs produced at weaning. In general, the practice of bump feeding during 
the last 40 days of gestation has limited value in improving the efficiency of pork production.

Transition Sow Feeding
Until recently, swine producers and nutritionists have not had sound scientific information to under-
stand the special needs of sows as they transition from gestation to lactation. Space to fully discuss 
this topic is limited here so readers are referred to an excellent recent review by Theil (2015). The 
transition period is defined as the 10 days before and 10 days after farrowing. During this time, a 
multitude of changes are underway in the sow that include fetal growth, mammary development, 
colostrum production, the farrowing process, milk production, neonate nutrition, and metabolic 
changes, to name a few. All these changes suggest special attention should be paid to the nutrition 
and feeding management of sows in this period.

During the last 7–10 days of gestation, feeding management of sows must focus on preparation 
for farrowing. Farrowing is an energy- demanding process that can be lengthy, especially when lit-
ters are large. Sows must have a ready supply of metabolic energy to drive muscular contractions 
responsible for timely expulsion of fetuses at birth. If sows are energy- deprived, the farrowing pro-
cess will slow which may increase the birth interval. Increased birth intervals are associated with an 
increase in stillbirth rates (Oliviero et al. 2010; Vallet et al. 2010). Increasing the feeding level in the 
last week of gestation will provide the sow with needed energy for parturition. This practice is dif-
ferent than bump feeding because it is of a very short duration. Feyera et al. (2018) demonstrated 
that the time between the last meal and onset of farrowing was correlated positively with farrowing 
duration, birth interval, and stillbirth rate. When this interval was greater than three hours, farrowing 
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duration increased and when six or more hours elapsed between the last meal and farrowing prob-
ability of stillbirths and farrowing assistance increased significantly. This observation suggests that 
sows be fed several meals throughout the day in an attempt to reduce the time from their last meal 
until the onset of farrowing. Alternatively, sows could be allowed ad libitum access to feed during 
this period so that they could consume feed at will and hopeful within three hours of the onset of 
farrowing. Offering feed ad libitum during the week before farrowing does not have detrimental 
effects on sows that are not overconditioned (less than 22  mm backfat; Cools et  al.  2014) and 
encourages higher feed intake than the traditional practice of restrictive feeding during gestation. 
Elevated feed intake during this period might enhance colostrum yield and colostrum intake of 
newborn pigs as demonstrated by Decaluwe et al. (2014).

Changing diet formulation to include elevated concentrations of fiber during the transition period 
may benefit the sow. In a large study conducted on a commercial farm, Feyera et al. (2017) observed 
a statistically significant reduction in the stillbirth rate from 8.8 to 6.6% when sows received a high- 
fiber supplement based on sugar beet pulp and soybean hulls from day 102 of pregnancy to farrow-
ing. Other researchers have noted similar trends in stillbirth rate due to dietary fiber additions, but 
the differences were not statistically significant (Krogh et al. 2015). Dietary fiber increases water 
holding capacity of digesta that softens fecal matter reducing the incidence and severity of constipa-
tion (Oliviero et al. 2009; Tan et al. 2015). Feyera et al. (2017) speculated that softer stools would 
reduce blockages in the pelvic region of sows allowing decreased farrowing duration that would 
reduce stillbirth rate, but they did not measure this directly. In support of this idea, Loisel et al. 
(2013) found that a high fiber diet fed to sows from day 106 of pregnancy to farrowing decreased 
the birth interval for the first 5 pigs born but did not shorten total farrowing duration.

Dietary fiber alters metabolism of sows in ways that might benefit the farrowing process. Inclusion 
of fiber in sow diets decreases reliance on rapid starch digestion and absorption of glucose in favor of 
slower fermentation of fiber in the hindgut and absorption of short- chain fatty acids as energy sources 
(de Leeuw et al. 2005; Serena et al. 2009). This slower digestion of feed ingredients may provide a 
prolonged source of energy for sows during the farrowing process that would be beneficial because 
sows typically consume very little if any feed once farrowing commences. Use of high fiber diets 
combined with frequent feeding or ad libitum feeding during the transition period may help maintain 
a sufficient energy supply to sows during the farrowing process as suggested by Feyera et al. (2018).

Dietary fiber can influence colostrum production and composition. Loisel et al. (2013) compared 
a high fiber diet (23% dietary fiber) based on wheat, barley, and soybean meal and included soy 
hulls, wheat bran, sugar beet pulp, and sunflower meal to a similar wheat- barley- soybean meal diet 
that contained 13% dietary fiber for sows in late gestation. Yield of colostrum was not affected by 
diet nor was weight gain of piglets through day 21 postpartum. However, colostrum intake of low 
birth weight pigs (< 900 g) was greater, and preweaning mortality of all piglets was lower in litters 
suckling sows fed the high fiber compared with the low fiber diet. Similarly, Krogh et al. (2015) 
reported no effect of high fiber diets (alfalfa meal or sugar beet pulp) on colostrum yield and piglet 
weight gain when fed to sows in late gestation. But, they did not observe a significant reduction in 
piglet mortality due to high fiber diets. Increasing dietary fiber in late gestation sow diets may be 
beneficial to sow and piglet performance, but details of fiber type, level of dietary inclusion, and 
period of supplementation need to be established for routine use in commercial production.

Water Needs
A complete discussion of water for pigs is presented in Chapter 2. Water is essential for gestating 
sows, and sows should be offered as much water as they choose to consume. Because gestating sows 
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are limit- fed, they often exhibit a behavioral trait called polydipsia, which means they consume 
“excess” water to satiate their hunger (Patience 2013). Caretakers may be motivated to limit water 
intake to reduce this behavior, but restricted water intake can predispose sows to urinary tract infec-
tions (Almond and Stevens 1995), which compromises sow health and production.

Lactating Sows

Feeding sows during lactation focuses on maximizing litter performance through high milk produc-
tion with minimal mobilization of maternal body tissues. Conserving maternal body tissues during 
lactation improves the likelihood that sows will come into estrus and conceive a large litter quickly 
after weaning. The basic approach to achieving these objectives is to maximize voluntary intake 
of  feed that contains a sufficient concentration of nutrients to satisfy the sow’s daily nutrient 
requirements.

Establishing Nutrient Needs
The energy and nutrient requirements of the lactating sow depend on the sow’s body weight, milk 
yield and composition, and to some degree the environment in which she is housed. Just like gestat-
ing sows, lactating sows require energy and nutrients to maintain body weight and body functions. 
Older, heavier sows have increased nutrient needs for maintenance compared with younger, lighter 
sows. Because sows are typically allowed ad libitum access to feed during lactation in an effort to 
maximize nutrient intake, maintenance requirements for energy and other nutrients are satisfied 
easily.

In contrast to maintenance requirements, energy and nutrient requirements to support milk 
production can be more difficult to satisfy. The goal is to satisfy requirements for milk by nutri-
ents supplied in the diet. However, if feed intake of sows is suppressed by the environment, health 
status, or genetics, or nutrient concentration of the diet is too low, sows will fall into negative 
nutrient balance and mobilize nutrients in body tissues to meet nutrient needs for milk production. 
Energy and nutrient needs for milk production are directly related to the quantity and composition 
of the milk secreted by the sow. Nutrient composition of milk can be altered slightly by genetics 
or diet, but these subtle differences are not considered in practical feeding programs. So, quantity 
of milk produced is the primary factor considered in determining nutrient needs for milk produc-
tion. Under practical conditions, milk production of sows is not measured directly but indirectly 
by weight gain of the suckling litter. Regression equations have been developed to relate litter 
weight gain to milk production (NRC  2012). Using these equations and an assumed standard 
composition of milk, energy and nutrient requirements for milk production can be predicted 
(NSNG 2010; NRC 2012). The nutrient requirements for milk production and body maintenance 
are summed to establish the total energy and nutrient requirements for lactating sows. The goal is 
to satisfy these requirements by formulating diets that include sufficient concentrations of nutri-
ents and encourage maximal feed intake by sows. If feed intake or nutrient concentration in the 
diet are limiting, sows will mobilize body tissues to meet the deficient nutrient intake and(or) 
reduce milk production.

Energy and nutrient requirements for lactating sows in four different situations are presented in 
Table 22.5. Selected situations are presented because it is beyond the scope of this chapter to pro-
vide nutrient requirements for all possible situations. The requirements presented in Table 22.5 were 
generated by the requirement prediction model for lactation presented by NRC (2012). Mineral and 
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vitamin requirements (Table 22.6) are similarly based on NRC (2012) predictions. There has been 
little recent research reported to establish mineral and vitamin requirements of modern sows.

Feeding Management around Farrowing
Feeding management right before and after farrowing is focused on transitioning the sow from lim-
ited feed intake of late gestation to ad libitum consumption during lactation. This transition period 
was discussed more thoroughly in the Gestation section of this chapter. Immediately after farrow-
ing, sows should be allowed progressively increasing amounts of feed so that they are provided ad 
libitum intake by day 4 postpartum or sooner. The goal during lactation is to implement feed formu-
lations, feeding management practices, and environmental controls to ensure maximal voluntary 
feed intake of sows (Johnston 1993). Restricting feed intake of lactating sows at any time during 
lactation increases sow weight loss, reduces litter performance, and can compromise subsequent 
reproductive performance (Koketsu et al. 1996).

Nutrition and Subsequent Reproduction
Nutrition during lactation clearly influences subsequent reproductive performance. Feed restriction 
in early or late lactation increases sow body weight and backfat loss, decreases gonaodotrophic sup-
port for ovarian function, increases weaning- to- estrus interval, and decreases ovulation rate after 
weaning (Zak et al. 1997a). If feed restriction occurs near the end of lactation, survival of embryos 
after mating may be compromised which could reduce subsequent litter size (Zak et al. 1997a). 

Table 22.5 Energy and amino acid requirements of lactating sows (as- fed basis)a,b.

Parity

Item 1 1 2+ 2+

Post- farrowing sow wt., kg 180 180 220 220
Assumed sow wt. change, kg −18 −3.5 −19.2 −4.0
Assumed feed intake, kg/dayc 5.9 5.9 6.6 6.6
Assumed piglet wt. gain, g/d 270 230 270 230
Litter size weaned 11 10 12 11
Litter wean wt., kgd 77.0 62.0 85.0 68.0
Dietary ME, Mcal/kg 3.3 3.3 3.3 3.3
ME intake, Mcal/d 18.6 18.6 20.7 20.7
SID amino acid, %
Lysine 0.87 0.77 0.85 0.76
Threonine 0.55 0.49 0.54 0.48
Methionine 0.23 0.20 0.23 0.20
Methionine + cysteine 0.47 0.41 0.46 0.40
Tryptophan 0.17 0.14 0.17 0.14
Isoleucine 0.49 0.43 0.48 0.42
Valine 0.74 0.65 0.73 0.64
Arginine 0.46 0.43 0.45 0.42
Histidine 0.34 0.30 0.34 0.30
Leucine 1.00 0.86 0.98 0.85
Phenylalanine 0.48 0.42 0.47 0.41
Phenylalanine + tyrosine 0.99 0.86 0.98 0.85

a Based on NRC (2012) lactating sow model with no safety margin included. Sows are offered ad libitum access to diets under 
thermoneutral conditions. wt. = weight.
b wt. = weight; ME = metabolizable energy; SID = standardized ileal digestible.
c Assumed intake includes 5% feed wastage.
d 21- day lactation.
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Feed restriction seems to inhibit normal follicular development and compromises oocyte maturation 
(Zak et al. 1997b).

Feed restriction causes reduced intake of energy, protein, vitamins and minerals. However, it 
seems that reduced protein (amino acid) intake and the associated loss of body protein is the most 
detrimental to subsequent reproductive functions (King  1987; Clowes et  al.  2003). Low lysine 
intake as a result of feeding a low protein diet increases muscle degradation, decreases frequency of 
luteinizing hormone pulses in late lactation, and decreases follicular support for proper oocyte 
development (Yang et al. 2000a, 2000c). To avoid this problem, one may theorize that very high 
protein diets seem warranted. However, Yang et al. (2000b) demonstrated that very high protein 
diets can reduce subsequent litter size but this response is not consistent (Tritton et al. 1996).

Feedstuffs
Compared with other phases of the reproductive cycle, lactation places the greatest energy and 
nutrient demands on the sow. Consequently, lactation diets must be composed of high energy, nutri-
ent dense ingredients. Corn and other cereal grains are commonly used in high proportions to sup-
ply energy to the diet and protein concentrates such as soybean meal, canola meal, or other oilseed 
meals are used as natural sources of the required amino acids. Crystalline amino acids are also 
appropriate to supply specific needs.

Table 22.6 Mineral and vitamin requirements of lactating sows (as- fed basis)a,b.

Item % or Amt/kg

Minerals
Calcium, % 0.80
Phosphorus, STTD, % 0.40
Sodium, % 0.20
Chlorine, % 0.16
Magnesium, % 0.06
Potassium, % 0.20
Copper, mg 20.00
Iodine, mg 0.14
Iron, mg 80
Manganese, mg 25
Selenium, mg 0.15
Zinc, mg 100

Vitamins
Vitamin A, IU 2,000
Vitamin D, IU 800
Vitamin E, IU 44
Vitamin K (menadione), mg 0.50
Biotin, mg 0.20
Choline, g 1.00
Folacin, mg 1.30
Niacin, avail., mg 10.00
Pantothenic acid, mg 12.00
Riboflavin, mg 3.75
Thiamin, mg 1.00
Vitamin B

6
, mg 1.00

Vitamin B
12

, μg 15.00

a Based on NRC (2012) with no safety margin included.
b STTD = standardized total tract digestible; avail. = available.



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION636

Supplemental fat such as choice white grease, tallow, or soybean oil, can be added to lactation 
diets to increase energy density of the diet and ultimately energy intake of the sow. Fat additions to 
lactation diets can increase fat content of sow’s milk (Pettigrew 1981) and daily fat output in milk 
(Lauridsen and Danielsen 2004) and can improve growth rate of suckling pigs (Pettigrew 1981; 
Lauridsen and Danielsen 2004). However, there are practical limits to fat inclusion level due to 
increased potential for bridging of feed in bulk bins and feed hoppers and increased incidence of fat 
randicity as fat inclusion rate increases. (See Chapter 3)

Fibrous feed ingredients such as sugar beet pulp, wheat straw, soy hulls, or wheat midds are gen-
erally not appropriate, with one exception, for lactation diets due to their relatively low energy 
density. Inclusion of fibrous feed ingredients reduces energy intake of sows which is contrary to the 
nutritional goals for lactation. Fibrous ingredients may be included in diets before and a few days 
after farrowing to reduce incidence of constipation. While this practice may help the sow feel better, 
it is difficult to document improvements in sow performance.

Water Needs
Intake of water is a critical component of a successful lactation. Milk is about 80% water 
(Hurley 2015) and is primarily responsible for the high water requirement of lactating sows. To 
meet these water requirements, lactating sows must have ad libitum access to water and be encour-
aged to consume as much water as possible. Fraser and Phillips (1989) showed a positive relation-
ship between water intake of sows and weight gain of piglets in the first three days postpartum. Sow 
water intake accounted for 30 to 40% of the variation in piglet weight gain in the first 3 days post-
partum. Similarly, most piglet deaths occurred in litters suckling sows with low water intake (≤ 
6 liters/day) compared to sows with high water intake. Caretakers need to manage sows and their 
environment to encourage the highest water intake possible for optimal lactation performance. 
Sows with greater activity after farrowing will consume more water than lethargic sows (Fraser and 
Phillips 1989). Thus, stockpeople need to ensure sows stand after farrowing which will encourage 
water intake. Water flow from drinkers must be at least 1 liter per minute. Leibbrandt et al. (2001) 
demonstrated that restricted water flow (70 vs. 700 ml/min) reduced sow feed intake and increased 
body weight loss of sows during lactation. Jeon et al. (2006) reported that sows consumed more feed 
and water when temperature of the drinking water during lactation was 15°C compared with 22°C 
under heat stress conditions. Method of supplying water to lactating sows can be important. Peng 
et al. (2007) observed higher feed intake and heavier pigs at weaning with lower water wastage 
when a wet- dry sow feeder was compared to a dry feeder with separate water nipple. Stockpeople 
need to consider the important positive effects water intake has on sow performance and seek meth-
ods to enhance water intake of sows.

Neonatal Pigs

The primary source of nutrition for neonatal pigs is milk provided by the sow. However, a supple-
mental source of nutrition can be offered in the form of solid feed commonly called “creep feed.” 
Creep feed is so named because it is presented to suckling pigs in the creep area (area that suckling 
pigs can access but sows cannot) of the farrowing/lactation stall or pen. In addition to creep feed, a 
supplemental source of water is also commonly provided for suckling pigs. Creep feed is particu-
larly important in times of low milk production by the sow or in late lactation when nutrient needs 
of piglets exceed supply of nutrients from milk.
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Creep Feeding
Numerous factors influence the success of a creep feeding program under commercial conditions. 
Lactation length can influence the utility of creep feeding. van der Meulen et al. (2010) found pigs 
weaned at seven weeks of age responded to creep feeding with greater feed intake and daily weight 
gain than pigs weaned at four weeks of age. Presumably as lactation lengths get shorter (less than 
28 days), the response to creep feeding declines, but this issue has not been studied intensely. Milk 
production peaks about day 18 of lactation then declines as lactation progresses (Hansen et al. 2012). 
This decline in milk production occurs coincident with increasing nutrient demands of suckling 
pigs. So, milk production becomes limiting to piglet growth and creep feed can help erase the nutri-
ent deficit.

Intuitively, creep feeding makes sense and should improve the performance of piglets and sows 
because additional resources (nutrients in feed) are being supplied to lactation. Creep feeding can 
improve preweaning performance of pigs (Heo et al. 2018; Lee and Kim 2018), introduce suckling 
pigs to solid feed that aids transition to exclusively solid feed at weaning (Collins et  al.  2013; 
Pluske 2016; Muns and Magowan 2018), and advance gut development ahead of the stressful weaning 
event (Pluske 2016). One might speculate that creep feeding could preserve sow body condition that 
may enhance postweaning reproductive performance of sows, but this effect has not been documented. 
However, responses to creep feeding practices are notoriously inconsistent (Pluske 2016). There are 
several reports that show no improvement in preweaning growth (Sulabo et  al.  2010a; Collins 
et al. 2013; Huting et al. 2017), sow body condition (Sulabo et al. 2010a), or postweaning pig perfor-
mance (Sulabo et al. 2010a) as a result of supplying creep feed to suckling pigs. One reason for this 
inconsistent response is that creep feed intake is quite variable. Not all pigs in a litter consume creep 
feed when offered. And, some pigs consume large amounts of creep feed while some littermates con-
sume very little or none. So, researchers have categorized piglets into those that consume creep feed 
(eaters) compared with those that do not (noneaters). Several groups reported that growth performance 
of eaters is improved postweaning (Bruininx et al. 2002; Sulabo et al. 2010a,c; Collings et al. 2013) 
compared with noneaters. This suggests practitioners need to focus on getting pigs to eat the creep 
feed because there appears to be a benefit if piglets do consume creep feed. Low intake of creep feed 
can actually be detrimental to postweaning pig performance if allergenic ingredients such as soybean 
meal are included in both the creep feed and the postweaning diet (Miller et al. 1984; Li et al. 1991).

The consistently inconsistent intake of creep feed has prompted many attempts to improve creep 
feed intake by piglets. Obviously composition of the creep feed could influence palatability of the 
feed and how attractive it is to young pigs. Several researchers have compared simple and complex 
diet formulations to determine the most efficacious approach. Collins et al. (2013) found that pigs 
consumed more of a simple creep feed based primarily on cereals than a complex diet based on 
animal by- products from 9 days of age until weaning. In contrast, others have reported a positive 
relationship between diet complexity and creep feed intake by suckling pigs (Fraser et al. 1994; 
Pajor et al. 2002). The use of flavoring agents has been explored as a way to attract pigs to the creep 
feed and encourage intake with positive effects (Adeleye et  al.  2014) or no effects (Sulabo 
et al. 2010b). Flavoring agents have been included in the sow’s diet during pregnancy in hopes that 
fetal pigs in utero will be imprinted and will recognize those flavors as familiar when the same 
flavor is included in the creep feed. Figueroa et al. (2013) tested amniotic fluid as an olfactory agent 
and found that piglets were more attracted to amniotic fluid from their own dam than from an alien 
dam. This demonstrated that newborn piglets are influenced by odors associated with their mothers. 
In a follow- up study, these researchers fed sows in the last two weeks of pregnancy flavoring agents 
such as anise, milky- cheese, or garlic flavors and found that neonates were attracted to the flavor 
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that their dams received prepartum, but this preference did not translate into increased consumption 
of flavored creep feeds. Similarly, Sulabo et al. (2010b) found no carryover effects on postweaning 
pig performance of including the same flavor compound in creep feed and postweaning pig diets.

The method of presenting creep feed to pigs can affect intake. Many producers provide creep feed 
to pigs on a flat floor surface or in a flat pan to encourage early intake of creep feed. This approach 
takes advantage of pigs’ exploratory behaviors by allowing them to root in and manipulate the feed 
and coincidently consume some feed. Initial interactions of piglets with feed are driven by explora-
tory behaviors, but later consumption is driven by nutrient needs (Pluske 2016). Once pigs start to 
consume some feed, intake typically increases in a curvilinear fashion (Sulabo et al. 2010a). The 
primary challenge with this presentation method is that pigs will urinate and defecate in the feed pan 
soiling the feed. This dictates that stockpeople offer limited quantities of feed often and keep the feed 
clean and fresh to encourage sustained intake. Creep feeding in practice can add substantial labor 
requirements so the benefits of creep feeding need to be documented to justify the additional labor 
expense. Creep feed can be offered in liquid, gruel, meal, or pelleted forms. Most commonly, it is 
offered as a dry meal or pellet. Clark et al. (2016) determined that suckling pigs had greater creep 
feed intake when offered large (12.7 mm diameter) compared with small (3.2 mm diameter) pellets. 
Pigs consuming the larger creep pellet also grew faster and were more efficient in the first week 
postweaning than pigs that consumed the smaller pellet. Feed form seems to influence pigs’ response 
to creep feed. Likely, there is less feed wastage with pelleted compared with meal forms of creep 
feed.

Many factors influence the success of a creep feeding program. Scientific reports indicate quite vari-
able responses ranging from no effect to some small positive influences on piglet performance pre-  and 
postweaning. Each farm needs to evaluate the utility of creep feeding in their situation. If creep feed is 
used, the feed should be offered to piglets in small quantities frequently so feed stays fresh and clean. 
Soiled, spoiling creep feed surely will not encourage meaningful intake. A low flat pan or surface that 
allows pigs to root in the feed would be preferred for initial presentation of feed to piglets.

Supplemental Water for Neonates
One might question the need to supply supplemental water for suckling pigs that rely almost exclu-
sively on milk for nutrition. Fraser et al. (1988) found that average water intake (measured as water 
disappearance) of suckling pigs was 31 ml/pig/day one day after birth and increased to 53 ml/pig/day 
on day 4 postpartum. In their study, water intake of piglets in the first 24 hours of life ranged from 3 
to 157 ml/pig. This suggests that suckling piglets do consume water early in life even when milk is 
readily available. These same researchers observed that newborn piglets used a bowl drinker or push- 
lever drinker that had water dripping about 55 hours sooner than a nipple drinker or push- lever 
drinker that was not dripping water (Phillips and Fraser 1991). Evidently, piglets need to see or smell 
water and have it readily accessible to encourage early intake. Provision of water to neonates that is 
easy to find and readily accessible may help combat dehydration of piglets and reduce preweaning 
death loss.

Boars

Boars have a significant influence on the swine breeding program, but relatively little attention is 
typically paid to them, likely because they represent a relatively small proportion of the total pig 
population. Not only do boars provide a source of genetic improvement but they also influence far-
rowing rate and litter size (Whitney and Baidoo 2010). Nutrition serves as an important factor in 
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determining reproductive performance of the breeding herd and overall animal well- being. 
Nutritional status affects libido, structural soundness and longevity, sperm production, and semen 
quality. Factors that may affect nutrient requirements include type of mating system used, age and 
stage of maturity, body condition, environmental conditions, and frequency of ejaculation.

If boars are to be used in natural mating systems, a primary goal is to minimize mature body 
weight so that boars can mate smaller sows and gilts. Overfeeding boars can impair libido and could 
also lead to reproductive problems and decreased length of service in the herd; therefore, limit feed-
ing is required. Nutrition for stud boars used for artificial insemination should be focused on opti-
mizing sperm production and quality of semen, while ensuring overall well- being of the boar. 
Welfare issues such as lameness are important because this affects the boar’s desire and ability to 
mount dummy sows for collection. Reduced emphasis relative to natural mating is placed on mini-
mizing mature body size of boars in artificial insemination centers. However, safety of workers 
handling excessively large boars must be considered.

Young breeding boars (one to two years old) are still growing. Feeding programs must allow for 
moderate weight gain of about 180 to 250 g/day (Whitney and Baidoo  2010). The goal is to 
restrict energy intake to achieve a gradual growth rate while maintaining high amino acid, vita-
min, and mineral intakes to preserve fertility and libido. As boars become heavier and older, their 
growth rates decrease and proportion of nutrients provided for body maintenance increases. 
Mature boars should be fed to meet body maintenance needs while still allowing for optimal 
reproductive performance. Body weight and body condition are critical determinants of a boar’s 
maintenance requirements. Furthermore, boars that are subjected to cold temperatures or have 
extremely high libido should be provided an increased feed allowance. Kemp et al. (1989a) esti-
mated extra thermoregulatory heat production of 3.8 kcal/kg0.75/°C/day is needed when tempera-
tures are below 20°C.

Influence of Nutrition on Reproductive Performance
Nutrition affects boar libido, sperm output, and semen quality. Severe and prolonged restrictions in 
feeding levels, resulting in significant losses in body weight, cause boars to refuse service (Stevermer 
et al. 1961). Similarly, feeding low protein diets, especially when energy intake is restricted, reduces 
boar’s interest in mating due to decreased blood levels of estradiol- 17β (Louis et  al.  1994a,b). 
However, short- term restrictions in feeding level or nutrient intake have minimal effects on libido 
(Ju et al. 1985; Kemp et al. 1989b). In some artificial insemination centers, boars receive diets with 
elevated protein concentration (5 to 10% above requirements) to enhance libido. However, exces-
sive weight gain makes pigs more lethargic and may also decrease a boar’s physical ability to mount 
a sow by reducing locomotive soundness and balance (Westendorf and Richter 1977).

Providing a lower plane of nutrition (50 to 70% of requirements) reduces semen volume and total 
sperm production (Beeson et al. 1953; Kemp et al. 1989b), while increasing the nutrient levels back 
to required levels returns semen volume and sperm production to normal. Historical data, however, 
indicate that boars can tolerate widely varying levels of nutrition for short periods of time without 
detrimental effects on the quality of the sperm produced (Stevermer et al. 1961).

Nutrient Requirements of Boars
Nutrient requirements of breeding boars are based on NRC (2012) and modified slightly according 
to the National Swine Nutrition Guide (Whitney and Baidoo 2010; Table 22.7). The NRC (2012) 
nutrient concentrations were used to compute modern requirement levels for young and mature 
boars based on production data (body weight range, caloric density, and feed intake) from the 
National Swine Nutrition Guide (Whitney and Baidoo 2010).
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Table 22.7 Nutrient requirements of breeding boars (as- fed basis)a,b.

Item % or Amt/kg Amt/d Amt/d

Body weight, kg — 135–185 185–300
Diet ME, kcal/kg 3300 3300 3300
ME intake, kcal/d — 8085 9075
Expected feed intake, kg/dc — 2.45 2.75
SID amino acid
Arginine 0.20% 4.9 g 5.5 g
Histidine 0.17% 4.2 g 4.7 g
Isoleucine 0.31% 7.7 g 8.6 g
Leucine 0.33% 8.1 g 9.1 g
Lysine 0.51% 12.5 g 14.0 g
Methionine 0.08% 2.0 g 2.2 g
Methionine + cystine 0.25% 6.1 g 6.9 g
Phenylalanine 0.36% 8.8 g 9.9 g
Phenylalanine + tyrosine 0.58% 14.2 g 16.0 g
Threonine 0.22% 5.4 g 6.0 g
Tryptophan 0.20% 4.9 g 5.5 g
Valine 0.27% 6.6 g 7.4 g
Minerals
Calcium 0.75% 18.4 g 20.6 g
Phosphorus, STTD 0.33% 8.1 g 9.1 g
Sodium 0.15% 3.7 g 4.1 g
Chlorine 0.12% 2.9 g 3.3 g
Magnesium 0.04% 0.9 g 1.0 g
Potassium 0.20% 4.9 g 5.5 g
Copper 5.0 mg 12.2 mg 13.8 mg
Iodine 0.14 mg 0.34 mg 0.4 mg
Iron 80 mg 196.0 mg 220.0 mg
Manganese 20.0 mg 49.0 mg 55.0 mg
Selenium 0.30 mg 0.7 mg 0.8 mg
Zinc, mg 50.0 mg 122.5 mg 137.5 mg
Vitamins
Vitamin A 4,000 IU 9,800 IU 11,000 IU
Vitamin D 200 IU 490 IU 550 IU
Vitamin E 44 IU 108 IU 121 IU
Vitamin K (menadione) 0.50 mg 1.2 mg 1.4 mg
Biotin 0.20 mg 0.5 mg 0.55 mg
Choline 1.25 g 3.06 g 3.40 g
Folacin 1.30 mg 3.2 mg 3.6 mg
Niacin, avail. 10.0 mg 24.5 mg 27.0 mg
Pantothenic acid 12.0 mg 29.4 mg 33.0 mg
Riboflavin 3.75 mg 9.2 mg 10.3 mg
Thiamin 1.0 mg 2.4 mg 2.7 mg
Vitamin B6 1.0 mg 2.4 mg 2.7 mg
Vitamin B12 15 ug 36.8 ug 41.2 ug

a Based on NRC (2012) with no safety margin included.
b Amt = amount; ME = metabolizable energy; SID = standardized ileal digestible; STTD = standardized total tract digestible; avail. 
= available.
c Based on National Swine Nutrition Guide (2010) and assumes 5% feed wastage.
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Water Needs
As with other class of breeding swine, boars should have ad libitum access to water for optimal 
performance. Readers are referred to Chapter 2 of this book for a complete discussion of water 
quantity and quality for all classes of swine.

Summary

Dietary nutrient requirements are presented for breeding swine in this chapter. For any given class 
of pig, one estimate is presented for each nutrient. Users must realize that there is inherent variation 
in the true requirement for any individual pig due to variation in pig genetics, health status of the 
pig, environmental conditions the pig experiences, and feedstuffs consumed by the pigs. Requirement 
estimates presented here are minimal estimates under ideal production conditions. These estimates 
need to be adjusted based on characteristics of any specific production system to achieve optimal 
pig performance.
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Introduction

Efficient and profitable swine production from weaning to market depends upon an understanding 
of the concepts of genetics, health, management, environment, and nutrition. Nutrition represents 
60–75% of the total cost of pork production. Thus, a thorough knowledge of the principles of swine 
nutrition is essential to maintain productivity and profitability in a swine enterprise. Typically in 
commercial production, diets are categorized into two groupings: weaner (weaning to approximately 
23 kg) and growing- finishing diets (23 kg to market). While many of the same basic concepts and 
rationale are similar between the two, the formulations will vary. Typically, weaner pig diets are 
generally broken into three dietary phases and often contain several specialty protein sources 
included to stimulate feed intake. Growing- finishing pig diets are fed generally to 5 different phases 
and based on grain and oilseed meals to economically meet nutrient requirements. However, 
regardless of the classifications and formulations, there are numerous ways in which weaner and 
growing- finishing pigs can profitably fed. Because there is no single way to best feed pigs, this 
indicates that the pig is a relatively resilient animal and can thrive in multiple environments.

Weaner Pigs

The biology of weanling pigs must be considered for a successful nutritional program in the nursery. 
Young pigs have high protein deposition, low feed intake, high lactase activity, and low amylase, 
maltase, sucrase, and lipase activities. This means that newly weaned pigs are able to easily digest 
lactose and specialty protein sources, but have limited ability to digest plant protein sources, sugars, 
and to utilize fat. In general, it is important to provide adequate amino acid levels from highly 
digestible protein sources because weanling pigs have a high capacity for protein deposition in 
relation to feed intake.

Feed intake is a key determinant of performance and health status of weanling pigs. While the 
majority of pigs begin consuming feed within the first 24 hours after weaning, approximately 30% 
take between 24 and 60 hours to start on feed (Bruinix et al. 2001). Weanling pigs are in a highly 
energy- dependent stage of growth, which means that any increase in feed intake results in 
improvements in growth rate and lean deposition. Moreover, feed intake is important to sustain an 
adequate gut structure for nutrient absorption (Pluske et al. 1996) and to reduce the occurrence of 
diarrhea in weanling pigs (Madec et al. 1998).

23 Feeding Weanling, Grower, and Finisher Swine
Robert D. Goodband, Mariana B. Menegat, and Hayden E. Williams



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION648

The most important aspect to maximize feed intake is to have feed available and offered ad libi-
tum as soon as pigs are weaned. There are several strategies to encourage feed intake of weanling 
pigs. One strategy is to use feeding boards or mats to supply adequate feeding space. Another 
strategy is to offer a gruel with a mixture of feed with water. With both of these strategies, feed 
should also be available in the feeders and the strategies should be used temporarily during the first 
few days after weaning as to not discourage consumption of feed in the feeders. The boards, mats, 
and gruels should be appropriately managed to prevent feed spoilage and disease transmission.

Feeding behavior after weaning is also stimulated by providing creep feed, while pigs are nursing 
to ease the transition from milk to solid diets (Bruinix et al. 2002). The creep diet does not have to 
be offered for a long period before weaning, but it must be a highly palatable and digestible diet 
(Sulabo et al. 2009, 2010). A viable strategy is to offer a creep diet for 3 to 5 days before weaning 
to increase the proportion of pigs consuming creep feed and improve feed intake after weaning. 
Also, using similar ingredients in initial nursery diets can stimulate weanling feed intake in the early 
postweaning.

One of the goals of the nutritional program in the nursery is to prepare pigs for grow- finish diets. 
Diets in the grow- finish period are relatively simple (grain- oil seed- based) and less expensive 
compared to nursery diets. Although the use of specialty ingredients results in excellent performance 
in the nursery, benefits generally do not result in further improvement in grow- finish performance. 
Thus, specialty ingredients should be paid for in the nursery without projections of improved 
finishing performance. The goal is to gradually remove specialty high- cost ingredients from nursery 
diets and replace them with typical lower cost ingredients, such as grains and oil seed meals, as 
quickly as possible.

Phase Feeding

The phase feeding program is often matched to the weight of piglets at weaning using a feed budget. 
Generally, as pigs become heavier at weaning, the amount of the initial nursery diets is reduced. 
As an example, a 3- phase feeding program can be used in the nursery, consisting of phase 1 (5–7 kg), 
phase 2 (7–12 kg), and phase 3 (12–23 kg) diets. An intensive care diet can be used in the nursery 
for low weaning weight pigs (3–5 kg), health- challenged pigs, as well as be offered as a creep feed 
during the nursing phase.

Intensive care and phase 1 diets are more complex to improve feed intake and provide high- 
quality feed ingredients to weanling pigs, such as specialty protein and lactose sources. Intensive 
care and phase 1 diets are commonly provided as pellets or crumbles because of the impact of 
specialty ingredients on feed flow ability. These diets are more expensive, but their use is typically 
justified considering the small amount of feed used. Diet complexity rapidly reduces in phase 2 and 
3 diets as feed intake becomes established. Phase 2 and 3 diets can be provided either as meal, pellets, 
or crumbles. These diets represent most of the total feed use in the nursery and have a significant 
impact on total feed cost up to 23 kg. Adhering to the feed budget guidelines in Table 23.1 helps to 
optimize performance in the nursery and minimize overfeeding of expensive initial nursery diets.

Diet Complexity

Diet complexity refers to the use of highly digestible specialty feed ingredients in nursery diets. 
Complex diets are typically fed to weanling pigs to provide high- quality feed ingredients and 
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improve intake in the early postweaning period. As complex diets are more expensive, diet 
 complexity should be rapidly reduced during the course of the nursery.

Nutritional strategies in the nursery have been of great interest because it is generally assumed 
that pigs that grow faster in the nursery also grow faster in the finisher. However, not all dietary 
efforts to improve performance in the nursery are rewarded with improvements in growth rate in the 
finisher. An important distinction to make is whether the dietary effort is able to induce a fundamental 
or a transitory change in the nursery pig.

Weaning age is able to induce a fundamental change in the pig. The enhancement of nursery 
performance by increasing weaning age is typically maintained into the finisher as a consequence 
of increasing weaning weight (Main et  al.  2004), but most importantly as a consequence of a 
physiological change in the pig, like improvements in digestive and immune functions (Moeser 
et al. 2007; Smith et al. 2010; McLamb et al. 2013).

Most nutritional strategies induce a transitory change in the pig, with improvements in performance 
while being fed in the nursery, but not necessarily in the subsequent finisher period. Diet complexity 
typically generates this type of response, with significant improvements in feed intake and growth 
rate while the complex diet is fed, but no performance or additive advantages thereafter (Whang 
et al. 2000; Wolter et al. 2003; Skinner et al. 2014; Collins et al. 2017). This is also the case of amino 
acid concentration (Main et al. 2008), fat (Tokach et al. 1995), antibiotics (Skinner et al. 2014), 
or milk replacers (Wolter and Ellis, 2001) in nursery diets. In contrast, lactose is able to improve 
nursery performance with further improvements in finisher performance (Tokach et  al.  1995). 
Therefore, the value of diet complexity should consider the benefit gained during the feeding period 
but not projected additional benefit in the subsequent nursery or finisher periods.

Intensive Care Diet
The intensive care diet is typically fed to pigs from 3 to 5 kg body weight. The purpose is to provide 
nutritional support for piglets that require intensive care, which typically are early- weaned, low- 
weight, or health- challenged pigs. This population of pigs typically represent approximately 10 to 
12% of all nursery pigs. The intensive care diet can also be offered as a creep feed during the 
nursing phase.

The intensive care diet must provide high- quality feed ingredients to stimulate feed intake and 
match the digestive capabilities of weanling pigs. Typically, the intensive care diet contains high 
amounts of specialty protein sources such as fermented soybean meal, enzyme- treated soybean 
meal, soy protein concentrate, spray- dried plasma protein, or fish meal, among others. The level of 
lactose is also high, with at least 18% and up to 30% lactose.

Table 23.1 Feed budget recommendations for nursery diets according to weaning weighta.

Weaning weight, kg

Item 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Diet, kg per pig
Intensive care 1.0 0.5 0.5 — — — — 
Phase 1 2.70 2.25 1.80 1.40 1.0 0.50 0.50
Phase 2 5–7
Phase 3 20–23

a Adapted from Menegat et al. (2019).
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Phase 1 Diet
The phase 1 diet is typically fed to pigs from weaning at approximately 5 until approximately 7 kg 
body weight. During this phase, it is important to provide high- quality feed ingredients to stimulate 
feed intake and match the digestive capabilities of weanling pigs.

Newly weaned pigs are able to easily digest lactose and specialty proteins but have limited ability 
to digest plant proteins and utilize fat. Pigs also have a hypersensitivity reaction to soybean meal 
induced by allergenic proteins and indigestible carbohydrates of soybeans. Pigs experience a 
transitory period of poor nutrient absorption and low growth performance following the first 
exposure to a diet with high amounts of soybean meal (Li et al. 1990). The effects are transitory and 
pigs develop tolerance after 7–10 days (Engle, 1994). The best approach to alleviate this problem is 
to gradually expose weanling pigs to increasing levels of soybean meal in subsequent nursery diets 
to allow pigs to gradually overcome the hypersensitivity reaction. The early exposure to soybean 
meal reduces the potential for delayed- type hypersensitivity reaction and allows for greater levels in 
subsequent nursery diets without an impact on growth performance.

Soybean meal is commonly included up to 16–18% in the phase 1 diet. Other specialty protein 
sources often used in combination are fermented soybean meal, enzyme- treated soybean meal, soy 
protein concentrate, or fish meal, among others. Typically, the sources are used in combination to 
achieve the adequate amino acid profile in the diet and because most specialty protein sources 
cannot be the sole protein source in the diet without affecting palatability or performance. Feed 
grade amino acids can also represent a large proportion of the pig’s amino acid supply, thus reducing 
the need for high amounts of the specialty protein sources.

Lactose is the carbohydrate component derived from milk and provides an easily digestible 
source of energy for pigs. The phase 1 diet typically contains around 15–18% lactose to improve 
growth rate of weanling pigs (Tokach et al. 1995; Mahan et al. 2004). Common sources of lactose 
are crystalline lactose, whey permeate, and dried whey, with whey products also providing a highly 
digestible source of amino acids. However, the addition of lactose products in the diet influences 
feed processing. The use of high amounts of lactose in pelleted diets can increase friction in the diet 
during the pelleting process, and in meal, diets can increase bridging and reduce flow ability in bins 
and feeders.

Fat is not easily utilized by weanling pigs for growth performance. In the early postweaning 
period, weanling pigs seem to require a more digestible fat source rich in unsaturated and short- 
chain fatty acids for an efficient energy utilization (Gu and Li, 2003). Vegetable oils such as soybean 
oil and coconut oil are high- quality sources of energy for weanling pigs (Weng, 2016), but cost 
often limits the use in nursery diets. Animal fat sources of good quality like choice white grease or 
beef tallow are usually more cost effective to use in nursery diets. The addition of 3–4% fat is 
mainly used to improve the pelleting process of phase 1 diets with high levels of lactose.

Phase 2 Diet
The phase 2 diet is typically fed to pigs from 7 to 12 kg body weight. During this phase, feeding 
behavior is already established and, thus, diet complexity is reduced. The phase 2 diet is typically 
based on grain and soybean meal with low levels of specialty protein sources and lactose.

Soybean meal is often included at up to 20 to 24% of the diet. Like the phase 1 diet, other 
specialty protein sources are often used in combination and a greater portion of the amino acids in 
the diet can be used from feed- grade amino acids. The level of lactose is reduced to around 5–7%. 
Added fat begins to be utilized by the pig to improve growth performance and can be included at 
1 to 3% of the diet (Tokach et al. 1995).
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Phase 3 Diet
The phase 3 diet is typically fed to pigs from 12 to 23 kg body weight. During this phase, feed 
 consumption is the greatest accounting for more than 50% of the total feed cost in the nursery. The 
phase 3 diet is typically based on grain and soybean meal with no specialty protein or lactose 
sources. Fat is well utilized by the pig to improve growth performance and can be included at 1 to 
3% of the diet.

Amino Acid Requirements

The amino acid requirements of nursery pigs have changed significantly over time. As pigs have 
been growing faster with lower feed intake, the amino acid requirements as percentage of the diet 
have changed.

Current statistical modelling techniques have been applied to determine the dose–response to 
individual amino acids. Recently, the requirements of lysine (Nemechek et  al.  2012; Nichols 
et al. 2018) and ratios for methionine and cysteine, threonine, tryptophan, isoleucine, valine, and 
histidine relative to lysine have been estimated for nursery pigs (Table 23.2; Gonçalves et al. 2015; 
Jayaraman et al. 2015; Clark et al. 2017a,b; Kahindi et al. 2017; Cemin et al. 2018). By doing so, it 
is possible to determine the requirement to maximize growth performance and also predict the 
change in growth performance at a particular amino acid level.

In the past, phase 1 nursery diets have been formulated to very high amounts of standardized ileal 
digestible lysine. A more practical approach is to feed more moderate levels of lysine in initial nurs-
ery diets (1.35 to 1.40% standardized ileal digestible lysine from weaning to 12 kg) that are typi-
cally composed of more expensive specialty protein sources. The moderate lysine levels allow the 
reduction in crude protein and savings in diet cost. This approach leads to an excellent overall 
growth performance in the nursery as long as the lysine levels in late nursery diets are adequate 
(1.25–1.30% SID Lys from 12 to 23 kg). Thus, feeding lower lysine in early nursery and adequate 
levels in late nursery allows the reduction in crude protein and savings in diet cost while 
 maintaining growth performance throughout the nursery period (Nemechek et al. 2018).

Table 23.2 Standardized ileal digestible lysine and other amino acid estimates for weanling pigsa.

Weight, kg

Item Weaning to 7 7–12 12–23

Lysine, % 1.40 1.35 1.30
Amino acid to lysine ratio, %b

Methionine 28 28 28
Methionine + cysteine 56 56 56
Threonine 63 63 63
Tryptophan 19+ 19+ 19+
Isoleucine 55 55 55
Valine 70 70 70
Histidine 32 32 32

a Adapted from Nemecheck et al. (2018).
b Suggested minimum standardized ileal digestible amino acid ratios relative to lysine.
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Crude Protein

The lysine level influences the crude protein content of the diet. However, the crude protein level in 
nursery diets can pose an additional burden on weanling pigs. High- protein diets increase the 
quantity of undigested proteins and their microbial fermentation in the hindgut, which predisposes 
the occurrence of postweaning diarrhea (Heo et  al.  2013). A practical approach is to feed low- 
protein, amino acid- fortified diets to decrease the burden imposed by high- protein diets to the gut 
of weanling pigs. Typically, initial nursery diets may contain up to 22% crude protein, but using 
feed- grade amino acids the crude protein level can be reduced to approximately 18%. The reduction 
in crude protein allows to minimize the inclusion of soybean meal that cause a hypersensitivity 
reaction in pigs, as well as the inclusion of specialty protein sources that increase diet cost. The 
low- protein diets should be supplemented with feed- grade amino acids to meet the amino acid 
requirements and support growth performance.

The maximum addition of feed- grade amino acids is often dictated by the ratio of lysine to crude 
protein and by the most limiting amino acid in the diet. Lysine to crude protein ratio is used to 
ensure a sufficient supply of nitrogen for synthesis of nonessential amino acids in low- protein, 
amino acid- fortified diets. For nursery pigs, up to a ratio of standardized ileal digestible lysine to 
crude protein of 6.35 or total lysine to crude protein of approximately 7.20 is recommended (Millet 
et al. 2018a,b). Also, the inclusion of feed- grade amino acids is determined by the next limiting 
amino acid in the diet, which can be isoleucine or histidine when all five first- limiting amino acids 
are available for feed- grade inclusion. However, low- protein diets fortified with the five first- 
limiting amino acids are typically able to meet the histidine requirements for nursery pigs (Cemin 
et al. 2018).

Calcium and Phosphorus

Calcium and phosphorus are essential for growth performance of nursery pigs. These minerals are 
involved in skeletal structure development and maintenance, lean tissue deposition, muscle contrac-
tion, and many other physiological functions. Phosphorus levels in nursery diets typically have a 
low safety margin above its requirement because of environmental and economic concerns. Calcium 
levels, on the other hand, are typically high in nursery diets due to the unaccounted- for contribution 
of calcium from premix carriers, release from phytase, variability of calcium estimation in feed 
ingredients, and no environmental and economic concerns regarding calcium.

Phosphorus Requirements
Phosphorus requirement estimates are typically expressed as digestible phosphorus (Table 23.3). 
Recently, the phosphorus requirements for nursery pigs have been determined by dose–response 
models, allowing for a more precise estimation of phosphorus levels to maximize growth performance 
and optimize economics while minimizing phosphorus excretion (Vier et al. 2017).

The phosphorus requirements of nursery pigs appear to be greater than the NRC (2012) 
recommendations for digestible phosphorus as a percentage of the diet (Vier et  al.  2017; Wu 
et  al.  2018b). The variation on phosphorus requirements depends on the goal, but typically the 
phosphorus requirements to optimize phosphorus retention (bone ash) are greater than to maximize 
growth (Vier et al. 2017; Wu et al. 2018b). A practical approach consists of maintaining phosphorus 
levels at approximately 140% and 130% of the NRC (2012) recommendations of digestible 
 phosphorus for nursery pigs between 7 to 12 kg and 12 to 23 kg, respectively.
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Calcium Requirements
Calcium requirement estimates are typically expressed as total calcium (Table 23.3). Total calcium 
accounts for the analyzed calcium content of ingredients. Recently, values for calcium digestibility 
in feed ingredients have been determined (González- Vega et al. 2015a,b; Merriman et al. 2016), 
allowing the requirements for digestible calcium to be estimated (González- Vega et al. 2016).

Nursery diets with excessive calcium levels have a negative impact on growth performance 
(González- Vega et al. 2016). The negative impact of excessive dietary calcium on growth perfor-
mance is even more evident in diets with marginal or deficient phosphorus levels (González- Vega 
et al. 2016; Wu et al. 2018a).

Calcium:Phosphorus Ratio
Nursery diets with wide calcium:phosphorus ratios or excessive calcium and marginal or deficient 
phosphorus concentrations interfere with phosphorus absorption (Reinhardt and Mahan, 1986). 
Consequently, growth performance of nursery pigs is negatively affected by wide calcium:phosphorus 
ratios (González- Vega et al. 2016; Wu et al. 2018a). Diets with adequate phosphorus levels allow the 
calcium:phosphorus ratio to be on the upper range, with a decrease in growth performance around 
1.9:1 to 2:1. However, diets with marginal phosphorus levels require a narrow calcium:phosphorus 
ratio (Reinhardt and Mahan, 1986; Qian et al. 1996; Wu et al. 2018a).

Phytase
Phytase is an enzyme that catalyzes the release of phosphorus from phytate. The addition of exog-
enous microbial phytase to nursery diets is a common practice to efficiently and economically 
enhance phosphorus utilization. Moreover, the use of phytase above conventional levels (500 to 
1,000 FTU/kg) seems to have the potential to improve growth performance of nursery pigs beyond 
what is expected with adequate phosphorus levels (Zeng et al. 2014). The use of high levels of 
phytase, known as “super- dosing” (approximately 2,000 to 3,000 FTU), is also becoming more 
common in nursery diets (Gourley et al. 2018; Laird et al. 2018 Wu, et al. 2019).

Sodium and Chloride

Sodium and chloride are involved in nutrient absorption, electrolyte balance, and regulation of pH. 
Salt is the most common source of sodium and chloride, but it is often not included in sufficient 

Table 23.3 Mineral estimates for nursery pigsa.

Days after weaning

Item 0–7 7–12 12–23

Total calcium, %a 0.85 0.80 0.70
STTD calcium, %b,c 0.60 0.58 0.48
STTD phosphorus, %d 0.63 0.56 0.43
Sodium, %e 0.40 0.35 0.28
Chloride, %e 0.50 0.45 0.32

a From NRC (2012).
b STTD = standardized total tract digestible.
c From González- Vega et al. (2016).
d From Vier et al. (2017) and Wu et al. (2018b).
e From NRC (2012) and Shawk et al. (2018a,b).
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quantities to meet the requirements of sodium and chloride of nursery pigs. Sodium and chloride 
concentrations are often overlooked in nursery diets because some commonly used ingredients 
contain high levels of sodium, particularly dried whey (approximately 1% sodium) and spray- dried 
plasma protein (approximately 3% sodium).

The requirements of sodium and chloride are greater for nursery pigs and abruptly decrease for 
grow- finish pigs. Recently, the requirements of sodium and chloride for nursery pigs have been 
determined (Shawk et al. 2018a,b) and indicated that the NRC (2012) requirement estimates are 
accurate (Table 23.3). Diets need as much as 0.5 to 0.6% added salt to meet the requirements of 
nursery pigs. Nursery diets deficient in salt result in decreased growth performance due to reduced 
feed intake and poor feed efficiency (Shawk et al. 2018a,b).

Zinc and Copper

Zinc and copper are trace minerals required at concentrations of 80 to 100 mg/kg and 5 to 6 mg/kg, 
respectively, to meet the requirements of nursery pigs (Table 23.4). However, the addition of zinc 
and copper at quantities greater than the requirement exerts a beneficial effect on growth performance 
of nursery pigs (Liu et  al.  2018). Greater quantities of zinc and copper are often referred to as 
growth promoting or pharmacological levels.

Pharmacological level of dietary zinc between 2,000 and 3,000 mg/kg is a common recommen-
dation to initial nursery (up to 7 kg body weight) diets to reduce postweaning diarrhea and improve 
growth performance (Hill et al. 2000; Shelton et al. 2011). These effects have been consistently 
demonstrated with dietary zinc provided as zinc oxide (ZnO) (Hill et al. 2001; Hollis et al. 2005; 
Walk et al. 2015), while zinc sulfate (ZnSO4) has greater potential to induce toxicity (Hahn and 
Baker, 1993). Organic sources of zinc with greater bioavailability have not consistently demon-
strated the same benefits as zinc oxide when organic zinc is added at lower levels (Hahn and 
Baker,  1993; Carlson et  al.  2004; Hollis et  al.  2005). However, pharmacological levels of zinc 
appear to interfere with calcium and phosphorus absorption, prompting the use of phytase or greater 
levels of calcium and phosphorus in nursery diets to ameliorate this effect (Blavi et al. 2017).

Table 23.4 Zinc and copper requirement estimates and recommended 
pharmacological levels for nursery pigsa.

Days after weaning

Item 0–7 7–12 12–23

Requirement estimates1

Zinc, mg/kg 100 100 80
Copper, mg/kg 6 6 5

Pharmacological levels2

Zinc, mg/kg3 3,000 2,000 — 
Copper, mg/kg — — up to 250

a From NRC (2012).
b From Hill et al. (2001) and Shelton et al. (2011).
c Pharmacological levels of zinc should only be used for short time (up to 12 kg). 
Maximum tolerance level of 1,000 ppm for  long- term use.
—  Not recommended to use.
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Pharmacological levels of dietary copper between 125 and 250 mg/kg are commonly used in the 
diet to enhance fecal consistency and improve growth performance of nursery pigs (Bikker et al. 
2016). The most commonly used source of dietary copper is copper sulfate (CuSO4; Cromwell 
et  al.  1998), but tribasic copper chloride (TBCC) is as effective as copper sulfate in promoting 
growth performance (Cromwell et  al. 1998; Coble et  al. 2017). Organic sources of copper with 
greater bioavailability, such as Cu- amino acid chelate, also seem to have the potential to influence 
growth performance (Pérez et al. 2011; Carpenter et al. 2018).

A typical recommendation is to use pharmacological levels of zinc in initial nursery diets fed 
to pigs up to 12 kg and then replace zinc by pharmacological levels of copper for the remaining 
nursery period (12–23 kg; Table 23.4). Additive effects of using pharmacological levels of zinc 
and copper are not common (Hill et al. 2000), but might occur to some degree (Pérez et al. 2011). 
In diets with in- feed antimicrobials, the use of pharmacological levels of zinc or copper seems to 
have an additive effect in growth performance (Stahly et al. 1980; Hill et al. 2001).

The use of pharmacological levels of zinc and copper poses an environmental concern because of 
the greater excretion of minerals in swine waste and ultimately in the soil fertilized with swine 
manure (Jondreville et  al.  2003). In addition, the implication of pharmacological levels of zinc 
and  copper as a cause of increasing antimicrobial resistance is a rising concern (Yazdankhah 
et  al.  2014). Therefore, regulations have been implemented in some countries restricting or 
 prohibiting the use of zinc or copper as growth promoters. Thus, there is an appeal for prudent use 
of pharmacological levels of zinc and copper in swine production.

Grower and Finisher Pigs

In the United States, with current market weights of 130 kg and greater, the period from 23 to 
130 kg represents 90% of the feed a pig will consume from weaning to market. Therefore, establish-
ing the nutrient requirements of grow- finish pigs is important from a growth performance and 
 economic standpoint.

Economics of a Nutritional Program

Before a growing- finishing pig nutrition program can be developed, the production system’s goals 
and objectives must be clearly defined. Different economic measurements can be used to determine 
economic success, and this can differ between production systems. The four different economic 
measurements include evaluating total dietary cost, feed cost per unit of gain, income over feed 
cost, and income over feed and facility cost. Total dietary costs and feed cost per unit of gain can be 
used as economic evaluators when the focus is to reduce variable costs. Whereas income over feed 
cost and income over feed and facility cost are accurate methods to determine total profitability as 
they consider total revenue, dietary costs, and facilities costs.

Feed Cost
Feed cost only takes into consideration the cost of the diets for comparison between one nutri-
tion program and another. This method is the simplest and has its greatest and best application 
when there is no expected change in pig performance associated with the nutritional program. 
However, because changes in ingredients or nutrient levels often change pig performance, 
it  should rarely be used as the main evaluation of economic competitiveness of a feeding 
program.
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Feed Cost per Unit of Gain
Feed cost per kilogram of gain is calculated by multiplying feed efficiency by the feed cost per 
kilogram. The best application of this method is for comparison between nutritional programs when 
there is an expected change in feed efficiency without a change in growth rate.

Feed cost per kg of gain, $/kg gain = Feed efficiency × Feed cost, $/kg

Income Over Feed Cost
Income over feed cost is a margin of profit calculated by subtracting feed cost from the revenue, 
usually on a per pig basis. Revenue per pig is often estimated by multiplying hot carcass weight 
by hot carcass weight price, or by multiplying total weight gain by live weight price. Feed cost 
per pig is estimated by multiplying total feed intake by feed cost. Facility cost can be also added 
to feed cost to estimate the income over feed and facility cost. Typically, facility cost in the 
United States is around $0.10 to 0.12 per pig per day. Income over feed costs and income over 
feed and facility costs are accurate methods to determine the economic value of a nutritional 
program. The best application is for systems that run on a fixed- time basis and for comparison 
between nutritional programs when there is an expected or possible change in both feed effi-
ciency and growth rate.

Income over feed cost, $/pig = Revenue, $/pig – Feed cost, $/pig
Income over feed and facility cost, $/pig = Revenue, $/pig – (Feed cost + Facility cost, $/pig)

Use of Different Economic Assessments to Determine Feeding Regimens: Example on Fats or Oils

Energy is the most expensive component of the diet. The use of fat in the diet increases dietary 
energy and has direct impact on growth rate, feed efficiency, and carcass criteria. The use of fat 
should be based on an economic analysis to determine the most economical dietary energy level 
considering the value of incremental changes in energy on production indicators and the market 
price.

The example in Table  23.5 illustrates the use of feed cost, feed cost per kilogram of gain, 
and  income over feed cost, to determine the economics of added dietary fat. The example is a 
 hypothetical comparison between two nutritional programs with or without 5% added fat in 
 grow- finish diets. The assumption is that diets with added fat are approximately 20% more expen-
sive but result in 10% improvement in feed efficiency and 5% increase in average daily gain in a 
system running on a fixed- time basis.

In this example, considering feed cost or feed cost per kilogram of gain, the nutritional program 
without added fat would be more economical. However, taking into account the extra weight gain 
and improvement in feed efficiency with added fat, there is a $0.76 per pig advantage in income 
over feed cost with a nutritional program with added fat to grow- finish diets. This would be the 
interpretation in a system that runs on a fixed- time basis. However, if the system runs on a fixed- 
weight basis (has unlimited time in the finishing phase) and could take longer to achieve a heavier 
carcass weight, then feed cost per pig would also be an adequate indicator of the economic value of 
the nutritional program.

Key Concepts of Diet Formulation

Once a production system’s economic goals have been set, the first and most important step in diet 
formulation is to set the energy concentration. Energy is the most expensive component of the diet, 
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and the concentrations of other nutrients are set relative to the energy concentration of the diet. 
Incremental changes in dietary energy have direct impact on important production indicators, such 
as diet cost, growth performance, and carcass criteria. The energy level used in formulation should 
be based on an in- depth analysis to determine the most economical level considering the value of 
incremental changes in energy on production indicators (Figure 23.1) and market price.

After the dietary energy level is determined, the lysine:calorie ratio should be set. The lysine 
requirement should be expressed as a ratio to energy instead of a dietary lysine percentage because 
changes in dietary energy density affect feed intake. Thus, the lysine to calorie ratio is used to ensure 
the right amount of lysine is provided in diets that vary in energy density. The lysine requirements 

Table 23.5 An example on how to determine the economic value of added dietary fat in finisher dietsa,b.

Assumptions

Diets without added fat: 

Feed cost: $176/ton or $0.176/kg
Initial weight: 23 kg
F/G: 2.8
ADG: 820 g/day
130 days in the grow- finisher
Final weight: 23 kg + (820 g/day × 130 days) = 130 kg

Diets with 5% added fat: 

Feed cost: $209/ton or $0.209/kg
Initial BW: 23 kg
F/G: 2.5
ADG: 860 g/day
130 days in the grow- finisher
Final weight: 23 kg + (860 g/day × 130 days) = 135 kg

Calculations

• Feed cost: $176/ton or $0.176/kg
• Feed cost per kg of gain = 2.8 × $0.176 = $0.493/kg gain
• Revenue = 130 kg × $1.54/kg = $200.70
• Feed cost = 130 -  23 kg = 107 kg × $0.493 = $52.75
• Income over feed cost = $200.70 – $52.75 = $147.95/pig

• Feed cost: $209/ton or $0.209/kg
• Feed cost per kg of gain = 2.5 × $0.209 = $0.523/kg gain
• Revenue = 135 kg × $1.54/kg = $207.90
• Feed cost = 135 -  23 kg = 112 kg × $0.523 = $58.58
• Income over feed cost = $207.90 – $58.58 = $149.93/pig
• Added value = $149.93 – $147.95 = $1.98/pig

a Live weight = $1.54 US$/kg.
b Income over feed cost = revenue – feed cost.
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Figure 23.1 Equation to predict growth rate of grow- finish pigs fed varying energy levels (Nitikanchana et  al. 2015) / with 
permission of Oxford University Press. (ADG = average daily gain; NE = net energy; and BW = body weight.)
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can be estimated from research data conducted at universities (Figure 23.2), genetic suppliers, feed 
companies. or from research conducted within the production system.

Once the lysine:calorie ratio is determined, the levels of other amino acids are set based on a 
ratio to lysine. Amino acid ratio is a means of expressing the requirements for amino acids relative 
to the requirement for lysine. Lysine is used as a reference because it is typically the first- limiting 
amino acid in most swine diets, and the proper concentration of lysine and other amino acids is 
essential for protein synthesis. Amino acid ratios are often used because the requirements for 
amino acids remain relatively constant relative to lysine for a given stage of growth. In diet formu-
lation, the use of amino acid to lysine ratios makes establishing the levels for other amino acids 
relatively easy.

Next, a digestible phosphorous concentration should be set as a ratio to energy content of the diet. 
Phosphorus is essential for growth and development, but excess supplementation can lead to unnec-
essary expenses and increased phosphorus excretion in swine waste. Like amino acids, when for-
mulating for phosphorus levels, dietary energy concentration should be considered and a digestible 
phosphorus:calorie ratio used (Figure 23.3). Thus, when using a standard ratio, the dietary level of 
phosphorus can be adjusted to account for changes in feed intake. Also, as feed efficiency and lean 
growth improve, the dietary requirement concentration will increase (Vier et al. 2017). Furthermore, 
when using phytase, phosphorous release values should be to ensure accurate phosphorus levels are 
being formulated.

The dietary calcium levels are set relative to phosphorus in a calcium:phosphorus ratio. The ratio 
of calcium to phosphorus is important because of the close association of both minerals (Table 23.6). 
The dietary concentration of calcium affects the absorption and retention of phosphorus, particu-
larly in diets with excess calcium and marginal phosphorus. Diets with excess calcium are not 
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Figure 23.2 Suggested standardized ileal digestible lysine to net energy rations for gilts and barrows (Menegat et al. 2019) / with 
permission of Kansas State University. (SID = standardized ileal digestible; NE = net energy; and BW = body weight.}
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uncommon in swine diets because, unlike phosphorus, there are no economic and environmental 
concerns regarding dietary calcium.

Finally, the levels of vitamins, trace minerals, and any other ingredients are set in the diet formu-
lation. These trace nutrients are generally added in fixed amounts to provide the necessary vitamins 
and trace minerals.

Factors Affecting Nutrient Requirements

Several factors affect the estimation of nutrient requirements in pigs. In fact, any factor that influ-
ences performance and feed intake is likely to affect nutrient requirements estimates. Generally, 
improvements in growth performance or productivity and decreases in feed intake are associated 
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Figure 23.3 Suggested standardized total tract digestible phosphorus (STTD) to net energy rations for finishing pigs adapted 
from (Vier et al. 2017). (SID = standardized ileal digestible; NE = net energy; and BW = body weight.}

Table 23.6 Calcium and phosphorus estimates for grower- finisher pigsa,b.

Grower- finisher pig weight, kg

Item 23–60 60–80 80–100 100–130

Total calcium, %c 0.65 0.60 0.55 0.50
STTD calcium, % 0.49 0.43 0.38 0.33
STTD phosphorus, %d 0.38 0.35 0.30 0.26
Available phosphorus, % 0.33 0.29 0.25 0.21
STTD Ca:STTD P 1.30 1.30 1.30 1.27

a Adapted from Vier et al. (2017) and Menegat et al. (2019).
b STTD = standardized total tract digestible.
c Indication of maximum calcium levels for each phase.
d Indication of phosphorous levels in grower- finisher diets to optimize growth 
performance (Vier et al. 2017).



NUTRITION FOR SUCCESSFUL AND SUSTAINABLE SWINE PRODUCTION660

with a demand for nutrient fortification in the diet to meet the requirements. Some of the most 
important factors are as follows:

• Breed, sex, and genetics
• Energy concentration of the diet
• Environmental temperature
• Health status of the herd
• Stocking density
• Feed processing
• Feeding strategy and degree of competition for feed
• Variability of nutrient content and availability in ingredients
• Presence of molds, toxins, or antinutritional factors in the diet
• Inclusion of growth promoters or feed additives in the diet

Determining Lysine Requirements

The most common approaches to estimate lysine and other nutrient requirements are the empirical 
and factorial methods (Hauschild et al. 2010).

Empirical data from studies conducted in production systems or at universities is one option to 
determine amino acid requirements. This is typically performed as dose–response studies where 
a  nutrient concentration is tested and the level associated with the best or most economical 
 performance is determined through statistical analysis. The response curve adapts to the shape of 
the data and indicates the nutrient level that maximizes or minimizes a performance criterion. In the 
United States, because of their size and scope, many production systems conduct research in their 
own facilities and under production conditions. The challenge is that with private production 
 systems conducting their own internal research, the results may not be available to the public.

Factorial methods to determine lysine estimates can be modeled based on growth rate and feed 
intake data or protein accretion curves (Schinckel and De Lange 1996). This method is considered 
an option to determine farm- specific lysine recommendations because it reflects the conditions 
found in a commercial production system. The weighing and ultrasound scanning start earlier in the 
grower period and are collected past the normal market weights to ensure the lysine requirements at 
the beginning and end of the period are accurately estimated. Although this method is conducted 
under commercial facilities within the production system and does not require investment in research 
facilities, personnel expertise is required to conduct the measurements and perform the modeling 
with precision.

Determining other Amino Acid Requirements

The amino acid requirements are usually estimated by dose–response studies, and the most com-
mon approach is to express the requirements as an amino acid ratio relative to lysine. Amino acid 
ratio is a means of expressing the requirements for amino acids relative to the requirement for 
lysine. Lysine is used as a reference because it is typically the first- limiting amino acid in most 
swine diets, and the proper concentration of lysine and other amino acids is essential for protein 
synthesis (Table 23.7).

In dose–response experiments, the first limiting amino acid in the diet must be the amino acid for 
which the requirement is wanted to be estimated and the second limiting amino acid must be lysine. 
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The supply of other amino acids and nutrients should meet or slightly exceed the requirements to 
avoid being a limiting factor. Using this approach, the requirement is determined at the point which 
both the tested amino acid and lysine are equally limiting and can, therefore, be expressed relative 
to lysine (Simongiovanni et al. 2012).

The requirements of amino acids relative to lysine are often depicted as a diminishing returns 
model. This model can be used to determine which ratio provides 97 to 99% of the maximum perfor-
mance and indicates the most economical amino acid ratio. Thus, the optimum amino acid ratio should 
be set by balancing the value accrued in performance to the incremental cost to increase the ratio.

Finally, like in weaner pig diets, the amounts of calcium and phosphorus are determined, and 
levels of vitamins, minerals, and other ingredients are set in the diet formulation.
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Introduction

The Principles of Organic Production

Organic agriculture is a farming system that sets out to create its products in an environmentally and 
socially responsible manner. Its underlying belief system goes back many years to the early twenti-
eth century, but was formalized worldwide with the establishment of the International Federation of 
Organic Agriculture Movements (IFOAM) in 1972. The IFOAM, which now has membership from 
more than 120 countries, has agreed a formal definition of organic agriculture:

Organic Agriculture is a production system that sustains the health of soils, ecosystems and 
 people. It relies on ecological processes, biodiversity and cycles adapted to local conditions, rather 
than the use of inputs with adverse effects. Organic Agriculture combines tradition, innovation and 
science to benefit the shared environment and promote fair relationships and a good quality of life 
for all involved.

This definition reflects the four guiding Principles of Organic Agriculture: the Principles of 
Health, Ecology, Fairness and Care, which have been laid out in detail by IFOAM (2005). While 
organic pig production is still a niche activity in comparison with the large- scale conventional pro-
duction that exists in most countries, often representing less than 1% of the pig population (Früh 
et al. 2014; Edwards and Leeb 2018), its popularity is increasing in many parts of the world as grow-
ing consumer awareness of healthy eating, environmental protection and animal welfare generate 
greater market demand.

The Regulatory Framework

In order to achieve organic certification for marketing purposes, many countries now have formal 
standards for production. In the European Union, these were first harmonized under legislation in 
1991 and are currently governed by European Council Regulation 2018/848 (European 
Council 2018) and European Commission Regulation 889/2008 (European Commission 2008). In 
individual countries, the standards laid out in these Regulations may be implemented and inspected 
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by a governmental body, or by one or more approved private certification bodies (Früh et  al. 
2014). While the EU Regulations set the minimum requirements for such certification, individual 
certification bodies may impose additional requirements. For example, while EU Regulations 
require that all pigs have outdoor access, which may be a fenced concrete run, the UK Soil 
Association requires pigs to be kept with permanent access to pasture or vegetated range (Soil 
Association 2020).

In North America, organic production in the United States is regulated under the Organic Food 
Production Act of 1990 (USDA 1990) and the National Organic Program 2010 (NOP 2010). In 
comparison with the EU Regulations, more emphasis is placed on feeding and medication practices, 
although close confinement is prohibited and pigs should have outdoor access. A summary of the 
regulatory framework in other countries can be found in Blair (2018).

Standards Relating to Pig Production

Organic certification is a whole farm process, and every enterprise must be compliant. Where the 
farm includes a pig enterprise, there are a number of key requirements that differentiate this from 
conventional production practice. The following overview is based on the IFOAM norms 
(IFOAM 2014), and details may differ between different countries and Certification Bodies.

Organic pigs must be born and raised on a certified organic holding, and only a limited number 
of replacement breeding stock may be brought in from conventional farms. Breeds must be adapted 
to local conditions and show good resistance to disease. Some schemes recommend the use of tra-
ditional native breeds. Pigs can only receive feed that is certified as having been grown according 
to organic standards. Processing methods involving chemical agents, such as the use of solvent 
extraction, are banned. Lists of approved ingredients exist in some schemes, and there are restric-
tions on feed additives that prevent the use of synthetic or antimicrobial growth promoters, syn-
thetic amino acids, and many enzymes. Vitamins and trace elements should come from natural 
sources where possible. Piglets should receive mother’s milk and not be weaned before six weeks 
of age.

To allow expression of natural behavior, animals should have daily access to pasture or to a soil- 
based open air exercise area whenever conditions permit. Stocking densities should not lead to soil 
degradation or water pollution. All animals should live in group housing with sufficient space for 
free movement. Mutilations are not permitted, with the exception of castration of male pigs and the 
nose- ringing of sows in some countries. Prophylactic veterinary treatments are not permitted and, 
to treat sick animals, preference should be given to natural medicines and treatments such as home-
opathy. If synthetic allopathic veterinary drugs or antibiotics are repeatedly used, the animal will 
lose its organic status. However, it is emphasized that such medicines should not be withheld in case 
of need. All of these standards have implications for the nutritional management of the pigs, and 
these will be reviewed in the following sections.

Readers are referred to, among others, several websites for further information on the organic 
swine production and nutrition. The first website contains useful information on the background 
and principles of organic agriculture (https://www.ifoam.bio/en). The second website gives access 
to a large range of papers and reports on organic farming, including many on pigs (https://orgprints. 
org/). Another website describes the outcomes from a recent EU project on “Improved Contribution 
of Local Feed to Support 100% Organic Feed Supply to Pigs and Poultry” (http://www. 
organicresearchcentre.com/icopp/).
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Factors Affecting the Nutritional Requirements of Organic Pigs

Genetics

The basic biology of growth and reproduction in the pig is the same for animals reared in organic or 
conventional systems. Therefore, the various models that can be used to calculate nutrient require-
ments of conventional pigs (e.g. NRC 2012; van Milgen et al. 2007) will still be applicable in organic 
circumstances. However, such models require information on either the genetic characteristics or 
the expected production performance of the animals and this may well be different in organic sys-
tems. Where conventional breeds drawn from intensive production are used in organic farms, their 
characteristics are well documented, although environmental and dietary factors that are discussed 
subsequently may predispose lower performance in practice. However, many organic farms use 
traditional indigenous breeds (Kelly et al. 2001; Früh et al. 2014), and information on their genetic 
characteristics is often lacking. These traditional breeds are often slower growing, earlier maturing 
and more obese than modern genetic lines (Kelly et al. 2007) and may not show the same degree of 
prolificacy. Where this is the case, a lower dietary protein: energy requirement will pertain.

Outdoor Living

The requirement that organic pigs should have access to pasture or to a soil- based open air exercise area 
will also have major influences on the nutrient requirements. This will result from greater exercise, 
thermal challenge, and foraging opportunities (Buckner et  al.  1994; Close and Poornan  1993; 
Edwards 2003). The greater space and environmental complexity afforded by outdoor living might be 
expected to increase the level of activity and hence the energy requirement of organic pigs relative to 
those in intensive housing. Surprisingly, the proportion of daily time spent active does not seem to differ 
greatly in either sows or growing pigs, although it will depend on climatic conditions and the animals’ 
level of hunger and motivation to forage. Season and reproductive state have been shown to influence 
activity level in outdoor sows (Buckner et al. 1998). When animals are active, the distance traveled dur-
ing locomotion is likely to be higher under outdoor conditions, and the additional energy requirement 
for such locomotion will depend on body weight, walking speed, and distance traveled. Precise data on 
this subject are lacking and estimates vary widely, but it has been calculated that a 200 kg sow walking 
1 km/day at 4 km/h would require an extra 1.5 MJ/day to compensate for this activity (Edwards 2003).

The effect of climate on the nutritional requirement of outdoor pigs will depend on the season and 
geographic region in which they are located. Hot climatic conditions will reduce activity and feed 
intake, although these effects can be mitigated by provision of shades and wallows. High environ-
mental temperatures represent a particular challenge for the lactating sow because of her high meta-
bolic activity for milk production. Cold climatic conditions can also be mitigated by the provision 
of well- designed shelter and deep bedding. However, in temperate regions, outdoor pigs may often 
be exposed to climatic conditions below their lower critical temperature, especially in the case of 
young pigs or those on restricted feeding. The additional energy required to compensate for low 
temperature has been calculated as 15–18 kJ/kg of metabolic body weight per day for each degree 
below lower critical temperature (Close and Poornan 1993).

A further influence on nutritional requirements from outdoor living is the ability to forage and 
obtain nutrients from herbage and soil (Figure 24.1). Any inputs obtained in this way will modify 
the quantity and nutrient balance of the supplementary diet that must be supplied for efficient 
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feeding. The nutrients obtained from foraging will depend on the voluntary intake of the pigs, the 
quantity and type of plant species available, and the seasonal changes in their composition 
(Edwards 2003). The quantity of herbage available will depend on the place of the pigs in the crop 
rotation of the farm, the season, and whether pigs are fitted with nose rings to prevent rooting and 
rapid sward destruction. In organic systems, it is common to cultivate legume or mixed grass/leg-
ume swards to benefit from their nitrogen- fixing properties. Legume herbage will have a higher 
protein content than grasses and is also reported to be more palatable (Aubé et al. 2019a). For all 
plant species, the nutrient digestibility will depend on the growth stage and level of fiber, since fiber 
can only be processed by less efficient microbial fermentation in the hindgut, as opposed to enzymic 
digestion in the foregut. For example, the apparent organic matter digestibility of a grazed grass- 
clover sward by pregnant sows varied from 0.8 to 0.5 at different times of year (Rivera- Ferre et al. 
2001). Data on the intake of grazed herbage by pigs are relatively scarce. Reported values range 
from 1 to 4 kg DM per day for pregnant sows, 0.5–1.0 kg DM/day for lactating sows and 0.1–0.4 kg 
DM/day in growing/finishing pigs (Edwards 2003; Table 24.1).

Intake may be influenced by the level of supplementary feed on offer, particularly in growing 
pigs. The contribution that unrestricted grazed herbage can make to the daily nutrient requirements 
has been estimated as up to 50% of the maintenance energy requirement and more than 80% of 
amino acid requirements for pregnant sows, but only 5–10% of energy requirement and a negligible 
contribution to amino acid requirements in growing pigs (Edwards 2003). Lactating sows have a 
high daily nutrient requirement due to the demands of milk production, and intake limitations will 
mean that grazed herbage can therefore only make up a lesser proportion of requirement. Eskildsen 
et al. (2019) tested the hypothesis that the combination of increased energy requirement for exercise 
and thermoregulation, and substantial protein intake from legume herbage, meant that a lower pro-
tein to energy ratio in the concentrate diet would be appropriate for organic lactating sows. They 
found that milk yield and daily litter gain were unaffected by a 13% reduction in protein level.

Grazed herbage also has the potential to make a significant contribution to the vitamin, mineral, 
and trace element requirements of pigs. The extent of this will depend on plant species, with leg-
umes generally having a higher mineral and trace element content, but also on stage of maturity, soil 
characteristics, and fertilizing regimen. Furthermore, even if herbage is not present, pigs that are 
able to root may obtain substantial levels of minerals from ingestion of soil and even energy and 
protein from roots and soil fauna (Edwards 2003).

Figure 24.1 Sows grazing in a pasture system.
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Management Practices

Two other notable aspects in the management of organic pigs will affect nutrient requirements. The 
first is the extended lactation period dictated by the requirement not to wean piglets at less than 
40 days of age. While this will impose additional demands on the sow for milk production, the 
greater weaning age and weight of the piglets mean that less sophisticated postweaning diets can be 
used. However, the prohibition on the use of additives that will control proliferation of pathogenic 
microbes in the gut means that diet formulation for the weaned piglet must give greater consideration 

Table 24.1 Reported values for the intake of grazed herbages by pigsa.

Herbage type Season Pig type
Herbage  
intake/day Reference

Lucerne (Medicago sativa) Summer Pregnant gilt 3.2–4.2 kg DM Honeyman and Roush 
(1999)

Perennial ryegrass
(Lolium perenne) + white clover 

(Trifolium repens)

Early summer Pregnant sow 2.4 kg DM Sehested et al. (1999)
Late summer 3.7 kg DM

Perennial ryegrass (Lolium 
perenne) + white clover 
(Trifolium repens)

Spring Pregnant sow 1.1 kg OM Rivera Ferre et al. 
(2001)Summer 1.5 kg OM

Perennial ryegrass (Lolium 
perenne) + white clover 
(Trifolium repens)

Spring/summer Pregnant sow 2.4 kg DM Sehested et al. (2004)

Perennial ryegrass (Lolium 
perenne) + white clover 
(Trifolium repens) + red clover 
(Trifolium pratense) + timothy 
(Phleum pratense)

3.0 kg DM

Red clover (Trifolium 
pretense) + grasses (Phleum 
pratense, Lotus corniculatus, 
Bromus riparius, Poa pratensis)

Summer Pregnant sows 1.3 kg DM Aubé et al. (2021)

Perennial + Italian ryegrass (Lolium 
perenne + Lolium multiflorum)

Spring Pregnant sows 2.6 kg DM Gannon (1996)
Lactating sows 1.0 kg DM

Grass (undefined) Summer Lactating sows 0.4 kg DM Jurjanz and Roinsard 
(2014)Autumn 1.0 kg DM

Perennial ryegrass (Lolium 
perenne) + white clover 
(Trifolium repens)

Spring Growing pigs (50–60 kg) 0.1 kg OM Mowat et al. (2001)

Grass + clover (unspecified) Summer/autumn Growing pigs  
(30–112 kg)

0.4 kg DM Gustafson and Stern 
(2003)

Perennial ryegrass (Lolium 
perenne) + white clover 
(Trifolium repens)

Spring to autumn Growing pigs  
(24–240 kg)

0.4 kg OM Hodgkinson et al. 
(2017)

Lucerne (Medicago sativa) + grasses 
(Festuce arundinacea + Cebadilla 
criolla)

Spring Growing pigs (30–70 kg) 0.15 kg DM Riart (2002)
Summer 0.04 kg DM
Spring Growing pigs (70–100 kg) 0.5 kg DM
Summer 0.3 kg DM

Lucerne (Medicago sativa) Autumn Growing pigs (58–90 kg) 0.4 kg DM Jakobsen et al. (2015)
Kikuyu grass (Pennissetum 

clandestinum)
Early winter Growing pigs (27 kg) 0.13 kg OM Kanga et al. (2012)

a DM = dry matter, and OM = organic matter.
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to avoiding characteristics predisposing digestive upset. The prohibition on growth promoting 
agents at any stage may also result in lower performance levels in comparison with pigs in conven-
tional production which commonly receive such compounds, and adjustments to the nutrient 
 specification of diets for growing pigs may need to take account of this.

Factors Affecting Ingredient Choice in Organic Diets

The composition of diets fed to organic pigs may, in some cases, differ substantially from those used 
in conventional production. These differences arise because of the need to use organically grown 
ingredients, preferably produced on- farm or in the local region, the prohibition on use of some raw 
materials commonly used in conventional diets and, most significantly, the requirement in many 
organic standards to include a certain level of roughage in the diet for all pigs.

The raw materials used in diet formulation should ideally be produced on the same farm as the 
pig enterprise, facilitating closed nutrient cycles for sustainability of the overall system. However, 
many farms find it difficult to produce all of the feedstuffs required and may purchase a proportion 
of their diets or raw materials from external suppliers of organic feed. While organic pigs must be 
fed on ingredients that are certified as being produced according to organic standards, some regions 
still experience difficulty in sourcing sufficient quantities of such materials. In consequence, some 
certification schemes still include a derogation to use a small proportion of feed from nonorganic 
sources, although GMO products are prohibited in all cases. For example, in the EU, young piglets 
up to 35 kg may be fed up to 5% of nonorganic protein feed under an exemption in place until 31 
December 2025 (European Council 2018). In addition to the requirement for organic provenance, 
some schemes produce a more specific list of permitted and excluded raw materials (Blair 2018).

Ingredients for Energy

The primary source of energy in most organic pig diets comes from cereals and their processing by- 
products. The possibilities for home- grown cereals depend on the growing conditions in the geographic 
location, meaning that maize or wheat is widely used in North America and Southern Europe, whereas 
barley or rye is often better suited in more Northern European countries. The nature of the cereal avail-
able will affect the level of dietary fiber and hence energy density in the diet. Cereal by- products from 
human food processing industries are also important raw materials. These include wheat brans and 
maize hominy and gluten products, as well as spent grains from the alcohol distillation process. Since 
these by- products are typically the residue after starch removal, they tend to be higher in fiber and 
protein content and can be very variable in composition depending on the exact processing procedure. 
A more detailed discussion of different cereal ingredients and by- products can be found in Blair (2018).

Another very important source of energy for organic pigs is root crops and vegetables, which are 
often part of an organic rotation. Many of these root crops have the potential for very high energy 
yields per hectare, and they may be harvested and stored for controlled feeding or foraged in situ by 
the pigs. Widely used root crops include potatoes, grown worldwide (Edwards and Livingstone 1990), 
fodder beet and Jerusalem artichokes in Europe (Chambers et al. 1986; Kelly et al. 2007; Kongsted 
et  al.  2013), and sweet potato and cassava in the tropics (Machin and Nyvold 1992). A further 
source of ingredients comes from the growing and processing of vegetables for human consump-
tion. Vegetables, such as carrots, swedes, and parsnips, grown for human consumption but surplus 
or unfit for purpose can be utilized, as can by- products such as peelings. Potato residues from 
starch extraction processes and sugar beet pulps after sugar extraction also provide useful feeds. 
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Root crops and their by- products are generally low in dry matter, and this can give rise to very 
 variable voluntary intake by pigs, depending on the stage of production. Because of their bulk, they are 
most widely used for dry sows and finishing pigs. Information on nutrient composition and likely 
intakes can be found in various sources (Thacker and Kirkwood 1990; Edwards 2002; Blair 2018).

Ingredients for Protein

Obtaining adequate sources of good- quality protein still poses the greatest feeding challenge for 
many organic pig farms (Smith et al. 2014). Protein sources of animal origin, which have better 
digestibility and amino acid composition than vegetable sources, are generally banned from organic 
pig diets. Exceptions are organically produced milk products and products from sustainable fisher-
ies that are permitted in many schemes. The major protein sources are oilseeds and legumes. 
Oilseeds may be used as the complete seed but are more commonly used as the meals remaining 
after oil extraction for human consumption or industrial processes. Only meals derived from 
mechanical pressing processes are permitted, since solvent extraction processes are banned. This 
means that oil and energy content is generally higher, and protein content lower, for organic meals 
than those widely used in conventional pig production. The most commonly used oilseeds are soya, 
in regions with suitable growing conditions, and rapeseed in more northerly locations. However, 
cottonseed, linseed, sunflower seed, and other oilseeds may sometimes be available. An important 
characteristic of many of these seeds is the presence of a range of different antinutritive factors, such 
as protease inhibitors, lectins, tannins, and glucosinolates, which can impair digestion and give rise 
to toxic effects at high levels. Some of these factors can be inactivated by processing but other per-
sist and limit inclusion levels in the diet. For a more detailed discussion of these see Blair (2018).

Legumes make up an important part of organic crop rotations because of their nitrogen- fixing 
characteristic, which is important for the maintenance of soil fertility in the absence of synthetic 
fertilizers. In consequence, they are a widely available source of home- grown protein ingredients 
for pig diets. Beans, peas, and lupins are the most widely grown legume seeds. Their protein content 
is generally lower than that of oilseed meals, and they too contain a range of similar antinutritional 
factors. Leguminous forages can also make an important contribution to protein supply and are 
discussed in the next section.

All of the vegetable protein sources suffer from the drawback of suboptimal amino acid composi-
tion for pig feeding. Compared to animal proteins, they are deficient in the key essential acids of 
lysine and methionine. In conventional pig diets, synthetically produced amino acids are commonly 
used to rectify this deficiency, but these are generally not permitted in organic diets. As a result, it 
is often necessary to feed an excess level of crude protein in the diet in order to achieve the required 
levels of these first- limiting amino acids. This can give rise to digestive problems in weaned piglets 
and to increased nitrogen excretion which poses a pollution risk, as discussed in later sections.

Roughages

Most organic standards require that pigs receive forage or roughage in their diet, and this is one of 
the biggest nutritional differences from conventional production. It allows the animals to express 
more natural feeding behaviors and improves satiety in animals, such as pregnant sows, which are 
given restricted concentrate feed. The additional fiber can also improve gut health by preventing 
gastric ulcers and stimulating beneficial microflora. Furthermore, high- fiber diets during gestation 
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reduce constipation and enhance farrowing progress, as well as increasing sow feed intake capacity 
during the lactation period, which can increase milk production and piglet survival and growth 
(Meunier- Salaun et al. 2001). Some pigs obtain roughage by grazing at pasture but, in seasons when 
herbage is not growing or when pigs are kept in housing with outdoor runs, additional roughage 
needs to be supplied (Figure 24.2). This can be achieved by incorporating dried forage in their com-
pound diet, by allowing them ad libitum or restricted daily access to forages and providing separate 
supplementary concentrate, or by feeding a complete mixed diet of forage and concentrate in long 
troughs. In the latter case, significant problems with differential selection of diet components and 
high feed wastage can occur if the complete diet is fed close to appetite.

Roughages can include fresh grass or whole- crop cereals, or these can be processed for use all 
year round by drying in the form of hay, or preserving moist as silage or haylage. Green vegetable 
wastes from other farm enterprises, such as brassicas grown for human consumption, may also be 
available. The conservation method can affect pig preference for forages. For example, Aubé et al. 
(2019b) demonstrated that, when given a choice, sows preferred haylage over fresh forage, with 
dried hay least preferred. When offered separately, the voluntary intakes also reflected these prefer-
ences, possibly because of the higher fiber content and lower soluble carbohydrate content of hay. 
Intake can also be affected by the botanical composition of the forage, with legume forages gener-
ally preferred over grasses (Aubé et al. 2019a), and by other processing characteristics such as chop 
length and quality of fermentation of silages (Edwards et al. 1994). Only preservatives permitted in 
organic standards can be used when preparing silage.

The extent to which roughages make a significant contribution to the nutrient requirements of the pig 
depends on their nutritive value and voluntary intake. Forages are high in fiber, which cannot be utilized 
through enzymic digestion in the pig but is dependent on fermentation by the hind gut microbiota, a 
process which is energetically less efficient. Inclusion of roughage in the diet of can also reduce the ileal 
digestibility of nutrients (Andersson and Lindberg 1997a, 1997b). The nutritive value will obviously 
depend on the species and growth stage of the forage. Thus, maize silage or whole crop cereal silage, 
where the starch- containing grain is included, can make a much higher energy contribution than forages 
based only on vegetation (Carlson et al. 1999; Galassi et al. 2017). Legume forages, such as lucerne and 
clover, will have a higher protein content, while herbage taken at an earlier growth stage will have a 
lower fiber content and higher concentration of sugars which enhance palatability and energy level. 
Typical nutrient values for different forages can be found in various publications (Kephart et al. 1990; 

Figure 24.2 Finishing pigs offered silage in a rack in a housing- with- run system.
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Edwards 2002; Kyntäjä et al. 2014; Blair 2018). Attention also needs to be paid to possible antinutritive 
factors, such as tanins and saponins in lucerne, or isoflavones with estrogenic properties in red clover.

Voluntary intake of forages is primarily influenced by liveweight and stage of production but can 
show very large individual variation within a stage. Pregnant sows can consume as much as 20–50% 
of their dry matter intake from forage (Bikker et al. 2014a), but in lactation, when metabolic demands 
on the sow are high, expecting the sow to obtain a significant part of her diet from low value forages 
will result in excessive condition loss, poor milk yield, and subsequent rebreeding problems 
(Kongsted et al. 2000). In this stage, forages are better used as a supplement rather than replacement 
of concentrate diets. The same is true for young piglets, whose digestive tract has low capacity and 
poorly developed fermentation ability. However, as pigs get older and their intake capacity increases, 
the amount of forage in the diet can be increased (Bikker et al. 2014b). When forage replaces con-
centrate in the diet, the daily nutrient intake of the pig is decreased and growth will be slower. While 
this may be disadvantageous in the early stages of rearing, in the later stages, it can help to improve 
carcass quality by preventing over fatness in less improved breeds. When growing pigs are offered 
both concentrate and forage ad libitum, the intakes of forage are low, typically only 2–5% of daily 
dry matter intake (Kelly et al. 2007). If concentrate intake is restricted by 20–25%, intakes of forage 
can be increased to 5–10% of dry matter, but growth rate will be reduced by 10–15% and a leaner 
carcass will be produced (Wallenbeck et al. 2014; Presto Åkerfeldt et al. 2019).

Vitamins, Minerals, and Additives

Organic principles indicate that minerals, trace elements, and vitamins should be sourced from 
natural foraging activities and feedstuffs whenever possible. Significant amounts may be ingested 
from soil and fresh herbage (Edwards 2003), but this may not always be adequate to prevent defi-
ciencies. In particular, pigs kept in indoor systems with runs are likely to benefit from supplements. 
Supplements containing approved minerals sources and vitamins derived from raw materials occur-
ring naturally in feedstuffs, or synthetic vitamins identical to natural vitamins, are therefore permit-
ted by most schemes (e.g. European Council 2018). Any additives intended to stimulate growth or 
production are prohibited in organic diets. However, certain enzymes and probiotic organisms, if 
added for the purposes of improving health and nutrient utilization rather than growth, may be per-
mitted. These must be extracted from natural sources and cannot be derived from genetic engineer-
ing technology.

Diet Formulations

The sophistication of diet formulation will depend on the scale of the organic pig enterprise and the 
technical knowledge of the farmer or his advisors. Diet formulation relies on good knowledge of the 
requirements of the pig, its feed intake, and the composition of the available raw materials. Larger 
and nutritionally knowledgeable organic enterprises will use standard least cost formulation soft-
ware to derive the best diet from the ingredients available, typically formulating four to six different 
diets to match the different production stages. On small units with more traditional breeds, feeding 
may be simplified by using the same diet for dry sows and finishing pigs, and for lactating sows and 
growing pigs, although this will involve compromises in formulation and some loss in efficiency of 
feed use. Where large amounts of separate forages are fed, the compound diets need to be modified 
to complement the contribution from these forages on a case- by- case basis.
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While nutrient composition data are readily available for the commonly used conventional feed-
stuffs, they are still lacking for the wider range of raw materials likely to be used in organic diets 
and particularly for forages. Because of the fertilizing regimes used in organic agronomy, organi-
cally grown cereals often contain a lower protein content and lower energy level because of a higher 
fiber content. It is therefore advantageous to use feed composition databases based on organically 
produced materials where possible, such as the feed table with data on chemical composition and 
nutritive value of organic feedstuffs produced in the EU ICOPP project, which is available online 
(Kyntäjä et al. 2014). Information on a range of nontraditional ingredients can also be found in vari-
ous publications (Thacker and Kirkwood 1990; Edwards 2002, Blair 2018). Where least cost for-
mulation facilities are not available, or nutritional expertise is lacking on smaller farms, a range of 
example diets for different production stages can be found in published material (Edwards 2002; 
Blair 2018).

Organic Production Systems and Nutritional Influences on Their Objectives

Given the differences between organic and conventional production systems that have been dis-
cussed in the preceding sections, it is valid to ask to what extent these are successful in practice in 
achieving the stated objectives of organic production, i.e. in reducing environmental impact, improv-
ing animal health, and producing a more nutritious product for the human food chain (Edwards and 
Leeb 2018). Any assessment of this is hampered by the great diversity that exists in organic pig 
enterprises, both between and even within geographic regions (Früh et al. 2014). At the extremes, 
some farms maintain all pigs in outdoor paddocks throughout the year (Figure 24.1), sometimes in 
conjunction with natural woodland or agroforestry, while others house all animals in permanent 
buildings with an outdoor concrete run and imported supply of roughage (Figure 24.2). Many farms 
have a combination of these two approaches, either seasonally, with winter housing, or by produc-
tion stage, with outdoor sows and housed growing pigs. Shelter in paddock systems may be pro-
vided by moveable huts or by tents, while in North America hoop barns with deep straw bedding are 
also common. As a result of such diversity, the variation in any measured outcome assessment may 
be greater within organic production systems than in a comparison of organic with conventional 
production (Rudolph et al. 2018; Leeb et al. 2019).

Environmental Impact

An important objective of organic farming is long- term sustainability based on closed nutrient 
cycles. This implies that the majority of the food used for the pigs should be grown on- farm or in 
local nutrient sharing arrangements. Where the pig enterprise is integrated into a farm rotation plan 
involving cereals and legumes, both energy and protein feedstuffs are generated. A typical European 
rotation might be a root crop, spring wheat, winter cereal, spring peas, and spring cereal undersown 
with grass/clover to produce a ley for subsequent pig grazing (Martins et al. 2002). In a detailed 
evaluation of nutrient flows in a Danish organic farming system with pigs as the only livestock, 
Kristensen and Kristensen (1997) demonstrated that the farm could not be totally self- sufficient, but 
needed to import 25% of its pig feed and also some additional manure (45 kg N/ha). The problems 
in self- sufficiency arise because of a conflict between the area of cropping necessary to supply the 
nutrient demands of the pig and the area in grass/clover ley to fix adequate nitrogen in the soil to 
provide fertility for subsequent cereal crops. Furthermore, the limited ability of the pigs to utilize 
dietary nutrients in pasture contributed to the net shortfall in feed supply. Such challenges could be 
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partly addressed by including ruminant livestock in the overall model to give mixed species live-
stock production.

When considering organic feed supply at the regional level rather than for an individual farm, 
significant challenges still exist. An EU project (ICOPP) recently explored the possibility for using 
entirely organically produced local feed to supply poultry and pigs with the required level of nutri-
ents in different phases of production and support high animal health and welfare. It was concluded 
that, for the countries involved in this project, there was a self- sufficiency rate for organic concen-
trate feed for livestock of only 69%. The self- sufficiency rate for crude protein was 56%, with the 
supply gap for certain essential amino acids being just above 50% for lysine and about 40% for 
methionine.

Another challenge identified by the modeling of Kristensen and Kristensen (1997) was the inef-
ficient use of manure from the pigs for fertilizing crop growth if pigs are not kept in housed systems 
where manure can be captured, stored, and applied with optimal distribution and at optimal times to 
match crop requirement. Pigs kept on pasture show uneven spatial distribution of excreta, creating 
hot- spots with high soil concentrations of nitrogen and phosphorus (Watson et al. 2003). Depending 
on temperature and rainfall, these are prone to production of polluting gaseous emissions of ammo-
nia and nitrous oxide and the leaching of nutrients into waterways where they cause eutrophication. 
The destruction of vegetation resulting from pig rooting activity exacerbates this problem, as it 
reduces the capture and stabilization of nutrients by herbage.

The overall environmental impact of a production system is generally evaluated using the stand-
ardized framework of life cycle assessment (LCA). This calculates the total energy use and deleteri-
ous outcomes that result from the production of a unit of output; in the case of a pig enterprise, this 
is typically 1 kg of pig liveweight or pigmeat produced. While a variety of different outcome param-
eters can be calculated, those most commonly used in the comparison of different pig production 
systems are the greenhouse gas emissions (GHGE), acidification potential (AP), and eutrophication 
potential (EP). Nitrogen excretion from animals, and the associated ammonia emission, is a major 
contributor to AP, while EP is influenced by both nitrogen and phosphorus excretion. GHGEs con-
tributing to global warming include carbon dioxide, methane, and nitrous oxide emanating from 
animal respiration and from the decomposition of manures. However, it is actually the environmen-
tal burdens arising from the production of the feedstuffs required for the animals that are the biggest 
contributors to total impact. Initial comparisons of pigmeat produced in organic and conventional 
systems relied on the modeling of typical scenarios for each production type (Basset- Mens and Van 
Der Werf 2005; Williams et al. 2006; Halberg et al. 2010). These studies, with the exception of 
Williams et al. (2006), indicated higher environmental burdens per unit of pigmeat produced by 
organic systems, although Halberg et al. (2010) noted that, due to the integration of grass clover in 
their organic crop rotations, organic systems had an estimated net soil carbon sequestration which, 
when included in the LCA, gave lower GHGE compared with conventional pig production. 
Differences between studies in the environmental impact indicators were mainly attributable to dif-
fering assumed levels of animal performance, with the lower reproductive efficiency and poorer 
feed conversion ratio in organic systems outweighing other possible agronomic benefits. 
Subsequently, two large EU studies have published LCA calculations based on actual data collected 
from a range of individual farms. Dourmad et al. (2014) evaluated 15 contrasting pig production 
systems from five European countries, with data collected on 5–10 farms per system. Animal hous-
ing, feed production, manure storage, and manure spreading all resulted in higher absolute impact 
values in organic systems than in conventional ones. Compared with conventional systems, impacts 
per kg liveweight produced for climate change (GHGE 2.4 kg CO

2
- eq; +4%), acidification (AP 57 g 

SO
2
- eq; +29%), eutrophication (EP 16 g PO

4
- eq; −16%), energy use (18.1 MJ; +11%), and land 
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occupation (9.1  m2; +121%) were nearly all higher for organic systems. The variation within 
organic systems was also greater than for conventional systems, possibly reflecting their greater 
diversity of production methods. Halberg et al. (2010) compared Danish scenarios in which the 
typical Danish system of sows kept in huts on grassland and finishing pigs raised in indoor- with- 
run housing, with the alternatives of also rearing the fattening pigs on grassland all year round, or 
in a bedded tent with restricted access to a grazing area. Higher burdens were calculated for all 
indicators in the free- range finishing system. Using data collected on 64  individual organic pig 
farms across Europe, Rudolph et al. (2018) found no difference between systems in GHGE, but 
higher AP in indoor- with- run systems than in systems with mixed indoor and paddock housing and 
lower EP in these mixed systems than in all- paddock systems. However, variation was mostly 
higher within than between systems. Overall, the values obtained in this more extensive organic 
survey for the different impact categories were comparable to those of Dourmad et al. (2014), apart 
from slightly higher EPs.

Nutritional solutions to reduce environmental impact in pigs kept on pasture have been identified 
(Edwards 2008), and many are also applicable to housed pigs. However, not all of these can be 
exploited in organic farms. While significant reductions in excreted nutrients can be made in con-
ventional production by raw material selection for higher digestibility, optimization of amino acid 
balance toward “ideal protein” by use of synthetic amino acids, and the use of synthetic enzymes 
such as phytase to increase nutrient availability, these approaches are not available to organic farm-
ers. Reduction in nutrient oversupply in feeds can be achieved if a more detailed “precision feeding” 
approach is utilized. This involves the use of a greater number of diets to better match the changing 
requirements of liveweight, production stage, and seasonal climatic differences. Such a strategy 
requires detailed knowledge of the metabolic requirements of the animals and is often limited by the 
practicalities of handling many different diets in a smaller organic farming situation where infra-
structure for feed storage and distribution is limited. However, in organic systems, as in conven-
tional outdoor systems, a significant improvement in the efficiency of nutrient utilization can be 
made by careful management to reduce feed wastage. For example, providing feed in well- designed 
troughs that reduce spillage and wildlife access will significantly reduce feed requirement in com-
parison with scattering feed on the ground.

Animal Welfare

While the organic standards contain many requirements that might be expected to promote good 
welfare (Edwards et al. 2014; Edwards and Leeb 2018), there have been relatively few objective 
comparisons of welfare outcome measures in organic and conventional production systems. 
Literature review has highlighted potentially greater problems in organic systems of ectoparasites 
and endoparasites in sows, neonatal mortality in piglets, postweaning diarrhea in weaned piglets, 
and endoparasites in finishing pigs.

Looking specifically at the welfare of pigs on organic farms using selected animal- based outcome 
measures, Dippel et al. (2014) reported that the prevalence of health and welfare problems of organic 
pigs from 101 farms across six EU countries was generally similar to or lower than values previ-
ously reported in similar assessments on conventional farms, with the exception of poor body condi-
tion in sows. A follow- up study of 74 organic farms in eight different European countries gathered 
data in relation to different organic management systems (Leeb et al. 2019). This concluded that 
European organic pigs kept in indoor- with- run, paddock, and mixed husbandry system showed a 
low prevalence of health and welfare problems, but identified respiratory health and diarrhea in 
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weaners and fatteners kept indoors and neonatal piglet mortality in all systems as areas needing 
attention.

Several of the health and welfare challenges identified for organic pigs have links to nutrition. 
Better attention to the nutritional requirements of the sow, taking into account the additional demands 
of outdoor living, climatic challenges, and extended lactations, could reduce the prevalence of thin 
sows and might beneficially influence piglet survival through increased piglet birth weight and milk 
production. Postweaning diarrhea can be influenced by a number of known dietary risk factors and 
strategies to promote gut health (Lallès et al. 2007). Despite the greater weaning age of organic pigs, 
the prohibition on the use of prophylactic veterinary treatments, antimicrobial feed additives, and 
synthetic enzymes which can favorably modify the gut microflora increases the risk of dysbiosis in 
the gut once the protective influence of maternal milk is removed. The limitations on the use of 
animal- derived raw materials with high  protein quality, and the prohibition on the use of synthetic 
amino acids, result in higher inclusions of less digestible plant proteins in weaner diets and increase 
the risk of undigested protein passing down the gastrointestinal tract, where it can exacerbate diges-
tive problems. Risk of diarrhea can therefore be reduced by the use of lower protein diets, dietary 
ingredients containing prebiotic fermentable carbohydrates, and permitted acidifying agents. 
Furthermore, endoparasite infestation in both sows and growing pigs is also subject to nutritional 
influences. A high intake of insoluble dietary carbohydrates, i.e. dietary fibers as found in many 
roughages that are resistant to digestion and fermentation in the gut, may increase the severity of 
infection with gastrointestinal nematodes, such as Oesophagostomum. In contrast, inclusion of read-
ily fermentable carbohydrates, such as inulin, may have the opposite effect (Petkevicius et al. 2001).

Product Quality

Many consumers purchase organic products because they believe them to have superior properties 
in relation to human nutrition and health. There are very few objective assessments of this in the 
case of pigmeat. Srednicka- Tober et al. (2016) reported that the concentrations of saturated fatty 
acids, deemed detrimental to health, were lower in organic pork, whereas concentrations of polyun-
saturated fatty acids, perceived as beneficial to health, were found to be higher. Such differences 
may again be related to nutritional influences, in particular the ingestion of forage by organic pigs 
and the higher vegetable oil content in diets with cold- pressed rather than chemically extracted 
soya. Whilst the composition of many feed ingredients may be favorably modified as a result of 
organic agronomic practices, notably with an increased content of antioxidants (Barański et al. 2014), 
whether consumption of these results in any beneficial changes in pigmeat composition remains to 
be demonstrated.

Summary

Organic pig production, while currently very small in scale compared to conventional production, 
is growing in popularity as it is perceived by consumers to better meet their wish for healthy and 
ethically produced meat. Constraints imposed by organic production standards on feeding, housing, 
and management practices necessitate different nutritional approaches and reduce biological perfor-
mance. The greatest nutritional challenges come from the requirements for outdoor living and for-
age feeding. Great diversity in production methods and sustainability outcomes exists both between 
and within countries at the present time, indicating a need for future research on ways to optimize 
organic pig production.
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Introduction

A number of factors affect pork quality, with swine genetics, preslaughter handling, and pork 
 carcass chilling having the greatest impacts. However, there is a growing body of literature suggest-
ing that dietary modifications may offset the negative effects of genetic predisposition and/or pig 
handling on pork quality, and, in some cases, actually enhance pork quality traits of well- handled 
pigs of good quality genotypes.

Pork quality typically refers to the measurement of muscle pH, color, firmness, marbling or intra-
muscular fat (IMF) content, shelf- life, and cooked pork palatability. Yet, domestic and international 
consumers may include environmental, ethical, and animal welfare aspects of pork production to 
the definition of pork quality, whereas today’s pork processors may opt to include fat color, firm-
ness, and composition, as well as nutrient composition (i.e., quantity and quality of protein, vita-
mins, and minerals) and microbiological safety (i.e., absence of pathogenic bacteria and chemical 
residues) to their definition of pork quality. The focus of this chapter will be on how dietary modi-
fications affect technological (i.e., pH, color, firmness, water- holding capacity, etc.) and eating 
qualities of pork, as well as emphasis on the dietary manipulation of pork fat and fresh belly quality, 
and the ramifications of “natural” vs. “conventional” pig production systems on pork quality.

Manipulating Postmortem Metabolism and Pork Quality

The cessation of blood circulation at exsanguinations restricts oxygen availability to muscles, 
thereby shifting muscle metabolism from aerobic metabolism of lipids to anaerobic metabolism of 
muscle glycogen reserves. The end- product of anaerobic postmortem muscle metabolism is lactic 
acid, and, accumulation of lactic acid in muscle causes postmortem muscle pH to decline from 
approximately 7.1 to 7.3 to an ultimate pH value of 5.4 to 5.7. There are three basic pork quality 
defects associated with abnormal postmortem pH decline: 1) pale, soft, and exudative (PSE) pork; 2) 
dark, firm, and dry (DFD) pork; and 3) red, soft, and exudative pork (RSE).

When muscle pH declines rapidly (falls below 5.8 to 6.0 within the first hour postmortem) due to 
excessive lactic acid accumulation, the high intramuscular acidity coupled with elevated muscle 
temperature results in muscle protein denaturation, and the ultimate development of PSE pork. 
Rapid postmortem glycogenolysis can be attributed to a number of factors, including genetic pre-
disposition, preslaughter stress and activation of the sympathetic- adrenal medullar axis, or both 
acting in concert. Conversely, when muscle glycogen reserves are low, the accumulation of lactic 
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acid is greatly curtailed, leading to ultimate pH values in excess of 6.0 being established early in the 
postmortem period and the development of DFD pork. The low antemortem muscle glycogen 
reserves are typically the synergistic effect of a combination of stressors increasing energy demands 
prior to slaughter.

Muscle from pigs with a mutation in the protein kinase adenosine monophosphate- activated γ- 2- 
subunit gene (Milan et al. 2000), often referred to as the Rendement Napole (RN- ) gene (Monin and 
Sellier, 1985), have abnormally high concentrations of muscle glycogen; therefore, excessive intra-
muscular lactic acid accumulation can cause ultimate muscle pH values to decline to isoelectric 
point (pI) of 5.0 to 5.3 (pH value where the net charge of the contractile proteins is zero; Hamm, 1986). 
Even though the color of RSE pork is virtually normal at the pI, the equal number of positive and 
negative charges of the contractile proteins at the pI causes proteins to be attracted to each other, 
thereby reducing the amount of water attracted to myofibrillar proteins, which leads to excessive 
moisture losses (i.e., decreased water- holding capacity) and reduced protein functionality of 
fresh pork.

Preslaughter Feed Withdrawal

Obviously, manipulating preslaughter muscle glycogen reserves could lead to improvements in 
fresh pork color and water- holding capacity. Withholding feed from pigs for 16 to 24 h before 
slaughter effectively reduces longissimus muscle (LM) glycogen concentrations and elevates ini-
tial (45- min) and ultimate (24- h) muscle pH values, which equates to improvements in the water- 
holding capacity (WHC) of fresh pork (Partanen et al. 2007; Sterten et al. 2009). On the other 
hand, feed withdrawal periods of less than 16 h before slaughter have no appreciable effects on 
muscle glycogen reserves, postmortem pH decline, or WHC (Faucitano et al. 2006). Interestingly, 
Bidner et al. (2004) discovered that withholding feed from RN-  pigs for 30 to 60 h prior to slaugh-
ter did not reduce LM glycogen levels, indicating that preslaughter fasting, alone, was not an effec-
tive method of manipulating the abnormally high muscle glycogen reserves in pigs with this 
genetic mutation.

Preslaughter fasting periods of 16 to 48 h have been shown to produce darker (lower L* values), 
more desirable colored pork (Sterten et al. 2009); however, traditionally feed withdrawal periods of 
16 to 36 h do not affect the redness (a* values) or yellowness (b* values) of fresh pork (Faucitano 
et al. 2006; Partanen et al. 2007). In addition to the beneficial effects on pork quality, preslaughter 
feed withdrawal also decreases pig mortality during transportation and lairage, reduces carcass 
contamination with pathogenic bacteria in response to puncture of the gastrointestinal tract, and 
produces less waste to be rendered and/or disposed (Murray et al. 2001).

Glycogen- Reducing Diets

In Europe, research has shown that feeding high- fat (17 to 19%), high- protein (19 to 25% CP) diets 
formulated with very low levels (< 5%) of digestible carbohydrates will effectively reduce total 
glycogen – including proglycogen and macroglycogen – concentrations in pork LM at slaughter 
(Rosenvold et al. 2003; Bee et al. 2006). More importantly, 45- min, but not 24- h, postmortem mus-
cle pH was elevated, and drip loss percentages were decreased in response to feeding these glycogen- 
reducing diets (Rosenvold et al. 2001, 2002). The effects of glycogen- reducing diets on pork color 
are inconsistent (Rosenvold et al. 2001, 2002; Bee et al. 2006), and there is little information to 
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indicate cooked pork palatability is altered by feeding pigs high- protein/high- fat/low- carbohydrate 
diets prior to slaughter (Rosenvold et al. 2001; Bee et al. 2006). It should be noted that Leheska 
et al. (2002) fed pigs an ultra- high protein (33.7% CP), high- fat (19.6% crude fat) diet for 2 to 14 d 
before slaughter and failed to observe an effect of this glycogen- reducing diet on muscle glycogen 
reserves, pH decline, or any fresh pork quality attribute; however, the dietary fiber content wasn’t 
nearly as great in the lone US study as it was in the European studies, and may explain the discrep-
ancy in results of Leheska et al. (2002) to the European research.

Other Dietary Modifications to Alter Postmortem Metabolism

Magnesium Supplementation
Both long- term (Otten et al. 1992) and short- term (D’Souza et al. 1998) magnesium (Mg) supple-
mentation has also been shown to effectively reduce the stress response of pigs prior to slaughter 
and reduce the incidence of PSE pork (D’Souza et al. 1998, 2000). More importantly, it has been 
regularly demonstrated that supplementing swine diets with Mg for as little as a week before slaugh-
ter will improve the WHC of fresh pork, regardless of Mg source (Figure  25.1; Apple,  2007). 
Furthermore, research has shown that fresh pork color can be improved by either long-  (Apple 
et al. 2000) or short- duration (D’Souza et al. 2000) Mg supplementation.

Creatine Monohydrate Supplementation
Creatine is produced naturally in the liver, kidneys and pancreas from glycine, arginine, and methio-
nine, and it increases the bioavailability of phosphocreatine for cellular ATP production. Based on 
human research, Berg and Allee (2001) hypothesized that supplementing swine diets with creatine 
monohydrate might reduce the incidence of PSE pork by increasing muscle phosphocreatine levels 
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Figure 25.1 Meta- analysis of the effect of duration of preslaughter magnesium (Mg) supplemen-
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and sparing muscle glycogen. However, the effects of supplemental creatine monohydrate on pork 
quality are erratic and unreliable. For instance, Young et al. (2005) reported that initial LM pH val-
ues were increased by 5 d of creatine monohydrate supplementation, but others have reported no 
effect of preslaughter creatine- supplementation on initial or ultimate LM pH or fresh pork color 
(James et al. 2002; Rosenvold et al. 2007). In fact, two studies have shown a couple of studies have 
shown that pork became lighter (higher L* values), less red (lower a* values) and more yellow 
(higher b* values) in color in response to supplemental creatine monohydrate (Stahl et al. 2001; 
Young et al. 2005). On the other hand, there is evidence that feeding finishing pigs supplemental 
creatine will reduce LM drip loss percentages (James et al. 2002; Young et al. 2005).

Dietary Modifications to Increase Intramuscular Fat Content

The IMF content of pork plays an important role in consumers’ perceptions of cooked pork tender-
ness, flavor, and juiciness (Lonergan et al. 2007), and it is suggested that an IMF content between 
2.5 and 3.0% is necessary for consumer acceptability of cooked pork (DeVol et al. 1988). Moreover, 
the majority of the United States’ import partners prefer pork with IMF contents of at least 4% 
(NPPC marbling score of 4). The adaption of leaner swine genotypes by US pig producers over the 
past two decades has reduced IMF contents to as low as 1.0% (Gil et al. 2008); thus the onus of 
increasing the marbling/IMF content in today’s pork is squarely on the shoulders of swine 
nutrition.

Dietary Protein and Amino Acid Effects on Pork IMF

Increasing the crude protein (CP) and/or lysine levels in swine diets has been repeatedly shown 
to increase pork carcass lean yields (Grandhi & Cliplef 1997) and the moisture content of pork 
(Friesen et al. 1994; Goerl et al. 1995); however, IMF content is reduced by increasing the propor-
tions of CP and/or lysine (Goodband et al. 1990, 1993; Grandhi & Cliplef 1997). In fact, Goerl 
et  al. (1995) found that the IMF content of the LM decreased 71.3% as the dietary CP level 
increased from 10 to 22%, and linear reductions in LM marbling scores were observed as dietary 
lysine  content increased from 0.54 to 1.04% (Friesen et  al.  1994) and 0.8 to 1.4% (Johnston 
et al. 1993).

On the other hand, one strategy shown to effectively increase the IMF content of pork is reducing 
the CP and/or lysine content of swine diets (Figure 25.2). When dietary CP levels were reduced in 
grower and finisher diets, IMF was increased 13.7 to 64.7% (Wood et al. 2004; Teye et al. 2006a), 
whereas reducing the dietary lysine content in diets of growing- finishing pigs elevated IMF content 
66.7 to 136.8% (Blanchard et al. 1999; Cameron et al. 1999). However, long- term exposure of pigs 
to CP-  or lysine- deficient diets will have severe detrimental effects on gain and feed conversion 
efficiency.

Interestingly, two studies from the University of Illinois (Cisneros et al. 1996; Bidner et al. 2004) 
demonstrated that feeding lysine- reduced diets over the last 5 to 6 weeks of the finishing period had 
virtually no detrimental impact on performance and increased IMF concentrations but not to the 
same extent as other studies. When pigs were fed reduced CP diets supplemented with synthetic 
amino acids (AA) to meet SID requirements for lysine, threonine, methionine, tryptophan, isoleu-
cine, and valine during the finishing phase, Apple et al. (2017) reported that LM marbling scores 
and IMF content increased linearly with decreasing dietary CP with minimal effects on live pig 
performance. In a subsequent experiment, feeding AA- supplemented reduced- CP diets during the 
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entirety of the growing- finishing period again resulted in linear increases in IMF content with 
decreasing dietary CP in the LM of barrows, but not gilts, and the only reductions in performance 
were noted in the treatment with the greatest CP reductions during the last finishing phase when 
ractopamine hydrochloride (RAC) was included the diets (Young et al. 2013).

Dietary Energy Content and Sources on Pork IMF

Feed and Energy Intake
Even though restricting feed intake of finishing pigs does not affect muscle pH (Cameron et al. 1999; 
Lebret et al. 2001) or fresh pork (Cameron et al. 1999; Sterten et al. 2009), feed restrictions of 75 to 
80% ad libitum have been repeatedly shown to reduce IMF content between 8 and 27%, (Lebret 
et al. 2001; Daza et al. 2007). Interestingly, reducing the energy density of swine finishing diets 
does not alter IMF or any other fresh pork quality attribute (Lee et al. 2002), and there is no evi-
dence that the grain source incorporated in the diet affects marbling scores (Carr et  al.  2005b; 
Sullivan et al. 2007).

Fats and Oils
Fats and oils have been used for decades to increase the caloric density of swine diets and aid in feed 
pelleting; however, the effects of dietary fat levels and/or sources on pork IMF content are inconsist-
ent. Miller et  al. (1990) reported that LM marbling scores were reduced by feeding pigs diets 
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Figure 25.2 Effect of reduced crude protein (CP), with or without amino acid supplementation, on longissimus muscle (LM) 
intramuscular fat (IMF) content. Values are the absolute difference in reported LM IMF between means for the lowest dietary CP 
level and the “control” dietary CP level.
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 formulated with 10% sunflower or canola oil, and Myer et al. (1992) noted a linear reduction in 
marbling with increasing dietary canola oil. Conversely, Apple et al. (2008b) observed that LM IMF 
content increased with increasing dietary corn oil, whereas LM IMF content was increased by 
approximately 25% by feeding swine diets formulated with 5% beef tallow (Eggert et al. 2007). For 
the most part, however, few studies have demonstrated an effect of dietary fats/oil on marbling 
scores (Engel et al. 2001; Apple et al. 2008a) or IMF content (Morel et al. 2006).

Conjugated linoleic acid (CLA) refers to a mixture of positional (c8, c10, c9, c11, c10, c12, and 
c13) and genometric (cis/cis, cis/trans, trans/cis, and trans/trans) conjugated isomers of linoleic 
acid. Most synthetic CLA sources contain approximately 65% CLA isomers, primarily comprised 
of the cis- 9/trans- 11 and trans- 10/cis- 12 isomers, and, since July, 2009, CLA is being marketed 
under the trade- name of Lutalin (BASF SE, Ludwigschafen, Germany) for inclusion into swine and 
broiler diets. More importantly, supplementation of swine diets with CLA appears to increase LM 
marbling scores and/or IMF content. Dugan et  al. (1999) reported that marbling scores were 
increased 11.3% by CLA supplementation. Furthermore, Joo et al. (2002), Sun et al. (2004), and 
Martin et al. (2008b) reported increases in IMF content ranging from as little as 12% to as much as 
44%, whereas Wiegand et al. (2001) demonstrated that incorporating 0.75% CLA in diets increased 
the IMF content in the LM of halothane- negative, halothane- carriers, and halothane- positive pigs by 
17.8, 19.2, and 16.6%, respectively.

Vitamin A Supplementation

A derivative of vitamin A, retinoic acid, is involved in the regulation of adipose cell differentiation 
and proliferation (Pairault et al. 1988); thus, retinoic acid deficiencies may directly increase intra-
muscular adipocyte proliferation and IMF content. In fact, feeding cattle vitamin A- deficient diets 
increased LM marbling scores and/or IMF content without affecting performance or carcass com-
position (Oka et al. 1998; Gorocica- Buenfil et al. 2007). D’Souza et al. (2003) also demonstrated 
that feeding vitamin A- restricted diets during the grower and finisher phases increased IMF content 
by almost 54%, whereas Olivares et al. (2009) noted that feeding diets supplemented with 100,000 IU 
of vitamin A actually increased IMF in pigs with the genetic propensity for IMF, but not in high- 
lean genotypes. The evidence indicates that both vitamin A deficiencies and supranutritional dietary 
inclusion of vitamin A can increase pork IMF/marbling is promising; however, dietary inclusion 
levels, feeding durations, and interactive effects with other feedstuffs and feed additives are largely 
unknown, especially when fed to growing- finishing pigs.

Ractopamine Hydrochloride

Ractopamine (RAC) hydrochloride (Paylean; Elanco Animal Health, Greenfield, IN) is a feed sup-
plement that redirects nutrients to improved pig growth performance and carcass lean muscle yields 
(Apple et al. 2007b). More importantly, the beneficial effects of RAC are not typically accompanied 
by changes in muscle pH, firmness, or WHC of fresh pork (Apple et al. 2007a). Even though there 
is great deal of anecdotal misinformation concerning the effect of RAC on LM marbling scores and/
or IMF content, the fact is that most research has not detected differences in marbling scores between 
RAC-  and control- fed pigs (Carr et al. 2005b; Patience et al. 2009; Rincker et al. 2009), and, in 
many cases, marbling scores were actually increased by including 5 (Watkins et al. 1990), 10 (Apple 
et al. 2008a), or 20 mg/kg (Carr et al. 2009) of RAC in swine finishing diets.
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Dietary Modifications on Pork Fat Quality

The fatty acids in pork muscle and fat may be obtained from de novo lipogenesis from nonlipid 
substrates and the absorption of exogenous fatty acids from the pig’s diet. Glucose from the 
 digestion of corn and barley, for example, will increase the proportion of saturated fatty acids (SFA) 
at the expense of polyunsaturated fatty acids (PUFA) derived from the oil fraction of the grain 
sources (Lampe et al. 2006). However, as indicated previously, fat is routinely incorporated in swine 
diets to increase the energy density of the diet and reduce the proportion of dietary cereal grains, 
especially corn.

Dietary Fat Source and Pork Fat Quality

The quality of the dietary fat source included in swine diets is dependent on a number of factors, 
including iodine value (IV; a measure of the chemical unsaturation of the fat), titre (temperature at 
which a fat is completely solid), and melting point (temperature at which a fat is completely lique-
fied). Highly saturated fat sources, like tallow and lard, will have IV of 30 to 70 g of I/100 g of fat, 
titres of 32 to 47°C, and melting points of 45 to 50°C. Conversely, unsaturated oils from soybeans, 
canola, corn, sunflower, and safflower seeds will typically have IV greater than 100 g of I/100 g of 
fat, titre of less than 30°C, and melting points of 20°C, or less. In addition, fat digestibility by the 
pig apparently increases as the SFA content of the fat source decreases (Averette Gatlin et al. 2005). 
Therefore, the fatty acid composition of pork fat depots will typically reflect the quality (i.e., fatty 
acid composition) of the fat and/or oil formulated in the diets. For example, the fatty acid composi-
tion of fat from pigs fed tallow will tend to have lower proportions of PUFA and lower IV, whereas 
feeding oils will elevate the proportions of PUFA at the expense of SFA and monounsaturated fatty 
acids (MUFA; Table 25.1).

Although there are apparent health benefits associated with the consumption of PUFA, increas-
ing  the polyunsaturation of pork fat depots leads to the development of soft fat. According to 
Whittington et al. (1986), pork fat with a 18:2

n- 6
 content greater than 15% is classified as soft; thus, 

it is not surprising that feeding pigs polyunsaturated fat sources high in 18:2
n- 6

 content will also 
cause soft fat (Miller et al. 1990; Myer et al. 1992) and pork bellies (Apple et al. 2007a, 2008b). Soft 
fat and pork bellies cause carcass handling and fabrication difficulties, reduced bacon yields, unat-
tractive products, reduced shelf- life, and, more importantly, discrimination by domestic consumers 
and export partners. Research has shown that belly thickness and firmness increased as the IV of the 
dietary fat source decreased from 80 to 20 (Averette Gatlin et al. 2003); so, feeding animal fats does 
not appear to depress fat and belly firmness/hardness (Engel et al. 2001) as severely as feeding plant 
oils. Interestingly, Shackelford et al. (1990) reported that bacon from pigs fed sunflower, safflower, 
or canola oil received much lower sensory scores for crispiness, chewiness, saltiness, flavor, and 
overall palatability than bacon from pigs fed diets devoid of added fat and diets formulated with 
tallow. Moreover, Teye et al. (2006b) observed that pigs fed soybean oil- formulated diets product 
soft bacon and a greater number of low- quality, soft bacon slices.

There is growing evidence that between 50 and 60% of the change in the fatty acid composition 
of pork fat caused by manipulating the dietary fat source, inclusion level, or both, occurs during the 
first 14 to 35 d on the particular dietary fat source and diminishes with a longer time on feed 
(Wiseman & Agunbiade 1998). Apple et al. (2009a, b) reported that the fatty acid profile of the LM, 
subcutaneous fat, and carcass composite samples was altered substantially within the first 17.4 kg 
of BW gain, with IV of pork fat increasing almost 12 points during the first feeding phase in pigs 
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fed 5% soybean oil. In addition, Anderson et al. (1972) found that the half- life of linolenic acid 
(18:3 n-3) in pork subcutaneous fat was almost 300 d; thus, the economic savings associated with 
increased efficiency during the grower phases when high levels of fat are traditionally fed may also 
cause irreparably damage to the fat quality of pigs at slaughter. Moreover, it is doubtful that 
 removing all fat from the late- finishing diet or replacing an unsaturated fat source with tallow or a 
hydrogenated fat source will have dramatic effects on pork fat quality (Apple et al. 2009b).

By- products of Biofuel Production

In an attempt to reduce reliance on fossil fuels, considerable efforts have been made to generate 
biofuels from renewable resources. Ethanol production from corn, as well as sorghum and wheat, 
has increased substantially over the past 10 yr, leading to substantial supplies of dried distillers’ 
grains with solubles (DDGS), which can be incorporated in swine diets. The crude fat content of 
DDGS ranges between 10 and 15% (Rausch & Belyea 2006), and the fat from DDGS has a high 
proportion of unsaturated fatty acids; thus, it is not surprising that feeding pigs high levels of DDGS 
increases the PUFA content and IV of pork subcutaneous fat (Xu et al. 2010a,b; White et al. 2009). 
More recently, Graham et al. (2014) also reported increased IV of jowl, belly, and backfat as dietary 
inclusion of DDGS increased from 0 to 40%; yet, pork fat IV of pigs fed DDGS containing 9.4 

Table 25.1 Percentage change between dietary fat sources and no added fat controls in fatty acid composition of subcutaneous 
fat and longissimus muscle.

Item
Beef 

tallowa

Poultry 
fata

Soybean 
oila Corn oilb

Canola 
oilc

Yellow 
greased

Choice white 
greasee

Subcutaneous fat
Total SFA −3.43 −8.33 −12.93 −14.40 −22.25 −0.60 −5.86

Palmitic acid (16:0) −4.60 −6.42 −11.70 −12.80 −20.62 −1.67 −5.68
Stearic acid (18:0) −3.38 −11.79 −15.45 −17.91 −28.36 +1.99 −8.79

Total MUFA + 4.80 + 1.69 −11.17 −12.47 +2.93 −2.44 +2.42
Oleic acid (18:1 cis-9) + 3.86 −0.76 −10.81 −10.41 +4.85 −4.12 +2.51

Total PUFA −8.94 +10.46 +50.26 +91.50 +86.73 +8.38 +10.73
Linoleic acid (18:2  n-6) −9.96 +10.43 +46.53 +97.28 +44.44 +6.62 +10.63
Linolenic acid (18:3  n-3) −1.37 +13.70 +180.82 +30.19 +162.50 +13.56 +4.76

Iodine value −1.35 +5.84 +18.43 +23.72 — — —
Longissimus muscle

Total SFA −0.98 −2.12 −2.83 −0.78 — + 3.34 −9.71
Palmitic acid (16:0) −2.09 −2.26 −3.41 −0.65 — + 2.28 −2.41
Stearic acid (18:0) +1.05 −1.40 −2.27 −1.26 — + 6.36 −2.49

Total MUFA −1.45 −2.55 −6.58 −5.70 — −4.87 −0.33
Oleic acid (18:1 cis-9) −0.52 −2.23 −5.35 −2.81 — −6.85 −0.16

Total PUFA +13.95 +22.64 +40.93 + 31.82 — +6.86 +16.37
Linoleic acid (18:2 n-6) +13.67 +24.58 +45.13 + 41.60 — +6.20 +14.65
Linolenic acid (18:3 n-3) +17.14 +20.00 +148.57 + 18.18 — +12.31 +5.56

Iodine value +3.35 +5.70 +10.83 + 5.71 — — —

a Fat sources included at 5% as- fed basis (Apple et al. 2009a,b).
b Fat source included at 4% as- fed basis (Apple et al. 2008c).
c Fat source included at 5% as- fed basis (Myer et al. 1992).
d Fat source included at 4% as- fed basis (Averette Gatlin et al. 2002).
e Fat source included at 4% as- fed basis (Engel et al. 2001).
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or 12.1% was substantially greater than that from pigs fed DDGS containing 5.4% crude fat, 
regardless of dietary inclusion level. Benz et al. (2010) reported that IV of backfat, jowl subcutane-
ous fat, and belly fat increased 1.3, 1.6, and 2.2 g I/100 g fat, respectively, for every 10% increase 
in dietary DDGS.

The degree of polyunsaturation of fat in fresh pork bellies increases linearly with the amount of 
DDGS included in swine diets (Whitney et al. 2006; Xu et al. 2010a, b; White et al. 2009), which 
leads to soft, pliable, undesirable fresh pork bellies (Whitney et  al.  2006; Weimer et  al.  2008; 
Widmer et  al.  2008). Moreover, Weimer et  al. (2008) reported greater fat- lean separation with 
increased dietary DDGS, and Xu et al. (2010b) noted linear reductions in bacon fattiness and ten-
derness with increased dietary inclusion rates of DDGS, even though DDGS did not affect the 
crispiness, flavor, or overall acceptability of cooked bacon (Widmer et al. 2008; Xu et al. 2008b). 
It  should be noted that replacing DDGS during the finishing phase(s) with saturated fat sources 
(e.g. like tallow, butter, and palm kernel oil) does not alleviate the deleterious effects of DDGS on 
fatty acid composition, fresh belly quality characteristics, or cooked bacon palatability attributes 
(Browne et al. 2013a, b; Lee et al. 2013; Shircliff et al. 2019).

Any new or recycled animal fat or vegetable oil can be reacted with an alcohol, in the presence 
of a catalyst, to produce methyl esters more commonly referred to as biodiesel. Crude glycerol/
glycerin is a by- product of biodiesel production, and, like DDGS, has received a great deal of inter-
est as an energy source in swine diets. Mourot et al. (1994) and Della Casa et al. (2009) found that 
including 5 to 10% crude glycerol in swine diets increased the proportion of 18:1 cis-9 and all 
MUFA in pork backfat, whereas Mourot et al. (1994) and Lammers et al. (2008) observed reduc-
tions in 18:2 n-6 in subcutaneous fat and muscle. More importantly, the reduction in fat polyunsatu-
ration associated with feeding glycerol resulted in firmer pork bellies (Schieck et al. 2010).

Conjugated Linoleic Acid

Supplementing swine diets with CLA routinely increases the proportions of SFA, especially palmitic 
(16:0) and stearic acid (18:0), in both pork fat (Dugan et al. 2003; Sun et al. 2004) and muscle (Eggert 
et al. 2001; Sun et al. 2004; Martin et al. 2008b). Moreover, several studies have shown that dietary 
CLA reduced the 18:1 cis-9 and total MUFA composition of pork fat (Dugan et  al.  2003; Sun 
et al. 2004) and muscle (Sun et al. 2004; Martin et al. 2008b); yet, others have reported that propor-
tions of 18:1 cis-9 and MUFA in pork fat and muscle were not changed (Eggert et al. 2001) or even 
elevated (Joo et al. 2002) by CLA- supplementation. There are conflicting results, however, on the 
impact of CLA on PUFA composition. With the exception of Thiel- Cooper et al. (2001), Averette 
Gatlin et al. (2002) and Martin et al. (2009), who reported that CLA- supplementation increased fresh 
LM 18:2 n-6 content, most research has demonstrated that supplementing swine diets with CLA 
either reduces (Joo et al. 2002; Sun et al. 2004) or has no effect (Eggert et al. 2001) on the PUFA 
composition of pork lean and fat. More importantly, the increases in SFA and concomitant decreases 
in PUFA lead to reductions in IV (Eggert et al. 2001; Averette Gatlin et al. 2002; Larsen et al. 2009) 
and firmer pork fat (Dugan et al. 2003) and fresh bellies (Eggert et al. 2001; Larsen et al. 2009).

Other Dietary Modifications on Pork Fat Quality

Feeding diets with depressed CP/lysine levels increases the proportions of SFA and MUFA at the 
expense of PUFA (Wood et al. 2004; Teye et al. 2006a) and reduces IV of fresh pork LM (Grandhi 
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& Cliplef 1997). More recently, feeding growing- finishing pigs reduced- CP diets supplemented with 
food- grade AA to meet the SID requirements for lysine, threonine, tryptophan, methionine, isoleu-
cine, valine, and histidine reduced the proportions of total PUFA, particularly linoleic acid (18:2 n-6), 
and increased the proportions of total MUFA, especially oleic acid (18:1 cis-9), in jowl subcutaneous 
fat and LM (Young et al. 2014, Cook et al. 2015a), as well as in the subcutaneous and intermuscular 
fat layers of fresh pork bellies (Cook et al. 2015b). Interestingly, the isocaloric diets fed in the Young 
et al. (2014) met ME requirements for growing- finishing swine, whereas diets in the Cook et al. 
(2015a, b) experiment were formulated to meet NE requirements; thus, feeding AA- supplemented 
reduced- CP diets enhanced de novo lipid synthesis regardless of energy formulation basis.

Furthermore, formulating swine diets with high- oil corn will increase the proportions of 18:2 n-6 and 
all PUFA in pork fat (Rentfrow et al. 2003), whereas feeding pigs high- linoleic acid corn (Della Casa 
et al. 2010) or high- oleic acid high- oil corn (Rentfrow et al. 2003) obviously increase the concentrations 
of 18:2 n-6 and 18:1 cis-9, respectively, in fresh pork. On the other hand, Skelley et al. (1975) reported 
that backfat from corn- fed pigs was firmer than barley- fed pigs, and Sather et al. (1999) observed that 
fat from wheat- fed pigs was harder than fat from corn- fed pigs; however, belly firmness does not appear 
to be affected by the dietary grain source (Skelley et al. 1975; Carr et al. 2005b).

Fat firmness and fresh pork belly firmness are reduced substantially as feed intake is reduced to 
70 to 85% of ad libitum (Haydon et al. 1989). The reductions in fat/belly firmness are likely in 
response to increased proportions of 18:1 cis-9, all MUFA, and 18:2 n-6 in the pork fat and muscle 
caused by restricting feed intake (Wood et al. 1996; Daza et al. 2007). Moreover, Daza et al. (2007) 
demonstrated that the activity of lipogenic enzymes was depressed when feed was restricted during 
the grower phase and the activity of these enzymes declines in the finisher phase, even in pigs with 
ad libitum access to feed.

Fat from pigs fed RAC has an elevated proportion of PUFA at the expense of SFA and the 
observed increases in polyunsaturation can be attributed to greater deposition of 18:2 n-6 and 
18:3 n-3 (Carr et al. 2005b; Apple et al. 2008a). Moreover, Mills et al. (1990) demonstrated that 
RAC depressed de novo lipogenesis in pork fat; thus, the fatty acid content of pork subcutaneous fat 
would be a direct reflection of the fatty acid composition of the late- finishing diet, especially if the 
diet was formulated with any added fat/oil. Interestingly, RAC does not appear to alter pork belly 
firmness (Carr et  al.  2005a; Apple et  al.  2007a; Scramlin et  al.  2008), bacon quality (Scramlin 
et al. 2008), or bacon palatability (Jeremiah et al. 1994).

Carnitine is a vitamin- like compound involved in the transportation of long- chain fatty acids 
across the inner mitochondrial membrane for β- oxidation within the mitochondria; thus, it was not 
surprising that supplementing swine diets with l- carnitine could improve growth efficiency and 
carcass leanness (Owen et al. 2001; Chen et al. 2008), without affecting fresh pork quality (Apple 
et al. 2008b). However, Apple et al. (2008c) reported that supplementing swine diets with l- carnitine 
reduced the proportions of PUFA in backfat samples and increased the proportion of MUFA in the 
LM – but not the IV of either pork fat or muscle. This led the authors to hypothesize that l- carnitine 
may stimulate the desaturation of 18:2 n-6 into 18:1 cis-9 via Δ9 desaturase, leading to the observed 
reductions in PUFA with the concomitant increases in MUFA.

Dietary Modifications on Lipid and Color Stability

It would be expected that any dietary modification that increases the PUFA content of pork would also 
increase the susceptibility of pork to lipid oxidation. In fact, feeding swine diets containing canola oil 
(Leskanich et al. 1997), fish oil (Leskanich et al. 1997), soybean oil (Morel et al. 2006), linseed oil 
(Morel et al. 2006), or high- oil corn (Guo et al. 2006) increased thiobarbituric acid reactive substances 
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(TBARS) value during refrigerated storage. Thus, a great deal of research has focused on either the 
feeding of antioxidants, especially vitamin E, as well as stimulating endogenous antioxidative enzymes 
via mineral supplementation.

Vitamin E

Vitamin E (α- tocopherol) is a radical- chain- breaking antioxidant that protects cell membrane 
 integrity (Morrissey et al. 1993) and retards lipid and myogoblin oxidation (Faustman et al. 1989), 
especially during refrigerated storage and/or retail display. So, it is not surprising that incorporating 
supranutritional levels of vitamin E in swine growing- finishing diets may be the most widely 
 recognized nutritional modification to improve pork quality.

Research has repeatedly shown that feeding pigs an additional 100 to 200  mg/kg of dl- α- 
tocopherol acetate effectively delays the onset of lipid oxidation in fresh whole- muscle pork cuts 
(Monahan et al. 1994; Boler et al. 2009) and ground pork (Phillips et al. 2001; Boler et al. 2009), as 
well as precooked (Guo et al. 2006) and cured pork products (Coronado et al. 2002). Furthermore, 
because lipid oxidation is positively correlated to pigment oxidation, vitamin E supplementation of 
cattle finishing diets not only slows the rate of discoloration but actually improves the color stability 
of fresh beef (Faustman et al. 1989), and early studies indicated that supplementing swine diets with 
dl- α- tocopherol acetate also improved fresh pork color stability (Monahan et al. 1994). However, 
the vast majority of research has failed to detect any benefits of elevating the levels of vitamin E in 
swine diets with either dl- α- tocopherol acetate (Phillips et al. 2001; Guo et al. 2006) or the natural- 
occurring stereoisomer, d- α- tocopheryl acetate (Boler et  al.  2009), on fresh pork color or color 
stability during refrigerated storage.

Vitamin C

Vitamin C has antioxidant properties, and pigs typically produce adequate amounts of this water- 
soluble vitamin from d- glucose in the liver; yet, subcutaneous injections of vitamin C immediately 
before slaughter have been shown to reduce the incidence of PSE carcasses (Cabadaj et al. 1983), 
whereas feeding ascorbic acid within 4 h of slaughter produced darker, redder pork (Peeters 
et al. 2006). However, neither short- term (Ohene- Adjei et al. 2001; Pion et al. 2004) nor long- term 
vitamin C supplementation (Eichenberger et al. 2004; Gebert et al. 2006) affected pork color or 
WHC. Furthermore, there is no evidence to suggest that supplementing swine diets with vitamin C 
improves the oxidative stability of LM lipids during storage or retail display (Gebert et al. 2006), 
and, in fact, both Ohene- Adjei et al. (2001) and Eichenberger et al. (2004) reported that feeding pigs 
diets formulated with elevated levels of vitamin C actually increased TBARS values of LM chops 
during refrigerated storage. Circulating ascorbic acid levels return quickly to basal levels soon after 
dietary supplementation ends (Pion et al. 2004); therefore, timing of vitamin C supplementation 
appears to be critical to eliciting any beneficial effects of vitamin C on pork quality.

Mineral Supplementation

Selenium
Selenium (Se) is a component of the endogenous antioxidant enzyme glutathione peroxidase, and 
a  number of studies have shown that serum glutathione peroxidase activity is increased by 
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 supplementing swine diets with either sodium selenite or a selenium- yeast compound (Mahan 
et al. 1999; Zhan et al. 2007). Yet, the increased glutathione activity associated with supplemental 
Se does not equate into changes in fresh color and WHC (Mahan et al. 1999; Wolter et al. 1999) or, 
more importantly, lipid stability during storage of fresh pork (Wolter et  al.  1999; Han & 
Thacker 2006).

Manganese
Manganese (Mn) and Mg are both divalent, transition metal cations that may be interchangeable in 
several biological functions; however, Mn is a required for the activation of superoxide dismutase, 
which is involved in the breakdown of superoxide free radicals; so, it was not surprising that TBARS 
values of fresh LM chops were reduced by dietary Mn supplementation (Apple et al. 2005), and the 
LM from pigs fed diets supplemented with 350 mg/kg of Mn were less discolored after 2 and 4 d of 
simulated retail display than the LM from nonsupplemented pigs (Sawyer et al. 2007). Additional 
benefits of supplementing swine diets with Mn include increased LM pH and visual color scores 
and reduced L* values of fresh pork LM (Apple et al. 2005, 2007c). Although the Mn results appear 
promising, more research is warranted because very little is known about the effects of Mn 
 supplementation on pork palatability, and all of the research to date has been conducted by a single 
research group.

Vitamin- Trace Mineral Removal
In a survey of swine nutritionists that represented over 2 million sows, Flohr et al. (2016) reported 
that fat- soluble (A, D, E, and K) and water- soluble vitamins (biotin, choline, folic acid, niacin, pan-
tothenic acid, pyridoxine, riboflavin, thiamin, and vitamins B

12
 and C) were included in finishing 

diets at rates of 180 to 670% and 70 to 380% of NRC (2012) requirements, respectively. In addition, 
finishing diets inclusion rates for copper and manganese were 22.0 to 28.1 and 9.3 to 12.6 times 
NRC (2012) requirements, respectively, whereas the other trace minerals (iron, iodine, selenium, 
and zinc) incorporated in finishing diets ranged between 1.4 and 3.0 times NRC (2012) recommen-
dations. There is growing sentiment, however, that reducing vitamins and minerals, especially dur-
ing the late- finishing period, will reduce not only production costs but also excretion of phosphorus 
and other mineral elements into the environment (McGlone, 2000). Even though Ma et al. (2012) 
reported that LM a* values and drip losses decreased linearly as the duration of mineral depletion 
increased from 0 to 6 weeks before slaughter, there is little evidence to suggest that removing all 
vitamins and trace minerals during the late- finishing phase will affect fresh pork color, marbling, or 
firmness, as well as WBSF values (Mavromichalis et al. 1999; Choi et al. 2001; Shelton et al. 2004). 
The lone disadvantage of vitamin and trace mineral removal may be that TBARS values were ele-
vated during refrigerated storage by vitamin/trace mineral removal (Choi et al. 2001), whereas for-
tifying finishing diets with 150, 200, and 250% of the NRC (1998) vitamin and trace minerals 
during the last few weeks before slaughter substantially reduced TBARS values during as much as 
3 weeks of refrigerated storage (Choi et al. 2001; Hamman et al. 2001).

Dietary Modifications on Cooked Pork Palatability

Even though fresh pork color is the single most important factor in the purchasing decision of a 
consumer, their perception of cooked pork palatability will impact whether or not they purchase 
pork again. Therefore, it is vitally important that palatability is either not affected by, or improved 
by, any dietary modification.
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Crude Protein/Lysine

Warner–Bratzler shear force (WBSF) values of cooked LM chops increased almost 23% as CP 
content increased from 10 to 22% in the finishing diet (Goerl et al. 1995). Furthermore, Goodband 
et al. (1990, 1993) reported linear increases in WBSF values in cooked LM and SM chops as dietary 
lysine levels were elevated from 0.6 to 1.4%, whereas Apple et al. (2004) observed a linear increase 
in WBSF values as the lysine- to- energy ratio of the late- finishing diet increased from 1.7 (0.56 to 
0.59% lysine) to 3.1 g/Mcal (1.02 to 1.08% lysine). Goodband et al. (1990) also noted decreased 
sensory panel myofibrillar and overall tenderness scores, whereas Castell et  al. (1994) reported 
decreased pork flavor scores, with increasing dietary lysine levels; yet, for the most part, elevating 
dietary lysine levels in swine diets does not affect juiciness, flavor intensity, or tenderness scores of 
cooked pork (Goodband et al. 1993; Castell et al. 1994; Grandhi & Cliplef 1997).

Energy Content and Sources

Reducing the energy density in diets of growing- finishing swine does not affect the palatability of pork 
(Lee et al. 2002); however, LM chops from pigs fed ad libitum received greater tenderness scores and 
had lower WBSF values than pork from pigs fed at 75 (Cameron et al. 1999), 80 (Blanchard et al. 1999), 
or 82 ad libitum (Ellis et al. 1996), even though total and soluble muscle collagen contents (Wood 
et al. 1996; Lebret et al. 2001) and myofibrillar fragmentation index (an indicator of postmortem pro-
teolysis; Cameron et al. 1999) were not affected by dietary intake. Furthermore, a number of studies 
have shown that pork from pigs with ad libitum access to grower- finisher diets was rated higher for 
pork flavor (Blanchard et al. 1999; Cameron et al. 1999), flavor- liking, juiciness, and overall accept-
ability (Ellis et al. 1996; Cameron et al. 1999) by trained sensory panelists.

The cereal grain source included in swine diets can create palatability differences. For example, 
cooked chops from wheat- fed pigs received higher flavor scores than chops from sorghum- fed pigs 
(McConnell et al. 1975), whereas LM chops from pigs fed a 33:67% or 67:33% mixture of yellow 
and white corns received higher juiciness and flavor scores than chops from pigs fed yellow corn or 
white corn and barley, respectively (Lampe et  al.  2006). Furthermore, McConnell et  al. (1975) 
reported that the LM from wheat- fed pigs had lower WBSF values and higher tenderness scores 
than the LM from sorghum- fed pigs, and Robertson et al. (1999) noted that sensory panelists rated 
LM chops from barley- fed pigs more tender than chops from pigs fed corn or barley with triticale. 
Conversely, WBSF values were similar among pigs fed yellow corn, white corn, wheat, barley, or 
triticale (Skelley et al. 1975; Carr et al. 2005b; Lampe et al. 2006; Sullivan et al. 2007), and neither 
trained sensory (Carr et al. 2005b; Sullivan et al. 2007) nor consumer panels (Jeremiah et al. 1999) 
detected tenderness, juiciness, flavor, or overall acceptability differences in response to varying the 
cereal grain source included in swine growing and/or finishing diets.

Feeding canola oil and/or fish oil has been shown to impart more abnormal odors and off- flavors, 
thereby reducing the overall acceptability of cooked pork (Miller et al. 1990; Tikk et al. 2007). 
However, there is no effect of dietary fat source on WBSF values (Miller et  al.  1990; Engel 
et al. 2001; Apple et al. 2008a, b) or sensory panelists’ evaluations of tenderness, juiciness, or flavor 
intensity (Miller et al. 1990; Engel et al. 2001; Tikk et al. 2007). Neither WBSF values nor palatabil-
ity ratings of cooked LM chops have been affected by feeding pigs DDGS-  (Whitney et al. 2006; 
Widmer et al. 2008; Xu et al. 2010b) or glycerol- formulated diets (Lammers et al. 2008; Della Casa 
et al. 2009). In addition, it does not appear that supplementing swine diets with CLA affects WBSF 
values (Dugan et al. 1999), palatability scores (Dugan et al. 1999, 2003; Wiegand et al. 2001; Larsen 
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et  al.  2009), flavor attributes (Averette Gatlin et  al.  2006), or flavor volatile profiles (Martin 
et al. 2008a) of cooked pork LM chops or bacon.

Compensatory Gain

Compensatory growth is the accelerated growth rate that occurs in pigs having ad libitum access to 
feed after a period of restricted feeding. The increase in protein degradation during the period of 
restricted feed intake does not appear to decrease during the realimentation period, which led Kristensen 
et al. (2002) to hypothesize that high antemortem proteolytic activity would lead to a more rapid post-
mortem muscle tenderization. Interestingly, both Kristensen et al. (2002) and Therkildsen et al. (2002) 
found that the activities of both μ-  and m- calpain, but not calpastatin, were increased in the LM from 
pigs afforded ad libitum access to feed following a period of restricted feed intake, and Therkildsen 
et al. (2002) noted that the longer the period of ad libitum feed intake prior to slaughter, the greater the 
μ- calpain activity. Total collagen content does not appear to be affected by compensatory growth, but 
there is evidence that the proportion of soluble collagen in the LM is actually increased by feed restric-
tion followed by ad libitum feed intake (Kristensen et  al.  2002,  2004; Therkildsen et  al.  2002). 
However, WBSF values and sensory panel tenderness scores were only improved in pork from pigs 
with confirmed compensatory growth (Kristensen et al. 2002); in other words, in studies where the 
length or severity of the feed restriction was insufficient to cause a significant reduction in the growth 
rate, the period of ad libitum intake had little to no effect on cooked pork palatability, especially ten-
derness (Therkildsen et al. 2002; Kristensen et al. 2004; Heyer & Lebret 2007).

Vitamin D
3

Because of the well- established association between calcium and meat tenderness, it is generally 
accepted that increasing muscle calcium concentrations will increase postmortem calpain degrada-
tion of the cytoskeletal proteins and improve cooked meat tenderness. Vitamin D is involved in 
intercellular calcium mobilization and regulation, and feeding supranutritional levels of vitamin D

3
 

to feedlot cattle was shown to elevate blood and muscle calcium levels and, more importantly, 
improve cooked beef tenderness (Swanek et al. 1999). Even though plasma and muscle calcium 
concentrations were increased over 125% by supplementing swine finishing diets with vitamin D

3
 

(Wiegand et al. 2002; Lahucky et al. 2007), neither pork WBSF values (Wiegand et al. 2002; Swigert 
et al. 2004; Wilborn et al. 2004), sensory panel tenderness ratings (Swigert et al. 2004; Wilborn 
et al. 2004), nor any other palatability attribute (Swigert et al. 2004; Wilborn et al. 2004) have been 
altered by supplemental vitamin D

3
. Interestingly, there is evidence that indicate that supplementing 

swine diets with supranutritional levels of vitamin D
3
 can cause improvements in fresh pork quality, 

including increased initial and ultimate muscle pH values, subjective color scores, and LM a* val-
ues, along with reductions in L* values and drip loss percentages (Wilborn et al. 2004; Swigert 
et al. 2004; Lahucky et al. 2007).

Ractopamine Hydrochloride

Even though RAC does not affect cooked pork juiciness or flavor (Carr et al. 2005a, b; Patience 
et al. 2009; Rincker et al. 2009), there are a number of studies demonstrating that feeding as little as 
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5 mg/kg of RAC will increase WBSF values of cooked pork (Patience et al. 2009; Rincker et al. 2009) 
and reduce sensory panel tenderness scores (Carr et al. 2005a, b; Patience et al. 2009). Now it might 
seem odd that the section on the effects of RAC on cooked pork palatability is as mentioned previ-
ously, but it is generally accepted that to optimize the effect of RAC on live pig performance, the 
lysine content of the late- finishing diet must be increased to as high 1.0% (Webster et al. 2007). 
Thus, the increases in WBSF are a result of the increased dietary lysine content of RAC- supplemented 
diets and not dietary RAC per se. Moreover, Xiong et al. (2006) found that WBSF values of LM 
chops from RAC- fed pigs were greater than those of control- fed pigs after 2, 4, and 7 d of postmor-
tem aging, but WBSF did not differ when chops were aged 10, 14, or 21 d postmortem, suggesting 
that incorporating RAC in swine finishing diets delays the postmortem tenderization process.

Organic Pork Production

Over the past decade, “natural” pork niche markets have seen considerable growth in response to 
consumers’ perception that pork is more nutritious and wholesale if it came from free- ranging pigs 
in environmentally friendly facilities. More importantly, these consumers are willing to pay premi-
ums for “natural” pork products, even though in their opinion it may be less palatable, if the “small,” 
family- farmer shares similar viewpoints. According to Honeyman et al. (2006), as many as 750,000 
pigs are slaughtered annually for the US. “natural” pork market, but demand still exceeds supplies 
at this time. There are a number of issues confronting the “natural” pork markets, with the cost of 
production and year- round supply of pork as the two most pressing concerns. Stender et al. (2009) 
estimated that the cost of production ranged between $66.50 and $99.00/cwt of pork produced, 
whereas Honeyman et  al. (2006) observed that the production costs associated with producing 
“organic” pork were 400 to 500% greater than those for “natural” pork production. In addition, far-
rowing outdoors during the Winter is a necessity for year- round pork production, but colder tem-
peratures lead to greater death losses prior to weaning (Stender et al. 2009), lower growth rates, and 
greater feed consumption, which equates to reductions in production efficiency (Bee et al. 2004; 
Gentry et al. 2004).

Honeyman et al. (2006) indicated that pork quality was extremely important to the sustainability 
of the niche “natural” pork market. The initial and ultimate pH values of pork are similar between 
indoor-  and outdoor- raised pigs; however, meta- analysis of 33 published studies indicated that out-
door pig production reduces the WHC of fresh pork (Figure 25.3). In fact, several studies have 
demonstrated that rearing pigs outdoors causes increases in drip loss percentages (Gentry 
et al. 2002a, b; Galián et al. 2008) and expressible moisture percentages (Kim et al. 2009) when 
compared to indoor- reared pigs. Meta- analysis also indicated that pork from pigs reared outdoors is 
darker (lower L* values) and tended to be more yellow (greater b* values) than pork from pigs 
reared indoors (Figure 25.3). Interesting, several researchers reported increases of 20%, or more, in 
the redness (a*) values of pork from pigs raised outdoors (Gentry et  al.  2002b, 2004; Hoffman 
et al. 2003), but meta- analysis indicated that a* values did not differ between pork from indoor-  and 
outdoor- reared pigs.

Most research, as well as the meta- analysis, has demonstrated that pork from pigs conventionally 
reared indoors has more marbling (Gentry et  al.  2002a,  2004) and IMF (Högberg et  al.  2002; 
Hoffman et  al.  2003; Bee et  al.  2004) than pork from their contemporaries reared outdoors. 
Moreover, neither the meta- analysis (Figure 25.4) nor the results of a number of studies detected an 
effect of indoor vs. outdoor pig production on WBSF values of cooked pork (Hoffman et al. 2003; 
Oksbjerg et al. 2005; Galián et al. 2008). It is not surprising that pork from outdoor- reared pigs 
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Figure 25.3 Meta- analysis of studies (n = 33) comparing the fresh pork quality attributes of pigs raised indoors (light- colored 
bars) and outdoors (dark- colored bars). The quality attributes include initial muscle pH (pHi), ultimate muscle pH (pHu), 
instrumental color coordinates (L*, a*, and b*), and drip loss percentage.
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Figure  25.4 Meta- analysis of studies (n = 33) comparing the marbling scores, intramuscular fat percentage (IMF), and  
Warner–Bratzler shear force (WBSF) values of pork from pigs raised indoors (light- colored bars) and outdoors (dark- colored bars).
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received lower juiciness ratings than pork from pigs reared indoors (Gentry et al. 2002a; Jonsäll 
et al. 2002), but sensory panelists have deemed pork from pigs reared indoors and outdoors similar 
for flavor, tenderness, and overall acceptability (Jonsäll et al. 2002; Gentry et al. 2002a, b; Kim 
et al. 2009).

The subcutaneous fat from outdoor- reared pigs typically has lower proportions of 16:0, 18:0, and/
or all SFA and greater proportions of 18:2

n- 6
, 18:3

n- 3
, and/or all PUFA than fat from indoor- reared 

pigs (Bee et al. 2004; Hansen et al. 2006). Bee et al. (2004), Oksbjerg et al. (2005), and González 
and Tejeda (2007) reported that the proportions of 16:0 were lower in the LM from outdoor- reared 
pigs, and it is apparent that rearing pigs outdoors reduces the proportions of 18:0 and all SFA in the 
LM (Table 25.2). Kim et al. (2009) observed an 11.7% reduction in 18:1cis9 and a 12.2% reduction 
in all MUFA in the LM from free- range pigs, but outdoor rearing typically only reduces the MUFA 
composition of the LM approximately 5% (refer to Table 25.2). It was interesting that both Högberg 
et al. (2002) and Galián et al. (2008) observed robust decreases in the PUFA composition of the LM 
from outdoor- reared pigs because raising pigs outdoors appears to increase the proportions of 18:2

n- 6
, 

18:3
n- 3

, and the sum of all SFA (Oksbjerg et al. 2005; González & Tejeda 2008; Kim et al. 2009). 
The elevation in unsaturated fatty acids in the LM from outdoor- reared pigs is representative of the 
PUFA content of the polar (phospholipid) lipid fraction associated with the cell membrane because, 
as previously pointed out, the IMF content (neutral lipid fraction) of the LM is usually substantially 
lower in muscle of outdoor- reared pigs.

The greatest majority of the research on “natural” pork production has been conducted in Europe, 
and there is limited information concerning free- range pork production being generated in the 
United States. In most of the mentioned studies, pigs were reared on alfalfa pastures, so there are no 
studies detailing the effects of other forages on pork quality, especially cooked pork palatability. 
Gentry et al. (2002b) noted that pork from pigs born and reared outdoors had greater discoloration 
during retail display; otherwise, there is almost no information concerning lipid stability during 

Table 25.2 Comparison of the fatty acid composition of the longissimus muscle intramuscular fat from natural, outdoor- reared 
pigs to indoor, conventionally reared pigs (results are presented as a percentage change from the indoor pigs).

Reference a16:0 a18:0 aΣSFA a18:1cis9 aΣMUFA a18:2
n−6

a18:3
n−3

aΣPUFA

Högberg et al. (2001) −1.9 −9.8* −5.3* +3.1* +2.1 +6.9 +19.1* +1.5
Högberg et al. (2002) +3.4 −0.4 +2.5 +5.4* +7.3* −30.9* −47.6* −30.1*
Hoffman et al. (2003) +0.5 −21.7* −8.3 −5.4 −6.9 +44.8* + 9.9 +33.7*
Bee et al. (2004) −1.9* −0.6 −2.2 −3.3* −3.6* +29.1* +45.2* +31.3*

−1.0* + 0.2 −1.2* −6.7* −6.8* +27.2* +55.6* +33.1*
Högberg et al. (2004) +3.0 + 2.2 + 2.8 −3.2 −1.9 −7.2 0.0 −6.9

+0.4 + 4.9 + 1.8 0.0 −1.4 + 4.0 + 8.0 + 4.0
−0.8 + 2.4 + 0.3 −0.7 −0.9 + 8.4 +27.6* +10.1

Oksbjerg et al. (2005) −1.3 −1.6 −0.6 −2.9* −3.5* +12.5 +13.3 +12.4
−3.8* −24.0* −6.9* −7.5* −8.4* +39.7 −2.2 +38.2*

González & Tejeda (2007) −5.8* −10.6 −7.2* + 3.1 + 2.8* +31.0* +94.1* +28.3
Galián et al. (2008) +17.4* −10.6* +10.7* −4.2* −4.1* −14.7 −3.7 −21.4
Kim et al. (2009) −7.8* −0.6 −6.9* −11.7* −12.2* +54.1* +31.9 +58.3*

a 16:0 = palmitic acid; 18:0 = stearic acid; ΣSFA = sum of all saturated fatty acids; 18:1cis9 = oleic acid; ΣMUFA = sum of all 
monounsaturated fatty acids; 18:2n−6 = linoleic acid; 18:3n−3 = linolenic acid; and ΣPUFA = sum of all polyunsaturated fatty acids.
* An asterisk indicates that the change differed from the indoor, conventionally reared pigs.
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storage, especially considering the increases in pork polyunsaturation typically noted in free- range 
pigs. It is likely that animal welfare legislation will necessitate both swine nutritionists and meat 
scientist to step back 50 yr to test nutritional modifications for improving the efficiency and quality 
of “natural” pork in coming years.
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Bacterial resistance, 131
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Bacteriophages, 56, 473–474
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Carbohydrate content, 164
Digestibility, 73, 167, 168
Digestible energy value, 74
Enzymes, 453, 456, 458
Fermentation, 174
Fiber, 379, 392, 395–396, 398, 632
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Pelleting, 72
Pork quality, 689, 692, 695
Relative energy values, 287
Utilization of energy, 180
Utilization of SCFA, 181
Vitamins, 523, 524

Barley hull, 164, 180, 352
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Castration, 92
Comparative growth 91, 91–92
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Basal endogenous losses of AA, 498, 498
Basolateral AA transport, 120–123
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BCKAD, 126
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B‐complex vitamins, 189–190, 312, 315
Bedded systems, 618
Bedding for gestating sows, 609
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World production, 344
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Beef tallow, 650, 688, 690
Behavior of pigs, 603–605
Benzoic acid, 180
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Beta‐glucanase, 33, 316, 455–456, 458–460, 481

Environmental concerns, 556–559, 572, 580, 583
Beta‐glucans, 159, 379, 476

Digestibility, 174
Fermentation, 174
Fiber, 376–377, 448
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Beta‐mannanase, 313, 455–456, 572
Bifidobacteria, 171, 349, 475, 477, 480, 564
Bile, 7, 9, 13, 21, 22
Bioavailability, 23, 290, 493–494

Amino acids, 250, 493
Ascorbic acid, 506–507
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Trace minerals in feed, 553, 585
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Bioavailability, 524–525
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Castration, 92
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Nutrient requirements, 639, 640
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Calcium absorption, 230
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Feed additives, 479–480, 482
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Bioavailability, 512–513
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Water, 40, 50, 51

Calcium carbonate, 50, 71
Camelina, 411, 413–416, 421
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Coproducts, 411, 414–417, 421
Canola cake, 415, 416, 421
Canola meal, 232, 289, 526, 557, 582, 635

Antinutritional factors, 415–416, 421
Enzymes, 453
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Fatty acids, 298, 690

Canola seed, 312
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Carbohydrases, 18, 33
Carbohydrates, 66, 151–181, 397, 481

Absorption of products, 176–178
Chemistry, 152–160
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Classification and terminology, 160
Digesta flow, 169
Digestible, 160–162, 166, 382, 506–507, 684
Digestibility, 166, 168, 506–507
Digestion in small intestine, 165–169, 176
Feed processing, 163–165
Feedstuff content, 162–163, 164
Fermentable, 474–476
Fermentation in large intestine, 169–176, 180
Meal size, 179
Measurement, 161–162
Non‐digestible, 160, 169, 178, 179, 375, 507–508
Oxidation and water, 38, 40
Physicochemical properties of fiber, 160
Utilization of absorption products, 178–179

Carbon dioxide, 70, 553–554, 554
Carbon nutrient utilization, 553–569

Gut microbiota, 560–569
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Carboxymethylcellulose, 395–396
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Gut hormones, 29
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Cassava, 293, 411, 416, 421, 672
Nutrient profile, 293
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Cationic AA transport, 116–117, 118, 128–129, 136, 140
Cationic and neutral shared AA transport, 118
Cecum, 7, 10, 11, 15–16, 124

Carbohydrates, 151, 170, 172–173, 179
Nutrient digestion, 21
Transit time, 16, 17

Cellobiohydrolase, 456
Cellobiose, 18, 378–379, 562
Cellodextrins, 378
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Cellulase, 360, 455–456, 460

Environmental concerns, 555–559, 562–563
Cellulose, 378, 433, 455–456, 460

Digestibility, 71, 392–393, 505, 508
Carbohydrates, 157–162, 168, 173–175, 397
Contents of feedstuffs, 164
Environmental concerns, 555–559, 562–563
Enzymes, 448, 456
Fermentation, 174
Fiber, 352, 375–383, 392–399, 419, 448, 508
Utilization of energy fermented, 180

Central neuronal system (CNS), 26
Cereals, 25, 82, 84, 285–300

Antinutritional factors, 411, 420
Carbohydrates, 154–156, 158, 162–165, 173–175
Coproducts, 162, 293–298
Dietary energy sources, 290–300
Diet composition, 73, 77
Digestibility, 168, 174, 499, 504, 506, 508–509,  
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Energy evaluation systems, 286–290
Environmental concerns, 556, 560–562, 571, 572, 582
Enzymes, 445, 447–448, 450, 456
Fiber, 377–378, 380, 384, 397–398, 448, 508
Fermentation, 174
Foodstuffs, 298–300
Intake and digestibility, 168
Lactating sows and neonates, 635, 637
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Nutrient profile, 293
Organic, 672, 674, 676
Particle size, 25, 435–437
Pork quality, 689, 695
Protein supplements, 314, 319–321, 324
Pulses, 343–344, 351, 360
Relative energy values, 287
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Starch, 154–156, 506, 556
Vitamins, 197, 211

Chemical factors and water, 50–53
Chickpeas, 345–346, 349, 350, 353–354, 357, 359

Dehulling, 357
Extrusion, 359
Pulses, 343–360
World production, 344

Chitin, 331, 509
Chloride, 233, 513–514, 584, 653–654

Estimates for nursery pigs, 653
Recommended levels, 513–514, 579
Water, 40, 51, 57

Chlorination of water, 54–55, 55
Chloride, 549–654
Chlorine, 581, 584

Requirements for boars, 640
Requirements for gestating sows, 629
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Water treatment, 50, 54–55

Cholecalciferol, 195–196, 520
Cholesterol, 103, 104, 555
Cholesterol esters, 18
Cholecystokinin (CCK), 6, 9, 14–15, 28, 29, 30
Choline, 190, 191, 214–215

Bioavailability, 526
Reproduction in pigs, 201–202

Chromium, 239–240
Bioavailability, 518

Chylomicrons, 22, 103–105
Chyme, 8, 11, 13–16, 17, 22
Chymosin, 32
Chymotrypsin, 348, 350, 396, 413, 417, 559

Digestive physiology, 18, 19, 32
Chymotrypsin inhibitors, 320, 347, 356
Cinnamaldehyde, 483
Citric acid, 126, 479, 480
Citrobacter braakii, 450
Citrulline, 124, 126
Climatic factors and energy utilization, 78
Clostridiales, 561
Clostridium, 171, 251, 385, 474–475, 480, 562, 568
Clostridium difficile, 236, 563
Clostridium perfringens, 475
Coagulation of water, 56
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Coconut meal, 312–313
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Cancer, 392
Carbohydrates, 151, 170, 172–175
Transit time, 16, 17
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Minerals, 234, 237, 239
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Compositae, 75
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Absorption and transport, 237–238
Bioavailability, 514–515
Feed additives, 478
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Pharmacological, 238
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Coproducts, 165, 280
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Nutrient composition, 294
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Nutrient characteristics, 343–346
Nutrient digestion, 349–352

Corn, 22, 132, 139, 290–291
Nutrient digestion, 24, 25
Relative energy value, 287
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Nutrient composition, 294
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Corn starch, 73
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See also least cost feed formulation
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Antinutritional factors, 411, 434, 510
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Cottonseed meal, 313–314, 559, 583

Relative feeding values, 308
World production, 310

Coumaric acid, 378–380, 384, 455
COVID‐19, 549–550, 552, 586
Cow pea world production, 344
Cracking of feedstuffs, 164
Creatine monohydrate supplementation, 685–686
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Creep feed, 42, 279–280, 616, 648–649
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Neonatal pigs, 637–638
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Crude fat, 77, 345, 433, 688, 690

Digestible, 79
Digestibility, 503, 555–556

Crude fiber, 66, 161–162, 380, 381, 433
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Diet composition, 72
Protein supplements, 311, 313–318, 321
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Crude lignin, 16
Crude mucin, 396
Crude plant oils, 526
Crude protein (CP), 22, 32–33, 48, 161, 176, 652, 695

Amino acids, 395, 673
Amino acid utilization, 120, 125, 139
Basal endogenous losses, 498
Cereals, 288, 293, 294
Diet composition, 72, 75, 77
Diet formulation, 277
Digestible, 79
Digestibility, 413, 418, 418
Energy, 66–67, 71, 72, 75, 77, 79, 80, 81, 82
Energy value, 77

Chlorine (cont’d)
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Minerals, 233
Organic production, 673, 677
Pork quality, 686–687, 692, 695
Supplements, 308, 311
Water, 39, 48

Crypt depth, 234, 418, 448, 557
Digestive physiology, 9, 10–11, 26, 31
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Bioavailability, 525
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Nutrient digestibility, 515
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Requirements for growing/finishing pigs, 661
Vitamins, 213
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Dehulling, 357
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Desaturase, 107, 110
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Detoxification by the liver, 13
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Carbohydrates, 161–164, 169–177, 180
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Digesta flow, 169
Digestibility, 71, 392–393, 504–505, 508–509
Effect on nitrogen excretion, 398–399
Energy, 66, 71, 73, 73–79
Fermentation, 171, 384–393
Immunology, 250–251
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Pulses, 344–346, 352, 357
Structures, 376–380
Total analysis, 382–383
Typical carbohydrate content, 164

Dietary omega (T)‐3 PUFA tin pigs, 107, 110
Dietary protein, 48, 129, 250–251, 686–687
Diet composition, 70–71, 71, 73

Energy digestibility, 73
Metabolic utilization of energy, 77–78
Water, 48–49

Diet energy, 95, 554
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Alteration of postmortem metabolism, 685–686
Environmental concerns, 569, 572, 574–575, 578–579, 

583, 585
Feeding program, 276–282
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Grower/finisher pigs, 656–659
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Organic production, 671, 672–676, 697–700
Palatability, 694–697
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Lipids, 503, 504
NSP impact, 170
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Weaner and finisher differences, 31, 320
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Amino acids, 395–396, 496–502
Digestible carbohydrates, 506–507
Direct method and difference method, 494–495
Energy, 73–76, 394–395
Fiber, 508–509
Index method, 495–496
Lipids, 502–506
Minerals, 509–518
Nondigestible carbohydrates, 507–508
Phytic, 412–413
Use of, 494–496
Vitamins, 518–527
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Effect of diet composition, 71, 72
Effect of fiber origin, 71
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Fiber content, 71

Digestible carbohydrates, 161–162, 166, 382, 506–507, 684
Digestible crude fat, 79
Digestible crude protein (DCP), 79
Digestible energy (DE), 25, 65, 66–68, 70–73, 75

Energy evaluation systems, 78–79
Energy intake regulation, 95
Equations for prediction in feeds, 79–80, 80
Production in feed, 80
Relative value for growing pigs, 81
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Digestive utilization of energy, 70–75
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Disaccharides, 378, 506

Carbohydrates, 152, 165–166
Classes of feed, 152
Gut hormones, 29
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DL‐methionine, 48, 55, 281
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Docosapentaenoic acid (DPA), 110
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Domestic pig (Sus scrofa), 3, 121
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EGRAC values, 200, 200
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From fermentation, 475–477
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Organic production, 677–678
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Endogenous losses, 498
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Pork quality, 687, 689, 695
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Regulation, 92–95
Response, 89–91



INDEX 717

Energy metabolism in swine, 65–82
Energy requirements, 65, 78, 80, 81, 82–89
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Thermoregulation, 88, 88–89

Energy supply, 90
Energy systems evaluation, 78–81, 96, 286–290
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Carbohydrates, 156, 163, 164
Dehulling, 357
Extrusion, 359
World production, 344

Factoring, 278
Faecalibacterium prausnitzii, 561
Farrowing, 43, 86, 609–614, 634

Groups, 612–614
Individual pens, 611–612
Modified stalls, 610
Mortality rates, 610, 611
Space allowance, 613, 614
Traditional stalls, 609–610, 606
Transition sow feeding, 631–632
Water, 42, 43, 47, 55, 55

Fasting heat production (FHP), 68, 69, 83
Fasting periods preslaughter, 684
Fats, 21–23, 352, 501

Economic value, 656, 657
Energy value, 66, 68, 71, 73, 74, 77
Pork quality, 687–688, 689
Sources, 690

Fat‐soluble vitamins, 21, 193–199, 206–211, 326, 694
Bioavailability, 519, 521

Fatty‐acid binding protein (FABP), 105
Fatty acids (FA), 22–23, 103, 104, 105–113, 298, 

Change in fat sources, 690
Comparison of composition, 699
Energy, 66
Pork quality, 689–692, 699

Fatty acid transport protein 1 (FATP1), 105
Feather meal, 323–324
Feces, 12, 23, 40, 232, 445, 460, 495–496

Energy loss, 65, 66, 67, 174
Feed additives, 477, 481, 483–484

Fiber, 175–176, 388–389, 393, 397–399, 504, 509
Lipids, 503
Minerals, 515
Nitrogen, 398–399, 569, 575
NSP, 173
Phosphorus, 232, 511
Recovery of nutrients, 176
SCFAA, 171, 388–389, 399
Sulfur, 580–581
Water, 15–16, 37–38, 39, 40, 43, 45, 399, 671, 675
See also manure

Feed additives, 471–485, 675
Acidifiers, 478–480
Antibiotics, 472
Effect on lipid digestibility, 505
Enzymes, 480–482
Fermentable carbohydrates, 474–476
Flavors, 482
Microbial supplements, 472–474
Minerals, 476–478
Organic production, 668
Phytogenic compounds, 483–484
Response of growth performance, 474

Feed budget recommendations, 649
Feed cost, 65, 90, 91, 655–656

See also least cost feed formulation
Feed cost per unit of grain, 656
Feed effect on thermoregulation, 88–89
Feed efficiency, 103, 112

Growing pigs, 91–92
Feeders, 617–618
Feeder space, 615–616
Feeder type, 47–49, 59
Feed form, 47–49
Feed formulation and risk management, 356
Feeding behavior, 93
Feeding programs, 276–283

Phase feeding, 277–282
Finishing pigs, 280–282
Nursery pigs, 280
Nursing pigs, 279–280
Sows, 277–279

Feed intake, 38, 501–502
Feed processing, 429–443

Batching, 437
Biosecurity and safety, 441–442
Delivery, 440, 442
Finished quality, 440–441
Future trends, 442–443
Increase in digestibility and performance, 357–359
Ingredient receiving, 431–435
Mixing, 437–438, 617
Particle size reduction, 435–437
Pelleting, 438–439
Post‐pellet liquid application, 439–440
Probes and triers, 431, 432
Purchasing and formulating ingredients, 429–431
Reduction of ANF, 356–357

Excretion (cont’d)
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Technology, 429
Truck and rail car sampling, 431–432, 432

Feedstuffs, 162–163, 484, 522, 635–636
Alternative, 250, 285–286, 288, 343, 445, 472
Antinutritional factors, 411–422
Minor, 298–300
Nutrient components, 294
Nutrient profile, 293
Organic production, 672, 675–676
Processing, 163–165
Relative energy values, 287, 288

Feed wastage, 25
Feed water intake, 39
Feed withdrawal before slaughter, 684
Fermentable carbohydrates, 474–476
Fermentation, 66, 68, 174, 360

Acetate, 21, 171, 172, 178, 251
Ammonia emissions, 475–477
Butyrate, 21, 171, 251
Contribution to energy, 392–394

Amount of SCFA, 393–394
Digestibility of fiber, 392–393
SCFA moles, 394

Digestive physiology, 3, 11–12, 16, 19
Fiber, 21, 171, 384–393
Large intestine, 3, 11–12, 16, 151, 160, 169–176, 178–180

Utilization of energy, 180
Ferulic acid, 378–380, 384, 455
Fetal growth, 134–137
Fetal imprinting, 627–630
Fetal numbers, 279
Fetal pig amino acid composition, 135
Fetal protein content, 134
FFA, 18
F:G criterion, 91
Fiber, 21, 132, 375–399

Analysis of feed ingredients, 380–384
Antinutritional factors, 419–420, 448–449
AOAC methods of analysis, 383
Components, 380
Definition, 375–376
Digestibility, 508–509
Digestibility of AA, 500–501
Digestibility of lipids, 504–505
Digestive physiology, 8, 11–12, 16, 21–23
Energy from fermentation, 392–394
Fermentation, 21, 171, 384–393
Immunological role, 250–251
Insoluble, 375, 376, 380, 382
Lactating sows, 636
Negative effects, 394–399
Neutral detergent, 380–382, 393, 395, 397–399
Organic production, 670, 673–674
Oxidation of acetate, propionate and butyrate, 392
Phenolic acid, 384
Physiochemical properties, 160
Pulses, 352
SCFA synthesis, 385, 385–389

Soluble, 294, 376, 380, 382–383, 393–394
Structures, 376–380
Total analysis, 382–384
Transition sow feeding, 632

Field beans, 418
Field peas, 344–345, 349, 350, 352–353

Extrusion, 354
Grinding, 357–358
World production, 344

Finisher‐2 phase, 108–109
Finisher/finishing pigs, 75, 89, 320, 649–650, 653

Feed additives, 472, 472, 476, 480–482
GIT development, 31, 31
Organic production, 670, 673–675, 678
Phase feeding, 280–282
Split‐sex feeding, 280

Firmicutes, 388, 562
Fish, 107, 329–332, 517
Fish meal, 33, 181, 280, 324–325, 516, 580

Menhaden, 308
Proteins 308, 310, 320–321, 324–325, 327, 330–331
Thiamine, 522

Fish oil, 208, 332, 555, 568, 692, 695
Flavor, 482, 637–6 34
Flaxseed, 308, 569

Antinutritional factors, 411, 416, 421
Flaxseed meal, 315–316, 396
Flaxseed oil, 107, 108–109
Flooring, 605, 606–607, 611, 614, 615
Floor type, 58
Flour milling, 274, 295
Flow agents, 512
Folacin bioavailability, 525
Folic acid, 190, 191, 202–203, 215–216
Food safety, 441–442
Foraging, 604, 669–670, 673–675
Formic acid, 48, 55, 479, 480
Fossil fuels, 690
Fractional synthesis rate (FSR), 573, 573, 575–576
Fractionation, 286, 299, 355, 360
Free cholesterol, 22
Free fatty acids, 18, 22
Free water, 38, 170
Fructans, 161, 162, 166, 376–377, 507, 561

Carbohydrate content, 164
Digesta flow, 169
Digestibility, 166

Fructooligosaccharides (FOS), 376–377, 397, 475, 508
Carbohydrates, 152, 152, 153, 162, 166
Classes of carbohydrates, 152

Fructose, 18, 19–20, 377, 456, 561
Carbohydrates, 152, 152, 162, 166, 172, 180
Digestibility, 166, 506, 507, 180
Taste, 27, 28

Fucose, 158, 159, 162, 379, 386, 387, 397
Fumaric acid, 479
Fumonisins, 420–421, 422, 434, 484 
Functional amino acids, 629–630
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Fungi, 484–485
Furanose, 158, 448
Fusarium, 420, 458
Fusarium graminearium, 420

Galactanase, 557
Galactomannan, 456, 542
Galactooligosaccharides (GOS), 376–377
Galactosamine, 396, 397
Galactose, 18, 19, 28, 346, 456, 560

Carbohydrates, 152, 158, 159, 162, 173, 180
Classes of carbohydrates, 152
Digestibility, 506–508
Fiber, 378–379, 397
Taste, 27

Galacturonic acid, 379, 456, 508
Gall bladder, 7, 12, 13
Garlic, 483, 637
Gastric emptying, 6, 14, 15, 28, 29, 30

Delayed, 15, 28, 48
Dietary fat, 501

Gastric inhibitor peptide (GIP), 28, 29, 30
Gastrin, 15, 29
Gastroenteritis virus (TGEV), 571
Gender, 92, 280, 603
General pricing targets, 274
Genetic manipulation, 110–111
Genetics, 669, 683
Genomics, 103, 105, 112
Germination, 356–357, 358
Gestating sows, 605–609, 625–633

Bedding, 609
Energy and AA requirements, 628
Feed additives, 471, 476, 482
Fetal numbers, 279
Group housing, 606

Static and dynamic groups, 608–609
Individual stalls, 605–606
Lysine‐based AA profile, 279
Mineral and vitamin requirements, 629
Nest building, 604–605
Organic production, 670, 671, 675
Phase feeding, 278–279
Water intake, 40–41, 41, 46, 57, 632–633

Gestation
AA portioning during, 133–138
Late feeding, 631
Protein supplements, 311–312, 314–316, 318, 320–321, 333

Ghrelin, 6, 14, 28, 29, 30
Giardia in water, 56
Gilts, 687

Comparative growth, 91, 91–92
Development targets, 624
Farrowing, 612
Ileal digestible lysine, 658
Mammary gland growth, 137, 141
Nutrient requirements, 624–625

Overchlorination of water, 55, 55
See also replacement gilts

Globulins, 344, 345
Glucagon, 12
Glucomannan, 377, 456, 562
Glucagon‐like peptides (GLP), 6, 14, 28, 29, 30
Glucoamylases, 18
Glucobrassicin, 415
Gluco‐oligosaccharides, 560–561
Glucosamine, 396–397
Glucose, 5, 18, 19–21, 28, 30

Carbohydrates, 152, 156, 158, 162, 266–167, 173, 177–181
Classes of carbohydrates, 152
Digestibility, 166
Energy, 66, 76
Lipids, 103, 104
Meal size, 179
Taste, 27

Glucosinolate, 312, 414–416
Antinutritional factors, 414–417, 420–421, 673

Glucuronic acid, 158, 159, 378–379, 455
GLUT2, 21, 28, 167
GLUT5, 20
Glutamate, 124–125, 143–144, 258–259, 525

AA utilization, 116, 119, 124–126, 134, 140, 142–143
Gestating sows, 134
Immunology, 255, 258–259
Lactation, 140, 142–144

Glutamate deshydrogenase (GDH), 124
Glutamate‐oxalacetate amino transferase (GOT), 124, 

142, 143
Glutamate oxalacetate transaminase (GOT), 143
Glutamate‐pyruvate transaminase (GPT), 124, 142, 143
Glutamic acid, 118
Glutaminase (GSE), 124, 126
Glutamine (Gln), 124–127, 143–144, 258–259

Fetal growth, 134
Fiber, 391
Immunology, 254, 258–259
Nitrogen, 132
Lactating sows, 142, 142–144
Transport, 117, 122

Glutamine synthase, 143
Glutathione, 131, 133, 200, 200, 213, 578, 694

Immunology, 253, 256, 258
Glutathione peroxidase (gpx), 201, 239, 517, 693
Glycerol, 18
Glycine, 135
Glycoamylases, 19
Glycogen, 151
Glycogenolysis, 682
Glycogen‐reducing diets preslaughter, 684–685
Glycoproteins, 118, 252, 448, 497

Avidin, 524
Mucin, 396, 497
Oligosaccharides, 167
Polysaccharides, 156
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Spike, 549, 550, 552
Threonine, 132

Goblet cells, 8, 9, 10–12
G‐protein‐coupled receptors (GPCR), 28
Grain processing, 21, 23–25
Gramineae, 75
Greenhouse gases (GHG), 548, 553–554, 559, 575,  

580, 586
Organic production, 677–678

Grinding, 164, 357–358
Gross energy (GE), 24–25, 65, 66–68, 439, 554
Group 2 innate lymphoid cells (ILC2), 10
Group housing, 606–609

Electronic sow feeders, 607–608
Feeding stalls, 607
Floor feeing, 606–607
Static versus dynamic, 608–609

Group size for growing pigs, 615–616
Grower (growing)/finisher (finishing) pigs, 25, 655–656

Comparative performance, 81
Copper, 238
Dietary fiber, 71, 71, 74, 75–76
Digestibility coefficients, 71, 71, 72, 75, 78
Effect of bodyweight and stage, 73, 73, 75
Effect of diet composition, 72, 73, 77
Endogenous P and Ca losses, 511
Energy, 67–70, 72–81

Intake, 92–95
Requirements, 83–85, 87–89

Equations for prediction of energy in feed, 80
Feed additives, 472, 474, 480, 484
Feed efficiency, 91–92
Feeding, 655–661

Behavior, 93
Heat production, 68, 88
Housing, 614–618
Lysine‐based ileal AA, 281
Organic production, 671
Pelleting, 72
Protein supplements, 329–331

Animal‐based, 323–328
Plant‐based, 311–322

Protein synthesis, 131
Relative feeding values, 308
Thermoregulation, 88–89
Water intake, 40, 41, 43, 46

Growth
Antibiotics in feed, 472, 484
Compensatory gain, 696
Effect of energy supple, 90
Energy requirements, 84, 84–85
Feed additives, 471–485
Gilt development targets, 624
Housing, 615–616
ME utilization efficiencies, 76
Microbial supplements, 474
Performance variables, 474

Growth hormone secretagogue receptor (GHS‐R), 28
Guar gum, 178, 396–397, 419, 508
Gut‐associated lymphatic tissue (GALT), 8, 9, 10, 13
Gut barrier function, 247, 253
Gut‐brain axis, 26–28
Gut health and microbiome, 246–248
Gut motility, 13–15, 28, 30

Hardness of water, 50–51
Haustra, 11–12, 15
Health status and AA utilization, 131–133
Heat increment (HI), 65, 68–69, 76–78
Heat production (HP), 68, 69, 77–78, 88–89, 95

Physical activity, 87, 88
Heat stress, 89, 232, 236, 240, 298, 478

Body weight, 94
Lactating sows, 95, 277, 636
Stocking density, 57
Water, 44, 51

Heat treatment and digestibility, 501
Heavy metals in feed additives, 478
Helminth infection, 10
Hemicellulases, 555–556, 558–559, 563
Hemicelluloses, 25, 157, 161, 173, 175, 397, 562–563

Digestibility, 25, 393, 508
Fiber, 375–377, 380–382, 393, 508
Pulses, 350, 360

Hepatocytes, 13
Herbage, 669–670, 674

Reported values, 671
Herbal extracts, 483
Hexose, 151, 158, 179, 180, 385
High‐lean pigs, 205, 688
Highly unsaturated fatty acids (HUFA), 107, 110
Histidine, 124, 126–127, 348, 651–652

Boars, 640
Fetal pig, 135
Gestating sows, 628
Grower/finisher pigs, 661, 692
Lactation, 139, 634
Nursery pigs, 651–652
Phytase, 449
Replacement gilts, 625
Transport, 116–117, 121
Weanling pigs, 651, 652

Homoarginine technique, 499
Homocysteine, 202–204, 213–216, 526
Homocysteinemia, 213
Homogalacturonan, 157–159, 377, 379
Hoof integrity, 211
Hoof lesions, 211, 212
Hormones, 6, 7, 12, 29, 30, 140–141
Housing, 605–618

Farrowing systems, 609–614
Gestating sows, 605–609
Growing pigs, 614–618
Space allocation, 617
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Human health, 547, 549–554, 561–568, 577–578, 581, 586
Humidity, 49, 95
Hunger, 15, 28, 38

Outdoor living, 669
Water consumption, 44, 49, 633

Hydrochloric acid (hcl), 6, 7, 19, 32, 447, 522
Nursery pigs, 32, 280 

Hydrogen cyanide, 417
Hydrogen from fermentation, 21, 385
Hydrogen ions and taste, 28
Hydrogen peroxide, 255, 259
Hydrogen sulfide, 250, 484, 548, 554, 564, 578, 580–581
Hydrolysates, 329, 330–331, 332–333
Hydrolysis, 380, 507, 555–556, 559–562, 566, 583

Amino acids, 119
Carbohydrates, 30, 151, 156, 158, 165, 167, 179, 382, 385
Cellulose, 378–379, 508
Digestibility, 496–497, 501–505, 523
Enzymes, 379, 384, 449–451, 455–456, 461–462,  

507–508
Site of, 18

Feather meal, 323
Fiber, 378–380, 382–385, 559
“inside out”, 24, 24–25
“outside in”, 24, 24
Starch, 24–25, 151, 156, 167, 293
Tannins, 417
Triacylglycerols, 32

Hydrothermal treatment, 164, 167
Hydroxyapatite, 230
Hydroxyproline, 134–135, 137

Fetal pigs, 135
Uterine uptake, 136–137

Hyperhomocysteinemia, 202
Hyperproliferative dysplasia, 563
Hyperprolific line of pigs, 192–193
Hyperthermy, 95
Hypertonicity, 38, 44
Hypothalamus, 28, 30, 39, 523
Hypovolemia, 38, 39

Iberian pigs, 20
Ideal protein, 281, 308, 678
IFN‐gamma, 254
IL‐1 beta, 329
IL‐5, 10
IL‐6, 329, 552
IL‐8, 552
IL‐13, 10
IL‐25, 10
Ileal brake, 14, 15, 16, 30
Ileal digestible lysine, 651
Ileal digestibility, 499–502
Ileo‐cecal junction, 15–16
Ileum, 7–8, 9, 10–11, 13, 15–16, 31

Amino acids, 121, 122, 123
EES, 30

Nitrogen, 132
Nutrient digestion, 21–22

Immune response overview, 245–246
Immune system stimulation (ISS), 131–133
Immunoglobulins (igg), 131–132, 206, 246, 253, 254–255, 

257–258
Plasma, 246, 326, 348

Immunologic response, 348
Immunology, 10–11, 13, 33, 245–260

Activation and performance, 248–250
Gut health and microbiome, 246–248
Immune response overview, 245–246
Role of proteins and fiber, 250–251

Income over feed cost, 656
Index method, 495–496
Indoleamine, 254, 256
Indoles, 348, 554, 557, 564, 570, 575, 577–578
Individual gestation stalls, 605–606
Indoor living, 612, 608, 613–614

Farrowing, 612
Organic production, 675, 678–679
Pork quality, 697–699

Inflammation, 10, 33, 83, 132
Environment concerns, 43, 563–566, 568, 577, 586
Enzymes, 460, 497
Immunology, 235, 236, 254, 256

Influenza virus, 547
Ingredient matrix development, 275
Ingredient modification, 275
Insect meals, 331
“inside out” hydrolysis, 24, 24–25
Insoluble dietary fiber (IDF), 398

Mean nutrient components, 294
Fermentability, 375, 385, 393, 395

Insoluble polysaccharides, 156, 161
Insulin, 13, 29, 30, 118, 131, 140, 455, 476

Chromium, 239–240, 518
Hormones, 29
Pancreas, 13
Resistance, 277, 564
Vitamins, 213
Zinc, 517

Insulin‐like growth factor, 320, 331
Insulin signaling pathway, 455

Protein synthesis, 130
Shared by amino acids, 129–131

Intensive care diet, 649
International Federation of Organic Agriculture Movements 

(IFOAM), 667–668
Intestinal amino acid utilization, 119–127

Apical transport, 121, 121–124
Basolateral transport, 122–123
Large intestine, 124
Luminal versus arterial, 123–124
Mechanisms, 119–12w1
Peptides, 119–120
Single amino acids, 121
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Intestinal epithelial amino acid metabolism, 124–127
Arginine, 125–126
Glutamine and glutamate, 124–125
Other indispensable amino acids, 126–127

Intestinal morphology, 151, 255, 257, 320, 329–330, 461
Intramuscular fat (IMF), 111–112, 683, 686–688
Intrauterine growth retardation (IUGR), 203, 627
Inulin, 166, 172, 561, 575, 578, 58/1

Digestibility, 166
Fiber, 376–377, 398
Minerals, 233, 398
Organic production, 679

Iodine, 584
Bioavailability, 515

Iodine value (IV), 689
IP6, 583
Iron (Fe), 234–235, 237–238, 515–516, 523

Bioavailability, 515–516
Dietary, 235
Environmental impact, 548, 584
Feed processing, 433
Losses, 412
Metabolism, 234
Nutrient flows, 570
Pork quality, 694
Protein supplements, 314
Recommended levels, 579
Requirements

Boars, 640
Gestating sows, 629
Lactating sows, 635
Replacement gilts, 626

Regulation, 234
Utilization, 584–585
Vitamins, 206, 209
Water, 50

Islets of Langerhans, 12
Isolated lymphoid follicles (ILF), 13
Isoleucine, 66, 126–127, 128, 132, 572

Boars, 640
Fetal pigs, 135
Gestation, 628
Grower/finisher pigs, 661, 686, 692
Lactation, 128–128, 139, 141, 143, 634
Nursing pigs, 651–652
Replacement gilts, 625
Weanling pigs, 651

Isomaltase, 18, 19, 506
Isomaltose, 19

Jejunum, 7–8, 9, 10, 13, 31, 121–124
Jugular catheterization, 573, 573

Kidney beans, 359
Kjeldahl digestion method, 433
Kleiber ration (KR), 112
Kluyveramyces, 385

Lactalbumin, 140, 328
Lactase, 165–166, 560, 647

Digestive physiology, 18, 32
Lactating sows, 73, 75, 78, 127–129

Amino acid requirements, 278, 634, 635–636
Energy intake regulation, 92–95
Energy requirements, 75, 78, 82–83, 84, 86–87, 89

Body weight, 73, 74
Feed additives, 471, 476, 479, 482
Feeding, 633–636
Feeding behavior, 93
Flavor, 482
Glutamine, 142, 142–144
Heat stress 95, 277, 636
Litter body weight, 87
Mineral and vitamin requirements, 635
Organic production, 669–671, 667, 675
Phase feeding, 277–278
Temperature and feed intake, 78, 93, 94, 95
Water intake, 41, 41–42, 46, 636

Lactation, 127–128
Amino acid efficiency, 139–140, 140
Amino acid metabolism, 141–144

Arginine, 141–143
Aspartate/asparagine, 143
Branched‐chain amino acids, 143
Glutamate/glutamine, 143–144

Amino acid partitioning during, 138–144
Efficiencies of utilization of ME, 76
Energy requirements, 84
Mammary gland growth, 141
Protein supplements, 311–312, 314–18, 320–322,  

327, 333
Relative feeding values, 308

Lactic acid (LA), 19, 21, 32
Carbohydrates, 151, 165, 172, 178, 181
Large intestine, 181
Quality of pork, 683–684
Small intestine, 165

Lactobacillus, 171, 251, 418, 460, 475, 477, 483 
Environmental concerns, 561–562

Lactobacillus delbrueckii, 560
Lactobacillus plantarum, 563
Lactobacillus subdoligranulum, 560
Lactoferrin, 234
Lactose, 18, 32, 141, 506, 560

Carbohydrates, 151–153, 162, 166, 172–173, 178, 180
Classes of carbohydrates, 152
Feed additives, 478–479
Nursery pigs, 280
Protein supplements, 326, 328
Taste, 27
Weaner pigs, 647–651
Zinc, 235

Laminarin, 476
Landrace breed, 111
Lard, 689
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Large intestine, 11–12, 15–16, 31, 169–176
Amino acid utilization, 124
Fermentation, 3, 11–12, 16, 151, 160, 169–176, 178–180

Utilization of energy, 180
Water, 38

Large White pigs, 23, 106, 111
LAT1, 118, 121, 122, 128, 136
LAT2, 118, 121, 122, 123, 128, 136
L‐carnine, 692
Lean growth, 84, 205, 688
Least cost feed formulation, 274, 276, 282, 429, 675–676
Lest cost method of diet formulation, 276
Least cost per unit of grain, 276
Lecithin, 214, 215, 505
Lectin, 501, 673

Pulses, 346, 348, 350, 356–358
Legume seeds, 445, 447, 448, 456, 673
Legumes, 75, 507

Carbohydrates, 152, 156, 162–164, 167–168
Fiber, 376–377, 448
Organic production, 670, 673–674, 676
Pulses, 343, 346–348

Legumin, 344
Leguminosae, 75
Lentils, 346, 349–350, 354

Extrusion, 359
World production, 344

Leptospira in water, 53
Leucine (Leu), 123, 131–132

Boars, 640
Cereals, 294–295
Fetal pigs, 135, 136
Gestating sow, 628, 630
Immunology, 252, 255, 259
Lactation, 128–129, 139, 141, 143, 634
Nursing piglets, 126–127
Pulses, 344, 350, 358
Replacement gilts, 625

Levans, 376, 377, 507
Levansucrase, 377
Lignin, 157, 158, 159¸160, 380, 559

Carbohydrates, 152, 157–165, 173–174, 176
Cereals, 296
Digestibility, 71
Enzymes, 563
Feed processing, 433
Feedstuffs, 162–163, 164, 165
Fiber, 375–376, 378, 380–384, 395, 419, 508
Intake and recovery of nutrients, 176
Lipids, 555–556
Measurements, 161–162
Polyphenolic, 159, 563
Protein supplements, 316

Lignocellulose, 161, 397
Limestone, 231, 512–514, 521, 582
Linoleic acid, 107, 112
Linseed meal, 72, 315–316
Lipase, 18, 21–22, 103, 05, 448, 460

Digestive physiology, 6–7, 18, 21–22, 30, 31, 32
Exogenous, 460, 505, 556
Pancreatic, 18, 21–22, 32, 347, 504–505
Weaner pigs, 647

Lipids, 10, 12–13, 103–113, 397–398
Carbohydrates, 151
Carcass, 106–107
Castration, 92
Color stability, 692–694
Dietary fiber, 397–398
Dietary omega (T)‐3 PUFA, 107, 110
Digestibility, 502–506
Effects of supplementation, 108–109
Energy requirements, 84
Energy values, 66, 77
Feed efficiency, 112
Genetic manipulation, 110–111
Interactions with minerals, 505
Marbling, 111–112
Oxidation and water, 38, 40
Potential innovations, 112–113
Response to energy intake, 89, 90, 90
Transport between and into tissues, 103–105
Utilization, 103–113, 555–556

Lipopolysaccharides (LPS), 132, 256–257
Challenge, 249, 249–250, 258–259
Effects of amino acids, 254–255
Environmental concerns, 564–568, 574, 576, 578

Lipolysis, 103, 104, 394
Lipoproteins, 103, 104, 105
Liquid chromatography with mass spectrometry  

(LC‐MC), 453
Liquid feeding systems, 47, 281, 555, 558
Liquid manure, 553–554
Litter size, 278, 459, 518, 626, 629–630, 634–635

Energy requirements, 84, 86, 628, 634
Influence of boars, 638
Vitamins, 192–195, 197, 199, 200, 203
Water, 46

Liver, 7, 11, 13, 104, 105
L‐lys, 281
Long‐chain fatty acids, 692
Longissimus muscle (LM), 684, 685, 687

Fatty acid composition, 699, 695
Percentage change, 690
Pork quality, 686–689, 691–697, 699

Low birth weight pigs, 120, 237, 627–630, 528
Low crude protein diet, 33, 48, 77
Lower critical temperature, 78, 85, 88–89
Low P diet, 231–233, 482, 583
Low S diet, 580
L‐Thr, 27, 27, 281
L‐Trp, 27, 29, 281, 325
Luminal amino acid utilization, 123–124
Lupins, 166, 346, 349–350, 351, 354–355, 357–360

Blue, 166, 346, 348–351, 354–355, 357–360
Digestibility, 166
Fiber, 352, 357, 376
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Organic production, 673
Processing, 357–360
Pulses, 343–344, 346–352, 354–355, 357
White, 346, 348, 351, 354–355, 357–360
World production, 344
Yellow, 166, 344, 346, 348, 351, 354–355, 358, 360

Lysine (Lys), 22, 73, 126, 132, 136–137, 501, 695
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Carbohydrate content, 164
Fermentation, 174

Rye aleurone, 174
Rye bread, 168, 179
Rye flour, 168, 174
Rye fractions, 392
Ryegrass, 671
Rye pericarp/testa, 173, 174
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Saccharopine dehydrogenase, 127
Safflower meal, 317–318
Saliva, 37
Salivary system, 5, 7, 19, 27
Salmon, 330
Salmonella, 53, 56, 257–258, 473–474, 565
Salmonella choleraesuis, 255
Salmonella typhimurium, 253, 255, 256, 473, 483, 576
Salt, 42, 48, 57, 233–234, 654
Saponins, 311, 357, 484, 675
SARS, 549, 551
SARS‐cov‐2, 549–550, 551, 552
Saturated fatty acids (SFA), 298, 503, 505–506, 679

Pork qualify, 689, 690, 691–692, 699, 695
Sausages, 106
S‐compounds, 570, 580
Seaweed, 332, 569
Secretin, 29
Selenite, 213, 478
Selenium, 192, 206, 239, 478, 693–694

Bioavailability, 517
Utilization, 584–585

Selenomethionine, 517
Selenomonas, 171
Selenoprotein, 478
Serine, 121, 124, 129

Proteases, 347, 350
Serosa, 7, 8
Serotonin, 15, 29, 212–213, 523
Serum, alpha‐tocopherol concentrations, 197
Sesame meal, 318–319
SGLT1, 19–20
Shelf life and pork quality, 683, 689
Short chain fatty acids (SCFA), 19, 21, 385–394

Absorption, 7, 389–390, 376
Amount produced per gram of fermented fiber, 393–394
Carbohydrates, 19, 152, 170–172, 175, 178–181, 392
Feed additives, 475–476, 477, 479
Main gut hormones, 29
Meal size, 179
Metabolism, 391–392
Moles, 394
Oxidation, 391, 392
Synthesis, 385, 385, 386–389, 390, 391, 376

Sialic acid, 397
Simple pens, 611, 612, 614
Single amino acids, 121
Skatole, 575, 577–578, 581
Skeletal muscle, 16, 104, 105, 236, 575

Amino acids, 127, 129, 131, 252
Skeletal muscle protein (SMP), 252, 575
SLC5A8, 390
SLC7A8, 123, 136
Slope‐ratio method, 493–494
Small intestine, 5–9, 124–125, 165–169, 176

Amino acid utilization, 124–127, 143
Antinutritional factors, 412–413, 417
Carbohydrates, 151, 156, 160, 165–169, 176, 179–181, 397

Cereals, 289, 296–299
Development, 31, 31
Digestibility, 496, 505–510
Enzymes, 16, 447–449, 459, 557
Fiber, 352, 377, 392, 393, 396, 419, 508–509
Minerals, 231–234, 237
Pulses, 347–348, 350, 352, 360
Tissue types, 9
Vitamins, 208, 211, 519, 521–522, 524
Water, 38

Smell and nutrient sensing, 26–27
Smooth muscle layers, 14
SNAT2, 117–118, 123, 136
Soaking, 356–357, 358, 523
Sodium (Na), 117, 118, 233

Bioavailability, 513–514
Estimates for nursery pigs, 653
Recommended levels, 579
Utilization, 581, 584
Water, 51–52, 57
Water excretion, 40
Weaner pigs, 653–654

Sodium chloride (nacl), 384, 513
Sodium hydroxide, 161, 381
Spray‐dried blood meal, 308, 322–323, 326
Spray‐dried plasma protein, 308, 321, 236–327, 330,  

649, 654
Spray drying, 322
Sodium selenite, 517, 694
Sodium sulfate, 51–52
Softening of water, 57
Soluble dietary fiber (SDF), 294, 376, 380, 382–383,  

393–394
Soluble polysaccharides, 156, 161
Somatostatin, 13, 29
Somatotropin, 83, 106
Sorghum, 172, 292, 314 690, 695

Antinutritional factors, 411, 416–418, 422
Ethanol products, 690
Particle size, 435–436
Tannins, 348, 417–418, 422
Vitamins, 523, 524

Sounders, 603–604, 605
Sows

Energy digestibility, 73, 74, 76
Overchlorination of water, 55, 55
See also gestating sows; lactating sows

Sox9, 111
Soyabean hulls, 22, 74, 299, 393–394, 397–399, 420, 632

Diet composition, 73
Digestibility coefficient, 71
Digestible energy, 74

Soyabean meal (SBM), 19, 22, 132, 139, 319–321
Amino acid patterns, 278
Antinutritional factors, 413–414, 421
Carbohydrate content, 164
Diet composition, 73
Diet formulation, 274, 279, 280
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Digestibility, 166, 232, 452, 506, 509
Digestibility coefficient, 72
Digestible energy, 74
Energy, 77, 82, 84
Energy values, 81
Feed processing, 429–430, 433–434
Fermentation, 173, 174
Relative energy values, 287
Relative feed values, 308
Utilization of SCFA, 181
Vitamins, 211
Weaner, grower and finisher pigs, 649–652
World production, 310

Soyabean oil, 23, 298, 429, 503–505, 689–690, 692
Dietary fat sources, 690

Soybeans, 25, 74, 132, 163, 166, 319–321, 429
Antinutritional factors, 411, 413–414, 421
Digestibility coefficient, 71, 72
Digestive physiology, 19, 22, 25
Energy values, 81
Relative energy values, 287
Relative feeding values, 308
World production, 309, 310

Space allowance, 613, 614, 617
Spermatogenesis, 43
Spermidine, 142
Sphincter of Oddi, 9, 13
Spirochaetaceae, 388
Split‐sex feeding, 280
Stachyose, 152, 153, 162, 456

Digestibility, 166, 507
Fiber, 376, 376, 393
Pulses, 356–357, 359

Standardized digestible lysine, 651, 652
Gilts and barrows, 658
Growing/finishing pigs, 661
Weanling pigs, 651

Standardized ileal digestibility (SID), 347, 418, 430, 500
Factors affecting, 500–502
Fiber, 393, 395
Protein supplements, 311–315, 320–337 
Requirements of boars, 640
Requirements of gestating sows, 628
Requirements of replacement gilts, 625

Standard total tract digestibility (STTD), 509, 510
Calcium, 231–232, 451, 513, 582

Grower/finisher pigs, 659
Nursery pigs, 653

Phosphorus, 231–232, 352, 450–451, 510–512, 581–582
Boars, 640
Gestating sows, 629
Grower/finisher pigs, 659
Lactating sows, 635
Nursery pigs, 644
Replacements gilts, 626

Starch, 19, 23–25, 151, 154, 167–168, 172
Chemistry, 152, 154–155
Classes of feed, 152

Digesta flow, 169
Intake and recovery of nutrients, 176
Digestibility, 165, 168, 169, 506–507
Digestion kinetics, 156
Energy values, 66, 71, 72, 77
Feeding content, 164
Large intestine, 172, 174, 176, 180
Meal size, 179
Nutrient sensing, 27
SEM photos, 163
Small intestine, 165, 167, 169, 176, 179

Starter pigs, 308, 323, 326, 328
Stillbirths, 628, 631–632

Water chlorination, 55, 55
Stochastic formulation, 274–275
Stocking density, 615–616, 668

Farrowing, 614
Stomach, 5–7, 9, 15, 33

Digestive physiology, 5–7, 9, 14––19, 21, 28, 31–33
Enzymes, 7, 7, 9, 18, 32
Hormones, 7, 28, 29
Ph, 6, 19, 32, 399
Size, 5–6, 31, 31
Water, 38

Straw, 78
Streptococcus, 56, 171, 331, 477 331
Streptococcus suis, 251
Stress, 6, 44, 88–89, 94, 617

Water consumption, 38, 42
See also heat stress

Subcutaneous fat, 614–615
Composition, 690
Pork quality, 689–692, 699

Subdoligranulum, 560, 561, 562
Suberin, 158
Submucosa, 7–14
Suckling pigs, 32, 83, 140–141

Water consumption, 41, 42
Sucrase, 18, 19
Sucrase‐isomaltase (SI), 561
Sucrose, 18, 27, 30

Antinutritional factors, 412
Classes of carbohydrate, 152
Enzymes, 18, 456
Digestibility, 166, 166, 506
Taste, 27

Sugar alcohol, 178
Sugar beet pulp, 21–22, 297

Carbohydrate content, 164, 173, 397
Diet composition, 73
Digestibility, 72, 168
Energy, 71, 72, 73, 75
Feed additives, 476
Fermentation, 174, 180
Nutrient composition, 294
Organic production, 672
Utilization of energy, 180

Sugarcane molasses, 66
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Sugars, 19–20, 66, 71, 152–153, 172
Digesta flows, 169
Digestibility, 166
Intake and recovery of nutrients, 176
Digestion in small intestine, 166
Fermentation in large intestine, 172
Nutrient sensing, 26, 27
Typical carbohydrate contents, 164

Sulfates, 52, 52, 53, 38, 57
Sulfides, 570, 575, 577–578, 580–581
Sulfur, 133, 229–231

Excretion, 578, 580–581
Sulfur compound utilization, 578–581
Sulfuric acid, 161, 229–230, 381–384
Sunflower meal, 74, 321–322
Sunflower oil, 208
Sweet potato, 293, 293, 672
Synbiotics, 474

Tallow, 650, 688, 690
Tannins, 311–312, 347–348, 417–419

Faba beans, 345, 348–351, 353, 356–359
Taro, 293, 293
Taste, 26–27, 27, 28, 482
Taste receptors (TR), 27–28
TAT1, 123, 123
Taurine, 133, 229, 253
TBARS values, 210, 693–694
T‐cannula procedure, 496, 497
Technology effects of energy, 72–73
Temperature, 78, 604, 606, 602, 669

Boars, 639
Effect on feeding behavior, 93–95
Effect on utilization of energy, 78
Gestating sows, 78, 627
Water intake, 39, 41, 43, 46–47, 49, 57–58

Testicular degeneration, 192, 193
Tetracyclines, 522
Thermoregulation, 88, 88–89, 604
Thiamin, 199, 211

Bioavailability, 521–522
Thirst, 39
Threonine, 121, 124, 126–127, 132, 257, 572

Boars, 640
Fetal pigs, 135, 136
Gestation, 628
Growing/finishing pigs, 661, 686, 692
Immunology, 253, 254, 257
Lactation, 139, 634
Nursery pigs, 651
Pulses, 344, 345, 351
Replacement gilts, 625
Weanling pigs, 651

Threonine dehydratase, 127
Threonine dehydrogenase, 127
Thymol, 483
Tibetan pigs, 121, 122
Tissue synthesis and water release, 39, 40

Tissue triacyl glycerol (TAG), 103, 104, 105
TNF‐alpha, 258
Tongue, 3–4, 14

Taste, 27
Tooth dentin, 210
Torula yeast, 332–333
Total collection method, 495–496
Total dietary fiber (TDF), 375–376, 230, 393, 395,  

397–398
Analysis, 382–383

Total dissolved solids (TDS), 51–52, 57–58
Total fiber, 380, 382–383, 393, 395, 397–398
Trace elements, 229, 237, 321, 521

Organic production, 668, 670, 675
Trace minerals, 181, 208, 232, 237, 437, 476

Environmental concerns, 553, 578, 580, 584–586
Removal and pork quality, 694
Reproducing swine, 625, 626, 628–629
Supplements, 580, 628

Transcellular routes for amino acids, 116, 119
Trans‐galactooligosaccharides, 152
Transgenics, 110, 559, 568–569, 572, 583
Transition sows feeding, 631–632
Transit time, 13, 16, 17
Trehalase, 18
Trehalose, 18
Triacylglycerols, 32, 103, 104, 111
Tribasic copper chloride (TBCC), 655
Trichoderma reesei, 457, 458
Trichothecenes, 484
Triglycerides, 18, 21–22, 27, 33, 104
Tripeptides, 19, 119
Triticale, 292
True total tract digestibility (TTTD), 231, 352, 398
Trypsin, 18, 19, 31, 32
Trypsin inhibitors (TI), 346–347, 413–414, 501

Protein supplements, 311, 317, 320
Trypsinogen, 18, 19
Tryptophan (Trp), 50, 126–127, 132–133

Antinutritional factors, 415
Boars, 640
Diet formulation, 279, 281
Digestibility, 453, 498, 523
Digestion, 27, 29, 30, 33
Effect of phytase, 453
Environmental concerns, 569, 572–573, 576–578
Enzymes, 453
Fetal pigs, 135
Finishing pigs, 279
Gestating sows, 628
Growing/finishing pigs, 281, 498, 661
Immunology, 253, 254, 256–257
Lactating sows, 634
Nursing pigs, 651
Pork quality, 686, 692
Protein supplements, 314, 317–319, 321, 323–328
Pulses, 344–345, 350–351, 359
Replacement gilts, 625
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Vitamins, 201, 212–214
Weanlings, 651

TSC1, 130–131
TSC2, 130–131
Tuberous sclerosis complex, 130
Tuft cells, 8, 9, 10–11
Tumor necrosis factor, 236, 460
Turmeric, 483
Tylan, 556, 559
Tyrosine, 124, 132–133, 256, 419, 570

Boars, 640
Gestating sows, 628
Lactating sows, 634
Replacement gilts, 521

Ulcers, 6
Umami, 26, 27, 27
Uniport systems, 116, 122–123, 551, 552
Unsaturated fatty acids, 22, 192, 206, 294, 298

Digestibility, 502–503, 505–506
Urea, 40, 48, 68, 141

Energy loss, 75
Urinary energy, 67
Urinary excretion, 37, 38, 40, 44, 48
Uronic acid, 158, 162, 173, 384, 508
Uterine amino acid uptake, 135–136
Uterine arterial amino acid extraction, 135–136
Uterine growth, 85–86
Uterine milk, 193
Utero‐placental transfer of vitamins, 193, 194

Valine, 118, 126–129, 139–141, 143
Cereals, 295
Fetal pigs, 135
Gestating sows, 628
Lactating sows, 634
Pulses, 345, 350, 358
Replacement gilts, 625

Valves of Kerckring, 10
Vegetable oils, 318, 650, 679, 691
Verbascose, 152, 162, 376, 456

Digestibility, 166, 507
Vicilin, 344–345, 348
Villus height, 9, 31, 31–32, 234, 448, 557

Feed additives, 483
Immunology, 254–255, 258–260

Viscosity, 397, 419, 421–422, 430, 448–449, 456–457, 504, 557
Vitamin A, 193–195, 206, 688

Bioavailability, 519–520
Vitamin B

6
, 212–214

Bioavailability, 524
Vitamin B

12
 (cyanocobalamin), 215–216

Bioavailability, 525
Vitamin C, 198–199, 209–210, 526–527, 693

Bioavailability, 526–527
See also ascorbic acid (vitamin C)

Vitamin D, 195–197, 207, 696
Bioavailability, 520

Vitamin D
3
, 196, 207

Vitamin E, 107, 108–109, 119, 197–198, 693
Bioavailability, 520–521
Growth in pigs, 208–209

Vitamin K, 210–211
Bioavailability, 521

Vitamin requirements, 659, 661
Boars, 640
Gestating sows, 629
Growing/finishing pigs, 656, 659
Lactating sows, 635
Replacement gilts, 625, 626

Vitamins, 7, 67, 189–216, 675, 694
Bioavailability, 518–527
Characteristics, 191
Colostrum, 205
Efficiency of utero‐placental transfers, 193, 194
Fat‐soluble, 21, 193–199, 206–211, 326, 694

Bioavailability, 519, 521
Growth in pigs, 204

Fat‐soluble vitamins, 206–211
Water‐soluble vitamins, 211–216

Number of citations, 190
Parturition, 203
Reproduction in pigs, 192–204

Female, 192–193
Male, 192

Sow milk, 198, 205
Water‐soluble, 199–204, 211–216

Volatile compounds, 26, 570, 577
Volatile fatty acids (VFA), 289, 299, 419, 430, 575, 577
Volatile short chin fatty aids, 560, 561, 563
Volatile sulfides, 577–578, 580–581
Von Ebner’s glands, 18, 26–27

Warner‐Bratzler shear force (WBSF), 112, 695–697, 698
Wasted drinking water, 39
Wastewater treatment, 58
Water, 7, 15–16, 37–59

Balance, 38–40
Conservation, 57–58
Consumption, 38–40, 41, 41–43, 58–59

Factors affecting, 43, 44, 44–47
Contamination, 307
Content of body, 38
Excretion, 38, 39, 40, 44
Feeder forms and types, 47–49
Flow rate and pressure, 46, 46–47, 59

Water‐binding capacity of fiber, 160, 396
Waterers, 617

Ratio to pigs, 47
Type and adjustment, 45, 45–46

Water holding capacity (WHC), 697
Fiber, 160, 396
Pork quality, 684–685, 688, 693–695

Water quality, 37, 50–4, 58
Solving problems, 54–57

Bacterial contamination, 53–54
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Minerals, 57
Reverse osmosis, 51, 57

Water requirements, 40–43, 46
Boars, 43, 641
Gestating sows, 40–41, 41, 46, 57, 632–633
Grower/finisher pigs, 40, 41, 43, 46
Lactating sows, 41, 41–42, 46, 636
Suckling pigs, 41, 42
Weaned pigs, 41, 42–43
Weaner pigs, 41, 42–43

Water‐soluble vitamins, 199–204, 211–216
Water treatments, 50, 54–55, 56, 57–59

Acidification, 44, 55, 56, 73
Chlorination, 54–55, 55
Coagulation, 56
Disinfection, 53–54
Removal of sulfates, 52
Softening, 57

Weaned pigs
Feed additives, 472–473, 474, 475–484
Organic acids, 479
Water consumption, 41, 42–43

Weaner and weanling pigs, 24, 25, 3–33, 548, 647–655
Antimicrobial compounds, 329–330
Carbon nutrient utilization, 554
Energy requirements, 85
Feed additives, 472–473, 474, 476, 480–483
Feeding, 647–651
Gut microbiota, 560–562, 565–569
In‐feed antibiotics, 472
Lipid utilization, 555
NSP, 557–558
Protein supplements, 311–322

Animals‐based, 323–325, 327–328
Plant‐based, 329–333

Starch utilization, 556
Water consumption 41, 42–43

Weende procedure, 161, 161, 380, 381
Weight see body weight (BW)
Welfare, 678–679

Evaluation, 605, 606, 618
Feeding for improvement, 630–631

Wheat, 22, 24, 291, 295–296
Digestible energy, 72, 74
Digestibility, 168, 509, 522–524
Environmental concerns, 556–557, 571, 582
Enzymes, 453, 456–460
Feed processing, 434, 435
Fermentation, 174
Minerals, 235, 236
Nutrient profile, 288
Organic production, 672, 676
Pork quality, 690, 692, 695
Relative energy, 287
Starch, 172, 181

Tannins, 417
Vitamins, 524

Wheat bran, 21, 22, 71, 74, 75, 173, 178, 295–297
Carbohydrate content, 164
Digestibility, 168
Environmental concerns, 557–559, 583
Fermentation, 174
Manganese, 516
Meal size, 179
Nutrient composition, 294
Organic production, 672
Phytate, 509
Relative energy, 287
Utilization of energy, 180

Wheat bread, 522
Digestibility, 168
Meal size, 179

Wheat flour, 173
Digestibility, 168
Fermentation, 174

Wheat hulls, 392
Wheat middlings, 294, 296–297, 299, 392, 394, 397, 420

Carbohydrate content, 164
Wheat milling coproducts, 295–296
Wheat millrun, 289, 420
Wheat straw, 71, 396, 636
Wheat‐wheat screenings, 557
Whey, dried, 328–329

Xanthan gum, 508
Xanthurenic acid, 212–213
Xylan, 157, 296, 379, 448, 455
Xylanases, 33, 455–460, 481–482, 557–559, 572, 583
Xylogalacturonan, 157, 158, 379
Xyloglucan, 157, 158, 159, 377, 379, 448, 562
Xylooligosaccharides, 152, 475
Xylose, 158–159, 162, 172–173, 296–297, 455, 563

Digestibility, 506, 508
Fiber, 378–379

Yeast products, 332–333
Yorkshire pigs, 106–107, 111

Zearalenone, 420, 434, 484
Zero‐tannin faba beans, 299, 347, 349, 351, 353,  

359, 556
Zinc, 235–237

Bioavailability, 517–518
Feed additives, 476–478
Nursery pigs, 654, 650–655
Pharmacological, 236
Transporters, 235
Utilization, 584–585

Zinc oxide, 30, 33, 476–477
Zoonotic diseases, 547
Zymogens, 12, 19

Water quality (cont’d)
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