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1 The Feed Enzyme Market in 2020  
and Beyond 

Ceinwen Evans1* and Hamish Irving2 

1Danisco Animal Nutrition, Danisco (UK) Ltd, Marlborough, UK; 2Danisco Animal 
Nutrition, Genencor International BV, Oegstgeest, the Netherlands 

*Email: ceinwen.evans@iff.com 

1.1 Historic Use of Feed Enzymes 

Commercial feed enzymes were first intro-
duced in 1984 in Finland by Suomen Rehu 
and had the aim of significantly improving 
the nutritional quality of barley-based ra-
tions (Bedford and Partridge, 2001). The en-
zymes used were originally developed for 
the brewing industry and then leveraged 
into animal nutrition. Through their mode 
of action in targeting specific antinutrients 
present in key raw materials in the feed, en-
zymes help reduce antinutritional effects 
and improve feed efficiency by allowing the 
animals to extract more nutritional value 
from the feed ingredients. Their use has en-
abled producers to see direct and immediate 
economic returns through the ability to alter 
their feed formulations, reducing the use 
of expensive ingredients (e.g. fat, synthetic 
amino acids and inorganic phosphorus) 
while still meeting the animal’s nutritional 
requirements. The use of enzymes in the 
feed also allows producers to have more 
flexibility in their feed formulations through 
inclusion of lower-quality raw materials or 
by-products in the diet when prices of the 
main grains are high, helping them to better 
manage feed cost volatility in their systems. 

These immediate returns on investment for 
users helped adoption of feed enzymes as a 
new technology and has driven the growth 
of the market. 

There are also additional benefits to the 
use of feed enzymes. The fact that the ani-
mal is able to extract more nutrients from 
the feed has the benefit of reducing the 
wastage from animal production systems; 
this is especially important in markets 
where land mass is an issue for disposal of 
waste or where there is strong environmen-
tal legislation. Through improved feed effi-
ciency producers are also able to get animals 
to market weight quicker, using less feed. 
As feed is the greatest contributor to pro-
duction costs (approximately 70%), any ac-
tion that can bring down the price per tonne 
and the feed cost per animal in the system is 
of benefit for the profitability of the produ-
cer (Barletta, 2010). 

1.2 Why Have Feed Enzymes  
Traditionally Been Used? 

Historically, the use of feed enzymes has 
been with a nutritional focus in mind. The 
market to date has been dominated by 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
DOI: 10.1079/9781789241563.0001 1 



  

 

 

 

 

 

 

 
 
 
 
 

 
 
 

 

 

 
  

 
 
 
 

2 C. Evans and H. Irving 

enzyme activities targeting the main poten-
tial antinutrients found in livestock diets 
such as fibre, proteinaceous compounds 
(e.g. lectins, trypsin inhibitors) and phytate. 
Starch digestion can also be compromised 
and can potentially benefit from exogenous 
amylase addition. 

1.2.1 Fibre-degrading enzymes 

The first feed enzymes to be introduced 
were β-glucanases in the early 1980s for 
barley-based diets followed by xylanases in 
the late 1980s (Bedford and Partridge, 2001). 
These enzymes target β-glucans and arabi-
noxylans, which are soluble fibre fractions 
found in cereals and other raw materials 
present in the feed. Soluble fibre, if not 
dealt with, can lead to issues with viscosity, 
especially in poultry. Increasing levels of 
viscosity have a direct negative correlation 
with feed conversion and metabolizable en-
ergy. This is due to the viscous conditions 
in the gut hindering digestion of key nutri-
ents and thereby decreasing bird growth. 
With the initial introduction of fibre-
degrading enzymes, the visual effects of the 
enzyme could be seen within the produc-
tion systems with reductions in sticky drop-
pings, wet litter, dirty eggs and carcass 
downgrading issues such as breast blisters 
or carcass contamination. 

While viscosity issues mainly affect 
poultry, other negative effects of fibre can 
affect performance of both poultry and 
swine. For example, in piglets the ability of 
fibre to increase the bulkiness of feed can 
negatively impact feed intakes during this 
critical phase and have detrimental effects 
on lifelong performance as a result. Clear 
benefits can also therefore be seen with use 
of xylanase for young pigs. 

Initially these enzymes were targeted to 
those markets that were using viscous grains 
in their diets such as wheat, barley and rye. 
The nutritive value of these grains can be 
highly variable, introducing variability into 
the production system that can impact flock 
or herd uniformity, which is a big issue 
when animals are being grown to target 
weights for the market. Today most poultry 

diets containing wheat, barley or other vis-
cous grains would contain a xylanase and/ 
or β-glucanase. Use of feed enzymes in pig-
let diets containing these grains is also high 
and adoption in grower-finisher diets is 
increasing. 

1.2.2 Protein-degrading enzymes 

Introduced soon after xylanase, proteases 
target the storage protein and proteinaceous 
antinutrients found in key feed ingredients 
such as soybean meal and other vegetable 
proteins. Key proteinaceous antinutrients 
present in legumes include trypsin inhibi-
tors, which inhibit digestion by blocking 
the activity of trypsin. Through the use of 
exogenous proteases these inhibitors can be 
broken down and the protease can supple-
ment the action of the endogenous prote-
ases produced by the animal. Use of 
proteases also decreases nitrogen excretion, 
which can reduce ammonia production in 
animal houses and also has positive envir-
onmental impacts. 

Protein digestibility of major protein 
sources is not complete, varying from 73.0 to 
79.5% for meat and bone meal and canola 
meal to 91% for soybean meal (Rostagno et al., 
2011). This means there is a large amount of 
undigested substrate to target with an ex-
ogenous protease. There are also potential 
gut health benefits through a reduction in 
undigested protein reaching the caeca of 
birds or hindguts of pigs, meaning less sub-
strate available for potentially pathogenic 
protein-fermenting bacteria such as Clostrid-
ium perfringens. 

1.2.3 Starch-degrading enzymes 

As is the case with protein, starch digestibil-
ity is also not complete in the animal. For 
example, in poultry starch digestibility 
increases in the animal as endogenous amyl-
ase production increases during the early 
weeks of life, but while amylase production 
continues to scale up in the animal’s gut, the 
overall digestion of starch tends to peak at 



  

 
 
 
 

 

 
 

 

 

 
 

 
 

 
 
 
 
 

 
 

 
 

 
 

 
 

  

 

 

3 The Feed Enzyme Market in 2020 and Beyond 

about 85% (Noy and Sklan, 1995). This in-
dicates that a high amount of substrate is 
still available for an exogenous amylase to 
target and enhance digestibility. Amylases 
are currently used in both monogastrics and 
ruminants, however application into rumin-
ants is still in its infancy. 

1.2.4 Phytate-degrading enzymes 

Phytases dominate the current feed enzyme 
market and are ubiquitous in most poultry 
and pig feeds globally. They target the an-
tinutrient phytate, which is the main storage 
form of phosphorus in plants. Phosphorus is 
crucial for good growth and bone develop-
ment. Levels of phytate vary between raw 
materials and also between batches of raw 
material. Monogastric animals lack the en-
zyme activities needed to degrade phytate 
and therefore phosphorus in the form of 
phytate is largely unavailable to the animal. 
Prior to commercialization of phytases, in 
order to meet the animal’s requirement for 
phosphorus, it was necessary to include 
inorganic forms of phosphorus in the diet. 
Such a diet would contain excess indigestible 
phosphorus and large amounts of phos-
phorus were excreted in the animal’s manure. 
Environmental concerns due to pollution 
of natural waterways with phosphorus ex-
creted by livestock led to the development 
and initial adoption of phytases in monogas-
tric feeds in the 1990s. Widespread adoption 
followed once feed cost savings were 
achieved through application of phosphorus 
and calcium nutrient matrix values to the 
phytase and also through the reduced costs 
of disposing of the lower-phosphorus waste. 

More recent research has demonstrated 
that the phytate molecule, targeted by 
phytases, not only makes phosphorus un-
available but is also a powerful antinutrient, 
impeding the digestion of amino acids and 
minerals, negatively impacting the effective-
ness of the animal’s endogenous protease and 
increasing endogenous losses from animals. 
The result of not dealing with phytate is there-
fore decreased nutrient digestion and feed 
efficiencies, impairing animal performance. 

Since the initial introduction of 
phytase, ongoing investment in animal 
research by phytase suppliers and growing 
competition have led to the development of 
more efficient enzymes with significantly 
higher economic benefits for producers and 
lower costs of inclusion. With a deeper 
understanding of the negative effects of 
phytate and the benefits of phytase, there 
have been two major developments. Doses 
have increased beyond the traditional 
standard dose of 500 FTU/kg feed, espe-
cially in regions such as Asia where feeds 
can contain high levels of phytate-rich rice 
bran or other similar raw materials, the aim 
being to degrade the phytate as quickly as 
possible, reducing the antinutrient effects of 
phytate. Also, additional nutritional value 
is now assigned to the enzyme, with many 
suppliers having now introduced energy 
and amino acid values to the phytase nutri-
ent matrix. This substantially increases the 
potential feed cost savings, leads to a higher 
optimal phytase dose and has therefore 
driven up the use of phytase. 

1.2.5 Is more than one enzyme activity 
needed? 

Most diets fed globally contain cereals and 
protein sources, with the dominant protein 
source being soybean meal. In cereals there 
is a close association between starch, pro-
tein and fibre-rich cell walls. For example, 
the endosperm of cereal grains is made up 
of a starch/protein matrix. Using enzymes 
to break down either the starch or the pro-
tein is therefore likely to also increase di-
gestion of the other component. It is for this 
reason that when nutrient values are as-
signed to an enzyme product, they may 
include nutrients that are not the primary 
target of the enzyme. In the case of soybean 
products there is a large amount of protein 
present but also several antinutrients such 
as trypsin inhibitors and also non-starch 
polysaccharides. Some protein will be 
trapped due to the ‘cage effect’ of this fibre 
and therefore it is likely that a xylanase will 
complement the protease activity and pro-
vide additional benefits. When considering 



  

 

 

  
 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 

4 C. Evans and H. Irving 

the feed enzymes to use it is important to 
look at the ingredients in the diet and the 
likely substrate levels that are present for 
the enzymes to act on. Enzymes can then be 
selected that are suitable for the main an-
tinutritional substrates found in the diet. 

1.3 Current Feed Enzyme Market Size 

Recent market reports estimate the current 
size of the global feed enzyme market at 
US$1.2 billion. Projections for market 
growth differ, in the range of 5–10% com-
pound annual growth rate (Marketsandmar-
kets.com, 2019; Mordor Intelligence, 2019). 
Market projections are typically prepared 
by analysts who look at data available in an-
nual reports of publicly listed companies. 
As the largest feed enzyme suppliers are 
part of larger companies, there is little pub-
licly available data on exactly how much 
revenue is generated with feed enzymes and 
how fast the market is growing. Factors that 
influence this growth rate include: 

• Penetration of enzymes in the market. 
This typically increases as the level of 
sophistication of production systems 
increases. 

• Enzyme inclusion levels (dosing). This 
typically increases as operations become 
more skilled in the use of enzymes. 

• Emissions from animal production. 
Regulatory and consumer pressures to 
reduce emissions are expected to in-
crease (FAO, 2019). 

• Animal protein production output. Ani-
mal protein production is forecast to in-
crease over the next decade. 

While the exact magnitude of expected 
growth is unclear, analysts agree that the 
market and demand for feed enzymes will 
continue to increase. The key drivers for 
growth are a growing global population 
combined with a rise in the share of people 
in developing countries who can afford ani-
mal protein, despite a growing number of 
Western consumers who are reducing their 
meat consumption. Per capita meat con-
sumption is forecast to increase in all re-
gions, with Asia expected to see the largest 

growth. Meat consumption in China and 
South-East Asia is projected to increase by 
2028 to 5 and 4 kg/capita, respectively, with 
the main increases coming from poultry and 
pork meat (OECD/FAO, 2019). In mature 
markets, meat consumption is also expected 
to grow, albeit at a lower rate, despite the 
growing trends for meat replacement. 

Market needs to reduce feed costs and 
emissions in animal production will drive 
growth of feed enzymes, even in mature 
markets. Global livestock production is pro-
jected to expand by 13% by 2028, with an 
equivalent growth in feed production. The 
majority of livestock production growth 
will come from further intensification of 
production, by both increased outputs per 
animal through increased slaughter weights 
as well as increasing the number of animals 
through shortening time to market (OECD/ 
FAO, 2019). To achieve these production 
improvements, efficiency of feed utilization 
will be a key parameter and feed enzymes 
are proven to contribute to this. An add-
itional likely consequence of an increased 
human population and growing demand for 
animal protein is that there may be more 
episodes of increased competition for major 
grains between food, fuel and feed, driving 
up the costs of grains, incentivizing animal 
producers to use lower-quality ingredients 
in animal diets. This is likely to increase 
target substrates for feed enzymes. 

1.4 Who’s Who in the Feed Enzyme 
Market? 

The number of players in the feed enzyme 
market continues to increase, as does the 
trend for mergers and acquisitions within the 
industry. In key growth markets such as India 
and China, there are increasing numbers of 
local companies producing the main classes 
of feed enzymes. As the experience of these 
producers and the quality of their products 
increase, some of these local products are 
starting to enter other global markets. Glo-
bally some of the main players who currently 
continue to dominate the industry are Danisco 
Animal Nutrition, Novozymes/DSM, BASF, 
Adisseo/Bluestar, Huvepharma and AB Vista. 



  

 
 

 

 
 

 
 
 
 
 

  
 
 
 

 
 
 
 
 
 

 

 

  
 
 

 

 
 

 

 
 

 
 
 

 

 

 
 
 
 
 
 
 

 
 
 

 
  

5 The Feed Enzyme Market in 2020 and Beyond 

Danisco Animal Nutrition (Leiden, the 
Netherlands) is a unit within the Health and 
Biosciences division of IFF (Wilmington, 
USA). Danisco Animal Nutrition (formerly 
known as Finnfeeds International Ltd) pi-
oneered the development of feed enzymes 
in the 1980s. Their enzyme products include 
the phytases Axtra® PHY and Phyzyme® 

XP, and a range of single- and multi-activity 
carbohydrase/protease-based products – 
Danisco® Xylanase, Axtra® XB, Axtra® XAP 
and Axtra® PRO. The portfolio also includes 
products for swine and poultry that com-
bine enzymes with probiotic technologies 
to maximize gut health and nutrient digest-
ibility under the Syncra® brand. DuPont 
also sells natural betaine into the feed addi-
tive sector. 

Novozymes (Denmark) and DSM (the 
Netherlands) formed a strategic alliance in 
2001. DSM is responsible for the sales, mar-
keting and distribution of Novozymes’ feed 
enzymes. Novozymes is responsible for 
product development and R&D. The alliance 
covers pigs, poultry, ruminants and pet feed. 
Their portfolio of feed enzyme products 
currently includes a phytase, Ronozyme® 

HiPhos, and a range of single- and multi-
activity carbohydrase/protease-based products 
including Ronozyme® ProAct, Ronozyme® 

WX, Roxazyme® G2, Ronozyme® Rumi-
Star™ and Ronozyme® MultiGrain. The port-
folio also includes a muramidase with the 
trade name Balancius®, which is an enzyme 
designed to digest bacterial waste within the 
gut of birds to help maximize digestion. DSM 
also sells other additive types including 
carotenoids, eubiotics and vitamins. 

BASF’s feed enzyme portfolio in-
cludes Natuphos®, which was the first 
commercial feed phytase, Natuphos® E 
(phytase) and Natugrain® (carbohydrase). 
Their portfolio also includes glycinates, 
carotenoids, organic acids, vitamins and 
clay products. 

Adisseo (France) was acquired by Blue-
star group (China) in 2006. Bluestar Adisseo 
(France) specializes in animal nutrition, 
providing amino acids, vitamins and en-
zymes to the animal feed industry. Their 
feed enzyme portfolio currently includes 
Rovabio® Excel (carbohydrase), Rovabio® 

Advance (carbohydrase) and Rovabio® 

Advance PHY (carbohydrase and phytase). 
Huvepharma (Bulgaria) is a company 

focused on human and veterinary pharma-
ceuticals. Their products include coccidio-
stats, enzymes, vaccines and other veterinary 
products. The Huvepharma feed enzyme 
portfolio includes Hostazym® C and Hosta-
zym® X (carbohydrases) and OptiPhos® 

(phytase) that they acquired from Enzyvia 
LLC in 2013. 

AB Vista is the feed additives business 
owned by AB Agri (UK). Their enzyme 
portfolio includes Quantum® Blue (phytase), 
Finase® EC (phytase), Econase® XT (carbo-
hydrase) and Signis® (a combination of a 
xylanase and xylo-oligomers). Their port-
folio also includes betaine and live yeast. 

1.5 Regulation of Feed Enzymes 

Most markets around the world have regula-
tions in place to govern the placement of 
feed enzymes on to the market. Those pro-
ducing feed enzymes or placing them on to 
the market must provide proof that the en-
zyme is safe and efficacious for the target 
species. Proof of product quality such as 
consistency and stability must also be dem-
onstrated. Approval times vary by market 
and can range from 3 months to over 2 years 
depending on the level of detail needed in 
the regulatory dossier. The most highly 
regulated markets include the EU, the USA 
and Brazil, but the trend is for increased 
levels of regulation globally. 

To gain approval to sell in the EU, en-
zymes must gain approval under Regulation 
EC 1831/2003. A full dossier detailing the 
identity, characterization and conditions of 
use for the enzyme must be provided to the 
European Food Safety Authority (EFSA). 
The source of most feed enzymes remains 
microorganisms and therefore full details on 
the characterization of the production organ-
ism are also required. Safety of the enzyme 
must be demonstrated via a full toxicity test, 
and tolerance studies must also be provided 
looking at the target species. Enzyme prod-
ucts, due to their proteinaceous nature, are 
presumed to be respiratory sensitizers and 



  

 

 

 

 
 

  
 

  
  

    

 

 
 
 

 
 
 

 
 
 

 

 
 

 
 
 

 
 
 

 
 

 
 
 
 

 

 
 
 
 
 
 
 

 
 
 
 

 

6 C. Evans and H. Irving 

particle size data are used to assess the like-
lihood of exposure and risk to the users. As 
well as assessing safety, the EU dossier also 
requires proof of efficacy for the intended 
use. Studies must demonstrate significant 
effects at the lowest recommended dose in 
three studies per major target species con-
ducted according to common feed manufac-
turing, animal husbandry and farming 
practices in the EU. Approval of the dossier 
by EFSA once it is prepared and submitted 
takes approximately 2 years (EFSA, 2019). 

In the USA any product intended for 
use as an animal food ingredient is con-
sidered a food and the Food and Drug 
Administration’s (FDA) Center for Veterin-
ary Medicine (CVM) is responsible for the 
regulation of animal food products. Produ-
cers are able to submit a self Generally 
Recognized as Safe (GRAS) notification. 
This requires a similar safety assessment to 
the EU approval but requires only one 
proof-of-efficacy study. To achieve self 
GRAS, the information should be assessed 
by a group of experts known as a GRAS 
panel (FDA, 2020). 

In other markets around the world there 
is a trend for increasing regulations. For ex-
ample, in China and Canada if the enzyme 
production host is genetically modified 
then it is necessary to register the enzyme 
production host. Only once these are ap-
proved and on the positive list can one pur-
sue a product registration. This process can 
be lengthy and up to 48 months in China. In 
Brazil regulations have also recently been 
reviewed and increased, with a new re-
quirement introduced that every product 
presentation (liquid, granule, powder) and 
every product concentration needs its own 
efficacy study for each animal category. 

1.6 How are Enzymes Used in Feed? 

There are two main methods of using feed 
enzymes. The first is to assign and apply a 
nutrient matrix to the feed enzymes to ac-
count for the nutrients released by the en-
zyme. Matrix values for carbohydrases and 
proteases typically include energy, protein 
and amino acids. When first launched the 

matrix values assigned to phytases were for 
calcium and phosphorus only. However, as 
more is now understood about the negative 
effects of phytate, most producers also rec-
ommend energy, amino acids and other min-
erals to be assigned. The matrix values are 
usually generated using animal studies 
which have looked at digestibility improve-
ments that can be gained through use of the 
enzymes. The benefit of assigning matrix 
values is that it results in reductions in feed 
costs while animal performance (growth, 
feed efficiency, egg production, etc.) is main-
tained. The matrix values can be used either 
to replace expensive ingredients in the for-
mulation (e.g. fat or synthetic amino acids) 
or to relax constraints on the inclusion of 
lower-cost, poorer-quality ingredients. This 
is the preferred method of application as 
the cost savings achieved through the use of 
the enzyme(s) are immediately apparent to the 
user and will usually more than cover the 
cost of the enzyme addition. 

The second method of using feed en-
zymes is to add the enzyme to the standard 
feed with no reformulation. The enzyme(s) 
will still release nutrients and improve effi-
ciency of feed utilization resulting in im-
proved animal performance. The economic 
benefits of this method of application are 
typically realized at the end of the produc-
tion cycle, either in heavier slaughter 
weights or more production cycles per unit 
of time. Users can alternatively get the bene-
fit of both application methods by applying 
a discount to the matrix provided by the en-
zyme suppliers at the same time as realizing 
some performance benefits. 

There are several considerations for the 
physical product form. Enzymes are protein 
products which need to have sufficient 
shelf life to cover transportation, storage 
time and storage conditions, whether that is 
in pure form, in premix or in feed. They 
must also be robust enough to withstand 
feed processing conditions. 

Enzymes can be added as liquid or dry 
product forms into the feed. Liquid product 
forms are usually non-thermostable and 
therefore have to be added to the feed via a 
post-pelleting liquid application (PPLA) sys-
tem. Although PPLA systems are relatively 



  

 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 

 

 

 

 
 

 

 
 

 
 
 

 

 
 
 
 

 

 

 

7 The Feed Enzyme Market in 2020 and Beyond 

complex they have several advantages. First, 
PPLA enables enzyme application to feed 
produced under harsh processing conditions. 
Such processing conditions can be used for 
several reasons, for example as a strategy to 
minimize Salmonella spp. contamination. 
Second, PPLA offers dosing flexibility where 
enzyme dose (especially phytase) can be var-
ied from batch to batch, something which 
could be harder if the alternative is enzyme 
inclusion via the premix. Ideally, liquid en-
zymes would be sufficiently thermostable to 
allow them to be dosed directly into the feed 
mixer pre-pelleting, just like liquid amino 
acids are today. This would combine dosing 
flexibility and automation with a much sim-
pler and cheaper dosing system than PPLA. 

Dry product forms can be either thermo-
stable or non-thermostable. The advantage 
of dry thermostable product is that it can be 
dosed either directly into the feed mixer or 
included in the premix, thus simplifying 
operations versus PPLA. As the majority of 
monogastric feed is pelleted, the majority 
of feed enzymes used today are dry thermo-
stable products. Dry non-thermostable prod-
uct is typically used in mash feed, which is 
not pelleted. 

Finally, some thought should be given 
to safety and ease of handling. Some en-
zyme suppliers have started to offer high-
concentration dry powder forms which are 
often highly dusty. To avoid worker expos-
ure, which could lead to allergic reactions, 
proper containment procedures need to be put 
in place when handling high-concentration 
enzyme powders. Enzymes in granular form 
or in liquid form have a far lower worker 
safety exposure risk and are easier to handle 
safely. 

Taking all these elements into consider-
ation, the user should select the product and 
product form that best suits their operations. 

1.7 The Changing World of Animal 
Production – An Opportunity 

for Feed Enzymes? 

The animal production industry is currently 
undergoing a period of change. Globally there 
is a drive to reduce or remove antibiotics 

from animal production, mainly due to con-
cerns over antibiotic resistance and possible 
implications for animal health. The use of 
antibiotics in animal production has been 
long established practice and their removal 
has big implications for producers. Without 
the antibiotic line of defence, animal pro-
duction becomes more complex with un-
predictable disease challenges on the rise. 
As a result, the importance of maintaining 
good gut health is receiving more focus and 
the necessity of feeding not just the animal 
but also its gut microbiome is clear. 

While ensuring that the animal has all 
the nutrients needed to reach its full growth 
potential is a top priority, it is also important 
to either limit the amount of undigested nu-
trients or control the types of undigested 
nutrients that reach the terminal ileum or 
hindgut, so as not to provide substrates 
upon which non-beneficial bacterial popu-
lations can feed and thrive. Feed enzymes 
have a major contribution to make in this 
area as they are known to improve digest-
ibility and limit the amounts of undigested 
nutrients in the lower gastrointestinal tract. 
For example, proteases and also carbohy-
drases and phytases will reduce the amount 
of undigested protein reaching the hindgut 
where it would be utilized by protein fer-
menters such as C. perfringens which can 
cause disease issues if their population gets 
out of control. Xylanase has also been shown 
to produce oligomers that are most suitable 
as a substrate for beneficial bacterial popula-
tions. Further research is currently under 
way across the industry to build on these 
known proven effects. A fuller understand-
ing of which substrates can be utilized by 
the microbial populations in the gut and 
how to increase those of benefit will be key. 
In addition, a greater understanding will be 
necessary of how the nutritional changes 
and reductions in antinutritional effects 
achieved with enzymes influence other fac-
tors such as immune responses and gut 
function. 

Due to the many issues that removing 
antibiotics may cause, it is probable that 
multiple technologies will be needed to 
replace them. As a result, we will likely be 
seeing more technology combinations in the 
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marketplace, as well as novel enzyme activ-
ities that have a primary mode of action 
more related to gut health effects rather than 
nutritional effects per se. Recent years have 
also seen veterinary pharmaceutical com-
panies moving into the feed additive space 
as they look for ways to replace the lost rev-
enue streams from the removal of antibiot-
ics from livestock diets. 

Another trend starting to influence ani-
mal production is the growing concern over 
climate change and sustainability with a 
spotlight being shone on the animal produc-
tion industry. Feeding a fast-growing human 
population is likely to lead to more intensi-
fication of the livestock industry. As farms 
become larger, concerns over emissions will 
continue to grow. Enzymes, through influ-
encing the substrates available for bacterial 
fermentation, will likely have value in this 
application. 

The current feed enzyme market is 
dominated by products aimed at monogas-
trics (pigs and poultry). Opportunities for 
market growth also exist in the ruminant 
and aquaculture industries. The challenge 
for the ruminant space is having enzymes 
that can either act in or survive the rumen. 
For aquaculture feeds it is likely that the 
successful enzymes will need to have differ-
ent biochemical properties from those used 

for pigs and poultry, such as optimum tem-
perature and pH as well as salt tolerance in 
the case of saltwater fish. 

While to date the nutritional cost sav-
ings seen with enzymes has driven their 
market adoption, in the future a better 
understanding of their full mode of action 
may bring new value propositions. This is 
being reflected in the research approaches 
being adopted by major feed enzyme com-
panies. All major enzyme producers are 
expanding their research disciplines to 
understand how enzymes can continue to 
improve via: (i) nutrition (where enzymes 
are traditionally key); (ii) the microbiome; 
and (iii) gut/immune function. It is in the 
latter two categories where the effects of en-
zymes are gradually becoming clearer from 
recent research. Factors such as diet, diges-
tion and absorption, gastrointestinal tract 
microbiota and mucosa, welfare and per-
formance, and immune status all need con-
sideration. These show the agreement 
within the feed enzyme industry for a need 
to understand, at a much deeper level, the 
benefits that enzymes can bring. The ultim-
ate aim is to help animal and feed producers 
navigate the options that are put to them 
and to demonstrate the importance of en-
zyme technology in the fast-changing world 
of animal production. 
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and Production on an Industrial Scale 

Jari Vehmaanperä* 
Roal Oy, Rajamäki, Finland 

*Email: jari.vehmaanpera@helsinki.f 

2.1 Introduction 

Fibre-degrading enzymes or non-starch poly-
saccharidases (NSPases) were first launched 
as feed additives for poultry in the 1980s 
followed by the introduction of phytase 
early in the 1990s for the main monogastric 
farm animals, poultry and pigs (Barletta, 
2010; Bedford and Partridge, 2010). Since 
then the feed enzyme market has grown to 
about a quarter of the total industrial en-
zymes segment, comparable in size to deter-
gent enzymes (Garske et al., 2017). Phytase 
has achieved high inclusion rates (70–80%) 
in all diets for swine and poultry (Lei et al., 
2013) but because of price erosion, the value 
of the market is now probably equal or 
less than feed NSPases, i.e. xylanases and 
β-glucanases. In addition to these two seg-
ments, some other enzyme classes are sold 
to niche applications. Feed enzymes pre-
sent a rather small number of enzyme clas-
ses within the hydrolase group and mainly 
originate from microbial sources. The enzyme 
products are manufactured in large-scale 
bioreactors by a few established companies, 
although during the last few years novel 
Chinese suppliers have started to enter glo-
bal markets, particularly with competitive 

phytase products. To meet the needs of the 
markets, enzymes should be produced at an 
affordable cost, safely, with secure supply 
and exhibit advanced characteristics like 
thermostability. To meet these needs, the 
feed enzyme industry has explored the bio-
diversity in nature in search for optimal 
enzyme backbones and engineered them 
further in vitro (Shivange and Schwaneberg, 
2017) and has also developed advanced 
product formulations (Meesters, 2010). Gen-
etically modified organisms (GMOs) are 
widely used for production and these mi-
crobes are cultivated under contained 
conditions. The enzyme semifinals recovered 
after submerged fermentation in bioreac-
tors are essentially enzyme monocompo-
nents, which are processed and blended 
with other ingredients to make the final 
product. The manufacturing process and 
the products themselves both require regu-
latory approval. 

Traditionally, enzymes have been clas-
sified biochemically according to the IUB 
(International Union of Biochemistry) Enzyme 
Nomenclature into seven main classes, each 
having a unique code starting with ‘EC’ (En-
zyme Commission) and followed by four 
numbers separated by a period for further 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
DOI: 10.1079/9781789241563.0002 10 
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refinement (Bairoch, 2000; McDonald et al., 
2009; Tipton, 2018). The IUB classification 
is based on the reaction type and the sub-
strate specificity, rather than, e.g., the struc-
ture of the enzyme polypeptide. Phytases 
and NSPases belong to the main class of 
hydrolases (EC 3) which indicates either 
addition or removal of water in the reaction. 
In addition, carbohydrate-active enzymes, 
i.e. NSPases, are structurally classified based 
on their amino acid sequence or fold simi-
larities according to the CAZy database 
(Carbohydrate-Active enZYmes; http://www. 
cazy.org, accessed 10 September 2021), 
which reflects better their phylogenetic 
relationships (Henrissat and Davies, 1997; 
Lombard et al., 2014). 

The required biochemical characteris-
tics of feed enzymes include high specific 
activity at body temperature, optimal pH 
profile, pepsin resistance and preferably 
high thermostability. High specific activity, 
i.e. activity per milligram of enzyme pro-
tein, is essential for the economics of en-
zyme manufacturing, enabling supply of 
highly concentrated products and support-
ing affordable cost of dosing in feed for the 
customer. The pH in the crop and stomach 
(proventriculus and gizzard) in poultry var-
ies in the range pH 4.5–6.5 and 1.9–4.5, re-
spectively (Svihus, 2010); accordingly, a pH 
of 5.0 and 3.0, respectively, has been chosen 
in some in vitro simulation studies (Menezes-
Blackburn et  al., 2015). For pigs, stomach 
pH values between pH 3.0 and 5.0 have 
been reported, pH 4.0 being a representative 
average (Svihus, 2010). Because of the high 
standards of hygiene in feed manufacture, 
most feed enzymes need to survive high 
temperatures during feed processing, e.g. 
90–95°C for a retention time of 10–90 s in 
the conditioner, while having high activity 
at the animal’s body temperature (Doyle and 
Erickson, 2006; Gilbert and Cooney, 2010). 
Thus the molecules need to retain flexibil-
ity near the active site while being rigid 
enough for high thermal resistance (Shivange 
and Schwaneberg, 2017). Fortuitously, bet-
ter intrinsic thermal tolerance of the en-
zyme molecule often correlates to improved 
protease resistance, better storage stability 
and general robustness of the enzyme. 

2.2 Phytase 

2.2.1 The market and the substrate 

The current feed enzyme market is worth 
close to US$1 billion in sales and phytase 
accounts for about half of this (Greiner and 
Konietzny, 2012; Arbige et  al., 2019; 
Herrmann et al., 2019). Feed grains like maize 
and wheat store the phosphorus in seeds as 
phytate, a mixed salt of phytic acid (phytin) 
which can account for up to 80% of the 
seed phosphorus. Phytic acid is chemically 
described as a sixfold dihydrogenphosphate 
ester of inositol, also called myo-inositol 
hexakisphosphate (InsP6 or IP6) or inositol 
polyphosphate (Fig. 2.1) (Bohn et al., 2008). 
At acidic pH (e.g. stomach) phytic acid is 
soluble as phytate (Cheryan, 1980). Mono-
gastric farm animals such as swine, chicken 
and turkey are not able to release the phytate-
phosphorus in the feed in their stomach and 
as a result undigested phosphorus is re-
leased in the excreta with a risk of pollution 
to the environment due to phosphorus run-
off. Inorganic phosphorus, which is a finite 
resource in nature (Gilbert, 2009), needs 
normally to be added to the feed to meet the 
requirements of the animal (Greiner and 
Konietzny, 2010; Humer et al., 2015). 

–2O3PO 

2– 6OPO32 

2–

1 OPO3
2– 

OPO3
2– 

4 
OPO3–2O3PO 3 5 

Fig. 2.1. Schematic presentation of phytic acid 
(myo-inositol(1,2,3,4,5,6)hexakisphosphate). 
Presented in the ‘turtle’ confguration as in Bohn 
et al. (2008) and Agranoff (2009). The four limbs 
and tail of the turtle are coplanar and represent the 
fve equatorial hydroxyl groups. The turtle’s head is 
erect and represents the axial hydroxyl group at the 
position 2. Looking down at the turtle from above, 
the numbering of the turtle begins at the right paw 
and continues past the head to the other limbs, thus 
numbering the inositol in the counterclockwise (D) 
direction (Bohn et al., 2008). (Author’s own fgure.) 
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Phytate at low pH is negatively charged 
and acts as a strong chelator of cations, in 
particular zinc, iron, calcium and magne-
sium, and trace elements and proteins, mak-
ing phytate also an antinutrient (Woyengo 
and Nyachoti, 2013; Dersjant-Li et  al., 
2014). The chelating capability of the differ-
ent inositol phosphate isomers (InsPs) is re-
duced rapidly when more phosphates are 
removed (Herrmann et al., 2019) but, for ex-
ample, InsP3 still binds in vitro more than 
80% of soluble zinc at pH 6 and above (Xu 
et  al., 1992) and InsPs above InsP2 inhibit 
pepsin (Yu et al., 2012). High doses of phytase 
(so-called ‘superdosing’) >1500 FTU/kg feed 
as compared with the more standard doses 
of 500–1000 FTU/kg (Bedford and Partridge, 
2010) are reported to rapidly degrade the 
phytate to lower InsPs, removing or redu-
cing its antinutritive effects in broilers and 
pigs (Goodband et al., 2013; Santos et al., 
2014; Walk et  al., 2014; Kühn et  al., 
2016). Furthermore, it has been proposed 
that myo-inositol (MI), the dephosphorylated 
backbone sugar-alcohol of phytic acid, would 
act as a semi-essential substrate or a prebiotic 
with clear benefits in the diet (Agranoff, 
2009; Cowieson et  al., 2013; Sommerfeld 
et al., 2018; Gonzalez-Uarquin et al., 2020). 

2.2.2 The enzyme 

As biocatalysts, phytases are a group of 
phosphatases able to initiate the sequential 
release of phytate phosphate groups from 
phytate. Phytases in nature are grouped in 
four categories: histidine acid phytases 
(HAPhy), β-propeller phytases (BPPhy), 
cysteine phytases (CPhy) and purple acid 
phytases (PAPhy) (Greiner and Konietzny, 
2010). All commercial phytases belong to 
the histidine acid phosphatases (HAPs) and 
are from microbial sources, belonging to 
branch 2 of the histidine phosphatase 
superfamily (Rigden, 2008). They share 
conserved active-site sequence motifs (RH-
GXRXP and HD) and two structural do-
mains (α-domain and α/β-domain) (Shivange 
and Schwaneberg, 2017). Recently, a differ-
ent family of bacterial Minpp histidine 

phosphatases, distinct from HAP phytases 
but belonging to the same branch 2, having 
an HAE motif instead of the HD, has been 
identified (Stentz et al., 2014). Based on the 
carbon position on the phytate molecule at 
which the dephosphorylation preferably 
starts, the phytases are further classified as 
3-phytases (EC 3.1.3.8) or 6-phytases (EC 
3.1.3.26) (Table 2.1). Five of the phosphates 
in phytate are in an equatorial position, but 
the 2-phosphate is in an axial position, 
which makes it difficult for phytases to cleave. 
Thus, a complete dephosphorylation requires 
non-specific phosphatases (Fig. 2.1) (Wyss 
et al., 1999; Hirvonen et al., 2019). 

The first commercially available phytase 
was a 3-phytase from Aspergillus ficuum 
(niger) launched by DSM in 1991 (Ullah and 
Dischinger, 1993; van Hartingsveldt et  al., 
1993; Haefner et al., 2005), later followed by 
other fungal phytases, including the con-
sensus phytase based on the sequences of 13 
fungal phytases (Lehmann et al., 2000) and 
a 6-phytase from Peniophora lycii (Lassen 
et al., 2001) (Table 2.1). The discovery that 
Escherichia coli and other enterobacterial 
6-phytases have several-fold higher specific 
activities than the known fungal phytases 
(e.g. the E. coli phytase is reported to have 
an activity of approximately 800 U/mg 
protein as compared with approximately 
100 U/mg for A. niger phytase (Wyss et al., 
1999)) and additionally possess other favour-
able characteristics like pepsin resistance 
(Rodriguez et  al., 1999) has resulted in 
many of the first-generation fungal phytases 
being replaced by their second-generation 
bacterial counterparts during the last 20 
years (Table 2.1) (Greiner et  al., 1993; 
Garrett et al., 2004; Pontoppidan et al., 2012; 
Shivange et  al., 2012; Dersjant-Li et  al., 
2014, 2020; Adedokun et al., 2015; De Cuyper 
et al., 2020). The first production hosts for 
the bacterial phytases were the yeasts Pichia 
pastoris and Schizosaccharomyces pombe. 
This was possibly because glycosylation 
has been speculated to improve thermosta-
bility (Rodriguez et  al., 2000). However, 
since the first reports of successful fungal 
expression (Löbel et al., 2008), standard in-
dustrial hosts like Trichoderma and Aspergil-
lus have also been widely used (Table 2.1). 
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 Table 2.1. The main commercially available monocomponent GMO phytases recently submitted to EFSA or otherwise considered relevant. 

Company Trade name Production organism Source Phytase class Reference 

Adisseo Rovabio Advance 
PHY 

Schizosaccharomyces 
pombe 

Escherichia coli 6-phytase Lawlor et al. (2019); ADISSEO France 
S.A.S. (2020)a 

Adisseo Rovabio PHY Penicillium funiculosum P. funiculosum 3-phytase EFSA (2007b) 
Andrés Pintaluba 

S.A. 
Apsa Phytafeed Pichia pastoris 

(Komagataella pastoris) 
Not disclosed 6-phytase Andrés Pintaluba S.A. (2019); EFSA 

FEEDAP Panel (2019) 
BASF Natuphos E Aspergillus niger Hybrid of 

Hafnia/Yersinia/Buttiauxella 
6-phytase EFSA FEEDAP Panel (2017b) 

BASF Natuphos A. niger Aspergillus fcuum 3-phytase Wyss et al. (1999); EFSA (2006b) 
DuPont Animal 

Nutrition 
Axtra PHY Gold Trichoderma reesei Biosynthetic bacterial 

6-phytase 
6-phytase Dersjant-Li et al. (2020); Ladics et al. 

(2020) 
DuPont Animal 

Nutrition 
Axtra PHY T. reesei Buttiauxella sp. 6-phytase Kumar et al. (2012); Adedokun et al. 

(2015); EFSA FEEDAP Panel (2016a) 
DuPont Animal 

Nutrition 
Phyzyme XP S. pombe E. coli 6-phytase EFSA (2006d) 

Huvepharma OptiPhos Plus P. pastoris 
(Komagataella. phaffi) 

E. coli, new generation 6-phytase De Cuyper et al. (2020); EFSA 
FEEDAP Panel (2020) 

Huvepharma OptiPhos P. pastoris 
(K. pastoris) 

E. coli 6-phytase EFSA FEEDAP Panel (2011); She et al. 
(2018) 

Kaesler Nutrition Enzy Phostar P. pastoris 
(K. pastoris) 

E. coli, synthetic 6-phytase EFSA FEEDAP Panel (2015b) 

Novozymes/DSM Ronozyme HiPhos Aspergillus oryzae Citrobacter braakii 6-phytase Lichtenberg et al. (2011); EFSA 
FEEDAP Panel (2012a); 
Pontoppidan et al. (2012) 

Novozymes/DSM Ronozyme P, NP A. oryzae Peniophora lycii 6-phytase Lassen et al. (2001); EFSA (2008c); 
EFSA FEEDAP Panel (2010) 

Novozymes/DSM Phytase SP 1002 Hansenula polymorpha Consensus fungal phytase 3-phytase Lehmann et al. (2002); Esteve-Garcia 
et al. (2005); EFSA (2006c) 

Novus Int. Cibenza Phytaverse Pseudomonas fuorescent E. coli, modifed 6-phytase Almeida et al. (2017); Solomon 
(2017) 

Roal/AB Vista Quantum Blue T. reesei E. coli, enhanced 6-phytase EFSA FEEDAP Panel (2013c) 
Roal/AB Vista Finase EC T. reesei E. coli 6-phytase EFSA FEEDAP Panel (2009b) 

EFSA, European Food Safety Authority. 
aIt is assumed that the 6-phytase described in the multicomponent product Rovabio Max (Lawlor et al., 2019) is the same molecule marketed as the Rovabio Advance 6-phytase. 



14 J. Vehmaanperä   

 
 

 

 
 

 
 
 
 
 

 
 
 
 

 

 

  

 

 

         

 

During the last 10 years there has been 
an entry of second-generation Chinese 
6-phytase products in the global market. 
These appear to be unmodified or thermo-
stable variants of the E. coli phytase pro-
duced in P. pastoris: Beijing Smile Smizyme 
(Malloy et al., 2017; She et al., 2017), Guan-
dong VTR Microtech (De Jong et al., 2016) 
and Wuhan Sunhy SunPhase (Deniz et al., 
2013) being examples of some of the brands. 

Because of the conditions under which 
animal feed is manufactured, phytases need 
to survive heat treatment steps during feed 
preparation. Intrinsically thermostable mol-
ecules have an advantage for high recovery, 
but this can be compensated by advanced 
granule formulations and coating for less 
thermostable phytases (Sands, 2007; De Jong 
et al., 2016). However, formulation adds costs 
and therefore a search for more intrinsically 
thermostable phytases than the original 
A. niger phytase started early. The Asper-
gillus fumigatus phytase (Wyss et al., 1998) 
and the consensus approach (Lehmann 
et al., 2002) were the first advances in this 
direction and other phytase sequences were 
used as part of the first steps towards more 
thermostable variants. Since then impres-
sive improvements in heat stability have 
been obtained using advanced evolution 
technologies like site-saturation mutagenesis 
for improving bacterial mesophilic phytases, 
without e.g. compromising the specific ac-
tivity at body temperature (Garrett et  al., 
2004; Herrmann et al., 2019). 

Preferably, the ideal phytase has high af-
finity (low KM) to phytate and an ability to 
rapidly remove all the phosphates down to 
myo-inositol monophosphate. The phytase 
should maintain high activity at about pH 2.5 
since the low pH of the stomach favours 

soluble and unchelated phytate and the gas-
tric region is the only site in the animal where 
feed phytase can act because the pH in the 
remainder of the intestine is above 6. Until 
now the evolution work has focused on the 
activity on InsP6 as the substrate, but obvi-
ously the kinetics and affinity of phytases dif-
fer on the lower InsPs which affect hydrolysis 
rates and the profile of the end products. 

The biochemical characteristics of com-
mercial phytases have been excellently 
summarized in more detail in the other pub-
lications (e.g. Lei et al., 2013; Dersjant-Li et al., 
2014; Shivange and Schwaneberg, 2017). 

2.3 Non-Starch Polysaccharide-
Degrading Enzymes (NSPases) 

2.3.1 The market and the substrate 

NSPases contribute about half or more of 
the value of the feed enzyme market, xyla-
nases having a significantly larger share 
than β-glucanases, while mannanases are 
used in some minor special applications 
(Paloheimo et al., 2010). Wheat and barley, 
after maize, are the most commonly used 
energy sources in feeds for swine and 
poultry, particularly in Europe and outside 
the USA (Amerah, 2015; Ravn et al., 2016). 
The non-starch polysaccharides (NSPs) in 
cereals range between 10 and 30%, are indi-
gestible by monogastric animals and also 
have antinutritional effects (Choct, 1997, 
2015). NSPs fall chemically into three cat-
egories: (i) cellulose; (ii) non-cellulosic 
polymers (including e.g. arabinoxylans 
and mixed β-glucans; Figs 2.2 and 2.3); and 
(iii) pectic polysaccharides. Cereal grains 

˜Araf (1°3) ˜Araf (1°3)˜Araf (1°3) 
GH11 

˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) ˛Xylp (1°4) 

GH10 
˜Araf (1°2) 

Fig. 2.2. Schematic presentation of the arabinoxylan structural units. βXylp, D-xylopyranose; αAraf, 
L-arabinofuranosidase. The putative cleavage patterns of the GH11 and GH10 families are shown. (Adapted 
from Biely et al., 1997; Choct, 1997.) 
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(1°3) ˜Glup (1°4) ˜Glup (1°4) ˜Glup˜Glup (1°4) ˜ 
(1°3) ˜Glup (1°4) ˜Glup (1°4) ˜Glup (1°4) ˜Glup 

Fig. 2.3. Schematic presentation of barley mixed-linked β-(1→3),(1→4)-D-glucan structure. βGlup, 
D-glucopyranose. (Adapted from Choct, 1997.) 

contain predominantly arabinoxylans and 
mixed β-glucans (i.e. non-cellulosic poly-
mers) and cellulose, but very little pectins 
(Choct, 1997). The NSPs in wheat, barley, 
rye, triticale and oats often create viscous 
digesta because a large portion of it is sol-
uble, high-molecular-weight NSPs, whereas 
maize, sorghum and rice contain little soluble 
NSPs and are categorized as non-viscous 
(Choct, 2015). Wheat soluble NSPs consist 
mainly of arabinoxylan whereas in barley 
this is β-glucan. 

The main chain of xylan is composed of 
1,4-β-linked D-xylopyranose units (Aspinall, 
1959; Wilkie, 1979) and in arabinoxylan 
(AX) the backbone is frequently substituted 
with L-arabinose residues through the xylosyl 
O-2 and O-3 atoms (Choct, 1997) (Fig. 2.2). 
Since xylose and arabinose are both pentose 
sugars, arabinoxylans are often called pen-
tosans. The insoluble or water-unextractable 
arabinoxylans (WU-AX) are anchored to the 
cell walls or to other AX, whereas the un-
bound AX is soluble or water extractable 
(WE-AX) and can form highly viscous solu-
tions (Choct, 1997; Moers et al., 2005). 

Cereal soluble β-glucans consist of a 
linear glucose chain joined by mixed link-
ages of β-1,4- and β-1,3-glucosidic bonds. In 
barley, the β-glucans contain approximately 
70% β-1,4 linkages and 30% β-1,3 linkages, 
in which segments of two or three 1,4 linkages 
are separated by a single 1,3 linkage (Fig. 2.3) 
(Choct, 1997). Although these β-glucans 
have the same β-1,4 bond as in cellulose, the 
β-1,3 linkages break up the uniform struc-
ture of the β-D-glucan molecule and make it 
soluble and flexible. The ratio of pentosan 
(xylan) to β-glucan varies from about 1.3 for 
barley to more than 10 for wheat and triti-
cale (Henry, 1985). 

Viscosity reduction, cell wall degrad-
ation and prebiotic effects have been pro-
posed to account for the positive effect of 
NSPases on the nutritional value of feed. 
The soluble NSPs in the viscous cereals 

hold significant amounts of water and cause 
increased intestinal viscosity when they are 
present in the feed (Choct and Annison, 
1992; Bedford and Schulze, 1998). This is 
believed to contribute to the antinutritional 
effects in the animal by limiting the absorp-
tion of nutrients, which may result in re-
duced feed conversion ratio (FCR) and 
weight gain as well as wet droppings in 
poultry. Use of NSPases in the feed reduces 
the viscosity and improves animal perform-
ance. However, NSPases also upgrade the 
‘non-viscous’ cereals like maize or sorghum 
(Choct, 2006) and it is assumed that release 
of valuable nutrients from the endosperm 
and aleurone layer improves the feed qual-
ity of these grains. 

During the last few years more evidence 
has accumulated to suggest that oligosac-
charides derived from the feed hemicellu-
loses due to the action of NSPases have a 
prebiotic effect and this is suggested to be 
one cause of the benefits of added xylanases 
and β-glucanases in feed (Bedford, 2018). 
These oligosaccharides have between three 
and ten sugar residues and would stimulate 
the gut microbiome to synthesize short-
chain fatty acids (SCFAs) such as butyric 
acid which act as signals in the animal in 
multiple ways, improving its performance 
(Craig et al., 2020). 

2.3.2 NSPase enzymes 

Several enzyme activities are able to act on 
the xylans and β-glucans in feeds, and un-
like phytase, the same enzyme backbones 
have frequently been cross-leveraged into 
adjacent industries like textile, detergent, 
biomass conversion, paper and pulp, and 
baking. All NSPases used in feed applica-
tions are endo-acting enzymes (Table 2.2), 
cutting in the middle of the polymer chain 
and therefore rapidly reducing viscosity; 
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 Table 2.2. Selected commercial NSP feed enzyme products (NSPases). The table is based on the products for which documentation has recently been submitted to 
EFSA or which otherwise are considered relevant. For the GMO strains not all the donor organisms are included, as these are not disclosed in the public domain. 
Common names for the enzyme activities are used as follows. Xylanase: endo-1,4-β-xylanase (EC 3.2.1.8); β-glucanase: endo-1,3(4)-β-glucanase (EC 3.2.1.6); 
cellulase: endo-1,4-β-glucanase (EC 3.2.1.4); β-mannanase: endo-1,4-β-mannanase (EC 3.2.1.78). 

Company Trade name Declared activity Production organism Gene source/other comments Reference 

Adisseo Rovabio 
Advance 

Xylanase Talaromyces versatilis sp. nov. 
(formerly Penicillium 

funiculosum) 

Self-cloned regulator 
modifcations (xlnR+) 

Cozannet et al. (2017); Llanos et al. 
(2019) 

Adisseo Rovabio Excel Xylanase 
β-Glucanase 

T. versatilis sp. nov. 
(formerly P. funiculosum) 

Non-GMO Guais et al. (2008); EFSA FEEDAP 
Panel (2013a); Deshors et al. 
(2019) 

Andrés Pintaluba 
S.A. 

Endofeed DC Xylanase 
β-Glucanase 

Aspergillus niger Non-GMO EFSA FEEDAP Panel (2017c); Gifre 
et al. (2017) 

BASF Natugrain TS Xylanase 
β-Glucanase 

A. niger Thermostable, both genes 
derived from Talaromyces 
emersonii (synonym 
Rasamsonia emersoniia) 

EFSA (2008b) 

Belfeed Belfeed B Xylanase Bacillus subtilis GMO EFSA FEEDAP Panel (2016b) 
DuPont Animal 

Nutrition 
Axtra XB Xylanase 

β-Glucanase 
Trichoderma reesei Xylanase by a GMO host, 

β-glucanase by a non-
GMO 

EFSA FEEDAP Panel (2016a) 

DuPont Animal 
Nutrition 

Danisco 
Xylanase 

Xylanase T. reesei Thermostable, Y5 mutant of 
the endogenous xylanase II 
(GH11) 

Fenel et al. (2004); Jones (2010); 
Rasmussen (2010); Romero Millán 
et al. (2014) 

Elanco Hemicell HT β-Mannanase Paenibacillus lentus 
(formerly Bacillus lentus) 

GMO EFSA FEEDAP Panel (2018) 

Huvepharma Hostazym X Xylanase Trichoderma citrinoviride Non-GMO SCAN (2002); EFSA FEEDAP Panel 
(2017a); Gifre et al. (2017) 

Novozymes/DSM Bio-Feed Plus 
(Ronozyme W) 

Xylanase 
Cellulase 

Multicomponent 

Humicola insolens Non-GMO Cowan et al. (1996); SCAN (2002); 
Andersson et al. (2003); Choct 
et al. (2004) 
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Novozymes/DSM Bio-Feed Wheat 
(Ronozyme WX) 

Xylanase Aspergillus oryzae Thermostable GH11  
xylanase A 

Gene donor Thermomyces 
lanuginosus (formerly 
Humicola lanuginosa) 

Schlacher et al. (1996); Bergman and 
Broadmeadow (1997); SCAN 
(2002); Andersson et al. (2003); 
Choct et al. (2004); Rasmussen 
(2010); EFSA FEEDAP Panel 
(2012b); Romero Millán et al. 
(2014); Ravn et al. (2016) 

Novozymes/DSM Bio-Feed Combi Xylanase 
β-Glucanase 

A. oryzae Gene donors T. lanuginosus  
(xylanase) and Aspergillus 
aculeatus (β-glucanase) 

EFSA FEEDAP Panel (2005) 

Novozymes/DSM Roxazyme G2 Xylanase 
Cellulase 
-Glucanase 

T. reesei 
(formerly Trichoderma 

longibrachiatum) 

Non-GMO EFSA FEEDAP Panel (2012c); Gifre 
et al. (2017) 

β
Roal/AB Vista Econase XT Xylanase T. reesei Thermostable GH11 xylanase 

Gene from Nonomuraea 
fexuosa (formerly 
Actinomadura fexuosa) 

Leskinen et al. (2005); EFSA (2008a); 
Rasmussen (2010); Maurer et al. 
(2013); Romero Millán et al. 
(2014) 

Roal/AB Vista Econase GT β-Glucanase T. reesei Thermostable 
GMO, gene donor not 

dislosed 

EFSA FEEDAP Panel (2013b); Olimpo 
(2015) 

Roal/AB Vista Econase Wheat 
Plus 

Xylanase 
β-Glucanase 

T. reesei Two monocomponents 
blended, endogenous 
genes from T. reesei 

EFSA (2005) 

EFSA, European Food Safety Authority. 
aType strain CBS 393.64 (Houbraken et al., 2014) anamorph Penicillium emersonii, synonym Geosmithia emersonii (Salar and Aneja, 2007). 
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only limited hydrolysis of the substrate is 
required for the benefits to accrue. The 
main enzyme activity hydrolysing xylan, 
the endo-1,4-β-xylanase catalysing the en-
dohydrolysis of (1→4)-β-D-xylosidic link-
ages, is designated as EC 3.2.1.8 in the IUB 
system (Bairoch, 2000). For β-glucan, two 
EC classes in the commercial NSPase pre-
parations are declared as the main activ-
ities: endo-1,4-β-glucanase or cellulase (EC 
3.2.1.4) and endo-1,3(4)-β-glucanase or lam-
inarinase (EC 3.2.1.6). The former hydroly-
ses 1,4-β linkages in glucans also containing 
1,3-β linkages. The latter catalyses endohy-
drolysis of both 1,3-β and 1,4-β linkages in 
β-D-glucans when the glucose residue whose 
reducing group is involved in the linkage to 
be hydrolysed is itself substituted at C-3 
(Fig. 2.3). 

The products in the market can be div-
ided into three categories, reflecting roughly 
the different levels of development of the 
products: (i) first-generation multi-enzyme 
preparations produced by classical (non-
GMO) strains having both xylanase and cel-
lulase activity (e.g. Adisseo Rovabio Excel); 
(ii) second-generation monocomponent pre-
parations produced by a GMO containing a 
selected main activity, often from a thermo-
stable source (e.g. Econase XT, Natugrain 
TS); and (iii) monocomponent of a protein 
engineered thermostable molecule (e.g. Da-
nisco Xylanase) (Table 2.2). However, whereas 
with the phytases (Table 2.1) the engineered 
molecules are the rule, the NSPases, par-
ticularly xylanases, even when they are 
thermostable, are still unmodified molecules 
derived from nature. Practically all feed 
NSPases today are produced by standard 
fungal hosts, mainly by Trichoderma or 
Aspergillus, and the gene donors are also 
mostly fungal (Table 2.2). 

Rasmussen (2010) compared several 
thermostable xylanase products, i.e. Danisco 
Xylanase (engineered Trichoderma reesei 
xylanase), Ronozyme WX (Thermomyces 
lanuginosus xylanase) and Econase XT 
(Nonomuraea flexuosa xylanase), with 
Porzyme 9302 (Trichoderma native xyla-
nase; Paloheimo et al., 2010) in a pelleting 
stability trial (Table 2.2). Econase XT was 
the most thermostable preparation, starting 

to lose significant activity only at 100°C, 
followed by Ronozyme WX and Danisco 
Xylanase performing well up to 95°C, whereas 
the Porzyme preparation started to lose ac-
tivity already at 90°C. Most of these prod-
ucts are intrinsically more thermostable 
molecules than the phytases on the market 
today. It is interesting to note that Econase 
XT is the only thermostable bacterial 
NSPase in this comparison and possibly in 
the feed enzyme market in general (Leskinen 
et al., 2005). 

As far as can be determined from the 
literature, the majority of the commercial 
monocomponent feed xylanases belong to 
glycoside hydrolase family GH11 (Schlacher 
et  al., 1996; Choct et  al., 2004; Fenel 
et al., 2004; Paloheimo et al., 2010; Deshors 
et al., 2019); however, the sequence identity 
of the cloned Talaromyces emersonii xy-
lanase of BASF Natugrain TS (Table 2.2; 
Tuohy et al., 1994) and the Aspergillus acu-
leatus xylanase C (tested by Choct et  al., 
2004) are not disclosed, and they may be-
long to family GH10 (Rantanen et al., 2007; 
Schröder et  al., 2019). Family GH11 xyla-
nases produce longer xylo-oligosaccharides 
(XOS) than GH10 xylanases which, unlike 
the GH11 xylanases, can attack the bond next 
to a branch and require only two unsubstitut-
ed xylopyranosyl units between the branches 
while GH11 require three (Fig. 2.2). GH10 
xylanases can also hydrolyse short artificial 
substrates like aryl-β-D-cellobiosides, which 
could be a benefit in assays (Biely et  al., 
1997). GH11 xylanases are known to differ 
from each other in their selectivity towards 
WU-AX and WE-AX, making some, like the 
Bacillus subtilis xylanase which preferen-
tially hydrolyses WU-AX and leaves WE-AX 
and S-AX (solubilized arabinoxylans) largely 
untouched, suitable for baking applications 
(Moers et al., 2005). In the study A. aculea-
tus GH10 had the lowest specific activity 
towards WU-AX whereas the GH11 T. reesei 
pI 9.0 (xylanase II) had intermediate selectiv-
ity (Moers et al., 2003). Arabinofuranosidases 
(non-reducing end α-L-arabinofuranosidas-
es; EC 3.2.1.55) (De La Mare et al., 2013) and 
β-xylosidases (exo-1,4-β-D-xylosidases; EC 
3.2.1.37) trim the arabinoxylo-oligosaccharides 
(AXOS) to release arabinose and xylose, 
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respectively. Since these seldom are de-
clared activities in commercial products but 
are usually present as background activities 
of the (mesophilic) production host, and are 
not necessarily surviving the heat treat-
ments, the oligosaccharide profiles obtained 
with purified enzymes or non-heat-treated 
enzyme products may not correlate fully 
with the performance of the products under-
going heat processing prior to being fed to 
the animal. 

Although the feed enzyme business 
started with NSPase products high in β-
glucanase (cellulase) activity such as prod-
ucts from T. reesei in the 1980s (Bedford 
and Partridge, 2010), there has lately been 
less development in choice of these enzyme 
backbones towards intrinsically or engineered 
thermostable variants (Table 2.2). T. reesei 
produces two main endo-1,4-β-glucanases, 
EGI (Cel7B) and EGII (Cel5A), which belong 
to the families GH7 and GH5, respectively 
(Henrissat et  al., 1998; Martinez et  al., 
2008), and are able to cleave β-1,4 linkages 
on cereal β-glucans (Roubroeks et al., 2001; 
Ajithkumar et al., 2006). Of the two, EGI has 
been marketed also as a monocomponent 
product for feed as Econase Wheat Plus 
(Paloheimo et al., 2010). There is little in-
formation in the public domain on the en-
zyme identity of the other commercial 
β-glucanases (Table 2.2), but earlier studies 
have shown that A. niger and A. aculeatus 
preparations have multiple activities against 
lichenin and CMC (carboxymethyl cellu-
lose), suggesting activity also towards cereal 
β-glucans (Vahjen and Simon, 1999), and the 
CAZy database lists several GH5 and GH7 
endoglucanases for these species, as well as 
for T. emersonii (Table 2.2). 

2.3.3 Carbohydrate-binding 
modules (CBMs) 

Many, but not all, fungal cellulases and a 
few hemicellulases are two-modular en-
zymes consisting of a catalytic core and a 
carbohydrate-binding module (CBM) separ-
ated by a linker. Previously the CBMs on 
cellulases were called cellulose-binding do-
mains (CBDs). The binding domains may be 

N- or C-terminal, or in some rare cases at 
both ends or in the middle of the protein, 
and they are also separately classified in the 
CAZy database. The CBMs are believed to 
increase the affinity of the enzyme to cellu-
lose, particularly under low concentrations 
of the substrate (Várnai et  al., 2014). The 
significance of CBMs under the physio-
logical conditions in animals has not been 
identified but many of the most used com-
mercial β-glucanases have a backbone 
which carries a CBM. 

The junction between the linker and the 
catalytic core is often sensitive to protease 
cleavage, which may not show in a standard 
enzyme assay but may affect performance in 
the animal. The routine enzyme assays often 
use soluble cellulose derivatives like CMC 
or HEC (hydroxyethyl cellulose) as the sub-
strate, in which case the binding module 
does not have a role in the hydrolysis 
(Suurnäkki et  al., 2000; Voutilainen et  al., 
2007; Szijártó et al., 2008) and thus the assay 
likely bears little resemblance to the condi-
tions under which the enzyme functions in 
the animal. If needed, the expected molecu-
lar weight of the relevant NSPase can be 
checked using SDS-PAGE analysis to ensure 
that the enzyme is intact. 

2.3.4 Mannanases 

β-Mannan is a plant sugar polymer consist-
ing of a linear chain of β-1,4-mannose, 
which may be partially substituted with gal-
actose, glucose or glucuronic acid units. 
Mannans are present in relatively high 
amounts in relatively infrequently used 
feed ingredients like palm kernel or copra 
and are also found in legumes like soybeans 
(Jackson, 2010). Special mannans are also 
found in yeast and fungal cell walls as 
α-1,6-mannan with α-1,2- and α-1,3-linked 
branches. 

Endo-1,4-β-D-mannanases (EC 3.2.1.78) 
hydrolyse β-1,4-mannans in a random endo 
fashion similar to endoglucanases and en-
doxylanases. Wood hemicellulose includes 
β-mannans, and saprophytic fungi and bac-
teria that degrade lignocellulosic materials 
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often have a β-mannanase as part of their 
cellulase–hemicellulase enzyme profile 
(Stålbrand et  al., 1995; Li et  al., 2014). 
β-Mannanases and their alkaline or thermo-
stable variants have been used in other in-
dustries like detergents and oil, but in feed 
their application has been limited (Chauhan 
et al., 2012; Soni and Kango, 2013). Elanco 
Animal Nutrition (previously Chemgen 
Corporation) markets Hemicell, a feed 
β-mannanase, that is derived from Bacillus 
lentus CMG1240 or ATCC55045 (EFSA, 
2006a; Carr et al., 2014), currently reidenti-
fied as Paenibacillus lentus (Li et al., 2014). 
Commercial fungal mannanases belonging to 
glycoside hydrolase family GH5 from T. reesei 
and A. niger are also available and have 
been occasionally used as feed additives 
(Stålbrand et al., 1995; Ademark et al., 1998; 
Dhawan and Kaur, 2007; van Zyl et al., 2010). 

β-Mannanases have been suggested to 
prevent or reduce a feed-induced immune 
response (FIIR) in poultry fed β-mannan- or 
β-galactomannan-containing diets, thus lower-
ing metabolizable energy loss (Arsenault 
et al., 2017). 

2.4 Other Feed Enzymes 

2.4.1 Proteases 

Proteases are widely used in the detergent, 
food processing and other industries (Arbige 
et al., 2019). In laundry detergents they are 
essential for removing protein-containing 
soils. These proteases are endopeptidases 
having a broad substrate spectrum, wide pH 
profile and are robust to withstand detergent 
formulations and storage. The detergent 
proteases are invariably bacterial serine 
proteases of the family S8, called subtilisins 
and belonging to the IUPAC (International 
Union of Pure and Applied Chemistry) class 
EC 3.4.21.62 (Rawlings and Barrett, 1994; 
Maurer, 2004). 

In feed, proteases are suggested to im-
prove feed protein digestibility and increase 
the availability of amino acids (Glitsø et al., 
2012). The main feed proteases in the mar-
ket (Table 2.3) are all produced in standard 

Bacillus hosts and are apparently cross-
leveraged to feed from other industries. The 
subtilisins or subtilases of the family S8 are 
non-specific peptidases with a preference to 
cut after hydrophobic residues, whereas the 
S1 trypsin or chymotrypsin-like proteases 
cleave amide substrates following Arg or 
Lys at P1 or following one of the hydropho-
bic amino acids at P1, respectively. Prote-
ases of the V8 family (EC 3.4.21.19) have a 
preferential cleavage after Glu or Asp, and 
the M4 metalloproteases have a preference 
for cleavage of Xaa + Yaa, in which Xaa is a 
hydrophobic residue and Yaa is Leu, Phe, 
Ile or Val (Rawlings et al., 2012). 

2.5 Enzyme Production 

2.5.1 General 

Feed enzymes, like other industrial en-
zymes, are mainly produced by microbial 
hosts in submerged cultivations under con-
tained conditions in large bioreactors or fer-
menters. The production strains represent 
highly developed proprietary strain lin-
eages optimized over many years or even 
decades for high yield and safe production 
and are important assets to the manufactur-
ing companies. The production hosts can be 
classically developed strains (non-GMO); in 
other words, they have been developed by 
generations of mutagenesis and selection 
and produce only enzymes native to the 
host. Their enzyme preparations are usually 
multicomponent, although the strain improve-
ment programmes may have significantly 
changed the activity profile as compared 
with the original wild-type isolate (Garske 
et al., 2017; Arbige et al., 2019). 

Typically, modern production strains 
are further improved by gene technology 
(i.e. they are GMOs), combining the technol-
ogy benefits with the expression potential 
of the classically developed strains to drive 
maximal expression of the cloned gene. Use 
of genetic engineering allows exploration of 
the entire enzyme diversity in nature when 
screening for an ideal molecule with the 
optimal performance in the animal and, 
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 Table 2.3. Selected commercial feed protease products. The table is based on the products for which documentation has been recently submitted to EFSA. 

Company Trade name Declared activity Production organism Gene source/protease class Reference 

DuPont Animal 
Nutrition 

Axtra Pro Serine protease 
(EC 3.4.21.62) 

Bacillus subtilis Non-GMO or self-cloned, gene from 
Bacillus spp. 

Subtilisin S8 

DuPont Animal Nutrition 
(2020); Watts et al. (2020) 

Kemin Kemzyme Wa Bacillolysin 
(EC 3.4.24.28) 

Bacillus 
amyloliquefaciens 

Non-GMO or self-cloned M4 
metalloprotease 

Vasantha et al. (1984); EFSA 
(2007a) 

Novozymes/DSM Ronozyme ProAct Serine protease 
(EC 3.4.21.-) 

Bacillus licheniformis 
Similar but not identical to thermolysin 
Gene from Nocardiopsis prasina 
Trypsin-like S1 
Thermostable 

EFSA FEEDAP Panel (2009a); 
Farrell et al. (2012); Glitsø 
et al. (2012); Lee et al. (2020) 

Novus Cibenza EP150 
(Versazyme) 

Serine proteaseb 

(EC 3.4.21.19) 
B. licheniformis Non-GMO  

S1 β-glutamyl peptidase (V8) 
EFSA FEEDAP Panel (2015a) 

EFSA, European Food Safety Authority. 
aThe product is a blend of multiple monocomponents, but only the protease activity is listed here. 
bThe declared activity EC 3.4.21.19 refers to a minor serine protease activity (Svendsen and Breddam, 1992), but the keratinase activity associated with the Cibenza protease (e.g. DP100) 
products would ft more to the main B. licheniformis subtilisin S8 protease/EC 3.4.21.62 (Lin et al., 1995; Wang et al., 2011). 



22 J. Vehmaanperä   

 

 

 
 

 

 

 

 

 
 
 
 
 
 

 
 
 

 
 

  

 
 

  
 

 
 

 
 
 
 
 
 

 

 

 

moreover, permits further in vitro improve-
ments by protein engineering. Gene tech-
nology also allows tailoring the strains by 
deleting the genes encoding harmful side 
activities like proteases, which may affect 
product stability during cultivation and stor-
age. Because gene technology usually maxi-
mizes the expression of the gene encoding 
the target enzyme to such an extent that it 
represents the bulk of the total secreted 
protein, the products are virtually mono-
components. Patents are used to protect the 
novel enzymes by claiming primarily their 
amino acid sequences but also other de-
pendent fields, like the product and use in 
application. 

The microbial genetically modified 
hosts used for production of feed enzymes 
consist of a few standard hosts which are 
also used in manufacturing of other indus-
trial enzymes. Many of the current hosts 
were developed from strains originally used 
as classical strains for commercial produc-
tion of amylases, proteases, pectinases or 
cellulases for various industries. The bacter-
ial host species include proprietary strains 
of the Bacillus genus, like B. subtilis, Bacillus 
licheniformis or Bacillus amyloliquefaciens, 
whereas the eukaryotic cell factories com-
prise yeasts like Schizosaccharomyces pombe 
or P. pastoris or filamentous fungi such as 
A. niger, Aspergillus oryzae, Humicola inso-
lens, Myceliophthora thermophila (Dyadic’s 
C1 platform) and T. reesei (Paloheimo et al., 
2016; Garske et al., 2017). These hosts have 
the potential to naturally secrete a large 
array of enzymes at high concentrations, are 
non-pathogenic and easy to cultivate at 
industrial scale. 

2.5.2 Production process 

Nearly all microbially produced industrial 
enzymes are secreted and commercial en-
zyme preparations are, in their simplest 
form, concentrated cell-free spent culture 
media. Modern feed enzymes are produced 
in large bioreactors with the production 
phase volumes ranging from about 40 to 
400 m3 (or 100,000 gallons). The smaller 
sizes are most suitable for bacterial cultiva-
tions requiring vigorous mixing and effi-
cient cooling, whereas larger volumes are 
used for slower-growing yeasts and fungi. 
These are aseptic and aerobic fermentations, 
where the temperature, pH, foaming, aer-
ation and mixing are carefully monitored 
and controlled (Fig. 2.4). The production 
phase takes from 1 to 2 days with bac-
teria and up to 1 week or more with yeasts 
and fungi. 

After the cultivation the cells are separ-
ated from the spent medium, and the liquid 
part containing the secreted enzymes is 
concentrated by removing water, often by 
ultrafiltration, to produce what is termed a 
‘semifinal’. Typically, no enzyme purifica-
tion is needed but if so, this can be done by 
selective crystallization or precipitation or 
by chromatographic methods. Liquid prod-
ucts made to the specifications by mixing 
semifinals at desired ratios with diluents 
(water/buffers) are then stabilized by adding 
stabilizers such as sorbitol or glycerol, and 
preservatives, like sodium benzoate, and 
then packaged (Fig. 2.4) (Paloheimo et  al., 
2016; Arbige et al., 2019). 

Dry feed enzyme products are manu-
factured to varying qualities. The desired 

FERMENTATION DOWNSTREAM PROCESSING (DSP) FORMULATION 

Upscaling Production Cell separation Concentrating Purification Liquid products Dry products 

• Cell bank maintenance • Batch • Rotary vacuum • Ultrafiltration • pH and salt • Prilling 
• Frame-and-plate, • Seed preparation • Fed-batch drum filter • Freeze drying adjustments • Spray drying 

candle filtration • Upscaling cultivations • Semi-continuous (feed- • Centrifugation • Evaporation • Stabilizers • Granulation • Microfiltration and-draw) • Pressure filter (Spray drying) • Preservatives • Coating • Active carbon• Microfiltration • Carrier • Chromatography 
additions• Precipitation, 

crystallization 

Fig. 2.4. Manufacturing process steps for feed enzyme products. The outline is representative for microbial 
submerged tank fermentations for secreted enzymes. (Author’s own fgure.) 
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characteristics are improved storage sta-
bility, low dusting potential, standard 
particle size and rapid release/dissol-
ution. Furthermore, because enzymes are 
potential respiratory allergens, the expos-
ure of users to the enzyme proteins is 
minimized by coating. Dry products in-
clude spray-dried powders and agglomer-
ated granules manufactured by extrusion, 
high- and low-shear granulation and fluid 
bed techniques (Meesters, 2010), and may 
be coated or non-coated. In spray drying 
enzymes, the liquid or slurry is rapidly 
dried with the help of hot air by disper-
sing it through a nozzle or an atomizer. In 
combined or multistage drying, larger ag-
glomerates can be produced. The dry sem-
ifinal is then mixed with a carrier to make 
the final product. In the extrusion tech-
nique the material is forced through a die 
and then cut into small pieces, which are 
further spheronized to granules. In high 
and low shear and in the fluid bed granu-
lation, powder and liquid are mixed to 
build agglomerates of different size, por-
osity and density (Meesters, 2010). The 
hygienic requirements of feed pellets are 
typically met by a steam treatment which 
can reach temperatures in excess of 90°C 
(Gilbert and Cooney, 2010). To improve 
the recovery of particularly the intrinsic-
ally less thermostable enzymes, specific 
coating formulations have been developed 
with multiple layers of fat or wax or other 
moisture-resistant materials, like polyethyl-
ene glycol, which also improve storage 
stability (Haefner et  al., 2005; Meesters, 
2007; Jones, 2010). However, while pro-
viding thermostability the coating formu-
lation needs to allow for rapid dissolution 
in the stomach of the animal to facilitate 
functionality. 

2.6 Conclusions and Future Trends 

Since the previous edition of this book in 
2010, we have seen the introduction of 
the high-activity enterobacterial phytases 
and their protein engineered derivatives 

into the marketplace, replacing the first-
generation fungal phytases (Table 2.1). 
This reflects the general trend in the in-
dustry where the native molecules are 
routinely further engineered and evolved 
to have optimal characteristics, like high 
thermostability. In the NSPase segment the 
development has been slower but there, 
too, we have seen the first-generation 
molecules gradually being replaced by in-
trinsically more thermostable counter-
parts (Table 2.2). 

While the original benefit of the phytase 
releasing the phytate-phosphorus for the 
animal still holds, more evidence is accu-
mulating that use of higher doses to remove 
the antinutritive effect of the high InsPs and 
to provide myo-inositol, which seems to 
have a special role, may bring significant 
additional benefits. With NSPases and par-
ticularly with the xylanases, the role of 
enzyme-generated oligosaccharides in con-
tributing to the animal’s gut health and con-
sequent welfare is seen as increasingly im-
portant. 

In manufacturing, technologies have 
been developed to provide thermostable 
coating formulations to compensate for the 
lower intrinsic thermostability of some 
molecules. As enzyme evolution techniques 
become more and more advanced, the tar-
gets of coating may shift more towards 
providing dust-free formulations to further 
minimize enzyme exposure of the work-
force (Kuske et al., 2020). 

Plant-based production systems for 
enzymes have received attention during re-
cent years and producing transgenic feed 
enzymes in maize or other cereal seeds ap-
pears an attractive alternative. However, 
differences in post-translational modifica-
tions in plants may influence the molecule 
thermostability, the regulatory policies are 
still being established, prompt supply-on-
demand would be challenging and finally 
the products need to have competitive 
prices as compared with microbially pro-
duced feed enzymes. Currently the indus-
try is still at early stages (Brinch-Pedersen 
et al., 2006; Blavi et al., 2019; Broomhead 
et al., 2019). 
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3.1 Introduction 

The United Nations has projected that the 
world population will reach 9.7 billion in 
2050 and 10.9 billion in 2100 (United Na-
tions, 2019). The challenge of expanding 
overall food production, combined with 
growing demand for animal protein, will 
test the capabilities of the world’s agricul-
ture sector to its limit. Two of the many 
challenges facing food production will be 
the development and implementation of 
technologies that support expanded and ef-
fective use of higher-fibre ingredients by 
monogastric farm species. Feed enzymes 
clearly present one opportunity to achieve 
success in this regard. 

Maize, wheat and rice are the three main 
cereal grains grown around the world. In 
2019/20, global maize consumption totalled 
1134 million metric tonnes (MMT) com-
pared with 734 MMT of wheat and 439 MMT 
of rice. In contrast, total barley consumption 
was only 27 MMT, total sorghum consump-
tion was 4 MMT and total oats consumption 
was slightly more than 2 MMT (USDA, 
2020). The dominance of maize reflects the 
already high and still increasing yield of the 
crop combined with the diversity of its uses 

for animal feed, human food and industrial 
purposes. 

An increasing portion of the world’s 
grain crop, especially maize, is being 
diverted from food and feed uses to fulfil in-
dustrial purposes, chief among them being 
the production of renewable fuels. For ex-
ample, in the USA, ~38% of the maize crop 
is directed towards the production of etha-
nol alone (Mohanty and Swain, 2019). The 
consequences of the changing nature of glo-
bal grain trade are: (i) greater competition 
for the source grains, which elevates prices 
and drives the need to find less expensive, 
alternative feed ingredients; and (ii) the 
utilization of industrial co-products, which 
are inherently of lower feeding value, not-
ably due to higher fibre content. 

Taking maize as an example, the unpro-
cessed kernel contains 620 g starch/kg, 17 g 
cellulose/kg and 63 g total non-cellulosic 
polysaccharides (NCPs)/kg. In contrast, distil-
lers’ dried grains with solubles (DDGS), the 
principal co-product of ethanol production, 
contains only 60 g starch/kg, while cellulose 
and NCPs are increased in concentration to 67 
and 215 g/kg, respectively. Thus, starch con-
tent is reduced by 90% while the amount of 
cellulose and NCPs is increased by 294 and 
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241%, respectively (Li, 2018). This single ex-
ample illustrates the changing nature of pig 
diets as the industry moves to increased util-
ization of industrial co-products such as 
DDGS. Concurrent with this change is the 
need to utilize non-starch polysaccharides 
(NSPs), such as cellulose and xylans, more ef-
fectively. Enzymes represent one of the most 
probable technologies to achieve success in 
this regard. 

The discovery, and first definition, of 
cellulose as C6H10O5 is attributed to the 
French chemist Anselme Payen (Fisher, 1989). 
Cellulose is the most abundant organic poly-
mer on earth and therefore also the most 
abundant polysaccharide, with global an-
nual production of 1.5 × 1012 tonnes (Klemm 
et  al., 2005). About one-third of all plant 
material consists of cellulose, ranging from, 
on average, 90% of cotton, 59% of flax 
straw, 45% of wood, 42% of maize cobs, 
36% of maize stalks, 34% of wheat straw to 
3.5% of the barley kernel, 2.4% of the maize 
kernel and 1.6% of the wheat kernel. While 
its presence in plants is well known, there 
is less appreciation for the fact that algae, 
fungi and bacteria also produce cellulose. 
For example, it has been found that cellu-
lose represents an essential structural com-
ponent of bacterial biofilm formation 
(Thongsomboon et  al., 2018). While cellu-
lose is widely distributed in nature, it poses 
significant challenges for animal nutrition-
ists, especially those who specialize in 
swine, due to the pig’s inability to digest or 
even ferment cellulose without the assist-
ance of exogenous enzymes. 

Xylans are the second most common 
polysaccharide and, like cellulose, are 
widely distributed in the plant kingdom. 
They fall within the category of matrix poly-
saccharides known as hemicellulose due to 
their random, amorphous structure. Xylans 
are composed of a primary chain of D-xylose 
residues, often with side chains of arabin-
ose, mannose or glucose. In nature, xylans 
play an important role by increasing resist-
ance to enzymes of plant cell walls. This 
poses a challenge to the effective use of 
exogenous xylanases in swine diets. 

Presented with the problem of increas-
ing global demand for animal protein and 

the need to expand and enhance the effect-
ive use of higher-fibre ingredients, enzymes 
represent a logical technological option. 
Their ability to assist the pig in digesting 
complex carbohydrates such as cellulose 
and xylans explains the current interest in 
their application in swine diets. However, a 
better understanding of the mode of action 
of enzymes is required in order to maximize 
their use. At the present time, the efficacy of 
xylanase when added to pig diets is highly 
variable and cellulases are only used as part 
of an enzyme ‘cocktail’. This chapter pre-
sents current information on this topic, 
with particular emphasis on the underlying 
chemistry, physiology and immunology all 
considered in the context of improving diet 
digestibility, enhancing pig growth and 
improving pig health and liveability. 

3.2 Substrates 

Carbohydrases hydrolyse the NSP fraction of 
swine diets. NSPs are mainly found in the 
primary or secondary plant cell wall, are re-
sistant to endogenous enzymes naturally se-
creted by the pig and may be fermented by the 
gastrointestinal (GI) microbiota. The concen-
tration, type and source of NSPs within a diet 
are important considerations when adding 
carbohydrase(s) into the formulation matrix. 
The concentration of NSPs within a diet can 
vary considerably and is dependent on the in-
gredient composition of the diet. Cereal grains 
(e.g. maize, wheat, barley, etc.) have relatively 
low amounts of NSPs, oilseeds and legumes 
have low to moderate amounts of NSPs, and 
industrial cereal and oilseed co-products typ-
ically contain moderate to high amounts (Bach 
Knudsen, 1997). The types of NSPs also differ 
among feed ingredients; cereal grains and 
their co-products contain predominantly ara-
binoxylan and cellulose, and some contain 
β-glucans, while legumes and oilseeds are 
composed primarily of pectin, cellulose and 
xyloglucans. The structure of NSP types and 
location within the plant structure are im-
portant aspects to consider when selecting 
what type and concentration of carbohy-
drase(s) to supplement in the diet. 
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3.2.1 Cellulose in plants and plant products 

Cellulose is a water-insoluble homopoly-
saccharide composed of glucose units that 
are linked by β-1,4-glycosidic bonds in a 
linear arrangement found in the cell walls 
of plants. The linearity and non-covalent 
bonds between glucose units allow the cel-
lulose polymer to pack tightly to form an in-
tegral network of cellulose microfibres that 
in turn combine to form structural macrofi-
brils (Bach Knudsen, 2014). Hydroxyl 
groups among the glucose units form hydro-
gen bonds, giving cellulose its rigidity 
(Cummings and Stephen, 2007). More rigid 
cellulose, the result of more hydrogen bond-
ing, is referred to as crystalline cellulose, 
and cellulose with fewer rigid portions is 
referred to as amorphous cellulose. 

Amorphous cellulose is more suscep-
tible to microbial enzymes and exogenous 
cellulases, while crystalline cellulose can-
not be hydrolysed by cellulases under GI 
conditions and is considered unfermentable 
(Ciolacu et al., 2011). The pericarp contains 
about 25% of the total cellulose within a 
plant, another 20 to 30% is in the seedcoat, 
9 to 12% in the aleurone layer and less than 
1% in the endosperm layer (Bach Knudsen, 
1997). The cellulose fraction of maize and 
maize co-product NSP ranges between 21 
and 25 %, while wheat NSP has 8–18% cel-
lulose and barley NSP is about 15% cellu-
lose (Henry, 1988; Jaworski et al., 2015). The 
fermentability of cellulose in swine is very 
poor, but its degradation and fermentability 
may be improved by exogenous cellulases. 

3.2.2 Xylans in plants and plant products 

Xylans are the most abundant NCPs present 
on earth and can be found in all annual 
plants, the secondary cell walls of dicots 
and the cell walls of grasses. The general 
structure of xylan is a D-xylose backbone 
linked by β-1,4-glycosidic bonds in a linear 
or branched form with some fibres having 
side chains composed of arabinose, mannose 
or glucose monosaccharides (Cummings and 
Stephen, 2007). These hemicelluloses can 
be further classified into arabinoxylans, 

homoxylans, glucoxylans and glucuroarabi-
noxylans depending on their structure and 
side chain composition (Dodd and Cann, 
2009). Arabinoxylan is the most complex 
and abundant xylan found in cereal grains, 
and it is the primary focus in this chapter. 

The β-1,4-xylose backbone of arabinox-
ylan is highly substituted with arabinose 
side chains linked by α-1,2- or α-1,3-glyco-
sidic bonds. In addition to arabinose, these 
side chains may also contain xylose, galact-
ose and phenolic acid residues that may be 
esterified to lignin (Cummings and Stephen, 
2007). The number and composition of 
L-arabinofuranosyl side chains and degree 
of lignin esterification can dictate the solu-
bility and fermentability of arabinoxylan 
within the GI tract. Arabinoxylans that have 
an arabinose to xylose ratio in the range of 
1:3 to 1:6 are considered insoluble and those 
with a ratio in the range of 1:1 to 1:2 are con-
sidered soluble in water (Bach Knudsen, 
2014). The fermentability of arabinoxylan is 
not necessarily dependent on solubility. The 
degree of interaction with other plant com-
ponents, along with the lignification of arab-
inoxylan, can be barriers to fermentation and 
hydrolysis by exogenous enzymes. The loca-
tion of arabinoxylan within a grain can be an 
indicator of both structure and solubility. 
Non-lignified arabinoxylans are found in the 
aleurone layer, whereas arabinoxylans in the 
seedcoat and bran are generally more substi-
tuted with phenolic acids and are subject to 
lignification (Bach Knudsen, 1997). 

Arabinoxylan is the most prominent 
hemicellulose in maize and maize co-products, 
and it comprises approximately 48.6% of the 
total NSP content in both maize and maize 
DDGS (Jaworski et al., 2015). The arabinoxy-
lans found in maize and its co-products 
have low solubility due to high substitution 
of phenolic acids and increased amount of L-
arabinofuranosyl side chains. Barley has between 
4.5 and 8.0% arabinoxylan by weight, and the 
arabinoxylans in barley also have low solubil-
ity due to their complex structural inter-
actions with other plant components (Henry, 
1987; Bach Knudsen, 1997). In wheat, arabi-
noxylan can make up approximately 61% of 
the total NSP content, with about 30% of that 
being soluble in water (Bach Knudsen, 1997). 
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3.3 Enzymes 

3.3.1 Enzyme classes 

There are two major NSP enzyme classifica-
tion systems. According to the IUB Enzyme 
Nomenclature (1992), NSP enzymes have 
been traditionally classified as glycosyl 
hydrolases (EC 3.2.1.x) based on reaction 
type and substrate specificity. For example, 
xylanases (EC 3.2.1.8) hydrolyse the 
endo-1,4-β-glycosidic linkages in xylan 
and cellulases (EC 3.2.1.x) catalyse the hy-
drolysis of cellulose or β-1,4-glucan. This 
classification system does not necessarily 
reflect the sequence and structural (three-
dimensional crystal) features of the enzymes 
and does not take into account enzymes that 
can hydrolyse multiple substrates. More re-
cently, another classification system based 
on amino acid sequence or fold similarities 
between enzymes became available 
(Henrissat, 1991). This classification has 
been greatly advanced with the increased 
analysis of gene sequences and definition of 
the three-dimensional structures of glycosyl 
hydrolases. There are currently 166 glyco-
side hydrolase (GH1–166) families listed in 
the database of Carbohydrate-Active en-
ZYmes (CAZy; http://www.cazy.org, ac-
cessed 10 September 2021). Under this 
classification, GH families 5, 7, 8, 10, 11, 16, 
43, 51 and 62 are associated with xylanases; 
GH families 5, 7, 8, 10, 11 and 43 contain a 
single xylanase catalytic domain; and GH 
families 16, 51 and 62 contain two enzyme 
catalytic domains (Collins et al., 2005). Xy-
lanase research has been primarily focused 
on GH10 and GH11. 

3.3.2 Cellulases 

Cellulases refer to a series of enzymes that 
hydrolyse cellulose or β-1,4-glucan to gener-
ate various lengths of oligosaccharides, in-
cluding exoglucanases (cellobiohydralases; 
EC 3.2.1.91) and endoglucanases (EC 3.2.1.4). 
Complete depolymerization of cellulose to 
glucose requires endoglucanases, exoglu-
canases, cellodextrinases and β-glucosidases 

enzymes. Exoglucanases (1,4-β-D-glucan glu-
canohydrolases) act on 1,4-β-D-glucosidic 
linkages in the crystalline parts of cellulose 
and cellotetraose, liberating cellobiose from 
the non-reducing ends of the chains (Sadhu 
and Maiti, 2013). Endoglucanases (endo-1,4-
β-D-glucan glucanohydrolases) cleave ran-
domly at internal amorphous regions of the 
cellulose and cello-oligosaccharides. The en-
zymatic products of endoglucanase can be 
hydrolysed by exoglucanases to release re-
duced cello-oligosaccharides, cellobiose or 
glucose (Zhang and Zhang, 2013). 

Cellobiases or β-glucosidases (EC 3.2.1.21) 
are often included in the cellulase complex 
because they cleave soluble cellodextrins 
and cellobiose to release glucose from the 
non-reducing end (Sadhu and Maiti, 2013). 
β-Glucanases (endo-1,3(4)-β-glucanases; EC 
3.2.1.6) act on 1,3- or 1,4-β-glycosidic bonds of 
β-glucan. β-Glucanases are often mischaracter-
ized as cellulases due to the structural similar-
ity between β-glucan and cellulose (Adeola 
and Cowieson, 2011). β-Glucan is a major 
fibrous component in cereal grains often in-
cluded in swine feed, such as barley and oats. 
Thus, the impact of β-glucanase supplementa-
tion in pig diets is also discussed in following 
sections of this chapter. 

Commercially available cellulases for 
use in the diets of monogastric species are 
mainly produced by bacteria (e.g. Bacillus 
subtilis) and fungi (e.g. Trichoderma spp.), 
and have been widely reviewed (Sadhu and 
Maiti, 2013; Narsing Rao and Li, 2017). 

3.3.3 Xylanases 

The complete depolymerization of arabi-
noxylan requires a surfeit of enzymes: 
β-1,4-endoxylanases, β-xylosidases, α-arab-
inofuranosidases, α-arabinofuranohydrolas-
es, α-glucuronidases, acetyl xylan esterases, 
and ferulic or coumaric acid esterases. Xyla-
nases (endo-1,4-β-xylanases; EC 3.2.1.8) are 
often referred to as pentosanases and hemi-
cellulases. Xylanases have been widely re-
viewed previously (Collins et  al., 2005; 
Bhardwaj et al., 2019) and catalyse the hy-
drolysis of β-1,4-glycosidic bonds in xylan 
(or arabinoxylan in cereal grains) to release 
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xylo-oligosaccharides (Dodd and Cann, 
2009). Xylo-oligosaccharides are then broken 
down to produce xylose and other pentose 
monomers (e.g. arabinose) by β-D-xylosidas-
es (EC 3.2.1.37), along with several accessory 
enzymes that attack side groups of xylan, 
includingα-L-arabinofuranosidases (EC 3.2.1.55), 
α-glucuronidase (EC 3.2.1.139), acetyl xylan 
esterase (EC 3.1.1.72), ferulic acid esterase 
(EC 3.1.1.73) and p-coumaric esterase (EC 
3.1.1.B10) (Collins et  al., 2005; Bhardwaj 
et  al., 2019). The affinity of β-xylosidases 
can be hindered if the oligomers are 
branched (Gamauf et  al., 2007). Xylanases 
exist in many living organisms, such as bac-
teria, fungi, protozoa, algae, crustaceans, in-
sects, snails and plant seeds (Sunna and 
Antranikian, 1997). Ferulic and coumaric 
acids esterified to arabinose within the side 
chains are hydrolysed by feruloyl esterases 
and coumaroyl esterases, respectively. 

Commercial xylanases used in animal 
feed are produced mainly from bacteria (e.g. 
Bacillus spp.) and filamentous fungi (com-
monly Aspergillus and Trichoderma spp.), 
and have been well reviewed previously 
(Paloheimo et  al., 2010; Bhardwaj et  al., 
2019). 

3.4 Impact of Xylanase and Cellulase 
on Nutrient Digestion and Fermentation 

The breakdown of NSPs by carbohydrases, 
in theory, should improve dry matter, fibre 
and energy digestibility and improve 
growth performance in pigs, especially feed 
efficiency; indeed, in many studies, im-
provements in digestibility are observed. In 
fact, a meta-analysis of studies using xyla-
nase in growing-finishing pigs conducted 
by Torres-Pitarch et  al. (2019) found that 
xylanase supplementation improved the ap-
parent total tract digestibility of dry matter, 
crude protein and gross energy, irrespective 
of diet composition. The mean improve-
ment was 1.2, 0.9 and 1.4%, respectively. 
However, pig studies that show an improve-
ment in digestibility in tandem with im-
proved performance are uncommon. While 
many researchers have postulated why this 

response, or lack thereof, occurs, there is 
still a dearth of empirical understanding on 
why performance responses are not better 
aligned with improvements in digestibility. 
The key to improving xylanase efficacy to 
yield improvements in both digestibility 
and performance lies with the elucidation 
of the in vivo mode of action. 

Over the years, the mechanism by 
which xylanase improves nutrient and en-
ergy digestibility has been extensively de-
bated. There are four plausible mechanisms 
of action commonly discussed: (i) xylanase 
increases energy and fibre digestibility in 
the pig by hydrolysing arabinoxylan to re-
lease fragments that can be either absorbed 
or fermented (Adeola and Cowieson, 2011); 
(ii) xylanase degrades the physical structure 
of the endosperm walls, releasing trapped 
nutrients, which results in improved fibre, 
energy and/or nutrient digestibility – the so-
called ‘encapsulation theory’ (De Lange 
et al., 2010); (iii) xylanase mitigates various 
physiochemical properties associated with 
NSPs that can negatively impact the digest-
ibility of nutrients and energy (De Vries 
et al., 2012); and (iv) xylanase reduces en-
dogenous losses associated with the slough-
ing of epithelial cells and the erosion of 
mucin (Adeola and Cowieson, 2011). It is 
plausible that each of these modes of action 
is true but are situationally dependent on 
supplementation conditions. Among the di-
gestibility responses reported, researchers 
have commonly associated their results 
with fibre solubility, substrate type, meta-
bolic efficiencies of release products, pro-
duction stage of the animal, length of 
supplementation, enzyme source and xyla-
nase concentration. It is likely that a com-
bination of these factors impairs or improves 
xylanase efficacy. 

Historically, one expectation of supple-
menting xylanase is the hydrolysis of arabi-
noxylan in the small intestine to promote 
intestinal absorption of monosaccharides, 
rather than microbial fermentation. Energy 
derived from carbohydrate fermentation is 
metabolically less efficient when compared 
with direct absorption and utilization of 
monosaccharides, at least for hexoses. In 
the pig, pentoses (e.g. xylose and arabinose) 
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are metabolically less efficient than hex-
oses, but it is not clear whether their ener-
getic efficiency would be greater if they 
would be absorbed as such or fermented to 
short-chain fatty acids (SCFAs) (Huntley 
and Patience, 2018; Abelilla and Stein, 
2019a). 

There are few in vivo data that have 
quantified the actual extent of monosac-
charide release. In vitro data would suggest 
that it is quite marginal, particularly with 
insoluble fibre (Dale et  al., 2019). Limited 
monosaccharide release, or inefficiency of 
pentose utilization for energy, could par-
tially explain why apparent ileal digestibil-
ity of energy responses are less common 
than apparent total tract digestibility (Torres-
Pitarch et  al., 2019). Likewise, if fibre hy-
drolysis in the small intestine is minimal, it 
may not be detected by commonly used 
methods of determining nutrient digestibil-
ity (Patience and Petry, 2019); however, 
fibre in the ileal effluent could be a more 
fermentable substrate for the hindgut 
microbiota. 

Diet and ingredient composition may 
also impact the effectiveness and consist-
ency of xylanase in the pig. The fermenta-
bility of NSPs differs among dietary 
ingredients and is related to the physio-
chemical properties and structure of the 
fibre (Anguita et  al., 2006). The physio-
chemical properties of arabinoxylan, par-
ticularly solubility, have been suggested to 
impact hydrolysis by xylanase (Stein, 2019). 
Soluble arabinoxylans are less lignified, 
have greater branching and a lower arabin-
ose to xylose ratio (Oakenfull, 2000). These 
properties allow for greater water infiltration 
into the arabinoxylan matrix, subsequently 
increasing surface area and improving fer-
mentation. It appears that digestibility is im-
proved when xylanase is supplemented with 
substrates containing more soluble arabinox-
ylan, such as wheat and barley (Yin et  al., 
2001; Abelilla and Stein, 2019b), but re-
sponses have also been observed when sup-
plemented in diets containing insoluble 
arabinoxylan, such as maize (Petry et  al., 
2019a). 

Soluble arabinoxylans can also in-
crease digestive viscosity by forming gels. 

Viscous fibres impair nutrient digestibility 
by preventing interaction of nutrients with 
the brush border and decrease lipid emulsi-
fication (Dikeman and Fahey, 2006). In 
poultry diets, the cornerstone of xylanase 
supplementation is mitigation of the vis-
cous nature of soluble arabinoxylans, thus 
improving nutrient and energy digestibility. 
However, the digestive anatomy and physi-
ology differ greatly between pigs and 
poultry. In pigs, digesta viscosity seems to 
not interfere with nutrient digestibility to 
the same degree as in poultry (Duarte et al., 
2019). This may explain why xylanase effi-
cacy is more consistent in poultry. 

Considerable value has been placed on 
the ability of xylanase to degrade the phys-
ical structure of fibre cell walls, releasing 
trapped nutrients that were originally in-
accessible to the pig. There is some in vitro 
microscopic evidence of this reported in the 
literature (Tervilä-Wilo et  al., 1996; Jha 
et  al., 2015; Ravn et  al., 2016), but by 
and large, this has been associated with 
improved digestibility of other dietary com-
ponents, such as starch, phosphorus, calcium 
and various amino acids. Indeed, the value 
of xylanase is increased, if this is the case, 
but in vivo evidence is needed to confirm 
this mode of action. 

In pigs, cellulase is most commonly 
supplemented as part of an enzyme blend. 
Research evaluating cellulase alone is 
scarce and partitioning the impact of cellu-
lase on digestibility from enzyme blend re-
search is unachievable. The lack of singular 
cellulase supplementation is likely due 
to the limited number of lignocellulose-
degrading enzymes that are not produced as 
accessory enzymes. Theoretically, cellulase 
supplementation should increase insoluble 
fibre digestibility and improve energy util-
ization. This would be particularly benefi-
cial if hydrolysis occurred in the small 
intestine and released glucose, but in-depth 
studies evaluating cellulase are unavailable. 
Improvements in energy digestibility have 
been reported with cellulase supplementa-
tion, but like many studies with carbohy-
drases, the experimental conditions and 
results vary considerably. Currently, cellulase 
activity is inconsistent and small relative to 
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the amount of cellulose within typical diets, 
and the production of singular lignocellu-
lose enzymes with consistent activity is rare 
or in the research and development stage 
(Wang et al., 2012). 

3.5 Impact of Xylanase and Cellulase 
on Animal Health 

The effect of cellulases, β-glucanases and 
xylanases on animal health may occur 
mainly through modification of fibre struc-
ture and production of various chain lengths 
of oligosaccharides in the small and large 
intestine. These molecules may modulate 
intestinal microbiota as well as regulate in-
testinal function and immune status, either 
via direct interaction with epithelial cells 
and immune cells or via indirect interaction 
with microbes and microbial fermentation 
products (Courtin et  al., 2008; Samuelsen 
et al., 2011; Chen et al., 2012; Kiarie et al., 
2013; Mendis et al., 2016). Very limited re-
search has directly quantified oligosacchar-
ides derived from fibre degradation under 
the influence of cellulase and xylanase in 
the intestinal tract of swine, either in vivo or 
in vitro. Lærke et  al. (2015) reported that 
supplementing xylanase in wheat or rye 
diets increased the amount of arabinoxylo-
oligosaccharides in both the dry matter and 
the liquid phase of the ileal digesta in grow-
ing pigs. Similarly, low-molecular-weight 
arabinoxylan in ileal digesta of grow-finish 
pigs was increased by xylanases (Pedersen 
et al., 2015), demonstrating the efficacy of 
xylanases in swine feed. 

3.5.1 Effects on intestinal function 
and immune status 

The impact of carbohydrase supplementa-
tion on gut barrier function as well as intes-
tinal and systemic immune status in pigs is 
largely unknown. Recently, Li et al. (2018a) 
reported that the addition of a carbohydrase 
blend (xylanase, β-glucanase and cellulase) 
in weaned pig diets reduced urinary lactu-
lose:mannitol and increased ileal claudin-3 

(CLDN3) mRNA abundance, indicating im-
proved small intestinal barrier integrity. 
This is consistent with Tiwari et al. (2018) 
who observed increased protein concentra-
tion of claudin, occludin and ZO-1 in the 
jejunum by xylanase supplementation in 
nursery diets. Li et al. (2018b) also showed 
reduced markers of gut (ileal secretory IgA 
levels and IL-22 mRNA) and systemic 
(plasma TNF-α, IL-1β and IL-8) inflamma-
tion by the carbohydrase blend, coinciding 
with improved growth performance (Li 
et al., 2018a). These provide evidence that 
the mechanism of action whereby carbohy-
drases enhance growth in weaned pigs is 
probably due in part to improving gut bar-
rier function and downregulating inflam-
mation; this, in turn, decreases the amount 
of energy and nutrients used for mainten-
ance of the immune system. The modula-
tion of gut barrier and immune status may 
partly explain why the addition of xylanase 
in grow-finish diets improves survivability 
and the portion of pigs placed in a barn that 
are able to achieve market weight (Boyd 
et al., 2019). The economic implications of 
reduced mortality are substantial and easily 
dwarf modest improvements in growth rate 
or feed efficiency. 

Pigs fed diets supplemented with both 
xylanase and the enzyme blend, but not in-
dividual enzymes, had greater colonic oc-
cludin (OCLN) and CLDN3 mRNA, as well 
as lower levels of plasma IL-1β and TNF-α, 
compared with those receiving the control 
diet without enzymes (Li et al., 2018b). This 
suggests synergistic effects of different en-
zymes or improved efficacy of enzymes 
with increased activities in reducing mark-
ers of inflammation. In contrast, Vila et al. 
(2018) reported that a carbohydrase blend 
(xylanase, β-glucanase, mannanase and ga-
lactosidase) increased IL-1β and decreased 
IL-11 (an anti-inflammatory cytokine) in the 
ileum of growing pigs, regardless of diet 
type, suggesting elevated immune activa-
tion in the intestine. The reason for this dis-
crepancy between studies is unclear, but it 
may be attributed to differences in supple-
mental enzyme activities, thus resulting in 
different levels of fibre hydrolysis products 
in the intestine. 
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Mucins, major components of the intes-
tinal mucus layer, are important for main-
taining gut barrier function and may inhibit 
bacterial translocation across the gut (Usui 
et al., 1999). Limited research has evaluated 
the effect of cellulases and xylanases on in-
testinal mucins in swine. Vila et al. (2018) 
reported that a multi-carbohydrase reduced 
ileal MUC2 mRNA of growing pigs fed diets 
with 40% DDGS compared with those with-
out carbohydrases; this appeared to agree 
with the increase in IL-1β and decrease in 
IL-11 discussed above. In contrast, a xyla-
nase and β-glucanase blend did not change 
the mRNA abundance of MUC4 and MUC20 
in growing pigs fed diets with 30% DDGS 
(Agyekum et al., 2015). 

Carbohydrases may regulate intestinal 
microbial populations in one of two ways: 
(i) reduction of undigested nutrients; and 
(ii) provision of prebiotic short-chain oligo-
saccharides (Bedford and Cowieson, 2012; 
Kiarie et  al., 2013). Modulation of the gut 
microbiota and associated changes in vola-
tile fatty acids (VFAs) (e.g. acetate and bu-
tyrate) may partially contribute to changes 
in gut barrier integrity and the immune re-
sponse of host animals (Peng et al., 2009). 
This is supported by Tiwari et  al. (2018) 
who reported that xylanases increased acet-
ate, propionate and total VFAs in vitro, con-
current with improved intestinal barrier 
integrity in vivo in pigs. Milo et al. (2002) 
also showed that VFA (acetate, propionate 
and butyrate) supplementation increased 
ileal IL-1β and IL-6 concentration in pigs. 
The effect of carbohydrases on intestinal 
microbiota is discussed in detail in a fol-
lowing section. 

3.5.2 Effects on enteric bacterial challenges 

Because carbohydrases can indirectly 
modulate intestinal microbiota via the pro-
duction of fermentable oligosaccharides 
and/or the reduction of other fermentable 
substrates flowing into the hindgut, they 
may exert some benefits by controlling en-
teric bacterial challenges such as entero-
toxigenic Escherichia coli (ETEC) (Bedford 
and Cowieson, 2012; Kiarie et al., 2013). For 

example, NSP hydrolysis products of cer-
tain feed ingredients (e.g. soybean meal, 
wheat middlings) generated by a carbohy-
drase blend with cellulase, xylanase, glu-
canase and other enzyme activities mitigated 
an ETEC infection by improving fluid bal-
ance in an in situ model (Kiarie et al., 2008, 
2010). Follow-up in vivo studies by the 
same researchers showed that weaned pigs 
fed diets containing NSP hydrolysis prod-
ucts had reduced faecal scores and serum 
haptoglobin as well as increased ileal muco-
sal adherent lactobacilli counts 48 h after a 
K88 ETEC challenge (Kiarie et al., 2009a,b). 
These results suggest that enzyme hydroly-
sis products may mitigate or help control an 
ETEC infection in pigs. The in vivo studies, 
however, did not include a non-challenged 
control treatment or report the incidence of 
diarrhoea post-challenge to demonstrate the 
severity of the challenge; this made it diffi-
cult to fully understand the true protective 
effect of those enzyme hydrolysis products 
(Kiarie et al., 2009a,b). In contrast, a recent 
study by Li et al. (2019) showed that an F18 
ETEC challenge increased the incidence of 
diarrhoea, elevated markers of impaired 
gut barrier function and inflammation, and 
reduced growth performance of weaned 
pigs compared with a sham inoculum of 
phosphate-buffered saline. In the same study, 
the supplementation of multiple carbohy-
drases (xylanase, β-glucanase and pectinase) 
in a soluble fibre diet with sugarbeet pulp 
decreased markers of an inflammatory re-
sponse (serum haptoglobin and ileal TNF-α 
mRNA) and increased markers of gut barrier 
integrity (OCLN and ZO-1 mRNA). This ap-
peared to contribute to improved pig growth 
compared with the ETEC-challenged con-
trol (Li et al., 2019). The reduced immune 
activation and enhanced gut barrier integ-
rity seemed to be associated with decreases 
in Escherichia/Shigella and increases in 
Lactobacillus, which may be a result of 
oligosaccharides released by enzyme sup-
plementation (Chen et al., 2012; González-
Ortiz et al., 2014). Increases in acetate and 
total VFAs as well as lower colonic pH ob-
served in the same study may also play a 
partial role in enhancing gut barrier integ-
rity, because acetate can be consumed by 
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butyrogenic bacteria via a cross-feeding 
mechanism to produce butyrate (Peng et al., 
2009; Rios-Covian et al., 2015). In addition 
to ETEC, xylanase supplementation in a 
non-extruded wheat diet  also improved 
growth performance of pigs challenged with 
a virulent strain of Brachyspira hyodysente-
riae (Durmic et al., 1997). 

Therefore, xylanases alone or in com-
bination with cellulase, β-glucanase and/or 
other enzymes are promising in improving 
gut barrier function, resistance to enteric 
bacterial challenges and thus overall health 
of pigs. More studies are warranted to fully 
understand the modes of action through 
which these enzymes modulate animal 
health and to be able to successfully apply 
these enzyme technologies in commercial 
swine production. 

3.6 Impact of Xylanase on Growth 
Performance 

There is a very large number of publications 
addressing the impact of xylanase on growth 
performance. Unfortunately, the same can-
not be said of cellulase; it is generally stud-
ied as a component of a multi-enzyme 
complex, rendering it impossible to separ-
ate the effect of cellulase from other indi-
vidual carbohydrases present in the diet. 

Recently, Torres-Pitarch et  al. (2019) 
undertook a meta-analysis of publications 
evaluating the effect of carbohydrases on 
growth performance and nutrient digestibil-
ity in growing pigs. They identified 302 
total publications dealing with growing 
pigs, of which only 67 met all of their selec-
tion criteria; these papers reported a total of 
139 comparisons. Interestingly, the most 
common studies evaluated enzyme com-
plexes, followed by xylanase, xylanase plus 
β-glucanase and mannanase. There were no 
reports of studies on cellulase alone but cel-
lulase was included in many of the enzyme 
complexes that were investigated. Further-
more, most of the studies involved maize 
followed by wheat and then barley. A total 
of 120 studies investigated the impact of en-
zymes on growth performance; 38 of these 

studies reported a positive impact, 78 
showed no benefit and four saw a negative 
effect on feed efficiency. Their data revealed 
a clear effect of substrate. For example, xy-
lanase improved average daily gain in maize 
and maize co-product diets, while multi-
enzyme complexes improved both average 
daily gain and feed efficiency in diets based 
on maize, wheat, barley and co-products. 

Adeola and Cowieson (2011) also sur-
veyed published studies on the effect of car-
bohydrases on growth performance in 
swine. They reported that xylanase was the 
most common enzyme studied but con-
cluded that carbohydrases had no consist-
ent effect on growth performance. Zeng 
et  al. (2018) completed a meta-analysis of 
101 studies. Perhaps because this was a 
more recent analysis of the published litera-
ture and thus would represent advances in 
enzyme technology as well as our ability to 
utilize them more effectively, their conclu-
sions differed from those of Adeola and 
Cowieson (2011). They reported that carbo-
hydrases or proteases increased rate of gain 
by 3.0% in wheat-based diets, 2.1% in 
maize-based diets and 1.5% in barley-based 
diets. In turn, feed conversion efficiency 
was improved by 2.8, 1.6 and 2.7% in 
wheat-, maize- and barley-based diets, re-
spectively. 

It is puzzling how enzymes can be quite 
effective at improving energy and nutrient 
digestibility but, as Torres-Pitarch et  al. 
(2019) point out, this is not always reflected 
in an increase in feed efficiency or growth 
rate. A number of possibilities exist to ex-
plain what appears to be an inconsistency 
in these data. First, the correlation between 
dietary energy intake and feed efficiency is 
highly variable; in some cases, it has been 
determined to be less than 0.15 (Oresanya 
et al., 2008) and in other cases, highly cor-
related (Beaulieu et al., 2009). This can be 
explained by the large number of factors 
that affect feed efficiency. Second, the im-
provement in digestibility may be of a mag-
nitude too small to be measured in terms of 
feed efficiency. For example, in the Beaulieu 
et al. (2009) study cited above, each 1% in-
crease in dietary energy concentration 
resulted in a 0.7% improvement in the 
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gain:feed ratio. Therefore, if an enzyme im-
proved energy digestibility by 1 to 3%, the 
expected improvement in feed efficiency 
would be well below the level of precision 
of many growth studies. However, this ex-
planation is overly simplistic, because en-
zymes typically impact more than simply 
improving the digestibility of gross energy 
(Adeola and Cowieson, 2011; Bedford, 
2019). Third, it is difficult, but certainly not 
impossible, to conduct a digestibility study 
with a high degree of precision and accur-
acy coincident with measurement of growth 
performance. This helps to explain why 
most studies separate the two, thus introdu-
cing problems associated with experiment-
to-experiment variability. Fourth, as illus-
trated very well by the reviews of Adeola 
and Cowieson (2011) and Torres-Pitarch 
et al. (2019), the response to enzymes is in 
itself variable, especially in the growing pig. 
It can be influenced by the nature of the 
substrates present in the diet, the quantity 
and quality of the enzyme employed, the 
age and sex of the pig, the formulation of 
the experimental diet and the length of time 
the pig is exposed to the enzyme (Adeola 
and Cowieson, 2011; Petry et al., 2019b). 

Looking at various individual research 
reports on the topic of substrate, growth rate 
and feed efficiency on maize or maize DDGS 
diets were improved by xylanase (Lan et al., 
2017) in some instances, but sometimes 
only rate of gain benefited (Tsai et al., 2017). 
Yet others reported no effect at all (Jones 
et  al., 2010, 2015). Similar observations 
have been reported using wheat as the basal 
ingredient. Owusu-Asiedu et al. (2010) re-
ported that xylanase in combination with 
β-glucanase improved feed efficiency but 
provided no benefit in terms of rate of gain. 
Zijlstra et  al. (2004) used diets based on 
wheat and canola meal; in nursery pigs, 
graded levels of a blend of xylanase and 
β-glucanase improved feed intake and feed 
efficiency, but not rate of gain. Omogbenigun 
et al. (2004) used a very different approach. 
They used three different enzyme prepar-
ations, but all contained eight or more en-
zymes. They reported that all of the enzyme 
combinations improved rate and efficiency 
of gain. 

3.6.1 Impact of xylanases and cellulases 
in liquid feeding systems 

Xylanase and other carbohydrases have 
sometimes been added to liquid feeding 
systems in order to enhance the breakdown 
of complex carbohydrates in the diet, thus 
maximizing digestion of dietary contents 
and thereby leading to improved growth 
performance. However, there are limited 
data on this topic. Choct et al. (2004) evalu-
ated liquid feed provided to newly weaned 
piglets fed diets based on wheat; they re-
ported that enzyme supplementation im-
proved average daily gain by 15% (P = 
0.045) but had no effect on feed conversion. 
Interestingly, steeping the liquid mixture 
for 15 h had the same impact as adding en-
zyme with only 1 h steeping. Indeed, there 
was no benefit from enzyme addition when 
15 h steeping was applied. De Lange and 
Zhu (2012) reported that the addition of xy-
lanase and β-glucanase to a liquid diet con-
taining 30% maize DDGS improved average 
daily gain by almost 9% (P = 0.007) and 
feed:gain by 3% (P = 0.022). Moran et  al. 
(2016) investigated the addition of xylanase 
to dry or liquid diets containing 30% wheat 
middlings or DDGS fed to growing pigs. 
They reported no improvement in any 
growth performance parameter. 

3.7 Potential Modes of Action for 
Microbiome Modulation by Xylanase 

The GI tract is home to a diverse microbiota 
that contributes to the nutrition, health and 
performance of pigs. Recently, due to the in-
creased availability of culture-independent 
next-generation sequencing technologies 
(e.g. 16S rDNA sequencing) and the shift 
towards reducing reliance on antibiotics, 
research on the role of the microbiome in 
swine nutrition has intensified. A signifi-
cant portion of this research has been dir-
ected at evaluating the ability of feed 
additives, such as carbohydrases, to modulate 
the microbiota. In fact, the interplay be-
tween the intestinal microbiota and pheno-
typic responses to carbohydrases was 
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considered well before the wide adoption of 
culture-independent sequencing technolo-
gies (Bedford and Cowieson, 2012). 

Diet composition directly impacts the 
substrates available for the gut microbiota. 
It is widely acknowledged that dietary 
fibre is the predominant colonic substrate 
and a potent microbiota modulator that 
can reduce pathogenic microbes, alter and 
increase the diversity of microbial commu-
nities, and improve the proliferation of 
‘beneficial’ microbes (Isaacson and Kim, 
2012; Fouhse et  al., 2016). Carbohydrases 
have the unique ability to modulate GI mi-
crobial ecology through various mechan-
isms of altering dietary fibre. Carbohydrases 
have demonstrated positive effects in 
controlling infectious diseases such as 
post-weaning colibacillosis (Li et al., 2019), 
and there is a potential role for their use in 
non-antibiotic feeding systems as a potent 
gut microbiota stimulator. Due to the in-
fancy of 16S rDNA research, this section 
does not review specific changes in micro-
biota composition, or the impact of cellu-
lase on the microbiome due to a dearth of 
studies. Rather, it focuses on the potential 
modes of action for microbiome modulation 
by xylanase. 

There are three commonly proposed 
mechanisms for GI microbial modulation by 
xylanase: (i) xylanase reduces undigested 
substrates in ileal digesta, thereby altering 
the composition of substrates entering the 
large intestine; (ii) xylanase alters the 
physiochemical properties of arabinoxylan 
and thus modifies substrate availability for 
gut microbiota; and (iii) the in situ produc-
tion by xylanase of arabinoxylo-oligosac-
charides, which have prebiotic-like effects 
(Bedford and Cowieson, 2012; Kiarie et al., 
2013). These modes of action are likely oc-
curring in tandem with each other and 
could potentially increase production of po-
tent signalling SCFAs such as butyrate, re-
duce luminal pH, increase energy to the pig 
through improved fermentation, modulate 
the immune system, reduce pathogen ad-
hesion to host cells and alter the brain– 
microbiome axis (Isaacson and Kim, 2012; 
Bourassa et  al., 2016; Fouhse et  al., 
2016). But there are inconsistences in the 

conditions in which these responses occur. 
Moreover, xylanase efficacy in modulating 
the GI microbiota, regardless of mode of ac-
tion, is almost certainly dependent on diet 
composition. 

As previously discussed, xylanase can 
alter the structural and physicochemical 
properties of arabinoxylan and, in turn, 
alter the substrates available to the micro-
biota. Substrates that were once available 
to the microbiota may now be utilized by 
the pig in the small intestine. In terms of 
dietary energy, this is beneficial to the pig, 
but it also increases the proportion of ener-
getically less favourable substrates pre-
sented to the microbiota, such as proteins, 
and endogenous losses. This can result in 
an increase in production of branched-
chain fatty acids and protein fermentation 
products, and reduce microbial diversity 
(Kim et  al., 2017). However, in some in-
stances, xylanase can improve the ileal di-
gestibility of other dietary components, 
through the cell wall nutrient releasing 
mechanism, and reduce protein and starch 
fermentation. Likewise, through this mech-
anism, xylanase may reduce substrate com-
petition between host and ileal microbiota 
and reduce the potential of pathogenic 
bacteria colonizing the ileum through mi-
crobial starvation (Bedford and Cowieson, 
2012). 

The solubility, viscosity and fermenta-
bility of fibre can impact the GI microbiota. 
Soluble NSPs are fermented more proxim-
ally (e.g. the ileum) and insoluble fibres are 
partially fermented in the distal colon, 
where rate of passage is decreased and bac-
terial densities are higher. Improving fer-
mentability of insoluble fibre can increase 
substrates for the microbiota and there is 
potential to improve GI health through the 
stimulatory effects of SCFAs (Bach Knudsen 
et  al., 2012). This may explain why xyla-
nase improved diversity and composition of 
the microbiota in the large intestine of pigs 
fed maize fibre (Zhang et al., 2017; Zhang 
et  al., 2018). However, studies evaluating 
both microbiota composition and phenotypic 
responses by the host, when given insoluble 
fibre with xylanase, are unfortunately rare 
but clearly needed. 
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Earth’s most abundant renewable re-
sources are materials composed of cellu-
lose, hemicellulose and lignin, and they are 
the main constituents of many industrial 
products. Thus, carbohydrases have appli-
cations well beyond animal nutrition. The 
role of microbial enzymes in improving fer-
mentation has been around since Ancient 
Greece, where exogenous enzymes were 
used in baking, brewing, alcohol produc-
tion and cheese making. In the 20th century, 
technology and research in the field of en-
zymology advanced rapidly and with the 
development of thermostable enzymes, 
industrial applications of carbohydrases 
increased many fold (Dhiman et al., 2008). 
Today, carbohydrases are utilized by numer-
ous food and non-food sectors: pulp and 
paper production, bioethanol production, 
dough production, fruit juice production, 
production of xylitol sweetener, biostoning 
in the textile industry, the detergent indus-
try, pharmaceuticals and others (Sunna and 
Antranikian, 1997; Polizeli et al., 2005; Kuhad 
et al., 2011). 

Cellulase is the third most used en-
zyme, and the most utilized NSP enzyme in 
industrial applications (Bajaj and Mahajan, 
2019). Xylanase has been categorized as the 
most industrially important enzyme to re-
search due to the abundance of undegraded 
xylan found in industrial by-products (Haki 
and Rakshit, 2003). Many industrial appli-
cations require the synergistic action of 
both cellulase and xylanase, and research of 
microbial species that can produce these 
enzymes in tandem at high concentrations, 
with similar optimum conditions, is in de-
mand by the food, fibre and bioenergy in-
dustries (Dhiman et  al., 2008; Bajaj and 
Mahajan, 2019). Conversely, the paper in-
dustry has been at the forefront of develop-
ing cellulase-free xylanase sources as a means 
to improve the safety of bleaching pulp for 
paper production; in 2008, about 30% of the 
patents related to xylanase awarded in the 
USA were associated with biobleaching 
(Loera Corral and Villaseñor-Ortega, 2006). 
While applications of xylanase and cellu-
lase in industrial processes, and the condi-
tions they are utilized in, are not directly 
applicable to carbohydrase use in swine 

nutrition, their research and technological 
advancements could help advance their use 
in the feed industry. 

3.8 Future Trends 

Carbohydrases emerged in the feed additive 
market with the intent to improve the util-
ization of fibre. Today, their role in animal 
nutrition goes well beyond these original 
targets, but their efficacy, at least in pigs, is 
variable and still poorly understood. As 
such, the future advancement of carbohy-
drases in the swine industry will require ex-
tensive understanding of their in vivo mode 
of action. If the mode of action is correctly 
elucidated, nutritionists will be able to 
make more informed decisions about the 
proper utilization of the right enzyme, from 
the right source, with the right substrate, in 
the right situation, and will likely be more 
successful in achieving an improvement in 
phenotypic outcomes. 

Elucidating the mode of action of car-
bohydrases will require creative research 
that reaches beyond the scope of typical di-
gestibility and performance trials. Future 
studies should consider experimental de-
sign conditions that show the greatest prom-
ise in efficacy and reproducibility. For 
example, length of supplementation has 
emerged as a design variable that appears to 
have considerable impact on enzyme effi-
cacy. Although the minimum amount of 
time required is unclear, previous studies 
might have missed their window of oppor-
tunity due to short adaptation periods. 
Furthermore, there is a need for more en-
compassing studies that approach mode of 
action research in a collaborative, multidis-
ciplinary manner, evaluating several modes 
of action under one set of conditions. Multi-
faceted research will exponentially improve 
our understanding of enzymes. Likewise, 
future studies should provide more compre-
hensive information on research condi-
tions, such as inclusion of negative controls, 
analysed composition of all diets, analysed 
enzyme activities, the health and genetic 
background of the pigs, description of 
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animal housing and the use of appropriate 
fibre assays for the fibre types included in 
the diet (Patience and Petry, 2019). 

From recent carbohydrase and pentose 
metabolism research, one must ask if im-
proved nutrient and energy utilization are 
the right formulation targets, or is there 
greater benefit in their ability to improve 
health and increase survivability of pigs? 
Carbohydrases’ true return on investment 
may need to include reduction in mortality, 
ability to beneficially modulate the microbi-
ome and immune system, improve GI 
barrier integrity, and improve antioxidant 
capacity and other health measures; these 
benefits would accrue in addition to im-
proved fibre utilization and growth per-
formance. In fact, some have proposed that 
carbohydrases could have a role to play in 
antibiotic-free or antibiotic-reduced pro-
grammes (Melo-Duràn et  al., 2019); focus-
ing research in this arena could be 
advantageous to both the enzyme and pork 
industries. 

Carbohydrases have emerged as a posi-
tive microbiota modulator through various 
previously mentioned mechanisms. Recently, 
advances in the ‘prebiotic and stimbiotic’ 
mechanism are promising and may explain 
multiple phenotypic health responses ob-
served in both pigs and poultry (Bedford, 
2019). Continual research on this mechan-
ism of action is warranted, particularly 
characterizing in situ oligosaccharide pro-
duction in the pig as relevant analyses be-
come more common and less expensive 
(Alyassin and Campbell, 2019). As we con-
tinue to investigate the GI microbiota, fibre, 
in situ oligosaccharides and enzymes, it is 
important that studies delve into the meta-
bolic functions of bacteria, rather than just 
their taxonomic position or abundance. Fur-
thermore, there is a dearth of understanding 
of how enzymes modulate the microbiota 
beyond bacterial origin (e.g. archaea, fungi, 
protozoa). While these organisms play a 
much smaller role in microbiota–host 
homeostasis, they can still have significant 
implications in microbiome metabolism. 

There is still much debate on the cor-
rect formulation strategies to adopt when 
enzymes are being used. At least some of 

the variability in enzyme outcomes can be 
attributed to incorrect formulation of ex-
perimental diets (Adeola and Cowieson, 
2011). Concurrently, carbohydrase research 
should focus on both single carbohydrase 
addition and enzyme blends. Enzyme 
blends have shown greater efficacy in im-
proving pig performance, but research on 
single enzyme supplementation is more 
abundant, largely because of the current en-
zyme market. The answer to this debate lies 
within the objective of carbohydrase utiliza-
tion. If the greater objective is to improve 
fibre degradation and subsequent utiliza-
tion, then blends may be more appropriate; 
but if the objective is to reap the benefits of 
in situ oligosaccharide production, then 
single carbohydrase utilization may be 
more suitable. Enzyme blends, particularly 
blends that target the degradation of one 
fibre type, may impair in situ oligosacchar-
ide production (Bedford, 2019). Further 
basic research, in both enzyme blends and 
single carbohydrases, will help to pinpoint 
the right formulation strategy for these 
products. 

3.9 Conclusions 

Global food production is facing major chal-
lenges in the coming decades due to sub-
stantial growth in the human population. At 
the same time, traditional feed sources util-
ized by monogastric species are being in-
creasingly used for industrial purposes, the 
most significant of which at the present 
time is biofuel production. Consequently, 
pig and poultry producers are increasing 
their use of alternative feedstuffs, including 
co-products of grain processing. The higher 
fibre content of such ingredients represents 
a great opportunity for increased use of en-
zymes in commercial diets. In this regard, 
the future of the enzyme sector looks very 
bright. 

However, it is clear from the above dis-
cussion in this chapter that the traditional 
view of enzyme use – to enhance fibre util-
ization and improve diet digestibility – may 
be too narrow. The prospect of improving 
animal health through the use of enzymes is 
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becoming a realistic secondary goal. This 
focus is not only encouraging in its own 
right, but it fits well with the global trend of 
reducing the use of subtherapeutic levels of 
antibiotics in pork production. The tremen-
dous impact of enzymes in the area of en-
vironmental protection is already very well 
established through the use of phytase. 

Moving forward, the need to best define 
the circumstances in which enzymes will 

be most useful remains foremost in the 
minds of many nutritionists. This will in-
clude everything from the pathogen load on 
the pigs to many, many aspects of the com-
position of the diet. Therefore, there re-
mains a need for further research not only to 
define the optimum conditions for success-
ful use of enzymes, but also for the mode of 
action of individual enzymes and enzyme 
blends. 
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 4 Xylanases, β-Glucanases and Cellulases: 
Their Relevance in Poultry Nutrition 

Michael R. Bedford* 
AB Vista, Marlborough, UK 

*Email: mike.bedford@abvista.com 

4.1 Introduction: A Brief History of 
Enzyme Use in Monogastric Feeds 

Until recently, fibre, in the form of non-starch 
polysaccharides (NSPs) and oligosacchar-
ides, has been viewed by monogastric nutri-
tionists as a diluent at best and by many as 
an antinutrient, the content of which should 
be limited. High-fibre ingredients are subject 
to maximum inclusion rates as a consequence. 
However, the work that started investigating 
the effect of fibre-degrading enzymes on the 
performance of poultry initially, and erro-
neously, targeted starch. In the 1950s, a con-
siderable amount of work was devoted to 
determining why barley had such a low en-
ergy content when its proximate analysis 
suggested that maize, barley and dehulled 
barley should be of similar feeding value 
(Fry et al., 1958). The nitrogen-free extract 
of both barley and maize were determined 
to be relatively similar and as a result the 
differences noted in their nutritional value 
were assumed to be due to differences in di-
gestibility of the carbohydrate portion. Fine 
grinding compared with coarse made no 
difference, suggesting differential access to 
endosperm contents was not an explanation 
for this observation, and neither did adding 

oat hulls to the maize diet to equilibrate the 
crude fibre content with the barley diet (Fry 
et al., 1958). However, addition of tallow to 
the barley diet did equilibrate performance 
with the maize diet, suggesting energy avail-
ability, and specifically that from the carbo-
hydrate fraction, was indeed the problem 
(Fry et al., 1958). It should be noted at this 
point that all diets contained an antibiotic, 
the relevance of which will be made clear in 
the next section. Work continued and water-
soaking pearled barley prior to feeding was 
shown to markedly improve bird perform-
ance compared with unsoaked material to the 
point that it was equivalent to maize (Fry et al., 
1957). The supposition was that soaking 
either activated amylolytic enzymes in barley 
which then pre-digested those carbohydrates 
that were not well digested by the chick, or it 
removed an inhibitor. The focus on amylase 
spurred on investigations employing amylase-
rich enzyme sources in barley-based rations 
and resulted in a marked improvement in 
performance, suggesting that soaking was in-
deed activating endogenous starch-degrading 
enzymes (Jensen, 1957). Later, investigations 
demonstrated that the focus on amylases 
was ill-founded since the use of pure, exogenous 
amylases gave no benefits whereas crude 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
DOI: 10.1079/9781789241563.0004 52 



Xylanases, β-Glucanases and Cellulases: Their Relevance in Poultry Nutrition 53   

 
 

 

 

 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 

  

 

 

  
 

 
 

preparations did (Willingham et al., 1959). 
Contaminant activities in the crude amylas-
es were implicated but it was not until 1966 
that a comprehensive investigation conclu-
sively proved the target was a soluble, 
viscous, high-molecular-weight β-glucan and 
the enzyme of interest was an endo-β-1,3(4)-
glucanase (Burnett, 1966). This historical 
account is of great relevance even today be-
cause errors are consistently and currently 
made in assigning a measured response to a 
suggested activity with little proof that the 
response could not equally well be attrib-
uted to ‘ancillary’ and undetermined activities 
in any enzyme product. As a consequence, 
the pace of development in non-starch 
polysaccharidases (NSPases) in the 50 years 
following the seminal work of Burnett 
(1966) has been hampered by poor experi-
mental design and data interpretation as a 
result of the incomplete description of most 
of the NSPase products used in the experi-
ments reported since 1966. 

Cellulases, or more precisely β-1,3(4)-
glucanases, derived from the brewing in-
dustry were first employed commercially in 
poultry and pig rations in Finland in 1984 
to improve the digestibility of barley-based 
rations (A. Haarisilta, Suomen Rehu, 2000, 
personal communication). In addition to 
significantly improved animal performance 
as was noted in the work in the 1950s, the 
most obvious commercial benefit was a sig-
nificant reduction in wet litter (Moran and 
McGinnis, 1966) and subsequent carcass 
downgrades and disease. Wet and sticky lit-
ter was a hallmark of high inclusion rates in 
poultry diets of barley, rye and many var-
ieties of wheat (Bedford and Schulze, 1998) 
as a result of their high extract viscosity, 
which will be discussed later. The expansion 
of the commercial feed enzyme business 
based on β-glucanases targeting barley-based 
rations was slow due to the relatively small 
scale of the market. The most obvious com-
mercial target was wheat due to its much 
greater scale of use and because at the time, 
in the late 1980s and 1990s, the majority of 
North European, Canadian and Australian 
feed wheats were relatively viscous. Thus, 
with the advent of commercial xylanases in 
the late 1980s the industry began to expand 

not just through Northern Europe but through-
out the world where wheat could be used in 
poultry diets in relatively large quantities. 
Again, the evident reduction in sticky drop-
pings and wet litter accelerated the acceptance 
of these enzymes in wheat-based diets as it pro-
vided an immediate and visual proof of value. 

The expansion of NSPases into maize-
based diets was a much slower process as 
there were no visual cues of enzyme effi-
cacy (i.e. with maize the viscosity was much 
lower, and the litter was already dry in com-
parison) and the relative improvements in 
performance were limited and thus deemed 
less economical. However, with the abolition 
of antibiotic growth promoters the relative 
benefit of such enzymes increased (Rosen, 
2001) and with the move to more complex (e.g. 
distillers’ dried grains with solubles, wheat 
middlings, bran, etc.) all-vegetable diets in the 
traditional maize–soy markets such as the USA, 
the acceptance of such NSPases also increased. 
As a result, the uptake of NSPase in maize-based 
diets increased to the point where, in 2020, 
most poultry rations contain at least one NSPase. 

4.2 Non-Starch Polysaccharide-Degrading 
Enzymes (NSPases): Factors Affecting the 

Interpretation of the Literature 

4.2.1 Nomenclature and identity 

For the purposes of this chapter the focus is 
on endo-β-1,4-xylanases, β-1,3(4)-glucanases 
and cellulases, as the remaining main clas-
ses (such as mannanases, pectinases, etc.) are 
dealt with in other chapters. Regardless of the 
subject, scientific research only has value if 
it can be repeated, and this relies on precise 
description of the materials and methods 
employed. Unfortunately, much of the lit-
erature on NSPases fails in this regard even 
on the most basic of issues, namely the 
identification and assay of the enzyme used. 
Nomenclature was first identified as a sig-
nificant problem in 2002, when it was noted 
in a comprehensive survey of the literature 
addressing the topic of ‘feed enzymes’ that 
there were 252 generic descriptors of the 
enzymes used (Rosen, 2002). Within these 
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descriptors were 135 methods of naming single 
enzyme sources, the remaining 117 being en-
zymes with between two and 11 components, 
with most of these activities simply stated 
but not measured. Very few of these descrip-
tions bore any relationship with the accepted 
recommendations on enzyme nomenclature 
at the time. As a result, this makes interpret-
ation of the literature difficult. An example of 
the problem is given by the many ways of de-
scribing the same activity. Xylanase (Barrier-
Guillot et  al., 1995), pentosanase (Bedford 
et al., 1991), glycanase (Ravindran et al., 1999), 
arabinoxylanase (Grootwassink et al., 1989) 
and hemicellulase (Tahir et al., 2005) have 
all been used to describe the same enzyme 
class, which can lead to confusion. The 
ideal would be a description which leaves 
no doubt as to the identity of the enzyme 
since there are enzymological differences 
between xylanases from different sources 
that could have a bearing on their utility in 
vivo. For example, identifying an enzyme as 
being the pI 9 xylanase from Trichoderma 
reesei is precise and far more valuable for 
interpretation and comparison of trials in-
volving this enzyme than simply stating it is 
a pentosanase. With the more modern prod-
ucts having undergone genetic modification 
to improve their suitability for their role 
(e.g. increased thermostability), it is import-
ant to be precise and ideally identify the en-
zyme on the basis of its new amino acid 
sequence or declaring where the changes 
have been made in the wild-type sequence. 
Virtually all of the literature fails to provide 
product identity to this degree of precision, 
and often the description of the product 
refers to the production organism as much 
as it does to the source of the enzyme, which 
is almost irrelevant in describing the en-
zyme from a functionality viewpoint. As be-
comes evident from the above, description 
of a product as a xylanase or glucanase is 
not the same as describing a product as a 
vitamin or amino acid. For the latter, the de-
scriptor allows precise identification and 
comparison with all other work on the same 
nutrient. For enzymes, the descriptions 
given merely identify the product as having 
some activity on an often undefined sub-
strate under conditions irrelevant to the 

application in practice. Thus, any conclu-
sions from a review of the NSPase literature 
have to take account of the uncertainty sur-
rounding the identity of the products used. 

4.2.2 Assay 

Even if description of the enzyme was com-
plete in all papers, the data are only of value 
when the amount used is described. This is 
obvious when considering nutrients such as 
amino acids or mineral levels which are 
easily determined, and the amount deter-
mined can be directly linked to the function 
in the animal. The issue with NSPases is 
that there is no standardized method of 
analysis even though such an assay was pro-
posed back in the 1990s (Bailey et al., 1992). 
Methods used vary in temperature, pH, sub-
strate used and the metric of the assay (e.g. 
colour release from a dyed substrate, viscos-
ity reduction and reducing sugar release). 
As a result, it is difficult to gauge the amount 
of enzyme used when comparing two studies 
where different assays are employed. Even 
today there are studies describing an assay 
which cannot be repeated without propri-
etary standards or substrates being made 
available, making the units presented mean-
ingless (Cozannet et  al., 2017; Chen et  al., 
2020). A further problem is that the conditions 
of all in vitro assays do not mimic the condi-
tions under which they function. This prob-
lem is not unique to NSPases and is in fact a 
universal problem for all feed enzymes. As a re-
sult, the units derived from the assay may 
have little relationship with the effects in the 
animal due to differences in pH and ionic 
strength between these two environments 
(Bedford and Schulze, 1998), for example, 
coupled with the lack of information derived 
from the assay with regard to the proteolytic 
resilience of the xylanase against endogenous 
and exogenous proteases (Saleh et al., 2004). 

4.2.3 Purity 

Modern enzyme production platforms have 
advanced considerably in the past 20 years 
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and as a result the products available are more 
specific towards the task at hand, more dur-
able and produced at lower costs. Enzymes 
that are most fit for purpose are cloned from 
donor organisms, often improved through 
evolution techniques and then expressed 
in a host organism that makes production 
of the enzyme economic (for details see 
Vehmaanperä, Chapter 2, this volume, 2022). If 
produced in a host that has been modified 
such that it produces only the target activity 
in quantity, then it is often marketed as a 
‘monocomponent’ enzyme. Nevertheless, even 
monocomponent enzymes sometimes have 
contaminating activities that are derived from 
the production host, with this degree of con-
tamination varying from host to host. At the 
other end of the scale, some products are 
produced in hosts that produce a consider-
able array of their own NSPase enzymes 
(which may or may not be augmented by a 
heterologous gene product). They are delib-
erately marketed in a way to claim the benefits 
of the side activities of interest and are called 
‘multi-enzymes’ (Sharifi et al., 2014; Cozannet 
et al., 2018). The challenge with such prod-
ucts is that the activities present can vary 
from production batch to batch such that 
the ratios between xylanase and glucanase, for 
example, can change. The more activities 
produced, the greater the range in product ac-
tivity variance. Consistency in response to 
such products is therefore questionable. 
Some products are the result of a deliberate 
blend of two or more monocomponent en-
zymes to achieve a desired minimum content 
of the targeted activities in the finished prod-
uct. Such multicomponent enzymes should 
be more consistent than their multi-enzyme 
counterparts from batch to batch. Regardless, 
such a situation means that even when a 
product is correctly identified and assayed: 

1. There are likely activities other than those 
declared/assayed which may play a role in 
the response. 
2. The animal response to many of these 
products should be expected to vary as a result 
of a shift in key activities between batches 
of product. 

Thus, in summary of this section, it should be 
recognized that much of the literature is 

compromised and interpretation made diffi-
cult due to poor description of the exact iden-
tity of the enzyme used, poor assay description 
and hence quantification, and lack of informa-
tion on ‘contaminating’ activities which may 
have been responsible for some if not all of the 
response (positive or negative). As a result, the 
assignment of a response to a given amount of 
a given enzyme from almost any paper is open 
to challenge. An analogy would be feeding 
fishmeal of unknown origin or composition in 
an amino-acid-deficient diet and assigning all 
the benefits to the lysine content of the ingre-
dient. Without full analysis of the diet and the 
ingredient coupled with knowledge of the re-
quirements of the animal, such a conclusion 
simply cannot be drawn. 

4.3 Mode of Action of NSPases 

For many years there have been three modes 
of action put forward to describe how/why 
these enzymes work in vivo. These relate to 
the fact that the animal does not produce 
NSPases but the substrates that the enzymes 
attack can increase intestinal viscosity, shield 
endosperm contents from digestion and pro-
vide nutrients for stimulation of beneficial 
bacteria (Bedford and Morgan, 1996; Bedford, 
2000a). Two of the mechanisms involve de-
grading an ‘antinutrient’ and the third in-
volves provision of a nutrient or prebiotic. 
There has been little advancement in the 
understanding of the relevance or dominance 
of each of these mechanisms since the 1990s, 
which in many respects reflects the hetero-
geneity of the products employed and con-
tributes in part to the variance in the responses 
noted in the literature (Rosen, 2002). Given 
the caveats noted above, it is worth revisiting 
these mechanisms with a more challenging 
approach to determine if there is significant 
proof that any are dominant or even relevant. 

4.3.1 Nutrient encapsulation 

Even in finely milled and pelleted feed, a 
large proportion of the cereal endosperm 
contents is fully encapsulated in an intact 
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cell wall comprised of NSPs. Typical com-
mercial feed may have a mean particle size 
of 600–900 μm, which is seen as the opti-
mum for maize- and sorghum-based diets 
(Amerah et al., 2007), and given the average 
endosperm cell is only 50–70 μm in diam-
eter, it follows that a large proportion of the 
cereal endosperm is hidden in the core of 
each particle, totally intact. Various micro-
scopic explorations have repeatedly shown 
this to be the case. These cell walls are not 
digested by the birds’ endogenous enzymes, 
and the gizzard is not capable of breaking 
open 100% of intact cells as is evidenced by 
the presence of intact cells within the small 
intestine (Bedford and Autio, 1996; Parkkonen 
et al., 1997). It was therefore suggested that 
more complete penetration of endosperm 
cells could be effected by supplementation 
of the diet with NSPases, which should fa-
cilitate the destruction of the cell wall ma-
trix thus enabling more efficient ingress of 
digestive enzymes and hence improving di-
gestibility of the diet. Microscopic evalu-
ation of intestinal contents confirmed that 
the use of NSPases reduced the number of 
intact cell walls noted in the jejunum and 
ileum (Bedford and Autio, 1996). Subse-
quent in vitro work has shown reduction in 
cell wall integrity when sections of wheat 
were incubated with a xylanase, for example 
(Le et al., 2013; Ravn et al., 2017), and the 
release of starch and protein from ground 
cereal samples undergoing simulated gastro-
intestinal digestion processes is increased 
in the presence of the exogenous NSPase. 
Thus, the removal of nutrient encapsulation 
effects of the cell walls seems to be a very 
plausible and defensible hypothesis. 

If this mechanism is indeed dominant, 
then it has profound implications for the se-
lection of suitable enzymes. The cell walls 
of cereals are complex and involve many 
polymeric structures that are linked to-
gether by sugar, ester and phenolic bridges to 
form the composite cell wall (Bach Knudsen, 
2014, 2016, 2018). Perforation of such a 
complex entity clearly would employ many 
activities, each targeting the main constitu-
ents responsible for structural integrity. 
Multiple enzymes would be required to en-
sure significant dissolution of the xylan 

structures, and similarly multiple enzymes 
would be needed to degrade the β-glucan, 
cellulose and other components of the cell 
wall. A somewhat laminated structure, whereby 
the xylan ‘coats’ the β-glucan component in 
barley endosperm cell walls, indicates that 
complete dissolution needs both enzyme 
classes to be present in sufficient quantity 
so as to effect this destruction in a timely 
manner (Langenaeken et al., 2020). Delivery 
of such a complex mixture of enzymes is 
not without challenges given that each of 
the activities has its own idiosyncrasy with 
regard to optimum pH, temperature, stabil-
ity to feed manufacture and endogenous 
proteases and pH shifts, and ability to func-
tion in the varying ionic strengths of the 
gastrointestinal tract. However, if cell wall 
destruction is the key mechanism by which 
NSPases function, then complex mixtures 
providing activities that approximate the 
cell wall composition of the total diet 
should outperform all other products. Given 
this was the case, then all new product de-
velopment should and would have focused 
on the evolution and production of all the 
key activities needed so the enzymes sur-
vive all the challenges of feed manufacture 
and passage through the intestinal tract. 
However, this has not happened, and deeper 
scrutiny of the data and interpretation of the 
results from papers supporting the nutrient 
encapsulation hypothesis suggest there may 
be significant flaws in this proposal. The 
problems relate to both the in vivo and 
in vitro data and are listed below. 

4.3.1.1 In vivo data 

Microscopic analysis of the small intestinal 
contents where it is clear that NSPase sup-
plementation of the diet has increased the 
extent of cell wall disruption is by far the 
most convincing data in support of this the-
ory. However, two points are worth noting: 

1. Some of the most convincing work re-
ported the effects of a very pure xylanase on 
wheat cell wall destruction in vivo in broil-
ers as early as the crop and gizzard in par-
ticular (Bedford and Autio, 1996). However, 
the time and pH constraints of the digestive 
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tract are such that the added enzyme had no 
chance to disrupt the cell walls to the extent 
noted in vivo given the dosage fed to the 
birds. As will be noted below, the scale of 
in vivo cell wall destruction reported cannot 
be replicated even in an optimized in vitro 
environment with the enzyme levels and 
activities used in the feld. 
2. The enzyme used was a fairly pure pI 
9 xylanase from T. reesei with no appreciable 
side activities (Bedford and Autio, 1996), 
which challenges the concept that cell wall 
destruction requires a combination of enzyme 
activities. 

4.3.1.2 In vitro data 

1. Most of the in vitro protocols use incuba-
tion processes that do not replicate the 
gastrointestinal tract from a viewpoint of 
residence time, pH or protease presence (Li 
et al., 2004). In vitro simulations where pep-
sin and pancreatin were employed noted al-
most all endosperm protein had disappeared 
by the time the material had fnished the pep-
sin step, and all starch was gone at the end of 
the small intestinal step (Parkkonen et al., 1997). 
Further doubt was cast on the suggested ‘bar-
rier effect’ of the endosperm cellwalltodigestive 
enzymes since it was noted there was no add-
itional release of their contents in vitro (Tervila-
Wilo et al., 1996) when cell-wall-degrading 
enzymes were added. These results suggest 
that the cereal grain cell walls do not prevent 
access to their contents by endogenous digestive 
enzymes that is proposed in this mechanism, at 
least as far as the endosperm is concerned. 
2. In vitro incubations of the target cereal 
with NSPases rarely if ever show the same 
degree of cell wall puncture that is noted in 
vivo (Tervila-Wilo et  al., 1996; Le et  al., 
2013; Ravn et  al., 2017) when a commer-
cially relevant dose of enzyme is used. Cell 
wall degradation is shown to take place, but 
the effects noted are very limited (Morgan 
et al., 1995), and in some cases even when 
tenfold the commercial dose was employed, 
only marginal degradation of the cell walls was 
noted after 3 h of incubation (Ravn et  al., 
2017). A telling observation was that after 
simulated crop, gizzard and 60 min simulated 

small intestinal digestion, the addition of the 
equivalent to four times the commercial dose 
of xylanase resulted in no effect on wheat 
microstructure (Parkkonen et al., 1997). This 
was the same enzyme used in vivo where sig-
nifcant cell wall destruction was noted as 
early as the gizzard (Bedford and Autio, 1996). 
One recent paper used 200 to 20,000 times the 
commercial dose of an enzyme and noted 
some marginal additional beneft in dissol-
ution of cell wall material when extra xyla-
nase and arabinofuranosidase activity was 
present, but these effects were markedly re-
duced when the assay was undertaken dur-
ing simulated gastric and intestinal digestion 
(Vangsøe et al., 2020). 
3. Related to point 1 above, for this mech-
anism to be relevant, cell wall dissolution 
needs to take place very early on in the di-
gestive tract so that assimilation of the con-
tents can be realized by the bird. Hence any 
simulation that cannot show signifcant ef-
fects by the stage of the gizzard or very early 
on in the small intestinal simulation is not 
particularly supportive of this mechanism. 

4.3.1.3 Resolution of in vitro with 
in vivo data 

The degree of hydrolysis of cell walls can 
also be approximated by measurement of 
the digestibility of constituent NSPs. Pre-
sumably the greater the ‘digestibility’ of the 
water-unextracted arabinoxylan (WU-AX), 
then the greater the degree of hydrolysis of 
the cell walls. Even in the absence of an 
exogenous NSPase, the digestibility of WU-
AX increases with age as a result of what is 
presumed to be an increasingly competent 
microbiome (Bautil et al., 2019). At 35 days 
of age as much as 25% of the WU-AX had 
been ‘digested’ (Bautil et al., 2019). The ap-
plication of xylanases has been shown to 
increase digestibility of the WU-AX in wheat-
based diets in a dose-dependent manner 
(Bautil, 2020). However, the effect of the enzyme 
decreased substantially with age to the ex-
tent that at 36 days of age the digestibility of 
WU-AX in birds fed the commercial dose of 
the enzyme was no different to the control 
(Bautil, 2020). The interaction of efficacy 
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with age is interesting as it suggests the ‘cell 
wall’ effects decline with age and indeed is 
not a relevant mechanism in older animals. 

Regardless, it is clear that addition of 
NSPases increases the proportion of dis-
rupted cells noted in small intestinal and 
even gizzard digesta (Bedford and Autio, 
1996). In both pigs and poultry, the vast ma-
jority of intact cells from wheat were from the 
aleurone layer followed by the embryo root, 
embryo leaf and scutellum. Intact endosperm 
cells represented less than 2% of total intact 
wheat cells (Torrallardona et al., 2000). In the 
case of the work with pigs, when either of 
two xylanases were added to these diets, the 
number of intact cells fell to approximately 
60% that of the control, suggesting the en-
zymes were clearly aiding in the destruc-
tion of some, but by no means all, of the 
intact cells, and indeed it appeared the pref-
erential targets were of aleurone origin. The 
likelihood that exogenous NSPases focus 
most of their attention on the aleurone layer 
in particular is also suggested by the particu-
larly low arabinose to xylose (A:X) ratio of 
this tissue in wheat (Vangsøe et  al., 2019). 
Most endoxylanases, particularly family 11 
endoxylanases, attack unsubstituted stretches 
of xylan in the arabinoxylan molecule, which 
would suggest that tissues with particularly 
low A:X ratios such as the aleurone layer would 
be most susceptible. This is tempered by the fact 
that these cell walls are also mostly insoluble 
and are more heavily esterified than starchy 
endosperm arabinoxylan (Bach Knudsen, 2014; 
Vangsøe et al., 2019). Nevertheless, several piec-
es of research have shown that xylanase treat-
ment of wheat, for example, can result in 
significant release of soluble arabinoxylans, and 
indeed arabinoxylo-oligosaccharides (AXOS), 
and that by far the majority of this is derived 
from the aleurone layer (Vangsøe et al., 2019) 
not the endosperm which tends to have a 
higher A:X ratio. Thus, the cell wall mechan-
ism is likely not relevant for the starchy 
endosperm. 

4.3.1.4 Comparison of effects in maize 
versus wheat 

Much of the work purporting to support the 
nutrient encapsulation mode of action has 

been conducted on wheat-based diets which 
are known to be far more susceptible to xy-
lanase action than maize. The extension of 
wheat-derived data to maize-based diets, 
whether flawed in design or not, is not 
justified however due to the much greater 
intransigence of maize NSPs to hydrolysis 
compared with wheat (Dale et  al., 2020). 
Indeed, in vivo microscopy of intestinal 
contents in the presence and absence of 
xylanase showed no additional cell wall 
disruption as a result of enzyme addition al-
though it was noted that glucose transporter 
gene expression was increased after 3 weeks 
of feeding of the enzyme (Lee et al., 2017), 
suggesting that enzyme addition had aug-
mented starch digestion by some other 
mechanism. 

4.3.1.5 Consequences for enzyme 
development 

In conclusion for this section, it appears 
that the evidence supporting the cell wall 
mechanism is far from conclusive and in 
fact is open to considerable doubt by the 
challenges laid out above. If these challenges 
are justified and the cell wall mechanism is 
not relevant, then this has significant 
implications for the development of ‘next-
generation’ NSPases. Adherence to this par-
ticular mechanism would evolve significantly 
more complex enzyme candidates to enable 
optimization of this process and probably 
yield products which are significantly 
less effective in dealing with the two re-
maining mechanisms to be considered. In-
deed, some authors suggest feed enzymes 
should also consider the protein meal 
components of the diet (De Keyser et al., 
2018), which adds even further levels of 
complexity and divergence from products 
that can address the remaining mechan-
isms. Ironically, much of the work that 
supports complex enzymes for the cell 
wall mechanism rarely if ever compares 
the complex enzyme with the individual 
components (Masey O’Neill et  al., 2014; 
Menezes-Blackburn and Greiner, 2015; De 
Keyser et al., 2018), reinforcing the point 
that the case is yet to be made for this 
mechanism. 
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4.3.2 Viscosity 

Viscosity was probably the first mechanism 
to gain much traction as a result of Burnett’s 
(1966) work with barley, but it was several 
years later before studies identified that this 
was also the case in other cereal grains, par-
ticularly rye (Grootwassink et al., 1989). A 
proportion of the fibre making up the cell 
walls of the endosperm is soluble; some of 
this soluble material is of high molecular 
weight and has the capacity to create viscous 
solutions if concentrations are high enough. 
Correlated with intestinal viscosity is the 
presence of sticky droppings and wet litter, 
a phenomenon which was often the case 
with the wheat varieties used in Northern 
Europe in the early 1990s. The proportion 
and type of fibre that is both soluble and of 
high molecular weight and therefore vis-
cous varies between and within cereals. 
Generally, rye is the most viscous, followed 
by barley, triticale, oats and wheat, with the 
least viscous being maize then sorghum 
(Bedford, 1996). The majority of the viscous 
fibre is arabinoxylan in rye, triticale, wheat, 
maize and sorghum, with the mixed-linked 
β-glucans being responsible in barley and 
oats (Bedford, 1996), and most of the vis-
cous fibre is derived from the endosperm 
cell walls (Ward and Marquardt, 1987). As 
noted above, however, there is a great deal of 
variation even within a cereal species and in 
some cases, there may be some samples of 
wheat or barley that are more viscous than 
some samples of rye. Regardless of the source 
of the viscous fibre, the impact it has on the 
rate of digestion is proportional to the viscos-
ity created in the digestive tract. The tenet of 
the mechanism is that the more viscous a so-
lution, the poorer the efficiency of mixing 
and the slower the rate of diffusion of solutes. 
Hence digestion is compromised as it de-
pends upon vigorous mixing of the contents 
and rapid, random movement of enzymes 
and their soluble products. Many studies 
have shown correlations between measured 
intestinal viscosity and digestibility of nu-
trients and performance of the broiler and 
layer (Smulikowska, 1998; Danicke et  al., 
2000b; Langhout et al., 2000; Alzueta et al., 
2003). This is especially true for saturated 

fats, which are particularly dependent upon 
the vigorous mixing of emulsifiers, fat drop-
lets, bile acids and lipase for efficient micelle 
formation and subsequent digestion. This 
process is disproportionately compromised 
when the aqueous phase of the digesta is vis-
cous (Pasquier et al., 1996). Consequently, diets 
containing high concentrations of longer 
chain length, saturated fats are far more sus-
ceptible to viscosity than those containing low 
levels of fat or unsaturated fats (Ward and 
Marquardt, 1983). Moreover, significant energy 
is then expended on activities such as pan-
creatic enzyme synthesis (Silva et al., 1997) 
and release, intestinal growth (Wu et al., 2004) 
and turnover of cells (Silva and Smithard, 
1996)/proteins (Danicke et al., 2000a) in an 
attempt to maximize nutrient extraction under 
such circumstances that the conversion of 
digestible to net energy is compromised, al-
though such responses are not universally 
noted (Wu and Ravindran, 2004). Since the 
viscosity of the digesta is exponentially related 
to the concentration of the higher-molecular-
weight solutes, only a few, strategically cen-
tral ‘cuts’ in the polymer by the relevant 
endo-acting enzyme are required to radically 
reduce molecular weight and thus viscosity. 
This mechanism has been shown to be relevant 
in in vitro digestion models as well (Bedford 
and Classen, 1993; Murphy et  al., 2010) and 
thus was seen as being the primary mechan-
ism of action of NSPases when used in diets 
containing the more viscous cereals. 

The viscosity mechanism has stood the 
test of time and has even been suggested to 
be relevant in low-viscosity maize-based 
diets when supplemental fat levels are mod-
erate to high (Coelho and Troescher, 2018; 
Troesher and Coelho, 2018). However, sev-
eral papers have failed to establish clear-cut 
relationships between enzyme use, viscos-
ity and performance (Geraert et  al., 2001; 
McCracken et al., 2001; Amerah et al., 2008; 
Lamp et  al., 2015). Some enzymes have 
been shown to have no effect (Bautil, 2020) 
or even increase intestinal viscosity but at 
the same time improve performance of the 
bird, which clearly challenges the univer-
sality of this hypothesis. Several interacting 
factors have been identified that may explain 
such anomalies and include: 
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1. Health status. Viscosity has been shown 
to be much lower in cocci-infected broilers 
(Waldenstedt et  al., 2000) and hence this 
may mute any enzyme-derived reduction in 
viscosity and limit the scope for a response 
in growth rate or effciency driven by viscosity 
reduction per se. However, it is generally ac-
cepted that stressed birds or poor-performing 
birds tend to respond more to the addition 
of an enzyme; perhaps if this is so in the 
case of cocci-infected chicks, then it is not 
through the viscosity mechanism. 
2. Linked to the above, the relevance of 
viscosity is far less evident in germ-free 
compared with conventional chickens 
(Langhout et al., 2000). Many potential ex-
planations for this phenomenon have been 
discussed elsewhere but they all relate to 
the fact that the microbiome’s ability to ex-
tract dietary nutrients is proportional to the 
viscosity of the digesta (as this delays the 
host’s digestion, providing more for the resi-
dent microbiome) (Bedford, 2000b; Bedford 
and Fothergill, 2002; Bedford and Cowieson, 
2012). Indeed, the effects of viscous diets 
when fed to germ-free birds are negligible 
compared with the effects in their conven-
tional counterparts (Smits and Annison, 
1996; Langhout et al., 2000), which suggests 
the delay in nutrient digestion per se can be 
overcome if there is no resident microbiome 
to take advantage of the slow digestion rate. 
Conversely, a viscous diet exposes the bird 
to disease outbreaks by providing a more 
conducive environment for pathogens to in-
vade (Jia et al., 2009). Overlaid on this is the 
observation that some species of bacteria are 
able to produce bile-salt-degrading enzymes 
(Feighner and Dashkevicz, 1988), especially 
under viscous conditions, thus markedly re-
ducing the digestibility of fat compared with 
other nutrients (Maisonnier et al., 2003) and 
disproportionately exacerbating the negative 
effect of viscosity if such species are present. 
As a consequence, the impact of viscosity on 
performance is greater under more challen-
ging conditions. 
3. The gastric environment can have a pro-
found infuence on the subsequent viscosity 
in the small intestine. In vitro work has 
shown that a lower pH in the gastric phase 
of a two-phase digestion process results in a 

disproportionately higher viscosity of the 
aqueous phase in the small intestinal stage of 
digestion (Murphy et al., 2010). Many diet-
ary factors can infuence both the pH and 
residence time in the gizzard and thus subse-
quent intestinal viscosity. Such factors in-
clude structural (Sacranie et al., 2012, 2017) 
and fermentable fbre (Singh et al., 2012), fat 
(Mateos and Sell, 1980; Mateos et al., 1982; 
Smulikowska, 1998) and dietary calcium, or 
more importantly limestone levels (Walk 
et al., 2012). 
4. Age. Several papers suggest that viscosity 
increases with age to a maximum at approxi-
mately 3 weeks of age, followed by a decline 
thereafter (Petersen et al., 1999; Fischer, 2003; 
Bautil et al., 2019). This is assumed to be due 
to the ileal microbiome producing xylanases 
in suffcient quantity to release soluble, vis-
cous arabinoxylans from the insoluble arabi-
noxylan matrix of the cell walls (Bautil et al., 
2019). This capacity increases with age of the 
broiler and development of the microbiome, 
and at a critical point, achieved at approxi-
mately 3 weeks of age, the enzymatic array 
produced is of suffcient capacity to break 
down the viscous arabinoxylans faster than 
they are released and hence viscosity drops. 
Thus, the impact of a viscosity-reducing en-
zyme on the digestion of nutrients, particu-
larly fat, increases and then reduces with age 
(Smulikowska, 1998). There also seems to be 
an effect of fat type on viscosity, with the 
more saturated fats apparently delaying tran-
sit and holding digesta in the gastric environ-
ment longer. This enables dissolution of more 
insoluble fbres into viscous, soluble fbres 
(Smulikowska, 1998), as discussed in point 3 
above, thus further increasing viscosity. 

There are many other factors involved in 
moderating the viscosity of the intestinal 
tract or mitigating its effects such that there 
will never be a universal and consistent re-
lationship between an absolute viscosity 
value and the performance depression noted. 
For example, thermal processing of a diet 
(pelleting or extrusion) is known to elevate 
intestinal viscosity proportionately with the 
temperature of the process (Silversides and 
Bedford, 1999; Svihus et al., 2000; Creswell 
and Bedford, 2005; Coelho and Troescher, 
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2018) in wheat-, rye- and maize-based diets 
due to destruction of endogenous NSPase 
activity and disruption of the insoluble 
matrix which facilitates dissolution of greater 
quantities of viscous fibres. The effects of 
thermal processing of barley on subsequent 
intestinal viscosity seem to be significantly 
muted, however, indicating a differential re-
sponse to pelleting dependent upon the cer-
eal employed (Svihus et  al., 2000; Lamp 
et al., 2015). Regardless, it does appear that for 
conventionally reared chickens, development 
of a viscous digesta is clearly associated 
with depressed performance and its reduc-
tion by use of the relevant NSPase most 
often is coincident with improved perform-
ance. As a result, the viscosity mechanism 
is still relevant today. If this were the only 
relevant mechanism, then the evolution of 
enzymes to better address this issue could 
be quite different from that of the nutrient 
encapsulation mechanism. 

4.3.2.1 Consequences for enzyme 
development 

For optimal viscosity reduction, the enzyme 
should clearly be able to reduce the molecu-
lar weight of the offending fractions as 
quickly as possible. Thus, enzymes which are 
endo-acting on the backbone of the polymer 
and able to tolerate a reasonable degree of 
steric interference from any substitutions 
along the backbone are clearly favoured. An 
argument is made that most xylanases will 
stall at some point on substituted regions of 
the backbone and hence removal of the side 
chains will facilitate more rapid depolymer-
ization. As a result, the utility of accessory 
enzyme activities such as arabinofuranosi-
dase and feruloyl esterase in the depolymer-
ization of arabinoxylans is often discussed. 
While in vitro and in vivo evidence has been 
presented (Lei et al., 2016; Cozannet et al., 
2017) in support of such a hypothesis, both 
fail to specifically address the synergy ques-
tion due to lack of in-feed analysis of all relevant 
components, or lack of a true factorial na-
ture of the treatments, or both, as discussed 
in detail earlier (Masey O’Neill et al., 2014; 
Menezes-Blackburn and Greiner, 2015). In 
brief, no paper to date has categorically 

shown that the ‘accessory’ enzymes are pure 
and do not contribute other activities – such 
as endoxylanase – as well; and critically, 
the dose chosen for the endoxylanase alone 
is not proven to be optimal in the absence of 
the accessory enzymes. As a result, the re-
sponse to the accessory enzymes may be 
due in part to contaminating activities. In-
feed analysis of all enzyme components in 
all diets is critically missing in all cases and 
thus leaves the question regarding the identity 
of the next-generation enzyme(s) for viscos-
ity reduction in vivo unanswered to date. 

4.3.3 Prebiotic effects 

The third mechanism ascribed to NSPases 
and the least discussed is the prebiotic 
mechanism. Prebiotics were first defined by 
Gibson and Roberfroid (1995) thus: ‘A pre-
biotic is a nondigestible food ingredient that 
beneficially affects the host by selectively 
stimulating the growth and/or activity of 
one or a limited number of bacteria in the 
colon, and thus improves host health’. The 
concept was, and still is, that the prebiotics 
generated are quantitatively fermented to 
volatile fatty acids (VFAs) which exert their 
benefits directly. Such VFAs can be produced 
directly from fermentation of the oligosacchar-
ide or via further metabolism (cross-feeding) 
of the initial products of oligosaccharide 
metabolism (Moreno et al., 2017). 

The early barley, rye and then wheat 
work was very much focused on the viscosity 
and to a lesser extent the nutrient encapsu-
lation mechanism, and since these seemed 
to explain the experimental observations 
made in the trials to the satisfaction of the 
authors, the prebiotic mechanism was not 
raised or considered as a serious contender. 
Indeed, the first reference to this mechan-
ism came quite late in feed enzyme research 
(Morgan et al., 1995) and even then, it was 
not presented as a serious contender. This is 
despite the fact that there was significant 
prebiotic research focusing on human 
health in the 1990s (Steer et al., 2000) which 
largely focused on the beneficial effects of 
the fructo-oligosaccharides (FOS) derived 
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from inulin (Simmering and Blaut, 2001). In 
poultry the focus also started with FOS as 
they were shown to be able to stimulate the 
growth of bacterial species that competed 
with Salmonella (Oyarzabal and Conner, 
1995) without providing sustenance to the 
Salmonella themselves (Oyarzabal et  al., 
1995). The oligosaccharides derived from 
NSPase hydrolysis of xylans, glucans and 
mannans have not been widely considered 
as prebiotics until more recently. 

4.3.3.1 Manno-oligosaccharides (MOS) 

Manno-oligosaccharides (MOS) derived from 
plant mannan hydrolysis have been shown 
to be utilized by beneficial species such as 
Bifidobacteria and Lactobacilli and as such 
their production could be considered a pre-
biotic mechanism for this enzyme (Shastak 
et al., 2015). A search for literature relating 
to MOS versus xylo-oligosaccharides (XOS) 
versus gluco-oligosaccharides (GOS) in poultry 
diets yields more hits on MOS than on XOS 
and GOS combined, suggesting this is a 
well-researched topic. However, the major-
ity of the literature on MOS is not relevant 
for describing the effects of endo-β-1,4-
mannanases in poultry diets. This is be-
cause the vast majority of such work has in-
vestigated the effects of yeast cell-wall-derived 
mannan fractions and not those from hydro-
lysed plant materials. Yeast cell wall man-
nans have a completely different backbone 
structure (α rather than β linkages) and are 
also polysaccharides rather than oligosac-
charides (Torrecillas et  al., 2014; Chacher 
et al., 2017), despite their almost universal 
description as oligosaccharides in the litera-
ture. They are consistently termed as MOS 
when they are mostly polysaccharides and 
thus far less capable of being fermented than 
their β-1,4-oligosaccharide counterparts. This 
results in the prebiotic literature concerning 
MOS making confusing and irrelevant com-
parisons between the effects of dietary en-
domannanases and yeast-derived mannan 
polysaccharides. There is little doubt that 
hydrolysed mannans from plant cell wall 
material will be fermented readily but their 
contribution to the overall response to added 
mannanases is relatively poorly researched 

and understood. Furthermore, the proposal 
that mannans derived from some ingredients, 
such as soybean meal, can act as immune 
stimulants, thus creating inflammatory re-
sponses, further clouds the understanding 
of the value of the oligosaccharides derived 
from their hydrolysis to MOS because this 
will be coincident with the removal of the 
immunological effect (Shastak et al., 2015). 
Consequently, the true value of MOS derived 
from plant fibre is largely unknown. 

4.3.3.2 Gluco-oligosaccharides (GOS) 

Studies on GOS are limited. Hydrolysis of 
β-glucans present in hull-less barley-rich 
diets resulted in the production of GOS and 
higher-molecular-weight, soluble β-glucans in 
the ileal digesta of broilers. This did not influ-
ence short-chain fatty acid (SCFA) production 
in the ileum but did elevate them in the caeca, 
suggesting that fermentation was in the large 
intestine only (Karunaratne et al., 2021). More-
over, the effect of increasing concentrations of 
β-glucanase was to depress performance in 
younger birds, suggesting that some degree of 
maturation of the microbiome is required be-
fore advantage can be taken of these prebiotic 
compounds. In older animals the majority of 
the soluble β-glucans are fermented before 
they reach the large intestine, suggesting their 
utility as a caecal prebiotic may be age-related. 

4.3.3.3 Arabinoxylo-oligosaccharides 
(AXOS) and xylo-oligosaccharides (XOS) 

As noted above, the XOS and AXOS gener-
ated by endoxylanase activity were not con-
sidered as good prebiotic candidates until 
the late 1990s (Campbell et al., 1997; Vazquez 
et  al., 2000). Nevertheless, in the last 15 
years there has been increasing interest in 
the use of XOS and AXOS either produced 
and fed as additives or derived from endox-
ylanase hydrolysis of dietary xylans and 
arabinoxylans, respectively (Courtin et al., 
2008; Eeckhaut et  al., 2008; Bautil et  al., 
2019, 2020; Dale et al., 2019, 2020). How-
ever, recent observations suggest the AXOS 
and XOS and other oligosaccharides generated 
by NSPases or added directly to the diet are 
likely not acting as classic prebiotics but as 
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what are termed ‘stimbiotics’. This term is 
used to describe the effects of a non-digested, 
fermentable oligosaccharide which is fed at 
levels that could never quantitatively alter 
the SCFA levels in the intestine but is pre-
sent in sufficient quantities to provide a 
stimulus to resident fibre-degrading species 
to increase their capacity to digest dietary 
fibre that otherwise would have been voided. 
The most striking evidence to support such 
a concept came from a study in which feed-
ing a 0.5% AXOS product to broilers was 
shown not only to accelerate ileal but also 
caecal hydrolysis of the total arabinoxylan 
present in the diet (Bautil et al., 2020). In 
other words, the added oligosaccharide was 
not simply a source of fermentable fuel but 
was accelerating fermentation of dietary in-
soluble and soluble arabinoxylans. Previous 
work had intimated such an effect when the 
caecal microbiome from xylanase-fed birds 
was shown to have a radically enhanced 
ability to digest xylose, XOS and polymeric 
arabinoxylan in an ex vivo test compared 
with the microbiome harvested from con-
trol birds (Bedford and Apajalahti, 2018). In 
both cases, the increment in fibre digestion 
achieved vastly exceeds the quantity of 
oligosaccharide added or generated. Further 
evidence of such a microbiome develop-
mental effect is provided by the observation 
that in ovo injection of DP4 XOS (but inter-
estingly not DP3 XOS or DP3 and DP4 MOS) 
resulted in changes in the subsequent adult 
bird caecal VFA contents (Singh et  al., 
2019). The fact that only 3 mg of the oligo-
saccharide was administered and that this 
was prior to hatch clearly indicates there are 
some long-term effects these products can 
have on the microbiome which are not re-
lated to their quantitative fermentation into 
energy-yielding and/or hormonal-stimulating 
VFAs, and that the structure of the oligosac-
charide is critical in explaining its efficacy. 

4.3.3.4 Consequences of a prebiotic 
versus a stimbiotic 

Prebiotics alter the structure and metabolism 
of the microbiome largely by presenting it 
with all the fuel needed to effect this change, 
and this change should be noticeable almost 

immediately upon feeding. Stimbiotics, by 
their very nature, cannot quantitatively in-
fluence the VFA environment directly, but 
by selecting for and stimulating the activity 
of bacterial species which can degrade the 
most difficult substrates (that otherwise 
would be voided), they facilitate the capture 
of a greater proportion of the gross energy 
from the fibre fraction of the diet. This obvi-
ously has performance benefits but coupled 
with this effect is the suggestion that with 
the additional VFAs generated, particularly 
butyrate, there is endocrinal feedback via 
peptide YY and other entero-hormones (Masey 
O’Neill et  al., 2012; Singh et  al., 2012) 
which delays gastric emptying, enabling 
more extensive peptic digestion and thus 
facilitating a more complete digestion of the 
whole diet. This is reflected in the observa-
tion that the digestibility of all amino acids 
is improved by NSPase addition in a manner 
directly proportional to their presence in 
the undigested fraction, regardless of whether 
the diet is maize-, wheat- or rye-based 
(Cowieson and Bedford, 2009). 

4.3.3.5 Benefts of a more complete 
fbre digestion 

In addition to the points made above, the health 
of the lower intestine is very much depend-
ent upon the balance between fermentable 
carbohydrate and protein. Carbohydrate is 
fermented in preference to protein by many 
species, but if they are not adapted to the 
particular carbohydrate substrates available 
then they will switch to protein putrefaction 
which results in the production of damaging 
amines, indoles and ammonia (Rinttila and 
Apajalahti, 2013). As the most rapidly fer-
mentable carbohydrate sources are stripped 
out of the digesta with passage through the 
intestinal tract, the caeca and colon are left 
with the most intransigent and slow-to-ferment 
substrates (Gibson and Roberfroid, 1995; 
Bach Knudsen, 2014). These substrates are 
the arabinoxylans and cellulose, the latter 
being too intransigent for significant fermen-
tation to take place. Even arabinoxylans vary 
in their fermentability, with insoluble, ligni-
fied and highly substituted xylan backbones 
being much slower to ferment (Bach Knudsen, 
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2014, 2016; Bautil et al., 2020) and as a result 
constituting the bulk of the faeces (Bach 
Knudsen, 2016). The challenge is therefore to 
develop and maintain a population of hindgut 
species that can adequately ferment the avail-
able substrates as they evolve with time and thus 
minimize the likelihood of protein putrefaction. 

Since the arabinoxylans also constitute 
the vast majority of the intransigent but po-
tentially fermentable fibre in typical poultry 
rations (Bach Knudsen, 2014), this high-
lights why AXOS and XOS above all other 
stimbiotics should be most effective in im-
proving overall energy extraction from the 
fibre fraction of the diet. The exact structure 
and chain length of these ‘signalling’ mol-
ecules required to optimize this response is 
still not clear and the focus of significant 
research streams at present. 

4.3.3.6 Consequences for enzyme 
development 

If the above mechanism were to dominate in 
the majority of poultry diets, then the charac-
teristics of the enzyme required are quite dis-
tinct from those required for the nutrient 
encapsulation method. The goal is the provi-
sion of oligosaccharides of a particular chain 
length and degree of substitution, all of which 
has yet to be precisely identified, but never-
theless the selected enzyme should produce 

these end products and avoid overprocessing 
them to constituent sugars. Consequently, exo-
acting enzymes should be avoided at all 
costs, particularly if they reduce the chain 
length of the oligosaccharide, and even de-
branching enzymes, such as arabinofuranosi-
dase, may be undesirable if the end goal is the 
production of AXOS rather than XOS. 

4.4 The Future 

Increasing global restrictions on antibiotic 
use in farm animals have prompted a signifi-
cant upsurge in interest in the role of fibre in 
controlling intestinal health. Central to this is 
the recognition that there are beneficial and 
detrimental types of fibre with regard to how 
they interact with the nutrition of both the 
host animal and the microbiome and thus 
subsequent intestinal health. Of all the feed 
additives in use today, the NSPases have the 
most dramatic effect on this aspect of intes-
tinal health, whether it be through reduction 
of viscosity, reduced nutrient encapsulation 
or provision of fermentable oligosaccharides. 
The further development of this enzyme sector 
requires resolution of which mechanism(s) 
dominate(s) so that the next generation of 
enzymes has improved characteristics with re-
gard to both substrate and product specificity. 
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5.1 Introduction: β-Mannan 

Structural plant material consists of cellulose, 
hemicellulose and lignin with an approximate 
representation of 2:1:1. Cellulose is present 
as insoluble bundles of tightly packed poly-
saccharide chains providing strength and 
rigidity to cell walls, whereas lignin acts as 
an amorphous aromatic-rich barrier to micro-
bial degradation. Hemicelluloses are inter-
twined with cellulose and lignin completing 
the matrix and providing cell wall resist-
ance to microbial degradation yet enough 
flexibility to allow movement and growth 
(Van Zyl et  al., 2010). Hemicelluloses are 
linear and branched polysaccharides com-
posed of D-xylose, D-galactose, D-mannose, 
D-glucose and L-arabinose. Hemicelluloses 
are classified according to the major mono-
saccharide present in the polymer backbone, 
such as xylans, galactans and mannans 
(Gray et al., 2006). Mannan as a hemicellu-
losic polysaccharide is second to xylan in 
abundance (McCleary, 1988). The family of 
mannans comprises four subfamilies: gluco-
mannan, galactomannan, galactoglucomannan 
and pure mannans (Petkowicz et al., 2001). 
Mannan and heteromannans are a part of 
the hemicellulose fraction of the cell wall in 

all leguminous plants (Reid, 1985) including 
soybean meal (SBM), sesame meal, palm ker-
nel meal, copra meal and guar meal (Dhawan 
and Kaur, 2007). SBM’s β-mannans are lin-
ear polysaccharides formed from repeating 
β-1,4-mannose and α-1,6-galactose molecules 
bound to the β-mannan backbone (Jackson 
et al., 2004). β-Mannan content of some typ-
ically used grains is presented in Table 5.1. 

Dietary non-starch polysaccharides 
(NSPs) are indigestible by poultry but repre-
sent a potential energy source that can be 
utilized with the addition of enzymes (Meng 
et al., 2005). Aside from representing a po-
tential energy source, the presence of dietary 
NSPs, which are indigestible by monogastric 
animals, can result in increased intestinal 
viscosity, reduced nutrient digestibility, 
increased feed conversion ratio (FCR) and 
ultimately decreased bird performance 
(Bedford and Classen, 1992; Bedford and 
Morgan, 1996; Lázaro et al., 2003). SBM is a 
primary source of vegetable protein and 
contains 3% soluble NSPs and 16% insoluble 
NSPs (Irish and Balnave, 1993), consisting 
mainly of mannans and galactomannans 
(Slominski, 2011). β-Mannan, or galactoman-
nan, is a polysaccharide and has repeating 
units of mannose containing galactose and/ 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
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Table 5.1. Approximate content of β-mannan in some feedstuffs. (From Dierick, 1989; Shastak et al., 2015.) 

Feedstuff β-Mannan content (g/kg) Reference 

Palm kernel meal 367 Sundu et al. (2006a) 
Guar meal 

Germ fraction 56 Lee et al. (2004) 
Hull fraction 98 Lee et al. (2004) 

 Combined 87 Lee et al. (2004) 
Copra meal 250 Sundu et al. (2006b) 
SBM (44% CP) 16 Hsiao et al. (2006) 
SBM (48% CP) 13 Hsiao et al. (2006) 
Rye 6.1 Dierick (1989) 
Barley 4.3 Dierick (1989) 
Rapeseed meal 4.5 Dierick (1989) 
Wheat 0.9 Dierick (1989) 
Maize 0.8 Dierick (1989) 
Bakery meal 1.0 Dierick (1989) 
Maize DDGS 2.7 Dierick (1989) 

SBM, soybean meal; CP, crude protein; DDGS, distillers dried grains with solubles. 

or glucose (Carpita and McCann, 2000; 
Hsiao et al., 2006). Galactomannan content 
in dehulled SBM has been reported at levels 
from 1.02 to 1.51% (Hsiao et al., 2006). Al-
though galactomannan content of SBM is in 
low concentrations, it is a concern for nutri-
tionists because it has antinutritive proper-
ties. Mannans are surface components of 
multiple pathogens, and the innate immune 
system reacts to antigens on these patho-
gens. Mannans in the diet can stimulate the 
innate immune system and lead to a pur-
poseless energy-draining immune response 
(Hsiao et al., 2006). 

The main component of mannan is 
D-mannose, a six-carbon sugar. Due to the 
heterogeneity and complex chemical nature 
of plant mannans, its breakdown into sim-
ple sugars, to be readily used as an energy 
source, is not possible by monogastric ani-
mals as it requires the synergistic action 
of endo-1,4-β-mannanases and exo-acting 
β-mannosidases (Dhawan and Kaur, 2007) 
and β-glucosidases (Moreira and Filho, 
2008). Endo-β-mannanases are ubiquitous 
in nature and are endohydrolases that 
cleave the internal glycosidic bonds of the 
mannan backbone, producing β-1,4-manno-
oligosaccharides (Chauhan et  al., 2012). 
The degree of hydrolysis is influenced by 
numerous factors including the substitution 
extent and distribution of galactose in the 

D-mannan backbone (Stalbrand et al., 1993), 
the acetylation degree (McCleary, 1991), the 
β-mannanase source, e.g. bacterial, fungal, 
etc. (McCleary, 1979), and the quantity of 
enzyme. The most important mannan-
and galactomannan-cleaving enzymes for 
animal nutrition are endo-β-mannanase and 
α-galactosidases since feedstuffs used in avian 
nutrition contain galactomannan and/or 
linear mannans (Shastak et al., 2015). 

There are currently many applications 
for mannanases in industrial processes. 
Mannanases are used mainly for improving 
the quality of food, in feeds and aiding in 
enzymatic bleaching of soft wood pulps in 
the paper and pulp industries (Dhawan and 
Kaur, 2007). Specific applications include 
extraction of lignin from wood fibres in the 
paper industry, reducing the viscosity of 
coffee extracts, stain-removing boosters in 
the detergent industry, enhancing the flow 
of oil and gas, oil extraction of coconut 
meat, degradation of thickening agents, as 
well as improvement in the nutritional 
value of animal feed. There are numerous 
published investigations into the effect of 
β-mannanase on poultry performance and 
feed digestibility (Jackson et  al., 1999, 
2002a, 2004; Odetallah et  al., 2002; Lee 
et al., 2003a; Daskiran et al., 2004; Wu et al., 
2005; Li et  al., 2010); however, more re-
cently investigators have focused on dual 
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enzyme application (Williams et al., 2014), 
minimizing the potential of a feed-induced 
immune response (Arsenault et  al., 2017) 
and determining a minimum substrate level 
(galactomannan) present to elicit a negative 
impact on the animal (Latham et al., 2018). 

5.2 Modes of Action 

To determine the long-term viability and po-
tential usefulness of a β-mannanase in mono-
gastric production systems, nutritionists must 
consider the modes of actions and the poten-
tial benefits to their production systems. 
There have been multiple modes of action 
proposed and defined for β-mannanase; these 
include reduction of viscosity in the gastro-
intestinal (GI) tract of the animal, the suppres-
sion of harmful microorganism proliferation 
in the GI tract and the reduction of a feed-
induced immune response due to the presence 
of galactomannan in the plant-based ingredi-
ents. As a result of these modes of action, 
β-mannanases improve nutrient digestibility 
and utilization and increase animal growth 
performance and efficiency. 

The negative impact of elevated digesta 
viscosity in the GI tract of animals on nutri-
ent absorption and performance has been 
well documented (Smits et  al., 1997; Lee 
et al., 2003a,b; Latham et al., 2018). Increas-
ing viscosity compromises the ability of the 
GI tract to physically mix digesta (Edwards 
et  al., 1988), impairing the diffusion and 
convective transport of digestive enzymes 
within the GI tract (Almirall et  al., 1995) 
and reducing the contact intensity of nutri-
ents and their respective digestive secre-
tions (Choct and Annison, 1992), leading to 
reductions in nutrient digestion and absorp-
tion (Kratzer et al., 1967; Maisonnier et al., 
2001). Galactomannans of leguminous plants 
such as guar can absorb high amounts of 
water, similar to soluble arabinoxylans and 
β-glucans, forming high-viscosity digesta. 
Elevated levels of soluble galactomannan 
increased the in vitro viscosity of feed (Lee 
et al., 2009), reduced glucose absorption in 
the porcine jejunum from 74.2 to 41.4% 
(Rainbird et  al., 1984) and increased FCR 

from 1.757 to 1.868 in broiler chickens 
(Latham et al., 2018). Highly viscous man-
nans may slow gastric emptying, affect the 
mixing of substrate with digestive enzymes 
and reduce the contact of nutrients with en-
terocytes (Read, 1986). However, not all lin-
ear galactomannans are soluble in water. 
Water-insoluble linear mannans with a very 
low degree of galactose substitution, such as 
those in palm kernel meal (Dusterhoft et al., 
1992), would not form any viscous solution 
in the digestive tract. Thus, the structure of 
the mannan itself determines the potential 
negative impact that it may present as a 
result of increasing intestinal viscosity. 

β-Mannanase effectively hydrolyses 
galactomannan and reduces intestinal viscos-
ity in animals fed diets containing soluble 
galactomannan. In a review, Shastak et  al. 
(2015) indicated that β-mannanase added to 
diets containing greater than 8 g galacto-
mannan from guar/kg will reduce intestinal 
viscosity. More recently, Latham et al. (2018) 
demonstrated that as little as 1.5 g guar 
galactomannan/kg was sufficient to increase 
intestinal viscosity and the supplementation 
of β-mannanase eliminated this increase in 
viscosity. In addition to the negative in-
fluences of viscosity recently described, 
continuous feeding of a highly viscous in-
gredient will increase intestinal mass (Smits 
et al., 1997; Lee et al., 2003a) as the animal 
attempts to adapt to the decreased absorp-
tion rate. While the GI tract uses 20% of all 
dietary energy to maintain digestion and ab-
sorption (Weurding et al., 2003), an increase 
in tissue mass would increase the basal 
metabolism requirement and negatively 
impact feed efficiency (Lee et  al., 2003a). 
Therefore, the benefit of feeding β-mannan-
ase in diets containing soluble galactoman-
nan is not only reducing intestinal viscosity, 
thereby increasing nutrient utilization 
through enhancing nutrient contact with the 
intestinal wall, but also reducing basal me-
tabolism as an effect of intestinal mass reduc-
tion and improving performance (Shastak 
et al., 2015). However, galactomannans pre-
sent in SBM, which is the most widely used 
vegetable protein source for poultry, have not 
been linked to increases in intestinal viscos-
ity, possibly as the result of differences in 
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structure, solubility and/or concentration as 
compared with guar and copra (Gullon 
et al., 2009). 

The hydroxylation of mannans with 
β-mannanase results in the production of 
short β-1,4-manno-oligosaccharides and 
D-mannose. These products can potentially 
be used as an energy source for the host as 
short-chain fatty acids following fermenta-
tion, bind to mannose-specific binding sites 
on pathogenic bacteria preventing their at-
tachment to and colonization of the GI tract 
(Ofek et al., 1977), or function as a prebiotic 
(Kiarie et al., 2013) for the proliferation of 
bifidobacteria and lactobacilli (Asano et al., 
2001). For example, β-mannanase inclusion 
in a maize–SBM–guar meal-based moult-
inducing diet reduced Salmonella enteritid-
is colonization in late-phase laying hens 
following a controlled challenged compared 
with an enzyme-free diet (Gutierrez et  al., 
2008). These documented impacts of 
β-mannanase explain the effects observed by 
Jackson et  al. (2003) during a control chal-
lenge of Eimeria and Clostridium perfringens 
in broilers fed a maize–SBM-based diet. In 
multiple experiments, β-mannanase supple-
mentation reduced the severity of challenge as 
verified by improvements in growth perform-
ance and reduced intestinal lesion develop-
ment compared with broilers fed enzyme-free 
diets, and the β-mannanase-supplemented 
broilers were similar to broilers fed the anti-
biotic bacitractin methylene disalicilate. 

Dale et al. (2008) demonstrated that the 
presence of β-mannan in SBM can stimulate 
an innate immune response, termed a feed-
induced immune response, which can nega-
tively impact the performance of the animal. 
This plant-derived β-mannan is viewed as a 
pathogen-associated molecular pattern ana-
logue for poultry, resulting in an innate im-
mune response leading to the energy-costly 
activation and proliferation of monocytes and 
macrophages and subsequent cytokine pro-
duction. β-Mannanase supplementation to 
SBM-based diets improved energy utilization 
in broilers and laying hens (Wu et al., 2005) 
which was attributed to a reduction in im-
mune activation, and this was confirmed by 
lower relative immune organ weights (Li 
et al., 2010). More recently, Arsenault et al. 

(2017) used kinome analysis to determine the 
influence of β-mannan and β-mannanase on 
immune and metabolic gut responses in broil-
ers and observed that increasing β-mannan 
concentration by 3 g/kg altered a number of 
immune processes, confirming that a feed-
induced immune response is initiated by 
β-mannan. Negative impacts of feeding SBM 
to swine have also been reported. Cromwell 
(1999) noted that feeding a soy-based ration to 
early weaned pigs led to reduced feed intake 
and slower rates of growth from the initiation 
of an inflammatory response in the intestine. 
The inclusion of β-mannanase reduced the ac-
tivation of these pathways while also activat-
ing additional pathways associated with 
carbohydrate metabolism (insulin signalling), 
growth (ErbB pathway), adipose responses 
(adipocytokine signalling) and protein metab-
olism (mTOR pathway), suggesting improve-
ment in digestion and gut barrier function 
with β-mannanase. These changes in immune 
and metabolic activity correlated with the 
observed improved efficiency and growth of 
broilers (Latham et al., 2018). 

The final mode of action of β-mannanase 
is the typical NSP-degrading function result-
ing in improved digestibility, similar to 
xylanase supplementation. NSPs decrease 
nutrient digestibility through the ‘cage effect’ – 
the encapsulation of nutrients such as starch 
and protein inside the endosperm (Bedford, 
1993; Slominski, 2011). However, the cage ef-
fect of β-mannans may not have a large impact 
in legumes as only a minor portion of some 
high-mannose type N-glycans are linked to 
the storage of glycoproteins (Kimura et  al., 
1997). Even though this mechanism may not 
bear significant responsibility in the feeding 
of β-mannanase, multiple researchers have 
documented increases in amino acid digest-
ibility (Ferreira et al., 2016) and energy digest-
ibility (Daskiran et  al., 2004; Ferreira et  al., 
2016; Latham et al., 2018) with the inclusion 
of β-mannanase in diets containing elevated 
amounts of β-mannan. However, Latham et al. 
(2016) did not observe a benefit of β-mannan-
ase inclusion on ileal digestible energy in 
broilers but did observe body weight (BW) 
and feed conversion improvements presum-
ably associated with the other modes of action 
previously discussed. 
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5.3 Application 

The documented modes of action described 
above must lend themselves to measurable 
improvements in animal performance for 
continued market expansion and use of 
β-mannanases in monogastric feeds. Jackson 
et  al. (2004) demonstrated a significant 
4.4% increase in BW and a 3.7% improve-
ment in FCR in 42-day-old broilers fed a 
maize–soy-based diet when β-mannanase 
was added into the control diet. Similarly, 
Daskiran et al. (2004) observed a significant 
2.9% improvement in FCR with the addition 
of β-mannanase to a maize–soy-based diet 
which included an animal protein blend at 
5% in 14-day-old broilers. Improvements in 
flock uniformity have also been reported 
with a decreased in-flock coefficient of vari-
ation by 19% (Jackson et al., 2005) and 26% 
(Piao et  al., 2003). More recently, Latham 
et al. (2016) reported a significant 2.2% in-
crease in BW and a 1.5% improvement in FCR 
at 42 days of age with the supplementation 
of β-mannanase into a broiler diet based on 
maize–soy–meat and bone meal (MBM)– 
distillers’ dried grains with solubles. These 
results suggest that β-mannanase improves 
broiler performance in maize–soy-based diets; 
however, its efficacy is dependent on avail-
able substrate. While none of the above 
publications analysed for galactomannan 
present in the diets, the reported perform-
ance enhancement correlated with the level 
of SBM in the diet. Diets containing higher 
levels of β-mannan allow for a higher bene-
fit on performance (Daskiran et  al., 2004; 
Latham et al., 2018); however, diets which 
lack sufficient levels of β-mannan-containing 
ingredients do not show a benefit of β-
mannanase inclusion (Latham et al., 2018). 
In general, diets containing in excess of 
25% SBM tend to show beneficial effects of 
β-mannanase inclusion while those with less 
than 20% typically show minimal responses. 

In addition to performance benefits, bene-
fits on intestinal maturation and disease re-
sistance have been reported (Jackson 
et  al., 2003; Saki et  al., 2005) in broilers. 
β-Mannanase inclusion has been shown to 
increase duodenal villus height as well as 
decrease epithelial thickness and goblet cell 

numbers (Adibmoradi and Mehri, 2007). 
This reduced goblet cell number would be 
expected to lower mucin production and en-
dogenous nitrogen losses while improving 
nutrient absorption with decreased epithelial 
thickness. The GI tract influences combined 
with the antimicrobial properties of hydroly-
sis (prebiotic and mannose binding) may be 
responsible for the reduction in lesion scores 
attributed to Eimeria and C. perfringens chal-
lenge in broilers fed β-mannanase (Jackson 
et al., 2003). Reductions in observed mortal-
ity have also been reported in broilers (Klein 
et al., 2015) and swine (O’Quinn et al., 2002). 

Opportunities also exist to capitalize 
on the advantages of feeding β-mannanase 
to turkeys and laying hens. Interestingly, 
the amount of SBM in turkey and laying hen 
diets and thus the potential β-mannan con-
tent varies considerably; however, benefits 
have been reported in both. Jackson et  al. 
(2002b, 2008) reported BW increases of 
4.9% in 18-week-old toms and 5.8% in 
20-week-old toms with a conversion 
improvement of 20 points. This is a similar 
response to that reported by Odetallah et al. 
(2002) with main effect improvement in BW 
of 2% and 9-point improvement in FCR. 

Benefits of β-mannanase inclusion in 
laying hen diets have also been described in 
multiple reports. In maize–SBM diets, sig-
nificant increases in egg laying rate and early 
egg weight in diets of varying energy level 
have been reported by Jackson et al. (1999). 
Egg laying rate was increased by 0.70, 1.07 
and 1.50% compared with the control diet 
for the second, third and fourth 6-week cycles 
evaluated. The advantage of enzyme inclu-
sion over the control increased as the age of 
the birds increased as well from 30 weeks of 
age to 66 weeks of age. All of the diets had in 
excess of 20% SBM and the authors attrib-
uted the separation of egg production level 
with increasing age to the enzyme’s ability to 
delay the post-peak decline in productivity 
through the stimulation of insulin secretion. 
Wu et al. (2005) reported observed improve-
ments in egg production and egg mass with a 
4.4% improvement in egg feed conversion. 

In addition, multiple experiments have 
been conducted with β-mannanase supple-
mentation into the diets of pigs of various 
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ages and sizes. In these studies, β-mannanase 
supplementation resulted in a 4.0% improve-
ment, a 4.8% improvement and a 4.2% im-
provement in FCR of 6.25, 13.6 and 109 kg 
BW pigs, respectively (Pettey et al., 2002). 
Other researchers have reported similar ob-
servations with a 3% improvement in feed 
conversion (Hahn et al., 1995) and a 4.6–5.5% 
improvement in FCR (Kim et al., 2003). FCR 
improvements have been correlated to in-
creased energy and dry matter (DM) digest-
ibility (Upadhaya et al., 2016a; Kim et al., 
2017). However, the animals’ response to 
β-mannanase supplementation may be more 
variable in swine than in poultry, with mul-
tiple reports showing no advantage in perform-
ance or digestibility (Kwon and Kim, 2015; 
Upadhaya et  al., 2016b; Huntley et  al., 
2018). 

As noted above, and with any enzyme, 
the presence of substrate in the diet is the de-
termining factor in effectiveness and benefit. 
Additionally, a complete feed contains many 
NSPs that require multiple enzymes for com-
plete hydrolysis. Therefore, some recent in-
vestigations aimed to evaluate the inclusion 
of β-mannanase in combination with a com-
mercial non-starch polysaccharide-degrading 
enzyme (NSPase) targeting maize arabinox-
ylan in a continuous feeding regime or inter-
mittently with β-mannanase in the early diets 
when SBM is in higher concentration and an 

NSPase targeting arabinoxylan in the later 
feeds of broilers. Klein et al. (2015) demon-
strated continuous feeding of β-mannanase 
and an NSPase in maize- and soy-based diets 
was necessary to reach statistical similarity 
in final FCR to the control diet following an 
energy reduction of 131 kcal/kg. These re-
sults indicate there is a sub-additive effect 
of dual administration of β-mannanase and 
NSPases in low-energy broiler diets (Table 5.2). 

While Klein et al. (2015) demonstrated 
a sub-additive relationship between β-
mannanase and NSPase, continuous feeding 
of both enzymes may prove to not be eco-
nomically feasible compared with feeding 
only one of the enzymes individually. Typ-
ically, β-mannanase targets substrates in 
US broiler diets associated with SBM while 
xylanases or NSPases target substrates in 
the same diet associated with the maize frac-
tion. As broilers age and diets are changed 
from starter to grower to finisher, the 
amount of SBM in the diet decreases and 
the amount of maize increases. Therefore, 
the diet that contains the highest level of 
substrate for β-mannanase would be the 
starter diet and the highest level of substrate 
for a xylanase would be in the final diets of 
grow out. Williams et  al. (2014) evaluated 
the intermittent feeding of β-mannanase 
and NSPase in an effort to target the sub-
strate present in the diet according to age 

Table 5.2. Mortality-corrected feed conversion ratio (FCR) and cumulative FCR of broilers fed diets reduced 
in energy and supplemented with a cocktail of NSPasea and β-mannanaseb separately and in combination 
(Experiment 2). (From Klein et al., 2015.) 

Treatment 

FCR 
Starter 

(days 1–14) 

FCR 
Grower 

(days 15–27) 

FCR 
Finisher 

(days 28–41) 

FCR 
Cumulative 
(days 1–41) Mortality (%) 

Positive control 1.251B 1.465B 1.995B 1.678C 5.0A 

Negative control 1.296A 1.510A 2.056A 1.737A 3.1A,B 

β-Mannanase 1.282A 1.499A 2.018B 1.716A,B 1.8B 

NSPase 1.285A 1.4990A 2.010B 1.706B 2.8A,B 

β-Mannanase/NSPasec 1.272A,B 1.502A 1.994B 1.699B,C 4.7A,B 

P value 0.047 0.049 0.019 <0.001 0.037 
Pooled SEM 0.004 0.005 0.008 0.005 0.4 

SEM, standard error of the mean. 
aEnspira®, Enzyvia LLC, Sheridan, Indiana (113.5 g/ton). 
bHemicell® L, Elanco Animal Health, Greenfeld, Indiana (100 ml/ton). 
cBoth enzymes were fed continuously. 
A–CMean values within a column with unlike upper-case superscript letters are signifcantly different at P < 0.05. 
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with a more economical strategy combined 
to dual administration as conducted by 
Klein et  al. (2015). A five-phase feeding 
programme was fed with the first two diets 
containing the inclusion of β-mannanase 
and the last three diets containing an NSPase. 
Additional treatments included a positive 
and negative control with energy separation 
and birds fed the β-mannanase or NSPase 
separately for the entirety of the grow out. 
In this experiment, the potential impact of 
switching the dietary exogenous enzymes 
was unknown and the possibilities ranged 
from beneficial, to no impact and even po-
tential negative impacts associated with the 
enzyme switching, the concomitant effect 
on oligosaccharides produced in the GI tract 
and the downstream effect on changing the 
microbiota. Results of the experiment are 
presented in Table 5.3. Williams et al. (2014) 
observed no negative impact of enzyme 
switching on the performance or yield of 
the broilers. Interestingly, the broilers that 
were switched from β-mannanase to NSPase 
on day 21 of age were the heaviest broilers 
at the conclusion of the experiment and had 
an elevated BW gain from 22 to 47 days of 
age compared with the positive control 
(high energy) diet. These broilers also ex-
pressed a 2-point reduction in FCR compared 
with the high-energy diet and each of the 
enzymes when fed separately. 

β-Mannanase application has been ex-
tensively studied and has shown consistent 
beneficial results in performance of mono-
gastric animals; however, the magnitude of 
the benefit is tied to the amount of dietary 
β-mannan. Some reports do not show im-
provements in digestibility while others do 
and this lack of consistency with a clearly 
defined mode of action may draw scepti-
cism from some researchers and nutrition-
ists. Nevertheless, most recent evaluations 
focusing on further understanding and de-
scribing the mechanism of action, in par-
ticular around the feed-induced immune 
response of β-mannans, are continuing to 
define the energy sparing mode of action 
that is likely responsible for the lack of di-
gestibility improvements in many reports. 
These same reports do show an improve-
ment in performance however and this may 

be due to the benefits of β-mannanase to re-
duce or alleviate the β-mannan-induced im-
mune response. Other recent investigations 
have focused on strategies of dual and inter-
mittent application aimed at generating data 
for practising nutritionists to determine if 
and how β-mannanase can work in their 
production systems. 

5.4 α-Galactosidase 

SBM, which is used as the predominant dietary 
protein source for monogastric animals in 
most poultry- and swine-producing countries, 
contains 63 g soluble NSPs/kg DM and 154 g 
insoluble NSPs/kg DM (Kocher et al., 2002) 
with significant concentrations of galactose-
containing carbohydrates. These carbohy-
drates have relatively poor digestibility when 
fed to monogastric animals, with digestibil-
ity coefficients of approximately 52 and 
72% for chickens and swine, respectively. 
The poor digestibility can be attributed to 
the composition of the carbohydrate frac-
tion, which is comprised of nearly equal 
amounts of various polysaccharides and 
oligosaccharides (Table 5.4). The polysac-
charide and oligosaccharide content com-
prises approximately 15 to 18% of SBM. 
Other than sucrose, the relative digestibility 
of each polysaccharide and oligosaccharide 
by monogastric animals is poor. These indi-
gestible polysaccharides and oligosacchar-
ides represent a potential energy source for 
a growing monogastric animal if digestible. 
Due to the more extensive GI tract and po-
tential for microbial fermentation in swine, 
the digestibility is elevated compared with 
poultry. Soybeans contain three main types 
of oligosaccharides – verbascose, stachyose 
and raffinose – comprising a combined 6% of 
SBM which, as previously mentioned, are 
poorly digestible in monogastric animals due 
to the absence of endogenous α-galactosidase 
activity (Gitzelmann and Auricchio, 1965). 
The accumulation of these oligosaccharides 
results in fluid retention and increased flow 
rate of digesta, which will have a negative im-
pact on nutrient digestibility and absorption 
(Wiggins, 1984). These oligosaccharides limit 
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 Table 5.3. Average body weight (BW), weight gain (WG) and feed conversion ratio (FCR) of male broilers fed low-energy diets with the inclusion of β-mannanasea, 
NSPaseb and intermittent application of β-mannanase/NSPase. (From Williams et al., 2014.) 

Treatment 
(days 1–21) 

Treatment 
(days 22–47) 

BW (g) 
(day 10) 

BW (g) 
(day 21) 

BW (kg) 
(day 32) 

BW (kg) 
(day 40) 

BW (kg) 
(day 47) 

WG (kg) 
(days 1–21) 

WG (kg) 
(days 22–47) 

FCR 
(days 1–47) 

Positive control Positive control 234.3A 890.1A 1.788A 2.474A 2.938A 0.848A 2.048B 1.814B 

Negative control Negative control 163.6B 591.3B 1.297B 1.946B 2.409B 0.549B 1.818C 1.878A 

β-Mannanase β-Mannanase 226.0A 863.8A 1.758A 2.446A 2.923A 0.820A 2.064A,B 1.824B 

β-Mannanase NSPase – – 1.796A 2.528A 3.054A – 2.190A 1.798B 

NSPase NSPase 220.3A 848.2A 1.776A 2.508A 2.959A 0.806A 2.110A,B 1.816B 

SEM 0.004 0.018 0.033 0.036 0.041 0.018 0.028 0.010 
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

SEM, standard error of the mean. 
aHemicell® HT, Elanco Animal Health, Greenfeld, Indiana (363.2 g/ton). 
bEnspira®, Enzyvia LLC, Sheridan, Indiana (113.5 g/ton). 
A–CMean values within a column with unlike upper-case superscript letters are signifcantly different at P ≤ 0.05. 
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 Table 5.4. Carbohydrate content of dehulled 
soybean meal. (From Honig and Rackis, 1979.) 

Carbohydrate 
Percentage  
(by weight) 

Polysaccharide content (total) 15–18 
Acidic polysaccharides 8–10 
Arabinogalactans 5 
Cellulosic material 1–2 
Starch 0.5 
Oligosaccharide content (total) 15 
Sucrose 6–8 
Stachyose 4–5 
Raffnose 1–2 

the energy value of SBM to monogastric animals. 
Coon et al. (1990) reported a 21% increase in 
the true metabolizable energy (TME) value 
of oligosaccharide-free SBM combined with 
a 50% reduction in passage time. Parsons 
et  al. (2000) reported a 9.8% higher TME 
value in SBM with lower levels of total raf-
finose, stachyose and galactinol. 

The lack of endogenously produced 
α-galactosidase in monogastric animals and 
the high concentration of polysaccharides 
and oligosaccharides provide an exogenous 
enzymatic opportunity to increase digestibil-
ity and performance. However, reports have 
been published with varying results on di-
gestibility. For example, incubation of SBM 
with α-galactosidase decreased the α-galacto-
side concentration from 6.5 to 1.43% but did 
not significantly increase the TME value of 
the meal when fed to adult roosters (Irish 
et al., 1995). However, a similar study with 
α-galactosidase treatment of SBM degraded 
raffinose and stachyose by 55 and 70%, re-
spectively, and reported that this degradation 
increased the TME value by 12% but was not 
sufficient to elicit a chick performance re-
sponse (Graham et  al., 2002). Meanwhile, 
other studies have reported benefits of 
α-galactosidase on energy digestibility and 
performance level (Knap et al., 1996; Ghazi 
et al., 2003). Wang et al. (2005) reported in-
creases in dietary TME value and increases 
in digestibility of methionine and cysteine 
along with calcium and phosphorus in diets 
containing α-galactosidase. Similar digest-
ibility results have been reported in swine, 
with improvements in oligosaccharide 

degradation (Smiricky et al., 2002) as well 
as additional benefits of energy and amino 
acid digestibility when additional stachyo-
se was added to the diet (Pan et al., 2002). 

The adoption of a nutritional strategy 
will depend on the confidence of the nutri-
tionist or company regarding that strategy 
and the consistency of a response. Multiple 
research teams have conducted series of 
experiments to evaluate the potential of α-
galactosidase to improve digestibility and 
enhance performance in monogastric ani-
mals. Kidd et al. (2001a,b) conducted a total 
of four experiments to determine the effect 
of a liquid blend with primary activity of 
α-galactosidase (additional activities included 
α-amylase, β-glucanase, protease, xylanase 
and cellulose) on broiler performance and 
observed significant improvements in FCR in 
two of the four experiments with no influ-
ence on BW gain. In one of the experiments, 
a significant improvement of 6% in FCR 
combined with a significant reduction in 
mortality (6%) was reported when added in a 
maize–soy diet. In the second experiment, a 
significant 1.5% reduction in FCR was re-
ported when added to a maize–soy diet in 
42-day-old chickens. In a series of experi-
ments to evaluate the influence of α-galacto-
sidase on broiler performance containing 
different energy levels (Waldroup et  al., 
2005) and enzyme inclusion levels (Waldroup 
et al., 2006), the research team reported no 
effect of α-galactosidase inclusion on broiler 
performance. However, more recently Zhang 
et  al. (2010) evaluated the inclusion of α-
galactosidase in broiler diets containing de-
hulled SBM and varying in energy level. 
The researchers reported a significant in-
crease in metabolizable energy (ME) with 
the inclusion of α-galactosidase at 2.1%, a 
significant increase in BW (2%) and a sig-
nificant improvement in FCR (3%) at 42 
days of age with no interaction present be-
tween the enzyme and dietary energy level. 
Similarly, Shang et al. (2018) reported that 
α-galactosidase inclusion significantly im-
proved energy and protein digestibility, as 
well as increased several essential amino 
acids, which led to increased average daily 
BW gain in a 28-day swine experiment 
beginning with 7 kg piglets. 
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The supplementation of α-galactosidase 
in monogastric diets containing SBM merits 
consideration as the presence of the sub-
strate and opportunity for oligosaccharide 
degradation and improved nutrient digest-
ibility is a viable mode of action. It stands to 
reason the opportunity may be greater in 
poultry than in swine due to the large diffe-
rence in ME value between the two species. 
The low ME value of SBM in poultry should 
provide an opportunity for markedly in-
creased energy digestibility which would 
potentially increase the ME value of soy, 
remove the potentially negative impact of 
indigestible oligosaccharides and improve 
performance of the animal. However, review 
of the literature indicates inconsistent re-
sults in both poultry and swine, although the 
vast majority of research is dated. The con-
tinued investigation, development and se-
lection of α-galactosidases may reduce or 
eliminate this variability in response. Cur-
rently, the most viable approach for the use 
of α-galactosidase may be as a component in 
a multi-enzyme complex. Jasek et al. (2018) 
investigated the effect of an enzyme complex 
containing α-galactosidase and xylanase 
when supplemented to maize–soy–MBM– 
bakery diets varying in nutrient concentra-
tion (energy and amino acids) and reported 
the enzyme complex significantly increased 
energy digestibility by 2.8% and crude pro-
tein (CP) digestibility by 3.8% with increased 
digestibility of all essential amino acids in 
21-day-old broilers (Table 5.5). This comple-
mentary approach may currently be the most 
viable approach for an α-galactosidase in 
monogastric nutrition; however, with con-
tinued development, an independent en-
zyme application may be viable under the 
right circumstances. 

5.5 Pectinase 

Chemically, pectin substances are complex 
colloidal acid polysaccharides, with a back-
bone of galacturonic acid residues linked by 
α-1,4 linkages. The side chains of the pectin 
molecule consist of L-rhamnose, arabinose, 
galactose and xylose. The carboxyl groups 

of galacturonic acid are partially esterified 
by methyl groups and partially or completely 
neutralized by sodium, potassium or ammo-
nium ions (Kashyap et  al., 2001). Pectin is 
structurally and functionally the most com-
plex polysaccharide in the plant cell wall 
(Mohnen, 2008). The concentration of pectin 
varies considerably throughout feedstuffs. 
Malathi and Devegowda (2001) reported the 
pectin and total NSP contents of a variety of 
potential feedstuffs for monogastric animals 
(Table 5.6). Pectinolytic enzymes are a group 
of enzymes which hydrolyse pectin and can 
be divided into hydrolases and lyases (Sakai 
et al., 1993). 

The in vitro assays contacted by Malathi 
and Devegowda (2001) used a two-stage 
in vitro digestion to better simulate the di-
gestive tract of a bird. In their research, mul-
tiple enzyme combinations were evaluated 
and with regard to SBM, the addition of 
pectinase into the combination led to a fur-
ther reduction in in vitro viscosity and 
higher total sugar release than combinations 
without pectinase; however, similar reduc-
tions in viscosity were not observed when 
adding the enzymes into broiler feed sam-
ples. As expected, enzyme addition through 
an in vitro system increased the total sugars 
released during the digestion period, with 
the highest again being the combination 
that contained pectinase. Similar results 
were reported by Kocher et al. (2002), who 
observed increased sugar release with a 
multi-enzyme containing pectinase supple-
mentation of SBM. 

Tahir et al. (2008) developed a model us-
ing the amount of free galacturonic acid as an 
index or marker for pectin hydrolysis and de-
termined the impact of single and multi-
enzymes on galacturonic acid concentration. 
The model correlated galacturonic acid con-
centration to CP and DM digestibility with R2 

values for each model of 0.75 and 0.97, re-
spectively. These researchers evaluated the 
impact of purified cellulase, hemicellulase, 
pectinase and their combinations when 
added to a maize–SBM-based diet in an in 
vitro assay. Individual inclusions of each en-
zyme did not benefit CP or DM digestibility; 
however, hemicellulase did increase galactu-
ronic acid compared with the control diet. 
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Table 5.5. Apparent ileal amino acid (AA) and energy digestibility (%) of male broilers fed a positive control (PC) or a negative control (NC) diet with or without 
supplementation of α-galactosidase enzyme. The NC diet contained a 2.5% reduction in apparent metabolizable energy and digestible AAs. (From Jasek et al., 2018.) 

Diet Enzyme Thr Cys Val Met Ile Leu Lys Arg Trp Total AA IDE (kcal/kg) 

PC Control 68.8 62.1 72.7 86.3 75.4 70.5 80.5 86.2 80.9 76.5 3174.3 
NC Control 67.0 60.6 72.0 85.7 74.6 70.6 80.1 86.4 78.1 76.0 3109.9 
PC Enzymea 73.0 68.4 77.6 89.4 79.7 75.1 83.5 88.5 84.8 80.6 3304.4 
NC Enzymea 69.1 65.7 73.7 88.5 75.6 71.1 81.3 87.0 80.7 77.8 3167.5 

Diet 
PC 70.8A 65.2A 75.1A 87.8A 77.5A 72.7A 82.0A 87.3A 82.8A 78.5A 0.752A 

NC 68.0B 63.1A 72.8B 87.0A 75.1B 70.8A 80.7A 86.7A 79.3B 76.9A 0.734A 

Enzyme 
Control 67.9B 61.4B 72.3B 86.0B 75.0B 70.5B 80.3B 86.3A 79.5B 76.3B 0.729B 

Enzymea 71.0A 67.1A 75.6A 88.9A 77.7A 73.1A 82.4A 87.8A 82.7A 79.2A 0.755A 

P value 
Diet 0.050 0.211 0.056 0.276 0.030 0.155 0.175 0.367 <0.001 0.118 0.091 
Enzyme 0.031 0.001 0.009 <0.001 0.021 0.049 0.035 0.063 0.001 0.008 0.030 
Diet × Enzyme 0.454 0.739 0.192 0.847 0.140 0.144 0.362 0.245 0.482 0.275 0.235 

Pooled SEM 0.8 0.9 0.7 0.4 0.6 0.7 0.5 0.4 0.5 0.6 0.006 

IDE, ileal digestible energy; SEM, standard error of the mean. 
aAlphaGal™, Kerry Inc., Beloit, Wisconsin. 
A,BIn the separate Diet and Enzyme comparisons, mean values within a column with unlike upper-case superscript letters are signifcantly different at P < 0.05. 
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Table 5.6. Total pentosan, cellulose, pectin and total NSP content (%) of different feed ingredientsa. 
(From Malathi and Devegowda, 2001.) 

Ingredient Total pentosan Cellulose Pectin Total NSP 

Maize 5.35 3.12 1.00 9.32 
Sorghum 2.77 4.21 1.66 9.75 
De-oiled rice bran 10.65 15.20 7.25 59.97 
Soybean meal 4.21 5.75 6.16 29.02 
Peanut meal 6.11 6.55 11.60 29.50 
Sunfower meal 11.01 22.67 4.92 41.34 
Rapeseed meal 8.85 14.21 8.86 39.79 

aEach value represents the mean of triplicate analysis. 

Furthermore, when combining the enzymes, 
benefits in CP and DM digestibility as well as 
galacturonic acid were observed with hemi-
cellulase + pectinase, cellulase + hemicellulose, 
and cellulase + hemicellulase + pectinase 
compared with the control. The combination of 
all three single enzymes resulted in increased 
digestibility and galacturonic acid concentra-
tion compared with all combinations contain-
ing only two enzymes. These results demonstrate 
the importance of hemicellulose as no combin-
ation without hemicellulase resulted in differ-
ences from the control and confirm the benefit 
of pectinase to maximize digestibility. 

In a follow-up in vivo study to the 
in vitro assay, Tahir et al. (2008) evaluated 
the use of only a combination multi-enzyme 
of cellulase, hemicellulase and pectinase as 
these were more efficacious in the in vitro 
evaluation compared with individual en-
zyme inclusion. The researchers evaluated 
a low-protein diet (2% less CP than the con-
trol diet) with enzyme addition. Enzymatic 
inclusion in both the control diet and the 
low-protein diet resulted in increased BW 
gain, reduced FCR, increased carcass yield, 
and increased protein digestibility and DM 
digestibility. Enzymatic addition to the 
low-protein diet resulted in similar growth 
performance and digestibility to the control 
diet without enzyme, indicating this com-
bination of enzymes was capable of com-
pensating for a reduction in CP. 

A similar study from the same research 
team (Tahir et al., 2006) evaluated multiple 
combinations of cellulase, hemicellulase 
and pectinase on broiler performance and 
digestibility. Addition of three combinations, 

including cellulase + pectinase, hemicellulase 
+ pectinase, and hemicellulase + cellulase + 
pectinase, increased protein digestibility, DM 
digestibility, apparent metabolizable energy 
(AME) and carcass yield, while pectinase 
alone was unable to significantly influence 
any of these parameters. Similarly, Igbasan 
et al. (1997) reported that increasing the level 
of pectinase was unable to improve broiler 
performance when fed a diet containing peas; 
however, the addition of α-galactosidase to 
the lowest level of pectinase tended to in-
crease BW gain (P = 0.06), confirming the need 
for additional enzyme activity aside from 
pectinase for consistent improvement. 

These observations of enzyme combin-
ations including pectinase increasing digest-
ibility compared with single or multi-enzymes 
without pectinase in diets with varying ingre-
dient profiles have also been reported by 
other researchers. In the evaluation of defat-
ted flaxseed meal, enzyme combinations of 
cellulase, pectinase, xylanase, glucanase and 
mannanase were more effective in NSP deg-
radation than when included individually. 
Compared with the control, the inclusion of 
the enzyme combination degraded 35% of the 
NSPs present following in vitro application 
(Slominski et al., 2006). When evaluating the 
combination of cellulase + pectinase + xyla-
nase + glucanase, increased TME

n of defat-
ted flaxseed meal from 2717 to 3750 kcal/kg 
in adult roosters, decreased FCR in broiler 
chicks by 3.5 points and increased AMEn of 
the diet from 2701 to 2846 kcal/kg were ob-
served. Similar results were found when 
adding these enzymes to canola seed (Meng 
et  al., 2006). Meng and Slominski (2005) 



82 Jason T. Lee and Kyle D. Brown   

  

 

 
 

 

 

 

 

 

 

 
 
 
 
 

 
 
 

 
 

  

 
 
 
 
 

 
 
  

 
 
 

 

demonstrated the benefits of the inclusion of 
a multi-enzyme containing xylanase, glu-
canase, pectinase, cellulase, mannanase 
and galactanase on performance and/or NSP 
and nutrient digestibility in maize diets 
containing SBM, canola meal or peas as the 
protein source. Improvements in FCR of 
4 points were reported with the SBM while 
reductions of 50 to 55% in digesta NSP 
content and increases in starch digestibility 
between 1.5 and 2.5% were reported for 
diets containing peas, canola and SBM. 

In general, published reports investigat-
ing the use of enzyme combinations contain-
ing pectinase are viable as multiple published 
reports describe observed advantages in nu-
trient digestibility, growth performance and 
carcass yield (Meng and Slominski, 2005; 
Saleh et  al., 2005; Meng et  al., 2006; 
Slominski et  al., 2006; Tahir et  al., 2006, 
2008). The dietary components in these reports 
vary and included protein sources such as 
SBM, canola, flaxseed meal and peas. How-
ever, other reports indicate a lack of indi-
vidual activity of pectinase or no impact of 
a multi-enzyme which contained pectinase 
(Zyla et  al., 1996; Igbasan and Guenter, 
1997). Regardless, the numerous published 
data reporting beneficial impacts all have 
pectinase in the form of a multi-enzyme 
complex combined with other carbohydras-
es. In vitro assays demonstrate the potential 
of pectinase inclusion in multi-enzyme 
products for further sugar release and NSP 
degradation. However, the translation of 
these in vitro assays to consistent improve-
ment in growth performance has not materi-
alized. Interestingly, the vast majority of the 
published literature regarding pectinase in-
clusion in monogastric animal feeds is more 
than a decade old. The lack of recent work 
either indicates an obstacle to expand pecti-
nase use such as cost or efficacy or a lack of 
innovation, advancement and technology. 

5.6 Conclusion 

As there are now more than 30 years of pub-
lished research data on carbohydrase use in 
monogastric nutrition, we must reflect on 

where we have been and where we are going. 
At this juncture, an overwhelming adoption 
of carbohydrases in poultry diets has taken 
place globally over the past decade. The vast 
majority of the enzymes currently used are 
xylanase based; however, many contain add-
itional activities such as mannanase, galacto-
sidase, glucanase, cellulase, hemicellulase 
and/or pectinase although the main focus is 
on xylanase. The main reason for this centres 
around reliability, consistency and price. In-
creased competition in this market has re-
sulted in more consistent, efficacious and 
cost-effective products in which formulating 
nutritionists trust, although xylanase mainly 
targets NSPs present in cereal grains (maize 
and wheat) which do comprise the majority 
of a monogastric diet. However, a large con-
centration of NSPs is present in SBM which 
represents a potential source of additional 
nutrients for the animal and is mainly re-
sponsible for the low ME value of SBM and 
other protein sources. 

We have just discussed the vast amount 
of research that has focused on β-mannan-
ase, α-galactosidase and pectinase. These 
enzymes are clearly more efficacious in 
poultry as compared with swine presently 
and the authors believe this will hold true 
for the foreseeable future. The inconsistent 
results in swine currently represent a bar-
rier to widespread adoption; however, they 
also represent an opportunity for develop-
ment of enzymes with more consistent and 
predictive responses. 

Within each enzyme, numerous research 
reports demonstrate enzymatic efficacy and 
animal benefit and allude to circumstances in 
which these enzymes provide a benefit to the 
animal. At this juncture, β-mannanase is the 
only one of the three enzymes that has cur-
rently demonstrated the ability to provide 
consistent and predictable digestibility and 
performance improvement when fed as a 
single-source enzyme. However, as demon-
strated by Latham et al. (2018), diets low in 
β-mannan (β-mannan concentrations are low 
in SBM) do not respond to inclusions of 
β-mannanase due to lack of available sub-
strate. Therefore, nutritionists must consider 
ingredient profile and concentration to deter-
mine the potential benefit that β-mannanase 
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will provide them. Williams et  al. (2014) 
demonstrated a feeding strategy in which 
β-mannanase can be fed early during grow 
out when SBM levels are higher in the diet 
and switch to a xylanase-based enzyme in 
the final diets of the commercial broiler as 
SBM and β-mannan levels drop. 

Regarding α-galactosidase and pectinase, 
the research is fairly definitive in the fact that 
these two enzymes in the current industry 
would not be successful if fed as a single en-
zyme but can have value when included in a 
multi-enzyme product. Jasek et  al. (2018) 
demonstrated the results of feeding a multi-
enzyme product that contains α-galactosidase 
on amino acid and energy digestibility. 
Similarly, Tahir et  al. (2006, 2008) and 
Slominski et al. (2006) demonstrated the di-
gestibility and performance benefits of enzyme 
combinations that contain pectinase over in-
dividual enzyme feeding. Currently the role 
for α-galactosidase and pectinase is in a com-
plementary role and the authors do not expect 
that to change dramatically over the coming 
decade. However, as the industry continues to 
strive to improve efficiency combined with 

reducing the environmental impact and pro-
duction footprint, the authors believe the de-
velopment and advancement of enzyme 
technology of complementary enzymes such 
as α-galactosidase and pectinase will con-
tinue. Continued market competition and re-
search and development will lead to improved 
in vivo efficacy and increased enzyme pro-
duction yield which should lead to reduced 
production costs, putting these complemen-
tary enzymes in a position for inclusion in 
more multi-enzyme products. Although there 
are some trends that may apply stress to 
development, such as the move towards lower-
CP diets that reduce the amount of SBM and 
other protein ingredients in the diet, con-
tinued genetic selection and improvement 
combined with addition of by-product meals 
and protein alternatives will impact the 
amounts of substrates that these enzymes tar-
get in future diets. Overall, the authors believe 
the opportunities outweigh the potential risks 
and that exponential growth potential exists 
within these classes of enzymes, although 
growth will likely be as components within 
multi-enzyme products. 
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6.1 Introduction 

Exogenous feed enzymes have been used 
commercially to enhance environmental 
and economic sustainability of non-ruminant 
production animal systems since the 1980s. 
A substantial research effort has been made 
over the past four decades to generate ac-
tionable insights into mode of action and 
complementarity of effect to enable their 
optimal use at the end user level. Consider-
able efforts have been made with regard to the 
non-starch polysaccharide-degrading enzymes 
and phytase, where their value as monocom-
ponent enzymes has been systematically ex-
plored. However, the usefulness of proteases 
and amylases has received considerably less 
attention and much of the research has been 
oriented around their value as part of enzyme 
admixtures where their value contribution is 
inferred but not always explicitly determined. 
In the last decade monocomponent amylases 
and proteases have been launched, which has 
enabled research into these activities without 
the confounding effects of adjacent enzymes. 
While exogenous amylases and proteases 
have the potential to significantly improve 
animal performance and the digestibility of 
energy and amino acids, the mode of action 

is not fully defined. Furthermore, given that 
commercial nutritionists are faced with an 
array of at least six or seven major exogen-
ous enzyme classes, the assembly of admix-
tures of enzymes to achieve optimal return 
on investment is not trivial. The objective of 
this chapter is to provide background on ex-
ogenous amylases and proteases and to ex-
plore main effect drivers for in vivo response. 
Literature evidence is presented and con-
siders mode of action, variability of effect and 
factors that may be considered when explor-
ing the usefulness of these underexploited 
enzyme activities. 

6.2 Biochemistry and Enzymology  
of Exogenous Amylases 

Starch is the main energy source in cereals 
that are fed to non-ruminant production 
animals. Starch is present as starch granules 
and consists of two α-1,4-biopolymers of 
glucose, amylose and amylopectin (Fig. 6.1). 
The starch granules need to be opened up 
and the glucose polymers need to be converted 
into small oligosaccharides before they can 
be absorbed and utilized as an energy source 
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Amylopectin = Hydrolysis of ˜-1,4 linkages 

-Amylase 
Glucoamylase 
Isoamylase 

Maltose 

Glucose 

Amylose 
-Amylase 

Fig. 6.1. Overview of the enzymes involved in hydrolysis of branched amylopectin (top) and unbranched 
amylose (bottom) into maltose and glucose. (Created by Novozymes 2021.) 

by the animals. In nature (when grains are 
sprouting or when grains are digested by 
animals) several enzymes are involved in 
this process. The enzymes involved in the 
hydrolysis of the biopolymers (linear amyl-
ose and branched amylopectin) are called 
amylolytic enzymes and include: α-amylase 
(EC 3.2.1.1), β-amylase (EC 3.2.1.2), cyclo-
dextrin glycosyltransferase (EC 2.4.1.19), 
glucoamylase (EC 3.2.1.3), α-glucosidase 
(EC 3.2.1.20) and pullulanase (EC 3.2.1.41) 
(Wong, 1995; Horváthová et  al., 2001). 
α-Amylases are mid-sized enzymes with 
about 500 amino acid residues in a single 
peptide chain. They are known to be Ca2+-
dependent and are generally stable molecules. 
Amylase (originally called diastase) was dis-
covered and isolated in 1833 (Payen and Persoz, 
1833) and is today used in many industrial 
applications to break down starch into smaller 
sugars. α-Amylases have a cleft-like active site 
(Fig. 6.2) and can attack the biopolymer (amyl-
ose or amylopectin) at many positions. They 
are so-called endo-acting enzymes. Most 
α-amylases are found in the glycoside hydro-
lase family 13 (GH13), but a few are found in 
the related families 70 and 77 (Horváthová 
et al., 2001; Lombard et al., 2014). 

GH13 is a huge family with more than 
86,000 sequences (http://www.cazy.org/ 
GH13.html, accessed 15 September 2021). It 
is in this family that the endogenous α-
amylases from chickens, pigs and humans are 
found, and where current commercial feed 
amylases originate. The GH13 family has 

been further divided into subfamilies that to 
some extent separate the many enzyme 
activities found here (Stam et  al., 2006). 
Currently 25 EC numbers are listed in GH13, 
and α-amylases are found in subfamilies 1, 2, 
5–7, 15, 19, 24, 27, 28 and 32. Figure 6.3 illus-
trates the separation into different subfamilies 
using three-dimensional structures of α-amyl-
ases as found in the Protein Data Bank (https:// 
www.rcsb.org/, accessed 15 September 2021). 
Nine subfamilies are represented with struc-
tures, and they mainly separate according to 
taxonomic class; for example, subfamily 6 
(GH13_6) contains α-amylases from barley 
and rice, whereas GH13_24 contains mamma-
lian amylases (saliva and pancreatic from hu-
mans and pigs). Chicken (Gallus gallus) has 
only the pancreatic homologue and this is 
also found in GH13_24. Current commercial 
animal feed amylases are all from bacteria and 
found in subfamily 5. 

6.3 Starch Digestion and the Potential 
of Exogenous Amylases 

The majority of dietary digestible energy in 
the diets of pigs and poultry is delivered to 
the animal by ingestion of starch from cer-
eals (Cowieson, 2005). Starch is a heteroge-
neous polymer of glucose with a complex 
and variable crystalline macrostructure (Tester 
et al., 2004). Glucose monomers are connected 
by α-1,4 or α-1,6 bonds, forming amylose or 
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Fig. 6.2. Surface representation (in yellow) of a GH13_5 α-amylase with an amylose fragment (white = hydrogen, 
black = carbon and red = oxygen) docked into the cleft-like active site. (Created by Novozymes 2021.) 
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Fig. 6.3. Phylogenetic tree of GH13 α-amylases (EC 3.2.1.1) with publicly known three-dimensional 
structure (indicated by Protein Data Bank entries (https://www.rcsb.org/, accessed 15 September 2021); 
sequences that are more than 95% identical are represented as one entry). The sequences separate into 
different subfamilies and are coloured by taxonomy: Bacilli (light blue) in GH13_2, GH13_5 and GH13_28; 
Eurotiomycetes (light green) in GH13_1; Lilliopsida (red) in GH13_6; Thermococci (olive green) in GH13_7; 
Mammalia (light violet) in GH13_24; Insecta (dark violet) in GH13_15; and Gammaproteobacteria (green) 
in GH13_32. (Created by Novozymes 2021.) 

amylopectin, respectively. Starches with a 
substantial concentration of amylopectin
are referred to as ‘waxy’, whereas those with 
a dominant concentration of amylose are

described as ‘normal’ or ‘amylo’. Starches 
with a high ratio of amylopectin to amylose 
tend to be more amorphous and soluble and 
so are more readily digestible by livestock 
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(Moran, 1982). In cereal grains such as 
maize or wheat, starch does not exist in iso-
lation from other macroscopic structures in 
the seed. Indeed, starch granules are usually 
tightly packed in a protein ‘envelope’ and the 
extent to which this occurs confers important 
physicochemical properties to the seed. In 
cases where the starch is tightly associated 
with protein the starch is referred to as ‘vitre-
ous’ and is usually mechanically hard and 
nutritionally poor. Alternatively, ‘floury’ starch 
is friable, loosely associated with protein and 
typically more readily solubilized and di-
gested (Gibbon et al., 2003; Cowieson, 2005). 
Thus, while starch may be considered a mod-
erately simple polymer (relative to protein), 
there is considerable heterogeneity in presen-
tation, association with adjacent macromol-
ecules, solubility and concentration that 
confers important mechanical, chemical and 
nutritional characteristics that directly influ-
ence feeding value. 

In swine, starch digestion is initiated in 
the mouth via the function of salivary amylase, 
whereas in poultry starch digestion begins 
when ingested starch encounters pancreatic 
amylase in the small intestine (Moran, 
1985). Polymeric starch is rapidly degraded 
to dextrins of variable molecular weight and 
these oligosaccharides are further hydro-
lysed to glucose monomers by brush-border 
maltase and isomaltase prior to absorption 
by the intestinal enterocytes (Moran, 1985). 
In non-ruminant livestock species the di-
gestion of starch is relatively high compared 
with alternative macronutrients such as 
protein or lipid and may reach 98–100% in 
some cases. However, evidence for incomplete 
starch digestion exists (Wiseman et  al., 
2000) and this may be associated with vari-
ous factors such as animal age, pancreatic 
output, feed processing conditions, dietary 
antinutrient content or intestinal develop-
ment (Uni et al., 1998; Svihus et al., 2005; 
Itani and Svihus, 2019). 

A significant determinant in the effect-
iveness of starch digestion may be the ex-
tent to which the intestine can process 
ingested starch over time. Krogdahl and Sell 
(1989) reported that pancreatic amylase out-
put rose rapidly in the first week post-hatch 
in chicks, which putatively suggests that 

older animals may have a greater capacity to 
degrade dietary starch compared with their 
neonatal counterparts. However, Croom et al. 
(1999) noted that while intestinal maturity 
increases with age qualitatively, quantita-
tively this does not keep pace with the sub-
stantial rise in body weight or in feed intake 
over the life of the animal. Indeed, pancreatic 
weight relative to body weight reaches a max-
imum around 14 days post-hatch and declines 
rapidly thereafter. These factors are important 
when considering the targeted use of exogen-
ous amylases or other interventions intended 
to augment endogenous starch digestion in 
animals and may explain why variable effects 
of exogenous amylase have been reported in 
the literature. 

Use of monocomponent exogenous am-
ylases in non-ruminant animal production 
has not received as much attention in the 
scientific literature compared with alterna-
tive carbohydrases such as arabinoxylanase 
or β-glucanase. However, several studies 
have been reported and a summary of major 
results can be found in Table 6.1. Generally, 
improvements in weight gain and feed con-
version from about 2 to 4% have been observed 
although these effects vary depending on 
the experimental conditions (age, duration, 
maize source, etc.). Effects on digestibility 
of energy of about 80–200 kcal/kg have also 
been noted and these appear to be greater 
when measured at the ileal level (as opposed 
to total tract assessment). Interestingly, ex-
ogenous amylase addition to poultry diets 
has been shown to reduce endogenous amylase 
secretion and alter intestinal morphology 
(Mahagna et  al., 1995; Gracia et  al., 2003; 
Onderci et  al., 2006; Jiang et  al., 2008), 
which is suggestive of nutrient sparing ef-
fects that may beneficially influence animal 
performance. Thus, the effects of exogenous 
amylase may be mediated both via direct in-
creases in the digestibility of dietary starch 
and also by augmentation of endogenous 
enzyme function and intervention in both 
secretory and absorptive machinery. Future 
work on exogenous amylase for non-ruminant 
animal production should focus on explor-
ing variability in effect associated with 
cereal quality, animal age, gut health and 
net energy. Further research on variance in 
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Table 6.1. Overview of the effect of exogenous microbial amylase on poultry performance, nutrient 
digestibility and intestinal function. 

Reference Species Diet Duration 
Weight gain 
effect (%) 

FCR 
effect (%) 

Digestibility 
effect (%) 

Stefanello et al. 
(2015) 

Broiler (Cobb 500) Maize–SBM Days 14–25 +0.14 –3.0 IDE: +2.7 
AME: +2.1 

Stefanello et al. 
(2019) 

Broiler (Cobb 500) Maize–SBM or 
Maize–SBM + 

additional 
maize 

Days 14–25 NR NR IDE: +5.9 
AME: +3.6 

De Faria Castro 
et al. (2020) 

Broiler (Cobb 500) Maize–SBM Days 21–42 +7.2 –10.7 NR 

Yin et al. 
(2018) 

Broiler (Cobb 500) Maize–SBM– 
maize gluten 
meal 

Days 5–16 +1.3 –0.7 Ileal starch: 
+1.7 

Stefanello et al. 
(2017) 

Broiler (Cobb 500) Maize–SBM Days 1–40 +1.5 –0.1 AME: +3b 

Vieira et al. 
(2015) 

Broiler (Cobb 500) Maize–SBM Days 1–40 +2.0 –0.1 AME: +2.3b 

Gracia et al. 
(2003) 

Broiler (Cobb 500) Maize–SBM Days 1–42 +4.7 –0.1 Ileal starch: 
+1.6 

AME: +2.4 
Ritz et al. 

(1995) 
Turkey (Nicholas) Maize–SBM– 

fshmeal– 
MBM 

Days 1–35 +2.9 –6.5 NR 

Jiang et al. 
(2008) 

Broiler (Arbor 
Acre) 

Maize–SBM Days 1–21 +4.5 –0.06 NR 

Onderci et al. 
(2006)a 

Broiler (Cobb 500) Maize–SBM– 
fshmeal 

Days 1–42 +0.4 –3.0 Total tract dry  
matter: +2.2 

FCR, feed conversion ratio; SBM, soybean meal; MBM, meat and bone meal; NR, not reported; IDE, ileal digestible energy; 
AME, apparent metabolizable energy. 
aThis study involved feeding a bacterial culture that expressed α-amylase activity. 
bDetermined by regression against an AME titration, not measured. 

the capacity to digest starch at the level of 
the individual animal would also be useful 
and is largely missing from the scientific lit-
erature today. 

6.4 Biochemistry and Enzymology 
of Exogenous Proteases 

Proteases are enzymes that are capable of 
degrading protein. Proteins are large biomol-
ecules built from long linear chains of amino 
acid residues, called polypeptides. The amino 
acid residues are joined together by peptide 
bonds connecting the carboxyl group of one 
amino acid to the amino group of the next 
amino acid in the chain. Each of the 20 amino 
acids has a different side group which varies 

in size, shape, charge, hydrophobicity and 
reactivity. The sequence of amino acid res-
idues in a polypeptide chain determines the 
three-dimensional structure and properties 
of the protein and is defined by the nucleo-
tide sequence of the gene. 

Proteins are an essential nutrient required 
for the nutrition of all animals. In feed for 
production animals, protein is a major cost 
driver. In a typical broiler diet around half 
the protein will come from protein meals 
such as soybean meal and rapeseed meal, 
which contain high concentrations of protein 
(35–50%), while the other half will come 
from cereal grains such as maize and wheat 
which have a lower concentration of protein 
(8–15%). The protein quality varies between 
different feed ingredients primarily due to 
the differences in amino acid composition 
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and protein availability (digestibility), which 
can also be influenced by processing and 
various other factors. 

As mentioned earlier, proteases are 
enzymes which are capable of degrading 
protein by hydrolysing the peptide bonds 
between amino acid residues, basically cutting 
the long polypeptide chains into smaller 
pieces. Proteases constitute a huge enzyme 
class which differs significantly in both se-
quence and structure, so that an impressive 
diversity in terms of functionality (such as 
specificity, stability, temperature and pH 
profiles) is found within the protease space. 
Proteases are categorized into different prote-
ase families and subfamilies based on their 
sequence homology. The six main protease 
families are called serine, metallo, cysteine, 
aspartic, glutamic and threonine proteases 
(Barrett et al., 2012). The names of the prote-
ase families refer to the amino acid (or metal 
ion) in the active site where hydrolysis of 
peptide bonds takes place and is not descrip-
tive of the substrate specificity of a given pro-
tease. Within each main family there are 
several subfamilies. Furthermore, proteases 
are grouped into exo- and endopeptidases. 
Exopeptidases including di- and tripeptidyl 
peptidases cleave from the end of protein 
chains, releasing single amino acids, dipeptides 
or tripeptides. Exopeptidases are categorized 
as carboxy- or aminopeptidases depending on 
whether they cleave from the carboxy or amino 
terminus of the polypeptide. Endopeptidases 
cleave within the protein chains, releasing 
and solubilizing larger protein fragments. 
The site of cleavage for both endo- and exo-
peptidases further depends on the specificity 

of the protease. Very specific proteases exclu-
sively cleave next to certain amino acids, limit-
ing the number of cuts in a protein chain, 
whereas proteases with a broad specificity 
have substantially more opportunity to cata-
lyse hydrolytic events. Proteases are typically 
also divided into acid, neutral or alkaline pro-
teases based on their pH optimum, meaning 
the pH at which they have the highest activ-
ity. Acid proteases are most active at low pH 
and have potential for hydrolysing protein 
during gastric digestion, while neutral or 
slightly alkaline proteases will be most active 
in the small and large intestine. An overview 
of the major endogenous proteases involved 
in protein digestion can be found in Table 6.2. 

Pepsin is an aspartic endoprotease with 
broad specificity but is most efficient in 
cleaving peptide bonds between large hydro-
phobic amino acids such as phenylalanine 
and leucine (Tang, 1963; Fruton, 1976). It is 
an acid protease, suitable to the conditions in 
the gastric phase of the animal, where pH is 
low. Trypsin, chymotrypsin and elastase are 
all endoproteases of the serine protease fam-
ily and work optimally at pH around 7–9, 
suitable for the neutral environment in the 
small intestine (duodenum, jejunum and 
ileum). Trypsin has a high substrate specifi-
city and primarily hydrolyses peptide bonds 
next to basic amino acids such as lysine and 
arginine (Barrett et  al., 2012). Chymotrypsin 
preferably cleaves next to aromatic amino 
acids such as phenylalanine, tyrosine and 
tryptophan (Bergmann and Fruton, 1941; 
Desnuelle, 1960), while elastase hydrolyses 
at the site of uncharged small amino acids 
such as alanine, glycine and serine (Bieth, 1978). 

Table 6.2. Overview of the major endogenous proteases involved in protein digestion in monogastric 
animals. (From McDonald et al., 2010.) 

Protease Endo/exo Protease family Specifcity Site of action 

Pepsin Endo Aspartic Phenylalanine, tyrosine,
leucine 

 Stomach/proventriculus/ 
gizzard 

Trypsin Endo Serine Lysine, arginine Intestines 
Chymotrypsin Endo Serine Phenylalanine, tyrosine, 

tryptophan 
Intestines 

Elastase Endo Serine Alanine, glycine, serine Intestines 
Carboxypeptidase A Exo Metallo Aromatic or non-polar 

side chains 
Intestines 

Carboxypeptidase B Exo Metallo Arginine, lysine Intestines 
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The endoprotease activity from pepsin 
and the three major pancreatic proteases 
trypsin, chymotrypsin and elastase releases 
smaller oligopeptides, which are further de-
graded by exopeptidases, such as carboxy-
peptidase A and carboxypeptidase B, both 
coming from the metalloprotease family. The 
action of these enzymes is aligned so that the 
endopeptidases produce peptides with C-
terminal amino acids, which then become 
substrates for the exopeptidases. As an ex-
ample, trypsin produces peptides with basic 
C-terminal amino acids that are particularly 
suited for the action of carboxypeptidase B 
(Folk et al., 1960; Tan and Eaton, 1995). 

To regulate protease activity in the gastro-
intestinal tract, most endogenous proteases 
are expressed as inactive pro-enzymes which 
need to be activated, typically by a combination 
of protease activity and certain conditions 
(e.g. low pH). The spectrum of endogenous 
proteases generally offers a diverse and quite 
effective protein digestion in animals. How-
ever, as the animal farming industry evolves, 
focus on reduced feed costs and sustainability 
increases, and with that the need for a uniform 
and consistently high protein digestion grows. 
The use of exogenous proteases offers the po-
tential to aid endogenous proteases with activ-
ities or properties that either synergize with 
endogenous proteases or supplement what the 
animals cannot offer themselves. As an ex-
ample, the major feed source, soybean meal, 
depending on processing conditions, often 
contains critical amounts of trypsin inhibitor. 
Trypsin inhibitors are proteins that, as the 
name implies, effectively inhibit the proteo-
lytic action of endogenous trypsin with nega-
tive consequences on protein digestibility and 
amino acid uptake by the animals. Exogenous 
proteases are commonly not inhibited by tryp-
sin inhibitor and some even have the potential 
to degrade this compound. In a recent publica-
tion, where soluble protein was identified by 
proteomics in the jejunum of broilers fed soy-
bean meal, it was seen that several of the soy 
proteins including trypsin inhibitor could not 
or could only partially be digested by en-
dogenous proteases (Cowieson et  al., 2016a; 
Recoules, 2017). 

Also, while most endogenous prote-
ase activity comes from specific proteases, 

exogenous proteases with broader substrate 
specificity have the potential to aid further 
in protein degradation by increasing protein 
digestibility beyond that of endogenous 
proteases (Cowieson and Roos, 2014). With 
increased protein digestibility comes a range 
of positive effects: there will be a smaller frac-
tion of protein left for the unbeneficial bac-
teria in the hindgut to feed on, which could 
have positive effects on gut health. Further-
more, the increased protein digestibility 
leads to less nitrogen in the excreta, having a 
positive effect on both animal welfare (fewer 
footpad lesions) and the environment (de-
creased nitrogen emissions). 

As proteases hydrolyse protein and en-
zymes themselves are proteins, it is theoret-
ically possible that the exogenous proteases 
could degrade other exogenous or endogen-
ous enzymes. However, this is a statistically 
highly unlikely event as the proteases are 
mixed in minute amounts into a feed with 
high levels of protein, so the chance that a 
protease will encounter another enzyme and 
not just feed protein is very low. Trials both 
in vitro (Fig. 6.4) and in vivo (Cowieson et al., 
2019) have shown that the activity of other 
exogenous enzymes such as carbohydrases 
and phytases is not negatively affected by 
addition of exogenous protease in a feed 
mixture. 

6.5 Protein and Amino Acid Digestion 
and the Potential of Exogenous Proteases 

Protein digestion in non-ruminants is initi-
ated in the gastric gut by the combined 
function of hydrochloric acid and pepsin 
and is then completed in the small intestine 
via sequential activity of several pancreatic 
and brush-border peptidases (Moran, 2016). 
Absorption of free amino acids, di- and tri-
peptides occurs via a suite of specific amino 
acid transport proteins in the enterocytes 
and further hydrolysis occurs after absorp-
tion by cytosolic peptidases (Sterchi and 
Woodley, 1980; Ganapathy et al., 2000). In-
gested amino acids are required for muscle 
synthesis but they also have a host of im-
portant functional effects such as immune 
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Fig. 6.4. In vitro data illustrating that exogenous protease does not degrade or negatively affect other exogenous 
enzymes. (a) Phytate release from a commercial phytase on a 70:30 mixture of maize:soybean meal is compared 
with control and a sample with both commercial phytase and 20× recommended dose of protease. (b) The amount 
of soluble xylose released by a commercial xylanase from a wheat bran-based diet compared with a control and a 
sample with both xylanase and 10× recommended dose of protease. In both cases, the addition of protease does 
not infuence the effect of other exogenous enzymes. DM, dry matter. (Created by Novozymes 2021.) 

function, contribution to intestinal energy 
budget, cell signalling, gene expression and 
others (Wu et al., 2014). While some amino 
acids can be synthesized from various pre-
cursors, many are essential and must be 
supplied by the diet to avoid nutritional in-
adequacy. Alternative amino acids such as 
glycine and serine may be considered ‘con-
ditionally essential’ as while they can be 
synthesized de novo, this process is not trivial 
and dietary supply is an advantage (Ospina-
Rojas et al., 2013). 

During the process of protein digestion 
there is a considerable investment of energy 
and amino acids made by the host animal 
that is of sufficient magnitude to generate 
negative cephalic small intestinal amino 
acid digestibility values. Fuller and Reeds 
(1998) estimate that 1 g of endogenous pro-
tein is secreted into the gut for every 2 g of 
dietary protein that is ingested. Secretion of 
digestive enzymes, bile and mucins and 
turnover of intestinal cells demand constant 
replacement and consume significant quan-
tities of energy, and these are only partially 
recovered by the terminal ileum. Duee et al. 
(1995) estimate that the intestinal tract con-
sumes 20–25% of whole-body oxygen de-
mand through the constant need for protein 
synthesis and cell turnover. Thus, during 
the normal digestive process the animal 

must not only recover dietary protein of 
varying mechanical and chemical compati-
bility but also minimize the synthesis and 
loss of endogenous protein in order to conserve 
energy and maximize lifetime fecundity. 

The digestibility of dietary protein var-
ies depending on multiple factors including 
the type and balance of protein in the diet, the 
age of the animal, feed processing conditions, 
presence of antinutrients, the inclusion of 
various additives and others (Cowieson and 
Roos, 2016; Moran, 2016). In order to reduce 
variability in digestibility of amino acids and 
to reduce loss of endogenous amino acids, 
the use of exogenous proteases has become 
increasingly common in recent years. 

Supplementation of production animal 
diets with exogenous protease was pion-
eered by Lewis et al. (1955) and Baker et al. 
(1956), and the initial focus was on the 
effect of supplemental pepsin and pancreatin 
on feed conversion. Since this early pion-
eering work many additional reports on the 
usefulness of exogenous proteases in animal 
nutrition have been published and suggest 
significant potential to improve perform-
ance across multiple diet types (Castanon and 
Marquardt, 1989; Huo et al., 1993; Guenter 
et  al., 1995; Hessing et  al., 1996; Rooke 
et al., 1998; Thorpe and Beal, 2001; Odetallah 
et  al., 2003, 2005; Angel et  al., 2010; 
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Freitas et al., 2011; Barekatain et al., 2013; 
Zuo et  al., 2015; Cowieson et  al., 2019). 
However, alternative work has shown that 
some variance may exist in the potential of 
exogenous protease to improve perform-
ance outcomes for livestock (Walk and 
Poernama, 2018; Walk et al., 2019). Variabil-
ity in the response to exogenous enzymes 
per se is not unexpected and this is likely to 
be associated with a range of factors such as 
inherent quality of the diets fed, limiting 
nutrients, duration experiments, substrate 
concentrations and others (Bedford, 2002). 
Similarly, in the case of exogenous protease, 
some variance in response is likely and this 
may be associated with the type of protease 
fed (pH optimum, source organism, sub-
strate specificity), type of dietary protein, 
animal species and age, as well as several 
other factors (Cowieson and Roos, 2016). 
However, one important factor that drives 
the magnitude of the response to exogenous 
protease for ileal amino acid digestibility is 
the inherent digestibility of amino acids in 
the control feed (Cowieson and Roos, 2014). 
Indeed, Cowieson and Roos (2014) noted 
that this single factor explained about 47% 
of the variance in the biological effect of 
protease on amino acid digestibility in both 
pigs and poultry (Fig. 6.5). This implies that 

exogenous protease may be a useful tool to 
reduce variance in amino acid digestibility 
as diets or animals that have an inherently 
low nutritional value may benefit more 
from supplemental protease. Evidence for 
significant variability in amino acid digest-
ibility at the level of the individual broiler 
has recently been published and shows the 
potential for intervention with exogenous 
protease to improve population uniformity 
(Cowieson et al., 2020). 

Superficially, the beneficial effects of 
exogenous protease in non-ruminant ani-
mal diets are delivered by augmentation of en-
dogenous protease architecture and improved 
retention of recalcitrant dietary amino acids. 
While this is true and a large meta-analysis of 
more than 800 observations across multiple 
diet types revealed a mean response in ileal 
amino acid digestibility of +3.74% (ranging 
from 2.7 to 5.4% depending on the amino 
acid) (Cowieson and Roos, 2014), substantial 
adjacent beneficial effects have been ob-
served. Importantly, the addition of exogen-
ous protease to animal diets appears to 
reduce the antinutritional effects of protein-
aceous antinutrients such as trypsin inhibitors, 
lectins and antigenic proteins. For example, 
Cowieson et al. (2016b) noted that exogen-
ous protease addition upregulated the 
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Fig. 6.5. Correlation between control digestibility (%) and the effect of a monocomponent exogenous 
protease. Mean response was +3.74%. (From Cowieson and Roos, 2014. Figure used with permission.) 
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expression of claudin-1 and various amino 
acid transporters in the intestine of broilers, 
suggesting beneficial effects on tight junc-
tion integrity and nutrient absorption. Simi-
lar beneficial effects of protease addition on 
peptide transport function have recently been 
reported (Cowieson et al., 2018). Cowieson 
and Roos (2014) also noted that the pattern 
of response to supplemental protease across 
all amino acids reflected the amino acid 
profile of intestinal mucin, suggesting that 
some of the beneficial effects may originate 
from reduced synthesis and/or loss of 
mucin from the gut. This observation con-
firms a previous report where exogenous 
protease significantly increased the thick-
ness of the adherent mucin layer in broilers 
(Peek et al., 2009). Exogenous protease add-
ition has also recently been shown to sig-
nificantly increase dietary metabolizable 
and net energy in broiler chickens. Cowieson 
et al. (2018) reported that exogenous prote-
ase increased net energy by 107 kcal/kg in 
broiler chickens fed a maize–wheat-based 
diet that already contained both xylanase 
and phytase. Effects of exogenous protease 
on metabolizable and digestible energy have 
previously been reported. Fru-Nji et  al. 
(2011) reported an increase in metabolizable 
energy with protease addition of 51–212 kcal/kg 
for broilers fed a maize–soy-based diet. 
Freitas et al. (2011) observed an increase in 
apparent metabolizable energy of up to 194 
kcal/kg with protease addition to a maize– 
soy-based diet. Kalmendal and Tauson (2012) 
reported an increase in metabolizable energy 
of a wheat–soy-based diet of 114 kcal/kg. 
Olukosi et  al. (2015) noted an increase in 
apparent metabolizable energy of 177 kcal/ 
kg when protease was added to a maize–soy– 
canola–distillers-based diet. Finally, Cowieson 
et  al. (2016b) observed an increase in me-
tabolizable energy of 28–131 kcal/kg when 
protease was added to maize–soy- or maize– 
canola-based diets for broilers. Thus, the ef-
fects of protease are extensive and extend 

from primary effects on amino acid retention 
(some of which are delivered via reductions 
in endogenous amino acid loss) to improve-
ments in tight junction integrity, mucin bar-
rier function, peptide transport and energy 
metabolic efficiency. 

6.6 Conclusions 

Exogenous amylases and proteases have the 
potential to increase the digestibility of starch, 
energy and amino acids in the diets of pigs and 
poultry. However, more research is needed to 
fully explore the mode of action and the com-
plementarity of effect with adjacent feed en-
zymes. A greater appreciation for factors that 
contribute to variation in the retention of starch 
and protein in farm animals will inform opti-
mal use of these enzymes and enable their stra-
tegic deployment as part of enzyme admixtures. 
Future work should focus on a better under-
standing of starch and protein structure at the 
tertiary and quaternary level and how exogen-
ous enzymes may augment the endogenous en-
zyme array. Furthermore, it is critical that 
endogenous energy and amino acid flow is 
more routinely considered in animal nutrition 
and separation made between effects gener-
ated by changes to both exogenous and en-
dogenous nutrient retention. It is unlikely that 
all non-ruminant animal diets will require the 
simultaneous use of exogenous phytase, non-
starch polysaccharide-degrading enzymes, 
protease and amylase. However, consideration 
of the growth stage of the animal in question, 
key limiting nutrients, substrate analysis and 
rapid ingredient quality prediction will enable 
the assembly of enzyme admixtures that will 
deliver consistent value creation. In the future 
it is likely that exogenous amylases and prote-
ases will play a more significant role in the 
feed enzyme marketplace and complement 
incumbent enzymes to further enhance the 
sustainability of the food protein chain. 
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7.1 Introduction: Use of Phytases 
in Animal Nutrition 

Phytases are a subgroup of phosphomo
noesterases capable of initiating the stepwise 
dephosphorylation of phytate (myoinositol 
(1,2,3,4,5,6)hexakisphosphate), the most 
abundant inositol phosphate found in na
ture. These enzymes have a huge diversity 
of biochemical properties and sources. Al
though microbial phytases represent the 
majority of the biochemically described 
phytases, many others have been identified 
in plants, and even in some animal tissues 
(Konietzny and Greiner, 2002). Extracellu
lar microbial phytases are speculated to 
play an important role in nutrient cycling 
during decomposition of organic materials in 
a variety of ecosystems (MenezesBlackburn 
et al., 2013; Makoudi et al., 2018). Intracel
lular microbial phytases, on the other hand, 
may not be involved in the dephosphoryla
tion of extracellular phytate (Greiner, 2007). 
These enzymes are, in general, nonspecific 
phosphatases that also exhibit phytate 
degrading activity and, therefore, are best 
described as phytatedegrading enzymes 
(Konietzny and Greiner, 2002). Although 
fewer than 100 different species have been 

described expressing measurable phytase 
activity, it has been speculated that every 
cell should carry myoinositol phosphatases 
given that myoinositol phosphates are 
widespread molecular signalling metabolites 
(MenezesBlackburn and Greiner, 2015). 

Hydrolytic enzymes such as phytases 
are widely used as feed supplements in order 
to improve the digestion and absorption of 
poorly available nutrients from the animal 
diet (MenezesBlackburn and Greiner, 2015). 
Phytate is especially abundant in grainbased 
diets and represents both an unavailable 
phosphorus source and an antinutrient that 
prevents the uptake of multivalent minerals 
and trace elements by pigs and poultry 
(MenezesBlackburn and Greiner, 2015). 
Under normal feeding conditions, monogas
tric animals have only a very limited ability 
to hydrolyse phytate due to the lack of sig
nificant endogenous phytase activity and 
low microbial population in the upper part 
of the digestive tract (Iqbal et al., 1994). Nu
merous animal studies have shown the ef
fectiveness of supplemented microbial phytase 
in improving the utilization of phosphate 
from phytate and reducing the need for 
orthophosphate supplementation of the feed 
(Simons et al., 1990; Augspurger et al., 2003; 
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Adeola et  al., 2006; Vallejo et  al., 2018). 
As a result, excretion of phosphate in areas 
of livestock management can be reduced 
by as much as 50%, making phytase cur
rently the most effective tool for the animal 
industry to comply with environmental re
gulations regarding land phosphorus ap
plication (MenezesBlackburn et al., 2013). 
In addition, there is experimental evidence 
suggesting that phytase supplementation in 
grainbased feed results in an unintended, 
yet beneficial increase in amino acid avail
ability and energy utilization by mono
gastric animals (Selle and Ravindran, 
2007; Vallejo et al., 2018). 

The first commercial phytase product 
(Aspergillus niger) was launched on to the 
market in 1991, followed by phytase prod
ucts from other donor organisms (DOs). 
In general, their largescale production is 
based on the use of recombinant strains of 
filamentous fungi and yeasts (Menezes 
Blackburn and Greiner, 2015). The main 
phytase products on the market now are 
BASF Natuphos® (DO: A. niger), Novozymes/ 
DSM Ronozyme® (DO: Citrobacter braakii 
or Peniophora lycii), AB Vista Quantum® 

(DO: Escherichia coli), Danisco Animal Nu
trition/DuPont Phyzyme® (DO: E. coli) and 
Axtra PHY® (DO: Buttiauxella sp.) (Menezes 
Blackburn and Greiner, 2015; Menezes 
Blackburn et  al., 2015). BASF has also a 
new phytase product (Natuphos® E) which 
is an engineered hybrid enzyme from 
three DOs (Hafnia sp., Yersinia mollaretii 
and Buttiauxella gaviniae), conserving the 
activesite codon from the first (Hafnia sp.) 
(Rychen et al., 2017). These phytases are 
either 3 or 6histidine acid phytases and 
are active at acid pH values (see next section) 
(MenezesBlackburn and Greiner, 2015; 
MenezesBlackburn et al., 2015). The phytase 
market volume was in the range of €350 
million in 2016 and is projected to reach 
€520 million in 2021 (MRS, 2017). Even if 
potential applications of phytase in food 
processing or the production of pharmaceut
icals were reported (Greiner and Konietzny, 
2006), phytases have been mainly, if not 
solely, used as monogastric animal feed 
additives in diets largely for swine and 
poultry, and to a smaller extent for fish and 
ruminants (Dersjant‐Li et al., 2015). 

7.2 Phytase Catalytic Mechanisms 

Phytases are a diverse subgroup of phosphat
ase enzymes that encompass a range of sizes, 
structures and catalytic mechanisms. Based 
on the catalytic mechanism, phytases can 
be referred to as histidine acid phytases 
(HAPhy), βpropeller phytases (BPPhy), cyst
eine phytases (CPhy) or purple acid phytases 
(PAPhy) (Iqbal et  al., 1994; Mullaney and 
Ullah, 2003; Greiner and Konietzny, 2006). 
With regard to their pH value of maximum 
activity, phytases can be further classified 
into acid and alkaline phytases. Additionally, 
phytases can be categorized based on the car
bon in the myoinositol ring of phytate at 
which dephosphorylation is initiated into 
1/3phytases (EC 3.1.3.8), 4/6phytases (EC 
3.1.3.26) and 5phytases (EC 3.1.3.72). In 
order to describe biochemical pathways cor
rectly, myoinositol phosphates are numbered 
counterclockwise (D configuration). Thus, 
for example, several phytases of plant origin 
generating DIns(1,2,3,5,6)P5 (identical with 
LIns(1,2,3,4,5)P5) as the first dephosphoryl
ation product have to be classified as 
4phytases. This is exceptionally important 
to distinguish them from the phytases from 
E. coli and Paramecium, which generate D
Ins(1,2,3,4,5)P5 (identical with LIns(1,2,3,5,6) 
P5) as the major myoinositol pentakisphos
phate and have therefore to be classified as 
6phytases. All phytases currently used for 
animal feed application belong to the class of 
histidine acid phytases (MenezesBlackburn 
et al., 2015) and despite many studies pro
posing their use in different applications, no 
βpropeller, cysteine or purple acid phytases 
are currently marketed in animal feed. 

7.2.1 Histidine acid phytases (HAPhy) 

The majority of the phytases known to date, 
including all commercially sold as feed 
additives, belong to the subfamily of histidine 
acid phosphatases (HAPs). They have been 
identified in many microorganisms, but also 
in plants and animals (Wodzinski and 
Ullah, 1996; Mullaney et al., 2000; Konietzny 
and Greiner, 2002; Lei and Porres, 2003). 
These enzymes do not need cofactors for 
optimal activity. The structures of histidine 
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acid phosphatases contain a conserved α/β
domain and a variable αdomain (Kostrewa 
et al., 1997; Lim et al., 2000). The active site 
is located at the interface between the two 
domains. Differences in substrate binding 
have been attributed to differences in the 
αdomain. Histidine acid phosphatases 
share the highly conserved sequence motif 
RH(G/N)XRXP, considered to be the phos
phate acceptor site near the Nterminus 
(Ostanin et al., 1992; Lindqvist et al., 1994). 
However, not all histidine acid phosphatases 
are able to catalyse phytate dephosphoryla
tion. In addition, one alkaline phytase has 
been reported to contain the characteristic 
HAP amino acid motifs. This enzyme was 
identified in lily pollen and requires Ca2+ 

for full catalytic activity (Mehta et al., 2006). 
Other plant alkaline phytases whose activity 
is enhanced in the presence of Ca2+ were 
found in cat’s tail (Typha latifolia L.) pollen 
(Hara et al., 1985) and a number of legumes 
(Scott, 1991). Unfortunately, none of the cor
responding genes has been sequenced to con
firm the presence of the signature HAP motifs. 

7.2.2 β-Propeller phytases (BPPhy) 

βPropeller phytases have a unique sixbladed 
propeller folding architecture with six 
calcium binding sites in each protein mol
ecule (Shin et al., 2001). Binding of three Ca2+ 

to highaffinity calciumbinding sites results 
in a dramatic increase in thermal stability 
by joining loop segments remote in the 
amino acid sequence. Binding of three add
itional Ca2+ to lowaffinity calciumbinding 
sites at the top of the molecule turns on the 
catalytic activity of the enzyme by convert
ing the highly negatively charged cleft into 
a favourable environment for the binding of 
phytate. Kinetic studies have established that 
βpropeller phytases could hydrolyse cal
cium phytate between pH 7.0 and 8.0 (Oh 
et al., 2004). Initially, βpropeller phytases 
were reported and commonly found in 
Bacillus species (Kerovuo et al., 1998; Kim 
et  al., 1998a; Choi et  al., 2001; Tye et  al., 
2002). Later, βpropeller phytases were iden
tified in other genera such as Enterobacter 
(Yoon et al., 1996), Pedobacter (Huang et al., 
2009), Xanthomonas (Chatterjee et al., 2003), 

Paenibacillus (Jorquera et al., 2010), Geoba-
cillus (Jorquera et al., 2018), Pseudomonas 
(Jang et al., 2018), Janthinobacterium (Zhang 
et al., 2011b), Serratia (Zhang et al., 2011a), 
Sphingomonas (Sanangelantoni et al., 2018) 
and Shewanella (Cheng and Lim, 2006). 
Furthermore, protein and gene sequence iden
tities suggest that βpropeller phytases are 
widespread both in aquatic and terrestrial en
vironments (Cheng and Lim, 2006; Kumar 
et al., 2016, 2017). The amino acid sequences 
of βpropeller phytases exhibit no homology 
to the sequences of any other known phos
phatase (Greiner and Konietzny, 2010; 
Kumar et al., 2017). In contrast to histidine 
acid phytases, βpropeller phytases do not 
show any reduction in activity in the pres
ence of fluoride (Tye et al., 2002; Cheng and 
Lim, 2006). High thermostability, the need 
for Ca2+ for enzyme activation, high sub
strate specificity and activity at alkaline pH 
values are some of the main features of 
these enzymes (Kumar et al., 2017). 

7.2.3 Cysteine phytases (CPhy) 

Cysteine phytases, also commonly known 
as protein tyrosine phytases (PTPhy), are 
enzymes characteristically reported from 
anaerobic ruminal bacteria such as Seleno-
monas ruminantium (Nakashima et  al., 
2007). These enzymes do not need cofactors 
for enzymatic activity and share a common 
activesite motif HCXXGXXR(T/S) (Chu et al., 
2004). The active site forms a P loop that func
tions as a substratebinding pocket unique 
to protein tyrosine phosphatases. This pocket 
is wider and deeper in S. ruminantium 
phytase and therefore able to accommodate 
the fully phosphorylated inositol group of 
phytate (Chu et al., 2004). Besides Selenom-
onas, PTPhylike phytases were reported to 
be present in anaerobic bacteria genera such 
as Megasphaera (Puhl et al., 2009), Clostrid-
ium and Mitsuokella (Huang et  al., 2011). 
These types of phytase were believed to be 
exclusive to anaerobic bacteria (Greiner and 
Konietzny, 2010); nevertheless, similar en
zymes have been recently found in obligate 
aerobes such as Bdellovibrio sp. (Gruninger 
et al., 2014) and facultative anaerobes such 
as Lactobacillus sp. (Sharma et al., 2018). 
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7.2.4 Purple acid phytases (PAPhy) 

Purple acid phytases are the commonly found 
plant phytases (Konietzny and Greiner, 2002; 
Dionisio et  al., 2011). These are binuclear 
metalcontaining enzymes with optimal cata
lytic activity in acidic environments. The 
genes encoding PAPhy have been sequenced, 
revealing that they contain motif characteristics 
of a broad group of purple acid phosphatases 
(Hegeman and Grabau, 2001). Purple acid phos
phatases, independent of their activity towards 
phytate, have representatives in plants, mam
mals, fungi and bacteria and contain binuclear 
Fe(III)–Me(II) centres where Me is Fe, Mn or Zn 
(Schenk et al., 2000). Purple acid phosphatases 
with phytase activity are reported to act on seed 
phytate during seed germination (Hegeman and 
Grabau, 2001), and also to be exuded by plant 
roots under soil phosphorus starvation condi
tions in order to improve soil organic phosphorus 
cycling and phosphorus uptake by the plant 
(Tran et al., 2010; MenezesBlackburn et al., 
2013; Liu et  al., 2018). Plant species with 
PAPhy activity are widely reported, such as: 
clover (Medicago trunculata L.) (Xiao et al., 
2005), soybean (Glycine max) (Hegeman and 
Grabau, 2001), stylo (Stylosanthes guianen-
sis) (Liu et al., 2018), tobacco (Nicotiana tab-
acum) (Lung et  al., 2008), wheat (Triticum 
aestivum L.), barley (Hordeum vulgare L.), 
maize (Zea mays L.) and rice (Oryza sativa L.) 
(Dionisio et al., 2011). A rare PAPhy was found 
in an earthworm cast bacterium, Sphingobi-
um sp. (Ghorbani Nasrabadi et al., 2018), in
dicating that this class of enzymes is not 
exclusive to plants at all. 

7.3 Phytase Properties Relevant for 
Their Performance during Feed Digestion 

It is currently accepted that commercial phytase 
properties are still not optimal for feed sup
plement applications (MenezesBlackburn 
et al., 2015). The ‘ideal’ phytase for this pur
pose should fulfil a series of quality criteria: 
it should be effective in releasing phytate 
phosphate in the digestive tract, stable to resist 
inactivation by heat from feed processing 
and storage, as well as cheap to produce 

(MenezesBlackburn and Greiner, 2015). Al
though the ability of a phytase to hydrolyse 
phytate in the digestive tract is determined 
by its enzymatic properties, it is extremely 
challenging to conclude from in vitro meas
ured enzyme biochemical properties its per
formance in dephosphorylating phytate from 
complex feed materials across a variety of ex
treme environments present in the digestive 
tracts of distinct animals (MenezesBlackburn 
et al., 2015). It is important to consider that the 
pH is very low in the forestomach (crop) of 
poultry (pH 4.0–5.0), the proventriculus of 
poultry and the stomach of pigs and fish (pH 
2.0–5.0) (Simon and Igbasan, 2002). Poultry giz
zard has also been recently shown to display 
strong pH fluctuations between 0.6 and 3.8 (Lee 
et al., 2017). On the other hand, the small intes
tine of animals presents a neutral pH environ
ment (pH 6.5–7.5). Therefore, the pH range of 
optimal activity as well as the resistance to abrupt 
pH changes are key variables in phytase per
formance (MenezesBlackburn et al., 2015). 
Enzymes used as feed additives must be 
highly active at very low pH values and be 
able to withstand strong and quick pH transi
tions without losing their activity. Alkaline 
phytases, such as most βpropeller enzymes, 
are therefore highly inappropriate for appli
cation as feed supplements (Konietzny and 
Greiner, 2002). Stomach environments of 
vertebrates are usually very high in pepsin and 
therefore ‘ideal’ phytases must also be resistant 
to proteolytic hydrolysis. The specific activity 
of the chosen phytase towards phytate and its 
degradation products are also important; a 
lower concentration of the enzyme (on a pro
tein basis) can be supplemented if the phytase 
has a higher specific activity. Thermostability 
is also a highly desired feature for these en
zymes due to the high temperature used dur
ing feed processing. Other features such as 
substrate specificity, inhibitors and route of 
catalysis may also play a minor role on phytase 
performance as a feed additive. 

7.3.1 pH Dependence of activity profile 
and pH stability of phytases 

With the exception of some bacterial 
phytases, especially those of the genera 



  

 
 

 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

  
 

 
 
 

 
 

 

 
 

 
 
 
 
 
 
 

  

 

 

 

Phytases: Biochemistry, Enzymology and Characteristics Relevant to Animal Feed Use 107 

Bacillus and Enterobacter as well as some 
plant phytases, all phytases reported to 
date exhibit a pH optimum in the range be
tween 4.0 and 6.0 (Table 7.1) (Konietzny 
and Greiner, 2002). Even though many 
phytases show maximal activity in the 
same pH range, their pH–activity profiles 
may differ considerably. As an example, 
the commercial phytases from A. niger 
(BASF Natuphos®), C. braakii (Novozymes/ 
DSM Ronozyme®), Buttiauxella sp. (Du
Pont Axtra®) and E. coli (AB Vista Quan
tum®) demonstrate how different the 
pH–activity profiles of marketed feed 
phytases are (Fig. 7.1a). MenezesBlackburn 
et  al. (2015) performed an indepth ana
lysis of the implications of feed phytase 
biochemical properties on their catalytic 
performance, including the pH depend
ency of activity. Because phytases are in 
general supplemented according to their 
activity determined at standard conditions 
(pH 5.5, 37°C, sodium phytate 5 mmol/l) 
(Engelen et  al., 1994), the recommended 
phytase dose will differ in its phytate
degrading activities at other pH conditions. 
The pH–activity dependency curves rela
tive to the standard assay pH demonstrate 
how widely variable the applied activity of 
these enzymes may be if based on the 
standard assay (Fig. 7.1b). Buttiauxella sp. 
(DuPont Axtra®) phytase clearly has an ad
vantage over other commercial microbial 
phytases at pH values below 4. Therefore, 
differences in pH–activity profiles may in 
part explain the difference in effectiveness 
of different phytases in diets for swine 
and poultry (Augspurger et  al., 2003; 
Menezes Blackburn and Greiner, 2015; 
Menezes Blackburn et  al., 2015). Conse
quently, choosing another pH value for 
standard phytase activity determination 
might lead to a completely different result 
in respect to ranking of phytases. If stand
ard phytase activity determinations were 
conducted at pH 3.5, 37°C and sodium 
phytate 5 mmol/l, similar to the approxi
mate stomach pH, it would give much 
fairer grounds for feed phytase dose recom
mendation. However, it must be remem
bered that bioefficacy is determined not 
only by the pH–activity profile of the phytase, 

but also by its stability under the pH condi
tions of the stomach or crop, its susceptibil
ity to pepsin degradation, the concentration 
and diffusion of soluble phytate and the 
electrostatic environment in the stomach 
or crop (MRS, 2017). It was, for example, 
shown that the pH–activity profiles of a 
fungal and a bacterial phytase could be 
modified by both the buffer type and 
ionic strength (Ullah et al., 2008; Menezes
Blackburn et al., 2015). 

In general, microbial acid phytases ex
hibit considerable enzymatic activity below 
pH 3.5, whereas plant acid phytases are almost 
inactive (Lei and Porres, 2003; Menezes 
Blackburn et  al., 2015; MRS, 2017). It is 
obvious that a broad phytatedegrading ac
tivity profile, covering the complete pH 
range of the targeted animal digestive tract, 
is advantageous for efficient feed phytate 
dephosphorylation. Some phytases, for ex
ample the phytase from E. coli (Greiner 
et al., 1993), have a narrow bellshaped pH– 
activity profile, whereas other phytases 
were identified as having a very broad pH– 
activity profile. It was shown, for instance, 
that the Aspergillus fumigatus phytase ex
erts activity between pH 2.5 and 8.5 and 
maintains 80% of its optimal activity within 
the pH range 4.0–7.3 (Wyss et  al., 1999). 
Similar broad pH–activity profiles were re
ported for phytases from Thermomyces 
lanuginosus (Berka et al., 1998), Aspergillus 
terreus (Wyss et al., 1999) and Yersinia ro-
hdei (Huang et  al., 2008). In addition, pH 
stability of some microbial phytases below 
pH 3.0 and above pH 8.0 is remarkable, 
whereas the stability of most plant phytases 
decreases dramatically at pH values below 4 
and above 7.5. The phytases from E. coli 
(Greiner et  al., 1993), A. niger 11T53A9 
(Greiner et al., 2009) and Malaysian waste
water bacterium (Greiner et al., 2007a), for 
example, did not lose significant enzymatic 
activity even after exposure to pH 2.0 for 
several hours. On the other hand, phytases 
from rye (Greiner et  al., 1998), spelt 
(Konietzny et al., 1994) and barley (Greiner 
et al., 2000b), as well as many other plant 
phytases, are very sensitive to acid pH, los
ing most of their initial activity within 24 h 
at pH 2.5. 
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Table 7.1. Basic characteristics of selected phytases. 

Phytase source 

Optimal conditions 

pH Temperature (°C) 
Specifc activity  
at 37°C (U/mg) 

Phytase  
classifcation Reference 

Aspergillus niger 5.0–5.5 55–58 50–133 3-phytase Wyss et al. (1999) 
Aspergillus terreus 5.0–5.5 70 142–196 3-phytase Wyss et al. (1999) 
Aspergillus fumigatus 5.0–6.0 60 23–28 3-phytase Wyss et al. (1999); Rodriguez et al. (2000) 
Thermomyces lanuginosus 6.0 65 110 – Berka et al. (1998) 
Penicillium simplicissimum 4.0 55 3 – Tseng et al. (2000) 
Peniophora lycii 5.5 58 1080 6-phytase Lassen et al. (2001); Ullah et al. (2008) 
Candida krusei 4.6 40 1210 – Quan et al. (2002) 
Debaryomyces castellii 4.0–4.5 55–60 – 3-phytase Ragon et al. (2008) 
Saccharomyces cerevisiae 4.5 45 135 3-phytase Greiner et al. (2001a) 
Neurospora crassa 5.5 60 125 3-phytase Zhou et al. (2006) 
Escherichia coli 4.5 55–60 750–811 6-phytase Greiner et al. (1993); Golovan et al. (2000) 
Selenomonas ruminantium 4.5–5.0 55 668 3-phytase Puhl et al. (2007) 
S. ruminantium subsp. lactilytica 4.5 55 16 5-phytase Puhl et al. (2008b) 
Selenomonas lacticifex 4.5 40 440 3-phytase Puhl et al. (2008a) 
Megasphaera elsdenii 5.0 60 269 3-phytase Puhl et al. (2009) 
Klebsiella terrigena 5.0 58 205 3-phytase Greiner et al. (1997); Greiner and Carlsson (2006) 
Pantoea agglomerans 4.5 60 23 3-phytase Greiner (2004b) 
Citrobacter braakii 4.0 50 3457 – Kim et al. (2003) 
Pseudomonas syringae 5.5 40 769 3-phytase Cho et al. (2003) 
Bacillus subtilis 6.5–7.5 55–60 9–15 3-phytase Kerovuo et al. (1998); Greiner et al. (2007b) 
Bacillus amyloliquefaciens 7.0–8.0 70 20 3-phytase Kim et al. (1998b); Greiner et al. (2007b) 
Wheat PHY1, PHY2 5.0–6.0 45–50 127–242 4-phytase Nakano et al. (2000) 
Spelt D21 6.0 45 262 4-phytase Konietzny et al. (1994) 
Rye 6.0 45 517 4-phytase Greiner and Alamiger (2001) 
Oat 5.0 38 307 4-phytase Greiner and Alamiger (2001) 
Barley P1, P2 5.0–6.0 45–55 43–117 4-phytase Greiner et al. (2000b) 
Faba bean 5.0 50 636 4-phytase Greiner et al. (2001b) 
Lupin L11, L12, L2 5.0 50 498–607 3-phytase Greiner (2002) 
Lily pollen 8.0 55 0.2 5-phytase Mehta et al. (2006) 
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 Fig. 7.1. (a) The pH–activity profles of selected commercial phytases (data from Menezes-Blackburn et al., 
2015). The activity at optimal pH was taken as 100%. (b) The pH–activity profles are shown as relative 
values compared with activity at pH 5.5 (100%). (Authors’ own fgures.) 

7.3.2 Proteolytic stability 

Since the digestive tract of different animals 
secretes large amounts of proteases to hydro
lyse feed proteins, the effectiveness and limi
tations of feed supplementation with phytases 
may also depend on their susceptibility to 
proteolytic cleavage. The proteolytic stability 
is usually tested by incubating phytases with 

pepsin at pH 2.0 and pancreatin at pH 7.0. 
Differences in their ability to withstand deg
radation by these digestive proteases are ob
served through the loss of phytase activity 
during this incubation. Bacterial histidine 
acid phytases have been shown to exhibit a 
greater pepsin and pancreatin resistance than 
fungal acid phytases (Rodriguez et al., 2000; 
Simon and Igbasan, 2002; Greiner et  al., 

7.0 



  

 
 
 
 
 

 

 

  
 
 
 
 
 
 
 
 

 
 

 
 

  

 

 

 
 

  
 

 

 
 
 
 

 

 
  

 
 
 
 
 
 
 

 
 
 
 

 
 
 

 

 

 

 

 

110 D. Menezes-Blackburn et al. 

2007a; Huang et  al., 2008). The bacterial 
phytases (E. coli, Klebsiella spp. and Malaysian 
wastewater bacterium) are able to retain more 
than 80% of their initial activity after pepsin 
digestion, whereas phytases from A. niger and 
P. lycii can retain only 26–42% and 2–20%, re
spectively. After incubation with pancreatin, 
phytases from E. coli and Klebsiella spp. re
tained more than 90% of their initial activity, 
whereas the A. niger phytase retained only 23– 
34% and the P. lycii phytase was completely 
inactivated. The consensus phytase was the 
only fungal phytase that was reported to have a 
pepsin and pancreatin tolerance similar to that 
of bacterial histidine acid phytases (Simon and 
Igbasan, 2002). The Bacillus subtilis phytase 
possesses a high pancreatin resistance and a 
high susceptibility to pepsin digestion (Kerovuo 
et al., 2000a). Furthermore, plant phytases are 
considered to be more susceptible to inactiva
tion by gastrointestinal proteases (Greiner and 
Konietzny, 2010). It also has to be remembered 
that recombinant enzymes may differ in proteo
lytic resistance compared with their wildtype 
counterparts as reported for E. coli and A. niger 
phytases produced in Pichia pastoris (Rodriguez 
et al., 2000). 

In addition, the proteolytic stability of 
phytases has been studied in digesta super
natants from different gut segments of laying 
hens and broiler chickens, with similar re
sults to those obtained during direct incuba
tion with the corresponding proteases 
(Igbasan et  al., 2000; Simon and Igbasan, 
2002). However, some phytases such as those of 
B. subtilis, A. niger and P. lycii show a much 
higher proteolytic stability in digesta super
natants when compared with direct incuba
tion for the corresponding proteases (Greiner 
and Konietzny, 2010). The cause for this in
crease in stability is not known. However, it 
can be speculated that the greater tolerance 
might be due to the presence of additional 
proteins serving as substrates for the digestive 
proteases. 

7.3.3 Thermostability 

Thermostability is a particularly important 
feature of commercial phytases, since feed 

pelleting is commonly performed at tem
peratures between 60 and 95°C (Inborr and 
Bedford, 1994; MenezesBlackburn and Greiner, 
2015). Depending on the subsequent cooling 
system, the phytase is exposed to pelleting 
temperature for a time period in the range of 
seconds to minutes. Feed moisture content 
also greatly affects heat inactivation of enzymes 
during pelleting (Campbell and Bedford, 
1992). If a given phytase is not thermostable, 
its inclusion into feed must be performed us
ing a postpellet spray apparatus for pelleted 
diets or chemical coating in order to bypass 
or overcome heat destruction of the enzyme 
(Greiner and Konietzny, 2010). The simplest 
and most practical solution is to use thermo
stable phytases as feed supplements. Like
wise, an enzyme that can tolerate longterm 
storage or transport at ambient temperatures 
is undisputedly attractive. In purified form, 
most phytases from plants will have been ir
reversibly inactivated at temperatures above 
70°C within minutes, whereas most corres
ponding microbial enzymes retain significant 
activity even after prolonged incubation. 

The different phytases used as feed 
additives vary significantly in their ther
mostabilities (Inborr and Bedford, 1994; 
MenezesBlackburn and Greiner, 2015). 
MenezesBlackburn et al. (2015) measured 
the thermostability of seven commercial 
phytases; engineered E. coli (Quantum® 

Blue) was the best performing, being able to 
withstand 80°C for 30 min, followed by 
Buttiauxella sp. (Axtra®) and P. lycii (Ron
ozyme®) withstanding 70°C for 30 min with
out losing activity. All other phytases 
studied could not withstand temperatures 
over 60°C for 30 min without significant 
loss of enzymatic activity. Thermal stability 
of commercialized phytases was also previ
ously determined by Simon and Igbasan 
(2002) at 70°C in aqueous solution. They re
ported the phytase from A. niger to be 
slightly more stable under the conditions 
applied than that from P. lycii, and the 
phytase from E. coli was shown to be even 
less stable than that from P. lycii. Among the 
phytases that are not on the market, the 
ones most resistant to high temperatures re
ported so far have been isolated from Pichia 
anomala (Vohra and Satyanarayana, 2002), 



  

 

  

  

 

 

 
  

 

 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 

 

 
 
 

Phytases: Biochemistry, Enzymology and Characteristics Relevant to Animal Feed Use 111 

Schwanniomyces castellii (Segueilha et al., 
1992) and Lactobacillus sanfranciscensis 
(De Angelis et al., 2003). Thermostability of 
the B. subtilis phytase is also due to its cap
acity to partially refold after heat treatment 
(Kerovuo et al., 2000b). However, the stabil
ity of this enzyme is strongly dependent on 
the presence of Ca2+. 

7.3.4 Other forms of phytase 
activity inhibition 

Besides pH, temperature and proteolytic ac
tivity, the presence of metals, high concen
trations of inorganic phosphate and/or 
phytate as well as high ionic strength may 
negatively affect the activity of different 
phytases. The most potent inhibitors of his
tidine acid phytases were found to be Zn2+, 
fluoride, molybdate, wolframate, vanadate 
and the hydrolysis product orthophosphate 
(Konietzny and Greiner, 2002). It is not clear 
whether metal ions modulate phytase activ
ity by binding to the enzyme or by forming 
poorly soluble metal ion–phytate com
plexes (Greiner and Konietzny, 2010). The 
appearance of a precipitate while adding 
Fe2+ or Fe3+ to assay mixtures suggests that 
the observed reduction in dephosphoryla
tion rate is due to a decrease in active sub
strate concentration by the formation of 
poorly soluble iron phytate (Konietzny 
et al., 1994). The phytase from A. niger was 
shown to be completely unable to hydro
lyse iron phytate while it showed a much 
lower activity towards calcium and alumin
ium phytate (Mezeli et al., 2017). Moreover, 
calcium supplementation has been shown 
to decrease added phytase efficacy and 
cause phosphorus deficiency in poultry 
(Bedford and Rousseau, 2017). As with his
tidine acid phytases, enzymatic phytate 
dephosphorylation by S. ruminantium phytase 
is reduced in the presence of metal cations. 
The inhibitory effect of iron, copper, zinc 
and mercury cations was attributed to their 
ability to form complexes with phytate, but 
the stimulatory effect of lead cations re
mained unexplained (Yanke et  al., 1998). 
Fluoride, a wellknown inhibitor of many 

acid phosphatases, inhibits histidine acid 
phytases competitively, with inhibitor con
stants ranging from 0.1 to 0.5 mM. 

The hydrolysis product orthophosphate 
and its structural analogues molybdate, wolf
ramate and vanadate were recognized as 
competitive inhibitors of enzymatic phytate 
degradation. It has been suggested that these 
transition metal oxyanions exert their inhibi
tory effects by forming complexes that resem
ble the trigonal bipyramidal geometry of the 
transition state (Zhang et al., 1997). Further
more, the substrate phytate was also reported 
to act as an inhibitor of many acid phytases. 
The phytate concentration necessary to in
hibit phytase activity ranges from 300 μM for 
the maize root enzyme (Hubel and Beck, 
1996) up to 20 mM for the soybean enzyme 
(Gibson and Ullah, 1988). With high substrate 
concentrations, the charge due to phosphate 
groups may affect the local environment of 
the catalytic domain of the enzyme. This 
might inhibit conversion of the enzyme– 
substrate complex to enzyme and product, al
though inhibition due to the formation of 
poorly soluble phytase–phytate complexes 
cannot be ruled out. Substrate inhibition 
should be considered when determining 
phytase activity by the standard in vitro assay, 
because the activity of different phytases may 
be reduced to different degrees at the sub
strate concentration of the assay. 

Last but not least, the ionic strength 
may affect phytase performance as well. 
The addition of up to 600 mM NaCl causes 
a strong inhibition of the activity of all com
mercial phytases, except for the phytase 
from A. niger (BASF Natuphos®) (Menezes 
Blackburn et al., 2015). The ionic strength 
of the medium regulates protein hydra
tion and folding, leading to a decrease in 
activity at NaCl concentrations above 
only 100 mM. 

7.3.5 Substrate specificity and end product 
of enzymatic phytate dephosphorylation 

Substrate specificity may also have an effect 
on the in vivo performance of phytases. In vitro 
studies with purified phytases and sodium 
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phytate as a substrate revealed that phytases 
hydrolyse phytate via a pathway of stepwise 
dephosphorylation resulting in the generation 
of orthophosphate and a series of partially 
phosphorylated myoinositol phosphates 
(Konietzny and Greiner, 2002; Greiner and 
Konietzny, 2010). The partially phosphoryl
ated inositol phosphates are released from the 
enzymes and serve as substrates for further 
hydrolysis. The different phosphate residues 
of phytate may be released at different rates 
and in different order for different phytases. 
In general, however, phytases do not have the 
capacity to dephosphorylate phytate com
pletely. The phosphate residue at position C2 
in the myoinositol ring was shown to be re
sistant to dephosphorylation by phytases. In
dependent of their bacterial, fungal or plant 
origin, the majority of histidine acid phytases 
release five of the six phosphate residues of 
phytate, and the final degradation product 
was identified as myoinositol(2)phosphate 
(Greiner et  al., 2000a, 2001a, 2002, 2007a, 
2009; Nakano et al., 2000; Greiner and Alamiger, 
2001; Greiner and Carlsson, 2006). Dephos
phorylation of myoinositol(2)phosphate oc
curs only in the presence of high enzyme 
concentration during prolonged incubation. 
After removal of the first phosphate residue 
from phytate, histidine acid phytases con
tinue dephosphorylation adjacent to a free 
hydroxyl group. In addition, some glucose
1phosphatases from the Enterobacteriaceae 
family are able to hydrolyse a single phos
phate moiety at the D3 position of phytate 
(Greiner, 2004a; Herter et al., 2006). Bacillus 
alkaline phytases, as well as cat’s tail and lily 
pollen phytases, can only hydrolyse three 
phosphate moieties of the phytate molecule 
yielding a myoinositol trisphosphate as the 
final product of phytate dephosphorylation. 
In general, βpropeller phytases remove every 
second phosphate group on phytate, generat
ing myoinositol(2,4,6)trisphosphate as the 
final dephosphorylation product. Thus, histi
dine acid phytases are unable to dephospho
rylate myoinositol(2,4,6)trisphosphate, the 
final product of Bacillus phytase. The activity 
of phytases towards partially phosphorylated 
inositol phosphates is remarkably different, 
tending to increase towards the pentakis
phosphates (first product of dephosphorylation) 

and decrease thereafter towards lowerorder 
inositol phosphates (Greiner, 2017). These 
differences in kinetic parameters cause a de
crease in the hydrolysis rate during phytate 
dephosphorylation by phytases. 

In vitro feed experiments with microbial 
phytases suggest that enzymes with broad 
substrate specificity are better suited for ani
mal nutrition purposes than enzymes with 
narrow substrate specificity (Wyss et  al., 
1999). In general, phytases accept a variety of 
phosphorylated compounds as substrates, 
making them ideal phosphatases for applica
tion on complex substrates such as feeds 
(Konietzny and Greiner, 2002). Only a few 
phytases such as the βpropeller phytases from 
Bacillus species have high specificity towards 
phytate (Shimizu, 1992; Kim et al., 1998b). 
Histidine acid phytases with broad substrate 
specificity readily dephosphorylate phytate 
to myoinositol monophosphate, with no major 
accumulation of intermediates, whereas 
phytases with narrow substrate specificity re
sult in myoinositol tris and bisphosphate accu
mulation during phytate dephosphorylation 
(Greiner and Konietzny, 2010). 

High turnover numbers are expected to 
be a more desirable property for phytases 
used as feed additives than broad substrate 
specificity. The turnover numbers k cat for hy
drolysis of sodium phytate by phytases re
ported so far range from <10/s (Gibson and 
Ullah, 1988; Greiner et al., 2000b) to 10,325/s 
(Huang et al., 2006). High affinity for sodium 
phytate is expressed by a low Michaelis– 
Menten constant KM, which represents the 
substrate concentration where half of the 
maximum turnover number is reached. KM 

values of phytases studied range from <10 to 
650 μM. Among the current commercial 
phytases, the lowest KM values have been re
ported for A. niger (42 μM; BASF Natuphos®) 
whereas C. braakii showed the highest KM 

(335 μM; Novozymes/DSM Ronozyme®) 
(MenezesBlackburn et al., 2015). 

7.4 Specifc Activity 

Specific activity (activity per milligram of 
enzyme) is one of the key factors in the 
commercial exploitation of phytases. The 
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higher the specific activity of a phytase, the 
higher the rate of phosphate release from 
phytate by a given mass of phytase. Neverthe
less, phytases are supplemented according to 
their enzymatic activity and not according to 
their mass; therefore, if a given phytase has a 
low specific activity, a higher amount of 
phytase on a protein basis must be supple
mented. Specific activity of commercial 
phytases is often confounded with the activ
ity concentration of the produced enzyme 
(activity per milligram of proteins), since 
phytase products are often a complex mix
ture of proteins, not fully purified due to the 
high costs involved (MenezesBlackburn 
et  al., 2015). Specific activities of phytases 
range from <10 U/mg (lily pollen, mung bean, 
soybean, maize, Penicillium simplicissimum) 
to >1000 U/mg (C. braakii, Candida krusei, 
P. lycii, Yersinia spp.) at 37°C and their indi
vidual optimum pH (Greiner and Konietzny, 
2006, 2010). In general, microbial phytases 
seem to exhibit higher specific activities than 
their plant counterparts (Table 7.1). Commer
cially available phytases from A. niger and 
E. coli were reported to exhibit specific ac
tivities in the range of 50–133 and 750–811 
U/mg, respectively (Wyss et al., 1999; Golovan 
et  al., 2000; Konietzny and Greiner, 2002; 
Greiner et al., 2009). 

7.5 Phytases with More 
Advantageous Properties 

Phytases with all the ideal properties for 
animal feed applications have not been 
found in nature to date. Naturally occurring 
phytases having the required level of ther
mostability for application in animal feed
ing have also not been identified in nature. 
The poor thermostability of phytases is there
fore still a major concern in animal feed ap
plications. Several strategies have been used 
to obtain an enzyme capable of withstanding 
higher temperatures. Thus, screening of dif
ferent environments for phytases with more 
favourable properties for feed applications 
and engineering phytases in order to opti
mize their catalytic and stability features are 
suitable approaches to make better candidates 

available for use as feed supplements 
(Ushasree et al., 2017). 

7.6 Screening Nature for Phytases 

Screening microorganisms for phytase pro
duction is not a trivial exercise. The expres
sion of phytases in microbial cells is often 
subject to complex regulation, but their 
formation is not triggered uniformly across 
classes (Konietzny and Greiner, 2004). A tight 
regulatory inhibition of the formation of 
phytases by phosphate levels is generally ob
served in microorganisms, including moulds, 
yeasts and bacteria. With the majority of 
microorganisms, however, it was demon
strated that phosphate concentration is not 
the only factor affecting phytase production. 
Depending on the microorganism under in
vestigation, phytate dephosphorylation prod
ucts, aeration/anaerobiosis, carbon starvation, 
glucose concentration, pH and temperature 
were all shown to modulate phytase synthesis 
in wildtype microbes (Powar and Jagannathan, 
1982; Greiner et al., 1993, 1997, 2009; Kero
vuo et al., 1998; Kim et al., 1998a,b; De Ange
lis et al., 2003; Greiner and Konietzny, 2010). 
Therefore, failure to detect phytase activity 
does not necessarily imply that the micro
organism under investigation is not a 
phytase producer at all, but perhaps that the 
culture conditions are disadvantageous for 
its expression. In many cases the expressed 
phytase activity by a given microbe may be 
below the limit of detection of the assay 
used. In addition, fast and easy platescreening 
methods depend upon the phytase being 
extracellularly secreted. However, most 
microorganisms produce only intracellular 
phytases. Extracellular phytase activity was 
observed almost exclusively in filamentous 
fungi and yeasts (Konietzny and Greiner, 
2002). The only bacteria showing extracel
lular phytase activity were those of the genera 
Bacillus and Enterobacter (Yoon et al., 1996; 
Kerovuo et  al., 1998; MenezesBlackburn 
et al., 2013). 

Today, strategies such as (i) exploiting 
databases obtained from genome projects 
on microorganisms through a BLAST search 
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using representative genes from the four 
classes of phytases (Cheng and Lim, 2006; 
Lim et al., 2007) and (ii) identifying puta
tive phytaseencoding genes by PCR using 
degenerate primers based on conserved amino 
acid sequences of each of the four classes of 
phytases (Huang et al., 2009, 2010) are seen 
as an alternative to successfully identifying 
phytaseproducing microorganisms. This 
exercise is nevertheless equally as laborious 
as screening nature by using the phytase 
activity itself for identifying new phytase 
producing microbes, since: (i) many phytases 
share homology with other nonphytase 
phosphatases and if a putative phytase gene 
was identified in a ‘collection microbe’, the 
gene product may not accept phytate as a 
substrate; (ii) if the putative phytase gene 
encodes a phytase, in most cases the microbe 
will not express it in sufficient amounts to 
be detected by a phytase activity assay; 
therefore (iii) this phytase will need to be cloned 
and overexpressed in order to be character
ized; and finally (iv) often degenerate primers 
show unspecific amplification, targeting 
other regions of the microbial genome that 
do not correspond to phytases. Addition
ally, the ultimate disadvantage of these 
strategies is that they will only identify 
phytases with the same catalytic mechan
isms as the wellknown and previously 
characterized phytases since the search de
pends upon known genetic sequences. 

7.7 Engineering Phytases to Optimize 
their Catalytic and Stability Features 

Tailormade biocatalysts can be created from 
wildtype enzymes by either protein engin
eering or directed evolution techniques. 
The use of the term ‘engineering’ implies 
that there is some precise understanding of 
the system that is being modified. Thus, de
terminants for the property of an enzyme to 
be improved must be known and, therefore, 
rational enzyme design usually requires 
both the availability of the structure of the 
enzyme and knowledge about the relation
ships between sequence, structure and cata
lytic mechanism to make the desired changes. 

Since sitedirected mutagenesis techniques 
are well developed, the introduction of dir
ected mutations is simple and relatively in
expensive. The major drawback in rational 
protein design is that detailed structural 
knowledge of an enzyme is often unavail
able. Therefore, optimization of catalytic 
properties has been approached in the past 
mostly on a trialanderror basis by random 
mutagenesis. However, rapid progress in 
solving protein structures by NMR spectros
copy (instead of by Xray diffraction of crys
tals) and the enormously increasing number 
of sequences stored in public databases 
have significantly improved access to data 
and structures. Even if there are no struc
tural data available, the structure of a hom
ologous enzyme could be used as a model to 
select amino acid substitutions to increase 
selectivity, activity or stability of a given en
zyme. Computeraided molecular model
ling seeks to identify the effect of amino 
acid alterations on enzyme folding and sub
strate recognition. However, it can be ex
tremely difficult to predict the effects of a 
mutation, because even minor sequence 
changes by a singlepoint mutation may 
cause significant structural disturbance. 
Thus, even if one trait is successfully de
signed, it is virtually impossible to predict 
its effect on another trait. 

One powerful tool for the development 
of biocatalysts with novel properties with
out any requirement for knowledge of en
zyme structures or catalytic mechanisms is 
provided by a collection of methods mim
icking the natural process of enzyme evolu
tion in the testtube by using modern 
molecular biology methods of mutation and 
recombination. This collection of methods 
has been termed ‘directed evolution’ 
(Chirumamilla et  al., 2001; Shivange and 
Schwaneberg, 2017). Furthermore, directed 
evolution provides the possibility of explor
ing enzyme functions never required in the 
natural environment and for which the mo
lecular basis is poorly understood. Thus, 
this bottomup design approach contrasts 
with the more conventional, previously 
mentioned topdown one in which proteins 
are tuned rationally using computerbased 
modelling and sitedirected mutagenesis. 
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Protein engineering as well as direct evolu
tion techniques have been applied to im
prove phytate hydrolysis at low pH values, 
enhance thermal tolerance of phytases and 
increase their specific activity in order to op
timize phytases for animal feed applications. 

Once amino acid sequence alignments 
and experimentally determined or homology
modelled threedimensional structures have 
been used to identify activesite amino 
acids, sitedirected mutagenesis can be used 
to alter this motif and shift phytase catalytic 
properties. The first sitedirected mutagen
esis experiments aimed to understand the 
effect of single amino acid substitutions on 
the enzyme catalytic properties such as pH 
optimum and specific activity (Tomschy et al., 
2000; Mullaney et al., 2002) and its impact on 
phytase performance (Kim et al., 2006). There 
is still a need to improve our understanding of 
cooperative multiple substitutions (epistatic 
effects) on phytase properties (Shivange and 
Schwaneberg, 2017). In recent directed evolu
tion studies, phytase thermostability has been 
the main target (Kim et al., 2008; Hesampour 
et al., 2015; Han et al., 2018; Tang et al., 2018; 
Ushasree et  al., 2019) with significant im
provements that have yet to reach the market 
(MenezesBlackburn and Greiner, 2015; 
MenezesBlackburn et  al., 2015). Thermo
stability of bacterial phytases in particular 
can also be enhanced by taking advantage of 
posttranslational modifications of a given 
phytase enzyme by its expression in eukary
otic hosts such as the yeast P. pastoris 
coupled with the introduction of glycosyla
tion sites into the amino acid sequence by 
sitedirected mutagenesis (Rodriguez et  al., 
2000). Gene site saturation mutagenesis tech
nology was a further approach used to opti
mize thermostability and performance of 
phytases (Garrett et  al., 2004; Shivange 
et al., 2014). In a random mutagenesis study 
the overall catalytic efficiency (kcat/KM) was 
improved by up to 152% and thermostabil
ity by 20%, showing that thermostability 
improvements are not necessarily to the 
detriment of catalytic efficiency (Kim and 
Lei, 2008). 

Fully synthetic phytases have also been 
generated by using the consensus approach, 
which is based on the comparison of amino 

acid sequences of homologous proteins and 
subsequent calculation of a consensus amino 
acid sequence. This methodology has proven 
to be effective for improving phytase thermo
stability and performance as a feed additive 
(Lehmann et  al., 2000, 2002; Gentile et  al., 
2003; EsteveGarcia et al., 2005). 

7.8 Combining Phytases with 
Complementary Properties 

A combination of phytases with different ini
tiation sites and/or complementary activities 
towards lowerorder inositol phosphates 
could result in linearly additive responses or 
even synergistic effects in respect to phos
phate release from feed material. A prerequis
ite for more efficient phosphate release from 
phytate is that reaction intermediates gener
ated by one of the phytases are dephospho
rylated faster than they are produced by the 
other phytase. However, different phytases 
may exhibit different phytate degradation 
pathways and therefore lead to the gener
ation and accumulation of different myo
inositol phosphate intermediates (Fig. 7.2). It 
is unlikely that a particular phytase accepts 
all theoretically possible myoinositol phos
phate esters as a substrate. Therefore, some 
reaction intermediates generated by a cer
tain phytase may be slowly dephosphoryl
ated by a different phytase or may even act 
as a competitive inhibitor while binding to 
the active site without being hydrolysed. 
Thus, phytases that are planned to be used in 
combination have to be well tuned to achieve 
synergistic effects with respect to phosphate 
release from phytate in the gastrointestinal 
tract of an animal. Zimmermann et al. (2003) 
observed that intrinsic cereal phytase (rye, 
wheat) and supplemental A. niger phytase 
exhibit linear additivity in their response on 
apparent phosphorus absorption by pigs. 
This result implies that both types of phytase 
degrade phytate independently from each 
other. Synergistic effects have so far not been 
observed from the combination of various 
phytases. In addition, Greiner (2017) showed 
for the phytases from rye, A. niger and E. coli 
that reaction intermediates generated by 
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Fig. 7.2. Major phytate degradation pathways for the four classes of phytase. (From Greiner and Konietzny, 
2010. Figure used with permission.) 

one phytase are always dephosphorylated 
slower by a phytase with a different initiation 
site. If this observation is also applicable for 
phytases not included in that study, a com
bination of phytases with different initiation 
sites will never have any advantage com
pared with the use of a single phytase as a 
feed supplement. However, this needs to be 
experimentally verified. 

7.9 Phytase Production Systems 

A phytase product will not be competitive on 
the market if it cannot be produced at high 
yield and purity by a relatively inexpensive 
expression system. Wildtype organisms are 
not suitable for industrial applications be
cause they tend to produce low levels of 
phytase activity, and the purification of 
these untagged enzymes is both tedious and 
costintensive. Therefore, highly efficient 
and costeffective processes for phytase pro
duction by recombinant microorganisms 
have been massively applied for industrial 
enzymes in general. The fact that most of 

the phytases characterized to date are mono
meric proteins (Konietzny and Greiner, 2002) 
facilitates their overexpression in microbial 
and plant as well as in animal systems. The 
Novozymes/DSM Ronozyme® phytases are 
expressed and produced in Aspergillus oryzae, 
the AB Vista Quantum® and the Danisco 
Axtra® phytases are produced in Trichoder-
ma reesei, the Danisco Phyzyme® phytase is 
produced in Schizosaccharomyces pombe 
while the BASF Natuphos® phytase is 
produced in A. niger (MenezesBlackburn 
et al., 2015). 

Inclusion of phytase activity in the plant 
seed itself is an alternative strategy for improv
ing nutrient management in animal produc
tion. Increased phytase activity in the plant 
seed can be achieved by heterologous ex
pression of fungal and bacterial phytases. 
Only limited amounts of these transgenic 
seeds are required in compound feeds to en
sure proper degradation of phytate (Pen et al., 
1993; Ponstein et  al., 2002; Chiera et  al., 
2004; Bilyeu et al., 2008). A different strat
egy to overcome the problems encountered 
in using phytase as a feed additive, such as 
cost, inactivation at the high temperatures 
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required for pelleting feed and loss of activity 
during storage, might be to add those enzymes 
to the repertoire of digestive enzymes pro
duced endogenously by swine and poultry. 
Transgenic swine expressing E. coli phytase 
in the saliva were shown to enable ample di
gestion of dietary phytate, removing the re
quirement for phosphate supplementation 
and reducing faecal phosphate output by up to 
75% (Golovan et  al., 2001). This reduction 
even exceeded the 40% reduction reported 
for pigs fed phytase supplements at standard 
doses. These values can be exceeded if phytases 
are supplemented at very high doses. 

7.10 Conclusions and Future 
Perspectives 

Numerous feeding studies with poultry, swine 
and fish have demonstrated the efficacy of 
phytase supplementation for improving 
phosphorus and mineral availability. In par
ticular, microbial histidine acid phytases 
offer technical and economic feasibility for 
their production and application. Microbial 
phytases show advantages compared with 

plant phytases in respect to properties fa
vourable for animal feed applications, such 
as their pH–activity profiles, thermostabili
ties, protease tolerance and specific activity. 
However, it is important to realize that no 
single phytase is currently able to meet all 
the diverse needs of its commercial applica
tion. Thus, screening nature for phytases 
with more appropriate properties, coupled 
with engineering them for optimal catalytic 
and stability features, is a rational approach to 
deliver a phytase product more suited to 
animal feed applications. The quest for more 
effective phytases continues, with emphasis 
on thermal tolerance, a broad pH–activity 
profile and enhanced stability under the pH 
and proteolytic conditions of the digestive 
tract. Aside from the physicochemical prop
erties of a supplementary phytase, its economic 
largescale production is a further aspect 
that must be considered. Therefore, there is 
still interest in developing highly efficient 
and costeffective processes for phytase pro
duction. Furthermore, combined supple
mentation of phytase with other feed enzymes 
such as carbohydrases and proteases should 
be exploited as a strategy to improve overall 
nutrient utilization of animal feeds. 
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8.1 Introduction 

All living organisms depend upon a continuous 
supply of P for the formation of structural 
body components, such as bones, energy me-
tabolism and other physiological mechanisms 
to function. From the total P supplied with 
the feed, only the part that is absorbed by in-
testinal epithelia can contribute to meeting 
the organism’s requirement and is called di-
gestible P. The P supply along the entire food 
chain currently is maintained by the uptake of 
P from soil, the application of fertilizer and 
the use of feed phosphates which are pro-
duced largely from rock phosphates. The glo-
bal rock phosphate stores are limited and 
might face depletion within two centuries or 
less. This limitation, together with the reserves 
of these stores being present in only a few 
countries, is considered one of the greatest 
challenges for making food production more 
secure and sustainable (Gross, 2010; Neset 
and Cordell, 2012). 

For the farm animal sector, two major 
approaches exist to address these challenges. 
One is the improved understanding of the re-
quirement for digestible P and avoidance of 
P oversupply. The second is improving the 

P digestibility of plant P sources, especially 
in non-ruminants such as pigs and poultry. 
These challenges have initiated an increased 
volume of research regarding the presence 
and role of inositol phosphates in the gastro-
intestinal tract including the role of phytases 
for increasing P digestibility. Moreover, the 
complete degradation of the inositol phosphates 
yields myo-inositol, a nutrient which has been 
shown to elicit benefits in animal perform-
ance in its own right. This chapter provides 
an overview of findings from this research in 
poultry and pigs. Other animal species are 
addressed in other chapters of this book. 

8.2 The Substrate and Its Implications 
in the Digestive Tract 

Phytate is the target substrate. Phytate is any 
salt of phytic acid (myo-inositol(1,2,3,4,5,6) 
hexakis(dihydrogen phosphate); InsP6). Pure 
InsP6 has a molar mass of 660 g and the pro-
portion of P in InsP6 is 0.28. Phytate is the 
primary storage form of P in the plant king-
dom and is found in plant seeds such as cer-
eal and legume. In most cereal grains, 
legume grains and oilseeds, phytate is found 
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in globoids that are located in protein storage 
vacuoles. In cereal grains, a high proportion 
of the phytate-containing globoids are stored 
in the aleurone layer or pericarp. An excep-
tion is maize, which has most of the phytate 
associated with the germ. In oilseeds and 
legume grains, phytate is distributed through-
out the whole kernel and often associated 
with proteins (Angel et al., 2002), but differ-
ences exist between plant species. In soy-
beans, phytate is evenly distributed in the 
protein storage vacuoles (Prattley and Stanley, 
1982) whereas in rapeseed, phytate is stored 
in globoids that are surrounded by add-
itional protein structures inside the protein 
storage vacuole (Gillespie et al., 2005). 

Processing of plant seeds in the food and 
energy sectors delivers by-products enriched 
in phytate, such as bran, oilseed meal and dried 
distillers’ grains with solubles. The utilization 
of both seeds and by-products in feed compound-
ing makes phytate the most relevant source of 
P in plant-based diets for non-ruminants. The 
concentration of phytate-P in diets for non-
ruminants is approximately 2.5 g/kg, although 
high variation is possible depending on feed 
raw materials used, which varies as a result of 
animal species and animal age. It is important 
to be aware of this variation and to know the 
phytate content of the actual feed when the ef-
fects of added phytase are considered in feed 
formulation. 

The concentration of phytate is different 
between feed raw materials and also differs 
between batches of the same raw material 
(Eeckhout and De Paepe, 1994; Ravindran 
et  al., 1994; Rodehutscord et  al., 2016). For 
instance, the concentration of phytate-P in cer-
eal grains is around 1.5–2.5 g/kg, while it can 
range from 3 to 5 g/kg in oilseed meals and from 
5 to 16 g/kg in cereal-based bran. In most of the 
plant raw materials, one-half to two-thirds of 
total P is present in the form of phytate. How-
ever, this proportion is lower when the material 
has been exposed to a fermentation process, 
such as distillers’ grains, moist ensiled maize-
cob mix or fermented feed. 

Assay specifications may affect the out-
come of phytate analysis. Colorimetric assays 
measure orthophosphate release from any 
inositol phosphate upon application of phytase 
or other phosphatases. Chromatographic 

assays directly measure the inositol phos-
phates and advanced chromatographic assays 
distinguish between InsP

6 and other inositol 
phosphates with different degree of phosphor-
ylation (InsPx) and even between different 
positional isomers. Attempts have also been 
made to use near-infrared reflectance spectros-
copy (NIRS) for rapid estimation of phytate or 
InsP6 in feed raw materials (Tahir et al., 2012; 
Aureli et al., 2017) (see also Section 8.6.4). 
Hence, the term ‘phytate’ is not always used 
unambiguously in literature. Comparisons 
of data should be made with caution and 
consider the assays that were used. 

Studies using chromatography assays 
indicate that inositol phosphates other than 
InsP6 are negligible in most of the feed raw 
materials. However, in oilseed meals, espe-
cially rapeseed meal, up to one-third of total 
inositol phosphates has been found to be pre-
sent as InsP5 (Pontoppidan et al., 2007; Haese 
et al., 2017) and recently an even higher InsP5 

proportion was reported (up to 46%) (Olukosi 
et al., 2020). This indicates that initial phos-
phate release from InsP6 may occur during 
harsh thermal processing. Extrusion cooking 
of cereal grains and grain milling may also 
cause an increase in the proportion of InsP5 in 
total inositol phosphates (Kasim and Edwards, 
1998; Pontoppidan et al., 2007). 

Pure InsP6 has 12 replaceable reactive 
acidic sites with six strong acid groups and 
six weak to very weak acidic groups (Angel 
et al., 2002). At the pH conditions prevailing 
in some parts of the digestive tract of ani-
mals, InsP6 is negatively charged and forms 
complexes with bi- and trivalent cations or 
cationic amino acid residues of proteins 
(Selle et al., 2000; Angel et al., 2002; Morales 
et al., 2016). Phytate forms insoluble com-
plexes with minerals in vitro. The strength of 
these complexes depends on the mineral, 
its concentration and specific pH value. At 
neutral pH, the ranking of the stability of 
the complexes formed with phytate was 
Zn2+ > Cu2+ > Ni2+ > Co2+ > Mn2+ > Ca2+ > Fe2+ 

(Maenz et  al., 1999). While these studies 
used free phytate in buffer solutions, phytate 
has also been shown to affect mineral bio-
availability in animal studies. For instance, 
Zn supplementation of barley-based diets 
caused an increase in bone Zn content of 
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broilers when the barley contained phytate 
at a conventional level but not at a low level 
(Linares et al., 2007). This suggests that Zn 
is more available when less phytate is pre-
sent in the grain and hence the bone was 
saturated with Zn under these conditions. 
This may also apply to other nutrients po-
tentially binding to phytate. 

With regard to plant storage proteins, 
in  vitro studies have suggested that the 
amino acid composition of those proteins 
can influence the complexation of phytate, 
with higher proportions of basic amino 
acids leading to stronger binary complexes 
at low pH (Morales et al., 2013). These au-
thors found that added phytase had a greater 
effect on protein solubility in peas or faba 
beans, with convicilin, vicilin and legumin 
as the dominating protein fractions, than in 
soybeans (glycinin and β-conglycinin). Minor 
phytase effects were found in lupins (con-
glutin), wheat (gliadins and glutenins) and 
canola meal (oleosin and napin). The phytase 
effect was related to an increase in solubility 
of the respective protein fractions. However, 
another in vitro study found only low amounts 
of soluble phytate–protein complexes in 
maize, canola meal, sunflower seed meal 
and soybean meal (Kies et al., 2006). In this 
work, insoluble complexes were found at a 
pH of 2, but not at a pH of 4 or higher. This 
suggests that such binary complexes do not 
exist in the plant itself but are built upon en-
tering the acidic environment of the stomach. 

The InsPx as intermediate products of 
InsP6 degradation may also form complexes 
in the digestive tract. The binding capacity 
with minerals was similar for InsP6, InsP5, 
InsP4 and InsP3 when calculated per phosphate 
group (Persson et  al., 1998). However, the 
binding strength was reduced with reduction 
of phosphate groups bound to myo-inositol. 
Another in vitro study found a proportional 
decrease in binding strength from InsP6 to 
InsP3 towards Fe3+. Complexation with soy 
protein and β-casein was strongest with InsP6, 
significantly lower with InsP5, and moreover 
there were differences between InsP5 isomers, 
and negligible with InsP4 to InsP1 (Yu et al., 
2012). In that study, the activity of pepsin was 
still diminished by InsP3 and InsP4, but to a 
much lesser degree than by InsP5 or InsP6. 

To summarize, phytate is a constituent of 
plant feedstuffs that makes a substantial con-
tribution to the digestible P supply of animals 
if it is degraded in the digestive tract or dur-
ing feed processing. Degradation of phytate 
also reduces or removes its antinutritional ef-
fects on the availability of other nutrients. 

8.3 Phytate Degradation in the 
Digestive Tract without Added Phytase 

Phosphate needs to be cleaved from the in-
ositol ring before it can be utilized by the 
organism. Dephosphorylation of phytate 
needs phytases and other phosphatases. 
A comprehensive description of this group 
of enzymes and their properties is provided 
elsewhere in this book (see Menezes-
Blackburn et  al., Chapter 7, this volume, 
2022). It has been estimated that the phos-
phate released from phytate was almost 
completely absorbed in the small intestine 
of broiler chickens and available for the ani-
mal (Rodehutscord, 2016). Hence, the extent 
of dephosphorylation in the anterior part of 
the digestive tract is most relevant for al-
lowing the animal to utilize plant-based P 
sources. In contrast, P released from inositol 
phosphates in the posterior sections of the 
digestive tract (caeca, large intestine) likely 
cannot be absorbed into the bloodstream 
and utilized by the animal. For this reason, 
pre-caecal and post-ileal phytate degrad-
ation are considered separately in the text 
that follows. 

8.3.1 Pre-caecal phytate degradation 

It has been proposed in the past, before the 
advent of exogenous phytases, that phytate-P 
was not or only to a minimal extent avail-
able for non-ruminants. This was believed 
to result from a lack of or insufficient activ-
ity of endogenous phytase provided by the 
intestinal tissues. More recent research in-
dicates this paradigm needs to be revised 
since the efficiency of endogenous phytases 
can be significant in low-P low-Ca diets, 
especially in broiler chickens. 
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When results of several pig and broiler 
studies were compared, the mean disappear-
ance of InsP6 by the end of the ileum was 
28% in pigs and 68% in broiler chickens 
when diets were mainly based on maize and 
soybean meal without a phytase supplement 
(Fig. 8.1). The variation among the studies 
within one animal species was high. Differ-
ences in the Ca concentration of the diets and 
some intrinsic phytase activity of maize, al-
though very low overall, may be reasons for 
the variation as well as differences in the 
sampled region of the terminal small intes-
tine. Of note, the values displayed in Fig. 8.1 
were obtained when using diets that did not 
contain a mineral P supplement. This may be 
regarded as an artificial situation and not rep-
resentative for practical-type diets for young 
birds. Nevertheless, it demonstrates the high 
biological potential the broiler chicken has to 
hydrolyse InsP6 in the digestive tract. 

Endogenous phytase and other phos-
phatases are involved in gastrointestinal 
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Fig. 8.1. Disappearance of InsP6 determined at the 
end of the ileum when maize-based low-P diets 
were fed without a phytase supplement. The data are 
presented as means with 95% confdence intervals 
for studies in pigs and broilers. (Data from Jongbloed 
et al., 1992; Kemme et al., 1999, 2006; Rapp et al., 
2001; Applegate et al., 2003; Tamim and Angel, 
2003; Tamim et al., 2004; Baumgärtel et al., 2008; 
Leytem et al., 2008; Rutherfurd et al., 2014; Shastak 
et al., 2014; Zeng et al., 2014; Zeller et al., 2015a,c; 
Sommerfeld et al., 2018b; Ingelmann et al., 2019; 
Siegert et al., 2019b; Rosenfelder-Kuon et al., 2020a. 
Authors’ own fgure.) 

InsP6 degradation. These enzymes can be 
provided by epithelial cells of the animal or 
by bacteria and other microbes that are resi-
dent in the digestive tract, but the relative 
contributions of those sources have not been 
quantified yet. Nevertheless, pre-caecal InsP6 

disappearance was found to be 42% when 
studied in gnotobiotic broiler chickens 
(Sommerfeld et  al., 2019). The authors as-
sumed that phytase of microbial origin was 
not present in the digestive tract of those 
chickens and suggested that endogenous epi-
thelial enzymes may be more important in 
InsP6 degradation than microbial enzymes. 

Studies that were conducted with broiler 
chickens and laying hens displayed some 
phytase activity when using purified brush-
border membrane vesicles from different 
sections of the small intestine (Maenz and 
Classen, 1998; Onyango et al., 2006; Huber 
et al., 2015). Epithelial phytase was found 
highest in preparations of the duodenum 
and it decreased in the more posterior parts 
of the small intestine (Maenz and Classen, 
1998). Epithelial phytase activity may be re-
duced at higher concentrations of inorganic 
phosphate in the intestinal lumen (Huber 
et al., 2015) and when Ca is supplemented 
to the diet (Applegate et al., 2003). Epithe-
lial phytase and total phosphatase activities 
in the jejunum were found to be differently 
expressed in two commercial laying hen 
strains (Sommerfeld et  al., 2020). In three 
experiments using different dietary Ca and 
vitamin D3 combinations and different bird 
strains, a significant correlation between 
pre-caecal InsP6 breakdown and V max of 
phytase activity of the brush-border mem-
brane vesicles was observed in one, but not 
in the other two experiments (Applegate 
et  al., 2003). Hence, while brush-border 
membrane vesicles clearly show that sub-
stantial membrane-associated enzyme ac-
tivity exists, its quantitative relevance for 
InsP6 degradation in the complex situation 
of the digestive tract lumen is not well 
understood to date. 

The microbiota colonizing the digestive 
tract may also provide phytase. In vitro stud-
ies have shown the InsP6-degrading activity 
of various bacteria (Konietzny and Greiner, 
2002; Vats and Banerjee, 2004). Lactic 
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acid-producing bacteria isolated from the 
chicken intestine were identified as possible 
InsP6-degrading candidates (Raghavendra 
and Halami, 2009). Among the bacteria in 
the small intestine of broiler chickens, 
lactobacilli are the most common (Rehman 
et  al., 2007; Witzig et  al., 2015). Interest-
ingly, broiler chickens fed a diet supple-
mented with Lactobacillus species had 
increased P retention (Angel et  al., 2005), 
which suggests an increased InsP6 degrad-
ation in the gut. Genes for InsP6 phos-
phatases were also identified in Bacteroides 
spp., Burkholderia spp. and three species of 
the genus Bifidobacterium, which are all 
also present in the digestive tract of chick-
ens (Tamayo-Ramos et al., 2012; Stentz et al., 
2014). Supplementation of a coccidiostat 
largely affected the microbiota composition 
in crop and ileum contents, including lacto-
bacillus strains, but pre-caecal InsP6 disappear-
ance was not affected (Künzel et al., 2019b). 
This observation is not consistent with the 
suggestion that the ileal microbiome may 
play a role in InsP6 degradation. Because of 
the complexity of factors affecting the iden-
tity and functionality of the gut microbi-
ome, more work is needed that studies the 
gut microbiome and InsP6 breakdown together 
in an attempt to evaluate relationships. 

In contrast to added phytases, endogenous 
phytases have not been well characterized 

yet. Some indications can be provided by 
measurements of InsP6 degradation prod-
ucts in the ileum. When feeding diets de-
void of phytase, approximately half of the 
total InsP5 present in the ileum was in the 
form of Ins(1,2,3,4,5)P5, while the other half was 
similarly distributed between Ins(1,2,4,5,6)-
P5 and Ins(1,2,3,4,6)P5 (Fig. 8.2). The en-
antiomers were not analytically separated 
and a differentiation between D- and/or 
L-forms will not be made herein for the sake 
of readability. The presence of different InsP5 

isomers in the ileum shows that the enzyme 
mix involved in InsP6 degradation cannot be 
ascribed to any specific category (e.g. 6- or 
3-phytase). The main activity seems to be 
that of a 6-phytase, with side activities also 
existing. Of note, the InsP5 pattern found in 
the ileum likely is the result of mixed activities 
of mucosal and microbial phytases, and per-
haps even residual plant intrinsic phytase 
activity. Often the intrinsic plant phytase 
levels are below the level of detection using 
standard assays; however, this does not dis-
count their contribution to intestinal InsP6 

degradation as conditions of the assay and 
the intestine differ markedly. Some unde-
graded InsP5 from the diet may also be pre-
sent in the ileum. While the concentration of 
InsP5 in the diets considered in Fig. 8.2 
was low overall, about two-thirds of it were 
present as Ins(1,2,4,5,6)P5 and the rest as 

Ins(1,2,3,4,6)P5 

Ins(1,2,4,5,6)P5 

Ins(1,2,3,4,5)P5 

0.0 0.2 0.4 0.6 

Proportion of total InsP5 

Fig. 8.2. Proportion of different InsP5 isomers measured in the ileum of broiler chickens that were provided 
diets without added phytase. The bars show the mean and standard error of 22 diets from eight experiments. 
Other InsP5 isomers were not detected in any of the experiments. (Data from Zeller et al., 2015a,c; 
Sommerfeld et al., 2018b, 2019; Künzel et al., 2019b; Siegert et al., 2019b. Authors’ own fgure.) 
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Ins(1,2,3,4,5)P5. The presence of Ins(1,2,3,4,6)- 
P5 in the ileum is difficult to explain at pre-
sent. Initial InsP6 dephosphorylation at the 
5-position has been described for some bac-
teria (Puhl et al., 2008; Haros et al., 2009) 
but not for endogenous sources in the 
chicken gut. However, in gnotobiotic chick-
ens, Ins(1,2,3,4,6)P5 was found in the ileum 
after feeding a diet devoid of phytase as 
well as Ins(1,2,3,4,6)P5. This indicates that 
mucosal phytases may in part belong to the 
group of 5-phytases. 

Only a few studies investigated the InsP5 

pattern in the ileum of pigs. Here, the isomer 
with by far the highest proportion after feed-
ing diets devoid of exogenous phytase was 
Ins(1,2,4,5,6)P5, followed by Ins(1,2,3,4,5)P5 

(Lu et  al., 2020; Rosenfelder-Kuon et  al., 
2020a). This is the opposite of that shown in 
Fig. 8.2 for broiler chickens. Because pre-caecal 
InsP6 disappearance is much lower in pigs 
than broilers (Fig. 8.1), endogenous enzymes 
may not be very relevant in pigs and the InsP5 

pattern in the ileum mainly may reflect the 
InsP5 pattern of the feed. 

Other than in broiler chickens, studies 
on InsP6 degradation in the gastrointestinal 
tract of turkeys and waterfowl are rare. How-
ever, an increasing number of studies indi-
cates that differences in InsP6 degradation 
exist between poultry species. In a compara-
tive study that used P retention data, P util-
ization efficiency was higher in broiler 
chickens than turkeys and Pekin ducks when 
a plant-based basal diet was provided but 
lower for a mineral P supplemented to the 
same diet (Rodehutscord and Dieckmann, 
2005). It can be speculated whether differ-
ences in the functionality of the crop among 
species contributed to the differences ob-
served in the efficiency of plant-P utiliza-
tion. P digestibility and P retention values of 
dried distillers' grains with solubles were 
higher in broiler chickens (94 and 92%) than 
in young turkeys (76 and 71%), respectively 
(Adebiyi and Olukosi, 2015). It is likely that 
differences in InsP6 degradation in the digest-
ive tract has contributed to these differences. 
Pre-caecal InsP6 degradation by turkeys was 
29% when fed a wheat–soybean meal-based 
diet without added phytase but increased to 
45% upon addition of phytase 500 FTU/kg 

(Ingelmann et  al., 2018). Nevertheless, this 
level of InsP6 degradation was remarkably 
lower than that reported above from similar 
broiler studies. Consistently, pre-caecal 
InsP6 degradation was much lower in a tur-
key trial compared with a broiler trial when 
maize-based diets were provided to the birds 
(Ingelmann et al., 2019). Reasons for differ-
ences in InsP6 degradation among poultry 
species are not well understood. They may 
be related to differences in endogenous en-
zyme activity, pH along the digestive tract, 
passage rate, microbiome or other factors. 

Irrespective of the origin of endogenous 
phytase (epithelial or microbial), their activity 
on the substrate seems suppressed in the pres-
ence of feed phosphates. When mineral P 
sources were added to the diet, which is very 
common in the poultry industry, endogenous 
InsP6 degradation by broilers was reduced by 
approximately 1.6 g (equivalent to 0.45 g of 
phytate-P) for each gram of mineral P that was 
supplemented (Fig 8.3). This effect was even 
more pronounced when Ca was also supple-
mented in addition to mineral P (Sommerfeld 
et al., 2018b). This is an interesting phenom-
enon from the viewpoint of both biology and 
industry. When the broiler is challenged by 
insufficient quantities of digestible P in the 
feed, its InsP6 degradation is high and a re-
markable quantity of InsP6-P becomes digest-
ible. Digestible P supplied by other sources 
reduces the need for InsP6 hydrolysis and the 
bird might therefore invest less resources into 
the corresponding pathways. A consequence 
for the industry is that supplements of a highly 
digestible mineral P source contribute less 
digestible P than assumed because the digest-
ibility of InsP6-P is concurrently reduced. 
These results from animal trials are consistent 
with earlier in vitro studies where P addition 
to the medium decreased synthesis of phos-
phatases including phytase by Aspergillus 
ficuum (Shieh et al., 1969). 

8.3.2 Post-ileal phytate degradation 

Inositol phosphates that enter the large in-
testine or caeca can be dephosphorylated by 
the resident microbiota; however, phosphate 
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Fig. 8.3. Effects of mineral P supplements on the pre-caecal disappearance of InsP6 in studies conducted with 
broiler chickens. The mean of estimated slopes of the linear regressions is –1.62. DM, dry matter. (Data from 
Shastak et al., 2014; Zeller et al., 2015c; Sommerfeld et al., 2018b; Künzel et al., 2019b. Authors’ own fgure.) 

absorption in the post-ileal digestive tract is 
not known to exist and thus phosphate re-
leased here is excreted with the faeces and 
in other forms than bound to inositol. 

As a consequence of low pre-caecal InsP6 

degradation in pigs (Fig. 8.1), the amount of 
InsPx entering the large intestine is high 
when diets without phytase are provided. 
However, irrespective of the amount of InsP6 

degraded pre-caecally, InsP6 was barely 
found in faeces of growing-finishing pigs, 
indicating that post-ileal InsP6 degradation 
was nearly complete (Sandberg et al., 1993; 
Schlemmer et  al., 2001; Baumgärtel et  al., 
2008; Rosenfelder-Kuon et  al., 2020a). In 
contrast, in a study that used weaner pig-
lets, significant faecal InsP6 excretion was 
found without added phytase. These differ-
ences were suggested to be due to the fer-
mentative processes being less developed in 
piglets than in growing-finishing pigs (Lu 
et al., 2020). It is not known whether epithe-
lial phytases are active in the large intes-
tine, and thus it is assumed that microbial 
fermentation is the main contributor to 
InsP6 degradation. When total P digestibil-
ity was measured together with InsP6 dis-
appearance, differences between pre-caecal 

and faecal InsP6 disappearance were not re-
flected in incremental P digestibility values. 
This supports the view that P absorption in 
the large intestine of pigs is not relevant. 

In poultry, substantial InsP6 degradation 
occurs in the caeca. Concentrations of InsP6 

were markedly lower and those of some less 
phosphorylated inositol phosphates higher 
in caecal content of broiler chickens than in 
ileal content (Zeller et al., 2015a). Such big 
differences were not observed in gnoto-
biotic broiler chickens (Sommerfeld et  al., 
2019). In a comparative study, gnotobiotic 
broiler chickens had much higher InsP6 

levels in the caecal content than their con-
ventional counterparts (Kerr et al., 2000). In 
laying hens, the specific phytase activity in 
caecal content was higher by a factor of 
more than tenfold when compared with 
content from the crop, stomach and small 
intestine (Marounek et  al., 2010). The mi-
crobial population in the caeca has a very 
high diversity including bacteria known to 
be capable of InsP6 breakdown (Rehman 
et  al., 2007; Witzig et  al., 2015). Corres-
pondingly, phytase activity in the caecal 
content of laying hens was much higher 
than in the anterior sections of the digestive 
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tract after feeding a maize–soybean meal-
based diet (Marounek et  al., 2008). These 
data have indicated a high impact of micro-
organisms to InsP6 breakdown in the caeca. 
However, the relevance of caecal InsP6 hy-
drolysis for P supply in poultry is still un-
clear. Based on the results of Son et  al. 
(2002), it can be estimated that not more 
than one-quarter of ileal digesta enters the 
caeca for fermentation. As for other species, 
P absorption by caecal epithelia is unlikely 
to occur, hence P likely leaves the caeca 
largely in forms other than how it entered, 
for instance in microbial matter or as free 
phosphate. Some of this may be refluxed to 
the small intestine, as antiperistalsis is 
known in chickens (Svihus et  al., 2013), 
and become available for absorption. How-
ever, this has not been investigated yet. 

8.3.3 Animal genetic effects 

When different genetic strains of laying hens 
were supplied with the same feed, they ex-
creted phytate in different amounts (Abudabos, 
2012) and concentrations of InsP6 in the di-
gesta and activities of phosphatases in the 
epithelia of the jejunum differed (Sommerfeld 
et al., 2020). The phenotypic variation in P 
utilization between individuals has been 
shown to be high in studies with pigs, lay-
ing hens, broiler chickens and Japanese 
quail (Düngelhoef et  al., 1994; Punna and 
Roland, 1999; Beck et al., 2016; Sommerfeld 
et  al., 2020). The influence of genetics on 
this variation is of great interest. While 
InsP6 degradation has rarely been looked at 
in this context, other traits with a relation-
ship to P utilization have been investigated. 
In a pig study, the genomic heritabilities of 
the concentration of inorganic P and alka-
line phosphatase activity in the plasma 
were 0.42 and 0.54, respectively (Reyer 
et  al., 2019). Broiler chickens exhibited a 
heritability of 0.10 for phytate P bioavail-
ability and 0.22 for P utilization (Zhang 
et al., 2003; De Verdal et al., 2011). In a large 
crossing experiment with Japanese quail, 
estimated heritabilities were 0.14 for P util-
ization and 0.23–0.32 for bone ash traits 

(Beck et al., 2016; Künzel et al., 2019a). The 
results from a gene mapping study revealed 
that P utilization is a polygenic trait, affected 
by many genes with small effects (Vollmar 
et al., 2020a). In the same experiment, sub-
groups of animals with low and high P util-
ization showed distinct differences in the 
microbiota composition of the ileum (Borda-
Molina et al., 2020) and a microbiability of 
P utilization (i.e. the variation of P utiliza-
tion explained by the microbiota) of 0.15 
has been predicted (Vollmar et al., 2020b). 
This shows that P utilization was affected 
by the genome of the animal and its intestinal 
microbiota composition. Different functional 
implications may exist. In a pilot study us-
ing quail selected for very low or very high 
P utilization, the ileal tissue was found to be 
a major driver of the differences in P utiliza-
tion based on differential gene expression 
and microRNA analyses (Oster et al., 2020; 
Ponsuksili et al., 2020). However, with re-
gard to InsP6 degradation, the role of the 
genome is still underexplored. Neverthe-
less, P utilization and related traits have the 
potential to be included in revised breeding 
programmes. 

8.4 Effects of Plant Intrinsic Phytase 

Among cereal grains, intrinsic phytase ac-
tivity is the highest in rye, followed by triti-
cale, wheat and barley (Eeckhout and De 
Paepe, 1994; Rodehutscord et  al., 2016). 
Phytase activity is low in legume grains and 
hardly detectable in oat, maize and sorghum 
grains. Because plant intrinsic phytase is 
not particularly thermotolerant, feed that 
undergoes processes involving temperatures 
above 65°C, such as pelleting or extrusion, 
is virtually devoid of intrinsic phytase ac-
tivity. However, plant intrinsic phytase can 
be active in the digestive tract of animals 
when unprocessed feed is offered, and 
under such conditions it is known to im-
prove P digestibility. This is of specific rele-
vance in production systems where the use 
of enzyme supplements produced by genet-
ically modified organisms is not approved, 
such as in organic farming in the European 
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Union. However, the effects of plant intrin-
sic phytase on gastrointestinal InsP6 degrad-
ation is different between pigs and poultry. 

In pigs provided diets with high intrin-
sic phytase activity, phytase activity meas-
ured in the stomach was found to be reduced 
by 90% compared with the diet (Schlemmer 
et al., 2001). Peptic digestion as well as an 
unfavourable pH for intrinsic plant phytases 
in the duodenum may result in only limited 
activities of plant phytase reaching the an-
terior small intestine (Yi and Kornegay, 
1996). Consistently, Schlemmer et al. (2009) 
concluded that plant phytases might not be 
involved in a relevant hydrolysis of inositol 
phosphates in the small and large intestine 
while the stomach is the main location 
where the enzyme is active. Inactivation of 
the intrinsic phytase of a wheat–barley– 
soybean meal diet through steam pelleting 
at about 90°C resulted in pre-caecal InsP6 

degradation of 29% compared with 52% in 
the non-inactivated diet (Blaabjerg et  al., 
2010). When comparing total tract P digest-
ibility of raw materials in pigs using a stand-
ardized trial protocol, P digestibility was 
highest in wheat (high phytase activity) fol-
lowed by barley (medium phytase activity) 
and maize or oilseed meals (low/no phytase 
activity) (Düngelhoef et al., 1994; Rodehutscord 
et  al., 1996; Hovenjürgen et  al., 2003; 
Schemmer et al., 2020). This demonstrates 
that intrinsic plant phytase is a relevant fac-
tor for P digestibility in the pig if not des-
troyed during feed processing. 

In broiler chickens, plant intrinsic phytase 
would primarily be active in the crop prior 
to initiation of proteolysis in the gizzard. 
However, it is a matter of debate how rele-
vant the intrinsic plant phytase activity can 
be for InsP6 breakdown in broiler chickens. 
When wheat-based diets using different 
batches of wheat were used to measure P re-
tention of broiler chickens, some positive 
relationship between intrinsic phytase ac-
tivity of wheat and P retention were found 
(Barrier-Guillot et  al., 1996; Oloffs et  al., 
2000). P retention in broiler chickens was 
also lower when extruded wheat was fed in-
stead of non-extruded wheat (Oloffs et al., 
1998). Other studies that used different 
grains with different phytase activity did 

not indicate a relationship between the in-
trinsic plant phytase activity and InsP6 dis-
appearance in broiler chickens (Juanpere 
et al., 2004; Leytem et al., 2008; Papp et al., 
2021). These divergent results have in-
creased the interest in a better understand-
ing of plant intrinsic phytase effects along the 
digestive tract. Following inclusion of micro-
wave-treated wheat in the feed instead of un-
treated wheat, intrinsic phytase activity of 
the feed and InsP6 disappearance in the crop 
of broiler chickens were markedly reduced 
(Zeller et al., 2016). However, in the anterior 
small intestine, the differences in InsP6 break-
down between the diets containing micro-
wave-treated or untreated wheat disappeared, 
indicating that endogenous phytase sources 
had compensated for the lack of intrinsic 
plant phytase activity (Zeller et  al., 2015b). 
Other authors also concluded that intrinsic 
plant phytase contributes very little to pre-
caecal InsP6 degradation by broiler chickens 
and turkeys when compared with endogen-
ous or added phytase (Leytem et al., 2008; 
Shastak et al., 2014; Ingelmann et al., 2018). 

8.5 Effects of Added Phytase 

When phytase is added to the feed of non-
ruminants, a remarkable increase in gastro-
intestinal InsP6 degradation is achieved with 
related effects on P digestibility and other con-
stituents of the feed. 

8.5.1 Degradation of InsP6 

and phosphorus digestibility 

The extent of effects of added phytase on 
degradation of InsP6 depends on several fac-
tors such as animal species, InsP6 content of 
the feed, amount of phytase added and diet 
composition. 

In grower pigs, pre-caecal InsP6 dis-
appearance increased from 18 to 76% upon 
addition of 750 FTU/kg and up to 92% upon 
application of 1500 FTU/kg (Rosenfelder-
Kuon et al., 2020a). In weaner piglets, this 
increase was from 26 to 93% upon 
phytase supplementation at 1500 FTU/kg 
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(Lu et  al., 2020). In broiler chickens, pre-
caecal InsP6 disappearance of maize–soy-based 
diets reached values in the range of 76 to 93% 
when the feed contained 1200 FTU phytase/kg 
or more (Zeller et al., 2015c; Sommerfeld et al., 
2018b; Künzel et  al., 2019b; Siegert et  al., 
2019b; Krieg et al., 2020). The response to in-
creasing phytase dosages was non-linear (Fig. 
8.4) and according to this data set, hardly any 
extra effect on InsP6 degradation can be ex-
pected with dosages exceeding 1500 FTU/kg. 
However, a recent study found pre-caecal InsP6 
disappearance of 98% when the feed contained 
40,500 FTU/kg (Kriseldi et  al., 2021). Figure 
8.4 also demonstrates that increasing phytase 
dosage can overcome most of the diminishing 
effects that mineral P and Ca supplements 
have on InsP6 degradation in broiler chickens. 

Only a few studies have investigated 
phytase effects on InsP6 degradation in tur-
keys. In young turkeys, the supplementa-
tion of 500 FTU/kg feed increased pre-caecal 
InsP6 disappearance to 45% in wheat-based 
diets (Ingelmann et al., 2018) and to no more 
than 38% in maize-based diets (Ingelmann 
et al., 2019), both values being distinctly lower 

than that known to occur in broiler chickens 
fed similar diets. However, because endogen-
ous InsP6 degradation was much lower in tur-
keys, phytase supplementation caused greater 
InsP6-P disappearance in turkeys than broilers 
(2.3 versus 1.4 g/kg feed dry matter) (Ingel-
mann et al., 2019). When 3000 FTU/kg instead 
of 1500 or 500 FTU/kg was used, pre-caecal 
InsP6 disappearance in turkeys was mark-
edly increased (Olukosi et al., 2020). Whether 
a level of pre-caecal InsP6 disappearance of 
90% or higher, such as has been shown in 
broiler chickens, can be achieved in turkeys 
at even higher levels of phytase supplemen-
tation has not been studied to date. 

Pre-caecal InsP6 disappearance values 
of 90% or higher have been consistently 
found in pigs and broiler chickens fed diets 
supplemented with very high dosages of 
phytase. This shows that the enzyme is very 
effective in the initial dephosphorylation of 
InsP6. On closer inspection of the degrad-
ation products in the ileum, concentrations 
of InsP5 were also reduced upon phytase 
supplementation. However, the enzyme is 
less effective on some of the lower InsP 
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Fig. 8.4. Effects of phytase supplementation on pre-caecal InsP6-P disappearance in broiler chickens in 
relation to the level of phytase supplementation. The data set is separated depending on whether mineral P 
was added or not. DM, dry matter. (Data from Zeller et al., 2015a,b,c; Sommerfeld et al., 2018a,b; 
Ingelmann et al., 2019; Künzel et al., 2019b, 2021; Siegert et al., 2019b; Ajuwon et al., 2020; Krieg et al., 
2020. Authors’ own fgure.) 
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isomers, which caused an increase in the 
concentrations of InsP4, InsP3 and InsP2 in 
the ileum of pigs (Mesina et al., 2019; Lu 
et al., 2020; Rosenfelder-Kuon et al., 2020a) 
and broiler chickens (Zeller et  al., 2015c; 
Sommerfeld et al., 2018b). In pigs, this ac-
cumulation of lower InsP isomers tended 
to be less marked with higher phytase dos-
age; however, even at phytase dosages of 
3000 FTU/kg feed there were still signifi-
cant accumulations of these lower esters 
(Fig. 8.5). In broiler chickens, the relation-
ship between InsP3+4 accumulation and 
phytase dosage is less clear than in pigs. 
Specifically, accentuated accumulation of 
these lower isomers was found when diets 
containing rapeseed meal and sunflower 
meal were provided, which might have 
been caused by high InsP6 concentrations 
of these meals. 

As a consequence of accumulation of 
lower InsPx in the ileum, the increase in P 
digestibility upon phytase supplementation 
is not as high as the corresponding increase 
in pre-caecal InsP6 disappearance. While 
pre-caecal InsP6 disappearance with high 
phytase supplementation (≥1500 FTU/kg) 
in pigs can reach 85–95%, pre-caecal P di-
gestibility did not exceed 62% (Lu et  al., 
2020; Rosenfelder-Kuon et  al., 2020a). 

(a) 
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Consistent with these data, total tract P di-
gestibility in pigs reached an asymptotic 
value of 65% when estimated in a meta-
analysis that used data from 88 digestibility 
experiments and included diets with 
phytase supplementation up to 2500 FTU/kg 
feed (Rosenfelder-Kuon et  al., 2020b). In 
broiler chickens, an analysis of data from 
several studies indicated that with increas-
ing phytase supplementation, the predicted 
pre-caecal P digestibility was about 15 per-
centage units lower than predicted InsP6 

disappearance (Fig. 8.6). Reasons for this 
discrepancy in both pigs and poultry are not 
fully clear. While it is most likely that they 
reflect the limits of the dephosphorylating 
enzymes (exogenous and endogenous) and 
accumulation of lower InsPx, it also is pos-
sible that phosphate absorption was limited. 
Alternatively, the P released may have pre-
cipitated in the small intestine with min-
erals such as Ca, explaining why phosphate 
cleaved from InsPx remained in the digesta. 
However, because P supply of the animals 
was marginal in most of the studies con-
sidered herein, a downregulation of phos-
phate absorption by the small intestinal 
epithelial tissues is not a likely reason for 
the discrepancy between InsP6 disappear-
ance and P digestibility. 
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Fig. 8.5. Effects of phytase supplementation on the concentration of InsP3 plus InsP4 in the ileum. 
Concentrations are expressed as multiples of the concentrations measured for the respective diet without a 
phytase supplement for pigs (a) and broiler chickens (b). The open circles represent broiler diets with high 
inclusion levels (≥150 g/kg) of rapeseed meal or sunfower meal. DM, dry matter. (Pig data from Kühn et al., 
2016; Mesina et al., 2019; Lu et al., 2020; Rosenfelder-Kuon et al., 2020a. Broiler data from Zeller et al., 
2015a,c; Sommerfeld et al., 2018a,b; Ingelmann et al., 2019; Künzel et al., 2019b; Siegert et al., 2019b; 
Krieg et al., 2020. Authors’ own fgure.) 
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Fig. 8.6. Effects of phytase supplementation on the pre-caecal disappearance of InsP6 and total P in broiler 
chickens. DM, dry matter. (Data from Zeller et al., 2015a,b,c; Sommerfeld et al., 2018a,b; Ingelmann et al., 
2019; Künzel et al., 2019b; Siegert et al., 2019b; Ajuwon et al., 2020; Krieg et al., 2020; Künzel et al., 
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8.5.2 Release of myo-inositol 

The second end product of gastrointestinal 
InsP6 degradation beside phosphate is myo-
inositol. When the feed was not supplemented 
with phytase, the myo-inositol concentra-
tion in the ileum of broiler chickens was 
highly variable and reduced by supple-
ments such as feed phosphates and lime-
stone (Sommerfeld et al., 2018b; Pirgozliev 
et al., 2019; Ajuwon et al., 2020). This shows 
that the endogenous enzymes can completely 
dephosphorylate some of the InsP6 contained 
in the feed and this capacity is impaired by 
mineral supplements. When phytase is sup-
plemented to the feed, the myo-inositol 
concentration in the ileum is distinctly in-
creased in both pigs and broiler chickens, 
although with high variation between studies 
(Fig. 8.7). In young turkeys, the myo-inositol 
concentration in the ileum was significantly 
increased when the phytase supplementa-
tion of the feed was increased from 500 to 
3000 FTU/kg (Olukosi et al., 2020). This study 
did not involve a treatment without phytase 
supplementation. Concomitant with the in-
cremental luminal concentrations of inositol 
with use of phytase is the increased expres-
sion of inositol transporter or cotransporter 

genes in the intestine of broilers (Walk 
et al., 2018) or pigs (Lu et al., 2020). 

Consistent with effects in the ileum, the 
myo-inositol concentration in blood in-
creased with phytase supplementation in pigs 
and broiler chickens (Guggenbuhl et  al., 
2016; Laird et al., 2018; Sommerfeld et al., 
2018a; Ajuwon et al., 2020; Lu et al., 2020). 
The relevance of this increase for the metab-
olism of the animal is not well understood. 
Myo-inositol is involved in many cellular 
functions and its major role is as a constituent 
of phosphoinositides which are phosphor-
ylated at different sites of the myo-inositol 
ring (Huber, 2016). Myo-inositol can be 
newly synthesized from glucose and as a re-
sult it is not possible to quantify the role of 
myo-inositol absorbed from the gut. Supple-
ments of myo-inositol may increase the gain-
to-feed ratio of broiler chickens (Sommerfeld 
et al., 2018a) and cause metabolic responses 
such as increased plasma dopamine and 
serotonin levels (Gonzalez-Uarquin et  al., 
2020a) or reduced fat content of the liver 
(Pirgozliev et  al., 2019). However, as re-
viewed elsewhere, the responses of animals 
to myo-inositol supplements overall are in-
consistent (Gonzalez-Uarquin et al., 2020b). 
To date it is not possible to distinguish 
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Fig. 8.7. Effects of phytase supplementation on the concentration of myo-inositol (MI) in the ileum of pigs 
and broiler chickens. Values are expressed as multiples of the control without phytase supplementation, 
which varied among studies from 0.5 to 5.9 μmol/g dried ileum content (pigs) and from 0.2 to 11.8 μmol/g 
dried ileum content (broilers). DM, dry matter. (Pig data from Mesina et al., 2019; Lu et al., 2020; 
Rosenfelder-Kuon et al., 2020a. Broiler data from Sommerfeld et al., 2018a,b; Künzel et al., 2019b; Siegert 
et al., 2019b; Walk and Olukosi, 2019; Ajuwon et al., 2020; Krieg et al., 2020. Authors’ own fgure.) 

conditions when extra myo-inositol supply 
(in free form by phytase supplementation) 
has beneficial effects in pigs and poultry 
from those where such effects do not exist. 

8.5.3 Amino acid digestibility 

Besides release of phosphate and myo-
inositol, phytase supplements may have 
indirect effects on other fractions in the di-
gestive tract such as proteins and amino 
acids (see Section 8.2). Because InsP6 can 
form binary or ternary complexes with pro-
teins depending on the pH value in the di-
gestive tract, those proteins may be less 
accessible for proteolysis and thus amino 
acid digestibility is impaired. InsP6 degrad-
ation by phytases in the anterior sections of 
the digestive tract makes occurrence of those 
complexes less likely and hence increases 
amino acid digestibility. It appears from the 
literature that phytase supplements overall 
can increase amino acid digestibility, but ef-
fects were inconsistent among the studies. 

While some studies showed significantly in-
creased amino acid digestibility upon 
phytase supplementation, others did not. 

In pigs, a meta-analysis of results from 
34 publications found a significant increase 
of pre-caecal digestibility of all essential 
amino acids (Zouaoui et al., 2018). In that 
analysis, the average increase of digestibil-
ity ranged from 0.9 percentage units for me-
thionine to 1.5 percentage units for threonine 
when calculated for a supplementation 
level of 500 FTU/kg feed. In broiler chick-
ens, recent studies reported an increase in 
pre-caecal amino acid digestibility overall 
in the range of 1.1–4.7 percentage units, al-
though the effect was not statistically sig-
nificant in all studies and for all amino 
acids (Sommerfeld et  al., 2018a,b; Borda-
Molina et  al., 2019; Siegert et  al., 2019b; 
Walk and Olukosi, 2019; Ajuwon et  al., 
2020; Babatunde et  al., 2020; Krieg et  al., 
2020). Other studies found no or little or in-
consistent phytase effects, perhaps because 
of lower dosages or other phytase products 
prevailing at the time they were conducted 
(Sebastian et al., 1997; Adeola and Sands, 
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2003; Rodehutscord et al., 2004). Digestibil-
ity of specific amino acids can be affected 
by phytase supplementation to a different 
extent and depending on the procedures of 
digestibility determination. 

The variation of amino acid digestibil-
ity responses may be caused by factors such 
as level of phytase supplementation and in-
gredient composition of the diets. In regard 
to phytase dosage of broiler chicken feed, in-
creasing from 500 to 1500 FTU/kg increased 
the average amino acid digestibility by an 
extra 1 percentage unit, but dosages higher 
than 1500 FTU/kg caused no further increase 
in amino acid digestibility (Sommerfeld 
et al., 2018a; Siegert et al., 2019b; Ajuwon 
et  al., 2020). Similarly, in dose–response 
studies (Ravindran et  al., 2006; Walters 
et  al., 2019; Babatunde et  al., 2020; Walk 
and Rama Rao, 2020), the biggest part of the 
response in amino acid digestibility was 
achieved at the lowest level of phytase 
supplementation (150–500 FTU/kg), while 
phytase added above this level did not con-
sistently increase amino acid digestibility 
further, except in diets with very high phytate 
content from rice bran. This suggests that 
ingredient effects on amino acid digestibil-
ity responses may exist. When single ingre-
dients (cereal grains and oilseed meals) 
were studied, phytase effects on amino acid 
digestibility were influenced by the ingredi-
ents used (Ravindran et al., 1999). In a study 
that compared different oilseed meals in 
broiler chickens, phytase supplementation 
increased the pre-caecal amino acid digest-
ibility by an average of 1 percentage unit in 
soybean meal, 3 percentage units in sun-
flower meal and 7 percentage units in rape-
seed meal (Krieg et al., 2020). Differences in 
amino acid digestibility between the oilseed 
meals became smaller as phytase supple-
mentation increased but they still remained 
even at the highest supplementation level. 
However, the differences noted between 
these oilseed meals and their response to 
phytase supplementation with regard to 
amino acid digestibility were not detected 
when they were diluted in complete diets 
(Siegert et al., 2019b; Krieg et al., 2020). The 
underlying mechanism of ingredient-specific 
effects is not clear. Some authors suggested 

that the phytate content of an ingredient ex-
plains the magnitude of responses in amino 
acid digestibility to phytase. However, a 
plethora of fractions other than phytate dif-
fer between ingredients and several of these 
may affect amino acid digestibility. In the 
meta-analysis of pig data (Zouaoui et  al., 
2018), the dietary concentration of neutral 
detergent fibre (NDF), but not phytate, was 
found to negatively affect amino acid di-
gestibility. Amino acid digestibility of rape-
seed meal in laying hens was related to the 
content of neutral detergent insoluble nitro-
gen, which is associated with the NDF frac-
tion (Rezvani et  al., 2012). It was argued 
that differences in protein–phytate com-
plexes were unlikely to cause differences in 
phytase effects on amino acid digestibility 
of soybean meal, sunflower meal and rape-
seed meal (Krieg et al., 2020). It may thus be 
more appropriate to consider effects of feed 
ingredients per se rather than specific chem-
ical fractions of the feed. 

Added phytase may also influence amino 
acid digestibility by reducing endogenous 
protein secretion. Phytate can increase the 
endogenous secretion of proteins while 
passing through the digestive tract and thus 
increase amino acid losses of the animal. 
When fasted broilers were intubated with a 
dextrose solution, the excretion of crude 
mucin used as an indicator of endogenous 
protein and some amino acids were signifi-
cantly increased when pure InsP

6 or a pure 
magnesium potassium phytate was added 
to the dextrose solution (Onyango et  al., 
2009). Similarly, the flow of some amino 
acids at the terminal ileum of broiler chick-
ens was increased when pure sodium 
phytate was supplemented to a synthetic 
diet and this effect could be compensated 
for by concurrent addition of phytase 
(Cowieson and Ravindran, 2007). These re-
sults prompted the hypothesis that phytase 
effects on amino acid digestibility can be 
explained in part by effects on endogenous 
protein secretion. However, it is not clear 
whether phytate contained in a complex 
feed matrix has the same or similar effects 
as pure phytate supplements in completely 
soluble or otherwise synthetic diets. A final 
answer is unlikely to be found because 
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variation in phytate from ingredients can-
not be achieved without confounding vari-
ation in other constituents of the feed. 
However, some studies tried to estimate the 
contribution of endogenous protein secretion 
by using different approaches. Sialic acid is 
a major constituent of secreted mucin. In 
pigs, the sialic acid content of ileal digesta 
was unaffected even though the InsP6 con-
tent was largely reduced by phytase supple-
mentation of an industry-type diet (Mesina 
et al., 2019). In broilers, phytase supplemen-
tation reduced sialic acid excretion when 
precision feeding conditions and pure sub-
strates were supplied (Cowieson et al., 2004; 
Pirgozliev et al., 2012), but not with industry-
type diets and ad libitum access to the feed 
(Pirgozliev et  al., 2017). Phytase effects on 
amino acid digestibility in broiler chickens 
have also been studied using the regression 
approach. This approach allows for a dis-
crimination of the effects of treatment on 
basal endogenous amino acid losses (Borda-
Molina et  al., 2019; Siegert et  al., 2019b; 
Krieg et al., 2020). Those studies suggested 
that endogenous amino acid losses were not 
a significant component of the effects of 
phytase on amino acid digestibility. Taken 
together, although pure phytate and phytase 
affected endogenous protein secretion in 
model studies, it may not be the case when 
complete diets are used. 

Another reason for phytase influencing 
amino acid digestibility may relate to the 
supply of digestible P. Broiler studies often 
investigated the effects of phytase supple-
mentation of a low-P diet on performance 
and amino acid digestibility and compared 
it with supplements of mineral P. In most of 
these studies, supplementing phytase led to 
an increase in pre-caecal amino acid digest-
ibility, but the inclusion of mineral P also 
increased amino acid digestibility to the 
same or greater extent than phytase (Dilger 
et al., 2004; Martinez-Amezcua et al., 2006; 
Centeno et al., 2007; Pieniazek et al., 2017; 
Siegert et al., 2019b; Babatunde et al., 2020). 
It was hypothesized that the phytase effect 
on amino acid digestibility is not only a pro-
tein releasing effect, but also due to provi-
sion of P to an animal in a P-deficiency state 
(Martinez-Amezcua et  al., 2006). As P is 

involved in the function of transporters 
in the intestine, for instance the Na–K– 
ATPase-dependent amino acid transporters, 
an increased provision of digestible P might 
increase amino acid uptake in the small in-
testine. Besides amino acid digestibility, feed 
intake was also increased by the supplemen-
tation of phytase or P in most of the studies. 
A lower feed and thus amino acid intake 
leads to an increased proportion of endogen-
ous amino acids to total amino acids in the 
ileum and results in lower amino acid digest-
ibility values in pigs and broiler chickens 
(Moter and Stein, 2004; Siegert et al., 2019a). 
Thus, phytase effects on amino acid digest-
ibility might be confounded by coexistence 
of effects on feed intake. 

8.5.4 Minerals other than phosphorus 

Phytate interacts with minerals other than P 
owing to the formation of InsP

6–mineral 
complexes as explained at the beginning of 
this chapter. Following passage through the 
stomach of the animal, the pH of the digesta 
increases and with it the formation of insol-
uble InsP6–mineral complexes. Thus, InsP6 

degradation in the anterior part of the di-
gestive tract by phytase is important be-
cause complexes are then less likely to be 
formed in the small intestine. 

At a given Ca level in the diet, phytase 
may or may not increase pre-caecal Ca di-
gestibility (Ravindran et al., 2006; Olukosi 
et  al., 2013; Sommerfeld et  al., 2018b; 
Babatunde et al., 2020). However, because 
the kidney is involved in Ca homeostasis, 
responses to phytase supplementation can 
be different between the pre-caecal and total 
excretion levels in birds (Olukosi et  al., 
2013). Ca retention in the skeleton is tightly 
linked with P retention and thus the effects 
of added phytase on P release from InsP6 in 
the digestive tract likely are the reason for 
effects observed on Ca retention. Supple-
ments of Ca in the form of limestone or 
calcium formate reduced intrinsic InsP6 

degradation by broilers and the effects of 
added phytase (Sommerfeld et  al., 2018b; 
Krieg et al., 2021). 
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Improvements in Zn bioavailability 
and Zn status with phytase supplementa-
tion were found for pigs and to a lesser ex-
tent for broilers (Schlegel et  al., 2010). 
These authors suggested that Zn is used 
more efficiently by broilers due to the lower 
pH in the gizzard compared with that of the 
stomach in pigs, which serves to increase the 
solubility of Zn in the former. Results of a 
meta-analysis showed that bone Zn content of 
piglets decreased with increasing dietary 
phytate in the absence of phytase but in-
creased upon phytase supplementation 
(Schlegel et al., 2013). Effects of supplemented 
Zn were independent of the Zn source and 
phytase effects on Zn-related traits were also 
independent of the Zn source in a study with 
weaner piglets (Revy et al., 2004). Pharmaco-
logical levels of Zn but not Cu in the diet of 
young pigs and broilers reduced the efficacy of 
a supplemented phytase, indicated by P re-
lease values and reduced bone ash (Augspurger 
et al., 2004), suggesting excess Zn can precipi-
tate InsP6 and make it intransigent to phytase 
hydrolysis. 

Supplementation of high levels of Cu de-
creased P retention of broiler chickens in the 
presence and absence of phytase, the effect 
being more pronounced without phytase 
(Banks et al., 2004). In older broiler chickens, 
phytase supplementation increased tibia P 
concentration when no Cu was supple-
mented but not when Cu was also supple-
mented (Demirel et  al., 2012). In weanling 
piglets, phytase supplementation increased 
Cu absorption, both with and without sup-
plemented Cu (Adeola, 1995). Overall, stud-
ies investigating interaction effects of phytase 
and Cu are rare. 

Strong binding to InsP6 was also ob-
served in vitro for Fe, whereby the binding 
strength decreased with increasing pH 
(Maenz et  al., 1999). In vitro complexation 
with Fe3+ decreased proportionally from InsP6 

to InsP3 and there was still some interaction 
with InsP2 and InsP1 (Yu et al., 2012). Triva-
lent cations may form stronger complexes 
with phytate than divalent cations (Maenz 
et al., 1999). Supportively, pre-caecal digest-
ibility of P and Ca and tibia breaking strength 
were decreased in a broiler study with mid or 
high dietary Fe concentrations in the feed 

when phytase was present (Akter et  al., 
2017), suggesting an increased complexation 
of Fe with phytate and probably Ca. This hy-
pothesis is supported by in vitro findings 
where physiological concentrations of Ca 
and Mg were needed for the complexation of 
phytate and Fe (Sandberg et al., 1989). How-
ever, in young pigs, the dietary Fe level did 
not affect pre-caecal InsP6 disappearance or 
bone ash weight in the presence of phytase 
(Laird et  al., 2018), whereas higher Fe, Mn 
and Zn levels in the ribs of pigs (in addition 
to P and Ca) were found when phytase was 
added to a basal diet (Kühn et al., 2016), sug-
gesting the interaction between Fe, Ca and 
phytate is not easily described. 

Added phytase can also affect Na digest-
ibility. Phytase supplements reduced the 
flow of Na at the distal ileum of broilers in 
some but not all experiments (Ravindran 
et al., 2006; Truong et al., 2017; Babatunde 
et  al., 2020). In precision-fed broilers, 
phytase supplementation distinctly reduced 
Na excretion, especially when combined 
with InsP6 supplementation (Cowieson et al., 
2004; Pirgozliev et al., 2009). In contrast to 
other cations, Na+ effects are likely related to 
endogenous secretion. It was suggested that 
phytate–protein complexes in the stomach 
trigger an increased secretion of pepsin and 
HCl in an attempt to maintain protein digest-
ibility, thus provoking the need for greater 
secretion of sodium bicarbonate into the 
duodenum to buffer the excess acid exiting 
the gizzard (Selle et al., 2012). Phytase inclu-
sion is presumed to reduce the formation of 
phytate–protein complexes and would thereby 
reduce the need for sodium bicarbonate se-
cretion, thereby increasing Na digestibility. 

8.6 From Mechanisms to Commercial 
Application of Phytase 

The current commercial application of 
phytases is subject to the constraints laid 
down by the conditions under which they 
are used. The use of high doses and applica-
tion of high matrices with them necessitate 
some methods of assurance that the enzyme 
will deliver the nutrients expected and as a 
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result, feed compounders must not only be 
aware of how much enzyme is present in 
the feed, but also how much substrate and 
interfering minerals (such as Ca). If other 
enzymes or additives which claim similar 
nutrient matrices are present in the feed, 
then the interaction between them needs 
consideration. Regardless, the feed industry 
is recognizing additional benefits which ac-
crue from the use of higher doses of phytase, 
such as relaxed constraints on maximal 
inclusion level of some ingredients and 
reduction of severity of some metabolic dis-
orders. These observations and applications 
are discussed below. 

8.6.1 Applicability of current matrix values 
and high phytase dosing 

Improved understanding of how phytases 
function in destruction of InsP6 and lower 
esters, as well as the effects of more complete 
dephosphorylation on animal performance, 
has not only had commercial benefits but 
also led to simultaneous reductions in nutri-
ent excretion and thus pollution. While the 
use of phytase to enhance P utilization of 
plant origin is a well-established concept for 
more than 20 years, the additional benefits 
brought about by the reduction of concen-
trations of dietary phytate and its lower es-
ters has led to a significant proportion of the 
industry using increased phytase applica-
tion rates, which has been termed ‘superdos-
ing’ (Cowieson et al., 2011). 

Current commercial use of phytase gen-
erally tends to fall into one of two groups. 
Standard application rates range from 250 
to 750 FTU/kg feed where use of the P, Ca 
and Na matrix values are the most com-
monly employed with other nutrients such 
as amino acids and energy, if credited to the 
phytase, being attributed to the phytase in 
proportion to the P value suggested for any 
chosen dose. In this regard, the driver for 
phytase usage is purely economic although 
some pollution benefits will accrue. Higher 
dosages of about 1500 to 2500 FTU/kg feed 
are increasingly used whereby either a 
much larger matrix value is taken compared 

with standard dosing, in which case even 
greater savings in feed costs are made, or a 
partial matrix is taken, which more than 
covers the cost of the enzyme and perform-
ance benefits are then captured due to the 
effect that higher dosages have on digestibil-
ity and efficiency of utilization of energy, 
amino acids and minerals (Cowieson et al., 
2011; Walk et al., 2013, 2014). In addition to 
performance benefits, improved animal 
health associated with better bone formation 
(Kühn et  al., 2016) or well-being (Herwig 
et  al., 2019) has been observed; the latter 
may in part be due to the release of signifi-
cant amounts of inositol (see Section 8.5.2). 

The matrix value applied for any given 
dose of phytase is specific for the phytase 
source. This may be related to a combin-
ation of factors including differences in sta-
bility during the pelleting process and 
gastrointestinal tract, as well as differences 
in the efficiency of the phytase in degrading 
InsP

6 and each lower ester under the condi-
tions of the gastrointestinal tract (Menezes-
Blackburn et al., 2015). Regardless, there is 
considerable variation in the matrix values 
estimated between trials which likely re-
flects the conditions of the assay employed. 
Most often these conditions are not the 
same as those under which the phytase is 
used commercially and as a result the abil-
ity of the enzyme to fulfil the matrix as-
signed might vary, which may result in sig-
nificant ‘safety margins’ being applied. 
Thus, product characteristics such as heat 
stability and extent of phytate degradation 
under conditions more relevant to the com-
mercial use of the enzyme need consider-
ation by the end user if the application is to 
be successful. Ideally such information 
should be available to enable feed formula-
tors to make relevant comparisons and ar-
rive at a relevant decision given the intended 
application circumstances. 

Commercial application of phytases 
often uses a nutrient matrix that is consist-
ent across all animal species and age groups, 
which is not necessarily reflected in the lit-
erature data as outlined in the above sections. 
This could well be due to the divergence in 
the ingredient and nutrient contents of ex-
perimental diets compared with those in 
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commercial practice as well as a commer-
cial requirement for simple strategies. Often 
as not, such a ‘one matrix’ fits all approach 
goes hand in hand with a degree of caution 
in the matrix applied compared with that 
determined experimentally. 

While integrators can benefit from the 
animal performance benefits derived from 
more complete phytate degradation, com-
pound feed producers, who sell feed rather 
than meat, rely much more on the applica-
tion of a matrix. Such matrix applications 
are currently applied only with lower phytase 
doses, thus knowledge of how to apply mat-
rices which are robust when the target is 
maximal phytate destruction still needs to 
be researched further to widen this applica-
tion across the whole industry. 

8.6.2 Are matrix values 
of additives additive? 

Commercial feed manufacturers routinely 
employ multiple additives, including phytase, 
in their diets, many of which may have a 
nutrient matrix associated with their use. 
The question of additivity of matrices from 
different additives in mixtures is often raised 
and clearly of great concern for the end 
user (Bedford and Cowieson, 2019). It is 
self-evident that each additive cannot con-
tinuously add more and more energy or di-
gestible nutrient to the diet if there is an 
overlap in the mode of action. Consequently, it 
is essential for feed manufacturers to under-
stand how each additive works so they can 
decide as to whether they should be combin-
ing matrices from different additives in a 
sub-additive, additive or even a synergistic 
manner. Certainly, much of the data for feed 
enzymes suggest that matrices are far from 
additive and should be considered at best 
sub-additive (Bedford and Cowieson, 2019). 
For example, phytases, xylanases and prote-
ases may all have amino acid matrices asso-
ciated with their use, but when all three are 
used in combination it is not a case of sim-
ply adding each individual matrix together 
(Lee et  al., 2018). Consequently, the end 
user must consider which products to use 

first and discount the matrix of each subse-
quent addition. As noted above, it is not just 
enzymes that have matrices associated with 
their use and compounders must further 
consider the additivity of the matrix values 
they ascribe to products such as surfactants, 
probiotics, prebiotics and plant extracts, to 
name a few. While there are data in the lit-
erature to help end users consider how to 
combine enzyme matrices (Cowieson and 
Bedford, 2009; Cowieson et al., 2010; Bedford 
and Cowieson, 2019), there is a paucity of 
data regarding the combination of enzyme 
matrices with other additives. This is 
mainly due to the almost infinite number of 
possible combinations as well as the vari-
ability of raw materials in use, which makes 
practical tests involving all possible com-
binations impossible. 

8.6.3 Phytase use to increase usage 
levels of ingredients limited by their 

phytate content 

In some situations, ingredient inclusion 
levels in diets have been restricted as a re-
sult of their phytate content (Pallauf and 
Rimbach, 1997; Ravindran et  al., 2000; Li 
et al., 2001). If such restrictions are ignored, 
then the result is often growth depression of 
the animal. Such ingredients include cereal 
brans, some oilseed meals and also certain 
by-products with high variability might fall 
into this category (Ravindran et  al., 1994; 
Cossa et al., 1999, 2000; Selle et al., 2003) 
(also see Section 8.2). Several studies have 
shown that the constraints on the inclusion 
levels of these ingredients can be relaxed 
somewhat when phytase is included in the 
diet at elevated doses to ensure the degrad-
ation of phytate. Not only does this result in 
a cheaper diet, but it also makes use of local 
raw materials which can partially substitute 
imported ingredients (Wilcock and Walk, 
2016). Ironically, these high-phytate ingre-
dients are now viewed in some parts of the 
world as more desirable ingredients as their 
combination with high doses of phytase re-
sults in significant release of myo-inositol, 
which can bring benefits in terms of post-
absorptive nutrient utilization (Lee and Bedford, 
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2016; Cowieson and Zhai, 2021) (also see 
Section 8.5.2). 

8.6.4 Near-infrared reflectance 
spectroscopy as a tool to provide rapid 

estimate of dietary phytate content 

While constraints on inclusion levels of 
phytate-rich ingredients can limit antinutri-
tional effects, this approach may need to be 
reconsidered if a phytase is used. While 
InsP6 is an antinutrient in the absence of a 
phytase, in its presence it is actually a sub-
strate for P release and as such its concentra-
tion needs to be linked to the expected P matrix 
of the phytase (Morgan et al., 2016). A major 
concern when higher doses of phytase are 
applied, and as a result a high P matrix is ex-
pected, is that there may not be enough 
phytate in the diet to provide the expected 
nutrient release. This is of particular import-
ance when diets rich in animal by-products 
are employed, thus limiting inclusion levels 
of phytate-rich oilseed meals. Feed manufac-
turers routinely estimate the phytate-P con-
tent of their diets in order to ensure they do 
not overestimate the potential for P release. 
The use of NIRS is increasingly made by feed 
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manufacturers to estimate the phytate con-
tent of their ingredients and thus provide an 
assumption of the dietary phytate-P content. 
Improvements in NIRS databases with re-
gard to ingredient and dietary phytate 
estimates (Aureli et al., 2017) can help the 
industry to use phytases more effectively as a 
result of enabling the matching of enzyme 
dose with substrate concentration. Analysis 
of multiple field samples has indicated that 
there is significant variability in phytate con-
tent of raw materials within and between in-
gredient types (also see Section 8.2). Moreover, 
regional differences in ingredient choice and 
usage rates for animal feeds further exacerbate 
the variation in phytate content of the diets 
noted around the world, as has been reported 
recently in aquafeeds (Fig. 8.8). This explains 
why ad hoc estimates of the phytate content 
of the ingredients employed is essential if 
phytase is to be used most efficiently. 

8.6.5 Testing of phytase effects towards 
practical feeding conditions 

Digestibility trials are often reported and are 
part of essential tools needed to understand 

EMEA LAM NAM 

Fig. 8.8. Regional differences in the phytate-P level of feeds (%) for fsh as determined by NIRS. The boxes 
show the upper and lower quartile and median, the lines show the extremes, and the dots show outliers and 
single data points. ASPAC, Asia Pacifc; CAM, Central America; EMEA, Europe and Middle East; LAM, Latin 
America; NAM, North America (From Lee and Greenwood, 2020.) 
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the functionality of enzymes. Digestibility 
trials also appear to provide information of 
value with respect to provision of matrix val-
ues. However, commercial use of a phytase is 
usually under conditions that are more com-
plex than those of the standardized trials 
which generated the digestibility data. More-
over, digestibility trials often fail to consider 
the effect that phytase application has on 
feed intake, which subsequently influences 
intake of digestible nutrients (Bedford, 2008; 
Walk and Bedford, 2020). As a result, digest-
ibility data on their own are often not enough 
to derive matrix values that can be applied 
by commercial users. More often than not, 
full grow out trials to commercially relevant 
weights coupled with bone ash data are re-
quired in order to confirm that the proposed 
matrix for a phytase can be safely applied. 
The key concern for the industry is that di-
gestibility data may overestimate the matrix 
of the phytase, resulting in the loss of not 
only animal live performance but more cru-
cially bone development and strength. The 
latter of course is of great concern from a 
health and welfare aspect, which becomes 
even more important with the decreased use 
of mineral P in animal diets and the increase 
in performance of modern breeds. 

8.6.6 Dietary calcium levels 
as a consideration for the industry 

Ca levels in broiler diets continue to be a 
great concern for the industry as it is well 
established that excess Ca significantly re-
duces growth rates and efficacy of phytase, 
and deficiency results in bone defects and 
poor mineralization (Walk, 2016; Bedford 
and Rousseau, 2017; Momeneh et al., 2018; 
Sommerfeld et al., 2018b). In a recent study, 
most broiler rations contained significantly 
more Ca than intended (Walk, 2016), sug-
gesting the industry works on the side of Ca 
excess rather than deficiency and that such 
a situation is likely to reduce the ability of 
an added phytase to degrade InsP6 and its 
lower esters and hence to deliver the ex-
pected P matrix (Sommerfeld et al., 2018b; 
Krieg et al., 2021). Excess Ca has also been 

shown to increase the incidence of wet litter 
(Bedford et al., 2007, 2012). As a direct im-
pact, increased litter moisture results in sig-
nificant foot quality issues (Farhadi et  al., 
2017), which has implications for animal 
health. As a result, the industry is taking a 
greater interest in the digestibility of different 
Ca sources in an attempt to formulate diets 
more accurately to the needs of the bird. 

8.6.7 Phytase in the context of woody 
breast syndrome 

Several studies have shown that the quan-
tity of myo-inositol that is absorbed and 
transported from the intestine into the 
plasma and hence into tissues where it is 
used or stored (Kriseldi et  al., 2018; Lu 
et al., 2019; Ajuwon et al., 2020) is directly 
proportional to the dose of phytase em-
ployed. A recent study has suggested that 
high phytase dosing is associated with 
higher erythrocytic content of InsP5 and 
therefore their ability to release oxygen in 
tissues with low oxygen potential is pre-
sumably improved (Greene et  al., 2019). 
Consistent with this relationship, high 
phytase dosing has recently been shown to 
be associated with reduced incidence of the 
most severe forms of woody breast, which is 
thought to be due to poor oxygenation of 
tissues and hence death and myopathy 
(Cauble et al., 2020). If this is the case, then 
other syndromes where hypoxia plays a 
role in their aetiology may benefit from very 
high doses of phytase which subsequently 
releases proportionately more inositol from 
phytate. 

8.6.8 The importance of assay and heat 
stability in phytase efficacy 

The most critical step the phytase must sur-
vive is that of feed manufacture due to the 
thermal effects of pelleting. The association 
of a particular response to a dose of phytase 
requires knowledge of the activity that is 
actually received by the animal and not 
simply that which was dosed into the mixer. 
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As a result, in-feed assays are essential if the 
matrix of the enzyme is to be accurately as-
sessed. Unfortunately, the literature con-
tains many papers where the in-feed activity 
of a phytase has not been determined (Rosen, 
2002). As a consequence, it is very difficult 
to be certain of the dose received by the ani-
mal, which makes allocation of a matrix dif-
ficult to assess. Rapid in-feed assays are 
even more important for the end user to con-
firm correct dosage of the enzyme, prefer-
ably before the diet is fed. The conditions 
used by feed compounders for pelleting 
their feeds may be more aggressive than 
those used in pelleting feeds for experimen-
tal trials. Thus, the potential for losses in the 
commercial environment are far greater and 
hence the potential problems due to the loss 
of phytase activity are more likely. Some 
commercially used feed ingredients such as 
acids and pellet binders may inhibit enzyme 
recoveries in the feed. Therefore, the com-
mercial user should regularly test the recov-
ery of all enzyme products that go through 
the feed production process and especially 
for phytases. The consequence of significant 
losses of phytase activity are far more ser-
ious under commercial conditions where 
the stresses of high stocking densities and 
larger flocks create more likelihood of 
P-deficiency symptoms. 

8.7 Outlook 

Although phytase is in commercial applica-
tion since more than 25 years, existing gaps of 
knowledge in both functionality of the enzyme 
and optimized dosing in animal feed require 
more research. Although supplemented phytase 
nowadays can increase pre-caecal InsP6 dis-
appearance to a level of 90%, some InsP6 

and lower inositol esters remain undegraded, 
which challenges research and enzyme devel-
opment for further improvement of phytate-P 
utilization by pigs and poultry. Metabolic ef-
fects of degradation products such as myo-
inositol and specific lower inositol phosphates 
are barely understood. Enzyme effects on di-
gestibility of amino acids and minerals other 
than P are inconsistent in the literature. The 
reasons for this must be better understood in 
order to diversify and instil greater confidence 
in the matrix values used by the industry. The 
digestibility and requirements of antagonistic 
feed constituents such as Ca must be better elu-
cidated in order to avoid excess inclusion in 
the feed. Precision application of phytase also 
requires precise values of the phytate content 
of feed raw materials actually in use. Future 
research in these areas may improve the sus-
tainability of livestock production and main-
tain finite rock phosphate stores for the sake 
of future generations. 
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9.1 Introduction 

Ruminants harbour a unique population of 
microbiota in the rumen that allow for the ef-
ficient conversion of lignocellulose into ani-
mal products (i.e. milk, meat, fibre). This 
microbial consortium produces an array of 
enzymes that allow for the degradation of 
complex plant polysaccharides that make up 
plant cell walls. However, less than 50% of 
the energy in low-quality forages is digested 
by ruminants (McCartney et al., 2006). Sup-
plementation of diets with exogenous en-
zymes has the potential to improve nutrient 
digestion while reducing feed costs and im-
proving animal performance. Research has 
mainly targeted the use of fibrolytic enzymes 
that enhance the degradation of plant fibre in 
the rumen as forages are often the main compo-
nent of ruminant diets (Mottet et al., 2018), al-
though a limited number of studies have 
examined the use of amylases (Noziere et al., 
2014) and proteases (Sucu et al., 2014) that de-
grade starch and proteins, respectively, as a 
means of improving the digestibility of grains. 
With increasing pressure to improve the sus-
tainability and intensity of ruminant produc-
tion, exogenous enzymes have the potential 
to improve the utilization of ruminant feeds. 

Consideration of the complexity of 
the rumen microbiome and its role in 
plant cell wall degradation is a key com-
ponent of any strategy to target improving 
the efficacy of exogenous enzymes. Simi-
larly, identification of limiting enzymes 
can allow for microbial synergy to ensure 
that exogenous enzymes are not redundant 
within the rumen. There are also pre-
consumption, ruminal and post-ruminal 
considerations that can impact the activity 
of exogenous enzymes throughout the 
digestive tract. Although exogenous en-
zymes are a potential means of improving 
feed utilization, the observed variability 
in animal responses has limited their 
adoption. The variability in responses can 
be attributed to various factors including 
dosage, application method, product for-
mulation, dietary composition and animal 
production status. Novel strategies to 
improve enzyme effectiveness include 
enzyme delivery and discovery utilizing 
‘omic’ techniques (i.e. metagenomics, me-
tatranscriptomics, metaproteomics and 
metabolomics). This chapter reviews the 
current understanding of enzyme technol-
ogy and highlights their role in improving 
the efficiency of ruminant production. 
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9.2 Ruminant Enzymes 

There is an array of commercially available 
exogenous enzymes for ruminants, although 
many of these are optimized for the textile, 
pulp and paper industries or for monogas-
tric diets and do not account for the unique 
environment of the rumen. Most ruminant 
enzyme formulations are extracts from fungal 
cultures usually derived from Aspergillus 
spp. and Trichoderma spp. (Ribeiro et  al., 
2016). Whereas enzymes for monogastrics 
target the degradation of β-glucans and ara-
binoxylans within the endosperm cell wall 
of grains (Mottet et  al., 2017; Alagawany 
et al., 2018), ruminant enzymes mainly target 
cellulose and hemicellulose within plant fibre. 

In grazing and mixed beef cattle pro-
duction systems, roughages represent more 
than 80% of the diet (Mottet et al., 2018). 
Mastication during eating and rumination 
physically damages plant tissues releasing 
cellular content from plant cells and ex-
poses surfaces that are more amendable to 
microbial colonization (Terry et al., 2019). 
Despite the damage to plant tissues done by 
mastication, microbial colonization and 
degradation within the rumen are limited 
by the lignification of plant cell walls. The 
inclusion of exogenous enzymes in rumin-
ant diets is postulated to increase bacterial 
attachment through breakage of the matrix 
of polysaccharides, lignin and phenolic 
compounds within the plant cell wall. More 
recently, focus has been placed on identify-
ing enzymes that synergistically enhance 
the activity of carbohydrate-active enzymes 
(CAZymes) produced by rumen microbes 
(Terry et al., 2019). 

9.3 Cell Wall Polysaccharides 
and Limits to Feed Degradation 

The structural polysaccharides that make up 
plant cell walls are critical to providing plant 
structural integrity and protection against 
plant pathogens in the field (Ribeiro et al., 
2016). The same chemical characteristics 
that promote the survival of the plant in the 
field also limit fibre degradation within the 

rumen. Cellulose, hemicellulose, lignin and 
pectin are the main constituents within the 
plant cell wall. Lignin and hemicellulose 
are matrixed around cellulose microfibrils 
and are regarded as the main contributors to 
plant cell wall recalcitrance (Terry et  al., 
2019). The extent of cellulose crystallinity 
as well as the cross-linkages among hemi-
cellulose, cellulose and lignin limit the at-
tachment and access of rumen microbes 
(Terry et al., 2019). 

The xylan backbone of hemicellulose has 
side groups that vary depending on plant spe-
cies and the frequency, type and orientation 
of these branches alter the degree that hydro-
gen bonds link to cellulose or hemicellulose 
(Ribeiro et al., 2016). Limited enzyme access 
to substrates, the ratio of cellulases to hemi-
cellulases within the rumen, the enzyme to 
substrate ratio and the concentration of cell 
wall cross-linkages to phenolic compounds 
and lignin can limit the ruminal degradation 
of forages (Pech-Cervantes et al., 2019; Terry 
et al., 2019). 

Attachment, adhesion, penetration and 
consortia formation are required for micro-
bial enzymatic degradation of fibre in the 
rumen (Varga and Kolver, 1997). The forma-
tion of ferulate–polysaccharide–lignin cross-
links poses a major restriction to the rate 
and extent of plant cell wall degradation 
(Meale et al., 2014). These complexes steric-
ally inhibit the access of enzymes to targeted 
carbohydrate linkages. Similarly, lignin is not 
truly degraded in the rumen as this is an oxi-
dative process that cannot occur within the 
anaerobic environment of the rumen. How-
ever, hydrolysis of the linkages between 
hemicellulose and lignin can solubilize lig-
nin and enhance the access of microbes to 
cellulose and hemicellulose (Meale et  al., 
2014). 

The extent of plant cell wall degrad-
ation in the rumen is a function of the rate 
of degradation and residence time of feed 
within the rumen. Selection of exogenous 
enzymes for ruminants must also consider 
factors such as feed intake, the passage rate 
of liquid and solid digesta, and post-ruminal 
digestion of nutrients (Meale et  al., 2014). 
Most of the exogenous enzymes aimed at 
improving ruminal feed degradation target 
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carbohydrates, especially those more recalci-
trant substrates that remain undigested and are 
excreted in the faeces (Elliott et al., 2018). Fi-
brolytic enzymes act to make hemicellulose 
and cellulose more accessible to rumen micro-
biota; however, these carbohydrates take longer 
to degrade than the non-fibrous carbohydrates 
and therefore they require longer residence 
within the rumen to be metabolized. 

Several exogenous enzymes have been 
shown to successfully increase the rate of 
rumen degradation, rather than the extent of 
degradation (Hristov et al., 1998a; Colombatto 
et al., 2007; Ranilla et al., 2008). An increase 
in rate of degradation may decrease rumen re-
tention time of feed and result in increased 
intake, but total digestion in the gastrointes-
tinal tract is typically not increased unless the 
extent of rumen degradation of fibre is also 
increased. Therefore, to address the approach 
of increasing the extent of ruminal degrad-
ation, enzyme technology should focus on 
breaking the linkages formed between the 
polysaccharides of the plant cell wall. 

Low rumen pH typical of ruminants ex-
periencing subacute ruminal acidosis and 
fluctuation of pH within the rumen (5.7 to 
7.2) can pose major limitations to enzymatic 
activity of the rumen fibrolytic bacteria be-
cause enzyme function is compromised at 
pH below 6.2 (Wang and McAllister, 2002; Li 
et  al., 2017). Commercial enzymes need to 
have optimal activity within the normal pH 
range of the rumen. Some commercial en-
zymes are of limited effectiveness because 
they function at a pH outside the normal 
range of the rumen, while many enzymes 
produced from aerobic fungi have a pH opti-
mum of 4.0 to 6.0, which can be advanta-
geous for ruminants with low rumen pH. 

Fungal communities have been shown 
to play an integral role in fibre degradation 
and are enriched in animals as the forage 
proportion of the diet increases (Kumar 
et  al., 2015). Similarly, fibrolytic bacteria 
including Butyrivibrio, Ruminococcus and 
Fibrobacter are vulnerable to low pH and 
decrease in abundance in animals fed high-
grain diets (Fernando et  al., 2010; Petri 
et  al., 2014). Metatranscriptomic analysis 
has also revealed that species richness and 
evenness of the transcriptionally active 

microbial community were reduced in beef 
cattle experiencing rumen acidosis, as was the 
activity of Fibrobacter succinogenes, Rumino-
coccus albus and Ruminococcus bicirculans 
(Ogunade et al., 2019). The ratio of structural 
to non-structural carbohydrates influences 
rumen pH, with high levels of non-structural 
carbohydrates lowering rumen pH and in-
hibiting the activity of fibrolytic bacteria. 

The rate-limiting nature of some of the 
enzymes within the rumen poses another 
limit to plant cell wall degradation by 
rumen microbiota. Ferulic acid esterases 
and enzymes involved in hemicellulose 
side chain removal are currently identified 
as the rate-limiting enzymes produced 
within the rumen (Ribeiro et al., 2016). Fer-
ulic esterases cleave the ester bonds formed 
between arabinose side chains on the xylan 
backbone and ferulic and p-coumaric acids 
(Qi et  al., 2011). Metagenomic discovery 
has found that feruloyl esterases from the 
rumen exhibit a wide range of activities and 
substrate specificity, and synergistically en-
hance the activity of endoxylanases (glyco-
side hydrolase (GH) families GH10 and GH11) 
in the hydrolysis of mono- and di-ferulic acid 
(Wong et al., 2019) linkages which ultimately 
link to xylan backbones. Similarly, synergy 
between cellulase, xylanase (derived from 
Trichoderma reesei) and feruloyl esterase 
(Aspergillus niger) was observed in the sac-
charification of exploded wheat straw (Tabka 
et al., 2006). Esterified arabinoxylan and the 
associated enzymatic activity of ruminal ara-
binofuranosidase and acetyl xylan esterase 
have also been suggested to be a rate-limiting 
step in xylan hydrolysis within the rumen 
due to the rich concentration of esterified ara-
binoxylan as a component of total tract indi-
gestible residues obtained from bovine faeces 
(Badhan et al., 2015). 

9.4 Microbial Synergy 

Rumen microbes produce specific enzym-
atic arrays of functionally diverse GHs that 
degrade the fibrous components within feed 
(Terry et  al., 2019). Efficient degradation 
requires coordination of the various enzymes 
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that work in synergy to degrade cellulose, 
hemicellulose and xylan. The hydrolysis of 
cellulose involves the synergistic activity of 
three classes of cellulolytic enzymes: (i) en-
do-β-1,4-glucanases that randomly hydro-
lyse cellulose chains to produce cellulose 
oligomers; (ii) cellobiohydrolases that hydrolyse 
the cellulose chain from the non-reducing 
end to produce cellobiose; and (iii) β-gluco-
sidases that release glucose from cellobiose and 
hydrolyse short cellulose chains (Beauchemin 
and Holtshausen, 2010; Terry et  al., 2019). 
Hemicellulose has a variable structure and re-
quires an array of enzymes with more diverse 
functions, including endo-β-1,4-xylanase and 
β-1,4-xylosidase that depolymerize the hemicel-
lulose xylan backbone and yield short xylan 
chains and xylose, respectively (Bhat and 
Hazlewood, 2001); and arabinofuranosidases, 
acetyl xylan esterases, feruloyl esterases and 
α-glucuronidases that hydrolyse the side 
chains (Ribeiro et al., 2016). 

Limited penetration into the plant cell in-
terior, insufficient rate-limiting enzymatic ac-
tivity and insufficient retention time of feed 
are all constraints to lignocellulosic degrad-
ation within the rumen (Badhan et al., 2018). 
Exogenous enzymes typically contain a broad 
spectrum of enzymes from bacterial or fungal 
origin, most of which are already naturally 
produced by rumen microbiota. Identification 
of rate-limiting enzyme activities that act in 
synergy with enzymes produced by the rumen 
microbiome could enable specific selection of 
enzyme combinations that efficiently increase 
ruminal fibre degradation (Terry et al., 2019). 
Such an approach was employed where the 
commercially available enzyme, Viscozyme® 

(Sigma Aldrich; Oakville, Ontario, Canada), 
was fractionated and specific GHs (GH74 en-
doglucanase; GH71 α-1,3-glucanase; GH5 
mannanase; GH7 cellobiohydrolase; GH28 
pectinase, esterases) were identified to con-
tribute to the enhanced saccharification of bar-
ley straw in a ruminal batch culture (Badhan 
et al., 2018). 

Metagenomic and metatranscriptomic 
studies have revealed a scarcity or absence 
of certain cellulases (GH6, GH7, GH44, 
GH45, GH48), hemicellulases (GH12, GH51, 
GH54, GH62) and oligosaccharide-degrading 
(GH52, GH94) enzymes in the rumen of 

various ruminants (Terry et al., 2019). Using 
this information, it was found that supple-
menting mixed rumen enzymes with endo-
glucanase (GH7), arabinofuranosidase or 
acetyl xylan esterase activity enhanced cel-
lulosic saccharification compared with 
rumen enzymes alone (Badhan et al., 2014, 
2015). Alternatively, the lack or scarcity of 
GH families may not mean that these GH 
families limit feed degradation; rather, it 
may indicate that their activity is not neces-
sary within the rumen or other GH families 
possess the ability to carry out the function 
of these scarce GHs. There is evidence sug-
gesting that the degradation of structural 
polysaccharides follows first-order kinetics, 
with the rate of degradation being limited 
by accessible surface area rather than the ac-
tivity or abundance of the microbial com-
munity. For example, cellulose degradation 
by F. succinogenes strains was shown to fol-
low first-order kinetics with rate of degrad-
ation limited by accessible cellulose for 
microbial attachment (Weimer et al., 1991; 
Neumann et  al., 2018). The importance of 
accessible surface area has also been dem-
onstrated in situ where a recombinant xyla-
nase only increased rumen degradability of 
crop residues that had been pretreated with 
ammonia fibre expansion, a process that in-
creases cell wall surface area. 

Expansins and expansin-like proteins 
are non-hydrolytic proteins that are encoded 
by plants and bacteria, and fungi, respect-
ively (Pech-Cervantes et  al., 2019). These 
proteins act to loosen and disrupt the hydro-
gen bonds within the plant cell wall during 
plant growth and elongation. This activity 
results in expanded cellulose microfibrils, 
enhancing their accessibility to cellulases 
and thus accelerating the disruption of the 
plant cell wall matrix (Adesogan et al., 2019; 
Pech-Cervantes et al., 2019). A greater syn-
ergy between hemicellulases and cellulases 
with expansin-like proteins that act in syn-
ergy to improve hydrolysis of lignocellulose 
has been reported (Liu et  al., 2015). How-
ever, expansin-like proteins possess no 
hydrolytic activity as they lack the catalytic 
domain found in GH45 proteins (Pech-
Cervantes et  al., 2019). Expansins and 
expansin-like proteins have been shown to 
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synergistically increase the rate and extent of 
sugar release from cellulose degradation 
(Liu et al., 2015). A synergistic effect of an 
expansin-like protein from Bacillus subtilis 
(BsEXLX1) and a commercial fibrolytic en-
zyme was observed when reducing sugar yield 
was increased by 22 and 36% in whole-plant 
maize silage and bermudagrass silages, re-
spectively, compared with the enzyme alone 
(Pech-Cervantes et al., 2019). Aside from this 
study by Pech-Cervantes et al. (2019), most re-
search on expansins and expansin-like pro-
teins has been conducted to improve biofuel 
production. Total and cumulative gas pro-
duction was improved in a batch culture as a 
result of increased neutral detergent fibre 
(NDF) and hemicellulose degradability when 
a total mixed ration was supplemented with 
an expansin-like protein in combination 
with a fibrolytic enzyme product (Pech-
Cervantes et  al., 2019). The biggest restric-
tion to expansin and expansin-like research 
is that only small quantities of expansin-like 
proteins are produced by microbes and 
therefore there is a lack of commercially 
available product (Adesogan et al., 2019). As 
is the case for exogenous feed enzymes, the 
efficacy of expansin-like proteins is depend-
ent on the composition of the diet. For ex-
ample, the bacterial expansin-like protein 
from B. subtilis (BsEXLX1) synergistically 
worked with an exogenous feed enzyme to 
improve fibre hydrolysis of a total mixed ra-
tion, but not maize silage (Pech-Cervantes 
et al., 2018). 

Anaerobic fungi possess an extensive 
range of enzymes that function to degrade 
plant structural polymers (Huws et al., 2018). 
Expansin-related proteins in fungi, called 
swollenins, are proteins that share a sequence 
similar to plant expansins, but differ from ex-
pansins as they possess endoglucanase activ-
ity (Adesogan et al., 2019). Fungi swollenins 
are double the size of expansin-like proteins 
found in plants and exhibit similarities of ac-
tion with endoglucanases and cellobiohydro-
lases (Santos et  al., 2017). Swollenins have 
weak hydrolytic activity against cellulosic sub-
strates but synergistically improve the hydro-
lytic performance of cellulases and xylanases 
(Andberg et  al., 2015; Li et  al., 2019). The 
swollenin from T. reesei used in combination 

with a fibrolytic enzyme increased enzymatic 
hydrolysis or sugar release from xylan, micro-
crystalline cellulose, rice straw, wheat straw 
and maize stover (Li et al., 2019). Similarly, 
in vitro dry matter (DM) disappearances of 
rice, wheat and maize straw were increased 
when purified swollenin was added to the in-
cubated rumen fluid. Further research is re-
quired to assess the efficacy of supplementing 
expansins, expansin-like proteins and swol-
lenins into ruminant diets alone or in com-
bination with fibrolytic enzymes. Their 
stability within the proteolytic environment 
of the rumen and the diversity of ruminant 
diets have to be considered, and whether 
they work synergistically with the endogen-
ous enzymes produced within the rumen 
needs to be evaluated. 

9.5 Applying Enzymes to Feed 

The application of some exogenous enzymes 
in a liquid form to feed has been shown to 
hydrolyse complex polymers prior to the 
consumption of the feed, thereby solubiliz-
ing neutral and acid detergent fibre compo-
nents of the plant cell wall (Meale et  al., 
2014). The initial hydrolysis increases at-
tachment sites for primary colonizers, so 
the application method of feed enzymes be-
fore feeding can enhance the effectiveness 
of enzyme technology (Adesogan, 2005). 
Results can be inconsistent, however, as ap-
plying a recombinant xylanase to barley 
straw 24 h before feeding did not alter the 
chemical composition of the straw (Ran 
et al., 2019). Application of exogenous en-
zymes on to dry ingredients prior to feeding 
may increase the stability of enzymes due to 
binding with substrate before entering the 
rumen and being exposed to microbial prote-
ases (Wang and McAllister, 2002). Alterna-
tively, application of enzymes to wet silage 
appears ineffective, indicating that ensiling 
fermentation end products may inhibit ex-
ogenous enzyme activity (Meale et al., 2014). 
Although application of exogenous fibrolytic 
enzymes to barley straw increased rumen 
bacterial colonization and the availability of 
reducing sugars, when excessive hydrolysis 
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occurred prior to incubation, colonization 
was decreased (Wang et  al., 2012). Add-
itionally, a long incubation time of enzyme 
applied to feed prior to feeding to animals 
can be undesirable. For example, Aboagye 
et  al. (2015) applied an enzyme product 
with endoglucanase and xylanase activities 
to lucerne hay at baling and reported greater 
internal heating of the bales after 50 days 
compared with control bales, indicating an 
enhanced oxidative process by the enzyme 
product and inherent microbes of the hay. 

9.6 Animal Responses to Enzyme 
Supplementation 

Supplementation of exogenous enzymes to 
ruminant diets has yielded varied responses 
in diet digestibility and animal performance. 
Several meta-analysis studies have been con-
ducted to identify sources of variability 
that may account for the inconsistencies in 
the efficacy of exogenous enzymes. Two 
meta-analysis studies (Arriola et al., 2017; 
Tirado-González et al., 2018) have proposed 
that the variability in animal responses is 
caused by a combination of factors, including 
enzyme formulation, target substrate, enzyme 
dose and animal production status. 

9.6.1 Enzyme formulation 

Enzymes employed in ruminant nutrition 
are usually manufactured for industrial pro-
cesses where temperature and pH optima 
do not coincide with the conditions of the 
gastrointestinal tract (Adesogan et  al., 
2014). For example, Adesogan et al. (2014) 
found that of 18 exogenous feed enzymes, 
61% of endoglucanases and 83% of xyla-
nases exhibited optimal activities that were 
outside the range of temperature and pH 
normally encountered in the rumen. Utiliz-
ing enzymes that function at optimal activ-
ity within the conditions of the rumen will 
help improve the efficacy and efficiency of 
enzymes for ruminants. 

Most enzymes formulated for ruminant use 
contain cellulases and xylanases to degrade 

cellulose and xylan, respectively. Typically, 
only the main GH activities are specified or 
measured, with the minor GH activities 
varying among enzyme formulations and 
between batches of the same formulation. 
Yet, to enzymatically degrade cellulose 
and xylan a diverse range of GHs is re-
quired, and it is likely that enzyme formu-
lations must target a diverse range of 
enzymatic activities to degrade this range 
of substrates (Meale et al., 2014). The lack 
of control of all GH activities within en-
zyme formulations may contribute to the 
inconsistent responses between and within 
feed enzymes. 

Some variation in the response of ani-
mals to exogenous enzymes is due to the 
ratio of cellulase to xylanase in the formula-
tion, with the most effective ratio differing 
depending upon diet composition. A meta-
analysis reported that adding exogenous en-
zymes with cellulase:xylanase of 1:4 to 1:1 
to high-forage legume-based diets increased 
milk production of dairy cows, whereas 
enzymes with primarily xylanase activity 
increased milk production of cows fed 
high-forage diets containing grasses (Tirado-
González et al., 2018). The difficulty of per-
forming a meta-analysis to examine the 
effects of enzyme formulation on animal 
performance is the lack of in vivo studies in 
which exogenous enzymes and carbohy-
drate composition of diets have been exten-
sively characterized. Additionally, grouping 
enzymes as cellulases and xylanases does 
not account for the large variety of GHs with 
diverse activities within each category. De-
tailed analysis of the carbohydrate com-
position of the feed and the GH profile of 
supplemented exogenous enzymes would 
be beneficial for identifying the most effect-
ive enzyme formulations needed within the 
rumen to aid in improving rumen degrad-
ability of plant cell walls. 

9.6.2 Target substrates 

Feedstuffs are structurally complex and dif-
fer in chemical and physical structure, which 
limit their enzymatic saccharification within 
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the rumen (Colombatto et al., 2003). For ex-
ample, monocot plants possess an abundance 
of hemicellulose with glucuronoarabinoxy-
lans and mixed-linkage glucans (Pattathil 
et  al., 2015). Dicots possess a greater abun-
dance of xyloglucans as well as pectic poly-
saccharides and structural proteins. Legumes 
have lower NDF content than grasses, due to 
less hemicellulose, although grass fibre can 
be more digestible than that of legumes when 
harvested at an early stage of maturity 
(Buxton and Redfearn, 1997). Carbohydrate 
composition of forage substrates undoubt-
edly dictates the most effective enzyme 
formulations. As mentioned previously, a 
meta-analysis showed that cellulase–xylanase 
combinations were more effective at improv-
ing milk production of dairy cows fed legume 
forages, whereas xylanase alone was more 
effective for dairy cows fed grass forages 
(Tirado-González et al., 2018). 

Type of diet also appears to affect animal 
responses to exogenous enzymes. Tirado-
González et al. (2018) reported that exogen-
ous enzymes increased milk yield of cows 
fed a high-forage diet, with no increase ob-
served when forage to concentrate ratio was 
less than 50%. Similarly, a fibrolytic en-
zyme applied to a total mixed ration con-
taining maize silage and lucerne hay 
increased total tract fibre digestibility and 
feed efficiency (Arriola et al., 2011). How-
ever, when this enzyme was applied to a 
total mixed ration containing bermudagrass 
silage, feed efficiency was unaffected (Bernard 
et al., 2010). For a particular diet, exogen-
ous enzymes appear to be more effective 
when applied to a total mixed ration as 
compared with either the forage or concen-
trate portion of the diet (Arriola et al., 2017). 

9.6.3 Enzyme dose 

The enzyme concentration applied to feed 
should consider both protein content and 
enzyme activity as both have been shown to 
impact efficacy. Examination of 12 exogen-
ous fibrolytic enzymes found that, relative 
to the least effective enzyme evaluated, the 
most effective enzymes at improving in vitro 

NDF degradability had 10 times more en-
doglucanase III, 17 times more acetyl xy-
lan esterase with a cellulose-binding 
domain 1, 33 times more xylanase III, 25 
times more β-xylosidase, 7.7 times more 
polysaccharide monooxygenase with a 
cellulose-binding domain 1, and 3 times 
more swollenin (Romero et al., 2015). Inter-
estingly, most of these proteins are associ-
ated with the enzymatic deconstruction of 
hemicellulose. A meta-analysis revealed 
that increasing exogenous enzyme applica-
tion rate had no effect on dairy cow per-
formance (Arriola et  al., 2017), although 
this analysis was confounded by the vari-
ation in enzyme type, activity and the diet-
ary composition to which the enzymes were 
applied. 

Many studies that have attempted to 
determine optimal enzyme dose rate in vivo 
have found non-linear responses, where the 
greatest enzyme dose did not necessarily 
result in maximum digestibility. Increasing 
doses of cellulase (6400 to 32,000 IU/g DM) 
and xylanase (12,800 to 44,800 IU/g DM) 
were applied to maize stover to determine 
optimal in vitro dose rate (Bhasker et  al., 
2013). At the lowest cellulase concentra-
tion, in vitro DM degradability was greater 
with higher doses of xylanase. Alterna-
tively, at higher doses of cellulase, DM de-
gradability was greatest with lower versus 
higher xylanase doses. The decreased re-
sponse to higher enzyme doses may be the 
result of excess exogenous enzymes attach-
ing to feed, thereby blocking attachment 
sites for rumen microbes (Nsereko et  al., 
2002), or competition between added enzymes 
for attachment sites. 

9.6.4 Animal variability 

Whether feed enzyme use improves animal 
performance appears to be related to the en-
ergy requirements of the animal. Animals 
that have higher demands for energy, such 
as dairy cows in early lactation, or growing 
cattle in feedlots, have shown greater re-
sponses to enzyme supplementation com-
pared with cattle on restricted feed intake, 
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or fed at maintenance (Beauchemin et  al., 
2003). Stage of lactation of dairy cattle also 
influences enzyme efficacy as cows in early 
lactation receiving enzymes had 10–30% 
improved feed conversion efficiency and 
18–24% higher fat-corrected milk yield, 
with no effect of exogenous enzymes ob-
served during mid-lactation (Beauchemin 
and Holtshausen, 2010). The variability in 
enzyme effectiveness is likely related to dif-
ferences in intake levels and digesta passage 
rates from the rumen, where animals with 
greater intakes have faster passage rates 
compared with animals fed at maintenance. 
As passage rate of feed from the rumen in-
creases, extent of rumen degradation of 
fibre decreases and a greater proportion of 
undegraded fibre escapes the rumen. En-
zymes that increase the rate of degradation 
of fibre lower the proportion of undegraded 
feed that is passed from the rumen when 
passage rate is rapid. 

Improvements in animal performance 
due to enzyme supplementation are not 
immediate because changes in dietary en-
ergy supply can take time before manifesting 
in terms of improved animal productivity. 
In a study by Romero et  al. (2016), milk 
production was only increased 3 weeks 
post-enzyme supplementation. Therefore, 
short-term studies are not appropriate for 
evaluating the effects of enzymes on ani-
mal production. For example, using the same 
exogenous enzyme, Holtshausen et  al. 
(2011) found increased feed efficiency in a 
10-week study whereas Chung et al. (2012) 
reported no effect of enzyme in a 21-day 
Latin square design experiment. Similarly, 
meta-analysis showed that increasing ex-
perimental duration of enzyme application 
increased milk yield and protein content 
in response to enzyme application (Arriola 
et al., 2017). 

9.7 Enzyme Delivery 

9.7.1 Ruminal enzyme delivery 

For ruminant feed enzymes to be effective, 
they must resist the proteases that are 

produced by rumen microbiota and post-
ruminally by the host. Enzyme stability can 
be improved through the formation of disul-
fide bridges or salt bridges, or by altering 
the interactions of amino acids within the 
enzyme (Eijsink et  al., 2004; Ding et  al., 
2008). However, altering the structure of 
these proteins to improve stability can nega-
tively impact activity and alter the tempera-
ture and pH optima of the enzyme. 

Effectiveness of ruminal delivery of 
enzymes is highly dependent on retention 
time within the rumen. Exogenous enzyme 
activity in ruminal fluid decreases after 
supplementation due to both enzyme in-
activation and flow of enzymes out of the 
rumen with the liquid phase of the rumen 
contents (Hristov et al., 1998b). Therefore, 
enzymes supplemented in diets fed to 
animals with long rumen retention times 
(i.e. cattle on maintenance diets) may re-
quire an improvement in proteolytic sta-
bility if they are to improve the extent of 
fibre degradation. 

9.7.2 Post-ruminal enzyme delivery 

An alternative enzyme delivery method is 
to provide enzymes that are mainly active 
post-ruminally. Average total tract digest-
ibility of NDF in dairy cattle is only 50.4% 
(White et al., 2017), therefore a large amount 
of fibre leaves the rumen that could poten-
tially be digested post-ruminally. How-
ever, for most enzymes to be delivered 
post-ruminally they would need to be pro-
tected from rumen proteolysis, as well as 
the low pH present in the abomasum. 
In  vitro incubation of an exogenous en-
zyme product in simulated gastric fluid 
reduced cellulase, β-glucosidase and 
β-xylosidase activity although xylanase 
activity remained stable (Morgavi et  al., 
2001). However, when the same enzyme 
product was incubated in simulated intes-
tinal fluid, cellulase activity was initially 
(up to 20 min of incubation) increased, 
suggesting that partial hydrolysis of the 
enzyme may have actually increased activ-
ity (Morgavi et al., 2001). 
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9.8 Future of Enzyme Supplementation 
in Ruminants absorption peaks corresponding to the fre

9.8.1 Novel enzyme discovery 

Adopting an informed and specialized ap-
proach using modern cutting-edge tech-
nologies is critical for the development of 
new enzyme-based technologies (Fig. 9.1). 
The effectiveness of exogenous enzymes for 
ruminants could be potentially improved 
through the discovery and identification of 
novel enzymes using nucleic acid-based 
technologies. By evaluating the metagen-
omes and transcriptomes of microbiomes 
that have high levels of desirable enzyme 
activity, novel enzymes can be discovered 
(Ribeiro et al., 2016). Developing improved 
understanding of microbial cell wall deg-
radation and recalcitrance of cell wall moi-
eties towards rumen enzymatic degradation 
is critical. Fourier transmission infrared 
spectroscopy (FTIR) is a low-cost, powerful 
and high-throughput tool that generates a 

fingerprint of a sample composition, with
-

quency of vibrations between the bonds of 
the atoms (Badhan et al., 2015). FTIR was 
used to identify recalcitrant cell wall bonds 
that resisted ruminal microbial digestion. 
Recalcitrance of cross-linked esterified xy-
lan in undigested residue was reported 
based on higher abundance of spectral 
peaks associated with the vibration from the 
C=O bond from xylan and the unconjugated 
C=O stretch in xylan from acetic acid ester 
and pectin. Likewise, high-resolution gly-
comics analysis based on monoclonal anti-
body toolkits has been extensively applied 
to characterize cell walls (Pattathil et  al., 
2015). Glycome profiling allows insight into 
the linkages and associations of close to 200 
cell wall glycan epitopes and their relative 
extractability using the high-throughput 
ELISA. The application of monoclonal anti-
body toolkits to understand plant cell wall 
architecture of native forage fibre and its re-
sidual fraction after rumen degradation can 

(a) (b) (c) 

Gene expression analysis Glycomics/cell wall analysis Proteomics 

RNA Analysis of undigested residue Protein 
Identify rumen enzymes Identify recalcitrant cell wall CAZy with synergistic interaction 
with additive potential component with rumen enzymes 

Candidate for downstream production and microassay screening 

In vitro batch culture 
validation 

Continuous culture 

Fig. 9.1. Application of ‘omics’ tools to study ruminal degradation of low-quality forage fbre. (Authors’ own fgure.) 
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provide useful insight to the progression of 
fibre degradation and recalcitrant cell wall 
components within indigestible residues. 
Similarly, linkages between the compos-
itional nature of parental forage fibre and its 
ruminal indigestible residues as developed 
by glycosidic linkage analysis can lead to 
the identification of abundant resistant 
linkages. These resistant linkages can direct 
informed selection of enzyme activities that 
effectively degrade recalcitrant cell wall 
bonds and increase the extent of rumen mi-
crobial cell wall digestion. 

A microassay described by Badhan 
et al. (2014) has shown promise for screen-
ing enzymes that complement the endogen-
ous rumen enzymes produced by rumen 
microbiota. In brief, exogenous enzymes are 
combined with a mixture of rumen enzymes 
and their capability of improving in vitro 
degradability is compared with the mixture 
of rumen enzymes alone. Coupling mi-
croassay and proteomics techniques like 
blue native PAGE, liquid chromatography– 
mass spectrometry (LC–MS) and phylogen-
etic analysis, Badhan et al. (2018) developed 
an experimental pipeline to identify candi-
date enzyme activities within complex se-
cretomes and commercial enzyme mixes 

that act synergistically with rumen enzymes 
to enhance degradation (Fig. 9.2). Identifi-
cation of effective enzyme activities within 
complex enzyme mixes is necessary as 
these mixes primarily contain redundant 
activities that are already expressed by 
microbiota within the rumen. Enzyme mix-
es that showed promising additive proper-
ties were fractionated using blue native 
PAGE. Fractions that synergistically en-
hanced saccharification yield of rumen en-
zymes were identified by the microarray. 
Enzyme activities within selected fractions 
were determined by LC–MS analysis and 
phylogenetic trees were generated to deter-
mine the substrate specificity of identified 
enzymes and its closest characterized CA-
Zyme. Utilizing this technique, Ribeiro 
et al. (2018) screened 11 recombinant fibro-
lytic enzymes for their ability to improve 
the degradability of barley straw. They re-
ported that compared with rumen enzymes 
alone, adding a recombinant xylanase im-
proved 48 h NDF degradability by 2.5 and 
1.6 percentage units in batch culture and 
artificial rumen experiments, respectively. 
However, the same recombinant xylanase 
had no effect on the extent of in situ fibre 
degradation of crop residues unless they 

2.5 

G
lu

 R
cl

g/
l 

O
D

. a
t 5

40
 n

m

2 

1.5 

1 

0.5In vitro validation of Blue native PAGE Microassay screening of 
four different complex 

enzymes 

candidate enzyme fractionation of 
selected by microassay selected complex enzyme 

0
0 1 2 3 4 5 6 7 8  9 1011121314 

screening 

6 

5 

4 

3 

2 

1 

0 
0 1 2 3  4 5 6 7 8 9 101112131415 

LC–MS/MS identification of Identification of fractions with high saccharification 
enzyme activities within efficiency when supplemented with RME 
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Fig. 9.2. Experimental pipeline to identify candidate enzyme activities within complex secretomes and 
commercial enzyme mixes that act synergistically with rumen microbial enzymes (RME) to enhance fbre 
degradation. (From Badhan et al., 2018. Crown Copyright © 2018.) 
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were subject to ammonia fibre expansion to 
hydrolyse ester linkages (Beauchemin et al., 
2019). Ammonia fibre expansion treatment of 
cellulosic substrate partially solubilizes lig-
nin, hydrolyses hemicellulose and increases 
cell wall surface area available for microbial 
attachment. The improvement in fibre deg-
radation using enzymes in combination with 
forage pretreatments such as ammonia fibre 
expansion is a result of improved access of 
carbohydrases to the structural components 
of the plant cell wall. 

9.8.2 Carbohydrate-active enzymes 
(CAZymes) 

CAZymes are enzymes produced by micro-
organisms that play an important role in the 
degradation of complex carbohydrates 
(Terry et al., 2019). Meta-omics studies sug-
gest the majority of CAZymes that degrade 
fibre in the rumen have not been character-
ized (Hess et al., 2011). Through meta-omics 
techniques researchers can further charac-
terize and isolate CAZymes that are highly 
active within the rumen or find important 
CAZymes that are absent or rare within 
the rumen. While metagenomic sequen-
cing provides insight into the abundance of 
genes present within the rumen, it does not 
necessarily reflect the degree of gene ex-
pression by microbiota (Terry et al., 2019). 
For example, metagenomic studies have 
rarely found members of the cellulose-
degrading GH48 family of CAZymes within 
the rumen (Zhang et al., 2010), while meta-
transcriptomic studies have found an abun-
dance of mRNA that corresponds to GH48 
enzymes (Comtet-Marre et al., 2017; Li and 
Guan, 2017). Fungi and ciliate protozoa 
have a substantial yet underestimated role 
in ruminal fibre degradation (Comtet-Marre 
et al., 2017). Between 8.3 and 11.3% of the 
transcriptome of four major rumen fungi 
species that were cultured on different carbon 
sources encoded for CAZymes (Gruninger 
et al., 2018). Similarly, anaerobic fungi and 
protozoa both contributed 9% to the rela-
tive proportion of cellulases in total non-
ribosomal RNA, with small contributions to 

hemicellulases and oligosaccharide-
degrading enzymes in a metatranscriptome 
analysis of rumen microbiota (Dai et  al., 
2015; Terry et al., 2019). 

9.8.3 Cellulosome construction 

Some ruminal bacteria and fungi produce 
cellulosomes that are highly organized com-
plexes containing carbohydrate-binding 
modules (CBMs), scaffoldins and multiple 
enzymes (Artzi et al., 2017). The CBMs help 
bind the cellulosome to the surface of the 
substrate, subsequently allowing the en-
zymes present on the scaffoldins to have 
close interactions with the substrate while 
reducing steric hindrance (Fierobe et  al., 
2002). The multiple enzymes present in cel-
lulosomes allow for enhanced synergy to 
degrade fibre more effectively (Terry et al., 
2019). 

The majority of synthetic cellulosomes 
that have been constructed are for industrial 
purposes, such as ethanol production. For 
example, cellulose utilization systems for 
cellulosomal bacterium and cellulolytic 
fungi were constructed for Saccharomyces 
cerevisiae and the produced yeasts success-
fully co-fermented cellulose and galactose 
(Fan et  al., 2016). More recently, another 
yeast (Kluyveromyces marxianus) has been 
engineered to express a cellulosome that 
can accommodate up to 63 enzymes with 
the engineered enzyme exhibiting greater 
degradation efficiency of cellulosic sub-
strates to release reducing sugars and etha-
nol (Anandharaj et al., 2020). The application 
of this technology within the feed industry 
could significantly improve the effective-
ness of exogenous enzymes. 

9.8.4 Enzyme immobilization 

Enzyme immobilization confines an en-
zyme to a matrix or support to improve the 
stability of the enzyme. Immobilization can 
be either irreversible (covalent binding, en-
trapment and cross-linking) or reversible 
(adsorption) (Brena et al., 2013). The use of 
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reversible immobilization of enzymes could 
slow the release of enzymes in the rumen or 
in the lower intestine. For enzyme immobil-
ization to be used to stabilize enzymes used 
in ruminant feeds, the solid support must 
be safe to feed and stable in the gastrointes-
tinal tract. 

Immobilization of enzymes on to bac-
terial spores can improve enzyme stability, 
although it can alter the optimal activity 
conditions of the enzyme. An unbound 
amylase product had an optimal pH range 
of 4.5 to 7.0, but when the amylase product 
was immobilized on B. subtilis spores the 
optimal pH range increased to 5.0 to 10.0 
(Gashtasbi et  al., 2014). Incubation of β-
galactosidase immobilized on to B. subtilis 
spores at pH 4.0 for 24 h did not reduce en-
zyme activity, whereas the activity of the 
unbound β-galactosidase was reduced by 
30% within 7 h of incubation (Sirec et al., 
2012). Antigen proteins that were adsorbed 
on to the surface of B. subtilis spores re-
mained viable after passage through the 
murine gastrointestinal tract (Huang et al., 
2010), which suggests that this technique 
could be used to deliver active enzymes to 
the lower digestive tract of ruminants. 

Immobilization is a reversible process, 
whereby changes in pH can result in the re-
lease of protein from the solid support. 
When immobilized proteins are incubated 
in buffers with the same pH as the isoelec-
tric point of the bound particles, the pro-
teins are released from the particle surface 
(Biehl et al., 2018). Use of this information 
could allow for immobilization of enzymes 
to a solid support that would protect the en-
zymes from the proteolytic environment of 
the rumen, with their release upon contact 
with the low pH in the abomasum, increas-
ing the flow of active enzymes to the small 
intestine. 

9.8.5 Transgenics 

There is some interest in supplementing ru-
minant diets with bacteria or fungi that 
have been genetically altered to overpro-
duce cellulolytic enzymes. For transgenic 

microbes to produce adequate amounts of 
enzymes in the rumen, the microbes would 
need to successfully colonize and compete 
against the natural microbiota within the 
rumen (Ribeiro et al., 2016). Colonization of 
these exogenous microbes in the rumen has 
been limited, likely due to competition for 
resources from the already complex micro-
biome present in the rumen (McAllister 
et  al., 2011). Additionally, colonization of 
these microbes within the intestines is in-
fluenced by digesta passage rate, digesta 
acidity, concentration/hydrolytic activity of 
bile salts, ability to attach to intestinal mu-
cosa and competition with host microbiota 
for resources (Bezkorovainy, 2001). 

Transgenic bacteria have been designed 
to be enzyme delivery vehicles, by display-
ing enzymes on the surface of spores. This 
can be achieved by creating a fusion be-
tween genes coding for the enzyme protein 
and genes that code for specific surface pro-
teins on the spore surface (Isticato et  al., 
2001). Spore surface displayed enzymes 
were shown to be more heat stable and re-
sistant to degradation at high and low pH 
(Kwon et al., 2007) compared with free en-
zymes. Interestingly, Casula and Cutting 
(2002) found that Bacillus spores can ger-
minate in the jejunum and ileum of mice 
and suggested this was initiated by acid-
induced germination upon passage from the 
stomach. With the longer retention time and 
larger environmental changes in the rumin-
ant digestive tract compared with that of 
mice, there is a potential that when fed to 
ruminants these spores could potentially 
germinate and re-sporulate multiple times 
throughout the entire gastrointestinal tract, 
dependent on diet. 

Plants have been genetically engineered 
to produce cellulolytic enzymes within 
their biomass. While these plants have been 
developed primarily for use in the bioetha-
nol industry, the use of this technology in 
ruminant feedstuffs has huge potential. To-
bacco plants have been engineered to express 
endoglucanases, exoglucanases, β-glucosidase 
and xylanases in large quantities, and this 
approach can be more cost-effective than 
current commercial enzyme production methods 
(Verma et al., 2010). Plastid transformation of 



  

 
 

 
 
 

 
 
 

 

 

 
 

  

165 Current Knowledge and Future Opportunities for Ruminant Enzymes 

Nicotiana tabacum L. plants to produce xyla-
nase and β-glucosidase enzymes allowed the 
plants to produce 1484 and 13,189 U/g leaf 
DM, respectively (Castiglia et al., 2016). Simi-
larly, transgenic rice plants edited to express 
exoglucanase showed increased enzymatic 
saccharification efficiencies correlated with 
cellulase activity in the transgenic plant 
(Furukawa et al., 2014). Targeted gene editing 
may in the future provide a means to rapidly 
modify plant genomes to express enzymes as 
a way to supply ruminant enzymes. 

The use of transgenic organisms as an 
enzyme delivery method appears to be ef-
fective in some circumstances. However, 
the use of transgenic organisms for food 
production has been highly contentious, 
and there has been consumer resistance to 
the use of transgenics in agriculture (Detmer 
and Glenting, 2006). Additionally, the regu-
latory process involved with getting ap-
proval for transgenic feed additives is 
extensive and costly, which can be prohibi-
tive for feed companies to invest in this 
technology. However, the increasing social 
interest in reducing global carbon footprint 

may make the use of this technology more 
favourable in the future. 

9.9 Conclusion 

To optimize enzyme supplementation in ru-
minant diets, enzymes should have high ac-
tivity and complement the endogenous 
enzyme activity present in the rumen. This 
includes focusing on supplementing diets 
with enzymes that have been identified as 
part of the rate-limiting step in fibre diges-
tion, which varies depending upon diet 
composition. Exogenous enzymes should 
also have optimal activity at physiological 
temperatures and pH that are present within 
the ruminant gastrointestinal tract to im-
prove their effectiveness. The use of novel 
enzyme discovery and delivery methods 
has the potential to reduce the variability in 
animal performance and improve the effi-
cacy of enzyme supplementation in rumin-
ant diets, subsequently increasing their 
utilization in commercial ruminant produc-
tion systems. 
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10.1 Introduction 

Global aquaculture production in 2016 was 
80 million metric tonnes (MMT) of food fish 
(US$231.6 billion) and 30.1 MMT of aquatic 
plants (US$11.7 billion). The production of 
fisheries has been stagnant since the late 
1980s and aquaculture has supported the 
bulk of the increase in the supply of fish for 
human nutrition worldwide (FAO, 2018). 
Worldwide, aquaculture showed significant 
growth of fed species farming; therefore, the 
global demand for ingredients with high 
protein content to produce aquafeeds repre-
sents a complex issue that requires innova-
tive solutions for the future. 

The development of the aquaculture 
industry in the last decades has been depend-
ent on fishmeal as the main dietary protein 
ingredient in aquafeeds due to its high pro-
tein digestibility, well-balanced amino acid 
profile and absence of antinutritional factors 
(ANFs) (Gatlin et al., 2007). Nevertheless, the 
rising price of fishmeal led to a global trend 
to reduce its inclusion in formulations. 
Market prices of fishmeal are steadily in-
creasing and the use of alternative, cheaper 
protein ingredients has become a worldwide 
challenge. For this reason, the incorporation 

of plant-derived ingredients in fish feeds to 
replace fishmeal has received increasing at-
tention by aquaculture nutritionists (Hardy, 
2010). Currently, aquafeeds contain a high 
content of different plant ingredients such 
as soybean meal, rapeseed, lupin, sunflower, 
wheat and maize, among other cereals and 
legumes. These feedstuffs contain a wide 
variety of ANFs that may reduce feed intake 
and nutrient digestibility, also affecting the 
functionality of internal organs and redu-
cing disease resistance in fish (Krogdahl 
et al., 2010). The content in ANFs may be 
partially reduced by selective breeding and 
genetic modification of the plant species or 
by different physical-chemical treatments 
of the meals (e.g. alcohol extraction, heat, 
acidification, fermentation, etc.). However, 
in most cases the ANFs are still present in 
significant amounts in the final product 
and there is a general consensus about the 
adverse effects of the presence of these 
ANFs in the feed (Francis et al., 2001; 
Gatlin et al., 2007; Krogdahl et al., 2010; 
NRC, 2011). Therefore, research on feed 
additives that may counteract the negative 
effects of ANFs and allow inclusion of high 
levels of plant ingredients in aquafeeds is 
imperative. 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
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Some ANFs, such as trypsin inhibitor, 
glycosylates and hemagglutinin, are thermo-
labile and can be partially inactivated by 
heating during feed production. However, 
other ANFs are thermally resistant and 
remain in the raw material. This is the case 
for non-digestible carbohydrates, saponins, 
gossypol, allergenic storage proteins, non-
starch polysaccharides (NSPs) and phytic acid 
(InsP6), among others (Francis et al., 2001). 
Among the thermostable ANFs present in 
plant-based raw materials used for aquafeeds, 
NSPs and InsP6 are the most relevant. If the 
negative effects of these ANFs are not prop-
erly reduced, they represent a high cost in 
terms of reduced animal performance and 
increased environmental impact (Castillo 
and Gatlin, 2015; Morales et al., 2016). As 
pointed by Arbige et al. (2019), feed enzymes 
such as phytases, xylanases, amylases and 
proteases increase feed utilization efficiency 
and improve overall sustainability through 
the reduction of P and N in runoff. 

For this chapter, the main consequences 
of NSPs and inositol phosphate isomers (In-
sPs) on nutrient digestibility, absorption, fish 
performance, health and the environment 
are discussed, as well as how the use of en-
zymes in aquaculture contributes to more 
efficient and eco-friendly fish production. 

10.2 Non-Starch Polysaccharides 
(NSPs) and NSP-Degrading Enzymes 

10.2.1 NSPs in fsh feeds 

Fish can obtain energy from starch (α-glucan), 
a complex polymer composed entirely of glu-
cose monomers linked by α-glycosidic bonds. 
Starch can be hydrolysed by endogenous 
α-amylase (1,4-α-D-glucan glucanohydrolase), 
α-glucosidase (1,4-α-glucosidase) and oligo-1-
6-glucosidase. The activity of these enzymes is 
highly variable depending on the species of 
fish and their feeding habits. In general, the 
relative importance of these endogenous di-
gestive enzymes can be listed in the following 
order: herbivorous > omnivorous > carnivor-
ous fish species (Krogdahl et al., 2005). 

The fibre present in grains and plant-
based aquafeeds is formed by lignin and 

NSPs (NRC, 2011). Bach Knudsen (1997) 
and Sinha et al. (2011) have described the 
NSP content of the main ingredients used in 
fish feeds and the differences in the type of 
NSPs between cereals and legumes in great 
detail. The NSPs can be classified into three 
groups: cellulose, non-cellulosic polymers 
(arabinoxylans, mixed-linked β-glucans, 
mannans and xyloglucan) and pectic poly-
saccharides (arabinans, galactans and ara-
binogalactans) (Bailey, 1973). In general, 
β-glucans, arabinoxylans and cellulose are 
present at higher concentrations in cereal 
grains, whereas pectic polysaccharides are 
the main NSPs present in the legumes. 

Cellulose is a straight-chain polymer 
composed of β-1,4-glucose monomers that 
are present in most cereals and legumes, 
mainly forming part of the cell walls of the 
seeds. Depending on plant species, variety 
and physical/chemical transformations of 
the grains, the feedstuff produced can vary 
largely in cellulose content. 

Non-cellulosic polymers are a heteroge-
neous group of polysaccharide molecules 
composed of monomers of hexoses and pen-
toses (galactose, glucose, arabinose, xylose 
and mannose) and linked by β-glycosidic 
bonds (van Barneveld, 1999). Arabinoxylans 
are composed predominantly of arabinose 
and xylose, forming a polymer with β-1,4-
linked xylose units to which substituents 
are attached through O-2 and O-3 atoms of 
the xylosyl residues (Perlin, 1951). Between 
60 and 70% of the cell wall of the endosperm 
and the aleurone layer in most cereals used 
in aquafeeds consists of arabinoxylans. Ara-
binoxylans in cereal grains are predomin-
antly insoluble in water (Mares and Stone, 
1973). However, the arabinoxylans not bound 
to the cell walls form highly viscous solu-
tions that can absorb up to ten times their 
weight of water (Sinha et al., 2011). 

Mixed-linked β-glucans are unique to 
the cereal grains and are known as cereal 
β-glucans. They form part of the sub-aleurone 
and endospermic cell wall and are associ-
ated with cellulose microfibrils (Ebringerová, 
2006). β-Glucans consist of a linear chain 
of glucose units joined by both β-1,3 and 
β-1,4 linkages (Bengtsson et al., 1990) and 
are considered a functional bioactive com-
ponent for animal and human nutrition 
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because of their ability to activate the im-
mune system. 

Mannans are linear chains of β-1,4-linked 
mannose units and can be divided into two 
groups: galactomannans and glucomannans. 
Galactomannans are reserve polysaccharides 
in the seed endosperm of some leguminous 
plants, such as in guar gum (often used as a 
pelleting binder in aquafeeds), they are 
water-soluble with water-holding proprieties, 
whereas glucomannans are present as a minor 
component in cereal grains (Sinha et al., 2011). 
Pectins, also called ‘pectic polysaccharides’, 
are formed by α-1,4-linked D-galacturonic 
acid, which can interact with divalent cat-
ions, particularly Ca2+, through their carboxyl 
groups resulting in particular properties with 
respect to viscosity, solubility and gelation 
(Thakur et al., 1997). 

In monogastric animals, it is generally 
assumed that NSPs enter the large intestine 
without having been digested, and it is in 
the caecum and/or colon that they are fer-
mented by the intestinal microbiota 
(Montagne et al., 2003). Although Haidar 
et  al. (2016) reported that tilapia fed on a 
diet containing wheat dried distillers grains 
with solubles digested NSPs by more than 
56% and that 17% of the total digested en-
ergy originated from these NSPs, most fish 
species are not able to hydrolyse the β-glyco-
sidic bonds in NSPs due to the lack of 
endogenous β-glucanases and β-xylanases in 
their digestive tract and hence they cannot use 
dietary NSPs as an energy source (Kuz’mina, 
1996; Sinha et al., 2011; Dalsgaard et al., 
2012). Nevertheless, as previously indicated, 
aquafeeds contain a variety of plant-based in-
gredients from cereals and legumes and NSPs 
are always present in feeds in variable amounts. 

10.2.2 NSPs and their interactions 
in fish digestion 

Similar to terrestrial monogastric animals, 
two main mechanisms of action for NSPs 
have been described for fish and with the 
NSPs classified according to their water-
binding capacity into non-viscous water-
insoluble compounds and viscous or 
water-soluble compounds (NRC, 2011). Some 

of the components of the plant cell wall (in-
soluble fractions) encapsulate nutrients 
such as the protein and minerals in the endo-
sperm of grains used in animal feed, affect-
ing their digestion and absorption by fish 
and hence being eliminated via the faeces. 
On the other hand, the adverse effects of 
soluble NSPs in the fish gastrointestinal 
tract are associated with their high water-
retention capacity. The viscous nature of 
the soluble NSPs can delay gastric emptying 
and digestive transit, decreasing the time for 
interaction between digestive enzymes and 
macromolecules (Storebakken and Austreng, 
1987; Storebakken et al., 1999). In addition, 
soluble NSPs can lead to alterations in gut 
morphology, native gut microbiome and 
mucus layer. Different effects related to 
changes in physiological and morphological 
effects on the digestive tract and intestinal 
microbiome have been described in sev-
eral fish species (Sinha et al., 2011). In gen-
eral, the presence of soluble NSPs in fish 
diets results in an increase in viscosity and dry 
matter decrease of the digesta. This nega-
tively affects the digestibility, absorption and 
retention of dietary nutrients in several fish 
species such as salmonids (Storebakken, 
1985; Refstie et al., 1999), African catfish 
(Clarias gariepinus) (Leenhouwers et al., 2006, 
2007a), common carp (Cyprinus carpio) 
(Hossain et al., 2001) and tilapia (Oreochro-
mis niloticus) (Leenhouwers et al., 2007b; 
Haidar et al., 2016). Reduction of protein digest-
ibility has been reported by several authors 
who evaluated the inclusion of NSPs from 
guar gum and soybeans in rainbow trout 
and Atlantic salmon (Storebakken, 1985; 
Mwachireya et al., 1999; Refstie et al., 
1999), as well as in non-carnivorous fish 
species (Leenhouwers et al., 2006). In addition, 
it has been postulated that NSPs negatively 
influence lipid breakdown in the intestine 
through binding to bile salts, lipids and chol-
esterol, thereby affecting nutrient assimilation. 

An increase in digesta viscosity has been 
reported to reduce gastric emptying and di-
gestive transit in fish, producing alterations in 
plasma cholesterol and glucose levels (Shimeno 
et al., 1992; Kaushik et al., 1995; Refstie 
et al., 1999; Hossain et al., 2001; Kraugerud 
et al., 2007; Leenhouwers et al., 2007a). 
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Equally, reports suggest that NSPs can interact 
with minerals through ionic interactions with 
the carboxyl groups of galacturonic acid, 
negatively affecting the absorption of ions in 
fish fed diets with a high content of NSPs 
(Kraugerud et al., 2007; Leenhouwers et al., 
2007b; Øvrum and Storebakken, 2007). 

All these described alterations directly 
or indirectly affect fish growth, as observed 
in rainbow trout fed a diet rich in galacto-
mannan from guar gum (mannose and gal-
actose: 58 and 42 g/kg, respectively), in-
cluded at the level of 10% in the diet, which 
resulted in a 30% reduction of growth and 
a change in body fat content from 5.1 to 2.7% 
(Storebakken, 1985). Similarly, Hossain 
et al. (2001) found that dietary inclusion of 
galactomannan-rich endosperm separated 
from Sesbania aculeata seeds at 72, 108 and 
144 g/kg levels resulted in higher whole-
body moisture and lower corporal crude 
protein, lipid and energy content in com-
mon carp compared with the control diet. 
Hossain et al. (2003) observed a reduction 
in growth rate and alterations in body com-
position (higher whole-body moisture and 
lower corporal lipid and energy) of tilapia 
fed with dietary levels of sesbania endo-
sperm above 58 g/kg diet. Other reports sug-
gest that NSPs from detoxified Jatropha cur-
cas seed meal (DJSM) can considerably 
affect nutrient utilization, fish growth, and 
produce alterations in fish body compos-
ition when the fishmeal protein fraction of the 
diet is replaced by 75 and 62.5% DJSM in 
common carp and rainbow trout, respect-
ively (Kumar et al., 2008, 2010). In contrast, 
Leenhouwers et al. (2006, 2007a) reported 
no effect of NSPs on growth performance 
with an increase in intestinal viscosity. This 
background should justify more research on 
the digestive and physiological mechanisms 
involved when fish are fed plant-based diets 
containing moderate to high levels of NSPs. 

10.2.3 Mechanisms of action 
of NSP-degrading enzymes 

As mentioned previously, fish can hydro-
lyse α-glycosidic bonds through their endogen-
ous intestinal α-amylases, breaking down 

the starch into simpler sugars to obtain energy. 
However, they are incapable of hydrolysing 
the β-glycosidic bonds of NSPs (NRC, 2011) 
and sugars from cellulose, hemicellulose and 
other derivatives (Ray et al., 2012). There-
fore, exogenous supplementation with NSP-
degrading enzymes is required to ameliorate 
the negative effects of the NSPs on fish di-
gestive functions and/or promote the break-
down of NSPs into smaller oligosaccharides 
with prebiotic-like functions, to be utilized 
by the microbiota. While the application of 
such enzymes as additives in feeds for poultry 
and pigs has been extensively investigated 
(Campbell and Bedford, 1992; Bedford, 
2000; Kiarie et al., 2013; Choct, 2015) and 
commercial products are used worldwide, 
the use of NSP-degrading enzymes in aqua-
culture is not as widely implemented. 

Three main positive effects resulting 
from enzymatic degradation of NSPs in the 
digestive tract of terrestrial monogastrics 
have been described: (i) the reduction in 
viscosity of the digesta; (ii) the hydrolysis of 
insoluble fibre fractions of the cell wall in 
grains; and (iii) the benefits associated with 
the modulation of the digestive microbiota 
(Simon, 1998; Masey O’Neill et al., 2014; 
Aftab and Bedford, 2018; Bedford, 2018). 

The first effect of NSP-degrading en-
zymes is characterized by the content of sol-
uble carbohydrates present in some cereal 
grains (wheat, triticale, oats, rye, barley) and 
an increase in the viscosity of the digesta. 
This results in slower digestive transit rates, 
accumulation of particulate matter for mi-
crobial adhesion and proliferation of harm-
ful bacteria (Vahjen et al., 1998). In the case 
of fish, an increase in viscosity of the diges-
ta reduces the access of digestive enzymes 
to dietary nutrients, slowing the digestion 
rate and affecting their digestibility (Bedford, 
2000) and absorption (German and Bittong, 
2009; Shi et al., 2017). 

The second effect resulting from the 
use of NSP-degrading enzymes is related 
to the release of nutrients trapped within 
the insoluble fibrous cell wall of cereals and 
legumes (the ‘cage effect’). As in pigs and 
poultry, fish do not produce endogenous en-
zymes able to digest fibre within the cell walls 
enabling access to these trapped nutrients. 
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Thus, the application of exogenous enzymes 
able to disrupt the cell walls allows water 
permeation and facilitates access of endogen-
ous proteases and amylases to improve the 
hydrolysis of dietary protein and starch, 
improving their digestion and absorption. 

The third mechanism of NSP-degrading 
enzymes is related to the modulation of the 
digestive microbiota through changes in the 
substrate used by the gut-associated bacterial 
population. NSP-degrading enzymes release 
oligosaccharides, promoting beneficial bac-
terial fermentation and changing the produc-
tion of volatile fatty acids as well as the 
microbiota production and profile (Bedford, 
2018). The oligosaccharides produced by NSP-
degrading enzymes are not available to the 
endogenous digestive enzymes of the animals, 
thereby reaching the distal intestine to act as 
prebiotics. Craig et al. (2020) concluded that 
broiler chickens fed wheat-based diets sup-
plemented with xylanase had similar effects 
on NSP concentration and volatile fatty acids 
in the caeca as broilers fed wheat-based diets 
supplemented with xylo-oligosaccharides. 
This observation suggests benefits of xylanase 
supplementation beyond digesta viscosity re-
duction and the release of extra nutrients. It is 
hypothesized that xylo-oligosaccharides with 
prebiotic proprieties can selectively stimu-
late beneficial bacteria (Bifidobacterium, 
Lactobacillus) while suppressing deleteri-
ous bacteria (Salmonella, Clostridium, 
Campylobacter, Escherichia coli) (Thammarut-
wasik et al., 2009). Despite the complex 
mode of action, there are reports evidencing 
the desirable effect of xylo-oligosaccharides 
on the beneficial bacteria populations in 
both terrestrial monogastric animals (Adeola 
and Cowieson, 2011) and fish (Castillo and 
Gatlin, 2015). 

10.2.4 NSP-degrading enzymes 
and responses in fish nutrition 

The study of the effects of exogenous carbo-
hydrase enzyme supplementation in pigs 
and poultry has been well described as a 
convenient nutritional strategy to get more 
energy and nutrients from feeds but also to 

maintain the normal function and health of 
the gastrointestinal tract (Choct and Cadogan, 
2001; Partridge, 2001; Jackson, 2010; 
Svihus, 2010; Adeola and Cowieson, 2011; 
Bedford, 2018). 

Sinha et al. (2011) reviewed the impact 
of NSPs on fish, and Castillo and Gatlin 
(2015) presented a comprehensive summary 
of the effects of NSP-degrading enzymes in 
fish nutrition. Most studies suggest that the 
supplementation of fish diets with NSP-
degrading enzymes is beneficial for protein 
and energy utilization and fish growth per-
formance (Carter et al., 1994; Stone et al., 
2003; Kumar et al., 2005, 2006a,b,c, 2009; 
Ai et al., 2007; Farhangi and Carter, 2007; 
Lin et al., 2007; Yildirim and Turan, 2010; 
Dalsgaard et al., 2012; Ghomi et al., 2012; 
Goda et al., 2012; Zhou et al., 2013; Jiang 
et al., 2014; Zamini et al., 2014). However 
other studies reported slight or no effect of 
NSP-degrading enzymes on nutrient utiliza-
tion by fish (Ng and Chong, 2002; Ogunkoya 
et al., 2006; Farhangi and Carter, 2007; Yigit 
and Olmez, 2011; Dalsgaard et al., 2012; 
Adeoye et al., 2016; Ramos et al., 2017). The 
use of NSP-degrading enzymes in fish diets, 
alone or combined with other exogenous 
enzymes (e.g. amylases, phytases, proteases), 
as well as the species-specific differences 
in fish digestive systems might explain 
the variable responses observed in the 
literature. 

For example, Jiang et al. (2014) studied 
the effects of xylanase supplementation on 
C. carpio fed a plant-based diet. The authors 
observed improved growth performance, 
higher activity of intestinal trypsin, chymo-
trypsin, lipase and amylase enzymes, and 
alterations in the microflora favouring 
Lactobacillus over Aeromonas and E. coli in 
the fish intestine. More recently, Ramos 
et al. (2017) observed that the use of an 
enzymatic complex (carbohydrases, phytase 
and proteases) in diets for Mugil liza juven-
iles did not improve animal performance 
or influence biometrical indices. However, 
enzyme supplementation increased bone Ca 
content and the lipid content in the periton-
eal cavity, and reduced the intestinal dam-
age caused by the soybean meal-based diet 
(even at low doses). 
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Adeoye et al. (2016) evaluated the ef-
fects of commercial NSP-degrading en-
zymes (xylanase, β-glucanase and cellulase) 
on growth and general health status in Nile 
tilapia.  Dietary exogenous carbohydrases 
improved intestinal health and altered the 
community of intestinal bacteria, but no dif-
ferences were found in growth rate and feed 
conversion efficiency compared with fish 
fed the diet without enzyme supplementa-
tion. The authors pointed out that further 
quantitative studies are necessary to confirm 
how exogenous carbohydrases modulate in-
testinal microbiota and if these modulations 
contribute towards the improved growth 
performance of the host. 

Maas et al. (2018) studied the effect of 
phytase, xylanase and their combination on 
growth performance and nutrient utilization 
in Nile tilapia. When xylanase (4000 U/kg) 
was supplemented to a plant-based diet as 
the only exogenous enzyme source, the car-
bohydrase did not result in any improve-
ment in fish growth but enhanced the 
digestibility of dry matter, crude protein, 
carbohydrates and energy. However, fish 
fed the diet supplemented with both phytase 
and xylanase showed a higher growth than 
fish fed only the phytase-supplemented 
diet. The authors suggested that better pro-
tein digestibility and retention efficiency by 
fish were the reasons for such a beneficial 
effect of both enzymes on growth. More re-
cently, Maas et al. (2019) evaluated the com-
bined effect of phytase 1000 FTU/kg and 
xylanase 4000 U/kg in different plant-based 
diets. The authors found that enzyme sup-
plementation affected the absolute growth 
and feed conversion ratio, while the digest-
ibility of NSP, total energy, ash, P and Ca 
improved with enzyme supplementation. 
They concluded that the effectiveness of the 
enzymes was dependent on the amount of 
NSP‐rich ingredients in the diet. Neverthe-
less, in this case, the effects of the xylanase 
and phytase were not evaluated separately. 

Different findings reported in the litera-
ture suggest that the three mechanisms 
postulated to explain the beneficial effects 
of NSP-degrading enzymes on nutrient di-
gestibility and retention efficiency, that 
consequently can or cannot be translated 

into better growth rate in fish, are inconsist-
ent. Therefore, prediction of the response to 
NSP-degrading enzymes as may occur with 
other groups of exogenous enzymes, such 
as the phytases, is not possible today. 
However, the described different responses 
to the supplementation can be partially 
explained because the studies have been 
conducted using a wide diversity of enzyme 
combinations, from single enzymes to multi-
enzyme complexes (carbohydrases, prote-
ases and phytase; Table 10.1). Moreover, 
these studies have been conducted on fish 
species showing a great diversity of feeding 
habits and gastrointestinal digestive features. 
These differences in the relative importance 
of the stomach and intestinal digestion 
phases, specific for each species, make it 
difficult to compare results between studies 
when NSP-degrading enzymes are used as a 
dietary supplement in fish species. More 
studies will be needed to understand the 
predominance of the postulated mechanisms 
whereby NSP-degrading enzymes reduce the 
antinutritional effects of soluble and insol-
uble NSPs in aquaculture. 

10.3 Inositol Phosphate Isomers (InsPs) 
and InsPs-Degrading Enzymes 

10.3.1 Phytic acid (InsP6) and its 
interactions in fsh digestion 

Phytic acid (myo-inositol(1,2,3,4,5,6)hex-
akis(dihydrogen phosphate); InsP6), and its 
salts are the main storage form of P in cereals 
and legumes. Phytate is accumulated in grains 
during their development and maturation, 
accompanied by other storage macromol-
ecules such as proteins, starch and lipids. In 
mature seeds used as raw material for aqua-
feeds, the InsPs are mainly accumulated in 
the form of InsP6 (90–95%), with small pro-
portions of InsP5 and InsP4 esters (Pontoppidan 
et al., 2007). P bound to the inositol mol-
ecule has a very low bioavailability in ter-
restrial monogastrics (Selle and Ravindran, 
2007, 2008) as well as in fish, due to the 
lack of phytase in their gastrointestinal tract 
(Morales et al., 2016). 
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 Table 10.1. Summary of trials testing for the effects of enzymatic and multi-enzymatic blends in diets for fsh. 

Enzymatic blend Enzymes included Fish species Reference 

Single NSP 
carbohydrase 

Cellulase Oreochromis niloticus Yigit and Olmez 
(2011) 

Cellulase Ctenopharyngodon idella Zhou et al. (2013) 
Xylanase Clarias gariepinus Babalola (2006) 
Xylanase Cyprinus carpio var. Jian Jiang et al. (2014) 
Xylanase O. niloticus Maas et al. (2018) 

Two NSP 
carbohydrases 

β-Glucanase, β-xylanase Bidyanus bidyanus Stone et al. (2003) 

Multi- 
carbohydrases 

Xylanase, β-glucanase, β-amylase, 
cellulase, pectinase 

C. gariepinus Yildirim and Turan 
(2010) 

Carbohydrase + 
phytase 

Xylanase, phytase O. niloticus × 
Oreochromis 
mossambicus 

Wallace et al. (2016) 

Xylanase, phytase O. niloticus Maas et al. (2019) 
Multi-enzymatic 

blends 
Trypsin, alkaline protease, acid 

protease, amyloglucosidase, amylase, 
cellulase 

Salmo salar Carter et al. (1994) 

Protease, cellulase, xylanase, 
α-galactosidase, amylase 

Oreochromis sp. Ng and Chong 
(2002); Ng et al. 
(2002) 

Protease, xylanase, amylase, cellulase, 
-glucanase 

Oncorhynchus mykiss Ogunkoya et al. 
(2006) 

Protease, hemicellulases, 
α-galactosidase 

O. mykiss Farhangi and Carter 
(2007) 

Protease, β-glucanase, xylanase O. niloticus × 
Oreochromis aureus 

Lin et al. (2007) 

Phytase, glucanase, pentosanase, 
cellulase, xylanase 

Lateolabrax japonicus Ai et al. (2007) 

Protease, phytase, xylanase, cellulase, 
pectinase, β-glucanase, α-amylase, 
lipase 

Huso huso Ghomi et al. (2012) 

Protease, xylanase, β-glucanase O. mykiss Dalsgaard et al. 
(2012) 

Protease, xylanase, cellulase, pectinase, 
β-glucanase, α-amylase, lipase, 
phytase, phosphatase 

Salmo trutta Zamini et al. (2014) 

Xylanase, endo-β-mannanase, cellulase, 
α-galactosidase, amylase 

S. trutta Zamini et al. (2014) 

Protease, xylanase, phytase O. niloticus Adeoye et al. (2016) 
Xylanases, β-glucanases, pectinases, 

phytase, α-galactosidase, aspartate-
protease, metalloprotease 

Mugil liza Ramos et al. (2017) 

Despite grains having endogenous phytase, 
capable of dephosphorylating the InsPs dur-
ing germination, this endogenous phytase is 
labile to high temperatures and is deacti-
vated during the feed extrusion process. 
Therefore, the presence of unavailable P in 
the form of InsPs in the diet results in a 
potential deficiency of P that can produce 
decreases in growth performance and fish 

health (Sugiura et al., 2004). To avoid P de-
ficiencies, a bioavailable inorganic P source 
must be added to the diet (e.g. monocalcium, 
monosodium or monoammonium phosphate); 
however, if a phytase enzyme is not used, 
the undigested InsPs will reach the environ-
ment in the faeces (Morales et al., 2018). 

The chemical structure of InsP6 is quite 
stable, and its large number of phosphate 
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moieties confers to the molecule 12 replace-
able reactive sites with negative charges in 
complete dissociation, where three to nine 
are dissociated under the pH of the gastro-
intestinal tract. For example, in Atlantic sal-
mon (Salmo salar) fed continuously, the pH 
in the stomach contents ranges from 4.0 to 
5.2, while that of the chyme in the distal 
intestine varies between 8.2 and 8.7. Other 
studies reported lower pH values, close to 
2.0, in the stomach content of several fish 
species (Krogdahl et al., 2015). Under such 
conditions, the dissociated InsP6 has the po-
tential ability to bind to different positively 
charged mineral ions, such as Zn2+, Cu2+, 
Ni2+, Co2+, Mn2+, Ca2+ and Fe2+ (in that order 
of stability) (Cheryan, 1980), reducing their 
bioavailability. Different studies have reported 
the negative effect of InsP6 on the digestibil-
ity and retention efficiency of Zn, Mg, Ca 
and Cu in fish (Storebakken et al., 1998; 
Sugiura et al., 2001). 

Another type of interaction between 
InsP6 and dietary nutrients is related to its 
ability to bind proteins and amino acids 
both in terrestrial monogastrics (Selle et al., 
2000; Cowieson et al., 2006) and fish (Kumar 
et al., 2012; Morales et al., 2016). The pres-
ence of protein–InsP6 complexes in feed 
ingredients, the formation of binary and tern-
ary complexes with soluble protein released 
by digestion and the inhibition of proteo-
lytic enzymes are the primary modes of ac-
tion that can affect protein digestion within 
the gastrointestinal tract. Depending on the 
pH, InsPs form binary (protein–InsP6) or 
ternary (protein–mineral–InsP6) complexes 
(Kies et al., 2006). Phytic acid–protein inter-
actions by binary complexes occur through 
ionic bonds between InsP6 and basic amino 
acid residues at pH values below the iso-
electric point of proteins. Under these con-
ditions, the anionic groups of InsP6 interact 
with the cationic groups of the protein to 
form binary complexes. The basic amino 
acids arginine, lysine and histidine are the 
most susceptible to chelation. Once gastric 
digesta pass through the proximal intestine, 
most dietary proteins reach their isoelectric 
point, therefore the InsP6 is gradually released 
from the InsP6–protein complexes enabling 
ternary protein–cation–InsP6 complexes. 

These ternary complexes are formed by a 
cationic bridge, presumably Ca2+, when the 
digesta pH rises above 5.0–6.0 and proteins 
acquire a net negative charge. 

Moreover, protein–InsP6 complexes may 
interact with functional proteins such as di-
gestive proteases in pig, poultry and fish 
(Kies et al., 2006; Selle et al., 2006; Morales 
et al., 2011, 2014). There is a general con-
sensus that binary InsP6–protein complexes 
are more relevant than the ternary ones, 
affecting the proteolytic efficacy of gastric 
pepsin in two ways: (i) through the inhib-
ition of pepsin due to its precipitation as a 
pepsin–InsPs complex; and (ii) through the 
reduction in the bioaccessibility of pepsin 
substrates (dietary protein). Both modes of 
action can affect the release of pepsin prod-
ucts, which partially regulate pancreatic 
secretory activity (Santos-Hernández et al., 
2018). 

Similarly, Khan and Ghosh (2013) re-
ported that dietary InsP6 reduced to a differ-
ent extent the activity of digestive amylase 
in rohu carp (Labeo rohita), catla (Catla cat-
la) and mrigal (Cirrhinus mrigala), depend-
ing on the concentration of InsP6 in the 
digesta. Interactions between InsP6 and lipids 
through lipophytin complexes formed be-
tween InsP6, a cation and lipids have been 
previously reported in poultry (Leeson, 1993), 
suggesting that metallic soaps in the intes-
tinal lumen may reduce energy utilization 
from lipids. Despite no reports being found 
in the literature about the identification of 
lipophytin complexes in fish species, some 
studies reported a higher apparent digest-
ibility of lipid when InsP6-degrading enzymes 
were supplemented in fish diets (Goda, 
2007; Liu et al., 2013a,b; Roy et al., 2014). 
Studying the effect of InsP6 on feed intake, 
feed utilization and feeding-related gene 
expression hormones, Liu et al. (2014) 
observed that diets with high content of 
InsP6 decreased the expression of some genes 
responsible for appetite. 

Many years of research on the varied 
deleterious effects of dietary InsP6 supports 
the supplementation of plant-based aquafeeds 
with exogenous phytases as a more efficient 
way to improve nutrient assimilation, growth 
and health in fish, and also to alleviate 
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environmental pollution due to nutrient 
discharges. 

10.3.2 Considerations about the use 
of phytases as fish feed additives 

The relevant factors that influence the bene-
fits of phytases in plant-based diets for fish, 
and how the inclusion of this additive might 
improve their protein and P bioavailability, 
were discussed previously by Morales et al. 
(2016). A comprehensive review of mech-
anisms of action of phytases in fish can be 
found in Cao et al. (2007), Kumar et al. (2012), 
Dersjant-Li et al. (2015) and Lemos and 
Tacon (2017). This section addresses how 
phytase may improve feed utilization in 
cold- and warmwater fish species and dis-
cusses the main challenges facing the opti-
mization of the enzyme activity in aquafeeds. 

Phytase catalyses the sequential release 
of P to produce lower myo-inositol phos-
phate esters, from InsP5 to InsP1 (Debnath 
et al., 2005). Phytases are acidic, neutral or 
alkaline phosphatases, depending on the 
functional pH profile of the enzyme. How-
ever, histidine acid phosphatases are the most 
widely used commercial phytate-degrading 
enzymes in animal farming. The most com-
mon fungal phytases used for decades in 
animal feeds were obtained from Aspergil-
lus niger and Peniophora lycii, whereas bac-
terial phytases, mainly from E. coli expressed 
in Pichia pastoris and Schizosaccharomyces 
pombe, gained participation in recent years. 
Depending on their origin, these enzymes 
differ in functional pH range; stability to 
pH, temperature and digestive proteases; 
and substrate specificity. New phytases re-
cently developed by commercial companies 
offer improved efficacy and resistance, such 
as the phytases from E. coli and Buttiauxel-
la sp. expressed in Trichoderma reesei and 
from Citrobacter braakii expressed in 
Aspergillus oryzae. 

Other types of phytases can be found as 
endogenous enzymes in cereal and legume 
seeds (e.g. β-propeller phytases, cysteine 
phosphatases, purple acid phosphatases), 
although their effect is not considered rele-
vant mainly due to their low activity and 

low stability to the high temperatures 
(>100°C) used during the extrusion of aqua-
feeds. Phytase activity can also be found in 
the microbiota of ruminants and to a lesser 
extent in the colon/hindgut of pigs and 
caeca of poultry (Schlemmer et al., 2001; 
Selle and Ravindran, 2007). However, ex-
ogenous phytate-degrading enzyme supple-
mentation is required to enable relevant 
dephosphorylation in the gastrointestinal 
tract of non-ruminant animals. In fish, the 
efficiency of dephosphorylation by endogen-
ous phytase present in the digestive tract is 
variable and related to the different feeding 
habits of the species, as well as to the anat-
omy and physiology of the digestive tract. 

Ellestad et al. (2002) evaluated the 
phytate dephosphorylation efficacy by the 
endogenous phytase activity in the intes-
tinal brush border of a carnivorous fish spe-
cies (hybrid striped bass, Morone chrysops × 
Morone saxatilis) and two omnivorous fish 
species, tilapia and carp, observing that the 
dietary InsP

6 content was reduced by 50% 
in tilapia, whereas the hybrid bass and the 
carp reduced dietary InsP6 by only 2%. 
Moreover, Denstadli et al. (2006) found that 
between 5 and 15% of the dietary InsP6 can 
be reduced by rainbow trout. Similar results 
were observed in this species by Morales 
et al. (2015), who reported a 17–22% reduc-
tion in the content of InsP6 in the digesta 
in absence of exogenous phytase supple-
mentation. 

When phytase is used as an aquafeed 
additive, the enzyme is exposed to different 
physical-chemical conditions that can alter 
its activity. Therefore, for efficient phytate 
hydrolysis within the fish stomach, the en-
zyme must be able to withstand stressing 
factors like high temperature during feed 
preparation, as well as low gastric pH and 
the presence of pepsin. The first stressing 
condition for the phytase is presented dur-
ing the manufacture of the diet. There are 
three places where the phytase must resist 
high temperatures: the conditioner, the ex-
truder and the dryer. In the conditioner, the 
raw feed ingredients (including phytase) are 
mixed with steam, water, and often oils or 
other liquid ingredients, and the tempera-
ture of the mash can rise up to (95°C) (Strahm, 
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2000; Beyer, 2007). The extruder barrel is 
where temperature and pressure are trans-
ferred to the mash before the pellet is 
formed through the die. Within the extrud-
er, pressure and temperature increase rap-
idly and can be in the range of 20–40 bar 
and 100–150°C, respectively. Third, the wet 
pellets from the extruder are directed to the 
dryer to reduce the moisture of the pellets 
below 10% in order to ensure a satisfactory 
conservation, and the air temperature of the 
dryer can range from 100 to 150°C. Although 
a high extrusion temperature is thought to 
improve the nutritional quality of pellets 
(Barrows et al., 2007; Morken et al., 2012; 
Sørensen, 2012; Bowzer et al., 2016), it can 
also impair thermolabile phytases. Most 
phytases are functional between 40 and 
70°C (Greiner and Konietzny, 2010), and when 
the temperature surpasses 80°C the activity 
of the enzyme is negatively affected (Dersjant-
Li et al., 2015). Developing heat-stable 
phytases (Li, J. et al., 2019) and the develop-
ment of thermo-protective matrices/coat-
ings for commercial phytases are imperative 
to reduce activity losses during aquafeed 
production. 

To avoid the loss of phytase activity 
generated by high-temperature processes, 
the pretreatment of plant ingredients with 
phytase before the extrusion process may be 
an option (Cheng and Hardy, 2003; Denstadli 
et al., 2007). However, pretreatment re-
quires modifications to the industrial pro-
cess that are not always technically feasible 
and may raise the costs of manufacture of 
aquafeeds. A practical solution currently used 
by the industry is the application of the en-
zyme in a liquid form during the oil coating 
after the pellets are extruded, dried and cooled 
(Vielma et al., 2004; Denstadli et al., 2007). In 
a recent study, Pontes et al. (2019) observed 
that the inclusion of phytase 1500 FTU/kg 
before extrusion resulted in an apparent P 
digestibility in Nile tilapia of 33%, whereas 
the same dose applied after extrusion (as li-
quid form) increased apparent P digestibil-
ity to 86%. It is clear that using granulated/ 
powder phytase mixed in the dry mixture of 
ingredients before the pellet extrusion, on 
one hand, or as liquid form after pelleting, on 
the other, produces different results and that 

feed manufacturing conditions must be con-
sidered to optimize the enzyme response in 
fish. 

Once fish ingest the pellets, two main 
factors modulate the activity of the phytase: 
(i) the water temperature; and (ii) the pH of 
the digesta in the gastrointestinal tract. 
Regardless of whether the enzyme is used 
in warmwater fish species (20 to 30°C) or 
coldwater fish species (5 to 20°C), the envir-
onmental temperature is considerably lower 
than the temperature of homeothermic ani-
mals and consequently the optimum tem-
perature for most commercial microbial 
phytases. Previous in vitro studies simulat-
ing the gastric digestion of the rainbow trout 
in winter (6°C) and summer (16°C) tempera-
tures reported changes in the dephosphoryl-
ation rate of InsP

6, suggesting that enzymatic 
degradation of InsP6 may be severely affected 
by low temperatures (Morales et al., 2011). 
Comparing the phytase pretreatment of 
plant ingredients and phytase coating in 
pelleted diet for Atlantic salmon, Denstadli 
et al. (2007) concluded that the pre-incubation 
prior to extrusion might be a more rational 
method to increase mineral availability in 
fish reared in cold water (8°C). 

One way to potentially compensate for 
the effect of low temperature in coldwater 
fish species is the inclusion of a higher dose 
of phytase in the diet. For example, the 
inclusion of 4000 FTU phytase/kg in a rain-
bow trout diet improved growth, feed con-
version, and mineral (P, Ca, Mg) and protein 
utilization (Morales et al., 2016). More re-
cently, Lee et al. (2020) concluded that 
phytase supplementation could be a useful 
tool to reduce inorganic P inclusion in 
plant-based diets for trout reared at two dif-
ferent temperatures. The enhanced phytase 
from E. coli supplemented in trout fed 
low-P diets stimulated growth and nutrient 
utilization at 11 and 15°C. These recent 
findings suggest that the use of phytase as a 
fish feed additive has a very interesting 
potential in coldwater fish species such as 
trout and salmon. 

Both InsP6 and phytase are primarily af-
fected by pH changes taking place during 
gastrointestinal digestion. The solubility of 
the InsPs is largely pH-dependent, being 
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soluble at low pH but forming insoluble 
InsP6–cation complexes when the pH rises 
above 4 (Grynspan and Cheryan, 1983). Taking 
this into account, InsP6 must be hydrolysed 
as quickly as possible by phytase in the 
upper part of the digestive tract to counter-
act its antinutritional effects (Dersjant-Li 
et al., 2015). An important factor influen-
cing the effectiveness of the process is the 
buffering capacity (BC) of the diet. As a result 
of such BC, the pH of the stomach increases 
during feeding, prior to the secretion of 
hydrochloric acid and gastric pepsinogen. 
Several hours after feeding, the pH of the 
gastric content drops and the digesta is 
emptied to the proximal intestine, where 
the pH gradually rises due to the pancreatic 
secretions. The pH changes in the stomach 
content often show a wave pattern affected 
by the BC of the dietary ingredients, the use 
of organic acids or their salts as a feed addi-
tive, the feeding frequency and size of the 
feed ration, fish age and water temperature, 
among other fish intrinsic and environmen-
tal factors. 

Phytic acid is more soluble at lower pH 
and therefore most commercial phytases 
work well under the acidic conditions pre-
sent in fish stomach; hence, InsP6 is more 
available to be enzymatically hydrolysed 
within this organ. Regardless of their fungal 
or bacterial origin, 80% of the optimal 
dephosphorylating activity of the enzymes 
ranges between pH 3.0 and 5.5 (Menezes-
Blackburn et al., 2015). E. coli phytase is ac-
tive over a wide pH range, with an optimum 
close to 4.5, but this can vary slightly de-
pending on the production technology and 
expression organism, whereas it seems that 
phytases from C. braakii and Buttiauxella 
sp. work better under more acidic condi-
tions (pH 4.0 and 3.5, respectively). There-
fore, it can be suggested that the activity of 
added phytases in carnivorous fish such as 
trout, salmon and catfish, as well as in other 
species able to drop the pH of the stomach 
content to values close to the optimum of 
the enzymes, will be different to that in 
herbivorous/omnivorous fish lacking acid 
digestion. This can partially explain the 
variable responses obtained when phytase 
is included in diets for fish species with 

different feeding habits (Kumar et al., 2012; 
Lemos and Tacon, 2017). 

The resistance to both the acidic condi-
tions of the stomach and the presence of 
gastric pepsin are highly desirable features 
for commercial phytases used as a feed addi-
tive. In vitro studies simulating the gastro-
intestinal tract of rainbow trout suggest that 
exposure to gastric digestion resulted in a 
significant decrease in the activity of the 
phytases from A. niger and P. lycii (Kumar 
et al., 2003). In the same study, the authors 
observed that E. coli phytase was more 
resistant than the fungal phytases, not only 
when exposed to gastric pepsin, but also to in-
testinal trypsin and chymotrypsin. Menezes-
Blackburn et al. (2015) also described that 
phytase from E. coli was more resistant to a 
simulated gastric digestion, including or 
not porcine pepsin, than those from A. 
niger or P. lycii. In fish, Morales et al. (2011) 
evaluated the effect of rainbow trout pepsin 
present in crude stomach extracts on the ac-
tivity of two commercial phytases of bacter-
ial and fungal origin. They concluded that 
phytase from E. coli could be more active 
and stable than that obtained from P. lycii 
under the gastric environment of these car-
nivorous fish. 

10.3.3 Responses to phytate-degrading 
enzymes in fish species 

The effects of dietary supplementation with 
phytase have been evaluated in a number of 
coldwater fish species (e.g. Atlantic salmon, 
rainbow trout), temperate-water species (e.g. 
European seabass Dicentrarchus labrax, 
striped bass) and warmwater fish species 
(Nile tilapia, rohu carp, red seabream Pagrus 
major, Australian catfish Tandanus tan-
danus, channel catfish Ictalurus punctatus, 
African catfish, pangas catfish Pangasius 
pangasius, pacu Piaractus mesopotamicus, 
milkfish Chanos chanos, carp Carassius au-
ratus and grass carp Ctenopharyngodon 
idellus, among others). The comparative 
beneficial effects of using the enzyme on 
nutrient digestibility and fish performance 
were well described by Kumar et al. (2012) 
and Lemos and Tacon (2017). 
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In general, in coldwater fish species, 
the supplementation of the plant-based 
diets with phytase results in a better dietary 
P digestibility. For example, in rainbow 
trout, most studies testing phytase doses 
from 500 up to 6000 FTU/kg diet suggest a 
clear dose-dependent response and the op-
timum phytase doses for P digestibility are 
close to 1000 FTU/kg (Sugiura et al., 2001; 
Cheng et al., 2004; Vielma et al., 2004; Wang 
et al., 2009; Vandenberg et al., 2012; Verlhac-
Trichet et al., 2014). For the same fish spe-
cies, the improvement in P digestibility due 
to the phytase supplementation ranged be-
tween 17% (Lanari et al., 1998) and 100% 
or more (Sugiura et al., 2001; Cheng et al., 
2004; Dalsgaard et al., 2009; Verlhac-Trichet 
et al., 2014; Morales et al., 2015). In these 
studies, the digestibilities of Zn, Mg, Mn, Ca 
and Fe were also higher with phytase sup-
plementation. Similar responses were ob-
served for Atlantic salmon, with a positive 
dose–response from 250 up to 4000 FTU/kg 
and 81% improvement in dietary P digest-
ibility (Carter and Sajjadi, 2011). 

However, a recent study suggests that 
the response to dietary supplementation 
with phytase may be different in rainbow 
trout and Atlantic salmon (Greiling et al., 
2019). While faecal disappearance of InsP6 

was similar in both fish species when no 
phytase was included in the diet (about 
8%), a dose of 6-phytase from A. oryzae of 
2800 FTU/kg resulted in faecal disappear-
ance of InsP6 of 32% in salmon and 82% in 
rainbow trout. Moreover, the hydrolysis of 
the different moieties of InsPs progressed to 
a greater extent in rainbow trout. As a 
consequence, the supplementation with 
phytase showed that total P digestibility in-
creased from 17 to 24% in Atlantic salmon 
and from 33 to 70% in rainbow trout. The 
authors suggested that this surprisingly big 
difference between two coldwater fish spe-
cies with similar digestive functions could 
be explained considering that freshwater fish 
usually present a lower stomach pH than 
marine fish (Márquez et al., 2012). This 
acidic condition could have reduced the 
strength of the cation–phytate complexes 
making them more sensitive to the action of 
phytase, as pointed out by Maenz (2001). 

However, it must be outlined that rearing 
water temperatures were 12.0°C for salmon 
and 15.4°C for trout and this could enhance 
(to a certain extent) phytase activity within 
the stomach of the latter species. 

The high increment in P digestibility 
found in the described study agrees with 
previous results obtained in the same fish 
species by Morales et al. (2015), who re-
ported an increment in apparent P digest-
ibility from 38 to 73% when a plant-based 
diet with similar content of total P was sup-
plemented with 6-phytase from E. coli of 
4000 FTU/kg and fish were reared between 
11 and 15°C. Another recent study, aimed to 
evaluate the effect of phytase on the per-
formance and nutrient retention efficiency 
of rainbow trout fed low-P plant-based 
diets, reported P digestibilities of 25, 55 and 
82% when the diet included 0, 500 and 
2500 FTU/kg, respectively, of the same 
6-phytase from E. coli (Lee et al., 2020). 
Results obtained in these last studies sug-
gest that 1000 FTU phytase/kg may not be 
enough to maximize InsP6 dephosphoryla-
tion in coldwater fish species and more 
phytase would be required when water tem-
perature is quite low, as occurs in the 
farming of salmonids. In this sense, it can 
be expected that warmwater fish species 
should offer a better response to phytase 
supplementation, considering that most 
species are reared at water temperatures 
at least 10°C higher. The recent reviews by 
Kumar et al. (2012) and Lemos and Tacon 
(2017) highlight that the beneficial effects of 
phytase on the digestibility of nutrients 
when feeding these species on plant-based 
diets were mainly observed for P (>30% gain) 
and other trace minerals, protein (2–18%), 
lipid (26–65%), energy (4–16%) and amino 
acids (5–12%). Given that carnivorous, om-
nivorous and herbivorous warmwater fish 
species have substantial anatomical and 
physiological differences in their digestive 
tracts, further studies will be necessary to 
maximize the effect of phytase for a given 
species. 

Lastly, different studies reported that 
phytase added to plant-based diets improved 
phytate-P bioavailability from 20 to 60% and 
reduced the P loading to the environment 
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by between 30 and 50% in several fish spe-
cies such as rainbow trout (Rodehutscord 
and Pfeffer, 1995; Lanari et al., 1998; Forster 
et al., 1999; Sugiura et al., 2001; Morales et al., 
2015), Atlantic salmon (Storebakken et al., 
1998), tilapia (Goda, 2007) and carp (Schaefer 
and Koppe, 1995). On account of these stud-
ies, it can be stated that the use of phytase in 
aquafeed is imperative to reduce the negative 
impact caused by the release of nutrients to 
the aquatic environment. 

10.3.4 Phytase strategy for 
extra-phosphoric effects 

An enzyme dose high enough to hydrolyse 
dietary InsPs quickly and thus eliminate its 
negative antinutritional effects in the early 
stages of the digestive process is often com-
mercially known as ‘superdosing’. It is assumed 
that higher doses of phytase can result not 
only in a higher phytate-P bioavailability 
but also in other extra-phosphoric benefits 
for the fish, as well as other monogastric 
animals. As suggested by Cowieson et al. 
(2011), the extra-phosphoric benefits of high 
doses of phytase in the diet are not only a 
higher digestibility of dietary amino acids 
and minerals, but also an increased bioavail-
ability of metal cofactors for endogenous 
enzymes or a decrease of endogenous loss 
of protein. The mechanisms postulated for 
such extra-phosphoric benefits are mainly re-
lated to the formation of InsP6–protein com-
plexes and their interactions with digestive 
enzymes, being related to different factors 
like the solubility of proteins at a given pH 
in the presence of divalent cations and the 
functional properties of the phytase (pH 
range, substrate affinity, resistance to gastric 
pepsin). 

Several studies reported better digestion 
of dietary protein when high phytase doses 
(3000–4000 FTU/kg) were used in fish diets 
(Vandenberg et al., 2011, 2012; Morales 
et al., 2015). As pointed out by Morales et al. 
(2016), in fish species with a functional 
stomach, the quick hydrolysis of the insol-
uble InsP6–protein complexes present in 
the diet begins with the formation of lower 
InsPs esters (InsP5, followed by InsP4 and 

InsP3), thus avoiding the de novo formation 
of InsP6–protein complexes. Superdosing of 
phytase may contribute to increasing the pro-
tein solubility concentration of the digesta 
during the early stages of gastric digestion, 
increasing dietary protein bioavailability and 
decreasing at the same time the negative ef-
fect of InsP6 on the gastric pepsin activity. 
The net result would be a more effective pro-
tein hydrolysis. Moreover, the fast destruction 
of InsP6 reduces the formation of InsP6–Ca 
complexes able to bind to intestinal proteases 
(Selle et al., 2000; Kies et al., 2006; Morales 
et al., 2011, 2013, 2014). 

This quick dephosphorylation of InsP6 

in the upper part of the digestive tract can 
be a favourable strategy to improve dietary 
nutrient utilization and to reduce the excre-
tion of undigested nutrients to the water 
when replacing expensive animal proteins 
by cheaper alternative plant-protein ingre-
dients with relative high levels of native 
phytic acid (Morales et al., 2016). 

10.4 Other Enzymes 

10.4.1 Exogenous proteases in fsh nutrition 

As the pressure on world protein supply 
increases and the industry becomes more 
competitive, aquafeed manufacturers are look-
ing to develop nutritionally adequate but 
cost-effective diets using high levels of 
plant-protein ingredients. Within this con-
text, exogenous protease supplementation 
is gaining attention in recent years as a pos-
sible nutritional strategy to reduce the crude 
protein content in the diets, with a presum-
ably beneficial effect related to the reduc-
tion of undigested protein released to the 
water through fish faeces (Castillo and 
Gatlin, 2015). 

Research on exogenous proteases as 
aquafeed additives is not as extensive as that 
of phytase and NSP-degrading enzymes, but 
there are a number of studies on this topic 
supporting an increase in the digestibility of 
protein and other nutrients in coldwater fish 
species such as rainbow trout (Drew et al., 
2005; Dalsgaard et al.,  2012, 2016) and 
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warmwater fish species such as tilapia 
(O. niloticus × Oreochromis aureus) (Li et al., 
2016; Li, X.Q. et al., 2019). 

The hypothetical mechanism of action 
of exogenous proteases suggests a deficiency 
of fish endogenous proteases, therefore diet-
ary protein can be more efficiently hydrolysed 
to lower-molecular-weight peptides and 
bioavailable amino acids, improving their 
utilization and promoting fish growth. How-
ever, in most cases, the effects of exogenous 
proteases were studied when forming part 
of a multi-enzyme complex with phytase, 
amylase and NSP-degrading enzymes, mak-
ing it difficult to assess the precise effect of 
the enzyme on nutrient bioavailability, util-
ization and fish growth (Carter et al., 1994; 
Farhangi and Carter, 2007; Lin et al., 2007; 
Dalsgaard et al., 2012; Ghomi et al., 2012). 
Only a few studies evaluated the effect of 
single exogenous proteases in fish. For 
instance, Adeoye et al. (2016) studied the 
effects of an exogenous commercial serine 
protease from Bacillus licheniformis on 
growth and general health status of Nile til-
apia. Supplementation of the diet with 
15,000 U protease/kg diet did not result in 
better growth or feed conversion efficiency 
compared with the control diet, although 
fish survival rate was higher. The authors 
hypothesized that the potential beneficial 
effects of the enzyme could have been irrele-
vant since the study was carried out using a 
diet with a high content of crude protein 
(40%), exceeding the requirement for fish 
maintenance and growth. In a similar study 
performed using the same dose of 15,000 U 
protease/kg diet, but diets with lower protein 
content (26–28% crude protein), the authors 
observed clear benefits on apparent protein 
digestibility, protein retention efficiency, 
feed conversion efficiency and fish growth 
rate (Ragaa et al., 2017). 

As suggested by Leinonen and Williams 
(2015) when studying the effects of dietary 
proteases on N emissions from broiler pro-
duction, further research would be useful 
to quantify the potential beneficial effect of 
their use combined to a strategy of reduc-
tion in the contents of dietary protein in 
order to decrease undigested faecal protein 
and excreted soluble ammonium to the 

water. This could be particularly relevant in 
aquafeeds designed for recirculation aqua-
culture systems. In addition, the interaction 
of endogenous proteases with exogenous 
proteases supplemented in fish feed and its 
regulation through the dynamic changes in 
digestive function must be better understood. 

10.4.2 Exogenous amylases 
in fish nutrition 

In general, a dietary level of up to 20% 
starch is considered adequate for marine 
and coldwater fish species, whereas higher 
levels can be digested by fresh- and warm-
water fish due to differences in the activity 
of their intestinal amylase (Wilson, 1994). 
Once the raw plant ingredients used to pro-
duce aquafeed are conditioned and extruded 
then more starch is gelatinized, making it 
more susceptible to the action of digestive 
α-amylase; the net result being a more effi-
cient digestion and nutritive utilization by 
fish (Romano and Kumar, 2018). Therefore, 
a high content of starch in the diet or a defi-
cient gelatinization may affect carbohydrate 
digestion in the digestive tract of fish. This 
effect is likely to be more profound in 
carnivorous species, where the activity of 
α-amylase is usually lower than in omni-
vore and herbivore species. 

Several studies, as reviewed by Romano 
and Kumar (2018), evaluated the effects of 
including α‐amylase in fish diets with dif-
ferent degrees of starch gelatinization. The 
authors concluded that, as a general trend, 
starch digestibility increases with the de-
gree of starch gelatinization but the effect on 
growth rate is highly variable. In fact, most 
reports suggest that the beneficial effect of 
the enzyme on fish growth occurs when the 
starch is not or poorly gelatinized. Stone 
et al. (2003) evaluated the effects of a com-
mercial exogenous α-amylase on the digest-
ibility of wheat starch in silver perch 
(Bidyanus bidyanus), observing a positive 
effect of the enzyme on the digestibility of 
raw starch, whereas the digestibility of gel-
atinized starch was unaffected. The authors 
suggested that the use of α-amylase is useful 
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if diets contain uncooked raw starch, but 
unnecessary if gelatinization is achieved 
through heat processing. Similarly, Kumar 
et al. (2006a,b,c, 2009) in different studies 
with rohu carp evaluated the use of differ-
ent doses of α-amylase in diets including 
both gelatinized and non-gelatinized maize 
and two different levels of dietary protein. 
Results suggest that fish performance was 
better when the non-gelatinized maize was 
used, regardless of protein level and α-amylase 
feed supplementation. 

The number of studies about the effects 
of α-amylase in fish diets is very limited in 
comparison to those conducted in terrestrial 
monogastrics. Nevertheless, more research 
is needed on this topic, considering the posi-
tive responses observed on starch digestion 
in aquafeeds containing a significant fraction 
of non-gelatinized starch and particularly 
when supplied to carnivorous fish species, 
which have low inherent amylase activity. 
There is no doubt that aquaculture will 
grow over the next decades on the basis of 
aquafeeds with a high content of plant-
protein ingredients that often present signifi-
cant amounts of raw starch. In this regard, the 
use of α-amylase as a single-enzyme source, 
or combined with other carbohydrases, 
might have an interesting potential similar 
to that reported in pig and poultry diets. 

10.5 Outlook 

Aquaculture is currently, and will be in the 
future, part of the solution to cover the gap 
between the increasing global demand for 
fish products for human consumption and 
the decreasing offer coming from fisheries. 
With a global aquafeed production estimated 
at 41 MMT for 2019 (Alltech, 2020) that 
shows a clear trend to increase in the future, 
more alternative plant-protein ingredients 
to produce aquafeeds will be needed. How-
ever, the presence of different ANFs in such 
plant ingredients will require innovative so-
lutions based on the use of enzymatic and 
functional feed additives to ensure that 
aquaculture continues to grow sustainably. 

The use of enzymes like phytase, xyla-
nase, β-glucanase, cellulase, amylase and 

protease, used as a single-enzyme additive 
or as a blend, will contribute to a more effi-
cient use of plant and feed ingredients. 
Despite the wide variety of different envir-
onments and feeding habits presented by 
fish species, most studies reported that the 
use of exogenous enzymes improves nutri-
ent digestibility, absorption and retention, 
resulting in better growth and feed conver-
sion efficiency and, in some cases, positive 
stimulation of the immune system. As in 
terrestrial non-ruminants, phytase is the 
enzyme producing the most significant bene-
fits associated with nutrient utilization by 
fish fed plant-based diets. Currently, the 
molecular mechanisms of action of phytase 
on InsPs and their direct and indirect bene-
fits on the digestibility of P and other minerals, 
dietary protein, endogenous proteases, starch 
and lipids are relatively very well defined 
in fish (Cao et al., 2007; Kumar et al., 2012; 
Dersjant-Li et al., 2015; Morales et al., 2016; 
Lemos and Tacon, 2017). 

In contrast, the mechanisms whereby 
NSP-degrading enzymes result in better nu-
trient utilization, growth performance and 
health in non-ruminant animals, including 
fish, are still debated (Bedford, 2018). The 
great diversity of fish species of relevance in 
aquaculture, their feeding habits, anatomy 
and digestive functions, added to the fact 
that fish are ectothermic organisms that live 
at temperatures below the optimum func-
tional temperature of most commercial 
enzymes, justify further research when 
selecting the type, combination and dose of 
phytase and carbohydrases for aquafeeds. In 
addition to those focused on phytase and 
NSP-degrading enzymes, more studies are 
needed to assess the direct and indirect ef-
fects of using exogenous serine proteases to 
ensure more effective protein digestion in 
fish, allowing for reduced protein content 
in diets. Similarly, additional studies are 
required to evaluate the effects of using 
exogenous α-amylase to improve the digest-
ibility of non-gelatinized starch from plant 
ingredients used in aquafeeds for carnivor-
ous fish species. 

In fish nutrition, it is still imperative 
to define updated nutritional models, con-
sidering not only the bioavailable nutrients 
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supplied by dietary ingredients, but also the 
bioavailability of additional nutrients re-
sulting from the use of exogenous enzymes. 
Quantitative matrices of bioavailable nutrients 
from enzymatic origin are already devel-
oped for terrestrial non-ruminant produc-
tion animals, in particular, to predict how 
much bioavailable P from InsPs will be 
available due to phytase activity. However, 

further studies would be necessary to de-
velop a specific matrix of nutrients for aqua-
feed considering the target fish species, the 
stage of life and the environmental condi-
tions. These advances would not only con-
tribute to the production of more efficient 
and low-cost aquafeeds but also be key to 
develop a new generation of eco-friendly 
aquafeeds. 
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11 Analysis of Enzymes, Principles and 
Challenges: Developments in Feed Enzyme 

Analysis 

Noel Sheehan* 
AB Vista, Ystrad Mynach, UK 

*Email: noelsheehan@abvista.com 

11.1 Introduction 

Traditional methods for analysing enzyme 
activity by ‘wet chemistry’ methods, as de-
scribed in the previous edition of this book 
(Sheehan, 2010), whether in products, pre-
mixes or feeds, have posed challenges in the 
modern laboratory. These challenges in-
clude the repetitiveness of the work that 
was difficult to automate and utilized sub-
strates and methodologies that did not al-
ways fully define the enzyme activity and 
required laboratory facilities with the 
equipment and management systems to 
handle hazardous chemicals. Over the past 
decade, however, there have been signifi-
cant developments in both methods and 
equipment that have helped alleviate such 
constraints. This has enabled the larger ser-
vice laboratories downstream of the produc-
tion process, where there is a commercial 
imperative to provide analysis results in a 
relevant time frame, to increase throughput 
and decrease turnaround time. It has also 
increased the agility of the smaller labora-
tories involved in analysis of finished feed. 
Developments over the past decade include: 

1. New types of laboratory equipment have 
allowed laboratories to partially automate 

the assay workfow in traditional enzyme 
‘wet chemistry’ methods, such as outlined 
in Section 11.2. 
2. Immunoassay methods such as ELISAs 
and lateral fow devices (LFDs) have been 
used routinely in the last 10 years to detect 
their specifc target enzyme products in-feed. 
Immunoassay in general offers greater speci-
fcity for the analyte than wet chemistry ana-
lysis. Plate-based ELISA is suited to high 
throughput, including full automation of the 
assay workfow in a laboratory environment, 
while LFDs provide quick tests that can pro-
vide results within minutes with elementary 
laboratory technology and skills. 
3. A new method for measuring phytase ac-
tivity, based on measuring the reduction in 
turbidity of a phytic acid (InsP6)–lysozyme 
complex, that offers a faster, safer alternative 
to the traditional wet chemistry analysis for 
phytases and that additionally is adaptable 
to high-throughput screening. 
4. A new method for analysing xylanases 
has also become available. Traditional 
substrates manufactured by extracting the 
xylan from wheat and beech are not well-
defned chemically and may vary from 
batch to batch or with different manufactur-
ers. The new assay, called the XylX6 assay, 
uses a chemically defned colorimetric 
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synthetic substrate based on a xylo-
oligosaccharide (XOS) tagged with a p-ni-
trophenol molecule at one end and with a 
blocker at the other end to prevent degrad-
ation by β-xylosidase. The ultimate release 
of the p-nitrophenol by endoxylanase re-
sults in yellow colour that is easily meas-
ured. Unlike the traditional reducing sugar 
methods, no boiling step or harsh chemicals 
are required, thus facilitating automation. 
5. A new method for analysing proteases has 
become available as well. Traditional sub-
strates include casein and haemoglobin, and 
the assay utilizes precipitation that requires 
centrifugation or fltration. The new assay, 
relatively new to the feed industry, uses a 
chemically defned colorimetric synthetic 
substrate, Suc-Ala-Ala-Pro-Phe-pNA. Prote-
ase cleaves the substrate, releasing the 
chromogen p-nitroaniline (pNA). The amount 
of released yellow pNA colour is proportional 
to the protease activity of the enzyme and 
results in a yellow colour that is easily meas-
ured. Like the new xylanase method, no boil-
ing step or harsh chemicals are required, thus 
facilitating automation and ease of use. 
6. In the past, analysis of enzyme activity 
from vitamin/mineral premixes was particu-
larly fraught with problems due to the high 
content of interfering mineral ions in the ex-
traction step. Now, a simple workaround, of 
mixing the premix into blank feed, allows 
premixes to be analysed by an existing 
method developed for feed analysis. 

11.2 Partial Automation of Wet 
Chemistry-Type Assays is Possible 

Analysis of feed enzymes, whether in feed 
samples or in premixes and products, by 
traditional wet chemistry methods can be 
time-consuming. This is because it can be dif-
ficult to achieve full workflow automation 
when steps such as centrifugation or boiling 
are involved. However, in recent years, it has 
become possible to achieve some partial 
workflow automation, with examples below 
including the use of plate readers, multi-
channel pipettors with variable tip spacing 
and automated diluter systems. 

In the International Organization for 
Standardization (ISO) phytase method (Gizzi 
et al., 2008; ISO, 2009), it is stipulated to have 
three reaction tubes and two blank tubes = five 
test-tubes per feed extract that is assayed. As 
each sample will have duplicate or triplicate 
extractions, on a busy day, analysing approxi-
mately 16 samples, with duplicate extractions, 
plus at least one positive and negative control 
extraction and calibration curve tubes, gener-
ates approximately 200 test-tubes that will re-
quire reading on a spectrophotometer. The 
typical options for this are to pour the solu-
tions into a cuvette, place into the spectropho-
tometer cell and take the reading: either manu-
ally in a lab notebook or on a printout from the 
spectrophotometer to be transcribed later into 
an electronic format; or typed directly into an 
electronic sheet (some laboratories will not 
allow this last option for data traceability 
reasons). In addition, for transferring the solu-
tions to the spectrophotometer, some laborator-
ies use a sipper accessory. The sipper is a 
pump system that supplies the solution from a 
test-tube or beaker directly into the sample 
compartment and so offers health and safety 
benefits over the manual method. However, 
when using this, the cycle to complete a read-
ing on the sipper can be even longer than the 
manual method (due to the need for washing 
between samples) and thus can further in-
crease the time for this process. 

At our laboratories we have adopted two 
strategies to semi-automate this process. 
First, instead of taking a reading in a spectro-
photometer, we have switched to taking the 
readings on 96-well plates. This follows the 
same Beer–Lambert rule as a spectrophotom-
eter, with just the caveat that in a spectropho-
tometer the distance is fixed usually to 10 mm 
by the width of the cuvette. In a plate reader, 
this is variable depending on the depth of the 
liquid. In our work, we have found that in a 
typical 96-well flat-bottom plate, 0.3 ml gives 
a very similar absorbance to the cuvette. 
Even with this efficiency, it is still relatively 
time-consuming to pipette an aliquot from 
each tube on to the plate, one at a time. 

A further efficiency is to use a multi-
channel pipettor with variable tip-spacing. 
Standard multichannel pipettors have the 
distance between channels fixed so it is not 
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possible to use these to transfer liquids from 
a test-tube rack to a 96-well plate. However, 
using multichannel pipettor with variable 
tip-spacing means the channels can be moved 
further apart to aspirate the liquid from the 
tubes and then moved closer together for dis-
pensing to the plate. Using these two strat-
egies can result in savings of many hours of 
repetitive work and can semi-automate what 
are quite ‘old-fashioned’ methods and pre-
vent queues to use laboratory equipment. 

Similarly, in running the assays on the 
feed enzyme additive, the dilution process 
needed to bring the sample into the range 
that can be detected in the assay can often be 
quite a time-consuming step; due to the high 
activity of the samples to be analysed, mul-
tiple serial dilutions are required, often in-
volving pipetting small volumes of liquid 
where small errors of 1–2 μl could result in a 
2–4% error in the analysis. With potentially 
three serial dilution steps for the highest-
activity samples, this could result in a com-
pounded error of 6–12% just on the dilution 
steps alone, therefore it is very important to 
carry out these steps with a great deal of ac-
curacy. Manual pipetting by a human will 
always be subject to some error and therefore 
a preferred method would be to use a diluter 
system. From our experience where an ana-
lyst had 24 extractions on which to perform 
dilutions, where the dilutions were also 
being recorded on an analytical balance, 
diluting the samples could take >60 min 
whereas using an automated dilution system 
can cut this process down to <20 min. 

Using these strategies can result in sav-
ings of many hours of repetitive work and 
can semi-automate what are quite ‘old-
fashioned’ methods, with the speed of the 
new strategies preventing queues to use 
laboratory equipment as well. 

11.3 Use of Immunoassay Techniques 

Immunoassays use antibodies as the detect-
ing (‘capture’) reagents. Antibodies are 
glycoproteins produced by specific cells of 
the immune systems of animals in response 
to stimulation by a foreign substance. The 

foreign substance that elicits the production 
of a specific antibody is referred to as an 
antigen. The attribute of an antibody that 
makes it useful as a reagent in a diagnostic 
kit is its capacity to bind with high specifi-
city and affinity to the antigen that elicited 
its production. Immunoassay methods in-
volve two different techniques: ELISA 
(enzyme-linked immunosorbent assay) or 
LFD (immunochromatography lateral flow 
device). Immunoassays are already a widely 
used tool in agriculture, for example for ana-
lysis of mycotoxins (Chu, 1984) and more 
recently for the analysis of genetically modi-
fied proteins (Grothaus et al., 2006). Add-
itionally, ELISA has also been developed to 
detect heparinase enzyme activity and the 
assay preferentially detects the 8+50 kDa ac-
tive heparinase heterodimer versus the la-
tent 65 kDa pro-enzyme (Shafat et al., 2006). 

While the wet chemistry methods 
remain the typical industry methods for en-
zyme analysis, AB Vista are using an alter-
native technology, based on immunoassay 
techniques, to analyse enzyme activity in 
feeds. To detect the AB Vista enzyme activ-
ities in feed, antibodies were produced that 
are specific to the folded, active xylanase or 
phytase protein. These are highly specific 
and do not react with similar commercial 
enzymes such as other Escherichia coli 
phytases. These antibodies are then incorp-
orated, in what is typically referred to as a 
‘sandwich ELISA’, into a diagnostic kit 
(Graham and Sheehan, 2013). For the actual 
analysis, the feed sample is milled and ex-
tracted in much the same way as it would be 
for a traditional wet chemistry method, an 
aliquot of the extract centrifuged, the super-
natant diluted (if necessary, according to the 
activity of the sample and the range of 
the kit) and then analysed using the diagnostic 
ELISA kit. This kit contains an antibody-
coated (antibodies immobilized to the plate) 
96-well microplate, an enzyme-conjugated 
secondary antibody, standards, controls, an 
enzyme substrate for colour development, 
washing buffer and sample extraction 
buffer. As shown in Fig. 11.1, on addition 
of the diluted extract to the ELISA well, 
the antibodies coated on to the plate 
wells capture the target enzyme protein 
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Addition of Addition of secondary Addition of peroxidase 
sample extracts antibody-conjugate substrate 

15 min incubation 45 min incubation 15 min incubation – colour reaction 

E E 
WASH × 4 WASH × 4 STOP (1.0 N HCl) 

E 

(1°) (1°) (1°) (1°) 

KEY 

(1°) = Primary (1°) anti-
enzyme antibody, 

already on plate/wells 

= Peroxidase-labelled 
secondary anti-enzyme 
antibody (conjugate)* 

E = Enzyme protein 
(antigen) 

Shows ELISA 
= Substrate ‘sandwich’ 

= Final colour reaction at 
450/415 nm, with reference 

readings at 650 nm 

*Specific to a different part of the enzyme protein 

Fig. 11.1. ELISA sandwich assay. (Author’s own fgure.) 

and after a set time, the plate is washed to 
remove the feed extract and any unbound 
antigen. Another antibody, conjugated to a 
horseradish peroxidase enzyme, is then 
added, which also binds to the enzyme pro-
tein, forming the ELISA ‘sandwich’. After 
another wash step, a substrate for the per-
oxidase is added, which produces a colour 
reaction. The enzyme activity in the test 
sample is quantified by reference to a ser-
ies of calibrator solutions also containing 
the active enzyme, alongside a positive and 
negative control sample that are always in-
cluded in every assay run to monitor the per-
formance of the assay carried out that day. 

The advantages of ELISA are the high 
specificity and high signal-to-noise ratio; 
plus, at least after the initial step, it is un-
likely that anything from the sample will 
interfere with the subsequent detection of 
bound antigen, whereas in other wet chem-
istry methods there is always the possibility 
of feed sample components being carried 
through the extraction and dilution. ELISA 
is a well-established and worldwide tech-
nology, using essentially harmless reagents, 

and there is a whole range of equipment 
available that can thus be used to turn feed 
analysis into a high-throughput endeavour. 
Even when using the manual assay it is pos-
sible for an analyst, using multi-channel pi-
pettors, to analyse 40 tests relatively easily 
in a half a day, while by comparison with 
the older wet chemistry methods, an analyst 
could probably only analyse half that num-
ber of samples and with significantly greater 
effort as well. Automated systems are also 
available to run ELISA analysis. While the 
effort to mill samples, do the extractions 
and dilute samples is still required in both 
ELISA and wet chemistry, once at this stage, 
the automated systems offer the analyst the 
walk-away option of loading samples into 
the analyser and returning approximately 
two hours later for the results. 

LFDs for the detection of AB Vista en-
zymes use the same ‘sandwich’ principle as 
ELISA, except with a different detection 
mechanism. In ELISA, the detection mech-
anism is based on producing hydrogen per-
oxide which then reacts with a chromophore 
to produce a colour. LFDs use typically an 
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Primary Secondary
biomolecule biomolecule 

against analyte 

SAMPLE CONJUGATE TEST CONTROL ADSORBENT 
APPLICATION PAD LINE LINE PAD PAD NITROCELLULOSE 

FLOW OF SAMPLE 

Fig. 11.2. The layout of an LFD. (Author’s own fgure, based on example in Grothaus et al., 2006.) 

antibody in the system labelled with a col-
oured particle that can be seen visually, the 
most common being colloidal gold. 

A typical LFD, as shown in Fig. 11.2 
(and, for example, in Grothaus et al., 2006), 
consists of a sample application pad, a con-
jugate pad, a nitrocellulose membrane and a 
wicking (adsorbent) pad assembled on a 
thin plastic backing. The principle behind 
the LFD is that a liquid sample (or its extract) 
containing the analyte of interest moves 
through simple capillary flow through the 
LFD. There are different zones in the LFD 
strips which contain molecules that can 
interact with the analyte if present in the 
sample. 

To use the LFD for detection of phytase 
in-feed, for instance, a portion of feed (e.g. 
10 g) is first extracted by adding 100–150 ml 
of tap water and with vigorous shaking by 
hand for 30 s. The solid particles are then 
allowed to settle, and an aliquot of the liquid 
(extract) is added to a small vial. 

The end of the test strip with the sam-
ple pad is then dipped into the vial and al-
lowed to remain there for 5 min for the test 
to take place. Once the LFD test strip is 
added to the extract, the liquid then begins 
moving by simple capillary flow laterally 
through the strip with the sample pad 

providing some additional filtration to pre-
vent large particles blocking the flow of li-
quid. (In some LFDs, the sample pad may 
also be treated to adjust the sample proper-
ties, such as the pH.) 

At the first stage of the test the liquid 
sample flows through the conjugate pad, 
which contains at least one mobile capture 
antibody that is specific to the phytase 
protein (analyte/antigen) and also contains 
another mobile antibody that does not capture 
the phytase protein, with both of these anti-
bodies being gold labelled. As the sample 
flows through this, the mobile capture anti-
body will form a complex by binding the 
phytase (MBC–Phy). 

At the next stage of the test, the liquid 
will now contain mobile capture antibody 
(i.e. that which has not bound the phytase 
due to being in excess), MBC–Phy and the 
second antibody specific to the check-zone 
antigen. The first zone is designed to cap-
ture the phytase protein and so then forms 
the antibody sandwich. For a sample with 
phytase protein present, this accumulates at 
this zone until this becomes visible to the 
naked eye as a line across the LFD. Liquid 
continues to flow along the strip to the se-
cond zone and at this second zone the non-
capture antibody will bind to the check-zone 
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antigen, also producing a visible line to 
show that the test has worked (liquid flowed 
properly). This provides a very simple vis-
ual technology with three options: 

1. One test line visible = test has worked 
but the sample is negative for phytase. 
2. Two test lines visible = test has worked 
and the sample is positive for phytase. 
3. No line visible = test has not worked, repeat. 

More advanced versions of the technology 
can be used that enable the results to be 
more quantitative when combined with a 
scanner (Davis and Roberts, 2013; Koczula 
and Gallotta, 2016). At AB Vista laborator-
ies, in combination with our technology 
partner, Envirologix, we have validated this 
technology for use in global markets for the 
analysis of phytase and xylanase in-feed 
(see Fig. 11.3). 

The advantages of this LFD technology, 
whether just for the yes/no qualitative an-
swer or for the more quantitative approach, is 
of course the simplicity. A drop of sample ex-
tract is added to the test strip, or the strip is 
dipped into the extract in a small vial, wait 
five minutes and results are available. The 
latter quantitative option offers significant 
benefits to small laboratories such as found 
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within a feed mill, with just a means to 
grind the sample homogeneously (prefer-
ably a laboratory-grade mill), the scanner 
and some glassware. Although no specialist 
skills are required, some analytical thor-
oughness is required from the person run-
ning the analysis to ensure the best, most 
accurate and precise results. 

11.4 A Novel Method to Analyse 
Phytase 

Current wet chemistry phytase methods are 
relatively time-consuming and the danger-
ous chemicals used represent significant 
barriers for many laboratories, especially the 
smaller, less well-equipped laboratories, 
where investment in local exhaust ventila-
tion devices such as fume cabinets is required 
to prepare reagents and perform the assay, 
and for the administrative burden that using 
these chemicals generates. While the im-
munoassay techniques as described in Sec-
tion 11.3 offer a high-throughput method that 
resolves many of these problems, the initial 
development of the antibodies is relatively 
expensive and provides assay methods that 
are specific to a particular phytase molecule. 

y = 0.975x + 0.9201 
y = 0.9757x 
R² = 0.8751 

R² =
n = 

0.8751 
136 

Forced through zero 

1500 2000 2500 3000 

ELISA (QuantiPlate) (FTU/kg) 

Fig. 11.3. Analysis of samples for Quantum® Blue phytase by two different methods, internal data. The 
x-axis refers to feed samples analysed for Quantum Blue by the established ELISA plate method, while the 
y-axis refers to the same samples analysed using the LFD with scanner method. (Author’s own fgure.) 
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A new method for measuring phytase activ-
ity, based on measuring the reduction in tur-
bidity of an InsP6–lysozyme complex, that 
offers a faster, safer alternative to the trad-
itional wet chemistry analysis of phytases 
and that additionally is adaptable to 
high-throughput screening has recently 
been developed (Tran et al., 2011). In that 
study, five phytases (of which four were 
commercial products used in the feed in-
dustry) were tested including two from 
E. coli, one from Bacillus sp., one from As-
pergillus niger and another from Peniophora 
lycii. The isoelectric point (pI) of a protein is 
the pH at which the protein has no net 
charge. The authors noted that InsP6–protein 
complexes are usually turbid at a pH lower 
than the pI of the protein. Lysozyme has a pI 
between 10.5 and 11.0 (Alderton et al., 
1945). Therefore, lysozyme offered oppor-
tunities to produce a substrate that would 
have, at time zero of any enzyme assay, a 
high level of turbidity, measured as optical 
density in a plate reader or spectrophotom-
eter at 600 nm (OD600), across a range of dif-
ferent pH values relevant to the animal feed 
industry. In initial studies to determine the 
optimum combination of InsP6 and lyso-
zyme, Tran and co-workers determined a 
ratio of 1.5:1, or more specifically 0.3:0.23 
mM of InsP6:lysozyme. Using this combin-
ation of InsP6:lysozyme produced optimal 
substrate complexes for analysing phytase 
in the pH range of 2.5–5.5 due to: 

• excellent stability of these complexes 
(no loss of turbidity when stored refriger-
ated, at 5–8°C, for several months); and 

• similar turbidity across the pH range – 
this would be important so that small 
fuctuations in pH due to instrument 
uncertainty would not cause variability 
in assays. 

This substrate then was used to analyse the 
five different phytases and the decrease in 
turbidity was shown to have a linear correl-
ation with the increase in the release of in-
organic phosphate (Pi). The release of one 
international unit, one micromole of Pi per 
minute, was correlated to a 3.03-unit OD de-
crease per minute at OD600. 

As with the new xylanase method dis-
cussed in Section 11.5 below, it is unlikely 

that this method will immediately gain a 
widespread acceptance and replace the old-
er methods that use more toxic chemicals, 
especially in the quality control/service 
environment, where end-point assays are 
usually favoured over kinetic assays and where 
the current methods are heavily embedded 
in the industry. This method is/will also be 
dependent on the quality of and the steady 
supply of the phytic acid and lysozyme sub-
strate and having the exact molarity of each 
well defined. If past history just in the sup-
ply of phytic acid is an indicator, specific 
products may be discontinued with little 
notice by large chemical suppliers from 
their catalogues. 

In the work as presented by Tran et al. 
(2011), this method was used primarily on 
relatively high-activity products. As the 
phytase produced at the enzyme manufac-
turing plant moves through the supply chain, 
into such sample matrices as premixes, 
blends, complementary feeds and finished 
feeds for different target species, the activity 
per kilogram of sample becomes lower and 
the possible interferences become more 
prevalent. The sensitivity of this new method 
is lower than existing methods: ‘feed sam-
ples containing maize and soy flour and E. 
coli phytase variant 1 at 400–2300 FTU/kg 
could be assayed by the kinetic method, 
whereas with a phytase level at 200 FTU/kg 
or lower in the feed the kinetic method was 
not suitable because the incubation needed 
to be overnight’ (Tran et al., 2011). So, this 
method is probably not suitable, without fur-
ther development, for phytase analysis in-
feed. For comparison, the ISO 30024:2009(E) 
phytase method quotes 20 and 60 U/kg as the 
limit of detection and limit of quantification, 
respectively (ISO, 2009). Generally, to in-
crease the sensitivity in assays the options 
are to increase the time or temperature of the 
assay or to move the pH closer to the opti-
mum. The suggestion would be that if feeds 
<200 U/kg require an overnight assay, then 
even feeds of 200–500 FTU/kg would prob-
ably need an extended assay of several hours. 
‘Real-world’ feeds are also likely to contain 
minerals and other ingredients, and with 
this lack of sensitivity in the assay for com-
mercial feeds comes the imperative to avoid 
diluting the sample. This means, however, 



  

 

 
 

  

 
 
 
 
 
 
 
 
 
 
 
 

  
   

  
 
 
 
 
 
 

 
 
 
 
 

 
  
 

  
 

 

  

 

 
 

 

 

200 N. Sheehan 

that a key strategy to avoid matrix effects 
interfering in analysis, namely that of dilut-
ing out these matrix effects, would not be 
available when analysing feeds by this method. 
One possibility for further improvement to 
the Tran et al. (2011) method is to use a pre-
treatment of the samples to reduce back-
ground interference, one example being to 
desalt the feed extract using PD-10 desalting 
columns with molecular weight cut-off of 
2500. Nevertheless, such a pretreatment would 
still further dilute the sample. Alternatively, 
as described by Kim and Lei (2005), samples 
can be concentrated and cleaned using a 
combination of a 0.45 μm filtration followed 
by the use of spin columns with a molecular 
weight cut-off of 30,000. While these might 
add extra complexity by adding two extra 
steps, this could clean up the feed sample, 
providing assurance that components in the 
sample matrix, such as other proteins or fats, 
low-molecular-weight mineral ions and phytic 
acid originating from the feed sample, are no 
longer able to interfere with the assay. The 
result would be reduced variability in the 
analysis with the added benefit that the spin 
columns can also concentrate the sample, 
which might help to adapt this method to 
lower-activity feed samples. 

In other potential future developments, it 
has been shown already that an enzymatic 
method can be used for measuring Pi. This 
technology also avoids using the traditional 
toxic and/or corrosive chemicals associated 
with measuring phosphate. Instead, the Pi ana-
lysis can be carried out enzymatically with a 
phosphate detection method relying on the 
use of purine nucleoside phosphorylase (PN-
Pase) and 2-amino-6-mercapto-7-methylpurine 
ribonucleoside (MESG) (Webb, 1992). The re-
action between Pi and MESG can be meas-
ured on a spectrophotometer at 360 nm. News 
from within the industry suggests this tech-
nology is close to being commercialized into 
an easy-to-use kit form in 2021. 

11.5 A New Way to Analyse Xylanase 

As discussed in the second edition of this 
book (Sheehan, 2010), the most popular 

method of analysing carbohydrase enzymes 
such as cellulase (EC 3.2.1.4), β-glucanase 
(EC 3.21.6), mannanase (EC 3.2.1.78) and 
xylanase (EC 3.2.1.8) activity, especially in 
high-activity samples such as products, pre-
mixes and blends, is via the DNS method 
(McCleary and McGeough, 2015). In this 
method, 3,5-dinitrosalicylic acid (DNS) is 
used in a reagent to detect production of re-
ducing sugars by carbohydrases. Despite the 
widespread use of this methodology, there 
are limitations. Although the method is typ-
ically used to measure the more relevant 
endo-acting enzymes, it does not distin-
guish between the reducing sugar that is 
produced when, for example, a xylanase 
catalyses the breakdown of a xylan substrate 
into XOS versus the xylose reducing sugar 
that is produced by the action of β-xylosi-
dase (EC 3.2.1.37). In animal feeding, it is 
the former enzyme that is considered to be 
beneficial and breaking down the xylan 
substrate completely to xylose would be 
considered detrimental (Schutte, 1990; 
Schutte et al., 1992). So, if comparing two 
enzyme products, this method might overesti-
mate the activity differences or potentially 
their effect in the animal if a significant 
β-xylosidase activity was present in the one 
and not the other. The DNS method is also 
dependent on a boiling step which makes 
full automation impossible. The boiling 
step may also produce additional reducing 
sugars that overestimate activity (McCleary 
and McGeough, 2015) and this can also 
make it difficult to standardize the assay 
across different laboratories with different 
boiling apparatus. The DNS method utilizes 
native polysaccharide substrates that are li-
able to batch-to-batch differences in com-
position and purity (Bailey et al., 1992), as 
well as interruptions in supply, without 
consultation of the feed industry (previ-
ously many laboratories were using the 
birch xylan from Sigma-Aldrich to measure 
xylanase activity, but Sigma-Aldrich discon-
tinued this during the last decade, meaning 
many laboratories had to switch to and val-
idate the use of beechwood xylan instead). 

To address these concerns, a new 
substrate has been developed to measure 
xylanase that: 
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• is more chemically defined and can 
therefore address some of the industry 
and research issues such as detecting 
only endoxylanase activity and not ac-
cidentally also detecting β-xylosidase; 
and 

• provides a substrate that offers the po-
tential for greater automation and a 
more standardized way of measuring 
activity (Mangan et al., 2017). 

This new substrate utilizes three ‘tricks’: 

1. To begin with, it uses tried-and-tested 
technology that is already used to measure 
disaccharidases, which is the chemical p-ni-
trophenol. In the feed industry, for ex-
ample, this is already used to measure α-ga-
lactosidase (EC 3.2.1.22). For measuring 
α-galactosidase, a galactose is tagged at the 
reducing end with p-nitrophenol, which re-
sembles a glucose molecule, to produce the 
substrate p-nitrophenyl-α-galactopyranoside. 
In the bound state p-nitrophenol is colour-
less but in the unbound state, and espe-
cially in alkaline solution, it forms a yellow 
colour that is easily detectable in spectro-
photometers and plate readers; thus the sub-
strate is colourless, but the breakdown of the 
substrate releases the yellow colour to detect 
the enzyme activity. Similar disaccharide 
substrates exist for the measurement of β-ga-
lactosidase, β-xylosidase and many others. 
In the case of this novel xylanase substrate, 
the frst step in the development was there-
fore to add a p-nitrophenol molecule to the 
reducing end of an XOS (X5) molecule. 
2. This substrate would also be susceptible 
to β-xylosidase, so the next step was to 
block the other non-reducing end of the 
XOS in a two-stage process. The frst stage 
was to add a glucose to the non-reducing 
end and the second was to create an acetal 
group on that glucose. This process results 
in the substrate 4,6-O-(3-ketobutylidene)-4-
nitrophenyl-β-45-O-glucosylxylopentao-
side, which to a xylanase enzyme ‘looks’ 
like an X7 oligosaccharide. 
3. Finally, in order to be able to quantify the 
xylanase enzyme post-hydrolysis of the 
substrate, an analytical kit has been de-
veloped around this substrate so that the 
xylanase reaction is also coupled with sat-

urating levels of β-xylosidase. This means 
that the smaller p-nitrophenyl-XOS frag-
ment released by the xylanase is now broken 
down to xylose and free p-nitrophenol and 
the yellow colour formed relates stoichio-
metrically to the xylanase catalytic event 
(Mangan et al., 2017). 

The exact sequence is as shown in Fig. 11.4. 
This provides a very elegant solution to 
some of the problems faced in xylanase ana-
lysis, especially for research laboratories 
studying xylanases in digesta samples, for 
example. Historically though, the older 
methods are associated with product regis-
trations so there will be a reluctance of la-
boratories to change to a new method which 
would create an extra workload for labora-
tories to validate this new method and for 
the regulatory teams to then update product 
registration dossiers. 

In addition to this method, a similar 
new way of analysing β-glucanase, dubbed 
the ‘MBG4 method’, could also benefit the 
animal feed industry (Mangan et al., 2016). 
Like the xylanase substrate, the new sub-
strate contains the chromophore at one end 
and a blocking reagent at the other end. 
Conveniently though, in this MBG4 method, 
the enzyme will release the 4-nitrophenol 
chromophore without the need for the an-
cillary β-glucosidase. 

11.6 A New Way to Analyse Protease 

Traditional methods of analysing commercial 
proteases, especially in high-activity samples 
such as products, premixes and blends, use 
substrates such as casein or haemoglobin. The 
substrates, which are manufactured by ex-
tracting casein or haemoglobin from animal 
sources, may vary in purity or solubility from 
batch to batch or with different manufacturers 
and while relatively useful for quality control 
of products, are not well suited to in-feed ana-
lysis in terms of the detection mechanism and 
limit of detection and quantification. In these 
traditional methods the protease releases 
small peptides and amino acids from the casein 
or haemoglobin. The assay is stopped using 
trichloroacetic acid, which also precipitates 
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Fig. 11.4. How the XylX6 assay works. (From Mangan et al., 2017. Figure used with permission from 
Megazyme.) 

remaining larger peptides and protein mater-
ial. The solubilized peptides are separated 
from the undigested proteins by centrifuga-
tion or filtration. The released peptides can 
then be quantified by using Folin’s reagent 
(Anson, 1938). 

An alternative assay, relatively new to 
the feed industry, uses a chemically defined 
colorimetric synthetic substrate Suc-Ala-
Ala-Pro-Phe-pNA (National Center for Bio-
technology Information, 2021). Protease 
cleaves the substrate, releasing the chromo-
gen pNA. The amount of released yellow 
pNA is proportional to the protease activity 
of the enzyme and is measured photomet-
rically at a wavelength of 405 nm. Unlike 
the traditional reducing sugar methods, no 
boiling step or harsh chemicals are required, 
thus facilitating automation. In addition, 
the detection method is highly specific and 

as a result reduces the likelihood of inter-
ference from feed ingredients. This allows 
reliable determination of protease in feed 
samples (Cowieson et al., 2020) in terms of 
both accuracy and resilience to the presence 
of interfering peptides and amino acids in 
the feed which act as ‘false’ or ‘noise’ activ-
ity when using the traditional assay on 
feeds without added protease. 

11.7 A Workaround Way to Analyse 
Premixes Has Gained Widespread 

Acceptance 

Historically, premixes have been analysed 
using the same methodology as used for 
products. This can present challenges dur-
ing especially the extraction part of the 
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workflow, where the components of the pre-
mix are at a relatively high concentration, 
and thus some strategies have included pH 
control using a buffer rather than just ex-
tracting in water and the addition of bovine 
serum albumin (BSA) and/or EDTA (ethyl-
enediaminetetraacetic acid) or another simi-
lar chelating agent. These were discussed in 
the previous edition of this book (Sheehan, 
2010). Anecdotally, it has been noticed that 
often enzyme activity is as expected in the 
final feed but in the intermediate premix 
stage it can be lower than expected, even 
with intervention strategies employed as 
described above. Many companies have es-
sentially moved the premix analysis further 
downstream, so instead of trying to analyse 
the enzyme by the same method as the pure 
product, they have adopted the feed ana-
lysis methodology where the premix is 
mixed/diluted with what is essentially a 
blank (no enzyme) feed. This ‘feed’ is ana-
lysed and the results are related back to the 
original premix. The exact blank feed ma-
terial varies slightly from laboratory to la-
boratory, with some using heat-treated 
wheat flour (VDLUFA, 2012) and others 
heat-treated maize meal. In our laboratories, 
we use a mixture of micronized wheat and 
micronized soya and have nicknamed this 
as the ‘premix-feed method’. 

Using this dry dilution technique en-
ables accurate quantification of enzyme 
contents in vitamin/mineral premixes and 
has become widespread through the feed in-
dustry. Examples below are from some dif-
ferent EU registration documents for at least 
four different phytase products: 

• ‘Based on the performance characteris-
tics presented, the EURL recommends 
for official control the ring-trial valid-
ated colorimetric method (EN ISO 30024) 
for the determination of 6-phytase in 
premixtures (after dilution with heat-
treated whole grain flour)’ (EFSA 
Panel on Additives and Products or 
Substances used in Animal Feed 
(FEEDAP), 2012). 

• ‘The Applicant quantifed the phytase 
activity in premixture samples … by 
frst diluting the samples with heat 

treated whole grain wheat four or 
maize and then analysing them as 
feedingstuffs’ (European Commission 
Directorate General Joint Research 
Centre, 2016). 

• ‘Furthermore, the Applicant applied … 
the ring-trial validated colorimetric 
method (VDLUFA 27.1.3) for the 
quantifcation of the phytase activity in 
premixtures’ (EFSA Panel on Additives 
and Products or Substances used in 
Animal Feed (FEEDAP), 2017). 

• ‘The ring-trial validated VDLUFA 
27.1.3 and VDLUFA 27.1.4 methods 
describing the preparation of feed addi-
tives and premixtures for quantifcation 
of the phytase activity’ (European 
Commission Directorate General Joint 
Research Centre, 2018). 

• ‘VDLUFA 27.1.3 method, based on a solid 
dilution using maize meal, describing … 
preparation of premixtures for quantif-
cation of the phytase activity …. This 
combination of methods has been 
ring-trial validated for premixtures with 
phytase activities …. These performance 
characteristics are in good agreement 
with those reported in the VDLUFA 
27.1.4 /EN ISO 30024 combination thus 
confrming the applicability to the ana-
lysis of the products … well as the exten-
sion of scope to premixtures’ (European 
Commission Directorate General Joint 
Research Centre, 2019). 

Benefits of the premix-feed method 
include: 

1. Validation showed higher measured 
phytase activity in premixes compared with 
direct methods for measuring phytase activ-
ity in premixes, as shown in Fig. 11.5. 
2. Use of cheap, easy-to-source ingredients 
(micronized wheat and/or micronized soya) 
versus many different, some quite expen-
sive, chemicals (BSA, EDTA, sodium acet-
ate, phytic acid, ammonium metavanadate, 
acetic acid, nitric acid). 

The premix-feed method, when com-
bined with ELISA, gives: 

1. Specifcity for specifc phytase and xy-
lanase in premixes and will not work for 
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Fig. 11.5. Recovery of phytase activity by premix-feed method versus direct method, showing higher 
recoveries by the premix-feed method compared with direct methods. SAM refers to the laboratory method. 
(Author’s own fgure.) 

premixes containing other phytases or xyla-
nases, or feed-derived enzymes whether 
from the cereals themselves or fungal 
contaminants. 
2. Improvements in workfow. ELISA uses 
essentially non-hazardous reagents that are 
easier to prepare, so the hazards for labora-
tory staff are signifcantly reduced com-
pared with wet chemistry methods which 
use strong acids and ammonium metava-
nandate. Health and safety (e.g. COSHH 
(Control of Substances Hazardous to Health) 
in the UK; OSHA (Occupational Safety and 
Health Administration) in the USA) admin-
istrative work is thus also signifcantly re-
duced. 
3. Non-hazardous waste. 
4. Opportunities for high throughput using 
automated ELISA systems. 
5. Benefts for new laboratories, including 
only having to set up two methods, avoid-
ing having to set up four methods, and the 
capability to do premixes and feeds using 
the same methodology and equipment. 

Limitations of the premix-feed method are: 

1. The dry dilution step has a quantitative 
effect on results, unlike other preparation 
steps. As this is done separately from the ac-
tual assay, often by a different person per-
forming the analysis, this has to be managed 
carefully, to avoid errors. 
2. There is an extra milling step. 
3. Since this concept was introduced (VD-
LUFA, 2012), changes have been intro-
duced to the wet chemistry methods, as 
described in Section 11.2, that have made 
them quicker and more automated. Maybe 
the wet chemistry methods have ‘caught 
up’ in ease of use? 

11.8 Note on Extraction of Enzyme 
Activities from Any Matrix 

All the methods mentioned above rely on 
the enzyme being quantitatively recovered 
from the matrix of interest, whether it is the 
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enzyme product itself, a mineral/vitamin 
premix containing the enzyme or finished 
feed. While workarounds for controlling and 
removing the variation and interference of 
compounds in the premix or finished feeds 
are described in this chapter, one issue that 
needs to be addressed is the variation be-
tween enzyme products with regard to their 
‘extractability’. Some enzymes are coated, 
which may demand specific extraction 

buffers. Others may require specific pH ex-
traction buffers in order to ensure that all the 
enzyme is removed from the matrix (Basu 
et  al., 2007). Regardless, it is important to 
note that there is not a ‘one size fits all’ 
approach in every case due to the idiosyn-
crasies of the products currently on the 
marketplace and thus it is prudent to consult 
with the manufacturer regarding any specific 
extraction or assay conditions required. 
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 12 Delivery and Stabilization of Enzymes  
in Animal Feed 
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12.1 Introduction 

Exogenous enzymes provide a vital function 
in various animal feed applications. Amyl-
ases, cellulases, xylanases and proteases in-
crease the digestibility and availability of 
nutrients to the animal by breaking down 
the feed to more bioavailable forms and re-
ducing specific antinutrients naturally pre-
sent in certain feed raw materials. Phytases, 
the single largest supplementary enzyme ac-
tivity in feed, break down the phytic acid, 
releasing phosphate. This allows the feed 
producer to decrease the amount of inor-
ganic phosphate added to the feed, resulting 
in less phosphate release to the environ-
ment. In addition, the breakdown of phytic 
acid disrupts its chelating properties, which 
releases more nutrients to be available to the 
animal. In all, without added enzymes, the 
quality of the feed would be reduced signifi-
cantly. However, delivering the enzymes to 
the animal requires that the activity is fully 
present after both production and storage of 
the feed. During the feed production pro-
cess, enzymes can be exposed to extreme 
temperatures, moisture and physical forces 
leading to loss of activity and resultant ani-
mal performance. In order to ensure that the 

enzymes will maintain their essential func-
tion, enzyme producers have employed 
multiple approaches to protect them from 
the extreme conditions experienced during 
feed production. 

12.1.1 The market for pelleting-stable  
feed enzymes 

Sales of animal feed enzymes exceeded 
US$1.1 billion in 2016 and are projected to 
exceed US$2.0 billion by 2024. The domin-
ant application globally for feed enzymes is 
to enhance the nutrient availability and di-
gestibility of maize- and soy-based diets for 
poultry and swine. Phytases are responsible 
for about 40% of global sales, with the bal-
ance comprised of proteases and non-starch 
polysaccharide-degrading enzymes – such 
as xylanases, cellulases, β-glucanases and 
pectinases (Ploegmakers, 2017). 

The major global suppliers of feed en-
zymes are IFF, Novozymes/DSM, BASF, Adis-
seo and AB Vista; smaller players include 
Enmex, Elanco, BioResource International, 
Beldem, Advanced Enzymes, Cargill, ADM, 
CHR Hansen, Biovet and numerous Chinese 
suppliers. 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
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12.1.2 Application of enzymes in feed 

While dry admixtures of maize, soy, vita-
mins and other feed additives – referred to 
as ‘mash’ feed – can be provided directly to 
poultry and swine, pelleted feed is gener-
ally the preferred format. Pellets provide 
the benefits of uniform consistency, ease of 
provision and flow in feed troughs, and less 
feed wastage by the animals. While liquid 
enzymes can be sprayed on to the exterior 
of preformed feed pellets by post-pelleting 
liquid application (PPLA) systems, this 
route requires a considerable investment in 
specialized spraying equipment and is con-
sidered a more niche application globally. 

The stability of exogenous enzyme 
products is of great importance throughout 
the supply chain, from production of the 
enzyme in fermenters to the addition of en-
zymes to animal feed. Enzyme products 
need to maintain activity by retaining their 
biological structure after long durations at 
elevated temperatures and humidity, and 
withstand undesired reactions with back-
ground sugars, oxidants and other added 
enzymes such as proteases, amylases and 
cellulases. The stability of an enzyme will 
be impacted by its various structural levels 
from amino acid sequence, post-translational 
modifications (such as glycosylation), local 
folded secondary structure and the three-
dimensional folded tertiary structure (Puder 
et al., 2009; Manning et al., 2010). The stabil-
ity of an enzyme can be improved through 
careful selection of the enzyme backbone 
and further engineering by the modification 
of the amino acid sequence of the enzyme. 

12.1.3 Feed production process and impact 
on enzyme activity 

Enzymes for animal feed can be delivered in 
multiple formats, both liquid and solid. En-
zymes can be added to the feed production 
process at various points and, depending on 
this, they will be exposed to different stress-
es that can result in loss of activity and 
thereby risk inadequate performance when 
fed to the animals. When liquid enzyme 

products are added post-pelleting, this is 
the least stressful from a manufacturing per-
spective, but on the other hand will have a 
higher challenge than solid feed products 
for long-term shelf life. The production of 
solid feed products introduces stress points 
of varying types at multiple unit operations 
that can negatively impact the activity of 
the enzymes. Figure 12.1 is a schematic of 
the feed pelleting production process that 
indicates time and temperature exposure. 
Further information on the types of stresses 
is provided below. 

12.1.3.1 Shear 

Different degrees of shear are introduced at 
multiple locations. The first will occur in 
the blending operation. The blending equip-
ment utilized is usually a ribbon or paddle 
mixer. Although generally viewed as low-
stress operations, these mixers can impart 
high enough forces that will fracture or dis-
rupt granulated enzyme products, making 
them more susceptible to other stresses 
(Van der Veen et al., 2004). Similar levels of 
shear forces can be introduced in the condi-
tioning process. The highest level of shear 
comes during pellet production. The degree 
of force will be dependent on the physical 
parameters of the die. Smaller diameter and 
longer length dies will have the highest de-
gree of shear. In addition, the rate of pro-
cessing as well as the components of the 
feed will influence the overall shear that the 
enzyme particles will encounter. 

12.1.3.2 Moisture 

Moisture is introduced naturally within the 
feed components. In addition, some manu-
facturers will intentionally add 2 to 4% 
water to the blending operation to help with 
downstream processing (Lundblad et  al., 
2009). The majority of the moisture is intro-
duced as high-pressure steam in the condi-
tioning step. This moisture in combination 
with temperature is the highest degree of 
stress the enzyme product will encounter 
during the production process. Moisture on 
its own will have only a small impact on 
enzyme stability. 
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Enzyme 
(solid)

Feed 
Enzyme 
(liquid) Enzyme 

(liquid) 

PPLA 

Ambient temp. 
5–10 min 

MIXER 

MIXER 

CONDITIONER 

LIQUID 
COATER 

VENTILATOR 

HOPPER 

65–95°C 
30–180 s 

90+°C 
3–5 s 

Pellets Pellets 
STEAM 

T 

PELLET COOLING Pelleting 
PRESS BOX 

Fig. 12.1. Schematic of an animal feed production mill indicating unit operations and relative temperatures 
and times for each. (From Sorensen, 2019. Figure used with permission.) 

12.1.3.3 Temperature 

The main source of temperature exposure 
is generated during the conditioning 
step(s). Elevated temperatures, up to and 
exceeding 95°C, are established in the con-
ditioner to pasteurize the feed as well as 
increase digestibility of some of the feed 
components. The exposure duration to 
these elevated temperatures in general is 
30–90 s, but it could be up to 180 s in ex-
treme cases. There is also a short, small 
spike in temperature of a few degrees Cel-
sius as the feed passes through the pellet 
mill. Heat in this case is generated due to 
both friction and pressure. The elevated 
temperature in combination with moisture 
is the primary cause for enzyme activity 
loss during feed production (Rasmussen, 
2010). 

12.1.3.4 Pressure 

There is also a transient pressure spike 
as the feed passes through the pellet mill. 
As mentioned above, this can result in 
a  small temperature increase (3–5°C) 
(Truelock et  al., 2019). In addition, the 
pressure may have a detrimental impact on 
solid enzyme products resulting in expos-
ure of the enzyme to other stresses due to 
fracturing or crushing of the enzyme 
granules. 

12.1.4 Other sources of stress in animal 
feed production 

12.1.4.1 Premixes 

In many cases, enzymes are combined with 
other minor ingredients within the feed for-
mulation to enable a more convenient add-
ition process for the feed manufacturer. 
Other minor ingredients can include essen-
tial vitamins, minerals, amino acids and 
other miscellaneous feed additives. In some 
cases these components are incompatible 
with enzymes, as they may be hygroscopic 
in nature or negatively modify the enzyme 
(Sulabo et  al., 2011). This incompatibility 
can cause loss of enzyme activity during the 
life cycle of the premix due to moisture 
uptake or modification of the enzyme via 
oxidation. 

12.1.4.2 Shelf life 

Once the animal feed is produced, the en-
zyme must maintain its activity until it is 
consumed by the animal. The feed will be 
stored under ambient conditions which can 
include elevated temperatures and/or high 
humidity depending on the location of pro-
duction. Both of these, like the stresses of 
the pelleting process, can lead to loss of en-
zyme performance. Although the extremes 
in stress are lower than in the pelleting 
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process, the time element can be extended 
many months in certain circumstances. The 
shelf stability of the enzyme product itself 
is also of importance as label claims for expiry 
of the product can be up to 18 months. The 
product must be able to deliver the required 
activity at least up to this date, if not beyond. 
This is discussed further in Section 12.3.3. 

As illustrated here, there are many con-
ditions that enzymes must survive in order 
to provide their benefit to the animal. Hence, 
feed enzyme suppliers need to provide prod-
ucts that can be readily combined with the 
pre-pelleted feed and that are sufficiently 
stabilized to survive the feed pelleting pro-
cess with high active enzyme recovery. This 
can be achieved either with an inherently 
thermostable enzyme delivered as a liquid 
formulation, or by use of a pelleting-stable 
granular formulation that can be blended 
into the pre-pelleted feed. This chapter high-
lights the approaches manufacturers have 
taken to address the challenge of delivering 
enzymes in feed application, with a focus on 
advances since the previous edition of this 
book (Bedford and Partridge, 2010). 

12.2 Protein Stabilization Through 
Molecule Selection and Modifcation 

Protein engineering to modify properties of 
enzymes is a well-established approach to 
address weaknesses or enhance desired 
characteristics in the molecule (Cervin et al., 
2014). The tools for this have advanced over 
the years to allow for thousands of variants 
to be generated in a short time period (Liu 
et al., 2019). This allows researchers to ex-
plore many combinations of amino acid sub-
stitutions in rapid fashion. Beneficial 
properties can be combined to build on syn-
ergies of properties. In addition, shuffling of 
multiple enzyme backbones can be done to 
take advantage of combining beneficial 
properties into a single molecule (Lutz and 
Iamurri, 2017). Outlined below are several 
examples of engineering approaches that 
have been successfully applied to address 
the stresses in animal feed production men-
tioned previously. 

12.2.1 Preventing thermal degradation 

Of all the failure modes mentioned previ-
ously, thermal degradation is the most com-
mon and most harsh during the pelleting 
process due to the extreme temperatures in 
the presence of moisture for periods of up to 
several minutes. There are several ap-
proaches that can be taken to generate a 
more thermostable product. These include 
molecule selection, protein engineering and 
post-translational modifications. 

12.2.1.1 Molecule selection 

There are many natural sources of enzyme 
activities important for animal nutrition. 
Sources include bacterial, fungal and plant 
activities that can be applied. The natural 
enzyme backbone provides the starting 
point for any further engineering to improve 
properties (Cervin et  al., 2014). Starting 
with a molecule that already has some mod-
erate thermal stability properties is best for 
further engineering. One approach is to 
source enzymes from extremophile organ-
isms that would naturally have good ther-
mal stability (Morgan et al., 1995). 

12.2.1.2 Protein engineering 

Once an enzyme backbone has been identi-
fied, a common approach to further im-
prove the thermal properties is to engineer 
the protein to maintain the tertiary and sec-
ondary structures as much as possible to 
prevent unfolding and possibly aggregation. 
Modifications that may improve the ther-
mal stability include the introduction of di-
sulfide bonds, additional salt bridges and 
increased structural packing to tighten the 
core of the protein. The thermal property of 
the enzyme molecule is usually expressed 
by the T m, the temperature where half of the 
molecules have unfolded as measured by 
differential scanning calorimetry (DSC), for 
example. The increase in T m can be correl-
ated to improved survivability through the 
conditioning and pelleting process. This is 
described as pelleting recovery or yield: 
measured activity after pelleting divided by 
the measured activity prior to pelleting. 
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There are many examples where the T m of an 
enzyme has been increased significantly 
(Lehmann, 2004; Miasnikov et  al., 2006; 
Nguyen and Winter, 2013; Trefzer et  al., 
2013). Engineering the protein structure is 
one primary approach that enzyme suppliers 
use to improve their product offerings. 

12.2.1.3 Post-translational modifcations 

During the pelleting process, the enzyme 
may unfold to some degree, but if aggrega-
tion can be prevented, the impact of unfold-
ing can be minimal. It has been shown that 
by introducing glycosylation sites in the se-
quence, unfolding can be reduced and re-
folding enhanced. These sites will provide 
steric hindrance, preventing neighbouring 
unfolded molecules from aggregating 
(Hoiberg-Nielsen et  al., 2006). Upon cool-
ing, the molecules can refold, thus main-
taining their original activity. The 
concentration of glycosylation sites as well 
as the size of the glycan are dependent on 
the production organism. Not all microbes 
will decorate the enzymes to the same ex-
tent. Therefore, the choice of production 
host will also have an influence on the de-
gree of refolding that can occur as a result of 
the level of glycosylation. It has also been 
found that some organisms express enzyme 
activities that remove glycans once they 
have been generated. In these cases, manu-
facturers can modify the organism so that 
they no longer produce the activity that re-
moves the glycosylation. IFF demonstrated 
introduction of sites and removal of detri-
mental activity resulting in increased per-
formance in pelleting (Gebert et al., 2018). 
Novozymes has also demonstrated the 
benefit of glycosylation on stability during 
pelleting (Hoiberg-Nielsen et al., 2006). 

12.2.2 Preventing other failure modes 
through engineering 

There are other modifications that can occur 
during processing and storage that can also 
impact the long-term stability and perform-
ance of enzymes. In some cases, these modi-
fications can be silent as they do not impact 

the stability or the activity of the protein. 
However, when the modifications occur 
near the active site, they can be detrimental 
to enzyme performance. Two common 
modifications that have been encountered 
in feed production and storage are glycation 
and oxidation. 

12.2.2.1 Glycation 

Like oxidation, glycation can also influence 
the performance and stability of enzymes in 
feed. Although glycation can show up dur-
ing pelleting, it is encountered more fre-
quently during storage. Glycation occurs 
when sugars react with lysine side chains 
resulting in undesirable modifications. For 
some animal nutrition enzymes, the lysine 
side chain is located at a crucial position in 
the enzyme structure which when glycated 
could cause a loss in activity during the 
storage of the enzyme product. In addition, 
the glycation of proteins causes an undesir-
able increase in the brown colour of both 
granule and liquid products. The source of 
the sugars can be from fermentation carry-
over with the enzyme or introduced during 
the feed production process from feed com-
ponents. The residual sugars that are con-
tained in the filtered broth are reducing 
sugars such as glucose and mannose which 
can react with the lysine amino acids of the 
enzymes and cause glycation of the enzyme 
(Lund and Ray, 2017). Glycation is typically 
a more significant issue with solid products 
than liquids due to the low water content of 
the enzyme granules (Schmidt, 2004). There 
are several methods for reducing the likeli-
hood of glycation including engineering the 
enzyme to replace lysine with an alternative 
amino acid or using processes such as dia-
filtration to reduce the amount of reducing 
sugars in the enzyme product (Gebert et al., 
2019). 

12.2.2.2 Oxidation 

Oxidation can also occur, but this event 
usually occurs post-production during stor-
age. The oxidation event can be initiated by 
molecular oxygen or through radical-initiated 
reactions (Patel et al., 2011). Regardless of 
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the source, the result can negatively influ-
ence the performance of the enzyme, espe-
cially if the oxidized amino acid is near the 
active site of the enzyme. The activity of the 
enzyme can be reduced either by sterically 
preventing the substrate from entering the 
active site, or if the oxidized amino acid is 
involved with the chemistry of the enzyme 
reaction and is no longer able to carry out 
its function. Substituting the oxidizable 
amino acid with a non-reactive one through 
protein engineering is a common solution, 
as long as it does not impact function. 

12.3 Stability During Formulation 
and Processing 

In addition to stabilization approaches dir-
ectly with the molecule, enzyme producers 
can protect the activity through physical 
means. Combinations of excipients in li-
quid formats can help maintain the enzyme 
structure. Encapsulation of the enzyme 
through multiple approaches can physic-
ally separate the enzyme from the process 
stresses and maintain the activity. These ap-
proaches in combination with molecule im-
provements can offer combined protection. 

12.3.1 Impact of enzyme production 

Enzymes used in industrial applications 
such as animal nutrition may not be com-
pletely purified and the background environ-
ment that the enzyme is exposed to 
throughout its storage life can affect various 
properties of the product (Blanch and Clark, 
1995). These include activity loss, colour 
change and precipitate formation. The back-
ground environment is dependent on the 
production process used to make the en-
zyme. The most common production for ani-
mal nutrition enzymes is by submerged 
liquid fermentations using bacteria, yeast or 
fungi as the production organism. These or-
ganisms have been engineered to produce 
high quantities of the desired animal nutri-
tion enzyme and the organisms require 
sugars, salts and metals to grow and produce 

this specific enzyme. In addition, the organ-
isms also produce side products including 
other native enzyme activities such as prote-
ases which can degrade other enzymes 
during storage. The first step after the fer-
mentation is the separation of the cells from 
the liquid. Because most animal nutrition en-
zymes are excreted enzymes, the cellular ma-
terial contains very little of the enzyme 
product. However, the filtered fermentation 
broth can contain residual sugars, salt and 
other enzyme by-products which can cause 
undesired reactions with the production en-
zyme of interest and then cause a loss in ac-
tivity over time during storage of the product. 

12.3.2 Liquid enzyme formulation 

Enzyme products used in animal nutrition 
applications require excipients to stabilize 
and prevent loss of activity during storage. 
The key excipients used in liquid formula-
tions are polyols, sugars, salts, amino acids, 
preservatives and buffers. The most com-
mon polyols are sorbitol and glycerol, used 
as osmolytes to modify the interaction of 
the enzyme with the surrounding water 
molecules. Sorbitol and glycerol interact 
with the enzyme by either preferential ex-
clusion or accumulation of the polyol from 
the ‘hydration sphere’ (Bagger et al., 2003). 
The modification of the enzyme–water 
interaction by the polyol affects the rate of 
denaturation and aggregation, which can 
help to reduce the loss of structure that 
causes a loss of activity (Manning et  al., 
2010). The polyol and its concentration af-
fect the viscosity of the liquid formulation, 
which is important for post-pelleting appli-
cation and addition of liquids to mash (Zhu 
et al., 2010). The addition of sodium chlor-
ide or similar salts is used to lower the 
water activity of the liquid formulation 
preferably below 0.87 in order to decrease 
the risk of bacteria and yeast growth in the 
formulation (Scott, 1957; Leistner, 2000). 
Sodium chloride is the most common salt 
used to modify the water activity of the 
liquid formulation to help prevent growth 
of contaminant microorganisms during 
storage. In addition, preservatives such as 
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potassium sorbate and sodium benzoate are 
added to prevent microbial contamination 
of the product. Liquid feed enzyme prod-
ucts are typically formulated at a pH range 
between 4.0 and 5.5 because most of them 
have maximal activity in this pH region 
(Menezes-Blackburn et  al., 2015). In add-
ition, increasing the pH above this desired 
range increases the possibility for contam-
ination from microorganisms and decreasing 
the pH below this desired range increases 
the activity of acidic proteases that can 
cause degradation of the enzyme. Citrate or 
phosphate buffers can be used to help main-
tain the liquid formulation in the desired 
pH range (EFSA, 2008a). 

12.3.3 Solid enzyme formulation 

In animal nutrition applications, enzymes 
are most commonly delivered in a solid for-
mat to improve pelleting and storage stabil-
ity. In addition, the solid format will 
increase the safety of the product by redu-
cing the potential for workers to be exposed 
to high levels of enzyme dust. Most solid 
enzyme products are added to the mash 
(mixture of all feed components) prior to 
pelleting and are required to stay active 
through the pelleting process with condi-
tioner temperatures of 90 to 100°C and con-
ditioner residence times typically ranging 
from 30 to 180 s. There are very few ther-
mally stable enzymes that can stay active in 
such harsh environments. Enzyme manu-
facturers are constantly working on ways to 
increase the thermal stability of the en-
zymes while still maintaining the in vivo 
performance of the enzymes by modifying 
their amino acid sequences. In addition, en-
zyme manufacturers are continually devel-
oping new techniques and new formulations 
to increase the thermal stability of the solid 
format. 

Solid products typically have longer 
storage stability than liquid products and 
are required to maintain activity over long 
durations at elevated temperatures and hu-
midity. Most countries require regulatory fil-
ings to include data showing that the enzyme 
product will meet its declared specifications 

after storage under certain temperature con-
ditions, typically 25, 35 and 40°C. In add-
ition, the enzyme product is required to 
maintain activity in both premix and mash 
mixtures (EFSA, 2012). Homogeneity meas-
urements are also required for solid prod-
ucts to ensure that there is good distribution 
of the enzyme product when added to feed. 
Typically, a coefficient of variation of less 
than or equal to 15% is required for European 
regulatory agencies (EFSA, 2008b). 

12.3.3.1 Solid product forms 

Current solid products can be classified into 
two main categories: coated or uncoated. A 
further classification of the current solid 
product offerings can be delineated by the 
processing technology used to make these 
products. Currently only IFF and Novozymes/ 
DSM have coated solids and these products 
are differentiated from competitor uncoated 
products because they can survive elevated 
temperature and long conditioner times 
while still maintaining significant amounts of 
activity (EFSA, 2012, 2016a,b). These coat-
ings provide a moisture barrier to prevent 
steam introduced during the pelleting pro-
cess from contacting the enzyme which will 
cause a loss of activity. The first attempts at a 
moisture barrier used a fat coating; while this 
provided a good moisture barrier, the dissol-
ution rate of the fat in vitro and in vivo was 
slow, which prevented the enzyme from 
being released quickly and thereby reduced 
the effectiveness of the product. The more 
current coatings are made using a salt that is 
spray-coated on to the granule. The salt has a 
very high deliquescence point and does not 
absorb significant amounts of moisture or 
form hydrates; therefore, in high humidity or 
liquid environments the salt will dissolve but 
in lower humidity environments the salt will 
not absorb moisture. The dissolution rate of 
these salt coatings is of the order of 30 to 60 s, 
and they consequently release the enzyme 
into the animal gut without any significant 
delay. The main difference between the IFF 
and Novozymes products is the method of 
producing the solid granule. IFF uses spray 
coating while Novozymes uses high-shear 
granulation. 
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Uncoated solid products are also com-
mon; however, they have disadvantages 
with lower pelleting performance at ele-
vated temperatures and long conditioner 
times. In addition, uncoated solid products 
have more exposure to moisture and other 
substances when stored in premix or feed, 
which may cause a decrease in storage sta-
bility compared with coated products 
(Sulabo et  al., 2011). The most common 
methods for producing uncoated solid 
products are low-shear granulation, spray 
drying and spray agglomeration. Low-shear 
granulation produces low payload and large 
particles due to the large amount of inert 
carrier material and binder needed to keep 
the granule from breaking apart. Enzyme 
manufacturers are moving away from spray 
drying and spray agglomeration due to dust 
exposure issues and the increased risk of 
enzyme sensitization (Basketter et  al., 
2010). Spray-dried products have high pay-
loads due to very low required binder con-
centrations which can be used to reduce the 
amount of product required for dosing. Il-
lustrations of common solid enzyme for-
mats and descriptions of their properties 
are given in Fig. 12.2. 

One example of a solid application uses 
a dissolution system to dissolve spray-dried 

product in water and then spraying the dis-
solved enzyme either on to mash or in a 
post-pelleting application (Nollet, 2015). 
However, the exposure risk due to the 
spray-dried enzyme is extremely high and 
requires expensive and complicated con-
tainment equipment to adequately reduce 
that risk (Vanhanen et al., 2001). Solid prod-
ucts have a higher risk of exposure than li-
quid products due to the generation of fine 
dust particles that can be suspended in air. 
This is an issue because enzymes are classi-
fied as respiratory sensitizers and have very 
strict exposure limits for workers (Vanhanen 
et al., 2001). Coated solids provide the most 
protection against the formation of dust 
whereas spray-dried or spray-agglomerated 
solid products produce the most dust due 
to very small particle sizes, low densities 
and fragile particles that are prone to crack-
ing and breaking (Basketter et  al., 2010). 
There is currently an occupational exposure 
limit for only one enzyme class, subtilisin, 
with a limit of 60 ng/m3 based on at least 
one-hour sampling. There are no regula-
tory requirements for other enzymes, but 
solid enzyme products should be handled 
with great care to reduce dust exposure 
(Basketter et al., 2010; AISE, 2014; De Vos 
et al., 2018). 

Spray dry  Spray coat High-shear granulation Low-shear granulation 
No coating  Salt coating  Salt coating  PEG coating 

Not thermally stable  Highly thermally stable  Highly thermally stable Thermally stable 
Small particle size 

(20–120 ˜m) 
Medium particle size 

(100–400 ˜m) 
Medium particle size 

(100–600 ˜m) 
Large particle size 

(>500 ˜m) 
High dust Low dust Low dust Medium dust 

High payload  Medium payload  Low payload  Low payload 
Poor flowability Good flowability Good flowability  Good flowability 

Fig. 12.2. Enzyme solid product form comparisons. PEG, polyethylene glycol. (Data from Becker et al., 
2010; Rasmussen, 2010; EFSA, 2012; Fru-Nji, 2012; Greiner and Konietzny, 2012; Marcussen et al., 2016; 
De Jong et al., 2017. Authors’ own fgure.) 
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12.4 Stability During Storage 

Another challenge in the utilization of feed 
enzymes in animal nutrition is maintaining 
the stability of enzymes from their produc-
tion at the plant through all steps of the dis-
tribution and feed application and their 
final consumption by the animal. Different 
steps in the distribution process present dif-
ferent challenges for maintaining the sta-
bility of the enzymes. Enzyme products 
typically have an advertised shelf life for 
delivery of enzyme activity over a period of 
time at specified storage conditions. A typ-
ical standard for both solid and liquid stor-
age stability of feed enzymes is 70–95% 
retention of activity after 1 year of storage at 
25°C at a relative humidity around 50%, 
with some products losing 50% or more ac-
tivity when stored at temperatures in the 
range of 35–40°C and elevated relative hu-
midity (EFSA, 2013, 2016b). Stability of en-
zyme activity is often higher when products 
are stored at 4°C (Sulabo et al., 2011); how-
ever, refrigeration of solid and liquid prod-
ucts is typically neither recommended in 
documentation supplied by feed enzyme 
manufacturers nor feasible in practical feed 
production. 

12.4.1 Stability in diluted forms 

Solid enzyme products will often be stored 
in the presence of other solid materials for 
an extended period of time. Such a material 
is added as a diluent at the site of manufac-
ture, for example, in order to adjust the 
flowability of a solid powder or to dilute a 
highly concentrated solid granular product 
to deliver the target dose of enzyme activity. 
The water activity or hygroscopicity of such 
a diluent material may cause water uptake 
or desiccation of the enzyme powder, which 
could have either a stabilizing or destabiliz-
ing effect on the enzyme, depending on the 
properties of the enzyme and its stability in 
the solid product. If the enzyme in the solid 
product is moisture-sensitive, a filler mater-
ial with a low water activity or high hygro-
scopicity could be selected to reduce the 

amount of moisture reaching the granular 
enzyme product. Types of materials com-
monly utilized as diluents in enzyme pre-
parations include clays, starches and brans. 
These materials can also be present in the 
feed itself, introducing the potential for 
interaction with feed enzymes later in the 
feed pellet production process. For ex-
ample, sepiolite is used as a lubricant for 
the pelleting process in some pelleting mix-
tures, and rice bran can be used as a source 
of nutrients (Samli et  al., 2006; Jacob and 
Pescatore, 2012). 

12.4.2 Stability in premix 

After production, feed enzymes are often 
combined with other minor feed additives 
in a premix. Materials added to premixes 
can include small molecules and nutrients 
such as vitamins and minerals as well as 
agricultural products such as brans, starch-
es, oils and probiotics. Limestone is also 
used as a typical carrier in premixes and is 
often present as a flow enhancer for other 
granular additives (Leeson and Summers, 
2005). Typical recommendations for storage 
of premixes suggest that enzyme stability 
should be shown for at least 3 months, with 
6 months stability or greater strongly pre-
ferred (ICCF, 2019). As is the case with dilu-
ents, the physical properties of the other 
additives in the premix, such as their phys-
ical strength, water uptake and potential for 
oxidation or other chemical interactions, 
can affect the stability of the enzyme. Just as 
enzymes can be engineered for stability in 
pelleting, the stability of the enzyme can be 
increased either through engineering of the 
molecule to resist the particular stresses im-
posed by the premix material or by isolating 
it within a protective matrix or layer. As in 
pelleting, coated enzymes typically show 
greater stability in premixes than non-
coated enzymes. It has been reported that 
non-coated phytase enzymes showed poor 
stability after as little as 30 days stored in a 
premix (Sulabo et al., 2011). Abrasive ma-
terials used in premixes, including lime-
stone, can also reduce the integrity of a feed 
enzyme, for example by disrupting the 
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adhesion of the enzyme to its carrier, de-
grading its protective coating, or otherwise 
causing the enzyme-containing matrix to 
deteriorate in a way that is deleterious to 
the stability of the enzyme. It is not com-
mon for liquid feed enzymes to be dosed to-
gether with other activities in premixes. 

12.4.3 Stability in feed pellets 

Once pelleted, the feed enzymes must re-
tain stability in the animal feed until con-
sumption by the animal. Often, feed pellets 
are consumed by animals within days to 
weeks of production, although current in-
dustrial guidance suggests demonstrating 
enzyme stability in feed for 3 months after 
pelleting (ICCF, 2019). Depending on the 
delivery method for the feed enzyme, differ-
ent types of interactions between the en-
zyme and the feed are possible. If delivered 
as a liquid, the enzyme might physically ad-
sorb on to structures in the feed such as 
starches, lipids, proteins, or high-porosity 
substances such as clays. The enzyme might 
interact over a period of time with metals or 
other compounds added to the feed, par-
ticularly if residual moisture allows partial 
re-solubilization of the enzyme within its 
matrix. The feed may have different mois-
ture uptake properties depending on the cli-
mate, weather and time of year, causing 
further moisture stress. Embedding the en-
zyme in a solid matrix or encasing it in a 
granular protective layer can help reduce 
the extent of direct interactions between the 
feed and the enzyme, but the integrity of 
such a matrix or layer may also be com-
promised during the pelleting process, al-
lowing these interactions to occur. Patent 
claims for granular products mention im-
proved friability or breaking strength of the 
solid materials (Markussen and Jensen, 
2018). Even in PPLAs, failure modes intro-
duced by physical and chemical inter-
actions of enzymes with the feed must be 
explored over these timescales. 

Many of the strategies used in stabiliza-
tion of enzymes to survive pelleting will 

also have a positive impact on improving 
storage stability, such as reducing oxidation 
potential, protective glycosylation, or isolat-
ing the enzyme from environmental stresses 
using a protective matrix or layer (see Sec-
tions 12.2.1, 12.2.2 and 12.3.3). Protection 
of enzyme activity during pelleting often 
considers a relatively severe stress of ele-
vated temperature, high moisture, high 
mechanical agitation and compression – 
delivered over a short period of time. In 
contrast, providing a stable shelf life for the 
enzyme often involves lower potential 
stresses with kinetics of the order of days, 
months or years (Sulabo et al., 2011). Some 
of these processes highlighted earlier in-
clude glycation, deamidation and action 
by proteases in the case of liquid feed. The 
protein engineering and formulation stabil-
ization strategies highlighted above will 
undoubtedly have a benefit, although appli-
cations testing under relevant conditions is 
always necessary to understand the re-
sponse of any particular enzyme system to 
stress. 

12.5 Conclusion 

The utilization of enzymes is essential for 
the production of high-performing animal 
feed. However, the process from enzyme 
production to application in animal feed 
introduces several extreme conditions, such 
as pelleting, necessary to produce high-
quality feed. Several of these forces can 
have a detrimental impact on enzyme activ-
ity in the final product. Manufacturers of 
enzymes have taken multiple approaches to 
ensure that the correct level of activity is de-
livered to the animal. The approaches can 
generally be categorized in two classes: 
(i) protein engineering; and (ii) formulation. 
In both cases, stability can be dramatically 
improved for processing and storage. In 
addition, combining the advantageous 
properties of both approaches can provide 
additive benefits for the enzyme product 
and potentially exceed the requirements of 
the industry. 
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13 Poultry and Swine Gastrointestinal 
Systems Functionally Differ to Infuence 

Feedstuff Digestion and Responses  
to Supplemental Enzymes 

Edwin T. Moran Jr* 
Auburn University, Auburn, Alabama, USA 

*Email: moranet@auburn.edu 

13.1 Introduction 

Although the gastrointestinal tracts of 
poultry and swine employ parallel tactics to 
effect digestion, substantial differences in 
anatomy and manipulation of digesta exist. 
In comparing the gastrointestinal tracts of 
birds with mammals, McWorter et al. (2009) 
noted that the avian species generally eat 
more food as a function of their metabolic 
size while having a relatively smaller intes-
tine and shorter period to effect digestion. 
Complete feeds offered to fowl and swine are 
dominated by grain, grain by-products and 
plant protein concentrates, with animal 
by-products and added fat being secondary. 
While nutrient availabilities with most com-
mon feedstuffs are similar for both animals, 
many differences exist. Rostagno et al. (2005) 
provided nutrient availability data on sev-
eral feedstuffs commonly used with poultry 
and swine. Although animals used in experi-
mentation and terms of conduct differed by 
necessity, methodology employed in most 
measurements was the same. Specifically, 
values for per cent crude protein (CP) digest-
ibility and apparent metabolizable energy 
(AME) were both based on amount of feedstuff 

consumed relative to complete collections of 
excreta. In most cases per cent CP digestibil-
ity between fowl and swine was similar; 
however, AME with swine frequently exhib-
ited a meaningful advantage. Certain of the 
grains, grain by-products and other plant 
by-products usually provided these excep-
tions, particularly when diverse particulate 
sizes and/or meaningful amounts of non-
starch carbohydrates were present (Table 13.1). 

Enzyme supplementation of complete 
feeds has become a dominant practice with 
poultry and swine. Given the frequent 
AME advantage of swine with a variety of 
feedstuffs, then differences in response to 
supplemental enzymes may also exist. In 
agreement, matrix values assembled for sup-
plemental enzymes intended for these ani-
mals vary to such an extent that confidence 
in their application is lacking (Shelton et al., 
2004; Cowieson, 2010; Bedford et al., 2016). 
Implication of AME being affected apart from 
CP digestibility is supported by the absence 
of distinguishing alterations with amino acid 
availability between animals when using 
xylanase (Cowieson and Bedford, 2009), 
whereas differences in AME are indicated 
from studies using wheat. A series of wheats 
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 Table 13.1. Digestible protein and energy values of feedstuffs used for poultry versus swine. (Selected values from Rostagno et al., 2005.) 

Maize Wheat Purifed 

Ground Gluten meal Ground Shorts 
Soybean oil 
meal (49%) Poultry fat Starch Casein 

% CP digestibility Poultry 85.5 93.0 85.5 84.0 92.1 0 0 82.5 
Swine 87.0 93.0 86.8 78.0 91.0 0 0 82.5 

AME (kcal/kg) Poultry 3340 3696 3046 2321 2302 8687 3520 3520 
Swine 3381 3929 3260 2740 3253 8228 3625 3600 
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having a progressive increase in AME with 
poultry was observed to lose advantage from 
xylanase as their energy increased; however, 
differences with swine among wheats and 
when enzyme was supplemented could not 
be established (Ravindran, 2013). 

Generally, enzyme supplements exert 
their primary effects during ingesta’s transi-
ent residence in the gastric system with re-
sulting advantages being realized in the 
small and/or large intestine. Small intes-
tinal advantages can be attributed to im-
provements in lumen conditions, pancreatic 
enzyme effectiveness and net absorption of 
nutrients. Improvements involving the large 
intestine relate to alterations that had oc-
curred to the non-starch polysaccharides 
(NSPs), enabling microflora to generate add-
itional AME. The following is a cursory 
comparison of food progress through the 
gastrointestinal systems of fowl and swine 
together with the potential influences of 
supplemental enzymes. 

13.2 Gastric System 

13.2.1 Oral cavity responsibilities 

Oral cavity responsibilities are preceded by 
food sourcing followed by prehension and 
sensory evaluation. Finding food depends 
on sight and smell, with hearing being a 
lesser-known quantity. In these respects, 
fowl and swine are opposites. Fowl have a 
poor sense of smell to find food compared 
with the extensive olfactory apparatus of 
swine. Conversely, the pig’s eyes are far 
from acute while fowl are very adept at the 
use of vision. The oral cavity presents 
another extreme between these two simple-
stomached animals. The fowl’s beak is 
immobile and fixed in size, which feed par-
ticulates must accommodate. In turn, fowl 
saliva is restricted to being the viscous type 
that involves immediate lubrication and dir-
ect swallowing of prehended particles. Fowl 
preferably seize particulates commensurate 
with the size of the oral cavity thereby min-
imizing the surface area needed for lubrica-
tion during swallowing (Schiffman, 1966). 

Fine particulates and/or mash feeds gener-
ally lead to wastage as well as extended 
work at consumption which invariably 
increases feed conversion (Yo et  al., 1997; 
Favero et  al., 2009). Separately, grains ex-
hibiting viscosity from soluble hemicellu-
loses are known to combine with saliva and 
‘paste’ mandibles when fine ground, to im-
pede prehension. Grinding of grain can gen-
erate a wide array of particulates. Coarse 
particulates are dominated by the fibrous 
pericarp and aleurone, followed with me-
dium sizes which are typically the flinty 
portion of the endosperm, while fines result 
from the floury endosperm. When these par-
ticulate sizes are fed separately, the coarse 
and medium ones with maize have favour-
able ileal digestibilities for dry matter, starch 
and gross energy, while being less than ex-
pected when fine (Mtei et  al., 2019). Few 
taste buds exist within the beak, then their 
location at the back of the tongue and ab-
sence of oral fluidity minimize perception. 

Swine have a mouth highly adaptable 
to feedstuffs of varying size and character. 
Both viscous and serous type saliva are re-
leased to enhance oral manipulation of food. 
Amylase is included with the serous saliva 
to complement that present with accom-
panying feed, while the viscous component 
lubricates mastication. Swine salivary amyl-
ase parallels its pancreatic component in the 
digestion of starch (Furuichi and Takahashi, 
1989); however, a low activity exists com-
pared with other mammals (Chauncey et al., 
1963). Teeth are implicit to mastication with 
the extent of dentition being a function of 
age (Tucker and Widowski, 2009). A min-
imum complement exists at birth that is re-
stricted to canines and incisors during milk 
intake, whereas the demands of solid food 
are accommodated by the progressive ap-
pearance of premolars and molars. The 
physical character of feed should be in syn-
chrony with existing dentition for effective 
mastication and subsequent digestion. 
While supplemental enzymes are expected 
to have a minor influence on operation of 
the oral cavity per se, characteristics of in-
gesta entering the oesophagus can predis-
pose their subsequent response to digestion 
once in the gastric system. 
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13.2.2 Storage of consumed food 

This is the first responsibility of the gastric 
system and represented by the crop within 
fowl and the oesophageal and cardiac re-
gions within the pig’s stomach. The crop is 
completely separated from subsequent 
proventricular addition of gastric juice, as is 
maceration of lumen contents by the gizzard 
(Fig. 13.1). Oesophageal transfer of ingesta 
into the crop represents all size particulates 
originally prehended. Co-consumed water 
saturates fine particulates while disintegrat-
ing feed pellets; however, large particulates 
such as whole grains, their ‘flinty’ parts as 
well as fibrous areas largely maintain their 
original structure throughout crop storage. 

The crop’s mucosal lining harbours a 
microflora dominated by lactobacilli that 
‘seed’ luminal contents to complement mi-
crobes accompanying ingesta (Champ et al., 
1983). Mucosal microbes are dense at the 
oesophageal entrance and sparse at distal 
aspects (Bayer et al., 1975). Body temperature 
aids expansion of associated microbes that 

is further facilitated by being in an aqueous 
system under anaerobic conditions. Amyl-
ase is released by this microbial population 
to generate maltose and maltotriose from 
starch for use as their primary energy 
source. Resulting lactic acid with minor 
amounts of volatile fatty acids (VFAs) ac-
crue to reduce pH (Öztürkcan, 1985). Re-
sistant starches arising from heat treatments 
of grain and feed can impair amylase’s abil-
ity at degrading starch and reduce pH 
(Szylit et al., 1974; Moran, 2019a). Although 
amylase is normally present with a wide 
array of feedstuffs, natural activity varies 
from a high being encountered with grain to 
a minimum for soybean meal (Steiner et al., 
2007). Supplemental amylase when super-
imposed on all other sources leads to a col-
lective effort at decreasing pH of the digesta. 
This decrease in pH could potentially ap-
proach the pK of 3.8 for lactic acid but the 
minimum usually approximates 5–6. 

Amylase’s ability at facilitating a reduc-
tion in pH can be impaired when confronted 
with large particulates that reduce granule 

GASTRIC SYSTEMS 

SWINEFOWL 

Crop 

Oesophagus 

Gizzard 

Duodenum 

Proventriculus 

Oesophageal 
region 

Cardiac 
region 

Gastric 
gland 

Antrum 

Duodenum 

STORAGE 

PEPSIN 
& HCl 

DIGESTION 

Fig. 13.1. Comparison of the gastric systems of fowl and swine. Fowl separate ingesta storage from 
subsequent addition of HCl and pepsin as well as formal digestion. Swine have each region immediately 
following one an other in the stomach. Each region entails common activities between animals. The overall 
purpose of gastric digestion is to improve aqueous compatibility of ingesta and enzymic release of nutrients 
for mucosal absorption. Most supplemental enzymes, particularly the carbohydrases, have their greatest 
impact during storage with subsequent advantages being realized in the small intestine and/or large 
intestine. Phytase enjoys a reduced pH created by microbes for action during storage as well as subsequent 
gastric digestion. (From Moran, 1982.) 
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exposure such as with the flinty parts of 
grain (Al-Rabadi et al., 2009). Starch occlu-
sion within the flinty endosperm largely in-
volves adhering protein bodies dominated 
by the prolamines (Slack et al., 1979). Dis-
solution of prolamines and granule release 
can be accomplished by supplemental pro-
teases. Associated digestion not only ex-
poses the granule surface but further hastens 
starch digestion by providing internal ac-
cess with lateral exposure to the amylose 
helix (Tester et  al., 2007). Starch granules 
themselves have pores containing residual 
protein originating from their synthesis that 
impede entry of amylase (Huber and 
BeMiller, 1997). Many different supplemen-
tal proteases are possible; however, few fa-
vourably improve bird performance (Lee 
et  al., 2018a; Walk et  al., 2019). Effective 
proteases predominantly exhibit chymo-
trypsin type activity (Cowieson et al., 2019) 
which is specific for internal cleavages at 
peptide bonds having amino acids express-
ing hydrophobic ends. Hydrophobic amino 
acids collectively represent the greatest pro-
portion of most proteins; thus, increases in 
dietary protein usually result in greater pro-
portions of chymotrypsin being released 
from the pancreas rather than either trypsin 
or the carboxypeptidases. In this respect, 
chymotrypsin would be adept at digesting 
the prolamines, which have an exceptional 
content of leucine and basis for their restricted 
solubility to dilute alcohol. 

Strength at nutrient encapsulation is 
more extensive with cells of the aleurone 
layer and germ than endosperm. These 
cells harbour nascent enzymes employed 
during germination together with the bulk 
of kernel phytin (O’Dell and Boland, 1976; 
Rhodes and Stone, 2002). Extent of wall 
strength involves collaboration of an array 
of NSPs in conjunction with cellulose that 
varies among grains and cell location in the 
kernel (Knudsen, 2014). Aleurone protein 
is valued because of its desirable amino 
acid profile while phytin provides nutri-
tionally important phosphorus and micro-
minerals (Regvar et  al., 2011). Endosperm 
cell walls are weak and readily disassemble 
under aqueous conditions into soluble and/ 
or non-soluble hemicelluloses once in the 

crop (Hesselman and Åman, 1985; Bamforth 
and Kanauchi, 2001). Soluble forms may 
create varying viscosities and are promin-
ent with wheat, barley and rye while the in-
soluble ones are more likely to occur with 
maize, sorghum and millet without altering 
aqueous character (Henry, 1985; Bengtsson, 
1991; Kanauchi and Bamforth, 2001). Com-
mercial sources of glucanase favour cleav-
ing of the soluble forms to relieve the extent 
of viscosity while xylanases extend cleav-
age to the non-soluble forms and sturdy 
walls of the aleurone layer (Balance and 
Manners, 1978; Meng et  al., 2005). Com-
binations of both carbohydrases are of 
advantage when addressing the soluble vis-
cous forms of fibre as well as structural 
ones (Cowieson et al., 2010). Adding carbo-
hydrases to maize diets when fine ground 
did not improve broiler performance and 
AME as much as when coarse (Kaczmarek 
et al., 2014). Given that small amounts of 
structural proteins paralleling collagen co-
operate with cell wall hemicelluloses to 
enhance strength, then supplemental pro-
tease (chymotrypsin) likely complements 
carbohydrase action (Robertson et  al., 
1997). 

Phytase would be minimally effective 
at the disassembly of phytin if not for the 
reduced pH enabled by microbially gener-
ated organic acids. Phytin has a very low 
solubility near neutrality which increases 
in concentration as pH decreases to im-
prove phytase’s ability at removing associ-
ated phosphorus (Kaufman and Kleinberg, 
1971; Crea et  al., 2004). The addition of 
xylanase is envisaged to extend phytin de-
struction by phytase via its release from 
encapsulation. Understandably, total ad-
vantage when employing the full array of 
supplemental enzymes may not be additive 
compared with the summing of each one if 
used singly (Cowieson and Adeola, 2005; 
Cowieson et al., 2019). Duration of ingesta 
in the crop influences the extent of micro-
bial fermentation and potential action by 
supplemental enzymes. Such a delay is 
quite variable and largely relates to rapidity 
of intestinal nutrient recovery that is driven 
by needs of the body at-large (Rodrigues 
and Choct, 2018). 
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The pig’s oesophagus conveys oral con-
tents to the stomach. Unlike ingesta with 
fowl, mastication has minimized particulate 
size to increase surface exposure while the 
associated salivary amylase can foster an im-
mediate but limited digestion of starch. 
Oesophageal mucosa upon entering the 
stomach harbours a microflora which seeds 
passing digesta to complement those accom-
panying consumed food in a manner paral-
leling the fowl’s crop (Tannock and Smith, 
1970; Barrow et al., 1971). Area of the stom-
ach associated with ingesta storage is not sep-
arated from acid and pepsin addition or from 
formal gastric digestion as in fowl (Fig. 13.1). 
Essentially, the pig’s stomach is a funnel col-
lecting digesta in progressive layers that mo-
tility conveys from the cardiac area through 
the HCl- and pepsin-producing fundic zone 
to antral mixing. The pig’s stomach seldom 
empties with motility but continually ad-
vances contents. Movement is initially weak 
in the cardiac region then gathers strength 
with a strong action being conducted in the 
antrum. Each successive layer in the cardiac 
region represents a progressive extent of an-
aerobic microbial activity and decreasing pH. 
The cardiac mucosa together with remaining 
aspects of the stomach have a mucous lining 
protective from lumen conditions (Pearson 
et al., 1980; Yakubov et al., 2007). However, 
the oesophageal surface is not protected and 
subject to ‘conflicts’ generated by adjacent 
microbial activity and pH. Prior mastication 
together with inclusion of salivary amylase 
predisposes an accentuated microbial popu-
lation at the upper layers which can foster ul-
ceration when using high-performance feeds, 
particularly when fine ground (Wolf et  al., 
2010). Such ulceration can be sufficiently 
serious to create mortality. Complications to 
the oesophageal mucosa from supplemental 
enzymes other than phytase likely depend on 
the nature of feedstuffs employed and inten-
sity of animal production. 

13.2.3 Formal gastric digestion 

This is initiated with the addition of HCl fol-
lowed by activation of accompanying pep-
sinogen once the pH approximates 2–3. 

Gastric juice formation with fowl involves 
the proventriculus using oxnyticopeptic cells 
which form both HCl and pepsinogen, while 
the gastric gland area of swine relies on sep-
arate oxnytic and chief cells to produce HCl 
and pepsinogen, respectively. Motility re-
trieves ‘seasoned’ contents from the crop and 
cardiac area for inclusion of gastric juice be-
fore entry into the gizzard and stomach an-
trum, respectively. Supplemental enzymes 
may result in subtle alterations in operational 
pH without impairing gastric digestion. Sup-
plementation with xylanase has been shown 
to increase gizzard pH while phytase may 
lead to a decrease, neither of which impacts 
broiler performance (Lee et al., 2018b). 

Conditions existing during gastric di-
gestion are deserving of comment. A sub-
stantial reduction in pH occurs that can 
further weaken plant cell wall associations 
among hemicelluloses to facilitate their rup-
ture during intense motility. Viscosity result-
ing from solubilization of glucans and 
pentosans does not seem to impair gastric 
digestion with fowl as occurs during the sub-
sequent recovery of nutrients from the small 
intestine (Haberer et al., 1998). Phytin pro-
tected by sturdy cell walls is of limited ac-
cess to supplemental phytase while in the 
crop (Liao et al., 2005) until released through 
the forces of gizzard contractions (Truong 
et al., 2016). Phytases differing in pH optima 
continue to function during transition from 
storage through active gastric digestion al-
though each may do so to differing extents 
(Yi and Kornegay, 1996; Onyango et  al., 
2005); however, other enzymes now encoun-
ter unfavourable conditions to be effective. 

Destabilizing cellular structures en-
ables dietary lipids whether added free 
and/or encapsulated to coalesce into a com-
posite. Combining diverse lipids improves 
the likelihood of liquidity at body tempera-
ture, thereby improving subsequent emul-
sification and digestion. Organic acids 
and VFAs that are free remain largely non-
dissociated at low pH to be directly ab-
sorbed by either the gizzard musculature or 
antrum mucosa. These underlying tissues 
have substantial haemoglobin to accommo-
date oxygen and ability to rapidly consume 
these sources of energy. Entry of H+ into 
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microbes accompanying digesta may reduce 
the cytosolic pH of susceptible members to 
become lethal. Lysis of microbes not only de-
creases infectious threat and competition for 
nutrients but provides nutrition for the host. 
Pepsin focuses its attention on marginally 
soluble proteins that largely provide struc-
tural integrity of associated tissues. Pepsin’s 
specificity is similar to chymotrypsin with 
cleavage at hydrophobic amino acids within 
the chain; however, gastric cleavage by pep-
sin is far more demanding for the preferred 
site to have a ‘cluster’ of hydrophobic amino 
acids that form hydrophobic bonds connect-
ing adjacent chains. Such chain bonding is 
prominent with insoluble proteins such as 
found with animal connective tissue and as-
sociated with plant fibre. 

Pepsin effectiveness at proteolysis ap-
pears to be compromised by the formation 
of protein complexes from phytic acid 
(Camus and Laporte, 1976). Such com-
plexes likely depend on the presentation of 
cationic end groups of lysine, histidine and 
arginine that exist at low pH for complex-
ation with corresponding anionic phos-
phates of phytic acid. Formation of these 
complexes directly with pepsin seems un-
likely. Pepsin itself, along with structural 
proteins which represent its proteolytic ob-
jective, normally have minimal basic amino 
acids; however, pepsin’s activation peptide 
is well endowed in this respect. Loss in 
pepsinogen may represent the primary com-
plication to digestion. As a counter action, 
superdosing of phytase extends destruction 
of phytate thereby relieving potential threat 
to pepsin (Walk et al., 2014). Hydrophobic 
bonding is nearly absent in the soluble albu-
minoid and globular proteins as typically 
represented by enzymes; thus, their demise 
by pepsin is generally spared (Moran, 
2016a). Although this array of proteins usu-
ally has abundant basic amino acids that 
can potentially complex with phytic acid, 
such complexes are expected to disassem-
ble once confronted with the neutral condi-
tions of the small intestine and be digested 
by pancreatic enzymes once released. 

The inclusion of HCl and pepsin into 
digesta is physically rigorous to comple-
ment earlier enzymic actions in the crop 

and further weakened structural integrity. 
The gizzard is remarkably effective in this 
respect with the lumen being protected by a 
flexible koilin layer that parallels the un-
stirred water layer of intestine (Liman et al., 
2010; Moran, 2016b). As gizzard motility 
and the demands of particulate grinding in-
crease, muscle mass adapts to accommodate 
need (Amerah and Ravindran, 2008). Even-
tually, a composite of fine particulates, col-
loids and soluble nutrients is formed for 
release into the small intestine. Retention of 
coarse material occurs by koilin ridging at 
the duodenal entrance of fowl as do similar 
structures appear prior to the pyloric valve 
of swine. Overburdening nutrient absorp-
tion in the duodenum of fowl has been 
shown to limit evacuations from the gizzard 
(Duke and Evanson, 1972; Duke et  al., 
1975a), as is also expected with the pig’s 
stomach. 

13.3 Small Intestine 

13.3.1 Anatomy and operation 
of the small intestine 

The small intestine is different between fowl 
and swine (Moran, 1982). The fowl’s duode-
num progresses a considerable distance from 
gizzard through to the end of an intestinal 
loop formed by its association with the pan-
creas to where bile and pancreatic fluid enter. 
Jejunum subsequently continues to yolk sac 
remnant with ileum following to the cae-
co-colonic juncture. The duodenum is de-
fined with swine as approximating the first 
5% of intestine past the stomach’s pyloric 
sphincter. Bile and pancreatic ducts enter the 
duodenum immediate to exit of gastric diges-
ta. This beginning part of the intestine also 
expresses an accentuated thickness because 
of Brunner’s glands in the mucosa that pro-
vide alkaline fluid to further aid neutraliza-
tion. The last 5% of small intestine represents 
the ileum where an accentuated muscle layer 
is needed to peristaltically send a compara-
tively dense indigesta into the large intestine. 

The intestinal wall in both animals 
comprises four major layers. The mucosa is 
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initiated at the lumen followed by sub-
mucosa, muscle layers and serosa, respect-
ively. Minor layers of longitudinal and 
circular muscle fibres are also located within 
the mucosa and referred to as the muscularis 
mucosae. The major circular muscle domin-
ates the intestinal wall with fowl while the 
muscularis mucosae fibres are prominent in 
swine (Moran, 1982). Such differences are 
important in the conduct of motility and 
convection of lumen contents with villi. 
Fowl employ their extensive circular muscle 
to effect refluxive peristalsis that moves di-
gesta back and forth over extensive dis-
tances. Such movements are greatest from 
gizzard to the end of the duodenum where 
alkaline fluid carrying bile and pancreatic 
juice enters for neutralization of lumen con-
tents and initiation of digestion. Thereafter, 
reflux distances progressively decrease 
through to large intestine (Chawan et  al., 
1978; Mueller et al., 1990). 

Swine combine peristalsis over short 
distances with segmentation to progres-
sively move digesta through the intestine. 
Their muscularis mucosae is obvious and 
presented as two layers paralleling those 
‘above’ by the major muscle layers. Longitu-
dinal fibres within the mucosa are located 
towards the lumen with their contractions 
enhancing surface convection by rotating 
villi in place. Such villi movement also fa-
cilitates lymph conveyance and transfer of 
chylomicrons from absorbed fat to vena 
cava and direct use by the body at-large. Its 
adjacent circular layer transiently contracts 
during peristalsis–segmentation to super-
impose Kerckring valves in the lumen that 
act by further expanding surface exposure 
(Fig. 13.2). Muscularis mucosae contrac-
tions are of particular importance in the 
duodenum by also ‘forcing’ release of alka-
line fluid from Brunner’s glands into the 
lumen. 

SMALL INTESTINAL MOTILITY 

SWINE 

Villi 

Kerckring 
valves 

REFLUXIVE 
PERISTALSIS 

SEQUENTIAL 
SEGMENTATION 

MUCOSAL SURFACE 

Fig. 13.2. Diagrammatic representation of motility and relative mucosal surface with fowl and swine. Fowl 
employ refuxive peristalsis to effect convection of lumen contents with a comparatively fat mucosa. Lumen 
nutrients released during digestion exist as laminar layers that progressively decrease in concentration from 
the core to mucosa. Resistance to laminar mixing seems to occur with viscosity to impair nutrient concen-
tration at the surface and rate of absorption. Swine employ peristaltic segmentation that moves digesta in a 
slow progressive manner. Concurrently, transient contractions associated with the muscularis mucosae 
create Kerckring valves that increase surface exposure while rotating villi. The combination of actions with 
swine seems to be more effective in creating turbulence and realizing convection when encountering 
viscosity than occurs with fowl. (From Moran, 1982.) 

POULTRY 
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13.3.2 Villi shape in fowl and swine 

Villi shape as they protrude into the lumen 
is different between fowl and swine. Fowl 
generally express variations of leaf-shaped 
villi which optimize surface encounter 
during ‘flow’ with back-and-forth refluxive 
peristalsis (Bayer et  al., 1975; Bohórquez 
et  al., 2011). Swine largely present cylin-
drical villi which seem to be most appropri-
ate for convection created by localized 
‘churning’ when segmentation–peristalsis 
and Kerckring valves are combined (Yamauchi 
and Isshiki, 1991). Epithelial cells located 
on the top one-third of villi are represented 
as a mosaic of enterocytes and goblet cells 
with the unstirred water layer completely 
covering the surface. Enterocyte microvilli 
project attached mucin ‘fibres’ (glycocalyx) 
into the lumen while goblet cells release a 
soluble net-like mucin that becomes entan-
gled with the glycocalyx to form the un-
stirred water layer (Moran, 2016a). Modified, 
unsulfated, sialylated and sulfated oligosac-
charides that are associated with the mucin 
protein can be altered to maintain microcli-
mate pH within the unstirred water layer as 
dietary conditions change (Shiau et  al., 
1985; Moré et al., 1987). Goblet cells produ-
cing the different oligosaccharides are histo-
logically distinguishable by differential 
staining (Sharma et  al., 1997). Cellular de-
tails of the villi surface are superficially 
similar for both animals, but fowl do not 
have a lymphatic system within the core as 
do swine (Humphrey and Turk, 1974; Turk, 
1982). Fowl form very-low-density lipopro-
teins during fat absorption that directly 
enter the vascular system for transit to the 
liver and facilitation of lipoprotein synthesis 
in support of yolk formation. Insignificance 
of the muscularis mucosae with fowl seems 
appropriate given the absence of lymph ves-
sels within villi and reduced need for Kerck-
ring valves during reflexive peristalsis. 

13.3.3 Nutrient recovery from the lumen 

A combination of several factors influences 
nutrient recovery from the lumen. Disper-
sion of pancreatic enzymes and fluidity of 

lumen contents are particularly important 
during motility. Released nutrients within 
the lumen must be conveyed to the un-
stirred water layer for absorption as gener-
ated. Trypsin, chymotrypsin and the 
carboxypeptidases ‘collaborate’ to yield free 
amino acids that are largely the essential 
ones along with short peptides dominated 
by the non-essentials (Moran, 2016b). 
Starch granules and remnants remaining 
after gastric residence continue into the 
small intestine then subsequently encoun-
ter pancreatic α-amylase. Structures that 
had been enhanced by annealing and retro-
gradation that occur during grain and feed 
heating remain resistant to digestion 
(Moran, 2019a). Although enzymes associ-
ated with feedstuffs and those supple-
mented to the diet are expected to largely 
bypass gastric destruction, their further via-
bility in the small intestine is limited. Most 
are expected to succumb to pancreatic 
proteolysis unless stabilized. Pancreatic en-
zymes are all well stabilized by chelated 
calcium to defer autolysis until fulfilling 
their obligations before the end of the ileum 
(Caldwell, 1992). Supplemental amylase 
when fully loaded with calcium to provide 
a thermostable structure likely provides ex-
tended stability within the intestine (Ha 
et al., 2000). 

Dietary phytic acid is believed to im-
pair structural stability of the pancreatic 
enzymes. Although dietary phytin is com-
plexed with microminerals when in the 
feed, their dissociation during the low pH 
conditions of gastric digestion creates phy-
tic acid that is subsequently in ‘search’ of 
divalents upon return to neutrality. While 
most dietary phytases pass through gastric 
digestion to appear in the duodenum, their 
activity upon approaching neutrality in the 
small intestine is of questionable signifi-
cance. Amounts of phytase arriving at the 
ileum are very low to indicate that a proteo-
lytic demise had occurred during the in-
terim (Rapp et al., 2001). Phytic acid prefers 
to sequester the first series transition elem-
ents, particularly zinc; however, having cal-
cium at hand would seem to provide a 
favourable option (Schlegel et  al., 2010; 
Walk et  al., 2012). The carboxypeptidases 
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require zinc as an essential cofactor which 
can easily be removed when faced with 
phytic acid to reduce their activities (Villegas 
et al., 1995). Loss of pancreatic enzyme ac-
tivity that occurs with removal of their che-
lated calcium essentially weakens their 
structural stability facilitating a premature 
autolysis. Reducing longevity of the pancre-
atic enzymes to effect digestion essentially 
provides an indirect means by which phytic 
acid could influence nutrient availability. 

Phytic acid in ‘need’ to complex diva-
lents may further damage nutrient recovery 
by disrupting the unstirred water layer. As-
sociated mucins form a barrier to large mol-
ecules and microbes while the underlying 
space is buffered to optimize final digestion 
of nutrients for absorption (Moran, 2016b). 
Essentially, underlying goblet cells continu-
ally release gel-forming mucins as granules 
which had been packaged together with cal-
cium (Paz et  al., 2003; Perez-Vilar, 2007). 
Ca2+ enables the negatively charged mucin 
chains to be tightly assembled into granules 
during their synthesis. Calcium progres-
sively dissipates from the granule once 
released to allow the water-soluble mucin 
chains to slowly entangle with the membrane-
bound mucin (glycocalyx). Granule release 
is viewed as being continual and necessary 
to replace surface losses from digestive dy-
namics and microbial action. Phytic acid is 
sufficiently small to readily enter the un-
stirred water layer then hypothetically in-
crease the rate of calcium removal from the 
granule to accentuate mucin release. At-
tachment of O-linked oligosaccharides to 
the mucin protein chain sterically hinders 
lumen proteolysis and recovery of associ-
ated amino acids by the small intestine 
(Hansson et al., 1991). 

The amino acid composition of mucin 
corresponds to the increased endogenous 
losses created by phytic acid. These losses 
appear to be more extensive with fowl than 
observed with swine (Onyango et al., 2009; 
Woyengo et al., 2009). Such losses impair the 
overall efficiency of dietary protein utilisation 
(Cowieson et  al., 2008). As long as the in-
creased phosphorus from phytin is contrib-
uting to the animal’s requirement, response 
can be measured in terms of growth; however, 

relief of impairments to pancreatic enzyme 
stability and excessive mucin loss are more 
likely to appear as improved feed conver-
sion. These secondary improvements only 
become apparent with the superdosing of 
phytase that extends phosphorus release 
from dietary phytin beyond satisfying the 
animal’s requirement (Cowieson et al., 2011; 
Walk et al., 2013). 

13.3.4 Motility 

Motility conveys digestion products that ac-
cumulate in the lumen core to the unstirred 
water layer for absorption. Convection is es-
sential for rapid nutrient recovery as it in-
creases the rate of absorption by 30–100% 
compared with a stationary system (Macagno 
et al., 1982). Fowl and swine have similar 
neural systems within the small intestine to 
detect lumen and lamina propria nutrient 
levels enabling a synchronization of motil-
ity with nutrient recovery (Csoknya et  al., 
1990; Brehmer et  al., 1997). Imposing vis-
cosity has been shown to impair the absorp-
tion of water-soluble nutrients to a lesser 
extent than the much larger fat micelles 
(Huyghebaert, 1997; Dänicke et  al., 1999). 
In turn, fat soluble vitamins that are mar-
ginal during feed formulation may evolve 
into becoming deficient as lumen condi-
tions thicken. Viscosity is also believed to 
impair recovery of lumen nutrients more so 
with fowl than swine. Nutrients arising dur-
ing digestion occur as laminar layers that 
progressively decrease in concentration 
from the core to mucosa. Mixing to maxi-
mize exposure of lumen contents to the un-
stirred water layer would seem to suffer to a 
greater extent during refluxive peristalsis 
than occurs during localized turbulence 
created by peristalsis–segmentation (Lentle 
and Janssen, 2008). Increasing viscosity of 
intestinal contents has been shown to not 
only decrease convective efficiency but in-
crease orocaecal transit with pigs (Cherbut 
et  al., 1990) that parallels similar effects 
with fowl (Palander et al., 2010). The extent 
of difference that potentially exists between 
fowl and swine is open to question. Inabil-
ity to impose definitive viscosities during 
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experimentation hampers detecting differ-
ences in convection. 

Just as viscosity reduces absorptive effi-
ciency so also does oxygen transfer from 
mucosa to lumen decrease. This reduction 
becomes progressively extensive from duo-
denum through to ileum as intensity of mo-
tility and length of villi decrease. Hillman 
et  al. (1993) observed a reduction of dis-
solved oxygen in the pig’s lumen contents 
from duodenum to ileum, then a precipi-
tous fall once in the colon. Such a reduction 
is considered to be a particularly important 
factor in determining activity and compos-
ition of lumen microflora. The increased 
concentration of lumen nutrients from im-
paired absorption readily aids expansion of 
the microbial population while lowering of 
oxygen modifies membership from aerobes 
to facultatives (Langhout et al., 2000). Hav-
ing an escalating population of operational 
anaerobes also increases mucin-degrading 
abilities together with turnover of the villi 
epithelia (Morel et al., 2005; Cheled-Shoval 
et al., 2014). Understandably, supplemental 
broad-spectrum antibiotics can provide 
substantial relief from viscosity apart from 
the loss in convective efficiency (Moran and 
McGinnis, 1965). Broilers encountering 
intestinal viscosity without the benefit of 
supplemental antibiotics experience an in-
creased incidence of subclinical infections 
from Clostridium perfringens, particularly 
when the mucosa is aggravated by coccidia 
(Moran, 2014). 

13.4 Large Intestine 

13.4.1 Gross anatomy 

Gross anatomy presented by the large intes-
tinal systems of fowl and swine differs ex-
tensively. Fowl have two large caeca and a 
short colon while swine present one short 
caecum and an extensive colon. The small 
intestine ends at the ileo-caeco-colonic 
valve in both animals, which is continu-
ously closed except for the brief and forced 
entry of indigesta (Duke et al., 1975b). This 
valve separates aerobic conditions, extensive 

villi and a minimal level of microbes exist-
ing in the small intestine from an extensive 
population of strict anaerobes and compara-
tively flat mucosa in the large intestine. 
These anaerobes play a major role in digest-
ing cellulosic components with release of 
by-product VFAs that contribute to AME 
(Hartemink et al., 1996; Rinttilä and Apaja-
lahti, 2013). 

Absence of a ‘functional’ microbial 
population immediate to either hatching or 
parturition delays large intestinal ‘oper-
ation’. Swine have less of a problem in es-
tablishing this population because piglet 
parturition is adjacent to the anal area with 
further faecal encounters upon nursing. 
Chicks hatching in the nest would have 
similar exposures with faeces originating 
from the setting hen. However, relative ster-
ility exists in commercial hatcheries to-
gether with conditions at placement; thus, 
low as well as ‘inappropriate’ microbes 
delay formation of a ‘competent’ population 
(Moran, 2019b). Such impaired functional-
ity is expected to decrease VFA contribu-
tions to AME. Yang et al. (2020) noted AME 
measurements with broilers to linearly in-
crease from 7 to 28 days of age. Birds placed 
under commercial conditions can benefit 
from supplemental glucanase and xylanase 
when the small intestine is confronted with 
viscosity; however, caeca subsequently fail 
at generating VFAs while resulting excreta 
complicates litter management, regardless 
of xylanase (Moran et al., 1969). 

13.4.2 Motility 

Motility employed by fowl and swine in the 
large intestine differs by virtue of differ-
ences in anatomy. Motility by fowl, once 
indigesta enters the colon, again involves 
refluxive peristalsis (Fig. 13.3). As digesta is 
moved down the short colon, urine excreted 
into the urodeum returns to ‘wash’ lumen 
contents. Associated solutes, colloids and 
fines are transferred back and forced to 
enter the narrow caeca opening while coarse 
material is excluded to separately collect in 
the coprodeum. A more intensive microbial 
population exists in the caeca than colon 
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FOWL 
INDIGESTA SEGREGATION 

CAECUM 

Coarse 

COLON 
Ileo-caeco-colonic 

valve 

ILEUM Urine INDIGESTA 

Fine 

COPRODEUM 

Ureter 

Fig. 13.3. Fowl thrust indigesta from the small intestine through the ileo-caeco-colonic valve into the colon. 
Refuxive peristalsis moves urine back from the urodeum to segregate indigesta. Caecal entry is small with 
villi projecting from the wall to limit entrance to solutes, colloids and fne materials. Coarse particulates are 
excluded to collect in the coprodeum until defecation. Caecal contents progressively accrue and rapidly 
ferment to release VFAs for use by the bird. A peristaltic ‘rush’ periodically eliminates the ‘spent’ contents as 
a separate dropping after the coprodeum is cleared. (From Moran, 1982.) 

with both areas employing considerable 
mucin for surface protection (Suprasert 
et al., 1987). The chicken’s caecal microbi-
ome is extremely adaptable in its use of 
indigesta for its own development, with 
by-product VFAs arising because of anaer-
obic conditions (Sergeant et al., 2014). These 
VFAs are typically represented by acetic, bu-
tyric, propionic, isobutyric, isovaleric and 
isocaproic acids which can vary with bird 
age and differing sources of fermentable sub-
strate (McCafferty et al., 2019). Each of the 
two caeca has motility patterns that facilitate 
mixing then evacuation of contents when 
spent (Janssen et al., 2009). 

A large part of the soluble indigesta in-
volves mucins corresponding to the en-
dogenous losses from the small intestine, 
which phytic acid has been shown to accen-
tuate (Onyango et al., 2009). These indigest-
ible glycoproteins can now be used as 
microbial nutrients as can urinary nitrogen. 
Evacuation of caecal contents occurs as a 
peristaltic rush once the coprodeum is 
cleared to void a ‘pasty’ dropping that is 
distinctively different from the coarse faecal 
pellet. Inclusion of xylanase in maize– 
soybean meal feeds for broilers has been 
observed to increase size of caeca and 
amounts of contents (E.T. Moran Jr, 1987, 

unpublished results) while differing feed-
stuffs alter the resulting proportions of 
VFAs (McCafferty et  al., 2019). Differing 
grains and procedures in milling are prom-
inent in creating an array of particulate 
types and sizes which could differentially 
enter the caeca. Subsequent feed manufac-
turing, carbohydrase action in the crop and 
gizzard maceration further influence caeca 
access and VFA production (Haberer et al., 
1998; Amerah et al., 2009). Should viscosity 
issues exist, then combining supplemental 
carbohydrases not only relieves impaired 
nutrient absorption by the small intestine, 
but further modifies indigesta to improve 
AME recovery and excreta character. 

The large intestine of swine initially 
presents a short caecum followed by long 
ascending, descending and transverse parts 
of the colon before ending at the rectal am-
pulla. Wall structure changes drastically 
from beginning to end. Caecum, ascending 
and descending colon have their longitu-
dinal muscle fibres located towards the out-
side of the intestine that ‘gather’ into bands 
called taeniae coli, while circular muscle 
remains continuous (Fig. 13.4). Upon con-
traction of circular muscle, ‘bulges’ referred 
to as haustra form where longitudinal band-
ing does not provide overhead stabilization. 

Retroperistalsis 
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SWINE COLON & LUMEN PARTICULATES 

Haustra 

Taeniae coli 

PARTICULATE 
SEGREGATION 

Wall 
Surface

.. .
.. . .. 

..
Microbes 

VFA 

Cross-section Side view 

Ileo-caecal 
valve 

Fig. 13.4. An illustration of the swine’s ileo-caeco-colonic junction. The ileo-caecal valve briefy opens to 
peristaltically move indigesta from the small intestine into the caecum. The helicoidal colon has its outside 
longitudinal muscle gathered into bands (taeniae coli) that enable the underlying circular muscle to form 
‘out-pocketings’ (haustra) during contractions. Differential motility as effected by the circular and 
longitudinal muscles segregates indigesta such that large particulates gather in the core while smaller 
ones with colloids and solutes enter the haustra. An anaerobic microbial population is concentrated 
at the mucosal surface where ready fermentation forms VFAs for absorption. Microbes also engage core 
particulates, but their reduced surface area involving well-structured fbre resists rapid degradation and 
VFA production. (From Moran, 1982.) 

Extent of out-pocketing decreases with pro-
gression to the transverse colon where they 
disappear upon return of a complete layer 
of longitudinal muscle that reforms a ‘typical’ 
intestinal wall. 

Indigesta is directed into the caecum 
lumen by the ileo-caeco-colonic valve to ini-
tiate motility and move contents through the 
colon. Essentially, differential contractions 
of circular and longitudinal muscles create a 
separation of lumen indigesta. Solutes, col-
loids and small particulates accrue in the 
haustra ‘out-pocketings’ while coarse mater-
ial collects in the core (Lentle and Janssen, 
2008). This separation of small particulates 
and solutes into haustra with swine (Fig. 
13.4) parallels their selective movement into 
caeca with fowl. Similarly, solutes and small 
particulates having an extensive surface are 
readily degraded by a concentrated micro-
bial population located at the haustrum wall. 
Each haustrum slowly progresses along the 
colon while retaining its contents as the 
coarse particulates in the lumen proceed 
rectally at a more rapid rate. Upon return of 

the longitudinal muscle ‘covering’, haustra 
contents have been microbiologically ‘dis-
tilled’ into a small pellet. This pellet is then 
‘pasted’ on to the coarse core located in the 
lumen to create faeces having a nodular sur-
face. Accrual in the rectal ampulla eventu-
ally leads to a ‘critical mass’ for defecation. 
Viscosity in the small intestine creates a 
converse situation with undigested nutri-
ents concentrating in the core. Diminished 
recovery of nutrients from the duodenum– 
jejunum can be detected with indigesta ar-
riving at the ileum; however, their microbial 
use in the large intestine ‘corrects’ this loss 
to ‘distort’ total digestibility measurements 
based on excreta. 

13.4.3 Colonic mucosa of the pig 

The swine colonic mucosa is well endowed 
with goblet cells that elaborate substantial 
mucus for protection. These mucins differ 
by producing acidic sulfo-glycoproteins as 
opposed to neural mucins that are prevalent 
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in the jejunum (Moré et al., 1987). A rela-
tively flat mucosa combined with an exten-
sive mucus depth foster strict anaerobic 
conditions (Fogg et  al., 1996; Johansson 
et  al., 2011). Two mucus layers appear on 
the pig’s mucosa with the outer one contain-
ing microbial representatives that ‘seed’ the 
lumen while excluding them from the inner 
layer (Janssen et  al., 2009). Microbes that 
seed the lumen are continuously modified 
in membership to optimize ‘talents’ of the 
population at catabolizing an ever-changing 
indigesta. Resultant VFA proportions and 
quantity vary as a function of existing indi-
gesta presented for fermentation. All VFAs 
readily enter the unstirred water layer 
where a pH approaching their pK exists. 
The non-dissociated forms now pass readily 
through cell membranes to be absorbed and 
used by the animal (Freeman et al., 1993). 

While fermentation is prominent 
within haustra, core fibre encounters rela-
tively less microbial activity. Reduced sur-
face area presented by these large 
particulates together with a structural integ-
rity representative of acid detergent fibre 
interfere with VFA production, but mean-
ingful amounts still contribute to concur-
rent production in haustra (Russell, 1979). 
On the other hand, Bjornhag and Sperber 
(1977) noted the exclusion of large particu-
lates from the caeca by turkeys which, com-
bined with their short residence in the 
coprodeum, eliminates ready VFA contri-
butions. A comparative use of peas and 
wheat supports the differential separation 
of particulates between animals. NSP par-
ticulates are substantial in the endosperm of 
pulses. Goodlad and Mathers (1991) re-
ported the digestibility of dried field peas 
by pigs to be considerably greater than ob-
served with wheat, whereas Longstaff and 
McNab (1987) found the converse to be true 
for chickens. 

Duration of microbial encounter while 
indigesta is resident in each large intestinal 
system superimposes another variable. 
Food passage through the gastrointestinal 
system approximates 24 h with pigs (Entringer 
et al., 1975) compared with 2 h for chickens 
(Tuckey et al., 1958). Given a partial recov-
ery of AME from coarse particulates over an 

extended period in the core of the pig’s 
colon, then benefit from supplemental xy-
lanase would be relatively less than de-
rived with fowl. Essentially, imposing 
xylanase modifications to large particulates 
with fowl provides additional contribu-
tions to AME that would ordinarily have 
been recovered from the core of the pig’s 
colon. 

Protein entering the large intestine not 
only represents indigestible dietary protein, 
but also endogenous losses dominated by 
mucin. These sources of nitrogen are ex-
pected to be largely soluble and/or colloidal 
rather than associated with large particu-
lates. Thus, the final location of most 
indigesta-nitrogen entering the large intes-
tine would preferentially access caeca and 
haustra with fowl and swine, respectively. 
Experimentation relating equivalent digest-
ibilities of CP between poultry and swine 
with the bulk of feedstuffs is rational given 
its similarity in final use while concurrently 
encountering frequent differences in AME 
recovery. 

13.5 Overview 

The gastrointestinal systems of fowl and 
swine differ in several aspects of anatomy 
and nutrient retrieval. Ingesta storage in 
either the crop of fowl or the stomach’s 
cardiac region with swine is particularly 
important to the effectiveness of supple-
mental enzymes. A purposeful anaerobic 
population in both animals accrues lactic 
acid to decrease milieu pH. Supplemental 
amylase facilitates a further reduction in pH 
by microbes. Proteases indirectly contribute 
to this reduction in pH by availing starch 
entrapped in the flinty portions of grain. Re-
duction of pH is limited during ingesta stor-
age by brevity of residence, but values 
approximating 5–6 can be expected. Con-
currently, glucanases and xylanases relieve 
viscosity created by solubilized fibre while 
xylanases release nutrients and phytin encap-
sulated within resilient cell walls. Multiple 
approaches at reducing pH during this phase 
of digestion seem purposeful to emphasize 
phytase functioning that avails phosphorus 
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while minimizing complications from 
dietary phytin. 

HCl and pepsin combined with the 
physical forces encountered in either the 
gizzard or pyloric antrum dishevel food 
structure to improve nutrient accessibility 
during small intestinal digestion. Although 
improved nutrient availabilities can arise 
from earlier digestion of resistant starches 
by amylase as well as some structural pro-
teins using supplemental chymotrypsin-like 
proteases, greater advantage is expected 
from the carbohydrases. Decreases in diges-
ta viscosity and nutrient encapsulation can 
be substantial while altering physical char-
acteristics of NSPs facilitates subsequent 
fermentation in the large intestine. Minim-
izing viscosity in the small intestine ap-
pears to be less advantageous with swine 
than poultry. Combining peristalsis with 
segmentation with the pig creates a lumen 
‘churning’ that appears to be less influenced 
at conveying nutrients to the mucosa than 
occurs with fowl using refluxive peristalsis. 

Providing phosphorus from phytin to 
meet the animal’s requirement for growth is 
the most distinct advantage arising from 
phytase. Minimization of phytic acid may 
also extend the life of pancreatic enzymes 
by avoiding the removal of structural cal-
cium and premature autolysis. Another 
indirect advantage seems to occur by min-
imizing the rate of calcium removal from 
mucin granules released from goblet cells to 
accentuate solubilization and lumen loss ra-
ther than retention by the unstirred water 
layer. Hyper-dosing of phytase can be cred-
ited for enabling these indirect advantages 

that likely appear as subtle improvements 
in feed conversion. 

The large intestinal systems capitalize 
on their strict anaerobe population to 
largely ferment NSPs and produce VFAs. 
Fowl use refluxive peristalsis to move sol-
utes, fines and small particulates from colon 
into caeca for fermentation, while coarse 
material is conveyed to the coprodeum for 
excretion. Swine have a colon with haustra 
out-pocketings that collect these ferment-
able materials while coarse particulates 
concentrate in the core for movement to the 
rectal ampulla. Inadequate maturation of 
the microbial population following birth 
minimizes VFA yield and AME recovery, 
particularly with commercial fowl experi-
encing a relatively sterile environment. 

Supplemental xylanases are also cred-
ited with modifying large particulates, en-
abling access to intensive microbial action. 
Although both animals benefit from these 
modifications, fowl seem to enjoy a greater 
advantage than swine. Large particulates 
normally voided by fowl may now enter the 
caeca and contribute AME. Prolonged resi-
dence of large particulates is ordinary 
within the pig’s colon core to enable add-
itional AME. In turn, fowl usually derive a 
greater relative benefit from xylanase than 
swine. Concurrently, undigested proteins 
and endogenous nitrogen are expected to be 
either soluble and/or colloidal in form. 
These nitrogen sources arising from most 
feedstuffs largely enter either the caeca of 
fowl or haustra of swine to favour equiva-
lent CP utilization, regardless of microbial 
activity. 
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 14 The Infuence of Feed Milling  
on the Stability of Feed Enzymes 

Paul Steen* 
AB Vista, Marlborough, UK 
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14.1 Introduction 

The stability of exogenous feed enzymes, 
like other heat-labile feed additives, has 
been the focus of attention for the suppliers 
of these additives, nutritionists and feed 
manufacturers. Additionally, increasing at-
tention is being drawn to the effect of pro-
cessing on other nutrients such as lysine 
and more generally on protein digestion 
when using elevated processing tempera-
tures. In their review, Boroojeni et al. (2016) 
summarized that the hydrothermal impact 
on macro components of the diet was 
minimal; however, vitamins, enzymes and 
antinutritional factors ‘are prone to be re-
duced’. Feed additives such as exogenous 
enzymes play a pivotal role in the feed for-
mulation both from an economic perspec-
tive and a nutritional aspect; for example, 
phytase supplementation has been shown 
to support broiler performance while redu-
cing feed costs (Bedford, 2000). If the 
ascribed nutritional contribution from an 
enzyme is not achieved in the final compos-
ition of the formulation due to losses while 
processing, and subsequently fed to the tar-
geted animal, the impact can be detrimental 
to both the feed producer and the animal. 

There are differing ways to combat the 
impact of the thermal processes associated 
with feed production. Feed ingredient sup-
pliers provide a range of different products 
with elevated thermal processing stability 
and alternative product forms such as li-
quids and coated products. Liquids have the 
clear advantage that they bypass the rigours 
of the hydrothermal and thermomechanical 
processes associated with the conditioning 
and the pelleting processes, as liquids are 
administered to the feed post-pelleting. Dry 
and coated products still have to navigate 
these processes and their ability to success-
fully traverse these conditions will be based 
on how robust the product is and how pre-
dictable and balanced that process is. These 
issues are discussed below. 

14.2 The Pelleting Process 

Pelleting and pellet quality have a huge im-
pact on the value of the feed produced and 
the subsequent rearing of animals. The con-
ditions employed influence many param-
eters of the end product and Moritz (2019) 
advocated that any improvement in bird 
performance, as a result of the pelleting 
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process, is due to the relative effects this 
process has on pellet quality, feed hygienics 
and nutrient availability. However, pellet-
ing and pellet quality differ dramatically be-
tween feed mills and geographical regions. 
The predominant influences on this are as-
sociated with how each feed plant is config-
ured, the processing parameters adopted 
and the use of different raw materials. 

The pelleting process can be described 
as a two-stage activity. The first is the condi-
tioning of the feed, where saturated steam is 
applied in a conditioner to raise the tem-
perature and moisture levels of the mash. 
The second phase is the compaction of the 
meal in a pellet press, extrusion through a 
die to mould and form the cylindrical shape 
we recognize as a pellet. The impact of the 
steam injected into the conditioner would 
be evident even to those who are not in-
volved in the feed industry: that the meal 
will be subjected to a spike in temperature 
because of the steam (after all, steam is hot). 
What is less evident is the level of moisture 
imparted from the steam as it condenses after 
coming into contact with the meal. The level 
of moisture in the mash, preconditioning 
and from the conditioning process, will 
have a significant effect on the next stage of 
the process, extrusion through the pellet 
die. There are several other parameters 
which also have a bearing on the passage of 
the meal through the die, such as the rate of 
pelleting, the targeted conditioning tem-
perature, the die thickness which governs 
the distance travelled by the pellet, the hole 
diameter and configuration, and the formu-
lation which in turn can be affected by indi-
vidual ingredient quality. These parameters 
then have a direct bearing on the frictional 
heat that the meal is subjected to during 
passage through the die, the consequence 
being that the hot pellet temperature will al-
most certainly be higher than the condition-
ing temperature. Truelock et  al. (2019) 
observed that the hot pellet temperature in-
creased as a consequence of pelleting with a 
thicker die (increase in length-to-diameter 
ratio; L:D) and by an increase in the condi-
tioning temperature. Pope (2019) undertook 
a number of pelleting trials where it was 

observed that the influence of the frictional 
heat of the pellet die, and the difference in 
temperature (delta) between the condi-
tioned mash and the hot pellet, tend to be 
higher when the target conditioning tem-
perature is lower. Pope (2019) also observed 
that the heat derived from friction at the die 
and the impact on the hot pellet tempera-
ture were diminished when fat or water was 
administered to the feed at the batch mixer. 
Corey (2013) found that the addition of 
mixer added fat (MAF) also decreased the 
hot pellet temperature. This is presumably 
due to the added level of moisture and the 
lubrication benefit the fat and the moisture 
would provide during the extrusion phase 
of the pelleting process. 

14.3 Stress Points for Enzymes 
in Feed Manufacture 

Historically, it has been thought that the 
main influence on feed additives has been 
the conditioning process, as this is the first 
point at which feed material is subjected to 
elevated temperatures and the combination 
of heat and moisture simultaneously. Al-
though this holds true for some products, it 
is now becoming evident that the subordin-
ate effect of the die configuration and the 
dwelled time of the meal in the die, as a 
function of the pelleting rate, has a signifi-
cant outcome on the stability of additives, 
either as a primary consequence or as a sec-
ondary effect. This issue may well be over-
looked when conducting stability trials 
with pilot-scale set-ups as the production 
rates fall far below the manufacturing rates 
associated with commercial feed produc-
tion, although the processing parameters 
such as temperature and die L:D may well 
be comparable. Pope (2019) estimated that 
if the pellet L:D values between a pilot-scale 
and a commercial-scale pellet mill were 
constant, then the feed pelleted through the 
pilot-scale set-up would be retained within 
the die for approximately four times longer 
than in the commercial pellet mill configur-
ation due to the slower rate of production 
in the former. An experiment undertaken 
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was designed to look at different manu-
facturing rates combined with two different 
conditioning/pelleting temperatures to evalu-
ate the in-feed recovery of a commercial 
xylanase and phytase which were supple-
mented to the mash as dry products. Each 
treatment was pelleted on a pilot-scale press 
with an L:D of 8 and with a calculated sur-
face area of 548 cm2. The feed production 
followed a logical process, starting with the 
lowest production rate and lowest condi-
tioning temperature, collecting the neces-
sary samples at predetermined intervals 
and then resetting the production rate for 
the desired capacity. This was repeated for 
the higher of the two conditioning temper-
atures. Samples of mash, conditioned mash 
and cooled pellets were collected and ana-
lysed for enzyme recovery. In addition to 
the monitoring of the conditioning tempera-
ture, the temperature of the hot pellets was 
also examined and recorded to establish the 
delta between these two observations. The 
xylanase product activity was not influenced 

by the conditioning temperature or the pellet 
mill capacity due to its extreme thermosta-
bility. Phytase recoveries were affected by 
an interaction between conditioning tem-
perature and pellet mill capacity relative to 
the unconditioned mash. The poorest re-
covery was at the higher conditioning tem-
perature and lower pelleting capacity, 
although for the treatments conditioned at 
the higher temperature and the higher pel-
leting rate the recovery for phytase was stat-
istically equal to the treatments conditioned 
at the lower temperature. The phytase re-
covery in the conditioned mash was similar 
for both conditioning temperatures and at a 
level comparable to the unconditioned 
mash recovery, indicating that the phytase 
was stable during the conditioning phase 
regardless of temperature (Table 14.1). The 
delta between the conditioned mash and 
hot pellet was highest with the lower condi-
tioning temperature and increased as a 
consequence of the pelleting capacity 
(Table 14.2). The author suggested that this 

Table 14.1. Main effects of mash conditioning temperature (CT) and pellet mill throughput (PMT) on the 
relative activity of phytase and xylanase in conditioned mash compared with unconditioned mash (CM:UCM), 
pellets compared with conditioned mash (P:CM) and pellets compared with unconditioned mash (P:UCM). 
(From Pope, 2019.) 

CT (°C) PMT (kg/h) n 

Relative phytase recoverya (%) Relative xylanase recoveryb (%) 

CM:UCM P:CM P:UCM CM:UCM P:CM P:UCM 

Main effects 
75 12 124.0A 95.4A 114.8A 81.0A 98.6A 79.2A 

86 12 100.7A 55.8B 60.7B 86.8A 94.7A 81.9A 

P value 0.069 0.001 0.001 0.134 0.461 0.469 
c SEM 8.4 6.5 5.0 2.6 3.6 2.5 

227 6 87.7A 58.3A 52.8C 77.7A 96.1A 74.0A 

454 6 105.0A 76.9A 83.4B 86.7A 95.1A 81.4A 

908 6 127.1A 70.8A 90.3B 86.5A 95.3A 82.0A 

1816 6 129.4A 96.5A 124.5A 84.8A 100.1A 84.7A 

P value 0.079 0.067 0.001 0.300 0.885 0.223 
c SEM 11.8 9.2 7.1 3.7 5.0 3.6 

SEM, standard error of the mean. 
aQuantum® Blue 5G. Testing method was in accordance with ELISA specifc for Quantum® Blue, ESC Standard Analytical 
Method, SAM099; AB Vista, Marlborough, UK. 
bEconase® XT. Testing method was in accordance with ELISA specifc for Econase® XT, ESC Standard Analytical Method, 
SAM115; AB Vista, Marlborough, UK. 
cSEM for n = 12 samples for each CT and n = 6 samples for each PMT. 
A–CIn the separate CT and PMT comparisons, mean values within a column with unlike upper-case superscript letters are 
signifcantly different (P ≤ 0.01). 
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Table 14.2. Main effects of mash conditioning temperature (CT) and pellet mill throughput (PMT) on pellet 
durability index (PDI) as determined by the Holmen method for 30 s of testing and the change in temperature 
between hot pellets and conditioned mash (ΔT). (From Pope, 2019.) 

CT (°C) PMT (kg/h) n PDI (%) ΔT (°C) 

Main effects 
75 12 82.7B 6.7A 

86 12 89.5A 2.5B 

P value 0.001 0.001 
a SEM 0.6 0.3 

227 6 94.9A 2.7B 

454 6 89.6B 4.7A 

908 6 84.5C 5.6A 

1816 6 75.6D 5.3A 

P value 0.001 0.001 
a SEM 0.7 0.3 

SEM, standard error of the mean. 
aSEM for n = 12 samples for each CT and n = 6 samples for each PMT. 
A–DIn the separate CT and PMT comparisons, mean values within a column with unlike upper-case superscript letters are 
signifcantly different (P ≤ 0.05). 

is likely due to the reduction in the steam 
volume to achieve the lower conditioning 
temperature and the resultant reduction in 
the moisture which would have condensed 
from the steam into the mash and ensuing 
deficiency in lubrication through the die 
while pelleting. 

14.4 Commercial Pelleting 
Practice/Processes 

14.4.1 Steam quality 

Conditioning of feed prior to pelleting has 
long been an established practice; however, 
‘commercial practice as well as past research 
do not agree on one optimal setting for steam 
pressure or conditioning temperature’ (Cutlip 
et al., 2008). In its simplest terms, condition-
ing involves the injection of steam into the 
mash to raise its moisture and temperature 
and is the immediate pretreatment of the 
mash before it enters the pellet press for 
compaction and forming. An effective con-
ditioning process will afford the best pos-
sible parameters for the pelleting process 
while maintaining the nutrient value of the 
feed. Boroojeni et al. (2016) concluded that 

‘hydrothermal processing improved the hy-
giene status of poultry feed, but the effect on 
nutrient availability is equivocal’. The bal-
ance between the requirements for the pellet 
press and the conditioning process is such 
that the efficiencies of the system rely on an 
optimum die thickness being employed in 
conjunction with the required manufactur-
ing rates being attained, then pellet quality 
is met, and the key challenge of milling effi-
ciency is achieved. 

Feed is conditioned for multiple reasons 
but perhaps the primary reasons are associ-
ated with the preparation of feed material 
for the pelleting phase by adding heat and 
moisture to the mash, hygienization of the 
mash, starch gelatinization and in order to 
plasticize protein. With these conditions in 
mind and their importance and influence on 
the pelleting process, ‘steam conditioning is 
likely the most important factor affecting 
pellet quality’ (Fahrenholz, 2012). Indeed, 
steam conditioning influenced pellet qual-
ity by 20% (Reimer, 1992), and as a result it 
is essential to understand the properties of 
the steam and how best to accommodate 
these assets to ensure the best effective con-
ditioning of the meal possible. Steam is pro-
duced in the feed mill in a boiler at high 
pressure. The reasons for producing steam 
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at high pressure are so that a high volume of 
steam can be available for the processing of 
the mash. This ensures the steam can be ef-
ficiently distributed around the plant and 
that the energy from the steam is available at 
the point of use. Steam, when produced at a 
higher pressure, has a reduced volume and 
consequently occupies less space, therefore 
smaller-diameter pipework can be used. 
This concept is a very important consider-
ation for when the steam pressure is reduced 
before it is injected into the conditioner. 

Steam leaving the boiler should be as 
dry as possible to ensure it is carrying heat 
efficiently. Any condensate that occurs in 
the pipework should be removed using the 
appropriate trapping. The operating pres-
sure of the boiler will be determined by the 
specifics of the boiler to ensure the operat-
ing efficiency and quality of the steam leav-
ing the boiler. The effect of pressure is such 
that increasing the pressure at which the 
water transforms to steam makes the water 
more reluctant to change state, from liquid 
to gas (steam). As the pressure increases the 
more energy must be added to the water be-
fore it will boil, consequently the boiling 
temperature will be higher. Similar in-
creases and decreases occur whenever the 
pressure is raised, and conversely when the 
pressure is decreased. This can be readily 
seen from steam tables (Table 14.3). 

If the operating pressure of the boiler is 
8 bar, then the properties of the steam will 
be as shown in Table 14.3. The three key 
parameters to observe are: temperature, 
175°C; enthalpy of steam, 2774 kJ/kg; and 
the specific volume of the steam, 0.215 m3/ 
kg. If the reduced steam pressure at which 
the steam is injected into the conditioner is 
2 bar, the difference between the properties 
for the two pressures needs to be accommo-
dated. If steam is distributed at high pres-
sure, before it is injected into the 
conditioner, the pressure should first be re-
duced in order to allow the steam to be at a 
reduced temperature, closer to its satur-
ation point as it enters the conditioner, 
when it will confer its energy, heat and 
moisture to the mash. This is achieved by 
the installation of a pressure-reducing valve 
(PRV) in the line to the conditioner. As al-
luded to earlier, understanding the param-
eters associated with steam at different 
pressures is key to having an effective steam 
line configuration for the reduced pressure. 
If the high-pressure steam is distributed 
around the feed mill via 50 mm diameter 
pipework, the velocity of the steam will be 
proportional to the volume of steam being 
conveyed and the cross-sectional area of the 
pipe. So, if we have the scenario that we re-
quire steam at 1300 kg/h, the velocity of the 
steam would be approximately 33 m/s. If 

Table 14.3. The effect of pressure on the enthalpy of steam. (Author’s own data, generated by sequential 
inputs of pressure data into https://www.spiraxsarco.com/resources-and-design-tools/steam-tables/dry-
saturated-steam-line, accessed 29 June 2021.) 

Pressure 
(bar) (gauge) 

Pressure 
(kPa) (gauge) 

Temperature 
(°C) 

Specifc enthalpy (kJ/kg) Specifc 
volume of 

steam (m3/kg)Water, h f Evaporation, h fg Steam, h g 

0.00 00.0 99.97 418.9 2256.5 2675.5 1.673 
1.00 100.0 120.42 505.6 2201.1 2706.7 0.881 
2.00 200.0 133.69 562.2 2163.3 2725.5 0.603 
3.00 300.0 143.75 605.3 2133.4 2738.7 0.461 
4.00 400.0 151.96 640.7 2108.1 2748.8 0.374 
5.00 500.0 158.92 670.9 2086.0 2756.9 0.315 
6.00 600.0 165.04 697.5 2066.0 2763.5 0.272 
7.00 700.0 170.50 721.4 2047.7 2769.1 0.240 
8.00 800.0 175.43 743.1 2030.9 2774.0 0.215 
9.00 900.0 179.97 763.0 2015.1 2778.1 0.194 

10.00 1000.0 184.13 781.6 2000.1 2781.7 0.177 
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the steam is then reduced to 2 bar the main 
characteristic is the change in the steam 
volume, which is almost three times greater, 
in addition to the reduction in temperature 
and enthalpy of steam. If the post-PRV pipe-
work diameter is maintained at the same 
diameter as the pre-PRV pipework diam-
eter, the velocity of the steam would in-
crease to approximately 90 m/s. However, 
the approach is to reduce the velocity to 
allow the steam to reach its saturation tem-
perature for the reduced pressure, and to 
accomplish this it is necessary to increase 
the post-PRV pipework diameter. A lot of 
these aspects of the steam line are over-
looked at a feed mill level. Often a new pel-
leting system, press and conditioner, would 
be installed without consideration for the 
steam configuration for the new set-up by 
employing the existing pipework. The fun-
damental outcome is that the conditioning 
and pelleting press are not balanced, and 
the risk is that the steam will transfer more 
energy in terms of temperature than mois-
ture as the saturation conditions for the 
steam are not realized within the short time 
associated with the conditioning process. 
For steam to confer its energy, heat and 
moisture, it must first reach its saturation 
temperature for the corresponding pressure 
at which it exists. In feed production, al-
though the pressure at which the steam is 
injected into the conditioner is above at-
mospheric pressure, the conditioner into 
which the steam enters is an atmospheric 
device. Therefore, the steam should now 
exist at atmospheric conditions, even 
though the temperature of the steam might 
be slightly higher than 100°C. When the 
steam meets the cooler mash, the tempera-
ture of the steam will begin to drop. When 
the steam reaches 100°C the steam will con-
dense and will confer its moisture into the 
mash. Once all the steam is turned into 
water, its temperature will drop. This hy-
dration process is time dependent and be-
yond the physical characteristics of the 
steam; the rate of diffusion will be further 
dependent on the set-up and operation of 
the conditioner and the formulation. 

Cutlip et al. (2008) undertook an experi-
ment to look at the influence of conditioning 

temperature and pressure on pellet quality 
and broiler performance. Two tempera-
tures, 82.2 and 93.3°C, and two pressures, 
138 and 552 kPa, were adopted. Increasing 
the processing temperature resulted in a 
higher production rate, a point Cutlip et al. 
(2008) assigned to an increase in moisture 
and heat, resulting in higher die lubrica-
tion and feed adhesion (Table 14.4). Mois-
ture levels were highest for the high 
temperature treatments for both condi-
tioned mash and hot pellets, which re-
sulted in higher moisture level in the 
finished feed for the same treatments (Table 
14.5). The higher conditioning temperature 
improved pellet durability index (PDI) and 
decreased the total quantity of fines, and 
the same was observed with the higher 
steam pressure, although the improve-
ments obtained with the changes in steam 
pressure were not as dramatic as those at-
tained with the increase in conditioning 
temperature. The pellets produced with 
the higher conditioning temperature de-
creased broiler feed intake and the feed 
conversion ratio (Table 14.6). For the two 
different steam pressures employed, the 
mass (kg) of steam required to achieve the 
targeted temperatures would be equal be-
tween temperatures, although for the 
higher temperatures a greater quantity of 
steam would be needed. If the parameters 
for the steam pipework were constant, then 
the properties of the steam, notably the vel-
ocity of the steam in the pipework post the 
PRV, will have been different between the 
two pressures and any consequential effect 
of this may have been overlooked. From 
Fig. 14.1 it can be calculated that the mois-
ture transferred from the steam was 2.19% 
for the lower conditioning temperature and 
2.74% for the higher temperature, the 
higher moisture level being attributable to 
the greater quantity of steam administered 
and condensation of the steam to the feed. 
If these values are equated to °C, then for a 
1% increase in moisture, we can see that 
for the lower conditioning temperature the 
outcome was 26.1°C and for the higher 
temperature was 24.9°C (assuming the 
mean ambient mash temperature for the 
duration of the trial was 25°C). Both these 
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 Table 14.4. Effect of steam conditioning feed on manufacturing variables and pellet quality (Latin square design using day and processing order for blocking). (From 
Cutlip et al., 2008.) 

Treatmenta 

Production rate 
(ton/h) PDI (%) Modifed PDIb (%) Cooler fnesc (%) Bagged fnesd (%) Total fnese (%) Bulk density (kg/m3) 

LPLT 0.750A 89.59C 80.42C 48.20A 4.17A 8.92A 658.8A 

LPHT 0.785A 93.33B 88.32B 38.54A 3.84A,B 7.28A 659.3A 

HPLT 0.756A 89.76C 81.14C 42.70A 4.81A 8.60A 657.9A 

HPHT 0.791A 94.35A 90.50A 35.81A 2.07B 5.17A 651.9A 

P value 0.2650 0.0001 0.0001 0.5196 0.0442 0.1115 0.4925 
LSDf — 0.99 1.77 — 1.81 — — 
P values for main effects and interaction 

Pressure 0.7128 0.0827 0.0299 0.5108 0.3183 0.2569 0.2912 
Temperature 0.0676 0.0001 0.0001 0.2094 0.0260 0.0397 0.4697 
Pressure × temperature 0.9915 0.1917 0.2061 0.8213 0.0602 0.3953 0.4119 
SEM 0.016 0.287 0.512 5.887 0.522 0.971 0.227 

SEM, standard error of the mean. 
aTreatments are defned by steam conditioning pressure and temperature: LP = low pressure, 138 kPa; LT = low temperature, 82.2°C; HP = high pressure, 552 kPa; HT = high temperature, 
93.3°C. 
bModifed PDI completed utilizing fve 13-mm hex nuts for added force on pellets. 
cPercentage of fnes associated with feed that fell through the horizontal cooler. 
dPercentage of fnes obtained from a sample of bagged feed collected at the sack off bin. 
eThe sum of fnes collected from under the horizontal cooler and the sample bagged feed. 
fFisher’s least signifcant difference test. 
A–CMean values within a column with unlike upper-case superscript letters are signifcantly different (P < 0.05). 
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 Table 14.5. Effect of steam conditioning feed on moisture, protein and ash content (Latin square design using day and processing order for blocking). (From Cutlip 
et al., 2008.) 

Moisture (%) Crude protein (%) Ash (%) 

Treatmenta Dry mash Sifted pellet Sifted fnes Dry mash Sifted pellet Sifted fnes Dry mash Sifted pellet Sifted fnes 

LPLT 10.81A 12.86C 12.02A 22.11A 21.69A 20.67A 1.93A 1.94A 1.94A 

LPHT 11.24A 13.96A,B 12.89A 21.09A 21.71A 19.66A 1.94A 1.94A 1.93A 

HPLT 11.20A 13.34B,C 12.48A 20.12A 20.12A 20.14A 1.94A 1.94A 1.94A 

HPHT 11.27A 14.18A 13.02A 22.16A 22.80A 20.28A 1.95A 1.94A 1.93A 

P value 0.7026 0.0195 0.1954 0.5050 0.4025 0.7223 0.5910 0.8922 0.7801 
LSDb – 0.7651 – – – – – – – 
P values for main effects and interaction 

Pressure 0.5230 0.1636 0.3701 0.6735 0.5355 0.9508 0.4961 0.8920 0.8281 
Temperature 0.4495 0.0046 0.0623 0.6397 0.2616 0.5082 0.2703 0.4995 0.3605 
Pressure × 0.5744 0.5772 0.6172 0.1900 0.2690 0.3866 0.8025 0.8055 0.8020 

temperature 
SEM 0.22 0.16 0.22 0.73 0.59 0.44 0.007 0.006 0.006 

SEM, standard error of the mean. 
aTreatments are defned by steam conditioning pressure and temperature: LP = low pressure, 138 kPa; LT = low temperature, 82.2°C; HP = high pressure, 552 kPa; HT = high temperature, 
93.3°C. 
bFisher’s least signifcant difference test. 
A–CMean values within a column with unlike upper-case superscript letters are signifcantly different (P < 0.05). 
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 Table 14.6. Effect of steam conditioning feed form on 21- to 39-day performance (randomized complete block design using ratio of females to males as a covariate). 
(From Cutlip et al., 2008). 

Treatmenta 

Bird initial body 
weight (kg) 

Pen feed 
intake (kg) 

Bird live weight 
gain (kg) 

Bird feed conversion 
ratio (kg/kg) 

Bird ending body 
weight (kg) 

Pen mortality 
(%) 

LPLT 0.705A 45.76A 1.336A 2.16A,B 2.041A 1.56C 

LPHT 0.705A 42.80A 1.376A 1.95C 2.081A 1.56C 

HPLT 0.703A 45.43A 1.317A 2.19A 2.021A 3.90B,C 

HPHT 0.704A 43.77A 1.400A 1.99B,C 2.101A 2.34C 

UCM 0.703A 31.22B 0.925B 2.18A,B 1.628B 8.59A,B 

HPHT reground 0.702A 33.95B 0.954B 2.28A 1.655B 5.47B,C 

50% HPHT reground/50% HPHT pellets 0.705A 32.18B 0.956B 2.26A 1.661B 10.94A 

P value 0.7458 0.0001 0.0001 0.0029 0.0001 0.0018 
LSDb – 3.34 0.09 0.19 0.09 5.28 
P values for main effects and interaction 

Pressure 0.2438 0.5267 0.6028 0.8947 0.5095 0.6731 
Temperature 0.5584 0.0586 0.2755 0.0319 0.2977 0.5992 
Pressure × temperature 0.7746 0.4453 0.3924 0.8514 0.3692 0.6292 
SEM 0.002 0.862 0.002 0.051 0.020 0.949 

P values for feed form regression among reground mash, 50/50 reground mash and pellets, and all pellets (552 kPa, 93.3°C) 
Linear 0.0001 0.0002 0.0001 0.0023 0.0001 0.1307 
Quadratic 0.8170 0.1307 0.2562 0.6559 0.3314 0.0610 

SEM, standard error of the mean. 
aTreatments are defned by steam conditioning pressure and temperature: LP = low pressure, 138 kPa; LT = low temperature, 82.2°C; HP = high pressure, 552 kPa; HT = high temperature, 
93.3°C. 
bFisher’s least signifcant difference test. 
A–CMean values within a column with unlike upper-case superscript letters are signifcantly different (P < 0.05). 
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Steam 

Preconditioned 
mash moisture 

Mean ambient temp.: 25°C 
High ambient temp.: 30°C 
Mean ambient humidity: 84.5% 
High ambient humidity: 96% 

Cool pellet moisture 

Conditioned pellet moisture 

11.00% 
11.26% 

Hot pellet 
moisture 
13.99% 
15.22% 

13.19% 
14.00% 

14.22% 
15.32% 

Low temperature 
High temperature 

Sifted pellet moisture 

13.10% 
14.07% 

Sifted fine moisture 

12.25% 
12.96% 

Fig. 14.1. Signifcant temperature effect on feed moisture. (Adapted from Cutlip et al., 2008.) 

figures are well above the anticipated level 
that is generally regarded as the norm of 13 
to 16°C, the inference being that the steam 
is dry and not achieving its saturation tem-
perature for the reduced pressure post the 
PRV. Although not a focus of the study, this 
could be associated with the properties of 
the steam and how able the steam was, 
given the set-up of the steam pipework 
configuration, to liberate both heat and 
moisture to the mash. Cutlip et al. (2008) 
remarked that the most implemented steam 
pressure ranged from 138 to 552 kPa and 
conditioning temperatures varied from 
76.7 to 93.3°C, although ‘past research has 
not accounted for these variables in a com-
prehensive manner’. 

14.4.2 The influence of the die 

Considering the stability of a commercial 
phytase during conditioning and pelleting, 
Truelock et  al. (2019) investigated the 
interaction of conditioning temperature 
and die thickness in a factorial study in-
corporating three temperatures and two die 
thicknesses. The pelleting rate and the re-
tention time within the conditioner were 

held constant for all treatments. Samples of 
the mash, conditioned mash and pellets 
were collected to determine enzyme activ-
ity. The temperature of the conditioned 
mash and hot pellets was monitored during 
the term of the experiment. The phytase 
product evaluated in this experiment had a 
loss of activity associated with the condi-
tioning and the pelleting processes, re-
spectively, even though there was no 
interaction between the die thickness and 
conditioning temperature (Table 14.7). The 
hot pellet temperature increased when pel-
leting with the thicker die presumably as a 
result of the dynamics of the frictional 
forces at the die. Additionally, the delta be-
tween the conditioned mash and the hot 
pellet was higher in all treatments for the 
thicker die. Across both die thicknesses, 
the delta was greater with the lower condi-
tioning temperature, reducing as the condi-
tion temperature increased. The conclusion 
of the study was that phytase activity was 
reduced as a consequence of the increase in 
conditioning temperature and not the die 
thickness. 

A series of experiments undertaken by 
Pope (2019) looked at factors to improve 
feed quality and nutritional quality and 
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 Table 14.7. Effect of die thickness and conditioning temperature on pelleting characteristics and phytase stability of a fnishing swine dieta. (From Truelock et al., 
2019.) 

Die L:D 5.6 8.0 Probabilityc 

Conditioning temp. (°F) 165 175 185 165 175 185 b SEM Die Linear Quadratic Die × temp. 

Production rate (lb/min) 33.8 34.1 33.8 33.9 33.7 34.1 0.13 – – – – 
Conditioning temp. (°F) 165.1 175.3 185.2 165.3 175.5 184.3 0.19 – – – – 
Hot pellet temp. (°F) 176.6 181.8 189.2 178.6 184.1 190.5 0.80 <0.01 <0.01 0.16 0.73 
PDI (%) 80.0 80.9 84.7 88.5 88.9 91.7 1.71 <0.01 0.03 0.39 0.91 
Phytase (FYT/kg) 

Initial mash 772 772 772 743 743 743 141.1 0.74 1.00 1.00 1.00 
Conditioned mash 1099 576 267 894 760 275 138.9 0.97 <0.01 0.74 0.28 
Cooled pellet 603 329 166 538 292 206 42.6 0.54 <0.01 0.07 0.42 

Phytase stability (%) 
Conditioned mash 102.8 61.0 35.4 91.4 77.5 36.2 8.14 0.72 <0.01 0.64 0.14 
Cooled pellet 63.0 38.1 23.7 58.6 35.6 28.1 7.09 0.85 <0.01 0.19 0.70 

SEM, standard error of the mean. 
aDiets were steam-conditioned (10 in × 55 in Wenger twin staff preconditioner, model 150) for 30 s at 165, 175 or 185°F and pelleted (CPM, 1012-2 HD Master model) using a 5/32 in × 
7/8 in (L:D = 5.6) or a 5/32 × 1¼ in (L:D = 8.0) pellet die. 
bPooled standard error of least-squares means (n = 3). 
cLinear and quadratic contrasts were used to evaluate the effect of conditioning temperature. 
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used feed enzymes as a marker for protein 
denaturation. These experiments identi-
fied that the conditioning temperature was 
not the sole arbitrator in denaturing en-
zyme activity and a further detrimental 
loss of activity was associated with the pel-
let mill and the die: ‘data indicated that the 
phytase utilized may have been stable to 
heat, but not to heat and pressure which 
would be experienced as the enzyme 
traversed the pellet mill die’. The author 
also alluded that past research had not suf-
ficiently investigated the relationship be-
tween the effects of the conditioning 
process and the effects of the pelleting pro-
cess by adequately separating the two. In 
an experiment investigating the percentage 
of MAF, enzyme recovery was greater with 
the treatment with the higher MAF inclu-
sion, an indication that the additional lu-
bricating value of fat is providing an 
advantageous benefit to enzyme recovery 
in-feed (Table 14.8). The paradox is that in-
creasing levels of MAF also resulted in re-
ducing PDI values and that increasing PDI 
correlated with decreasing enzyme (xyla-
nase) recovery. 

In an additional experiment, the bene-
fit of adding water to the batch mixer was 
considered and the possible interaction the 
application of mixer added water (MAW) 
would have on enzyme recovery. The hy-
pothesis was that water, like fat, would 
bring lubrication advantages in the pellet 
die as the meal is pressed through the die 
but also assist with the binding properties 
of the meal to improve pellet quality via 
starch gelatinization. The experiment con-
sisted of three conditioning temperatures 
and two MAW levels. The treatments were 
conditioned for 30 s utilizing a steam pres-
sure of 207 kPa and a production rate of 
908 kg/h, die area of 548 cm2 and L:D of 8 
(Table 14.9). 

There was no significant difference in 
the recovery of xylanase in the pellets rela-
tive to the conditioned mash irrespective 
of the conditioning temperature or the 
MAW level. For phytase, there were differ-
ences associated with the conditioning 
temperature but there was no benefit in 
the analytical recovery of the pelleted 

feeds in connection with any level of 
MAW. Both sets of data suggest that MAW 
is neither detrimental nor positive to the 
stability of the phytase or xylanase in this 
experiment. 

14.5 Conclusion 

Although feed processing techniques have 
advanced, they have not kept pace with 
the advances in nutrition. This has re-
sulted in significant variation in feed 
processing methods and processing param-
eters. While the stability of key additives is 
a point of concern, other factors such as 
feed sanitation plus the demands on the 
feed mill to produce pellets of an accept-
able quality also contribute to the abun-
dance of variations in milling equipment 
and processing parameters that are experi-
enced in the animal feed industry. In a re-
view by Amerah et al. (2011), the authors 
suggested that for broiler performance, 
conditioning temperatures over 85°C should 
be avoided. In a more recent review by 
Moritz (2019), it was proposed that ‘condi-
tioning feed within the range of 80 to 82°C 
from 10 to 60 seconds without excessive 
throughput may produce pellets of ad-
equate physical quality to improve bird 
performance’, plus ‘this temperature and 
time range combination should support a 
feed Salmonella control program, main-
tain amino acid digestibility and support 
exogenous enzyme activity’. 

It is apparent that enzyme stability is 
not solely related to the conditioning tem-
perature as activity can be denatured due 
to other aspects of the feed manufacturing 
process and specifically in the formation 
of the pellet. The variation of conditioning 
methods and the use of steam deviate sig-
nificantly with no apparent industrial 
standard. The pellet press poses varied fa-
cets that can impact enzyme stability such 
as pressure and frictional heat encoun-
tered within it. Understanding each of 
these intricacies and balancing the thermo-
dynamic properties are essential for en-
zyme stability. 
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Table 14.8. Effect of percentage mixer added fat (MAF) on the relative activity of xylanase in conditioned 
mash compared with unconditioned mash (CM:UCM), pellets compared with conditioned mash (P:CM) and 
pellets compared with unconditioned mash (P:UCM). (From Pope, 2019.) 

MAF (%) n 

Relative xylanase activity (%) 

CM:UCM P:CM P:UCM 

1.00 3 36.7 66.4 24.0 
3.00 3 42.6 60.6 25.7 
5.00 3 28.1 111.6 30.4 
Linear P value 0.337 0.027 0.302 
Quadratic P value 0.291 0.006 0.593 
SEMa 5.8 6.6 4.1 

SEM, standard error of the mean. 
aSEM for n = 3 samples for each percentage MAF. 

Table 14.9. Effect of mash conditioning temperature (CT) and level of mixer added water (MAW) on the 
relative activity of phytase and xylanase in conditioned mash compared with unconditioned mash 
(CM:UCM), pellets compared with conditioned mash (P:CM) and pellets compared with unconditioned 
mash (P:UCM). (From Pope, 2019.) 

CT (°C) MAW (%) n 

Relative phytase recoverya (%) Relative xylanase recoveryb (%) 

CM:UCM P:CM P:UCM CM:UCM P:CM P:UCM 

Main effects 
80 9 104.4A 76.4A 77.1A 87.2A 108.8A 94.7A 

86 9 100.1A 35.8B 33.8B 91.0A 112.1A 101.3A 

92 9 81.9B 6.3C 5.2C 90.1A 107.6A 96.7A 

P value 0.006 0.001 0.001 0.430 0.654 0.091 
0.0 9 95.8A,B 42.0A,B 40.8A 90.9A 108.8A 98.2A 

1.0 9 85.1B 44.9A 40.3A 91.3A 109.4A 99.7A 

2.0 9 105.6A 31.7B 35.1A 86.2A 110.4A 94.8A 

P value 0.018 0.042 0.480 0.185 0.946 0.240 
SEMc 4.4 3.5 3.6 2.0 3.5 2.1 

SEM, standard error of the mean. 
aQuantum Blue® 5G. Testing method was in accordance with ELISA specifc for Quantum® Blue, ESC Standard Analytical 
Method, SAM099; AB Vista, Marlborough, UK. 
bEconase® XT. Testing method was in accordance with ELISA specifc for Econase® XT, ESC Standard Analytical Method, 
SAM115; AB Vista, Marlborough, UK. 
cSEM for n = 9 samples for each CT and n = 9 samples for each level of MAW. 
A–CIn the separate CT and MAW comparisons, mean values within a column with unlike upper-case superscript letters are 
signifcantly different at P ≤ 0.05 (CT) or P ≤ 0.01 (MAW). 
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15.1 Introduction 

The commercial application of enzymes in 
monogastric farm animal nutrition developed 
only in the late 1980s. In the early days en-
zymes were added to animal feed with the 
aim to compensate for deficiencies in the 
host enzyme arsenal, allowing, among others, 
a more complete breakdown of certain digest-
ible components of the feed such as starch, 
protein and fat, but above all allowing the 
breakdown of fractions that are not attacked 
by the host enzymes at all, in essence the 
non-starch polysaccharides (NSPs) that make 
up the cell walls of plants. More recently, 
these enzymes have been proposed as alter-
natives to the in-feed antibiotics which were 
banned in 2006 in the EU, a process that is 
ongoing to various degrees of implementa-
tion in other markets (Yang et  al., 2009; 
Cowieson and Kluenter, 2019). This associ-
ation refers only to the effects on performance, 
not to the modes of action, which in both cases 
still are under investigation. Indeed, even if 
growth-promoting antibiotics have been used 
in animal feed for almost half a century, the 
modes of action of these low concentrations 
of antibiotics included in feed are still being 
investigated today (Robinson et al., 2019). 

Reports from the field claim that ban-
ning of antibiotic growth promotors has 
compromised control of coccidiosis, nec-
rotic enteritis and other gut health issues as-
sociated with wet litter (Smith, 2019). Gut 
health issues at the level of the individual 
bird are characterized by intestinal inflam-
mation, gut barrier leakage and shifts in the 
composition of the intestinal microbiome 
(for a review, see Ducatelle et al., 2018). In 
line with this recent evolution, in-feed en-
zymes, especially the carbohydrate-degrading 
enzymes, are now claimed to promote intes-
tinal health in pigs and in poultry (for a 
review, see Kiarie et  al., 2013). The gut-
health-promoting effects of NSP-degrading 
enzymes (NSPases) are believed to result 
from the decrease in digesta viscosity, the 
rupture of the plant cell walls releasing 
nutrients present inside plant cells (the so-
called ‘cage release effect’), and the solubil-
ization and partial hydrolysis of NSPs, 
generating prebiotic oligosaccharides (Courtin 
et al., 2008; Aftab and Bedford, 2018). It is 
well documented that the intestinal micro-
biota interacts with prebiotic oligosacchar-
ides, as was shown recently again for the 
arabinoxylo-oligosaccharides (AXOS) (Bautil 
et al., 2019). It is, however, unclear to what 

©CAB International 2022. Enzymes in Farm Animal Nutrition, 3rd Edition (M. Bedford et al. eds) 
DOI: 10.1079/9781789241563.0015 254 
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extent the beneficial effects of NSPases on 
intestinal health and on performance in 
broilers and pigs may be through their posi-
tive steering effect on the intestinal micro-
biota. Moreover, there is some controversy 
in the literature whether other feed enzymes 
also modulate the intestinal microbiota and 
whether or not this may be beneficial to the 
health of the animals. The purpose of this 
chapter is to critically review the literature 
on these topics in order to give some cues 
that may help to clarify, at least partially, 
the aforementioned issues. This is challen-
ging because the available scientific infor-
mation on the interactions between feed 
enzymes and the intestinal microbiota is 
fragmentary and often preliminary, even if 
such interactions have been assumed al-
ready many years ago (Choct, 2006). Prior to 
examining the effects of exogenous enzymes 
on the microbiota, some information on the 
establishment and composition of the 
microbiota is needed. 

15.2 The Microbiome 

The intestinal ecosystem is shaped by the 
interactions between three factors: (i) the feed; 
(ii) the host intestinal mucosa; and (iii) the 
microbiota. Along the intestinal tract, the mi-
crobiome is geographically specific, forming 
a dynamic equilibrium with a remarkable 
robustness and resilience. In the duodenum 
and jejunum, the bacterial density is very 
low due to the secretion of powerful anti-
microbial substances and the diffusion of 
oxygen from the host mucosa. In contrast, 
the density of the intestinal microbiome is 
much higher in the caecum and colon in 
pigs and in the ileum and caeca in chickens. 

Groundbreaking studies on the com-
position of the intestinal microbiota in 
broilers were compiled by the group of Lee 
and Hofacre back in 2003 (Lu et al., 2003). 
They clearly established the extreme diffe-
rence in composition between the micro-
biota of the ileum and that of the caeca, two 
organs that are directly connected to each 
other. Indeed, the ileal microbiota is domin-
ated by members of the Lactobacillaceae 

family, whereas the caecal microbiota is 
dominated by what was later renamed as Ru-
minococcaceae and Lachnospiraceae fam-
ilies. These studies for the first time showed 
that in the chicken, as opposed to the pig 
(and other mammals), there is, to some ex-
tent, a spatial separation between two major 
steps in the fermentation process of NSPs 
from fibre. Indeed, in chickens, there is a 
large population of lactobacilli in the ileum 
which can hydrolyse the plant cell wall 
NSPs, generating lactic acid as an inter-
mediate metabolite. The conversion of lac-
tic acid into butyric acid is mainly done by 
members of the Lachnospiraceae family in 
the caeca. Only some members of the Rumi-
nococcaceae family (e.g. Faecalibacterium 
prausnitzii) residing predominantly in the 
caeca can take care of the entire cascade of 
the breakdown of the NSP macromolecular 
complexes into butyrate. This topograph-
ical differentiation seems to be less pro-
nounced in the pig (Crespo-Piazuelo et al., 
2018), except under pathological conditions 
(Pollock et al., 2019). Butyrate appears to be 
a very important end product of bacterial 
metabolism in the lower intestinal tract of 
many different animal species. It is not only 
an important energy source for the epithe-
lial cells lining the lower intestinal tract, 
but also an important ‘interkingdom’ mes-
senger, generating a wide range of beneficial 
responses in the host (for a review, see Guil-
loteau et al., 2010). 

All of the above-mentioned observa-
tions suggest that, in a healthy intestine, the 
entire digestible fraction of the feed is com-
pletely absorbed by the time the gut content 
reaches the ileum (in the chicken) or the 
ileo-caecal valve (in the pig). This means 
that the lower intestinal microbiota should 
live to some extent on host secretions (in-
cluding sloughed-off epithelial cells, mucins 
and enzymes), but most importantly on the 
remaining indigestible fibre fraction, com-
posed essentially of NSPs. The role of dietary 
fibre NSPs as a critically important substrate 
for the gut microbiota is recognized not only 
in monogastric farm animals but also in hu-
mans (Hills et al., 2019). The NSPs in feed 
mostly come from cereal grain hulls and 
soybean hulls, where they are present as 
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large macromolecular structures composed 
of interconnected long branched chains of 
different sugar polymers. Depending on the 
source of the feed ingredients, the chemical 
composition of the NSPs can vary consider-
ably. In most cases, however, arabinoxylans 
and β-glucans make up the dominant frac-
tions of the NSPs. Therefore, one should ex-
pect that these will predominantly fuel 
the expansion and metabolic activity of the 
above-mentioned dominant families in 
the ileum and caeca. Other NSP fractions 
may, however, support other members of the 
ileal and/or caecal microbiome. One way to 
investigate this is by supplying an additional 
amount of one specific NSP fraction (on top 
of what is already present in the ingredients 
of the feed) and check for specific changes in 
the microbiome. We recently used this ap-
proach to identify the members of the micro-
biota which are responsible for cellulose 
breakdown (De Maesschalck et al., 2019). In 
these studies in broilers, it was shown that 
cellulose could be hydrolysed by genus Alis-
tipes, belonging to the Rikenellaceae family. 
Metagenomic analysis of a single caecal 
microbiota from a broiler, however, has 
shown that a number of other bacteria in the 
caeca also carry genes coding for cellulases, 
but it is not known to what extent they con-
tribute to cellulose breakdown (Sergeant 
et al., 2014). 

Another approach to identify members 
of the intestinal microbiota with beneficial 
functions is by comparing the microbiota of 
broiler flocks with high versus low perform-
ance. Using this approach, Torok et al. (2011) 
found performance-related operational taxo-
nomic units in the ileum and caeca of broil-
ers fed different feed formulas. 

Finally, meta-analyses of large numbers 
of studies investigating human gut micro-
biota composition have allowed identifica-
tion of categories of bacteria associated with 
poor (gut) health. Using this approach, Shin 
et  al. (2015) found Proteobacteria (includ-
ing the family Enterobacteriaceae) as a ‘mi-
crobial signature of dysbiosis’. Expansion of 
the phylum Proteobacteria is also seen in 
poultry and swine under various conditions 
of poor intestinal health. The Proteobacte-
ria, however, seem to show like two sides of 

a coin. Escherichia coli and some other 
members of the family Enterobacteriaceae, 
phylum Proteobacteria, appear to be among 
the very first colonizers of the lower intes-
tinal tract in chickens (Videnska et  al., 
2014), playing a crucial role in the reduc-
tion of the oxygen tension in the caeca, 
which is a prerequisite for the colonization 
by Lachnospiraceae and Ruminococcaceae. 
Proteobacteria also have been suggested to 
play a role in training the intestinal immune 
system in pigs (Zwiritz et al., 2019). On the 
other hand, in laboratory animal models 
and in humans it was found that excessive 
expansion at a later age of Proteobacteria in 
general is a microbial signature of dysbiosis 
(Shin et al., 2015). E. coli and other mem-
bers of the Proteobacteria tend to use oxygen 
as terminal electron acceptor in their energy 
production, generating oxygen radicals 
which are powerful triggers of inflammation 
in the intestinal mucosa (Hughes et  al., 
2017). A similar ambiguous role probably 
can be attributed to the Lactobacillus genus. 
Expansion of lactobacilli in the caeca was 
associated with better feed conversion in 
laying hens (Yan et al., 2017) and in broilers 
(Torok et al., 2011). In contrast, Torok et al. 
(2013) found the Lactobacillus genus to be 
significantly decreased in the ileum of broil-
ers that were more feed efficient, using qPCR. 
These seemingly controversial findings might 
suggest that lactobacilli are beneficial as 
they fuel butyrate production through 
cross-feeding, but their excessive expansion 
in the small intestine (especially when ex-
panding into the proximal segment) may be 
harmful due to competition with the host for 
the digestible fraction of the diet. 

Exogenous enzymes may beneficially 
shift this delicate equilibrium of the feed, 
the host mucosa and the microbiota in 
many different ways. Since enzymes can 
become active as soon as they have passed 
the stomach/proventriculus, they may exert 
their effects at different levels of the intes-
tinal tract. Unfortunately, many of the stud-
ies examining the effects of in-feed enzymes 
on the microbiome have used enzyme 
blends, making it impossible to draw con-
clusions about the effect of specific single 
enzymes. 
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15.3 Non-Starch Polysaccharide 
(NSP)-Degrading Enzymes (NSPases) 

As the NSPs from plant cell walls make up 
the bulk of the substrate available for the mi-
crobes that live in the lower gastrointestinal 
tract, and NSPases can be active all along the 
small intestine, it seems logical to assume 
that in-feed NSPases may make the NSPs 
more readily available for the microbiota, es-
pecially in very young animals, when the in-
testinal microbiome is still immature. 

15.3.1 Xylanases and the microbiome 

The effects of added β-1,4-xylanases on per-
formance are well documented. Among other 
factors (e.g. reducing viscosity in the small in-
testine in broilers), the mechanism of action 
may involve an effect on the microbiota through 
the generation of prebiotic oligosaccharides 
from the arabinoxylans present in the cereal 
hulls in feed. Enzymatic degradation of cereal-
derived arabinoxylans has indeed been shown 
to generate both AXOS and xylo-oligosaccharides 
(XOS) (Broekaert et al., 2011). 

The first reports on the interaction 
between in-feed xylanases and intestinal 
microbes looked at effects on culturable 
bacteria. Hubener et  al. (2002) found that 
xylanase supplementation to a wheat–rye-
based diet for broilers led to lower colony-
forming units in the small intestine while 
the capacity of bacteria cultured from ileal 
samples to utilize NSPs was enhanced. 
Hirsch et al. (2006) found a shift in Lactoba-
cillus spp. in the terminal jejunum in pig-
lets on a diet supplemented with a xylanase, 
whereas in the study of Li et al. (2019) the 
supplementation of xylanase resulted in 
lower ileal Lactobacillus counts in piglets. 
Thus, xylanases may to some extent prevent 
excessive expansion of the microbiome up-
stream in the small intestine and protect 
against what is called in human medicine 
‘small intestinal bacterial overgrowth’ (SIBO) 
(Aziz et  al., 2017). De Maesschalck et  al. 
(2015) investigated the effects of supplement-
ing low-molecular-weight XOS on the cae-
cum and colon microbiota of broilers on 

a wheat- and rye-based diet using 16S 
rRNA gene sequencing. Supplementation of 
XOS to a wheat- and rye-based diet signifi-
cantly increased the relative abundance of 
Lactobacillaceae family in the colon and the 
butyrate-producing family Clostridium 
cluster XIVa (Lachnospiraceae) in the caeca 
of broilers. Furthermore, cross-feeding be-
tween two species belonging to these families 
(Lactobacillus crispatus and Anaerostipes 
butyraticus) was shown in vitro, generating 
high amounts of butyrate. McCafferty et al. 
(2019), however, found inconsistent effects 
of xylanase supplements on short-chain fatty 
acid (SCFA) concentrations in the caeca. 
Nevertheless, one should take into account 
that concentrations of SCFAs in the lumen 
are the result of production by the bacteria 
and receptor-mediated uptake by the mucosa. 

Ribeiro et al. (2018) supplemented broiler 
feed with either XOS or a β-1,4-xylanase. 
They confirmed the changes in the micro-
biota observed by De Maesschalck et al. (2015) 
in both groups. To further understand the mode 
of action of the xylanases, Ravn et al. (2017) 
incubated wheat bran with a xylanase in vitro 
and analysed the AXOS that were released. 
AXOS with an average degree of polymeriza-
tion (aDP) of 10 were generated. Increasing the 
enzyme concentration could further lower the 
aDP to 4–8. These prebiotic AXOS supported 
the expansion of butyrate-producing genera 
in an in vitro fermentation experiment with 
broiler caecal microbiota (Ravn et al., 2017). 

It is well established that increased ara-
binose to xylose ratio and glucuronation of 
arabinoxylans may greatly hinder the activity 
of many β-1,4-xylanases especially on spe-
cific substrates such as maize (Bach Knudsen, 
1997). Therefore, Ravn et al. (2018) investi-
gated the combination of a xylanase and a de-
branching α-L-arabinofuranosidase, showing 
beneficial effects on intestinal health and an 
increase in caecal butyrate but no significant 
effects on the caecal microbiota in broilers. 

15.3.2 β-Glucanases + xylanases and 
the microbiome 

β-Glucans usually represent the second 
most abundant fraction of the NSPs in 
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monogastric animal diets, after the arabinox-
ylans. Nevertheless, to the best of our know-
ledge, there are no studies examining the effects 
of single glucanases on the microbiome. 

Many enzyme blends, however, contain 
both an endo-β-1,4-xylanase and an endo-
1,3-β-glucanase, aiming to degrade the bulk 
of the NSPs in the feed. Yacoubi et al. (2016) 
fermented whole wheat grains in vitro with 
such an enzyme blend. The enzyme treat-
ment increased the water-soluble fraction of 
the arabinoxylans and it decreased the aDP 
of the xylan backbone, without formation of 
oligosaccharides with an aDP < 10. The low-
molecular-weight fraction of the solubilized 
arabinoxylans obtained after enzymatic 
treatment of wheat significantly increased 
SCFA and lactate production when incu-
bated with caecal microbiota from broilers. 
Solubilized arabinoxylans from in vitro en-
zymatically treated wheat (compared with 
non-enzymatically treated wheat) were sub-
sequently added to the feed of broilers at a 
concentration of 0.1%. At day 14 post-hatch, 
the solubilized arabinoxylans significantly 
increased the abundance of Enterococcus 
durans and Candidatus arthromitus in the 
ileum. It also increased the abundance of 
several butyrate-producing members of the 
Lachnospiraceae and Ruminococcaceae fam-
ilies in the caeca (Yacoubi et  al., 2017). 
These changes were associated with re-
duced inflammation and increased SCFA 
concentration in the caecal content. The 
most remarkable finding in this study, how-
ever, was the increased density of L-cells in 
the ileal epithelium. L-cells are butyrate-
responsive endocrine cells producing 
glucagon-like peptide 2, which supports the 
replication and the differentiation of intes-
tinal epithelial cells. This observation may 
explain the beneficial effects on small intes-
tinal morphology and function of butyrate 
production in the caeca. 

In a study comparing wheat- versus 
maize-based diets with and without endo-β-1, 
4-xylanase and endo-1,3-β-glucanase, Munyaka 
et al. (2016) showed more viscosity reduction 
in the jejunal content on the wheat-based 
diet. The enzyme blend also improved 
starch digestibility on the wheat-based diet, 
indicating that the enzymes were active in 
the small intestine. On the maize-based diet, 

the enzyme blend increased the abundance of 
families Lactobacillaceae, Lachnospiraceae 
and Peptostreptococcaceae as well as some 
genera belonging to the Ruminococcaceae 
in the ileum. A similar shift was observed 
on the wheat-based diet but this time in the 
caeca. Combined endo-β-1,4-xylanases and 
endo-1,3-β-glucanases also have been used 
in pig diets. In pigs fed an oats-based diet, 
the inclusion of such enzyme blend was as-
sociated with higher numbers of lactobacilli 
in the caecum and colon and Bifidobacteri-
um in the ileum using a microbial plate 
count method (Murphy et al., 2012). These 
observations suggest a similar effect of the 
enzyme blend on lactate producers in the 
proximal part of the lower intestine in pigs 
as in poultry. 

All of these data indicate that com-
bined endo-β-1,4-xylanases and endo-1,3-β-
glucanases are associated with changes in 
the microbiota that are remarkably similar 
to those observed with endo-β-1,4-xylanas-
es only. It is unclear whether the additional 
inclusion of the endo-1,3-β-glucanases is a 
bonus or not. 

15.3.3 Mannanases and the microbiome 

Mannans of plant cell wall origin are β-1,4 
linked, and thus different from the mannans 
present in yeast cell walls which are β-1,3 
linked. Depending on the source, plant 
mannans can have glucose and/or galactose 
residues on the backbone chain, which may 
affect their enzymatic hydrolysis (Shastak 
et  al., 2015). Plant-derived mannans are 
considered one of the major antinutritional 
components in monogastric nutrition, even 
if mannans represent only a minor fraction 
of the NSPs in most common feed ingredi-
ents for poultry and pigs. Soybean meal, 
for example, may contain β-mannans up to 
16 g/kg (Hsiao et al., 2006). Some uncommon 
feed ingredients, such as guar meal, coconut 
meal, palm kernel meal and copra meal, 
however, contain much larger amounts of 
mannans (Shastak et  al., 2015). The hy-
drolysis of plant mannans by β-mannanases 
in vitro releases manno-oligosaccharides (MOS) 
(Nopvichai et  al., 2019). Unfortunately, 
in  vivo studies investigating the effects of 



Enzymes and the Microbiome in the Post-Antibiotic Era 259   

 
 
 

 
 
 
 
 

 
 
 
 
 

  
   

 
 
 
 
 

 

 
 
 
 
 

 
 

 

 

 
 
 

 

 

 

 
 
 
 
 

 

 
 

 
 

 

 
 

 

 

 
 
 
 

  
 
 
 
 
 
 

 

MOS on the intestinal microbiota in poultry 
and pigs almost exclusively used MOS from 
yeast cell walls. It is uncertain whether 
MOS enzymatically generated from plant 
cell walls will yield similar results, so these 
studies will not be discussed here. 

Direct supplementation of β-mannanases 
in feed has been shown to reduce the feed 
conversion ratio in fattening pigs (Rychen 
et al., 2018). Similarly, β-mannanase supple-
mentation to a maize–soy-based diet im-
proves performance in broilers, especially 
under challenge (Eimeria) conditions (Jackson 
et al., 2003). In a similar experimental set-up 
(maize–soy and Eimeria challenge), Bortoluzzi 
et al. (2019) investigated the effects on ileal 
and caecal microbiota. At family level, β-man-
nanase supplementation was associated with 
expansion of the Ruminococcaceae in the 
caeca. At genus level, there was an expansion 
of Lactobacillus in the ileum. In the caeca, a 
reduction in Bacteroides and an increase in 
Akkermansia was observed. Akkermansia can 
utilize mucus as a carbon and nitrogen source, 
producing acetate and propionate (Fujio-
Vejar et al., 2017). These limited observations 
regarding the effects of β-mannanase on the 
intestinal microbiota are a first indication that 
this category of enzymes may also support 
SCFA production in the caeca. 

15.3.4 Other NSPases and the microbiome 

For a number of NSP-hydrolysing enzymes 
the effects on the microbiome have not 
been investigated yet. This is the case for 
galactosidases, cellulases and pectinases, 
for instance. They are mostly designed to 
improve digestibility and to reduce viscos-
ity of the small intestinal content in 
poultry (Tahir et al., 2008). Cellulase has 
been used in enzyme blends but not separ-
ately and the effects on the microbiota are 
unknown. 

15.4 Enzymes Hydrolysing Non-NSP 
Feed Components 

Effects of this category of enzymes on the 
microbiota can be expected when the host 
enzymes are not capable of completely 

hydrolysing the digestible fraction. In this 
case nutrients other than NSPs become avail-
able to the microbiota, eventually leading to 
dysbiosis. 

15.4.1 Amylases and the microbiome 

Animals and humans produce starch-
hydrolysing amylases in the salivary glands 
and in the pancreas. Plants store starch in 
tightly packed granules, consisting of layers 
of amylose and amylopectin. These granules 
may have different structure and shape char-
acteristics which may affect digestion. Larger 
starch granules are less available to host en-
zyme digestion because the lower percentage 
of surface area reduces the enzyme binding 
rate. Resistant starch is inaccessible to en-
zymes due to starch granule conformation or 
cannot be hydrolysed by the host amylases. 
This resistant starch reaches the lower intes-
tinal tract where it is fermented by the micro-
biota to form SCFA (Warren et al., 2018). 

The effects of supplementation of ex-
ogenous α-amylase on starch digestibility, 
performance and the microbiota were in-
vestigated by Yin et al. (2018). They added 
α-amylase to a diet formulated with newly 
harvested maize for broilers. Newly har-
vested maize is known to be incompletely 
digested in the small intestine (Yin et al., 
2018). Adding the enzyme did not signifi-
cantly increase total starch digestibility in 
the small intestine. It did, however, signifi-
cantly increase villus length and villus to 
crypt ratio in the duodenum at day 16. 
This was associated with enrichment of 
the Lactobacillaceae family in the caeca. 
At genus level, there was an expansion 
of Lactobacillus, Coprobacter (belonging 
to the family Porphyromonadaceae) and 
Parasutterella (belonging to the family 
Sutterellaceae) in the caeca. Surprisingly, 
this was not accompanied by a significant 
expansion of the Lachnospiraceae family 
in this case. 

15.4.2 Proteases and the microbiome 

Proteins escaping digestion and absorption 
in the duodenum and jejunum of the 
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chicken or in the small intestine of the pig 
mostly include proteins secreted by the host 
mucosa which are resistant to proteolytic 
degradation (host proteases, peptidases, 
IgA, etc.) as well as remnants of sloughed 
epithelial cells and mucins. These are clas-
sified under the heading of ‘endogenous 
nitrogen’. Additionally, some proteins from 
the feed that are masked from the host en-
zymes also may escape digestion in the 
small intestine (so-called ‘ileal bypass’). 
These proteins constitute important nutri-
ent sources for the lactobacilli in the cae-
cum of pigs and in the ileum of chickens, as 
lactobacilli are unable to synthesize many 
of their own amino acids (Morishita et al., 
1981). Ileal protein bypass can be increased 
by excessive protein levels in feed or by a 
reduction in the digestion and absorption of 
feed protein in the small intestine (e.g. due 
to Eimeria infection). Increased ileal bypass 
supports expansion of protein-fermenting 
bacteria in the ileum and the caeca of chick-
ens and in the caecum and colon of pigs. 
Expansion of protein-fermenting bacteria in 
the small intestine may increase microbial 
competition for dietary protein, which has 
been associated with SIBO (for a review, see 
Rodriguez et al., 2019) or, in the case of ex-
pansion of Clostridium perfringens, may 
lead to necrotic enteritis in broilers. Protein 
fermentation is characterized by the release 
of branched-chain fatty acids and biogenic 
amines (Apajalahti and Vienola, 2016). 

Adding an exogenous protease to the diet 
upregulates the expression of genes respon-
sible for peptide transport in the jejunum of 
broilers, which explains the improved pre-
ileal amino acid absorption (Cowieson et al., 
2019). Borda-Molina et al. (2019) investigated 
the effects of different proteases on the micro-
biota of the terminal ileum in broilers. One 
protease, supplemented at 1600 mg/kg and an 
activity of 75,000 U/g, was associated with 
enrichment of the Lactobacillus genus and 
the Peptoclostridium genus (formerly genus 
Clostridium XI, belonging to the Peptostrepto-
coccaceae family), when added at this high 
concentration. Lactobacilli require many dif-
ferent amino acids in their environment, and 
Peptostreptococcaceae are known to use 
mostly peptides as their sole nutrient source. 

In accordance with these findings, Park and 
Kim (2018) found no difference in Lactobacil-
lus counts in the ileum of broilers when the 
diet was supplemented or not with the same 
enzyme at 200 mg/kg. The protease at the 
high concentration thus may itself be the sub-
strate for the growth of the microorganisms in 
the small intestine. To the best of our know-
ledge, there are no studies examining the ef-
fects of exogenous protease on the caecal 
microbiota of chickens or the caecum and 
colon microbiota of pigs. 

15.4.3 Phytases and the microbiome 

Phytase is commonly used in monogastric 
animal diets to improve phosphorus avail-
ability and reduce phosphorus loss by ex-
cretion. It has also been shown to moderately 
increase amino acid digestibility in the 
small intestine (Siegert et al., 2019). Borda-
Molina et  al. (2016) studied the effects of 
adding phytase to a maize–soy-based diet 
for broilers on both the luminal and the 
mucosa-associated microbiota in different 
segments of the intestine. The effects of the 
phytase on the microbiota were limited. In 
another study from the same group with a 
similar experimental set-up, supplementa-
tion of phytase was associated with a shift 
in the species composition of the Lactoba-
cillus genus in the ileum: increased abun-
dance of Lactobacillus salivarius and 
Lactobacillus taiwanensis, and decreased 
abundance of L. crispatus (Witzig et  al., 
2015). The functional significance of this 
shift is unclear, however. 

15.5 Enzymes Interacting Directly with 
the Microbiota 

The number of bacterial cells present in the 
gastrointestinal tract is estimated to out-
number the total number of cells in the en-
tire body of the host. These bacteria replicate 
continuously, yet the total remains rela-
tively constant. This means that numerous 
bacteria die all along the gastrointestinal tract, 
leaving remnants composed predominantly 
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of peptidoglycan and lipopolysaccharide 
from the bacterial cell walls. The epithelial 
cells and other cells in the intestinal mu-
cosa carry Toll-like receptors that recognize 
these so-called ‘danger-associated molecu-
lar patterns’ (DAMP) and may trigger an 
immune response. Enzymes have been 
described that interfere with this complex 
interplay between the microbiota and the 
host. Enzymes designed to kill bacteria, 
however, should be considered as antibiot-
ics and thus cannot be used in animal feed 
according to European legislation. Lyso-
zyme is an enzyme that naturally occurs in 
various bodily secretions and in egg white. 
Although it has documented antibacterial 
activity (Ellison and Giehl, 1991), it is used 
in diets of pigs and poultry. Oxidoreduc-
tases are enzymes that use different sub-
strates to generate hydrogen peroxide. The 
latter is a powerful broad-spectrum bacteri-
cidal substance. Other enzymes attacking 
the bacterial cell components are alkaline 
phosphatase, which can inactivate lipopoly-
saccharide, and non-lysozyme muramidas-
es, which can break down peptidoglycan. 
However, to the best of our knowledge, no 
effects on the gut microbiota have been re-
ported for these two at the time of writing. 

The activity of these enzymes in the 
small intestine may contribute to the nat-
ural antibacterial resistance mechanisms al-
ready in place in this intestinal segment, 
preventing SIBO and avoiding competition 
between the microbiota and the host for the 
nutrients in feed. 

15.5.1 Lysozyme and the microbiome 

Lysozyme is a 1,4-β-N-acetylmuramidase 
that cleaves the glycosidic bond between 
N-acetylglucosamine and N-acetylmuramic 
acid in the peptidoglycan of all bacterial 
cell walls. Supplementation of lysozyme in 
the feed has been shown to improve per-
formance and intestinal health in growing 
pigs (for a review, see Oliver and Wells, 
2015) and in broilers (Abdel-Latif et  al., 
2017). Zou et al. (2019) examined the effect 
of two different levels of lysozyme in the 
diet (50 and 100 mg/kg) on caecal microbiota 

of growing pigs. No effects were found at 
phylum level. The high lysozyme level, how-
ever, was associated with a lower α-diversity 
of the caecal microbiota. 

15.5.2 Oxidoreductases 
and the microbiome 

Glucose oxidase catalyses the oxidation of 
glucose to gluconic acid, with host-derived 
molecular oxygen (reaching the intestinal 
lumen by diffusion from the capillaries of 
the host mucosa) as an electron acceptor 
and simultaneous production of hydrogen 
peroxide. Wu et al. (2018) showed beneficial 
effects on performance of broilers from add-
ing small amounts of glucose oxidase (up to 
60 U/kg) to the diet. The glucose oxidase 
supplementation was associated with in-
creased abundance of Faecalibacterium and 
Coprobacillus genera and reduced abun-
dance of Brenneria in the caeca at 21 days, 
whereas at 42 days there was increased 
abundance of Clostridium and decreased 
abundance of Sutterella in the caeca. 

15.6 Conclusion 

The commercial lines of chickens and pigs 
used in intensive animal production have 
been selected for rapid growth and high feed 
intake. This high feed intake puts a lot of 
pressure on the delicate interactions be-
tween the feed, the host mucosa and the mi-
crobes present in the gastrointestinal tract. 
Any disturbances of these interactions will 
lead to deterioration of intestinal health, 
characterized by inflammation, a shift in the 
microbiota composition and leakage at tight 
junctions between the intestinal epithelial 
cells (Ducatelle et al., 2018). These phenom-
ena are often referred to as dysbiosis. Ex-
ogenous enzymes added to the feed can help 
to prevent dysbiosis. They support or com-
pensate for deficiencies in the endogenous 
enzymes, which are naturally derived from 
the feed (mostly plant enzymes), the host 
and the microbes. In order to choose the 
right enzymes as feed supplements, the crit-
ical factors that trigger the dysbiosis need to 
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be identified. Effects of exogenous enzymes 
on intestinal health and performance may, 
in many cases, at least in part be attributed 
to direct or indirect effects on the intestinal 
microbiota. The enzymes may either boost 
beneficial microbes in specific segments of 
the gastrointestinal tract or they may protect 
from expansion of microbiota in regions 
where absorption of nutrients is the priority. 

The available data on the interactions 
between exogenous enzymes and the intes-
tinal microbiota are still fragmentary. Future 
research should focus on the effects of the 
enzymes on the microbiota present in 
the different geographical locations within 
the digestive system, considering the source 
of enzyme and preferably using pure en-
zymes rather than blends. 
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16.1 Introduction 

In his review, Ravindran (2013) commented 
that responses to enzyme supplementation 
are often variable and there are many factors 
contributing to that observed variability. 
The objective of this chapter is to evaluate 
parameters likely impacting the response to 
feed enzymes as a guide for those designing 
feed enzyme studies. The authors of this 
chapter were also interested, based on their 
own experience from conducting feed en-
zyme research and from feed enzyme users’ 
feedback, to provide guidance on how to 
reduce variability in measured responses in 
feed enzyme studies. This is done by listing 
potential parameters to consider when de-
signing and executing feed enzyme research. 
Furthermore, Bedford (2018) identified the 
lack of standardization of details presented 
in materials and methods of research studies 
with enzymes as a significant barrier to a 
meaningful retrospective data analysis and 
thus limiting advances in the understanding 
of the mode of action of feed enzymes. For 
the authors, the key objective was to identify 
all potentially relevant parameters which 
could impact the response in enzyme stud-
ies. Such parameters should be considered 

when designing enzyme research and speci-
fied when findings of enzyme research are 
published. Implementing such a strategy 
should enable construction of more mean-
ingful and complete retrospective statistical 
models, repetition of past experiments and 
comparison of results. Retrospective model-
ling, such as holo-analysis or meta-analysis 
using large literature data sets, further im-
proves our understanding of the mode of 
action of enzyme(s) and their true value in 
commercial practice. 

16.2 How to Measure Enzyme Effcacy 
in Animal Trials 

Prior to starting any experiment, particu-
larly one with novel enzymes or unknown 
outcomes, a clear objective and simple 
experimental design are key to interpret-
ation and discovery. Statistical models and 
methods of means separation, the number 
of replicates employed and the selected re-
sponse variables can all influence the re-
sults and conclusions. For more information 
on methods of means separation, number of 
replicates, experimental power and best-fit 
models, the reader is encouraged to study 
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Kaps and Lamberson (2004), Pesti et  al. 
(2009), Bedford et al. (2016) and the Univer-
sity of Georgia Extension website (Pesti 
et al., 2018). 

When considering the efficacy of en-
zymes, or any product for use in animal 
feed, Rosen (2004a) summarized the seven 
key questions to answer or ask. These ques-
tions apply to suppliers, consumers and aca-
demics. They are especially relevant when 
deciding which enzymes to develop as novel 
or next-generation products, the enzymes to 
utilize in animal production diets and/or the 
enzymes that require further discovery or 
evaluations under various trial conditions. 

1. How many properly controlled feeding 
tests are available on the effcacy of the 
product? 
2. How many of these tests have no negative 
control? 
3. Can a bibliography be supplied for ques-
tions 1 and 2? 
4. How many times out of ten does the 
product improve live weight gain and feed 
conversion ratio (FCR)? 
5. What are the coeffcients of variation in 
live weight gain and FCR? 
6. What dosage of the product will maxi-
mize the return on investment? 
7. Can a model be supplied to predict the 
product response under my conditions? 

In addition to the factors above and 
below, when designing experiments, the test 
diets and conditions of the experiment should 
reflect the conditions to which the enzymes 
will be exposed, and the correct statistical 
model and response variables employed to 
adequately interpret the data (Bedford, 2016). 
For example, adequate determination of 
P-releasing curves by a phytase requires a 
measured response to graded levels of inor-
ganic phosphate and phytase dose. To ad-
equately calculate the phytate-P released by 
each dose of phytase, the measured response 
should fall within the measured response of 
graded dose of inorganic P (Bedford et al., 
2016); anything above will overestimate the 
P-releasing value beyond that of the param-
eters of the test, as highlighted by Fernandez 
et  al. (2019). Another example is the use 
of  fully factorial experiments to test the 

products and doses alone and in combin-
ation. This allows for accurate determin-
ation of the effects of the individual 
products, their interaction and the inference 
of any antagonistic, additive or synergistic 
influences on efficacy in the animal (Masey 
O’Neill, 2016). Numerous other factors to 
consider when designing and reporting en-
zyme experiments are highlighted in the fol-
lowing sections. 

16.3 Factors That Can Infuence 
Enzyme Response 

Table 16.1 summarizes key parameters which 
can play a role in responses to feed enzymes 
in various studies and should be considered 
when designing experiments to evaluate en-
zyme efficacy in animals. It is not surprising 
that, for some parameters, enzyme effects 
provide different and/or opposite results 
between published studies, while for others 
only a very limited amount of data exists. 

16.3.1 Animal 

16.3.1.1 Age and sex 

According to research by Olukosi et  al. 
(2007), chicks benefited more from exogen-
ous enzyme addition (a mixture of non-starch 
polysaccharide (NSP)-degrading enzymes, 
amylase, protease and phytase) at 1 and 2 
weeks of age and the enzymes’ contribution 
to nutrient retention decreased with age. On 
the other hand, Vieira et al. (2007) reported 
the efficacy of amylase and β-glucanase sup-
plementation to a maize–soy broiler diet 
gave most benefit after 21 days of age. Prote-
ase (pepsin, pancreatin and papain) supple-
mentation into nutrient-adequate diets fed to 
6- to 10-day-old weaned piglets improved 
relative gain by 19 to 29% due to compensa-
tion for endogenous enzyme insufficiency 
(Lewis et al., 1955). However, more recently, 
amino acid digestibility was improved with 
exogenous protease supplementation in pigs 
at 28 days post-weaning with no effect re-
ported at 14 days post-weaning (Guggenbuhl 



268 C.L. Walk and M. Hruby   

 Table 16.1. The impact of various parameters relevant to responses to enzymes. 

Parameter Potential impact on enzyme response Reference examples 

Animal 

Continued 

Age Magnitude of response was reduced by age; there 
could be differences due to a diet type, enzyme 
and response variables 

Lewis et al. (1955); Olukosi et al. 
(2007); Vieira et al. (2007); 
Guggenbuhl et al. (2012); Sang 
(2014); Babatunde et al. 
(2019); Craig et al. (2020a) 

Sex Response to NSP-degrading enzymes was 
comparable for females and males. A better 
improvement in uniformity for males 

Hadorn et al. (2001) 

Animal production/ 
health status 

Magnitude of response for some enzymes, such  
as protease, appears greater in challenged 
animals, but this is not the case for phytases 

Phytase effcacy was greater in growing pigs 
compared with gestating sows 

Peek et al. (2009); Shaw et al. 
(2011); Amerah et al. (2012); 
Waititu et al. (2016); Adedokun 
and Adeola (2017); Lee et al. 
(2018b) 

Intestinal section 
studied 

Greater magnitude of response for nutrient digesti-
bility in the jejunum compared with the ileum 

Meng et al. (2004); Moss et al. 
(2017) 

Control bird 
performance 

In a suboptimal-performing animal, the  
magnitude of response will be likely greater 

Rosen (2010); Ravindran (2013) 

Feed form/diet 
Feed form; 

processing 
conditions 

Likely dependent on ingredients used 
Signifcant interaction between pelleting 

temperature and xylanase addition 

Cowieson et al. (2005); Attia 
et al. (2014) 

Particle size/whole 
grains 

Improved response in diets containing whole 
grains or coarse particle size; response might  
be age-dependent 

Mavromichalis et al. (2000); Wu 
and Ravindran (2004) 

Response on top of 
other enzymes 

Magnitude infuenced likely by target animal,  
diet type, enzyme combination and dose 

Cowieson and Bedford (2009); 
Rosen (2010); Kalmendal and 
Tauson (2012); Yan et al. 
(2017); Zeng et al. (2018) 

Substrate Protease effcacy on growth performance greater  
in diets containing soybean meal, but diet mix 
did not infuence effcacy of amino acid 
digestibility 

Effect of substrate on fbre-degrading enzyme 
effcacy is much less consistent due to substrate 
complexity (soluble and insoluble), mistaken 
enzymatic identity and inferred mode of  
action 

Phytase effcacy is often dependent on phytate 
concentration, phytate source, phytase dose  
and phytase source 

Leske and Coon (1999); 
Cowieson et al. (2006); 
Ravindran et al. (2006); 
Cowieson and Roos (2014); 
Santos et al. (2014); Cowieson 
et al. (2016); Bedford (2018); 
Walk and Rama Rao (2020) 

Minerals Excess dietary Ca, Fe, P or Zn reduces phytase 
effcacy 

Magnitude of response is dependent on phytase 
dose and mineral concentration 

No effect of Cu on phytase effcacy 
Relationship between phytase inhibition and trace 

mineral source 

Augspurger et al. (2004); Banks 
et al. (2004); Santos et al. 
(2015); Zeller et al. (2015); 
Akter et al. (2017); Li et al. 
(2017) 

Presence of natural 
enzyme 
inhibitors in diet 

Reduced effcacy, especially if feeds are not 
heat-treated 

Ponte et al. (2004); Brufau et al. 
(2006) 



Parameters Impacting Responses in Animal Feed Enzyme Trials 269   

Organic acids No effect, sub-additive or additive effect on 
phytase or fbre-degrading enzyme effcacy; 
magnitude of the effect depends on the response 
variable, organic acid and animal species 

Too high dietary inclusion of organic acids can 
signifcantly reduce growth performance and 
this negative effect can be partially mitigated 
with enzyme supplementation 

Rice et al. (2002); Omogbenigun 
et al. (2003); Snow et al. 
(2004); Ao et al. (2009); 
Esmaeilipour et al. (2011); 
Nourmohammadi et al. (2012); 
Ghanaatparast-Rashti et al. 
(2016); Roofchaei et al. (2019) 

Added fat and type 
of fat 

Greater effect of fbre-degrading enzymes on 
nutrient digestibility when supplemented in 
diets containing animal fat compared with diets 
containing vegetable fat 

Greater response to phytase on growth 
performance in low-P diets as the concentration 
of vegetable fat increased in the diet 

Meng et al. (2004); Samat et al. 
(2013); Tancharoenrat et al. 
(2014) 

Antibiotics/ 
coccidiostats 

Sub-additive effect of enzymes and antibiotics on 
gain, feed conversion and mortality 

No effect on specifc effcacy of phytase 
Removal of antimicrobials increased magnitude of 

response to fbre-degrading or multi-enzymes on 
fbre digestibility with no benefts reported on 
growth performance. Since control performance 
can be reduced in diets without antibiotics, 
there is a greater likelihood for a positive 
response with feed enzymes 

Rosen (2003a); Han et al. (2017); 
McCormick et al. (2017) 

Prebiotics (β-glucans,  
MOS, FOS, GOS, 
XOS) 

No effect on phytase effcacy or a negative effect 
on β-mannanase effcacy in broilers reported 

No effect of XOS on xylanase effcacy 

Barros et al. (2015); Shang et al. 
(2015); Craig et al. (2020a) 

Essential oils Greater effect of enzymes on nutrient retention in 
broilers with no effect on growth performance 

Reduced xylanase effcacy in piglets, a reduction 
in average daily feed intake by 12% 

Basmacioglu Malayoglu et al. 
(2010); Cao et al. (2010);  
Amerah et al. (2012); Jiang et al. 
(2015); Park and Kim (2018) 

Probiotics Limited data on the effcacy of exogenous enzymes  
with probiotics; improvements in digestible  
energy observed, but no effect or a muted effect  
on growth performance with the combination 

Wealleans et al. (2017); 
Konieczka et al. (2018) 

Pellet binders, 
silicates or 
preservatives 

Adsorb or bind to enzymes during the assay 
extraction process which can result in lower-
than-expected recoveries in the diet but no 
effect of preservatives in vivo 

Sheehan (2010); Santos et al. 
(2013) 

Vitamin and 
mineral premixes 

Storage in premixes reduced enzymatic activity 
over time compared with the enzymes stored as 
pure products 

Sulabo et al. (2011); El-Sherbiny 
et al. (2016) 

Initial diet/ 
ingredient value/ 
quality 

Magnitude of response (AME) was greater with 
xylanase addition for wheat samples with lower 
starting energy value 

Ravindran (2013) 

Environment/husbandry 
Housing type – 

cage, foor, 
bedding type, 
research versus 
commercial farm 

Signifcant effect of a multi-enzyme on apparent 
ileal digestibility in birds raised on foor pens, 
but no effect in birds raised in cages 

Madrid et al. (2010) 

 Table 16.1. Continued. 

Parameter Potential impact on enzyme response Reference examples 

Continued 
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 Table 16.1. Continued. 

Parameter Potential impact on enzyme response Reference examples 

Length of time on 
experimental 
diets 

Optimum days on trial to result in maximum 
enzyme response depends on the enzyme, 
animal species, trial objective and response 
variable 

Bedford and Walk (2017); 
Bedford (2018); Li et al. (2018); 
Babatunde et al. (2019); 
Fernandez et al. (2019) 

Intermittent feeding 
programmes 

Limited data. Magnitude of the response 
dependent on response variable: i.e. no 
improvement in phytase effcacy as measured 
with growth performance, but improvement in 
phytate degradation 

Svihus et al. (2013); Sacranie 
et al. (2017) 

Heat stress Magnitude of the response increased during heat 
stress 

Kidd et al. (2001) 

Enzyme storage 
conditions – 
humidity, 
temperature, 
time 

Enzymatic activity was reduced as storage time 
(days), temperature and/or humidity increased 

Sulabo et al. (2011); El-Sherbiny 
et al. (2016) 

MOS, manno-oligosaccharides; GOS, gluco-oligosaccharides; FOS; fructo-oligosaccharides; NSP, non-starch polysaccharide; 
AME, apparent metabolizable energy; XOS, xylo-oligosaccharides. 

et al., 2012). The authors suggested the lack 
of an effect of protease on amino acid digest-
ibility at day 14 could be due to the increased 
capacity of the animals’ own endogenous 
proteolytic enzymes at 14 days post-weaning. 
On the other hand, for phytase supplementa-
tion, Babatunde et  al. (2019) suggested the 
greatest impact of phytase on P digestibility 
was observed in 14-day-old broilers but 
when growth rate was the response, the great-
est effect was in 22-day-old broilers. The lack 
of consistent recommendations for the effect 
of age on enzyme efficacy has been recently 
confirmed in a review article (Sang, 2014). 
The author collected a number of references 
evaluating animal age and feed enzyme re-
sponse and did not observe consistency 
among diet substrates, enzyme types and effi-
cacy in younger versus older animals. Differ-
ences in feed enzyme responses between 
males and females are not clearly reported. 

16.3.1.2 Animal health status 

It is well known that intestinal diseases or 
pathogens will negatively influence nutrient 
digestibility, feed intake, body weight gain 
and feed efficiency in pigs and chickens. 
The benefit of exogenous enzymes to par-
tially improve nutrient utilization and 
growth performance during an intestinal 

challenge has been observed. Amerah et al. 
(2012) reported a significant decrease in Sal-
monella prevalence in the caeca of 
42-day-old broilers fed xylanase. Supple-
mentation of piglet diets with a multi-carbo-
hydrase enzyme improved body weight and 
average daily gain comparable to piglets fed 
an antibiotic when challenged with lipo-
polysaccharide (Waititu et al., 2016). The ob-
jective of the former experiment was to 
determine the influence of exogenous en-
zymes on growth performance, nutrient 
utilization and markers of gut health during 
an intestinal challenge, rather than the influ-
ence of intestinal challenges on enzyme effi-
cacy. To prove that intestinal challenges 
influence enzyme efficacy, the same dietary 
treatments must be fed to non-challenged 
and challenged animals. For example, there 
was no effect of protease supplementa-
tion on body weight gain of broilers (+1%) 
except when challenged with Eimeria max-
ima, in which protease improved gain by 
+15% (Peek et  al., 2009). Others have ob-
served no effect of coccidia challenge on 
phytase efficacy (Shaw et  al., 2011). How-
ever, Adedokun and Adeola (2017) reported 
the effect of phytase on N or energy digestibil-
ity in the jejunum was greater in non-coccidia-
vaccinated broilers when compared with 
coccidia-vaccinated birds fed the same diets. 
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From the limited data mentioned above, 
it could be concluded that exogenous en-
zymes will partially alleviate the negative 
impact of the intestinal challenge on growth 
performance or nutrient digestibility, par-
ticularly protein or amino acid utilization. 
The magnitude of the response for some en-
zymes, such as protease, appears greater in 
challenged animals, but this is not the case 
for phytases. However, in general and in 
challenged animals, enzyme supplementation 
was not able to improve growth or nutrient 
digestibility comparable to animals exposed 
to the non-challenged, nutrient-adequate 
control treatments. The lack of a full recov-
ery from the challenge due to enzyme sup-
plementation may be due to the enzyme’s 
effect on nutrient utilization, rather than a 
direct effect of the enzyme on the pathogen. 

16.3.1.3 Evaluated intestinal section 
(digestibility studies) 

Meng et al. (2004) reported an improvement 
in fat, starch or N digestibility with supple-
mentation of a multi-carbohydrase enzyme 
in wheat-based broiler diets. However, 
when comparing the magnitude of improve-
ment, the enzyme response was approxi-
mately 4 percentage units greater in the 
jejunum than in the ileum. This may be the 
result of lower digestibility in the jejunum 
when compared with the ileum allowing for 
a greater observed effect of the enzyme. 
Selle et al. (2013) reported that a protease 
significantly increased starch digestibility 
in the distal jejunum by 13.6% and by 4.8% 
in the proximal ileum in broilers offered 
sorghum-based diets. For phytase, the effect 
of intestinal section seems inconsistent. For 
example, Moss et  al. (2017) reported that 
phytase improved protein (N) digestibility 
to the greatest degree in the proximal je-
junum, followed by the distal ileum, prox-
imal ileum and then proximal jejunum. For 
starch, the effect was greater in proximal 
and distal ileum than in the other sections. 

16.3.1.4 Control bird performance 

It is generally accepted that in poorly per-
forming birds, due to various factors including 

substandard nutrition, health, antibiotic 
growth promoter-free nutrition, stress, etc., 
the magnitude of an enzyme treatment re-
sponse will be likely greater, as noted by 
Rosen (2003b) and Ravindran (2013). 

16.3.2 Feed form/diet 

16.3.2.1 Feed form 

In their research, Cowieson et al. (2005) ob-
served that increasing conditioning tem-
perature from 80 to 90°C increased viscosity 
in a wheat-based diet and reduced broiler 
body weight gain by 7%. The authors ob-
served a significant interaction between 
temperature and the addition of exogenous 
xylanase, with a proportionately greater 
positive response in diets that were pelleted 
at higher temperatures. Attia et  al. (2014) 
observed a lack of significant interaction 
between feed form (mash versus pellets) 
and enzyme supplementation (phytase plus 
amylase, xylanase and protease) on broiler 
performance and nutrient digestibility for 
the whole study period, indicating that the 
effects of multi-enzyme plus phytase or 
phytase alone supplemented to mash or pel-
let diets were independent of feed type. It is 
likely that the effect of feed form on feed 
enzyme response will also be dependent on 
type of diet, since a wheat-based diet in 
mash form might contain natural inhibitors 
to reduce efficacy of xylanases (Ponte et al., 
2004). 

16.3.2.2 Particle size/whole grain feeding 

Based on their research with various forms 
of viscous grains, Jones and Taylor (2001) 
suggested that the use of exogenous enzyme 
additions to broiler diets may be reduced by 
incorporating whole grains into pelleted 
diets for broiler chickens. On the other 
hand, Wu and Ravindran (2004) indicated 
that gizzard development, possibly associ-
ated with increased retention time, may im-
prove the efficacy of exogenous enzymes as 
the magnitude of the enzyme response 
(FCR) was improved in diets where a por-
tion of ground wheat was replaced by whole 



272 C.L. Walk and M. Hruby   

 

 
 
 
 

 

 
 

 

 
 
 
 

 

 

 
 

 

wheat in the complete diet. Svihus (2010) re-
viewed this parameter’s effect in his compre-
hensive manuscript. In swine, Mavromichalis 
et al. (2000) reported that weaned pigs fed 
diets of various particle sizes and supple-
mented with or without xylanase enzymes 
showed improved gain to feed when enzyme 
supplementation was combined with the 
coarse particle size (1300 μm), but not when 
the wheat was ground to 600 and 400 μm. 
However, responses in grower and finisher 
pigs were less clear, suggesting that age may 
interact with different particle size with re-
gard to enzyme response. 

16.3.2.3 Response on top of other enzymes 

The review conducted by Rosen (2004b) 
suggested a full additivity between carbohy-
drases and phytase in broiler diets, but the 
data evaluated were heavily biased towards 
wheat-based diets. Cowieson and Bedford 
(2009) also revealed that xylanases and 
phytases may be considered broadly addi-
tive in effect; however, on an individual 
amino acid basis this effect ranged from 
sub-additive (e.g.  threonine) to synergistic 
(e.g. arginine). In other cases, the response 
to additional enzymes resulted in no further 
beneficial effects on growth performance or 
nutrient digestibility. For example, supple-
menting broiler diets with a monocompo-
nent xylanase or protease improved FCR 
and nutrient digestibility, but there were no 
further benefits reported with the combin-
ation of both enzymes (Kalmendal and 
Tauson, 2012). Similarly, Yan et al. (2017) 
reported that protease alone or a multi-
fibre-degrading enzyme improved body 
weight gain or FCR of broilers with no fur-
ther benefits observed when the combin-
ation was fed. In contrast, pectinases and 
α-galactosidases are only reported to be 
beneficial when fed in combination with 
other enzymes (see Lee and Brown, Chapter 
5, this volume, 2022). The responses to add-
itional exogenous enzymes other than 
phytase and fibre-degrading enzymes are 
less clear, have been much less researched 
and will be highly dependent on other fac-
tors described in this chapter, such as the 
nutrient sufficiency of the diet, substrate 

concentration in the diet, assay-ability of 
the enzymes, interactions with other en-
zymes and adequate design of experiments, 
to name but a few. 

16.3.2.4 Substrate 

The influence of phytate on phytase effi-
cacy has received considerable attention 
over the past 30 years. In general, increasing 
dietary phytate results in significant reduc-
tions in growth performance and nutrient 
digestibility. This negative effect on perform-
ance and nutrient utilization creates room 
for observed and measured responses of 
phytase efficacy, often dependent on phytate 
concentration, phytase dose and phytase 
source (Cowieson et  al., 2006; Ravindran 
et  al., 2006; Santos et  al., 2014; Walk and 
Rama Rao, 2020). 

The effect of substrate on fibre-degrading 
enzyme efficacy is considerably less con-
sistent. This may be due to numerous sub-
strates and complexity in their composition, 
mistaken enzymatic identity and inferred 
mode of action (Bedford, 2018). Recently, 
Wang et al. (2019) determined that the effi-
cacy of xylanase on energy and nutrient 
digestibility was influenced by the feed for-
mulation, specifically the ingredient used to 
restrict or dilute energy in the diet of both 
pigs and poultry. The authors tested wheat 
bran, diatomaceous earth and sand, report-
ing significant improvements in xylanase 
efficacy on nutrient digestibility when 
wheat bran was used compared with effi-
cacy of xylanase in the diet diluted with 
diatomaceous earth (which was decreased) 
due to the increase in substrate for the en-
zyme with wheat bran. On the other hand, 
Amerah et al. (2015) reported that xylanase 
and β-glucanase supplementation into broiler 
diets containing increasing concentrations 
of fibre from sunflower and canola meal im-
proved FCR by 1, 3 and 9 points as fibre 
concentration in the diet increased. A large 
portion of this response may be related to 
the inherent digestibility of the diet. Gener-
ally, the inclusion of excess substrate, 
whether it is phytate or fibre, has a detri-
mental influence on inherent digestibility 
and growth performance, thereby allowing 
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greater space for an observed enzymatic 
response. 

Exogenous enzymes are utilized to 
degrade antinutritional substrates, such as 
phytate, and facilitate nutrient digestion by 
aiding endogenous enzymes and microbes 
to degrade protein, lipids, peptides, and 
poly- or oligosaccharides. The quality and 
quantity of substrate may be important 
factors impacting the response observed in 
enzyme studies. For example, a monocom-
ponent protease significantly improved 
body weight gain (+5%) when supple-
mented into broiler diets containing 38% 
soybean meal. However, this effect of prote-
ase on gain was reduced to +1.5% when 
supplemented into diets containing canola 
meal, maize gluten and dried distillers’ 
grains as the protein source (Cowieson et al., 
2016). This was despite the fact that the diet 
mix did not appear to influence the efficacy 
of proteases on amino acid digestibility, 
which was largely influenced by inherent 
diet digestibility (Cowieson and Roos, 2014; 
Lee et al., 2018a). 

16.3.2.5 Minerals 

Ca, P, Fe, Zn and Cu are important minerals 
in pig and poultry nutrition. Their impact 
on enzyme efficacy (predominantly phytase) 
largely depends on the enzyme, the dose, 
the response variable used to measure en-
zyme efficacy and the dietary mineral con-
centration. For example, excess dietary Ca, 
Fe, P or Zn has been reported to reduce 
phytase efficacy as measured by bone ash or 
phytate degradation in pigs and poultry 
(Augspurger et al., 2004; Zeller et al., 2015; 
Akter et  al., 2017; Li et  al., 2017). Others 
have reported no effect of Cu or Zn on 
phytase efficacy while reporting reductions 
in P retention due to excess minerals in the 
diets fed to pigs or chickens in the absence 
of phytase (Banks et al., 2004; Walk et al., 
2015). Very little information is available 
comparing the potential antagonisms which 
can occur between different mineral sources 
and enzymes within premixes as well as the 
repercussions that this might have in terms of 
lost enzyme efficacy. A recent study (Santos 
et  al., 2015) demonstrated a significant 

effect of a trace mineral source on phytase 
inhibition. Organic mineral proteinates 
were significantly less inhibitory than most 
other mineral sources evaluated. Further 
understanding and characterization of min-
eral interactions within the gastrointestinal 
tract may provide useful information in de-
scribing the influences of these minerals on 
enzyme efficacy. 

16.3.2.6 Presence of natural enzyme 
inhibitors in a diet 

Brufau et  al. (2006) discussed enzyme 
inhibitors present in cereal grains as a po-
tential cause of inefficiency of added NSP-
degrading enzymes, particularly xylanases. 
The authors pointed out that all the inhibi-
tory compounds are inactivated by heat 
treatment as also supported by Ponte et al. 
(2004), although those present in bran frac-
tions could be more resistant to heat. The 
presence of natural inhibitors indicates that 
they may affect the efficacy of enzyme sup-
plementation and thus in some cases a lack 
of response to xylanase supplementation, 
particularly in wheat-based diets. 

16.3.2.7 Organic acids 

Organic acids are included in pig or poultry 
diets to improve growth performance, nutri-
ent digestibility and promote beneficial bac-
terial growth in the gastrointestinal tract 
through a reduction in gastrointestinal pH 
and an increase in mineral solubility. 
Phytase efficacy and phytate susceptibility 
to degradation occur at the pH encountered 
in the stomach of pigs or the crop, proven-
triculus and gizzard of poultry. It has been 
hypothesized that addition of organic acids 
in poultry or pig diets may decrease gastro-
intestinal pH and provide a more optimal 
environment for phytase. Previous authors 
have reported improvements in P or 
phytate-P retention of broilers fed low-P 
diets containing organic acids (Liem et  al., 
2008; Esmaeilipour et al., 2011) or reduced P 
excretion from pigs fed phytase plus an or-
ganic acid mix (Omogbenigun et al., 2003). 
Snow et al. (2004) reported no effect (experi-
ment 1) or a significant effect of citric acid 
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and phytase (experiment 2) on broiler growth 
performance and tibia ash, indicting a pos-
sible additive effect of organic acids on 
phytase efficacy. Others have reported sig-
nificant and additive effects of sodium citrate, 
but no effect of propionic acid, on phytase 
efficacy as measured by broiler growth 
performance, bone ash and P digestibility in 
low-P diets (Ghanaatparast-Rashti et  al., 
2016). However, Rice et al. (2002) reported no 
beneficial effects of supplementing citric acid 
at 3% on phytase efficacy in pig diets. Like-
wise, Omogbenigun et al. (2003) reported no 
additional benefits of supplementing an or-
ganic acid mix in diets containing phytase on 
piglet growth performance, gastrointestinal 
pH, bone ash or amino acid digestibility. 
Finally, Nourmohammadi et  al. (2012) re-
ported no beneficial effects of citric acid 
on phytase efficacy in broilers; however, 
feeding 6% citric acid significantly re-
duced 21-day-old broiler daily feed intake 
and gain, as well as protein, Ca and P di-
gestibility, and this negative effect of citric 
acid was partially mitigated with phytase 
supplementation. 

Similarly, others have evaluated the in-
fluence of organic acids on the efficacy of 
fibre-degrading enzymes with inconsistent 
results. For example, Esmaeilipour et  al. 
(2011) reported no benefit of feeding 2 or 
4% citric acid on xylanase efficacy in broil-
ers fed low-P, wheat-based diets. However, 
Roofchaei et al. (2019) reported that broiler 
FCR from hatch to day 35 was improved by 
7 or 10 points with dietary supplementation 
of a carbohydrase (xylanase and glucanase) 
or the carbohydrase plus an organic acid 
mix, respectively, when compared with a 
non-supplemented control diet. Ao et  al. 
(2009) also reported significant and syner-
gistic effects of feeding 2% citric acid with 
an α-galactosidase on neutral detergent fibre 
retention in broilers; with improvements of 
3.2, 1.4 or 11.4 percentage points in broilers 
fed citric acid, α-galactosidase or the combin-
ation, respectively, above that of the low en-
ergy control. In the same experiment, apparent 
metabolizable energy (AMEn) retention was 
improved with the combination of citric acid 
and α-galactosidase enzyme in a sub-additive 
manner, with no benefit reported on AMEn re-

tention from the additives alone and 100 kcal 
improvement with the combination. How-
ever, there was no beneficial effect of the 
combination on growth performance (Ao 
et al., 2009). 

In general, organic acid supplementa-
tion reduced stomach or crop pH and influ-
enced P retention and excretion and phytate 
degradation. However, the additive effects 
of organic acids on exogenous enzyme effi-
cacy are inconsistent and appear dependent 
on the organic acid, response variable and 
animal species, with some benefits noted in 
broilers but none reported in pigs. It could 
be concluded that organic acids do not ap-
pear to influence the efficacy of exogenous 
enzymes on growth performance, bone ash 
or nutrient digestibility in pigs, while in-
consistent, sub- or additive effects of or-
ganic acids on exogenous enzyme efficacy 
were reported in broilers. 

16.3.2.8 Added fats and type of fat 

Meng et  al. (2004) reported a multi-
carbohydrase enzyme improved fat digest-
ibility by 8.1 versus 2.3 percentage units 
when supplemented in wheat-based diets 
containing beef tallow compared with can-
ola oil, respectively, in 18-day-old broilers. 
Additionally, Tancharoenrat et al. (2014) re-
ported xylanase supplementation improved 
AME in wheat-based diets, but only when 
supplemented in diets containing tallow 
compared with diets containing soy oil. Tal-
low contains long chains of saturated fatty 
acids and digestibility is dependent on bile 
salts for emulsification, which may be par-
ticularly relevant in young broilers with 
limited digestive enzyme secretion capabil-
ities. Therefore, the magnitude of the response 
to fibre-degrading enzyme supplementation 
was greater in diets containing tallow due 
to the known poor digestibility of this fat 
source compared with vegetable oils. 

Other authors have suggested that feed-
ing greater concentrations of dietary fat will 
increase gastrointestinal tract retention 
time and promote phytate degradation by 
phytase. Samat et  al. (2013) reported a 
greater and significant impact of phytase on 
3-week-old broiler body weight gain, feed 
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intake, and phytate degradation (Samat, 
2015) when supplemented in isocaloric 
diets containing 5% soy oil compared with 
diets containing 1% soy oil. 

16.3.2.9 Antibiotics, coccidiostats 
or ionophores 

Due to concerns over antibiotic resistance 
and the use of antibiotics in animal feed, 
numerous studies have evaluated feed en-
zymes as antibiotic, ionophore or coccidio-
stat replacements. Very few studies have 
specifically evaluated the effect of these an-
timicrobials on exogenous feed enzyme effi-
cacy. Rosen (2003a) reported sub-additive 
effects of antimicrobials and enzymes on 
broiler gain, feed efficiency and mortality. 
Antimicrobials have been reported to im-
prove N and energy utilization in pigs 
(McCormick et al., 2017) and similarly sup-
plementation of diets with enzymes is 
known to improve nutrient utilization. 
Therefore, would the combination of anti-
microbials and enzymes result in further 
improvements in nutrient utilization? In a 
study by McCormick et al. (2017), three dif-
ferent antimicrobials and three doses of 
phytase were evaluated in pig and poultry 
diets as a factorial arrangement of treat-
ments. The authors reported phytase sup-
plementation improved growth performance 
and nutrient digestibility, regardless of the 
use of antimicrobials. Han et al. (2017) re-
ported no effect of a multi-enzyme or anti-
biotic on growth performance or apparent 
total tract digestibility of protein, ash or dry 
matter in 21 to 40 kg pigs. However, in the 
same experiment, in the absence of antibiot-
ics, supplementation of the diets with the 
multi-enzyme significantly improved ap-
parent total tract digestibility of crude fibre 
by 4 percentage units above that of pigs fed 
the multi-enzyme diet in the presence of 
antibiotics. Therefore, albeit with limited 
data, it could be concluded that antimicro-
bials do not influence the efficacy of 
phytase. However, the removal of antimi-
crobials allows for a greater influence of 
multi- or fibre-degrading enzymes on nutri-
ent digestibility (Yin et al., 2001a; Bedford 
and Walk, 2017). 

16.3.2.10 Prebiotics and mycotoxin binders 
(β-glucans, yeast cell walls, clays or 

oligosaccharides) 

Prebiotics can be defined as non-digestible 
feed ingredients or additives observed to 
modulate the gastrointestinal environment, 
stimulate or ‘prime’ the immune cells, bind 
to and eliminate pathogenic bacteria, and 
‘feed’ or promote beneficial bacteria. Some 
examples of prebiotics include β-glucans, 
yeast cell walls and manno- (MOS), fructo-
(FOS) and xylo-oligosaccharides (XOS). 
Data evaluating the effect of prebiotics on 
exogenous enzymes are limited and may in-
dicate further evaluations are required to 
justify the need for prebiotics and enzymes 
in monogastric nutrition. For example, Barros 
et al. (2015) observed a 4 to 5% reduction in 
body weight gain and 4- to 7-point increase 
in FCR of broilers fed a combination of 
β-mannanase and MOS compared with 
broilers fed β-mannanase or MOS individu-
ally. Similarly, Waititu et al. (2016) reported 
a significant reduction in average daily feed 
intake of piglets fed a yeast extract and 
multi-carbohydrase enzyme on day 11 
post-weaning. Shang et al. (2015) reported 
no benefits of FOS supplementation on 
phytase activity in broilers. Craig et  al. 
(2020a) reported improvements in broiler 
growth performance with xylanase supple-
mentation at day 14 and increases in caeca 
total short-chain fatty acids (SCFAs) with 
XOS supplementation, with no interactive 
effects of xylanase plus XOS on perform-
ance, nutrient digestibility, caeca SCFAs or 
total soluble or non-soluble NSPs in the 
ileum. Other authors have reported XOS 
(Craig et  al., 2020b) or arabinoxylan plus 
xylanase (Morgan et al., 2019) supplemen-
tation to improve growth performance in 
young broilers when compared with xyla-
nase or arabinoxylan supplementation, re-
spectively, alone. However, these trials did 
not evaluate the full factorial effects of the 
enzymes plus oligosaccharides or NSPs, 
and therefore conclusions about the efficacy 
of the combination cannot be determined. 
In other cases, the lack of a beneficial re-
sponse or even negative effects of prebiotic 
supplementation in the presence of enzymes 
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may be due to the nature of the prebiotic 
and its effect on the microbial population in 
the gastrointestinal tract, stimulation of an 
immune response, or the exogenous en-
zyme degrading the oligosaccharide into 
monosaccharides. The above factors can re-
duce feed intake and growth performance. 
Definitive characterization of the prebiotic, 
such as composition, structure and degree 
of polymerization, will enable better use of 
the combination of exogenous enzymes and 
prebiotics in monogastric production. 

16.3.2.11 Essential oils 

An essential oil blend of cinnamaldehyde 
and thymol improved the response noted in 
young broilers fed a diet containing phytase 
and xylanase on FCR by 3 points (P = 0.09) 
and AME retention by 0.35 MJ/kg (P = 0.02) 
(Cao et  al., 2010). However, there was no 
further benefit on broiler performance by 
combining an essential oil blend of cin-
namaldehyde and thymol with xylanase 
supplementation, except the combination 
resulted in a reduction in Salmonella-positive 
caecal samples by 25 percentage units 
(Amerah et al., 2012). Similarly, the magnitude 
of the effect of protease (Park and Kim, 2018) 
or multi-fibre-degrading enzyme (Basmacioglu 
Malayoglu et  al., 2010) on broiler growth 
performance was not improved with the 
addition of an essential oil blend. However, 
N retention was improved (P < 0.05) by 5% 
(Park and Kim, 2018) or 10% (Basmacioglu 
Malayoglu et al., 2010) and ammonia emis-
sions were reduced (P < 0.05) by 15% (Park 
and Kim, 2018) with the combination, and 
this was greater than the effect of the indi-
vidual additives. Conversely, in piglets, 
feeding an essential oil blend of thymol and 
cinnamaldehyde in combination with a xy-
lanase significantly reduced average daily 
feed intake by approximately 12% when 
compared with feeding the xylanase alone 
(Jiang et al., 2015). 

16.3.2.12 Probiotics 

Probiotics or direct-fed microbials (DFMs) 
are defined as live microorganisms and are 
observed to modulate the gastrointestinal 

environment, stimulate the gut-associated 
immune system, reduce pathogenic bacteria 
and promote beneficial bacteria. When fed in 
combination with exogenous enzymes, the 
influence of DFMs on the enzymatic response 
will depend on the microbial fed, the nature 
of the exogenous enzyme and the response 
variable. For example, there was no further 
benefit on growth performance of broilers fed a 
DFM without or with a multi-enzyme contain-
ing xylanase, amylase or protease (Wealleans 
et  al., 2017). However, the combination of 
multi-enzyme and DFM reduced the flow of 
total soluble and insoluble NSPs in the ileum 
and total tract and improved ileal digestible 
energy above that of the individual additives 
(Wealleans et  al., 2017). Konieczka et  al. 
(2018) observed no additional benefits of 
feeding a probiotic in broiler diets containing 
xylanase and β-glucanase on growth perform-
ance, endogenous enzymes or SCFAs. And in 
some instances, the authors observed a mut-
ed response with the enzyme and DFM com-
bination compared with the response to the 
individual additives alone (Konieczka et al., 
2018). Other experiments have evaluated the 
combination of DFMs and enzymes on vari-
ous response variables in broilers, layers and 
pigs. However, the absence of a treatment 
with the enzyme or DFM alone limits the 
ability to determine the influence of the DFM 
on the enzyme efficacy and therefore these 
experiments are not described. 

16.3.2.13 Pellet binders, silicates 
or preservatives 

Sheehan (2010) suggested that insoluble in-
gredients, such as silicates or pellet binders, 
may non-specifically adsorb enzymes, 
thereby blocking their activity during the ex-
traction process of the in vitro assay. The ad-
sorption can be prevented with the addition 
of a non-specific blocking protein, such as 
bovine serum albumin, during the extrac-
tion stage (Sheehan, 2010). Furthermore, the 
use of formaldehyde-based products in the 
diet may reduce phytase activity recovered 
during the in-feed assay but will have no im-
pact on the efficacy in the animal (Santos 
et  al., 2013). This is due to the binding of 
formaldehyde to the enzyme protein, thereby 
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reducing the enzyme solubility and extract-
ability during the in-feed assay with no im-
pact on in vivo efficacy. 

16.3.2.14 Vitamins or trace mineral premixes 

Inclusion of enzymes into diets as part of the 
vitamin or vitamin and trace mineral premix 
can provide an advantage in feed mixing, 
cost and ease of handling. However, storage 
of phytase (Sulabo et al., 2011) or xylanase 
(El-Sherbiny et  al., 2016) in vitamin and 
trace mineral premixes reduced their activity 
over time when compared with the enzymes 
stored as pure products. The loss of phytase 
or xylanase activity was greater when stored 
with trace mineral premixes or vitamin and 
trace mineral premixes than with vitamin 
premixes (Sulabo et  al., 2011; El-Sherbiny 
et al., 2016), therefore it is thought that ionic 
charges in the mineral salts can act as oxidiz-
ing agents and denature enzyme activity. 

16.3.2.15 Enzyme storage conditions – 
humidity, temperature and time 

Sulabo et al. (2011) determined that retained 
phytase activity was reduced as storage time 
(days), temperature and humidity were in-
creased. Storage of samples at room tempera-
ture or less resulted in the most stable 
products over time. However, increasing hu-
midity, even at room temperature (23°C) or 
5°C, promoted mould growth and reduced 
phytase activity and storage stability over 
time. Similarly, El-Sherbiny et al. (2016) re-
ported a reduction in xylanase activity over 
time (days) when stored at 35°C compared 
with the same enzyme stored at 4°C. There-
fore, storing enzymes in their pure form (ra-
ther than in premixes, see above), at room 
temperature or lower, and with less than 
40% humidity, may have advantages in re-
taining original enzymatic activity over time. 

16.3.3 Environment/husbandry 

16.3.3.1 Housing type – cage, foor, 
bedding, research versus commercial farm 

Housing conditions may have a significant 
impact on nutrient requirements and this in 

turn may impact the magnitude of the re-
sponse noted with exogenous enzyme sup-
plementation. For example, gilts housed in 
groups showed higher metabolizable energy 
and a significantly lower energy require-
ment for maintenance compared with gilts 
housed in individual stalls (Geverink et al., 
2004). Housing conditions (cages, aviaries 
or floor pens) and litter quality also influ-
ence the microbial population in chickens 
(Nordentoft et al., 2011; Kers et al., 2018), all 
of which can influence nutrient digestibility 
and ultimately enzyme efficacy. Significant 
effects of a multi-enzyme on apparent ileal 
digestibility in birds raised on floor pens 
was noted but no effect in birds raised in 
cages was reported by Madrid et al. (2010). 
However, such papers evaluating the effect 
of housing type or conditions on enzyme ef-
ficacy in poultry or pigs are sparse. 

16.3.3.2 Length of time on 
experimental diets 

Recent research indicates that ‘days on trial’ 
can impact the magnitude of the response 
noted with exogenous enzymes. In some in-
stances, this is due to the nutrient require-
ments of the animal and their ability to 
adapt to dietary deficiencies through 
changes in feed intake and nutrient metab-
olism. For example, it could take 8 to 12 
weeks to note a significant decrease in egg 
production of laying hens fed P-deficient 
diets and this will impact the calculated P 
equivalency values of phytase (Fernandez 
et al., 2019). In broiler chickens, diets defi-
cient in Ca or P should be fed for longer 
than 2 days and in birds less than 20 days 
post-hatch to result in significant reduc-
tions in growth rate or bone ash (Babatunde 
et al., 2019), allowing for determination of 
phytase efficacy. For example, the average 
effect of phytase on broiler body weight 
gain was +2 or +25% in broilers weighed at 
day 22 when on trial for 2 or 16 days, re-
spectively (Babatunde et  al., 2019). Con-
versely, when considering the effects of 
phytase on Ca or P digestibility, Ca- or P-
deficient diets should be fed for less than 30 h 
(Li et al., 2018) and at day 14 post-hatch in 
broilers (Babatunde et al., 2019). This will 
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limit physiological adaptations of the bird 
to the nutrient-deficient diets and enable 
determination of the inherent effects of the 
diet or phytase on digestibility. Trials deter-
mining the optimum ‘days on trial’ and 
phytase efficacy in pigs are limited. How-
ever, a recent meta-analysis evaluating P in-
take and utilization determined that P 
retention in soft tissues was prioritized over 
bones, suggesting bone ash (rather than 
body weight gain) would be a more appro-
priate response variable in pigs when evalu-
ating phytase efficacy (Misiura et al., 2020). 

When considering fibre-degrading, multi-
or protease enzymes, the adaptation period 
and magnitude of the exogenous enzyme 
response may be partially dependent on the 
maturity of the gut, specifically the endogen-
ous enzyme secretions (age effect noted 
above) and microbial populations. In this re-
gard, the response to fibre-degrading enzymes 
on growth performance and nutrient digest-
ibility may require full grow-out trials in both 
pigs and poultry due to the prebiotic-like ef-
fect of the end products and the adaptation 
period of the gut microbes to those same end 
products (Bedford and Walk, 2017; Bedford, 
2018). Unfortunately, when describing the 
optimum days on trial to determine enzyme 
efficacy, there is no ‘one size fits all’ recom-
mendation. However, the above information 
provides a range of trial days to consider 
when designing experiments or interpreting 
results, which will be different depending on 
the trial objective, response variables, animal 
species and enzyme under evaluation. 

16.3.3.3 Feeding programmes 

Phytase efficacy, measured by growth per-
formance, was not improved with intermit-
tent feeding of broilers when compared 
with those fed continuously (Svihus et al., 
2013). However, phytate degradation by 
phytase was greater in broilers exposed to 
intermittent feeding compared with those 
fed ad libitum (Sacranie et al., 2017). 

16.3.3.4 Heat stress 

Kidd et al. (2001) observed improved feed 
conversion and lower mortality in broilers 

fed enzyme-supplemented maize/soybean 
diets, especially during periods of heat 
stress. 

16.4 Conclusion: Parameters for 
Consideration in Enzyme Research 

The impact of feed enzymes on perform-
ance, nutrient and energy digestibility is 
well accepted. For phytase, the improve-
ment in digestibility of various nutrients 
such as P, Ca, Na, amino acids, trace min-
erals and energy can be supported by numer-
ous studies (Kies et  al., 2001; Cowieson 
et  al., 2017). Similarly, the effect of NSP-
degrading enzymes, namely xylanase (Yin 
et  al., 2000) and β-glucanase, but also of 
other enzymes like amylases (Gracia et al., 
2003) and proteases (Zuo et al., 2015) on nu-
trient digestibility has been reported in both 
swine and poultry research. For some en-
zyme activities like amylase, a variable 
nutrient digestibility response has been ob-
served (Ritz et  al., 1995; Shapiro and Nir, 
1995). In fact, publications indicating posi-
tive response, no response or even negative 
response to various measured parameters are 
available, if not for all, then for most studied 
enzymes to date. Phytase, on the other hand, 
is likely one exogenous enzyme which has a 
high rate of research with positive responses 
reported. According to Selle and Ravindran 
(2007), phytase has a more general applica-
tion as its substrate is invariably present in 
pig and poultry diets and its dietary inclu-
sion economically generates bioavailable P 
and reduces P load on the environment. 

Commercially, a combination of two or 
more feed enzymes will be more typically 
used and there is research available sup-
porting combinations of various enzymes as 
contributors to improvements in nutrient 
digestibility (Yin et  al., 2001b; Lee and 
Brown, Chapter 5, this volume). In his re-
view, Rosen (2004b) suggested existence of 
a full additivity between carbohydrases and 
phytase in broiler diets mainly based on 
wheat. As concluded by Zeng et al. (2018), 
the magnitude of nutrient digestibility re-
sponse to phytase and carbohydrase supple-
mentation in pigs may be influenced by the 
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addition of wheat bran to a diet. That 
would suggest that both substrates for en-
zymes and potentially target animals will 
determine the magnitude of response to 
various feed enzyme combinations. Other 
parameters such as gastrointestinal health 
have also been impacted by the applica-
tion of feed enzymes. Employing a nec-
rotic enteritis disease challenge model 
where oral inoculation of Eimeria sp. and 
Clostridium perfringens was incorporated, 
Jackson et al. (2003) reported that β-man-
nanase was as effective as antibiotics in 
mitigating the disease effects as measured 
by growth performance and the incidence 
of coccidial lesion scores compared with 
the control. An opportunity for enzymes 
to  help during coccidial challenge was 
raised a quarter of a century ago by Morgan 
and Bedford (1995), who demonstrated 
that enzyme supplementation in wheat 
diets reduced growth depression due to 
coccidiosis in pullets. Furthermore, en-
zyme supplementation reduced intestinal 
viscosity and improved feed efficiency in 
broilers fed wheat diets, in both normal 
and coccidiosis-challenged birds. In young 
pigs, Chen et al. (2017) reported that prote-
ase supplementation improved protein 
digestion and maintained gut health, irre-
spective of whether used in sorghum- or 
maize-based diets. Similarly, Borda-Molina 

et al. (2019) reported that addition of pro-
tease but also phytase contributed to 
changes in gut microflora and these re-
sponses differed between the commercial 
protease sources studied. On top of these 
less typically evaluated parameters in en-
zyme trials, we have started to see other 
measures being assessed, such as expres-
sion of nutrient transport and absorption 
genes, production of specific endogenous 
enzymes and evaluation of various blood 
biomarkers (Jiang et  al., 2008; Zuo et  al., 
2015). Impact of enzymes on gut morph-
ology has also been increasingly included, 
with the production of tight junction pro-
teins such as claudin, occludin, zonula oc-
cludens and β-actin being measured as 
parameters in enzyme studies (Tiwari 
et al., 2018). 

The enzyme research of today encom-
passes the investigation of many parameters 
including performance, digestibility, car-
cass quality, gut histology, changes in gut 
microbiome, immune status, gene expres-
sion and hormonal changes. Studying all 
these factors can be extremely helpful in 
providing greater understanding of a spe-
cific enzyme mode of action. Practically, 
that knowledge can support a more targeted 
use of feed enzymes in commercial practice, 
their more frequent use and consistent re-
sponse benefit. 
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17 Evolving Enzyme Applications 

Michael R. Bedford1, Carrie L. Walk2 and Milan Hruby3 

1AB Vista, Marlborough, UK; 2DSM Nutritional Products, Heanor, UK; 3ADM, Decatur, 
Illinois, USA 

17.1 Doses 

With the advancement of production strains 
or production capabilities to yield more en-
zyme activity per gram of protein, the use of 
super- or megadoses of enzymes may be-
come more economical and commercially 
applicable in the future. Superdosing phytase 
has gained considerable traction in the 
market over the past 10 years, with benefits 
associated with feed efficiency, feed cost 
savings and sustainability. Diets containing 
superdoses of phytase now account for al-
most 15% of phytase sales by value and it is 
increasing in proportion with time. 

The use of by-product feed ingredients, 
novel feed ingredients, or local cereals and 
legumes in production animal diets might 
result in greater concentrations of phytate 
and fibre and variable ingredient quality. To 
ensure optimal utilization of nutrients by the 
animal and mitigation of any antinutritional 
effects on growth performance or digestibility, 
the use of superdoses or megadoses of en-
zymes might be required to ensure rapid and 
efficient breakdown of phytate, fibre fractions 
or polysaccharides. However, care must be 
taken with increasing doses of some enzymes. 
For example, overdosing some carbohy-
drases may potentiate the depolymerization 
of beneficial oligosaccharides and overdos-
ing some proteases may degrade non-target 

proteins and thus digestive efficiency. The 
stand-out anomaly here is phytases, where 
an optimum dose seems to be well above 
even current superdosed levels, particularly 
to target the lower phytate esters. 

17.2 Animal Categories 

The need and desire to produce animal pro-
tein in a more sustainable fashion and chan-
ging human meat consumption patterns 
will increase the use, adaptation and uptake 
of enzymes into the diets of ruminants and 
fish. The use of enzymes in sustainable 
animal nutrition is not new. Phytase was 
developed to improve P utilization by pigs 
and poultry and thereby reduce excretion of 
P and prevent eutrophication of rivers, 
lakes and streams. In the future, the use of 
enzymes in sustainable agriculture will in-
clude new categories of enzymes, endogen-
ous enzyme inhibitors and the species to 
which they are applied. For example, the 
additives 3-nitrooxypropanol (3-NOP) and 
lubabegron are both endogenous enzyme 
inhibitors; 3-NOP has been shown to reduce 
emissions of the greenhouse gas methane 
from dairy cows by 30% and lubabegron to 
reduce ammonia in beef cattle manure and 
urine. Supplementation of carbohydrases 
into ruminant diets increases milk yield 
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and improves fibre digestion. On the other 
hand, the use of phytase and xylanase in the 
diets of some species of fish allows for the 
use of more plant-based protein sources, 
thereby decreasing the use of animal-based 
protein meals while improving nutrient 
utilization and reducing waste runoff into 
water courses. 

In addition, changing human consump-
tion patterns towards less meat (beef, pork, 
chicken) might increase the consumption of 
fish and aquaculture to a greater extent than 
is currently forecast. If this were to occur, 
the development of enzymes (phytase, car-
bohydrases, protease or others) specific to 
the gastrointestinal properties of fish (pH, 
temperature, time) may take place. In turn, 
the use of plant-based ingredients in aqua-
culture could expand to include novel pro-
tein meals and alternatives to soybean meal, 
which contain a much greater content of 
fibre and phytate than found in fishmeal. 
The knowledge of endogenous enzymes 
and the use of enzyme inhibitors in combin-
ation with exogenous enzymes to improve 
nutrient utilization and reduce excretion 
will facilitate more sustainable animal pro-
duction. In addition, wider categories of 
animals and animal products will benefit 
from exogenous enzymes in the future. 

17.2.1 Pets 

The global pet food market is worth over 
US$70 billion annually and expected to 
grow year on year. Although inclusion of 
enzymes in pet food is becoming an increas-
ingly popular trend to aid digestion, there 
still appears to be relatively few brands that 
incorporate and advertise enzymes as part 
of their pet food and other pet products 
portfolio. Many brands, particularly pre-
mium brands, promote addition of enzymes 
together with other beneficial dietary com-
ponents including prebiotics and probiot-
ics, antioxidant-rich ingredients and natural 
ingredients. Heat-labile compounds like 
enzymes, but also vitamins, amino acids, 
probiotics, fatty acids and medicines, are not 
well suited to high-temperature and -pressure 

processing such as extrusion used to manu-
facture pet food and treats. To maintain 
functionality of enzymes, some manufac-
turers add enzymes after the food has been 
heat-treated and there are also new techno-
logical trends gaining ground including 
cold extrusion, which could be particularly 
useful with ingredients known to be sensi-
tive to heat. The main trends in the pet food 
market are related to humanization of pets 
and pet food quality. For example, humans 
are increasingly aware of their lifestyle and 
the impact nutrition has on their own 
health and longevity, as well as that of their 
pets. There is also a drive to focus on nat-
ural and minimally processed ingredients 
and nutrients to improve nutrient digest-
ibility and reduce potential digestive dis-
orders. Due to the trend to increase animal 
protein levels in pet food products, prote-
ase will likely be a key enzyme in the fu-
ture. Interest to include other plant mater-
ials like vegetables, fruits and ancient grains 
will also allow for carbohydrase enzymes 
and amylase to find a growth opportunity 
space within the significantly growing pet 
food market. 

17.2.2 Humans 

Enzymes in human food preparation have a 
long history. They can be found in numer-
ous applications within various food indus-
tries including starch and sugar, baking, 
brewing, dairy, meat, juice and wine. They 
are irreplaceable in many food-production 
processes not only to improve the quality of 
final products (bread, fruit juice, meat ten-
derness, cheese production and flavour, 
beer, wine, shelf life) but also to help indi-
viduals with specific disorders like lactose 
intolerance or are used to improve the 
digestion of complex carbohydrates (e.g. 
α-galactosidase-containing products). 

Specific enzyme supplements are also 
available in the market to complement en-
zymes produced by the human body (pro-
tease, amylase, maltase, lipase) as well as 
to provide other activities such as xyla-
nase, β-glucanase, α-galactosidase, cellulase, 
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nattokinase and phytase. We see consumers 
taking greater control of their healthcare 
and looking to various supplements, in-
cluding enzymes, in the future. Digestion of 
plant proteins including gluten, blood glu-
cose control, cardiovascular support and 
even focus on diseases such as Alzheimer’s 
are strong future opportunities for enzymes 
in this fast-evolving human nutrition and 
health area. 

17.3 Minor or Novel Enzyme Classes 

17.3.1 Antimicrobial enzymes 

The major shift in animal production 
methods towards no antibiotics ever or no 
growth-promoting antibiotics has resulted 
in a plethora of research around antimicro-
bial mitigation. Numerous products are 
available, such as enzymes, yeast cell walls 
or oligosaccharides, organic acids, and im-
mune activators or mitigators, with variable 
rates of success. The use of exogenous anti-
microbial enzymes, such as lysozyme, 
might be a useful control of pathogenic bac-
teria and act to complement the animals’ 
own antimicrobial enzyme secretions. For 
example, hen egg white lysozyme has been 
shown to decrease pathogenic bacteria in 
the gastrointestinal tract. Other functions of 
antimicrobial enzymes may be to break 
down dead bacterial cell walls (murami-
dase) or dephosphorylate lipopolysacchar-
ides (alkaline phosphatase) and thereby 
reduce the pro-inflammatory response asso-
ciated with the presence of these end prod-
ucts in the gut lumen. Bacteriophage lysins 
are enzymes which break open target cells 
and can be engineered to be produced and 
fed as a targeted antimicrobial approach. In 
this regard, the benefits of antimicrobial 
enzymes could be twofold: to decrease 
pathogenic bacteria and/or the immune re-
sponse associated with the presence of the 
bacteria or bacterial products. Wider up-
take of antimicrobial enzymes, specifically 
ones known to reduce pathogenic bacteria, 
in the market will require a re-evaluation of 

product registration criteria and categories, 
as they are not antibiotics but do have anti-
microbial properties. 

17.3.2 Lipases 

Most fat sources in animal diets are highly 
digestible by the animal and once absorbed, 
the fat source retains a considerable amount 
of its original form and is only modified for 
transport across the enterocytes and into 
the tissues. In broilers, body fat is similar in 
structure and form as that in the diet. There-
fore, the use of exogenous lipases to digest or 
aid in fat digestion might not be as wide-
spread as that of phytase or carbohydrases. 
However, the use of lipases in young animals 
or geriatric pets, with inefficient digestive en-
zymes, may be a growth area in the future. In 
addition, the use of lipases to enable the use 
of poorly digested sources of fat or help to re-
lease other fatty acids and fat-based coatings 
could provide areas of growth for lipases. 

17.3.3 Enzymes for by-products or 
novel feed ingredients (keratinases, 
targeted oligosaccharide producers, 

local cereals and legumes) 

If carbon footprint develops as a significant 
factor in animal protein production, then 
use of local ingredients will become critical 
in the quest to minimize the effect of raising 
farm animals on climate change. Credible 
alternatives to corn, wheat and soya, 
which all have high input or transportation 
requirements, include rye and rapeseed. 
Development/adaptation of current enzyme 
strategies to take account of such changes in 
the diet, should they occur, will inevitably 
contribute to reducing the environmental 
impact of animal protein production. Other 
protein sources, such as algal, insect and 
yeast, are all potential targets for enzymatic 
improvements but the volumes available 
will probably limit their ability to replace 
the current annual usage of 330 million 
tonnes of soybean meal. 
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17.3.4 In situ enzyme expression 

In-plant or in-animal expression of enzymes, 
particularly phytase and xylanase, has been 
tested over the past 40 years. Recently, 
corn-derived phytase has been shown to in-
crease P digestibility and maintain growth 
performance of broilers and pigs fed low-P 
diets, whereas saliva-expressed phytase 
resulted in significant improvements in P 
digestibility of pigs. Therefore, the use of 
in situ enzymes is a possibility. However, 
consumer preference and concerns regard-
ing genetically modified organisms as a source 
of food or in animal feeds may halt any fur-
ther advancements towards in-plant or 
in-animal expression of enzymes. This phe-
nomenon seems to be country specific and 
may mean the end of further advancements 

in the expression of exogenous or even 
overexpression of endogenous enzymes in 
animals. 

In conclusion, the future of enzyme 
application in production animal diets 
will continue to grow and evolve. Current 
enzyme uses and recommendations will 
become more precise and targeted. Novel 
enzyme categories will enable the use of 
alternative feed ingredients or uptake of 
enzymes into new animal categories. 
Consumer preferences will continue to 
drive animal production guidelines, and 
this will facilitate enzyme development 
into new categories focused on gut health 
and functionality, improved nutrient util-
ization and digestibility, and of course 
sustainability. 





 

 
 

 
   

     
 

          
 

 
    

  
 

 
 

 
 

  
 

 
 

  

 
        

   
 

 
 

 
 

 

 
 

            
         
        
      

     
      

    
  

   
 

 
 

  
 

    
 

 

 
 
 

 
 

 
 

 
 

 
 

Index 

Note: Page numbers in italics denote tables and fgures. 

2-amino-6-mercapto-7-methylpurine 
ribonucleoside (MESG) 200 

3-nitrooxypropanol (3-NOP) 286 
3,5-dinitrosalicylic acid (DNS) 200 
α-amylase 90, 91, 183–184, 259 
α-galactosidases 71, 76, 78–79, 83, 201 
β-glucanases see β-glucans 
β-glucans 2, 10, 15, 18, 36, 56, 62, 171–172, 256, 272 

xylanase and microbiome and 257–258 
see also cellulases 

β-glucosidases 36 
β-mannan 19, 20, 70–71, 259 

α-galactosidase and 76, 78–79 
action mode of 72–73 
application of 74–76 
approximate content in feedstuffs 71 
effciency of 72 
hydroxylation of mannans with 73 
pectinase and 79, 81–82 
supplementation, in pigs 74–75 

β-mannanases see β-mannan 
β-propeller phytases 105 
β-xylosidases 18, 201 

AB Agri (UK) 5 
AB Vista 4, 5, 104, 107, 116, 195, 199, 207 
Adisseo (France) 4, 5, 207 
ADM 207 
Advanced Enzymes 207 
Aeromonas spp. 174 
Akkermansia spp. 259 
aleurone layer 58 

protein 224 

Alistipes spp. 256 
alkaline phosphatase 261 
amino acids 1, 3, 5, 6, 7, 11, 20, 22, 36, 38, 54, 

55, 63, 79, 80, 83, 89, 90, 93–95, 104, 
105, 114, 115, 125, 126, 140, 141, 144, 
160, 170, 177, 181–183, 201, 202, 
208–213, 220, 228, 229, 271, 272 

digestibility of 73, 78, 95–98, 136–138, 251, 
260, 267, 270, 273, 274 

hydrophobic 224, 226 
amylases 3, 52–53, 223–224 

exogenous 89 
microbiome and 259 
supplemental 223 

amylopectin 91, 259 
enzymes in hydrolysis of 90 

amylose 90, 91, 224, 259 
anaerobic fungi 157 
Anaerostipes butyraticus 257 
animal feed, enzyme delivery and stabilization 

in 207 
enzyme application in feed and 208 
enzyme production impact and 212 
feed production process and impact on 

enzyme activity and 208–209 
liquid enzyme formulation and 212–213 
pelleting-stable feed enzymes market and 207 
premixes and 209 
protein stabilization through molecule 

selection and modifcation 
and 210–212 

shelf life and 209–210 
solid enzyme formulation and 213–214 
stability during storage and 215–216 

291 



  

  
 

  
 

 
 

 
 

 
 

 
 
 

 
 

 
 

 

 
  

 
 

 
  

 
 
 

 
 

 
 

           
    

 
 

  
   

 
  

   
     
 

 

 

 
 

 
 

 

     
 

 
 

 
   

  
 

 
 

 
        

       
    

    
 

  
 
 

 

 
  

    
      

 
 

 
             

        
   

      
 

 
 

 
    

 
 

 
 

  
 

  
 

  
 

 
 

   
  

 

   
 

292 Index 

animal feed enzyme trials, parameters impacting 
responses in 266, 268–270 

added fats and fat types and 274–275 
age and sex and 267, 270 
animal health status and 270–271 
antibiotics, coccidiostats, and ionophores 

and 275 
control bird performance and 271 
digestibility studies and 271 
enzyme effcacy measurement in 266–267 
enzyme storage conditions and 277 
essential oils and 276 
feeding programmes and 278 
feed form and 271 
heat stress and 278 
housing conditions and husbandry and 277 
minerals and 273 
natural enzyme inhibitors in diet and 273 
organic acids and 273–274 
particle size/whole grain feeding and 271–272 
pellet binders, silicates, and preservatives 

and 276–277 
prebiotics and mycotoxin binders and 

275–276 
probiotics and 276 
research parameters and 278–279 
substrate and 272–273 
time length on experimental diets and 

277–278 
vitamins and trace mineral premixes and 277 

animal genetic effects and phytate degradation 131 
animal responses, to enzyme supplementation 158 

animal variability and 159–160 
enzyme dose and 159 
enzyme formulation and 158 
target substrates and 158–159 

antibiotics 7, 8, 42, 46, 52, 53, 64, 73, 230, 254, 
261, 270, 275, 279, 288 

in animal production 7 
coccidiostats and ionophores and 275 

antibodies 161, 195–198 
antimicrobials 74, 255, 275 

enzymes 288 
antinutritional factors (ANFs) 170–171, 184 
apparent metabolizable energy (AME) 81, 98, 

220, 222, 230, 231, 233, 274 
aquaculture 170–172 

exogenous amylases in fsh nutrition 
and 183–184 

exogenous proteases in fsh nutrition 
and 182–183 

InsPs and InsPs-degrading enzymes 
and 175–182 

NSPase and 171–175 
trial testing for effects in enzymatic and multi-

enzymatic blends in fsh diets 176 
arabinofuranosidases 18 

arabinoxylans (AX) 2, 15, 35, 171, 256 
fermentability of 63–64 
insoluble 38 
soluble 38 
structural units, schematic presentation of 14 

arabinoxylo-oligosaccharides (AXOS) 18, 58, 
62–63, 254, 257 

Aspergillus aculeatus 19 
xylanase C 18 

Aspergillus fcuum 129 
Aspergillus fumigatus 107 
Aspergillus niger 12, 19, 20, 22, 104, 107, 110, 

111, 113, 115, 116, 155, 178, 180, 199 
Aspergillus oryzae 22, 116, 178, 181 
Aspergillus spp. 12, 18, 37, 154 
Aspergillus terreus 107 
Axtra® PHY 5, 104 
Axtra® PRO 5 
Axtra® XAP 5 
Axtra® XB 5 

Bacillus amyloliquefaciens 22 
Bacillus licheniformis 22, 183 
Bacillus spp. 105, 107, 113, 199 
Bacillus subtilis 22, 36, 110, 111, 157, 164 
bacteriophage lysins 288 
Bacteroides spp. 259 
Balancius® 5 
barley 1, 2, 14, 15, 33, 35, 36, 38, 41, 52, 53, 56, 

59, 61, 62, 90, 107, 125–126, 131, 132, 
156, 157, 162, 224 

BASF 4, 5, 104, 107, 111, 116 
Bdellovibrio spp. 105 
Beijing Smile Smizyme 14 
Beldem 207 
Bidyanus bidyanus 183 
Bifdobacterium spp. 62, 128, 174, 258 
biopolymers 90 
BioResource International 207 
Biovet 207 
blue native PAGE 162 
Bluestar (China) 4, 5 
Bluestar Adisseo (France) 5 
Brazil 5, 6 
Brenneria spp. 261 
Brunner’s glands 226, 227 
buffering capacity (BC), of diet 180 
Burkholderia spp. 128 
Buttiauxella gaviniae 104 
Buttiauxella spp. 107, 178, 180 
butyric acid 15, 255 
Butyrivibrio spp. 155 

cage effect 3, 73, 173 
Campylobacter spp. 174 
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Canada 6 
Candidatus arthromitus 258 
canola 2, 42, 81, 82, 126, 272, 273, 274 
carbohydrases 5, 7, 18, 39–40, 43–45 
carbohydrate-active enzymes (CAZymes) 163 

database 19 
carbohydrate-binding modules (CBMs) 

19, 163 
carboxymethyl cellulose (CMC) 19 
carboxypeptidases 228–229 
Cargill 207 
cellobiases see  β-glucosidases 
cellulases 36, 38–39, 44, 53, 158, 259 

impact in liquid feeding systems 42 
impact on animal health 39–41 
impact on nutrient digestion and 

fermentation 37–39 
supplementation 38 
see also  β-glucans 

cellulose 34, 36, 70, 154, 158, 171 
amorphous 35 
crystalline 35 
fermentability of 63 
hydrolysis of 156 
in plants and plant products 35 

cellulose-binding domains (CBDs) 19 
cellulosome, construction of 163 
cell wall dissolution 57 
cereals 2, 3, 14, 15, 56, 57, 59, 89, 90, 170–173, 

175, 204, 286, 288 
cereal β-glucans 171 
China 4, 6 
CHR Hansen 207 
chromogen p-nitroaniline (pNA) 194 
chymotrypsin 94, 224, 228 
cinnamaldehyde 276 
citric acid 274 
Citrobacter braakii 104, 107, 112, 

178, 180 
Clarias gariepinus 172 
Clostridium perfringens 2, 7, 73, 74, 230, 

260, 279 
Clostridium spp. 105, 174, 257, 261 
coated solids 213, 214 
commercial enzymes 155 
commercial pelleting practice/process 

die infuence and 249–251 
steam quality and 243–249 

control digestibility and monocomponent 
exogenous protease, correlation 
between 97 

copper (Cu) 139 
Coprobacillus spp. 261 
Coprobacter spp. 259 
crude protein (CP) 220 
Cyprinus carpio 172, 174 
cysteine phytases 105 

danger-associated molecular patterns 
(DAMP) 261 

Danisco Animal Nutrition (the Netherlands) 
4, 5, 104 

Danisco® Xylanase 5, 18 
Danisco Axtra® 116 
Danisco Phyzyme® 116 
DDGS see distillers’ dried grains 

with solubles 
dephosphorylation 12, 103, 104, 105, 107, 

111–113, 126, 129, 133, 140, 178, 179, 
181, 182 

detoxifed Jatropha curcas seed meal 
(DJSM) 173 

dicot plants 159 
dietary calcium levels 143 
diluted forms, stability in 215 
directed evolution 114, 115 
direct-fed microbials (DFMs) see probiotics 
distillers’ dried grains with solubles (DDGS) 33, 

34, 40, 42 
D-mannose 71 
donor organisms (DOs) 104 
dry matter (DM) 157, 159 
DSM (the Netherlands) 4, 5, 104, 107, 116, 

207, 213 
duodenum 226, 255 
DuPont Axtra® 107 
dysbiosis 261–262 

Econase® XT (carbohydrase) 5, 18 
Econase Wheat Plus 19 
EGI (Cel7B) 19 
EGII (Cel5A) 19 
Eimeria maxima 270 
Eimeria spp. 73, 74, 259, 260, 279 
Elanco 207 
Elanco Animal Nutrition 20 
elastase 94 
endo-acting enzymes 90 
endogenous enzymes 162, 173 
endogenous nitrogen 260 
endogenous phytase 128–129 
endoglucanases 36 
endopeptidases 94, 95 
endosperm 3, 15, 35, 37, 52, 55–59, 73, 154, 

171–173, 222, 224, 233 
endo-β-mannanases 71 
Enmex 207 
enteric bacterial challenges 40 
Enterobacter spp. 105, 

107, 113 
Enterococcus durans 258 
enterotoxigenic Escherichia coli 

(ETEC) 40 
Envirologix 198 



  

 
 

 
 

 
 

  
 

 
 

 
 

  
        

        
 
 

 
  

 
 

 
      

    

 
 

 

 
 
 

 
 

 
 

 
 

      
   

 
 
 

  

 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

  
   

 
 

 

 

 
     

 
 

   
  

   

 
 

 
  

 
 

 
 
 
 

294 Index 

enzyme applications 
animal categories and 286–287 
antimicrobial enzymes and 288 
for by-products and novel feed 

ingredients 288 
doses and 286 
in situ enzyme expression and 289 
lipases and 288 

enzyme-linked immunosorbent assay 
(ELISA) 193, 195 

advantages of 196 
in combination with premix-feed 

method 203–204 
kit 195 
sandwich 195, 196 

Enzyvia LLC 5 
epithelial phytase 127, 130 
Escherichia coli 12, 14, 40, 104, 107, 110, 113, 

115, 117, 174, 178, 179, 180, 181, 195, 
199, 256 

essential oils 276 
European Food Safety Authority (EFSA) 5 
European Union (EU) 5, 6 
exogenous amylases 

biochemistry and enzymology of 89–90 
in fsh nutrition 183–184 
potential, and starch digestion 90–93 

exogenous enzymes 89, 155–162, 174, 207, 240, 
256, 271, 273, 274, 277 

exogenous proteases 
biochemistry and enzymology of 93–95 
in fsh nutrition 182–183 
in vitro data 96 
protein and amino acid digestion and 

potential 95–98 
exoglucanases 36 
exopeptidases 94 
expansin-like proteins 156–157 
expansins 156–157 
extracellular microbial phytases 103 
extrusion technique 23 

Faecalibacterium prausnitzii 255 
Faecalibacterium spp. 261 
feed conversion ratio (FCR) 15, 70, 72, 74, 75, 

78, 271, 272, 275 
feed enzyme analysis, developments in 193–194 

extractability from matrix and 204–205 
immunoassay techniques and 195–198 
novel method to analyse phytase and 

198–200 
premixes and 202–204 
protease and 201–202 
wet chemistry-type assays partial automation 

and 194–195 
xylanase and 200–201 

feed enzymes 
animal production and 7–8 
current market size of 4 
future trends 23 
historic use of 1 
manufacturing process steps for products of 22 
players in market of 4–5 
production of 20–23 
regulation of 5–6 
traditional use of 1–4 
use of 6–7 
see also individual entries such as phytase, 

amylase, protease, xylanase, 
glucanase etc. 

feed milling, infuence on feed enzyme 
stability 240 

commercial pelleting practice/process 
and 243–251 

pelleting process and 240–241 
stress points for enzymes in feed 

manufacture and 241–243 
feed moisture, signifcant temperature effect on 249 
feed pellets, stability in 216 
ferulic acid esterases 155 
fbre-degrading enzymes 2 
see also non-starch polysaccharidases (NSPases) 
fbre digestion, benefts of 63–64 
Fibrobacter spp. 155 
Fibrobacter succinogenes 155, 156 
fbrolytic enzymes 155, 157, 159 
Finase® EC (phytase) 5 
faxseed meal 82 
fuid bed granulation technique 23 
Food and Drug Administration’s (FDA) Center 

for Veterinary Medicine (CVM) 6 
Fourier transmission infrared spectroscopy 

(FTIR) 161 
fowl 220, 222–223, 225–227, 229–230, 232–234 

indigesta segregation 231 
villi shape in 228 

free fatty acids (FFAs) 230, 231, 233 
fructo-oligosaccharides (FOS) 61–62, 275 

galactomannan 70–72, 172, 173 
gastric system 

consumed food storage and 223–225 
formal gastric digestion and 225–226 
oral cavity responsibilities and 222 

gastrointestinal (GI) microbiome modulation 
42–44 

Generally Recognized as Safe (GRAS) 6 
gene site saturation mutagenesis (GSSM) 115 
genetically modifed organisms (GMOs) 10 
Geobacillus spp. 105 
GH10 xylanases 18 
GH11 xylanases 18 
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GH13 family 90, 91 
gizzard 11, 56–58, 60, 106, 132, 139, 223, 

225–227, 231, 234, 271, 273 
glucomannans 172 
gluco-oligosaccharides (GOS) 62 
glucose 90 
glucose oxidase 261 
glycerol 212 
glycosyl hydrolases 36 
Guandong VTR Microtech 14 

Hafnia spp. 104 
Hemicell 20 
hemicellulose 34, 35, 70, 81, 154, 156 
heteromannans 70 
hexose 37, 38 
high and low shear technique 23 
high-resolution glycomics analysis 161 
histidine acid phosphatases (HAPs) 12, 104, 105 
histidine acid phytases (HAPhy) 104–105, 109, 112 
Hostazym® C 5 
Hostazym® X (carbohydrases) 5 
human food preparation and enzymes 287–288 
Humicola insolens 22 
Huvepharma (Bulgaria) 4, 5 
hydrogen peroxide 261 
hydrolysing xylan 18 
hydrolytic enzymes 103 
hydroxyethyl cellulose (HEC) 19 

IFF 207, 211, 213 
ileal microbiome 60 
ileal protein bypass 260 
ileo-caeco-colonic valve 231, 232 
immobilization, of enzymes 163–164 
immunoassay techniques 195–198 
India 4 
inositol 11 
inositol phosphate isomers (InsPs) 12, 125, 129 

-degrading enzymes and 175–178 
phytase strategy for extra-phosphoric effects 

and 182 
phytases as fsh feed additives and 178–180 
responses to phytate-degrading enzymes in 

fsh species and 180–182 
in situ enzyme expression 289 
International Organization for Standardization 

(ISO) 194 
International Union of Biochemistry (IUB) 

classifcation 10–11 
Enzyme Nomenclature 36 

International Union of Pure and Applied 
Chemistry (IUPAC) 20 

intracellular microbial phytases 103 
iron (Fe) 139 

Janthinobacterium spp. 105 
Jatropha curcas 173 
jejunum 255 

kinome analysis 73 
Klebsiella spp. 110 
Kluyveromyces marxianus 163 

Lachnospiraceae 255, 256, 257, 258, 259 
Lactobacillaceae 258, 259 
Lactobacillus crispatus 257, 260 
Lactobacillus salivarius 260 
Lactobacillus sanfranciscensis 111 
Lactobacillus spp. 62, 105, 128, 174, 256, 257, 

259, 260 
Lactobacillus taiwanensis 260 
large intestine 

colonic mucosa of pig and 232–233 
gross anatomy of 230 
motility and 230–232 

lateral fow devices (LFDs) 193, 195, 196–198 
layout of 197 

Latin square design 160, 246, 247 
L-cells 258 
legumes 159 
lichenin 19 
lignin 70, 71, 154 
lipases 288 
liquid chromatography–mass spectrometry 

(LC–MS) 162 
liquid enzyme formulation 212–213 
lubabegron 286 
lysozyme 199, 288 

microbiome and 261 

maize 11, 14, 15, 23, 33–35, 38, 41–43, 52, 53, 
56, 61, 63, 73–75, 78, 79, 82, 92, 93, 98, 
125, 127, 129, 131–133, 157, 159, 170, 
184, 199, 203, 207, 208, 222, 224, 231, 
257, 258, 259, 260, 267, 273, 278, 279 

compared with NSPase effect in wheat 58 
SBM diets and 74 
viscosity and 59 

maltose 90 
mannanases 14, 19–20 

industrial applications of 71 
microbiome and 258–259 

mannans 70–71, 172 
manno-oligosaccharides (MOS) 62, 258–259, 275 
MBG4 method 201 
Megasphaera spp. 105 
metagenomic sequencing 163 
meta-omics studies 163 
microassays 162 
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Mitsuokella spp. 105 
mixer added fat (MAF) 241, 251 
mixer added water (MAW) 251 
moisture and animal feed 208 
monoclonal antibody toolkits 161 
monocomponent enzymes 55 
monocot plants 159 
monogastric farm animals 11 
monogastric feeds, enzyme use history of 52–53 
mucins 40 
multi-enzymes 55, 56, 82, 176, 277 
muramidases 261 
muscularis mucosae 227 
Myceliophthora thermophila 22 
myo-inositol (MI) hexaphosphate (InsP6) 12, 112, 

124, 125, 126, 128, 171, 178, 179–180 
degradation, and phosphorus digestibility 

132–135 
degradation in digestive tract 138 
dephosphorylation 103, 112, 129, 133, 140, 

179, 181, 182 
interaction in fsh digestion 175–178 
phytase supplementation effects on 136 
release of 135–136, 141 

Natugrain® (carbohydrase) 5, 18 
Natuphos® 5, 104, 107, 111, 116 
Natuphos® E 5, 104 
near-infrared refectance spectroscopy (NIRS) 142 
neutral detergent fbre (NDF) 157, 159, 160 
Nicotiana tabacum 165 
non-cellulosic polymers 171 
non-cellulosic polysaccharides (NCPs) 33–34, 35 
non-starch polysaccharidases (NSPases) 10, 11, 

34, 35, 37, 52, 53, 82, 171, 255–256 
action mode of 55–64 
assay 54 
classes of 36, 171 
commercial 16–17 
degradation 81 
degrading enzymes 257–259 
-degrading enzymes, action mechanism 

of 173–174 
-degrading enzymes, and responses in fsh 

nutrition 174–175 
dietary 70 
dietary fbre 255 
fermentability of 38, 43 
in fsh feeds 171–172 
importance of 15–19 
in vitro data 57–58 
in vivo data 56–58 
interaction, in fsh digestion 172–173 
market and substrate of 14–15 
nomenclature and identity of 53–54 
purity 54–55 

non-thermostable dry products 7 
Novozymes (Denmark) 4, 5, 104, 107, 116, 207, 

211, 213 
nutrient encapsulation and NSPs 55–58 
nutrient matrix 6 

oligosaccharides, in situ 45 
OptiPhos® (phytase) 5 
Oreochromis niloticus 172 
organic acids 273–274 
oxidoreductases and microbiome 261 

Paenibacillus lentus 20 
Paenibacillus spp. 105 
pancreatic enzymes 228, 229 
Paramecium 104 
Parasutterella spp. 259 
Payen, Anselme 34 
peas 82 
pectic polysaccharides see pectin 
pectin 154, 172 
pectinase 79, 81–82, 83 
Pedobacter spp. 105 
pellet durability index (PDI) 245 
pelleting process 240–241 
Peniophora lycii 104, 110, 178, 180, 199 
pentosans see arabinoxylans 
pepsin 94, 110, 126, 226, 234 
peptidoglycan 261 
Peptoclostridium spp. 260 
Peptostreptococcaceae 258, 260 
pet food and enzymes 287 
phosphorus 3, 11, 124 

digestibility 132–136, 181 
phylogenetic analysis 162 
phytases 5, 7, 10, 11, 103, 175 

activity inhibition forms 111 
with advantageous properties 113 
alkaline 106 
in animal nutrition 103–104 
catalytic mechanisms of 104–106 
categories of 12, 104 
characteristics of 108 
in combination with complementary 

properties 115–116 
commercial application of 139–144 
commercially available monocomponent 

GMO 13 
degradation, in digestive tract without 

added phytase 126–131 
degradation pathways 116 
effects, testing towards practical feeding 

conditions 142–143 
effcacy, assay and heat stability in 143–144 
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engineering, to optimize catalytic and 
stability features 114–115 

as fsh feed additives 178–180 
future perspectives of 117 
market and substrate of 11–12 
matrix values and 140–141 
microbiome and 260 
pH stability of 106–109 
production systems 116–117 
properties, for feed digestion 106–112 
proteolytic stability 109–110 
screening nature of 113–114 
signifcance of 12–14 
specifc activity of 112–113 
strategy, for extra-phosphoric effects 182 
substrate specifcity and end product of 

enzymatic dephosphorylation 
of 111–112 

thermostability 14, 110–111 
in woody breast syndrome context 143 

phytate-degrading enzymes 3 
phytate destruction, in pigs and poultry 124 

added phytase effects and 132–139 
plant intrinsic phytase effects and 131–132 
substrate and implications in digestive tract 

and 124–126 
see also phytases 

phytic acid 228, 229 
minimization of 234 
schematic presentation of 11 
see also myo-inositol (MI) (InsP6) 

Phyzyme® XP 5 
Pi analysis 200 
Pichia anomala 110 
Pichia pastoris 12, 14, 22, 110, 115, 178 
pig studies 33–45 see also individual entries 
plant intrinsic phytase, effects of   

131–132 
plant seeds processing, in food and energy 

sectors 125 
plant storage proteins 126 
p-nitrophenol 201 
polymeric starch 92 
polyols 212 
polypeptides 93 
Porzyme 9302 18 
post-antibiotic era 254–255 

enzymes hydrolysing non-NSP feed 
components and 259–260 

enzymes interacting directly with 
microbiota and 260–261 

microbiome and 255–256 
NSPases and 257–259 

post-caecal phytate degradation 129–131 
post-pelleting liquid application (PPLA) 6–7, 

208, 216 
post-translational modifcations 211 

poultry 
exogenous microbial amylase effect on 93 
starch digestion in 92 
see also individual entries 

prebiotic effects 61–64, 275–276 
enzyme development consequences 64 
fbre digestion benefts and 63–64 
and stimbiotics compared 63 

pre-caecal phytate degradation 126–129 
mineral P supplements effects and 130 
phytase supplementation effects and 133, 

134, 135 
premix-feed assay method 202–203, 209 

benefts of 203 
in combination with ELISA 203–204 
limitations of 204 
stability in 215–216 

pressure and animal feed 209 
pressure-reducing valve (PRV) 244, 245 
probiotics 276 
proteases 2, 7, 20, 89, 233 

acid 94 
alkaline 94 
categories of 94 
commercial 21 
endogenous 95 
microbiome and 259–260 
neutral 94 
novel method to analyse 201–202 
see also exogenous proteases 

Protein Data Bank 90 
protein-degrading enzymes 2 
protein engineering 114, 115, 210–211 
proteins 93 
protein stabilization, through molecule selection 

and modifcation 
failure modes prevention through engineering 

and 211–212 
thermal degradation prevention and 210–211 

protein tyrosine phytases (PTPhy) see cysteine 
phytases 

Proteobacteria 256 
Pseudomonas spp. 105 
purine nucleoside phosphorylase (PNPase) 200 
purple acid phytases 106 

Quantum® 116 
Quantum® Blue (phytase) 5, 110, 198 

rate-limiting enzyme 155, 156 
Rehu, Suomen 1 
reversible immobilization, of enzymes 164 
Ronozyme® HiPhos 5 
Ronozyme® ProAct 5 
Ronozyme® WX 5, 18 
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Rovabio® Advance (carbohydrase) 5 
Rovabio® Advance PHY (carbohydrase and 

phytase) 5 
Rovabio® Excel (carbohydrase) 5, 18 
Roxazyme® G2 5 
Roxazyme® MultiGrain 5 
Roxazyme® RumiStar 5 
ruminant enzymes 153–154 

animal responses to supplementation 
of 158–160 

application to feed 157–158 
cell wall polysaccharides and feed 

degradation limits and 154–155 
delivery of 160 
immobilization of 163–164 
microbial synergy and 155–157 
post-ruminal enzyme delivery and 160 
supplementation, future of 161–165 
transgenics and 164–165 

Ruminococcaceae family 255, 256, 258, 259 
Ruminococcus albus 155 
Ruminococcus bicirculans 155 
Ruminococcus spp. 155 
rye 2, 15, 39, 53, 59, 61, 63, 107, 115, 131, 224, 

257, 288 

Saccharomyces cerevisiae 163 
Salmonella enteritidis 73 
Salmonella spp. 174 
Salmo salar 177 
sandwich ELISA 195, 196 
Schizosaccharomyces pombe 12, 22, 116, 178 
Schwanniomyces castellii 111 
SDS-PAGE analysis 19 
Selenomonas ruminantium 105, 111 
Serratia spp. 105 
Sesbania aculeata 173 
shear 208 
shelf life 209–210 
Shewanella spp. 105 
short-chain fatty acids (SCFAs) 15, 43, 62–63, 

73, 257, 258, 259, 275 
Signis® 5 
small intestinal bacterial overgrowth’ 

(SIBO) 257, 260, 261 
small intestine 

anatomy and operation of 226–227 
motility and 229–230 
nutrient recovery from lumen and 228–229 
villi shape in fowl and swine and 228 

sodium chloride 212 
solid enzyme formulation 213–214 
soluble fbre 2 
sorbitol 212 
soybean meal (SBM) 70, 71, 72, 76, 258 

α-galactosidase and 78 

β-mannan and 73, 75 
carbohydrate content of dehulled 78 
maize and 74 
pectinase and 79, 82 

soybean products 3 
specifc activity 112–113 
spectrophotometer 194 
Sphingomonas spp. 105 
starch (α-glucan) 171 
starch-and protein-degrading enzymes see  

exogenous amylases; exogenous 
proteases 

starch-degrading enzymes 2–3 
stimbiotics 63 

and prebiotics compared 63 
stress points for enzymes, in feed manufacture 

241–243 
substrate specifcity and end product of 

enzymatic phytate dephosphorylation 
111–112 

Suc-Ala-Ala-Pro-Phe-pNA 202 
Sutterella spp. 261 
swine 2, 5, 10, 11, 14, 34–36, 39–42, 44, 

73–76, 78–79, 82, 92, 104, 107, 
117, 207, 208, 220–223, 225–234, 
256, 272, 278 

starch digestion in 92 
villi shape in 228 

swollenins 157 
Syncra® 5 
synthetic phytase, with consensus 

approach 115 

Talaromyces emersonii 19 
xylanase 18 

temperature and animal feed 209 
thermal degradation, preventing 210 

molecule selection and 210 
post-translational modifcations 

and 211 
protein engineering and 210–211 

thermal processing, of diet 60–61 
Thermomyces lanuginosus 107 
thermostable dry products 7 
thymol 276 
transgenics 164–165 
Trichoderma reesei 18, 19, 20, 22, 54, 57, 116, 

157, 178 
Trichoderma spp.12, 18, 36, 37, 154 
true metabolizable energy (TME) 78 
trypsin 94, 95, 228 
trypsin inhibitors 2, 3, 95 

uncoated solid products 214 
United States 5, 6, 33 



  

 
  

 
 

 
      

 

 
  

 
            

        
  

 
 

 
 

 
           

 
 

 
 

 
 

 
 

 

 
     

  
 

 
 

 
 

 
 

Index 299 

VDLUFA 203 
viscosity 2, 229–230 

enzyme development consequence and 61 
NSPases and 59–61 

Viscozyme® 156 
volatile fatty acids (VFAs) 40, 61, 63, 223, 230, 

231, 233 

water extractable arabinoxylans (WE-AX) 15 
water-unextractable arabinoxylans (WU-AX) 15, 57 
wet chemistry-type assays, partial automation 

of 194–195 
wheat 11, 33, 35, 41, 42, 53, 56, 57, 61, 132, 172, 

174, 183, 193, 203, 220, 222, 233, 257, 
258, 271–274, 278–279 

compared with NSPase effect in maize 58 
xylanase treatment of 58 
see also barley; maize; rye 

woody breast syndrome 143 
Wuhan Sunhy SunPhase 14 

Xanthomonas spp. 105 
xylanases 2, 3, 7, 10, 14, 18, 34, 36–37, 58, 158, 

175, 272 
impact in liquid feeding systems 42 

impact on animal health 39–41 
impact on growth performance 41–42 
impact on nutrient digestion and 

fermentation 37–39 
microbiome and 257–258 
novel method to analyse 200–201 
in plants and plant products 35 
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