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 Preface     

  Addressing the challenges of larval fi sh nutri-
tion is complex but necessary in order to 
make progress in developing diets for 
optimum growth and development of the 
early life stages of fi sh. There are two main 
approaches to feeding larvae in captivity: the 
fi rst utilizes live food organisms such as 
rotifers and brine shrimp, while the second 
focuses on the development of microparticu-
late diets. Live foods are diffi cult to sustain, 
require considerable space and expense, and 
may not provide adequate nutrition, while 
microparticulate diets are easier to maintain 
and have lower production costs, but have 
not proven to be successful for raising marine 
fi sh larvae. Ingestion, digestion, and assimila-
tion are all critical steps in the utilization of 
larval diets, and each or all may contribute to 
the lack of success thus far. Fish larvae reared 
on microparticulate diets generally have 
lower growth and survival rates that may be 
the result of inadequate nutritional quality of 
the diets, low ingestion rates, or poorly devel-
oped digestive systems in the larvae. The lack 
of nutritional information for fi sh larvae, and 
the dependence on live food, has hindered 
progress in developing larval diets. Since lar-
viculture is a bottleneck to successful produc-
tion of many preferred, high - quality marine 
species, it is important to know where we 

should be headed to successfully develop 
diets for fi sh larvae. Development of artifi cial 
feeds for fi sh larvae capable of supporting 
good survival and growth would be a tremen-
dous benefi t to hatcheries that depend on 
the supply of live feed. This book on larval 
fi sh nutrition was developed to address these 
challenges and support the development of 
feeding and weaning strategies that will 
optimize growth and survival of fi sh for 
production. 

 The aim of this book is to provide a com-
prehensive reference text on larval fi sh 
nutrition. It includes sections on digestive 
development and nutrient requirements, 
nutrient physiology, and feeds and feeding. 
Each of these three sections details crucial 
topics, including ontogeny of the digestive 
system; current state of knowledge on the 
requirements for lipids, proteins, and micro-
nutrients; effects of broodstock diet on eggs 
and larvae; utilization of yolk during endog-
enous feeding; effects of nutrition on devel-
opment; metabolism and bioenergetics; 
regulation of digestion; feeding behavior and 
live feeds; microparticulate diet technology, 
testing, and evaluation; and methods for 
assessing growth, and the potential of the 
zebrafi sh as a model organism to study fi sh 
nutrition. Reference tables of development 
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events, micronutrients in live prey, fatty acid 
requirements, vitamin requirements for 
broodstock, and so on are included. A list of 
challenges and solutions is provided, along 
with suggestions for evaluating their success. 
A strong team of international experts in 
each of the important areas of larval fi sh 
nutrition was assembled to summarize 
current knowledge and to suggest essential 
future directions. A total of 34 contributors 
from Denmark, Europe, Israel, Norway, 

Mexico, the United Kingdom, and the United 
States provided summaries of critical infor-
mation needed to promote rapid progress in 
this fi eld. It is hoped that this book will be a 
benefi cial reference for researchers advancing 
knowledge of larval fi sh nutrition and aqua-
culture production, as well as a valuable 
supplementary textbook for advanced courses 
in nutrition, aquaculture, and larval fi sh 
studies. 

   G. Joan Holt        
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  Chapter 1 

Ontogeny of the 
 d igestive  t ract  
  Juan Pablo     Lazo   ,    Maria J.     Darias   , and    Enric     Gisbert       

    1.1    Introduction 

 Fishes, like other organisms, require an energy 
source to fuel their body systems and pro-
cesses, including growth, metabolism, and 
reproduction. Different fi sh species have 
evolved feeding structures and digestive 
mechanisms that allow them to exploit a vast 
array of vegetal and animal food sources; 
consequently, the digestive tract of fi shes has 
incorporated numerous adaptations for the 
effi cient breakdown and absorption of essen-
tial nutrients, including appropriate digestive 
enzymes and absorptive surface areas (Moyle 
and Cech  2000 ). Since the dietary require-
ments of fi sh larvae are different from those 
of juveniles or adults, larval nutrition should 
always be considered along with the organi-
zation and functionality of the digestive 
system, nutritional needs, and the behavior of 
larvae at different stages of development. In 
addition to being the site of nutrient digestion 
and absorption, the digestive organs provide 
a barrier to environmental toxins, confer 
essential immune function, and have impor-

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt. 
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tant roles in metabolism and salt and water 
absorption (Wallace et al.  2005 ). 

 Knowledge of differentiation of the diges-
tive tract and accessory glands during larval 
development is essential for understanding 
the digestive and nutritional physiology of 
larval fi shes, and synchronizing the physio-
logical stage of development with feeding 
practices and rearing protocols. Thus, one of 
the main features that determines the end of 
the transformation from larvae to juvenile 
stages in teleosts is the development of a com-
plete, functional, fully developed digestive 
system. Knowledge of the developmental 
stage will facilitate overcoming one of the 
major bottlenecks in fi sh hatcheries, the 
partial or complete replacement of live prey 
with a compound inert diet. In this sense, the 
ontogeny of the digestive tract of fi sh larvae 
has been the subject of many studies for the 
last 25 years, although most of the above -
 mentioned effort has been focused on salmo-
nids and marine fi nfi sh species due to their 
important commercial value for the aquacul-
ture industry. 
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focus on the use of different histological and 
biochemical markers to assess the nutritional 
condition of fi sh larvae under different nutri-
tional and rearing conditions. Consequently, 
the chapter has been divided in three parts: 
fi rst, a section devoted to describing the his-
tomorphological development of the digestive 
tract and accessory glands in order to achieve 
a better understanding of their organization 
and functionality during early ontogeny, fol-
lowed by a section focused on the functional-
ity of the digestive organs based on the activity 
of specifi c digestive enzymes, and last but not 
the least, a review of the different biochemical 
and histological parameters that can be used 
for assessing and describing the nutritional 
condition of fi sh larvae. Throughout this 
chapter, the focus is on those dietary - induced 
changes in digestive tract functionality during 
larval ontogeny in species of aquacultural 
interest, although information is also included 
regarding other species of interest for bio-
medical studies (e.g., zebrafi sh).  

   1.2    Organogenesis of the 
 d igestive  s ystem 

 In most described species, the alimentary 
canal at hatching appears histologically as an 
undifferentiated straight tube lying dorsally 
to the yolk sac. However, during the leci-
thotrophic larval stage, the larva undergoes 
rapid developmental changes leading to the 
differentiation of several regions and organs 
of the digestive system, namely buccophar-
ynx, esophagus, intestine, pancreas, and liver, 
whereas the morphogenesis of the stomach 
depends on the species. There are important 
morphological and functional differences 
between marine and freshwater fi sh species 
regarding the developmental events involved 
in the differentiation and functionality of the 
digestive tract, even between closely related 
species. In fact, although both groups of fi shes 
hatch with a simple digestive tract appearing 
as a straight and undifferentiated tube located 

 Many studies have centered on evaluating 
the ontogenetic and epigenetic changes in the 
morphoanatomy and histological organiza-
tion of the digestive organs by means of 
microscopy, as well as assessing the activity 
of different digestive enzymes from the pan-
creas, stomach, and intestine by means of 
biochemical quantifi cation. Recently, those 
approaches have been complemented by 
molecular biological techniques that provide 
insight into both temporal and spatial expres-
sion patterns of genes involved in the devel-
opment and functionality of the digestive 
tract during early ontogeny. Contrary to what 
was originally claimed, these studies have 
clearly demonstrated that fi sh larvae are not 
challenged with physiological or digestive 
defi ciencies, although they hatch with very 
immature organs and systems compared with 
juveniles. In this sense, the digestive system of 
a fi sh larva should be considered as a very 
effi cient system that provides the larva with 
all the nutrients and energy needed for routine 
maintenance metabolism, swimming, and 
growth in order to enhance its survival, 
growth performance, and transformation into 
a juvenile. Although fi shes as a group show a 
remarkable diversity of structure and func-
tion of their nutritional physiology, the basic 
mechanisms of organ and system develop-
ment are similar in all teleosts, even though 
there exist considerable interspecifi c differ-
ences in the relative timing of their differen-
tiation, development, and functionality during 
early ontogeny. The timing of development of 
organ and physiological function is affected 
by the general life history and reproductive 
strategy of each species and by a variety of 
abiotic and biotic factors, including water 
quality, mainly temperature, and food avail-
ability and composition. 

 This chapter reviews the available infor-
mation on the subject of the digestive physiol-
ogy of marine and freshwater fi sh larvae, with 
special emphasis on the organization and 
functionality of the digestive tract and acces-
sory organs during early ontogeny. We also 
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(parental care) of different cichlid species has 
a direct effect on the ontogenetic development 
of the larva, and consequently, on the sequence 
of development of its digestive tract. In par-
ticular, substrate spawners might need to 
develop faster in order to achieve full func-
tionality of all their organs and systems, con-
sequently maximizing their chances of survival 
to respond to environmental constraints. In 
contrast, those larvae receiving parental pro-
tection during their early ontogeny (mouth-
brooding) might maximize energy for growth 
and tissue differentiation and minimize 
expenditures for other purposes (e.g., avoid-
ance of predators), and consequently, these 
larvae might develop more slowly. 

 In the following sections, information 
about the histological differentiation and his-
tochemical properties of different regions of 
the digestive tract and accessory organs is 
considered. Since this chapter is mainly 
devoted to describing the morphological 
organization and functionality of the diges-
tive tract in relation to nutrient digestion and 
assimilation processes, the description of the 
buccopharynx has been deliberately omitted 
since this organ is more involved in prey 
capture than nutrition, and it has been 
recently reviewed by Zambonino - Infante 
et al.  (2008) .  

   1.3    Histological  s tructure of the 
 d igestive  t ract and  a ccessory  g lands 

 The digestive tract of fi shes is composed of 
four basic histological layers, such as the 
mucosa, submucosa, muscularis, and serosa 
(Figure  1.1 ). However, the structure of these 
different segments of the alimentary canal 
varies considerably, and some of its parts or 
their constituents may be lacking depending 
on the species and/or the stage of develop-
ment considered (Takashima and Hibiya 
 1995 ). In general, the wall of the digestive 
tract is formed by the serosa, muscularis, sub-
mucosa, and mucosa from the esophagus to 

dorsal to the yolk sac, closed to the exterior 
at both extremities (mouth and anus), and 
lined by a single layer of columnar epithelial 
cells (future enterocytes) with basal or central 
nuclei, there exist important morphoanatomi-
cal differences at the onset of exogenous 
feeding. It is generally accepted that in the 
case of marine fi sh species, the appearance of 
gastric glands and the onset of acidic diges-
tion does not take place until metamorphosis 
far beyond the onset of exogenous feeding 
(Govoni et al.  1986 ; Zambonino - Infante and 
Cahu  2007 ), whereas in freshwater species 
with large -  and medium - sized eggs, this 
process takes place during the transition to 
exogenous feeding, for example, cichlids 
(Lingling and Qianru  1981 ; Balon  1985 ; 
Fishelson  1995 ; Morrison et al.  2001 ; 
Alvarez - Gonz á lez et al.  2008 ), acipenserids 
(Gisbert et al.  1998 ; Gisbert and Doroshov 
 2003 ), salmonids (Sarieyy ü poglu et al.  2000 ; 
Rust  2002 ), or siluriformes (Verreth et al. 
 1992 ; Kozari ć  et al.  2008 ; de Amorim et al. 
 2009 ). However, this rapid development of 
the digestive system is not a generalized 
feature among other freshwater fi sh species, 
such as coregonids (Loewe and Eckmann 
 1988 ; Segner et al.  1993 ), percids (Ostaszewska 
 2005 ), cyprinids (Smallwood and Smallwood 
 1931 ; Wallace et al.  2005 ), or characids 
(Atencio Garc í a et al.  2007 ), which are char-
acterized by small - sized eggs. 

 However, generalities normally have their 
own exceptions; for example, in the case of 
cichlids there exist species - specifi c differences 
in the time of differentiation of different 
digestive structures depending on the repro-
ductive strategy of each species. Thus, 
substrate - spawning cichlids, such as the Nile 
tilapia  Tilapia nilotica  (Lingling and Qianru 
 1981 ; Morrison et al.  2001 ), common bay 
snook  Petenia splendida  (Alvarez - Gonz á lez 
et al.  2008 ), or  Cichlasoma dimerus  (Meijide 
and Guerrero  2000 ), tend to develop faster 
than mouthbrooding cichlids (Balon  1985 ; 
Fishelson  1995 ; Osse and van den Boogart 
 2004 ). In this sense, the reproductive strategy 
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tion of the digestive juice, absorption, osmo-
regulation, and metabolism of nutrients 
among others. Thus, epithelial mucosal cells 
may differentiate into absorptive cells such as 
those of the intestine and pyloric ceca, in 
gastric and intestinal secretory cells, or in the 
goblet (mucous) cells found along the entire 
length of the digestive tract. Other noticeable 
types of cells that can be observed in the 
digestive mucosa include the foreign migrant 
cells (granulocytes, lymphocytes, and macro-
phages) that are part of the immune system. 
Under the basal part of the mucosal epithe-
lium, there is the basal lamina, which can be 
recognized as a thin, dense, and continuous 
band formed by a complex layer of collagen 
fi bers and polysaccharides. The lamina 
propria, a thin layer of connective tissue with 
blood capillaries, underlies the mucosal epi-
thelium. Under the lamina propria, a thin 
layer of smooth musculature, the muscularis 
mucosa, may also be found, although it is 

the posterior intestine and rectum, whereas 
the buccal cavity and pharynx lack the serosa 
(Hossain and Dutta  1996 ). As the general 
reader is not normally familiar with the his-
tological characteristics of the above -
 mentioned layers, and as these may change 
depending on the species, the stage of devel-
opment, and the region of the digestive tract 
considered, we have decided to describe them 
briefl y below (Figure  1.1 ) since their different 
histological organization depends on their 
specifi c functions.   

 The  mucosa  is the innermost layer of the 
digestive tube. Among the rest of layers that 
compose the digestive tube, the mucosa is the 
most variable in structure and function, 
endowing the tube with an ability to perform 
diverse and specialized digestive tasks along 
its length. Thus, the mucosal epithelium is 
regionally differentiated along the digestive 
tract to pursue multiple specialized functions, 
such as protection of the inner layers, secre-

     Figure 1.1     General organization of the wall of the digestive tract. Note that this organization in different layers and 
size of mucosal folds may change depending on the region of the gut considered, esophagus, stomach, or intestine (see 
details in the text).  
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   1.3.1    Esophagus 

 At hatching, the esophagus in fi sh larvae 
is not a morphoanatomically differentiated 
region of the digestive tract and its morpho-
genesis takes place at later stages of develop-
ment, just before the onset of exogenous 
feeding. At this stage, the esophagus appears 
as a short and rudimentary duct that connects 
the posterior region of the pharynx from the 
last gill arch with the anterior intestine since 
the stomach is neither differentiated nor 
formed in most of the described gastric species 
during the differentiation of this part of the 
alimentary canal. Once differentiated, the 
esophagus in fi sh is generally short, wide, and 
straight, and the most distinctive histological 
features that characterize its differentiation 
are the histological organization of the esoph-
ageal mucosa that varies among species, its 
longitudinal folding, and the appearance of 
goblet (mucus - secreting) cells (Figure  1.2 a).   

 The epithelium that lines the esophageal 
mucosa in fi sh larvae is similar to that in 
adults. In general terms, the esophagus of 
freshwater fi sh species is lined by a multilay-
ered squamous epithelium with large numbers 
of goblet cells (Figure  1.2 b), whereas that of 
marine fi sh species is lined by a columnar 
epithelium with fewer mucous cells and highly 
vascularized mucosal folds (Figure  1.2 c) 
(Stevens and Hume  2005 ). In some species, a 
ciliated epithelium is found in the esophagus 
of newly hatched larvae and adult cyclo-
stomes, perch, and some elasmobranches, 
where this feature may be considered as a 
plesiomorphic character. However, there exist 
some exceptions regarding the histological 
organization of the esophageal epithelium in 
larvae from different fi sh species, as pointed 
out recently by Zambonino - Infante et al. 
 (2008) . 

 Another histological feature that charac-
terizes the differentiation and functionality of 
the esophagus is the appearance of goblet 
cells and their histochemical characteristics 
(Figure  1.2 d). The appearance of the fi rst 

often poorly developed and commonly absent, 
in which case, a clear distinction between the 
connective tissue of the lamina propria and 
that of the submucosa is not possible. 

 The  submucosa  of teleosts is composed of 
one or more layers of connective tissue. This 
part of the wall of the gut shows some inter-
specifi c variability, with some fi sh species 
having a single - layered and loose submucosa, 
and many other species possessing a multilay-
ered submucosa consisting of a stratum com-
pactum, stratum granulosum, and in some 
cases, an extra layer of loose connective tissue 
beneath the stratum compactum. The submu-
cosa also contains the submucous plexus, 
which provides nervous control to the mucosa. 

 Surrounding the submucosa is the  muscu-
laris  formed by smooth or striated muscle 
layers depending on the region of the diges-
tive canal. This layer may be organized into 
concentric inner circular and outer longitudi-
nal muscle fi bers. Enteric neurons within 
plexuses between the two muscle layers 
endow the digestive tube with an ability to be 
motile by means of peristaltic movements, 
which is of special importance in the esopha-
gus and intestine. 

 The serous membrane, so - called  serosa , is 
composed of a simple fl at epithelium. This 
membrane is an extension of the mesentery 
and covers the external surface of the alimen-
tary canal. 

 Up to now we have described the general 
structural characteristics of the wall of the 
alimentary canal; what follows is the particu-
lar histological organization of the different 
visceral regions of the digestive tract (esopha-
gus, stomach, intestine, and pyloric ceca) and 
accessory glands (liver, pancreas, and gall-
bladder). However, due to the intrinsic differ-
ences between marine and freshwater species 
in their phylogenetic status, mode of repro-
duction, egg size, and larval feeding habits 
among others, we will describe, for compara-
tive purposes, the ontogeny of the digestive 
system in freshwater and marine species 
separately. 
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and Doroshov  2003 ), pike perch  Sander 
lucioperca  (Ostaszewska  2005 ), European 
catfi sh  Silurus glanis  (Kozari ć  et al.  2008 ), 
and common bay snook (Alvarez - Gonz á lez 
et al.  2008 ), goblet cells are detected coincid-
ing with mouth - opening or just before the 
onset of exogenous feeding, whereas in other 
species such as the turbot  Scophthalmus 
maximus  (Segner et al.  1994 ), brill  Scophthalmus 
rhombus  (Hachero - Cruzado et al.  2009 ), 
California halibut  Paralichthys californicus  

functional goblet cells along the esophageal 
epithelium varies among species: In Dover 
sole  Solea solea  (Boulhic and Gabaudan 
 1992 ), Senegal sole  Solea senegalensis  (Ribeiro 
et al.  1999 ), yellowtail fl ounder  Limanda fer-
ruginea  (Baglole et al.  1997 ), large yellow 
croaker  Pseudosciaena crocea  (Mai et al. 
 2005 ), anemonefi sh  Amphiprion melanopus  
(Green and McCormick  2001 ), Siberian stur-
geon  Acipenser baerii  (Gisbert et al.  1999 ), 
green sturgeon  Acipenser medirostris  (Gisbert 

     Figure 1.2     Longitudinal paraffi n sections of the esophagus from different fi nfi sh larvae. (a) Esophagus of a California 
halibut ( Paralichthys californicus ) larvae aged 15 days posthatch (dph). Note the presence of longitudinal mucosal folds 
(magnifi cation: 200 × ; hematoxylin - eosin [H - E] stain). (b) Detail of the esophagus from a bay snook ( Petenia splendida ) 
larva (24   dph) with abundant and large goblet cells (magnifi cation: 200 × ; H - E stain). (c) Goblet cells containing neutral 
glycoconjugates (PAS - positive staining) in the esophageal epithelium of a 17 - dph  Paralichthys californicus  larva (mag-
nifi cation: 400 × ; periodic acid – Schiff [PAS] stain). (d) Detail of goblet cells in the esophageal epithelium of  Petenia 
splendida  larva aged 13   dph. Note the hyaline content of these cells, indicating the presence of a mixture of secretory 
mucopolysaccharides (magnifi cation: 400 × ; H - E stain).  (Photographs by E. Gisbert.)   

(a) (b)

(c) (d)
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determinants and also preserves the mucosa 
from attack by the sialidase produced by bac-
teria (Zimmer et al.  1992 ). In addition, the 
secretion of this combination of mucosub-
stances has been described by several authors 
as a mechanism to allow the alimentary canal 
of young fi sh to respond to changes in envi-
ronmental conditions and maintain osmotic 
balance (Domeneghini et al.  1998 ; Sarasquete 
et al.  2001 ). Ultrastructural studies have 
revealed that the esophageal epithelium is 
also involved in iono -  and osmoregulation in 
seawater and freshwater environments. Thus, 
under hyperosmotic conditions, the ingested 
water is desalinated in the esophagus by the 
passive and active removal of Na  +   and Cl  −  , 
although this segment of the digestive tract 
has low permeability to water and other ions. 
This results in a reduced osmolality of the 
water, facilitating its absorption in the intes-
tine (Allen et al.  2009 ). Furthermore, neutral 
glycoconjugates secreted by esophageal goblet 
cells are considered to cooperate in the diges-
tion of food and its transformation into 
chyme, as well as in the absorption of easily 
digested substances, such as disaccharides 
and short - chain fatty acids (Sarasquete et al. 
 2001 ).  

   1.3.2    Intestine 

 The intestine is the longest portion of the 
digestive tract, occupying most of the abdom-
inal cavity, and one of the fi rst digestive 
organs to differentiate. The intestinal mucosa 
is a very dynamic and active tissue and is the 
main site of the digestion and absorption of 
nutrients, as well as being directly involved in 
the hormonal and nervous activation of 
enzyme and bile synthesis and their subse-
quent secretion from the pancreas and liver. 
At hatching, the intestine is an undifferenti-
ated straight tube with a smooth lumen. 
During the lecithotrophic (endogenous 
feeding) phase, the posterior region of the 
intestine bends and the intestinal valve or 

(Gisbert et al.  2004a ), gilthead sea bream 
 Sparus aurata  (Sarasquete et al.  1995 ), white 
bream  Diplodus sargus  (Ortiz - Delgado et al. 
 2003 ), red porgy  Pagrus pagrus  (Darias et al. 
 2005 ), common pandora  Pagellus erythrinus  
(Micale et al.  2006 ), European sea bass 
 Dicentrarchus labrax  (Garc í a - Hern á ndez 
et al.  2001 ), cobia  Rachycentron canadum  
(Faulk et al.  2007 ), Atlantic cod  Gadus 
morhua  (Morrison  1993 ), and haddock 
 Melanogrammus aeglefi nus  (Hamlin et al. 
 2000 ), goblet cells are detected at later stages 
of development. In haddock, special attention 
might be required in tanks during the fi rst 
days of larval rearing, just before the appear-
ance of functional esophageal goblet cells, 
since the ingestion of live prey may result in 
desquamation and abrasion of the esophageal 
epithelium due to the absence of mucus pro-
tecting this area. This might lead to signifi cant 
larval mortality if high water quality is not 
maintained and bacteria proliferate (Gisbert 
et al.  2004a ). 

 The species - specifi c differences in the 
ontogeny of the goblet cells in the esophageal 
mucosa of marine fi sh larvae were recently 
reviewed by Zambonino - Infante et al.  (2008) . 
Goblet cells secrete different types of muco-
substances that differ in their histochemical 
characteristics. In most of the described 
species, the mucous cells of the distal esopha-
geal region secrete large amounts of neutral 
glycoconjugates (Figure  1.2 c,d), while those 
from the anterior region produce, in addition 
to a minor component of neutral mucosub-
stances, a major quantity of carboxylated and 
sulfated acidic glycoconjugates with sialic 
acid residues. The large amount of mucous 
secreted by esophageal goblet cells may serve 
as a lubricant since fi sh do not have the sali-
vary glands found in higher vertebrates. 
Mucosubstances produced by goblet cells 
may have the same functions as mammalian 
saliva in protecting the mucosa of the entire 
alimentary canal (Scocco et al.  1998 ). The 
presence of sialic acid residues in mucus pre-
vents viruses from recognizing their receptor 
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receives the pancreatic and biliary secretions, 
is histologically characterized by a columnar 
epithelium with prominent microvilli com-
posed of a high number of goblet cells, espe-
cially abundant close to the pyloric sphincter 
(Figure  1.3 a). This region of the intestine is 
the main site for lipid absorption (Diaz et al. 
1997b; Olsen et al.  2000 ), while proteins are 
absorbed in the posterior intestine (Deplano 
et al.  1991 ). However, other studies have 
reported that lipid digestion and absorption 
continue in the posterior and rectal regions of 
the intestine (Garc í a - Hern á ndez et al.  2001 ; 
Gisbert et al.  2005 ). The postvalvular intes-
tine is histologically similar to the anterome-
dian region except for the number and size of 
mucosal folds, which are longer, deeper, and 
more numerous in the prevalvular intestine 
(Figure  1.3 e). In some fi sh species, such as 
sturgeons, the distal intestinal region prior to 
the rectum is modifi ed soon after hatching 
into the spiral valve, which greatly increases 
the absorptive area of this region of the pos-
terior intestinal mucosa (Buddington and 
Doroshov  1986 ; Gisbert et al.  1998 ). The 
intestine terminates in a short rectal zone 
that, depending on the species, can be lined 
either by a simple or columnar epithelium 
with few goblet cells or by a cubical epithe-
lium (Figure  1.3 f). Although some differences 
may be found among species, the organiza-
tion of the intestinal mucosa throughout its 
length is quite conserved among teleosts and 

ileorectal valve forms as a constriction of the 
intestinal mucosa, dividing the intestine into 
two regions: the prevalvular (anterior) (Figure 
 1.3 a) and postvalvular (posterior) intestine 
(Figure  1.3 d). The intestinal mucosa is mostly 
rectilinear with several short folds. In most 
species, no histological differences are 
observed between the pre -  and postvalvular 
intestine; both regions are lined by a simple 
columnar epithelium with basal nuclei, baso-
philic cytoplasm, and prominent microvilli 
(Figure  1.3 b).   

 As the development of the intestine pro-
ceeds, the folding of the mucosa increases and 
the intestine coils, occupying most of the 
abdominal area. These morphoanatomical 
changes take place in order to accommodate 
the increasing length of the digestive tract 
inside the reduced abdominal cavity, and to 
increase the digestive and absorptive intesti-
nal surface to cope with the increasing quanti-
ties of ingested food. However, not all fi sh 
species have a coiled intestine, for example, 
ayu  Plecoglossus altivelis  (Nakagawa et al. 
 2002 ) or zebrafi sh  Danio rerio  (Wallace et al. 
 2005 ); in those cases, the increase in absorp-
tive surface of the intestine is achieved by only 
incrementing the folding level of the intestinal 
mucosa (Figure  1.3 e). At this point, three dif-
ferent regions can be distinguished along the 
intestine according to their histological orga-
nization and characteristics. The anterome-
dian segment (prevalvular intestine), which 

     Figure 1.3     Longitudinal sections of the intestine from California halibut ( Paralichthys californicus ) larvae. (a) Prevalvular 
intestine from a 25 - dph larva. Note the presence of abundant secretory goblet cells containing neutral mucosubstances 
(PAS - positive staining) (magnifi cation: 200 × ; periodic acid – Schiff [PAS] stain). (b) Detail of a mucosal fold of the intestine 
in a 25 - dph larva showing the presence of prominent microvilli and the organization of the columnar epithelium (mag-
nifi cation: 600 × ; hematoxylin - eosin [H - E] stain). (c) Detail of the posterior intestine in a 15 - dph larva showing the 
presence of eosinophilic supranuclear bodies in the enterocyte cytoplasm and the presence of prominent eosinophilic 
brush borders (magnifi cation: 400 × ; H - E stain). (d) Detail of the ileorectal valve forming a constriction of the intestinal 
mucosa and dividing the intestine into two regions, the prevalvular (anterior) and postvalvular (posterior) intestine. The 
intestinal lumen appears fi lled with predigested  Artemia  nauplii (magnifi cation: 400 × ; H - E stain). (e) General view of 
the postvalvular (posterior) intestine in a 35 - dph larva. Note the reduction in mucosal folding in contrast to Figure  1.3 a 
and the low presence of goblet cells (PAS - positive staining) in the intestinal epithelium (magnifi cation: 100 × ; PAS stain). 
(f) Details of the rectum in a 35 - dph larva. Note the fl attening of columnar cells at the end of the rectum and the pres-
ence of incompletely digested  Artemia  nauplii in the intestinal lumen (magnifi cation: 400 × ; H - E stain).  (Photographs by 
E. Gisbert.)   
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the intestine, and they are involved in nutrient 
absorption, intracellular digestion, and osmo-
regulation. Enterocytes in the anterior intes-
tine are responsible for the absorption of 
lipids and amino acids by diffusion, whereas 
enterocytes in the distal intestine are special-
ized for the uptake of protein macromolecules 
by pinocytosis. Intestinal  goblet cells  are the 
second most abundant cell type and are scat-
tered along the intestinal epithelium. These 
cells are well known for the production of a 
physical barrier between the epithelium and 
the content of the lumen. Goblet - cell - secreted 
mucins are central to the establishment of this 
complex mucopolysaccharide barrier. The 
differentiation of these mucus - secreting cells 
follows two different patterns according to 
the larval stage of development at which they 
differentiate. For example, in wolffi sh, bay 
snook, Siberian and green sturgeons, Dover 
sole, yellowtail fl ounder, or spotted sand bass, 
goblet cells appear in the intestinal mucosa, 
before fi rst feeding and/or coincide with the 
onset of exogenous feeding, while in other 
species, such as pike perch, gilthead sea 
bream, California halibut, Senegal sole, 
common pandora, kelp grouper, common 
dentex, cod, or haddock, goblet cells differ-
entiate at latter stages of development (see 
review in Zambonino - Infante et al.  2008 ). 
Intestinal goblet cells contain a mixture of 
neutral and acid glycoproteins and the histo-
chemical pattern of their content does not 
change through larval and juvenile periods to 
adult ages. Mucosubstances produced by 
rectal and distal postvalvular intestine goblet 
cells may serve to lubricate the feces, while in 
other regions of the intestine they protect the 
digestive mucosa and facilitate the absorption 
of nutrients. The presence of sulfated acidic 
glycoproteins produced by goblet cells may 
regulate the transfer of proteins or protein 
fragments into enterocytes where these com-
pounds will be digested via pinocytosis 
(Domeneghini et al.  1998 ). 

  Enteroendocrine cells  produce and secrete 
peptide hormones that, in collaboration with 

typically characterized into four distinct 
layers. In particular, zebrafi sh lack the submu-
cosa layer of the intestine and instead possess 
an epithelium and lamina propria surrounded 
by circular and longitudinal smooth muscle 
layers. Another distinctive feature of the 
intestinal mucosa of the zebrafi sh is that the 
connective tissue found in the mucosa is less 
complex than in other cyprinid species 
(Wallace et al.  2005 ). In the literature, there 
are only a few reports of crypts in the intes-
tinal mucosa of fi sh species, and as far as is 
known, only in cod, common wolffi sh 
 Anarhichas lupus , and burbot  Lota lota  have 
these structures been described. The crypts 
comprise epithelial cells that differ morpho-
logically from the general absorptive epithe-
lium of the mucosal surface. Based on the 
presence of mitotic structures (proliferating 
cell nuclear antigen [PCNA] - staining nuclei) 
and less differentiated cells, crypts are consid-
ered a place for epithelial cell proliferation 
and regeneration, which might be similar to 
that observed in the mammalian intestine 
where intestinal epithelial cells divide in the 
lower part of the Lieberk ü hn crypts and dif-
ferentiate as they migrate upward to the 
luminal surface. There exist differences in the 
distribution and morphology of intestinal 
crypts among the described fi sh species, 
although in all studied species they appear 
soon after hatching. In common wolffi sh, 
crypts are shallower and their openings regu-
larly distributed over the whole mucosal 
surface of mucosal folds (primary and sec-
ondary), in contrast to cod, which exhibit 
groups of deep crypts with the openings at 
the base of mucosal primary folds. In burbot, 
crypts are restricted throughout the proximal 
intestine, including the pyloric ceca, while in 
common wolffi sh, crypts are observed in all parts 
of the intestine (Hellberg and Bjerk å s  2005 ). 

 Four different types of cells can be identi-
fi ed along the intestinal epithelium. These 
include enterocytes, single enteroendocrine 
cells, rodlet cells, and goblet cells.  Enterocytes  
are the most abundant epithelial cell type in 
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 2009 ). Among vertebrates, only teleost fi sh 
species have appendages such as the pyloric 
ceca at the gastrointestinal junction, which 
are entirely different from those found in 
birds and mammals, which have fermentation 
functions (Buddington and Diamond  1987 ). 
Pyloric ceca are present in 60% of the known 
fi sh species, and their number is highly vari-
able, ranging from none (absent) to numerous 
( > 1,000) depending on the fi sh group and 
species. The presence of ceca in some fi sh and 
absence in others, as well as variations in the 
number of ceca between and within species, 
are regarded as adaptations in the fi sh diges-
tive system to different feeding habits and 
morphoanatomical characteristics of their 
digestive tract (Hossain and Dutta  1996 ). In 
addition, the phylogenetic relationships of the 
pyloric ceca between different fi sh species and 
their differences among different teleosts are 
reviewed in Hossain and Dutta  (1996) . 

 These fi ngerlike projections that form part 
of the anteriormost region of the intestine 
increase the surface area for absorption. In 
addition, pyloric ceca appear to be sites of 
digestion with the contribution of pancreatic 
enzymes, and some authors consider them to 
be accessory food reservoirs and breeding 
places for gut fl ora (Buddington and Diamond 
 1987 ; Hossain and Dutta  1996 ). Pyloric ceca 
have also been shown to neutralize the acid 
bolus entering the intestine from the stomach, 
which is supported by the absence of these 
structures in fi shes lacking a stomach (Rust 
 2002 ). Hossain and Dutta  (1996)  reported 
that the greater the cecum size, the better its 
functional effi ciency; thus, fi sh species with 
shorter intestines should have either more or 
larger pyloric ceca, as described for some 
detritivorous species. However, this relation-
ship is not consistent for omnivorous species 
(Albrecht et al.  2001 ). Drewe et al.  (2004)  
concluded that the relationship between diet 
and the structure and function of the pyloric 
ceca is complex and still poorly understood. 

 The histological organization of pyloric 
ceca closely resembles that of the intestine; 

the nervous system, control and coordinate 
the muscular and secretory activities of the 
gastrointestinal tract. These cells have a pyra-
midal or spindle shape with a narrow exten-
sion to the gut lumen, and their distribution 
and time of differentiation vary among 
species. In fi sh species with a convoluted 
intestine, enteroendocrine cells are rarely 
found beyond the anterior intestine, as 
described for Japanese fl ounder  Paralichthys 
olivaceus , Atlantic halibut  Hippoglossus hip-
poglossus , Pacifi c bluefi n tuna  Thunnus ori-
entalis  (Kamisaka et al.  2003 ), and zebrafi sh 
(Wallace et al.  2005 ), whereas in species with 
a straight digestive tract, such as the ayu, they 
are scattered along the entire intestine with 
the exception of the rectum (Kamisaka et al. 
 2003 ). As the former authors suggested, these 
cells seem to be located in regions where the 
chyme is retained, and consequently, they can 
easily receive chemical signals from the food 
and the digestive process in order to control 
the release of the digestive hormones. In 
species that hatch with a well - differentiated 
digestive system, such as the ayu, enteroendo-
crine cells are found just after hatching 
(Kamisaka et al.  2003 ), whereas in pelagic 
fi sh species with a less developed digestive 
tract, these cells may appear at latter stages 
of development just before the onset of exog-
enous feeding (Kurokawa et al.  2000 ). 
Intestinal  rodlet cells  have been considered as 
regulatory elements related to special func-
tions such as osmoregulation, ion transporta-
tion, and nonspecifi c immune response (see 
review in Manera and Dezfuli  2004 ).  

   1.3.3    Pyloric  c eca 

 Pyloric ceca are considered as an adaptation 
for increasing intestinal surface area without 
increasing the length or thickness of the intes-
tine itself. These intestinal appendages are 
also involved in osmoregulatory processes 
and especially in water uptake in fi sh exposed 
to hyperosmotic environments (Allen et al. 



16 Digestive Development and Nutrient Requirements

   1.3.4    Stomach 

 The main functions of the vertebrate stomach 
are to store ingested food, to secrete pepsino-
gen and hydrochloric acid (HCl), and to mix 
food and the gastric secretions mechanically 
through the action of muscles that allow for 
the distension and movement of the organ 
(Stevens and Hume  2005 ). The form of the 
stomach is very diverse, from a single bulge 
converted to an elongated pouch when it is 
full, to a well - differentiated sac. It might be 
bent to form a Y, V, or J shape and is usually 
separated from the intestine by a pyloric 
sphincter or valve. It is capable of consider-
able distension in carnivorous fi sh species 
that swallow whole prey, whereas micropha-
gous species have much smaller stomachs. 
Despite these anatomical variations, all stom-
achs are relatively homogeneous in their his-
tological structure and differ little, at least in 
function, from those of higher vertebrates 
(Guillaume et al.  2001 ). The stomach is gen-
erally divided into three regions, the cardiac 
(anterior), fundic, and pyloric (posterior) por-
tions, that exhibit specifi c anatomical and 
histological adaptations for separate digestive 
functions. The mucosal epithelium of each 
region is single layered and folded. The folds 
of the cardiac portion are normally shallow, 
but those of the fundic and pyloric portions 
are deeper. Generally, epithelial cells of the 
cardiac region are cubical in shape, and those 
of the rest of the stomach epithelium are 
columnar. In some fi sh species, such as stur-
geons, the walls (tunica muscularis) of the 
pyloric region are hypertrophied, especially 
the dorsal and ventral walls. Because of the 
presence of such a thickened smooth muscle 
layer, the pyloric region of the stomach has 
sometimes been referred to as the gizzard 
(Buddington and Doroshov  1986 ; Gisbert et 
al.  1998 ) in this group of chondrosteans, and 
it has a triturative function that may compen-
sate for their lack of dentition (mandibular, 
oral, or pharyngeal). In some herbivorous 
species, such as mullets, the pyloric region of 

the four basic histological layers of the intes-
tinal tract (serosa, muscularis, submucosa, 
and mucosa) are present in all ceca, although 
the cecal mucosa is more complex compared 
with that of the intestine. The main differ-
ences between these two regions of the diges-
tive tract are the relative thickness of the cecal 
layers, which are several - fold smaller com-
pared with those of the intestine, and the 
number of goblet cells secreting a combina-
tion of neutral and acidic mucosubstances 
that are less abundant in the ceca than in the 
intestine. In addition, the relative thickness of 
these layers and the lumen space varies within 
a specimen. In general, a large cecum has 
more muscle, mucosa, and lumen space than 
a small cecum. This close resemblance of the 
histology of ceca and intestine indicates that 
ceca not only are linked ontogenetically but 
also are connected functionally with the intes-
tine (Hossain and Dutta  1996 ). 

 The development of the pyloric ceca and 
the stomach are the last steps in the differen-
tiation of the alimentary canal, as well as 
being the anatomical digestive features that 
characterize the end of the larval phase and 
the beginning of the juvenile stage. However, 
there exist some differences among species. 
For instance, in some species, such as 
European sea bass (Garc í a - Hern á ndez et al. 
 2001 ), spotted sand bass  Paralabrax macula-
tofasciatus  (Pe ñ a et al.  2003 ), haddock 
(Hamlin et al.  2000 ), or pike perch 
(Ostaszewska  2005 ), the morphogenesis of 
the pyloric ceca is contemporaneous with the 
differentiation of the gastric glands, whereas 
in cobia (Faulk et al.  2007 ) or chum salmon 
 Oncorhynchus keta  (Dabrowski  1984 ), 
pyloric ceca develop later than the stomach. 
The above - mentioned changes in the ontog-
eny of differentiation of the pyloric ceca 
might be linked to the species - specifi c differ-
ences in digestive requirements, especially 
those related to an increasing demand for 
digestive and absorptive intestinal surfaces 
coupled with an increase in length of the 
digestive tract as development proceeds.  
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ened layers of connective tissue and circular 
bundles of smooth muscle cells surrounding the 
digestive epithelium at the level of the con-
striction, develops at either end of the 
stomach, separating the gastric region of the 
alimentary canal from the esophagus and 
anterior intestine, respectively (Figure  1.4 a).   

 As morphogenesis proceeds, the epithe-
lium of the cardiac and fundic regions of the 
stomach folds transversally and forms the 
gastric pits, where the fi rst formed gastric 
glands open into the gastric lumen. Gastric 
glands, which are tubular in shape, are gener-
ally situated in the lamina propria and sur-
rounded by a loose connective tissue. The 
secretory cells present in these glands are 
responsible for the production of both HCl 
and pepsinogen, and they are called oxynti-
copeptic cells (Figure  1.4 b,c). Ultrastructural 
characteristics of the secretory cells from 
undifferentiated and differentiated gastric 
glands are described in detail in Garc í a -
 Hern á ndez et al.  (2001) . In short, glandular 
cells initially have numerous free ribosomes 
and clear vesicles in the apical zone. As they 
differentiate and become functional, an apical 
tubule – vesicular network, a very developed 
endoplasmatic reticulum, and zymogen gran-
ules appear. Histochemically, gastric glands 
contain glycogen, neutral and especially car-
boxylated glycoconjugates, and proteins rich 
in different amino acids, especially proteins 
rich in arginine, tyrosine, and tryptophan. 
These amino acids are involved in the synthe-
sis and secretion of enzymatic precursors, that 
is, pepsinogen (Ortiz - Delgado et al.  2003 ). 
Along the epithelial cells of the stomach, 
goblet cells secreting neutral mucosubstances 
are found in the lumenally exposed gastric 
epithelium. The main role of the neutral muco-
substances present in the stomach is to protect 
the epithelium of the stomach from autodi-
gestion processes caused by HCl and enzymes 
(e.g., pepsin) produced in gastric glands. In 
addition, several authors have pointed out 
that the periodic acid – Schiff (PAS) - positive 
reaction observed in the gastric epithelial cell 

the stomach forms a true differentiated organ 
with toughened walls, surrounded by a very 
thin circular musculature, following a stomach 
that has lost its secretory functions. Similarly 
to sturgeons, this region of the stomach is also 
called a gizzard and performs a purely grind-
ing function (Guillaume et al.  2001 ). 

 The formation of the stomach varies 
depending on the type of egg cleavage. In fi sh 
with holoblastic (complete) cleavage such as 
sturgeons, where the yolk endoderm partici-
pates in the formation of the alimentary canal 
(Dettlaff et al.  1993 ), the stomach starts to 
differentiate in the anterior ventral region of 
the yolk sac from a fold of stratifi ed epithe-
lium that previously divided the yolk into two 
compartments; the anterior wall of the furrow 
becomes the ventral lining of the stomach, 
while its posterior wall lined with a columnar 
epithelium becomes the dorsal lining of the 
intestine. As a consequence of the holoblastic 
cleavage, epithelial cells lining the alimentary 
tract and the stomach are fi lled with eosino-
philic yolk granules that gradually disappear 
as stomach morphogenesis proceeds (Gisbert 
and Doroshov  2003 ; Zambonino - Infante 
et al.  2008 ). In contrast, in fi sh with mero-
blastic (incomplete or partial) egg cleavage, 
which include the vast majority of fi nfi sh 
species, the digestive system and particularly 
the stomach differentiate independently of the 
extraembryonic yolk sac. In the latter fi sh 
species, the stomach appears as a slight 
enlargement, dilatation, or pouch of the 
esophagus that is accompanied with a notable 
thickening in the mucosa and narrowing of 
the lumen demarking the transition to the 
anterior intestine. This area of the alimentary 
canal is lined with a cubical epithelium that 
further differentiates into a columnar one, as 
has been described in European sea bass 
(Garc í a - Hern á ndez et al.  2001 ), common 
pandora (Micale et al.  2006 ), cobia (Faulk 
et al.  2007 ), and Siberian sturgeon (Gisbert 
et al.  1999 ) among other species (see review 
in Zambonino - Infante et al.  2008 ). Further in 
development, a sphincter, formed by thick-
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ferent stages of development depending on 
the fi sh species and water rearing tempera-
ture. In this sense, there exists a wide variety 
of ontogenetic stages where gastric glands dif-
ferentiate (Zambonino - Infante et al.  2008 ); 
for instance, salmonids and wolffi sh possess 
a functional stomach at the time of fi rst 
feeding, whereas in others, gastric glands 
appear later in development, ranging from as 
early as 10 days after hatching (dah) in turbot 
(Cousin and Baudin - Laurencin  1985 ) to as 

surface resembles that observed in the striated 
border of intestinal enterocytes, which may 
indicate nutrient absorption of easily digest-
ible substances such as disaccharides and 
short - chain fatty acids occurring in this region 
of the alimentary canal, as previously reported 
in the esophagus. 

 The morphogenesis of gastric glands and 
the achievement of an adultlike digestion, 
characterized by low pH and gastric prote-
ases, that is, pepsinogen, are achieved at dif-

     Figure 1.4     Different histological sections of the stomach from larvae of different fi sh species. (a) Onset of formation of 
the glandular stomach in a 24 - dph California halibut  Paralichthys californicus  larva. Note the transition from the esopha-
gus into the stomach in differentiation (asterisk) and the formation of fi rst gastric glands (arrowhead) (magnifi cation: 
200 × ; hematoxylin - eosin [H - E] stain). (b) Detail of the gastric glands in  Paralichthys californicus  (magnifi cation: 600 × ; 
H - E stain). (c) Multicellular tubular gastric glands in Siberian sturgeon  Acipenser baerii  (larva aged 16   dph) composed 
of a single secretory cell type observed in the cardiac stomach (magnifi cation: 400 × ; hematoxylin – light green - orange 
G - acid fuchsin [VOF] stain). (d) Transverse section of the nonglandular stomach in  Acipenser baerii  (larva aged 25   dph). 
Note the PAS - positive staining of mucous cells lining the epithelial lumen of the stomach and the thick layer of mus-
culature (arrowhead). The asterisk denotes the lumen of the nonglandular stomach fi lled with chyme (magnifi cation: 
400 × ; PAS stain).  (Photographs by E. Gisbert.)   

(a) (b)

(c) (d)
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involved in chemical rather than a combina-
tion of mechanical and chemical digestion of 
food items, as it is in other fi sh that show 
regional differentiation of the stomach 
(Zambonino - Infante et al.  2008 ).  

   1.3.5    Accessory  d igestive  g lands 

 The accessory digestive glands, the liver, pan-
creas, and gallbladder, are of signifi cant 
importance for the nutrition and homeostasis 
of fi sh (Hoehne - Reitan and Kj ø rsvik  2004 ). 
The liver is the central digestive organ not 
only for nutrient metabolism, conversion, and 
transfer to peripheral tissues but also for the 
production of bile and detoxifi cation of toxins 
from both endogenous (metabolites) and 
exogenous sources. The pancreas consists of 
an exocrine portion that secretes pancreatic 
juices (digestive enzymes) that are involved in 
the intestinal digestion of nutrients, and an 
endocrine portion, the so - called islets of 
Langerhans, that secretes hormones such as 
insulin, somatostatin, pancreatic polypeptide, 
and/or glucagon. A fi nal organ associated 
with digestion is the gallbladder, which 
secretes bile produced by the liver and aids in 
the emulsifi cation of ingested food (i.e., lipids) 
and increases intestinal pH. 

 Histologically, the  liver  is composed of the 
liver  lobuli  (Figure  1.5 b,c). In vertebrates, the 
liver has a primary array based on hepato-
cytes, bile canaliculi, and sinusoids, and 
structural differences occur among species in 
the organization of the stroma and paren-
chyma. In teleost fi sh, hepatocytes are 
arranged in anastomosed laminae around the 
central vein. Using electron microscopy, dif-
ferent cell types may be identifi ed in the 
hepatic tissue based on their cellular organ-
elles, stored substances, and cell surface spe-
cializations (Takashima and Hibiya  1995 ). 
The main cell type in the liver is the paren-
chymal hepatocyte (often shortened to hepa-
tocyte), while endothelial cells, fat - storing 
cells, Kupffer cells, mesothelial (serosa) cells, 

late as 90   dah in Atlantic halibut (Luizi et al. 
 1999 ). However, the development of gastric 
glands is not necessarily accompanied by the 
onset of stomach activity since morphology 
does not always mean functionality. An asyn-
chrony between the morphological develop-
ment of the gastric glands and their 
functionality has been reported for several 
species: around a week in summer fl ounder 
 Paralichthys dentatus  (Huang et al.  1998 ), 10 
days in red porgy (Darias et al.  2005 ) and 
pike perch  Sander lucioperca  (Ostaszewska 
 2005 ), and several weeks in common white-
fi sh  Coregonus lavaretus  (M ä hr et al.  1983 ). 

 In higher vertebrates, gastric glands are 
mainly located in the fundic region of the 
stomach (Stevens and Hume  2005 ), whereas 
in fi shes, several authors have reported the 
existence of interspecifi c differences in the 
localization of gastric glands. In some species, 
such as turbot (Segner et al.  1994 ), yellowtail 
fl ounder (Baglole et al.  1997 ), Dover sole 
(Veggetti et al.  1999 ), common pandora 
(Micale et al.  2006 ), and South American 
catfi sh  Rhamdia quelen  (Hern á ndez et al. 
 2009 ), gastric glands are only found in the 
fundic region. In contrast, in gilthead sea 
bream (Elbal and Agulleiro  1986 ), white sea 
bream (Ortiz - Delgado et al.  2003 ), amberjack 
 Seriola dumerili  (Grau et al.  1992 ), European 
sea bass (Garc í a - Hern á ndez et al.  2001 ), 
spotted sand bass (Pe ñ a et al.  2003 ), and 
white, Siberian, and green sturgeons (Gawlicka 
et al.  1995 , Gisbert et al.  1998 ; Gisbert and 
Doroshov  2003 ), gastric glands are observed 
in the cardiac region of the stomach. In pike 
perch (Ostaszewska  2005 ), gastric glands are 
located in the cardiac and fundic regions, 
whereas in Senegal sole (Arellano et al.  2001 ) 
and cobia (Faulk et al.  2007 ), gastric glands 
are observed along the mucosa of fundic and 
pyloric stomach regions. On the other hand, 
the stomachs of Atlantic halibut (Murray 
et al.  1994 ), tilapia  Tilapia  spp. (Gargiulo et al. 
 1997 ), and bay snook (Alvarez - Gonz á lez et 
al.  2008 ) are entirely glandular, suggesting 
that the stomach in these species is mainly 
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     Figure 1.5     Histological sections of the liver and pancreas from California halibut ( Paralichthys californicus ) larvae. (a) 
Accessory digestive glands, liver and pancreas, in a 5 - dph larva. Note the presence of the bile duct lined by a simple 
cuboidal epithelium (magnifi cation: 200 × ; hematoxylin - eosin [H - E] stain). (b) Detail of the biliary duct in a 55 - dph early 
juvenile. Note the increase in size of the biliary duct and the fl attening of the epithelium (magnifi cation: 200 × ; H - E 
stain). (c) Liver of a 35 - dph larva with no lipidic inclusions. The liver appears as a compact tissue with basophilic 
polyhedral hepatocytes with centrally located nuclei (magnifi cation: 400 × ; H - E stain). (d) Details of the liver of a 35 - dph 
larva showing the large accumulation of lipids (unstained vacuoles) inside the hepatocytes that displaced nuclei to the 
periphery of the cell (magnifi cation: 400 × ; H - E stain). (e) Endocrine pancreas (islet of Langerhans) surrounded by exo-
crine pancreatic tissue (magnifi cation: 400 × ; H - E stain). (f) Exocrine pancreas with an infi ltration of adipose tissue. Note 
the round shape of the adipocytes (unstained with H - E stain) and the peripheral position of their fl attened nuclei (mag-
nifi cation: 400 × ; H - E stain). BD    =    biliary duct, I    =    intestine, L    =    liver, P    =    pancreas.  (Photographs by E. Gisbert.)   

(a) (b)

(c) (d)

(e) (f)
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the liver and opens into the anterior intestine. 
In many fi shes, the hepatic duct has a branch, 
the  ductus cysticus , leading into the gallblad-
der, which stores bile juice. The walls of the 
bile ducts consist of a single layer of cuboidal 
to columnar cells over an underlying layer of 
connective tissue. The histological organiza-
tion of the hepatic duct is similar but it 
includes a layer of smooth muscle (Takashima 
and Hibiya  1995 ). The histological develop-
ment of the liver and the bile transport system 
develops concomitantly with the gradual mat-
uration of hepatocytes, as well as their func-
tional ability to synthesize, store, and mobilize 
carbohydrates and lipids (see review in 
Hoehne - Reitan and Kj ø rsvik  2004 ). 

 The exocrine part of the  pancreas  in tele-
osts is a diffuse organ, spread throughout the 
mesentery surrounding the digestive tract and 
other organs, and interspersed with adipose 
tissue (Figure  1.5 e,f). Portions of it might also 
be distributed around major blood vessels 
within the liver of some species forming the 
hepatopancreas such as in cyprinids, chara-
cids, or some siluriformes among others 
(Takashima and Hibiya  1995 ; Petcoff et al. 
 2006 ), whereas some other species, such as 
anguillid eels, northern pike, or Japanese 
catfi sh, have a distinctive pancreas as is found 
in higher vertebrates (Hoehne - Reitan and 
Kj ø rsvik  2004 ). A functional exocrine pan-
creas is characterized by differentiated organ 
morphology, including developed excretory 
ducts and the presence of zymogen granulae 
for all major digestive enzymes. 

 Histologically, the arrangement of the pan-
creatic tissue is essentially similar and, in some 
aspects, resembles the basic architecture of 
the hepatic chords. Pancreatic secretory cells 
grouped into acini are deposited around 
blood vessels and form secretory functional 
units by the juxtaposition of adjacent cells. 
The secretory cells generally have a prismatic 
form with basal nuclei and peripheral hetero-
chromatin and a prominent nucleolus. In light 
microscopic slides, the cytoplasm of secretory 
pancreatic cells is strongly basophilic, providing 

and fi broblasts complement the basic liver 
architecture. The main stored substances in 
the fi sh liver are glycogen and, to a lesser 
extent, lipids. Eosinophilic and PAS - positive 
glycogen granules may be found scattered in 
the cytoplasm or aggregated forming large 
concentrations, and using electron micros-
copy they can be identifi ed as rosette - like  α  
particles and single  β  particles. For a detailed 
description of the ultrastructural characteris-
tics of the above - mentioned cell types in adult 
fi sh, see Takashima and Hibiya  (1995) .   

 Timing of liver differentiation varies among 
species, and is mainly related to their general 
life history traits (Hoehne - Reitan and Kj ø rsvik 
 2004 ). As these authors stated, the timing of 
liver development clearly refl ects the develop-
mental state at hatching for different species. 
For example, the liver is already differentiated 
at hatching in Atlantic cod (Morrison  1993 ), 
haddock (Hamlin et al.  2000 ), common wolf-
fi sh (Hoehne - Reitan and Kj ø rsvik  2004 ), 
white sea bream (Ortiz - Delgado et al.  2003 ), 
percula clownfi sh  Amphiprion percula  ( Ö nal 
et al.  2008 ), tilapia (Morrison et al.  2001 ), 
and bay snook (Alvarez - Gonz á lez et al.  2008 ). 
In contrast, in some marine species, such as 
gilthead sea bream (Sarasquete et al.  1995 ), 
anemonefi sh (Green and McCormick  2001 ), 
California halibut (Gisbert et al.  2004a ), 
common dentex (Santamar í a Rojas et al. 
 2004 ), Atlantic halibut (Hoehne - Reitan and 
Kj ø rsvik  2004 ), common pandora (Micale 
et al.  2006 ), spotted sand bass (Pe ñ a et al. 
 2003 ), and the kelp grouper  Epinephelus 
bruneus  (Kato et al.  2004 ), and in freshwater 
species such as green sturgeon (Gisbert and 
Doroshov  2003 ), pike perch (Ostaszewska 
 2005 ), and European catfi sh (Kozari ć  et al. 
 2008 ), the liver develops after the larva 
emerges from the egg envelope during the 
endogenous feeding phase (Figure  1.5 a). 

 Bile is secreted by the hepatic cells and is 
discharged into the extracellular bile cana-
liculi (Figure  1.5 b). Bile canaliculi join to 
form the bile ducts, which subsequently con-
verge into the hepatic duct. The latter leaves 
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Hibiya  1995 ). These layers are also distin-
guishable in fi sh larvae, although there are 
some ontogenetic differences regarding the 
type of epithelium lining the inner layer of the 
gallbladder and the level of development of 
the smooth muscle fi bers that regulate the 
contraction of the organ. At early stages of 
development, the inner layer of the gallblad-
der is lined by a simple squamous epithelium 
that becomes cubical and columnar with age 
(Hamlin et al.  2000 ; Micale et al.  2006 ; 
Hachero - Cruzado et al.  2009 ). 

 Rodlet cells have been reported in the epi-
thelium of the gallbladder and biliary ducts 
of some freshwater and marine teleosts. 
Different studies have shown that the pres-
ence of rodlet cells within the teleost gallblad-
der is species specifi c and may not necessarily 
depend on environmental conditions (e.g., 
pollutants) (see review in Hrubec and Caceci 
 2001 ). Considering the function of the liver 
in detoxifi cation processes, Kramer et al. 
 (2005)  hypothesized that the abundance of 
rodlet cells within the gallbladder epithelium 
of fi sh exposed to environmental contamina-
tion indicates that this organ could serve as a 
storage or recruitment site for these cells and 
provide a portal through which rodlet cell 
secretions are deposited into the bile and 
carried away.   

   1.4    Ontogeny of the  d igestive 
 e nzymes 

 The development of adequate compound 
microdiets to replace live foods in the culture 
of marine fi sh larvae requires a thorough 
understanding of the digestion processes 
occurring during ontogeny (Cahu and 
Zambonino - Infante  1997 ; Lazo et al.  2000a ). 
This knowledge is required for reducing the 
use of live feeds in the rearing of marine fi sh 
larvae. The lack of success in completely 
replacing live foods with compound microdi-
ets from the onset of fi rst feeding has been 
historically attributed to the presence of an 

a sharp contrast with the round, intensively 
acidophilic and eosinophilic zymogen gran-
ules. The ultrastructural characteristics of this 
type of secretory cell are described in detail 
by Takashima and Hibiya  (1995) . There is 
very little information on the histological 
development of the exocrine pancreas in fi sh 
larvae. According to Beccaria et al.  (1991) , 
the organogenesis of the exocrine pancreas 
can be divided into three distinct phases: 
appearance of a primordium at hatching in 
the form of a dorsal bud on the digestive 
tract; differentiation of the exocrine cells and 
appearance of the excretory ducts and blood 
vessels before mouth - opening; and growth of 
the organ during the larval and juvenile 
period. The quantitative growth after differ-
entiation includes tissue size, an increase in 
the relative frequency of zymogen granules, 
and an increase in enzyme synthesis and 
secretion, while no new structural elements 
develop. In most of the described species, the 
exocrine pancreas is histologically differenti-
ated at mouth - opening, as has been reported 
in Japanese fl ounder, Atlantic halibut, 
Atlantic cod, Senegal sole, bay snook, turbot, 
whitefi sh, and Siberian sturgeon, among 
others (Hoehne - Reitan and Kj ø rsvik  2004 ; 
Zambonino - Infante et al.  2008 ). 

 The fi sh  gallbladder  is an accessory diges-
tive organ that stores and secretes concen-
trated bile. The bile has several functions, 
such as facilitating several digestive functions, 
eliminating conjugated metabolites in the 
liver (including xenobiotics), and participat-
ing in the enterohepatic bile circulation. The 
morphological interrelationship between the 
liver, the biliary system, and the gallbladder 
was extensively reviewed by Gilloteaux et al. 
 (1996)  and is not covered in the present 
review. Histologically, three layers are distin-
guished in the gallbladder of adult fi shes: the 
inner layer, which is composed of a simple 
epithelium of columnar cells and connective 
tissue; the intermediate layer, which consists 
of smooth muscle; and the outer layer, which 
is the serous membrane (Takashima and 
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and nutrient absorption takes place through 
the apical region of the epithelium of each 
region, which is characterized by columnar 
cells (i.e., enterocytes). Alkaline proteases 
play a major role in digestion during the fi rst 
days of feeding, while acid proteases become 
increasingly important toward the end of the 
larval period, concomitant with the appear-
ance of a functional stomach (Lauf and Hoffer 
 1984 ; Lazo et al.  2007 ). As the developmental 
process progresses, oxynticopeptic cells in the 
gastric glands become functional, as sug-
gested by the production of HCl through a 
functional proton pump, the expression of 
pepsinogen, and its activation to pepsin 
(Gawlicka et al.  2001 ). From the perspective 
of the digestion system, the transformation to 
the juvenile stage is complete once the stomach 
is fully differentiated. 

 High specifi c activity of digestive enzymes 
has been observed before the initiation of 
exogenous feeding in most species studied to 
date (Zambonino - Infante and Cahu  2001 ). 
This suggests the process of enzyme produc-
tion is initiated by underlying genetic mecha-
nisms (Buddington and Diamond  1989 ) 
rather than induced by the diet (Cahu and 
Zambonino - Infante  1994 ; Lazo et al.  2000a ). 
While it appears that during the early stages 
of development digestive enzyme activities are 
controlled by gene expression rather than by 
feeding activity, diet composition can infl u-
ence the maturation of the digestive system 
by triggering an onset or increase in the activ-
ity of some digestive enzymes (Zambonino -
 Infante and Cahu  2001 ). Feeding nutritionally 
unbalanced microdiets to marine fi sh larvae 
can disrupt the normal maturation process; 
the earlier the weaning onto unbalanced 
microdiets, the more negative the observed 
effect on maturation (Cahu and Zambonino -
 Infante  1994 ; Lazo et al.  2000a ). In contrast, 
some nutrients, such as polyamines, can 
enhance the maturation and differentiation of 
the enterocytes involved in nutrient absorp-
tion. For example, sea bass ( Dicentrarchus 
labrax ) larvae fed a diet containing 0.33% 

undeveloped digestive system at the time of 
hatching and consequent low digestive capac-
ity (Lauf and Hoffer  1984 ; Munilla - Moran 
et al.  1990 ; Holt  1993 ), although most research 
to date indicates that marine fi sh larvae have 
a very defi ned and specifi c digestive physiol-
ogy that merits the development of specifi c 
diets and weaning protocols, and that they 
possess a differentiated and effective digestive 
system early in development (Sarasquete et al. 
 1995 ; Ribeiro et al.  1999 ; Lazo et al.  2000a ; 
Zambonino - Infante and Cahu  2001 ). 

 The conventional approach used for assess-
ing digestive capacity in marine fi sh larvae has 
typically involved characterizing the morpho-
logical development of the digestive system 
and associated organs while also quantifying 
digestive enzyme activities using biochemical, 
histochemical, and molecular techniques (for 
an excellent review, see Zambonino - Infante 
et al.  2008 ). The morphological and func-
tional development of the digestive system of 
fi sh larvae was fi rst reviewed by Tanaka 
 (1973)  and Govoni et al.  (1986) , and more 
recently by Hoehne - Reitan and Kj ø rsvik 
 (2004)  and Zambonino - Infante et al.  (2008) . 
At hatching, the stomach is typically undif-
ferentiated and nonfunctional. Acid digestion 
and pepsin expression are lacking, and the 
proton pump used to secrete HCl into the 
stomach lumen is not functional (Rust  2002 ; 
Gawlicka et al.  2001 ; Darias et al.  2005 ; 
R ø nnestad et al.  2007 ). Most species also 
lack functional mouths and jaws, and the eyes 
are not yet pigmented. Early larvae typically 
possess a simple tubelike alimentary canal 
that is closed at both ends and lined with 
columnar epithelium. The alimentary canal 
undergoes rapid transformations during the 
transition to exogenous feeding. By the onset 
of fi rst feeding, the alimentary canal has 
already developed into its different functional 
regions, but it is still less complex than in 
juveniles. However, the liver, pancreas, and 
gallbladder are usually present and functional 
(Hoehne - Reitan and Kj ø rsvik  2004 ). 
Digestion occurs in the midgut and hindgut, 
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as development progresses (Cahu and 
Zambonino - Infante  1995 ; Lazo et al.  2007 ). 
In contrast, the activity of intestinal brush 
border membrane enzymes such as amino-
peptidases and alkaline phosphatases are 
lowest at fi rst feeding and subsequently 
increase with age. A decrease in intracellular 
peptidase activity concurrent to an increase in 
brush border peptidase activity is indicative 
of the full intestinal maturity of marine fi sh 
larvae (Cahu and Zambonino - Infante  1994 ). 
The ratio of these two enzymes can be used 
as an indicator of the maturation of the diges-
tive system in marine fi sh larvae and will be 
further described in the last section of this 
chapter. Thus, although not as complex as the 
juvenile digestive system, marine fi sh larvae 
possess a wide range of digestive enzymes that 
support the effi cient digestion of nutrients if 
adequate feeds are provided (i.e., larvae can 
achieve very high growth rates in the wild and 
under culture conditions). 

 It has been proposed that exogenous 
enzymes from live prey could directly aid in 
larval digestion or activate the zymogens 
present in larval gut, thus increasing digestion 
and growth rates (Dabrowski  1979 ; Lauf and 
Hoffer  1984 ). The mechanisms through 
which exogenous enzymes could aid or stimu-
late the digestive process are not clearly 
understood. Moreover, the addition of exog-
enous enzymes to compound microdiets in 
the rearing of marine fi sh larvae has been 
shown to be benefi cial only for sea bass larvae 
(for a review, see Kolkovski  2001 ). However, 
its benefi ts have not been conclusively dem-
onstrated for other species. Moreover, several 
authors have reported a lack of signifi cant 
differences in levels of pancreatic and intesti-
nal enzymes in fi sh larvae reared with live 
prey or microdiets (Baragi and Lovell  1986 ; 
Cahu and Zambonino - Infante  1997 ; Lazo 
et al.  2000b ), which indicates the ingestion of 
live prey does not stimulate enzyme produc-
tion or secretion into the gut lumen. Kurokawa 
et al.  (1998)  estimated the relative contribu-
tion of exogenous enzymes to digestion in 

dry weight of the polyamine spermine dis-
played faster enterocyte maturation com-
pared with fi sh fed a similar diet lacking in 
polyamine (Peres et al.  1997 ). Likewise, 
Tovar - Ramirez et al.  (2002)  included the 
polyamine - producing yeast ( Debaryomyces 
hansenii  HF1) in the diet of sea bass larvae 
and observed an increase in digestive enzyme 
secretion and earlier maturation of the entero-
cytes that were mediated by spermine and 
spermidine. 

 While most species can be effectively 
weaned onto microdiets before completion of 
metamorphosis, successful weaning during 
the early larval stages has proven more chal-
lenging (Kolkovski  2001 ). Only a handful of 
species can be reared on microdiets from the 
time of mouth - opening (i.e., red drum 
 Scieaenops ocellatus  and sea bass). Most 
species cultured to date require the use of 
rotifers or  Artemia  at some point during 
development (Cahu and Zambonino - Infante 
 2001 ). 

 As previously mentioned, early research 
suggested that problems associated with early 
weaning were due to low digestive enzyme 
activity or to the importance of live prey for 
aiding or triggering the digestive process. In 
contrast, recent studies indicate that enzy-
matic activity is high in early larvae, and that 
the potential contribution of digestive enzymes 
from the prey is negligible. Typically, enzymes 
for the luminal digestion of proteins (trypsin, 
chymotrypsin, and elastase, among others), 
lipids (lipases and phospholipases), and 
carbohydrates (amylases and maltases) are 
present in larvae before exogenous feeding 
commences or shortly thereafter. Their activ-
ity increases with age and length, although 
there are some exceptions (Alliot et al.  1980 ; 
Baragi and Lovell  1986 ; Cousin et al.  1987 ; 
Moyano et al.  1996 ; Baglole et al.  1998 ; 
Izquierdo et al.  2000 ; Zambonino - Infante 
and Cahu  2001 ; Lazo et al.  2007 ). Intracellular 
enterocyte digestive enzymes such as tri -  and 
dipeptidases exhibit high levels of activity 
during the early larval stage and decrease 
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growth regulators that play multiple roles in 
stabilizing the intracellular conformation of 
nucleic acids and membranes (Mathews and 
van Holde  1990 ; Garc í a - Jimenez et al.  1998 ), 
have been shown to stimulate gut hormone 
(cholecystokinin [CCK]) release in rats, which 
in turn mediates the release of pancreatic 
enzymes (Fioramonti et al.  1994 ). Most for-
mulated diets designed for marine fi sh larvae 
contain large amounts of fi sh meal, which is 
naturally low in the polyamide spermine 
(Bardocz et al.  1993 ). The addition of sper-
mine to microdiets fed to sea bass larvae has 
been shown to increase pancreatic enzyme 
secretion and induce earlier intestinal matura-
tion (Peres et al.  1997 ). In addition, amino 
acids may increase the secretion of certain 
hormones, such as somatostatin and bomba-
sin, which also stimulate the secretion of pan-
creatic enzymes (Chey  1993 ; Kolkovski et al. 
 1997 ). Live feeds contain large amounts of 
free amino acids, which may stimulate the 
secretion of trypsin (Dortch  1987 ; Fyhn 
 1993 ). For example, Cahu and Zambonino -
 Infante  (1995)  reported increased trypsin 
secretion in sea bass larvae fed a mixture of 
free amino acids in their diets. 

 Both neural and hormonal processes are 
involved in regulating the secretion of pancre-
atic enzymes (Fange and Grove  1979 ) and is 
discussed in detail in Chapter  9 , but a brief 
description is presented here. The sight, smell, 
or presence of food triggers a nervous control 
mediated by the vagus nerve that results in 
the induction of pancreatic secretion. 
Hjelmeland et al.  (1988)  induced secretion of 
trypsinogen from pancreatic tissue into 
the intestine of herring larvae ( Clupea haren-
gus ) by feeding polystyrene spheres with no 
nutritional value. Similarly, Pedersen and 
Andersen  (1992)  were able to enhance the 
secretion of pancreatic enzymes by increasing 
the size of the inert particles fed to herring 
larvae. Additionally, gastrointestinal hor-
mones, such as CCK, play an important role 
not only in the stimulation of pancreatic 
enzyme secretion but also in gallbladder 

Japanese sardine larvae ( Sardinops melanot-
ictus ) and determined that it was only 
0.6% of the total protease activity in the 
intestine, and therefore concluded that the 
contribution of the prey ’ s enzymes to diges-
tion was minimal. Similarly, Diaz et al. (1997a), 
using substrate - sodium dodecyl sulfate –
 polyacrylamide gel electrophoresis (SDS -
 PAGE) to estimate protease activity in larval 
sea bream ( Sparus aurata ) and their live prey 
(rotifers), failed to detect proteases from the 
prey within the digestive tract. They sug-
gested that the contribution of exogenous 
enzymes was limited to an autolytic process 
of the prey in the larval gut. Based on this 
data, it appears that the contribution of exog-
enous digestive enzymes to the total digestive 
capacity of the larvae is negligible in most 
species. 

 Since the lack of weaning success at an 
early date cannot be attributed solely to the 
absence of a functional stomach and lower 
digestive enzyme production, other factors 
have been conjectured to explain the lower 
performance on microdiets. These include low 
ingestion rates of the microdiets (Lazo 
et al.  2002 ) or the failure of microdiets to 
effectively stimulate digestive enzyme secre-
tion (Cahu and Zambonino - Infante  2001 ). 
The latter would lead to low levels of enzymes 
in the lumen to digest feed particles. In combi-
nation with the relatively fast gut transit time 
typical of marine fi sh larvae (Govoni et al. 
 1986 ), this would effectively reduce the ability 
of the larvae to absorb the dietary nutrients 
necessary for meeting the requirements for 
normal growth. Recent research has begun to 
shape a more comprehensive understanding 
of the development of the digestive system by 
focusing on the study of the hormonal mecha-
nisms controlling the expression and secretion 
of digestive enzymes and their modulation 
through dietary nutrients (recently reviewed 
by R ø nnestad et al.  2007 ). For example, many 
compounds present in live feeds have the 
potential for infl uencing digestive enzyme 
activity in fi sh larvae. Polyamides, algal 
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 The expression pattern of digestive enzyme 
precursors is intimately associated with the 
degree of development of the organs that 
produce them. For instance, in the red porgy 
( Pagrus pagrus ), the fi rst signs of amylase, 
lipase, and trypsinogen gene expression were 
detected in newly hatched larvae, indicating 
that the enzymatic equipment of the exocrine 
pancreas is ready to produce the required 
enzymes for food digestion at the beginning 
of the exogenous feeding period (Darias et al. 
 2006, 2007a, 2007b, 2007c ). In the next 
section, we review the most studied digestive 
enzyme genes during development of marine 
fi sh larvae. 

   1.5.1    Amylase 

 Alpha ( α ) amylase (4 -  α  -  d  - glucan glucanohy-
drolase, EC 3.2.1.1) is classifi ed as family 13 
of the glycosyl hydrolases and is responsible 
for the hydrolysis of the  α  - 1,4 glycoside 
bonds in glycogen and starch, and related 
polysaccharides and oligosaccharides con-
taining three or more (1 → 4) -  α  - linked  d  -
 glucose units. The main function of the 
digested and assimilated products is to supply 
energy to the organism. Alpha amylase is pro-
duced as a zymogen granule by pancreatic 
acinar cells, and their presence is considered 
to be an indicator of the exocrine pancreas 
maturation in fi sh larvae (Cahu and 
Zambonino - Infante  1994 ; Cahu et al.  2004 ). 
The appearance of acidophilic zymogen gran-
ules has been detected after the fi rst exoge-
nous feeding in some species ( Sparus aurata , 
Sarasquete et al.  1995 ;  Solea senegalensis , 
Sarasquete et al.  1996 ;  Paralichthys dentatus , 
Bisbal and Bengtson  1995 ;  Paralichthys oli-
vaceus , Kurokawa and Suzuki  1996 ;  Pagrus 
pagrus , Darias et al.  2007a ), before mouth -
 opening in others ( Dicentrarchus labrax , 
Beccaria et al.  1991 ;  Sciaenops ocellatus , 
Lazo et al.  2000a ), or even from hatching 
( Melanogrammus aeglefi nus , Hamlin et al. 
 2000 ). Zymogen granule detection coincides 

contraction, intestinal peristalsis, and gut 
transit time in fi sh larvae (R ø nnestad et al. 
 2007 ), all of which are important factors 
regulating the digestion process. In fi rst 
feeding larvae, CCK production seems to be 
genetically hardwired, but in older larvae it 
can also be regulated by dietary factors such 
as protein levels and chain length (Cahu et al. 
 2004 ). However, distension of the gut wall is 
not a factor that triggers CCK production 
(Koven et al.  2002 ). This indicates that the 
secretion of pancreatic enzymes is regulated 
by mechanisms in addition to CCK produc-
tion and requires further research.  

   1.5    Expression of  d igestive 
 e nzyme  g enes 

 Even though numerous studies have charac-
terized the ontogeny of the digestive system 
of marine and freshwater fi sh species, knowl-
edge of the nutritional requirements during 
the larval period still needs to be improved 
in order to formulate adequate microdiets 
for optimal larval rearing. In the last decade, 
new molecular tools have been used to 
complement the morphological, histological, 
histochemical, and biochemical approaches 
commonly used, allowing researchers to 
expand the knowledge of the mechanisms 
underlying the digestive physiology of fi sh 
larvae. 

 The ontogeny of the digestive system is a 
species - specifi c and genetically programmed 
process where digestive enzymes follow a spa-
tiotemporal pattern of gene expression during 
the larval development. These processes can 
be infl uenced by the diet and directly impact 
nutrient digestion and absorption, and conse-
quently, larval performance and growth. For 
these reasons, the fi rst studies on digestive 
enzyme gene expression in larvae were made 
on species reared under standard conditions 
using live prey in order to provide the refer-
ence gene expression patterns of digestive 
enzymes for future nutritional experiments. 
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 However, once exogenous feeding com-
mences, amylase expression can be modu-
lated by the quantity and quality of the food 
(P é res et al.  1996 ). The different patterns of 
amylase expression observed in most fi sh 
species studied (P é res et al.  1996 ; Douglas 
et al.  2000 ; Ma et al.  2001 ; Darias et al. 
 2006 ) suggest that the variations are mainly 
due to the rearing conditions, including diet 
composition, quantity of diet offered, and 
sampling time during development.  

   1.5.2    Bile  s alt –  a ctivated 
 l ipase ( BAL ) 

 BAL is considered one of the most important 
lipases in fi sh (Patton et al.  1977 ; Murray 
et al.  2003 ) since it acts on a wide range of 
substrates of wax esters and triacylglycerols 
rich in polyunsaturated fatty acids (PUFAs). 
These substrates are more resistant to hydro-
lysis by other pancreatic lipases (Chen et al. 
 1990 ). 

 For lipid hydrolysis, pancreatic BAL is 
secreted to the intestinal lumen and activated 
by bile salts. Subsequently, the intestine can 
absorb the resulting substances. Diaz et al. 
 (2002)  observed adequate levels of lipase 
activity, bile function, and intestinal absorp-
tion at the beginning of exogenous feeding in 
three fi sh species. BAL activity was detected 
at hatching in several fi sh species, suggesting 
adequate enzymatic equipment for lipid diges-
tion at fi rst feeding (Hoehne - Reitan et al. 
 2001a ; Murray et al.  2003 ; P é rez - Casanova 
et al.  2004 ). However, differences in patterns 
and activity levels have been observed among 
species. 

 Several studies evaluated the activity of dif-
ferent lipases in fi sh, including phospholi-
pases, pancreatic lipases, nonspecifi c lipases, 
and BAL (Izquierdo et al.  2000 ; Hoehne -
 Reitan et al.  2001a, 2001b ; Cahu et al.  2003 ). 
Gjellesvik et al.  (1992)  and Iijima et al.  (1998)  
purifi ed and characterized the BAL of  Gadus 
morhua  and  Pagrus major , respectively, and 

with the fi rst amylase activity detected in 
 Solea senegalensis  (Ribeiro et al.  1999 ), 
 Diplodus sargus  (Cara et al.  2003 ),  Sparus 
aurata  (Moyano et al.  1996 ), and  Dicentrarchus 
labrax  (Zambonino - Infante and Cahu  1994a ). 
Additionally,  in situ  hybridization technique 
has revealed that  α  - amylase gene expression 
occurs in the exocrine pancreas (Darias et al. 
 2006 ). Although only a few studies have eval-
uated amylase expression during fi sh larvae 
development, it is possible to appreciate dif-
ferences in the pattern of gene expression 
among species. For example, in sea bass 
larvae ( Lates calcarifer ), amylase expression 
increases early in development (i.e., 5 days 
posthatch [dph]) to subsequently decrease in 
later stages (P é res et al.  1996 ; Ma et al.  2004 ), 
while in winter fl ounder ( Pseudopleuronectes 
americanus ), amylase expression did not 
decrease until after metamorphosis (Douglas 
et al.  2000 ), and in the red porgy ( Pagrus 
pagrus ), a constant level of amylase gene 
expression was observed until 30   dph and 
subsequently decreased thereafter (Darias 
et al.  2006 ). In any case, a relatively elevated 
level of amylase expression during the fi rst 
stages of larval development has been 
observed in most species studied to date, but 
the main physiological function of this activ-
ity has not been completely elucidated. 

 It has been suggested that the expression 
of amylase is genetically programmed and 
regulated at a transcriptional level during the 
early developmental stages (P é res et al.  1996 ; 
Ma et al.  2001 ; Zambonino - Infante and 
Cahu  2001 ). The detection of amylase expres-
sion from hatching in  Lates calcarifer  and 
 Pagrus pagrus  (Ma et al.  2001 ; Darias et al. 
 2006 ) supports the existence of a hereditary 
component in this process and also indicates 
that the predisposition to synthesize amylase 
before the commencement of the exogenous 
feeding phase is independent of the external 
diet. This could be a programmed mechanism 
to ensure suffi cient levels of this enzyme to be 
ready for digestion at the beginning of exog-
enous feeding. 
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scriptional and translational levels. In this 
sense, more experiments using formulated 
microdiets with different nutritional composi-
tion need to be performed to increase the 
existent knowledge of the digestive physiol-
ogy of fi sh larvae.  

   1.5.3    Trypsinogen 

 In fi sh, as in other vertebrate species, tryp-
sinogen is the inactive form of trypsin, an 
important proteolytic digestive enzyme 
present early in larval development, when the 
gastric glands have not yet developed and 
there is no pepsin activity for acid digestion. 
The expression of trypsinogen is specifi cally 
localized in the exocrine pancreas (Murray 
et al.  2004 ; Darias et al.  2007a ; Figure  1.6 c,d). 
Douglas and Gallant  (1998)  described three 
different trypsinogens in  Pleuronectes ameri-
canus  with apparently diverse functions 
throughout the larval period. Trypsinogen 2 
seems to be most important during digestive 
system development since it is the fi rst detected 
and the most highly expressed (Murray et al. 
 2004 ). 

 There are few studies concerning trypsino-
gen during the larval development (Srivastava 
et al.  2002 ; Murray et al.  2004 ; Darias et al. 
 2007a ). In  Paralichthys olivaceus , trypsino-
gen 1 expression occurred at 1   dph (Srivastava 
et al.  2002 ), while in  Pleuronectes america-
nus , the expression of trypsinogen 2 was 
observed 5   dph and displayed a maximum 
peak of expression during metamorphosis 
(Murray et al.  2004 ). In  Pagrus pagrus , tryp-
sinogen gene expression was detected from 
hatching and the maximum levels of expres-
sion occurred after fi rst feeding and subse-
quently remained constant during the fi rst 
month of development (Darias et al.  2007a ). 
These authors observed a decrease in tryp-
sinogen expression from 50   dph, suggesting a 
reduction of the importance of trypsin in the 
digestive process after metamorphosis to the 
juvenile stage.  

four other studies describe the ontogeny of 
BAL expression during larval development 
(Hoehne - Reitan et al.  2001a ; Murray et al. 
 2003 ; P é rez - Casanova et al.  2004 ; Darias 
et al.  2007a ). 

 Similar to trypsinogen and  α  - amylase gene 
expression, BAL expression is specifi cally 
localized in the exocrine pancreas (Figure 
 1.6 b). BAL expression was detected from 
hatching in  Melanogrammus aeglefi nus  and 
 Pagrus pagrus  (P é rez - Casanova et al.  2004 ; 
Darias et al.  2007a ), while from mouth -
 opening in  Pleuronectes americanus , progres-
sively increasing during larval development 
(Murray et al.  2003 ). In other fi sh species, 
BAL expression was shown to be sensitive to 
changes in diet composition (P é rez - Casanova 
et al.  2004 ; Darias et al.  2007a ). Variation of 
BAL activity during larval development of 
 Psetta maxima,  evaluated by enzyme - linked 
immunosorbent assay (ELISA), showed a 
similar pattern to the expression pattern of 
BAL in  Pagrus pagrus  (Hoehne - Reitan et al. 
 2001a ; Darias et al.  2007a ).   

 The effect of dietary lipid quantity on BAL 
activity has been demonstrated by Hoehne -
 Reitan et al.  (2001b) . They demonstrated that 
increasing prey density increased ingestion 
rates and stimulated digestive enzyme synthe-
sis. However, the researchers did not observe 
an increase in larval growth associated with 
the increasing ingestion rates. Additionally, 
they did not detect any positive effects on 
development associated with the lipid content 
of rotifers during the fi rst stages of develop-
ment. In contrast, Zambonino - Infante and 
Cahu  (1999)  showed that a diet with high 
lipid content improved larval development in 
European sea bass  Dicentrarchus labrax . 
Morais et al.  (2004)  demonstrated for the 
same species that the use of different neutral 
lipid sources in the diet did not affect lipase 
at transcriptional level, in contrast to that 
observed by Zambonino - Infante et al.  (1996)  
and Cahu et al.  (2003) . P é res et al.  (1996)  
suggested that diet composition can affect 
expression of digestive enzymes at the tran-
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     Figure 1.6     Localization of the gene expression of different digestive enzymes in developing red porgy ( Pagrus pagrus ) 
larvae by  in situ  hybridization. (a) Amylase gene expression at 2   dph in the exocrine pancreas. (b) Bile salt – activated 
lipase gene expression at 30   dph in the exocrine pancreas. (c, d) Trypsinogen expression at 9 and 35   dph, respectively, 
in the exocrine pancreas. (e) Proton pump expression at 40   dph in the gastric glands of the stomach. (f) Pepsinogen 
expression at 50   dph in the gastric glands of the stomach. ai    =    anterior intestine, oe    =    esophagus, l    =    liver, pi    =    posterior 
intestine, s    =    stomach. Scale bar    =    100    μ m.  
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Y ú fera et al.  2004 ). These results imply that 
a functionally developed stomach is not 
required to adequately wean marine fi sh 
larvae with formulated microdiets. The study 
of the expression and function of genes asso-
ciated with different proteolytic activities will 
help in understanding the real digestive 
capacities of developing larvae. Douglas et al. 
 (1999)  showed the existence of different types 
of pepsinogen in  Pleuronectes americanus , 
which were expressed consecutively during 
larval development. It is interesting to note 
that pepsinogen IIa was expressed as early as 
13   dph, before the gastric glands were formed. 
Several authors have found acid protease 
activity before stomach development even in 
species that never develop a true and func-
tional stomach, such as the puffer fi sh 
 Takifugu rubripes  (Kurokawa et al.  2005 ). 
Therefore, a better understanding of the 
enzymes implicit in digestion and their func-
tionality, in combination with knowledge of 
the natural diet of the larvae, will aid in opti-
mizing the nutritional composition of formu-
lated microdiets to be compatible with their 
digestive physiology. The timing and quanti-
ties of gene expression for the digestive 
enzyme precursors provide an insight into the 
larval digestive strategy. For instance, in 
 Pagrus pagrus , the expression of trypsinogen 
was fi ve times higher than all the other enzyme 
genes studied (such as amylase or BAL) and 
gives an idea of the importance of protein 
digestion in early developing larvae even 
though pepsin activity is not yet present 
(Darias et al.  2005 ). 

 In fi sh, as well as in amphibians, reptiles, 
and birds, pepsinogen and HCl are synthe-
sized by one type of gastric cell called oxyn-
ticopeptic cells (Helander  1981 ) that possess 
characteristics of the oxyntic cell (HCl secre-
tor cells) and zymogen cells (enzyme secretor 
cells) of mammals (Murray et al.  1994 ). Some 
authors suggest the existence of a unique cell 
type that has different morphologies depend-
ing on whether they produce HCl (light cells) 
or pepsinogen (dark cells) under a transmis-

   1.5.4    Pepsinogen and 
 p roton  p umps 

 In general, gastric gland development (Figure 
 1.4 ) is thought to indicate the transition from 
the larval to the juvenile stage (Kapoor et al. 
 1975 ; Govoni et al.  1986 ; Segner et al.  1994 ). 
Gastric glands produce pepsinogen and HCl 
secretion to the lumen of the stomach; an 
acidic environment is necessary to convert 
pepsinogen into pepsin. The  α  subunit of the 
proton pump (H  +  /K  +   - ATPase) is responsible 
for the maintenance of HCl production. 

 Histological detection of gastric glands 
does not imply that the glands are fully func-
tional. In fact, the fi rst signs of pepsinogen 
expression were detected 30   dph in  Pagrus 
pagrus , 4 days after the complete formation 
of the gastric glands (Darias et al.  2007b ). 
Huang et al.  (1998)  obtained similar results 
in  Paralichthys dentatus , where they detected 
the expression of pepsinogen around 1 week 
after gastric gland formation. However, the 
fi rst signs of gastric gland formation and pep-
sinogen expression occurred simultaneously 
in  Pleuronectes americanus  and initial pep-
sinogen expression occurred concurrently 
with the expression of the  α  - subunit of the 
proton pump (H  +  /K  +   - ATPase) (Douglas et al. 
 1999 ). Both pepsinogen and proton pump 
genes are expressed in the gastric glands and 
their expression progressively increases during 
maturation of the gastric glands and stabilizes 
at the juvenile stage (Douglas et al.  1999 ; 
Gawlicka et al.  2001 ; Darias et al.  2007b ; 
Figure  1.6 e,f). 

 The replacement of live prey by formulated 
microdiets for larval feeding is of fundamen-
tal interest for the marine fi sh larvae rearing 
industry. The development of a functional 
stomach is necessary to reach complete diges-
tive capacity. However, it is important to 
mention that  Sparus aurata  and  Sciaenops 
ocellatus  are completely weaned before gastric 
glands are developed and become functional 
and are typically reared using a standard pro-
tocol (Lazo et al.  2000b ; Elbal et al.  2004 ; 
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   1.6    Assessing the  n utritional 
 c ondition of  fi  sh  l arvae:  h istological 
 b iomarkers and  d igestive  e nzymes 

 Assessing the nutritional condition of fi sh 
larvae is of vital importance in ecological 
studies since the physical and physiological 
condition of larval fi shes throughout their 
development infl uences their growth perfor-
mance and survival and, ultimately, contrib-
utes to recruitment to the adult population. 
These studies require that accurate, objective, 
and quantitative criteria be used to character-
ize the nutritional condition of fi sh larvae. 
This approach can also be applied in aqua-
culture where the development of dependable 
and sustainable fi sh larval rearing techniques 
requires a deep knowledge of the critical 
aspects of larvae nutrition in relation to the 
development of the digestive and metabolic 
systems, as well as establishing the limits for 
initiating exogenous feeding. 

 Once exogenous feeding is established, 
larval development depends on the proper 
nutrient input provided by the diet, in addi-
tion to optimal biotic and abiotic conditions. 
Periods of food deprivation after the comple-
tion of yolk reserves can lead to abnormal 
behavior and morphological development, 
degeneration of the alimentary tract and 
trunk musculature, and reductions in food 
utilization effi ciency and feeding activity. Fish 
larvae are especially sensitive to nonoptimal 
feeding conditions or nutritional stressors 
(dietary imbalances) because most tissues and 
organs are under progressive and intense dif-
ferentiation and development, and larvae do 
not have enough reserves stored to withstand 
starvation (Ferron and Leggett  1994 ; Catalan 
 2003 ; Gisbert et al.  2008 ). 

 The effect of feeding restriction or nutri-
tional imbalance on aquatic organisms is rou-
tinely assessed by a number of indicators 
commonly named  “ condition indices ”  used to 
characterize nutritional condition of fi sh 
larvae. Condition indices were extensively 

sion electron microscope (Elbal and Agulleiro 
 1986 ; Arellano et al.  1999 ). Gawlicka et al. 
 (2001)  confi rmed that only one type of cell, 
the oxynticopeptic cell, is responsible for the 
synthesis and expression of the different types 
of pepsinogens and proton pump. They also 
showed that the mucous neck cells of the 
stomach epithelium of  Pleuronectes america-
nus  had HCl, but not pepsinogen, secretory 
function. This may be due to the need of fi sh, 
in an aqueous medium where they continu-
ously drink water, to increase the HCl con-
centration to counteract the dilution and 
neutralization of gastric juices (Kapoor et al. 
 1975 ). However, in  Pagrus pagrus , the gene 
expression of the proton pump was exclu-
sively localized in the gastric glands (Darias 
et al.  2007b ), in contrast to that found in 
 Pleuronectes americanus . Since the latter 
species ingests bigger prey, it might need a 
higher concentration of HCl and pepsin activ-
ity to adequately digest its food. Nevertheless, 
more studies of the neck cells of the mucosa 
are needed to test whether there are structural 
and functional differences among species. 
Gawlicka et al.  (2001)  and Darias et al. 
 (2007b)  reported that the expression of pep-
sinogen and proton pump occurred simulta-
neously in  Pleuronectes americanus  and 
 Pagrus pagrus , respectively. The simultaneous 
secretion of pepsinogen and HCl could be a 
physiological strategy for promoting fast con-
version of pepsinogen into active pepsin (Bal 
and Ghoshal  1992 ). In  Pagrus pagrus , the 
expression of both genes begins 30   dph and 
have similar copies of mRNA that increase 
with larval development. However, in 
 Pleuronectes americanus , the expression of 
pepsinogen is constant from 20   dph onward 
(Douglas et al.  1999 ). 

 Ongoing studies of the molecular mecha-
nisms underlying the gastrointestinal func-
tions of fi sh larvae reared under different 
nutritional and rearing conditions will help 
improve our understanding of the digestive 
physiology of commercially important fi sh 
species.   
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reviewed by Ferron and Leggett  (1994)  and 
Catalan  (2003)  in terms of reliability, sensitiv-
ity, time response, size and age specifi city, fi eld 
versus laboratory estimates, processing time, 
costs, and requirements. These authors 
divided condition indices into three main cat-
egories according to the main organization 
levels: cell, tissue, and organism. In this sense, 
the physical deterioration of fi sh larvae result-
ing from food deprivation or dietary imbal-
ance has been assessed and interpreted by 
means of morphometric and gravimetric mea-
surements (shape and weight changes), bio-
chemical methods (RNA:DNA ratios, digestive 
and metabolic enzyme activities), histological 
criteria, or various combinations of the above -
 mentioned methods (Ferron and Leggett 
 1994 ; Catalan  2003 ; Gisbert et al.  2008 ; see 
also the discussion in Chapter  14 ). Although 
there are a wide variety of nutritional condi-
tion indices, this section will only cover those 
related to digestive system organization (his-
tological biomarkers) and function (pancre-
atic and intestinal enzyme activities). 

  Table 1.1    Cellular criteria used to grade tissues and assess the nutritional condition in teleost larvae. 

   Tissue  

   Grade (condition)  

   1 (degraded)     2 (average)     3 (healthy)  

  Liver 
hepatocytes  

  Nearly all nuclei 
pycnotic and dark with 
clumped chromatin; 
cytoplasm lacks texture; 
intracellular vacuoles 
absent; cells small and 
indistinct  

  At least 50% of cell nuclei 
with dark granules and 
situated medially; nearly 50% 
of cytoplasm granular; 
intracellular vacuoles reduced 
or absent; boundaries of most 
hepatocytes visible  

  Nuclei distinct and often 
displaced laterally; 
cytoplasm lightly stained 
with abundant intracellular 
vacuoles containing lipids 
and glycogen; boundaries of 
hepatocytes prominent  

  Exocrine 
pancreas  

  No acinar symmetry 
remaining; all nuclei 
dark (pycnotic) and 
indistinct  

  Acinar symmetry reduced by 
50%; 50% of nuclei dark and 
indistinct; moderate amounts 
of zymogen  

  Cells formed in distinct, 
circular acini; all nuclei clear 
and distinct in basal position; 
abundant zymogen granules  

  Intestinal 
epithelium  

  Mucosal cell height 
reduced by  > 50% in 
height; some loss of 
striations in bordering 
microvilli; supranuclear 
vacuoles reduced or 
absent  

  Mucosal cells reduced by 
25 – 50% in height; some loss 
of striations in bordering 
microvilli; supranuclear 
vacuoles reduced or absent  

  Mucosa deeply convoluted 
and mosaic; mucosal cells 
compact, pronounced in 
height, with distinct nuclei; 
prominent supranuclear 
acidophilic inclusions and 
vacuoles  

   Data rewritten from Margulies  (1993) , Catalan  (2003) , and Gisbert et al.  (2004b) .   

   1.6.1    Histological  b iomarkers 

 In vertebrates, different organs of the diges-
tive system have been shown to employ dif-
ferent cellular mechanisms in response to diet 
quantity and quality. Thus, the use of the 
intestine and digestive accessory glands as 
target organs of the nutritional and physio-
logical status in fi sh is well known and, up to 
a certain limit, standardized. The use of his-
tological biomarkers for assessing the nutri-
tional condition of fi sh larvae has been 
recently reviewed by Gisbert et al. ( 2008 ). 
The histological organization and histochemi-
cal properties of the liver, exocrine pancreas, 
and intestine have been used on a regular 
basis as targets to elucidate the effects of dif-
ferent dietary regimes or nutrients and starva-
tion levels on larval physiology, nutrition, and 
early development (Table  1.1 ).   

 The histological organization of the intes-
tine, like that of the liver, is particularly sensi-
tive to food deprivation and starvation. Major 
alterations of the intestinal mucosa include 
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inclusions may be dietary dependent and may 
be useful for assessing the nutritional condi-
tion of a fi sh larva. Three types of inclusions 
can be distinguished in fi sh enterocytes 
according to their size: particles (20 – 70   nm in 
diameter) resembling mammalian very low -
 density lipoproteins (VLDL); lipoprotein par-
ticles (70 – 500   nm in diameter) considered as 
chylomicrons; and large inclusions of triglyc-
erides measuring up to 6    μ m and described as 
lipid droplets (Diaz et al. 1997b). In addition, 
the formation of large lipoproteins and lipid 
droplets is closely related to an excess of fats 
in enterocytes caused by the high fatty acid 
contents of diets. This large accumulation of 
lipids in the enterocytes may cause some path-
ological damage since large lipid inclusions 
produce epithelial abrasion, cellular necrosis, 
and/or infl ammatory reactions along the 
intestinal mucosa (Deplano et al.  1989 ) that 
may affect nutrient absorption and reduce 
digestive effi ciency. 

 The histological organization of the liver 
accurately refl ects any physiological disorder 
originated from a nutritionally unbalanced 
diet or feed deprivation episodes since hepatic 
energy stores respond sensitively to nutri-
tional changes (Table  1.1 ). Under food depri-
vation conditions, liver glycogen and lipids 
are the fi rst energy sources to be mobilized. 
As reviewed by Gisbert et al. ( 2008 ), large 
central nuclei are observed in livers contain-
ing few lipid inclusions, while peripheral 
nuclei are detected in livers of larvae show-
ing high levels of lipid deposition. 
Histopathological changes in food - deprived 
larvae are similar among different species and 
include changes in liver organization (shrink-
age of the nucleolar volume, swollen and 
deformed mitochondria, dilated sinusoids, 
large intercellular spaces, vascularization, 
increase in lysosomes, cytoplasmatic necrosis, 
and hypertrophy of the bile canaliculi and the 
gallbladder) and a decrease in glycogen and 
lipid deposits stored in the hepatocytes. The 
liver is also a good biomarker for the nutri-
tional effects of different dietary composition 

the reduction in the height of the enterocytes 
and the number and size of epithelial folds. 
Proteolysis of the intestinal mucosa is a 
common response to severe starvation, which 
involves a reduction of the nutrient absorp-
tion surface area, and compromises the diges-
tive capabilities of refeeding larvae. For these 
reasons, the criterion of enterocyte height has 
been widely used as a valuable histological 
index of suboptimal feeding or starvation in 
several fi sh species (Ferron and Leggett  1994 ; 
Catalan  2003 ; Gisbert et al.  2008 ). However, 
Catalan and Olivar  (2002)  reported that cell 
heights of the posterior intestine in European 
sea bass larvae were less useful to distinguish 
different feeding treatments than other 
quantitative measurements (e.g., hepatocyte 
maximum diameter, muscle fi ber separation). 
Consequently, for any selected species, any 
current or putative nutritional condition 
index should be tested and validated under 
laboratory - controlled conditions. 

 Lipid and protein inclusions in enterocytes 
may also be used as a biomarker in fi sh larval 
nutrition and digestive physiology studies 
(Gisbert et al.  2008 ).The presence of acido-
philic supranuclear inclusions is a typical 
feature of the posterior intestine in fi sh larvae. 
These inclusions are due to the absorption of 
protein macromolecules by pinocytosis. In 
most studied species, supranuclear bodies are 
observed throughout the larval period, 
although their number and size decrease as 
the stomach differentiates and extracellular 
digestion takes place. Thus, variations in the 
normal pattern of accumulation of these 
inclusions may be indicative of changes in the 
nutritional physiology of the larva and there-
fore be used in developmental or nutritional 
studies dealing with larval early stages of 
development. The presence of lipid inclusions 
in the enterocytes of fi sh larvae is a common 
feature during their early development. The 
type and size of lipid inclusions vary depend-
ing on the fat content of feed and the degree 
of unsaturation of the lipids ingested. As a 
result, changes in the size and type of lipid 
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establish a relationship between survival and 
each condition measurement under labora-
tory conditions.  

   1.6.2    Digestive  e nzymes 

 Due to their essential role in metabolic reac-
tions, enzymes can be good indicators for the 
condition of an organism. For fi sh larvae, the 
activity level of digestive enzymes is well 
suited as a biochemical indicator of the 
feeding activity. In addition, digestive enzymes 
are considered to be reliable indicators of the 
nutritional state of the individuals due to 
their species and age specifi city, sensitivity, 
and short latency. Different digestive enzymes 
are used for this purpose, ranging from pro-
teolytic pancreatic enzymes (Uebersch ä r and 
Clemmesen  1992 ; Lamarre et al.  2004 ; Cara 
et al.  2007 ) to intestinal brush border and 
cytosolic enzymes (Zambonino - Infante and 
Cahu  2007 ; Zambonino - Infante et al.  2008 ). 

 Pancreatic enzyme synthesis and secretion 
appear to be particularly sensitive to food 
deprivation and dietary composition in teleost 
larvae, and consequently, the pancreatic 
enzyme activity provides a reliable biochemi-
cal marker of larval fi sh development and 
condition (Zambonino - Infante and Cahu 
 2001 ). The pancreatic secretory process 
matures during the fi rst 3 or 4 weeks after 
hatching in temperate marine fi sh larvae. 
This maturational process can be disrupted 
when larvae are fed diets that do not meet 
their specifi c needs (Cahu and Zambonino -
 Infante  1994 ): The earlier the feeding 
with such inadequate diets, the lower the pan-
creatic secretion level. On the other hand, 
some dietary components, like free amino 
acids (Zambonino - Infante and Cahu  1994a, 
1994b ) or some nonbiodegradable particles 
(Pedersen and Andersen  1992 ), can enhance 
pancreatic secretion, revealing the coexistence 
of chemical and neural mechanisms control-
ling secretion in larvae. Because protein is one 
of the major components of the fi sh larval 

and feeding regimes because the hepatic 
energy stores respond sensitively and rapidly 
to nutritional changes in fi sh larvae. In addi-
tion, alterations in fatty acid metabolism 
derived from unbalanced diets have resulted 
in modifi cations of nuclei shape and size, 
chromatin density, and cytoplasmatic lipid 
deposition in hepatocytes (Caballero et al. 
 1999 ; Mobin et al.  2000 ). Disorders in gly-
cogen and protein synthesis and/or their uti-
lization may also result in an increased level 
of basophilia in the cytoplasm of the hepato-
cytes of larvae fed unbalanced diets (Segner 
et al.  1994 ; Mobin et al.  2000 ). 

 The earlier differentiation and morphogen-
esis of the exocrine pancreas in comparison 
with that of the liver or intestine facilitates its 
use as a histological index for assessing the 
condition of the larva as soon as it emerges 
from the egg envelope. Food deprivation 
induces degeneration of the exocrine pan-
creas, which may be summarized as a disrup-
tion of the acinar symmetry and organization 
of the pancreas, a reduction in size of secre-
tory cells, and an increase of pycnotic nuclei 
(Table  1.1 ). 

 Catalan  (2003)  extensively reviewed the 
use of histological methods in the determina-
tion of larval nutritional condition and sug-
gested that this has at least two unresolved 
limitations. One regards the low objectivity 
of some methods since the measures are 
mainly qualitative and rely on the experience 
of the observer. To date, quantitative data 
have been restricted to the measurement of 
cell heights of a few tissues, mainly gut and 
liver, and have proved useful for early larval 
stages of some species. However, some of 
these measurements are only obtainable from 
species with an elongated digestive duct, or 
have been restricted to particular larval stages. 
The second main problem with histological 
indices (extendable to any condition index) is 
the large dependence of condition on the 
experimental rearing parameters, with subse-
quent poor applicability to fi eld studies. Until 
further evidence is supplied, there is a need to 
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to be standardized under laboratory -
 controlled conditions since the development 
of the digestive function varies among species, 
as do their basal levels of digestive enzyme 
activities, and it may turn out that some 
enzymes may be more informative than 
others.  

   1.6.3    Gene  e xpression 

 Results of digestive enzyme gene expression 
analyses from recent studies on fi sh larvae 
(Darias  2005 ; Geurden et al.  2007 ; S á nchez -
 Amaya et al.  2009 ) suggest the possibility of 
including the molecular level as the fourth 
organization category (organism, tissue, cel-
lular, and molecular) in the list of markers for 
nutritional conditions in fi sh. Knowledge of 
gene expression amount and pattern of diges-
tive enzyme precursors constitutes a valuable 
tool that complements the information about 
the nutritional condition of an organism 
obtained through enzymatic indicators. This 
is particularly interesting in aquaculture, 
where nutritional requirements for fi sh larvae 
need to be optimized and the origin of the 
suboptimal larval growth and performance 
derived from food supply is often unknown. 
In this sense, the study of the molecular mech-
anisms underlying digestive system ontogeny 
and digestion would expand knowledge of 
larval physiology and facilitate fi nding solu-
tions to nutritional problems by localizing the 
molecular pathways that have been disrupted. 
However, since gene expression does not 
always necessarily culminate in protein syn-
thesis, both molecular and cellular indicators 
should be considered in order to obtain more 
comprehensive information about the physi-
ological status of fi sh larvae. 

 The ontogeny of digestive enzyme gene 
expression is genetically programmed and 
their expression patterns are stage specifi c. 
Therefore, genes coding for digestive enzymes 
could be used as markers for fi sh larval devel-
opment. For instance, the development of 

diet, the activity levels of pancreatic proteo-
lytic enzymes, for example, trypsin and chy-
motrypsin, are well suited as indicators of 
the nutritional condition of the organism. 
Secretion rate of pancreatic enzymes is related 
to feed intake, the stomach fi lling, and nutri-
ent composition (R ø nnestad and Morais 
 2007 ); thus, starvation, reduced feed intake, 
or an unbalanced diet in terms of free amino 
acids or protein content may result in a 
decrease in secretion and, consequently, activ-
ity of trypsin and chymotrypsin (Pedersen 
et al.  1987 ; Uebersch ä r  1995 ; Applebaum et al. 
 2001 ; Cara et al.  2007 ). In addition, some 
authors have suggested using the trypsin/
chymotrypsin ratio as a better indicator of the 
larval nutritional condition since it might 
indicate to what extent chymotrypsin is acti-
vated by trypsin, and this in turn may indicate 
the growth potential of the fi sh (Cara et al. 
 2007 ). The higher the trypsin/chymotrypsin 
ratio, the higher the absorption rate of essen-
tial amino acids for protein synthesis and 
growth potential. 

 The morphoanatomical development and 
maturation of the intestine is characterized by 
a decrease in activity of the cytosolic enzyme 
activity of leucine - alanine peptidase, which is 
accompanied by an increase in activity of the 
brush border enzymes from the enterocytes. 
This maturation process is known to be nutri-
ent sensitive; consequently, disparity between 
diet composition and larvae digestive features 
may delay or prevent the genetically pro-
grammed sequence of intestinal development 
(Zambonino - Infante and Cahu  2001 ). In this 
sense, intestinal maturation is often assessed 
by the alkaline phosphatase/leucine - alanine 
peptidase or aminopeptidase/leucine - alanine 
peptidase ratios (Zambonino - Infante and 
Cahu  1994a ). These can be considered as 
nutritional condition indices for evaluating 
the switch from a primary or early to an adult 
mode of digestion. In any case, independent 
of the digestive enzyme activity considered, 
reference values for each species, develop-
mental stage, and nutritional condition need 
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 2003 ; Lall and Lewis - McCrea  2007 ). Recent 
studies have demonstrated that the degree of 
fi sh larval ossifi cation is infl uenced by diet 
(see Chapter  7 ) and is an adequate indicator 
of larval quality. The ossifi cation status has 
been shown to be correlated with osteocalcin 
gene expression (Mazurais et al.  2008 ; Darias 
et al.  2010a ). This gene is specifi cally local-
ized in bone and constitutes the most specifi c 
marker for bone mineralization (Lian and 
Stein  1995 ). Moreover, its expression level 
can be correlated with dietary levels of several 
nutrients, thus providing a suitable molecular 
marker for larval nutritional condition 
(Darias et al.  2010b ). 

 From nutritional studies using molecular 
approaches (Villeneuve et al.  2006 ; Mazurais 
et al.  2008, 2009 ; Darias et al.  2010b ), other 
genes emerge as suitable markers for larval 
quality. For instance, transient receptor 
potential cation channel, subfamily V, member 
6 (TRPV6) expression, which codes for the 
most important intestinal Ca 2 +   transporter, 
can be modulated by dietary vitamin D 3  
levels, consequently affecting intestinal matu-
ration and therefore larval development 
(Darias et al.  2010b ). Low levels of vitamin 
mix have been shown to induce skeletal mal-
formations correlated with the modulation of 
genes involved in osteoblast determination 
and differentiation such as bone morphoge-
netic protein 4 (BMP4), insulin growth 
factor 1 (IGF1), and peroxisome proliferator –
 activated receptor  γ  (PPAR γ ) (Mazurais et al. 
 2008 ). Similarly, inadequate dietary retinol 
levels alter morphogenesis through the modu-
lation of homeobox protein Hox - D9 (Hoxd9) 
and retinoic acid receptor  γ  (RAR γ ) gene 
expression, provoking a variety of skeletal 
deformities (Villeneuve et al.  2006 ; Mazurais 
et al.  2009 ). 

 Genomic research technologies such as 
microarrays appear to be useful tools not 
only for studying mechanisms to explain phe-
notypes but also for exploratory interest, 
which is useful in the search for markers. 
With the application of the recent advances 

pepsinogen gene expression reveals the attain-
ment of complete functionality of the gastric 
glands, hence constituting a suitable indicator 
of the transition from larval to juvenile stage 
(Segner et al.  1994 ; Darias et al.  2005 ). 
Besides, the nutritional condition of fi sh 
larvae could be refl ected in the gene expres-
sion patterns of some digestive enzymes 
during ontogenesis. The simplest example is 
provided by differences in the amount of tran-
scripts (i.e., amylase) found in starved larvae 
compared with fed ones as a result of trig-
gered physiological mechanisms necessary to 
adapt the energetic balance to the different 
nutritional status (Darias  2005 ; S á nchez -
 Amaya et al.  2009 ) . Furthermore, digestive 
enzyme gene expression can be modulated 
depending on diet composition, at least during 
late larval stages. For instance, dietary protein 
amount and nature modulates trypsin mRNA 
transcription and translation in European sea 
bass larvae (P é res et al.  1996 ). Wang et al. 
 (2006)  also found that dietary protein level 
signifi cantly affects trypsin mRNA level in 
yellow catfi sh ( Pelteobagrus fulvidraco ) 
larvae. Digestive enzyme gene expression can 
be modulated even during early larval devel-
opment. Geurden et al.  (2007)  reported 
higher levels of  α  - amylase, maltase, and glu-
cokinase gene expression during the yolk sac 
period of rainbow trout ( Oncorhynchus 
mykiss ) fed a hyperglucidic diet compared 
with a commercial diet. This indicates a very 
quick adaptation of this carnivorous species 
to the utilization of exogenous glucose and 
therefore could be suitable indicators of larval 
nutritional condition.  

   1.6.4    Indirect  m ethods for 
 a ssessing  n utritional  c ondition 

 The nutritional condition of a fi sh larva can 
also be indirectly determined. It is well known 
that nutrients can infl uence not only digestive 
system development, and hence survival and 
growth, but also skeletogenesis (Cahu et al. 
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in genomics research, studies of larval fi sh 
nutrition will advance rapidly, improving our 
capabilities to assess the nutritional status of 
fi sh larvae under different nutritional and 
rearing conditions. Such resources will con-
tribute to the ultimate goal of understanding 
digestive capabilities during ontogeny in fi sh 
larvae that can lead to successful weaning to 
microdiets.   
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  Chapter 2 

Lipids  
  Marisol     Izquierdo    and    William     Koven       

    2.1    Physiological  r ole of  e ssential 
 f atty  a cids ( EFA  s ) 

 In general, the main roles of fatty acids in fi sh 
larvae are consistent with those in juveniles 
and adults. Thus, they function as (1) a source 
of metabolic energy, (2) structural compo-
nents in the phospholipids (PLs) of cellular 
membranes, and (3) precursors of bioactive 
molecules (Sargent et al. 1999a; Tocher  2003 ). 
In particular, long - chain polyunsaturated 
fatty acids (LCPUFAs) such as docosahexae-
noic acid (DHA, 22:6n - 3), 1  eicosapentaenoic 
acid (EPA, 20:5n - 3), and arachidonic acid 
(ARA, 20:4n - 6) have important physiological 
functions that can be broadly divided into 
two groups: (1) as critical structural compo-
nents of the membrane PLs that facilitate key 
intramembrane reactions and processes, 
where DHA is particularly important; and (2) 
as precursors for eicosanoids, where ARA is 
generally recognized as one of the main sub-

strates. Eicosanoids are physiologically active 
substances; they are local hormones (auta-
coids) with autocrine and paracrine functions 
targeting cells in the area where they are 
formed and involved in the regulation of a 
wide array of cellular pathways and 
cascades. 

 Another 20 - carbon fatty acid, EPA is also 
a competitive precursor with ARA for eicos-
anoid synthesis, although its products are 
frequently considered less biologically active 
than ARA - derived eicosanoids (Tocher  2003 ). 
LCPUFAs can function in growing larvae as 
ligands, which are involved in gene transcrip-
tion and expression. EPA, DHA, and ARA 
compete for acylation and incorporation into 
the membrane PLs of most cells as well as 
substrates for enzyme systems (Bell et al. 
 1991a, 1991b ). Generally, DHA is preferen-
tially conserved during food deprivation 
(Koven et al.  1989 ) and is selectively assimi-
lated into neural tissues and brush border 
membranes, but it has been reported that EPA 
outcompetes DHA for the sn - 2 position in the 
phosphoglycerides of marine fi sh larvae 
(Izquierdo et al.  2000 ; Villalta et al.  2008 ). 

  1      n - 3 (n - 6, n - 9, etc.): Fatty acids with the fi rst double 
bond at the 3rd (6th, 9th, etc.) terminal carbon atom. 
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   2.1.2    Sensorial and  n eural  t issue 
 d evelopment and  b ehavior 

 PE is the largest PL class in neural tissue, 
particularly in the brain where DHA is selec-
tively assimilated (Mourente and Tocher 
 1992 ), and this fact, coupled with the dispro-
portionately large brain and eyes of develop-
ing larvae, suggests that DHA ’ s role in growth 
may also be related to its physiological func-
tion in the membranes of main neural tissues. 
Larval eyes are particularly rich in DHA (Bell 
et al.  1995 ; Ben í tez - Santana et al.  2007 ) 
where di - 22:6n - 3 phosphoglycerides in the 
PE fi sh retina can be in excess of 70% (Bell 
et al.  1995 ), and this hints broadly at the role 
of DHA in vision. A number of authors have 
reported that increased dietary DHA or n - 3 
highly unsaturated fatty acid (HUFA) improve 
feeding behavior in herring larvae (Bell et al. 
 1995 ) and prey consumption in gilthead sea 
bream (Koven et al., unpublished data) when 
fed under low light intensity, whereas feeding 
DHA - defi cient diets reduces visual capacity in 
yellowtail ( Seriola quinqueradiata ) (Masuda 
et al.  1999 ) and gilthead sea bream (Ben í tez -
 Santana et al.  2007 ). The substantial amount 
of di - 22:6n - 3 in the eye is predominantly 
found in the rod membranes of the retina. 
Although larvae at hatching generally have 
all - cone eyes (Blaxter and Jones  1967 ; Powers 
and Raymond  1990 ), the development and 
species - specifi c rate of appearance of rod cells 
is likely associated with progressively feeding 
in deeper water, which means hunting in the 
monochromatic conditions of lower light 
intensities. In fact, Shields et al.  (1999)  found 
that feeding DHA - rich copepods to halibut 
larvae resulted in signifi cantly increased 
retinal rod/cone ratios compared with larvae 
fed  Artemia  nauplii containing less EFA — the 
industrial standard in commercial hatcheries. 
Moreover, a signifi cant correlation between 
dietary n - 3 HUFA and eye diameter, regard-
less of larval growth, together with a high 
density of photoreceptors has been found in 
gilthead sea bream (Roo et al.  1999 ; Izquierdo 

Therefore, the overall impact of EFA on fi sh 
larvae physiology is directly related to the 
level and ratio of these compounds in the 
tissue PLs. This means that the ratio of EPA, 
DHA, and ARA in the diet largely determines 
the effi cacy of many physiological processes 
during the rapid growth and dramatic devel-
opment characterizing fi sh larval culture. 

   2.1.1    Regulation of 
 m embrane  fl  uidity 

 A number of authors have shown that DHA 
promotes growth more effectively than EPA 
and ARA in marine fi sh larvae (Watanabe 
et al.  1989 ; Takeuchi et al.  1990 ; Toyota et al. 
 1991 ; Koven et al.  1993 ; Watanabe  1993 ; Wu 
et al.  2002 ). The contribution of DHA to 
weight gain lies in its structural function in 
the PL bilayer of the cellular membrane and 
its infl uence on membrane fl uidity. There is 
an inverse relationship between the increasing 
number of double bonds in polyunsaturated 
fatty acids (PUFAs) and its decreasing gel –
 liquid transition temperature, or when the 
membrane transits from an ordered state to 
one that is more destabilized and fl uid. 
Although increasing the carbon number in a 
fatty acid chain increases transition tempera-
ture, the six double bonds of the 22 - carbon 
DHA results in the most potent LCPUFA 
resisting membrane packing and contributing 
to its fl uidity. As membrane fl uidity is thought 
to facilitate membrane - dependent functions 
such as receptor – ligand interaction, mem-
brane transport, and membrane - bound ade-
nylate cyclase activity (Hashimoto et al. 
 1999 ), having high DHA moiety in the tissue 
PLs would provide the correct milieu for these 
reactions to occur. However, concentration 
levels of DHA as well as other EFAs can vary 
among tissue phosphoglycerides or PLs. For 
example, larval DHA is highly represented in 
the PL phosphatidylethanolamine (PE) and 
correlates well with growth in larval gilthead 
sea bream ( Sparus aurata ) (Koven et al.  1993 ).  
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not only on the level of unsaturation of its 
constituent PUFA but also on the level of 
cholesterol as well as on the cholesterol/PL 
ratio (Shinitzky and Henkart  1978 ). 
Nevertheless, it has been argued that enhanced 
membrane fl uidity at colder temperatures in 
fi sh is a consequence of an increase in molecu-
lar species that include a monounsaturated 
fatty acid (MUFA), such as 18:1n - 9, in posi-
tion sn - 1 being paired with DHA in sn - 2 
(Farkas et al.  2000 ; Jobling and Bendiksen 
 2003 ). Introducing a single double bond into 
a saturated fatty acid (SFA) markedly changes 
the character of membrane PLs (Hazel and 
Williams  1990 ; Farkas et al.  2001 ; Hochachka 
and Somero  2002 ). Moreover, the contribu-
tion of membrane DHA to facilitate confor-
mational changes in rhodopsin may be due 
not only to membrane fl uidity but also to 
direct DHA – rhodopsin interactions taking 
place at specifi c regions of the protein that 
interfere with membrane packing as well as 
contributing to photocycle kinetics (Farrens 
et al.  1996 ; Hubbell et al.  2003 ; Grosfi eld 
et al.  2006 ). In contrast, cholesterol and SFA 
chains are frequently tightly packed against 
rhodopsin (Stillwell and Wassall  2003 ), 
thereby reducing membrane fl uidity and 
molecular conformational change.  

   2.1.3    Eicosanoid  s ynthesis 

 The roles of eicosanoids in fi sh are quite 
diverse and include modulation of reproduc-
tion, hormone release, cardiovascular and 
neural function, osmoregulation (Mustafa 
and Srivastava  1989 ), and immune function 
(Kinsella et al.  1990 ). One of the main eicos-
anoid groups, the prostaglandins (PGs), regu-
late ion and electrolyte balance in the kidney 
(Brown and Bucknall  1986 ; Bell et al.  1993 ) 
and ion transport in the gills and 
opercular epithelium (Van Praag et al.  1987 ). 
ARA is thought to be the preferred precursor 
for cyclooxygenase (COX) - derived PGs, 
although EPA and dihomogammalinolenic 

 2005 ). Nevertheless, other LCPUFAs may 
also play essential roles in neural tissues. For 
instance, EPA presence in the live prey 
enhances development of the brain (Furuita 
et al.  1998 ), whereas ARA functions as a 
retrograde signal to regulate the dynamic 
growth of retinal arbors. 

 Rhodopsin is the photopigment responsi-
ble for vision under low light intensities and 
is found in high concentrations in the rod 
membranes of fi sh larvae as well as other 
vertebrates. It consists of the protein opsin 
and a derivative of vitamin A, retinal. When 
rhodopsin absorbs a photon of light, 11 -  cis  -
 retinal isomerizes to its  trans  form, which 
initiates a cascade of intramembrane events. 
These begin with the activation of the G 
protein transducin, which in turn activates 
phosphodiesterase, an enzyme that converts 
the nucleotide cyclic guanosine 3 ′  - 5 ′  mono-
phosphate (cGMP) to 5 ′ GMP. Under dark 
conditions, cGMP is a Na  +   - gated channel 
protein, allowing an inward fl ow of Na  +   and 
depolarization of the rod cell. Once photoin-
duction begins, the resulting lower levels of 
cGMP close the gated ion channel, which 
subsequently blocks the infl ux of Na  +   into the 
cell. This leads to the hyperpolarization of the 
neural membrane, which ultimately causes 
the propagation of a signal down the central 
nervous system. It is generally argued that the 
DHA - modulated fl uidity of the rod cell mem-
branes facilitates the conformational change 
in rhodopsin when it is light stimulated, and 
therefore the processing of the visual stimulus 
(Brown  1994 ). Taken altogether, the correla-
tion of DHA as a growth promoter during 
rapid larval development is due to, or at least 
heavily infl uenced by, its incorporation into 
the retinal PL of the rod membranes. This 
increases larval visual acuity, which improves 
hunting success and ultimately increases 
biomass. 

 On the other hand, the description of 
DHA ’ s functionality in terms of its contribu-
tion to membrane fl uidity may be somewhat 
oversimplifi ed. Membrane fl uidity depends 
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Copeman et al.  2002 ; Willey et al.  2003 ; 
Bransden et al.  2005 ; Lund et al.  2008 ; 
Villalta et al.  2008 ). Elevated ARA fed during 
a crucial pre -  (Seikai et al.  1987 ; Copeman 
et al.  2002 ) or early metamorphic  “ pigmenta-
tion window ”  (N æ ss and Lie  1998 ) produces 
malpigmentation. Conversely, dietary ARA 
fed during metamorphosis (35 days posthatch 
[dph]) and after the  “ window ”  improved pig-
mentation compared with fi sh feeding on high 
DHA rotifers and  Artemia  (Est é vez et al. 
 2001 ). Lund et al.  (2008)  reported that sole 
larvae consuming high - ARA diets from 
3 – 21   dph were almost all malpigmented, 
whereas fi sh fed the same diets from 11   dph 
exhibited moderate but signifi cantly lower 
levels of hypomelanosis. However, other 
LCPUFAs seem to be also involved in the 
correct pigmentation of fl atfi sh. For example, 
dietary EPA/ARA ratios of less than 4 fed 
during the  “ pigmentation window ”  hindered 
juvenile dorsal pigmentation in turbot, 
halibut, and Japanese fl ounder (McEvoy et al. 
 1998 ; Est é vez et al.  1999, 2001 ). In addition, 
DHA has been associated with typical pig-
mentation in halibut (Hamre and Harboe 
 2008 ). Overall, an optimum DHA/EPA/ARA 
ratio seems to be necessary in early develop-
ing fl atfi sh larvae in order to achieve normal 
metamorphosis and dorsal skin pigmentation 
(Sargent et al.  1999a ). Thus, both absolute 
and relative dietary LCPUFA levels fed during 
specifi c periods of development appear to 
determine the success of pigmentation pro-
cesses in fl atfi sh. 

 However, the physiology underlying the 
developmental stage - dependent effect of 
LCPUFA on pigmentation could be closely 
related to PG production. ARA - derived pros-
tanoids play an important role in melanocyte 
development and melanin production in 
mammals (Scott et al.  2005 ) and may modify 
the production of tyrosinase, a key enzyme 
involved in the  l  - tyrosine - to - melanin pathway 
(Bransden et al.  2005 ). Moreover, free ARA 
and/or leukotrienes and thromboxanes can 
modulate changes to pigmentation in mam-

acid (DHGLA, 20:3n - 6) can modulate the 
biological effi cacy of ARA - derived eicos-
anoids (Horrobin  1983 ; Bell et al.  1994 ; 
Ganga et al.  2005 ). Indeed, EPA can be an 
important source of eicosanoids in marine 
fi sh, particularly in an environment where 
ARA is not very abundant. For instance, 
PGE3 has been found to be the major PG 
produced in plasma of cultured gilthead sea 
bream (Ganga et al.  2005 ). Eicosanoids 
derived from EPA such as the leukotriene 
LTB5, which is involved in chemotaxis and 
have antibactericidal activity in neutrophils, 
can be present in haddock and halibut leuko-
cytes in higher amounts than leukotrienes 
derived from ARA such as LTB4 (Izquierdo 
et al., unpublished data). However, in fi sh 
leukocytes, the affi nity for ARA or EPA and 
sensitivity to dietary fatty acids depends on 
the type of lipoxygenase (LOX) considered. 
For instance, whereas 5 - LOX (involved in 
chemotaxis in eosinophils and neutrophils) in 
both haddock and halibut frequently produce 
slightly higher levels of EPA derivatives, 15 -
 LOX has a somewhat increased affi nity for 
ARA over EPA, whereas 12 - LOX has a strong 
affi nity for ARA (Izquierdo et al., in prepara-
tion). These studies point out the importance 
of EPA as a precursor of eicosanoids in marine 
fi sh, at least for the correct functioning of 
blood cells, and it agrees well with the pre-
dominant role of this fatty acid in immune 
regulation in these species. In addition, the 
high content of DHA in cellular membranes 
may affect eicosanoid production (Nablone 
et al.  1990 ). This fatty acid is also recognized 
as a precursor of certain biologically active 
trioxylated derivatives (German et al.  1983 ; 
Hong et al.  2005 ).  

   2.1.4    Flatfi sh  p igmentation 

 Dietary ARA fed during larval rearing has 
been shown to have a profound effect on 
juvenile pigmentation in fl atfi sh (Est é vez et al. 
 1997, 1999, 2001 ; McEvoy et al.  1998 ; 
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papers is that they have been exclusively 
based on the dynamics of whole - body corti-
sol, a central hormone in stress regulation in 
teleosts. 

 Early studies on the value of LCPUFAs for 
fi sh larvae indicate the importance of these 
fatty acids for resistance to handling, tem-
perature, salinity, or other types of acute 
stressors (Watanabe et al.  1984 ; Izquierdo 
et al.  1989 ; Liu et al.  2002 ). More recently, it 
has been shown that EPA, ARA, and DHA, 
through their COX and LOX derivatives, 
regulate cortisol production by modulating 
ACTH - stimulated interrenal cells in sea 
bream  (Ganga et al., in press) . 

 EPA markedly affects ACTH - induced cor-
tisol production in sea bream interrenal cells 
(Ganga et al.  2006 ) in a dose - dependent 
manner, as well as fi sh stress resistance. 
Although elevation of dietary EPA increased 
red sea bream stress resistance to handling 
(Watanabe et al.  1989 ) and gilthead sea 
bream resistance to air exposure and tem-
perature shock (Liu et al.  2002 ), excessive 
EPA, particularly in relation to ARA and 
DHA levels, reduced stress resistance to air 
exposure in Japanese fl ounder (Furuita et al. 
 1998 ). However, stress resistance after salin-
ity shock was not improved by increasing 
dietary EPA in gilthead sea bream (Liu et al. 
 2002 ) or Japanese fl ounder (Furuita et al. 
 1999 ). This denotes a minor role of EPA in 
osmoregulation, or that this fatty acid was 
not mobilized in time to be effective. On the 
other hand, a higher content of ARA and 
lower EPA/DHA ratio were found in gills of 
the gilthead sea bream, the main osmoregula-
tory tissue for fi sh  (Ganga et al., in press) . 
ARA is a major component of phosphati-
dylinositol (PI) and,  in vitro , was shown to 
be the preferred substrate for most COXs, the 
main enzymes for PG synthesis (Bell et al. 
 1995 ). On the other hand, EPA could also be 
an important substrate in marine fi sh  in vivo  
(Ganga et al.  2005 ). 

 ARA has received increasing attention 
from several authors investigating its effect on 

malian cells (Tomita et al.  1992 ; Maeda and 
Naganuma  1997 ; Norris et al.  1998 ). Est é vez 
et al.  (1999)  suggested that an imbalance in 
neural membrane composition and ARA -
 derived eicosanoids in the brain or pituitary 
during critical developmental periods prior to 
fl atfi sh metamorphosis might have affected 
the neuroendocrine control of processes 
involved in pigmentation. However, these 
authors found no relationship between dietary 
ARA and levels of adenocorticotropin 
hormone (ACTH) or melanocyte - stimulating 
hormone (MSH) in the pituitary (Est é vez 
et al.  2001 ). Hamre et al.  (2007)  hypothesized 
that high ARA incorporation in specifi c 
tissues during premetamorphosis may have 
lowered membrane concentrations of other 
LCPUFAs, which ligand with peroxisome 
proliferator – activated receptors (PPARs) and 
then dimerize with retinoic acid X receptors 
(RXRs). These dimers bind to DNA and mod-
ulate expression of genes involved in pigment 
cell development and differentiation during 
critical periods of larval development. Lower 
levels of these dimers would reduce the 
expression of key genes and consequently 
interfere with normal pigmentation.  

   2.1.5    Stress  m odulation 

 Fish kept under common production condi-
tions are very sensitive to stressors, particu-
larly during larval development and early fry 
stages, which can markedly contribute to the 
low survival rates found in commercial hatch-
eries. Unfortunately, studies on welfare and 
stress resistance in fi sh larvae have been 
limited in number and inconclusive due to the 
lack of appropriate and reliable indicators of 
larval welfare, which have primarily been 
restricted to the consequences of selected 
stressors on survival and growth. In marine 
fi sh, the few studies on the ontogeny of the 
stress response include gilthead sea bream 
(Szisch et al.  2005 ) and cod (King and 
Berlinsky  2006 ). A common thread in these 
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 stimulated interrenal cells (Ganga et al.  2006 ) 
and, as shown in mammalian studies (Abou -
 Samra et al.  1986 ; Zacharieva et al.  1992 ; 
Nasushita et al.  1997 ), could also affect 
the hypothalamic corticotrophin - releasing 
hormone (CRH) and/or pituitary ACTH 
release, consequently changing the stress 
response (Nye et al.  1997 ; Bugajski et al. 
 2001 ; Di Luigi et al.  2001 ; Gadek - Michalska 
et al.  2002 ). Feeding gilthead sea bream with 
acetylsalicylic acid (ASA), an irreversible 
blocker of the COX pathway, partly reduced 
the peak cortisol response in acutely stressed 
fi sh fed low levels of ARA (Van Anholt et al. 
 2004c ), suggesting that PGs are not the only 
metabolites mediating the ARA effect on cor-
tisol production. Moreover, in high - ARA - fed 
fi sh, dietary ASA slightly increased the corti-
sol response, although at lower levels than 
fi sh fed with low - ARA diets. In agreement, 
Ganga et al.  (2006)  found that indometacin, 
another specifi c COX inhibitor, markedly 
reduces the cortisol release in ACTH - induced 
sea bream interrenal cells incubated with EPA 
and ARA. However, the regulation of cortisol 
by these fatty acids has also been found to be 
mediated by other eicosanoids derived from 
LOXs since the incubation with nordihy-
droguaiaretic acid, a potent LOX inhibitor, 
markedly reduces cortisol release  (Ganga 
et al., in press) . 

 The regulation of the stress response by 
fatty acids likely occurs at different levels of 
the HPI axis. Upon stimulation of the HPI 
axis, ACTH binds to membrane receptors on 
the interrenal cells of the head kidney, which 
activates the steroidogenic pathway leading 
to the release of cortisol (Wendelaar Bonga 
 1997 ; Mommsen et al.  1999 ; Hontela  2005 ). 
In European sea bass larvae, dietary ARA has 
been found to increase the expression of GRs 
 (Negr í n et al., submitted) . Cortisol in inter-
renal cell mitochondria is regulated by the 
protein kinases (PKs) A and C, where acti-
vated PKA enhances cortisol synthesis while 
PKC inhibits steroidogenesis (Planas et al. 
 1997 ; Lacroix and Hontela  2001 ). PKA is 

whole - body cortisol or the response to various 
stressors (Koven et al.  2001a, 2003 ; Bransden 
et al.  2004 ; Van Anholt et al.  2004a, 2004b ). 
Nevertheless, whole - body cortisol levels are 
not necessarily indicative of a stress response 
but may serve other physiological functions 
during specifi c developmental periods (resid-
ual cortisol in the egg, metamorphosis, devel-
opment of melanophores, etc.) 

 The expression of certain genes involved 
with hormonal axes could be a useful tool to 
determine the welfare status of larvae. Steroid 
activity is primarily mediated through nuclear 
receptors and different enzymes involved in 
steroid synthesis. Recently, it has been found 
that dietary ARA increases expression of glu-
cocorticoid receptors (GRs) and heat - shock 
protein 70 (HSP70) in European sea bass 
larvae, giving further evidence of the impor-
tant role of this fatty acid in modulation of 
the stress response  (Negr í n et al., submitted) . 
Feeding ARA prior to tank transfer or han-
dling stress markedly improves survival in 
gilthead sea bream larvae (Koven et al.  2001a, 
2003 ). Van Anholt et al.  (2004a)  found that 
increased ARA contents in  Artemia  markedly 
reduced poststress cortisol responses in 28 -  
and 50 - dph gilthead sea bream exposed to air 
for 90 seconds. Paradoxically, Koven et al. 
 (2003)  had found that an ARA dose -
 dependent increase in basal cortisol was cor-
related with reduced survival and growth in 
larvae exposed to daily salinity change. High 
basal cortisol can suppress the immune system 
(Barton and Iwama  1991 ; Wendelaar Bonga 
 1997 ), which may have increased mortality in 
the high - ARA fi sh. Van Anholt et al.  (2004a)  
proposed that ARA supplementation had a 
differential effect on the synthesis of cortisol 
depending on the nature of the stressor. 

 The modulation of the hypothalamus –
 pituitary – interrenal (HPI) axis by ARA fol-
lowing exposure to a stressor has been 
generally attributed to an increased produc-
tion of two - series PGs (Gupta et al.  1985 ; 
Harel et al.  2001 ; Van Anholt et al.  2003 ). 
PGs modulate the release of cortisol in ACTH -
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HPI axis and/or the release of ARA and for-
mation of its eicosanoid derivatives might 
also impact on regulating cortisol synthesis.  

   2.1.6    Gene  r egulation 

 In lipid homeostasis, a wide variety of genes 
control the balance between lipid uptake, 
storage, synthesis, and catabolism. LCPUFAs, 
in addition to their other physiological and 
nutritional roles, are able to modulate the 
transcription of genes involved in their metab-
olism in order to maintain lipid homeostasis. 
PUFA -  or ARA - derived eicosanoids can 
directly activate nuclear transcriptional 
factors, such as the nuclear hormone recep-
tors PPARs, which then form heterodimers 
with RXRs (Ross et al.  2000 ) and bind to 
DNA at sequence specifi c sites called peroxi-
somal proliferator response elements (PPREs). 
In mammals, Atlantic salmon, and plaice, 
there are three types of PPARs: PPAR α , 
PPAR β , and PPAR γ . Each of these receptors 
binds to a distinct but overlapping range of 
LCPUFA and has clear tissue distributions. 
PPAR α  is involved in the control of fatty acid 
transport and uptake by regulating the genes 
encoding for the fatty acid transport protein, 
fatty acid translocase, and the liver cytosolic 
fatty acid – binding protein (Motojima et al. 
 1998 ). In contrast, PPAR γ  is dominant in 
adipose tissue and regulates for adipocyte 
phenotype, a fatty acid – binding protein, and 
the glyceroneogenic enzyme phosphoenol-
pyruvate carboxykinase (Tontonoz et al. 
 1995 ). Shi et al.  (2002)  showed that PPAR β  
might compete with PPAR α  and PPAR γ  for 
binding at gene regulatory elements and then 
recruit proteins to depress their transcrip-
tional activity. Taken altogether, in fi sh and 
mammals, PPARs appear to have critical roles 
in regulating genes involved in lipid homeo-
stasis by acting as PUFA sensors and/or signal 
transducers. 

 Heterodimers formed from PUFA - activated 
PPARs and retinoids can also regulate genes 

activated by an increase of intracellular cyclic 
adenosine 3 ′  - 5 ′  monophosphate (cAMP), a 
second messenger, triggered by the binding of 
ACTH to membrane receptors. PKA then 
phosphorylates steroidogenic acute regula-
tory protein (StAR), which mediates the deliv-
ery of cholesterol, the substrate of cortisol 
synthesis. In fact, the transport of cholesterol 
from intracellular sites of storage to the inner 
mitochondrial membrane is the key rate -
 limiting step in steroid synthesis. The binding 
of ACTH also activates specifi c phospholi-
pases (such as phospholipase A2 [PLA2]), 
which releases ARA as well as EPA from the 
membranes for eicosanoid synthesis. 

 PGs have been shown to enhance cAMP 
levels by affecting the G proteins that stimu-
late adenylate cyclase activity (Naor  1991 ; 
Cooke  1999 ) and thereby upregulate cortisol 
synthesis. Conversely, PKC is activated by 
increased levels of Ca 2 +  , which in turn are 
mediated by the second messengers ’  diacyl-
glycerols (DAGs) and inositol triphosphate 
(IP3). These messengers are released by 
ACTH - induced activation of phospholipase 
C (PLC). Free ARA, acting as a fi rst messen-
ger, can stimulate PLC activity (Axelrod et al. 
 1988 ), while ARA and its eicosanoid deriva-
tives are able to elevate cytosolic Ca 2 +   inde-
pendently of IP3 formation. In addition, 
McPhail et al.  (1984)  found that low levels of 
free ARA enhanced the affi nity of PKC for 
Ca 2 +  . All of these effects of ARA and its 
metabolites could ultimately downregulate 
cortisol synthesis. 

 Interestingly, high concentrations of free 
intracellular ARA, which may have been the 
case in chronically stressed sea bream fed a 
high - ARA diet, can have a reverse effect and 
inhibit PKC activity and therefore upregulate 
cortisol synthesis. Therefore, ARA in its free 
form as well as its various eicosanoid deriva-
tives either up -  or downregulates steroidogen-
esis plasma cortisol levels, probably depending 
on the activity of the different ARA metabo-
lites on PKA and PKC. The type of stress 
(acute or chronic) and how it stimulates the 
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2006b ) and larvae (Liu et al.  2002 ). 
Chylomicrons inhibit lymphocyte and 
monocyte functions through incorporat-
ing apolipoproteins B and E.  

  5.     By activating nuclear transcription 
factors, which regulate a variety of ana-
bolic and catabolic functions such as cell 
monocyte differentiation.    

 Thus, increased dietary n - 3 LCPUFAs have 
been shown to enhance the immune system in 
fi sh (Montero et al.  1998 ; Lall  2000 ; Waagb ø  
et al.  2003 ; Montero and Izquierdo  2010 ), 
enhancing head kidney macrophages (Sheldon 
and Blazer  1991 ) and alternative complement 
pathway activities (Montero et al.  1998 ) or 
increasing antibody production (Kiron et al. 
 1995 ). However, the effect of fatty acids on 
the immune system depends on the EFA 
requirements of each species and also on the 
levels of other nutrients associated with lipid 
metabolism, particularly antioxidants, as well 
as temperature or other stressors. 

 The effect of EFA on the larval immune 
system has scarcely been studied. At hatching, 
the fi sh immune system is very immature, and 
fully developed lymphoid organs will not 
appear until after metamorphosis (Zapata 
et al.  2006 ). Information regarding the 
immune system and the innate defense mech-
anisms during larval and juvenile fi sh devel-
opment is not complete for cultured marine 
species, but the role that dietary EFA plays in 
immune defense during this period of the life 
cycle may shed some light on the marked 
effect of these fatty acids on larval survival.   

   2.2    Requirements  f or  EFA  s  

   2.2.1     LCPUFA   r equirements 

 The LCPUFAs — DHA, EPA, and ARA — play 
very important physiological roles in fi sh 
larvae, although fi sh, as all vertebrates, are 
incapable of their  de novo  synthesis (Sargent 
et al.  2002 ). Freshwater fi sh seem to possess 

for morphogenesis (Kliewer et al.  1997 ; 
Balmer and Blomhoff  2002 ). Villeneuve et al. 
 (2005) , studying the effect of PUFA in neutral 
and polar lipid classes on European sea bass 
larvae, concluded that high levels of EPA and 
DHA downregulate RXR and retinoic acid 
receptor (RAR) nuclear receptors, which 
adversely affected gene expression and ulti-
mately induced severe skeletal malformations.  

   2.1.7    Immune  s ystem  r egulation 

 In general, the amount and type of dietary 
LCPUFA may affect the immune system by 
several mechanisms:

   1.     Altering an immune cell ’ s fatty acid com-
position and hence membrane fl uidity, 
which in turn interferes with intercellular 
interaction, receptor expression, nutrient 
transport, and signal transduction.  

  2.     The eicosanoid type and concentration, 
since both ARA and EPA produce certain 
eicosanoids that can either stimulate or 
inhibit immune cells in a dose - dependent 
manner. Those derived from EPA are gen-
erally less potent mediators of infl amma-
tion, although PGI3 (derived from EPA) 
is equipotent to PGI2 (derived from 
ARA).  

  3.     Through increase of oxidative stress. 
Increasing PUFA intake can increase oxi-
dative stress if not compensated by anti-
oxidant nutrients, which in turn can 
affect several genes involved in the 
infl ammatory response, including those 
encoding for tumor necrosis factor 
(TNF) -  α  or interleukins (ILs) IL - 1a, 
IL - 1b, IL - 6.  

  4.     By modulation of synthesis of lipopro-
teins that in turn affect immune cell activ-
ity. An increase in n - 3 LCPUFA and PLs 
has been found to promote very low -
 density lipoprotein (VLDL) synthesis in 
opposition to chylomicrons in marine 
fi sh juveniles (Caballero et al.  2002, 



Lipids 55

problem is further exacerbated by the inabil-
ity to accurately control, in tandem with EFA 
enrichment, other nutrients such as carot-
enoids, vitamins, and antioxidants, whose 
levels may modulate EFA requirements. In 
addition, EFA requirements can vary through-
out the series of profound morphological and 
physiological changes that occur from fi rst 
feeding through metamorphosis. Therefore, 
determination of larval nutritional require-
ments is one of the most complicated aspects 
of fi sh nutrition. Nutritional reserves in fi sh 
larvae are very limited at fi rst feeding, and 
hence their survival dramatically depends on 
exogenous high - quality feeds that contain all 
the necessary nutrients to match their 
requirements. 

 N - 3 LCPUFA requirements during larval 
development of several fi sh species vary, from 
very low values in common sole ( Solea solea ) 
(Lund et al.  2007 ) and carp ( Cyprinus carpio ) 
(0.05% n - 3 LCPUFA dry weight [DW] dietary 
content) (Radunz - Neto et al.  1993 ) to 3.9% 
in the fast - growing larvae of  Seriola quin-
queradiata  (Izquierdo, unpublished data) and 
4% in  Dentex dentex  (Mourente et al.  1999 ) 
(Table  2.1 ). On average, the requirements for 
n - 3 LCPUFAs in larvae of marine fi sh are 
about 3% DW diet or prey, tending to be 
lower in freshwater or fl atfi sh larvae and 
higher in fast - growing species such as yellow-
tails and jacks. Nevertheless, the precise 
determination of the requirements may be 
affected by several factors. For instance, 
during larval development, several authors 
have shown a requirement of EFA for gilthead 
sea bream that is very close to 1.5% n - 3 
HUFA DW diet when larvae were fed either 
live prey (Rodr í guez et al.  1998 ) or microdiets 
(Salhi et al.  1999 ), independent of dietary 
lipid levels (Salhi et al.  1994 ). However, much 
higher requirements are estimated in the lit-
erature for EPA, which can reach two to three 
times higher than those of DHA (Rodr í guez 
et al.  1994, 1997 . This is due to the very high 
incorporation of EPA into and the displace-
ment of DHA from certain polar lipids 

suffi cient  Δ 6 -  and  Δ 5 - desaturase and elongase 
capability to produce ARA, EPA, and DHA 
from their shorter - chain precursors linoleic 
acid (LA; 18:2n - 6) and linolenic acid (LNA; 
18:3n - 3) if they are present in the diet (Yu 
and Sinnhuber  1975 ). In contrast, marine 
species have very limited elongase and desatu-
rase capability, requiring the ingestion of fully 
formed EFA for good growth and survival 
(Watanabe  1982 ; Sargent et al.  1989 ; 
Izquierdo  1996 ). The  Δ 6 - desaturase - like 
genes isolated from zebrafi sh ( Danio rerio ) 
(Hastings et al.  2001 ) have been also found 
in marine fi sh species such as gilthead sea 
bream (Seiliez et al.  2003 ), although its 
expression is largely inhibited. Nevertheless, 
it has been shown that dietary lipids are able 
to regulate  Δ 6 - desaturase expression in larvae 
of gilthead sea bream (Izquierdo et al.  2008 ), 
although the ability to synthesize DHA was 
insuffi cient to satisfy its requirement. 
Consequently, these LCPUFAs are considered 
essential (EFA) for both freshwater and, in 
particular, marine teleosts. 

 Therefore, suboptimal levels of these EFA 
in larval feeds may give rise to several behav-
ioral and morphological alterations such as 
reduced feeding and swimming activity, poor 
growth and increasing mortality (particularly 
in the young stages), fatty livers, hydrops, 
defi cient swim bladder infl ation, abnormal 
pigmentation, disintegration of gill epithelia, 
immune defi ciency, elevated basal cortisol 
levels, and skeleton deformities (Izquierdo 
 1996, 2005 ). 

 Studies on the specifi c dietary fatty acid 
requirements for fi sh larvae are diffi cult to 
conduct since larvae, in general, are less effi -
cient at ingesting, digesting, and absorbing 
formulated diets from fi rst feeding compared 
with live food. Although a degree of success-
ful manipulation of EFA content is possible 
in live feed ( Brachionus  spp. and  Artemia  
spp.) and is routinely carried out, it is far 
from precise. Moreover, the literature is 
inconsistent and at best can only estimate 
qualitative EFA requirements. In fact, the 
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  Table 2.1    Best dietary essential fatty acid contents assayed during larval feeding of several fi sh species (%  DW  in rotifers, 
 Artemia , or microdiets). 

   Species     ARA     EPA     DHA     HUFA     Reference  

   Pagrus major                 3.5    Izquierdo et al.  (1989) ; 
Watanabe et al. ( 1989 )  

   Longirostris delicatissimus                  > 3    Izquierdo et al.  (1989)   

   Paralichthys olivaceus                 1.8    Izquierdo et al.  (1992)   

   Cyprinus carpio                 0.05    Radunz - Neto et al. ( 1993 )  

   Psetta maxima         0.7    0.8    1.5    Reitan et al. ( 1994 )  

   Gadus morhua     0.5                Zheng et al. ( 1996 )  

   Sparus aurata         0.7    0.8    1.5    Rodr í guez et al. ( 1997, 
1998 ); Salhi et al. ( 1999 )  

  0.5 – 1                Bessonart et al. ( 1999 )  

  0.6                Fountoulaki et al.  (2003)   

   Sciaenops ocellatus                 1.5 – 6    Brinkmeyer and Holt ( 1998 )  

   Acanthochromys poliacanthus         1    0.5        Southgate and Kavanagh 
( 1999 )  

   Dentex dentex         1.6    2.4    4    Mourente et al. ( 1999 )  

   Pagrus pagrus             1.5    3.4    Hern á ndez - Cruz et al. ( 1999 )  

   Centropomus parallelus         1.3     > 0.6        Seiffert et al.  (2001)   

   Limanda ferruginea      < 1.3        About 2.5        Copeman et al. ( 2002 )  

   Latris lineata                     Bransden et al. ( 2003 )  

   Paralichthys dentatus     0.1                Willey et al. ( 2003 )  

   Dicentrarchus labrax                 2.3    Gisbert et al.  (2005)   

  1.2                Atalah et al.  (2010a)   

   Poecilia reticulata     2.5                Khozin - Goldberg et al. ( 2006 )  

   Solea solea             Low    Low    Lund et al. ( 2007 )  

   Hippoglossus hippoglossus             2.5        Hamre and Harboe ( 2008 )  

   Thunus orientalis                 2.1    Seoka et al.  (2007)   
   Oplegniatus fasciatus                 3    Izquierdo (unpublished data)  
   Seriola quinqueradiata                  > 3.9    Izquierdo (unpublished data)  

(Izquierdo et al.  2000 ). However, provided 
other nutrients such as antioxidants are bal-
anced, the increase of dietary n - 3 HUFA up 
to 8% DW diet while keeping a DHA/EPA 
ratio of 1.7 further improves larval growth 
and survival (Liu et al.  2002 ). Therefore, the 
high n - 3 HUFA requirements estimated for 
species such as red porgy (3.39% at 1.35 
DHA/EPA; Hern á ndez - Cruz et al.  1999 ) or 
 Dentex dentex  (Mourente et al.  1999 ) could 
be related to other nutrient imbalances. For 
instance, in the  Dentex dentex  study, the high 

EPA content in  Artemia  may have caused an 
overestimation of the requirements as was 
demonstrated in gilthead sea bream (Rodr í guez 
et al.  1997 ).   

 Since environmental factors such as tem-
perature (Farkas et al.  1980 ; Olsen et al. 
 1999 ), salinity (Borlongan and Ben í tez  1992 ), 
and light (Ota and Yamada  1971 ) affect lipid 
composition of fi sh tissue, EFA requirements 
could also be affected by these abiotic condi-
tions. Reductions in water temperature have 
been associated with an increase in PUFA 
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been related to its important role in stress 
control (Watanabe  1993 ; Izquierdo  2005 ; 
Ganga et al.  2006 ), immune system develop-
ment (Montero et al.  2003 ), and improve-
ment of health and bacterial resistance in fi sh 
larvae (Bransden et al.  2003 ). However, apart 
from DHA ’ s contribution to improved sur-
vival and stress resistance during early larval 
development, DHA, more than other EFAs, 
appears to be the most effective larval growth 
promoter (Watanabe et al.  1989 ; Watanabe 
and Kiron  1994 ) and necessary for normal 
behavior (Masuda et al.  1999 ). Indeed, DHA 
incorporation into larval tissues affects inter-
cellular interaction, receptor expression, 
nutrient transport, and signal transduction, 
all of which affect cell growth. DHA is specifi -
cally retained in starved or low - EFA - fed fi sh 
(Izquierdo et al.  1989 ; Izquierdo  1996 ) due 
to its lower  β  - oxidation rate in comparison 
with other LCPUFAs (Madsen et al.  1999 ). 
Being one of the most abundant fatty acids in 
marine fi sh eggs, regardless of species, and an 
important component of biomembranes, 
requirements for DHA are quantitatively 
higher than those for the other LCPUFAs in 
most of the species studied (Izquierdo  1996 ) 
(Table  2.1 ). Therefore DHA is considered to 
be more essential as an EFA than EPA in 
marine fi sh larvae (Watanabe et al.  1989 ; 
Watanabe  1993 ). 

 In species such as gilthead sea bream 
( Sparus aurata ) (Izquierdo et al.  2005 ), red 
sea bream ( Pagrus major ) (Izquierdo et al. 
 1989 ), striped trumpeter ( Latris lineata ) 
(Bransden et al.  2005 ), or common dentex 
( Dentex dentex ) (Mourente et al.  1999 ), the 
minimum DHA requirement for optimum 
growth has been reported to be 0.8, 1.2, 2.3, 
and 2.0% DW DHA, respectively. Optimum 
DHA levels in larval feeds to promote growth 
and survival range from 0.5% for 
 Acanthochromys poliacanthus  (Southgate 
and Kavanagh  1999 ) to 2.5% for Atlantic 
halibut (Hamre and Harboe  2008 ). On the 
other hand, the DHA requirement for species 
such as common carp is probably lower, 

content in carp tissues (Kayama et al.  1986 ) 
or with an increase in DHA content in salmon 
(Olsen and Skjervold  1995 ). This is likely 
related to the positive correlation between the 
degree of unsaturation of fatty acids and 
membrane fl uidity, which would be particu-
larly important at low culture temperatures 
(Bowden et al.  1996 ). Reduction in water 
temperature affects both lipolytic and lipo-
genic enzymes, increasing the oxidative capac-
ity in rainbow trout (Guederley et al.  1997 ) 
or the specifi c activity of  Δ 9 - desaturase in 
carp (Kayama et al.  1986 ). Higher contents 
of tissue PUFA, particularly DHA and ARA, 
have also been found in fi sh cultured with 
increased salinity such as guppy ( Poecilia 
reticulata ) (Daikoku et al.  1982 ), milkfi sh 
( Chanos chanos ) (Borlongan and Ben í tez 
 1992 ), and puye ( Galaxias maculatus ) 
(Dantagnan et al.  2007 ), denoting the impor-
tant role of some of these fatty acids in 
osmotic regulation (Sampekalo et al.  1992 ). 
Therefore, dietary requirements for EFAs for 
a given fi sh species may be dependent on the 
salinity at which that species is reared, as was 
demonstrated in  Galaxias maculatus  where 
larvae reared at 0 ‰  showed higher require-
ments for EPA, whereas increased salinity 
augmented the dietary requirement for DHA 
(Dantagnan and Izquierdo  2007 ; Dantagnan 
et al.  2007, in press ). 

 EFA requirements seem to be higher during 
larval development and early postmetamor-
phosis than for the broodstock or juvenile 
stages. This may be related not only to the 
higher metabolic activity and growth rate of 
very young fi sh but also to the rapid develop-
ment of specifi c EFA - dense tissues such as 
brain, sensory organs, and gills.  

   2.2.2     DHA   r equirements 

 The relevance of DHA in diets for marine fi sh 
larvae has been well documented (Watanabe 
et al.  1989 ; Izquierdo  1996 ; Sargent et al. 
 1999b ) and its positive effect on survival has 
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produced eicosanoids (Meghji et al.  1988 ; 
Raisz et al.  1993 ). 

 Although, both ARA and EPA are the main 
eicosanoid precursors in fi sh, DHA directly or 
indirectly affects eicosanoid production 
(Nablone et al.  1990 ), being a substrate for 
LOXs and forming active trioxylated deriva-
tives (Hong et al.  2005 ) that regulate cell 
response in fi sh  (Ganga et al., in press) . 
Finally, the fi sh expression of osteogenic 
markers such as osteocalcin (OC) and matrix 
carboxyglutamic acid protein (MGP) are 
affected by LCPUFA (Karsenty and Wagner 
 2002 ; Pombinho et al.  2004 ), which also may 
interfere in osteoblast differentiation through 
regulation of retinoid X receptor alpha 
(RXR α ) and bone morphogenetic protein 4 
(BMP4) (Villeneuve et al.  2005, 2006 ). 

 However, up -  or downregulation of these 
genes and the subsequent positive or negative 
effect of these fatty acids seem to be depen-
dent on the species studied, the period of 
feeding, and the LCPUFA dietary levels and 
type of lipid source. Thus, in opposition to 
the reduction in bone anomalies found in 
 Pagrus pagrus  (Roo et al.  2009 ) and  Chanos 
chanos  (Gapasin and Duray  2001 ) by feeding 
DHA - rich live prey, in European sea bass, 
elevation of both DHA and EPA over 2% in 
the neutral lipid (NL) fraction of compound 
diets led to skeletal abnormalities and larval 
mortality. These negative effects were associ-
ated with an upregulation of RXR α  expres-
sion 16   dph followed by downregulation at 
23   dph (Villeneuve et al.  2005 ). Deleterious 
effects of excessive DHA content in microdi-
ets for sea bass have also been found by 
Betancor et al.  (2010) . In this study, elevation 
of dietary DHA up to 5% in microdiets for 
sea bass larvae caused a high deposition of 
DHA, which reached almost 30% of total 
lipids in fi sh tissues, and accompanied high 
mortality (Betancor et al.  2010 ). High dietary 
DHA content markedly increased the risk of 
peroxidation and the subsequent prolifera-
tion of free radicals and toxic oxidized com-
pounds, which may have also been a causal 

although this has to be more precisely deter-
mined. In fi rst feeding, marine fi sh larvae fed 
a diet defi cient in DHA causes very high mor-
talities and reduced growth rates in only 
10 – 15 days (Izquierdo et al.  1989 ; Sargent et 
al.  1997 ). However, supplementation of DHA 
improves growth and survival in a dose -
 dependent manner. As the requirement for 
this EFA is high in marine fi sh larvae and 
DHA sources (primarily marine oils) are 
rapidly diminishing as well as becoming 
increasingly expensive, excessive dietary 
levels of this fatty acid are rarely achieved and 
their possible deleterious consequences have 
not been clearly determined. For instance, 
high levels of dietary DHA (5% DW, pro-
vided mainly as a triglyceride form) in micro-
diets for gilthead sea bream resulted in high 
growth and larval survival and did not cause 
any pathology (Liu et al.  2002 ). Similarly, in 
red porgy ( Pagrus pagrus ), the single eleva-
tion of DHA in rotifers from 2% up to 4.5% 
DW not only improved larval survival but 
also reduced the incidence of cranial deformi-
ties and vertebral fusions (Roo et al.  2009 ). 

 In general, doubling the DHA content of 
rotifers repeatedly reduced by 50% the occur-
rence of deformed red porgy, underscoring 
the important role of this EFA during early 
larval feeding for bone development (Izquierdo 
et al.  2010 ). A reduced incidence of opercular 
deformities in  Chanos chanos  has also been 
correlated to higher DHA content in live prey 
(Gapasin and Duray  2001 ). Despite vertebral 
fusion and other related deformities that 
develop later on in development (Witten et al. 
 2005 ), many skeletal anomalies originate at 
the time of chondrogenesis and osteogenesis 
during the early larval stages (Faustino  2002 ) 
where DHA may be a determinant factor. In 
general, LCPUFAs likely play an important 
role in bone formation. In other vertebrates, 
fatty acid composition of bone and cartilage 
is markedly affected by dietary lipids 
(Kokkinos et al.  1993 ; Watkins et al.  1991, 
1997 ; Liu et al.  2004 ) where bone formation 
and resorption can be regulated by locally 
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DHA accumulated in the brain and eyes 
during the fi rst 20   dph in larvae fed rotifers 
with high DHA content (Ben í tez - Santana 
et al.  2007 ), whereas it is also retained in 
other tissues when larvae are fed low - LCPUFA 
rotifers. Moreover, feeding gilthead sea bream 
larvae with rotifers defi cient in DHA signifi -
cantly affected fi sh behavior, reducing cruise 
swimming speed, inhibiting larvae response 
to a visual stimulus, and postponing the 
appearance of behavior patterns (Ben í tez -
 Santana et al.  2007 ), suggesting a delay in 
neural development in DHA - defi cient larvae.  

   2.2.3     ARA   r equirements 

 Despite its important roles in fi sh metabolism, 
dietary ARA requirements for fi sh larvae have 
been less studied. In fact, early on, researchers 
found that ARA was preferentially retained 
in the tissues together with DHA during star-
vation, suggesting a metabolic priority for 
this fatty acid (Ostrowski and Divakaran 
 1990 ; Rainuzzo et al.  1994 ; Izquierdo  1996 ). 
Quantitatively, these fatty acids are much less 
represented in the tissues of marine fi sh where 
lipids can typically have an n - 3/n - 6 ratio of 
10 – 15:1. 

 Elevation of dietary ARA increased larval 
survival and stress resistance (Bessonart et al. 
 1999 ; Harel et al.  2001 ; Koven et al.  2001a ), 
modulated cortisol response (Koven et al. 
 2003 ; Van Anholt et al.  2004a, 2004b, 2004c ), 
as well as elevated GR and HSP70 genes 
expression  (Negr í n et al., submitted)  and pig-
mentation (Est é vez et al.  1997, 1999 ; McEvoy 
et al.  1998 ; Copeman et al.  2002 ; Willey 
et al.  2003 ). ARA seems to have a lower direct 
impact on larval growth compared with DHA 
and EPA, which may be tied to its reduced 
presence in the natural zooplankton diet, lim-
iting its impact on membrane fl uidity. Thus, 
increasing dietary ARA from 0.2 to 0.5% or 
1.8% did not affect growth, respectively, in 
Senegalese sole ( Solea senegalensis , Villalta 
et al.  2005 ; Lund et al.  2008 ), gilthead sea 

agent of mortality. Oxidation of PUFAs pro-
duces compounds such as fatty acid 
hydroxyperoxides, fatty acid hydroxides, 
aldehydes, and hydrocarbons. Several of these 
metabolites are toxic as they bind to proteins, 
amino groups, nucleic acids, and PL bases, 
ultimately damaging membrane lipids, pro-
teins, and DNA (Frankel  1998 ). Indeed, 
increased DHA amplifi ed by a factor of two, 
four, or eight the oxidation potential of the 
diet compared with ARA, LNA, or LA, 
respectively. In fact, high dietary DHA content 
markedly increased the incidence of muscular 
lesions in sea bass, including hyaline degen-
eration and fragmentation of myofi brils, 
which denotes severe damage in both mem-
brane and structural proteins, necrosis, 
and mononuclear infi ltrates. These patholo-
gies together with the presence of ceroid 
pigment within hepatocytes are indicative 
of an imbalance between anti -  and pro -
 oxidants that were prevented when dietary 
vitamin E was added. This suggests that 
optimum DHA levels may also be dependent 
on dietary levels of other nutrients (Betancor 
et al.  2010 ). 

 As discussed previously, DHA selectively 
accumulates in neural tissues of fi sh (Mourente 
and Tocher  1993 ; Ben í tez - Santana et al. 
 2007 ) where it is involved in functions such 
as neurocyte myelination and synapse con-
struction. DHA has been found in large 
amounts in the telencephalon, optic tectum, 
and cerebellum of fi sh species such as rainbow 
trout ( Oncorhynchus mykiss ), carp ( Cyprinus 
carpio ), or skipjack tuna ( Katsuwonus 
pelamis ) (Ushio et al.  1996 ). Consequently, 
DHA - defi cient larval feeds can negatively 
affect brain development as well as fi sh 
behavior. In larval Japanese fl ounder 
( Paralichthys olivaceus ), dietary DHA content 
has been found to increase brain and, particu-
larly, cerebellum volume (Furuita et al.  1998 ), 
whereas in striped jack ( Longirostris delica-
tissimus ), this EFA promoted the develop-
ment of white and gray zones on the optic 
tectum (Masuda  1995 ). In gilthead sea bream, 
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level was increased (Harel et al.  2000 ). 
Clearly, when determining the effi cacy of 
ARA, the presence of other EFA must be taken 
into account, such as EPA (McEvoy et al.  1998 ; 
Bessonart et al.  1999 ; Est é vez et al.  1999 ; 
Sargent et al.  1999a ; Copeman et al.  2002 ).  

   2.2.4     EPA   r equirements 

 EPA is a good substrate for both COXs and 
LOXs, and in marine fi sh, it can be an impor-
tant source of certain eicosanoids. In fi sh - oil -
 fed gilthead sea bream, the plasma PGE3 is 
present in higher amounts than PGE2 (Ganga 
et al.  2005 ). Although some eicosanoids 
derived from EPA can have a lower biological 
activity than those derived from ARA, others 
are equally active. In mammals, EPA has been 
shown to have a neuroprotective role, sug-
gesting its importance for brain development, 
aging, and behavior as has been demonstrated 
for DHA. Apart from being very abundant in 
the natural prey of marine larvae, EPA is a 
preferred substrate for digestive lipolytic 
enzymes (Iijima et al.  1990 ; Izquierdo et al. 
 2000 ). Moreover, it may constitute a poten-
tial important energy reserve in developing 
larvae, particularly during starvation, 
although to a lesser degree than SFA and 
MUFA, since EPA is a preferential substrate 
over DHA and ARA for mitochondrial  β  -
 oxidation (Froyland et al.  1997 ; Madsen 
et al.  1999 ). In agreement, food deprivation 
in marine fi sh larvae causes a preferential con-
servation of DHA over EPA (Koven et al. 
 1989 ; Tandler et al.  1989 ; Ako et al.  1991 ; 
Van der Meeren et al.  1991 ; Rainuzzo et al. 
 1994 ; Rodr í guez  1994 ; Takeuchi  1997 ), and 
EPA has been found to be catabolized over 
ARA in certain species (Rainuzzo et al.  1994 ). 
Moreover, EPA has been found to be neces-
sary for complete eye migration in  Limanda 
ferruginea  (Copeman et al.  2002 ). Finally, 
although Kanazawa et al.  (1982)  showed that 
labeled exogenous EPA is incorporated into a 
variety of tissues, including the gallbladder, 

bream (Koven et al.  2001b ), or summer fl oun-
der ( Paralichthys dentatus , Willey et al.  2003 ). 
In contrast, ARA elevation up to 1 and 1.2%, 
respectively, improved growth in gilthead sea 
bream (Bessonart et al.  1999 ) and European 
sea bass (Atalah et al.  2010b ), as well as in 
larval Japanese fl ounder (Est é vez et al.  1997 ), 
probably by indirectly modulating growth -
 related factors. In gilthead sea bream larvae, 
increasing ARA up to 1% DW diet enhanced 
survival and growth when DHA and EPA 
dietary contents were 1.3 and 0.7% DW, 
respectively (Izquierdo  1996 ; Bessonart et al. 
 1999 ). However, elevation of ARA contents 
up to 1.2% did not improve growth if dietary 
EPA was low (Atalah et al.  2010a ). Similarly, 
in European sea bass (Atalah et al.  2010b ), 
elevation of dietary ARA up to 1.2% showed 
a positive correlation with larval survival and 
a signifi cant improvement in growth as well 
as increased expression of GR and HSP70 
 (Negr í n et al., submitted) . Dietary ARA 
requirements for marine larval fi sh range from 
0.5 to 1.2% DW (Table  2.1 ), whereas for fresh-
water fi sh it can be as high as 2.5% ( Poecilia 
reticulata , Khozin - Goldberg et al.  2006 ). 

 However, an excess of ARA can also exert a 
negative impact on marine fi sh. For instance, 
increasing ARA up to 0.6% in diets for 
Japanese fl ounder broodstock (Furuita et al. 
 2003 ) improved larval survival, but higher 
levels of 1.2% markedly reduced it. Similarly, 
growth and survival of cod were reduced 
when ARA levels increased from 0.5 to 3.7% 
and 7.6% DW in  Artemia  (Zheng et al.  1996 ). 
In  Limanda ferruginea  larvae and Senegalese 
sole, increasing dietary ARA levels signifi -
cantly increased the incidence of malpig-
mented fi sh (Copeman et al.  2002 ; Villalta et al. 
 2004 ). This negative effect may be related to 
an eicosanoid imbalance due to the competi-
tion of ARA and EPA for the LOX and COX 
enzymes (Izquierdo et al.  2000 ; Furuita et al. 
 2003 ; Izquierdo  2005 ). Interestingly, although 
an increase in  Artemia  ARA similarly reduced 
growth in white bass ( Morone chrysops ) 
larvae, this effect was reversed if the DHA 
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did not affect incorporation of dietary DHA 
or ARA into larval lipids. On the contrary, an 
increase in dietary EPA of up to 1.8% reduced 
growth when ARA is at a similar level and the 
DHA/EPA ratio is about 1.3, suggesting that 
EPA is dependent on the levels of the other 
two EFA (Izquierdo  2005 ). An excess of EPA 
(30% of total fatty acids in  Artemia  lipid or 
6% of DW) has also been found to be detri-
mental for survival of Senegalese sole ( Solea 
senegalensis ) (Villalta et al.  2008 ).  

   2.2.5    Interactions  a mong 
 f atty  a cids 

   2.2.5.1     EPA / ARA  

 Dietary ARA is more effi ciently incorporated 
into larval tissues than EPA (Figures  2.1  and 
 2.2 ); therefore, EPA/ARA ratios become 
lower in larval tissues than in diets. This effi -
cient incorporation of ARA into larval tissues 
could refl ect the higher affi nity for this fatty 
acid by enzymes from the glycerol - 3 - phos-
phate pathway that synthesize triacylglycerols 
(TAGs) and PLs and are stimulated by n - 6 
fatty acids (Caballero et al.  2006a ). Inhibition 
of EPA incorporation by dietary ARA also 

swim bladder, liver, and pyloric cecum, its 
physiological function in these tissues has not 
yet been elucidated. 

 The benefi ts from feeding EPA to marine 
fi sh larvae are similar to those obtained from 
DHA and ARA. Thus, an increase in EPA as 
the sole LCPUFA in the larval food for red sea 
bream (Watanabe et al.  1989 ), fl atfi sh (Furuita 
et al.  1998 ), or yellowtail (Furuita et al.  1996 ) 
improves larval performance in terms of sur-
vival, stress resistance, and growth, although 
EPA was less effective than DHA. When 
feeding combinations of LCPUFAs, it has been 
found that best growth, survival, and resis-
tance to stress were obtained with diets con-
taining 0.7 – 1.6% EPA (Table  2.1 ). 

 To a large extent, the metabolic impact of 
EPA is markedly dependent on DHA and ARA 
dietary levels as excessive dietary EPA in rela-
tion to those EFA can result in an imbalance of 
tissue eicosanoids, a displacement of DHA 
from membrane lipids, or an increased oxida-
tion risk. An increase in dietary EPA up to 
2.9% DW while DHA/EPA level is high (1.72) 
and ARA content is relatively low at 0.05% 
signifi cantly improved growth, survival, and 
resistance to shock temperature stress in gilt-
head sea bream (Liu et al.  2002 ). Under these 
conditions, the increase in dietary EPA level 

     Figure 2.1     Incorporation of dietary ARA into larval gilthead sea bream tissues.  
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since EPA is a better substrate for mitochon-
drial carnitine acyltransferase I.   

 The optimum EPA/ARA ratios described in 
the literature range from 3.5 to 5 (Table  2.2 ), 
although generally they are closer to 4. For 
example, in turbot, the optimum EPA/ARA 
ratio approximates 4 (McEvoy et al.  1998 ), 
while 3.5 is the optimum for halibut pigmen-
tation (Hamre and Harboe  2008 ). In agree-
ment, Est é vez et al.  (1999)  found that PI 

has been found in liver and brain PI (Bell 
et al.  1995 ). Moreover, competition for incor-
poration into the different lipid classes will 
also differ among tissues since fatty acid com-
position of each lipid class markedly differs 
among cellular types (Lie et al.  1992 ). 
Nevertheless, the higher mitochondrial  β  -
 oxidation of EPA (Froyland et al.  1997 ) could 
be also responsible for the more effi cient 
incorporation and retention of dietary ARA 

     Figure 2.2     Incorporation of dietary EPA into larval gilthead sea bream tissues.  
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  Table 2.2    Best dietary ratios between essential fatty acids assayed during larval feeding of several fi sh species. 

   Species     n - 3/n - 6     EPA/ARA     DHA/EPA     Reference  

   Scophthalmus 
maximus   

          2    Reitan et al. ( 1994 )  

      4        McEvoy et al. ( 1998 )  

       > 1        Est é vez et al. ( 1999 )  

   Sparus aurata             1.2    Rodr í guez et al. ( 1997, 1998 ); Salhi 
et al. ( 1999 )  

          1.7    Liu et al. ( 2002 )  

      3.3 – 4        Atalah et al.  (2010a)   

   Sciaenops ocellatus              > 2.5    Brinkmeyer and Holt ( 1998 )  

   Dentex dentex             1.5    Mourente et al. ( 1999 )  

   Pagrus pagrus             1.4    Hernandez - Cruz et al. ( 1999 )  

   Latris lineata         5    2    Bransden et al. (2005)  

   Hippoglossus 
hippoglossus   

      3.5        Hamre and Harboe ( 2008 )  

   Scardinius 
erythrophthalmus   

  1:05            Kamler et al.  (2008)   
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ratios ranged from around 1.2 for gilthead 
sea bream (Rodr í guez et al.  1997, 1998 ) and 
2 for red drum (Brinkmeyer and Holt  1998 ), 
to 8 for yellowtail fl ounder,  Limanda ferru-
ginea  (Copeman et al.  2002 ). 

 Optimal dietary DHA/EPA ratios also can 
be dependent on salinity. Dantagnan and 
Izquierdo  (2007)  found that reducing the 
DHA/EPA ratio from 1.4 to 0.5 markedly 
increased larval growth in  Galaxias macula-
tus  when fi sh were reared at 0 or 10   ppm, 
whereas 15   ppm signifi cantly reduced weight 
gain. In agreement, Brinkmeyer and Holt 
 (1998)  found that increasing the dietary 
DHA/EPA ratio over 2.5 improved larval sur-
vival after exposure to a salinity stress test, 
whereas raising dietary EPA did not have the 
same effect (Liu et al.  2002 ).    

   2.3    Utilization of  d ietary  l ipids 

   2.3.1     TAG  s  and  f ree  f atty 
 a cids ( FFA  s ) 

 EFA - rich PLs are highly represented in lipids 
of copepods, the major prey species for fi sh 
larvae in nature (Sargent et al.  1997 ). 
However, rotifers and  Artemia , which are the 
zooplankton fed to marine fi sh larvae in com-
mercial hatcheries worldwide, have low and 
unfavorable ratios of DHA and EPA. These 
zooplankters must be enriched in EFA in 
order to ensure reasonable larval growth and 
survival. This is largely accomplished with 
oil - based emulsions or enrichment prepara-
tions rich in TAGs containing these EFA. 
These enrichment protocols result in prey NL 
levels that are very high or even excessive 
(Morais et al.  2007 ). 

 In copepods, the PL fraction generally 
serves as the dominant reservoir of LCPUFA, 
which include the EFA, and phosphoglycer-
ides designated for membrane synthesis. On 
the other hand, NL mainly provides nones-
sential fatty acids as an energy source. 
Elevated NL fractions in enriched rotifers and 

EPA   /   ARA of turbot larvae exhibit ratios  ≥ 1, 
which are related to normal skin pigmenta-
tion. Atalah et al.  (2010b)  tested a wide range 
of EPA and ARA levels as well as their ratios. 
They found that, when DHA requirements 
are satisfi ed, there is a signifi cant improve-
ment in growth and survival only when 
increased EPA and ARA maintain a ratio 
ranging from 3.3 to 4.0.    

   2.2.5.2     DHA / EPA  

 An increase in total n - 3 LCPUFA in  Artemia  
from 2.5 to 6% DW, with a DHA/EPA ratio 
of 0.6, had no signifi cant effect on growth 
and survival in turbot larvae (Reitan et al. 
 1994 ). This suggests that the EFA require-
ments for this species were satisfi ed by the 
lowest n - 3 LCPUFA level, although it caused 
a marked increase in malpigmented fi sh. On 
the other hand, a further increase in n - 3 
LCPUFA of up to 8.8% DW, with a DHA/
EPA ratio of 1.82 (DHA increased from 2.18 
to 5.4% DW and EPA decreased from 3.6 to 
2.8% DW), signifi cantly improved the per-
centage of correctly pigmented fi sh (Reitan 
et al.  1994 ), suggesting the need for a suitable 
DHA/EPA balance for normal pigmentation 
of developing fl atfi sh. Nevertheless, the 
improved pigmentation in turbot could also 
be related to the increase in DHA, which has 
been shown to enhance pigmentation in 
halibut when increased up to 2.5% (Hamre 
and Harboe  2008 ). 

 Therefore, since increased dietary EPA has 
been found to reduce dietary DHA incorpora-
tion into larval PLs, and increased dietary 
DHA markedly reduced incorporation of EPA 
into the second position of PE (Izquierdo 
et al.  2000 ), suitable DHA/EPA ratios are 
required for optimizing the dietary utilization 
of both fatty acids. In general, the DHA/EPA 
ratio of marine fi sh eggs is close to 2 in several 
species studied and this has been suggested 
as a general value for fi rst - feeding marine 
larvae (Sargent et al.  1997 ; Table  2.2 ). On 
the other hand, optimum dietary DHA/EPA 
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concentration or is nonexistent (Lie et al. 
 1987 ; Gjellesvik et al.  1992 ; Koven et al. 
 1994a, 1994b ). 

 It has been reported that the effi ciency of 
absorbing digestion products in the fi sh diges-
tive tract increases with decreasing ration size, 
which would extend the residence time of the 
food bolus (Ryer and Boehlert  1983 ; Boehlert 
and Yoklavich  1984 ; Hoehne - Reitan et al. 
 2001 ). This was supported by work on herring 
( Clupea harengus ) larvae (Morais et al. 
 2005a ), which found that reducing the volume 
of  14 C - TAG injected into the digestive tract 
increased the absorption of the label and 
decreased any evacuated loss of  14 C. On the 
other hand, Hoehne - Reitan et al. ( 2001b ) 
showed that the BSDL content of turbot 
larvae was a function of ingestion rate. These 
authors argued that diet - activated intestinal 
receptors determine enzyme secretion, sug-
gesting that stimulation would increase with 
the length of the intestine exposed to ingested 
food. Morais et al.  (2004)  concluded that the 
source of dietary TAG and not the amount 
affects lipase activity in sea bass larvae. This 
is in agreement with the higher BSDL activity 
found by Izquierdo et al.  (2000)  when larvae 
were fed TAG - rich rotifers containing higher 
EFA levels. This means that the chain length 
and degree of unsaturation of the constituent 
fatty acids of TAG can affect digestion and, 
ultimately, absorption (Austreng et al.  1979 ; 
Koven et al.  1994b ; Olsen et al.  1998 ). The 
specifi city of fi sh lipases hydrolyzing TAG in 
the lumen and absorption of the resulting FFA 
decrease with increasing chain length and 
increase with unsaturation (Austreng et al. 
 1979 ; Olsen et al.  1998 ; Morais et al.  2006 ). 

 In other words, the order of preferred fi sh 
lipolytic activity can be described as 
PUFA    >    MUFA    >    SFA. Olsen et al.  (1998) , 
working on Arctic char, and Morais et al. 
 (2004) , working on European sea bass larvae, 
found the shorter acyl chain length of fatty 
acids in coconut oil diets induced high lipase 
activity that can be expressed as 12:0    >    14:0 
and 16:0    >    18:0. In fact, TAG esterifi ed to 

 Artemia  will not only contain inappropriately 
high levels and ratios of DHA and EPA but 
will also provide signifi cant levels of SFAs and 
MUFAs for  β  - oxidation. These zooplankter 
NL and fatty acid imbalances may exact an 
extra metabolic price from the larvae in terms 
of digestion and absorption effi ciency. 

 From the onset of exogenous feeding, the 
larval digestive tract is essentially fully capable 
of the mechanical breakdown and enzymatic 
activity required for the digestion of dietary 
lipids (Cousin et al.  1987 ; Izquierdo et al. 
 2000 ; P é rez - Casanova et al.  2004 ; Morais 
et al.  2005a ; Murray et al.  2006 ; see also 
Chapter  1 ). In mammals, the hydrolysis of 
TAG in the digestive tract is carried out by 
1,3 - specifi c pancreatic lipase. This enzyme 
cleaves the outer or  α  positions of TAG, yield-
ing a mixture of  α  -  and  β  - DAGs,  β  -
 monoacylglycerols (MAGs), and FFAs that 
are eventually absorbed in the intestinal wall 
of the jejunum. However, in studies on a 
number of fi sh species, the main pancreatic 
lipase was found to be a nonspecifi c bile salt –
 dependent pancreatic lipase (BSDL) (Gjellesvik 
et al.  1992 ; Koven et al.  1994a, 1994b ; 
Izquierdo and Henderson  1998 ; Iijima et al. 
 1998 ; Olsen et al.  1998 ) that is capable of 
hydrolyzing all  α  -  and  β  - TAG positions, 
yielding mostly FFA and glycerol, which 
would be easily and effi ciently absorbed. This 
would be particularly advantageous in fi sh 
larvae as the digestive tract is short and not 
fully developed, requiring the absorption of 
lipolytic breakdown products to be as effi -
cient as possible. Moreover, PUFAs, which 
are highly represented in marine lipids, are 
poor substrates for the enzymatic breakdown 
by 1,3 - specifi c lipase when esterifi ed to TAG, 
irrespective of position (Bottino et al.  1967 ; 
Chen et al.  1990 ). 

 The accumulating evidence suggests, con-
trary to mammals, that the major digestive 
lipase in teleosts and presumably their early 
developmental stages, appears to be nonspe-
cifi c and bile salt dependent, while the 
1,3 - specifi c pancreatic lipase exists at lower 



Lipids 65

trout (Poston  1990a ), and common carp 
(Geurden et al.  1995, 1998 ; Fontagn é  et al. 
 2000 ). However, the growth - promoting effects 
of dietary PL diminish with age (Kanazawa 
et al.  1981 ; Kanazawa  1993 ; Rad ü nz - Neto et al. 
 1994 ; Coutteau et al.  1997 ) and it appears to 
have little or no effect in adult fi sh (Kanazawa 
 1985 ; Hung and Lutes  1988 ; Poston  1991 ). 
Moreover, PC is considered to have the 
greatest infl uence on growth and larval fi sh 
performance compared with the other PL 
classes (Takeuchi et al.  1992 ; Kanazawa 
 1993 ; Hadas  1998 ). 

 Koven et al.  (1998)  found in gilthead sea 
bream that dietary supplementation of PC 
and not PE (Hadas  1998 ) temporarily stimu-
lated feeding activity in larvae up to 26   dph 
but did not elicit a signifi cant ( P     >    0.05) 
response in 30 - dph fi sh. These authors rea-
soned that the trimethyl group of the choline 
base of PC stimulated a gustatory response by 
binding to receptor cells in the mouth and/or 
on the fi sh body surface. 

 A number of hypotheses have been put 
forth to explain the age - dependent effect of 
dietary polar lipid. One possibility is that 
dietary PL is enhancing the absorption of 
ingested fats by acting as temporary emulsi-
fi ers (Kanazawa  1993 ; Koven et al.  1993 ). PL 
is digested by pancreatic PLA2, which results 
in 1 - acyl - lysophospholipids, which have the 
ability to emulsify and could conceivably con-
tribute to the digestion of other lipids during 
larval development. However, this has been 
deemed unlikely in research on common carp 
(Geurden et al.  1995 ; Fontagn é  et al.  1998 ), 
and later in gilthead sea bream (Koven 
et al.  1998 ; Hadas et al.  2003 ). 

 Recent studies have argued more compel-
lingly that dietary PC contributes to the 
assimilation of dietary lipid through increased 
lipoprotein synthesis (Geurden et al.  1997 ; 
Coutteau et al.  1997 ; Fontagn é  et al.  1998, 
2000 ; Liu et al.  2002 ; Hadas et al.  2003 ). 
Moreover, dietary PL not only increases syn-
thesis and release of lipoproteins in the lamina 
propria by enterocytes but also signifi cantly 

short - chain fatty acids (12:0 and 14:0) can be 
absorbed into the enterocyte even in the 
absence of pancreatic lipase and bile salts 
(Bach and Babayan  1982 ). Moreover, despite 
the high PUFA moiety in fi sh oil, lipolytic 
activity may vary among different marine 
sources due to the inclusion of long - chain 
MUFA such as 22:1n - 11, which characterizes 
northern - latitude marine oils (capelin, sand 
eels, herring, sprat, and mackerel).  

   2.3.2     PL  s  

 In fi sh, as in other vertebrates, phosphoglyc-
erides are critical components in the structure 
of cellular biomembranes and lipoproteins 
(Tocher  1995 ). Moreover, phosphoglycerides 
can act as emulsifi ers in the formation of 
mixed micelles in the digestive tract (Olsen 
and Ring ø   1997 ). Although TAGs are com-
monly considered as the main source of fatty 
acids metabolized for energy, phosphoglycer-
ides can also serve as an energy source during 
egg development and endogenous feeding in 
the prelarval stages of marine fi sh. Larvae 
from various species such as Atlantic herring 
( Clupea harengus ), cod ( Gadus morhua ), 
halibut ( Hippoglossus hippoglossus ), and 
plaice ( Pleuronectes platessa ) (Tocher et al. 
 1985 ; Fraser et al.  1988 ; Rainuzzo et al. 
 1992 ; Finn et al.  1995 ; R ø nnestad et al.  1995 ) 
that hatch from PL - rich eggs are able to 
metabolize yolk phosphatidylcholine (PC) for 
energy production. However, EFAs such as 
DHA that are bound to decreasing yolk PC 
are not necessarily catabolized and may be 
mobilized for synthesis of NL and/or PE. 

 The benefi cial effects of dietary PLs on 
growth and survival have been demonstrated 
in the larval and juvenile stages of various 
marine species such as red sea bream, knife 
jaw (Kanazawa et al.  1983b ), Japanese fl oun-
der (Kanazawa  1993 ), and Atlantic salmon 
(Poston  1990b, 1991 ) as well as freshwater 
species that include ayu (Kanazawa et al. 
 1981, 1983a ; Kanazawa  1985 ), rainbow 



66 Digestive Development and Nutrient Requirements

low - density lipoprotein particles, whereas the 
presence of other phosphoglycerides did not 
trigger the same response (Field and Mathur 
 1995 ). On the other hand, Kanazawa et al. 
 (1981)  demonstrated that the dietary incor-
poration of total PL also reduced malforma-
tion, especially twist of jaw and scoliosis, in 
ayu larvae,  Plecoglossus altivelis . Geurden 
et al.  (1997, 1998) , working on carp, con-
cluded that PI promoted growth less well than 
PC but reduced skeletal deformity more effec-
tively. These fi ndings were reinforced by Cahu 
et al.  (2003) , who reported that a diet having 
a PC/PI ratio of 2.18 (1.6% of DW diet) fed 
to European sea bass from fi rst feeding pre-
vented deformities during development. It is 
becoming increasingly apparent that other 
phosphoglycerides may infl uence fi sh perfor-
mance albeit through different biochemical 
pathways. 

 Sandel et al.  (2010)  found a very high cor-
relation between developmental age of gilt-
head sea bream fed high PI and gene expression 
for OC, a protein used as a marker for bone 
and cartilage growth. PI, as the second mes-
senger IP3, mobilizes calcium by regulating 
the entry of this ion into the cell from the 
endoplasmic reticulum (Cahu et al.  2003 ; 
Tocher et al.  2008 ). OC or bone Gla protein 
(BGP) is a vitamin K – requiring protein in 
bone hydroxyapatite that has a strong affi nity 
for calcium and has been correlated with the 
mineralization of bone (Szulc et al.  1994 ; 
Simes et al.  2008 ). These authors argued that 
dietary PI may be increasing the availability 
of calcium for bone mineralization, which 
stimulates OC production and normal bone 
development. In support of this, Nishimoto et 
al.  (2003)  found in carp that bone hydroxy-
apatite binding of BGP is enhanced in the 
presence of calcium ions.   

   2.4    Summary 

 In summary, EFAs have a variety of vital func-
tions for fi sh larvae, and since they cannot be 

reduces lipoprotein size by promoting VLDL 
synthesis (higher in PL) rather than chylomi-
cron production (higher in NL) (Liu et al. 
 2002 ; Caballero et al.  2003, 2006b ). 
Insuffi cient levels of dietary PL increase lipid 
droplets in the enterocytes of marine larvae 
fed a PL - defi cient diet (Fontagn é  et al.  1998 ; 
Salhi et al.  1999 ; Morais et al.  2005b ). If 
these droplets are found in a supranuclear 
location in the enterocyte, they can be inter-
preted as accumulations of NL, whereas accu-
mulation in the basal part of the enterocyte 
or intercellular space is related to accumula-
tion of chylomicrons rather than VLDL 
(Caballero et al.  2003, 2006a ), which are 
more effi ciently transported in fi sh. Both cases 
seem to depend on the type and amount of 
dietary PL and its relation to the dietary NL 
content, and indicate an insuffi cient amount 
of PL for lipoprotein synthesis. 

 Although PL can be effectively synthesized 
by the enterocyte mainly by the glycerol - 3 -
 phosphate pathway, as well as the MAG 
pathway, the effi ciency of these pathways can 
be markedly impaired by dietary lipids 
(Caballero et al.  2006a ). Moreover, the poor 
development of cell organelles where both 
reacylation pathways occur in the enterocyte 
of developing larvae (Deplano et al.  1991 ) 
can also reduce their PL synthesis potential. 
Nevertheless, an age - dependent defi ciency in 
PL synthesis in marine fi sh larvae becomes a 
liability only during larviculture where roti-
fers and  Artemia  nauplii are ubiquitously 
used as live food. These zooplankters are not 
representative of their natural diet and are PL 
poor compared with copepods (Van der 
Meeren et al.  2008 ). 

 Among the different PLs, PC seems to be 
particularly important, being the main product 
of PL synthesis in fi sh enterocyte (Caballero 
et al.  2006a ) and comprising up to 95% of 
the PL found in VLDL (Lie et al.  1993 ). 

 Interestingly, Field et al.  (1994)  showed,  in 
vitro , that cellular concentrations of PC above 
a specifi c level were critical to elicit the syn-
thesis of apolipoprotein B, an integral part of 
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 The optimum EPA/ARA ratios described in 
the literature range from 3.5 to 5, whereas 
optimum dietary DHA/EPA ratios range from 
1.2 to 8. Dietary ARA and DHA, as well as 
EPA/ARA ratios, have a profound effect on 
juvenile pigmentation in fl atfi sh. Besides, 
LCPUFAs are important for resistance to han-
dling, temperature, salinity, or other types of 
acute stressors. Even though EFA - rich PLs are 
highly represented in lipids of the prey species 
for fi sh larvae in nature, enrichment protocols 
result in very high NL levels in rotifers or 
 Artemia . The benefi cial effects of dietary PLs 
on growth and survival have been demon-
strated in larval stages of various species.       
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  Chapter 3 

Proteins  
  Luis     Concei ç  ã o   ,    Cl á udia     Arag ã o   , and    Ivar     R ø nnestad       

    3.1    Introduction 

 Fish larvae have tremendous growth poten-
tial, with relative growth rates much higher 
than juvenile and adult fi sh (Kamler  1992 ; 
Otterlei et al.  1999 ; Concei ç  ã o et al.  2003a ). 
However, to fully express such growth poten-
tial, protein of the right quality must be pro-
vided in suffi cient quantity. In fact, fi sh 
growth is primarily deposition of muscle 
protein (Houlihan et al.  1995a ; Carter and 
Houlihan  2001 ). In addition, it is well estab-
lished that amino acids (AA) are a major 
energy source during the larval stage of most 
marine teleost species (Concei ç  ã o et al.  1993 ; 
R ø nnestad and Fyhn  1993 ; Parra et al.  1999 ; 
R ø nnestad et al.  1999, 2003 ; Finn et al. 
 2002 ). Still, the AA requirements of fi sh 
larvae are poorly understood, and the avail-
able knowledge is more of a qualitative 
nature than precise requirements (Concei ç  ã o 
et al.  2003a ). In addition, the fast growth of 
fi sh larvae is paradoxical when one considers 
its poorly developed gut (R ø nnestad and 
Concei ç  ã o  2005 ; Zambonino - Infante et al. 
 2008 ). 

 Dietary AA are mostly absorbed as free AA 
(FAA) or as small peptides (R ø nnestad and 
Morais  2008 ). However, these are quickly 
polymerized into proteins, or used otherwise 
by larval metabolism. In fact, tissue concen-
trations of FAA are kept within narrow limits 
(Houlihan et al.  1995a ). The yolk sac con-
tains the large FAA pool present in marine 
pelagic fi sh eggs, which may account for up 
to 60% of the total larval AA (R ø nnestad and 
Fyhn  1993 ; Finn  1994 ; R ø nnestad et al. 
 1999 ). This FAA pool acts both as an osmo-
lyte and as an important energy fuel, in addi-
tion to the supply of AA for protein synthesis, 
before larvae initiate fi rst feeding (Fyhn  1993 ; 
Wright and Fyhn  2001 ). 

 Absorbed dietary AA that are not polymer-
ized into proteins can be catabolized for 
energy production, may be transaminated 
into other AA, used in gluconeogenesis 
or lipogenesis, or used in the synthesis of 
other nitrogen - containing molecules such 
as purines, pyrimidines, or hormones. Further-
more, protein is in continuous turnover, in a 
very dynamic transfer of AA between the FAA 
and the protein pools. 
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occurring during larval ontogeny, are believed 
to be critical factors that determine the capac-
ity for digesting and absorbing dietary pro-
teins, peptides, and AA. 

   3.2.1    Enzymatic  s ecretion 
and  d igestion 

 From the onset of exogenous feeding, diges-
tion of dietary proteins in altricial fi sh larvae 
starts in the midgut when the ingested feeds 
(Figure  3.1  - A) are mixed with pancreatic 
secretions and bile from the gallbladder 
(Figure  3.1 - B ). Bile has not been shown to 
interfere with protein digestion, but the pan-
creatic secretions contain a variety of proteo-
lytic enzymes in an alkaline solution. In 
qualitative terms, the pancreatic proteases in 
fi sh are similar to those of higher vertebrates 
(Ash  1985 ; Sire and Vernier  1992 ; Suzuki 
et al.  2002 ), with trypsin and chymotrypsin 
as the major components (Dabrowski  1983 ; 
Gildberg  2004 ). Other proteolytic enzymes, 
such as elastase and carboxypeptidases A and 
B, are also found in pancreatic secretions. In 
the species investigated, these enzymes in 
most cases have several paralogues. For 
instance, in Japanese fl ounder ( Paralichthys 
olivaceus ) and winter fl ounder ( Pleuronectes 
americanus ), there are three variants of tryp-
sinogen (Suzuki et al.  2002 ; Murray et al. 
 2006 ), while in Senegalese sole, six trypsin 
paralogues have been described (Manchado 
et al.  2008 ). As in all vertebrates, the pancre-
atic proteolytic enzymes in fi sh are secreted as 
inactive proenzymes and are only activated in 
the midgut lumen. Trypsin is a key factor in 
the activation of the pancreatic enzymes, and 
trypsin is itself activated when it gets in 
contact with brush border – bound enteropep-
tidase. Both trypsin and chymotrypsin are 
endopeptidases, and while trypsin is a serine 
protease that cleaves peptide bonds on the 
carboxyl side of the basic AA, chymotrypsin 
primarily hydrolyzes peptide bonds next to 
the aromatic AA (Jobling and Hjelmeland 

 In order to meet the high protein require-
ments of fi sh larvae, the nutrient fl ux involved 
is notorious. For instance, during the fi rst 3 
weeks of feeding of Senegalese sole ( Solea sen-
egalensis ), conservative estimates of  Artemia  
protein intake range between 18 and 60% per 
day of body protein mass (Engrola et al. 
 2009 ). From this protein intake, 70 – 85% is 
digestible and 11 – 30% of the absorbed AA is 
used in catabolism (Morais et al.  2004a ; 
Engrola et al.  2009 ). These large fl uxes of AA 
demonstrate the importance of understanding 
AA metabolism in order to meet the require-
ments of fi sh larvae so that their high growth 
potential can be fully used. 

 This chapter reviews the current knowl-
edge of protein and AA requirements of fi sh 
larvae, taking into account the available 
understanding of protein digestion and AA 
absorption, as well as metabolism of larval 
AA and protein pools.  

   3.2    Protein  d igestion 

 The larval - type digestive tract has a process-
ing capacity (capability to digest and absorb 
dietary nutrients) that can support very high 
growth rates, given that suitable feed is avail-
able. Digestion of dietary proteins involves 
coordination of a range of basic processes in 
the digestive tract, including enzymatic and 
fl uid secretions (B), digestion (C), absorption 
(D, E), and motility (including evacuation, F). 
The effi ciency of the overall digestive pro 
cesses is a key factor that determines the 
delivery of AA to the rapidly growing larval 
tissues, particularly during the fi rst critical 
stages when the larvae start exogenous 
feeding. The following chapter will mainly 
deal with protein in teleosts that do not 
possess a stomach at the onset of fi rst feeding 
but acquire a functional stomach during 
metamorphosis (altricial species). The par-
ticular morphological and physiological char-
acteristics of the larval digestive system (see 
Chapters  1  and  9 ), as well as the changes 
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and it hydrolyzes proteins at bonds between 
aromatic and acidic AA (Jobling and 
Hjelmeland  1992 ). Pepsin digestion yields 
polypeptides of very diverse sizes but few 
FAA (Lied and Solbakken  1984 ; Jobling and 
Hjelmeland  1992 ; Espeland  2006 ). The com-
bined effects of HCl and pepsin make the 
stomach a highly effi cient organ for degrading 
complex proteins, such as collagen - rich con-
nective tissues (Gildberg  2004 ). Thereby, the 
acquisition of a functional stomach enables 
the inclusion of a wider range of feed ingre-
dients in fi sh diets. In addition, the stomach 
possesses strong peristaltic and contractile 
activity that contributes to a mechanical deg-
radation of the ingested feed and to an 
enhanced mixing of the luminal gastric con-
tents, allowing easier exposure of dietary pro-
teins to acid proteolytic conditions. Peristalsis 
is also responsible for transporting the 
degraded proteins and peptides in the chyme 
onward to the anterior intestine for further 
hydrolysis and processing by a new set of 
proteases. 

 There is a large body of literature quantify-
ing ontogenetic patterns and dietary effects 

 1992 ). The combined effects of endopepti-
dase activity yields protein fragments 
and small peptides in the luminal contents 
(Figure  3.1  - C), and further hydrolysis is per-
formed by exopeptidases, secreted by both 
the pancreas and the apical membrane of the 
enterocytes (Buddington et al.  1997 ). 
Peptidases in the enterocyte membranes con-
tribute to the end result of digestion, which 
are small peptides and FAA. Cytoplasmatic 
peptidases will perform additional break-
down of very small peptides toward FAA, but 
it is unknown if smaller peptides are trans-
ferred into the systemic circulation.   

 During metamorphosis, the stomach grad-
ually becomes functional and the digestion of 
proteins is initiated in this compartment. The 
gastric degradation of proteins includes acid 
denaturation and enzymatic cleavage by 
pepsin. Pepsin is produced and secreted in its 
inactive form (pepsinogen) by oxynticopeptic 
cells in the mucosa (Morrison  1987 ; Sire and 
Vernier  1992 ), and in fi sh these cells also 
secrete hydrochloric acid (HCl), which makes 
the necessary acid environment for pepsino-
gen activation. Pepsin is an endopeptidase 

     Figure 3.1     Digestion and absorption of dietary proteins are involved in coordination of a range of basic processes in 
the digestive tract. In agastric fi sh larvae, these includes enzymatic secretions (B), digestion (C), absorption (D, E), and 
motility (including evacuation, F). The gut transit time is a function of rates of ingestion and evacuation, taking the gut 
volume into account.  
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 In general, the activity of proteolytic 
enzymes in the midgut is low when marine 
fi sh larvae commence exogenous feeding, but it 
rises as metamorphosis approaches (Hjelmeland 
et al.  1988 ; Hjelmeland  1995 ; Gawlicka et al. 
 2000 ; Cahu and Zambonino - Infante  2001 ). 
In addition to the general patterns of devel-
opmental changes of proteolytic enzymes, 
there seem to be species - specifi c as well as 
dietary -  and temperature - induced effects. For 
instance, Perez - Casanova et al.  (2006)  dem-
onstrated that the ontogenetic development 
of trypsin - like activity in whole - body homog-
enates of haddock ( Melanogrammus aeglefi -
nus ) and Atlantic cod ( Gadus morhua ) reared 
on the same protocol was very different. In 
haddock, the activity was high at mouth 
opening and then declined and remained at a 
low level until 530 degree - days. In Atlantic 
cod, trypsin - like activity was low at mouth 
opening, but it increased after a switch in prey 
from nonenriched to enriched rotifers, and 
declined again when  Artemia  was gradually 
introduced (Perez - Casanova et al.  2006 ). 

 The secretion of pancreatic enzymes is 
believed to be under both hormonal and 
neural control, although there is little experi-
mental evidence to substantiate the mecha-
nisms controlling the secretion, particularly in 
larval stages (see Chapter  9 ). In Atlantic 
herring ( Clupea harengus ) larvae, the amount 
of pancreatic trypsin and trypsinogen secreted 
into the gut increases as the number of 
ingested prey increases, until a plateau is 
reached at high levels of feed intake (Pedersen 
et al.  1987 ; Pedersen and Andersen  1992 ). 
There are also data that indicate a link 
between the digestive hormone cholecystoki-
nin and trypsin activity in herring (Koven 
et al.  2002 ). 

 Proteolytic enzymes in the enterocytes 
include peptidases in the brush border mem-
brane as well as intracellular forms. The 
activities of brush border membrane enzymes 
of the enterocytes in Atlantic cod and Atlantic 
halibut ( Hippoglossus hipoglossus ) are low at 
fi rst feeding but increase during larval devel-

on the proteolytic enzyme activity (e.g., 
Cousin et al.  1987 ; Pedersen et al.  1990 ; 
Ribeiro et al.  1999 ; Gawlicka et al.  2000 ; 
Lazo et al.  2000 ; Cahu and Zambonino -
 Infante  2001 ; Alvarez - Gonz á lez et al.  2006 ; 
Bolasina et al.  2006 ; Gisbert et al.  2009 ). Due 
to methodological diffi culties related to the 
extremely tiny and delicate nature of fi sh 
larvae, many of the larval studies use whole -
 body homogenates to quantify enzyme activ-
ity. This procedure is disadvantageous since it 
not only causes a large  “ dilution ”  of the 
enzyme being analyzed by other proteins but 
mostly it also does not distinguish between 
enzymatic activities of different origins (intra-
cellular enzymes or those present in tissues 
other than in the digestive tract, and enzymes 
from ingested prey or the gut microfl ora). In 
recent years, the development and more wide-
spread use of sensitive molecular tools has 
enabled the identifi cation, localization, and 
quantifi cation of gene transcripts for enzymes, 
in conjunction with biochemical assays 
(Douglas et al.  1999 ; Murray et al.  2004, 
2006 ; Perez - Casanova et al.  2004, 2006 ; 
Marza et al.  2005 ). 

 Studies using highly sensitive polymerase 
chain reaction (PCR) techniques have shown 
that mRNA transcripts of several proteolytic 
enzymes are already present from hatch, 
which is for most species several days before 
the onset of exogenous feeding (Srivastava 
et al.  2002 ; Lo and Weng  2006 ; Perez -
 Casanova et al.  2006 ; Darias et al.  2007 ). 
There appear to be temporal differences 
between expressions of the different enzy-
matic paralogues. For instance, in winter 
fl ounder, trypsin 2 expression was detected 
from 5 days posthatch (dph), while trypsin 1 
levels of expression only became signifi cant in 
late larval stages and during metamorphosis 
and trypsin 3 showed expression only after 
20   dph (Murray et al.  2004 ). Whether these 
ontogenetic differences in mRNA expression 
for the different paralogues have functional 
implications for the digestion of proteins is 
not known. 
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studies with juvenile fi sh and other animal 
models are of some but limited relevance, and 
they need to be applied with caution since 
there exist major differences in the digestive 
physiology of larval and juvenile/adult stages 
of fi sh. 

 True larval digestibility estimates for 
protein - rich ingredients must be assessed 
 in vivo , and there are recent methods, using 
fl uorescent microspheres (Hansen et al.  2009 ) 
and rare earth oxides (Johnson et al.  2009 ), 
that enable the evaluation of protein quality 
in larvae. However,  in vitro  methods to evalu-
ate the digestibility of feeds and feedstuffs 
have often been used for rapid, easy, and 
reproducible screening (Hsu et al.  1977 ; 
Satterlee et al.  1979 ; Lazo et al.  1998 ; 
Tonheim et al.  2007 ). A comparison of 
three different methods for assessing dry 
matter and protein digestibility in discus 
( Symphysodon aequifasciata ) showed that  in 
vitro  digestibility is a good screening approach 
(Chong et al.  2002 ). In their study,  in vitro  
protocols (Hsu et al.  1977 ; Satterlee et al. 
 1979 ; Lazo et al.  1998 ) were compared with 
 in vivo  digestibility assessed in feeding trials 
with fi sh. Chong et al.  (2002)  found that rela-
tive digestibility estimates obtained by simple 
methods involving only a few proteases in a 
single reaction step correlated well with 
digestibility measured  in vivo .  In vitro  studies 
may be based on intestinal extract from a 
species of particular interest (e.g., Jany  1976 ; 
Nankervis and Southgate  2006 ) or on com-
mercially available crystalline proteases (e.g., 
Hsu et al.  1977 ; Satterlee et al.  1979 ). 
Therefore,  in vitro  digestibility can be a very 
useful approach to selecting promising candi-
date protein - rich ingredients for subsequent 
 in vivo  larval studies. 

 Protein solubility has been suggested as an 
important determinant of digestibility in fi sh 
larvae (Carvalho et al.  2004 ). Larvae of 
common carp ( Cyprinus carpio ) grew better 
and had higher survival when insoluble casein 
was replaced by soluble Na  +   - caseinate in a 
starter diet (Carvalho et al.  2004 ). The protein 

opment (Kv å le et al.  2007a ). The activity of 
cytosolic (intracellular) peptidases, proposed 
to participate in the degradation of protein 
after pinocytoses, such as leucine - alanine pep-
tidase, are high in some species around fi rst 
feeding but tend to decrease as larvae develop, 
concurrent with rising levels of alkaline phos-
phatase (Cahu and Zambonino - Infante  2001 ; 
Kolkovski  2001 ). This picture is less clear in 
cod than in halibut (Kv å le et al.  2007a ). The 
ontogenetic patterns of trypsin, membranous, 
and cytosolic peptidase activity during larval 
development have been proposed to refl ect 
changes in the mode of larval digestion, which 
is believed to become increasingly dependent 
on luminal digestion and less so on intracel-
lular digestion (Cahu and Zambonino - Infante 
 2001 ). 

 Several authors have discussed whether the 
enzymatic content of the ingested prey (exog-
enous source) contributes to the digestive 
process in fi sh larvae (e.g., Dabrowski and 
Glogowski  1977 ; Munilla - Moran et al.  1990 ; 
Walford and Lam  1993 ). However, consider-
able controversy exists around this notion as 
several other studies have quantifi ed the con-
tribution of live prey proteolytic enzymes to 
the overall digestive process and have con-
cluded that this contribution is negligible 
(Pedersen et al.  1987 ; Cahu et al.  1995 ; Cahu 
and Zambonino - Infante  1997 ; Kurokawa 
et al.  1998 ; Perez - Casanova et al.  2006 ).  

   3.2.2    Protein  d igestibility 

 Understanding the digestibility of specifi c feed 
ingredients is essential for the formulation of 
optimized diets to be used in larval fi sh culture 
systems. Digestibility estimates of dietary pro-
teins need to consider the  in vivo  conditions 
found in the larval midgut lumen (Figure  3.1 -
 C ). Surprisingly, little is known about the 
digestibility of various protein sources com-
monly used in the formulation of inert micro-
diets for marine fi sh larvae. Estimates of the 
digestibility for such ingredients derived from 
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broad substrate specifi city (several AA may be 
transported by one type of transport system), 
allowing them to recognize, bind, and trans-
fer AA across cell membranes. Existing data 
suggest that there are many genetic and splice 
variants within a group of what were once 
thought to be distinct AATs. Recent advances 
include the  in vivo  characterization of FAA 
absorption rates in fi sh larvae (R ø nnestad 
et al.  2000a ; Applebaum and R ø nnestad 
 2004 ; R ø nnestad and Rojas - Garc í a  2006 ) 
and also the molecular characterization of 
AATs ’  molecular and functional properties 
(Narawane et al.  2009 ). A saturable compo-
nent for FAA absorption has not been dem-
onstrated yet using available  in vivo  data 
(Applebaum and R ø nnestad  2004 ), and 
further studies using higher FAA concentra-
tions are needed in order to better understand 
the absorption kinetics of AA. 

 Protein digestion is not complete prior to 
absorption, and recent studies from a variety 
of vertebrate species suggest that entry of pep-
tides over the apical membrane of the entero-
cytes is an important route of absorption of 
digested proteins (Daniel  2004 ). Peptides that 
are transported over the brush border mem-
brane are normally hydrolyzed by cytoplas-
matic peptidases, while FAA are mainly 
transported out of the basal membrane of the 
enterocytes and into the portal circulation. 
However, small peptides that are resistant to 
hydrolysis may enter the systemic circulation. 
Peptide transport may therefore be an impor-
tant route for absorption of both dietary pro-
teins and peptides in teleost fi shes, also in the 
young stages. 

 Vertebrate enterocytes express a variety of 
transporters responsible for AA transport, 
but so far only one intestinal transporter has 
been described for peptides; the oligopeptide 
transporter 1 (PepT1; Nielsen and Brodin 
 2003 ; Daniel  2004 ). The molecular character-
ization of peptide transport has just begun in 
fi sh (Verri et al.  2010 ). The complete mRNA 
coding sequence for PepT1 has recently been 
reported in teleosts, including zebrafi sh 

sources used in that study were very similar, 
except for water solubility. In an  in vitro  
digestibility trial simulating larval midgut 
conditions, Tonheim et al.  (2007)  demon-
strated that a soluble reference protein was 
digested faster than the similar but insoluble 
reference protein, although their fi nal digest-
ibility was the same. 

 Protein solubility may, at least partly, 
explain the diffi culties in using inert microdi-
ets in marine fi sh larvae since commonly used 
live feeds, unlike formulated feeds, contain a 
high proportion of water - soluble protein 
(Fyhn et al.  1993 ; Hamre et al.  2002 ; Helland 
et al.  2003 ; van der Meeren et al.  2008 ; 
Concei ç  ã o et al.  2010 ).  

   3.2.3    Absorption 

 The major site of absorption of dietary pro-
teins, peptides, and FAA in larval fi sh has 
been proposed to be the midgut (Figure  3.1  -
 D; R ø nnestad and Concei ç  ã o  2005 ), as in 
other vertebrates (Stevens and Hume  1996 ). 
However, the current understanding of the 
mechanisms and ontogenetic changes of 
protein, peptide, and FAA absorption in fi sh 
is limited. AA absorption involves a complex 
array of transport processes, some of them 
with overlapping functions. Numerous AA 
transporters (AATs) are expressed in the 
brush border membrane of adult enterocytes 
(Ray et al.  2002 ). The transport rates for FAA 
observed  in vivo  (R ø nnestad et al.  2000a, 
2000b ; Applebaum and R ø nnestad  2004 ) 
depend on several factors, including the 
luminal concentration of AA, the transport 
affi nity and capacity for each AAT, and the 
amount of each AAT present in the epithe-
lium. While several of the genes coding for 
AATs have been recently cloned in mammals, 
this work has only been started in fi sh 
(Narawane et al.  2009 ). AATs normally com-
prise a diverse group of membrane proteins 
sharing several attributes (Ray et al.  2002 ; 
Wipf et al.  2002 ). They typically exhibit 
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confi rmed that the PepT1 transporter is 
expressed in the enterocytes (Amberg et al. 
 2008 ). Functional analysis by  in vitro  expres-
sion systems categorized the zebrafi sh and 
salmon PepT1 as classical low - affi nity/high -
 capacity systems (Verri et al.  2003 ; R ø nnestad 
et al.  2010 ). The PepT1 characterized to date 
show that teleost PepT1 is a H  +   - dependent 
peptide cotransporter, but in contrast to 
higher vertebrates where the maximal trans-
port activity is independent of extracellular 
pH, the maximal transport rates increase at 
alkaline extracellular pH (Verri et al.  2003 ; 
R ø nnestad et al.  2010 ).   

 Fish larvae have been reported to absorb 
large molecules, including proteins, by endo-
cytosis, followed by intracellular digestion in 
the hindgut mucosa (Figure  3.1  - E; Iwai and 

( Danio rerio ; Verri et al.  2003 ), Atlantic cod 
(R ø nnestad et al.  2006 ), European sea bass 
( Dicentrarchus labrax ; Sangaletti et al.  2009 ), 
and Atlantic salmon ( Salmo salar ; R ø nnestad 
et al.  2008 ). 

 In teleosts, the presently available data 
suggests that the PepT1 transporter is 
expressed at hatching, both in zebrafi sh (Verri 
et al.  2003 ) and in Atlantic cod (R ø nnestad 
et al.  2006 ; Amberg et al.  2008 ). The study 
with zebrafi sh demonstrated that PepT1 is 
highly expressed in the proximal intestine. In 
Atlantic cod, PepT1 mRNA was expressed 
prior to the onset of exogenous feeding and 
PepT1 was expressed throughout the diges-
tive system, except the esophagus and sphinc-
ter regions (Figure  3.2 ; Amberg et al.  2008 ). 
 In situ  hybridization data from Atlantic cod 

     Figure 3.2      In situ  expression pattern of the peptide transporter PepT1 mRNA in the digestive tract of Atlantic cod larvae. 
(a, b) Larva at 0 day posthatch (dph); (c) larva fed zooplankton at 4   dph; (d) larva fed zooplankton at 22   dph. Arrowheads 
point to the sphincter regions with no PepT1 expression. Scale bars indicate 100    μ m. es    =    esophagus, li    =    liver, 
mg    =    midgut, hg    =    hindgut, yo    =    yolk.  (Adapted from Amberg et al.  2008 .)   

(a) (b)

(c) (d)



90 Digestive Development and Nutrient Requirements

functional stomach in larvae affects the larval 
ability to utilize dietary proteins. Specifi c 
experiments using Atlantic halibut (Tonheim 
et al.  2004, 2005 ; R ø nnestad et al.  2008 ) 
demonstrated that administration of an equal 
intestinal loading of preparations, with 
various degrees of hydrolyzation, resulted in 
a higher absorption effi ciency when the model 
protein was prehydrolyzed prior to feeding 
(Figure  3.3 a). The absorption effi ciency of 
prehydrolyzed protein preparations was rela-
tively high and independent of the amount of 
protein administered (Tonheim et al.  2005 ). 
On the other hand, the absorption effi ciency 
of the intact model protein decreased dra-
matically when the administered dose size 
increased. These results support the view that 
in some species the larval capacity to digest 
and absorb dietary proteins is limited and 
may constitute a bottleneck to intensive larval 
production based on formulated diets rich in 
complex proteins such as the ones present in 
fi sh meal.   

 The studies on larval halibut also demon-
strated that the absorption rates of the pepsin -
 hydrolyzed protein and the more extensively 
hydrolyzed protein were 2.2 and 3 times 
faster than the intact protein, respectively 
(Figure  3.3 b; Tonheim et al.  2004, 2005 ). 
When Atlantic halibut larvae were adminis-
tered an equal intestinal loading of the model 
protein preparations, there was higher digest-
ibility when the model protein was prehydro-
lyzed prior to feeding (Tonheim et al.  2005 ). 

 In these studies, the digestibility of intact 
protein, unlike prehydrolyzed protein, was 
quite variable and dependent on gut transit 
time (see later), and the absorption effi ciency 
of the intact/native model protein decreased 
dramatically when the administered dose size 
increased (Tonheim et al.  2005 ). These results 
suggest that the larval digestive tract capacity 
to process dietary protein is limited by pro-
teolytic rather than by its absorptive capacity,  
and this agrees with previous fi ndings that 
indicated a rapid and effi cient absorption of 
FAA, peptides, and hydrolyzed proteins in 

Tanaka  1968 ; Watanabe  1984 ; Kurokawa 
et al.  1996 ; Luizi et al.  1999 ). Based on these 
fi ndings, it has been suggested that low intes-
tinal proteolytic capacity in the larval stages 
may be compensated by hindgut protein 
endocytosis. Watanabe  (1984)  showed that a 
protein absorbed by hindgut pinocytosis, 
took from 10 to 24 hours to be degraded 
intracellularly in larvae of pond smelt 
( Hypomesus olidus ). R ø nnestad et al.  (2001a, 
2007)  argued that such processing rates of 
dietary proteins are much too low to satisfy 
the high metabolic and anabolic demands for 
AA of rapidly growing fi sh larvae. McLean 
et al.  (1999)  suggested that a primary role of 
macromolecule absorption in the fi sh hindgut 
may be antigen sampling, as found in mammals. 
A similar conclusion was drawn for zebrafi sh 
(Wallace et al.  2005 ). Experimentally, it has not 
been possible to quantify this route of AA 
absorption, and its dietary importance is still 
unknown.  

   3.2.4    Molecular  f orm of 
 d ietary  n itrogen 

 Due to the lack of HCl -  and pepsin - secreting 
cells, the preparatory gastric acid denatur-
ation of ingested proteins is absent in altricial 
fi sh larvae at the onset of exogenous feeding. 
However, Cahu and Zambonino - Infante 
 (1997, 2001)  suggested that the lack of a 
stomach does not hinder enzymatic protein 
digestion in fi sh larvae since pancreatic and 
intestinal enzymes are highly active. Still, 
native proteins present a smaller surface area 
for alkaline enzymatic attack than denatured 
proteins, which may reduce the effi ciency of 
pancreatic and intestinal hydrolysis. In the 
stomachless gibel carp ( Carassius auratus 
gibelio ), hydrolysis of intact protein was 
about 12% of that of denatured protein (Jany 
 1976 ). In addition, studies on Atlantic halibut 
(Tonheim et al.  2004, 2005 ), striped bass 
( Morone saxatilis ), and walleye ( Sander 
vitreus ; Rust  1995 ) suggest that the lack of a 
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Tonheim et al.  2004, 2005 ; R ø nnestad et al. 
 2008 ). Many of the experimental studies 
behind these data depend on model studies 
where larvae are removed from their rearing 
environments and one nutrient studied at a 
time, sometimes using tube feeding. However, 
 Artemia  nauplii and metanauplii have also 
been used to examine ontogenetic changes in 

larvae (Rust et al.  1993 ; Rust  1995 ; R ø nnestad 
et al.  1999, 2000a, 2001a ; Rojas - Garc í a and 
R ø nnestad  2003 ; Applebaum and R ø nnestad 
 2004 ). 

 It is generally believed that the digestive 
capacity of fi sh larvae and their ability to 
digest intact protein may increase gradually 
throughout development (Rust  1995 ; 

     Figure 3.3     (a) Compartmental distribution of a radioactive tracer ( 14 C) in larvae and juvenile Atlantic halibut,  Hippoglossus 
hippoglossus , 20 hours after administration of  14 C - labeled model protein (salmon serum protein [SSP]) by tube feeding. 
The left panel (Intact protein) shows distribution in  larvae  and  juvenile  administered the protein in intact form in equal 
dose size relative to body mass wet weight. The right panel (Larvae ca. 25   dpff) shows distribution of  14 C in larvae 20 
hours after being administered  intact   14 C - SSP or  prehydrolyzed   14 C - SSP. (Based on Tonheim et al.  2004, 2005 .) 
dpff    =    days post fi rst feeding. (b) Absorption of  14 C tracer in Atlantic halibut larvae administered a bolus of  14 C - SSP that 
was either intact or hydrolyzed to two different levels (partly hydrolyzed and highly hydrolyzed).  (Adapted from Tonheim 
et al.  2005 .)   

(a)

(b)
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et al.  1997 ; Day et al.  1997 ; Cahu et al.  1999 ; 
Hamre et al.  2001 ).  

   3.2.5    The  r ole of  g ut  t ransit  t ime 
on  d ietary  p rotein  u tilization 

 Gut transit time appears to be an important 
aspect in the fi sh larvae ’ s ability to utilize the 
ingested dietary proteins. The gut transit time 
is a function of rates of ingestion (Figure  3.1  -
 A) and evacuation (Figure  3.1  - F), also taking 
the gut volume into account. It is not clear 
how, and to what extent, the intestinal transit 
time is regulated in fi sh larvae. At least in 
some species the early larvae appear to con-
tinue to ingest feeds, with no apparent ano-
rectic feedback signal from gut fullness (e.g., 
Atlantic halibut). Under these conditions, 
ingestion rates appear to equal evacuation 
rates. In general, short and variable passage 
times have been reported in fi sh larvae 
(Govoni et al.  1986 ), and a reduced gut transit 
time has been found to have reduced the effi -
ciency of absorption and utilization of the 
ingested feeds (Werner and Blaxter  1980 ; 
Govoni et al.  1986 ). 

 One of the main problems of a fast gut 
passage is the short time available for effi cient 
digestion and absorption of proteins from the 
ingested feeds. Proteins with slow digestibility 
may therefore be lost in the feces in larvae 
with a short gut retention time, while in 
larvae with a longer transit time these pro-
teins will be absorbed. As discussed by 
R ø nnestad et al.  (2007) , the problems associ-
ated with rapid gut transit in a continuously 
feeding (and evacuating) larva may poten-
tially also include lowering luminal proteo-
lytic activity due to overloading of the enzyme 
producing capacity in the exocrine pancreas. 
Although this remains to be demonstrated, it 
is evident that gut transit that is too fast may 
limit any recovery of the enzymes (as well as 
bile) from the chyme. 

 In the study of Tonheim et al.  (2005) , there 
was a signifi cantly higher fraction of the 

the digestive processing capacity. Studies with 
Senegalese sole larvae (Morais et al.  2004a ; 
Engrola et al.  2009 ) established that even 
young stages (8 days after hatching [dah]), 
have a high capacity for digesting live 
 Artemia  (at least when given a single meal). 
The digestibility of  Artemia  was high in all 
tested ages, with label absorption varying 
between 70 and 85% at 24 hours after 
feeding. Rapid digestion and absorption of 
 Artemia  AA were noted, with most of the 
absorption into the body occurring during 
the fi rst 3 hours after feeding. It can be 
hypothesized that the relatively higher 
absorption of AA - label in studies using radio-
labeled  Artemia  as the source of protein 
instead of tube - feeding a liquid tracer could 
be partly related to the physical nature of the 
diet, and thus the experimental conditions. It 
is likely that  Artemia  are retained in the 
larval gut for a longer period of time than a 
liquid test solution, thereby allowing more 
time for protein digestion and absorption. 
Similarly, very high  14 C absorption (67 – 99%) 
has been recorded in larval spot ( Leiostomus 
xanthurus ) using radiolabeled rotifers con-
taining 66% of the  14 C - label in the protein 
fraction (Govoni et al.  1982 ). 

 Recent studies have demonstrated that 
rainbow trout ( Oncorhynchus mykiss ) may 
be reared from the onset of exogenous feeding 
on diets using synthetic dipeptides as the 
source of AA (Dabrowski et al.  2003, 2005 ). 
Another recent study has also demonstrated 
that the supply of peptides to balance the 
dietary AA profi le increases AA retention in 
fi sh (Arag ã o et al.  2004a ). Several reports 
suggest that the dietary inclusion of hydro-
lyzed protein may eventually compensate for 
defi ciencies in the larval capacity for process-
ing dietary intact proteins (Dabrowski  1983 ; 
Carvalho et al.  1997 ; Zambonino - Infante and 
Cahu  2001 ). Still, only moderate, but not 
high, levels of protein hydrolysates have been 
shown to improve growth and increase sur-
vival in young stages of different fi sh species 
(Zambonino - Infante et al.  1997 ; Carvalho 
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port systems (J ü rss and Bastrop  1995 ; 
R ø nnestad and Morais  2008 ), and it has been 
proposed that absorption of individual AA 
proceeds at different rates (Dabrowski  1983 ). 
In addition, the absorption effi ciency of 
various AA is different, and may also change 
with species and developmental stage 
(R ø nnestad et al.  2001b ; Concei ç  ã o et al. 
 2002 ; Saavedra et al.  2008a, 2008b ). 
Methionine and arginine are more effi ciently 
absorbed than tryptophan, tyrosine, and 
especially lysine in white sea bream ( Diplodus 
sargus ) larvae (Saavedra et al.  2008a, 2008b ). 
Different rates of absorption between AA 
may lead to transitory AA imbalances in the 
cellular FAA pool where the protein synthesis 
is carried out, leading to increased AA 
catabolism. 

 Indispensable (or essential) AA (IAA) must 
be provided through the diet (Figure  3.4 ). The 
other AA can be synthesized  de novo  from 
 α  - keto acids or through transamination and 
other reactions from other AA and thus are 
termed dispensable (or nonessential) AA 
(DAA). Glutamate has a pivotal role, being 
involved in the synthesis of most other DAA, 
either as a precursor or as an amino group 
donor (see Bender  1985 ; Stryer  1995 ). 
Synthesis of DAA from glucose has been dem-
onstrated in adult fi sh (Cowey and Walton 
 1989 ); however, it is unknown whether this 
 de novo  synthesis of AA is of quantitative 
signifi cance in adults, and whether fi sh larvae 
also have that capability.   

 Transaminases and other AA - converting 
enzymes are present in juvenile and adult fi sh 
(for a review, see Cowey and Walton  1989 ), 
but their importance in AA fl ux is largely 
unknown. Transaminase activities have been 
shown to change both with development and 
with type of diet in African catfi sh ( Clarias 
gariepinus ) larvae (Segner and Verreth  1995 ). 
However, in early life stages of two marine 
teleost species fed diets with different AA 
compositions, no differences in transaminase 
activity could be detected (Arag ã o et al.  2003 ; 
Saavedra et al.  2009b ). Transamination may 

intact model protein absorbed by a group of 
larvae at 31 days post fi rst feeding [dpff]) 
than by larvae at 25   dpff. A more detailed 
analysis of the fecal evacuation in these larvae 
indicated that the poor protein utilization in 
the younger group was due to rapid fecal 
evacuation, which in some larvae was more 
than 50% evacuated by 4 hours post diet 
administration, at a time when the processes 
of digestion and absorption were far from 
complete (Tonheim et al.  2005 ). This indi-
cates that fecal evacuation is a critical factor 
in the utilization of slowly digested and 
absorbed dietary proteins by fi sh larvae, while 
it will have a lower effect on the utilization 
effi ciency of rapidly absorbed feed constitu-
ents such as FAA, peptides, and prehydro-
lyzed protein. 

 A recent study on Atlantic halibut larvae 
demonstrated that control of light condition 
strongly affected the feeding regime and also 
enabled successful eye migration in Atlantic 
halibut juveniles (Harboe et al.  2009 ). In this 
species, continuous light results in continuous 
feeding and high feed ingestion rates, while 
combinations of light and dark periods result 
in defi ned meals. It was speculated that a fast 
gut transit in continuously feeding larvae may 
also cause slowly digestible and essential 
compounds to be lost in the feces, while in 
larvae which received a meal based feeding 
regime, a longer transit time may enable 
nutrients critical for development to be 
absorbed. Further work is necessary to deter-
mine the effects of gut transit time on feeding 
regimes combined with prey availability in 
the rearing systems. These studies also need 
to focus on the bioavailability of different 
nutrients.   

   3.3    Protein  m etabolism 

   3.3.1     AA   m etabolism 

 The intestinal absorption of individual AA 
and small peptides depends on different trans-
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 1994 ), it is unclear whether larval fi sh have a 
higher AA catabolism compared with older 
fi sh. It has been proposed that any higher AA 
usage for energy purposes in fi sh larvae is 
caused by a reduced catabolic adaptability 
associated with the strict carnivorous nature 
of fi sh larvae (Dabrowski  1986 ). However, 
Morais et al.  (2004a)  showed that 12 - dah 
Senegalese sole larvae had signifi cantly lower 
AA catabolism compared with older fi sh (22 
and 35   dah). Still, studies determining AA 
oxidation (using a  14 CO 2  - metabolic trap) in 
fi sh larvae show that in general larvae have a 
high AA catabolism — for example, about 
20% of AA intake oxidized 10 hours after 
ingestion in larval spot (Govoni et al.  1982 ), 
17% at 13 hours after tube feeding in Atlantic 
halibut postlarvae (R ø nnestad et al.  2001a ), 
39% at 24 hours after feeding in Atlantic 

be important in improving protein utilization 
as it may compensate for DAA imbalances in 
dietary protein. However, it remains to be 
established whether in fast - growing fi sh 
larvae transamination is suffi cient to make 
such compensation. 

 The fi rst step in AA catabolism is deamina-
tion, the removal of the amino group 
(Figure  3.4 ). After deamination, resulting  α  -
 keto acids may be oxidized to carbon dioxide 
and water via the tricarboxylic acid (TCA) 
cycle, or be used in lipid or carbohydrate 
synthesis. The pathways through which the 
carbon backbones of individual AA enter the 
TCA cycle are complex and sometimes mul-
tiple (for details, see Cowey and Walton 
 1989 ; Stryer  1995 ). Even if AA are a major 
energy source during the larval stage of most 
marine teleost species (R ø nnestad  1992 ; Finn 

     Figure 3.4     Main routes of amino acid (AA) metabolism in fi sh larvae, and how they may affect larval fi sh performance. 
Current knowledge of effects of dietary AA in these routes is given as follows:  *     =    affected by dietary AA composition, 
?    =    unknown if affected by dietary AA composition, #    =    unknown if relevant in meeting dispensable AA 
requirements.  

Amino Acids in
Feed

Enzymes
Hormones

Neurotransmitters

Purins
Pyrimidins

Hemoglobin
Cytochromes

Protein

Growth

Survival
and

Quality

Lipids
Carbohydrates

cell signaling
gene expression

metabolism

Free Amino Acid
(FAA) Pool

α-keto acids

CO2 + H2O

?

? #

NH3

?

Transamination

Deamination *

Catabolism *

De novo synthesis
#

Protein degradation ?

Protein synthesis *

Synthesis ?

Syn
th

es
is

Gluconeogenesis, Lipidogenesis
*

*

*

Digestion
and

Absorption

Regulation



Proteins 95

 AA are also precursors for the synthesis of 
several nonproteinic N - containing molecules 
(Figure  3.4 ). However, little quantitative sig-
nifi cance has been attributed to AA usage 
through these pathways in vertebrates (Simon 
 1989 ). AA are required for the synthesis of 
many important biomolecules, such as purines 
and pyrimidines of the nucleic acids, the por-
phyrine nucleus of hemoglobin and cyto-
chromes, phosphocreatine, as well as 
peptide -  or AA - derived hormones (for details, 
see Bender  1985 ; Stryer  1995 ). AA have also 
been proposed to be the best precursors for 
lipid and carbohydrate synthesis in fi sh (Nagai 
and Ikeda  1972, 1973 ); AA deamination 
results in the production of  α  - keto acids that 
can be used for gluconeogenesis and/or lipo-
genesis. Depending on the carbon backbone, 
an AA may be termed glucogenic (precursor 
for carbohydrates) and/or ketogenic (precur-
sor of lipids; for details, see Stryer  1995 ). 
Still, gluconeogenesis is believed to be a minor 
pathway of AA metabolism in fi sh (van 
Waarde  1988 ).  

   3.3.2    Protein  t urnover 

 Protein turnover is the renewal and cycling of 
tissue proteins and is the dynamic balance 
between protein synthesis and protein degra-
dation (Figure  3.4 ). Any protein deposition 
(or growth) is the net result of this balance. 
Protein growth may result from an increase 
in the rate of protein synthesis and/or from a 
decrease in the rate of protein degradation. 
Protein turnover equals protein degradation 
in a growing organism, is the same as both 
protein synthesis and degradation at mainte-
nance, and is equivalent to protein synthesis 
during starvation (Wiesner and Zak  1991 ). 

 Protein turnover can be divided into an 
obligatory component associated with the 
maintenance of cell functions, and a variable 
component related to growth (Reeds  1989 ). 
The main functions of protein turnover have 
been suggested to be (Hawkins  1991 ) (1) the 

herring larvae (Morais et al.  2004b ), and 
11 – 30% at 24 hours after feeding in 
Senegalese sole larvae (Morais et al.  2004a, 
2005 ; Engrola et al.  2009 ). 

 Few studies have quantifi ed the fraction of 
total energy expenditure derived from AA 
catabolism in fed larvae. AA have been esti-
mated to supply two - thirds of the total energy 
required in fi rst - feeding Atlantic halibut 
larvae (R ø nnestad and Naas  1993 ), and were 
also estimated to account for 70 – 95% of the 
total energy expenditure in Atlantic cod 
larvae at 3 – 4 weeks of age. After that, lipids 
gain importance as fuel, but even in 40 – 60 -
 mm standard - length juveniles, AA still repre-
sent more than 50% of the energy substrates 
(Finn et al.  2002 ). 

 It has been demonstrated that larvae have 
a good capacity to discriminate between indi-
vidual AA (Concei ç  ã o et al.  2003a ), through 
studies using tube - feeding of single  14 C - labeled 
AA. Senegalese sole postlarvae (R ø nnestad 
et al.  2001b ), Atlantic herring larvae 
(Concei ç  ã o et al.  2002 ), and early metamor-
phosing Atlantic halibut larvae (Applebaum 
and R ø nnestad  2004 ) all use DAA preferen-
tially to IAA as energy substrates, and catabo-
lism rates vary between individual IAA. 
Therefore, fi sh are able to spare IAA from 
very early stages of development and have a 
tight control over AA catabolism. These 
results show that fi sh larvae and postlarvae 
have control of AA catabolism comparable 
with that of juvenile fi sh (Cowey and Sargent 
 1979 ; Kim et al.  1992 ) and other animals 
(Tanaka et al.  1995 ; Heger et al.  1998 ; Roth 
et al.  1999 ), in contrast to what was previ-
ously believed (Concei ç  ã o et al.  1997a, 1998 ). 
Various enzymes are involved in catabolism 
and transamination of AA (Cowey and 
Walton  1989 ; J ü rss and Bastrop  1995 ), allow-
ing regulation for the differential use of indi-
vidual AA. In fact, catabolism was higher for 
tyrosine, intermediate for methionine, trypto-
phan, and lysine, and lower for arginine in 
white sea bream larvae (Saavedra et al.  2008a, 
2008b ). 
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tissue to tissues with higher metabolic activ-
ity, such as the liver and the digestive tract 
(Dabrowski  1986 ). Rates of protein synthesis 
rates are known to vary considerably between 
tissues. In adult fi sh (Fauconneau and Arnal 
 1985 ; Houlihan and Laurent  1987 ; Houlihan 
et al.  1988 ), as in mammals (Simon  1989 ), 
protein synthesis rates are about 10 - fold 
higher in the liver, gill, digestive tract, kidney, 
and spleen compared with the heart and 
muscle. Moreover, the turnover rate of a par-
ticular protein may differ among tissues 
(Houlihan et al.  1995a ). How these different 
turnover rates are regulated is still largely 
unknown (Simon  1989 ). 

 Protein turnover may affect larval viability 
and survival. A high turnover has been dem-
onstrated to increase metabolic plasticity and 
response to environmental stress (Hawkins et 
al.  1987 ). Turbot ( Scophthalmus maximus ) 
larvae fed an immunostimulant showed 
increased rates of protein synthesis and turn-
over (Concei ç  ã o et al.  2001 ), which may 
result in higher survival in conditions of 
environmental/disease stress. However, as 
protein turnover is energetically costly, an 
increase in protein turnover may cause a 
trade - off between fast growth and stress 
resistance/survival in fi sh larvae (Concei ç  ã o 
et al.  2001 ). 

 The effi ciency of utilization of absorbed 
AA will depend on the rates of protein syn-
thesis and protein turnover. On the one hand, 
higher protein synthesis rates tend to reduce 
AA catabolism, as absorbed AA will leave the 
free pool faster, which would bring higher AA 
utilization effi ciency. On the other hand, the 
synthesis of proteins is one of most energy -
 demanding cellular processes; this may result 
in increased concurrent use of AA for energy 
production. Increased protein turnover 
usually decreases AA utilization effi ciency, as 
a higher amount of AA will be available for 
catabolism. However, protein turnover may 
also have an important short - term role, in 
compensating dietary AA imbalances during 
postprandrial metabolism through the endog-

ability to dynamically change the amounts 
(and activities) of specifi c enzymes; (2) the 
mobilization of protein during fasting, either 
to provide AA as precursors for protein syn-
thesis or as substrates for energy; (3) the 
removal of abnormal proteins; and (4) the 
precondition for restructuring cells during 
cell development combined with changes in 
cell functions. 

 Protein synthesis and protein degradation 
are complex processes, and the mechanisms 
are described in standard textbooks (e.g., 
Bender  1985 ; Stryer  1995 ). The different 
methodologies to determine the rates of 
protein synthesis in fi sh larvae are described 
and discussed in Concei ç  ã o et al.  (2007) . 
Protein synthesis in fi sh larvae seems to follow 
the general trends observed in adult fi sh and 
mammals (Houlihan et al.  1995b ). Protein 
synthesis increases with growth rate 
(Fauconneau et al.  1986a, 1986b ), dietary 
protein level (Fauconneau et al.  1986b ), tem-
perature (Fauconneau et al.  1986a ), and 
ration size (Fauconneau et al.  1986a, 1986b ; 
Houlihan et al.  1992 ). However, while protein 
degradation increases concurrently with 
protein synthesis in adult fi sh and mammals, 
in fi sh larvae this does not seem to happen 
(Houlihan et al.  1992 ). The result is that at 
higher growth rates, fi sh larvae may be more 
effi cient in depositing protein compared with 
slower - growing larvae. It has been proposed 
that fi sh larvae may decrease the rate of 
protein turnover to reduce the costs of protein 
synthesis, in order to respond to strong selec-
tive pressure to increase effi ciency of protein 
deposition (Ki ø rboe et al.  1987 ; Ki ø rboe 
 1989 ; Concei ç  ã o et al.  1997b ). 

 Fractional rates of protein synthesis (% per 
day), protein turnover, and protein degrada-
tion tend to decrease with body size and with 
age in mammals (Simon  1989 ), juvenile and 
adult fi sh (Houlihan et al.  1986, 1995a, 
1995c ), and fi sh larvae (Fauconneau et al. 
 1986a ; Houlihan et al.  1995b ). This decrease 
in protein synthesis with age may be explained 
by the increase in the ratio of white muscle 
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et al.  1970 ). A dietary source of such IAA is 
needed to meet the fi sh requirements for 
normal growth.   

 Diffi culties in working with fi sh larvae 
(i.e., small - sized organisms, very fragile to 
manipulation, constraints in developing well -
 accepted microdiets with a well - defi ned nutri-
tional composition at the time of ingestion, 
limitations in manipulating the AA composi-
tion of live feeds) have hampered the use of 
the traditional dose – response methodology 
applied to juvenile studies. In addition, some 
of the same diffi culties have thus far prevented 
the use of the AA oxidation method (Walton et 
al.  1984 ). Thus, AA considered indispensable 
for juvenile and adult fi sh have been considered 
indispensable for the larvae. This may not be 
absolutely valid, as the incipient degree of devel-
opment and the high growth rates of early fi sh 
larvae may limit the biosynthesis of some AA 
considered dispensable. 

 Recently, a dipeptide - based diet has been 
successfully used with rainbow trout alevins 
(Dabrowski et al.  2003, 2005 ; Terjesen et al. 
 2006 ), opening new perspectives for the iden-
tifi cation of the essentiality of AA for fi sh 
larvae. This dipeptide - based diet was used to 
confi rm that arginine is an IAA in fi rst - feeding 
rainbow trout alevins (Terjesen et al.  2006 ). 
During the fi rst stages of development, the 
ornithine – urea cycle enzymes are expressed in 
trout alevins and in larvae of several fi sh 
species (e.g., Wright et al.  1995 ; Chadwick 
and Wright  1999 ; Terjesen et al.  2000, 2001 ), 
which theoretically could enable arginine bio-
synthesis. However, this pathway apparently 
is involved in ammonia detoxifi cation during 
the early fi sh stages (Wright et al.  1995 ; 
Terjesen  2008 ), and even if some arginine 
biosynthesis may occur, a dietary source is 
needed to cover larval requirements. 

 Cysteine and tyrosine are considered condi-
tionally IAA for fi sh since their sole precursors 
are IAA — methionine and phenylalanine, 
respectively. For the purpose of estimating the 
AA requirements of fi sh, a sulfur and an aro-
matic AA requirement is usually considered 

enous release of AA. In fi sh larvae, the daily 
turnover rate of proteins can be more than 
50% (Houlihan et al.  1993 ; Concei ç  ã o et al. 
 1997b, 2001 ). Nevertheless, protein turnover 
is just the recycling of AA (Houlihan et al. 
 1995a ), and therefore AA released by protein 
turnover will have no net contribution in 
terms of meeting AA requirements. Protein 
growth depends exclusively on dietary AA.   

   3.4     AA   r equirements 

   3.4.1     IAA  and  DAA  

 In 1957, an AA test diet was successfully 
developed for fi ngerling salmonids and 
allowed nutritionists to identify the essential-
ity of each AA for fi sh (Halver  1957 ). 
Consequently, it was concluded that 10 out 
of the 20 AA that constitute protein are indis-
pensable for salmonids: arginine, histidine, 
isoleucine, leucine, lysine, methionine, phe-
nylalanine, threonine, tryptophan, and valine 
(Halver et al.  1957 ; Halver and Shanks  1960 ; 
Table  3.1 ). Further studies using a radioac-
tively labeled carbon source ([U -  14 C] - glucose) 
have confi rmed that plaice ( Pleuronectes pla-
tessa ) and Dover sole ( Solea solea ) were 
unable to biosynthesize the same AA (Cowey 

  Table 3.1    Indispensable and dispensable amino acids for 
fi sh according to Halver et al.  (1957) . 

   Indispensable  
   Conditionally 
indispensable     Dispensable  

  Arginine    Cysteine    Alanine  

  Histidine    Tyrosine    Asparagine  

  Isoleucine        Aspartic acid  

  Leucine        Glutamic acid  

  Lysine        Glutamine  

  Methionine        Glycine  

  Phenylalanine        Proline  

  Threonine        Serine  

  Tryptophan          

  Valine          
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composition remained stable and independent 
from the dietary protein content. Thus, AA 
profi les are a valuable tool as a starting point for 
the determination of larval AA requirements. 

 In fi sh juveniles, several studies have deter-
mined the tissue AA profi le that should be 
used as a guideline for studying AA require-
ments. The AA profi les of fi sh eggs have been 
used as an indicator of the larval AA require-
ments (e.g., Dendrinos and Thorpe  1987 ; 
Shcherbina et al.  1988 ); however, several 
authors have concluded that whole - body IAA 
profi les better refl ect the fi sh AA require-
ments, rather than the profi les of the egg 
stages (Ogata et al.  1983 ; Wilson and Poe 
 1985 ; Mambrini and Kaushik  1995 ; Alam 
et al.  2005 ). Marine pelagic fi sh eggs have a 
high FAA content, and in most cases, these 
are only partly used for protein synthesis 
(e.g., R ø nnestad et al.  1992, 1994 ; Finn et al. 
 1995, 1996 ; Parra et al.  1999 ; Kamler  2008 ). 
Total AA content of fi sh eggs may then lead 
to erroneous estimations of the larval AA 
requirements since, in exogenous feeding 
larvae, the FAA pool represents only a small 
fraction of the total AA pool (Concei ç  ã o 
et al.  1997a ; Brown et al.  2005 ). Furthermore, 
studies aiming to estimate the larval AA 
requirements should consider that larval 
growth is alometric, which suggests that dif-
ferent proteins may be synthesized at different 
periods during ontogenesis (Osse and van den 
Boogart  1995 ). Physiological and morpho-
logical changes occurring throughout larval 
life may also affect considerably the AA 
profi le. For instance, in species with a marked 
metamorphosis, such as Senegalese sole, 
changes in the AA profi le during ontogeny are 
more pronounced than in species that have a 
smoother metamorphosis, such as gilthead 
sea bream ( Sparus aurata ; Arag ã o et al. 
 2004b ). For a better estimation of the AA 
requirements of fi sh larvae, an analysis of the 
whole - body AA profi le at several points of 
development seems worthwhile. 

 Based on the ontogenetical changes found 
for larval AA profi le (Table  3.2 ), the AA 

more pertinent, representing the sum of methi-
onine with cysteine and phenylalanine with 
tyrosine, respectively (e.g., Mambrini and 
Kaushik  1995 ). Lately, it has been suggested 
that proline may be conditionally indispens-
able for larval fi sh (Dabrowski et al.  2005 ; 
Terjesen et al.  2006 ), but this hypothesis needs 
to be further tested in controlled experiments. 

 Contrary to what was suggested in the 
past, it is now known that fi sh larvae are able 
to distinguish between IAA and DAA. Hence, 
IAA are preferentially spared for growth pur-
poses, while DAA are preferentially used as 
an energy substrate (R ø nnestad and Concei ç  ã o 
 2005 ). Therefore, besides their high growth 
rates and their high energy requirements, fi sh 
larvae have a tight regulation of their AA 
metabolism. Hence, the dietary IAA:DAA 
ratios may have an impact on larval growth 
and nitrogen metabolism, as has been shown 
in fi sh juveniles (e.g., Green et al.  2002 ; Peres 
and Oliva - Teles  2006 ), but studies with fi sh 
larvae are still needed.  

   3.4.2     AA   p rofi les  a s  i ndicators of 
 r equirements 

 AA requirements of fi sh larvae are not easily 
determined due to diffi culties in the use of for-
mulated diets and in the manipulation of the 
live feed protein profi les (see Chapter  11  for 
discussions). Thus, traditional methods used 
in nutritional studies with juvenile and adult 
fi sh, such as dose – response studies, are diffi -
cult to apply to larvae. L ó pez - Alvarado and 
Kanazawa  (1994)  reported the quantitative 
dietary arginine requirement for red sea bream 
( Pagrus major ) larvae (20 days old) using 
dose – response trials, but most studies with 
fi sh larvae used AA profi les as an indicator of 
their requirements. Fiogb é  and Kestemont 
 (1995)  assessed the protein and AA require-
ments in goldfi sh ( Carassius auratus ) larvae 
based on dose – response methods and con-
cluded that, despite larvae being fed diets dif-
fering in their protein levels, the larval AA 
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     Figure 3.5     Comparison of the indispensable amino acid profi les of fi sh larvae (fi lled circles) and live prey (open squares) 
for an estimation of dietary amino acid imbalances. (a)  Sparus aurata  7 days after hatching and rotifers (adapted from 
Arag ã o et al.  2004b ); (b)  Diplodus sargus  17 days after hatching and  Artemia  nauplii.  (Adapted from Saavedra et al. 
 2006 .)   
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dietary imbalances. Most common live prey 
used in aquaculture — rotifers and  Artemia  —
 do not meet the dietary requirements of larvae 
from several fi sh species, such as African 
catfi sh (Concei ç  ã o et al.  1998 ), turbot 
(Concei ç  ã o et al.  2003a ), white sea bream 
(Saavedra et al.  2006 ), gilthead sea bream, 
and Senegalese sole (Arag ã o et al.  2004b ; 
Figure  3.5 ). Nevertheless, this appears to not 
hold true for all species since those prey seem 
to meet the AA requirements of larvae from 
species such as dentex (Tulli and Tibaldi 
 1997 ) and striped trumpeter ( Latris lineata ; 
Brown et al.  2005 ).    

   3.4.3     AA   b ioavailabilities and 
 r equirements 

 Although AA profi les are a good starting 
point to defi ne the IAA requirements of larval 
fi sh, these are only a rough estimation of their 
requirements. This approach only takes into 
consideration the AA requirements for protein 
synthesis, and not the requirements for 
routine metabolic demands or for other meta-
bolic or physiological purposes. This method 

requirements have been suggested to change 
during ontogenesis of some fi sh species, such 
as dentex ( Dentex dentex ; Tulli and Tibaldi 
 1997 ), African catfi sh (Concei ç  ã o et al.  1998 ), 
Asian sea bass ( Lates calcarifer ; Syama Dayal 
et al.  2003 ), turbot (Concei ç  ã o et al.  1997a ), 
gilthead sea bream, and Senegalese sole 
(Arag ã o et al.  2004b ). However, for other 
species, such as the white sea bream ( Diplodus 
sargus ; Saavedra et al.  2006 ) and sharpsnout 
sea bream ( Diplodus puntazzo ; Saavedra 
et al.  2007 ), the larval AA profi le is rather 
stable after the onset of exogenous feeding, 
suggesting no major changes in AA require-
ments during ontogeny. It should be noted 
that even what may seem like small changes 
in the IAA profi le may have important impli-
cations in terms of IAA requirements. For 
instance, a 0.5% decrease in the contribution 
of methionine to the IAA profi le of African 
catfi sh was estimated to potentially result in 
an increase of up to 21% of the methionine 
requirement (Concei ç  ã o et al.  1998 ).   

 As the whole - larval IAA profi le is a rough 
estimation of the IAA requirements of larvae, 
several authors have compared this with the 
IAA of larval feed in order to detect possible 
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with gas chromatography – isotope ratio mass 
spectrometry (GC - IRMS) in sharpsnout sea 
bream larvae showed higher relative bioavail-
abilities for isoleucine, leucine, and valine 
compared with lysine, while methionine and 
tyrosine had lower relative bioavailabilities 
(Saavedra et al.  2007 ; Figure  3.6 ).   

 It is important to realize that AA relative 
bioavailabilities, just as larval IAA profi les 
and thereby AA requirements, may change 
between species and also during development 
for a given species (Concei ç  ã o et al.  2003a ). 
The capacity and type of intestinal transport-
ers change during fi sh ontogeny (Buddington 
 1992 ), and catabolism of lysine was shown 
to change during ontogeny of Atlantic herring 
larvae (Concei ç  ã o et al.  2002 ). In any case, 
the combination of larval protein AA profi les 
with bioavailability data is probably the most 
promising tool to study the IAA requirements 
of larval fi sh. These two methodologies can 
be used to defi ne the ideal dietary IAA profi le 
for a given species, that is, the qualitative AA 
requirements for growth (Concei ç  ã o et al. 
 2003a ). The ideal dietary IAA profi le can be 
calculated by dividing the contribution of 
each IAA to the larval IAA profi le by the 
relative bioavailability of that same IAA 
(Concei ç  ã o et al.  2003b ). Comparison of the 
IAA profi le alone of larval gilthead sea bream 

is more robust if differences in the bioavail-
ability of individual AA, due to selective 
absorption and/or catabolism, are taken into 
account (Concei ç  ã o et al.  2003a, 2003b, 
2007 ). The gut absorption of individual AA 
depends on different transport systems (J ü rss 
and Bastrop  1995 ), and thereby individual 
AA may have different absorption rates and 
effi ciencies (Dabrowski  1983 ). Absorption 
and/or catabolism of individual AA has been 
shown to vary in larvae of several fi sh species 
(R ø nnestad et al.  2001b ; Concei ç  ã o et al. 
 2002 ; Saavedra et al.  2008a, 2008b ). 

 A method combining high - resolution 
 13 C - nuclear magnetic resonance (NMR) spec-
troscopy and the use of  13 C - labeled live feed 
has been used to study simultaneously the 
relative bioavailability of several individual 
AA in gilthead sea bream larvae (Concei ç  ã o 
et al.  2003b ). Relative bioavailability is a 
combined measure of absorption effi ciency 
and rate of catabolism for each AA when 
compared with other AA. Threonine and 
lysine were shown to have relative bioavail-
abilities of 0.64 and 1.49, respectively, 
meaning that threonine is retained less effi -
ciently by larvae when compared with other 
IAA, while lysine is retained more effi ciently 
(Concei ç  ã o et al.  2003b ). A similar study 
using  15 N - enriched rotifers in combination 

     Figure 3.6     Relative bioavailability of several amino acids in sharpsnout sea bream ( Diplodus puntazzo ) larvae deter-
mined using  15 N - enriched rotifers in combination with GC - IRMS. Bioavailability of lysine is set to 1, and other amino 
acids are expressed in relation to lysine.  (Based on data from Saavedra et al.  2007 .)   
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increased resistance to a stress test when com-
pared with a nonsupplemented balanced 
diet (Saavedra  2008 ). Dietary tryptophan 
supplementation increased brain serotonin 
(5 - hydroxytryptamine) concentration, con-
tributing to mitigation of cannibalism in 38 -
 dah groupers ( Epinephelus coioides ; Hseu 
et al.  2003 ). Therefore, it has been suggested 
that dietary formulations based on the larval 
AA profi les may be insuffi cient to cover 
requirements other than growth. 

 There is also some evidence that during 
certain periods of development, larvae may 
have higher requirements for specifi c AA. For 
instance, in fl atfi sh species, metamorphosis is 
a highly complex and physiologically demand-
ing process occurring during larval develop-
ment. Hence, Senegalese sole larvae retain a 
higher proportion of dietary tyrosine during 
pre -  and metamorphic stages than after meta-
morphosis (Pinto et al.  2009a ), which sug-
gests higher tyrosine requirements during this 
period. Interestingly, short - term tyrosine sup-
plementation affected aromatic AA (phenyl-
alanine and tyrosine) metabolism only during 
the metamorphic stage of Senegalese sole 
larvae. When these larvae were tube - fed tyro-
sine supplements at pre -  or postmetamorphic 
stages, no signifi cant effects were observed 
(Pinto et al.  2009b ). 

 Studies on the AA requirements of fi sh had 
focused mostly on the AA that structure pro-
teins. However, many AA are only found in 
the free form and often are ignored by nutri-
tionists. Several FAA, such as taurine, orni-
thine, or  γ  - amino -  n  - butyric acid (GABA), 
have important functions in fi sh. 

 Among the AA only present in the free 
form, taurine is probably the one most studied 
in terms of requirements for fi sh. Nevertheless, 
its role and importance in fi sh are still not 
fully understood, especially in the larval 
stages. Taurine is one of the most abundant 
low - molecular - weight organic constituents in 
fi sh. Lacking a carboxyl group, taurine cannot 
be incorporated into protein and, in animals, 
it cannot be oxidized for energetic purposes. 

with the IAA profi le of rotifers suggests that, 
due to dietary imbalances, larvae would lose 
by catabolism 45% of the total AA absorbed 
(Concei ç  ã o et al.  2003a ). However, if the IAA 
profi le had been corrected for relative bio-
availabilities, the estimated AA losses would 
be only 15% (Concei ç  ã o et al.  2003a ). It 
should be noted that using larval IAA profi les 
without correcting for bioavailability may  
lead to either overestimation of IAA require-
ments (as in the example above) or underes-
timation, depending on the bioavailabilities 
of the more imbalanced IAA in the diet. 

 The combination of larval protein AA pro-
fi les with bioavailability data can also be 
instrumental in reducing the efforts needed to 
study AA requirements in fi sh larvae. 
Providing the requirement for a single AA is 
established for a given species by dose –
 response or oxidation studies, IAA profi les 
corrected for bioavailability may be used to 
quickly estimate requirements of all other 
IAA.  

   3.4.4    Requirements for  u ses  o ther 
 t han  g rowth 

 Few studies have analyzed the AA require-
ments for growth in fi sh larvae, when com-
pared with studies focusing on juvenile or 
adult fi sh. However, even fewer have analyzed 
the AA requirements for purposes other than 
growth. Some recent literature suggests that 
the importance of meeting larval AA require-
ments goes further than maximizing growth 
performance. For instance, a balanced AA 
profi le increased survival in gilthead sea 
bream larvae (Arag ã o et al.  2007 ) and 
decreased skeletal deformities in white sea 
bream larvae (Saavedra et al.  2009b ). 

 Benefi cial effects of AA other than larval 
growth enhancement have also been demon-
strated in studies using dietary AA supple-
mentation. White sea bream larvae fed 
balanced AA diets supplemented with aro-
matic AA had fewer skeletal deformities and 
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improving the performance and quality of 
larval fi sh.  

   3.4.5    Dietary  s upply of  AA  

 Larvae of most marine fi sh species, and even 
many freshwater species, rely for periods 
ranging from 1 week to 1 or more months on 
zooplankton for feed (see review by Concei ç  ã o 
et al.  2010 ). Despite considerable progress in 
microdiet technology in recent years, the 
feeding regime for larvae of most marine fi sh 
species starts with live rotifers and/or  Artemia . 
The problem is that the AA profi le of rotifers 
and  Artemia  probably do not meet the dietary 
AA requirements of larvae of most fi sh species 
studied so far (see Section  3.4.2 ). Despite 
some studies reporting the use of microdiets 
to study larval requirements for AA (L ó pez -
 Alvarado et al.  1994 ; L ó pez - Alvarado and 
Kanazawa  1995 ; Saavedra et al.  2009a, 
2009b ) or other nutrients (Y ú fera et al.  2000 ; 
Koven et al.  2001, 2002 ; Seiliez et al.  2006 ) 
with reasonable survival rates, growth rates 
are typically low compared with when live 
feeds are used. However, the use of inert 
microdiets in advanced larval stages is a 
reality for most commercially reared species. 
The problems that hamper further progress in 
the use of microdiets in early larval stages of 
fi sh include low attractiveness of microdiets 
and consequent lower ingestion rates; poor 
digestibility; high leaching losses of soluble 
molecules such as FAA, peptides, vitamins, 
and minerals; and diffi culties formulating 
complete and well - balanced diets due to lack 
of knowledge of nutritional requirements. 

 The problem of microdiet attractiveness 
has been partly overcome by the inclusion of 
protein hydrolysates or FAA, which are 
known to have a role as attractants (Kolkovski 
et al.  1997 ; Cahu and Zambonino - Infante 
 2001 ; Koven et al.  2001 ). The FAA alanine, 
glycine, and arginine, as well as betaine, have 
been identifi ed to stimulate feed intake in gilt-
head sea bream larvae (Kolkovski et al.  1997 ). 

However, taurine participates in several physi-
ological functions in vertebrates, such as bile 
salt synthesis, membrane stabilization, modu-
lation of neurotransmitters, antioxidation, 
and detoxifi cation, and it has effects on early 
development of the brain, eyes, and heart 
(Huxtable  1992 ). A positive correlation 
between taurine levels in live feed and larval 
growth rates has been suggested (Concei ç  ã o 
et al.  1997a ), and some results indicate that 
taurine might be an essential nutrient during 
early fi sh developmental stages (Takeuchi 
et al.  2001 ). Further studies testing the effects 
of dietary taurine supplementation on fi sh 
larvae have shown that rotifers enriched with 
taurine increased growth in red sea bream, 
Pacifi c cod ( Gadus macrocephalus ), and 
Japanese fl ounder larvae (Chen et al.  2004, 
2005 ; Matsunari et al.  2005 ). Besides this 
positive effect on larval growth, dietary 
taurine supplements also increased resistance 
to starvation in red sea bream larvae (Chen 
et al.  2004 ). Furthermore, for fl atfi sh species 
going through a marked metamorphosis 
during their ontogenesis, taurine supplements 
enhanced larval metamorphosis, although this 
may, at least in part, be linked to the increased 
growth observed in these larvae (Chen et al. 
 2005 ; Pinto et al.  2008 ). The capacity of fi sh 
to biosynthesize taurine remains unclear, and 
it has been suggested that this may be species 
specifi c and even stage specifi c (Yokoyama et 
al.  2001 ; Kim et al.  2008 ). 

 Many more AA exist in the free form and 
their functions are largely or completely 
unknown. Furthermore, emerging evidence 
shows that physiological functions of AA go 
further than being key precursors of hor-
mones and several low - molecular - weight 
nitrogenous substances; AA are also cell sig-
naling molecules and regulators of gene 
expression (Li et al.  2009 ; Wu  2009 ). Fish 
studies on these subjects are very scarce and 
almost nonexistent for fi sh larvae, so the 
requirements for purposes other than growth 
are still far for being understood. This almost 
certainly means there is still much room for 
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AA and peptides are largely unknown. Peptide 
transport is probably an important route for 
absorption of both dietary proteins and pep-
tides, but its quantitative importance remains 
to be established. Gut transit time appears to 
be an important aspect in the use of ingested 
dietary proteins in feeds. However, it is 
unclear how and to what extent intestinal 
transit time is regulated in fi sh larvae, and 
how the bioavailability of dietary proteins 
changes with time and degree of digestion. 
The  in vivo  digestibility for the dietary protein 
source will also be an important factor that 
determines their utilization by fi sh larvae. 

 Fish larvae have tight control over AA 
metabolism, and actively spare IAA from very 
early stages of development, rather using 
DAA for energy production. Still, it is 
unknown whether fi sh larvae have transami-
nation capacity to meet their requirements for 
all AA considered dispensable for older fi sh. 
Some of these may actually be IAA for fi sh 
larvae. Protein turnover probably has impor-
tant roles in the endogenous mobilization of 
AA to compensate for dietary AA imbalances 
during postprandial metabolism, or for the 
synthesis of proteins required during stress or 
disease. However, the magnitude and rele-
vance of these roles, and their energetic impli-
cations, remain to be established. 

 Optimization of dietary AA utilization will 
depend on defi ning the ideal dietary IAA 
profi le. Determination of the larval AA 
requirements is not an easy task, and tradi-
tional methods used in nutrition are diffi cult 
to apply. The combination of protein AA pro-
fi les of larvae with bioavailability data can 
signifi cantly reduce the effort to study AA 
requirements in fi sh larvae. However, it is 
largely unknown to what extent bioavailabili-
ties of individual AA change with species, 
ontogeny, and even dietary composition. 
Furthermore, AA requirements for functions 
other than growth and energy production are 
very poorly understood in fi sh larvae but 
should not be overlooked. Benefi cial effects 
of AA supplementation on larval develop-

Koven et al.  (2001)  have also demonstrated 
that supplementation of microdiets with 
phospholipids, in particular phosphatidyl-
choline, stimulates feed intake. The main 
challenge in protein nutrition of fi sh larvae is 
to develop a highly digestible microdiet while 
controlling leaching losses (see Chapter  13 ). 
Fish larvae have diffi culties digesting complex 
proteins (see Section  3.2.4 ), while soluble 
proteins, peptides, and FAA may be lost to a 
large extent due to leaching (Y ú fera et al. 
 2002 ; Kv å le et al.  2006, 2007b ). Encapsulation 
techniques that prevent leaching tend to make 
microdiets very diffi cult to digest. Several 
microdiet types have been developed and 
tested with only limited success, in attempts 
to deal with these challenges (see review by 
Langdon  2003  and Chapter  12 ).   

   3.5    Conclusions 

 Fish larvae have very high growth potential. 
Despite the relatively simple digestive system 
of marine fi sh larvae, the larval gut has the 
capacity to degrade and absorb dietary nutri-
ents that can support very high growth rates, 
provided that a suitable feed is available. 
Therefore, in order to meet the high protein 
requirements of fi sh larvae and optimize 
growth, it is important to understand the way 
proteins, peptides, and FAA are digested, 
absorbed, and metabolized by fi sh larvae. 
Despite considerable progress in recent years, 
many questions remain largely unanswered, 
and several research avenues remain open. 

 It is well established that the molecular 
form in which dietary nitrogen is given to fi sh 
larvae is a major determinant of its utiliza-
tion, but the ideal molecular composition that 
should be included in practical diets is still to 
be determined. It is clear that there are onto-
genetic changes in protein, peptide, and FAA 
absorption in fi sh, but the mechanisms that 
explain these ontogenetic changes are still 
poorly understood. The factors that are limit-
ing and regulating the absorption kinetics of 
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ment and resistance to stress have been docu-
mented. Moreover, AA that are only found in 
the free form and not in proteins, such as 
taurine, have important functions in fi sh and 
may be required in the diet for larval stages. 
AA requirements for functions other than 
growth and energy production, including pre-
cursors of hormones, cell signaling molecules, 
and regulators of gene expression, may prove 
crucial in solving performance and quality 
problems of larval fi sh. 

 Technological problems still exist in sup-
plying dietary protein and AA to fi sh larvae. 
A major challenge is to develop a highly 
digestible microdiet with controlled leaching 
losses of soluble dietary nitrogen and that 
overrides the diffi culties that fi sh larvae have 
in digesting complex proteins. Microen-
capsulation techniques may have an impor-
tant role in this respect.  
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  Chapter 4 

Micronutrients  
  Mari     Moren   ,    Rune     Waagb ø    , and    Kristin     Hamre       

    4.1    General  i ntroduction to  fi  sh 
 m icronutrient  h istory 

 The history of micronutrient requirement 
research in fi sh often demonstrates initiatives 
initialized by crisis and the need for rapid 
solutions in a developing fi sh farming indus-
try. For vitamins, most focus has been on 
vitamins C and E due to their unstable chemi-
cal nature as antioxidants, and thereby their 
loss in feed ingredients and formulated feeds 
(Waagb ø   2009 ). Other vitamins, such as thia-
mine, have been related to heavy mortalities 
in wild salmon yolk sac fry. For most marine 
fi sh species, aquaculture is still in its infancy 
and much information on the requirements 
relies on knowledge from other species. In 
order to produce effi cient diets for fi sh larvae, 
there is a need for nutritional knowledge on 
which nutrient, which type, how much, and 
when. The small size of fi sh larvae and the 
need for a start - feeding period with live feed 
present practical challenges for micronutrient 
supply. Natural live feed such as zooplankton 
has been regarded as the gold standard for 
marine fi sh larvae (van der Meeren et al. 

 2008 ) based on acceptable growth, survival, 
and lack of developmental malformations. 
Rotifers,  Artemia , and other live feed organ-
isms have been regarded as suitable alterna-
tives, but they need to be enriched with some 
micronutrients to be comparable with cope-
pods for larvae development and perfor-
mance. For formulated diets in intensive larva 
nutrition, one may normally afford well -
 balanced high - quality feed ingredients, where 
inherent micronutrients are expected to cover 
the requirements for growth and survival. 
However, new feed concepts and feeding 
regimes that focus on optimizing macronutri-
ent supply introduce nutritional and techno-
logical challenges. In many cases, this means 
that the producer cannot count on fulfi lling 
the requirements for many micronutrients. 
Since fi sh larvae micronutrient research on 
fi sh larvae has often been initiated in relation 
to shortcomings and disease problems in com-
mercial larvae production (Kanazawa  1995 ), 
this has to a great extent infl uenced research 
approaches. The experimental conditions and 
approaches in the literature therefore refl ect 
the need for a rapid solution in suboptimal 
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formance between larvae from pond systems, 
where they feed on copepods, and intensively 
reared larvae are probably caused by differ-
ences in micronutrient nutrition. The concen-
trations of vitamins (Table  4.1 ) in rotifers 
vary according to the concentrations of vita-
mins in the culture and enrichment diets. At 
insuffi cient enrichments, rotifers may contain 
very low to undetectable levels of vitamins A, 
C, E, and thiamine (vitamin B 1 ). The other B 
vitamins are present in high concentrations in 
yeast, and yeast - cultured rotifers will also 
contain high levels of these vitamins. However, 
the concentrations in rotifers cultured on 
algae - based diets are not known. Rotifers 
generally have low concentrations of trace 
elements (Table  4.2 ; Hamre et al.  2008a ), but 
it is possible to increase the concentrations by 
adding the elements, either to the culture or 
to the enrichment diet.   

  Artemia  have low concentrations of thia-
mine, iodine, and zinc compared with cope-
pods (Tables  4.1  and  4.2 ; Hamre et al.  2007 ). 
Their concentration of vitamin C is also lower 
than that in copepods, but it is still high at 
4 – 500   mg/kg, and probably not defi cient. It is 
possible to enrich  Artemia  with iodine (Moren 

production units, rather than a well - designed 
dedicated micronutrient requirement experi-
ment. This chapter reviews the micronutrient 
knowledge for marine fi sh larvae, where dom-
inating literature covers vitamins A, E, and C, 
and selenium and iodine.  

   4.2    Micronutrients in  l arval  f eeds 

   4.2.1    Live  f eed 

 Marine fi sh larvae feed mainly on copepods 
in the wild, while in the hatchery they are fed 
live feed at fi rst feeding. Early fi sh larvae have 
an immature digestive tract and the use of 
formulated diets for these stages gives low 
performance due to low bioavailability of 
nutrients and high leakage rates of water -
 soluble nutrients from the small feed parti-
cles. The feed organisms used for early marine 
fi sh larvae in captivity are mainly rotifers 
( Brachionus  sp.) and  Artemia  (see more on 
live feeds in Chapter  11 ). 

 There are numerous differences in nutrient 
composition between copepods, rotifers, and 
 Artemia , and some of the differences in per-

  Table 4.1    Vitamin levels (mg/kg dry weight) in different live feeds, compared with the requirements in cold - water fi sh 
given by the  NRC   (1993) . 

        Rotifers  a        Artemia   b       Copepods  a       NRC  (1993)   

  Vitamin C    117 – 576    400 – 500    600 – 1,000    50  

  Ribofl avin    22 – 44    30 – 60    14 – 27    4 – 7  

  Thiamine (B 1 )    2 – 125    6 – 12    13 – 23    1.00  

  Folic acid    4.0 – 5.7    6 – 10    3 – 5    1  

  Pyridoxine (B 6 )    20 – 53    2 – 13    2 – 6    3 – 6  

  Biotin    1.5 – 1.8    4.0    0.6 – 0.9    0.15 – 1  

  Cobalamin (B 12 )    23 – 61    3.9    1 – 2    0.01  

  Niacin    191 – 267    202    100 – 150    10 – 28  

  Vitamin E    85 – 889    100 – 500    50 – 200    50  

  Carotenoids    4 – 15    654 – 752    630 – 750     –   

  Vitamin A    0 – 9.5    0    0    2.4 b   

    a      From Hamre et al. (2008a).  
   b      From Hamre et al.  (2007) .   
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 Another factor that affects micronutrient 
nutrition in marine fi sh larvae is the high 
leaching rates of water - soluble nutrients from 
formulated diets. Many species are weaned 
onto formulated diets while the larvae are still 
very small, and they require feed particle sizes 
down to 0.1   mm. The large surface - to - volume 
ratio of the particles facilitates leaching; as an 
example, more than 90% of free amino acids 
may leach from formulated diets after less 
than 2 minutes of immersion in water (Lopez -
 Alvarado et al.  1994 ;  Ö nal and Langdon 
 2000 ; Langdon  2003 ; Hamre  2006 ; Hamre 
and Mangor - Jensen  2006 ). Similar leaching 
rates have been determined for water - soluble 
vitamins and minerals (Nordgreen et al. 
 2008 ), while lipid - soluble vitamins (Nordgreen 
et al.  2008 ) and unsoluble compounds such 
as  l  - ascorbate - 2 - polyphosphate (stabilized 
form of vitamin C) (unpublished data) do not 
seem to be subject to leaching. Clearly, new -
 generation microfeeds needs to face these 
technical challenges.   

et al.  2006 ) and thiamine (Hamre et al., 
unpublished data). On the other hand, enrich-
ment with zinc led to high mortality of 
 Artemia  (Hamre and Harboe, unpublished 
data).  

   4.2.2    Formulated  f eed 

 Vitamins and minerals are added to formu-
lated diets as premixes, probably in the same 
form in larval diets as in feed for larger fi sh. 
This means that minerals and trace elements 
are added in inorganic forms in the dry feeds, 
while in live prey, they are most often present 
in organic forms. This will have consequences 
for the bioavailability and perhaps the metab-
olism of the minerals in the larval body. 
Vitamins are also often supplemented in for-
mulated feed in forms other than those natu-
rally present in live feed and we do not know 
how this affects bioavailability. 

  Table 4.2    Minerals in different live feeds, compared with requirements in cold - water fi sh given by the  NRC   (1993)  
(mg/kg dry weight) and in water ( μ g/L). 

        Rotifers  a        Artemia   b       Copepods  a       NRC  (1993)      Freshwater  c       Saltwater  c    

  Iodine    3.0 – 7.9    0.5 – 2.0  *      50 – 350    0.6 – 1.1    0.2 – 10    2.5 – 60  ‡    

  Manganese    3.9 – 5.1    4.5 – 27    8 – 25    13    12    2  

  Copper    2.7 – 8.1    8.5 – 34    12 – 38    3 – 5    10    3  

  Zinc    62 – 64    160 – 188  *      340 – 570    20 – 30    10    10  

  Selenium    0.08 – 0.09    2.2  †      3 – 5    0.25 – 0.3     < 20    0.09  

  Iron    57 – 114    88 – 127    85 – 371    30 – 150    670    10  

  Phosphorus    9,400    12,050 – 17,000    12,400 – 15,010    4,500 – 6,000    5    70  

  Calcium    1,880    1,535 – 2,030    1,070 – 2,370    Not determined    15,000    400,000  

  Magnesium    4,840    1,975 – 3,560    2,350 – 3,140    400 – 600    4,100    1,350,000  

  Sodium                    6,300    10,500,000  

  Potassium                    2,300    380  

  Chlorine                    7,800    19,000,000  

    a      Hamre et al. (2008a).  
   b      R ø nnestad (unpublished data).  
   c      Lorentzen et al.  (2001) , except:   
   *      Hamre et al.  (2007) , and   
   †      Solbakken et al.  (2002) .   
   ‡      Iodide (I  −  , the bioavailable form).   
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may vary among copepod species, between 
locations, and over time, and fi sh larvae 
should be able to cope with micronutrient 
levels that are much lower than those in cope-
pods cultured in lagoons, which probably 
have a higher nutrient supply compared with 
open waters. The indirect measurements of 
micronutrient requirements in fi sh larvae can 
therefore only be taken as an indication of the 
true requirements, which probably are some-
where in the range between established fi sh 
requirements (NRC  1993 ) and the micronutri-
ent levels found in pond - cultured copepods.  

   4.4    Vitamins 

   4.4.1    Lipid -  s oluble  v itamins 

   4.4.1.1    Vitamin  A  

 The term vitamin A is applied to a group of 
compounds that possess the same biological 
activity as retinol. Retinoid is a wider generic 
term that, in addition to vitamin A, includes 
compounds that structurally resemble retinol 
but have no biological function. There are 
two aspects of vitamin A function: vision and 
gene expression regulation. 11 -  cis  - Retinal is 
the light - absorbing component in vision. 
Light entering the eye excites the retinal mol-
ecules bound to the protein opsin. The excited 
retinal changes to all -  trans  - retinal and disso-
ciates from opsin, and this eventually changes 
the membrane potential and thereby alters the 
nerve signals (reviewed by Rando  1994 ). The 
other aspect of vitamin A is its roles in gene 
regulation. Two groups of nuclear receptors 
exist: the retinoic X receptors (RXRs  α ,  β , 
and  γ ) and retinoic acid receptors (RARs  α , 
 β , and  γ ). Both groups are activated by all -
  trans  - retinoic acid. 9 -  cis  - Retinoic acid appears 
to activate only the RXRs, but this is uncer-
tain (Heyman et al.  1992 ; Kurlandsky et al. 
 1994 ). The receptors recognize retinoic acid 
response elements (RAREs) in promoter 
regions of genes responsive to retinoids, and 

   4.3    Requirements  v ersus 
 r ecommendations 

 With few exceptions, we do not know the 
nutritional requirements of marine fi sh larvae. 
This is especially true for micronutrients, 
where only very few direct measurements of 
requirements have been performed. Most of 
our knowledge in larval nutrition stems from 
indirect measurements of requirements. There 
are several approaches, for example, analyses 
of nutrient composition of eggs and ovaries 
(Br æ kkan  1958 ). Second, by recording the 
mass transfer of vitamins from the yolk to the 
larvae body compartment in high - quality 
larvae, it is possible to estimate the rate of 
transfer, retention, and loss of nutrients 
during ontogeny (R ø nnestad et al.  1997 ; 
M æ land et al.  2003 ). Since the endogenous 
feeding period can be regarded as a closed 
system with respect to vitamin input, one can 
describe the transfer of the vitamins and esti-
mate the requirements from the loss and 
respective growth in the period between 
hatching and start - feeding. A third approach 
is to analyze pond - cultured copepods for 
micronutrients. Analyses of copepods are the 
most complete source for requirement esti-
mates (Hamre et al.  2008a ; van der Meeren 
et al.  2008 ). The last approach is extrapola-
tion of dose – response studies in very young 
juveniles, as was the purpose of the study by 
Moren et al.  (2004b) . 

 It is often assumed that fi sh larvae have 
higher requirements for micronutrients than 
juvenile and adult fi sh since larvae have very 
high growth rates and go through the demand-
ing process of metamorphosis (Otterlei et al. 
 1999 ; Finn et al.  2002 ; Power et al.  2008 ). 
Furthermore, the natural prey of fi sh larvae, 
mainly copepods, generally contain very high 
levels of micronutrients compared with the 
requirements of fi sh given by the National 
Research Council (NRC  1993 ; Tables  4.1  and 
 4.2 ). It is possible that the larvae have adapted 
to the very high levels of micronutrients found 
in copepods. However, the concentrations 
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by high vitamin A levels and by high docosa-
hexaenoic acid (DHA) and eicosapentaenoic 
acid (EPA) content of the phospholipid frac-
tion of the diet (Villeneuve et al.  2005a, 
2005b ). One of the most investigated effects 
of excess vitamin A in fi sh larvae is the altera-
tions seen in the developing skeleton and in 
pigmentation (Haga et al.  2002 ; Martinez 
et al.  2007 ; see Chapter  7  for more details). 
Multiple forms of deformities and a variety 
of pigmentation patterns may appear.   

 Fish larvae obtain vitamin A from the diet, 
either as different forms of vitamin A (retinol, 
retinal, and retinyl esters) or as carotenoids, 
which are abundant precursors of vitamin A 
in invertebrate prey organisms. The main 
enzyme cleaving carotenoids in two, produc-
ing two molecules of retinal, is the  β  - carotene 
15,15 ′  - monooxygenase. This enzyme is most 
abundant in the intestine and liver but has 
been detected in many other organs, such as 
the kidneys, testes, and ovaries (Levi et al. 
 2008 ). Recent studies have shown that it has 
a spatial and temporal expression pattern in 
zebrafi sh embryo, indicating a pattern forma-
tion function (Lampert et al.  2003 ). The 
enzyme can be downregulated by retinoic 
acid (Takitani et al.  2006 ), indicating that 
retinol homeostasis regulation occurs at the 
level of carotenoid cleavage. The cleavage 
product, retinal, is either metabolized into the 
active form retinoic acid or converted to the 
alcohol form of vitamin A, retinol. Retinol 
can then be esterifi ed and stored in specifi c 
vitamin A – storing cells in the liver called stel-
late cells for later use (reviewed by Blomhoff 
et al.  1990 ). 

 Copepods contain very little or no vitamin 
A (Moren et al.  2005 ). The same is true 
for rotifers not enriched with vitamin A 
(Hamre et al.  2008a ). Unenriched  Artemia  is 
reported to have low levels of vitamin A, if 
any (Estevez and Kanazawa  1995 ; Takeuchi 
et al.  1995, 1998 ; R ø nnestad et al.  1998 ; 
Moren et al.  2004a ). Larvae fed copepods or 
 Artemia , where carotenoids are found in high 
abundance (Table  4.1 ), are likely to obtain 

gene expression is altered when activated 
receptors form dimers and bind to RAREs 
(reviewed by Balmer and Blomhoff  2002 ). 
RXR does not only form dimers with itself 
and with RAR, it also does with other nuclear 
receptors activated by vitamin D (vitamin D 
receptor [VDR]), thyroid hormones (THs; 
thyroid hormone receptor), and fatty acid 
derivatives (peroxisome proliferator – activated 
receptors [PPARs]). Through this interaction, 
vitamin A coregulates a wide range of 
hormone -  and nutrient - responsive genes 
(Figure  4.1 ). Villeneuve et al.  (2004)  sequenced 
and analyzed the expression of RAR α , RAR γ , 
and RXR α  in developing European sea bass 
larvae. They found that these receptors are 
differently regulated during development. 
RAR α  and RAR γ  were upregulated, while 
RXR α  was downregulated in the 7 – 37 - days 
posthatch (dph) larvae. It was concluded that 
these receptors play different roles at different 
stages of development. Further, the transcrip-
tion of the retinoic receptors are altered both 

     Figure 4.1     Vitamin A in gene regulation. Interactions 
between vitamin A, as retinoic acid, fatty acids, and 
thyroid hormones through interaction between their 
nuclear receptors: (1) retinoic acid (RA) binds to the reti-
noic X receptor (RXR), which activates the receptor; (2) 
the activated RXR can bind to several other receptors, for 
example, peroxisomal proliferator – activated receptor 
(PPAR) activated by fatty acid derivatives and thyroid 
hormone receptor (TR) activated by T 3 , forming a dimer; 
(3) the dimer will bind to specifi c response elements on 
DNA, exemplifi ed here with the retinoic acid response 
element (RARE). This leads to transcription of genes 
downstream of RARE.  
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vitamin D endocrine system in fi sh on, among 
others, plasma Ca and P regulation, intestinal 
Ca uptake, Ca transport via the gills, renal 
phosphate reabsorption, and bone tissue min-
eralization and resorption. The action of 
vitamin D involves the vitamin D – binding 
protein (DBP), which is important for binding, 
solubilization, and transport of vitamin D 
and its metabolites. On the cellular level, 
vitamin D metabolites bind either to the 
VDR, which is a ligand - activated nuclear 
transcription factor, or to a membrane VDR 
( m VDR) with a more rapid activation of non-
genomic signal transduction pathways in 
target cells (Lock et al.  2010 ). The vitamin D 
endocrine system acts in concert with a series 
of other calcium -  and phosphorus - regulating 
hormones, which make it diffi cult to sort out 
its signifi cance in the Ca and P homeostasis 
of fi sh. In feeding experiments with Atlantic 
salmon smolt in seawater, suboptimal P nutri-
tion seems to trigger the vitamin D endocrine 
system, seen as elevated plasma vitamin D 
metabolites (Fjelldal et al.  2009 ). 

 Vitamin D defi ciency was described in 
amago salmon ( Oncorhynchus rhodurus , 
Jordan  &  McGregor) fed a vitamin D – free 
diet, as compared with a diet containing 
0.5   mg/kg vitamin D (Taveekijakarn et al. 
 1996a ). The minimum dietary requirement 
for vitamin D in salmonid feeds is estimated 
to be 0.06   mg/kg (2,400   IU/kg) (NRC  1993 ). 
The marine food web produces and accumu-
lates vitamin D, and therefore marine feed 
ingredients normally contain high and suffi -
cient levels of vitamin D to cover the require-
ment. However, vitamin D recorded in fi sh 
meals and fi sh oils varied 50 -  and 32 - fold, 
respectively (Horvli and Lie  1994 ; Opstvedt 
et al.  1997 ), indicating that fi sh diets and 
enrichment cultures based on traditional 
marine ingredients may contain high levels of 
vitamin D. According to present knowledge, 
megadoses of vitamin D 3  supplementation are 
not harmful for fi sh. Feeding experiments 
with vitamin D doses of 57.5   mg/kg did not 
affect growth and health in Atlantic salmon 

suffi cient vitamin A levels from these carot-
enoids (van der Meeren et al.  2008 ). Moren 
et al.  (2004a)  showed that halibut larvae fed 
either copepods or  Artemia  had an increase 
in retinyl esters, the storage form of vitamin 
A, and that the levels of retinol and retinal 
did not differ between dietary groups. This 
suggests that both live prey supplied suffi cient 
amounts of carotenoids to cover the vitamin 
A requirement. Commercial enrichments for 
both rotifers and  Artemia  contain vitamin A. 
While vitamin A enrichment of rotifers is 
required due to low carotenoid and vitamin 
A levels (van der Meeren et al.  2008 ; Hamre 
et al.  2008a ), it might not be necessary to 
enrich  Artemia . Hamre et al.  (2008a)  tested 
different rotifer enrichments containing dif-
ferent levels of vitamin A (0.13, 1.16, 15.4, 
and 205   mg/kg dry weight [DW]), and only 
the highest level gave rotifers containing 
detectable levels of vitamin A (highest level: 
9.5   mg vitamin A/kg DW). Fernandez et al. 
 (2008)  enriched rotifers with emulsions con-
taining from 1,700 to 17,000   mg of vitamin 
A/kg (DW), leading to a range of 75 – 723   mg/
kg rotifers (DW); the lowest level is 100 times 
higher than the NRC  (1993)  recommendation 
(see Table  4.1 ). All the larval groups had 
deformities, and the amount correlated with 
the vitamin A level in the diet. Moren et al. 
 (2004b)  estimated the requirement for 
Atlantic halibut juveniles to be between 0.75 
and 2.5   mg of vitamin A/kg and Hernandez 
et al.  (2005)  found that juveniles of Japanese 
fl ounder should have a diet with 2.7   mg 
vitamin A/kg.  

   4.4.1.2    Vitamin  D  

 The physiological function of active vitamin 
D metabolites (25 - OH - vitamin D 3  and 1,25 -
 (OH) 2  vitamin D 3 ) in Ca and P homeostasis 
in fi shes continues to be debated (O ’ Connell 
and Gatlin  1994 ; Rao and Raghuramulu 
 1999 ). Recently, Lock et al.  (2010)  reviewed 
the role of vitamin D and active metabolites 
in fi sh. He discussed actions mediated by the 
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 TOH) has the highest biological activity. 
Vitamin E protects lipids against peroxida-
tion, breaking the chain of lipid auto -
 oxidation by donating a hydrogen molecule 
to the lipid peroxide radical formed in the 
chain (Figure  4.2 ; Frankel  1998 ). This reac-
tion gives a tocopheryl radical, which can 
probably be regenerated to tocopherol by 
ascorbic acid (AA) (Tappel  1962 ; Packer et al. 
 1979 ). The ascorbate radical formed may be 
regenerated by glutathione, a reaction cata-
lyzed by a group of selenium - dependent 
enzymes, the glutathione peroxidases (GPxs). 
Oxidized glutathione can be reduced by 
NADPH formed in energy metabolism 
(M å rtensson and Meister  1991 ). At very high 
concentrations and under conditions where 
vitamins C and E radicals are allowed to 
accumulate, these antioxidants may act as 

( Salmo salar ) (Graff et al.  2002a ). According 
to the Norwegian feed legislation (LD/FD 
 2002 ), vitamin D 3  supplementation should be 
below 0.075   mg/kg (3,000   IU/kg), while inher-
ent vitamin D is not included in the upper 
limit unless a supplementation is performed. 
In natural live feed for fi sh larvae, van der 
Meeren et al.  (2008)  reported undetectable 
vitamin D 3  levels in copepods, while rotifers 
and  Artemia  contained 0.9 – 1.8 ( μ g/g vitamin 
D 3  DW) due to the fi sh oil used in the enrich-
ment emulsion. The authors suggested that 
indoor rearing of larval fi sh in the absence of 
UV light might require dietary vitamin D 3 .  

   4.4.1.3    Vitamin  E  

 Vitamin E is a generic term for tocopherols 
and tocotrienols, where  α  - tocopherol ( α  -

     Figure 4.2     Function of vitamin E and vitamin C. (a) Without vitamin E: Auto - oxidation of lipids will occur when a free 
radical (x • : OH • , O2  −   • , or others) abstracts a hydrogen atom from a PUFA; the PUFA radical formed reacts with oxygen 
to form a peroxide radical. Then the peroxide radical abstracts a hydrogen from a new PUFA, and enters a new turn 
in the reaction cycle. (b) With vitamin E: Vitamin E will interrupt the oxidation cycle by a reaction with the lipid per-
oxide radical, leaving a lipid hydroperoxide. The vitamin E is now a radical but may be  “ recycled ”  when vitamin C is 
present. Vitamin C in its reduced form ( l  - ascorbate) reacts with the vitamin E radical and donates a hydrogen to vitamin 
E. The oxidized form of vitamin C ( l  - dehydroascorbate) will in turn be  “ recycled ”  by glutathione (GSH; reduced form, 
GSSG; oxidized form), which fi nally will be reduced by NADP.  
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incidence of muscular degeneration, while 
adding extra vitamin E at high DHA levels 
reduced the muscular pathology. Furthermore, 
Atalah et al.  (2008)  found similar variation 
in mortality, both under normal culture con-
ditions and in response to stress, in sea bass 
larvae. This suggests that high DHA, which 
is the fatty acid most susceptible to oxidation 
due to the high number of unsaturated bind-
ings, will cause oxidative damage to cellular 
membranes, which in turn will be protected 
by vitamin E. 

 Vitamin E is most often given as  α  -
 tocopheryl acetate in formulated diets. In 
enrichment diets, it may be given as acetate 
or in the free form; in the latter case it would 
also function as an antioxidant in the 
enrichment diet. It is not known to what 
extent fi sh larvae digest the acetate form of 
tocopherol. 

 The requirement of vitamin E in marine 
fi sh larvae is not known, but Atalah et al. 
 (2008)  suggested an optimal level of 3   g/kg 
dry diet because these high levels reduced 
mortality after stress but not the mortality 
during standard rearing conditions. This is in 
line with the general opinion that vitamins C 
and E in larval diets should be at the g/kg 
level, while the requirements given by the 
NRC  (1993)  for fi sh are 30 and 50   mg/kg, for 
vitamins C and E, respectively. It is possible 
that the oxidative stress that the intensively 
reared larvae must face justifi es the high sup-
plementation levels. However, further studies 
are needed to establish the vitamin E require-
ment in marine fi sh larvae and better under-
stand how lipid oxidation and the interaction 
of vitamin E with other nutrients affect this 
requirement.  

   4.4.1.4    Vitamin  K  

 Vitamin K plays vital roles in blood coagula-
tion and bone mineralization (Udagawa 
 2000 ; Kross ø y  2009 ). The main role of 
vitamin K is to act as a cofactor in the post-
translational enzymatic carboxylation of 

pro - oxidants (Ingold et al.  1987 ; Bowry et al. 
 1992 ). Vitamin E is thus part of the larval 
defense against lipid oxidation as is the case 
in other vertebrates. Defi ciency symptoms of 
vitamin E in fi sh are the accumulation of 
lipid oxidation products in the tissues, 
increased cell membrane fragility, degenera-
tion of muscle cells, anemia, and reduced 
growth and survival (Hamre et al.  1994, 
1997 ; Betancor et al.  2008 ). Vitamin E also 
participates in modulation of eicosanoid syn-
thesis (Cornwell and Panganamala  1993 ), 
inhibits proliferation of certain cell types, 
apparently through inhibition of protein 
kinase C (Azzi et al.  1993 ), and is thought to 
affect disease resistance and health through 
modulation of immune responses (Waagb ø  
et al.  1994 ).   

 Live feed production and enrichment is 
performed under highly pro - oxidative condi-
tions, with high levels of n - 3 polyunsaturated 
fatty acids (PUFA), air or oxygen addition to 
the culture water, high temperature, and 
bright light. Formulated diets for marine fi sh 
larvae also contain high levels of PUFA and 
pro - oxidants, for example, in the form of 
minerals. The high surface - to - volume ratio of 
the feed particles also favors oxidation. It is 
therefore important to supplement marine 
fi sh larval diets with vitamin E, but vitamin 
E at high levels, in the absence of suffi cient 
amount of vitamin C, has been shown to 
increase mortality and tissue lipid oxidation 
in Atlantic salmon, Atlantic halibut juveniles, 
and in sea bream larvae (Hamre et al.  1997, 
unpublished data ). The concentration ratio of 
the two vitamins in copepods (110   mg/kg 
vitamin E and 500   mg/kg vitamin C; Hamre 
et al.  2008a ) may give a guideline for supple-
mentation of larval diets. 

 There is an interaction between vitamin E 
and the dietary level of highly unsaturated 
fatty acids (HUFA) in marine fi sh larvae as in 
other vertebrates. Betancor et al.  (2008)  fed 
diets with different ratios of DHA (22:6n - 3) 
to vitamin E to sea bass larvae and found that 
increasing the level of DHA increased the 
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   4.4.2    Water -  s oluble  v itamins 

 The water - soluble vitamins cover eight B vita-
mins (thiamine, ribofl avin, niacin, panto-
thenic acid, vitamin B 6 , biotin, folate, and 
vitamin B 12 ) and vitamin C (AA). According 
to the name, this rather diverse group of vita-
mins represents essential water - soluble com-
pounds. Another common characteristic 
among the B vitamins lies in their main action 
in the intermediate cellular metabolism as 
coenzymes. Water - soluble vitamins are gener-
ally poorly stored in organisms, which means 
that excess intake leads to tissue saturation 
and excretion (Albrektsen  1994 ; Schaeffer 
et al.  1995 ; M æ land et al.  1998 ). On the 
other hand, fi sh larvae have less organ storage 
capacity than in later developmental stages 
and will therefore be more vulnerable to defi -
ciencies in water - soluble vitamins. 

 Since there is a lack of information on 
individual water - soluble vitamins in fi sh,  “ B 
vitamins ”  is commonly used as a general 
term. The diet for any organism should, 
however, be well balanced and cover the 
requirements for all the individual water -
 soluble vitamins. The large variation in 
requirements reported in Table  4.1  illustrates 
uncertainties in the estimates and calls for 
more exact reassessments. All vitamins are 
essential, meaning that the organism itself 
cannot synthesize them and that there is a 
need for dietary supply. It has been speculated 
that intestinal microorganisms can supply the 
fi sh with some of the water - soluble vitamins, 
such as biotin and vitamin B 12  (Sugita et al. 
 1991, 1992 ). 

 B vitamins function as coenzymes in the 
main energy - producing metabolic pathways, 
such as glycolysis, citric acid cycle, and the 
respiratory chain, and in the degradation and 
synthesis of nucleic acids, proteins, lipids, 
and carbohydrates (Figure  4.3 ). High concen-
trations of the vitamins are therefore found 
in metabolically active organs. Obviously, defi -
ciency states of individual vitamins lead to 
severe metabolic dysfunctions and mortalities. 

glutamic acid residues of Gla -  (gamma -
 carboxyglutamate residues) proteins. This 
facilitates calcium binding and thereby 
protein activation. Classical Gla - proteins 
belong to the coagulation cascade and bone 
tissue (bone Gla protein or osteocalcin, 
matrix Gla protein), and vitamin K defi ciency 
therefore affects blood clotting and bone 
mineralization in fi sh. The minimum require-
ment is suggested to be 2.5   mg/kg using men-
adione sodium bisulfi te (MSB; vitamin K 3 ) 
as the vitamin K source. Amago salmon 
( Oncorhynchus mason ) fed a vitamin 
K – defi cient, purifi ed diet developed defi ciency 
symptoms such as mortality, anemia, 
increased blood clotting time, and histopath-
ological changes in liver and gills; the fi sh 
recovered from the symptoms after they had 
been fed a diet containing vitamin K 
(Taveekijakarn et al.  1996b ). Feeding 10   mg/kg 
of MSB increased the active form menaki-
none (MK - 4; vitamin K 2 ) in Atlantic salmon 
liver compared with no supplementation 
(0.05   mg phyllokinones/kg; vitamin K 1 ). 
However, the unsupplemented diet did not 
result in vitamin K defi ciency (Graff et al. 
 2002b ). MSB is unstable during feed process-
ing and storage (Marchetti et al.  1999 ), and 
the dietary content may reach critical low 
levels under unfavorable production and 
storage conditions. Menadione nicotinamide 
bisulfi te (MNB) has been suggested as a more 
stable and less toxic alternative for vitamin K 
supplementation (Marchetti et al.  1995 ). 
Recent research questions the availability of 
this form of vitamin K in feed for salmonids 
(Krossoy et al.  2009 ). The minimum require-
ment is probably  < 0.2   mg/kg, while the rec-
ommended level is 2.5   mg/kg (Grahl - Madsen 
and Lie  1997 ). However, there are analytical 
diffi culties in correctly assessing inherent 
(phyllokinones) and supplemented forms 
(MSB or MNB) of vitamin K. No focus has 
been given to vitamin K defi ciency as a risk 
factor for deformities that are triggered early 
in development but expressed at a later stage 
(Waagb ø  et al.  2005 ).   
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     Figure 4.3     Krebs cycle. Examples of main metabolic pathways where B vitamins participate as coenzymes. Abbreviations 
for active coenzyme forms: thiamine (TPP); ribofl avin (FAD and FMN); niacin (NAD  +  /NADH); pantothenic acid (CoA); 
vitamin B 6  (PLP).  (Modifi ed from M æ land  2000 .)   
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fry, seems to be related to thiamine defi ciency 
(Amcoff et al.  2002 ). A similar disorder, 
 “ Cayuga syndrome, ”  has been described in 
Atlantic salmon in the United States (Fisher 
et al.  1995 ). Low salmon egg thiamine con-
centration is probably mediated through 
imbalanced broodstock nutrition or increased 
degradation of thiamine by thiaminase from 
the wild prey in the broodfi sh intestine. 
Consequently, broodfi sh have been injected 
with thiamine to improve egg thiamine status 
(Fitzsimons et al.  2005 ), while M74 - affected 
fry have successfully recovered after a thia-
mine bath treatment (Bylund and Lerche 
 1995 ). 

 The thiamine contribution from marine 
ingredients is variable, probably depending 
on thiaminase activity in the minced fi sh raw 
material during meal production prior to 
heating. The dietary thiamine requirement in 
fi sh is uncertain but is suggested to be 
considerably lower than 10   mg/kg, earlier 
suggested by the NRC  (1993) . Woodward 
suggested 1   mg/kg, while Morris and Davies 
estimated a thiamine requirement in excess of 
5   mg/kg for gilthead sea bream ( Sparus aurata  
L.) fed a diet with moderately elevated lipid 
content (Woodward  1994 ; Morris and Davies 
 1995b ). 

 Thiamine concentrations in copepods are 
higher than in rotifers and  Artemia  (Table 
 4.1 ). However, copepod levels are relatively 
high compared with suggested requirements. 
Thiamine - enriched  Artemia  increased growth 
in Atlantic halibut larvae (Hamre, unpub-
lished data). Rotifer content of thiamine may 
fall below the thiamine requirement given for 
fi sh (Table  4.1 ), and enrichment is therefore 
important.  

   4.4.2.2    Ribofl avin 

 Ribofl avin functions as a coenzyme in several 
important metabolic pathways. Figure  4.3  
shows where ribofl avin functions as a coen-
zyme (fl avin adenine dinucleotide [FAD] and 
fl avin mononucleotide [FMN]) in energy 

The most striking historical example is prob-
ably thiamine defi ciency and the heavy mor-
talities observed in wild salmon yolk sac fry 
suffering from the early mortality (EMS) and 
M74 syndromes (Amcoff et al.  2002 ).   

 General unspecifi c defi ciency symptoms of 
B vitamins in fi sh include loss of appetite, 
reduced growth, and mortalities (NRC  1993 ). 
More specifi c defi ciency symptoms, such as 
activity of specifi c enzymes, need to be 
included to verify a suggested vitamin defi -
ciency. In general, reduced enzyme activities 
in target organs are observed, while  in vitro  
addition of the active vitamin coenzyme in 
question restores the activity. High % activa-
tion (activation coeffi cient) of specifi c enzymes 
during analysis has been regarded as specifi c 
indicators of defi ciency of individual B vita-
mins (Albrektsen et al.  1993 ; M æ land et al. 
 1998 ; Shiau and Chin  1999 ; Truesdale et al. 
 2000 ). 

   4.4.2.1    Thiamine 

 Thiamine (vitamin B 1 ) is a coenzyme vitamin 
(active form is thiamine pyrophosphate [TPP]) 
participating in several biochemical pathways 
in the metabolism of carbohydrates and lipids 
(Figure  4.3 ). Thiamine defi ciency is described 
in several salmonid and carp species, with 
heavy mortality following initial behavioral 
and homeostatic disturbances (Morito et al. 
 1986 ; NRC  1993 ; Woodward  1994 ; Halver 
 2002 ). Juveniles are more susceptible to defi -
ciency due to rapid metabolism and lack of 
storage capacity, while larger fi sh show more 
general and obscure symptoms. Development 
of thiamine defi ciency is accelerated at ele-
vated temperatures relative to increased 
metabolism, and by increased dietary carbo-
hydrates. Thiamine defi ciency may be 
explored by studying the activity of key 
thiamine - dependent enzymes, such as  α  -
 ketoglutarate dehydrogenase and transketo-
lase, in selected tissues. The M74 syndrome, 
a reproduction disorder of Baltic salmon 
manifested as death of developing yolk sac 
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 Ribofl avin concentrations in rotifers, 
 Artemia , and copepods (Table  4.1 ) seem to be 
in several - fold excess of known requirements 
for fi sh species, leaving no problems with 
ribofl avin after start - feeding (Brown et al. 
 1997 ; van der Meeren et al.  2008 ; Hamre 
et al.  2008a ).  

   4.4.2.3    Vitamin  B  6  

 Vitamin B 6 , or pyridoxine, has a major role 
in amino acid and protein metabolism, for 
example, as a coenzyme (as pyridoxal 5 ′  - phos-
phate) in tissue transaminases (Albrektsen 
et al.  1994 ). A suggested uniform requirement 
among species, 15   nmol vitamin B 6  per gram 
wet weight gain (Woodward  1994 ), has been 
directly related to growth in young fi sh. In 
line with this, the estimated requirement for 
vitamin B 6  in Atlantic halibut larvae, mea-
sured as B 6  utilization from yolk versus body 
growth, was approximately the same, and 
equivalent to 3   mg/kg dry feed (R ø nnestad 
et al.  1997 ). Delayed kinetics of vitamin B 6  
transfer, compared with main yolk dry matter 
in their study, suggests a differential need for 
the vitamin for transaminase activity and uti-
lization of protein and amino acids later in 
development (Sato et al.  1987 ; Albrektsen 
et al.  1994 ; R ø nnestad et al.  1997 ). These 
studies may serve not only as a basis for fi rst -
 feed formulations for halibut larvae but also 
for feeds for broodstocks.  

   4.4.2.4    Niacin 

 Niacin (vitamin B 3 ) functions as coenzyme in 
several energy - related metabolic pathways. 
Figure  4.3  illustrates some cellular biochemi-
cal pathways where niacin functions as the 
coenzymes nicotinamide adenine dinucleotide 
(NAD) and nicotinamide adenine dinucleo-
tide phosphate (NADP). Niacin defi ciency 
symptoms in fi sh include reduced growth, 
appetite, and feed utilization, dark pigmenta-
tion, skin lesions, muscular weakness, behav-
ioral changes, edemas, and mortality (Chuang 

metabolism (glycolysis and Krebs cycle) and 
the fi nal oxidative phosphorylation. Lack of 
ribofl avin causes poor growth, reduced feed 
intake, with subsequently increased mortality 
in farmed fi sh species. Corneal and lenticular 
abnormalities due to ribofl avin defi ciency 
have been reported in a number of fi sh species, 
as well as nervousness, abnormal swimming 
behavior, fi n erosion, and abnormal skin col-
oration (Tacon  1992 ; NRC  1993 ). However, 
cataracts or corneal damage is not always 
observed in ribofl avin defi ciency (Woodward 
 1984 ). Several enzymatic activities have been 
used as biochemical markers of ribofl avin 
status in rainbow trout, for example, eryth-
rocyte glutathione reductase (Hughes et al. 
 1981 ) and hepatic  d  - amino acid oxidase 
(Amezaga and Knox  1990 ). The coenzyme 
function in oxidase systems makes ribofl avin 
particularly important in respiration within 
poorly vascularized tissues such as the eye 
cornea and eye lens. 

 The dietary ribofl avin requirement, as 
measured by saturation of the ribofl avin 
storage in the liver, enzyme data, weight gain, 
and absence of defi ciency symptoms, has been 
estimated to be between 3 and 6   mg/kg for 
most fi sh species, including rainbow trout 
(Takeuchi et al.  1980 ; Hughes et al.  1981 ; 
Woodward  1985 ; Amezaga and Knox  1990 ), 
carp (Aoe et al.  1957 ), blue tilapia, 
( Oreochromis aureus ; Soliman and Wilson 
 1992 ), red hybrid tilapia (Lim et al.  1993 ), 
channel catfi sh ( Ictalurus punctatus ; Serrini 
et al.  1996 ), and Atlantic salmon (Br ø nstad 
et al.  2002 ). Elevated water temperature or 
genetic differences in growth rate does not 
affect the requirement for ribofl avin, and this 
has been used as support for the fairly equal 
requirement among species (Woodward  1985 ; 
NRC  1993 ). According to historical data, the 
ovaries show the highest ribofl avin concen-
tration (5 – 19   mg/kg wet weight) among 
selected organs of several wild - caught marine 
fi sh species (Br æ kkan  1959 ), indicating its 
importance in embryogenesis and for the 
developing larvae. 
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Buston  1984 ; Woodward and Frigg  1989 ; 
Koppe  1993 ). One of the biotin - dependent 
enzymes, pyruvate carboxylase (PC), converts 
pyruvic acid to oxaloacetic acid and has been 
shown to be a sensitive indicator of biotin 
status in fi sh (Woodward and Frigg  1989 ). 
Avidin, a protein in raw egg white, binds 
strongly to biotin and makes the vitamin inac-
cessible for absorption in the intestine (Mock 
 1999 ). Biotin defi ciency due to intake of raw 
egg white is a part of the history of the dis-
covery of biotin as a vitamin (reviewed by 
Mock  1999 ). Supplementation of raw egg 
white or avidin also induces biotin defi ciency 
symptoms in several fi sh species (Poston 
 1976 ; Casteldine et al.  1978 ; Lovell and 
Buston  1984 ; M æ land et al.  1998 ). The 
minimum dietary requirement for biotin for 
optimal growth in salmonids, such as rainbow 
trout and lake trout ( Salvelinus namaycush ) 
has been estimated to be 0.14 and 0.10   mg/
kg, respectively (Poston  1976 ; Woodward 
and Frigg  1989 ). Practical feeds based on 
marine raw materials, containing 0.11   mg 
biotin/kg diet, covered the requirement for 
salmonid juveniles (Koppe  1993 ; M æ land 
et al.  1998 ). However, higher levels were needed 
for optimal lysozyme levels in serum and mucus 
(0.15   mg biotin/kg diet) (Koppe  1993 ). Elevated 
biotin levels, up to 1   mg/kg, may be favorable 
during salmon smoltifi cation and seawater 
transfer (Waagb ø  et al.  1994 ). The bioavail-
ability of inherent biotin in feedstuffs varies 
greatly, between 0 and 100% in animal and 
plant ingredients (Frigg  1976, 1984 ). 

 The levels of biotin in live rotifers and 
 Artemia  are similar to the levels found in 
copepods and are above the anticipated 
requirements (NRC  1993 ). However, variable 
bioavailability of biotin from live and formu-
lated diets may be an issue in nutrition of 
marine fi sh larvae.  

   4.4.2.6    Pantothenic  a cid 

 Pantothenic acid is a part of coenzyme A 
(CoA), essential in the transfer of acetyl and 

 1991 ; Halver  2002 ). Since niacin participates 
in plentiful enzymatic reactions, defi ciency 
may develop relatively rapidly. Requirements 
in salmonids vary between 10 and 175   mg/kg, 
refl ecting the degree of uncertainty in the esti-
mates. A requirement level of 63 – 83   mg/kg 
was calculated for gilthead sea bream using a 
semipurifi ed diet (Morris and Davies  1995a ), 
while channel catfi sh required 7.4   mg/kg (Ng 
et al.  1997 ) and rainbow trout 10   mg/kg 
(Poston and Wolfe  1985 ). The wide range in 
requirements among species suggests that the 
niacin requirement may vary according to 
dietary composition and activity of the fi sh 
species. In contrast to land - living animals, 
tryptophan has been shown to be ineffi cient 
as a niacin precursor in channel catfi sh (Ng 
et al.  1997 ). Hashimoto  (1953)  reported on 
interactions or sparing actions among B vita-
mins. Young carp fed diets containing a 
vitamin mixture based on the established 
minimum requirements of the B vitamins 
showed defi ciency symptoms, including 
reduced growth. This was prevented by the 
addition of niacin, thiamine, and ribofl avin to 
the diets. Similarly, niacin seems to be infl u-
enced by the concentration of related 
vitamins. 

 The high content of niacin ( > 100    μ g/g) in 
live feed (Table  4.1 ) most probably covers the 
requirement for the larvae during ontogeny, 
even though one may expect a higher require-
ment at later developmental stages.  

   4.4.2.5    Biotin 

 Biotin functions as a coenzyme for carboxyl-
ases in the metabolism of carbohydrates, 
lipids, and some amino acids (Dakshinamurti 
and Cauhan  1989 ). Biotin defi ciency symp-
toms in fi sh are reduced growth rate and 
increased mortality, as well as more specifi c 
symptoms such as abnormalities in skin, 
intestine, and gill tissue (including  “ blue slime 
patch disease ”  in trout) and reduced activity 
of biotin - dependent enzymes in metabolically 
active tissues (Phillips et al.  1950 ; Lovell and 
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cellular proliferation, essential for fi sh larvae 
ontogeny. Folate is essential to teleosts, and 
defi ciency symptoms such as impaired hema-
topoiesis and reduced growth and survival 
are observed in several fi sh species, including 
Atlantic salmon ( Salmo salar ; M æ land and 
Sandnes, unpublished data), coho salmon 
( Oncorhynchus kisutch ; Smith  1968 ), 
rainbow trout, ( Oncorhynchus mykiss ) and 
channel catfi sh ( Ictalurus punctatus ; Duncan 
et al.  1993 ). Hematological effects of folate 
defi ciency in teleosts include macrocytic 
anemia with abnormal cell nucleus segmenta-
tion of the blood cells (Smith  1968 ; Waagb ø  
et al.  2001 ). The quantitative requirement 
for folate has been established in channel 
catfi sh (Duncan et al.  1993 ; Robinson and Li 
 2002 ) and rainbow trout (Cowey and 
Woodward  1993 ). In the latter study, the 
authors suggested a dietary requirement 
between 0.6 and 1.1   mg/kg, depending on the 
response criteria used (Cowey and Woodward 
 1993 ). 

 In developing high - quality Atlantic halibut 
larvae, 50% of the yolk sac folate is retained 
in the larval body compartment, while the 
other 50% is a net loss (M æ land et al.  2003 ). 
Based on this study, the authors suggested a 
need for 2    μ g folate/g weight gain, which is in 
line with suggested requirements from the 
NRC ( 1993 ), equivalent to 2   mg/kg dry diet. 
The study served not only as a basis for folate 
recommendations for fi rst - feed formulations 
for halibut larvae but also as a guideline for 
feeds for halibut broodstocks since a screen-
ing of several batches of eggs from Atlantic 
halibut broodfi shes showed lower folate con-
tents compared with high - quality eggs 
(M æ land et al.  2003 ). Later screenings of 
commercially produced eggs in Norway and 
Iceland during 1998 – 2000 confi rmed large 
variations in egg folate concentrations, 
however, with improvement over the sam-
pling period due to generally improved halibut 
broodstock vitamin nutrition during the sam-
pling period (see review (Waagb ø   2009 ). So 
far, no studies have demonstrated a direct 

acyl groups as substrates in energy produc-
tion (Figure  4.3 ), the synthesis of the neu-
rotransmitter acetylcholine, acetylation of 
aromatic amines, and synthesis of cholesterol. 
Mitochondria - rich tissues such as the kidney 
and gills are especially sensitive to panto-
thenic acid defi ciency (NRC  1993 ; Halver 
and Hardy  2002 ). The NRC requirement is 
estimated to be in the range of 10 – 50   mg/kg 
(NRC  1993 ), while 10 – 15   mg/kg was sug-
gested by Smith and Song  (1996)  in their 
review on the comparative requirement of 
pantothenic acid. Fish fed a diet devoid of the 
vitamin show severe anorexia, growth depres-
sion, high mortality rates, clubbed gills, 
anemia, and damaged skin and fi ns (Takeshi 
and Andrews  1977 ). In blue tilapia ( Tilapia 
aurea ), the requirement was estimated to be 
10   mg/kg based on growth and lack of pathol-
ogy (Roem et al.  1991 ). Natural feed ingredi-
ents such as fi sh meal contain between 8 and 
30   mg pantothenic acid/kg, while plant mate-
rials contain somewhat less. The vitamin is 
added in the form of a stable calcium salt. 
Pantothenic acid has a role in lipid and energy 
metabolism, and was suggested as the fi rst 
vitamin to cause visible defi ciency signs in the 
gills of rainbow trout fed a vitamin premix -
 free diet (Barrows et al.  2008 ). In wild tunny 
( Thunnus thynnus ) caught off the coast of 
Norway, Br æ kkan  (1955)  reported as high as 
245    μ g pantothenic acid/g in the ovaries, and 
suggested an important role for this vitamin 
in reproduction. Care should therefore be 
taken to fulfi ll the requirements in the rapidly 
growing fi sh larvae, both through broodstock 
(Sandnes et al.  1998 ) and larval nutrition. 
Even with large variations in concentration, 
live feed used for marine fi sh larvae seems to 
fulfi ll the requirement for pantothenic acid.  

   4.4.2.7    Folate 

 The major role of folate is related to one -
 carbon transfer reactions in nucleic acid 
and amino acid metabolism. Consequently, 
folate requirement is related to growth and 
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vitamin B 12  has been found to be 10 times 
higher than the recommendation of the NRC 
( 1993 ). Vitamin B 12  levels in rotifers,  Artemia , 
and copepods are more than 30 times higher 
than the requirements in fi sh (NRC  1993 ). As 
is true for folate, vitamin B 12  is among the 
most unstable vitamins in fi sh feed, and con-
siderable losses occur during ingredient pro-
cessing, fi sh feed production (50 – 65%), and 
storage (Gabaudan and Hardy  2000 ).  

   4.4.2.9    Vitamin  C  

 Vitamin C, or AA, is the most studied vitamin 
in fi sh and fi sh larvae (see reviews by Sandnes 
 1991 ; Dabrowski  2001 ). This is due to the 
extreme consequences of defi ciency arising 
from improper broodstock (Sandnes  1984 ; 
Blom and Dabrowski  1995 ; Izquierdo et al. 
 2001 ), larvae (Terova et al.  2001 ), and juve-
nile (Sandnes et al.  1992 ) vitamin C nutrition. 
Vitamin C has also been considered impor-
tant in nutrition of marine fi sh larvae based 
on high concentrations of AA in the ovaries 
and eggs of marine fi sh (Mangor - Jensen et al. 
 1994 ; Nortvedt et al.  2001, 2003 ) and the 
high levels analyzed in natural live prey 
(R ø nnestad et al.  1999 ; Hamre et al.  2008a ) 

 Vitamin C has no coenzyme function but 
acts as cofactor in hydroxylation reactions in 
the fi sh body. One classical role is related to 
posttranslational hydroxylation of proline 
and lysine moieties in the collagen subunits, 
essential for cross - linking of the collagen 
triple - helix structure and thereby its strength. 
Consequently, AA nutrition affects collagen 
synthesis in connective tissues and structural 
supportive organs such as the skin, cartilage, 
and bone in the developing marine larvae 
(Terova et al.  2001 ). 

 There is an extensive body of literature on 
the qualitative (M æ land and Waagb ø   1998 ) 
and quantitative vitamin C requirements in 
fi sh (Sandnes  1991 ; Dabrowski  2001 ), includ-
ing the use of excess dietary vitamin C under 
stressful and unfavorable farming conditions. 
The minimum requirement seems to vary 

relation between egg folate status and reliable 
quality markers or parameters of the off-
spring. Folate is one of the most unstable B 
vitamins in production and storage of formu-
lated fi sh feeds (Marchetti et al.  1999 ), but 
currently used live feed organisms seem to 
supply suffi cient folate to the developing 
larvae (Table  4.1 ).  

   4.4.2.8    Vitamin  B  12  

 Despite differences in chemical structure and 
biochemical actions of vitamin B 12  and folate, 
a close functional relationship exists between 
the two vitamins, especially in cell division. 
Requirements and interactions between 
vitamin B 12  and folate, and bioavailability of 
these vitamins from practical diets, were 
studied in two experiments with Atlantic 
salmon (Sandnes and M æ land  1994 ). 
Diffi culties in determining quantitative 
requirements have been related to possible 
intestinal microbial vitamin synthesis (Sugita 
et al.  1990 ). Feeding a purifi ed diet without 
supplementation of folic acid showed growth 
reduction, reduced levels of folate in liver and 
muscle tissue, and anemia characterized by 
reduced blood hemoglobin concentration, 
enlarged immature erythrocytes with frag-
mented nuclei, and reduced erythrocyte 
hemoglobin content (MCH). Vitamin B 12  –
 defi cient fi sh also showed anemia with imma-
ture erythrocytes. Anemia was most severe in 
fi sh fed a diet without both vitamin B 12  and 
folate supplementation. Dietary supplementa-
tion of 0.014   mg vitamin B 12 /kg and 3.6   mg 
folate/kg in purifi ed diets prevented vitamin 
defi ciency signs in Atlantic salmon (Sandnes 
and M æ land  1994 ). For vitamin B 12 , qualita-
tive requirement studies exist for Japanese eel 
( Anguilla japonica ) and red sea bream ( Pagrus 
major ) (Koshio  2002 ), yellowtail ( Seriola 
quinqueradiata ; Hosokawa  1999 , cited by 
Masumoto  2002 ), and European sea bass 
( Dicentrarchus labrax ; Kaushik et al.  1998 ). 
Fish meals contain marginal levels of folate, 
0.3 – 1.0   mg/kg, whereas the concentration of 
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pointed out that there may be more stringent 
response markers that were not included in 
all the reviewed feeding experiments, such as 
tissue AA saturation. For marine species that 
depend on live feed at start - feeding, there are 
no requirement studies in early larvae. Most 
studies start when formulated diets can be 
applied (Merchie et al.  1996b ; M æ land et al. 
 1999 ). Weaning of Atlantic halibut with for-
mulated feed with increasing doses of AA in 
the form of AP suggested that AA from 
 Artemia  (control) was retained more effi -
ciently than AP from the formulated feeds, 
but this changed in the course of the experi-
ment (M æ land et al.  1999 ).   

 Studies with common carp ( Cyprinio 
carpio ) larvae fed semipurifi ed diets with 
graded levels of a stable and bioavailable AP 
demonstrated that the level for tissue satura-
tion was six times higher than that of 
maximum growth (45   mg AA equivalents/kg) 
(Gouillou - Coustans et al.  1998 ). Thus, body 
vitamin saturation or retention effi cacies may 
not necessarily be a useful indicator of the 
requirement in fi sh larvae, related to the daily 
need and limited storage capacity for water -
 soluble vitamins. For fi sh larvae, intestinal 
hydrolysis of stable AA derivatives (AP and 
AA palmitate derivatives), and subsequently 
AA uptake, may add to the insecurity of the 
requirement estimates (Dabrowski et al. 
 1996 ). In Atlantic halibut larvae followed 
from hatching until start - feeding, major parts 
of the yolk sac AA were retained in the larval 
body during development (R ø nnestad et al. 
 1999 ), indicating minor losses of AA. As a 
participant in the integrated antioxidant 
defense system in the fi sh body, AA may be 
effectively spared and regenerated by other 
antioxidants (Figure  4.3 ). Such interactions 
were observed in a dietary vitamin C and E 
interaction study on start - feeding salmon fry 
(Hamre et al.  1997 ). 

 Many studies have indicated that the AA 
requirement decreases with age, probably 
related to a decreasing metabolic rate with 
increasing size and increased AA storage 

with the size of the fi sh, with declining 
requirements at increasing size. The minimum 
requirement approximates 10 – 20   mg AA 
equivalents/kg feed in Atlantic salmon ( Salmo 
salar ) fry (Sandnes et al.  1992 ) using formu-
lated diets with stable AA phosphate (AP) 
derivatives. In a similar study, groups of 
Atlantic salmon start - feeding fry fed an AA -
 defi cient diet for 24 weeks showed 30% less 
vertebra hydroxyproline (in % of protein) 
and a severe incidence of scoliosis and lordo-
sis (57% visually observed) as compared with 
groups fed marginal (10   mg/kg) and suffi cient 
(100   mg/kg) AA in the form of AP derivatives 
(Waagb ø  and Maage, unpublished data; 
Figure  4.4 ). This illustrates the structural 
importance of high - quality collagen with an 
optimal cross - linking and that it may take 
considerable time for fi sh fry to develop visual 
signs of defi ciency. The salmon fry fed subop-
timal (10   mg AA equivalents/kg) AA showed 
optimal vertebra hydroxyproline and normal 
bone health compared with suffi ciently fed 
fi sh, while other defi ciency signs such as 
anemia were apparent. Gouillou - Coustans 
and Kaushik  (2001)  critically reviewed the 
AA requirements of freshwater and marine 
fi sh species relative to different response indi-
cators (weight gain, absence of defi ciency 
symptoms, OH - proline/collagen synthesis). 
They concluded that the reported AA require-
ment was considerably lower when using 
stable AP derivatives than crystalline AA. 
Relative to the discussion above, the authors 

     Figure 4.4     Atlantic salmon start - feeding fry fed an ascor-
bic acid (AA) – defi cient diet for 24 weeks, showing a 
severe incidence of scoliosis and lordosis (Waagb ø  and 
Maage, unpublished data).  (Photo by Drs. P.G. Fjelldal 
and R. Waagb ø .)   
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 The exact contribution of dietary and water-
borne elements to the requirements has not 
been examined in fi sh larvae. Excess in both 
water and diet mineral concentrations consti-
tute risks for toxicity in fi sh (Waagb ø   2006 ); 
water exposure has proved to represent more 
acute toxicity (Handy  1996 ). Increased 
uptake over the gill epithelium of elevated 
waterborne element concentrations may 
therefore represent an additional stressor to 
fi sh (Wendelar Bonga  1997 ). Since uptake is 
well regulated in the intestine, toxic concen-
tration of elements in the diet may lead to 
more chronic or sublethal toxic effects even 
at prolonged feeding of high concentrations. 
This section of the chapter will cover the 
requirements of elements for fi sh larvae, while 
consideration of toxicity will receive less 
space. 

   4.5.1    Macrominerals 

   4.5.1.1    Calcium 

 Most of the calcium (Ca) in vertebrates is 
located in the skeletal tissue in the form of 
hydroxyapatite, a hydroxylated polymer of 
calcium phosphate (Ca 10 (PO 4 ) 6 (OH) 2 ). The 
presence of minerals in skeletal tissues 
strengthens the structures. Free Ca, Ca 2 +  , has 
a vital role in the process of muscle contrac-
tions. Ca 2 +   is released from the sarcoplasmatic 
reticulum upon nerve stimulation and causes 
the muscle fi bers to contract (Murphy  1993 ). 
While terrestrial animals maintain Ca homeo-
stasis by the release and deposit of Ca from 
the skeleton, fi sh regulate their Ca mainly 
through the gills (reviewed by Lall  2002 ). 
Although Ca can be released from skeletal 
tissues, the importance of this Ca source in 

capacity. Further, temperate species such as 
the red sea bream ( Pagrus major ) may need 
more AA than cold - water species (Ren et al. 
 2010 ). For practical solutions, considerable 
efforts have been related to enrichment of AA 
through the live food chain. In enrichment 
procedures to boost live feed with vitamin C 
for fi sh larvae, microalgae (Lie et al.  1997 ), 
AA palmitate (Merchie et al.  1996a ), and AP 
have been used successfully. 

 Besides the above - mentioned classical roles 
of vitamin C and its established minimum 
requirement in many species (Dabrowski 
 2001 ), AA has been shown to interfere with 
mineral metabolism (Sandnes  1991 ), stress 
response (Fletcher  1997 ; Ren et al.  2010 ), 
immunity (Sealy and Gatlin  2001 ; Waagb ø  
 2006 ), wound repair (Wahli et al.  2003 ), and 
detoxifi cation reactions (Norrgren et al. 
 2001 ) in many farmed fi sh species, however 
at considerably higher concentrations than 
the minimum requirement for optimal growth 
and survival. 

 In summary, wide requirement ranges have 
been suggested for vitamin C among marine 
fi sh species, mostly refl ecting imperfect exper-
imental conditions with variable individual 
feed intake, maturation of the gastrointestinal 
tract, bioavailability of inherent and added 
vitamin forms, and tissue retention and 
storage capacity in the developing larvae 
(Dabrowski  1986 ; Segner et al.  1993 ). Also 
included are the methodological diffi culties in 
the analysis of AA and its chemical forms 
(Halver and Felton  2001 ). Consequently, the 
exact minimum requirements are diffi cult to 
estimate and establish, and future recommen-
dations need to consider these concerns.    

   4.5    Minerals 

 Shearer  (1991)  suggested a model for dietary 
mineral requirement in fi sh, considering the 
requirement for growth, endogenous loss, 
mineral availability, feed effi ciency, and 
fi nally, uptake of waterborne minerals: 
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dard and comparable response parameter 
among experiment and fi sh species. 

 While many elements may fl uctuate with 
changes in water quality, water phosphorus is 
most often marginal and fails to fulfi ll the fi sh 
requirement. Phosphorus therefore needs to 
be supplied through the diet (Lall  2002 ). 
Bone deformities are often observed as 
production - related disorders in marine as 
well as salmonid fi sh farming, related to a 
defi ciency or macromineral imbalance (Lall 
and Lewis - McCrea  2007 ; Waagb ø   2008 ). 
Bone deformations such as vertebral com-
pressions were recently suggested to be late 
effects of previous mineral or P malnutrition 
in Atlantic salmon (Fjelldal et al.  2009 ). 

 The P concentration in live feed alterna-
tives are all in excess of the requirements 
(Table  4.2 ), given a reasonable availability. 
The P concentration in rotifers was infl uenced 
only to a minor extent by rearing water 
quality (Yamamoto et al.  2009 ). The imma-
ture intestine of marine fi sh larvae may, 
however, represent a risk for P defi ciency.  

   4.5.1.3    Electrolytes 

 Potassium (K  +  ), sodium (Na  +  ), and chlorine 
(Cl  −  ) are the most important inorganic ions 
active in the regulation of water and ion 
balance of living organisms. Na  +   and Cl  −   
account for more than 90% of the extracel-
lular electrolytes (reviewed by Kaneco and 
Hiroi  2008 ), while K  +  , balanced with a range 
of anions (reviewed by Lall  2002 ), is present 
intracellularly. Fish that live in freshwater 
meet the challenge of a hypotonic environ-
ment, with a potential loss of ions and infl ow 
of water, by active uptake of ions and produc-
tion of ample amounts of dilute urine. In sea-
water, fi sh drink water and excrete excess ions 
over the gills and kidneys. The osmoregula-
tory organs develop during the larval stage. 
In Japanese fl ounder, gills are not distinguish-
able at hatching but appear to be functional 
with mature chloride cells at 18   dph, for 
example, in premetamorphic larvae. The 

fi sh is not agreed upon, and it appears that 
Ca resorption from the endoskeleton only 
occurs under extreme conditions (Witten 
 1997 ). In contrast to what we know for 
mammals and birds, vitamin D is considered 
to have relatively little effect on the Ca and P 
homeostasis in fi sh (Vielma et al.  1998 ; 
Vielma and Lall  1998a ; see Section  4.4.1.2 ), 
but the observed effects differ between studies 
(reviewed by Lock et al.  2010 ). Calcium 
homeostasis - regulating hormones such as 
stanniocalcin, parathyroid hormone, and para-
thyroid hormone – related protein (PTHrP) pri-
marily target the gills where Ca uptake is 
regulated. However, the intestine is also an 
important target organ for these hormones 
(Verbost et al.  1993 ; Abbink et al.  2007 ), 
where calcium from both water and diet can 
be absorbed. Some studies point to the diet 
as an important source of calcium, particu-
larly in freshwater species; for example, when 
Ca concentration ranged between 27.1 and 
33.3   mg/L in the water, tilapia larvae needed 
a diet with 3.5 – 4.2   g   Ca/kg to gain maximum 
growth and calcium deposits in scales and 
bones (Shiau and Tseng  2007 ). Some results 
show that the ratio between Ca and phospho-
rus (P; see below for more details) affects the 
uptake of calcium. The optimum Ca - to - P 
ratio for red sea bream was 1:2 (Sakamoto 
and Yone  1978 ). On the other hand, Ca levels 
do not seem to affect the uptake of P (Vielma 
and Lall  1998b ).  

   4.5.1.2    Phosphorus 

 Although a major part of body phosphorus is 
bound to bone structures, it also serves impor-
tant roles in cellular phospholipids, energy 
metabolism, and cell signaling. The standing 
dietary requirement for available phosphorus 
in freshwater and seawater fi sh is  ∼ 6   g/kg 
(Lall  2002 ). Lower P bioavailability and 
reduced feed effi ciencies increase the require-
ments. Due to inconsistencies in results and 
measures of P status, whole - body elemental 
concentrations have been suggested as a stan-
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waterborne high concentrations of these 
elements.   

   4.5.2    Microminerals 

   4.5.2.1    Iodine 

 Fish accumulate iodide from the surrounding 
water by active transport at the gills, and 
through absorption in the gut (Hunn and 
Fromm  1966 ; Eales  1997 ). Iodine is essential 
for the production of THs thyroxin (T 4 ) and 
tri - iodothyronine (T 3 ). T 4  is produced in the 
thyroid follicles of the subpharyngeal region 
in larvae, juveniles, and adult fi sh species, 
although T 4  production is also found in the 
kidney in adult carp (Geven et al.  2007 ), 
which may be the case for several species. The 
conversion of T 4  to T 3 , the active form, takes 
place in peripheral tissues by enzymatic deio-
dination of T 4  (see below on selenium -
 dependent deiodinase enzymes). THs regulate 
growth and development in teleost fi sh; for 
example, metamorphosis in fl atfi sh and parr –
 smolt transformation in salmonids are regu-
lated by THs (Power et al.  2001 ). In general, 
both seawater and marine plankton contain 
iodine that fi sh larvae utilize (Solbakken et al. 
 2002 ; Moren et al.  2008 ). Most of the iodine 
found in the oceans is organically bound in 
the marine biota, mainly in plankton and 
kelp, while the iodine found in the seawater 
is primarily found as inorganic forms such as 
iodide (the biologically accessible form) and 
iodate (reviewed by Wong  1991 ). The con-
centration of iodide varies with depth and 
latitude, although the total amount of inor-
ganic iodine in the seawater is relatively con-
stant (400 – 500   nM). Iodide (I  −  ) concentration 
can be as high as 230   nM in the upper surface 
level in tropical and subtropical areas and 
down to 20   nM more poleward (Schwehr and 
Santschi  2003 ; Waite et al.  2006 ; Moren 
et al.  2008 ). Witt et al.  (2009)  discovered that 
fi sh reared in seawater from a well with 
78   nM iodide had less T 4  production and 

euryhaline Mozambique tilapia ( Oreochromis 
mossambicus ) larvae drink more in seawater 
than in freshwater, indicating that their gut 
functions as an osmoregulatory organ already 
in early larvae. Furthermore, the kidney in 
chum salmon is underdeveloped during the 
late embryonic stages (reviewed by Kaneco 
and Hiroi  2008 ). Chloride cells are cells spe-
cialized in the exchange of Na  +  , K  +  , and Cl  −   
between the organism and the environment. 
There are four different types of chloride cells 
in fi sh, adapted to different environments. 
During ontogeny, chloride cells appear fi rst 
on the yolk sac membrane. After yolk absorp-
tion, chloride cells are widely distributed in 
the skin, and in the course of metamorphosis, 
the cells become concentrated to the gills 
(reviewed by Kaneco and Hiroi  2008 ). Na  +  K  +   
ATPase is also located in the plasma mem-
brane of all cells, keeping the intracellular 
concentration of K  +   high and Na  +   low. This 
electrochemical gradient is the driving force 
of active transport over the cell membrane. 

 The surrounding water is the most impor-
tant source of electrolytes for fi sh. Sodium 
concentration in seawater is more than 3   g/L, 
while potassium concentrations in sea -  and 
freshwater may be approximately 380 and 
10   mg/L, respectively. However, potassium in 
freshwater can drop to below 1   mg/L (Steffens 
 1989 ). In addition, fi sh larvae will obtain ions 
both from the live feed and from the formu-
lated diets fed in intensive culture, which are 
commonly based on fi sh meal. Fish meal is a 
good source of sodium but a relatively poor 
source of potassium (Lall  2002 ). Both ele-
ments are present as freely soluble salts and 
have good bioavailability. 

 In freshwater, there may thus be a possibil-
ity for potassium defi ciency as shown by 
Shearer  (1988) . When the water potassium 
concentration dropped below 1   mg/L, a 
dietary potassium concentration of 8   g/kg was 
necessary to maintain growth in king salmon 
in this study. Dietary requirements of the 
other electrolytes have not been measured in 
fi sh due to interference from the dietary and 
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selenium, but the sequence and function are 
known for only 12 of them (Brigelius - Flohe 
 1999 ). Selenium is an integral part of several 
enzymes with antioxidant activity, the GPxs, 
which reduce hydroperoxides at the expense 
of reduced glutathione (GSH) (Brigelius - Flohe 
 1999 ; Arteel and Sies  2001 ). Four GPxs have 
been described in mammals: cytosolic GPx 
(cGPx), which is the classical one that neu-
tralizes water - soluble and fatty acid hydro-
peroxides; plasma GPx (pGPx), which has 
similar properties as the cGPx; gastrointesti-
nal GPx (GIGPx), which is exclusively 
expressed in the gastrointestinal tract; and 
phospholipid hydroperoxide GPx (PHGPx), 
which is active in biological membranes and 
reduces lipid hydroperoxides (Brigelius - Flohe 
 1999 ; Arteel and Sies  2001 ). The active sites 
of these enzymes contain selenocysteine resi-
dues. In addition, selenoprotein P (SeP), 
present in the plasma of mammals and 
expressed in cellular membranes, contains 10 
selenocysteine residues and is not only 
regarded as a transport protein for selenium 
but also has antioxidative properties 
(Steinbrenner et al.  2006 ). The term  “ hierar-
chy of selenoproteins ”  is used to describe the 
differences in response of the different vari-
ants of GPxs to selenium defi ciency, where the 
stability of the enzymes decreases in the order 
GI - GPx    >    PHGPx    >    pGPx    =    cGPx (Brigelius -
 Flohe et al.  2002 ). The GPxs are an integral 
part of the fi sh ’ s antioxidant defense system 
as shown in Figure  4.5 .   

 Selenium also plays a role in TH metabo-
lism. TH is excreted from the thyroid gland 
mainly as T 4  into the circulation, taken up by 
peripheral organs, and converted to the more 
potent form, T 3 , by type I or type II deiodin-
ases (outer ring deiodinases [ORDs]), which 
contain selenium (Yen  2001 ). The dominant 
organs for T 3  synthesis are the liver and head 
kidney where deiodinase I is the principle 
factor (Eales and Brown  1993 ; Geven et al. 
 2007 ). Deiodinase II is more important for 
conversion of T 4  to T 3  in the target tissues 
(Watanabe et al.  2006 ). Deiodinase III is the 

lacked a T 4  peak compared with fi sh reared 
in fresh seawater that contained 160   nM 
iodide. The fi sh in the fresh seawater also had 
better growth and survival than the fi sh reared 
in well water. The use of protein skimmers 
and ozone injection in recirculation systems 
alters the original level of iodide. An oxida-
tion occurs, and iodide is converted to iodate. 
Ribeiro et al.  (2009)  found that postmeta-
morphic Senegalese sole larvae reared in a 
recirculation system, without iodine added to 
the diet, developed goiter within 15 days, 
while larvae fed extra iodine had normal 
thyroid follicles and grew better as well. 
Commercially enriched live prey used in 
aquaculture, that is, rotifers and  Artemia , 
contain very low levels of iodine (0.5 – 1.1    μ g   I/g 
DW) compared with marine copepods (60 –
 300    μ g   I/g DW) (Solbakken et al.  2002 ; Moren 
et al.  2006 ; Hamre et al.  2008a ; Ribeiro et al. 
 2009 ). Better growth and survival was 
observed by Hamre et al.  (2008b)  when cod 
were fed rotifers and  Artemia  enriched with 
a combination of selenium and iodide. The 
water in this facility has not been analyzed 
for iodide, but water taken from nearby areas 
ranged from 12 to 22   nM (Moren et al.  2008 ). 
Mechanisms of uptake have not been 
described in many fi sh species, but there is 
evidence that both marine and freshwater fi sh 
possess the natrium iodide symporter (NIS) 
not only in the thyroid follicles (Alt et al. 
 2006 ) but also possibly in the digestive system 
and surface areas since perchlorate, a known 
inhibitor, blocks the uptake of iodide and 
gives lower levels of TH (Mukhi and Patino, 
 2007 ; Moren et al.  2008 ). Since rotifers and 
 Artemia  are low in iodine and there is an 
increase in the use of recirculation systems for 
larval rearing, iodine should be supplemented 
in the enrichments used. The requirement is, 
however, not determined.  

   4.5.2.2    Selenium 

 Approximately 30 selenoproteins have been 
detected in mammals by feeding radiolabeled 
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ciency affects both deiodinase and GPx activi-
ties (Meinhold et al.  1993 ; Brigelius - Flohe 
 1999 ; Arteel and Sies  2001 ). 

 Decreased GPx activity caused by low 
dietary selenium has been measured in 
rainbow trout, Atlantic salmon, and Channel 
catfi sh (Hilton et al.  1980 ; Bell et al.  1986, 
1987 ; Gatlin at al., 1986), and Hilton et al. 
 (1980)  found that the selenium requirement 
in rainbow trout based on GPx activity was 
0.35   mg/kg dry diet. This is above the levels 
in rotifers found by Hamre et al. ( 2008b ; 
Table  4.2 ). Rotifers enriched with iodine and 
inorganic selenium to match levels found in 
copepods gave an increase in survival and a 
near - to - signifi cant increase in GPx activity in 
cod larva (Hamre et al.  2008b ). Penglase 
 (2009)  reared cod larvae on rotifers enriched 
with selenium - containing yeast, with iodine 
enrichment in both the control and experi-
mental groups. The survival in both groups 

inner ring deiodifi cation resulting in the deac-
tivation of either T 4  or T 3 ; this takes place in 
tissues that need to be protected from TH 
actions, for example, parts of the brain during 
development (Mol et al.  1997 ). 

 In fi sh, studies of the interactions between 
selenium and vitamin E have shown that sele-
nium defi ciency may lead to reduced levels of 
tissue  α  - tocopherol. Combined selenium and 
vitamin E defi ciency signs are muscular dys-
trophy, muscle - specifi c proteins in plasma, 
and anemia (Poston  1976 ; Gatlin et al.  1986 ; 
Bell et al.  1985, 1986, 1987 ). The symptoms 
of selenium defi ciency alone were reported to 
be disintegration of membranes and con-
densed nuclei in liver cells, pathological 
changes in nerve cells, and anemia, while no 
symptoms were visible on the macroscopic 
scale (Bell et al.  1986 ). Selenium and iodine 
defi ciency in rats affect TH metabolism and 
deiodinase activities, while selenium defi -

     Figure 4.5     Model of the proposed role of phospholipid hydroperoxide glutathione peroxidase (PHGPx) in protecting 
membranes against lipid oxidation. PHGPx decomposes lipid hydroperoxides to alcohol and water, oxidizing 2GSH in 
the process. This prevents the formation of the lipid alkoxyl radical, which will stimulate lipid oxidation even in the 
presence of  α  - TOH  (Maiorino et al.  1989 ; Ursini  1993 ).   
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fl esus ), and the uptake was signifi cantly 
enhanced in the presence of ascorbate as a 
reducing agent (Bury and Grosell  2003 ). The 
authors discuss the growing evidence that the 
aquatic uptake route for essential metals may 
contribute considerably to overall metal 
homeostasis, particularly when the dietary 
elements are low. A signifi cant relation 
between liver iron and blood Hb was seen 
among salmon groups fed marginal vitamin 
C levels (10   mg AA equivalents/kg) and not 
among the groups fed 100   mg AA equivalents/
kg, which also indicate  in vivo  interactions 
between AA status and available iron for 
Hb synthesis. Vitamin C – defi cient Atlantic 
salmon seem to suffer from an iron - defi ciency -
 like anemia despite the excess iron storage 
(Sandnes et al.  1990 ). Nutrient interactions 
that may infl uence element requirements 
should be taken into account.   

   4.6    Future  c hallenges 

 The micronutrient requirements are probably 
relatively uniform among fi sh species and are 
related to growth and metabolism. There 
may, however, be species specifi city in practi-
cal requirements among farmed species during 
early development due to different degrees of 
biological immaturity and currently used 
imperfect diets. Since fi sh larvae, for many 
reasons, are more susceptible to nutrient defi -
ciencies, larval diets should contain safe and 
surplus micronutrient levels to compensate 
for such varying biological and technical 
conditions.  
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  Chapter 5 

Effects of  b roodstock 
 d iet on  e ggs 
and  l arvae  
  Hip ó lito     Fern á ndez - Palacios   ,    Birgitta     Norberg   , 
   Marisol     Izquierdo   , and    Kristin     Hamre       

    5.1    Introduction 

 The success of early larval rearing is markedly 
affected by the quality of each spawning 
batch and the larvae subsequently obtained, 
which in turn is strikingly dependent on 
broodstock nutrition. However, despite the 
long - recognized importance of adequate diets 
for reproduction and spawning quality in 
teleosts (Luquet and Watanabe  1986 ), the 
nutritional requirements of broodstock 
remains one of the least explored areas in the 
fi eld of fi sh nutrition. Few studies are avail-
able and they are limited to only a few species 
in comparison to the large number of fi shes 
produced by aquaculture worldwide (Brooks 
et al.  1997 ; Izquierdo et al.  2001 ). This is due 
to the need for huge facilities to keep substan-
tial groups of large broodstock fi sh, and the 
high costs both in construction and mainte-
nance of these facilities that are required to 

carry out long - term nutritional experiments 
on broodstock. Moreover, reproductive 
biology varies greatly among the many fi sh 
species produced by aquaculture, being 
closely related to the feeding strategy and 
nutritional requirements of each species. As 
also happens in other vertebrates, many of the 
problems that appear during early develop-
ment in fi sh are directly related to broodstock 
nutrition. Thus, the nutritional components 
of the diet, the feed intake rate, or the feeding 
period can all directly or indirectly affect 
spawning, egg, and larval quality. There is a 
wide range of reproduction - related parame-
ters being used by commercial or experimen-
tal hatcheries in the diverse farmed fi sh, their 
sensitivity to the different nutrients varying 
among them. The present chapter, after a 
brief introduction to teleost reproductive 
biology and description of the quality 
parameters employed, gathers the current 
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tive season in order to optimize survival of 
the offspring. 

 Reproductive development in female tele-
osts starts with mitotic production of primor-
dial germ cells that migrate to the ovary and 
are differentiated into oogonia. These are 
further transformed into primary oocytes that 
enter meiosis, which is arrested during the 
diplotene stage of the fi rst prophase, and the 
oocyte is prepared for fertilization and embry-
onic development (Yoshizaki et al.  2002 ; 
Strussman and Nakamura,  2002 ; Lubzens 
et al.  2010 ). 

 During the primary growth phase, the sur-
rounding granulosa and theca cells envelop 
the oocyte to form the ovarian follicle (Wallace 
and Selman  1981, 1990 ; Pati ñ o and Sullivan 
 2002 ). Follicle cell synthesis of estrogens 
starts at this stage. During the perinucleolus 
stage, the cell nucleus increases in size, with 
numerous ribosome - producing nucleoli sur-
rounding its periphery. A large part of the 
RNA stored for use by the embryo is believed 
to be synthesized during this period (Pelegri 
 2003 ; Cerd á  et al.  2008 ). 

 At the early stages of secondary growth, 
cortical alveoli appear and accumulate in the 
periphery of the oocyte. The cortical alveoli 
are secretory granules formed from the Golgi 
complex and contain large amounts of glyco-
protein. At fertilization, the glycoproteins are 
secreted into the perivitelline space from the 
cortical alveoli in order to prevent polyspermy 
(Wallace and Selman  1981 ; Wessel et al. 
 2001 ). The oocyte is surrounded by an acel-
lular protein envelope, the vitelline envelope, 
which hardens to form the eggshell at oviposi-
tion. Hepatic and intraovarian synthesis of 
the zona pellucida (ZP) proteins (also known 
as zona radiata proteins, vitelline envelope 
proteins, eggshell proteins, or choriogenins) 
is also initiated during the early secondary 
growth stages (Hyllner et al.  1994 ; see also 
review by Lubzens et al.  2010 ). 

 Even though the oocyte may increase in 
size several thousandfold during primary and 
early secondary growth, the most conspicu-

information on nutritional requirements of 
broodstock fi sh and the consequences 
of feeding on spawning, egg, and larval 
quality.  

   5.2    Reproductive  b iology and 
 o varian  d evelopment 

 Teleost fi sh display a variety of reproductive 
strategies that result from adaptations to their 
respective environments. Semelparous fi sh, 
such as many species of Pacifi c salmon 
( Oncorhynchus  spp.) and freshwater eels 
( Anguilla  spp.), spawn only once in their life-
time and then die, while most other species 
are iteroparous and go through repeated 
spawning cycles. Anadromous fi sh, for 
example, most salmonids, spawn and hatch 
in freshwater, migrate to the sea as juveniles, 
and return to spawn in freshwater as they 
become sexually mature. Catadromous fi sh, 
for example, eels, spawn in the sea but 
spend the immature stages in freshwater. 
Reproduction is usually seasonal in temperate 
waters but can be continuous in tropical 
environments. 

 Ovarian development in female teleosts 
has been described as follows: (1) 
synchronous — all oocytes develop at the same 
rate and are spawned simultaneously, as in 
many  Oncorhynchus  species; (2) group 
synchronous — several populations of oocytes 
are present during the reproductive season 
and clusters of oocytes develop, mature, and 
are spawned simultaneously; and (3) 
asynchronous — oocytes in all stages of devel-
opment are present at the same time and often 
independent of season, as is often the case in 
tropical species (Wallace and Selman  1981 ). 
Species that spawn only one batch of eggs 
may display some degree of parental care 
such as nest building or guarding of eggs. On 
the other hand, many marine species with 
very high fecundity and no parental care are 
group synchronous batch spawners that 
release several batches of eggs each reproduc-
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tered by receptor - mediated endocytosis, and 
is enzymatically processed by cathepsin D 
(reviewed by Wallace  1985 ; Carnevali et al. 
 2006 ). Vertebrate Vtgs contain ca. 20% 
lipids, and constitute the most important lipid 
source for the growing embryo, although part 
of the egg lipids are also derived from plasma 
very low - density lipoproteins (VLDLs) (Babin 
et al.  2007 ). The fatty acid composition of 
Vtg appears to be conserved but may be 
affected by long - term imbalances in brood-
stock diet (Silversand  1996 ). 

 At fi nal maturation, meiosis is resumed, the 
germinal vesicle migrates from the center to 
the periphery of the oocyte and is broken 
down, and the fi rst polar body is expelled. 
Meiosis is again arrested, in metaphase II (cf. 
Suwa and Yamashita  2007 ). Concurrent with 
fi nal maturation, the oocyte is hydrated 
(Wallace and Selman  1978 ). Hydration is 
especially pronounced in marine teleosts 
spawning pelagic eggs, where a three -  to eight-
fold increase in volume may occur. The mech-
anism behind this large volume increase is 
secondary processing of yolk proteins into 
free amino acids, thus creating an osmotic 
gradient (cf. Cerd à  et al.  2007 ). Molecular 
water channels, aquaporins, appear in the 

ous size increase occurs during the last part 
of secondary growth, vitellogenesis (Figure 
 5.1 ). During this stage, lipids and the yolk 
proteins, lipovitellins, phosvitins, phosvettes, 
and  β  ′  - component, are incorporated and 
stored in large amounts in yolk vesicles or 
granules. Incorporation of maternal RNA 
continues, together with vitamins and hor-
mones that are necessary for early embryonic 
development (cf. Lubzens et al.  2010 ).   

 Vitellogenesis is the process of yolk forma-
tion and incorporation in the growing oocytes. 
The yolk protein precursors, vitellogenins 
(Vtgs) are high - molecular - weight lipoproteins 
that are synthesized in the liver and secreted 
into the blood after posttranslational lipida-
tion, glycosylation, and phosphorylation 
(reviewed, e.g., by Wallace  1985 ; Tyler and 
Sumpter  1996 ). Recent studies on the molecu-
lar regulation of vitellogenesis have revealed 
three forms of Vtgs — VtgA, VtgB, and VtgC 
(also named VtgAa, VtgAb, and VtgC) — that 
are encoded by separate genes (Matsubara 
et al.  2003 ; Finn  2007a ). VtgA and VtgB are 
constituted of heavy - chain lipovitellin, phos-
vitin, light - chain lipovitellin, and  β  ′  -
 component domains, while the phosvitin 
domain is not present in VtgC. Vtg is seques-

     Figure 5.1     Vitellogenesis. FSH    =    follicle stimulating hormone, Vtg    =    vitellogenin, ZP    =    zona pellucida proteins.  
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involves an LH - controlled switch in the 
steroid biosynthesis from E2 to maturation -
 inducing steroid, MIS. Two different MIS 
have been identifi ed in fi sh; the progestines 
17 α  ,20  β   -  d ihydroxy -  4  -  pregnen -  3  -  one 
(17,20 β  - P), and 17 α ,20 β ,21 - trihydroxy - 4 -
 pregnen - 3 - one, with 17,20 β  - P as the most 
common (cf. Nagahama and Yamashita 
 2008 ). The MIS acts via a membrane - bound 
receptor to induce fi nal maturation (see 
Thomas et al.  2002 ). Ovulation and oviposi-
tion are further controlled by prostaglandins 
(PGs) synthesized within the ovary (Goetz 
et al.  1989; 1991 ). PGs are eicosanoids pro-
duced from specifi c fatty acids that are liber-
ated from cell membranes by the action of 
phospholipases. They are highly biologically 
active, and act both to control ovulation and 
oviposition and to stimulate reproductive 
behavior in fi sh (Stacey and Goetz  1982 ; 
Sorensen et al. 1988). Arachidonic acid (ARA) 
is generally considered to be the preferred 
eicosanoid substrate, at least in mammals 
(Wada et al.  2007 ), but very few studies have 
investigated the importance of eicosanoids 
produced by other fatty acids in fi sh. There is 
evidence in both fi sh and mammals that the 
ratio of various fatty acids can alter the pro-
duction of eicosanoids (Farndale et al.  1999 ; 
Wada et al.  2007 ). This is most likely the 
result of competition by different fatty acids 
for key converting enzymes such as PG endo-
peroxide synthase (cyclooxygenase). Although 
different fatty acids are not converted at the 
same effi ciency, they can still bind the active 
site of the enzyme, and may act to decrease 
the overall production of eicosanoids depend-
ing on their relative levels. However, further 
studies are needed on the effect of dietary 
fatty acids on reproductive physiology and 
broodstock health. 

 This chapter addresses the effects of brood-
stock diet on eggs and larvae. Reproductive 
success also depends on the paternal contri-
bution, and spermatogenesis as well as sperm 
quality may be affected by diet. For a detailed 
account of spermatogenesis and factors affect-

oocyte membrane and mediate the infl ux of 
water into the cell (Fabra et al.  2005 ). 
Hydration of eggs in the marine environment 
has been suggested to be analogous to lyso-
somal generation of vacuoles in plants, as both 
processes will increase cell size and provide 
water to the organism in an arid or hyperos-
motic environment (Finn  2007b ). The free 
amino acids generated by secondary cleavage 
appear to be important nutrients in early 
embryonic development, as the yolk protein 
stores do not seem to be utilized before hatch-
ing (R ø nnestad et al.  1999 ; Ohkubo and 
Matsubara  2002 ; see Chapter  3 ). 

 The increase in cell size caused by oocyte 
hydration also facilitates the ovulation 
process, when the ovarian follicle is ruptured 
and the mature egg is expelled. Depending on 
the reproductive strategy, the ovulated eggs 
may be kept in the body cavity and undergo 
postovulatory maturation for a few days, or 
they may be released into the surrounding 
water where they are fertilized. A few species 
also have internal fertilization, for example, 
the wolffi shes ( Anarhicas  spp.). 

 Sexual maturation in teleost fi sh is under 
endocrine regulation via the brain – pituitary –
 gonad axis. Gonadotropin - releasing hor-
mone(s) (GnRHs) from the brain induce 
pituitary synthesis and release of the gonado-
tropins follicle - stimulating hormone (FSH) 
and luteinizing hormone (LH). The gonado-
tropins act on receptors on the ovarian folli-
cle cells through the synthesis of steroid 
hormones to stimulate gonadal differentia-
tion and development at different stages in 
the life cycle (reviewed by Nagahama  1994, 
2000 ). FSH is presumed to act during ovarian 
growth to stimulate synthesis of testosterone 
(T) and estradiol - 17 β  (E2). E2 stimulates liver 
synthesis of ZP proteins and Vtgs during sec-
ondary oocyte growth. The role of FSH 
during ovarian maturation is not well under-
stood but is relevant to follicular maturation 
and granulosa cell proliferation (e.g., Zhou 
et al.  1997 ). The transition of the ovarian 
follicle from vitellogenesis to fi nal maturation 
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addition, nutrients, maternal RNA, and 
maternally deposited hormones, which all 
may affect the egg quality (Brooks et al.  1997 ; 
Lubzens et al.  2010 ). Recent and future 
advances in ovary and egg transcriptome and 
proteome profi ling may provide more specifi c 
markers of egg quality than those used at 
present (Lubzens et al.  2010 ).  

   5.4    Effective  f eeding  p eriods for 
 o ptimum  b roodstock  p erformance 

 According to the differences in reproductive 
biology discussed above, the length of the 
gametogenetic and, particularly, vitelloge-
netic periods, feeding history during repro-
duction, the time period needed to change 
the nutrient composition of the developing 
gonads, and hence the reproductive success 
varies among the different fi sh species. In 
gilthead sea bream ( Sparus aurata ) and red 
sea bream ( Pagrus major ), the egg composi-
tion is quickly affected by the diet, even after 
only few weeks of feeding (Watanabe et al. 
 1985b ; Fern á ndez - Palacios et al.  1995 ; 
Tandler et al.  1995 ). These species are batch 
spawners with group synchronic ovaries and 
a short vitellogenesis period where it is pos-
sible to improve the spawning quality by 
modifying the nutritional quality of the diet 
even during the spawning season (Tandler 
et al.  1995 ; Fern á ndez - Palacios et al.  1995, 
1997, 1998, 2005 ). In sea bass ( Dicentrarchus 
labrax ), vitellogenesis lasts slightly longer 
than in sea breams, and a longer period is 
needed for obtaining appropriate levels of 
n - 3 highly unsaturated fatty acids (HUFA) in 
the eggs (Navas et al.  1997 ). The feeding 
period for red snapper  Lutjanus campecha-
nus  to obtain good n - 3 HUFA levels is at 
least 2 months before the spawning period 
starts (Papanikos  2005 ). On the contrary, in 
fi sh with more than 6 months of vitellogen-
esis (Fr é mont et al.  1984 ) and synchronic 
ovaries as in salmonids, the broodstock must 
be fed with a good - quality diet for several 

ing sperm quality, the reader is referred to 
recent reviews by Schulz et al.  (2010)  and 
Bobe and Labb é   (2010) .  

   5.3    Criteria for  e gg and 
 l arval  q uality 

 Nutritional studies with fi sh broodstock most 
often use fecundity and egg and larval quality 
to measure the effects of different treatments, 
whereas effects on the parent fi sh themselves 
receive less attention. Fecundity is defi ned as 
the number of mature eggs that are produced 
by a female, or per kilogram body weight of 
females, during the annual spawning cycle 
(Bromage et al.  1992 ). Good - quality eggs are 
those that exhibit low levels of mortality at 
fertilization, hatch, and fi rst feeding and those 
that produce the fastest - growing and healthi-
est fry and older fi sh (Bromage et al.  1992 ). 
Egg quality in nutritional studies is most 
often indicated by fertilization rate, survival 
during the egg stage, and hatching rate. 
Cleavage symmetry of the 8 -  and 32 - cell stage 
has been proposed as an additional quality 
parameter (Kj ø rsvik et al.  1990 ). Larval 
quality is most often assessed in yolk sac 
larvae since keeping the larvae after fi rst 
feeding involves large costs and introduces 
appreciable amounts of noise into the 
experiment. 

 Kj ø rsvik et al.  (2003)  conducted an experi-
ment where the quality criteria (fertilization 
rate and blastomere morphology) were cor-
related with hatching rate and later rearing 
success. The results indicated that these 
parameters were good predictors of egg 
quality. However, blastomere morphology is 
a diffi cult parameter to measure since the 
embryonic cells may be in different stages of 
cleavage and therefore have different mor-
phologies, even though the eggs are fully 
viable (unpublished data). 

 The assembly of fi sh eggs is a very compli-
cated process. The ovulated egg contains the 
genetic code for the new individual, and in 
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tion to this observation since the ovary com-
position is more affected by diet during the 
early stages of gonad development (Lie et al. 
 1993 ).  

   5.5    Importance of  a dequate  f eed 
 i ntake on  s pawning  p erformance 

 Food availability seems to be a main factor 
determining fecundity in wild fi sh. Therefore, 
geographic areas with low food availability, 
such as certain river ecosystems, in compari-
son with areas with high food productivity, 
denote differences in fecundity in species such 
as the rutile  Rutilus rutilus  (McKay and 
Mann  1969 ; Kuznetzov and Khalitov  1978 ); 
the bream  Abramis brama  (Brylinska and 
Brylinski  1972 );  Poeciliopsis occidentalis  
(Constanz  1975 );  Gasterosteus acuelatus  (Ali 
and Wootton  2000 ); river trout  Salmo trutta  
(Fry  1949 ; McFadden et al.  1965 ); lake trout 
 Salvelinus namaycush  (Martin  1970 ); or coho 
salmon,  Oncorhynchus kisuth  (Stauffer 
 1976 ). This type of study has also been 
conducted with marine species such as plaice 
 Pleuronectes platessa  (Bagenal  1966 ); 
haddock  Melanogrammus aeglefi nus  (Hodder 
 1963 ); Norway pout,  Gadus esmarkii  (Raitt 
 1968 ); and Baltic cod,  Gadus morhua callaris  
(Kraus et al.  2000 ; Kraus,  2002 ), where a 
relation between fecundity of the different 
populations and food intake was found. 

 In cultured fi sh, fecundity and other spawn-
ing quality parameters are also affected by 
ration size. An insuffi cient feeding rate inhib-
its gonadal maturation in several species, such 
as carp  Carassius auratus  (Sasayama and 
Takahashi  1972 ), sea bass  Dicentrarchus 
labrax  (Cerd á  et al.  1994a ), and Atlantic 
salmon (Berglund  1995 ). After 6 months of 
feeding sea bass broodstock with half the 
food ration, growth rates decreased, the 
spawning period was delayed, and the eggs 
and newly hatched larvae were smaller than 
those obtained from fi sh eating the full ration 

months before the spawning season (Watanabe 
et al.  1984d ; Corraze et al.  1993 ). Thus, in 
coho salmon,  Oncorhynchus kisutch , the 
fatty acid profi les of the muscle and develop-
ing eggs (Hardy et al.  1990 ) start to refl ect 
the dietary fatty acids only after 2 months of 
feeding, while in gilthead sea bream, the fatty 
acid composition of the female gonads is 
affected after just 15 days (Harel et al.  1992 ; 
Tandler et al.  1995 ). 

 Many fi sh species tend to decrease their 
feed intake rate during sexual maturation. 
The mechanism responsible for this behavior 
is not clear, but it also affects fi sh in the 
natural environment (Trippel et al.  1995 ; 
Link and Burnett  2001 ). The swelling of the 
females when egg hydration starts in the 
ovary may restrict space in the body cavity 
and, as a consequence, the food volume that 
can be ingested. Endocrine changes in connec-
tion with sexual maturation and spawning 
may also interfere with appetite regulation 
(Thorsen et al.  2003 ). As a consequence, the 
energy and nutrients needed for gonadal 
development may be taken from the body 
reserves. Rainbow trout,  Oncorhynchus 
mykiss , mobilizes its lipid reserves from the 
carcass and viscera (Nassour and Leger  1989 ). 
African catfi sh,  Clarius batrachus , uses the 
abdominal fat as the major energy source for 
sexual maturation (Lall and Singh  1987 ). 
Atlantic salmon,  Salmo salar , uses the pro-
teins and lipids from the muscle (Aksnes et al. 
 1986 ), and the cod  Gadus morhua  uses the 
accumulated lipid reserves of the liver (Tocher 
and Harvie  1988 ). The gilthead sea bream 
broodstock continues to feed during sexual 
maturation and during the spawning period, 
producing an egg biomass equivalent to its 
own body weight. Under these circumstances, 
the nutrients deposited in the ovaries may 
come from the broodstock diets, and the 
nutritional composition of the eggs can be 
modifi ed during the spawning season and 
have an effect on the spawning quality 
(Almansa et al.  1999 ). The turbot 
 Scophthalmus maximus  could be an excep-
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   5.6    Nutrient  r equirements and 
 t heir  e ffects on  r eproductive 
 p hysiology and  e gg  q uality 

   5.6.1    Protein and  a mino  a cid 
 r equirements 

 Protein constitutes the most abundant nutri-
ent in fi sh eggs (Watanabe and Kiron  1994 ) 
and is a main energy source during embryonic 
development of most teleost species (Fyhn 
and Serigstad  1987 ; R ø nnestad et al.  1992 ; 
Sivaloganathan et al.  1998 ). Furthermore, 
growth of the embryo mainly involves deposi-
tion of protein. Proteins have an important 
role in fertilization and embryonic develop-
ment (Fyhn and Serigstad  1987 ; Srivastava 
and Brown  1992 ; Srivastava et al.  1995 ); for 
example, proteins surrounding the yolk are 
signifi cant for fertilization (Hart  1990 ), their 
amino acid composition being high in proline 
and glutamic acid and low in cystine (Hyllner 
et al.  1995 ). Vtgs comprise the main protein 
precursor of yolk in teleosts; their amino acid 
composition being characterized by high con-
tents of alanine, glutamic acid, and leucine, 
and low levels of serine. Free amino acids 
appear in high levels in the eggs of pelagic 
fi sh; for example, more than 43   nmoles per 
egg in gilthead sea bream. Abundant free 
amino acids are leucine, lysine, valine, isoleu-
cine, alanine, and serine (R ø nnestad  1992 ). 

 A suffi cient amount of dietary protein with 
a balanced composition of amino acids is vital 
for the supplementation of protein and amino 
acids for the embryo, through the yolk. It is 
therefore not surprising that the protein level 
and composition of broodstock diets has an 
infl uence on the spawning quality. Thus, a 
well - balanced diet in essential amino acids for 
gilthead sea bream ( Sparus aurata ) brood-
stock improved the synthesis of Vtgs (Tandler 
et al.  1995 ). In studies with Japanese sea 
bream ( Pagrus major ) broodstock, the optimal 
dietary protein level in diets with fi sh meal as 
the main protein source was around 45% 

(Cerd á  et al.  1994a ). These negative effects of 
food restriction have been associated with a 
decrease in plasma estradiol levels (Cerd á  
et al.  1994b ). However, gene expression of 
gonadotropins was not affected by decreased 
food intake in mature carp females (Sohn 
et al.  1998 ). Food restriction resulted in a 
decrease in total fecundity in the following 
species: rainbow trout,  Oncorhynchus mykiss  
(Springate et al.  1985 ; Jones and Bromage 
 1987 ); haddock  Melanogrammus aeglefi nus  
(Hislop et al.  1978 ; Robb  1982 ); herring 
 Clupea harengus  (Ma et al.  1998 ); the vivipa-
rous guppy  Poecilia reticulata  (Hester  1964 ; 
Dahlgren  1980 ); tilapia  Tilapia mossambica  
and  Tilapia zillii  (Mironova  1977 ; Coward 
and Bromage  1999 ); rutile  Rutilus rutilus  
(Kuznetzov and Khalitov  1978 ); medaka 
 Oryzias latipes  (Hirshfi eld  1980 ); the cycle 
zebra  Cichlasoma nigrofasciatum  (Townshend 
and Wootton  1984 ); fl ounder  Pleuronectes 
platessa  (Horwood et al.  1989 ); and milkfi sh, 
 Chanos chanos  (Emata et al.  1996 ). In cod 
 Gadus morhua , there was also a positive cor-
relation between feed intake and fecundity 
(Karlsen et al.  1995 ; Kjesbu et al.  1998 ). On 
the contrary, Bromley et al.  (2000)  did not 
fi nd differences in fecundity of turbot brood-
stock fed different food rations. Yoneda 
and Wright  (2005)  maintained cod at differ-
ent temperatures and feeding rations and 
observed that fecundity was positively corre-
lated with body size, but neither the feeding 
rations nor the temperature affected this rela-
tion. In hybrid tilapia ( Oreochromis niloti-
cus     ×     Oreochromis aureus ), differences were 
also found in the broodstock fecundity when 
they were fed with different feeding rations, 
but this factor did not affect the hatching 
percentage or the egg diameter (Siddiqui et al. 
 1998 ). In espinosillo,  Gasterosteus aculeatus , 
high feed intake not only increased fecundity 
but also the egg size and female body size 
(Fletcher and Wootton  1995 ). Furthermore, 
the length of time between successive spawns 
was lower in fi sh with larger food intakes (Ali 
and Wootton  1999 ).  
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 Tryptophan and taurine have been found 
to be particularly important for fi sh repro-
duction. Tryptophan is a precursor of sero-
tonin and can affect gonadal maturation in 
both males and females. Broodstock diets for 
ayu ( Plecoglossus altivelis ) supplemented 
with 0.1% of tryptophan gave a signifi cant 
increase in testosterone levels favoring sper-
miation in males and induced female matura-
tion (Akiyama et al.  1996 ). Taurine is one of 
the most abundant free amino acids in tissues 
of fi sh and is involved in antioxidant pro-
cesses, osmoregulation, neurotransmitter 
modulation, calcium regulation in cells, 
hormone release, and formation of bile salts 
(Huxtable  1992 ). Supplementation of at least 
1% of taurine in diets for yellowtail ( Seriola 
quinqueradiata ) broodstock improved fecun-
dity, percentage of viable eggs, and fertiliza-
tion rate (Matsunari et al.  2006 ).  

   5.6.2    Lipids and  f atty  a cids 

 Lipid is the most studied dietary component 
in broodstock nutrition. The content of total 
dietary lipids and essential fatty acids greatly 
infl uences the spawning quality in fi sh 
(Watanabe et al.  1984a ; Mourente et al. 
 1989 ; Dhert et al.  1991 ; Bruce et al.  1993 ; 
Fern á ndez - Palacios et al.  1995 ; Navas et al. 
 1997 ; Rodriguez et al.  1998 ; Lavens et al. 
 1999 ; Furuita et al.  2002, 2003b ; Mazorra 
et al.  2003 ; Aijun et al.  2005 ). Dietary con-
tents of total lipids, energy, essential fatty 
acids, and the ratios among them may drasti-
cally affect fi sh reproductive performance, 
but since altering the dietary lipid source can 
affect all these factors, the importance of each 
of them may be diffi cult to determine. 

   5.6.2.1    Total  d ietary  l ipid  c ontents 

 Few studies have shown an effect of total 
dietary lipid on broodstock performance, but 
increased dietary energy seems to be respon-

(Watanabe et al.  1984a, 1984b, 1984d, 
1984e ); broodstock that were fed below this 
level produced approximately 30% fewer 
eggs. In sea bass ( Dicentrarchus labrax ) fed 
510   g/kg protein, fecundity was 1.5 times 
higher than in fi sh fed 340   g/kg protein (Cerd á  
et al.  1994b ). The high protein diets also gave 
a reduced rate of deformed larvae. The protein 
was exchanged with carbohydrate in this 
experiment. During the spawning of sea bass 
broodstock, diets low in protein altered secre-
tion of GnRHs (Kah et al.  1994 ) and LH 
(Navas et al.  1996 ), which play important 
roles in regulation of oocyte maturation and 
ovulation regulation as discussed above. 
Labeo roho ( Labeo rohita ) broodstock fecun-
dity increased with an increase in dietary 
protein levels from 20 to 25 and 30%, while 
an increase over 35 or 40% reduced fecundity 
(Khan et al.  2005 ). Optimum dietary protein 
levels in catfi sh  Mystus nemurus  broodstock 
diets for maximum fecundity were around 
35% (Abidin et al.  2006 ). In the case of 
turbot ( Scophthalmus maximus ), it is neces-
sary to increase the protein and fat content 
above 45 and 10%, respectively, with 2% 
HUFA to obtain the highest fecundity (Aijun 
et al.  2005 ). In summary, requirements of 
dietary protein for broodstock fi sh range 
between 30 and 45% (Table  5.1 ).   

  Table 5.1    Requirements of dietary protein for broodstock 
fi sh. 

   Species  
   Requirements 
(% dry weight)     References  

   Pagrus major     45    Watanabe et al. 
 (1984a, 1984b, 
1984d, 1984e)   

   Dicentrarchus 
labrax   

   > 34    Cerd á  et al. 
 (1994b)   

   Labeo rohita     30    Khan et al. 
 (2005)   

   Mystus 
nemurus   

  35    Abidin et al. 
 (2006)   

   Scophthalmus 
maximus   

  45    Aijun et al. 
 (2005)   
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DHA to a larger extent than EPA (Watanabe 
et al.  1989 ; Watanabe  1993 ). 

 The fatty acids are important sources of 
energy during early embryonic development 
(Tocher et al.,  1985a, 1985b ; Falk - Petersen 
et al.  1986, 1989 ; Rainuzzo  1993 ; Sargent 
 1995 ). They have an important structural 
function as components of the phospholipids 
in fi sh biomembranes. The ratio between 
saturated and unsaturated fatty acids regu-
lates the fl uidity of cell and organelle mem-
branes, and thereby their function (Bell et al. 
 1986, 1997 ; Sargent  1995 ; Takeuchi  1997 ; 
Sargent et al.  1999 ). DHA is especially impor-
tant in the neural tissue, the retina, and the 
optic nerve and is related to other structures 
of the sensory organs (Sargent et al.  1993 ; 
Ben í tez et al.  2007 ) that develop during early 
larval stages. 

 The 20 - carbon fatty acids ARA (20:4n - 6) 
and EPA are eicosanoid precursors, produc-
ing PGs of the II and III series, respectively, 
and leukotrienes LTB4 and LTB5 (Stacey and 
Goetz  1982 ; Bell et al.  1994 ; Knight et al. 
 1995 ; Ganga et al.  2005 ). The key enzymes 
for production of PGs and leukotrienes from 
fatty acids are the cyclooxygenases and lipox-
ygenases, respectively. The PGs have been 
shown to be involved in numerous reproduc-
tive processes, including the production of 
steroid hormones, gonadal development, and 
ovulation (Moore  1985 ). The inhibitors of 
lipoxygenases reduce the maturation of sea 
bass ( Dicentrarchus labrax ) oocytes induced 
by gonadotropin (Asturiano  1999 ), suggest-
ing that the leukotrienes may also be involved 
in reproduction in fi sh. 

 ARA, EPA, and DHA compete with each 
other for the enzymes that regulate the syn-
thesis of eicosanoids. The relationship 
between them in the diet (the EPA/DHA and 
the ARA/EPA ratios) will be decisive, for 
example, for the presence of PGs of the II and 
III series in the tissues. These PGs have very 
different activities in the regulation of various 
physiological functions, including reproduc-
tion. Therefore, a defi ciency or imbalance of 

sible for an increase in the gonadosomatic 
index, as has been seen in cod ( Gadus morhua ) 
(Rosenlund, personal communication). This 
may be a result of increased fecundity or 
increased egg size. Furthermore, increasing 
fat in broodstock diets increases fecundity 
and survival of 14 days posthatch larvae of 
rabbit fi sh ( Signatus guttatus ) (Hara et al. 
 1996 ), whereas in gilthead sea bream, high 
fat leads to an increase in larval weight and 
length even at 28 days posthatch (Bueno 
 2001 ). Since the lipid source in both studies 
contained essential fatty acids, it is diffi cult to 
determine if the improvement was related to 
an increase in fat, energy, or essential fatty 
acid content.  

   5.6.2.2    Essential  f atty  a cids 

 The fatty acid composition of fi sh eggs is 
directly affected by the fatty acid content of 
the broodstock diets. Fatty acids of the n - 3 
series and the n - 3 HUFA found in gilthead sea 
bream eggs and cod ( Gadus morhua ) gonads 
increased when n - 3 HUFA increased in the 
diet (Fern á ndez - Palacios et al.  1995 ; Lie et al. 
 1993 ). However, the fatty acid composition 
of the lipids in fi sh eggs may vary with the 
species and even with different batches of the 
same species (Pickova et al.  1997 ), or with 
the environmental conditions in which game-
togenesis occurs (Dantagnan et al.  2007 ). In 
rainbow trout ( Oncorhynchus mykiss ) fed a 
diet defi cient in fatty acids of the series n - 3 
during the last 3 months of vitellogenesis, 
there was only a slight reduction of docosa-
hexaenoic acid (DHA, 22:6n - 3) content in the 
egg, while eicosapentaenoic acid (EPA, 20:5n -
 3) concentration declined by 50% (Fr é mont 
et al.  1984 ). This selective retention of DHA 
has also been found during embryogenesis 
(Izquierdo  1996 ) and during starvation in the 
larval stages (Tandler et al.  1989 ), showing 
the importance of this fatty acid for embry-
onic and larval development (Watanabe et al. 
 1989 ). Many fi sh species also retain tissue 
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(Sorensen et al.  1988 ). Accordingly, ARA 
content in broodstock diets is directly related 
to the fertilization rate in halibut ( Hippoglossus 
hippoglossus ) and gilthead sea bream,  Sparus 
aurata  (Fern á ndez - Palacios et al.  1995, 1997, 
2005 ; Mazorra et al.  2003 ). 

 As for ARA, there seems to be an optimal 
level of n - 3 fatty acids in broodstock diets. 
Increasing these fatty acids may lead to 
improvement of fecundity and egg and larval 
quality in terms of survival, stress resistance, 
larval weight, and infl ation of the swim 
bladder (Watanabe et al.  1984a, 1984b, 
1984c, 1985a, 1985b ; Tandler et al.  1995 ; 
Fern á ndez - Palacios et al.  1995, 2005 ; Aby -
 ayad et al.  1997 ). Diets defi cient in essential 
fatty acids also cause an increase in the 
number of fat droplets in fi sh eggs (Watanabe 
et al.  1984a ; Fern á ndez - Palacios et al.  1997, 
2005 ). Makino et al.  (1999)  observed that in 
Japanese snook ( Lateolabrax japonicus ), 
fusion of fat droplets into a single lipid droplet 
led to increased percentages of hatching and 
normal larvae. On the other hand, very high 
levels of n - 3 fatty acids caused a decrease in 
the total number of eggs produced and egg 
quality in gilthead sea bream, swordfi sh, 
( Xiphophorus helleri ), and Pacifi c sole 
( Paralichthys olivaceus ) (Fern á ndez - Palacios 
et al.  1995, 2005 ; Furuita et al.  2002 ; Ling 
et al.  2006 ). Diets with excess or defi ciency 
in n - 3 HUFA for crescent sweetlips ( Plecto-
rhynchus cinctus ) also had negative effects on 
egg and larval quality (Li et al.  2005 ); n - 3 
HUFA also affects the fertilization rate 
(Fern á ndez - Palacios et al.  1995 ; Izquierdo 
et al.  2001 ). In gilthead sea bream, the fertil-
ization rate was lowered when the diet was 
defi cient in n - 3 HUFA (Izquierdo et al.  2001 ). 
This may have been due to a decrease in 
sperm motility (Vassallo - Agius et al.  2001c ). 

 The requirement of n - 3 fatty acids in sea 
bream broodstock varies between 1.5 and 
2.5% in the diet (Watanabe et al.  1984a, 
1984b, 1984c, 1985b ; Fern á ndez - Palacios 
et al.  1995, 2005 ), being higher than that 
established for juveniles, ranging between 0.5 

ARA, EPA, and DHA in the broodstock diet 
can have large effects on reproduction. These 
fatty acids also compete in other metabolic 
pathways, such as glycerophosphate synthe-
sis, but the consequences of this for spawning 
performance have not been determined. 

 ARA supplementation has a profound 
effect on spawning performance in several 
fi sh species. By supplementation with ARA, 
the ratio of ARA to the other fatty acids and 
the ARA/EPA ratio will increase. It is there-
fore not possible to decide if it is the amount 
of ARA in itself or the change in ratios that 
causes the effects. There is an optimal level of 
ARA in broodstock diets, where addition 
below or above this level gives reduced per-
formance (Furuita et al.  2003b ). Optimal 
ARA may increase fecundity, egg viability, 
hatching rate, and larval survival (Bruce et al. 
 1999 ; Fern á ndez - Palacios et al.  1995, 2005 ; 
Navas et al.  2001 ). The optimal ratio of 
ARA to EPA is species - dependent in fi sh 
larvae; Sargent et al.  (1999)  observed a ratio 
of 1:1 for sea bass, and 10:1 or higher for 
halibut and turbot. It is not known if a similar 
dependency on species is the case for the 
optimal ARA/EPA ratio in broodstock diets. 

 The fatty acid composition of the male 
gonad and the sperm depends on the compo-
sition of essential fatty acids in the brood-
stock diets (Leray and Pelletier  1985 ). The 
dietary fatty acid composition therefore 
affects sperm production and quality.  In vitro , 
ARA, but not EPA or DHA, stimulates the 
release of testosterone in carp ( Carassius 
auratus ) testicles through its conversion into 
prostaglandin PGE2, while EPA and DHA 
block the steroidogenic action of ARA and 
the PGE2 (Wade et al.  1994 ). ARA in brood-
stock diets may therefore increase the fertil-
ization rate. Moreover, PGs are also well 
known to act as pheromones in some teleosts 
(Mustafa and Srivastava  1989 ; Sorensen and 
Goetz  1993 ; Rosenblum et al.  1995 ), stimu-
lating male sexual behavior and synchroniz-
ing spawning of the females and males, 
directly affecting the success of fertilization 



Effects of broodstock diet on eggs and larvae  163

broodstock diets. However, defi ciencies are 
most often encountered in those vitamins that 
are unstable or present at low concentrations 
in the feed ingredients. Therefore, vitamins C, 
E, and thiamine are the vitamins most often 
studied in fi sh broodstock diets. Vitamins C 
and E are antioxidants and are degraded as 
they fulfi ll their function. Broodstock fed 
trash fi sh are most often low in these vitamins 
due to degradation during storage of the feed 
(Figure  5.2 ). Thiamine is also often low in 
trash fi sh due to activity of the enzyme thi-
aminase, which is present in most fi sh species 
and which destroys thiamine. The low avail-
ability of thiamine from the diet will then 
eventually lead to thiamine defi ciency in the 
broodstock. In modern commercial diets, 
vitamins C and E are, however, added as 
stable compounds and thiaminase is inacti-
vated by heat treatment of the feed 
ingredients.   

 The requirements of vitamin A (retinol), 
vitamin D (cholecalciferol), vitamin E 
(tocopherol), vitamin K (menadione), and 
vitamin C (ascorbic acid) have been deter-
mined for some teleost species (National 
Research Council,  1993 ; see Chapter  4 ), and 
there are a few studies of their effects on 
reproduction and spawning quality (Table 
 5.2 ). However, direct requirement studies 
with broodstock are relatively rare due to the 
high costs involved in running the many 
groups necessary for dose – response 
experiments.   

   5.6.4.1    Vitamin  E  

 Vitamin E acts as a powerful natural antioxi-
dant, preventing peroxidation of lipids in 
animal cells (Huber  1988 ). Although the neg-
ative effects of vitamin E defi ciency in the 
reproduction of other vertebrates has been 
known since the beginning of last century, the 
importance of vitamin E in fi sh reproduction 
was not verifi ed until 1990. According to 
Watanabe  (1990) , defi ciencies of vitamin E in 
common carp ( Cyprinus carpio ) and ayu 

and 0.8% (Izquierdo  1996 ). The value is also 
higher than that established for salmonids of 
approximately 1% n - 3 HUFA in the diet 
(Watanabe  1990 ). 

 The positive effect of n - 3 fatty acids on 
spawning performance may be explained by 
their roles as structural components in bio-
logical membranes, where they increase fl uid-
ity. Overly high levels of these fatty acids may, 
on the other hand, give membranes with too 
low melting points. The levels of n - 3 fatty 
acids will also affect the ratio of ARA to EPA 
and can infl uence eicosanoid production and 
fat metabolism in general, calling for a bal-
anced supplementation of both n - 3 fatty acids 
and ARA. Finally, the n - 3 fatty acids are sus-
ceptible to lipid oxidation, which may be a 
great challenge to the health of the organism. 
Increasing the level of polyunsaturated fatty 
acids in broodstock diets should therefore be 
accompanied by an increase in dietary anti-
oxidants (Fern á ndez - Palacios et al.  2005 ).   

   5.6.3    Carbohydrates 

 Although the carbohydrates are not essential 
nutrients, they have important biological 
functions in fi sh, and constitute a basic source 
of energy in some tissues. Therefore, carbo-
hydrate inclusion in broodstock diets at levels 
that can be utilized by fi sh has been assessed 
by a few authors. Washburn et al.  (1990)  
found a decrease in rainbow trout 
( Oncorhynchus mykiss ) fecundity when the 
broodstock were fed diets with low levels of 
carbohydrates. However, feeding cod ( Gadus 
morhua ) broodstock with increasing levels of 
carbohydrates slightly reduced spawning 
quality (Mangor - Jensen and Birkeland  1993 ).  

   5.6.4    Vitamins 

 There are 15 vitamins recognized as essential 
for fi sh, the same as for terrestrial vertebrates 
(Woodward  1994 ), that will be necessary in 
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ment, and larval survival (Watanabe et al. 
 1991a ). This is in agreement with the results 
obtained in diabetic rats, where dietary 
vitamin E increased the  α  - tocopherol concen-
trations in the mothers ’  tissue and in the 
tissues of the embryo and fetus, and reduced 
congenital malformations (Siman and 
Erikkson  1997 ). The vitamin E content is gen-

( Plecoglossus altivelis ) inhibited gonadal mat-
uration and decreased the hatching and sur-
vival rates of larvae. Also, in Japanese sea 
bream ( Pagrus major ), increasing the levels of 
dietary vitamin E (above 2,000   mg/kg) 
improved the percentage of buoyant eggs 
with normal development, the ratio of hatched 
eggs, the ratio of larvae with normal develop-

  Table 5.2    Requirements of vitamins A, D, E, K, and C in broodstock of fi ve teleost species. 

   Vitamins  

   Species  

   Catfi sh     Rainbow trout     Pacifi c salmon     Carp     Tilapia  

  A (IU/kg)    1,000 – 2,000    2,500    2,500    4,000    NT  

  D (IU/kg)    500    2,400    NT    NT    NT  

  E (IU/kg)    50    50    50    100    50  

  K (mg/kg)    N    NT    N    NT    NT  

  C (mg/kg)    25 – 50    50    50    N    50  

   N    =    necessary in the diets but quantity not determined, NT    =    not tested.   

     Figure 5.2     Vitamin levels in the ovaries of cod broodstock fed whole capelin, compared with wild cod and cod fed a 
formulated broodstock diet.  
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mykiss  (King  1985 ), Japanese sea bream 
(Watanabe et al.  1991a, b ), gilthead sea 
bream (Fern á ndez - Palacios et al.  2005 ), and 
milkfi sh,  Chanos chanos  (Emata et al.  2000 ). 
Furthermore, larval survival signifi cantly 
improved with vitamin E inclusion in brood-
stock diets of ayu ( Plecoglossus altivelis ; 
Takeuchi et al.  1981a ), rainbow trout (King 
 1985 ), and seriola (Mushiake et al.  1993 ). 
Vitamin E defi ciencies also caused loss of 
sexual coloration in tilapia ( Oreochromis 
niloticus ) and decreased the reproductive 
activity (Schimittou  1993 ). 

 The vitamin E requirement is dependent on 
the dietary content of polyunsaturated fatty 
acids, considered to be essential for teleosts 
(Watanabe et al.  1991a ). An increase in n - 3 
HUFA levels at a fi xed level of vitamin E 
improved the spawning quality in gilthead sea 
bream, but it also caused a higher percentage 
of deformed larvae with hypertrophy of the 
yolk sac (Fern á ndez - Palacios et al.  1995 , 
fi gure 10A). However, elevation of both n - 3 
HUFA and vitamin E prevented deformities 
in the larvae (Fern á ndez - Palacios et al.  2005 ). 
Similar interactions between DHA and 
vitamin E have been found in cod (Takeuchi 
et al.  1994 ). 

 The optimal level of dietary vitamin E for 
broodstock has been investigated for several 
fi sh species. Guppy ( Poecilia reticulata ), 
swordfi sh ( Xiphophorus helleri ), and catfi sh 
have an optimum dietary vitamin E level of 
150   mg/kg (Dube  1994 ; Kopr ü c ü  and Seker 
 2003 ), while in gilthead sea bream ( Sparus 
aurata ), vitamin E up to 190   mg/kg  α  -
 tocopherol greatly improved spawning quality 
(Fern á ndez - Palacios et al.  1998, 2005 ). These 
levels still appear to be suboptimal for turbot 
( Scophthalmus maximus ) broodstock (Hemre 
et al.  1994 ).  

   5.6.4.2    Vitamin  C  

 Ascorbic acid also plays an important role in 
fi sh reproduction. In salmonids, vitamin C 
has been shown to affect steroidogenesis and 

erally high in fi sh eggs and low in broodstock 
tissues after the spawning period 
(Mukhopadhyay et al.  2003 ). This may be a 
result of mobilization of vitamin E from 
peripheral tissues to the ovary during vitel-
logenesis as has been shown in turbot 
and Atlantic salmon (Hemre et al.  1994 ; Lie 
et al.  1994 ). 

 Vitamin E improves spawning quality in a 
wide range of species, for example, common 
carp,  Cyprinus carpio  (Watanabe and 
Takashima  1977 ; Watanabe  1990 ); ayu, 
 Plecoglossus altivelis  (Takeuchi et al.  1981a ); 
carp  Carassius auratus  (Sutjaritvongsanon 
 1987 ); Japanese sea bream,  Pagrus major  
(Watanabe et al.  1985b, 1991a, 1991b ); 
catfi sh  Heteropneustes fossilis  (Dube  1994 ); 
tilapia  Oreochromis niloticus  (Schimittou 
 1993 ); yellowtail  Seriola quinqueradiata  
(Mushiake et al.  1993 ); the pearlspot, 
 Etroplus suratensis  (Shiranee and Natarajan 
 1996 ); the gilthead sea bream,  Sparus aurata  
(Izquierdo et al.  2001 ); and the grouper 
 Epinephelus coioides  (Xiao et al.  2003 ), as 
well as other marine species (Verakunpiriya 
et al.  1996 ). Likewise, its exclusion, together 
with vitamin C, in diets for the Australian 
trumpeter,  Latris lineata , signifi cantly reduced 
spawning quality (Morehead et al.  2001 ). In 
gilthead sea bream, diets defi cient in vitamin 
E decreased the percentage of fertilized egg 
(Fern á ndez - Palacios et al.  2005 ). This may 
have been related to the decrease in the 
number and motility of the spermatozoids, as 
has been described for other vertebrates 
(Donnelly et al.  1999 ; Danikowski et al. 
 2002 ) and in fi sh such as ayu,  Plecoglossus 
altivelis  (Hsiao and Mak  1978 ). 

 Lee and Dabrowski  (2004)  found that the 
level of sperm plasma tocopherol decreased 
signifi cantly and sperm viability was seriously 
compromised in American perch ( Perca fl ave-
scens ) broodstock fed with diets defi cient in 
vitamin E. Insuffi cient vitamin E also 
decreased the percentage of viable eggs with 
normal morphology in several species: for 
example, rainbow trout,  Oncorhynchus 
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vitamin A concentration in the egg possible, 
in contrast to the situation for vitamin E and 
carotenoids, which to a greater extent are 
transported in a dose - dependent manner by 
other lipoproteins (Palace and Werner  2006 ; 
Lubzens et al.  2010 ). 

 The vitamin A requirement during gonadal 
maturation and spawning in fi sh is not well 
known. However, Furuita et al.  (2003a)  
found that feeding broodstock of the Pacifi c 
sole ( Paralichthys olivaceus ) with vitamin A 
increased fecundity, viable egg percentage, 
and normal larvae percentage. Furthermore, 
vitamin A, along with vitamin C, increased 
the number of 3 - day - old larvae produced 
from largehead carp ( Aristichtys nobilis ) 
broodstock (Santiago and Gonzalo  2000 ).  

   5.6.4.4    Thiamine 

 Another dietary component that may some-
times be defi cient for normal development of 
embryo and larvae is thiamine (vitamin B 1 ). 
For example, thiamine injections in pregnant 
females of Atlantic salmon ( Salmo salar ) may 
reduce their offspring mortality (Ketola et al. 
 1998 ). Furthermore, high thiamine concen-
tration in eggs and yolk sac fry of lake trout 
 Salvelinus namaycush ; rainbow trout, 
 Oncorhynchus mykiss ; coho salmon, 
 Oncorhynchus kisutch ; and Atlantic salmon, 
 Salmo salar  is related to a reduction in early 
mortality syndrome (Brown et al.  1998 ; 
Hornung et al.  1998 ; Wooster and Bowser 
 2000 ).   

   5.6.5    Minerals 

 There are very few published papers on the 
effect of minerals on the spawning quality of 
fi sh. Takeuchi et al.  (1981b)  suggest that 
rainbow trout ( Oncorhynchus mykiss ) brood-
stock fed diets not supplemented with miner-
als have poor - quality spawns in terms of low 
egg viability and hatching rates. Phosphorus 
defi ciency in Japanese sea bream ( Pagrus 

vitellogenesis (Eskelinen  1989 ; Sandnes  1991 ; 
Blom and Dabrowski  1995 ). The ascorbic 
acid levels in broodstock diets affected the 
concentration in the seminal fl uid, and seminal 
vitamin C concentration was directly related 
to sperm motility at the end of the spawning 
season (Ciereszco and Dabrowski  1995 ). 
Also, the level of vitamin C in rainbow trout 
eggs refl ected the dietary concentration and 
was associated with the improvement of egg 
quality (Sandnes et al.  1984 ). An increase in 
dietary vitamin C up to 1,200   mg/kg for 
rainbow trout broodstock increased egg 
hatching rates (Ridelman  1981 ). The hatch-
ing percentage and rate of normal larvae in 
Nile tilapia ( Oreochromis niloticus ) was also 
increased by higher dietary vitamin C 
(Soliman et al.  1986 ). 

 Studies on specifi c Vitamin C requirements 
are scarce and show large differences for the 
different species studied. In rainbow trout 
( Oncorhynchus mykiss ), the vitamin C 
requirement of broodstock appears to be 
eight times higher than that of juveniles (Blom 
and Dabrowski  1995 ). In other species, such 
as cod, lower requirements have been sug-
gested (Mangor - Jensen et al.  1993 ). Fecundity 
and egg quality are affected not only by the 
dietary vitamin C content (Blom and 
Dabrowski  1995 ) or vitamin E (Izquierdo 
and Fern á ndez - Palacios  1997 ; Fern á ndez -
 Palacios et al.  1998, 2005 ) but also by the 
interaction between them (Silveira et al.  1996 ; 
Emata et al.  2000 ).  

   5.6.4.3    Vitamin  A  

 Vitamin A is necessary for growth, reproduc-
tion, and embryonic development of fi sh and 
must be obtained from the diet (Craik  1985 ; 
Madden  2001 ). Vitamin A is present in fi sh 
as vitamin A 1  or retinol, vitamin A 2  or dide-
hydroretinol, and retinal (Palace and Werner 
 2006 ). Recently, it was shown that vitamin A 
is transported to the ovary as retinal bound 
as a Schiff base to Vtg in zebrafi sh (Lubzens 
et al.  2010 ). This makes regulation of the 
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Ahmadi et al.  2006 ). In Japanese sea bream 
( Pagrus major ), the inclusion of purifi ed 
astaxanthin in broodstock diets improved the 
percentage of fl oating and hatched eggs, and 
the percentage of normal larvae (Watanabe 
and Kiron  1995 ). Dietary astaxanthin 
increased fecundity but did not improve the 
egg quality in mackerel ( Pseudocaranx 
dentex ) (Vassallo - Agius et al.  2001a ). Similar 
results were obtained in yellowtail ( Seriola 
quinqueradiata ) by Verakunpiriya et al. 
 (1997) . Interactions of carotenoids with other 
nutrients have been studied in gilthead sea 
bream ( Sparus aurata ), where the combined 
increase in levels of n - 3 HUFA and carot-
enoids signifi cantly improved spawning 
quality in terms of fecundity and percentage 
of viable eggs, hatching rate, and larval sur-
vival (Scabini et al.  2006 ). 

 Paprika as a source of carotenoids was 
supplemented in broodstock diets for striped 
jack and improved fecundity, fertilization, 
hatching, and larval survival (Vassallo - Agius 
et al.  2001b ). Supplementation of  β  - carotene 
in broodstock diets does not appear to exert 
a signifi cant effect on reproduction of red sea 
bream (Watanabe, personal communication). 
This may be due to the poor intestinal absorp-
tion of  β  - carotene compared with canthaxan-
thin or astaxanthin (Torrissen and Christiansen 
 1995 ). Miki et al.  (1984)  found that cantha-
xanthin and astaxanthin in broodstock diets 
were incorporated in the eggs of red sea bream 
but were not converted into  β  - carotene  

   5.6.7    Nucleotides 

 Other nutrients that can affect spawning 
quality are the nucleotides. Diets enriched 
with nucleotides produced an improvement in 
larvae survival of haddock ( Melanogrammus 
aeglefi nus ) determined 10 days after hatching. 
This may have been caused by better develop-
ment of the intestine of the nucleotide -
 supplemented larvae, and as a consequence, 
better utilization of the fi rst exogenous feed 

major ) broodstock was related to a decrease 
in fecundity, percentage of viable eggs, and 
hatching rate, and an increase in the number 
of abnormal larvae (Watanabe et al.  1984a, 
1984b ). A lower fecundity in ayu ( Plecoglossus 
altivelis ) was also correlated to a defi ciency of 
phosphorus in the diet (Luquet and Watanabe 
 1986 ). However, in studies by Hardy et al. 
 (1984)  and Ketola  (1985)  with coho salmon 
( Oncorhynchus kisutch ) and Atlantic salmon 
( Salmo salar ), there were no changes in 
spawning quality in response to mineral 
supplementation.  

   5.6.6    Carotenoids 

 The carotenoids are orange to yellow pig-
ments with a wide variety of functions in fi sh 
that include protection against adverse light 
conditions, provitamin A, and antioxidant 
functions. Astaxanthin is the most abundant 
carotenoid in the marine environment. There 
has been great controversy about the relation-
ship between the carotene content of the egg 
and egg quality in salmonids (Craik  1985 ; 
Choubert  1986 ; Torrissen,  1990 ; Torrissen 
and Christiansen  1995 ), and studies published 
on this issue have often been contradictory. 
Some authors observe a positive relation 
between egg pigmentation and egg quality in 
rainbow trout,  Oncorhynchus mykiss  (Harris 
 1984 ; Craik  1985 ), while others have not 
found evidence of this association (Torrissen 
 1984 ; Craik and Harvey  1986 ; Torrissen and 
Christiansen  1995 ). These contradictions 
appear to be due to differences in the method-
ology used by the different authors, including 
broodstock age, total carotenoid content in 
the eggs, carotenoid type (astaxanthin, can-
thaxanthin, etc.) used in the diet or deter-
mined in the eggs, sample size, and differences in 
the indicator used in determining egg quality. 

 However, positive effects of carotenoids in 
reproduction of salmonids have been found 
in several studies (Harris  1984 ; Choubert and 
Blanc  1993 ; Watanabe and Kiron  1995 ; 
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   5.7.2    Soybean 

 The dietary protein or fat substitution of 
squid meal by protein or fat derived from 
soybeans produced a signifi cant decrease in 
the hatching and survival rates of 3 - day - old 
gilthead sea bream larvae (Zohar et al.  1995 ). 
This decrease in spawning quality could be 
due not only to the reduced supplementation 
of squid meal but also to the negative effects 
of soybean meal. Soybean meal is extensively 
used in commercial feeds for ongrowing, but 
the presence of antinutritional factors can 
limit its inclusion at high levels. Moreover, an 
imbalance of the polyunsaturated fatty acid 
n - 3/n - 6 ratio, along with a decrease in phos-
phorus availability in diets based on soybean 
meal, could directly reduce spawning quality 
(Watanabe et al.  1984a ; Watanabe and Kiron 
 1995 ). Soybean meal and fi sh meal also differ 
in other essential components such as vitamin 
B 6 , vitamin B 12 , and minerals (Hansen et al. 
 2007 ). The high concentrations of phytoes-
trogens in soybean meal, such as genestein, 
may also be of concern since these compounds 
have been shown to affect sex determination 
in rainbow trout embryos and inhibit the 
cytochrome P450 CYP1A detoxifi cation 
system in rats. In zebrafi sh larvae, phytoestro-
gens have a number of teratogenic effects that 
may correspond to CYP1A inhibition (Ronis 
et al.  1994 ; Green and Kelly  2009 ; Kim et al. 
 2009 ). In broodstock diets, which are needed 
in minor quantities compared with ongrow-
ing diets, and where the nutritional quality is 
very important, one can argue for the use of 
high - quality marine ingredients, even though 
the costs may be higher than for diets based 
on plant ingredients.  

   5.7.3    Krill 

 Krill inclusion in broodstock diets greatly 
improves the spawning quality of Japanese 
sea bream ( Pagrus major ) (Watanabe et al. 
 1991a ). The nutritional factors responsible 

(Gonz á lez - Vecino et al.  2004 ). Furthermore, 
both halibut ( Hippoglossus hippoglossus ) 
and haddock ( Melanogrammus aeglefi nus ) 
broodstock fed diets enriched with nucleo-
tides had a higher fecundity than control fi sh 
(Gonzalez - Vecino  2005 ).   

   5.7    Specifi c  f eed  i ngredients 

   5.7.1    Squid 

 Several studies have shown the benefi cial 
effects of feeding sea bream broodstock with 
cuttlefi sh, squid, or meals made from these 
cephalopods (Watanabe et al.  1984a, 1984b ; 
Mourente et al.  1989 ; Zohar et al.  1995 ), 
suggesting that they contain nutritional com-
ponents essential for reproduction. Japanese 
sea bream ( Pagrus major ) broodstock fed a 
diet based on cuttlefi sh meal instead of fi sh 
meal increased their total egg production and 
viability of eggs (Watanabe et al.  1984a, 
1984b ). Even partial replacement of fi sh meal 
by cuttlefi sh meal (50%; Watanabe et al. 
 1984a, 1984b ) improved egg viability. 
Replacement of 50% of the fi sh meal by squid 
meal in diets for striped jack ( Pseudocaranx 
dentex ) did not increase fecundity but 
improved the percentage of fertilized and 
hatched eggs (Vassallo - Agius et al.  2001b ). 
Furthermore, high rates of hatching and 
larval survival from  Lutjanus argentimacula-
tus  spawns were related to feeding with squid 
meal and oil, substituting fi sh meal and fi sh 
oil (Emata and Borlongan  2003 ). 

 The benefi cial effects of squid and cuttlefi sh 
may have several causes. It may simply be that 
these feed ingredients make the diet more 
attractive and therefore increase feed intake. 
Squid and cuttlefi sh also contain high levels 
of essential fatty acids that may have given 
the benefi cial effect (Mourente et al.  1989 ). 
However, the high dietary value of squid and 
cuttlefi sh for gilthead sea bream was shown 
to be present in the water - soluble fraction of 
the meal (Fern á ndez - Palacios et al.  1997 ).  
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for this improvement appear to be present in 
the lipid phase, in both the polar and nonpo-
lar fractions, as phosphatidylcholine and 
astaxanthin, respectively (Watanabe et al. 
 1991a ). Other studies confi rm that dietary 
phospholipids improve the egg quality in 
Japanese sea bream ( Pagrus major ) (Watanabe 
et al.  1991b ). The benefi cial effects of phos-
pholipids have been attributed to their ability 
to stabilize free radicals (Watanabe and Kiron 
 1995 ). The positive effect of krill may also be 
explained by increased feed intake since this 
feed ingredient contains components that 
function as attractants for fi sh.   

   5.8    Summary and  c onclusions 

 The studies summarized in this chapter show 
that broodstock nutrition has clear effects on 
fecundity and egg and larval quality in fi sh 
despite the small number of studies on nutri-
ents and species. Development of balanced 
diets for broodstock should be a priority in 
fi sh culture since egg and larval quality are 
the basis for the successful culture of later 
stages of fi sh. Many of the experiments 
referred to in this chapter show that nutrient 
defi ciencies give poor spawning performance, 
but optimal dietary levels remain undeter-
mined. Furthermore, the requirements for 
many of the nutrients have not been exam-
ined yet in broodstock of all commercially 
important species. 

 Fish nutritionists most often measure end 
points, such as fecundity and egg and larval 
quality, but the effects of nutrition on the 
biological processes that produce gametes 
and the transport and deposition of nutrients 
in these gametes deserve more attention. 
Therefore, further studies on broodstock 
nutrition should aim at an integration of 
nutrition and reproductive biology in order 
to obtain a better understanding of the bio-
logical mechanisms involved in the develop-
ment of a healthy egg.  
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  Chapter 6 

Utilization of  y olk: 
 t ransition from  e ndogenous 
to  e xogenous  n utrition in  fi  sh  
  Marta     Jaroszewska    and    Konrad     Dabrowski       

    6.1    Introduction 

 Fishes are a large and diverse group contain-
ing fi ve subclasses (Holocephali, Elasmobran-
chii, Cladistia, Chondrostei, and Neopterygii) 
divided into 60 orders (Nelson  2006 ). Al-
though the early ontogeny varies substantially 
across subclasses as well as orders, the devel-
opment of embryos and larvae or  “ yolk sac 
juveniles ”  (the nomenclature according to 
Balon  1999 ) in oviparous and ovoviviparous 
fi shes during endogenous nutrition is based 
on the utilization of materials accumulated in 
the yolk platelets and lipid droplets or oil 
globules as the primary sources of nutrients 
and energy. 

 The endogenous phase of nutrition is the 
fi rst of four types of nutrient acquisition 
described in fi sh, followed by integument 
absorption, mixed feeding, and exogenous 
feeding (Balon  1986 ). There is considerable 

variability among fi sh species in the duration 
of the endogenous nutrition period. Most fi sh 
species rely on these endogenous maternal 
supplies as yolk sac larvae or  “ yolk sac juve-
niles ”  for approximately the fi rst 3 – 5 days 
after hatching (Sanderson and Kupferberg 
 1999 ). Many exceptions, however, exist; for 
instance, it might be extended up to 60 days, 
as in silver arowana ( Osteoglossum bicirrho-
sum ; Jaroszewska and Dabrowski  2009a ). 
During the time between hatching and exog-
enous feeding, the digestive, sensory, muscu-
lar, circulatory, and respiratory systems 
undergo dramatic metamorphosis in order to 
meet functional demands for fi rst exogenous 
feeding (Sanderson and Kupferberg  1999 ). In 
the case of less developed larvae, mixed 
feeding occurs (Balon  1986 ). In some cases, 
prolongation of endogenous nutrition and 
acceleration of exogenous feeding cause 
extremely long intervals of mixed feeding, for 
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with endocrine feedback interactions between 
the hypothalamus, pituitary, gonad, and liver 
(HPGL axis; Bemanian et al.  2004 ). Therefore, 
the increase in Vtg synthesis, responsible for 
the larger accumulation of the yolk, is the 
result of environmental changes via endocrine 
mechanisms. 

 During vitellogenesis, much of the yolk is 
synthesized by liver cells in the form of a 
protein precursor, Vtg (Fagotto  1995 ; Finn 
 2007a ). Vtgs are large apolipoproteins (phos-
phoglycolipoprotein) synthesized under 
control of the hepatic estrogen receptor  α  
(ER α ) and estradiol - 17 β  stimulation 
(Bemanian et al.  2004 ; Finn  2007a ). Vtgs are 
apparently never synthesized by the oocyte 
itself (Jorgensen  2008 ). All vertebrate Vtgs 
are, before being released for transport from 
the liver, posttranslationally glucosylated and 
phosphorylated in the endoplasmic reticulum 
(ER) and Golgi complex of hepatocytes. Vtgs 
are secreted as dimers to the bloodstream 
(Finn 2007a,  2007b ), and then incorporated 
by the oocyte from the plasma by receptor 
(clathrin) - mediated endocytosis. Internalized 
vesicles that contain the very high - density Vtg 
are transferred to early endosomes in the 
oocyte, where they are acidifi ed as the result 
of the action of an ATP - dependent V - class 
proton pumps (Finn  2007a ). Vtg is cleaved by 
cathepsin D – like protease (Ctsd) (Hiramatsu 
et al.  2002 ) into smaller derivatives, the 
primary yolk proteins: phosvitin (Pv), a 
phosphorus - containing protein; two lipid -
 containing proteins, lipovitellin heavy chain 
(LvH) and lipovitellin light chain (LvL); and 
 β  ′  - component (von Willebrand factor type D 
domain [Vwfd]; Krieger and Fleig  1999 ; Finn 
2007a,  2007b ). An additional cleavage of the 
Vtg - derived yolk proteins occurs during fi nal 
oocyte maturation in brackish and marine 
fi shes spawning pelagic eggs (Hiramatsu et al. 
 2002 ). This second proteolysis provides a free 
amino acid (FAA) pool, which was demon-
strated to be an important osmotic effector 
for oocyte hydration. K  +   infl ux into maturing 
oocytes is thought to be another important 

example, in live - bearing coelacanth ( Latimeria 
chalumnae ) and mouthbrooding cichlid fi sh 
 Cyphotilapia frontosa  (Lake Tanganyika 
cichlid)  “ yolk sac juveniles ”  (Balon  1986 ). 
The total larval period, when the yolk sac and 
non - yolk - sac stages are taken together, is 
greatly abbreviated to several days in tropical 
species, but may last a few weeks in most 
temperate fi shes, or even years in the eel 
( Anguilla  sp.) (Bagarinao  1986 ; Sanderson 
and Kupferberg  1999 ; Webb  1999 ; Aoyama 
 2009 ). Additionally, larval fi shes, like many 
invertebrates, may delay metamorphosis due 
to fasting or incomplete nutrition (Zhang 
et al.  2006 ) to the end of migration or until 
a suitable settlement site is found (Webb  1999 ). 

 In this chapter, the focus will be on the 
nourishing functions of the yolk during fi sh 
larval/alevin development (nomenclature is 
used according to cited authors), beyond its 
role as the driving force for blastoderm 
epiboly (Trinkaus  1993 ), and then for mor-
phogenesis during embryonic stages 
(Sakaguchi et al.  2006 ). However, in the fol-
lowing subsections, information is provided 
on yolk formation and commencement of 
exogenous feeding as necessary features to 
understand all the processes that take place 
during the endogenous phase of nutrition.  

   6.2    Origin and  y olk  f ormation 
in  t eleosts 

   6.2.1    Vitellogenesis 

 The yolk/body ratio, its density, and its overall 
quality are determined during the induction 
of vitellogenin (Vtg) synthesis (vitellogenesis) 
and may vary even within the same species, 
depending on the female ’ s age, feeding condi-
tions during maturation of the ovaries, and 
annual climate changes (Balon  1999 ). The 
induction of vitellogenesis is triggered by 
environmental cues such as photoperiod and 
temperature changes (e.g., in percid fi sh; 
Dabrowski et al.  1996 ), and is associated 
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  6.2.2    S egregation of  o oplasm 

 Egg ooplasm consists of numerous organelles, 
yolk inclusions, maternal mRNA, proteins, 
and lipid droplets and pigments. After egg 
activation, by sperm penetration or by chemi-
cal or mechanical stimuli, the process of 
 “ ooplasmic segregation ”  takes place in stage 
V of the oocyte and leads to the separation 
of the organelles from the yolk. This phenom-
enon is necessary for normal embryogenesis 
to proceed (Fern á ndez et al.  2006 ). Therefore, 
the postactivation phase, synonymous with 
the second polar body expulsion, results in 
ooplasmic segregation. As the result, the 
ooplasm is segregated from the yolk and 
forms three domains: (1) a peripheral yolk 
cytoplasmic layer surrounding the oocyte; (2) 
the central domain, endoplasm, composed of 
a network of irregularly shaped loci (lacunae) 
of ooplasm scattered among yolk globules; 
and (3) a polar domain, preblastodisc, as a 
thin cap at the top of the animal hemisphere 
(see fi gure 14 in Fern á ndez et al.  2006 ). The 
yolk cell is formed from the yolk globules of 
the oocyte endoplasm.   

   6.3    Yolk  m orphology 

   6.3.1    Characteristics of  y olk 
 p latelets and  o il  d roplets or  o il 
 g lobules 

 The nutrients required for early development 
are accumulated preferentially in the form of 
YGs as well as platelets and the oil globules. 
In fully grown postvitellogenic oocytes of 
teleosts, the yolk consists of round or oval 
platelets of different sizes that vary among 
eggs, being larger in larger eggs. Also, yolk 
platelets are diverse within one egg, with the 
deeper, more centrally located platelets 
tending to be larger and more homogenous 
than the superfi cial ones. Two zones can be 
distinguished in yolk platelets: the membrane 

factor in this process (Carnaveli et al.  1999 ; 
Hartling and Kunkel  1999 ). These proteins 
are stored in yolk granules (YGs) or yolk 
platelets (Finn 2007a,  2007b ; Tingaud -
 Sequeira and Cerd à   2007 ). YGs appear to be 
specialized late endosomes or lysosomes with 
very low hydrolytic activity, and they contain 
the complete set of hydrolases needed for yolk 
degradation and utilization (Fagotto  1995 ; 
Jorgensen  2008 ). 

 There are two types of lipid substrates in 
the developing embryos and larvae. More 
than two - thirds of the lipid transported by 
Vtg is phosphatidylcholine (PC), while neutral 
lipids comprise the remainder (Finn  2007a ). 
Neutral lipids (triacylglycerols [TAG] and 
wax esters) are thought to be the most impor-
tant energy reserves for the development of 
fi sh that have oil droplets in the eggs, such as 
sea bass ( Dicentrarchus labrax ) (R ø nnestad 
et al.  1998 ) and Japanese eel ( Anguilla japon-
ica ) (review by Ohkubo et al.  2008 ). Thus, 
the longer Pv domains are mostly found in 
species that have oil globules. Short serine -
 rich Pv domains are associated with eggs of 
both freshwater (pike  Esox lucius ) and marine 
teleosts, such as Atlantic halibut ( Hippoglossus 
hippoglossus ), Atlantic cod ( Gadus morhua ), 
barfi n fl ounder ( Verasper moseri ), walleye 
pollock ( Theragra chalcogramma ), that do 
not possess large oil globules but rather 
contain phospholipids as the major lipid sub-
strate (Finn  2007a ; Ohkubo et al.  2008 ). Finn 
( 2007a ) noticed that Vtg may have a higher 
neutral lipid load in marine species. The Pv -
 missing class of Vtg (VtgC) does transport 
lipids but at lower levels, that is, 13% com-
pared with 16 – 21% by mass in complete 
Vtgs. Therefore, Finn ( 2007a ) recognized that 
the Pv domain is not obligatory for lipid 
transport, and that most of the neutral lipids 
delivered to oocytes of fi sh that have a large 
oil globule is not via Vtg but via other lipo-
proteins. Vtg also binds hormones, vitamins, 
and ions, and it has been proposed that all of 
these nutritional functions have exerted evo-
lutionary constraints on the Vtg sequence.  
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   6.3.2    Structure and  d iversity 
of  y olk  s yncytial  l ayer ( ysl ) 
 a mong  fi  shes 

 Teleost fi shes have meroblastic cleavage that 
results in the formation of an extraembryonic 
yolk sac. The functions of the yolk sac are gas 
exchange (Liem  1981 ), excretion, and, pri-
marily, provision of nutrients to developing 
embryos and larvae. The most characteristic 
feature of this structure is the  ysl . 

 The  ysl  is derived from collapsed marginal 
blastomeres in early cleavage stages and forms 
a syncytium between the yolk cell and inner 
cell mass (ICM), the precursor of the embryo 
(Betchaku and Trinkaus  1978 ; Trinkaus  1993 ; 
reviewed by Krieger and Fleig  1999 ). Research 
indicates that the  ysl  in the early life history of 
teleosts also serves as the primary motor for 
blastoderm epiboly (Betchaku and Trinkaus 
 1978 ; Trinkaus 1984a,  1984b, 1993 ; Solnica -
 Krezel and Driever  1994 ). It is widely believed 
that the high frequency of occurrence of mito-
chondria in the  “ periblast ”  1  is the proof of its 
role as a driving force of epiboly (Krieger and 
Fleig  1999 ). The induction and/or patterning 
of anterior neural tissue, the body axes, for-
mation of the ventrolateral mesoderm, and 
induction of the nodal - related genes in the 
ventrolateral marginal blastomeres during 
early embryonic development are also attrib-
uted to control of the  ysl  expressed genes (Ho 
et al.  1999 ; Hyodo et al.  1999 ; Chen and 
Kimelman  2000 ). The  ysl  function is con-
nected with the morphogenesis of the orga-

enveloping the yolk platelet, and a central 
core. The outer sheath consists of mucopoly-
saccharides and heterotrimeric G proteins. 
The inner zone contains lipovitellin (Lv) and 
Pv, or analogous lipoproteins and phospho-
proteins (Heming and Buddington  1988 ; 
Krieger and Fleig  1999 ). The interesting 
feature of fi sh eggs is that the yolk may be 
sequestered within a membrane - bound com-
partment at the center of the egg, as in 
medaka,  Oryzias javanicus , or it may be 
intermingled with ooplasm, as in the zebra-
fi sh,  Danio rerio  (Fern á ndez et al.  2006 ). 
Yolk platelets are usually the dominant com-
ponents of the fi sh egg yolk. Despite a diver-
sity of yolk platelet sizes in the animal world, 
from 1 -  μ m wide in the YGs of the nematode 
 Caenorhabditis elegans  up to 140 -  μ m yolk 
spheres in chicken eggs, yolk platelets appear 
to be evolutionarily homologous organelles 
(Jorgensen  2008 ). In contrast to most of the 
other freshwater fi shes, the yolk mass of 
European perch,  Perca fl uviatilis , appears to 
be completely homogenous, with no vesicula-
tion and no yolk platelets (Krieger and Fleig 
 1999 ). 

 Oil droplets vary in size, appearance, and 
number among fi sh species. In demersal or 
viviparous fi sh eggs, they can appear as 
numerous small droplets about 1    μ m in diam-
eter located among yolk platelets (gilthead sea 
bream,  Sparus aurata ; pike). In European 
perch and medaka, among many other species, 
numerous small oil droplets dispersed in the 
interior of the oocyte fuse after fertilization 
to one large globule located near the upper 
site of the egg (Krieger and Fleig  1999 ; 
Iwamatsu et al.  2008 ). In sciaenids, there are 
multiple droplets after fertilization that 
usually coalesce into one before hatching, and 
there are other marine species that maintain 
numerous oil globules (Ditty  1989 ). In con-
trast, there are pelagic eggs without oil drop-
lets as well (e.g., Gadiformes; Pleuronectiformes: 
winter fl ounder [ Pleuronectes americanus ], 
Atlantic halibut; Wiegand  1996b ; Lubzens 
et al.  2010 ).  

  1      Review of the literature reveals that there is no consen-
sus on the use of terms  yolk syncytial layer  and  periblast  
in reference to the embryonic stage when this structure 
appears to function. Betchaku and Trinkaus  (1978)  sug-
gested using  ysl  as a proper term, arguing against  “ peri-
blast ”  as an inadequate one. Some authors use these two 
terms as synonyms (Fishelson  1995 ). However, in the 
recent literature, very often just the term  ysl  is used 
(Trinkaus  1984a ; Ninhaus - Silveira et al.  2007 ). Following 
these descriptions, the authors of the present chapter 
adopted the term  ysl  for the superfi cial, multinuclear, and 
extraembryonic layer of the yolk during the embryonic 
and larval stages. The  ytl  is devoid of nuclei (Jaroszewska 
and Dabrowski  2009a ). 
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lucioperca ), or turbot ( Scophthalmus 
maximus ), are not provided with yolk sac 
circulation in the early stages of development 
(Mani - Ponset et al.  1996 ; Poupard et al. 
 2000 ). Furthermore, observations on larvae 
of these species provide evidence for very 
slow establishment of blood vessels. The most 
recent studies on white bass ( Morone chrys-
ops ) 2  larvae are in agreement with the results 

nizer epithelium (D ’ Amico and Cooper  2001 ; 
Cooper and Virta  2007 ), regulation of cardiac 
tissue morphogenesis (Sakaguchi et al.  2006 ), 
and formation of the liver bud (Li et al.  2007 ). 

 In our opinion, as the embryo and larva 
mass increase exponentially, the function of 
the  ysl  as the  “ early embryonic patterning 
center ”  (Ho et al.  1999 ; Sakaguchi et al. 
 2006 ) transforms into those functions that 
are predominantly involved in yolk digestion, 
and then in the synthesis and release of nutri-
ents from the yolk to the growing fi sh body 
(Fishelson  1995 ; Krieger and Fleig  1999 ; 
Poupard et al.  2000 ; Kunz  2004 ). In other 
words, the function of directing cell move-
ment and the nourishing functions of the  ysl  
do overlap at some developmental stages, and 
the role of this structure in yolk utilization 
becomes more profound. For this reason, 
Jaroszewska and Dabrowski ( 2009a ) named 
the  ysl  in  “ yolk sac juvenile ”  stages of silver 
arowana as the yolk trophoblastic layer ( ytl ). 
In this species,  ytl  nutritional function paral-
lels the absence of nuclei; therefore, the use 
of the term  “ syncytial ”  is not justifi ed. 

 In teleost embryos, the  ysl  together with the 
mesoderm and ectoderm spread out to enclose 
the entire yolk mass. In contrast to nonteleost 
Semionotiformes, Amiiformes (Jaroszewska 
and Dabrowski  2009b ), Acipenseriformes 
(Ostaszewska and Dabrowski  2009 ), and 
other lower vertebrates, teleosts do not have a 
connection between the endoderm of the pre-
sumptive gut and yolk reserves during embry-
onic and early larval/ “ yolk sac juvenile ”  
development (Kunz  2004 ). Vitelline circula-
tion, consisting of exclusively venous blood 
vessels, develops in the wall of the yolk sac. 
Generally, vitelline circulation forms in the 
liver portal system, with the subintenstinal 
vein and the reticulum of blood vessels as the 
part of the vena hepatica (Figure  6.1 ; Balon  1990 ; 
Kunz  2004 ). In teleost embryos and larvae, all the 
greater veins emanating from the body can 
provide blood to the yolk sac (Kunz  2004 ).   

 However, many species, such as gilthead 
sea bream, sea bass, pike perch ( Sander 

     Figure 6.1     Larva (free embryo sensu Balon  1990 ) of 
 Stenodus leucichthys , 9.4   mm of body length; 1 — heart; 
2 — respiratory network of the vitelline subintestinal and 
hepatic veins; 3 — liver; 4 — subintestinal vein. (Figure is 
from the work by Balon [ 1990 ], with kind permission 
from  Guelph Ichthyology Reviews  and the author.)  

  2      Fish were obtained from the Laboratory of Aquaculture, 
School of Environment and Natural Resources, the Ohio 
State University, Columbus, OH, where breeding under 
laboratory conditions was carried out. White bass males 
and females were obtained from Maumee River, OH, on 
May 24, 2008, and injected with human chorionic gonado-
tropin (300   IU/0.1   kg on June 3, 2008). One female was 
stripped 24 hours after induction and eggs were fertilized 
with sperm from one male and incubated in a McDonald 
jar with a continuous water fl ow at 22 ° C. The second 
female provided quality eggs in the afternoon of June 4. 
Hatching occurred on June 7, 2008. Larvae were kept in 
given condition until the third day of rearing and were 
then distributed into system tanks (21.5 ° C). To examine 
the ultrastructure of white bass larvae, fi ve individuals at 
hatching, three individuals at 1   dph, and three individuals 
at 3   dph were directly examined under transmission elec-
tron microscopy (TEM). Whole larval trunks with yolk 
sac were fi xed immediately after fi sh were anesthetized 
(MS - 222) for 3 – 12 hours at room temperature in 0.15   M 
cacodylate buffered with 2% glutaraldehyde and 4% 
paraformaldehyde at pH 7.3 with 2.5% sucrose to adjust 
for osmolarity to 350   mOsM according to Diaz et al. 
 (2002) . Samples were rinsed several times in the phos-
phate buffer and postfi xed with 1% osmium tetraoxide 
in 0.15   M cacodylate buffer, dehydrated in a graded 
series of ethanol and propylene oxide, and embedded in 
Eponate 12 (Ted Pella Inc., Redding, CA). Electron 
microscopy studies were carried out on the yolk sac fol-
lowing fi xation. The section (0.5    μ m) obtained with a 
Leica EM UC6 (Leica Microsystems GmbH, Wetzlar, 
Germany) ultramicrotome were stained with 2% uranyl 
acetate and Reynold ’ s lead citrate and examined with an 
FEI Tecnai G2 Spirit BioTwin (FEI, Hillsboro, OR) trans-
mission electron microscope operated at 80   kV. 
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taken over entirely by hepatic veins. A similar 
picture is found in the European perch embryo 
approaching hatching time (Kunz  2004 ).   

 The majority of nutrients from the endog-
enous reserves of the yolk sac must pass 
through the absorptive structure of the  ysl / ytl  
in order to reach the embryo and larval tissues 
with  apoE  gene expression as the critical step 
in this process (Babin et al.  1997 ; Poupard et 
al.  2000 ). A few investigators have addressed 
the cytological basis of endogenous nutrition, 
particularly the utilization of yolk reserves in 
teleost fi sh embryos (Shimizu and Yamada 
 1980 ; Sire et al.  1994 ) and larvae/alevins 
(Vernier and Sire 1977a,  1977b ; Sire and 
Vernier  1979 ; Walzer and Sch ö nenberger 
1979a,  1979b ; Kj ø rsvik and Reiersen  1992 ; 
Mani - Ponset et al.  1994 ). Most studies thus 
far have dealt with the histochemical aspects 
of the yolk utilization sequence in teleost 
development (Vernier and Sire 1977a,  1977b ; 
Walzer and Sch ö nenberger 1979a,  1979b ; 
Sire et al.  1994 ). 

 The  ysl  structure in brown trout ( Salmo 
trutta morpha fario ) immediately after hatch-
ing is composed of a cytoplasmic zone ( ycz ) 
placed above the vitellolysis zone (Walzer and 
Sch ö nenberger 1979a,  1979b ). The presence 
of cellular organelles in the cytoplasmic 
region of the  ysl  shows similarities among the 
alevins of trout, larvae of Atlantic halibut and 
pike perch, and with our studies on white 
bass (Figure  6.2 ; Walzer and Sch ö nenberger 
1979a,  1979b ; Kj ø rsvik and Reiersen  1992 ; 
Mani - Ponset et al.  1994 ; Sire et al.  1994 ). 
The  ycz  is a very complex structure involved 

reported for sea bream, sea bass, pike perch, 
and turbot. No blood vessels in the yolk sac 
were observed in white bass larvae at hatch-
ing, 1 day posthatch (dph), and 3   dph. The  ysl  
was adjacent to the perisyncytial space (Figure 
 6.2 a). Poupard et al. ( 2000 ) and Kunz ( 2004 ) 
concluded that the absence of the blood cir-
culatory system in the turbot yolk sac does 
not preclude the absorption and transfer of 
nutrients from the yolk cell to the developing 
embryo or larva. In their opinion, it is the 
result of the developmental scheme in tele-
osts, mentioned above, that the anterior 
lateral plate mesoderm gives rise to the heart 
tube formation. Therefore, the heart tube is 
in continuous association with the perisyncy-
tial space at its venous end. In pelagic marine 
embryos, there is an enlargement of the peri-
syncytial space above the cephalic region into 
which the heart opens directly. This enables 
the transfer of the  ysl  lipoproteins to the 
embryonic circulation despite the absence of 
differentiated vitelline circulation. In con-
trast, there is an elaborated blood circulation 
system in the yolk sac of rainbow trout 
( Oncorhynchus mykiss ) embryos, developed 
by differentiation of endothelium - lined vessels 
in the splanchnopleure of the coelomic meso-
derm (Vernier  1969 ). In rainbow trout, the 
yolk sac is vascularized by one - fourth in 
embryos at 14 days postfertilization (dpf), 
with one afferent vein and two efferent yolk 
sac veins present. At 18   dpf, the vitelline cir-
culation is 75% developed (Ignatieva  1991 ). 
At hatching, larvae of whitefi sh ( Coregonus 
alpinus ) exhibit a yolk circulation system 

     Figure 6.2     TEM observation of the yolk syncytial layer ( ysl ) in white bass at hatching revealed several structures related 
to nutrient absorption: (a) 30,000 × ; numerous lipoprotein particles (VLDL, white arrowhead) in the adjacent extracellular 
perisyncytial space ( * ); (b) 49,000 × ; VLDL particles fi lling both rough endoplasmic reticulum (RER) and secretory vesicle 
(sv) fi lled with contents that are released by exocytosis (black arrowheads) into the perisyncytial space; (c) 49,000 × ; 
formation of small yolk vesicles cut out of the yolk platelets in the process of degradation occurring within the vitellolysis 
zone (vz), when large yolk platelets are divided into smaller secretory vesicles (white arrowhead); (d) 23,000 × ; mito-
chondria (m) in close apposition with RER cisterns; sv between m and RER; heterogeneous population of lipoprotein -
 fi lled sv with yolk nutrients in different stages of digestion (circle) inside the  ycz ; (e) 13,000 × ; the  ycz  composed of 
large nuclei of irregular shape, besides m and RER elements; (f) 13,000 × ; numerous microvilli (mv) protruded into the 
perisyncytial space. The yolk cytoplasmic zone is present above the vz. It contains all organelles and on the external 
surface is composed of mv. The lipoproteins were  ∼ 24   nm in diameter.  
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and that the function of the  ysl  is limited. 
Mani - Ponset et al. ( 1996 ), who studied sea 
bream, sea bass, and pike perch, suggested the 
presence of endocytosis vesicles that are 
involved in exchanges between the yolk cell 
and the perisyncytial space. Moreover, no 
pinocytotic or phagocytic vacuoles were 
observed by Ninhaus - Silveira et al. ( 2007 ) in 
the vicinity of the  ysl  microvilli in newly 
hatched larvae of the tropical fi sh curimba 
( Prochilodus lineatus ). However, Poupard 
et al. ( 2000 ) showed the process of very low -
 density lipoprotein (VLDL) particle exocyto-
sis into the perisyncytial space in the yolk of 
turbot larva. The newest studies on the  “ yolk 
sac juveniles ”  of silver arowana documented 
sequentially the process of exocytosis of yolk 
nutrients from the  ycz  into the microvillar 
interspace (Jaroszewska and Dabrowski 
 2009a ). The process of lipoprotein particle 
exocytosis into the perisyncytial space was 
also confi rmed in white bass larvae in our 
study (Figure  6.2 a,b).  

   6.3.4    Variability of  m icrovilli 
 o ccurrence in  fi  sh  y olk 

 Fishelson ( 1995 ) was the fi rst author who 
hypothesized that microvilli described in the 
 ysl  of three species of cichlid (tilapias) larvae 
are transporters of nutrients across the mono-
layered capillary endothelium into the embry-
onic blood vessels. This author called it a 
 “ microvillar food transporting yolk sac syn-
cytial surface. ”  Mani - Ponset et al. ( 1994, 
1996 ) postulated the presence of microvilli 
that protruded into the perisyncytial circula-
tory space in the yolk sac of sea bream, sea 
bass, and pike perch larvae. Our studies con-
fi rmed the presence of microvilli on the  ysl/ytl  
surface in silver arowana  “ yolk sac juveniles ”  
(Jaroszewska and Dabrowski  2009a ) and 
white bass yolk sac larvae (Figure  6.2 f). The 
report on turbot does not provide evidence of 
the microvillar structure of the plasma mem-
brane of the yolk cell (Poupard et al.  2000 ). 

in well - organized processes that include yolk 
hydrolysis, synthesis of lipoprotein particu-
lates, and their transport to the vitelline cir-
culation. The  ycz  contains smooth and rough 
ER, numerous mitochondria, and Golgi com-
plexes (Figure  6.2 ). All these organelles, 
which extend in portions across the  ycz , can 
form a stratifi ed structure. However, some 
fi sh species do not seem to have a stratifi ed 
 “ periblast, ”  such as Atlantic cod, Atlantic 
halibut, sea bream, sea bass, walleye ( Sander 
vitreum ), and white bass, despite the presence 
of organelles (reviewed and summarized by 
Hoehne - Rejtan and Kj ø rsvik  2004 ).  

   6.3.3    Exocytosis in the  ysl  and  ytl  

 Despite the fact that Walzer and Sch ö nenberger 
( 1979b ) postulated the polarization and 
secretory function of the  ycz , no exocytosis 
has been described in any published work on 
the development and ultrastructural organi-
zation of the  ysl  prior to or after hatching in 
teleost larvae (Vernier and Sire 1977a,  1977b ; 
Long  1980 ; Shimizu and Yamada  1980 ; Sire 
et al.  1994 ). When describing European perch 
embryos, Krieger and Fleig ( 1999 ) suggested 
that exocytosis, endocytosis, and intracellular 
digestion of yolk proteins and lipid in the  ysl  
and ICM are the pathways for yolk utiliza-
tion. However, they did not provide experi-
mental evidence for this, and they suggested 
that the morphological mechanism involved 
in nutrient mobilization from the yolk cell to 
the embryo in European perch is different 
from embryos of other teleosts. This hypoth-
esis was based on the observation of special 
yolk morphology in the European perch, 
including the presence of the oil globule along 
with a nonvesiculated yolk mass (Krieger and 
Fleig  1999 ). These authors postulated other 
mechanisms of yolk utilization in fi sh species 
that possess yolk platelets in the yolk cell in 
contrast to the European perch, emphasizing 
that yolk processing during embryogenesis of 
perch takes place in the yolk compartment 
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The nutrient composition of fi sh eggs is 
species specifi c and their quality depends on 
maternal age, female weight, and diet 
(Sarasquete et al.  1995 ; Svensson et al.  2006 ). 
Balon ( 1999 ) concluded that yolk size and 
nutrient concentration together with cyto-
plasm volume may be more meaningful for 
characterizing reproductive investment. 
However, there are studies that also demon-
strate correlations between the amount of 
yolk available at hatching and the original 
egg size (Dabrowski and  Ł uczy ń ski  1984 ; 
 Ł uczy ń ski et al.  1984 ). The absolute and rela-
tive amounts of dry yolk weight stores were 
higher in big rainbow trout alevins than in 
small ones at hatching; the alevins from small 
eggs had yolks that weighed 8.2   mg (or 72% 
of alevin weight), and those from big eggs had 
yolks that weighed 16.2   mg (Escaffre and 
Bergot  1984 ). 

 Sarasquete et al. ( 1995 ) concluded, based 
on results in gilthead sea bream, that the yolk 
reserves of fi sh contain proteins (rich in basic 
amino acids such as lysine and arginine, 
cystine and cysteine, and tyrosine and trypto-
phan), lipids, glycogen, and/or glycolipids. 
Simultaneously, the yolk is  “ equipped ”  
with lysosomal enzymes and other enzymes 
related to protein, carbohydrate, and lipid 
mobilization. However, fi sh species differ in 
eggs and in yolk nutrient composition both 
qualitatively and quantitatively (see also 
Section  6.5 ). 

 Protein present in the egg, expressed as 
percentage of dry weight, ranges from 28.1 
for red drum ( Sciaenops ocellata ) to 79.3 for 
winter fl ounder (Heming and Buddington 
 1988 ). The minimum and maximum values 
for lipids are 5.4 in common carp ( Cyprinus 
carpio ) and 52.0 in striped bass ( Morone 
saxatilis ), and for carbohydrates 0.4 and 5.3 
in red drum and winter fl ounder, respectively 
(Heming and Buddington  1988 ). Demersal 
eggs of teleosts usually have lower water 
content (60 – 79%) compared with pelagic 
eggs (85 – 92%) (Craik and Harvey  1987 ; 
Kamler  2008 ). 

In fi sh embryos, the microvilli were observed 
in the  ysl  of killifi sh ( Fundulus heteroclitus ; 
Trinkaus  1984b ) and  Prochilodus lineatus  
(Ninhaus - Silveira et al.  2007 ). Trinkaus 
( 1984b ) concluded that during killifi sh 
epiboly there is a gradual transition from long 
microvilli to much shorter ones on the  ysl  
surface, but he provided no answer as to the 
purpose of this change.  

   6.3.5    Conclusions on the 
 ysl   f unction 

 Studies on zebrafi sh yolk sac larvae provide 
evidence of the  ysl  structure functioning in a 
manner very similar to higher vertebrates ’  
(mouse) yolk endoderm (Ho et al.  1999 ). 
These authors alluded to the fact that the  ysl  
in teleosts is the  “ functional equivalent ”  of 
mammalian visceral endoderm. In birds, the 
hypoblast of the embryo that becomes the 
origin of gut endodermis lies over the yolk 
and serves the major role in yolk absorption 
(Yoshizaki et al.  2004 ). When yolk reserves 
are exhausted, the  ysl / ytl  is resorbed and does 
not take part in the formation of the perma-
nent fi sh body (Heming and Buddington 
 1988 ).   

   6.4    Yolk  c omposition 

 Volume and density of the yolk in oviparous 
fi shes, not necessarily the egg size, greatly 
affect ontogeny (Balon  1999 ). For example, 
eggs of the same diameter may have different 
amounts of yolk due to differences in perivi-
telline space, and this results in differences in 
yolk volume. Very little yolk of low density is 
commonly found in eggs of large size, whereas 
many smaller eggs have relatively large, high -
 density yolk (Balon 1986,  1999 ). Furthermore, 
large variation exists in the amount of yolk 
between various clutches of eggs or individual 
females (Balon  1986 ; Moodie et al.  1989 ). 



192 Nutritional Physiology

27   nmol/mg egg, which is lower than in other 
marine fi sh. On a percentage basis, it equates 
to only 22% of that reported in barfi n fl oun-
der and 14% of that in walleye pollock 
(Ohkubo et al.  2008 ). FAA play a major role 
in osmoregulation in marine fi sh and are 
important osmolytes that contribute to egg 
buoyancy (Kamler  2008 ). In Japanese eel 
embryos, oil droplets ensure both energy 
supply and egg buoyancy (Ohkubo et al. 
 2008 ). Moreover, yolk amino acids (FAA and 
protein constituent) are the main substrates 
for energy metabolism and for protein syn-
thesis in rapidly growing fi sh embryos and 
early yolk - feeding larvae (R ø nnestad and 
Fyhn  1993 ; Rojas - Garc í a and R ø nnestad 
 2003 ).  

   6.4.3    Lipids and  f atty  a cids ( FA ) 

 Lipids are critical in embryonic and larval 
development. The lipid content of marine 
teleost pelagic eggs is 10 – 17% of the egg dry 
weight (Hilton et al.  2008 ; Iwamatsu et al. 
 2008 ). Lipids are present in eggs in two dis-
tinct forms: the lipoprotein yolk lipids, for 
example, phospholipids associated with the 
Lv; and the nonpolar lipids (TAG, wax esters, 
or cholesterol esters) (Poupard et al.  2000 ). 
Eggs containing low concentrations of total 
lipids (usually  < 15%) are relatively rich in 
polar lipids and their yolk sac larvae do not 
possess an oil globule (Finn et al.  1995b ). 
Eggs rich in lipids ( > 15% of dry mass) contain 
oil globules composed mainly of the neutral 
lipids that have a high proportion of mono-
unsaturated fatty acids (MUFA) (Desvilettes 
et al.  1997 ; Kamler  2008 ; Ohkubo et al. 
 2008 ). In some species, yolk lipids comprise 
only a small percentage of the yolk weight. 
Yolk lipids become more diverse in lipid com-
position than lipids in the oil globule. On 
average, yolk lipids are composed of 78.9% 
phospholipids, 6.5% TAG, 5.3% steryl and 
wax esters, and 2.8% sterols (striped bass; 
Eldridge et al.  1983 ). 

   6.4.1    Dry  m atter and  w ater 
 c ontent in the  e ggs 

 The absolute amount of dry matter in fi sh egg 
varies between and within species (e.g., 7.0% 
in fertilized eggs of red drum and 46.3% for 
striped bass), but the percent water in the 
yolk and tissue is not constant throughout 
larval development (Dabrowski et al.  1984 ). 
In rainbow trout, yolk hydration increases 
signifi cantly between hatching and swim - up 
stage, from 49% to 53 – 59% (Escaffre and 
Bergot  1984 ). The yolk volume decreases 
in Atlantic halibut larvae faster than the yolk 
protein content and results in an increase 
in protein concentration, and consequently, 
protein – to – dry weight ratio. This suggests a 
faster rate of yolk dehydration than of protein 
absorption. In turn, the decrease in the FAA 
pool is faster than the decrease in water 
(R ø nnestad et al.  1993 ). As a result of water 
intake by yolk sac larvae, the percentage of 
dry matter in larvae of three marine species 
at the end of the endogenous phase of nutri-
tion is lower than in the initial eggs (Kamler 
 2008 ; see also Section  6.6 . and Table  6.1 ).    

   6.4.2    Proteins/ a mino  a cids 

 Pelagic marine fi sh eggs have very high water 
content (ca. 92%) and are characterized by 
low levels of phosphoproteins and high levels 
of FAA (Craik and Harvey 1984,  1987 ; 
R ø nnestad et al.  1994 ). R ø nnestad and Fyhn 
( 1993 ) argued that 20 – 40% of the total 
amino acid pool used during embryonic and 
larval development of marine pelagic fi sh is 
used for catabolic purposes. The total amount 
of FAA is 92   nmol/mg egg in turbot, 122   nmol/
mg egg in barfi n fl ounder, 135   nmol/mg egg 
in Atlantic halibut, 190   nmol/mg egg in 
walleye pollock, and 200   nmol/mg egg in 
Atlantic cod (Fyhn  1990 ; Matsubara and 
Koya  1997 ; Ohkubo et al. 2006,  2008 ). 
Japanese eel eggs show a unique feature in 
their FAA concentration, with a value of 
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such as roach ( Rutilus rutilus ) and African 
catfi sh ( Clarias gariepinus ), also use phospho-
lipids preferentially (summarized by Finn 
et al.  1995b ).  

   6.4.4    Carbohydrates 

 Atlantic cod eggs at fertilization contain only 
1% of carbohydrates, and this is similar to 
turbot. Glycogen concentration declines 
immediately after fertilization, suggesting 
that it is used as fuel during early embryogen-
esis. It has been hypothesized that the cyto-
solic fuel store must be able to maintain 
metabolism in the embryo until the  ysl  is suf-
fi ciently formed to access other energy sources 
contained in the yolk (Finn et al. 1995a, 
 1996 ).   

   6.5    Mechanism of  y olk  u tilization 

   6.5.1    Structure,  r esistance  t o, and 
 d egradation of  y olk  p latelets and 
 g ranules 

 The  ysl / ytl  plays an important role in the 
process of protein transport from the yolk 
cells to the growing embryos and larvae. 
Krieger and Fleig ( 1999 ) suggested that fi nal 
qualitative proteolysis occurs in the yolk 
platelets in the  ysl . However, they also 
described  “ the existence of the yolk platelets 
in cells of ICM that imply that exocytosis, 
endocytosis, and later on the intracellular 
digestion of yolk proteins and lipids is the 
way to make potential nutrients in the yolk 
available to the developing embryo ”  (Krieger 
and Fleig  1999 ). Proteolysis of the yolk plate-
lets occurs in the  ysl  because the yolk com-
partments themselves contain hydrolytic 
enzymes (Heming and Buddington  1988 ; 
Krieger and Fleig  1999 ). Vernier and Sire 
( 1977b ) described two types of yolk platelets 
in rainbow trout embryos with different 

 The oil globule lipids are composed of 
steryl and wax esters (90.4%) and TAG 
(9.6%). Lipids in yolk lipoproteins are com-
posed primarily of polar lipids rich in (n - 3) 
polyunsaturated fatty acids (PUFA) (Wiegand 
 1996b ). Saturated fatty acids (SFA) and 
PUFA, eicosapentaenoic acid (EPA) C20:5(n -
 3), docosahexaenoic acid (DHA) C22:6(n - 3), 
and arachidonic acid (ARA) C20:4(n - 6) are 
initially found in the yolk, but they are pref-
erentially incorporated into structural lipids 
in larval tissues. However, MUFA are prefer-
entially utilized as an energy source in embry-
onic and larval fi sh metabolism (Wiegand 
 1996b ; Kamler  2008 ). These preferences are 
infl uenced by low temperatures, presumably 
due to adaptive changes in membrane FA 
composition in larvae (Kamler  2008 ). This is 
particularly evident in salmonid embryos and 
alevins developing below 10 ° C where docosa-
pentaenoic acid in phospholipids and DHA in 
triglycerides correlated with posthatch mor-
tality of lake trout ( Salvelinus namaycush ) 
(Czesny et al.  2009 ). The total lipid concen-
tration in Japanese eel eggs is higher 
(8.8    μ g/0.6   mg egg; i.e., 1.5% of wet matter) 
than in fi sh eggs with no visible oil droplets 
such as that of barfi n fl ounder (16.9    μ g/2.9   mg 
egg; 0.6%) and walleye pollock (11.7    μ g/1.6   mg 
egg; 0.7%). In pike, eggs contain 17.8% lipid 
dry weight. In this freshwater, piscivorous 
fi sh, polar lipids accounted for 40% of the 
total lipid pool, with PC and phosphatidyl-
ethanolamine (PE) as the dominant polar 
lipids, and phosphatidyloserine and phospha-
tidylnositol as the minor components 
(Desvilettes et al.  1997 ). Fish species that 
contain low amounts of total lipids in eggs 
utilize PC as the major lipid fuel during 
embryonic and larval development (Finn et al. 
 1995b ). This rule also holds for marine 
species such as Atlantic cod, Atlantic herring 
( Clupea harengus ), haddock ( Melanogrammus 
aeglefi nus ), whiting, Atlantic halibut, plaice 
( Pleuronectes platessa ), and Pacifi c halibut 
( Hippoglossus stenolepis ). It was demon-
strated that embryos of freshwater species, 
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acidifi cation at late developmental stages 
(Fagotto  1995 ). 

 It is likely that the resistance of YGs to 
degradation is similar to that in Vtg and this 
property is conserved during evolution, as 
Vtg is the predominant yolk protein that is 
present in most egg - laying animals (Fagotto 
 1995 ; Jorgensen  2008 ).  

   6.5.2    Utilization of  y olk  p roteins 
and  a mino  a cids 

 Yolk proteins are derived from one form of 
Vtg, Vtg A, cleaved completely to generate a 
supply of amino acids. This pattern was iden-
tifi ed by analyzing the expression of  ctlsa , 
 ctlsb , and  ctlsc  genes in tissues of zebrafi sh 
embryos and adults, as well as in killifi sh 
embryos. In killifi sh, procathepsin L (Ctsl) 
isoform is most likely involved in yolk protein 
hydrolysis (Tingaud - Sequeira and Cerd à  
 2007 ). The activity of aspartic protease –
 cathepsin D (Ctsd) appears to be involved in 
the degradation of yolk proteins in verte-
brates in general, and zebrafi sh embryos and 
larvae in particular (Fagotto  1995 ; Tingaud -
 Sequeira and Cerd à   2007 ). As the proenzyme 
Ctsl, located in the  ysl , is transferred to the 
yolk globules, detached from a central yolk 
mass, it is activated by Ctsd contained in yolk 
globules to cathepsin L, which hydrolyzes 
yolk proteins (Sire et al.  1994 ; Hartling and 
Kunkel  1999 ; Hiramatsu et al.  2002 ). Several 
enzymes in the yolk matrix are weakly posi-
tive, among them alkaline and acid phospha-
tase, ATPase, glucose - 6 - phosphatase, and 
trypsin. Sarasquete et al. ( 1993 ) also indi-
cated that the cellular envelope covering the 
yolk sac shows high levels of activity of these 
enzymes, which may indicate their function 
in osmoregulation and defense (trypsin). 

 Despite the similar composition of the FAA 
pool found in newly fertilized eggs, R ø nnestad 
et al. ( 1998 ) suggested that for many marine 
pelagic eggs, there is no rule describing 
protein synthesis rate from essential (EAA) or 

enzyme contents. One form of the platelets 
has an enzyme that would allow nutrients to 
be released prior to the formation of the  ysl . 
The second or common platelet type lacks 
this enzyme and is digested with the  ysl  struc-
tural enzymes (Heming and Buddington 
 1988 ). It is proposed that the region of the 
 ysl  with smooth ER and numerous mitochon-
dria, and an abundance of glycogen granules, 
is responsible for carbohydrate and/or lipid 
metabolism. The second region is character-
ized by rough ER and Golgi complexes. It is 
associated with the synthesis and transport of 
proteinaceous substances (Heming and 
Buddington  1988 ). Yolk phosphoproteins are 
dephosphorylated by the action of calcium -
 dependent phosphatase to become soluble 
(Heming and Buddington  1988 ). Syncytial 
Golgi complexes are likely to supply acid 
hydrolases for the degradation of yolk plate-
lets (Vernier and Sire  1977b ; Hamlett et al. 
 1987 ). 

 YGs do not disintegrate their contents 
until specifi c embryonic developmental stages, 
even weeks after their formation. This is in 
contrast to the action of classical lysosomes 
that are capable of rapidly reducing almost 
any protein to FAA, sugars, and other small 
compounds. Yolk platelets are fi rst found in 
the  ysl  at the morula stage, as described in 
European perch (Krieger and Fleig  1999 ). 
Two factors, pH and enzymatic latency, are 
responsible for the regulation of YG activa-
tion and yolk utilization (Fagotto  1995 ). YGs 
can modulate their pH; initial pH is neutral 
or slightly acidic, and during embryonic 
development acidifi cation gradually occurs. 
This consequently triggers yolk degradation, 
as low (acidic) pH is required for cathepsin 
activity and proteolysis of the yolk proteins. 
One of the mechanisms required for enzyme 
activation in yolk compartments is H  +   -
 adenosine triphosphatase (ATPase) - mediated 
acidifi cation (Tingaud - Sequeira and Cerd à  
 2007 ). The induction of the maturation of the 
proteolytic enzymes that are active in a wide 
range of acidic pH (4 – 6.5) is the result of YG 
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bound pools) and lipids (50%, mainly of 
neutral lipid origin). Also, FAA were the 
major metabolic fuel during embryonic devel-
opment (84%) in turbot. Wax esters (33%) 
and TAG (25%) were the prominent fuels 
after hatching, and only 10% of FAA was 
used at the same time (Finn et al.  1996 ). 
During 12 days after hatching in Atlantic 
halibut yolk sac larvae, more than 70% of 
FAA pool is utilized from the yolk, with no 
signifi cant changes in the yolk protein pool 
(R ø nnestad et al.  1993 ). This suggests the 
sequential utilization of endogenous reserves 
in Atlantic halibut larvae, when FAA are the 
dominant energy substrate (relative catabolic 
contribution of 74% of oxygen consumed) 
during yolk absorption after hatching 
(R ø nnestad et al.  1993 ). Later on, the addi-
tional amino acids are recruited from yolk 
proteins; 60% of total amino acids (free and 
protein amino acids) present at hatching are 
used as precursors for body protein synthesis, 
while the remaining 40% are used as the sub-
strate in larval energy metabolism (R ø nnestad 
et al.  1993 ). 

 Based on results obtained for many marine 
fi shes, it was concluded that during the endog-
enous feeding stages FAA are mobilized 
earlier (embryogenesis and in newly hatched 
larvae) in the ontogeny than amino acids 
from the yolk protein pool (R ø nnestad et al. 
1995,  1998 ; reviewed by Kamler  2008 ). 
However, it is questionable how these pools, 
free and bound amino acids, can be distin-
guished without radiolabeling when protein 
synthesis and degradation proceed simultane-
ously at very high, and perhaps different, 
rates (Langer et al.  1993 ).  

   6.5.3    Lipid  u tilization 

 Substantial differences in the patterns of lipid 
class utilization by embryos and teleost larvae 
are reported (Wiegand  1996a ; Desvilettes 
et al.  1997 ). Phospholipids, TAG, and wax 
esters alone, in sequence, or in combination 

nonessential amino acids (NEAA) present in 
the yolk. As summarized by Kamler ( 2008 ), 
differential utilization of EAA and NEAA 
occurs in barfi n fl ounder and Atlantic halibut 
in contrast to plaice, where no selective utili-
zation of EAA and NEAA was observed. The 
mobilization of FAA can occur mainly before 
and just shortly after hatching as in turbot, in 
the embryo and early yolk sac larva as in 
lemon sole ( Microstomus kitt ), or in the yolk 
sac larva of species including Atlantic halibut 
(reviewed by Kamler  2008 ). In sea bass, 
approximately 60% (53   nmol/ind) of the FAA 
pool is exhausted before hatching (18 ° C), 
while neutral lipids derived from the oil glob-
ules appear to be the main energy substrate 
after hatching (R ø nnestad et al.  1998 ). In 
walleye pollock, FAA were utilized mainly 
until hatching, around 17   dpf, whereas active 
utilization of Lv, derived from VtgB, phos-
pholipids, and TAG (major lipid classes 
catabolized), occurred during the larval 
period, from 18 to 28   dpf at 5 ° C (Ohkubo 
et al.  2006 ). Yolk nutrient utilization in barfi n 
fl ounder embryos (0 – 10   dpf at 8 ° C) and yolk 
sac larvae (days 11 – 21) was suggested by 
Ohkubo and Matsubara ( 2002 ) to have a 
triphasic sequence. It follows a distinct 
pattern: days 0 – 4 no FAA is utilized, and then 
the main depletion of FAA occurred after day 
4 resulting in only 13% of the initial FAA 
level remaining by day 13. The Lv and phos-
pholipids were mostly utilized during the 
16 – 21   dpf period. In Atlantic cod, FAA com-
prised 75% of the metabolic fuel during 
embryonic development, followed by 13% of 
the polar lipids and 9% of TAG. After hatch-
ing, the fuels were used as follows: FAA, 2%; 
polar lipids, 20% (mainly PC); neutral lipids, 
17%; and proteins, 31%. This resulted in the 
total use of 67% amino acids and 32% lipids 
(Finn et al.  1995a ). In turbot, a species with 
pelagic eggs containing a single oil globule, 
the catabolic metabolism of embryos and 
endogenously feeding larvae was fueled by 
amino acids (50%, with similar amounts 
being supplied from both free and protein 
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at the same time more than 30% of the FAA 
and Lv (380   kDa, ova - lipovitellin [oLV]) are 
utilized. Then TAG becomes the main energy 
provision from days 4 to 8, and phospholip-
ids from days 2 to 10. Almost all the yolk 
nutrients in Japanese eel are absorbed by day 
8 (100% of oLV; 77% of TAG; 32% of phos-
pholipids), close to the onset of exogenous 
feeding at water temperature of 23 ° C 
(Ohkubo et al.  2008 ). Also, in gilthead sea 
bream, FAA appear to be a signifi cant energy 
substrate during the embryonic stage (60 –
 70%). However, FA from neutral lipids, of oil 
globule origin, become the main metabolic 
fuel after hatching (80 – 90% of energy) 
(R ø nnestad et al.  1994 ). 

 The oil globule persists after yolk depletion 
for as long as 32 hours in rabbitfi sh ( Siganus 
guttatus ), 88 hours in barramundi (Bagarinao 
 1986 ), and several days in many species of 
freshwater fi sh larvae, beyond the  “ point 
of no - return ”  (Dabrowski  1989 ). In larvae of 
gilthead sea bream, 60% of the oil globule is 
still present when body proteins are being 
catabolized in the last part of the yolk sac 
stage (R ø nnestad et al.  1994 ). The oil globule 
of European sea bass begins to be absorbed 
after hatching when yolk absorption is 
advanced, and occurs in parallel with catabo-
lism of FA from yolk neutral lipids. At the 
onset of exogenous feeding, approximately 
30% of the oil globule is still present in sea 
bass larvae (R ø nnestad et al.  1998 ). In 
summary, absorption of the oil globule occurs 
principally after hatching and follows yolk 
absorption, mainly after consumption of the 
yolk, when larvae are free - swimming and are 
active. Oil globule exhaustion can be corre-
lated with catabolism of FA, mostly from the 
neutral lipids (Poupard et al.  2000 ; Iwamatsu 
et al.  2008 ). 

 Similarly, in Atlantic halibut, a species 
whose eggs do not possess an oil globule, the 
larval body at hatching contained 11% lipids 
in larval body dry mass, while the yolk con-
tained 93% of the remaining lipid pool. At the 
time of maximum larval body weight, the 

may be consumed as energy sources at various 
stages of development. The existence of non-
pancreatic lipase, supposedly yolk sac lipase, 
detected from eviscerated body in walleye 
pollock larvae was suggested to be related to 
the processing of phospholipids present in the 
yolk (Oozeki and Bailey  1995 ). 

 After hatching, lipids are the dominant fuel 
in many fi shes, for example, turbot (about 
60% lipids to 40% total FAA), sea bream 
(60 – 70% from neutral lipids of the oil 
globule), walleye pollock, African catfi sh, 
Senegal sole ( Solea senegalensis ), common 
dentex ( Dentex dentex ), and white sea bass 
( Lates calcarifer ) (reviewed by Kamler  2008 ; 
Hilton et al.  2008 ). In yellowtail amberjack 
( Seriola lalandi ) larvae, the wax and/or sterol 
esters (SE) and TAG are the most important 
energy sources between hatching and fi rst 
feeding, being almost completely depleted at 
5 and 3   dph, respectively (rearing temperature 
20    ±    1 ° C; Hilton et al.  2008 ). In turn, in 
northern pike development, total lipids 
decreased by 41.3% during the embryonic 
phase (days 2 – 6, at 15.5 ° C), and then the 
lipid weights of the whole yolk sac larvae 
remained stable from hatching until day 11, 
with a tendency for lipid amounts to increase 
in larval bodies and to decrease in the yolk 
(Desvilettes et al.  1997 ). Based on the rate of 
lipid utilization it could be concluded that the 
period of yolk sac absorption (pike, 7 – 11   dpf; 
European sea bass until 100 hours postfertil-
ization [hpf]) is characterized by low con-
sumption of lipids, when proteins and FAA 
are used (Desvilettes et al.  1997 ; R ø nnestad 
et al.  1998 ). A signifi cant decrease in yolk 
lipids occurs in the swim - up stage of sea bass 
(between days 13 and 15, at 18 ° C); they are 
consumed as the energy source for movement, 
like in many other fi sh species (Desvilettes 
et al.  1997 ; R ø nnestad et al.  1998 ). 

 In Japanese eel, there are two stages of 
nutrient utilization (Ohkubo et al.  2008 ). The 
fi rst is when FAA utilization occurs between 
days 1 and 4 after fertilization and the second 
when TAG utilization occurs after day 2, and 
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lism of TAG during embryogenesis may occur 
earlier, that is, in the fi rst moments of embryo 
development (Finn et al. 1995a,  1995b ). 

 Lipids are present in yolk globules as polar 
and/or as neutral lipids. Among the species 
with an oil globule, there are marine (e.g., red 
drum; capelin,  Mallotus villosus ; sandeel, 
 Ammodytes lancea ; Atlantic menhaden, 
 Brevoortia tyrannus ; gilthead sea bream; and 
turbot) and freshwater species (e.g., rainbow 
trout; perch; burbot,  Lota lota ; and Atlantic 
salmon,  Salmo salar ) (reviewed by Finn et al. 
 1995b ). In turbot larvae at hatching, two 
compartments with endogenous reserves, the 
yolk mass and the oil globule, are surrounded 
and separated from each other by the  ysl / ytl  
(Poupard et al.  2000 ). ApoE is the essential 
molecule responsible for lipid metabolism in 
fi sh embryos and larvae because of its ability 
to communicate with lipoprotein receptors 
(Poupard et al.  2000 ). In turbot, for instance, 
the  apoE  gene is highly expressed in the  ysl  
at sites of lipoprotein (VLDL particles) syn-
thesis and secretion, in the ventral and poste-
rior periphery of the yolk cell (Babin et al. 
 1997 ; Poupard et al.  2000 ). VLDL particles 
are found in the ER lumen and in secretory 
vesicles. They are then released into the extra-
cellular perisyncytial space, and the intrasyn-
cytial channels transfer the yolk -  and 
oil - globule - derived lipids into the embryonic 
or larval tissue (Poupard et al.  2000 ; see also 
the results for white bass in Figure  6.2 ). As in 
many teleost species, the oil globule in turbot 
resorption occurs after hatching and princi-
pally at the time of the mixed, endoexotro-
phic nutrition. At the same time, a very high 
 apoE  expression is observed in the turbot  ysl  
that is surrounding the oil globule. Poupard 
et al. ( 2000 ) also indicated that amino acids 
derived through exogenous nutrition are 
essential for apolipoprotein synthesis and 
that polar lipids are needed for lipoprotein 
synthesis (Poupard et al.  2000 ). As suggested 
by these authors, the pattern of apoE mRNA 
expression associated with the  ysl  lipoprotein 
synthesis suggested that  apoE  is a molecular 

lipid retained amounted to 50.7% of the 
initial value (R ø nnestad et al.  1995 ). During 
the period between hatching and the time of 
maximum larval size, the decline of the lipid 
classes in the yolk was shared equally, indicat-
ing a relatively minor change in the relative 
composition of lipids in the yolk (PC, 
56    ±    5%; PE, 12    ±    1%; TAG, 12    ±    3%; SE, 
7    ±    1%; cholesterol, 7    ±    1%). However, a 
large variation was described between incor-
poration of lipid classes in the larval body, 
with PC being the least conserved. Almost 
100% of the cholesterol was conserved from 
hatch to the attainment of the maximum dry 
body weight after complete yolk absorption 
(R ø nnestad et al.  1995 ), although synthesis of 
cholesterol at this stage cannot be refuted. The 
high catabolism of PC is thought to occur in 
the early stages of development in marine fi sh 
with a high content of PC in the eggs, when 
the catabolism of natural lipids, particularly 
TAG, seems to be correlated with the increased 
activity and metabolic rate of larvae (reviewed 
by R ø nnestad et al.  1995 ; Rainuzzo et al.  1997 ). 

 Finn et al. ( 1995a, 1996 ) proposed that the 
sequence of catabolic substrate oxidation, 
when polar and neutral lipid utilization after 
hatching follows consumption of FAA during 
the embryonic stages, is in general similar in 
many cold - water fi shes that spawn eggs with 
or without oil globules. As explained earlier, 
PC and/or TAG are the predominant lipid 
energy sources during larval development in 
fi sh with eggs containing less total lipids (no 
oil globule in the yolk), assuming that the oil 
globule supplies greater amounts of wax, SE, 
and/or TAG. However, it was pointed out by 
Finn et al. ( 1995b ) that the utilization of PC is 
also important in salmon and turbot, and 
there are phospholipids found exclusively in 
marine species, sea bream and red drum, 
which possess an oil globule in the yolk sac. In 
larvae that have both the yolk and oil globule, 
TAG stored in the oil globule is the last to be 
utilized between hatching and fi rst feeding 
(Bagarinao  1986 ). In turn, it is suggested that 
in eggs with no visible oil droplets, the catabo-
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Fishelson ( 1995 ) emphasized, although with 
no direct evidence, that the presence of YGs 
in the primordial liver cells of cichlid larvae 
can be interpreted as a similar process to that 
in avian embryos. In other species, like gilt-
head sea bream larvae (Guyot et al.  1995 ; 
Sarasquete et al.  1995 ) and pike perch larvae 
(Mani - Ponset et al.  1996 ), during the endog-
enous phase of nutrition, the liver accumu-
lates mainly glycogen, until the endoexogenous 
feeding period starts (summarized by Hoehne -
 Rejtan and Kj ø rsvik  2004 ). No glycogen 
content was found in the early yolk sac stage 
in sharpsnout sea bream ( Diplodus puntazzo ), 
Atlantic cod, and Atlantic halibut hepatocytes 
(Figure  6.3 ; Hoehne - Rejtan and Kj ø rsvik 

marker for tracing endogenous lipid utiliza-
tion during mixed feeding period in teleost 
fi sh early life.  

   6.5.4    Liver  f unction in  y olk 
 u tilization 

 The fi sh liver arises and remains in close prox-
imity to the yolk. Because it is well - vascularized 
tissue, this organ plays an important role in 
the transfer of yolk nutrients to the gut and 
other organs (Morrison et al.  2001 ). The liver 
also regulates lipid metabolism by lipoprotein 
synthesis in association with the use of yolk 
reserves (Hoehne - Rejtan and Kj ø rsvik  2004 ). 

     Figure 6.3     Growth (total length, mm) of sharpsnout sea bream larvae from hatching (0   dph) to 57   dph, and major events 
of digestive system differentiation that occur during development. Endogenous phase of nutrition: 0 – 3   dph; mixed 
feeding: 4 – 7   dph; exogenous phase of feeding: 8 – 57   dph. (Figure was redrawn based on fi gure 1 and table 1 from Micale 
et al. [ 2008 ].)  
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than fed larvae and the rate of oil absorption 
increased with an increase in food intake. 
Therefore, as concluded by Hilton et al. 
( 2008 ) for yellowtail amberjack, lipid provi-
sioning may be an important factor during the 
 “ critical period ”  for larval survival. 

 These fi ndings may have important impli-
cations for the nutritional requirements at the 
onset of the fi rst feeding (R ø nnestad et al. 
 1994 ). Further investigations are recom-
mended to clarify the specifi c role of oil drop-
lets in maintaining nutritional balance, and 
consequently, in the survival and growth of 
larvae. Jorgensen ( 2008 ) has summarized the 
status of lipid/FA utilization in endogenous 
nutrition and concluded that there is still 
much to be discovered in terms of the molecu-
lar biology of yolk consumption. The mecha-
nisms involved in controlling embryonic 
nutrition are still unknown. Questions remain 
such as how do embryos initiate yolk platelet 
breakdown and how is the cell signaling 
system activated to recognize the need for 
amino acids or other limiting nutrients. There 
are also questions regarding how embryo sig-
naling systems communicate the rate of nutri-
ent transfer into the blood to the gut or yolk 
sac. Additionally, there is a need to examine 
the differences in the nutrients deposited in 
the yolk (e.g., yolk platelets, lipid droplets, 
and glycogen) and how they are directed to 
provide buildings blocks for biomass gain 
and fuel for metabolism. It is assumed that 
the mechanisms of internal tissue amino acid 
sensing are evolutionarily conserved and that 
they control body weight gain in association 
with endocrine signaling. This hypothesis will 
provide new impetus for such studies.   

   6.6    Rate and  e ffi ciency 
of  y olk  a bsorption 

   6.6.1    Dynamics of  y olk  c onsumption 

 The preference and rate of yolk nutrients 
mobilized by developing larva differ as this 

 2004 ; Micale et al.  2008 ). As concluded by 
Hoehne - Rejtan and Kj ø rsvik ( 2004 ), the 
observed differences between fi sh species in 
hepatic glycogen content during the endoge-
nous phase of nutrition could be related to 
the yolk lipid content and larval energy 
metabolism at the yolk sac stage.    

   6.5.5    Conclusions  r egarding 
 p rocesses  i nvolved in  y olk  u tilization 

 Studies on liver development in sea bream 
larvae reveal the sequence of lipid appear-
ances in the bloodstream. During the endo-
trophic period, yolk reserves are broken down 
and distributed as lipoproteins, which can be 
identifi ed in the vitelline circulatory system. 
During the phase between mouth - opening 
and the ninth day, the absence or limited pres-
ence of lipoproteins in the blood is found in 
gilthead sea bream. However, the transfer of 
vitelline reserves in the form of VLDL is 
nearly or fully completed at this time, and 
lipids of food origin are not yet identifi ed 
(Guyot et al.  1995 ). Signs of lipid digestion 
are found in the cells of the alimentary tract 
of sea bass larvae during the endogenous 
phase of nutrition, and this was discussed in 
reference to an ability of these larvae to syn-
thesize and transport small lipoprotein par-
ticles before the start of exogenous feeding 
(Garc í a - Hern á ndez et al.  2001 ). 

 In summary, energy substrates of eggs or 
the yolk are species specifi c. Energy dissipa-
tion based on lipids seems to be important for 
those species whose eggs contain oil globules, 
while amino acids play a more important role 
for those species whose eggs do not contain oil 
globules. The role of materials stored in the oil 
globule is not clear, but Iwamatsu et al. ( 2008 ) 
opined that the embryo does not require these 
nutrients, despite the fact that the oil droplets 
possess substances of high caloric value and 
vitamins A and E (Lubzens et al. 2003,  2010 ). 
It was also documented that starved larvae of 
striped bass retained the oil globule longer 
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hatch). In larval tissue, there is a linear 
increase in FAA content with age between 
hatching and fi nal yolk sac resorption (FAA 
[nmol/ind]    =    27.54    +    6.66    τ ). Protein content 
expressed per dry body mass consistently 
comprised about 54% (R ø nnestad et al. 
 1993 ; Finn et al.  1995c ). Protein synthesis 
rates in yolk sac larvae of African catfi sh are 
as high as 138% body protein weight/day 
(Concei ç  ã o et al.  1997 ). In tissues of rainbow 
trout at the completion of yolk absorption, 
there was 22 times more FAA than in the 
tissues at the time of hatching (Zeitoun et al. 
 1977 ). 

 In embryos or yolk sac larvae, the concen-
tration of ash is rarely determined, but avail-
able data suggests a low concentration of 
minerals in fi sh at hatching compared with 
the body at the completion of yolk absorp-
tion. It is apparently related to skeleton for-
mation during ontogeny. Larvae with high 
mineral content emerge from eggs rich in 
minerals; however, extraoral mineral absorp-
tion, such as for instance of magnesium, is 
critical to larval survival (Van der Velden 
et al.  1991 ). 

 In principle, the carbon/nitrogen (C/N) 
ratio describes the ratio of fats to protein, 
with values near 3 for proteins and above 3 
for lipids. The ratio was examined for the 
yolk sac turbot, Atlantic herring, and nase 
( Chondrostoma nasus ), and it decreased with 
age (Korsgaard  1992 ). These results describe 
the mobilization pattern of yolk reserves and 
carbon - rich lipids that are preferentially 
catabolized to obtain energy, whereas pro-
teins are saved for growth (Ostrowski and 
Divakaran  1991 ). In three species, rainbow 
trout, winter fl ounder, and red sea bream 
( Pagrus major ), the concentration of RNA in 
the whole egg or larva/alevin (including the 
yolk) increased between early cleavage and 
the onset of exogenous feeding (Zeitoun et al. 
 1977 ; Buckley  1981 ; Seoka et al.  1997 ). This 
increase can be interpreted as an intense 
protein synthesis and cell proliferation 
(Kamler  2008 ). 

process is species specifi c. The yolk composi-
tion and requirements for nutrients may 
change during the course of early develop-
ment depending on many environmental 
factors. The dynamics of yolk consumption 
in most teleosts can be described by a sigmoid 
curve with three distinct phases: a slow 
absorption rate at the start (early embryonic 
development) and end (late larval stage) of 
yolk consumption, and the midphase (late 
embryonic stage) characterized by a relatively 
high and constant rate of absorption (Johns 
and Howell  1980 ; summarized by R ø nnestad 
et al.  1993 ). Skjaerven et al. ( 2003 ) used a set 
of physiological (nitrogenous metabolites) 
and morphological ( ysl  differentiation) events 
during plaice embryonic development to 
characterize the step - by - step utilization of the 
yolk. These authors proposed four phases of 
yolk absorption, with the endotrophic pre-
hatch phase divided into separate phases, fi rst 
during the enhanced yolk consumption at a 
time between fertilization and gastrulation 
and second from the completion of the epiboly 
until hatching. This gradual transition in the 
modes of nutrient utilization is the result of 
increasing size of the larva, higher activity, 
and presence of an effi cient circulatory system 
in the yolk sac (Kamler  2008 ). Yolk utiliza-
tion begins with embryo development and is 
followed by increased oxygen consumption 
after the blastula stage is reached. To sum-
marize, common features of yolk nutrient 
utilization are the following: FAA are utilized 
during the embryonic stages and the early 
yolk sac stage and are followed by FA from 
neutral lipids derived from the oil globule and 
amino acids derived from proteins as the 
main metabolic sources in the last part of the 
endogenous nutrient use (R ø nnestad et al. 
 1998 ; Kamler  2008 ). 

 Protein is the major nutrient stored in the 
yolk. Protein in tissues of Atlantic halibut 
larvae when using the yolk between hatching 
and maximum body mass increases exponen-
tially with age according to the equation 
Protein ( μ g/ind)    =    42.67    e  0.0677 τ   ( τ , days post-
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body tissue weights. The mass values multi-
plied by their respective energetic equivalents 
result in values of energy used or deposited in 
tissues (Johns et al.  1981 ).  

   6.6.2    Rate of  y olk  a bsorption 

 Yolk absorption rate is assumed to vary 
during development and is thought to be a 
function of the surface area of the absorptive 
layer ( ysl / ytl ) and the metabolic activity of 
this layer (Heming and Buddington  1988 ). 
The surface area available for yolk absorp-
tion is dependent on size; in teleosts, it is 
approximately equal to the area of the yolk 
sac (Skjaerven et al.  2003 ) and, to a lesser 
degree, the shape of the yolk mass (Heming 
and Buddington  1988 ). The activities of 
hydrolytic enzymes also contribute to the 
yolk resorption rate. As summarized by 
Kamler ( 2008 ), the combined effect of egg 
size (positive) and duration of embryonic 
development (negative) on yolk dry weight at 
hatching can be quantifi ed by a polynomial 
equation, explaining 76% of the variance in 
yolk size. The faster absolute yolk absorption 
rate was observed in fi sh species producing 
larger eggs. Larvae of Atlantic cod, European 
sea bass, plaice, turbot, and winter fl ounder 
hatch from small eggs (1 – 2   mm) with a limited 
amount of yolk and have a short (2 – 6 days) 
yolk sac absorption period (reviewed by 
Gawlicka et al.  2000 ). Atlantic halibut, hatch-
ing from larger eggs (3 – 3.5   mm) with greater 
yolk reserves, have a longer endogenous 
phase of nutrition that lasts for 46 – 50 days 
(280 – 320 degree - days at 6 ° C) (Gawlicka 
et al.  2000 ). The effect of variation in the 
initial egg size on the yolk consumption rate 
within a pool of females of the same species 
was examined in rainbow trout. The results 
showed that the stage of complete yolk 
absorption in 50% of the trout alevins was 
reached earlier in small - egg alevins than in 
big - egg alevins and the difference was 2.5 – 3 
days (Escaffre and Bergot  1984 ). The small -

 As discussed by Raciborski ( 1987 ), the 
caloric value of the sea trout ( Salmo trutta 
morpha trutta ) yolk sac exceeds that of alevin 
body by about 1   kcal, in agreement with 
earlier studies on rainbow trout (Kamler and 
Kato  1983 ). The higher caloric value of the 
yolk sac as compared with the salmonid 
alevin body is the result of differences in the 
ratio of protein and lipids. It can be con-
cluded that the yolk sac has higher caloric 
value per dry matter than the alevin body 
because the fi sh body contains less lipid and 
consists of many low - energy substances, 
including cartilage and bones forming the 
skeleton, and scales (Raciborski  1987 ). 
Moreover, it was observed that during sea 
trout development, the caloric value of the 
yolk sac did not change signifi cantly, even 
when its weight decreased; therefore, there 
must be a proportional utilization of proteins 
and lipids (Raciborski  1987 ). 

 The duration of endogenous nutrition is 
related to larval size (reviewed by Kamler 
 2002 ). The relationship of the time from 
hatching to fi nal yolk absorption ( τ  H – Re ) on 
the body length of newly hatched larvae 
(TL, mm) in marine, freshwater, and anadro-
mous fi sh (at 15 ° C) was described by the 
following equation:  τ  H – Re     =    4.76    +    1.3   TL, 
 n     =    88,  R  2     =    0.33,  P     <    0.0001 (Miller 
et al.  1988 ). 

 The fi ndings on yolk utilization rate were 
comprehensively reviewed recently by Kamler 
( 2008 ), so this section will be brief and will 
summarize this work. The energy budget of 
an organism with an endogenous source of 
energy can be defi ned by the following equa-
tion:  C  Y     =     P     +     R     +     U , where  C  Y  is the yolk 
energy consumed;  P  is the portion of energy 
invested in newly formed tissue;  R  is the 
energy expended in respiration, with no feces 
egested prior to the onset of external feeding; 
and  U  is the amount of energy excreted as 
nitrogen waste (Terjesen et al.  1997 ; Kamler 
 2008 ). In general, the yolk energy used ( C  Y ) 
and converted to tissue growth ( P ) can be 
determined from changes in the yolk and 
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tuate in terms of temperature, salinity, pH, or 
ionic composition (Heming and Buddington 
 1988 ). 

   6.6.3.1    Temperature 

 Temperature affects larval size during yolk 
sac absorption because it plays a dominant 
role in the effi ciency of yolk conversion into 
body tissues. For example, vendace 
( Coregonus albula ) larvae caught in deep 
(2 – 6   m) cold waters had larger yolk than 
larvae from the near - surface (0 – 2   m; 
Karjalainen and Viljanen  1992 ).  Ł uczy ń ski 
et al. ( 1984 ) also provided experimental evi-
dence for this temperature effect on larval 
size and yolk sac volume in vendace at hatch-
ing. Typically, the yolk absorption rate 
increases with temperature within the optimal 
species - specifi c temperature range. Yolk utili-
zation in nase, rainbow trout, chinook 
salmon ( Oncorhynchus tshawytscha ), spotted 
wolffi sh ( Anarhichas minor ), common 
pandora ( Pagellus erythrinus ), and mackerel 
( Scomber scombrus ) (Heming  1982 ; Kamler 
and Kato  1983 ; Klimogainni et al.  2004 ; 
Mendiola et al.  2007 ) accelerated with higher 
water temperatures. Yolk utilization rate for 
Atlantic salmon and brown trout alevins 
incubated at temperatures between 4 and 
12 ° C had a peak at 10 ° C. Yolk absorption 
effi ciency was 81% at 10 ° C, whereas at 4 ° C 
the yolk was converted to brown trout alevin 
tissues at 57% (Johns et al.  1981 ; Heming 
 1982 ). Higher effi ciency of yolk utilization 
for  Pagellus erythrinus  was observed at 18 ° C, 
with the highest rate of hatching and survival 
occurring at 18 – 21 ° C. Increasing growth rate 
in length was observed as temperature rose 
from 16 to 18 ° C and stabilized at 18 – 21 ° C 
(Klimogainni et al.  2004 ). In Nile tilapia, 
 Oreochromis niloticus , the gross yolk utiliza-
tion effi ciency was between 55.4 and 61.7%; 
effi ciency between hatching and maximum 
dry body weight was tempera ture depen-
dent between 24 and 30 ° C and ranged from 
55.4 to 61.7%. Rana ( 1990 ) noticed that at 

 egg alevins and big - egg alevins were from 
different populations, with no intrafemale 
differences. The value for overall rate of yolk 
absorption was 70%, from fertilization to the 
time of maximum body weight, for both 
alevin classes of rainbow trout (Escaffre and 
Bergot  1984 ). However, the relative rate of 
yolk absorption (%/day) was lowest in the 
largest eggs (1.4%/day in chum salmon, 
 Oncorhynchus keta ) and highest in the small-
est eggs (50.2%/day in bluegill sunfi sh, 
 Lepomis macrochirus ). Moreover, the mean 
relative yolk absorption rate (%/day) increases 
with time as development proceeds. The 
amount of energy consumed daily by an 
embryo is lower than in larvae between hatch-
ing and the larger swim - up stage, which are 
supplied with a more developed blood circu-
latory system and possess higher metabolic 
rates (activity). The absolute rate of yolk uti-
lization decreases after the swim - up stage as 
a result of the limited amount of yolk remain-
ing (Kamler  1992 ). In summary, the yolk con-
sumption rate is assumed to be dependent on 
initial egg size, amount of remaining yolk, 
and environmental factors (Jaworski and 
Kamler  2002 ).  

   6.6.3    Infl uence of  a biotic  f actors 
on the  r ate and  e ffi ciency of 
 y olk  a bsorption 

 Among the many extrinsic factors that infl u-
ence the rate and effi ciency of yolk absorption 
in fi sh larvae are temperature, light, oxygen 
concentration, and salinity. Species of vivipa-
rous fi sh or mouthbrooding fi shes are able to 
manipulate egg incubation conditions. The 
variation within the acceptable environmen-
tal conditions will depend on those parame-
ters experienced in the process of evolution of 
the species. In some species of fi sh, such as 
those in abyssal marine habitats, the environ-
ment is relatively constant, while in many 
freshwater and estuarine habitats, it may fl uc-
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   6.6.3.2    Light 

 In salmonids, yolk absorption effi ciency is not 
only maximized by dark conditions (Heming 
 1982 ) but is also affected by water exchange 
rates and substrate contour. Effects of light 
intensity on yolk absorption and develop-
ment of the digestive tract have been exam-
ined in common dentex larvae, and yolk sac 
volume at the onset of external feeding was 
largest (17.6    μ m 3 ) in total darkness and 
smaller (4.4    μ m 3 ) under constant illumination 
of 450   lux for 24 hours a day. For oil globule 
volume, the values were 1.95 and 0.56    μ m 3 , 
respectively (F í rat et al.  2003 ). However, data 
obtained for Atlantic salmon were not as 
unambiguous (Kamler  2008 ).  

   6.6.3.3    Xenobiotic  f actors 

 The yolk absorption rate is also delayed under 
xenobiotic infl uences. Yolk absorption in 
Northern pike larvae was inhibited by 
800    μ g/L Al concentrations (in acidic water at 
pH 5.25 during 10 days) and in roach larvae 
(at pH 5.75). In Mozambique tilapia 
( Oreochromis mossambicus ), yolk absorp-
tion was reduced during exposure to 0.2   mg/L 
Cd for 4 days. The same concentration of Cd 
or Cu or a mixture of both of these elements 
introduced during the embryonic stage of the 
common carp resulted in the reduction of the 
yolk absorption rate in comparison with carp 
larvae reared in pure water from the time of 
hatching (Kamler  2008 ). Oxygen saturation 
below 35% at both 5 and 10 ° C delayed yolk 
absorption in Atlantic salmon (Hamor and 
Garside  1977 ).  

   6.6.3.4    Salinity 

 Marine fi sh larvae have considerable species -  
and age - dependent variations in salinity toler-
ance ranges marked by reduced survival and 
developmental abnormalities at extreme 
salinities. Larvae of euryhaline fi sh species 

higher rearing temperatures, feeding com-
menced earlier. With increasing temperature 
from  − 1 to 7 ° C, the age at which 50% of 
Atlantic cod larvae absorbed their yolk 
decreased (Pepin et al.  1997 ). Summer fl oun-
der ( Paralichthys dentatus ) larvae, in con-
trast, showed no signifi cant differences in 
time of total yolk sac absorption at experi-
mental conditions of 5, 12, 16, and 21 ° C, as 
well as with temperature cycles 5 – 11, 11 – 16, 
and 16 – 21 ° C, but development rate was 
temperature dependent and increased with 
increasing temperature (Johns et al.  1981 ). 
This was not an exception, as these authors 
summarized, since there are several studies in 
which yolk – tissue conversion effi ciency and 
larval size at yolk sac stage were found to be 
independent of temperature over the entire 
range of thermal tolerance, that is,  Bairdiella 
icista  and yellowtail fl ounder ( Limanda fer-
ruginea ). The relatively small variation in uti-
lization effi ciency in the range of tolerated 
temperatures is due to the interaction between 
two processes: (1) the rate of increase in met-
abolic needs in the physiological temperature 
range, and (2) the shortening of development 
time with increase in temperatures. As a net 
result, the yolk utilization effi ciency may be 
near constant assuming that both processes 
change at the same rate (i.e., measured as Q 10  
values) in the physiological temperature 
range (Johns and Howell  1980 ). 

 It is obvious that the rate of yolk absorp-
tion depends on species - specifi c tolerance to 
water temperatures. Practically, however, the 
highest yolk utilization effi ciency occurs at 
the optimum temperature, the intermediate 
range, within the zone of tolerance. At the 
lower end of temperatures, yolk absorption 
increases, and further increases in tempera-
ture may be associated with a decrease in 
yolk utilization (Kamler  2008 ). Oil globule 
absorption appears to be more affected by an 
increase in temperature than yolk platelet 
utilization (reviewed by Heming and 
Buddington  1988 ).  
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Data are available on the acquisition of food 
molecules from the water via nonspecialized 
integument and via specialized external guts 
in oviparous fi shes, for example, hypertro-
phied and trailing guts in the form of extreme 
rectal extensions, and hypertrophic fi nfolds 
(planktonic mycotrophid larva of the lantern-
fi sh,  Loweina rara ; viviparous embiotocid 
striped surfperch,  Embiotoca lateralis ) (Balon 
 1986 ; Finn  2007a ). Information about 
absorptive feeding in oviparous fi shes and the 
proportions of nutrients provided has been 
recently enhanced (black rockfi sh,  Sebastes 
melanops ; Berkeley et al.  2004 ). However, in 
oviparous species, exclusive parenteral nutri-
ent acquisition cannot support fi sh growth. 

   6.7.1    Leptocephalous  l arvae: 
an  e xtraordinary  e xample of 
 a bsorptive ( p arenteral)  n utrition 

 Hulet ( 1978 ) provides an example of absorp-
tive feeding in the leptocephalous larva of the 
elopomorph teleost, bandtooth conger 
( Arisoma balaericum ). He argued that in this 
species the larvae have never been found with 
food in the gut and intestinal lumen. Pfeiler 
and Luna ( 1984 ) described metamorphosis in 
bonefi sh ( Albula  sp.) that has a leptocepha-
lous larva with a transparent, compressed 
body that is composed of a gelatinous matrix 
covering a thin layer of myomers. Although 
the yolk appears to be exhausted in fi sh less 
than 1   cm in body length, bonefi sh leptoceph-
ali commonly reach 5 – 10   cm at metamorpho-
sis. Also, food has not been found in the guts 
of these larvae. Pfeiler and Govoni ( 1993 ) 
concluded that low metabolic rates in  Albula  
sp. leptocephalous larvae, the poorly differ-
entiated gut, and high levels of FAA in the 
body, taken together, provide evidence for the 
epidermis and gut (water uptake) to be 
involved with taking dissolved organic mate-
rial (DOM) from seawater as the major nutri-
tional resource. On the contrary, Mochioka 

tolerate a wide range of salinities (summa-
rized by Lein et al.  1997 ). However, in 
Atlantic halibut, 39 ‰  (parts per thousand 
[ppt]) reduced the survival of larvae trans-
ferred from 35 ‰  immediately after hatching 
or 49 days later (at fi rst feeding). Although 
there were signifi cant increases in yolk sac 
volume with increased salinity, larval dry 
weight was not affected (Lein et al.  1997 ).  

   6.6.3.5    Locomotory  a ctivity 

 Locomotory activity causes an increase in 
energy expenditure and results in the accel-
eration of yolk absorption rate as was shown 
for zebrafi sh yolk sac larvae and Atlantic 
salmon (reviewed by Kamler  2008 ). The 
reduction in yolk reserves slows down the 
yolk absorption rate in rainbow trout, nase, 
common carp, tench ( Tinca tinca ), and 
African catfi sh. Simultaneous transition to 
exogenous feeding, so - called mixed feeding, 
slowed the rate of yolk absorption in walleye 
pollock and sea trout. However, in other 
species, an excess of exogenous food increased 
the yolk absorption rate.    

   6.7    Nonyolk  n utrient  s ources 

 In contrast to the endogenous nutrition phase, 
absorptive feeding supplies nutrients, such as 
minerals and amino acids, from the external 
environment or ovarian fl uid and is common 
in oviparous as well as viviparous fi shes 
(Balon  1986 ). Teleost embryos and larvae are 
able to take up dissolved organic matter, such 
as pyruvate, acetate, glycine, glucose, and 
albumin, from the surroundings, along with 
the endogenous yolk reserves (Heming and 
Buddington  1988 ). However, optimum 
surface area – to – volume ratio is a prerequisite 
for this type of nutrient acquisition. Organs 
that are involved in nutrient uptake include 
the body surface (transepidermal transport), 
fi nfold structures, appendages, and spines. 
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   6.7.3    Water  a bsorption 

 Kamler ( 2008 ) emphasized that the moisture 
in fi sh eggs is relatively low, but in compari-
son with reptiles and birds, fi sh larvae that 
use yolk increase environmental water absorp-
tion after hatching. For example, newly ovu-
lated (spawned) common carp eggs contain 
 ∼ 69% water, while larvae at the end of yolk 
absorption contain  ∼ 85.5% water. Unfertilized 
eggs of nase contain 67.9% water, and higher 
moisture levels are found in larvae near the 
completion of yolk absorption (86.2, 86.4, 
85.9, and 86.2% after incubation at 10, 13, 
16, and 19 ° C, respectively) (Kamler  2008 ).   

   6.8    Mixed  f eeding  s tage 

 Balon ( 1986 ) introduced the term  “ mixed 
feeding, ”  which refers to any combination of 
nutrient acquisition, endogenous, absorptive, 
or exogenous. At this stage, endogenous 
feeding is supplemented by nonyolk (paren-
teral, absorptive) nutrient uptake (Balon 
 1986 ). The duration of mixed feeding varies 
widely among fi sh species. 

   6.8.1    Duration of  m ixed  f eeding 

 Several marine species hatch in an advanced 
stage with respect to feeding ability, with 
open mouths and well - differentiated alimen-
tary tracts, and are capable of feeding shortly 
after hatching. In Atlantic cod, haddock, 
Japanese sandeel ( Ammodytes personatus ), 
and turbot, the time from hatching to the 
beginning of exogenous feeding is shorter 
than from fi rst feeding to completion of yolk 
and/or oil globule. The ratio of these periods 
for these four species is 1:6, 1:6, 1:3.5, 
and 1:2, respectively (reviewed by Kamler 
 1992 ). Larvae of whitefi sh ( Coregonus fera ) 
are able to ingest external food 4 days after 
hatching, long before the yolk nutrients are 
used up (7   dph), with the oil globule present 

et al. ( 1993 ) were able to observe colored 
food (squid paste) intake and defecation in 
two species of leptocephalous eel larvae in 
captivity. 

 The hypothesis, therefore, as to the capa-
bility of utilizing dissolved organic matter via 
body surfaces in the case of species with lep-
tocephalous larvae is contradicted by theories 
based on (1) oligotrophic, open ocean water 
with insuffi cient nutrients, (2) the presence of 
aloricate (naked) ciliates and tintinnids that 
after ingestion would not leave fecal material, 
(3) the presence of a set of fanglike teeth, 
suggesting these larvae may eat food, and (4) 
the fact that zooplanktonic particles have 
been found in the gut of leptocephalous 
larvae reared in aquaria (Sanderson and 
Kupferberg  1999 ). Moreover, leptocephali in 
the ocean were found to have ciliates, larva-
cean houses (Otake et al.  1993 ; Mochioka 
and Iwamizu  1996 ), and particulates includ-
ing copepod fecal pellets (Otake et al.  1993 ; 
Mochioka and Iwamizu  1996 ) in their ali-
mentary canals.  

   6.7.2    Uptake of  FAA  

 Uptake of  14 C - labeled amino acids (alanine) 
from the ovarian fl uid and/or external envi-
ronment was observed in blenny fi sh,  Zoarces 
viviparus , embryos and larvae (Korsgaard 
 1992 ). In yolk sac larvae of Atlantic halibut, 
the uptake of FAA from seawater was found 
to be positively correlated with FAA concen-
tration in the range of 5 – 200    μ M. The authors 
estimated that at the low concentration of 
0.3    μ M FAA present in seawater, only 0.6% 
of the metabolic needs of the fi sh larvae could 
be satisfi ed (R ø nnestad et al.  1993 ). There is 
also evidence that at least some of the uptake 
of exogenous nutrients from natural seawater 
may result from direct drinking. Kamler 
( 2008 ) concluded that parenteral contribu-
tion of soluble nutrients to the total energy 
needs of fi sh embryos and yolk sac larvae is 
negligible.  
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hamper development of the juvenile, or its 
growth and survival. This phenomenon seems 
to be particularly relevant in the early ontog-
eny of cichlids. As Balon ( 1986 ) indicated, 
longer periods of mixed feeding result in a 
more secure nutrient supply and allow for 
feeding specialization in particular niches. 

 A mixed feeding phase affects increased 
growth, survival, and development by neu-
tralizing any potential defi cit in nutrient pro-
vision prior to completion of yolk absorption 
and allows a continuous dependence on 
endogenous yolk reserves during the  “ learn-
ing period ”  in transition to exclusively exog-
enous feeding (Sanderson and Kupferberg 
 1999 ). Thus, for practical purposes, food 
should be offered to larvae when they attain 
feeding capability (Kamler  1992 ). Larvae 
switch to an exogenous food supply, in the 
presence of the yolk reserves, when the ali-
mentary canal is functional, although struc-
tural and functional development continues 
from the juvenile to the adult form (Govoni 
et al.  1986 ). There are several steps that are 
crucial in the development (metamorphosis) 
process of the digestive system in fi sh larvae 
(see Chapter 1). The attainment of pancreas 
secretion function constitutes one such crucial 
step, followed by the onset of brush border 
membrane enzymes in the intestine (Ma et al. 
 2005 ). In turn, after the initiation of exoge-
nous feeding, there is regional gut differentia-
tion, the appearance of the goblet cells, a 
valve indicating the beginning of the rectum, 
and development of mucosal folds. However, 
the differentiation (specialization) of the 
digestive system occurs at metamorphosis and 
continues during the juvenile period (Bisbal 
and Bengston  1995 ). 

 As Kamler ( 1992 ) concluded, the adjust-
ment of larvae to exogenous food consists of 
two components, a behavioral and a physio-
logical one, since the larvae must accept 
external food and then process it. Baltic 
herring ( Clupea harengus pallasi ) larvae 
offered food earlier did not accept it until 3 
days after mouth - opening, and their growth 

for even 10 days longer (Loewe and Eckmann 
 1988 ). 

 However, yolk sac larvae of most freshwa-
ter species, for example, rainbow trout, 
brown trout, bluegill sunfi sh, and largemouth 
bass ( Micropterus salmoides ), are capable of 
mixed feeding during a short interval prior to 
complete yolk absorption, and the ratio of 
both periods is about 1.05 (i.e., Kj ø rsvik 
et al.  1991 ; Kamler  1992 ; Sanderson and 
Kupferberg  1999 ). In milkfi sh ( Chanos 
chanos ), barramundi ( Lates calcarifer ), and 
rabbitfi sh, the earliest food noticeable in the 
gut was at 78, 50, and 60 hours posthatch 
(hph), respectively, at rearing temperatures 
ranging from 26 to 30 ° C. That means that 
exogenous feeding begins 42 hours (milkfi sh), 
70 hours (barramundi), and 12 hours (rab-
bitfi sh) before the completion of the yolk 
resources (Bagarinao  1986 ). Many examples 
relate egg size, larval size, and time since the 
commencement of exogenous feeding to com-
plete yolk absorption in tropical marine 
fi shes, such as those from the genera  Siganus , 
 Mugil ,  Epinephelus , and species such as 
 Anchoa mitchilli ,  Archosargus rhomboidalis , 
and many others (reviewed and presented in 
an extended table by Bagarinao  1986 ).  

   6.8.2    Importance of  m ixed  f eeding 

 The duration and overlapping of feeding 
stages (endogenous, absorptive, and exoge-
nous) in fi sh ontogeny are decisive in estab-
lishing evolutionary advantage for species 
with  “ mixed feeding ”  over the species that 
 “ transition ”  without (or with limited) backup 
from another phase. For instance, yolk sac 
larvae/juveniles may have considerable, highly 
nutritious resources in the yolk, whereas 
orally ingested food and acquisition of nutri-
ents through digestive processes in the ali-
mentary tract may be only a complementary 
source of nutrients. In other words, a highly 
nutritious yolk supplemented with  “ tempo-
rarily ”  imbalanced exogenous food does not 
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for independent exogenous feeding. In both 
species at 3   dph, yolk reserves are completely 
depleted and the alimentary tract is differenti-
ated into buccopharynx, esophagus, pre -  and 
postvalvular intestine, and rectum (Bisbal and 
Bengston  1995 ; Gisbert et al. 2002,  2004 ). 
The completely developed stomach, with the 
main glandular region (fundic) and both 
nonglandular regions, the cardiac and pyloric 
regions, was not observed until 27 – 30   dph in 
California halibut, and at 31   dph in summer 
fl ounder (Bisbal and Bengston  1995 ; Gisbert 
et al. 2002,  2004 ). Gastric glands and pyloric 
ceca appear near metamorphosis, and for 
other fl atfi shes, these events occurs at the fol-
lowing time: 31   dph in turbot, later in yel-
lowtail fl ounder at 36   dph, and in Japanese 
fl ounder ( Paralichthys olivaceus ) at 40 –
 50   dph (Cousin and Laurencin  1987 ; Bisbal 
and Bengston  1995 ; Baglole et al.  1997 ). In 
sea bass larvae, mucosal folds and goblet cells 
in the esophagus appear between mouth -
 opening and completion of yolk absorption 
(Garc í a - Hern á ndez et al.  2001 ); the stomach 
is completely developed at 55   dph. Early cecal 
development in sharpsnout sea bream is 
detected from 10   dph, and the fi rst gastric 
glands appear at 30   dph (Figure  6.3 ; Micale 
et al. 2006;  2008 ). 

 These examples illustrate that the glandu-
lar stomach of fi sh larvae/alevins/ “ yolk sac 
juveniles ”  is developed much later than initial 
exogenous feeding (see also Chapter 1). 
Several authors have reported that the lack of 
gastric glands and, presumably, of a func-
tional stomach in fi sh prevented weaning 
them onto a commercial diet during the early 
life stages. This can be associated with  “ a 
disrupted cascade ”  of acidic (stomach) and 
alkaline (pancreas) proteases characteristic of 
a mature digestive mechanism involved in 
protein hydrolysis (Dabrowski  1984 ; Segner 
et al.  1994 ; Baglole et al.  1997 ). 

 For practical purposes, the larval or alevin 
stages can be divided into three groups 
according to alimentary tract morphology 
and enzymes secreted in the gut. Salmonid 

began to increase in 4 – 5 days after fi rst 
feeding. They prefer larger densities of prey 
(200 vs. 30 nauplii/dm 3 ; Pedersen et al.  1987 ). 

 Larvae of large yellow croaker 
( Pseudosciaena crocea ) start to feed exoge-
nously at 3   dph, when they have the bucco-
pharynx open, a partially differentiated 
esophagus, and an intestine divided into ante-
rior, middle, and posterior parts (Mai et al. 
 2005 ). A mixed feeding phase was observed 
for 3 days. As mentioned above, important 
morphological changes in the alimentary tract 
coincided with metamorphosis. Pyloric ceca 
differentiate as late as at 17   dph. The differ-
entiation of the stomach into three distinct 
regions and gastric gland development was 
observed at 21   dph in large yellow croaker. At 
the same time, large longitudinal folds 
appeared in the middle and posterior intes-
tines. These morphological features suggest 
that the digestive system of large yellow 
croaker attained characteristics of the juvenile 
at 40   dph (Mai et al.  2005 ). 

 Senegal sole larvae have a suffi ciently 
developed digestive system for successful fi rst 
feeding at 2   dph and the mixed phase of 
feeding is very short, as yolk reserves are 
exhausted by 3   dph. However, gastric glands 
in the stomach are distinguishable only at 
27   dph (Ribeiro et al.  1999 ). In turn, when 
the mouth is opened in sharpsnout sea bream 
at 3   dph, the digestive tract possess bucco-
pharynx, esophagus, developing stomach, 
and intestine; other organs of the digestive 
system are formed as well, including the pan-
creas, liver, and gallbladder, with both the bile 
and pancreatic duct opened into the anterior 
intestine. These larvae were able to ingest, 
digest, and absorb their fi rst exogenous food 
(4   dph) before endogenous yolk reserves were 
completely exhausted (8   dph; Figure  6.3 ) 
(Micale et al.  2008 ). Within the fi rst 3 – 4 days 
from hatching, at the onset of exogenous 
feeding, summer fl ounder and California 
halibut ( Paralichthys californicus ) complete 
morphological differentiation of the digestive 
tract, jaw suspension, and accessory organs 
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During the very long period of Atlantic 
halibut larval development, the exogenous 
phase of feeding begins at the age of 150 – 180 
degree - days (at 6 ° C) when about 30 – 50% of 
the yolk sac is still present (Kj ø rsvik and 
Reiersen  1992 ; Gawlicka et al.  2000 ). The 
digestive enzyme activities reached their 
highest values much later; trypsin at 230 
degree - days, lipase and alkaline phosphatase 
at 276 degree - days. Because the activity of 
alkaline phosphatase is associated with the 
capacity of extracellular nutrient absorption, 
high absorptive capacity of the intestine in 
Atlantic halibut yolk sac larvae is attained 
much later than when the fi rst exogenous 
feeding takes place (Gawlicka et al.  2000 ). 

 Despite these facts, there is the proof of the 
functional absorption of food in the intestine 
of fi sh larvae after fi rst feeding, for example, 
sea bass and summer fl ounder (Bisbal and 
Bengston  1995 ; Garc í a - Hern á ndez et al. 
 2001 ). The presence of vacuolar supranuclear 
inclusions in enterocytes with neutral lipids in 
the anteromedian intestine along with vesicles 
containing protein in the posterior intestine 
corresponds to absorbed lipid droplets and 
endocytotic protein uptake, respectively. 
Luminal digestion of lipids leads to absorp-
tion by enterocytes of FA and monoglycer-
ides. Inside the enterocytes, lipids are 
resynthesized and transported out of the cell 
as VLDL and chylomicrons (Sargent et al. 
 1989 ). Protein endocytosis and intracellular 
digestion in the posterior intestine represents 
a compensatory pathway for dietary protein 
utilization in teleost larvae, particularly in 
those with no developed gastric glands and 
slowly increasing pancreatic enzymatic system 
(Bisbal and Bengston  1995 ; Garc í a - Hern á ndez 
et al.  2001 ). This mechanism of digestion is 
well known to occur in many other teleost 
larvae (Rombout et al.  1985 ). 

 Histochemical differences observed in the 
esophageal mucus of different teleosts indi-
cate that goblet cells have more than a simple 
lubricating function — they also play a role in 
pregastric digestion since they contain neutral 

alevins appear to have a functional stomach 
with developed gastric glands before chang-
ing from endogenous to external food. 
Therefore, during early ontogeny, salmonids 
and other fi sh with a functional stomach 
(cichlids) usually can easily adapt to a dry, 
compound diet. In the ontogeny of the cichlid 
digestive tract, the small stomach is visible 
before yolk sac absorption is completed. The 
fi sh take external food when the stomach 
appears as a sizeable blind pouch at the left 
side of the intestine. The most numerous 
fi shes are probably those that have no func-
tional stomach or gastric glands in the larval 
stage but later develop digestive regions of the 
alimentary tract. The third group includes 
those that remain stomachless throughout life 
(Dabrowski  1984 ; Jaroszewska et al.  2008 ). 
The differentiation of the stomach and pyloric 
ceca can be linked to the transition from larva 
to juvenile; their appearance takes place in 
fi sh during or after metamorphosis (Garc í a -
 Hern á ndez et al.  2001 ). These authors 
observed granules of pancreatic zymogens, 
precursors of digestive enzymes, in Senegal 
sole larvae at 3   dph, 1 day after fi rst feeding. 
In Japanese eel, the pancreas starts to synthe-
size digestive enzymes at 6   dph and acquires 
full function by the onset of exogenous 
feeding at 8   dph (Kurokawa et al.  2002 ). 
These studies are in agreement with many 
others on teleost larvae, for example, turbot, 
yellowfi n tuna ( Thunnus albacores ), and 
striped bass, which showed that zymogene 
granules commonly appear in the pancreatic 
cells before or by the fi rst feeding (reviewed 
by Kurokawa et al.  2002 ). It is suggested that 
this activity is not enhanced by food and that 
alkaline protease activity may play a compen-
satory function, replacing pepsin defi ciency 
during the fi rst stages of development in the 
absence of stomach (summarized by Moyano 
et al.  1996 ). 

 However, it is postulated that the presence 
of brush border peptidase activity in the 
larval intestine is not suffi cient for digestion 
of complex proteins (Ribeiro et al.  1999 ). 
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mucins (Murray et al.  1994 ). The presence of 
mucous cells in the esophagus in fi sh larvae 
is thought to be connected to the establish-
ment of exogenous feeding. Goblet cells in the 
esophagus have been described in sharpsnout 
sea bream, sea bream, Senegal sole, sole  Solea 
solea , yellowtail fl ounder, spotted sand bass, 
and sea bass larvae at the commencement of 
exogenous feeding (Figure  6.3 ; Boulhic and 
Gabaudan  1992 ; Sarasquete et al. 1995, 
 1996 ; Baglole et al.  1997 ; Garc í a - Hern á ndez 
et al.  2001 ; Pe ñ a et al.  2003 ; Micale et al. 
 2008 ). These cells may increase in function as 
they become more numerous throughout 
larval development. 

 The association between yolk sac absorp-
tion and development of the digestive system 
has been investigated in a few teleost larvae. 
This contribution contains only part of this 
information. The differences that appear 
between and within species refl ect variations 
in experimental conditions affecting larval 
development, and the results are of immense 
value to fi sh farming.   
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  Chapter 7 

Effects of  l arval 
 n utrition on 
 d evelopment  
  Elin     Kj ø rsvik   ,    Trina F.     Galloway   ,    Alicia     Estevez   ,     Ø ystein     S æ le   , 
and    Mari     Moren       

    7.1    Introduction 

 There are generally three different ways to 
become a fi sh juvenile (Pavlov  1999 ): by indi-
rect development (also called altricial), inter-
mediate development, and direct development 
(also called precocial). The transition from 
larval to juvenile form is characterized by a 
remodeling of all organ systems. Fish with 
direct development typically have a long 
embryonic period, and will have most of the 
juvenile characteristics when they start to eat. 
Fish with intermediate development, such as 
salmonids, may also have a long embryonic 
period and a relatively long period as yolk sac 
larvae (often called free embryo). Just as in 
fi sh with direct development, the yolk reserves 
are large, and the larva will have developed 
juvenile organ functionality when the yolk is 
absorbed. Fish with these types of develop-
ment have no or a very short larval period 

and may be fed formulated diets from their 
fi rst feed intake. 

 Our focus will be on fi shes with indirect 
development. Indirect development is charac-
terized by a larval stage adapted to a com-
pletely different environment and mode of life 
compared with their parents and the juvenile 
stage. Such fi sh larvae generally hatch from 
small eggs with little yolk reserves, and they 
are typically very small at the onset of fi rst 
feeding. In order to increase their chances of 
survival, small teleost fi sh larvae spend most 
of their resources on the development of 
organs associated with feed intake and swim-
ming movements (Osse et al.  1997 ). The 
larval stages are characterized by transient 
external characters, and the larva is so differ-
ent from the juvenile that the entire organism 
needs a complete reprogramming to adapt 
from one life stage to the next. This reprogram-
ming is often referred to as metamorphosis 
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quality of the food but also on the functional 
status of the digestive system (intestine, pan-
creas, and liver), and the interactions of the 
digestive and metabolic processes at different 
stages of development. The larval digestive 
organs are functional well before the fi rst 
uptake of exogenous feed (Hoehne - Reitan 
and Kj ø rsvik  2004 ). The intestine is respon-
sible for the digestion, absorption, and trans-
port of nutrients, and its ontogenetic 
development is described in Chapter  1 . The 
liver ’ s main digestive functions are formation 
and secretion of bile. The liver also functions 
in the intermediate metabolism of proteins, 
carbohydrates, and lipids and in the detoxifi -
cation of waste products and toxins. The exo-
crine pancreas is a main source of digestive 
enzymes for the intestinal hydrolysis of dietary 
nutrients before absorption by the gut epithe-
lium cells. 

 The focus here will be on the suitability of 
nutritional indicators, such as digestive his-
tology and enzyme activities, to evaluate 
functional larval development. 

   7.2.1    Nutritional  b iomarkers 

   7.2.1.1    Histology 

 Histology is commonly used in larval studies 
to describe nutritionally induced developmen-
tal changes and pathology of the liver, pan-

and is the sum of changes from larval to juve-
nile characteristics. In some species the 
numerous changes are synchronized in time, 
and in others they are more spread out (Figure 
 7.1 ), which is referred to as heterochrony. 
However, this remodeling process is highly 
dependent on environmental and nutritional 
factors during the larval stage.   

 The larval stage is more than a way to 
become a juvenile; larvae also have anatomi-
cal adaptations to their habitat and food. For 
example, the body shape provides a high 
surface - to - volume ratio, allowing cutaneous 
respiration. The lack of scales and often sparse 
pigmentation render the pelagic larvae practi-
cally invisible. The gastrointestinal system is 
not fully developed, as the larvae, for example, 
lack a functional stomach. On the other hand, 
larvae in the wild have no need for a stomach 
since the copepod prey are rich in free amino 
acids. The larval stage is a vulnerable and 
highly specialized stage of life, evolved to 
survive in its natural habitat, and herein lie the 
challenges of culture: recognizing the particu-
lar nutritional and environmental needs of differ-
ent species at a given stage of development.  

   7.2    Nutritional  i ndicators of the 
 d igestive  s ystem 

 The capability of fi sh larvae to develop and 
grow depends not only on the quantity and 

     Figure 7.1     Heterochrony during the larval period. The fi rst developmental periods in the life cycle of indirect develop-
ing fi sh: embryo (inside the egg); yolk sac larvae (also referred to as free embryo); larvae (exogenous feeding); and 
juvenile (small adult in form and function). 1 – 5 represents the presence of juvenile or adult morphological characters 
in a species with a distinct metamorphosis (a) versus a species with a gradual change (b). During the larval period, 
numerous organs change from a larval type to adult, for example, myosin in muscle (2), red blood cells (3), and matura-
tion of the intestinal cells (4). Other systems appear for the fi rst time, for example, the stomach (5). Most larvae are 
visual predators, but the timing of appearance of rods (1) varies between species.  
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establishment of an effi cient brush border 
membrane digestion thus represents a devel-
opment toward the adult mode of digestion 
in enterocytes (Henning et al.  1994 ). 

 Isolation of several key genes related to 
larval feed ingestion, digestion, and assimila-
tion processes has improved our knowledge 
of how genes may be differentially regulated 
in response to nutritional status (e.g., Murray 
et al.  2003 ; Morais et al.  2004, 2007 ; Perez -
 Casanova et al.  2004, 2006 ; Marza et al. 
 2005 ; Terova et al.  2007, 2008 ; Zambonino 
Infante and Cahu  2007 ; Kadereit et al.  2008 ). 
However, expression of these genes is cur-
rently not established as biological markers 
of larval nutritional condition, although there 
is a large potential in using these tools.   

   7.2.2    Liver 

 The liver (hepatic) energy stores respond 
rapidly to nutritional changes in fi sh larvae. 
Starvation and malnutrition in fi sh larvae can 
be observed in liver tissue as cellular changes 
and resorption or accumulation of glycogen 
and lipids. These hepatic changes seem more 
governed by nutritional factors than by devel-
opmental sequences. 

 However, the developmental patterns of 
glycogen storage in the liver seem very differ-
ent between species (Hoehne - Reitan and 
Kj ø rsvik  2004 ). In larvae of gilthead sea 
bream and walleye, the liver accumulated gly-
cogen during the endotrophic phase, accumu-
lation decreased sharply during the mixed 
feeding stage, before being restored after 
feeding was established (Mani - Ponset et al. 
 1994 ; Guyot et al.  1995 ). Vernier and Sire 
 (1986)  also reported increasing glycogen 
storage in rainbow trout liver cells before 
hatching, and it increased steadily during 
development. In Atlantic cod ( Gadus morhua ), 
hepatic glycogen was only observed during 
the exponential growth period, well after 
yolk resorption (Kj ø rsvik et al.  1991 ; Wold 
et al.  2009 ). 

creas, and intestine (see, e.g., Segner and 
Juario  1986 ; Theilacker  1986 ; Theilacker and 
Watanabe  1989 ; Kj ø rsvik et al.  1991 ; Segner 
and R ö sch  1998 ; MacQueen Leifson et al. 
2003a,  2003b ; Bransden et al.  2005 ; Morais 
et al.  2006 ; Gisbert et al.  2008 ). A few studies 
have also used three - dimensional stereologi-
cal techniques (Howard and Reed  1998 ) to 
quantify characteristics of the liver in turbot 
larvae (Segner and Witt  1990 ; Segner et al. 
 1994 ; Fontagn é  et al.  1998 ) and developmen-
tal and dietary effects on gut and liver in cod 
larvae (Wold et al.  2008, 2009 ).  

   7.2.1.2    Digestive  e nzyme  a ctivity 

 Digestive enzyme activity is another com-
monly used indicator of nutritional condi-
tion. Small, pelagic fi sh larvae seem to possess 
the most important, if not all, pancreatic 
digestive enzymes before exogenous feeding 
starts. Of these, the bile salt – dependent lipase, 
a carboxylester lipase, is the most important 
digestive lipase in fi sh (Patton et al.  1975 ; 
Tocher and Sargent  1984 ; Lie and Lambertsen 
 1985 ; Gjellesvik  1991 ; Gjellesvik et al.  1992 ). 
Trypsin is another key enzyme, which acti-
vates other enzymes by cleavage and which is 
itself activated by an enterokinase from the 
intestinal enterocytes and by active trypsin 
(Hjelmeland et al.  1984 ; Brannon  1990 ; 
Rust  2002 ). The digestive process is sup-
ported by intestinal and gastric enzymes, 
which develop later during larval develop-
ment and metamorphosis. 

 The absence of gastric digestion in fi sh 
larvae has led to the suggestion that intracel-
lular digestion is important for fi rst - feeding 
stomachless fi sh larvae (Govoni et al.  1986 ). 
High activity of intracellular digestive enzymes 
is observed early in larval ontogeny 
(Zambonino Infante et al.  1996 ; Cahu et al. 
 2003a ; Mai et al.  2005 ), and the cytosolic 
enzyme activity progressively decreases with 
larval growth when activity of the brush 
border membrane enzymes increases 
(Zambonino Infante and Cahu  2001 ). The 
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reticulum (RER) and Golgi apparatus became 
poorly developed in larvae fed suboptimal 
diets (R ö sch and Segner  1990 ; Segner et al. 
 1993 ). These structures are involved in 
hepatic protein synthesis and secretion, and 
indicate a lower hepatic metabolic activity 
and protein synthesis than in more rapidly 
growing larvae fed optimal diets. Increasing 
hepatocyte nucleus size may be attributed to 
higher exchange rates between the nucleus 
and the cytoplasm, thereby denoting higher 
metabolic activity (Ghadially  1997 ).   

 Swollen mitochondria in hepatocytes and 
enterocytes is described as a sign of starvation 
or malnutrition in fi sh larvae caused by auto-
lytic bile emptied into the liver (Diaz et al. 
 1998 ; MacQueen Leifson et al.  2003a ). 
Hepatocyte mitochondria in cod larvae fed 
marine phospholipids (PLs) were more elec-
tron dense and contained a denser intermem-
branous matrix than in larvae fed vegetal PL 
(Wold et al.  2009 ). Therefore, both the liver 
nuclei and mitochondria are found to be sen-
sitive indicators of larval nutritional status.  

   7.2.3    Pancreatic  d igestive  e nzymes 

 In fi rst - feeding larvae, total synthesis, content, 
and activity of digestive enzymes increase 
exponentially if they receive diets that support 
their growth and nutritional requirements 
(Izquierdo et al.  2000 ; Zambonino Infante 
and Cahu  2001 ; Hoehne - Reitan and Kj ø rsvik 
 2004 ). 

 During early developmental stages, the 
synthesis and secretion of pancreatic enzymes 
seems to be related to ingestion rates or 
amount of prey eaten (Hjelmeland et al.  1988 ; 
Pedersen and Andersen  1992 ; Zambonino 
Infante et al.  1996 ; Hoehne - Reitan et al. 
 2001 ). Secretion of pancreatic juice is regu-
lated by hormonal stimulation, principally by 
secretin, cholecystokinin (CCK), and gastrin, 
and also by neuronal stimuli (Slack  1995 ; 
Chapter  9 ). CCK - positive cells have been 
observed in the marine pelagic halibut larvae 

 Accumulation of lipid droplets and 
enlarged mitochondria in the hepatocytes has 
been observed when dietary composition is 
suboptimal (Bransden et al.  2005 ; Gisbert et 
al.  2005 ; Morais et al.  2006 ; Wold et al. 
 2009 ). A defi ciency of (n - 3) highly unsatu-
rated fatty acids (HUFA) generally results in 
increased lipid content in the larval liver 
(R ö sch and Segner  1990 ; Salhi et al.  1997, 
1999 ). Higher levels of lipid accumulation in 
hepatocytes and enterocytes has also been 
observed in several species when larvae were 
fed increasing levels of dietary neutral lipids 
(NL) (Fontagn é  et al.  1998 ; Salhi et al.  1999 ; 
Gisbert et al.  2005 ). 

 The hepatonuclear size seems to be the 
most sensitive and dynamic parameter to 
monitor nutritional status in fi sh larvae 
(Figure  7.2 ), and it was recently found to be 
directly related to larval growth rates and not 
to larval size in cod (Wold et al.  2009 ). Fish 
larval hepatocyte and nucleus sizes generally 
decrease due to starvation and malnutrition 
(Appelbaum et al.  1986 ; Escaffre and Bergot 
 1986 ; Segner et al.  1988 ; Str ü ssmann and 
Takashima  1990 ; Fontagn é  et al.  1998 ; Diaz 
et al.  1998 ). Also, the rough endoplasmatic 

     Figure 7.2     Cod larva liver, 39 days posthatch (dph), after 
weaning to formulated diets from 17 dph. The size and 
structure of the nuclei and mitochondria seem to be 
among the most sensitive parameters for larval nutritional 
status. Bar    =    10    μ m.  
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synthesis and a starvation - induced intracel-
lular degradation of pancreatic tissue.  

   7.2.4    Intestinal  e nzymes and  g ut 
 m aturation 

 Digestive capacity depends not only on diges-
tive enzyme activity but also on the functional 
development of the gut, and the gut matura-
tion process is known to be affected by dietary 
factors (Zambonino Infante and Cahu  1999, 
2007 ). 

 Enterocyte morphology in fi sh larvae is 
infl uenced by developmental stage and dietary 
composition, and it also refl ects the larval 
nutritional condition. In cod larvae, entero-
cytes are small and contain few and poorly 
developed mitochondria during the earliest 
feeding, and the number of enterocytes and 
their energetic capacity increases concurrently 
with the onset of exponential growth (Figure 
 7.3 ; from Wold  2007 ). Pathological effects 
are swollen mitochondria (MacQueen Leifson 
et al. 2003a,  2003b ) and reduced epithelium 
height due to starvation and suboptimal 
feeding (Oozeki et al.  1989 ; Theilacker and 
Watanabe  1989 ; Kj ø rsvik et al.  1991 ; Segner 

during the fi rst - feeding period (Kamisaka 
et al.  2001 ). 

 The mechanism behind pancreatic responses 
to food intake and diet composition in larval 
fi sh is not clear, but there seems to be an 
independent regulation of pancreatic enzymes 
(P é res et al.  1998 ; Hoehne - Reitan et al.  2003 ). 
The regulation of pancreatic secretion accord-
ing to diet quality becomes functional during 
the fi rst month of life in several species (Cahu 
and Zambonino Infante  1994, 1995 ; P è res 
et al.  1996 ; P é res et al.  1998 ; Ribeiro et al. 
 1999 ; Buchet et al.  2000 ; Izquierdo et al. 
 2001 ; Zambonino Infante and Cahu  2001 ). 

 The dietary composition is suggested to 
regulate enzyme synthesis on the transcrip-
tional level in larval sea bass, whereas the 
food ration is proposed to regulate the syn-
thesis on the translational level since only 
enzyme activities, and not mRNA levels, were 
affected by ration (P é res et al.  1998 ). The 
weaning process, suboptimal diets, and star-
vation result in a reduced content of pancre-
atic enzymes in fi sh larvae (Pedersen et al. 
 1987 ; Hoehne - Reitan and Kj ø rsvik  2004 ; 
Engrola et al.  2007 ; Zambonino Infante and 
Cahu  2007 ), which is probably due to a com-
bination of differentially regulated enzyme 

     Figure 7.3     Intestinal cell (enterocyte) maturation during larval development. Assays of the intestinal enzyme activities 
seem to be good indicators of larval developmental status, and thus, they are good criteria for the evaluation of the 
dietary responses during early ontogeny  (from Wold  2007 ).   

Enterocytes (immature)                       Enterocytes (mature)  

= Brush border
= Mitochondrium
= Intracellular enzymes
= Brush border enzymes
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the same shape as the future bone. Centers of 
ossifi cation occur inside the cartilage (endo-
chondral ossifi cation) or in the perichondrum 
surrounding the cartilage (perichondral ossi-
fi cation). Eventually, the cartilage will be 
completely replaced by bone. 

 Dermal bone originates in the ossifi cation 
zones of the dermal connective tissue. It is 
derived directly from mesenchyme in the 
deeper layers of the dermis (intramembranous 
ossifi cation). Intramembranous ossifi cation 
appears to be more ancient than chondral 
ossifi cation (Morriss - Kay  2001 ). The frontal 
bones that play a key role in eye migration in 
fl atfi shes (S æ le et al.  2006a, 2006b ) are of 
dermal origin. The derivation of the frontals 
is not very clear, as they differentiate later 
than both cartilage and dermal bones of the 
viscerocranium (Morriss - Kay  2001 ). Different 
avian studies conclude differently; Noden 
 (1988)  describes the dermal skull roof to be 
of mesodermal origin, whereas later research 
traces its origin to the NC (Couly et al.  1993 ). 

 In chondral ossifi cation, the mesenchymal 
cells will form a cartilage model for the future 
bone. The formation of cartilage takes place 
in three stages: proliferation of the mesen-
chyme; condensation of the precartilaginous 
mesenchyme; and fi nally, the differentiation 
of the chondrocytes. When the cartilage is 
formed, cells in the central part of the carti-
lage become larger and start secreting a 
matrix more susceptible to invasion by blood 
vessels from the periosteum. These cells are 
called hypertrophic chondrocytes. When the 
cartilage matrix degrades, the hypertrophic 
chondrocytes die (apoptosis) and are replaced 
by osteoblasts introduced by the blood 
(Gilbert  1997 ).  

   7.3.2    Fish  s keletons and  t ypical 
 c haracteristics of  fi  sh  b one and 
 c artilage 

 The majority of teleost species have bone 
without osteocytes, termed acellular bone 

et al.  1993 ; Gisbert and Doroshov  2003 ; 
Gisbert et al.  2008 ).   

 Marine fi sh larvae seem to have high 
requirements for PLs (Izquierdo et al.  2001 ). 
Larvae fed diets with high levels of NLs or 
with low levels of PLs generally have an accu-
mulation of lipid vacuoles (steatosis) in the 
basal zone of the enterocytes, which indicates 
a reduced intestinal transport capacity of tria-
cylglycerides (TAG). The accumulation of 
lipid droplets may be explained by limitations 
in lipoprotein synthesis and chylomicrone 
assembly due to a defi ciency of PLs since 
supplementation of formulated diets with PLs 
alleviates this problem (Fontagn é  et al.  1998 ). 
If the essential n - 3 fatty acids are present in 
the dietary PLs, they are more effi ciently uti-
lized and result in a more rapid larval gut 
maturation (Cahu et al.  2003a ; Gisbert et al. 
 2005 ; Wold et al.  2007 ). PLs have an impor-
tant function in nutrient transport mecha-
nisms from gut epithelial cells to the blood 
(Izquierdo et al.  2001 ) and as components of 
all cell membranes (Sargent et al.  2002 ). A 
widely accepted hypothesis now is that fi sh 
larvae have limited capacity of PL biosynthe-
sis, and that dietary PLs therefore are neces-
sary for the formation and transport of 
lipoproteins (Tocher et al.  2008 ).   

   7.3    Skeletal  d evelopment 

   7.3.1    Cell  o rigins and  f unctions 

 There are three distinct embryonic origins 
of the skeleton: (1) the sclerotome, which 
forms the axial skeleton (Inohaya et al.  2007 ); 
(2) the lateral plate mesoderm, which forms 
the limb skeleton; and (3) the cranial neural 
crest (NC), which forms the branchial arches 
and the craniofacial bones and cartilage 
(Gilbert  1997 ). 

 Furthermore, there are two basic types of 
bones based on their development: Chondral, 
or substitute bone, develops from a cartilagi-
nous  “ model ”  or template with more or less 
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of the periosteum become osteoblasts that 
deposit bone matrix parallel with the central 
calcifi ed matrix, in this way building the bone 
layer by layer. 

 Remodeling of bone by osteoclastic activ-
ity is not only common in teleost fi sh, it is 
also necessary for growth (Witten and 
Villwock  1997a, 1997b ; Witten et al.  2000, 
2001 ). Tartrate - resistant acid phosphatase 
(TRAP) and cathepsin K (CATK) are the main 
lytic enzymes that resolve minerals in bone. 
The osteoclast forms a sealed compartment 
between itself and the bone surface, and the 
enzymes are activated by the excretion of 

(Meunier and Huysseune  1992 ; Figure  7.4 ). 
In addition to the absence of osteocytes, acel-
lular bone has smaller calcifi ed crystals and a 
greater amount of organic substance, presum-
ably collagen (Moss  1961 ). There is no mix 
of cellular and acellular bone in one skeleton 
(Meunier and Huysseune  1992 ). In general, 
cellular bone is found in less advanced groups 
of teleosts and acellular bone is found in 
advanced groups.   

 Compact mesenchymal cells form a perios-
teum around the osteoblasts and their calci-
fi ed matrix (hydroxyapatite salts) in both 
acellular and cellular bone. Cells on the inside 

     Figure 7.4     Schematic overview of some nutrients ’  effect on bone metabolism. Osteoblasts produce RANKL upon stimu-
lation from PGE2 and vitamin D. RANKL will then bind to RANK on osteoclasts, stimulating maturation and activation 
as well as inhibition of apoptosis. Production of the proteolytic enzymes TRAP and CATK are enhanced, and degrada-
tion of bone occurs, releasing IGF entrapped in the bone matrix. CATK is also upregulated by retinoic acid (vitamin A). 
IGF initiates the proliferation and maturation of osteoblasts. Preosteoblasts require upregulation of BMP4 and Runx2/
Cbfa1 and later osterix to become mature and active. Runx2 and osterix are upregulated by PGE2 and BMP4 is infl u-
enced by retinoic acid. Active osteoblasts deposit bone with IGF. The amount of IGF deposited may increase with 
higher levels of dietary n - 3 fatty acids. Osteoblasts may also produce a RANK inhibitor, named OPG, which bind RANK 
and therefore block the binding of RANK to RANKL, reducing osteoclast activity. While vitamin D is shown to upregulate 
both OPG and RANKL, PGE2 downregulates OPG production.  
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20 – 25 post fi rst feeding in halibut. There is a 
correlation between the position of the eyes 
and the osteoclastic modeling of the sur-
rounding dermal bones (S æ le et al.  2006a ).  

   7.3.4    Nutrients  k nown to  a ffect 
 s keletal  d evelopment 

 Several nutritional factors have been sug-
gested to play a role in skeletal development 
in fi sh (reviewed by Lall and Lewis - McCrea 
 2007 ), but few studies have been conducted 
with marine fi sh larvae to reveal the underly-
ing mechanisms. How nutrients affect skeletal 
development is not well understood (reviewed 
by Cahu et al.  2003b ). 

   7.3.4.1    Lipid -  s oluble  v itamins 
( A ,  D , and  K ) 

 The fat - soluble vitamins A, D, and K are 
known to affect bone growth and develop-
ment in fi sh as well as in terrestrial animals. 
Vitamin A (VA) has received most attention 
from larval researchers, probably because 
several studies have confi rmed the teratogene-
ity of excess VA (reviewed by Cahu et al. 
 2003b ). Immersing Japanese fl ounder larvae 
in relatively high concentrations of RA or 
retinol results in a high number of skeletal 
deformities (Takeuchi et al.  1998 ; Haga et al. 
 2002a, 2002b ). Villeneuve et al.  (2005a)  fed 
European sea bass larvae increasing levels of 
VA and observed a linear correlation between 
VA level and malformation rate. They linked 
this to alterations in expression patterns of 
the family of VA nuclear receptors (RXR α , 
RAR α , and RAR γ ). Copepods and unen-
riched commercial live feed contain insignifi -
cant levels of VA (Moren et al.  2005 ; Hamre 
et al.  2008 ), but both copepods and  Artemia  
have high levels of carotenoids, which are 
precursors of VA (Moren et al.  2002, 2004 ). 
Rotifers, on the other hand, contain little or 
no carotenoids (Hamre et al.  2008 ). Possibly 
VA - defi cient live prey can be avoided by 

protons to the compartment (Figure  7.4 ). 
Both mono -  and multinucleated osteoclasts in 
teleosts have been shown to function in this 
same way (Persson et al.  1995, 1998, 1999 ; 
Witten et al.  1999, 2000, 2001 ). 

 Most knowledge about ossifi cation is 
based on mammals, but increasing amounts 
of information on these processes in fi sh are 
emerging. In mouse Pax1 is essential for the 
development of the vertebral body and Pax9 
for the neural arches, but in medaka both 
Pax1 and Pax9 are needed for neural arch 
and vertebral body development (Mise et al. 
 2008 ). 

 Osteoclast proliferation and activation is 
controlled by osteoprotegerin (OPG), the 
receptor activator for nuclear factor  κ B 
(RANK) and its ligand (RANKL) system. 
RANKL is the osteoclast differentiation factor 
expressed by osteoblasts (Figure  7.4 ), stromal 
cells (Khosla  2001 ; Boyle et al.  2003 ), and 
chondroblasts (Komuro et al.  2001 ). Retinoic 
acid (RA) directly upregulates osteoclast 
activity, partly regulating bone formation and 
metabolism (Harada et al.  1995 ), but the 
mechanism is unknown (Rohde and Deluca 
 2003 ). This system is not yet described in fi sh.  

   7.3.3    Eye  m igration in  fl  atfi sh 

 Eye migration in fl atfi sh is the most radical 
asymmetric development in any vertebrate. 
The complex remodeling of tissues is restricted 
to the area around the ethmoid plate and the 
eyes (S æ le et al.  2006b ). Other osseous asym-
metries such as those in the jaw are not unify-
ing in fl atfi shes in the same way as eye 
migration (Gibb  1997 ). The complexity of 
eye migration is due to the large array of dif-
ferent tissues involved and comprises their 
intricate interactions. Most striking is the 
interaction between cartilaginous elements, 
perichondral and dermal ossifi cation (S æ le 
et al.  2006a ). The fi rst sign of asymmetric 
growth is seen in the dorsal parts of the 
ethmoid plate and takes place around day 
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which in turn is required for mineralization 
to occur (Gavaia et al.  2006 ). Little data exist 
on marine fi sh larvae, although vitamin K 
defi ciency has resulted in vertebral deformi-
ties in haddock juveniles (Roy and Lall  2007 ) 
and in killifi sh ( Fundulus heteroclitus  L.) 
(Udagawa  2001 ).  

   7.3.4.2    Lipids and  f atty  a cids 

 The dietary lipid quantity, lipid class, fatty 
acid composition (in particular the ratios 
between arachidonic acid [ARA] and eicosa-
pentaenoic acid [EPA] and docosahexaenoic 
acid [DHA]), and lipid peroxidation have 
proven to be important in relation to skeletal 
deformities in marine fi sh larvae (Cahu et al. 
 2003b ; Villeneuve et al.  2005b ; Lall and 
Lewis - McCrea  2007 ). By increasing the 
amount of PLs in the diet of European sea 
bass larvae from 3 to 12%, Cahu et al. 
 (2003b)  drastically reduced the incidence of 
malformations. On the other hand, high 
inclusion of EPA and DHA in the PL fraction 
(12%) produced a higher number of skeletal 
deformities in sea bass (Villeneuve et al. 
 2005b ). Incorporation of DHA and EPA in 
the diet PL fraction rather than in the NL 
fraction (1 and 3% DHA/EPA) enhanced the 
vertebral ossifi cation process in cod (Kj ø rsvik 
et al.  2009 ). Several aspects of the cellular 
mechanisms here are yet to be unraveled. 
Copeman et al.  (2002)  improved eye migra-
tion in yellowtail fl ounder with a diet low in 
ARA and high in DHA  +  EPA. The runt -
 related transcription factors (Runx) family 
are, together with bone morphogenetic pro-
teins (BMPs), essential regulators in osteo-
blast and chondroblast differentiation (Fisher 
and Pendergast  1997 ; Flores et al.  2004 ). 
These are again regulated by the prostaglan-
din PGE2, a derivative of ARA (Zhang et al. 
 2002 ; Nakagawa et al.  2006 ). Liu et al. 
 (2006)  discovered that the cyclooxygenase 
COX enzymes (converting ARA to PGE2) of 
brook trout had a much higher affi nity toward 
ARA compared with the COX enzymes of 

enrichment with VA or its precursors. More 
interesting than the known teratogenic effect 
of excess VA is that the dietary content of 
other nutrients can affect the expression of 
the VA - activated nuclear receptors. Villeneuve 
et al.  (2005b)  altered the expression of RAR α  
and RXR α  in European sea bass larvae by 
changing the PL level and composition in the 
diet. Mazurais et al. ( 2008 ) fed European sea 
bass larvae diets with different amounts of 
vitamin mixture (both water and fat soluble) 
and found that elevated expression of peroxi-
some proliferator – activated receptor  γ  
(PPAR γ ) coincided with low bone morpho-
genic protein 4 (BMP4) expression in larvae 
fed low levels of the vitamin mixture. The 
nuclear receptor PPAR γ  is highly expressed in 
adipocytes, while BMP4 is a bone morpho-
genic protein that is produced in osteoblasts. 
The larvae fed low levels of vitamins also 
exhibited a higher degree of deformities and 
a lower ratio of bone to cartilage compared 
with those fed higher levels, suggesting that 
high levels of PPAR γ  expression may have 
converted some osteoblasts into adipocytes 
and that this loss of osteoblasts caused the 
skeletal deformities. Which component or 
combination of vitamins that caused this is 
yet to be shown. 

 Vitamin D, or calcitriol, is a major osteo-
clast stimulator, but does so by stimulating 
osteoblasts, which in turn activates osteo-
clasts through the RANKL/OPG system men-
tioned above (reviewed by Witten and 
Huysseune  2009 ). This activation increases 
the release of calcium and phosphate from 
mineralized tissues in many, but not in all, 
investigated species (reviewed by Lock et al. 
 2009 ). Little or nothing is known about the 
effects of vitamin D in fi sh larvae, but it 
is most likely to give similar effects as in 
older fi sh. 

 Vitamin K is required for the function of 
calcium - specifi c binding proteins, often called 
Gla proteins due to the presence of  γ  -
 carboxyglutamate, or Gla, residues. Gla is 
essential for the production of osteocalcin, 
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the involvement of CCK (Koven et al.  2002 ; 
Kv å le et al.  2002 ; Cahu et al. 2003b,  2004 ). 
Apparently, if the larvae receive insuffi cient 
amounts of proteins or an unbalanced amino 
acid profi le, bone deformities appear. Whether 
this is due to impaired protein synthesis in 
general or whether it is bone specifi c is 
unknown. 

 Some persistent organic pollutants (POPs) 
are known to be strong endocrine disruptors 
and to be fatal for developing embryos, 
where most organs can be altered, including 
the skeleton. One example is dioxin 2,3,7,8 - 
tetrachlorodibenzo -  p  - dioxin (TCDD), which 
affects bone tissue, and it has been shown that 
osteopontin is downregulated in osteoblast 
cultures when TCDD is introduced (Wejheden 
et al.  2006 ). There are, however, few studies 
on the contents of POPs in larval diets. But 
by adding TCDD to  Artemia , which in turn 
were fed to medaka, Kim and Cooper  (1998)  
observed major deformities in craniofacial 
structures as well as other lesions such as 
multifocal hemorrhages, edema, and lack of 
swim bladder infl ation. Hence, there are 
potentially other dietary factors aside from 
nutrients that may play a major role in larval 
development.    

   7.4    Swimming  m usculature 

   7.4.1    Normal  d evelopment and 
 g rowth 

 In newly hatched larvae of, for example, the 
common carp ( Cyprinus carpio ), the axial 
skeletal musculature constitutes approxi-
mately 20% of the larval body volume 
(Alami - Durante  1990 ), increasing to 60% of 
the body volume in juveniles (Osse and van 
den Boogaart  1995 ). The axial musculature 
is thus the most rapidly growing tissue in 
larval fi sh. 

 Different skeletal muscle cell (fi ber) types 
are segregated to a much greater degree in 

human and bovine origin. An unbalanced diet 
(the level of ARA can often be too high com-
pared with EPA and DHA in enriched live 
prey) may give too high PGE2 levels. In rats, 
the bone formation decreased with increasing 
PGE2 levels (Watkins et al.  2000 ).  

   7.3.4.3    Minerals 

 Minerals are an important part of bone struc-
tures and are necessary in metabolic processes 
and signal transductions. Calcium (Ca), phos-
phorus (P), boron (B), zinc (Zn), copper (Cu), 
silicon (Si), vanadium (V), selenium (Se), 
manganese (Mn), and fl uorine (F) are known 
to affect either bone formation or mineraliza-
tion in terrestrial animals (reviewed by Beattie 
and Avenell  1992 ). A comparison of the 
mineral contents of enriched rotifers and 
 Artemia  with that of copepods revealed that 
the diets used in commercial rearing may have 
signifi cantly lower levels of P, Zn, Cu, Se, and 
Mn, as well as iodine (I) (Hamre et al. 2007, 
 2008 ). Atlantic cod larvae fed copepods 
contain higher levels of Cu, Se, Mn, and I 
compared with cod larvae fed enriched roti-
fers (Hamre, unpublished data). Roy et al. 
 (2002)  showed that haddock juveniles fed a 
P - defi cient diet (0.42% P in diet dry weight) 
had increased osteoclast activity and numbers, 
as well as a lower number of osteoblasts, 
compared with fi sh fed a diet with suffi cient 
levels of P (1.02% P in diet dry weight). This 
effect may be valid for the larval stages of 
marine fi sh species.  

   7.3.4.4    Other  d ietary  f actors 
 i nvolved in  s keletal  d eformations 

 There are a few studies that correlate certain 
essential amino acids (arginine and lysine) to 
the synthesis of insulin - like growth factors 
(IGFs) and collagen in osteoblasts in terres-
trial animals/cell cultures (Chevalley et al. 
 1998 ; Fini et al.  2001 ). The main focus in 
studies with marine fi sh larvae has been the 
bioavailability of dietary proteins and lately 
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of inner white fi bers (Figure  7.5 b). Both fi ber 
types are aerobic at hatching and have differ-
ent myosin isoforms from the adult muscle 
fi ber types (Hinterleitner et al.  1987 ). During 
larval development, the distribution pattern 
of adult muscle fi ber types, expression of 
adult myosin isoforms, and specialization of 
metabolism in the different fi ber types occur 
gradually (Hinterleitner et al.  1987 ). 

 Muscle tissue grows by hyperplasia (for-
mation of new fi bers) and hypertrophy 
(increase in size of existing fi bers). During the 
embryonic stage, the fi rst myotubes are 
formed by fusion of several myoblasts and 
are therefore multinucleated (Nag and Nursall 
 1972 ). The myotubes differentiate into muscle 
fi bers during or soon after formation, and 
produce contractile proteins, which eventu-
ally constitute the bulk of the fi ber volume. 
Multiplication by simple mitotic division 
is therefore virtually impossible. New muscle 
fi ber production (myogenesis) in larvae, juveniles, 

fi shes than in terrestrial vertebrates (Bone 
 1978 ). In adult fi shes, a lateral wedge of red 
muscle fi bers at the level of the horizontal 
septum is separated by a zone of intermediate 
fi bers from the white bulk of the muscle mass 
(more than 90%) (Figure  7.5 a). The red fi bers 
have slow contraction speeds, high mitochon-
drial and myoglobin content, a rich blood 
supply, and an aerobic metabolism, and they 
function during sustained swimming move-
ments (Bone  1978 ). The white fi bers have 
larger diameters than the red fi bers, low mito-
chondrial and myoglobin content, a poor 
blood supply, and an anaerobic metabolism. 
These fi bers are used during short bursts of 
high swimming speeds and rapidly become 
exhausted (Bone  1978 ). Pink or intermediate 
muscle fi bers operate at intermediate swim-
ming speeds (Scapolo and Rowlerson  1987 ) 
and are located between the red and white fi bers.   

 Newly hatched fi sh larvae have one layer 
of superfi cial red fi bers covering several layers 

     Figure 7.5     Schematic drawings showing the position of different muscle fi ber types in the tail of (a) an adult cod (40 – 50 
cm) and (b) a cod larva at the onset of fi rst feeding (approximately 4.5 mm standard length). W    =    white fi bers, P    =    pink 
or intermediate fi bers, R    =    red fi bers, H    =    horizontal septum, V    =    vertebra, IW    =    inner white muscle, SR    =    superfi cial 
red muscle layer, ms    =    medulla spinalis, nt    =    notochord  (from Galloway  1999 ).   
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muscle cells is specifi ed relatively much earlier 
in fi shes; adaxial cells (precursors of red 
muscle cells) are present only in fi sh embryos; 
hyperplasia occurs long after hatching in fi sh 
that reach a large fi nal size; fi shes are poiki-
lothermic; and in nature fi shes are often 
subject to marked seasonal fl uctuations in 
food supply, with conditions for growth 
varying throughout the year (Currie and 
Ingham  2001 ; Rowlerson and Veggetti  2001 ; 
Johnston  2006 ). 

 Myogenesis in fi shes that reach a large fi nal 
size occurs in three distinct phases: embryonic 
(the fi rst myotubes are formed in the embryo), 
stratifi ed (new myotubes are formed in dorsal 
and ventral growth zones during the late 
embryonic and early larval stages), and 
mosaic hyperplasia (new myotubes are formed 
between existing muscle fi bers and give rise 
to a mosaic of fi ber diameters during the late 
larval and juvenile and adult stages) 
(Rowlerson and Veggetti  2001 ). Figure  7.6  
(adapted from Johnston  2006 ) summarizes 

or adults arises from mitotic multiplication of 
myogenic progenitor cells (MPCs) that origi-
nate in the embryo (Koumans and Akster 
 1995 ). MPCs are also the source of additional 
nuclei for hypertrophic growth of existing 
muscle fi bers. Fish that grow to a large fi nal 
size (typical for many aquaculture species) are 
special in that they grow by hyperplasia 
during a large part of their adult life 
(Weatherley et al.  1988 ), whereas in terres-
trial vertebrates the number of skeletal muscle 
fi bers is fi xed at or shortly after hatching or 
birth (Goldspink  1974 ). 

 Most of our knowledge about the regula-
tion of myogenesis originates from an exten-
sive literature on mammals and other 
terrestrial vertebrates, which, given the con-
servative features of vertebrate genomes, 
probably is a good starting point for unravel-
ing the corresponding mechanisms in fi shes 
(Johnston  2006 ). However, one should be 
aware of the signifi cant differences between 
fi shes and terrestrial vertebrates — the fate of 

     Figure 7.6     Schematic description of the main events of myogenesis in teleost skeletal muscle. Explanation of the fi gure 
is given in the text  (adapted from Johnston  2006 ).   
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provide a signal for the remaining myogenic 
cells to form myotubes that mature into the 
bulk of inner fast white muscle fi bers (Devoto 
et al.  1996 ; Henry and Amacher  2004 ). White 
muscle differentiation is also thought to be 
regulated by fi broblast growth factors (fgfs), 
but it is unclear how this occurs (Ochi and 
Westerfi eld  2007 ). Fusion of myoblasts and 
differentiation into multinucleated myotubes 
is activated by myogenin (Rescan  2001 ). 
Once formed, the myotubes mature into 
muscle fi bers by initiating the production of 
muscle - specifi c contractile proteins, such as 
myosin heavy chain (MyHC) and myosin 
light chain (MyLC) (reviewed in Goldspink 
et al.  2001 ). The process of myogenesis during 
the stratifi ed and mosaic hyperplasia phases 
is very similar to that described for the embry-
onic phase. During the mosaic hyperplasia 
phase, MPC progeny can also fuse with 
mature muscle fi bers (myoblast – muscle fi ber 
fusion) in order to add nuclei to growing 
muscle fi bers and thereby maintain the volume 
of cytoplasm controlled by each nucleus 
within optimal limits. The regulation of fi ber 
size is thought to be controlled by signaling 
pathways involving IGFI and IGFII.  

   7.4.2    Nutritional  e ffects 

 It is well known that different diets for larval 
fi shes can create very different somatic growth 
rates between fi sh batches of the same genetic 
background (Claramunt and Wahl  2000 ), but 
few studies have focused on how muscle 
growth mechanisms in fi sh larvae are affected 
by nutrition. The onset of stratifi ed hyper-
plastic muscle growth follows shortly after 
the transition to exogenous feeding in several 
species (Rowlerson and Veggetti  2001 ). In 
experiments with larval African catfi sh 
(Akster et al.  1995 ), common carp (Alami -
 Durante et al.  1997 ), Atlantic cod (Galloway 
et al.  1999 ), pike perch (Ostaszewska et al. 
 2008 ), and pacu (Leit ã o et al.  2009 ), the diets 
which gave the best somatic growth rates also 

our current knowledge of the main events 
during myogenesis in teleost skeletal muscle.   

 Embryonic myogenesis starts during seg-
mentation of the embryo and is under the 
control of signals arising from structures 
neighboring the somites (Currie and Ingham 
 2001 ). Hedgehog proteins, particularly sonic 
hedgehog (Shh), represent the major signaling 
pathway in zebrafi sh myogenesis. Hedgehog 
genes are expressed in axial structures (fl oor 
plate and notochord) during myogenesis and 
are responsible for the maintenance of the 
early myogenic factors MyoD and myf - 5 in 
adaxial cells (Devoto et al.  1996 ; Blagden 
et al.  1997 ; Du et al.  1997 ; Coutelle et al. 
 2001 ). The presence of MyoD in adaxial cells 
of the presomitic mesoderm in many fi sh 
species shows that these cells are destined to 
become muscle cells very early in organogen-
esis (zebrafi sh, Weinberg et al.  1996 ; trout, 
Delalande and Rescan  1999 ; Xie et al.  2001 ; 
herring, Temple et al.  2001 ; gilthead sea 
bream, Tan and Du  2002 ; Atlantic cod, Hall 
et al.  2003 ; common carp, Cole et al.  2004 ; 
fl ounder, Zhang et al.  2006 ; Atlantic halibut, 
Galloway et al.  2006 ). MyoD and myf - 5 
induce the adaxial cells to become MPCs, 
which are committed to a myogenic lineage 
(Rudnicki and Jaenisch  1995 ). The MPCs are 
then activated by hepatocyte growth factor/
scatter factor and committed to fi nal differen-
tiation (Johnston  2006 ). A proliferation phase 
increases the number of active MPCs. MPC 
proliferation is controlled by positive (e.g., 
peptide growth factors) and negative (e.g., 
myostatin) signaling pathways (Buckingham 
 2001 ). Following proliferation, the MPC 
progeny initiate the differentiation program 
involving the expression of the myogenic 
regulating factors (MRFs) myogenin and 
MRF4 and MEF2 gene family members. 

 The adaxial MPCs fuse to form short myo-
tubes in a myoblast – myoblast fusion event 
and migrate to the surface of the somite, 
where they mature into superfi cial slow red 
fi bers (Devoto et al.  1996 ). The medial to 
lateral migration of the slow red fi bers may 



232 Nutritional Physiology

ferentiation in mice is controlled by amino 
acid suffi ciency and mTOR, which is a serine/
threonine protein kinase that regulates cell 
growth, proliferation, motility, survival, 
protein synthesis, and transcription (Erbay 
et al.  2003 ). This indicates that the mTOR –
 IGF axis is a molecular link between nutri-
tional levels and skeletal muscle development. 
It is likely that the amino acid composition of 
fi sh larval diets regulates muscle development 
and growth in many ways since most of the 
regulating factors (transcription factors, 
growth factors, etc.) as well as the contractile 
units are proteins, but little is known about 
how specifi c amino acids and protein regulate 
muscle growth in fi sh larvae. 

 Mammalian studies have shown that 
MPCs are able to transdifferentiate toward 
that of adipocytes, especially under the infl u-
ence of long - chain fatty acids (Grimaldi et al. 
 1997 ), but it is not known how this works 
in fi sh. 

 Since fi sh larvae are subject to fl uctuations 
in food supply, it is natural to speculate that 
nutrient availability will infl uence muscle 
fi ber recruitment and differentiation. Indeed, 
skeletal myoblast differentiation was inhib-
ited in mice exposed to restricted glucose 
availability (starvation) (Fulco et al.  2008 ). 
However, no such studies exist for fi sh larvae.  

   7.4.3    Other  f actors  a ffecting 
 m uscle  d evelopment and  g rowth 

 Fish muscle development, growth, and func-
tionality show great plasticity to changing 
environmental conditions such as tempera-
ture, salinity, oxygen concentration, pH, light 
availability, and water fl ow. Particularly, tem-
perature and dissolved oxygen concentrations 
determine the rate of myogenesis, the compo-
sition of subcellular organelles, the patterns 
of gene expression, and the number and size 
of muscle fi bers in fi shes. The plasticity of fi sh 
myogenesis to environmental changes was 
recently reviewed by Johnston  (2006) .   

gave the highest rates of muscle fi ber recruit-
ment, indicating that the myoblast prolifera-
tion phase may be prolonged in well - fed 
larvae. Suboptimal larval diets resulted in 
reduced rates of somatic and hyperplastic 
muscle growth, and sometimes even muscular 
atrophy and slower maturation (Leit ã o et al. 
 2009 ). However, at a given length, the larvae 
generally had similar numbers and sizes of 
white muscle fi bers. Indeed, there is generally 
a positive correlation between length and 
ontogenetic state within a fi sh species 
(Laurence  1979 ; Fuiman and Higgs  1997 ). 

 Most of our knowledge on the effect of 
nutrients on the regulation of somitogenesis 
and myogenesis arises from terrestrial verte-
brates. However, some information is avail-
able for fi shes. Several observations suggest 
that RA plays an important role during somi-
togenesis and myogenesis in fi shes. First, RA 
and its precursors have been detected in fi sh 
eggs from several species (zebrafi sh, Costaridis 
et al.  1996 ; chinook salmon, Li et al.  2005 ). 
In addition, retinaldehyde dehydrogenase 2 
(raldh2), the main RA synthesizing enzyme, 
and BCox, an enzyme converting provitamin 
A to retinal, are present in the early somites 
of zebrafi sh embryos (Begemann et al.  2001 ; 
Grandel et al.  2002 ; Lampert et al.  2003 ; 
Hamade et al.  2006 ). Also, RA receptors 
RAR and RXR are expressed in the somites 
of developing zebrafi sh (Joore et al.  1994 ; 
Jones et al.  1995 ; Kawakami et al.  2005 ). 
Finally,  MyoD  and  myogenin  expression have 
been shown to increase in somites of RA -
 treated zebrafi sh embryos, thereby promoting 
muscle formation and differentiation (Hamade 
et al.  2006 ). Defi ciencies in RA or its precur-
sors lead to defects in somite formation and 
downregulation of  myogenin  expression in 
quail embryos (Maden et al.  2000 ). 

 Myoblast differentiation and the regula-
tion of muscle fi ber mass (myotube matura-
tion and hypertrophy) are thought to be 
controlled by signaling pathways involving 
insulin - like growth factors (IGFI and IGFII). 
IGFII transcription required for myoblast dif-
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the pathway selected (Figure  7.7 ). Melanoblasts 
(chromatophore precursors) use a ventral –
 lateral pathway in fi sh, whereas neurogenic 
cells migrate ventrally along the neural tube, 
the differences in migratory behavior being 
determined by the expression of signaling 
molecules and receptors (reviewed by Harris 
and Erickson  2007 ; Kelsh and Parichy  2008 ).   

 In fi sh, six different types of chromato-
phores are recognized (Table  7.1 ), and only 
in the case of leukophores and cyanophores 
has the embryonic origin not been deter-
mined. Thus, a prerequisite for formation of 
pigment cells is the formation of the NC. The 
cells migrate from the NC, with a pleuripo-
tent character being specifi ed shortly after 
migration. According to Harris and Erickson 
 (2007) , a lineage switch occurs, by which NC 
cells are specifi ed fi rst as neuro/gliogenic cells, 
and later, some convert to the melanogenic 
fate. This event is controlled by two compet-
ing signaling molecules, the Wnts and BMPs, 
which specify melanocytes and neuronal and 
glial cells, respectively. Although most NC 
cells are specifi ed before migration, a few 
remain pleuripotent NC stem cells into adult-
hood. In mammals, the specifi cation of NC 
cells into melanoblasts (downstream of Wnt 
signaling) is regulated by several transcription 
factors, including  Mitf ,  Pax3 , and  Sox10 ; the 
fi rst one regulating melanogenesis and the last 
two regulating melanoblast specifi cation. 
 Mitf  is not only crucial for survival and speci-
fi cation of melanoblast but also affects mela-
nophore growth and survival and regulates 
the expression of the genes required for mela-
nogenesis, including tyrosinase and tyrosinase -
 related proteins 1 and 2 (TRP1, TRP2). Thus, 
 Mitf  expression is induced in NC cells at the 
time when melanoblasts are to be specifi ed, 
and  Mitf  expression in turn upregulates the 
other genes that confer melanophore charac-
teristics to the cell.  Mitf  and  Sox10  have also 
been found in zebrafi sh, with similar func-
tions to those found in mammals (Elsworthy 
et al.  2003 ). Once assigned, chromatophores 
migrate and differentiate. In the zebrafi sh, 

   7.5    Pigmentation 

   7.5.1    Normal  d evelopment 

 Pigmentation patterns in fi sh are very diverse, 
also for the larval stage. Pigmentation pat-
terns are formed during embryogenesis and 
have a camoufl age and predator avoidance 
role. The larval pigmentation patterns are 
replaced by the adult type at metamorphosis, 
after which it is more variable and has func-
tions ranging from camoufl age to courtship 
and warning coloration. Pigments are con-
tained within specialized cells in the skin 
known as chromatophores due to their ability 
to translocate intracellular pigment organelles 
in response to varied stimuli, lightening or 
darkening the overall appearance of the fi sh. 
Fish color changes have been studied since 
ancient times and are grouped into two cat-
egories, physiological and morphological 
color changes. The former are involved in 
quick changes caused by the immediate aggre-
gation or dispersion of pigmentary organelles 
within chromatophores in response to envi-
ronmental signals and/or stress. The latter, 
long - term changes resulting from the gradual 
decrease or increase in the number and/or size 
of chromatophores, are, for example, found 
after background adaptation. The mecha-
nisms regulating these changes (reviewed by 
Fujii  1993a, 1993b, 2000 ) are hormonally 
(melanocyte - stimulating hormone [MSH] and 
melanin - concentrating hormone [MCH]) and 
neurally (sympathetic innervation) controlled. 
All fi sh chromatophores, except for those of 
the pigmented retinal epithelium (which are 
derived from the outer neuroectodermal 
sheath of the eyecup), are derived from a tran-
sient embryonic tissue called the NC (Thomas 
and Erickson,  2008 ). The chromatophores 
are formed by a population of pleuripotent 
cells that migrate along defi ned pathways to 
specifi c sites of the embryo and give rise to a 
wide range of cell types (neurons and glias, 
endocrine cells, enteric ganglia cells, cranio-
facial cartilage and bone, etc.), depending on 
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     Figure 7.7     (a) Premigratory neural crest (NC) cells in the dorsal neural tube express  FoxD3 ,  Sox10 , and  Pax3 .  Sox10  
and  Pax3  continue to be expressed during the delamination and migration of melanoblast.  FoxD3  is downregulated in 
melanoblasts when they exit the neural tube.  Mitf  expression continues throughout melanoblast migration. As melano-
blasts migrate, other genes are upregulated at a different time. In birds and mammals, neuroblasts and glioblasts migrate 
in the ventral migratory pathway; in frogs and fi sh, melanophores are observed in both migratory pathways (from Thomas 
and Erickson  2008 ). (b) The expression of early markers ( Mitf ,  kit , and  Sox10 ) is followed by downregulation of  Sox10  
and an increase in  Sox9 , indicating differentiation processes.  Sox10  and  Mitf  act synergistically on the TRP2 promotor. 
EDN3 and WNT1 and WNT3 promote cell differentiation, resulting in mature chromatophores expressing the melano-
somal genes tyrosinase and TRP1 and melanocortin receptor 1 (MCR1), which mediate the activity of MSH, triggering 
melanin synthesis  (from Hamre et al.  2007 ).   
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   7.5.2    Nutrients  i nvolved 
in  p igmentation 

 One of the main problems in cultured marine 
fi sh, especially in the case of fl atfi sh, is the 
presence of abnormally pigmented individu-
als with low market value. In mammals, albi-
nism is characterized by the skin, hair, and 
eyes containing melanocytes that do not 
produce melanin, and it is associated with 
mutations in several genes (including tyrosi-
nase and TRP1 and TRP2) that are required 
for melanin synthesis. Pigmentation in fi sh is 
nutritionally controlled, with nutrients prob-
ably arresting the development of pigment 
cells at a specifi c stage in larval development 
and/or avoiding melanin synthesis (Guo et al. 
 2003 ). 

 Among the nutrients found to infl uence 
pigmentation success in fl atfi sh is VA, which 
is required for the development and mainte-
nance of the epithelial cells, mucous mem-
branes, and skin. High VA levels in live prey 
or in the rearing water enhances pigmenta-
tion, stimulating the development of adult -
 type chromatophores and inducing undesired 
cranial and spinal deformities (Dedi et al. 
 1997 ; Haga et al.  2002a ). In some cases, true 
ambicoloration occurs when the blind side of 
the fl atfi sh body is covered with all the chro-
matophore types with the same distribution 
as on the ocular side (Haga et al.  2005 ). 
Retinoids have also been described as 
hypopigmenting agents in mammals and are 

 sparse/kita  function and  touchtone/trmp7  
gene are known to be critical for migration 
of melanophores and survival (Kelsh et al. 
 2000 ; Kelsh and Parichy  2008 ).  Kit  ( sparse  
in fi sh) is essential for proper melanoblast 
differentiation.   

 Pigment patterns change markedly during 
the fi sh life cycle, in coordination with changes 
occurring in other traits. In the case of zebra-
fi sh, the pigment pattern at metamorphosis is 
completely remodeled from larval type to 
adult type including migration of melano-
phores, new melanophore formation, larval 
melanophore death, and inclusion of xanto-
phores and interstripe iridiophores (Kelsh 
and Parichy  2008 ). Similarly, in fl atfi sh, larval 
symmetrical pigmention patterns with big -
 sized melanophores change at metamorpho-
sis, in parallel with skull remodeling, eye 
migration, and 90 °  rotation of the body, into 
an asymmetric adult coloration. Adult small -
 sized melanophores appear in clusters around 
larval pigment cells, becoming densely dis-
tributed over the ocular side of the body 
(Seikai et al.  1987, 1993 ), whereas larval 
chromatophores disappear on the ocular and 
blind sides; the blind side being covered only 
with iridiophores. To form the adult pigmen-
tion pattern, not only do the appropriate 
chromatophores have to develop, but they 
have to be correctly organized through inter-
actions among chromatophores and at precise 
times and locations of chromatophore 
differentiation.  

  Table 7.1    Fish chromatophores. 

   Chromatophore     Color     Pigment organelle     Pigment  

  Melanophore    Black or brown    Melanosome    Melanin  

  Xantohpore    Yellow - orange    Pterinosome    +    carotenoid vesicles    Pteridines    +    carotenoids  

  Erythrophore    Red    Pterinosome    +    carotenoid vesicles    Pteridines    +    carotenoids  

  Iridiophore    Shiny silver or blue    Refl ecting platelet    Guanine crystals  

  Leukophore    Milky cream or white    Refl ecting platelet    Guanine crystals  

  Cyanophore    Electric blue    Cyanosome    ?  

 From Kelsh and Parichy  (2008) . 
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 “ staining, ”   “ spotting, ”  and  “ true ambicolor-
ation. ”  Ambicoloration has been described in 
wild and cultured fl atfi sh (Burton  1988 ) and 
has been considered to be induced by light and 
temperature during larval life (Dartner  1986 ), 
by demersal behavior in some Pleuronectidae 
(Norman  1934 ), by crowding during intensive 
culture (Takahashi  1994 ), and by problems 
with eye migration. In the case of cultured 
fi sh, the use of a sandy substrate helps avoid 
this problem (Stickney and White  1975 ). 

 In a recent review on pigmentation and eye 
migration in Atlantic halibut larvae, Hamre 
et al.  (2007)  tried to correlate all the factors 
involved in fl atfi sh metamorphosis (thyroid 
hormones), eye migration, and pigmentation 
(VA and fatty acids). All of them are ligands 
to specifi c nuclear receptors (TRs, RARs, 
RXRs, and PPARs) that modulate gene 
expression for some of the genes needed to 
produce a juvenile fi sh from a larva or a mela-
nophore from an NC cell. The establishment 
of body and organ axis and the mechanisms 
of asymmetric gene expression over the left –
 right axis might also be involved in both eye 
migration and pigmentation.   

   7.6    Conclusions and 
 r ecommendations 

 The transition phase between endo -  and exo-
trophic nutrition in fi sh larvae is a critical 
phase during their development since it is 
often also accompanied by low enzymatic 
activity, increased mortality, and reduced 
growth. The functional larval development 
seems to follow the larval growth pattern and 
food availability, but various nutrients such 
as the essential n - 3 fatty acids and VA may 
affect mechanisms regulating developmental 
sequences and may induce abnormalities. The 
development and maturation of regulatory 
mechanisms of synthesis and secretory 
responses seem to start during the transition 
phase, and larvae seem especially vulnerable 
to malnutrition at this earliest stage of feeding. 

used (all -  trans  RA) in topical application to 
reduce melasma. However, retionid action is 
mostly on keratinocytes, pigment transfer, 
epidermal turnover, and induction of desqua-
mation (Nair et al.  1993 ), phenomena not 
occurring in fi sh. 

 Fatty acids are required for membrane per-
meability and function and for neural and 
visual development. Dietary content of EPA 
(20:5n - 3) and DHA (22:6n - 3) and the 
DHA   :   EPA ratio have been found to correlate 
with normal pigmentation in turbot (Reitan 
et al.  1994 ), although no such effect could be 
found in a later study with turbot (Est é vez 
et al.  1999 ) and halibut. On the other hand, 
ARA (20:4n - 6) used for live prey enrichment 
reduced pigmentation success in turbot and 
halibut (McEvoy et al.  1998 ; Est é vez et al. 
 1999 ), yellowtail fl ounder (Copeman et al. 
 2002 ), Japanese fl ounder (Est é vez et al.  2001 ), 
and Senegalese sole (Villalta et al.  2005a ), 
with EPA addition slightly improving pigmen-
tation. Hence, the EPA   :   ARA ratio seems to 
be more important than the DHA   :   EPA ratio 
in improving the pigmentation pattern in fl at-
fi sh. Recent experiments with halibut using 
 Artemia  enriched with monoacylglycerol - rich 
oils have indicated a certain importance of 
DHA levels for halibut pigmentation (Hamre 
and Harboe  2008 ) not found for other fl atfi sh 
species (Villalta et al.  2005b ). The reasons 
why ARA induces pseudoalbinism are still 
unknown, although nutritional stress has 
been suggested by Sargent et al.  (1999) , con-
sidering the importance of ARA as an eicosa-
noid (prostaglandin) precursor. Villalta 
et al.  (2008)  found higher PGE and PGF pro-
duction in fi sh fed high dietary ARA, although 
no signifi cant differences could be found 
between albino and pigmented fi sh. In 
humans, Ando et al.  (2006)  found that lin-
oleic acid (but not arachidonic acid) decreased 
tyrosinase activity inside the melanocytes and 
reduced the synthesis of melanin. 

 A different problem to pseudoalbinism in 
fl atfi sh is the so - called ambicoloration that 
Norman  (1934)  classifi ed in three categories: 
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have better fl esh quality at harvest. Growth 
dispersion may result in cannibalism in some 
species and will increase operational costs of 
grading procedures. Differential growth in a 
given larval batch may depend on genetic 
factors and environmental and nutritional 
conditions. The differences in growth mecha-
nisms between slow and fast growers remain 
to be studied. 

 Considering all the factors involved in fi sh 
pigmentation, more research is needed to 
determine the relationship between dietary 
nutrients, melanin synthesis (tyrosinase activ-
ity), melanophore differentiation, and sided-
ness defi nition in marine fi sh. 

 Molecular approaches offer valuable and 
sensitive techniques that will certainly con-
tribute more in the future to fi nd controlling 
factors and developmental markers, espe-
cially when combined with established histo-
logical, immunochemical, and biochemical 
techniques.  
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  Chapter 8 

Bioenergetics of  g rowth in 
 c ommercially  i mportant 
 d eveloping  fi  shes  
  Ione     Hunt von Herbing    and    Meredith     Turnbough       

    8.1    Background and  o verview 
of  p roblems 

 For hundreds of years, fi sh from the ocean 
have provided the world with much of its 
protein. In the 1990s, the collapse of the com-
mercial fi shery in New England and the listing 
of Atlantic salmon as an endangered species 
created an acute shortage of fi sh and a critical 
need for alternative sources of protein. More 
recently, our growing awareness of climate 
change and its effect on fi sheries and aquacul-
ture has added further concern as to the sus-
tainability of commercial fi sheries and the 
development of sustainable aquaculture. 

 In 2004, about 75% (105.6 million tonnes) 
of the estimated world fi sh production was 
used for direct human consumption, and the 
remaining 25% (34.8 million tonnes) was 
processed into feeds, mostly fi sh meal and oil 
(FAO  2009 ), and 7.3 million tonnes was dis-

carded. Fish for nonfood purposes comes 
mostly from natural stocks of small pelagics, 
and some 90% of such catches were pro-
cessed into fi sh meal, with the remaining 10% 
being utilized directly for aquafeed or as feed 
for domestic livestock. Future projections 
predict increased demand for fi shery prod-
ucts, and it is evident that aquaculture will 
play a crucial role in satisfying that demand. 
The large quantity of fi sh entering the inter-
national fi sh trade will continue to keep fi sh 
prices relatively high, and this may compro-
mise access of the poor to adequate fi sh 
protein. 

 Aquaculture of cold - water fi shes is an 
alternative source of protein, and its share of 
the market has been steadily increasing as 
culture technologies of important cold - water 
species, such as Atlantic cod and halibut, 
improve. However, conversion of fi sh meal 
into high - quality protein is still ineffi cient, 
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cold - water species such as Atlantic cod, 
 Gadus morhua . In all fi shes, growth rates 
decrease from high values (20 – 50%/day) at 
the larval stage to lower values (1 – 5%/day) 
characteristic of juveniles and adults (Wieser 
 1995 ; Hunt von Herbing  2006 ). In adult fi sh, 
with lower growth rates, metabolic costs of 
growth account for about 40% of the energy 
content of newly synthesized tissue and rep-
resent a large amount of energy available 
(Pedersen  1997 ). How larvae fuel their high 
growth rates and whether they have higher 
energetic costs, or are more energetically effi -
cient, than adults is presently unknown. In 
Atlantic cod, a commercially important cold -
 water marine fi sh currently under intensive 
culture in the US market, growth rates can be 
as high as 30%/day in the larval stages under 
optimal conditions, but decrease to less than 
1%/day in the adult stages (Hunt von Herbing 
 2006 ). 

 A central axiom of nutrition physiology 
states that in animals, the rate of growth is 
directly proportional to the growth - related 
increment of the rate of oxygen consumption 
above maintenance (Wieser  1994 ). This 
axiom is true for juvenile and adult fi sh but 
may not hold above a critical level in fast -
 growing larvae, and growth and metabolism 
become uncoupled (Rombough  1994 ; Wieser 
 1995 ). At high growth rates, some species of 
fi sh larvae can experience  “ cost - free growth ”  
(Pedersen  1997 ). We do not understand the 
physiological basis for  “ cost - free growth, ”  
but two hypotheses have been suggested. The 
fi rst hypothesis states that as growth rate 
increases, the growth effi ciency also increases 
by decreasing the cost of synthesis of a unit 
protein. In the second hypothesis, energy sup-
porting metabolic functions such as mainte-
nance and/or locomotory activity is suppressed 
at high growth rates, and energy is directed 
to growth (Pannevis and Houlihan  1992 ; 
Wieser  1995 ; Wieser and Kauffman  1998 ). 
The former strategy may involve an increase 
in the effi ciency of protein deposition, analo-
gous to the reduction in the ATP cost of 

and new types of meal, as well new culture 
methods, are being developed to improve 
fi llet yield. For cold - water fi sh culture at high 
latitudes, temperature is one of the most 
important factors affecting growth and devel-
opment at all life history stages. Ninety - seven 
percent of all marine fi shes (temperate and 
tropical) produce planktonic larvae, which 
are temperature sensitive and have high 
growth rates (20 – 50%/day), as well as the 
highest cumulative mortality rates ( > 95%) of 
their entire life history. After metamorphosis 
from the larval to the juvenile stage, fi sh are 
more temperature tolerant, and growth and 
mortality rates decline dramatically. We have 
little understanding of the physiological pro-
cesses that facilitate changes in temperature 
sensitivity and/or responses to other environ-
mental variables such as oxygen concentra-
tion and pH throughout the life history of 
fi shes. This is particularly important now that 
increases in global temperatures of more than 
2 ° C have been predicted by 2050 (Moss et al. 
 2008 ). How these increases in temperature 
will affect fi sh populations is largely unknown, 
although some changes in distributions of fi sh 
populations have already been noted (Brander 
 2007 ). More important perhaps is the unpre-
dictability of how global temperature 
increases will affect the most sensitive of fi sh 
stages (embryonic and larval), as we still have 
only a rudimentary understanding of the 
effects of temperature on the metabolism 
of growth. Yet, robust bioenergetic models 
for fi sh early life history stages will likely 
help predict the subsequent survival or 
demise of adult populations under changing 
conditions.  

   8.2    Suboptimal  g rowth and 
 d evelopment:  l imiting  f actors 
for  p roductivity 

 The most signifi cant problem that limits fi sh 
productivity is suboptimal growth and devel-
opment in marine fi sh species, specifi cally in 
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ergetics can be understood as the way in 
which energy obtained from food is distrib-
uted among several metabolic compartments. 
This can also be expressed in the following 
general equation:

    

I R R R G G

E E E

= + + + +
+ + +
( ) ( )

(
s a f s g

f u s),     
(8.1)

  

where  I  is the ingested energy from food;  R  s  
is the standard metabolism;  R  a  is the active 
metabolism (maximal aerobic metabolism); 
 R  f  is the feeding metabolism (also called spe-
cifi c dynamic action [SDA] or food - induced 
thermogenesis [FIT]);  G  s  is somatic tissue 
growth;  G  g  is reproductive tissue growth; and 
 E  f ,  E  u , and  E  s  are energy lost to feces, urea, 
and ammonia, respectively. With respect to 
developing fi shes, and particularly larval 
fi shes, in which the reproductive organs are 
not developed, energy is not directed to 
reproductive activities and can therefore be 
preferentially directed to growth, probably 
accounting for the high growth rates during 
this stage. 

 Historically, studies of bioenergetics have 
focused on adults because larvae and juvenile 
fi shes are more diffi cult to work with, as they 
are fragile and easily killed. Metabolic mea-
surements in adult fi sh have been carried out 
at a variety of environmental conditions, by 
monitoring the difference in oxygen concen-
tration between water fl owing into and out 
of an animal chamber (respirometry), taking 
into account the fl ow rate through the 
chamber and the weight of the animal. This 
method allows the derivation of power per-
formance curves between respiration ( R ) and 
swimming speed ( U ):

    R R R aU Rb
u a s s.= − = −     (8.2)   

 Here  R  a  equals the active metabolic rate;  R  s  
equals the standard metabolic rate; and  U  
equals the swimming speed and  a  and  b  are 
constants. Power performance curves have 
been successfully derived for small juvenile 

protein synthesis found in trout hepatocytes 
at different temperatures (Pannevis and 
Houlihan  1992 ; Wieser  1994 ). As global tem-
peratures rise past those that are considered 
to be optimal for development and growth of 
fi sh embryos and larvae, two possibilities 
arise that would affect larval growth rates 
and bioenergetics: (1) the cost of maintenance 
metabolism may increase due to higher meta-
bolic demands placed on the tissues and organ 
systems to develop and grow faster (meta-
bolic stress response), thus reducing the 
energy available for other energy - requiring 
processes such as protein deposition; and (2) 
increases in temperature may decrease the 
effi ciency of protein deposition (turnover) 
and increase the ATP cost of protein synthe-
sis, resulting in higher metabolic load per unit 
protein formed. Ultimately, this may be 
refl ected in less effi cient growth and protein 
production in adults.  

   8.3    Bioenergetics:  m echanisms of 
 g rowth and  d evelopment 

 Bioenergetics provides a framework for the 
study of interrelationships between feeding 
rates and growth rates of fi sh exposed to dif-
ferent environmental conditions, and can also 
provide insights into the fundamental mecha-
nisms of these relationships based on the 
study of the partitioning of energetic resources 
within the organism (Jobling  1993 ). To 
increase productivity is to increase our under-
standing of mechanisms of growth, develop-
ment, and metabolism in fi sh. The development 
and use of bioenergetic models can aid in 
reaching this objective, and perhaps even 
more importantly, they can be used as predic-
tive models to understand the impact of 
temperature/environmental change on devel-
oping fi shes. 

 The past 40 years have seen a continued 
increase in research efforts directed to the 
study of fi sh growth and bioenergetics 
(reviewed in Jobling  1993 ). In general, bioen-
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water was greater than that of larvae in colder 
water (Fuiman and Batty  1997 ; Hunt von 
Herbing  2002 ). This unexpected result may 
be related to the way in which temperature 
differentially affects the structural and meta-
bolic properties of swimming muscles in 
larvae versus juveniles/adults. This is sup-
ported by results from the effects of rearing 
temperature on fi ber structure, distribution of 
fi ber types, and protein polymorphism in 
swimming muscles of fi sh larvae (Calvo and 
Johnston  1992 ; Vieira and Johnston  1992 ; 
Usher et al.  1994 ). 

 For larvae, traditional swim - tunnel trials 
are not appropriate, as larval fi sh are inca-
pable of sustained activity. Recent technologi-
cal advances in the fi elds of microcalorimetry 
and microrespirometry, however, have made 
development of partial energy budgets possi-
ble for larvae (Hunt von Herbing et al.  2001 ). 
The total energy budget includes both aerobic 
and anaerobic metabolic components. As the 
anaerobic component represents only a small 
proportion of the energy budget of feeding in 
larval fi shes (Finn et al.  1995 ), we will focus 
on the aerobic energy budget (Equation  8.2 ) 
in this chapter. 

cod that range in mass from 0.53 to 2.89 g 
at 10 ° C (Hansen and Hunt von Herbing 
 2009 ; Figure  8.1 ).   

 Relationships between metabolic rate and 
mass can differ among developmental stages 
and activity levels (Wieser  1995 ; Finn et al. 
 2002 ; Hunt von Herbing and White  2002 ; 
Hansen and Hunt von Herbing  2009 ). 
Generally, adult metabolic rates scale with a 
metabolic mass exponent ( b ) between 0.69 
and 0.80. In larvae, metabolic mass expo-
nents vary across species and activity levels 
(Table  8.1 ), but in many studies metabolic 
rates are referred to as  routine  rates as activity 
levels were not controlled when metabolic 
rates were measured. Only two studies 
(Kauffman  1990 ; Hunt von Herbing and 
Boutilier  1996 ) have controlled for activity, 
and results from these studies provide further 
evidence to show that metabolic mass expo-
nents vary with activity level (Hunt von 
Herbing  2006 ).   

 Temperature does not affect the metabolic 
mass exponent (Finn et al.  2002 ). But studies 
that considered the effects of temperatures on 
swimming performance revealed that the met-
abolic costs of swimming of larvae in warmer 

     Figure 8.1     Power performance curves of individual juvenile  Gadus morhua  in relation to wet mass (       =    0.53,       =    0.55, 
 �     =    0.73,  �     =    0.81,  �     =    0.83,  �     =    1.14,  �     =    1.18,  �     =    1.2,  �     =    1.42,  �     =    1.53,  �     =    1.88,       =    1.9,  �     =    2.07, 

      =    2.07,       =    2.37,  	     =    2.89   g)  (from Hansen and Hunt von Herbing  2009 ).   
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differences in growth rate and refl ect differ-
ences in the cost of growth. Changes in global 
temperatures are likely to reduce aerobic 
scope for growth as standard metabolism 
increases with temperature stress, thus requir-
ing better feeds or different culture methods to 
improve protein deposition effi ciency and fi sh 
productivity in an aquaculture setting.  

   8.4    Energetics of  g rowth  t hrough 
 d evelopment 

 Energetic expenditures associated with the 
ingestion, digestion, and assimilation of food 
have been termed SDA, HIF, and/or FIT, and 
are thought to refl ect the metabolic cost of 
growth. In this chapter, SDA does not include 
digestion (here considered as both ingestion 
and digestibility) or assimilation, even though 
they are considered important processes 
affecting growth rate and effi ciencies in juve-
nile and adult fi shes. In adult fi sh, ingestion 

 A simple bioenergetic model separates 
total aerobic metabolism into three 
compartments:

    R R R Raer s f a,= + +     (8.3)  

where  R  aer  is the total aerobic metabolism;  R  s  
is the standard metabolic rate;  R  f  is the heat 
increment of feeding (HIF) or SDA (Jobling 
 1981 ); and  R  a  is the active metabolic rate. The 
standard metabolic rate is the oxygen uptake 
(mgO 2 /h) of an unfed fi sh at rest. The active 
metabolic rate is the oxygen uptake of a fi sh 
swimming at its maximum aerobic sustain-
able velocity, and the difference between  R  a  
and  R  s  is the aerobic scope or  “ scope for activ-
ity ”  (Fry  1947 ). The aerobic scope has been 
studied in the context of aerobic effi ciency: 
For a given amount of calorie intake, those 
animals that expend energy at a low propor-
tion of aerobic scope maximize their surplus 
energy, which can be allocated to growth 
(Priede  1985 ). Thus, differences in aerobic 
scope between individuals may translate into 

  Table 8.1    Metabolic scaling relationships in larvae, juvenile, and adult fi shes at three activity metabolic levels. 

         b   
   Activity 
level     References  

  Juveniles and adults              

       Micropterus salmoides     0.65     R  r     Beamish  (1970)   

       Oncorhynchus nerca     0.9 – 1.0     R  a     Brett and Glass  (1973)   

       Salmo gairdneri     1.11 – 1.14     R  a     Wieser ( 1995 )  

       Micropterus salmoides     0.92     R  a     Beamish  (1970)   

       Gadus morhua     0.79     R  a     Hunt von Herbing and White ( 2002 )  

  Larvae              

      Rutilus rutilus ,  Chalcalburnus chaloides     0.87, 0.87     R  s     Kauffman  (1990)   

      Rutilus rutilus ,  Chalcalburnus chaloides     0.77, 0.77     R  r     Kauffman  (1990)   

       Rutilus rutilus     1.0     R  r     Wieser and Medgyesy  (1990)   

       Oncorhynchus tshawytscha     1.0     R  r     Rombough ( 1988, 1994 )  

       Hippoglossus hippoglossus     1.0     R  r     Finn  (1994)   

       Scomber scombrus     1.0     R  r     Giguere et al.  (1988)   

       Rutilus rutilus ,  Chalcalburnus chaloides     0.84, 0.87     R  a     Kauffman  (1990)   

       Gadus morhua     0.85     R  r     Hunt von Herbing and Boutilier  (1996)   

    R  s     =    standard,  R  r     =    routine,  R  a     =    active,  b     =    the metabolic mass exponent in  R     =     aM b  ,  M     =    mass,  a     =    mass coeffi cient.   
 From Hunt von Herbing ( 2006 ). 
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SDA comprised 80 – 100% of the aerobic 
scope (Soofi ani and Hawkins  1982 ; Hunt von 
Herbing and White  2002 ). This suggests that 
at peak SDA there is little or no energy left 
for other activities and that juvenile cod may 
convert large amounts of ingested food 
directly to growth. Furthermore, the SDA 
response should be relatively larger in fast -
 growing larval fi sh, and SDA may better 
refl ect maximum aerobic metabolic rates than 
locomotory energy demands (Soofi ani and 
Hawkins  1982 ; Soofi ani and Priede  1985 ; 
Hunt von Herbing and White  2002 ). Studies 
of the relationship between SDA and growth 
are few in marine fi sh larvae, but one study 
indicates a lower cost of growth and high 
growth effi ciency in cod larvae compared 
with juveniles (Kiorboe et al.  1987 ). 

 In a recent study, microcalorimetry was 
used to measure total metabolic heat output 
( R  t ) and SDA ( R  f ) in larval cod (McCollum 
et al.  2006 ; Figure  8.2 ). In this case,  R  t  esti-
mated both aerobic and anaerobic metabolic 
rates. For a cod larva fed to satiation on roti-

and digestibility have been determined by 
using an inert marker such as chromium 
oxide in the diet. For larvae, there has been 
no suitable marker, and ingestion and digest-
ibility have not been quantifi ed, although 
several projects are ongoing to develop a tech-
nique using fl uorescent microspheres as inert 
markers (see also Chapter  3 ). This technique 
is in its early stages of development, but if 
successful, it could be used to investigate the 
effects of diet composition and digestibility 
on SDA and growth in future studies. 

 In fast - growing fi sh larvae, a greater pro-
portion of energy must be allocated to pro-
cessing food. This allows for a much larger 
scope for growth and rapid growth rate 
(Goolish and Adelman  1988 ). Scaling studies 
in the largemouth bass,  Micropterus salmoi-
des , showed that the SDA of a satiated fi sh 
exceeded the active metabolic rate in fi sh 
weighing less than 100   g, but was less than 
50% of active metabolism in larger fi sh 
(Tandler and Beamish  1980 ). In both small 
(0.5 – 3.0   g) and larger ( < 80   g) cod juveniles, 

     Figure 8.2     Comparison of heat output between fed and unfed larval cod at 10 ° C for (a) 4   dph, (b) 13   dph, (c) 21   dph, 
and (d) 28   dph. Each point represents mean ( ± standard error) heat outputs per hour for fi sh reared at 10 ° C. This fi gure 
is a representation of larval heat output from 4   dph to 4 weeks posthatch  (from McCollum et al.  2006 ).   
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tion of synthesized protein, with a 5% increase 
in specifi c growth rate (SGR). Rates of reten-
tion of synthesized protein were high (45 –
 50%) and close to those recorded for juvenile 
fi sh (Houlihan  1991 ). For larval nace, 
increases in growth rate and protein synthesis 
rate ( k  s ) suggest that there is an increase in 
protein turnover rate, without a signifi cant 
increase in protein degradation rate. Cost of 
protein synthesis, however, increased with 
increasing rates of growth to levels that were 
three times higher than minimum theoretical 
costs. To test the hypothesis that the cost of 
protein synthesis decreases with increasing 
rates of growth, rates of protein synthesis 
must be recorded in conjunction with SDA in 
fi sh at different growth rates. This has yet to 
be done for species important to aquaculture, 
but would aid in our understanding of the 
factors that control growth. 

   8.4.1    Relationships between 
 t emperature and  g rowth 

 Hundreds of studies over the past 40 years 
have investigated the effects of temperature 
on growth in fi shes, but few have studied the 
effects of temperature on feeding fi shes. In 
fact, Jobling  (1996)  states that studies on the 
effects of temperature on feeding fi sh are 
scarce and  “ sorely needed. ”  There are pres-
ently no studies on the energetics of feeding 
in marine fi sh larvae. At high latitudes, fi sh 
can experience changes in temperature that 
fl uctuate 10 or 15 ° C over a season and they 
can undergo a 5 – 10 ° C change by vertically 
migrating through the water column. 
Temperature, therefore, is one of the most 
important factors affecting feeding, metabolic 
rates, growth, and ultimately, survival. In 
general, extremes of temperature tend to 
decrease aerobic scope (Brett  1964 ; Elliot 
 1976 ). Fish should therefore display a prefer-
ence for the temperature that maximizes 
aerobic scope. The magnitude of SDA tends 
to decrease with increasing temperature (Brett 

fers, metabolic rates were fi rst detected as a 
small increase (0.75 times that of standard 
rates) in heat output at 13 days posthatch 
(7   mm). The magnitude of SDA continued to 
increase, with larval size reaching metabolic 
rates that were four to fi ve times that of stan-
dard metabolic rates at 28 days posthatch 
(11   mm) (McCollum et al.  2006 ).   

 Results for feeding metabolism are rare for 
fi sh larvae, and McCollum et al.  (2006)  
suggest that high levels of SDA may provide 
energy for the high growth rates observed in 
fi sh larvae. After feeding, SDA results in a 
typical pattern, which is a rapid rise in oxygen 
uptake shortly after ingestion of a meal to a 
peak at two to three times the prefed level 
within a few hours and then a slow decline 
to prefed levels (Jobling  1981 ). The increase 
in metabolism can temporarily reduce the 
aerobic scope for activity and may limit 
further feeding and locomotion, thus curtail-
ing growth. A fi sh with high SDA will have 
reduced energy for feeding and locomotion 
and lower growth, whereas a fi sh with low 
SDA may have greater foraging endurance 
and higher growth. Conversely, Jobling  (1985)  
suggested that SDA may be considered an 
index of metabolic effi ciency, with higher SDA 
resulting from increased growth rates and 
lower SDA refl ecting reduced growth rates. 
These confl icting hypotheses have not yet 
been resolved for fi sh larvae, although some 
preliminary data from Chabot ( 2009 ) suggest 
that, at least for cod juveniles, higher levels 
of SDA correlate with high growth rates. 

 In recent studies of juvenile marine fi shes, 
20 – 40% of postprandial oxygen consump-
tion was found to be entirely due to protein 
synthesis (Houlihan et al.  1988 ; Houlihan 
 1991 ). In one landmark study, amino acids 
were infused directly into the bloodstream, 
and the increase in metabolic rate was similar 
to that of SDA after feeding (Brown and 
Cameron  1991 ). Protein synthesis in larvae 
has rarely been measured, but one study on 
nace ( Chondrostoma nasus  L.) showed an 
increase of 5% in the effi ciency in the reten-
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cattle, growth (defi ned here as increases in 
mass) is determinate (i.e., it stops after matu-
rity); but in 90% of all fi shes, growth is inde-
terminate (i.e., growth never stops). Fishes 
have their highest rates of growth (20 – 50%/
day) in their larval stages, after which growth 
rate decreases in the juvenile (5 – 10%/day) 
and adult stages (1 – 3%/day). One of the 
reasons why animals may not attain their 
highest growth rates is because the increase 
in metabolic activity needed to fuel rapid 
growth may cause damage to the organism. 
Examples of possible damage include studies 
that have reported positive correlations 
between growth rate and oxidative stress in 
the form of reactive oxygen species (ROS) 
(Merry  1995 ; Rollo  2002 ; Brown - Borg and 
Rakoczy  2003 ). The positive covariation 
between growth and oxidative stress may also 
be related to the link between growth and 
longevity (Jennings et al.  1999 ; Miller et al. 
 2000 ; Bartke et al.  2001 ; Rollo  2002 ). Further, 
in early life history stages, very rapid growth 
may prevent the correct development of key 
structural components such as skeletal 
muscles, as well as complex systems such as 
the nervous and immune systems (Fisher et al. 
 2006 ; Pihlaja et al.  2006 ). The mechanisms 
that result in the relationship between oxida-
tive stress, muscle development and integrity, 
and metabolic costs of growth remain very 
poorly understood especially in fi shes, a 
majority of which are indeterminate growers. 

 Stress is of central concern in aquaculture 
as the various stressors that accompany inten-
sive fi sh husbandry can predispose the fi sh to 
compromised growth and health, and promote 
disease. For purposes of clarity, stress will be 
defi ned as the response of the cell, or organ-
ism, to any demand placed on it such that it 
causes an extension of a physiological state 
beyond the normal resting state (Barton 
 1997 ). Stress in fi sh is caused by physical 
disturbances encountered in aquaculture, 
such as handling and transport, and evokes a 
variety of responses that may be adaptive or 
maladaptive (Barton and Iwama  1991 ). There 

and Groves  1979 ; Jobling  1981 ). This may 
result in faster growth rates at higher tem-
peratures. Since smaller size classes of fi sh 
experience exponentially higher mortality, 
faster growth often translates to lower mor-
tality rates. Thus, the temperature at which 
SDA is minimized (i.e., energy conversion is 
maximized) may be the optimal temperature 
for growth and survival of fi sh (Tupper  1994 ). 

 Generally, the temperature at which con-
version effi ciency is maximized is slightly 
higher than the optimum temperature for 
growth (Jobling  1993 ). Some adjustment of 
this relationship may be required because 
there is evidence that there are thermal optima 
for growth and ingestion rates in some species 
of fi shes that may change with size, age, and 
developmental stage (Jobling et al.  1994 ). For 
example, temperature may have a more pro-
found effect on larvae than on older stages as 
Q 10 s for larvae range from 1.5 to 4.9 com-
pared with juveniles and adults, which have 
Q 10 s of 2.0 (Finn et al.  2002 ). This is sup-
ported by studies that show that temperature 
and size are the greatest determinant of 
growth in Norwegian coastal and Arctic cod 
larvae (Otterlei et al.  1999 ; Otterlei  2000 ). 
Higher Q 10  values in larvae suggest that they 
are more stenothermal than juveniles and 
adults, but studies are still needed to deter-
mine how temperature sensitivity affects 
growth and feeding in fi sh at different stages 
of development. These are even more critical 
at the current level of global warming 
as changes in ocean temperatures are likely 
to impact larval growth, survival, and 
distribution.   

   8.5    Growth,  b ioenergetics, and 
 s tress:  w hy  fi  sh  d o  n ot  g row at 
 m aximal  r ates 

 Growth is a critical time in the life of all 
organisms, but most animals do not grow at 
their maximal rate (Case  1978 ; Arendt  1997 ; 
Mangel and Stamps  2001 ). In poultry and 
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Costs of CG with respect to oxidative damage 
can result from two nonexclusive mecha-
nisms. The fi rst is that CG may impair the 
antioxidant defense system, making organ-
isms more susceptible to oxidants. The second 
is that CG may itself cause oxidative stress 
and greater ROS production due to increased 
levels of oxygen consumption and metabo-
lism (Loft et al.  1994 ; Rollo  2002 ). Support 
for the fi rst mechanism is provided by Blount 
et al.  (2003) , showing that after a period of 
low - quality nutrition, zebra fi nches showed 
lower lipophilic antioxidant levels, suggesting 
that they assimilated less lipophilic antioxi-
dants from the diet. Crescenzo et al.  (2006)  
showed CG in fat, but not in mass, after a 
period of semistarvation in rats, and a higher 
superoxide dismutase (SOD) activity (refl ec-
tive of oxidative stress) in previously semi-
starved rats after they were fed ad libitum 
again. Alonso - Alvarez et al.  (2007)  demon-
strated higher susceptibility to oxidative 
damage after CG in zebra fi nches when chal-
lenged with an oxidant, but could not sepa-
rate out both mechanisms as they assessed 
combined effects of the exogenous (oxidant) 
and endogenous (due to CG) sources of ROS. 

 One of the costs of CG is that rapid growth 
leads to an accumulation of oxidative damage 
due to the formation of ROS (Mangel and 
Munch  2005 ) at the cellular level that is 
expressed at the level of the organism (De 
Block and Stoks  2008 ). Oxidative damage/
stress has been defi ned as the disturbance in 
the balance between the production of ROS, 
or free radicals, and antioxidant defenses, 
which may lead to tissue injury. Also, a free 
radical can be defi ned as any chemical species 
that contains unpaired electrons in their outer 
orbit and thus can react virtually with all cell 
components. Although ROS are crucial to 
normal biological processes, they are poten-
tially dangerous and are commonly referred 
to as pro - oxidants. Stress may also alter meta-
bolic scope in fi sh and affect growth, partly 
as a result of either the catabolic or gluconeo-
genic effect of corticosteroids. Further, it may 

are two major types of stress; acute or short -
 term stress (e.g., handling, point exposure to 
high concentrations of toxins or changes in 
environmental variables, hypoxia), and 
chronic or long term (oxidative damage accu-
mulated over time as a function of fast 
growth, long - term exposure to environmental 
toxins). The animals ’  response to stress may 
be broadly categorized into those that are 
either adaptive, which allows homeostatic 
recovery, or maladaptive and compromise 
performance and growth. 

 The overall effect of stress may be consid-
ered as a change in biological condition 
beyond the normal resting state that chal-
lenges homeostasis and thus presents a threat 
to the fi sh ’ s health. These stress - induced 
changes are grouped as primary; secondary, 
which includes metabolic, hematological, 
hydromineral, and structural; and animal 
responses. Many of these responses can be 
used as quantitative indicators of stress, 
although investigators need to be aware of the 
various  “ nonstress ”  factors that can also 
infl uence these conditions. A major focus of 
current research is on the response of the 
hypothalamic – pituitary – interrenal axis and 
the resultant elevation of circulating cortico-
steroids. Stress, through the action of cortico-
steroids, may (1) reduce immunocompetence 
by infl uencing lymphocyte numbers and 
antibody - production capacity; and (2) affect 
reproduction by altering levels and patterns 
of reproductive hormones that infl uence 
maturation. 

   8.5.1    Compensatory  g rowth ( CG ) 

 In aquaculture, one of the goals is to increase 
feed conversion effi ciency (FCE) of commer-
cially important species. An approach that 
has been recently adopted is that of inducing 
CG mechanisms. CG is described as a phase 
of accelerated growth, often resulting when 
favorable conditions are restored after a 
period of growth depression (Ali et al.  2003 ). 
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[GPX]). A balance is thought to exist between 
pro - oxidant production and antioxidant 
defense, although low levels of oxidative 
damage, specifi cally to key biological mole-
cules such as lipid, protein, and DNA, are 
always present. Increases in ROS production 
can overcome antioxidant defenses, resulting 
in increased oxidative damage to macromol-
ecules, alterations in critical cellular pro-
cesses, and systemic oxidative stress. Exposure 
to increased ROS production can also lead to 
induction of antioxidant enzymes through 
specifi c gene expression and increased 
transcription. 

 Any process that leads to increased ROS 
production, either directly or indirectly via 
organic radical formation or other mecha-
nisms, can potentially result in enhanced 
oxidative stress and biological damage. The 
same general scenario of ROS production, 
antioxidant defense, and oxidative damage as 
seen for mammals is indicated for aquatic 
organisms, although much less is known, 
particularly in  in vivo  events and in the rela-
tionship of oxidative damage, growth, and 
development.  

   8.5.3    Gene  e xpression and 
 b ioenergetics of  g rowth under  s tress 

 Mutations that affect growth factor pathways 
(GH/IGF1/insulin) also infl uence the expres-
sion of antioxidant defenses (Rollo  2002 ). 
Studies on cell senescence also suggest a link 
between growth rate and oxidative stress. 
Oxidative stress accelerates the rate of telo-
mere shortening (von Zglinicki  2002 ), which 
is associated with cell death (Harley et al. 
 1990 ) and mortality (Wong and Collins 
 2003 ), and the rate of telomere shortening 
is accelerated during a period of somatic 
growth in vertebrates (Jennings et al.  2000 ; 
Br ü mmendorf et al.  2002 ; Hall et al.  2004 ). 

 Stressors such as overcrowding, changes 
in pH, variations in salinity, temperature 
changes, hypoxia, and even hyperoxia have 

alter the metabolic cost of growth and bioen-
ergetic budget in rapidly growing larval 
stages, compromising the amount of energy 
allocated to growth.  

   8.5.2    Mechanisms of  ROS  
 p roduction 

 Molecular oxygen (O 2 ) is required by animals 
for the oxidation of ingested food and the 
generation of energy. During this process, O 2  
undergoes tetravalent reduction to water. 
However, partial reduction of O 2  results in 
the formation of ROS, including both radical 
species, such as the superoxide anion radical 
(O 2  ·  – ) and hydroxyl radical (OH · ), and non-
radical species such as H 2 O 2 . ROS are con-
tinually produced as toxic by - products of 
normal metabolism from several endogenous 
processes, and approximately 1 – 3% of 
oxygen consumed in animal systems is con-
verted to ROS, with OH ·  being the most 
potent (Livingstone  2003 ). The production of 
the different ROS can be interrelated, yielding 
the highly damaging OH · . Thus, O 2  ·  –  can be 
converted to H 2 O 2  via dismutation:

   2 2 2 2 2H O H O+ + →  

and O 2  and H 2 O 2  can react together to yield 
OH ·  via a metal - catalyzed Haber - Weiss 
reaction:

   O H O OH OH O2 2 2 2+ → + −   .

 These ROS can in turn give rise to other 
ROS such as peroxyl and alkoxyl radicals 
(ROO ·  and RO · ) through reaction with other 
biological molecules. Thus, an initial pro -
 oxidant event can give rise to a spreading web 
of ROS production within an animal. 

 In a normal healthy cell, antioxidant 
defenses include free radical scavengers (e.g., 
vitamin C, reduced glutathione [GSH], carot-
enoids, lipid - soluble molecules [vitamins A 
and E]) and specifi c antioxidant enzymes 
(SOD, catalase, and glutathione peroxidase 
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with 0.8    ±    0.2%/day for the group in nor-
moxia (Olsvik et al.  2006 ). Although more 
studies would certainly be required, these 
results suggest that some individual cod can 
cope with hyperoxia (and likely increased 
ROS) while maintaining a higher growth rate 
than others. With advances in technology, 
more genetic sequence data has become avail-
able; and indeed, the list of organisms whose 
whole genome has been sequenced seems to 
be growing at a geometric rate. These tools 
should allow for greater functional discrimi-
nation between individual fi sh in relation to 
their suitability for aquaculture, at least for 
the suitability of the juveniles or adults. While 
there is mounting research dealing with stress 
in juvenile and adult fi sh, there is a dearth of 
such information regarding larval fi sh. This 
most critical of stages, in terms of survival, is 
also the least studied and understood in terms 
of what might represent a selective advantage 
to the larval phenotype.   

   8.6    Concluding  r emarks 

 Much of stress research can be referred to as 
 “ stamp collecting ”  involving various stress 
responses, from qualitative to quantitative 
responses, in an increasing number of species 
(Iwama et al.  2006 ). While it may be reason-
able to state that the number of signifi cant 
insights into the mechanisms underlying the 
stress response in fi shes have been few over 
the last 20 years, the integration of bioener-
getics with stress studies is likely to further 
our understanding of the response. How 
stress affects energetic partitioning is a new 
approach and one likely to provide further 
understanding of the link between metabo-
lism and growth under different environmen-
tal conditions and in different aquaculture 
settings. New genomic and proteomic capa-
bilities will allow us to examine traditional 
approaches to stress response in new ways 
and will provide a more comprehensive 
understanding of the energetics of stress. 

been evaluated in relation to their individual 
or additive effects on the growth and health 
of cultured fi sh (Guerriero et al.  2002 ). SGR 
are lower in Atlantic cod exposed to hypoxia 
(Olsvik et al.  2006 ); long - term stress causes 
immunosuppression in Atlantic salmon (Fast 
et al.  2008 ). These results seem straightfor-
ward and intuitive; it is expected that an 
animal under stress will not grow as quickly 
or resist disease as well as an unstressed 
animal. 

 The question of  if  various stressors affect 
growth has largely been answered. The ques-
tion of  why  these factors affect growth is 
simplistic in a global way, in that if an organ-
ism is expending extra energy to maintain 
homeostasis despite the effects of a stressor, 
then that organism has less energy to devote 
to growth. The question of  how  really answers 
the question of  why , and is key to under-
standing the mechanisms by which growth is 
delayed or derailed by stress. For example, 
overcrowding of Atlantic cod for 1 hour 
elicits a dramatic upregulation in the tran-
scription of catalase (as well as other antioxi-
dant enzymes). At 2 hours post crowding, the 
levels of catalase mRNA transcripts are twice 
what they were before crowding. This level of 
catalase mRNA is maintained for 24 hours 
after the crowding event (Caipang et al. 
 2008 ). Every nucleotide and amino acid 
devoted to the doubled production of catalase 
represents RNA and protein molecules that 
were diverted from the growth of the organ-
ism. Only through a more detailed knowledge 
of the actual physiochemical events involved 
in the stress response will there be a clear path 
to designing methods, and particularly brood-
stocks that are better able to cope with stress-
ors. The possibility of developing broodstock 
that are resistant to particular stressors is 
hinted at in another example. In this case, the 
median SGR of Atlantic cod exposed to 
hyperoxia was unchanged from that of the 
SGR of Atlantic cod exposed to normoxia, 
but the standard deviation of the group of fi sh 
in hyperoxia was 1.2    ±    0.5%/day compared 
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Other advances in instrumentation and tech-
niques such as microcalorimetry and advanced 
kinetic enzyme analyses will further our 
understanding of whole - animal energetic par-
titioning. The increasing number of organ-
isms that are being sequenced, together with 
advanced microarray techniques, will inte-
grate our understanding of the stress response 
and how it affects other functions such as 
growth, from the molecular to the organismal 
level. The interface between bioenergetics and 
stress physiology will provide much needed 
information about growth regulation and its 
costs, and will lead to ways to optimize 
growth in the aquaculture industry, while 
minimizing stress - related damage.  

  Literature  c ited 

    Ali ,  M.  ,   Nicieza ,  A.  , and   Wootton ,  R.J.    2003 . 
 Compensatory growth in fi shes: a response to 
growth depression .  Fish and Fisheries  
 4 : 147  –  190 .  

    Alonso - Alvarez ,  C.  ,   Bertrand ,  S.  ,   Faivre ,  B.  , and 
  Sorci ,  G.    2007 .  Increased susceptibility to oxi-
dative damage as a cost of accelerated somatic 
growth in zebra fi nches .  Functional Ecology  
 21 : 873  –  879 .  

    Arendt ,  J.D.    1997 .  Adaptive intrinsic growth rates: 
an integration across taxa .  The Quarterly 
Review of Biology   72 : 149  –  177 .  

    Bartke ,  A.  ,   Coschigano ,  K.  ,   Kopchick ,  J.  , 
  Chandrashekar ,  V.  ,   Mattison ,  J.  ,   Kinney ,  B.  , 
and   Hauck ,  S.    2001 .  Genes that prolong life: 
relationships of growth hormone and growth to 
aging and life span .  The Journals of Gerontology. 
Series A, Biological Sciences and Medical 
Sciences   56 : B340  –  B349 .  

    Barton ,  B.A.    1997 .  Stress in Finfi sh: Past, Present, 
and Future — A Historical Perspective . 
 Cambridge University Press ,  Cambridge .  

    Barton ,  B.A.  , and   Iwama ,  G.K.    1991 .  Physiological 
changes in fi sh from stress in aquaculture with 
emphasis on the response and effects of corti-
costeroids .  Annual Review of Fish Diseases  
 1 : 3  –  26 .  

    Beamish ,  F.W.H.    1970 .  Oxygen consumption of 
largemouth bass,  Micropterus salmoides , in 



Bioenergetics of growth in commercially important developing fi shes 261

    Fisher ,  M.O.  ,   Nager ,  R.G.  , and   Monaghan ,  P.   
 2006 .  Compensatory growth impairs adult 
cognitive performance .  PLoS Biology   4 : e251 .  

    Fry ,  F.E.J.    1947 .  Effects of the environment on 
animal activity .  Publications of the Ontario 
Fisheries Research Laboratory   68 : 1  –  62 .  

    Fuiman ,  L.  , and   Batty ,  R.    1997 .  What a drag it is 
getting cold: partitioning the physical and phys-
iological effects of temperature on fi sh swim-
ming .  The Journal of Experimental Biology  
 200 : 1745  –  1755 .  

    Giguere ,  L.A.  ,   Cote ,  B.  , and   St. Pierre ,  J.F.    1998 . 
 Metabolic rates scale isometrically in larval 
fi shes .  Marine Ecology — Progress Series  
 50 : 13  –  19 .  

    Goolish ,  E.M.  , and   Adelman ,  I.R.    1988 .  Tissue -
 specifi c allometry of aerobic respiratory enzyme in 
a large and small species of cyprinid (Teleostei) . 
 Canadian Journal of Zoology   66 : 2199  –  2208 .  

    Guerriero ,  G.  ,   Di Finizio ,  A.  , and   Ciarcia ,  G.    2002 . 
 Stress - induced changes of plasma antioxidants 
in aquacultured sea bass,  Dicentrarchus labrax  . 
 Comparative Biochemistry and Physiology. 
Part A, Molecular  &  Integrative Physiology  
 132 : 205  –  211 .  

    Hall ,  M.E.  ,   Nasir ,  L.  ,   Daunt ,  F.  ,   Gault ,  E.A.  , 
  Croxall ,  J.P.  ,   Wanless ,  S.  , and   Monaghan ,  P.   
 2004 .  Telomere loss in relation to age and early 
environment in long - lived birds .  Proceedings. 
Biological Sciences   271 : 1571  –  1576 .  

    Hansen ,  S.L.  , and   Hunt von Herbing ,  I.    2009 . 
 Aerobic scope for activity in age 0 year Atlantic 
cod  Gadus morhua  .  Journal of Fish Biology  
 74 : 1355  –  1370 .  

    Harley ,  C.B.  ,   Futcher ,  A.B.  , and   Greider ,  C.W.   
 1990 .  Telomeres shorten during ageing of 
human fi broblasts .  Nature   345 : 458  –  460 .  

    Houlihan ,  D.F.    1991 .  Protein turnover in ecto-
therms and its relationships to energetics . In: 
  Giles ,  R.   (ed.)  Advances in Comparative and 
Environmental Physiology . Vol.  7 ,  Springer -
 Verlag ,  Berlin , pp.  1  –  43 .  

    Houlihan ,  D.F.  ,   Hall ,  S.J.  ,   Gray ,  C.  , and   Noble , 
 B.S.    1988 .  Growth rates and protein turnover 
in Atlantic cod,  Gadus morhua  .  Canadian 
Journal of Fisheries and Aquatic Sciences  
 45 : 961  –  964 .  

    Hunt von Herbing ,  I.    2002 .  Effects of temperature 
on larval fi sh swimming performance: the 
importance of physics to physiology .  Journal of 
Fish Biology   61 : 865  –  876 .  

muscle fi bre types in the turbot  Scophthalmus 
maximus  at metamorphosis .  Journal of 
Experimental Marine Biology and Ecology  
 161 : 45  –  55 .  

    Case ,  T.J.    1978 .  On the evolution and adaptive 
signifi cance of postnatal growth rates in the 
terrestrial vertebrates .  The Quarterly Review of 
Biology   53 : 243  –  282 .  

    Chabot ,  D.    2009 .  Comparison of a commercial 
and three experimental diets for their effects on 
the SDA characteristics of Atlantic cod ,  Gadus 
morhua . Society for Experimental Biology, 
Glasgow, Scotland.  

    Crescenzo ,  R.  ,   Lionetti ,  L.  ,   Mollica ,  M.P.  ,   Ferraro , 
 M.  ,   D ’ Andrea ,  E.  ,   Mainieri ,  D.  ,   Dulloo ,  A.G.  , 
  Liverini ,  G.  , and   Iossa ,  S.    2006 .  Altered skeletal 
muscle subsarcolemmal mitochondrial com-
partment during catch - up fat after caloric 
restriction .  Diabetes   55 : 2286  –  2293 .  

    De Block ,  M.  , and   Stoks ,  R.    2008 .  Compensatory 
growth and oxidative stress in a damselfl y . 
 Proceedings. Biological Sciences   275 : 781  –  785 .  

    Elliot ,  J.M.    1976 .  Energy losses in the waste prod-
ucts of brown trout ( Salmo trutta  L.) .  The 
Journal of Animal Ecology   45 : 561  –  580 .  

   FAO .  2009 .  National Aquaculture Sector Overview. 
Mexico . National Aquaculture Sector Overview 
fact sheets. (Text by Montero Rodr í guez, M.) 
In: FAO Fisheries and Aquaculture Department 
[online]. Rome. Updated February 1, 2005. 
Available at  www.fao.org/fi shery/countrysector/
naso_mexico/en.   

    Fast ,  M.D.  ,   Hosoya ,  S.  ,   Johnson ,  S.C.  , and 
  Alfonso ,  L.O.B.    2008 .  Cortisol response and 
immune - related effects of Atlantic salmon 
( Salmo salar  Linnaeus) subjected to short -  and 
long - term stress .  Fish  &  Shellfi sh Immunology  
 24 : 194  –  204 .  

    Finn ,  R.N.    1994 .  Physiological energetics of devel-
oping marine fi sh embryos and larvae . Dr. 
thesis, University of Bergen, Bergen, Norway.  

    Finn ,  R.N.  ,   Fyhn ,  H.J.  , and   Evjen ,  M.S.    1995 . 
 Physiological energetics of developing embryos 
and yolk - sac larvae of Atlantic cod ( Gadus 
morhua ). I. Respiration and nitrogen metabo-
lism .  Marine Biology   124 : 355  –  369 .  

    Finn ,  R.N.  ,   Ronnestad ,  I.  ,   van der   Meeren ,  T.  , and 
  Fhyn  ,   H.J.    2002 .  Fuel and scaling during 
the early life stages of Atlantic cod ( Gadus 
morhua ) .  Marine Ecology Progress Series  
 243 : 217  –  234 .  



262 Nutritional Physiology

Experimental Biology , Vol.  61 .  Cambridge 
University Press ,  Cambridge , pp.  225  –  253 .  

    Jobling ,  M.  ,   Mel ø y ,  O.H.  ,   Santos ,  J.  , and 
  Christiansen ,  B.    1994 .  The compensatory 
growth response of the Atlantic cod: effects of 
nutritional history .  Aquaculture International  
 2 : 75  –  90 .  

    Kauffman ,  R.    1990 .  Respiratory cost of swimming 
in larval and juvenile cyprinids .  The Journal of 
Experimental Biology   150 : 343  –  366 .  

    Kiorboe ,  T.  ,   Munk ,  P.  , and   Richardson ,  K.    1987 . 
 Respiration and growth of larval herring 
( Clupea harengus ): relation between specifi c 
dynamic action and growth effi ciency .  Marine 
Ecology Progress Series   40 : 1  –  10 .  

    Livingstone ,  D.R.    2003 .  Oxidative stress in aquatic 
organisms in relation to pollution and 
aquaculture .  Revue de Medecine Veterinaire  
 154 : 427  –  430 .  

    Loft ,  S.  ,   Astrup ,  A.  ,   Buemann ,  B.  , and   Poulsen , 
 H.E.    1994 .  Oxidative DNA damage correlates 
with oxygen consumption in humans .  The 
FASEB Journal   8 : 534  –  537 .  

    Mangel ,  M.  , and   Munch ,  S.B.    2005 .  A life - history 
perspective on short -  and long - term conse-
quences of compensatory growth .  The American 
Naturalist   166 : E155  –  E176 .  

    Mangel ,  M.  , and   Stamps ,  J.A.    2001 .  Tradeoffs 
between growth and mortality and the mainte-
nance of individual variation in growth . 
 Evolutionary Ecology Research   3 : 583  –  593 .  

    McCollum ,  A.  ,   Geubtner ,  J.  , and   Hunt von 
Herbing ,  I.    2006 .  Metabolic cost of feeding in 
Atlantic Cod ( Gadus morhua ) larvae using 
microcalorimetry .  ICES Journal of Marine 
Science   63 : 335  –  339 .  

    Merry ,  B.J.    1995 .  Effect of dietary restriction on 
aging: an update .  Reviews in Clinical 
Gerontology   5 : 247  –  258 .  

    Miller ,  R.A.  ,   Chrisp ,  C.  , and   Atchley ,  W.    2000 . 
 Differential longevity in mouse stocks selected 
for early life growth trajectory .  The Journals of 
Gerontology. Series A, Biological Sciences and 
Medical Sciences   55 : B455  –  B461 .  

    Moss ,  R.  ,   Babiker ,  M.  ,   Brinkman ,  S.  ,   Calvo ,  E.  , 
  Carter ,  T.  ,   Edmonds ,  J.  ,   Elgizouli ,  I.  ,   Emori ,  S.  , 
  Erda ,  L.  ,   Hibbard ,  K.  ,   Jones ,  R.  ,   Kainuma ,  M.  , 
  Kelleher ,  J.  ,   Lamarque ,  J.F.  ,   Manning ,  M.  , 
  Matthews ,  B.  ,   Meehl ,  G.  ,   Meyer ,  L.  ,   Mitchell , 
 J.  ,   Nakicenovic ,  N.  ,   O ’ Neill ,  B.  ,   Pichs ,  T.  , 
  Riahi ,  K.  ,   Rose ,  S.  ,   Runci ,  P.  ,   Stouffer ,  R.  ,   van  

    Hunt von Herbing ,  I.    2006 .  The physiological 
basis for metabolic scaling in animals: a 
developing perspective . In:   Warburton ,  S.J.  , 
  Burggren ,  W.W.  ,   Pelster ,  B.  ,   Reiber ,  C.L.  , 
and   Spicer ,  J.   (eds.)  Comparative Developmental 
Physiology: Contributions, Tools, and Trends . 
 Oxford University Press ,  New York , pp. 
 83  –  98 .  

    Hunt von Herbing ,  I.  , and   Boutilier ,  R.G.    1996 . 
 Activity and metabolism of larval Atlantic cod 
( Gadus morhua ) from Scotian Shelf and 
Newfoundland source populations .  Marine 
Biology   124 : 607  –  617 .  

    Hunt von Herbing ,  I.  , and   White ,  L.    2002 .  The 
effects of body mass and feeding on metabolic 
rate in small juvenile Atlantic cod .  Journal of 
Fish Biology   61 : 945  –  958 .  

    Hunt von Herbing ,  I.  ,   Gallager ,  S.M.  , and 
  Halteman ,  W.    2001 .  Metabolic costs of pursuit 
and attack in early larval Atlantic cod .  Marine 
Ecology Progress Series   216 : 201  –  212 .  

    Iwama ,  G.K.  ,   Afonso ,  L.O.B.  , and   Vijayan ,  M.M.   
 2006 .  Stress in fi sh . In:   Evans ,  D.H.  , and 
  Claiborne ,  J.B.   (eds.)  The Physiology of Fishes . 
 CRC Press ,  Boca Raton, FL , pp.  319  –  342 .  

    Jennings ,  B.J.  ,   Ozanne ,  S.E.  ,   Dorling ,  M.W.  , and 
  Hales ,  C.N.    1999 .  Early growth determines 
longevity in male rats and may be related to 
telomere shortening in the kidney .  FEBS Letters  
 448 : 4  –  8 .  

    Jennings ,  B.J.  ,   Ozanne ,  S.E.  , and   Hales ,  C.N.   
 2000 .  Nutrition, oxidative damage, telomere 
shortening, and cellular senescence: individual 
or connected agents of aging ?  Molecular 
Genetics and Metabolism   71 : 32  –  42 .  

    Jobling ,  M.    1981 .  The infl uences of feeding on the 
metabolic rate of fi shes: a short review .  Journal 
of Fish Biology   18 : 385  –  400 .  

    Jobling ,  M.    1985 .  Growth . In:   Tytler ,  P.  , and 
  Calow ,  P.   (eds.)  Fish Energetics: New 
Perspectives .  Croom Helm ,  London , pp. 
 213  –  230 .  

    Jobling ,  M.    1993 .  Bioenergetics: feed intake and 
energy partitioning . In:   Rankin ,  J.C.  , and 
  Jensen ,  F.B.   (eds.)  Fish Ecophysiology .  Chapman 
and Hall ,  London , pp.  1  –  44 .  

    Jobling ,  M.    1996 .  Temperature and growth: mod-
ulation of growth rate via temperature . In: 
  Wood ,  C.M.  , and   McDonald ,  D.G.   (eds.) 
 Global Warning: Implication for Freshwater 
and Marine Fish, Seminar Series Society for 



Bioenergetics of growth in commercially important developing fi shes 263

    Rombough ,  P.J.    1994 .  Energy partitioning during 
fi sh development: additive or compensatory 
allocation of energy to support growth . 
 Functional Ecology   8 : 178  –  186 .  

    Soofi ani ,  N.M.  , and   Hawkins ,  A.D.    1982 . 
 Energetic costs at different levels of feeding in 
juvenile cod  Gadus morhua  L .  Journal of Fish 
Biology   21 : 577  –  592 .  

    Soofi ani ,  N.M.  , and   Priede ,  I.G.    1985 .  Aerobic 
metabolic scope and swimming performance in 
juvenile cod,  Gadus morhua  L .  Journal of Fish 
Biology   26 : 121  –  138 .  

    Tandler ,  A.  , and   Beamish ,  F.W.    1980 .  Specifi c 
dynamic action and diet in largemouth bass, 
 Micropterus salmoides  (Lacepede) .  The Journal 
of Nutrition   110 : 750  –  764 .  

    Tupper ,  M.    1994 .  Settlement and post - settlement 
processes in the population regulation of a tem-
perate reef fi sh: the role of energy . PhD thesis, 
Dalhousie University, Halifax.  

    Usher ,  M.L.  ,   Stickland ,  N.C.  , and   Thorpe ,  J.E.   
 1994 .  Muscle development in Atlantic salmon 
( Salmo salar ) embryos and the effect of tem-
perature on muscle cellularity .  Journal of Fish 
Biology   44 : 953  –  964 .  

    Vieira ,  V.I.A.  , and   Johnston ,  I.A.    1992 .  Infl uence 
of temperature on muscle - fi bre development in 
larvae of the herring  Clupea harengus  .  Marine 
Biology   112 : 333  –  341 .  

    Wieser ,  W.    1994 .  Cost of growth in cells and 
organisms: general rules and comparative 
aspects .  Biological Reviews   69 : 1  –  33 .  

    Wieser ,  W.    1995 .  Energetics of fi sh larvae, the 
smallest vertebrates .  Acta Physiologica 
Scandinavica   154 : 279  –  290 .  

    Wieser ,  W.  , and   Kauffman ,  R.    1998 .  A note on the 
interactions between temperature, viscosity, 
body size and swimming energetics in fi sh 
larvae .  The Journal of Experimental Biology  
 201 : 1369  –  1372 .  

    Wieser ,  W.  , and   Medgyesy ,  N.    1990 .  Aerobic 
maximum for growth in the larvae and juve-
niles of cyprinid fi sh,  Rutilus rutilus  (L.): impli-
cations for energy budgeting in small 
poikilotherms .  Functional Ecology   4 : 233  –  242 .  

    Wong ,  J.M.Y.  , and   Collins ,  K.    2003 .  Telomere 
maintenance and disease .  Lancet   362 : 983  –  988 .  

    von   Zglinicki  ,   T.    2002 .  Oxidative stress shortens 
telomeres .  Trends in Biochemical Sciences  
 27 : 339  –  344 .   

 

  

 Vuuren ,  D.  ,   Weyant ,  J.  ,   Wilbanks ,  T.  ,   van  
 Ypersele ,  J.P.  , and   Zurek  ,   M.    2008 .  Towards 
new scenarios for analysis of emissions, climate 
change, impacts, and response strategies . In: 
 IPCC Expert Meeting Report .  Intergovernmental 
Panel on Climate Change ,  Geneva .  

    Olsvik ,  P.A.  ,   Kristensen ,  T.  ,   Waagbo ,  R.  ,   Tollefsen , 
 K.E.  ,   Rosseland ,  B.O.  , and   Toften ,  H.    2006 . 
 Effects of hypo -  and hyperoxia on transcription 
levels of fi ve stress genes and the glutathione 
system in liver of Atlantic cod  Gadus 
morhua  .  The Journal of Experimental Biology  
 209 : 2893  –  2901 .  

    Otterlei ,  E.    2000 .  Temperature -  and size - dependent 
growth of larval and early juvenile Atlantic Cod 
( Gadus morhua  L.) . PhD thesis, University of 
Bergen, Bergen, Norway.  

    Otterlei ,  E.  ,   Nyhammer ,  G.  ,   Folkvord ,  A.  , and 
  Stefansson ,  S.O.    1999 .  Temperature -  and size -
 dependent growth of larval and early juvenile 
Atlantic cod ( Gadus morhua ): a comparative 
study of Norwegian coastal cod and northeast 
Arctic cod .  Canadian Journal of Fisheries and 
Aquatic Sciences   56 : 2099  –  2111 .  

    Pannevis ,  M.C.  , and   Houlihan ,  D.F.    1992 .  The 
energetic cost of protein synthesis in isolated 
hepatocytes of rainbow trout ( Oncorhynchus 
mykiss ) .  Journal of Comparative Physiology B: 
Biochemical, Systemic, and Environmental 
Physiology   162 : 393  –  400 .  

    Pedersen ,  B.H.    1997 .  The cost of growth in young 
fi sh larvae: a review of new hypotheses . 
 Aquaculture   155 : 259  –  269 .  

    Pihlaja ,  M.  ,   Siitari ,  H.  , and   Alatalo ,  R.V.    2006 . 
 Maternal antibodies in a wild altricial bird: effects 
on offspring immunity, growth and survival .  The 
Journal of Animal Ecology   75 : 1154  –  1164 .  

    Priede ,  I.G.    1985 .  Metabolic scope in fi shes . In: 
  Tytler ,  P.  , and   Calow ,  P.   (eds.)  Fish Energetics: 
New Perspectives .  Croom Helm ,  London , pp. 
 33  –  64 .  

    Rollo ,  C.D.    2002 .  Growth negatively impacts the 
life span of mammals .  Evolution  &  Development  
 4 : 55  –  61 .  

    Rombough ,  P.J.    1988 .  Respiratory gas exchange, 
aerobic metabolism, and effects of hypoxia 
during early life . In:   Hoar ,  W.S.  , and 
  Randall ,  D.J.   (eds.)  Fish Physiology , Vol.  XI , 
Part A.  Academic Press ,  San Diego, CA , pp. 
 59  –  161 .  





265

  Chapter 9 

Regulation of 
 d igestive  p rocesses  
  Ken     Webb    and    Ivar     R ø nnestad       

    9.1    Introduction 

 Digestion is fundamental to all animals, and 
it is sometimes considered a straightforward 
process involving complex food being reduced 
to simpler forms that can be absorbed into 
the body. While this is true in the very broad-
est of senses, it fails to consider the myriad of 
regulatory processes by which animals extract 
the maximum value from each unit of food. 
Most of what we know about the regulation 
of digestive processes comes from work with 
terrestrial food animals or from the study of 
disease states in humans. These studies have 
allowed for rapid advancement in our under-
standing of digestive processes in fi sh, but it 
is important that we remember that fi sh have 
had hundreds of millions of years to adapt to 
their environment since the amphibians fi rst 
moved onto land. Fish are known to share 
many of the same digestive controls as other 

monogastric vertebrates, and yet we must be 
careful in assuming that systems that are well 
defi ned in mammals or avians function in the 
same way, or even exist at all, in fi sh. Fish are 
not just a more  “ primitive ”  vertebrate; they 
are also extremely successful animals that 
must regularly deal with extremes in pressure, 
salinity, temperature, and oxygen content 
among others that terrestrial vertebrates do 
not have to face. These differences often set 
fi sh apart due to the relatively large phyloge-
netic distance between fi sh and mammals and 
the physiological adaptations necessary to 
deal with a marine existence. Nowhere is this 
more clearly demonstrated than in the altri-
cial larvae of marine fi sh. 

 In many ways, altricial larvae can be con-
sidered as free - swimming embryos that must 
undergo dramatic transformations before 
metamorphosing into the juvenile stage. The 
fi rst part of this transformative process is 
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to occur in each of these phases before the 
food bolus is passed to the next phase. Under 
certain instances, however, the regulatory 
systems fail and food is passed either too 
slowly (hypomotility of the gut) or too quickly 
(hypermotility) to allow for proper digestion. 
One of the more notable cases in fi sh larvae 
is when the larvae of some marine fi sh species 
such as red drum ( Sciaenops ocellatus ) exhibit 
insuffi cient digestion of live prey. Larvae have 
been observed to overconsume prey items 
such as  Artemia  nauplii to the point that as 
more and more nauplii are ingested, it forces 
previously ingested nauplii through the diges-
tive tract so that live nauplii are seen to pass 
from the anus. This does not appear to be a 
disease state and it may occur because the 
feedback mechanisms by which gut fullness 
promotes satiety have not yet become active 
in the larvae. 

   9.2.1    Cephalic  p hase 

 The cephalic phase is the initial digestive reg-
ulatory phase that is initiated by visual, olfac-
tory, or gustatory sensations, and it serves as 
a forewarning to the digestive tract (also 
known as a feed - forward system) to prepare 
for the imminent arrival of a food bolus. In 
terrestrial animals, this is commonly seen in 
animals such as dogs, which often exhibit a 
salivary response to the sight or smell of food. 
This process is stimulated by the release of 
neural transmitters such as acetylcholine and 
norepinephrine (Hjelmeland et al.  1988 ) and 
leads to the activation of refl exes mediated by 
the sympathetic and parasympathetic nervous 
systems. These refl exes have several func-
tions; among them is an increase in esopha-
geal mucus secretion. This serves to ease the 
passage of food and acts as a protective layer 
against damage or infection (Reifel and Travill 
 1977 ; Scocco et al.  1998 ). This lubricant role 
is especially important in fi sh since they do 
not possess salivary glands (Scocco et al. 
 1998 ). Also, during the cephalic phase, there 

fueled by endogenous nutrients provided by 
the mother, but the majority of the ontoge-
netic process requires that larvae capture and 
process exogenous nutrients even though the 
digestive system may not be fully formed. We 
have an adequate understanding of how the 
tissues and organs of the digestive system 
develop in the larvae of most commercially 
important fi sh, but we have only a cursory 
understanding of the systems that regulate 
digestive function in adult fi sh, much less their 
larvae. Like most other fundamental pro-
cesses in animals, there are a host of interwo-
ven systems of signals, responses, and 
modulators that are all active in ensuring the 
proper digestion and absorption of food in 
fi sh. In order to understand how these pro-
cesses work in larvae, we must fi rst verify that 
they exist even in the adult. Once this is estab-
lished, it then becomes possible to establish if 
the system works similarly to the analogous 
system in terrestrial vertebrates and when it 
becomes functional in developing larvae. 
Currently, much of our understanding is still 
based on work done in mammals and, in some 
cases, on work done in juvenile and adult fi sh. 
In this chapter, we will discuss some of the 
major regulatory systems and signals in the 
digestive process of vertebrates and highlight 
what is currently known in larval fi sh.  

   9.2    Digestion in  fi  sh 

 Digestion in fi sh is much like that in other 
vertebrates. Food enters the digestive tract, 
where it is processed both mechanically by 
body structures and chemically by a series of 
acidic and/or alkaline enzymes. After being 
reduced by these processes, it is then absorbed 
into the body, and waste is evacuated. This 
series of processes is tightly regulated and can 
be grouped into three phases: the cephalic 
phase, the gastric phase, and the intestinal 
phase. Under normal conditions, the motility 
of the gut is regulated through feedback loops 
to allow suffi cient digestion and absorption 
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acidifi cation caused by the arrival of food in 
the stomach. In larval marine fi sh, the gastric 
phase is typically somewhat reduced in rele-
vance due to the absence of a functional 
stomach for part or all of the larval period. In 
juvenile and adult fi sh, the gastric phase is pri-
marily focused on the digestion of the food 
bolus, although there are a number of reactions 
that also serve to prime the intestine for the 
arrival of the food bolus as it passes out of the 
stomach. Larval fi sh may only possess a 
stomach anlage, but this second role of the 
gastric phase may already be functional as early 
as fi rst feeding. Certainly, some of the digestive 
hormones involved in the gastric phase have 
been shown to be present in larval fi sh, but 
their activity and function remains to be dem-
onstrated at these early ages (Figure  9.1 ).   

 The initiation of the gastric phase occurs 
when distension of the stomach stimulates the 
myenteric refl exes to release acetylcholine, 
producing a cascade of responses within the 
stomach itself. The most obvious response 
during the gastric phase is the production of 
gastric acid (hydrochloric acid — HCl) from 

is an increased secretion of insulin, glucagon, 
and catecholamines from the pancreas 
(LeBlanc  2000 ), although the reaction in fi sh 
may be somewhat different from that in other 
vertebrates due to differences in hormones 
such as glucagon. 

 The exact initiator of the cephalic phase is 
not well understood, but the optic and olfac-
tory centers are major components. In humans 
and dogs, when food is tasted and/or swal-
lowed but not allowed to reach the stomach, 
the cephalic responses are even greater than 
if the food item is ingested normally (LeBlanc 
 2000 ). In Atlantic herring larvae ( Clupea 
harengus ) that have been fed polystyrene 
spheres, which have no gustatory or digest-
ible substrates, there is a small but detectable 
increase in intestinal trypsin response, sug-
gesting that stomach distension alone is 
capable of initiating secretion (Hjelmeland 
et al.  1988 ). On the other hand, Hjelmeland 
et al.  (1988)  found that secretion was much 
greater when the larvae were fed live prey, 
suggesting that some other mechanism is 
active as well. Kolkovski et al.  (1997a, 1997b)  
found that in larval gilthead sea bream ( Sparus 
aurata ), visual and chemical cues from 
 Artemia  nauplii were suffi cient to increase 
ingestion rates of microparticulate diets and 
suggested that the observed increases in the 
hormone bombesin (BBS) were responsible. 
Certainly, the use of feed attractants such as 
protein hydrolysates, phospholipids, poly-
amines, and live algae have been shown to be 
benefi cial to the use of microparticulate diets 
as larval feeds (Browman  2005 ; Kv å le et al. 
 2006 ; Rocha et al.  2008 ) and to stimulate 
intestinal maturation (P é res et al.  1997 ); but 
there is little information on the exact nature 
of the neural and biochemical responses of 
fi sh during the cephalic phase.  

   9.2.2    Gastric  p hase 

 The gastric phase is the second regulatory 
phase and is initiated by the distension and 

     Figure 9.1     Cholecystokinin (CCK) immunoreactive cells 
in the gut of larval red drum ( Sciaenops ocellatus ); 100 ×  
image of CCK immunoreactivity in the pyloric ceca of a 
26 - dph red drum larva. PC    =    pyloric ceca, ST    =    stomach  
(from Webb et al.  2010 ).   
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lates the release of bicarbonate rich fl uids 
from the pancreatic ducts and the release of 
bile through the bile ducts. Bile is a greenish 
yellow fl uid secreted by the liver and stored 
in the gallbladder. It contains a number of key 
elements, including bicarbonate and bile acids 
(normally as salts) that neutralize the chyme 
and emulsify lipids through the formation of 
micelles. This process also delivers pancreatic 
digestive enzymes such as trypsin and bile salt –
 dependent lipase into the intestinal lumen. 

 Due to the importance of the intestinal 
phase in larval fi sh, the structures and pep-
tides necessary for this phase become active 
either slightly before or just at the onset of 
exogenous feeding. This can be seen in larvae 
of red drum ( Sciaenops ocellatus ), where 
there is a dramatic increase in trypsin and 
chymotrypsin activity at 3   dph before the 
larvae have been fed (Lazo  1999 ; Lazo et al. 
 2000b ; Applebaum et al.  2001 ). At the same 
time, the fi rst cells containing the hormone 
cholecystokinin (CCK) can be detected using 
immunohistochemistry (IHC), though they 
are not seen in all fi sh until a few days later 
(Webb et al.  2010 ).   

   9.3    Regulatory  s ystems 

 Digestion in vertebrates is controlled through 
a complex series of intrinsic and extrinsic 
regulatory systems. These systems function to 
synchronize the fl ow of food through the 
digestive system, the release of digestive juices 
and enzymes, the absorption of nutrients, and 
the evacuation of the gut. Intrinsic digestive 
regulatory systems are principally paracrine 
hormonal systems such as somatostatin, while 
extrinsic systems include factors such as the 
enteric nervous system (ENS) and exocrine 
hormone systems. 

   9.3.1     ENS  

 The ENS is a collection of neurons in the 
gastrointestinal (GI) tract that represents one 

the parietal cells. This is stimulated by the 
action of the hormone gastrin and serves both 
to activate the protease pepsin and to directly 
hydrolyze the food bolus. Other notable sub-
stances produced during the gastric phase are 
histamine and somatostatin. 

 In the larvae of a typical freshwater fi sh 
with a short larval period such as the African 
catfi sh ( Clarias gariepinus ), gastrin - producing 
cells are seen in the anterior intestine at 4 days 
posthatch (dph) as are cells that are immuno-
reactive to gastrin antibodies (Verreth et al. 
 1992 ), suggesting that the gastric phase is 
fully functional at this point. In a typical 
marine larva such as that of Japanese fl ounder 
( Paralichthys olivaceus ), however, mRNA for 
the gastrin preprohormone is not detectable 
until the larva enters metamorphosis at 35   dph 
(Kurokawa et al.  2003 ), coinciding with the 
development of functional gastric glands and 
an acidic pH in the stomach (R ø nnestad et al. 
 2000a ). As discussed later, gastrin plays an 
integral role in the gastric phase, and the 
absence of gastrin mRNA until approximately 
the time of the initiation of gastric activity is 
suggestive that there is no substantial gastric 
phase in these larvae.  

   9.2.3    Intestinal  p hase 

 The intestinal phase is the fi nal regulatory 
phase that begins with the passage of chyme 
from the stomach into the intestine. This is 
perhaps the most important phase in larval 
marine fi sh as all digestion and absorption 
must occur during this phase until the stomach 
becomes functional. Even in juvenile and 
adult fi sh, the intestinal phase is of key impor-
tance since a substantial portion of digestion 
as well as all absorption occurs in the intestine 
(Clements and Raubenheimer  2005 ). While 
the intestine has been primed by signals 
received during the cephalic and gastric 
phases, the initiator of the intestinal phase is 
the passage of acidic chyme through the 
pyloric valve from the stomach. This stimu-
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tion of these waves and the resulting contrac-
tions form peristaltic waves in an anterograde 
(oral to anal) direction. These peristaltic 
waves are generated spontaneously (i.e., not 
in response to drugs, food, or mechanical 
expansion) by the action of receptors with 
tyrosine kinase activity (KIT receptors) (Goyal 
and Hirano  1996 ; Holmberg et al.  2004 ) and 
are generally accepted to have a housekeeping 
function to maintain gut health. In addition 
to the spontaneous waves, the ENS also regu-
lates feeding - induced peristalsis and thereby 
determines the rate at which food passes. 

 In fi sh larvae, rhythmic contractile waves 
can be seen even before the onset of exoge-
nous feeding in the zebrafi sh (Holmberg et al. 
 2004, 2008 ). Through these waves, the food 
bolus can be moved along the digestive tract 
so that digestion, absorption, and evacuation 
can take place in a controlled fashion. These 
waves can be stimulated with acetylcholine 
and inhibited with atropine, suggesting cho-
linergic gut innervations (Holmberg et al. 
 2004, 2008 ). In addition to the anterograde 
peristaltic waves, retrograde (anal to oral) 
waves have been observed in fi sh such as 
Atlantic halibut ( Hippoglossus hippoglossus ) 
(R ø nnestad et al.  2000b ). It is believed that 
rather than moving food through the gut, this 
retrograde motion serves to mix the digestive 
secretions into the food bolus as well as to 
push food into the pyloric ceca (R ø nnestad 
et al.  2000b ).  

   9.3.2     GI   r egulatory  m olecules 

 GI regulatory molecules include paracrine 
and endocrine hormones, neuropeptides, and 
cytokines. These substances often have a spe-
cifi c site of action where they produce a 
directed response such as the stimulation of 
gastric acid secretion by gastrin as they simul-
taneously produce an indirect response such 
as the inhibition of feeding behavior in neo-
natal chicks (Furuse et al.  1999 ). These mol-
ecules function in a tightly interwoven web of 

of the three major parts of the autonomic 
nervous system defi ned by Langley  (1903) . 
The ENS can be thought of as a displaced 
portion of the central nervous system (Goyal 
and Hirano  1996 ), and it provides neural 
control of the digestive process through inter-
action of sympathetic and parasympathetic 
neurons arranged into two plexuses or sets of 
ganglia known as the myenteric (Auerbach ’ s) 
plexus and the submucosal (Meissner ’ s) 
plexus (Goyal and Hirano  1996 ; Burns and 
Thapar  2006 ; Furness  2006 ) as well as 
through the action of a wide variety of neu-
ropeptides (Bjenning and Holmgren  1988 ). 
The ENS is considered the  “ brain of the gut ”  
and is well studied in many vertebrate species 
(see recent reviews by Newgreen and Young 
 2002 ; Burns and Thapar  2006 ; Furness  2006 ), 
including the zebrafi sh ( Danio rerio ) 
(Holmberg et al.  2008 ; Olsson et al.  2008 ). 

 The ENS regulates gut motility, controls 
blood fl ow, coordinates secretion and absorp-
tion, and modulates immune and endocrine 
functions refl exively (Burns and Thapar 
 2006 ). It is composed of approximately 10 8  
neurons in humans, nearly as many as the 
spinal cord (Lundgren et al.  1989 ; Goyal and 
Hirano  1996 ), and is capable of functioning 
by refl ex without relying on direct commands 
from the brain or spinal cord (Kunze and 
Furness  1999 ; Furness  2006 ). This indepen-
dence of function allows for  in vitro  studies 
on GI function as demonstrated by R ø nnestad 
et al.  (2000b)  in juvenile Atlantic halibut 
( Hippoglossus hippoglossus ). Both the myen-
teric and submucosal plexuses in fi sh have 
similar structures as that in mammals, with 
only minor variations such as a lower number 
of ganglia in the two plexuses (Bjenning and 
Holmgren  1988 ) and an irregular representa-
tion of neurotransmitters (Li and Furness 
 1993 ). 

 The role of the ENS in gut motility is fairly 
well understood. Electrical slow waves spread 
from the interstitial cells of Cajal and stimu-
late the contractile activity of the gut 
(Holmberg et al.  2008 ). The slow propaga-



270 Nutritional Physiology

acts on satiety. The authors also found that 
BBS may increase growth hormone, suggest-
ing a link between BBS and growth. In addi-
tion to effects on satiety, BBS is known to 
have other functions including cardiac/
vascular effects, the stimulation of other 
digestive hormones such as CCK, gastrin, and 
pancreatic polypeptide (PP), and stimulating 
the release of pancreatic enzymes (Bjenning 
and Holmgren  1988 ; Liehr et al.  1993 ). BBS 
has also been shown to stimulate the peristal-
sis of the gut by directly exciting cholinergic 
and noncholinergic excitatory neurons in the 
intestinal wall, although this effect was much 
weaker than that produced by CCK (Barth ó  
et al.  1982 ). 

 BBS/GRP has been found in a wide variety 
of fi sh ranging from elasmobranchs to teleosts 
(Bjenning and Holmgren  1988 ; Volkoff et al. 
 2005 ). Distribution of BBS immunoreactive 
cells in the gut tissues and nerves of fi sh has 
been shown to be species specifi c and not 
sensitive to short - term starvation (Burkhardt -
 Holm and Holmgren  1989 ). Work with GRP 
in embryonic and larval Atlantic cod ( Gadus 
morhua ) found that GRP mRNA is weakly 
present as early as the blastula stage, but 
becomes elevated around the time the eggs 
hatch, indicating that  de novo  production 
begins at this point (Xu and Volkoff  2009 ). 
In larvae, BBS was found to increase three 
times more in gilthead sea bream ( Sparus 
auratus ) that were fed  Artemia  nauplii com-
pared with those fed formulated dry diets 
(Kolkovski et al.  1997b ), providing some 
insight into how live prey stimulates the 
digestive system in a way that inert particles 
do not (Koven et al.  2001 ).  

   9.3.2.2    Gastrin 

 Gastrin was fi rst recognized in 1905 as a 
hormone for its ability to induce gastric acid 
secretion, although in the following years, 
there was much debate about its actual struc-
tural identity (Dockray et al.  2001 ). In 1964, 
the true identity of the hormone now known 

feedback and feed - forward loops that are 
incompletely understood in well - studied ter-
restrial vertebrates such as humans. In larval 
fi sh, study of these molecules and their inter-
relationships is in its infancy, and we are often 
forced to make assumptions based on what is 
known in other animals. 

   9.3.2.1     BBS  

 BBS is one of a number of anorexigenic hor-
mones, which has been shown to reduce feed 
intake (Gibbs et al.  1979 ; Bjenning and 
Holmgren  1988 ; Lee et al.  1994 ; Furuse et al. 
 2007 ). Primarily found in the digestive tract, 
BBS is also found at high concentrations 
in localized areas of the brain (Lee et al. 
 1994 ). Named for the frog species from the 
skin of which it was originally extracted, BBS 
is a tetradecapeptide that is characterized 
by a Gly - His - Leu - Met - NH 2  at the C - terminus 
(Gonzalez et al.  2008 ). It is closely related 
to two other mammalian peptides, the gastrin -
 releasing peptide (GRP) and neuromedian 
B (NMB). These three peptides together 
represent the three subfamilies that make up 
the group commonly referred to as the BBS/
GRP - like family (Xu and Volkoff  2009 ). 
While there are structural differences in BBS 
and GRP, they share many of the same func-
tions and their roles are often examined 
together. 

 Early work in rats by Gibbs et al.  (1979)  
showed that intraperitoneal injections of BBS 
produced selective satiety where food con-
sumption was reduced without affecting the 
consumption of water. Perhaps most interest-
ingly, the authors reported that rats began 
feeding as eagerly as nontreated animals, they 
just became satiated sooner, suggesting that 
BBS does not reduce the desire for food, only 
affecting the amount necessary to reach 
satiety. In work with goldfi sh ( Carassius 
auratus ), Himick and Peter  (1994)  found that 
BBS reduced the appetite by stimulating the 
secretion of the hormone ghrelin, suggesting 
that this may be the method by which BBS 
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multiple roles gastrin plays in the ontogeny 
of digestion in larval fi sh.  

   9.3.2.3    Somatostatin 

 Somatostatins are a family of cyclopeptides 
that are also known as somatotropin release -
 inhibiting factors (SIRFs) and are produced 
by a variety of cell types, including both 
endocrine and GI cells (Weckbecker et al. 
 2003 ). SIRFs have a large number of inhibi-
tory effects, which include the ability to 
inhibit the secretion of digestive hormones 
such as CCK or gastrin as well as the ability 
to reduce the secretion of gastric acid and 
pancreatic enzymes (Cahu and Infante  1995a ; 
Weckbecker et al.  2003 ). 

 SIRFs are widely studied in fi sh and have 
been shown to produce a wide variety of 
effects. They strongly inhibit the secretion of 
growth hormone in a number of species in 
response to stress factors (Boeuf and Le Bail 
 1999 ). In juvenile red drum ( Sciaenops ocel-
latus ), stress induced by background colors 
and altered illumination produced increased 
somatolactin levels, which may explain reduc-
tions in growth following stressful periods 
during culture of this species (Zhu and 
Thomas  1995 , Boeuf and Le Bail  1999 ).  

   9.3.2.4     CCK  

 CCK is a peptide that has both a primary gut 
form and a carboxy - terminal octapeptide 
form that is found both in the central nervous 
system (CNS) and the gut (de Pedro and 
Bj ö rnsson  2001 ; Chandra and Liddle  2007 ). 
CCK shares an amidated C - terminal penta-
peptide sequence (Gly - Trp - Met - Asp - Phe -
 NH 2 ) with gastrin, the amphibian hormone 
caerulin, and the ancestral hormone cionin 
(Bjenning and Holmgren  1988 ). In addition 
to sharing similar structures, CCK and gastrin 
are bound by the same CCK/gastrin receptor 
and share many of the same functions. Like 
gastrin, CCK has received a great deal of 
attention due to its role as a regulator of 

as gastrin was identifi ed from the antral 
mucosa of hogs (Gregory and Tracy  1964 ). 
Since that time, gastrin has been extensively 
studied and we now know it has numerous 
functions in addition to this role. The precur-
sor to gastrin (preprogastrin) is a peptide of 
101 (human), 104 (rat), or 114 (Japanese 
fl ounder,  Paralichthys olivaceus ) amino acid 
residues long (Kurokawa et al.  2003 ; Dockray 
et al.  2005 ), which is cleaved after translation 
to yield progastrin. Progastrin and the various 
COOH - terminal Gly - gastrins are referred to 
as the  “ nonclassical gastrins ”  since we now 
recognize that these various cleavage prod-
ucts have additional activities besides the 
traditional role of stimulating gastric acid 
secretion assigned to the  “ classical gastrins ”  
(G34 - Gly and G17 - Gly) (Dockray et al. 
 2005 ). Some of these roles include the pro-
liferation and differentiation of intestinal 
cells (Koh et al.  1999 ), differentiation and 
maturation of parietal cells (Dockray et al. 
 2001 ; Paterson et al.  2004 ), and control of 
histamine production in the enterochromaffi n -
 like cells (Dockray et al.  2005 ). 

 Gastrin is well studied in fi sh, though most 
of this work has focused on its role in gastric 
acid secretion and tissue differentiation. In 
larval Japanese fl ounder, it was found that 
gastrin began to be expressed in the intestine 
synchronously with the differentiation of the 
stomach, supporting the concept of gastrin as 
a regulator of gastric acid secretion (Kurokawa 
et al.  2003 ). In turbot ( Scophthalmus 
maximus ) larvae, gastrin immunoreactive 
cells were also fi rst seen coinciding with the 
development of the stomach (Reinecke et al. 
 1996 ), while in European sea bass 
( Dicentrarchus labrax ), gastrin immunoreac-
tive cells were seen in the intestine prior to 
the development of the stomach and in the 
stomach after it had differentiated (Garc í a 
Hern á ndez et al.  1994 ). In the spotted river 
puffer ( Tetraodon nigroviridis ), gastrin was 
found in the intestine despite the fact that 
spotted river puffers do not possess a stomach 
(Kurokawa et al.  2003 ). This illustrates the 
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to CCK (Ji et al.  2001 ). The neural compo-
nent of CCK - induced pancreatic stimulation 
appears universal, however, as  in vivo  work 
has shown that physiological doses of CCK 
are capable of producing a cholinergic neural -
 mediated pancreatic response in dogs 
(Konturek et al.  1972 ), humans (Valenzuela 
et al.  1983 ), and rats (Soudah et al.  1992 ). 
Regardless of the method of action, CCK is 
considered one of the most important, if not 
the most important, regulator of pancreatic 
enzyme secretion (Olsson and Holmgren 
 2001 ). 

 In fi sh, CCK - induced pancreatic enzyme 
secretion has been studied in a number of 
species. In red drum, CCK - immunoreactive 
(CCK - IR) cells are seen as early as fi rst feeding 
and become increasingly common as the fi sh 
age (Webb et al.  2010 ; Table  9.1 ). These 
CCK - IR cells are concentrated in the pyloric 
ceca and in the adjacent anterior intestine 
where secretions of pancreatic enzymes occur, 
although in the larvae of some species this 
concentration does not occur (R ø nnestad 
et al.  2007 ). In Atlantic herring, cells contain-
ing CCK mRNA are seen as early as hatching 
and their numbers increase dramatically by 
8   dph (Kamisaka et al.  2005 ). Tube feeding 
experiments with herring have shown that 
CCK and trypsin are both elevated in larvae 
after tube feeding with liposomes containing 

pancreatic enzyme secretion, gut motility, and 
gallbladder contractions (Grider  1994 ; Fink 
et al.  1998 ). CCK is also an anorexigenic 
hormone, which functions to reduce food 
intake (Konturek et al.  2004 ; Little et al. 
 2005 ), and has been widely investigated in 
mammalian systems for this reason. CCK in 
fi sh is known to have a strong role in the 
regulation of GI function and provides evi-
dence of a regulatory loop for pancreatic 
enzyme secretion (Einarsson et al.  1997 ; De 
Pedro and Bj ö rnsson  2001 ; Koven et al.  2002 ; 
R ø nnestad  2002 ; R ø nnestad et al.  2003 ). 

 Regulation of pancreatic secretion in fi sh 
is poorly understood and is generally based 
on what is known in mammalian systems, 
primarily those of rats and humans. Making 
it somewhat more complex, research has 
shown that control systems may even be dif-
ferent between rats and humans. In the rat, 
 in vitro  work with pancreatic acini has shown 
that CCK works through CCK - A receptors 
directly on pancreatic acini to stimulate enzy-
matic secretion rather than through a neural, 
cholinergic - dependent pathway (Owyang and 
Logsdon  2004 ). This is different from that in 
human cells where research has shown that 
human pancreatic acini do not express CCK - A 
receptors, only CCK - B receptors (Nishimori 
et al.  1999 ; Morisset et al.  2003 ; Owyang and 
Logsdon  2004 ), and do not respond directly 

  Table 9.1    Distribution of  CCK  -  IR  cells in red drum larvae by gut section and age. 

     

   Age (days posthatch)  

   3     4     5     6     9     12     18     26  

  Number of larvae with CCK - IR cells    1/10    2/5    4/5    5/5    5/5    5/5    5/5    5/5  

  Foregut/stomach     −      −      −      −      −      −      −      −   

  Anterior midgut/intestine     +      +      +      +      +      +  +      +  +      +  +   

  Pyloric ceca    NP    NP    NP    NP    NP    NP     +  +      +  +  +   

  Posterior midgut/intestine     −      -  −      +      +      +      +      +      +   

  Hindgut/rectum     −      −      −      −      −      −      −      −   

   Presence of fi ve or less cells/section is indicated by ( + ), between 5 and 10 cells by ( +  + ), and more than 10 cells/section by ( +  +  + ). Absence 
of CCK - IR cells is indicated by ( − ), and (NP) indicates that the gut section is not present at that age.   
 From Webb et al.  (2010) . 
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lated in fi sh by bovine serum albumin (Koven 
et al.  2002 ), potato starch (Cahu et al.  2004 ), 
or free methionine (Koven et al.  2001 ). CCK 
therefore represents a likely candidate for 
investigation into the mechanism by which 
digestive function may be controlled in 
larval fi shes.  

   9.3.2.5    Secretin/ v asoactive 
 i ntestinal  p olypeptide ( VIP ) 

 Secretin is a 27 - amino - acid peptide synthe-
sized as a prohormone in the S cells found in 
the intestinal membrane. Structurally, the 
mature peptide is similar to glucagon - like 
peptide (GLP) and VIP. The principal func-
tion of secretin is to stimulate the pancreas to 
produce bicarbonate - rich secretions in 
response to acidifi cation of the intestine by 
chyme passing from the stomach. Secretin is 
released in response to acidic chyme arriving 
in the anterior intestine and acts on the duct 
cells to release bicarbonate from the pancreas 
in addition to bile from the liver and is modu-
lated by a secretin - releasing peptide. Secretin 
and the secretin - releasing peptide operate 
through a feedback loop to regulate the 
release of pancreatic bicarbonate into the 
anterior intestine (Song et al.  1999 ). This 
feedback system can be either positive or 
negative and is attributable to species differ-
ences (Song et al.  1999 ). 

 VIP is a 28 - amino - acid peptide fi rst identi-
fi ed by its activity as a vasodilatory hormone 
(Bjenning and Holmgren  1988 ; Olsson and 
Holmgren  2001 ), hence the name. VIP is a 
member of the VIP family along with secretin 
and GLP and is highly conserved among 
mammals and teleosts (Olsson and Holmgren 
 2001 ). VIP mediates some of the secretory 
effect of serotonin (Wapnir and Teichberg 
 2002 ), thereby inhibiting gallbladder contrac-
tion (Aldman and Holmgren  1992 ). VIP in 
rainbow trout ( Oncorhynchus mykiss ) is par-
ticularly found in the circular layer of 
the intestine associated with nerve fi bers 
of the myenteric and submucosal plexuses 

free amino acids, bovine serum albumin, or a 
1:1 mixture of the two but not when fed 
liposomes containing physiological saline 
(Koven et al.  2002 ). The work by Koven et al. 
 (2002)  demonstrates that CCK likely func-
tions to stimulate pancreatic secretion in fi sh 
the same as it does in mammals. Similar 
responses have also been seen in larvae of 
Atlantic halibut (Rojas - Garcia and R ø nnestad 
 2002 ), European sea bass (Cahu et al.  2004 ), 
and red drum (Webb  2008 ) among others.   

 Certain foods have been shown to have a 
stronger stimulatory effect on CCK secretion 
than others (Liddle  1995 ), and this may play 
a signifi cant role in the inability of marine fi sh 
larvae to utilize inert diets at fi rst feeding. 
Products of proteolysis and lipolysis stimulate 
the CCK (endocrine I) cell to release CCK, 
which then acts humorally on pancreatic 
acinar cells to release pancreatic enzymes 
(Klein et al.  1999 ; Liddle  2000 ). In larval fi sh, 
which do not yet possess a functional stomach, 
these products may not be produced in suf-
fi cient amounts to properly stimulate pancre-
atic enzyme secretion. Work with Atlantic 
salmon ( Salmo salar ) has shown that exoge-
nous CCK produces a dose - dependent release 
of pancreatic proteases into the intestine 
(Einarsson et al.  1997 ), supporting this 
hypothesis. When larval fi sh such as red drum 
( Sciaenops ocellatus ) are cofed live prey or 
algae along with inert diets, growth and sur-
vival are enhanced along with pancreatic 
enzyme activities (Lazo  1999 ; Lazo et al. 
 2000a ). Within 30 minutes after a meal of live 
prey, larval red drum have signifi cantly 
increased CCK and trypsin levels compared 
with their unfed counterparts (Webb  2008 ). 
While it is possible that simple gut distension 
is responsible for these increases, work with 
larvae of Atlantic herring ( Clupea harengus ) 
has shown that distension of the gut with an 
empty carrier solution did not produce this 
response, while introduction of proteins and 
amino acids showed results similar to that 
seen in red drum (Koven et al.  2002 ). 
Endogenous CCK secretion has been stimu-
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hand, Okumura et al.  (1995)  found that 
injection of doses of PP into the dorsal motor 
nucleus of rats inhibited pancreatic fl ow and 
protein output, suggesting that PP works by 
modulating the pancreatic tone through the 
ENS rather than through direct action. These 
injections were suffi cient to inhibit pancreatic 
secretions in response to both a normal meal 
and exogenous CCK - 8 in a specifi c and dose -
 dependent manner (Okumura et al.  1995 ). 

 PP has been reported in numerous fi sh 
species including Korean aucha perch 
( Coreoperca herzi ) (Lee et al.  2004 ), Japanese 
fl ounder ( Paralichthys olivaceus ) (Kurokawa 
et al.  2000 ), and European sea bass 
( Dicentrarchus labrax ) (Garc í a Hern á ndez 
et al.  1994 ). Distribution of PP cells in larvae 
is found in the exocrine pancreas as expected 
but PP - immunoreactive (PP - IR) cells are typi-
cally not seen until late in the larval stage 
(Garc í a Hern á ndez et al.  1994 ; Kurokawa et 
al.  2000 ). PP - IR cells are also found in the 
stomach and intestine of European sea bass 
larvae (Garc í a Hern á ndez et al.  1994 ), though 
not in Japanese fl ounder (Kurokawa et al. 
 2000 ). Kurokawa et al.  (2000)  suggest that 
the presence of PP - IR cells seen in European 
sea bass larvae may be due to the use of anti-
bodies raised against PP in nontarget species 
and the structural similarity between PP and 
PYY causing false positives. 

 Like PP, PYY regulates GI function in 
response to a meal. Unlike PP, there are two 
primary forms of PYY that have been shown 
to be active in mammals. The two forms 
(PYY 1 - 36  and PYY 3 - 36 ) differ only in the pres-
ence or absence of the fi rst two amino acid 
residues, but PYY 1 - 36  has been shown to bind 
four different PYY receptors, while PYY 3 - 36  
binds more specifi cally to one type of PYY 
receptor (Mendieta - Zer ó n et al.  2008 ). In 
addition to these two forms, fi sh of the super-
order Acanthomorpha have another form 
known as peptide Y (PY) whose ortholog is 
referred to as PYYb in zebrafi sh (Fredriksson 
et al.  2006 ) and sometimes in other fi sh as 
well (Murashita et al.  2009 ). 

(Holmgren et al.  1982 ). VIP has also been 
shown to be important in the osmoregulation 
of postembryonic fi sh (Varsamos et al.  2005 ).  

   9.3.2.6    Pancreatic  p olypeptides 
( PP ,  PYY ) 

 First discovered as a by - product of insulin 
purifi cation from chicken pancreas (Kimmel 
et al.  1975 ), PP functions as a regulator of 
pancreatic and GI function. Pancreatic peptide 
YY (PYY, sometimes referred to as intestinal 
peptide YY) was fi rst isolated from porcine 
pancreas and has functions similar to PP, in 
addition to regulating several other digestive 
processes (Larhammar  1996 ). PP and PYY 
are members of the neuropeptide Y (NPY) 
family of homologous peptides and are 
thought to have evolved from a common 
ancestor through a series of gene duplication 
events (Larhammar  1996 ; Conlon  2002 ). 
Though both PP and PYY are short, only 
36 amino acid residues long, and share a 
common ancestry and roles in restricting the 
secretion of pancreatic enzymes (Guan et al. 
 1991 ; Kurokawa et al.  2004 ), the amino acid 
sequences of the two can vary greatly among 
species (Conlon  2002 ). Despite the similarity 
in name, PYY is structurally more similar to 
NPY than to PP (Conlon  2002 ). 

 PP has only been identifi ed in tetrapods 
(Larhammar  1996 ; Conlon  2002 ) and has an 
amino acid sequence that is much more vari-
able than that of NPY or PYY (Larhammar 
 1996 ). It is secreted in the pancreas by the PP 
(or F) cells (Slack  1995 ), which are almost 
totally confi ned to exocrine pancreatic tissues 
(Kurokawa et al.  2000 ; Hennig et al.  2002 ), 
as well as in the distal GI tract (Mendieta -
 Zer ó n et al.  2008 ). Postprandial increases in 
PP concentration are rapid, occurring within 
10 minutes after ingestion of a meal (Hornnes 
et al.  1980 ). While there is evidence that PP 
has direct inhibitory effects on the secretion 
of pancreatic digestive enzymes and gallblad-
der contraction, this has not been demon-
strated (Hennig et al.  2002 ). On the other 
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unknown, but the difference may be related 
to the use of antibodies for detection in sea 
bass, which may not have shown detectable 
signals as early as for the other two fi sh.  

   9.3.2.7    Motilin/ g hrelin 

 Motilin is a 22 - amino - acid peptide fi rst iden-
tifi ed for its ability to stimulate gastric activity 
and produce strong, recurring contractions 
(Itoh et al.  1978 ). Motilin is released during 
periods of fasting and is believed to be 
involved in regulating interdigestive pancre-
atic secretions through its role in regulating 
the migrating myoelectric complex (Konturek 
et al.  2003 ; Sanger  2008 ). Ghrelin is similar 
in structure to motilin, and the receptors for 
the two peptides share 52% homology, 
leading to the original name for ghrelin as the 
motilin - related peptide (Sanger  2008 ). 
Recently, however, major differences between 
the two have been established, most notably 
the stimulation of appetite by ghrelin (Sanger 
 2008 ) and the ability of ghrelin to serve as a 
secretagogue for growth hormone (Xu and 
Volkoff  2009 ). It is the stimulatory nature of 
ghrelin on appetite that has made it of great 
interest recently since it is the only known 
orexigenic GI peptide to date (Murashita 
et al.  2009 ). 

 Since ghrelin is produced in adult fi sh pri-
marily in the stomach, it is not clear what role 
it may have in the development of larval fi sh 
before the development of a functional 
stomach. In larvae of Atlantic halibut, ghrelin 
mRNA expression was detected at the time of 
hatching (Manning et al.  2008 ) even though 
the stomach in this species does not become 
functional until approximately 73   dph (Luizi 
et al.  1999 ; S æ le et al.  2004 ). In Atlantic cod, 
this was even more dramatic as ghrelin mRNA 
was fi rst detected at the cleavage stage of cod 
embryos (Xu and Volkoff  2009 ). This sug-
gests that ghrelin may be active in a develop-
mental role even before the onset of exogenous 
feeding, but the digestive role of ghrelin in 
stomachless fi sh larvae is not known.  

 PYY is secreted by endocrine L cells in the 
GI tract in response to intraluminal nutrients 
and digestive products (Grudell and Camilleri 
 2007 ). Interestingly, the secretion of PYY has 
also been shown to be positively correlated 
with caloric content of the food bolus 
(Mendieta - Zer ó n et al.  2008 ), suggesting its 
role in sensing caloric  “ fullness ”  as opposed 
to volumetric fullness. In rats, release of PYY 
has been shown to be mediated by neural 
refl ex even before the arrival of a food bolus 
in the intestine (Grudell and Camilleri  2007 ). 
Secreted mostly in the distal intestine, PYY 
works to delay gastric emptying and modu-
lates intestinal motility (Tatemoto  1982 ). 
PYY is also considered to be the major 
hormone regulating absorption in the small 
intestine of mammals through the action of a 
specifi c type of protein kinase C (PKC  ε  ) 
(Wapnir and Teichberg  2002 ), though this 
role has not been demonstrated in fi sh. 

 PYY/PY have been identifi ed in numerous 
fi sh including Atlantic salmon ( Salmo salar ) 
(Murashita et al.  2009 ), Atlantic cod ( Gadus 
morhua ) (Jensen and Conlon  1992 ), yellow-
tail ( Seriola quinqueradiata ) (Murashita et al. 
 2006 ), and Japanese eel ( Anguilla japonica ) 
(Kurokawa et al.  2004 ). In European sea bass, 
cells reacting to the PYY antisera (PYY - IR) 
were fi rst seen in the intestine of larvae during 
phase II (9 – 15   dph), and by phase IV (55 –
 60   dph) were found in the stomach as well 
(Garc í a Hern á ndez et al.  1994 ). In larvae of 
Japanese fl ounder, PY mRNA was found in 
the intestinal epithelia as early as 3   dph and 
in the endocrine pancreas at 30   dph but PYY 
was not found at any age (Kurokawa and 
Suzuki  2002 ). In Japanese eel, PYY mRNA 
was found in the intestinal epithelia when the 
fi sh began feeding at 8   dph (Kurokawa et al. 
 2004 ). Since PYY/PY is found around the time 
exogenous feeding begins in the larvae of the 
Japanese eel and Japanese fl ounder, it suggests 
synchronicity with the development of the 
exocrine pancreas (Kurokawa and Suzuki 
 2002 ). Why European sea bass does not also 
exhibit this same type of synchronicity is 
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signifi cant opportunities for future research-
ers. Our understanding of these processes in 
terrestrial vertebrates continues to grow and 
this helps us understand better how these pro-
cesses might work in fi sh. Furthermore, the 
use of zebrafi sh as a model species has opened 
a whole new range of tools for understanding 
the ontogeny of control systems in fi sh.  
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  Chapter 10 

Feeding  b ehavior 
in  l arval  fi  sh  
  Manuel     Y ú fera       

    10.1    Introduction 

 After egg hatching, fi sh larvae go through 
important changes to reach the juvenile stage, 
the most evident being a dramatic biomass 
increase. From a feeding point of view, the 
larval stage ends when all organs and struc-
tures related to food acquisition are com-
pletely developed and functional, and the 
defi nitive feeding habits have been achieved 
(Koumoundouros et al.  1999 ; Y ú fera et al. 
 2004 ; Russo et al.  2007 ). Feeding success in 
fi sh larvae is critical for obtaining the nutri-
ents and the energy necessary for healthy 
growth and development that allows them to 
survive to the end of the larval period. 
Irrespective of the juveniles ’  and adults ’  
feeding modes, the larval fi sh are planktivo-
rous. The ontogeny of feeding - related systems 
in fi sh is highly variable. The different species 
may be precocial or altricial, according to the 

degree of development attained at the time of 
hatching and opening of the mouth (Balon 
 1986 ). Larvae of precocial species hatch in an 
advanced stage of development. Larvae of 
altricial species hatch with undeveloped 
organs and structures and exhibit a more 
complicated development pattern. In these 
species, the yolk sac continues as the sole 
source of nutrients for the developing embryo 
immediately after hatching. After the start of 
exogenous feeding, the larvae continue the 
transformation to juveniles. During this 
period of strong anatomical and physiologi-
cal changes, the feeding process undergoes a 
continuous adaptation to optimize the new 
body capacities for effi cient food intake and 
nutrient assimilation. 

 Feeding behavior is the result of an interac-
tion of complex processes that include several 
pre -  and postconsumptive steps: searching, 
detection, attack, capture, ingestion, digestion, 

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt. 
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fact, at the start of feeding and the transition 
from endogenous to exogenous nutrient 
sources, it is necessary that all structures and 
organs associated with food uptake and pro-
cessing are, in some degree, ready and func-
tional (Osse and van den Boogaart  1999 ; 
Y ú fera and Dar í as  2007 ). From hatching, 
larvae are progressively aware of different 
external stimuli that indicate the presence of 
potential food items. Movement capacity 
develops in parallel, and consequently, so 
does the possibility for exploring the medium 
and moving toward those potential prey. 
Searching depends basically on swimming 
capacity, while detection depends largely on 
sensory organs. 

   10.2.1    Role of  s ensory  o rgans 

 In fi sh, as in all vertebrates, sensory organs 
give direct information from the immediate 
surroundings and therefore play a relevant 
role in defi ning the subsequent responses. In 
the fi rst stages, the behavior pattern tends 
primarily to favor survival by acquiring suit-
able food and avoiding being eaten by larger 
animals. The role of sensory organs is crucial 
in feeding behavior and escape from preda-
tors (Blaxter  1986 ). 

 Food detection occurs by means of visual, 
chemical, and mechanical stimuli. Olfaction 
allows detection of distant stimuli, sight 
allows the identifi cation of objects at medium 
and relatively short distance, while touch and 
gustation need very close or direct contact 
with the source of the stimulus. Most marine 
fi sh hatch with immature anatomical fea-
tures. Nevertheless, the sensory organs 
develop quickly during the fi rst days after 
hatching. Details of the morphogenesis and 
functional ontogeny of eyes, chemoreceptors 
(responsible for smell and taste), and neuro-
masts (responsible for detection of move-
ments) in fi sh larvae have been the subject of 
various recent reviews (see, for instance, 
Evans and Browman  2004 ; D ø ving and 

and evacuation. Each of them has a specifi c 
pattern that changes throughout develop-
ment. The feeding strategy is related to the 
specifi c characteristics of each species, and it 
is adapted for successful exploitation of a 
given trophic niche. Availability of suitable 
prey is one of the most determinant biotic 
factors, but feeding mode and amount of food 
intake are also infl uenced by prevailing envi-
ronmental conditions. 

 Absence of predators and competitors, 
abundant food, and low variety of prey are 
the primary differences when fi sh larvae are 
transferred from their natural habitats to 
rearing tanks. Although food is abundant, 
only a few zooplankton species are used as 
larval prey in aquaculture (Bengtson  2003 ; 
Concei ç  ã o et al.  2010 ). On the other hand, 
there is a signifi cant research effort in devel-
oping microdiets for advanced weaning and 
for the complete replacement of live prey 
(Baskerville - Bridges and Kling  2000 ; Fontagn é  
et al.  2000 ; Langdon  2003 ; Y ú fera et al. 
 2005 ). A good understanding of how envi-
ronmental factors infl uence development and 
behavioral adaptations in aquaculture condi-
tions are necessary for successfully rearing the 
target species. This review presents an over-
view of the feeding behavior and foraging 
strategies during the larval stage of marine 
teleosts, with special emphasis on those 
aspects determining the mode of food intake 
that are relevant in advancing feeding proto-
cols with live prey and designing formulated 
microdiets for larval rearing.  

   10.2    Searching for and 
 d etecting  f ood 

 Searching for prey and detecting them depend 
on the appropriate functioning of some 
organs and tissues that become progressively 
available throughout development, in parallel 
with the structures and organs related to 
feeding function (O ’ Connell  1981 ; Fukuhara 
 1985 ; Osse and van den Boogaart  1999 ). In 
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 2006 ). Most fi sh are visual feeders during the 
fi rst larval stages and require a minimum light 
intensity threshold to develop and grow nor-
mally (Boeuf and Le Bail  1999 ). Higher 
feeding intensity under illuminated condi-
tions has been observed in larvae of many 
species, as in cod  Gadus morhua  (Puvanendran 
and Brown  1998 ), greenback fl ounder 
 Rhombosolea tapirina  (Cox and Pankhurst 
 2000 ), haddock  Melanogrammus aeglefi nus  
(Downing and Litvak  2001 ), or  Pagrus 
auratus  (Fielder et al.  2002 ). Nevertheless, 
vision is not always necessary for feeding. 
Some species are able to growth at very low 
light intensities (Chesney  1989 ) or in total 
absence of light. The African catfi sh,  Clarias 
gariepinus , a freshwater species, can be reared 
in the dark from fi rst feeding (Appelbaum and 
Kamler  2000 ) and is able to eat actively in the 
dark from mouth - opening, probably helped 
by neuromasts and taste buds for detecting 
and recognizing the food (Mukai et al.  2008 ). 
Similarly, striped bass  Morone saxatilis  larvae 
are able to feed independent of light as an 
adaptation to turbid estuarine waters 
(MacIntosh and Duston  2007 ). First - feeding 
larvae of  Melanogrammus aeglefi nus  can also 
eat in the dark, although they eat better at 
moderate light intensities (Downing and 
Litvak  2001 ).  

   10.2.1.2    Olfaction 

 Olfaction allows for more remote detection 
of a stimulus. The olfactory organ appears 
early during embryonic development. 
Olfactory placodes and pits are already 
present at the onset of feeding (O ’ Connell 
 1981 ; Noakes and Godin  1988 ; Tanaka et al. 
 1991 ; Boglione et al.  2003 ; Kawamura et al. 
 2003 ) and develop further to complete the 
deepening of the pits, the formation of nares, 
the folding of olfactory epithelium, and the 
formation of olfactory lamellae by the late 
larval stage. Functionality and the role of 
olfactory sense in prey detection and identifi -
cation from fi rst feeding as well as in older 

Kasumyan  2008 ; Loew and Wahl  2008 ; 
Pankhurst  2008 ). 

   10.2.1.1    Vision 

 Sight allows the larvae to perceive objects that 
are relatively close, within the range of half 
to several body lengths. The morphogenesis 
of the retina is highly variable in teleosts 
(Evans and Browman  2004 ). Altricial marine 
teleosts hatch with undeveloped eyes, 
although the pigment in the retina appears in 
a few hours or days and functional pigmented 
eyes with the optic nerve connected to the 
optic tectum are present by the time of fi rst 
feeding in many marine fi sh. This early retina 
has only one type of photoreceptor, formed 
predominantly by green - sensitive single cones 
(Helvik et al.  2001 ; Evans and Browman 
 2004 ) that allow relatively good acuity under 
bright light. Double and mosaic cone struc-
tures and rod photoreceptors appear later at 
metamorphosis and enable vision at low light 
intensity as well as motion sensitivity 
(Kawamura et al.  1984 ; Higgs and Fuiman 
 1996 ; Shand et al.  2002 ; Evans and Browman 
 2004 ). 

 Although with notable interspecifi c vari-
ability in the visual pigment types, this general 
pattern has been observed in species belong-
ing to different families such as fl ounder 
 Paralichthys olivaceus  (Kawamura et al. 
 1989 ), spotted sand bass  Paralabrax macula-
tofasciatus  (Pe ñ a et al.  2004 ), halibut 
 Hippoglossus hippoglossus  (Kvenseth et al. 
 1996 ; Helvik et al.  2001 ), red sea bream 
 Pagrus major  (Kawamura et al.  1984 ); 
snapper  Pagrus auratus  (Pankhurst and Eagar 
 1996 ), red porgy  Pagrus pagrus  (Roo et al. 
 1999 ), and bluefi n tuna  Thunnus orientalis  
(Kawamura et al.  2003 ). Increase in lens size 
and the development of the retina with larval 
growth enhance the visual fi eld and acuity; 
therefore, older larvae have increased reactive 
distance and perception angle (Arnold and 
Holford  1990 ; Hunt von Herbing and 
Gallager  2000 ; Cobcroft and Pankhurst 
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mottled sculpin  Cottus bairdi  (Jones and 
Janssen  1992 ) and of  Gnathopogon elongates 
caulescens  (Mukai  2006 ) by blocking the 
neuromasts with streptomycin or by immobi-
lizing zooplanktonic prey to prevent 
vibrations. 

 The progressive development and comple-
tion of all these sensory organs increase the 
capacity for detection and recognition of 
potential prey. All sensory organs are involved 
to different degrees during the development 
of prey detection. At fi rst feeding with limited 
locomotor capacity, the detection of prey is 
restricted to a small area right in front of the 
head, and is consequently highly dependent 
on encounter opportunity. Fish larvae smell 
the prey metabolites and, when their swim-
ming capacity improves, can steer their way 
toward the zooplankton patches. Specifi c 
prey items are primarily detected by vision 
helped by neuromasts, and subsequently an 
attack is attempted. Once taste buds prolifer-
ate, larvae may make the decision to swallow 
or regurgitate prey according to its palatabil-
ity and previous experiences. In later stages 
of development, vision and olfactory organs 
are linked with localization and migration 
toward different areas and adaptation to new 
trophic niches.    

   10.3    Locomotor  c apacity and 
 s earching  s trategies 

 Both predation effi ciency and escape ability 
are closely related to swimming capacity. The 
ability of larval fi sh to move within the 
aqueous medium is affected by some ana-
tomical features that are changing during the 
larval stage, such as the musculature anatomy 
and structure, the presence of the primordial 
fi nfold and the appearance of the caudal fi n 
and median and lateral fi ns, swim bladder 
infl ation, and the body size and shape 
(Fukuhara  1985 ; Blaxter  1986 ; Webb and 
Weihs  1986 ). On the other hand, the 
swimming capacity is also dependent on the 

larvae have been probed in herring  Clupea 
harengus  (Dempsey  1978 ),  Pagrus major  
(Iwai  1980 ; Tanaka et al.  1991 ), gilthead sea 
bream  Sparus aurata  (Kolkovski et al.  1997 ), 
turbot  Psetta maxima  (Knutsen  1992 ; 
Kasumyan et al.  1998 ), and common sole 
 Solea solea  (Knutsen  1992 ) using chemical 
stimuli that evoke specifi c behavior. In later 
stages, when the olfactory organs are more 
developed, olfaction is involved in detection 
of nursery areas (James et al.  2008 ; Lara 
 2008 ). Chemical signals have a relevant role 
in many species in searching for the appropri-
ate habitat for settling after pelagic larval life 
(Adverlund and Takemura  2006 ; Lara  2008 ).  

   10.2.1.3    Taste 

 The gustatory system is the other chemore-
ceptor. In many marine species, intra -  and 
extraoral taste buds develop or proliferate 
some days or weeks after fi rst feeding (Iwai 
 1980 ; Cobcroft and Pankhurst  2006 ; S á nchez -
 Amaya et al.  2007 ), allowing better prey dis-
crimination and the possibility for rejecting 
prey (Kentouri and Divanach  1982 ; Boglione 
et al.  2003 ). However, some teleosts with 
demersal eggs develop taste buds at very early 
stages, and they are present at fi rst feeding as 
in the willow shiner  Gnathopogon elongates 
caulescens  (Mukai  2006 ) and  Clarias gariepi-
nus  (Mukai et al.  2008 ).  

   10.2.1.4    Neuromasts 

 Mechanical stimuli such as touching or water 
movements are detected by neuromasts and 
the lateral line system. In larval fi sh, some few 
free neuromasts are already present at hatch-
ing and progressively proliferate during 
growth and development (Higgs and Fuiman 
 1996 ; Kawamura et al.  2003 ). Cephalic and 
trunk canalized neuromasts within lateral 
lines appear later in larval development, con-
ferring a better perception of water accelera-
tion. Evidence of their involvement in prey 
detection has been shown in the larvae of 
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speed, pause duration and frequency, burst 
duration, reactive distance, perception angles, 
and duration of predation cycle are measur-
able aspects that defi ne the changes in behav-
ior during searching and attack throughout 
development (Hunt von Herbing and Gallager 
 2000 ; Chesney  2008 ). This pause – travel for-
aging behavior has been described in many 
marine fi sh species. Larvae swim by intense 
short bursts followed by gliding and scanning 
for prey during pauses, as described in  Gadus 
morhua  (Hunt von Herbing and Gallager 
 2000 ). As larvae grow, swimming speed and 
movement distance increase, pause duration 
tends to decrease, and the absolute reactive 
distance and perception horizontal and verti-
cal angles become greater (Blaxter  1986 ; 
Hunt von Herbing and Gallager  2000 ; 
Chesney  2008 ; Figure  10.1 ). Thus, attack and 
feeding success increase in progressively larger 
larvae. Three different searching strategies, 
ambush, swimming and pause, and cruiser 
have been described at the later stages of the 
larval period (Browman and O ’ Brien  1992 ). 
At fi rst feeding, even the smallest larvae have 
some primordial hunting abilities, but the effi -
cacy increases with development and growth, 
changing from passive feeding highly depen-
dent on encounter opportunity to an active 
prey searching capability.    

   10.4    Capture and  i ngestion 

 Capture success relies not only on develop-
ment stage and concomitant hunting capacity 
but also on the availability and accessibility 
of prey. Once a prey is perceived, the foraging 
has three possible results: unsuccessful 
attacks, aborted attacks, and successful 
attacks (Hunt von Herbing and Gallager 
 2000 ). After mouth - opening, fi sh larvae need 
to learn hunting and have to do it quickly. 
Not all larvae of the same cohort start feeding 
at the same time. The percentage of actively 
feeding larvae at the onset of feeding exhibits 
a pattern of increase that is characteristic for 

hydrodynamic environmental conditions 
characterized by the Reynolds number, a 
parameter indicating the ratio of inertial to 
viscous forces in fl uids, that is based on larval 
length and swimming speed (Webb and Weihs 
 1986 ). Low Reynolds numbers indicate that 
viscous forces are dominant. Larval fi sh expe-
rience low and intermediate values (Webb 
and Weihs  1986 ; Batty and Blaxter  1992 ), 
particularly during yolk sac stage and the fi rst 
days of feeding when the total length (TL) of 
marine fi sh larvae ranges between approxi-
mately 2 and 4   mm. Under such conditions, 
frictional forces clearly dominate. Before 
notochord fl exion, swimming speed and 
endurance are limited. In fact, those species 
with very low larval length at fi rst feeding 
have short swimming times and need to 
increase larval length quickly (Hunt von 
Herbing and Gallager  2000 ). There is a rela-
tively less viscous hydrodynamic environment 
with increased TL, with a consequent decrease 
in the energetic cost of swimming. After noto-
chord fl exion, usually occurring at 5 – 6 - mm 
TL, and caudal fi n development, larvae swim 
in an inertial environment and swimming 
endurance increases markedly. Consequently, 
larval fi sh acquire better swimming perfor-
mance with growth (Webb and Weihs  1986 ; 
Fuiman et al.  1999 ), although each species 
improves this swimming competency at a spe-
cifi c rate (Clark et al.  2005 ). In later larval 
stages, larvae are able to swim faster than the 
ambient current speed and cover long dis-
tances (Clark et al.  2005 ), allowing dispersal 
and recruitment. But Koumoundouros et al. 
 (2009)  working in  Sparus aurata  found that 
in late metamorphosis, this sparid exhibits a 
decrease in relative sustainable swimming 
speed as a consequence of muscle anatomy 
and changes in body size and shape as an 
adaptation to demersal habitat requiring 
more maneuverability. 

 Basically, fi sh larvae exhibit alternating 
periods of swimming and inactivity (Browman 
and O ’ Brien  1992 ; Fuiman et al.  1999 ; Hunt 
von Herbing and Gallager  2000 ). Swimming 
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prey size (Figure  10.3 ). During the very early 
stages with low swimming capacity, encoun-
ter opportunity depends on prey density. As 
larvae grow in length with age, attack and 
feeding success increase (Hunt von Herbing 
and Gallager  2000 ; Monk et al.  2006 ), 
although capture success increases mainly 
during the fi rst days of feeding (Monk 
et al.  2006 ).   

   10.4.1    Prey  s election 

 The detection of a potential prey does not 
always elicit a strike response. Selection of 
food by fi sh larvae depends on prey accessi-
bility and organoleptic preferences. The 
accessibility of a given prey is determined by 

each species. The observed differences in 
feeding ability among species are mainly due 
to anatomical characteristics and aggressive-
ness of the larvae. In some species, the totality 
of the population is able to start feeding in a 
few hours, while others take several days 
(Ki ø rboe et al.  1985 ; Polo et al.  1992 ; N æ ss 
et al.  1995 ; Doi et al.  1997 ; Olsen et al.  2000 ; 
Parra and Y ú fera  2000 ; Dou et al.  2002 ; 
Carton  2005 ; Nhu et al.  2009 ; Russo et al. 
 2009 ; Figure  10.2 ). In the latter case, high 
prey availability and accessibility seem to be 
crucial for successfully initiating feeding 
(Ki ø rboe et al.  1985 ; Polo et al.  1992 ). Prey 
size and swimming ability are primary factors 
determining the effi cacy with which the prey 
is caught. In fact, the ability to start feeding 
after mouth - opening is typically affected by 

     Figure 10.1     Schematic diagram showing the changes in swimming speed (arrows), reactive distance and angle of per-
ception, and pause duration (bars) in relation to fi sh larvae age and total length.  
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its size, shape, and ability to escape from 
predators. Prey size is the primary character-
istic defi ning choice in early larvae. Mouth 
gape limits the dimensions of prey that can be 
ingested. Jaw length and mouth gape increase 
almost proportionally to larval length. This 
increase is particularly rapid during the fi rst 
few days after mouth - opening as may be 
observed in the measurements reported for 
different species (Shirota  1970 ; Sumida and 
Moser  1980 ; Fern á ndez - D í az et al.  1994 ; Doi 
et al.  1997 ), indicating that improving feeding 
capacity is a developmental priority in early 
larvae. The proportional increase of mouth 
size with larval length is not permanent and 
is slower in older larvae after reaching an 
infl exion point (Rowlands et al.  2006 ). 
Consequently, larvae tend to select larger prey 
as growth progresses as has been observed in 
the fi eld (Munk  1992 ;  Ø stergaard et al.  2005 ) 
and in laboratory experiments with different 
species, for example, Western Atlantic sea 
bream  Archosagus rhomboidalis  (Stepien 
 1976 ), striped mullet  Mugil cephalus  (Oozeki 

     Figure 10.2     Feeding incidence (percentage of larvae with some content within the gut) at the onset of exogenous feeding 
in different fi sh species. Curves elaborated from data reported in the literature: (1)  Lutjanus argentimaculatus , 31 ° C (Doi 
et al.  1997 ); (2)  Solea senegalensis , 19.5 ° C (Ca ñ avate et al.  2006 ; Y ú fera, unpublished data); (3)  Rachycendron canadum , 
28 ° C (Nhu et al.  2009 ); (4)  Seriola lalandi , 20 ° C (Carton  2005 ); (5)  Paralichthys olivaceus , 17.1 ° C (Dou et al.  2002 ); (6) 
 Sparus aurata , 19.5 ° C (Parra and Y ú fera  2000 ); and (7)  Hippoglossus hippoglossus , 11 – 12 ° C (N æ ss et al.  1995 ; Olsen 
et al.  2000 ).  
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is also determined by the diameter of the 
esophagus (Busch  1996 ; Y ú fera and Dar í as 
 2007 ), mainly early when the pressure of the 
yolk sac constrains the opening of the lumen 
of the esophagus (Busch  1996 ). Fern á ndez -
 D í az et al.  (1994) , working with  Sparus 
aurata  larvae fed on inert microdiets, showed 
that larvae fed on soft particles were able to 
select larger sizes than when fed hard particles 
(Figure  10.4 ). This fact reveals the impor-
tance of the physical characteristics of food 
items for larvae that ingest by directly swal-
lowing the entire prey during the grand part 
of the larval stage, and the prey has to accom-
modate to the diameter of the esophagus. 
With the development of buccal teeth and 
jaw musculature, larval fi sh change capture 
mode from simple swallowing to biting 
and swallowing. After this developmental 
event, organism size and shape is not such a 
constraint to larvae in choosing the appropri-
ate prey.   

et al.  1992 ),  Sparus aurata  (Polo et al.  1992 ; 
Fern á ndez - D í az et al.  1994 ), halibut 
 Hippoglossus hippoglossus  (Olsen et al. 
 2000 ), and dusky grouper  Epinephelus mar-
ginatus  (Russo et al.  2009 ). Nevertheless, 
Hamasaki et al.  (2009)  did not fi nd such 
increasing size preference in greater amber-
jack  Seriola dumerili  larvae fed on rotifers 
with different lorica sizes. This increasing 
pattern is not equal for all species, and the 
preferred sizes or prey species may vary in 
order to reduce prey niche overlapping among 
species ( Ø stergaard et al.  2005 ; Simonsen et 
al.  2006 ). 

 Although fi sh larvae are able to ingest prey 
with similar size to mouth gape, they tend to 
ingest smaller prey. Prey/gape ratio deter-
mined in different species usually ranges 
between 25 and 60% (Shirota  1970 ; 
Fern á ndez - D í az et al.  1994 ; Busch  1996 ; 
Cunha and Planas  1999 ;  Ø stergaard et al. 
 2005 ). The size of prey that can be ingested 

     Figure 10.4     Mean diameter of ingested particles in relation to total length in gilthead sea bream larvae fed on hard 
microcapsules (fi lled circles and continuous line) and soft microcapsules (open circles and dashed line)  (from Fern á ndez -
 D í az et al.  1994 , with permission).   
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observable in early larval stages. Freshwater 
species of the  Brycon  genus exhibit strong 
cannibalism behavior from fi rst feeding that 
may have an impact, with up to 98% of the 
population cannibalized in the fi rst week 
(Baras et al.  2000 ). Cannibalism has been 
described in many very different cultured 
species (e.g., in sea bass  Dicentrarchus labrax  
after 50   dph, Katavi ć  et al.  1979 ; in bluefi n 
porgy  Sparidentex hasta  after the fi rst month 
[17 – 20 - mm TL], Teng et al.  1999 ; in common 
dentex  Dentex dentex  beyond 10   dph [ > 10 -
 mm TL], Koumoundouros et al.  1999 ; in 
 Paralichthys olivaceus , after larvae settle-
ment, Dou et al.  2000 ; in  Clarias gariepinus , 
Mukai et al.  2008 ; in barramundi  Lates cal-
carifer , Parazo et al.  1991 ; and in seven - band 
grouper  Ephinephelus septemfasciatus  
beyond 52   dph, Sabate et al.  2009 ). Some of 
the particular conditions and factors inducing 
cannibalism are high larval density, low prey 
availability or episodic prey scarcity, and 
most important, larval size variation within 
the sibling cohort (Katavi ć  et al.  1979 ; Hetch 
and Pienaar  1993 ; Dou et al.  2000 ). 
Consequently, during larval rearing, low 
larval density, abundant prey supply, and size 
sorting are scheduled to prevent or reduce 
cannibalism behavior.  

   10.4.2    Ingestion  p atterns 

 Many factors infl uence the quantity and the 
manner in which food biomass is taken in by 
larval fi sh. Some of the factors depend on 
species - specifi c characteristics of the larvae, 
while others depend on environmental condi-
tions, including food availability and acces-
sibility. Obtaining reliable estimates of the 
number of prey items and mass ingested by 
larval fi sh per unit time is a diffi cult task 
strongly infl uenced by experimental condi-
tions and methodology (Dunbrack et al. 
 2009 ). Different experimental approaches 
have been used such as gut fullness plus evac-
uation rates, gut fi lling rates, and decline of 

 Factors other than size are also involved in 
the food preferences of larval fi sh. Some 
metabolites from planktonic organisms 
(amino acids and nucleotides) have been iden-
tifi ed as olfactory and taste stimuli for feeding 
(Kolkovski et al.  1997 ). The ability to dis-
criminate chemical clues by olfaction and gus-
tation is present to some degree at fi rst feeding 
and improves with development. Kentouri 
and Divanach  (1982)  observed in different 
sparids ( Diplodus sargus ,  Diplodus vulgaris , 
and  Sparus aurata ) how early larvae eat a 
variety of prey items but regurgitate annelid 
larvae and the ciliate  Fabrea salina , organisms 
that were then omitted. Fern á ndez - D í az et al. 
 (1994)  found that  Sparus aurata  larvae prefer 
live prey over inert microdiets, both within 
the same size range. In fact, the poor ingestion 
rates obtained in some cases with microdiets 
may improve by adding small amounts of live 
prey or exudates of live organisms. Kolkovski 
et al.  (1997)  identifi ed arginine, alanine and 
glycine, and sodium salt of betaine from 
metabolites excreted by  Artemia  as strong 
feeding stimulants. Interestingly, a well -
 ingested microencapsulated diet (Y ú fera et al. 
 1995 ) released higher amounts of three of 
these compounds when immersed in water 
(Y ú fera et al.  2002 ). 

 In spite of the theoretical prey size spec-
trum increase in parallel with larval size, the 
preferred prey is able to supply appropriate 
biomass and energy. Swimming and hunting 
are costly activities (O ’ Brien et al.  1989 ; Hunt 
von Herbing et al.  2001 ), and the optimiza-
tion of effort for best effi ciency is a requisite 
to maintain a reasonable growth rate. 
Therefore, growing fi sh larvae tend to choose 
those prey that result in a favorable ratio 
between energy gain and energy spent in the 
capture of such prey (Hunt von Herbing et al. 
 2001 ; Puvanendran et al.  2004 ). 

 A particular case in prey preference is can-
nibalism behavior. This is a phenomenon 
affecting mainly older larvae and juveniles of 
piscivorous species (Katavi ć  et al.  1979 ; Dou 
et al.  2000 ; Sabate et al.  2009 ) but is also 
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and growth effi ciency (Boehlert and Yoklavich 
 1984 ; Theilacker  1987 ). Evacuation of undi-
gested, or even still living, rotifers is com-
monly observed when high prey density is 
supplied to fi sh larvae. On the other hand, 
Iizawa  (1984)  found that  Dicentrarchus 
labrax  larvae only evacuate the gut contents 
when the food is completely digested, inde-
pendent of prey density. 

 Although the effect of temperature has 
been studied in several species in terms of 
development and growth performance, 
including some feeding -  and energetics -
 related aspects (e.g., Laurence  1977 ; Y ú fera 
et al.  1993a ), the direct effect on ingestion 
rate has been scarcely examined. Changes in 
temperature affect all larval metabolic rates, 
and it is expected to infl uence also the inges-
tion rates according to an optimum tempera-
ture range. Thus, daily specifi c ingestion of 
larval spotted sea trout  Cynoscion nebulosus  
increased with increasing temperature in the 
range 24 – 32 ° C (Wuenschel and Werner 
 2004 ), in part due to the parallel increase in 
swimming activity (Hunter  1981 ; Batty and 
Blaxter  1992 ). Houde and Zastrow  (1993)  
compiled information on the dynamics and 
energetics of many species from different 
habitats and families during larval stages. 
The estimated daily specifi c ingestion 
increased with temperature in the range 
5 – 26 ° C. Average values on a weight basis 
during the overall larval period ranged from 
0.15/day to 1.20/day approximately. On the 
other hand, Dou et al.  (2000) , working with 
larvae of  Paralichthys olivaceus  in the range 
12 – 26 ° C, found a Gaussian pattern, with 
maximum ingestion at 19 ° C. 

 In reared fi sh larvae, food consumption 
has been usually examined in short experi-
ments of a few hours, yielding an hourly 
feeding rate, or alternatively estimated from 
prey number decrease over 24 - hour cycles, 
yielding a daily food ration. Nevertheless, 
feeding activity may change throughout the 
circadian period. Photoperiod and illumina-
tion level are determinant factors for most 

prey number in water, combined with prey 
staining, autofl uorescence, or  14 C labeling 
(Stepien  1976 ; Houde and Schekter  1980 ; 
Tandler and Mason  1984 ; Kelly et al.  2000 ; 
Parra and Y ú fera  2000 ; Wuenschel and 
Werner  2004 ; Getchis and Bengtson  2006 ). 
Independent of the method of determination, 
food consumption is variable among indi-
viduals as well as over the 24 - hour cycle 
(Shoji et al.  2001 ). In addition, the feeding 
capacity is changing quickly, mainly after the 
onset of feeding, during which feeding inci-
dence and intensity are sharply increasing 
(Parra and Y ú fera  2000 ; Carton  2005 ; Monk 
et al.  2006 ; Yoseda et al.  2008 ). Another 
aspect to take into account is that feeding 
responses determined under simplifi ed labo-
ratory conditions should be compared with 
caution with fi eld determination (MacKenzie 
et al.  1990 ; Bochdansky et al.  2008 ). Principal 
factors infl uencing feed intake by larval fi sh 
are prey density, temperature, and illumina-
tion, as well as larval size and developmental 
status. Prey density is a defi ning factor in 
feeding success. Effects of increasing prey 
concentrations on foraging behavior have 
been tested in different species, showing an 
increase in the ingestion rate according to a 
functional response (the consumption rate 
keeps practically constant at prey densities 
above a satiation threshold) as the most 
common response to increasing prey density 
(Houde and Schekter  1980 ; MacKenzie et al. 
 1990 ; Dou et al.  2000 ; Parra and Y ú fera 
 2000 ; Lika and Papandroulakis  2005 ; Shaw 
et al.  2006 ; Bochdansky et al.  2008 ). 
Nevertheless, each species has different abili-
ties at low prey density (Houde and Schekter 
 1980 ). Although densities between 5 and 
15   individuals/mL are usual in intensive larval 
rearing, 1   prey/mL seems to be enough for 
achieving close to maximum feeding rates 
(Iizawa  1984 ; Parra and Y ú fera  2000 ; Lika 
and Papandroulakis  2005 ; Shaw et al.  2006 ). 
In general, low prey concentration affects 
ingestion — decreasing specifi c ration and 
increasing time of evacuation — assimilation, 
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daytime, while after eye migration, postlarvae 
prefer feeding during nighttime. Similarly, 
Ca ñ avate et al.  (2006)  found an increase in 
feeding activity of Senegal sole  Solea senega-
lensis  in dark conditions when larvae were 
approaching the eye migration phase. 

 As development and growth advance, the 
larvae ingest progressively more food, eating 
either more or larger prey (Houde and 
Schekter  1980 ; Bailey et al.  1995 ; Parra and 
Y ú fera  2001 ). In farmed species under regular 
feeding conditions, the sequence of increasing 
prey size generally offered to larvae includes 
small and large rotifers fi rst, followed by 
 Artemia  nauplii and metanauplii. Daily rotifer 
consumption is roughly between 50 and 
1,000 rotifers per larva during the fi rst 2 
weeks. For instance, in  Sparus aurata , inges-
tion increased from 4 to 50 rotifers/larva/h 
from 6 to 15   dph (Parra and Y ú fera  2000 ); in 
striped trumpeter  Latris lineata  it increased 
from 9 to 18 rotifers/larva/h from 8 to 15   dph 
(Bransden et al.  2005 ); in summer fl ounder 
 Paralichthys dentatus  it increased from 62 to 
301 rotifers/larva/day from 6 to 13   dph 
(Bengtson et al.  1999 ); and in  Rhombosolea 
tapirina  it increased from 10 to 22 rotifers/
larva/h from 12 and 18   dph under the best 
assayed conditions (Shaw et al.  2006 ). In 
terms of specifi c ingestion, fi sh larvae may 
ingest above their own weight daily during 
the fi rst days of feeding (Figure  10.5 ; Houde 
and Schekter  1983 ; Baras et al.  2000 ; Parra 
and Y ú fera  2000, 2001 ; Papandroulakis et al. 
 2002 ; Wuenschel and Werner  2004 ; Y ú fera 
and Dar í as  2007 ). The specifi c ingestion tends 
to decrease with larval growth and the 
achievement of more effi cient digestion and 
assimilation (Laurence  1977 ; Theilacker 
 1987 ; Day et al.  1996 ; Baras et al.  2000 ; 
Parra and Y ú fera  2000 ; Wuenschel and 
Werner  2004 ; Ca ñ avate et al.  2006 ; Getchis 
and Bengtson  2006 ; Ma et al.  2006 ). In addi-
tion, gut passage time also tends to increase 
with larval growth (Yamashita and Bailey 
 1989 ; Wuenschel and Werner  2004 ). 
Nevertheless, a continuous increase in specifi c 

species, and like other vertebrates the feeding 
rhythm in fi sh is conditioned by the light –
 dark cycle. In most species, daily consump-
tion, and growth, is related to the duration of 
the light period as well as to light intensity 
and quality as reported, for instance, for 
 Gadus morhua  (Puvanendran and Brown 
 2002 ),  Rhombosolea tapirina  (Cox and 
Pankhurst  2000 ), leopard coral grouper 
 Plectropomus leopardus  (Yoseda et al.  2008 ), 
and  Dicentrarchus labrax  (Villamizar et al. 
 2009 ). In addition to light conditions, the 
foraging activity of fi sh larvae is not always 
constant during the light period. In the fi eld, 
the highest feeding activity usually has been 
observed during sunrise and sunset under cre-
puscular light (McLaren et al.  1997 ; Reiss 
et al.  2004 ) or just during sunset (e.g., in 
 Melanogrammus aeglefi nus , MacKenzie et al. 
 1999 ; and Japanese Spanish mackerel 
 Scomberomorus niphonius , Shoji et al.  2001 ). 
In contrast, red drum and spotted sea trout 
larvae appeared to feed continuously through-
out the 12 - hour light period (Holt and Holt 
 2000 ). In larvae reared under light and dark 
conditions, ingestion may be higher at the 
beginning of the light period. Interestingly, a 
circadian rhythm pattern under conditions of 
continuous illumination was observed in 
larvae of  Dicentrarchus labrax  (Ronzani 
Cerqueira and Chatain  1991 ) and 
 Plectropomus leopardus  (Yoseda et al.  2008 ). 

 Flatfi sh larvae experience remarkable ana-
tomical and behavioral transformation during 
development, changing from pelagic to 
benthic preferences. Some fl atfi sh species con-
tinue feeding actively during eye migration, 
while others do not eat (Lagard è re et al. 
 1999 ; Parra and Y ú fera  2001 ; Geffen et al. 
 2007 ). Changes in life habits of fl atfi sh larvae 
may induce notable changes in feeding behav-
ior, mainly in those species with nocturnal 
habits. Ma et al.  (2006)  reported that in 
tongue sole  Cyconoglossus semilaevis , feeding 
rhythm increases with larval age and changes 
after metamorphosis. During the pelagic 
phase, the larvae fed preferentially during 
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depends mainly on temperature and larval 
length (Y ú fera and Dar í as  2007 ). Nevertheless, 
some anatomical structures may be affected 
before reaching this point (e.g., Theilacker 
 1987 ; Yin and Blaxter  1987 ; Y ú fera et al. 
 1993b ; Dou et al.  2002 ; Gisbert et al.  2004 ), 
infl uencing swimming and predation capacity 
(Skiftesvik  1992 ). Once feeding starts, subop-
timal feeding induces developmental delays, 
with a decline in the growth rate and conse-
quent effect on TL and swimming capacity. 
Very low prey density may drastically reduce 
prey encounters. Therefore, swimming time 
increases at low prey density (Munk and 
Ki ø rboe  1985 ) in an effort to maintain the 
ingestion threshold, but in total absence of 
food the initial increase is followed by a 
strong decrease to preserve energy. On the 
other hand, nutritional defi ciencies, particu-
larly in essential fatty acids, clearly affect for-
aging behavior. Bell et al.  (1995)  reported 

ingestion during the fi rst weeks has also been 
observed in  Dicentrarchus labrax  (Barahona -
 Fernandes and Conan  1981 ),  Anchoa 
mitchilli ,  Anchoa lamprotaenia  (Chitty  1981 ), 
and  Sparus aurata  (Tandler and Mason  1984 ; 
Parra and Y ú fera  2000 ).     

   10.5    Effect of  f eeding and  n utrition 
 l imitation on  f oraging  a bility 

 Food limitation in quantity and quality has 
evident effects on many biological processes 
of developing larvae and also on the foraging 
capacity. The most obvious consequence of 
food restriction is observed at the onset of 
feeding. Time to start feeding from the 
opening of the mouth to the moment of irre-
versible starvation (defi ned as the time after 
which at least 50% of the larvae are unable 
to begin feeding even when offered food) 

     Figure 10.5     Some examples of daily specifi c ingestion (mg or calories ingested per mg or calorie of larva) of different 
fi sh species during the larval stage. Curves elaborated from data reported in the literature: (1)  Pseudopleuronectes 
americanus  (Laurence  1977 ); (2)  Anchoa mitchilli , 26 ° C (Houde and Schekter  1983 ); (3)  Archosargus rhomboidalis , 
26 ° C, (Houde and Schekter  1983 ); (4)  Achirus lineatus , 28 ° C (Houde and Schekter  1983 ); (5)  Cynoscion nebulosus , 
28 ° C (Wuenschel and Werner  2004 ); (6)  Sparus aurata , 19.5 ° C (Parra and Y ú fera  2001 ); (7)  Solea senegalensis , 19.5 ° C 
(Parra and Y ú fera  2001 ); (8)  Solea solea , 15 ° C (Day et al.  1996 ); (9)  Clarias gariepinus , 28 ° C (Concei ç  ã o et al.  1998 ); 
(10)  Diplodus sargus , 19.5 ° C (Y ú fera and Dar í as  2007 ); (11)  Cynoglossus semilaevis , 23 ° C (Ma et al.  2006 ); (12)  Brycon 
moorei , 27 ° C (Baras et al.  2000 ); (13)  Pagrus pagrus , 17 ° C (Papandroulakis et al.  2004 ). When necessary, reported wet 
weight values have been converted to dry weight on the basis of 20%.  
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priate and abundant food. Some of these 
feeding aspects are evident and relatively easy 
to elucidate. Thus, searching for appropriate 
prey of adequate size has been a priority from 
the fi rst studies on rearing fi sh larvae. The 
usual prey sequencing established during the 
1970s and 1980s based on rotifers of different 
sizes and  Artemia  nauplii and metanauplii 
cover a wide range of prey size needs for many 
species during a large part of larval develop-
ment, although not in all cases. Other prey 
have been tested to fi t size preferences, with 
different results, including bivalve veligers, 
copepod nauplii and adults, ciliates, other 
rotifers, and egg and larvae of other inverte-
brates. The search focuses mainly on prey 
below 100    μ m in order to advance the initia-
tion of feeding in those species with very small 
mouth gapes (Wullur et al.  2009 ). Nevertheless, 
it is diffi cult to fi nd other live prey organisms 
able to supply regularly abundant prey 
numbers to support large - scale production of 
larvae. The daily amount of live prey to be 
supplied and the minimum levels to prevent 
starvation or developmental delay have also 
been considered a primary issue in each new 
successfully reared species. Overall, the 
current commonly used live prey,  Brachionus  
spp. and  Artemia  spp., meet well the feeding 
behavior of larvae (Concei ç  ã o et al.  2010 ), 
except in the case of very small larvae at 
mouth - opening. Another relevant attribute of 
live prey is the nutritional quality and the 
extent to which it satisfi es the dietary require-
ments of developing larvae, and this aspect is 
covered in other chapters of this book. 

 One of the objectives of the research on 
microdiets for replacing live prey during the 
larval stage is to overcome some of these con-
straints and provide immediate food avail-
ability at any size range required. The food 
particles need therefore to imitate the charac-
teristics of prey organisms in order to be 
detected, ingested, and accepted at the same 
level. Particle size, fl oatability, structure sta-
bility after immersion in water, and digest-
ibility by early larvae with poorly developed 

reduced vision at low light intensities in 
 Clupea harengus  juveniles under dietary defi -
ciency of docosahexanoic acid. O ’ Brien -
 MacDonald et al.  (2006)  found that the 
swimming activity and attacks on prey by 
 Gadus morhua  larvae were higher when fed 
on rotifers enriched with high lipid levels. 
These authors argued that the lipid enrich-
ment provided more energy for swimming 
and hunting. Similarly, Bransden et al. ( 2005 ) 
found that  Latris lineata  larvae fed low 
dietary 22:6n - 3 displayed erratic swimming 
behavior as compared with those fed on 
higher 22:6n - 3 levels.  

   10.6    Concluding  r emarks:  a pplying 
 f eeding  b ehavior  k nowledge to 
 l arval  r earing  t echnology 

 In spite of the species - specifi c differences in 
development, a series of general rules and 
trends can be considered. During larval devel-
opment and growth, the mouth gape increases, 
allowing the consumption of relatively larger 
prey; swimming capacity also improves, and 
consequently, predatory ability, allowing 
more effi cient energy expenditure in hunting. 
Thus, the growing larvae progress from 
passive feeders depending on prey encounter 
opportunity to active predators. Contrarily, 
other aspects may be more specifi c and related 
to the habitat, as the timing of the behavior 
ontogeny, preferred foraging zones within the 
water column, optimal illumination level, pre-
ferred hours of the day for foraging, preferred 
prey, and weight - specifi c daily ration. In the 
fi eld, the particular feeding behavior of each 
species is adapted to an effi cient exploitation 
of the resources offered by a given habitat. In 
farmed species, the environmental conditions 
and the feeding resources available for the 
larvae are different, with high larval density 
and low prey variability being two primary 
characteristics. Advances in larval rearing 
technology aim to satisfy the environmental 
and feeding requisites, trying to supply appro-
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development. Appropriate illumination con-
ditions for start feeding are not necessarily the 
optimum for the entire larval period. 
Circadian feeding rhythms and the infl uence 
of illumination and turbidity during the early 
stages still needs to be examined in detail in 
many farmed species. Likewise, whether con-
tinuous or discrete feeding as well as food 
dosage can affect feeding performance are 
factors that are insuffi ciently studied. These 
issues are particularly important for deter-
mining the minimum residence time of micro-
diets in water before being ingested. A good 
understanding of all these aspects is necessary 
to develop more effi cient feeding protocols 
for larval fi sh.  
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  Chapter 11 

Live  f eeds  
  Gunvor      Ø ie   ,    Kjell Inge     Reitan   ,    Jan Ove     Evjemo   ,    Josianne   
  St ø ttrup   , and    Yngvar     Olsen       

    11.1    Introduction 

 Successful production of marine fi sh larvae is 
depended on cost - effective production of live 
feed organisms. To obtain a stable production 
of high - quality live feed requires competence 
in nutritional, microbiological, and zootech-
nical aspects. The most common zooplankton 
species used as live feed are different rotifers 
( Brachionus  spp.) and  Artemia . Both rotifers 
and  Artemia  have been produced in marine 
hatcheries around the world since the early 
1960s. Rotifers and  Artemia  are not the 
natural food for marine fi sh larvae, but they 
are easy to produce in high densities and their 
nutritional content can be manipulated. 
Copepods are the natural prey for most 
marine fi sh larvae, but intensive cultivation of 
copepods in high densities is not a commer-
cial industry yet. Some hatcheries harvest 
copepods from the sea. 

 In addition to different zooplankton 
species, microalgae are also important com-
ponents in fi sh larval production, either 

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt. 
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directly added to the water or indirectly as 
food for rotifers or  Artemia . Microalgae can 
be cultivated in hatcheries, as described in this 
chapter; it is also possible to purchase con-
densed microalgae or microalgae paste. This 
chapter will focus on aspects of biology, cul-
tivation methodology, and nutritional value 
of microalgae, rotifers,  Artemia , and 
copepods.  

   11.2    Application of  m icroalgae in 
 m arine  a quaculture 

 Several species of marine microalgae are used 
in the process of fi rst feeding of marine fi sh 
larvae. The microalgae are used both as a feed 
component in cultivation and as enrichment 
for the zooplankton used as live feed, and 
they are additionally given directly to the fi sh 
larvae (Reitan et al.  1997 ). 

 Rotifers used as live feed for fi sh larvae are 
often fed and grown on microalgae during the 
whole cultivation process ( Ø ie  1997 ). To 
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the  “ green water technique. ”  Microalgae are 
available as food not only for the zooplank-
ton in the fi sh tank but also for the fi sh larvae. 
Some marine fi sh larvae (e.g., Atlantic cod, 
halibut, and turbot) ingest microalgae during 
their early life stages (Reitan et al. 1994a, 
 1998 ). This ingestion is signifi cantly higher 
than can be explained by passive uptake 
through the process of drinking. The use of 
green water (e.g., using the microalgae 
 Isochrysis galbana  and  Tertaselmis  sp.) in 
fi rst - feeding turbot (Figure  11.1 ) has, in many 
experiments, resulted in better survival of 
larvae at the end of the fi rst - feeding period 
than without using microalgae. The positive 
effect of adding microalgae can result from a 
generally enhanced nutritional value of the 
live feed as a result of their feeding on micro-
algae, together with a positive direct nutri-
tional effect of microalgae on the fi sh larvae. 
It may also be a result of improved microbial 
conditions for fi sh larvae when algae are 
added (Reitan et al.  1997 ). Additionally, it 
has also been suggested that the addition of 
algae to the water will change the light milieu 
of the tank in a way that positively affects the 
feeding behavior of the larvae during the early 
feeding period (Naas et al.  1992 ). All these 
factors may work independently or in combi-
nation with each other, and thus explain the 

satisfy the food requirements for rotifer 
culture, 5 – 10 times larger volumes of algal 
cultures are needed (Lubzens  1987 ). Rotifers 
cultivated on microalgae are considered to 
have higher overall quality compared with 
rotifers grown on formulated diets. Both the 
energy and protein contents of the rotifers are 
higher when fed with microalgae than with 
baker ’ s yeast or formulated diets ( Ø ie et al. 
 1994 ). Algae are also known to affect the 
microbial conditions of the tank environment 
and the bacteria associated with the live food 
(Skjermo and Vadstein  1993 ). Both factors 
may affect the microfl ora of the intestine of 
fi rst - feeding larvae. 

 Due to the high cost of using microalgae 
as the only cultivation diet, rotifers are often 
fed on a variety of cheaper food sources 
(Olsen et al.  1993 ) and additionally fed with 
microalgae for a short period (2 – 24 hours) 
prior to their use as live food for the larvae 
in order to improve their nutritional quality 
(Lubzens  1987 ; Hayashi et al.  1993 ). During 
the period of feeding with microalgae, rotifers 
will obtain nutritional value and the bacteria 
composition that is structured by the micro-
algae species used. 

 Microalgae are also frequently added 
directly to the larval tanks together with the 
live feed. This addition is frequently termed 

     Figure 11.1     Survival of turbot larvae at 23 days after hatching when fed on rotifers and  Artemia , with and without 
addition of microalgae. Shaded bars represent larval groups that received microalgae ( Isochrysis galbana  and  Tertaselmis  
sp.) along with the live feed, and open bars represent larval groups that did not receive microalgae. (Unpublished data.)  

%
 s

ur
vi

va
l a

t d
ay

 2
3 

af
te

r 
ha

tc
hi

ng

0

10

20

30

40

50

60

Microalgae added to tanks No addition of microalgae



Live feeds 309

this, at high light intensity (i.e., direct sun-
light) the culture may experience photoinhibi-
tion at the surface and photolimitation in the 
center of the culture. 

 In order to avoid culture breakdown or 
contamination of other algae species or 
microzooplankton, the seawater for the algae 
cultures needs to be disinfected by using dif-
ferent procedures such as microfi ltration 
(0.5    μ m), UV treatment, ozonation, chlorina-
tion, or high - temperature treatments. The 
seawater used for the algae growth media is 
enriched with mineral nutrients balanced to 
fi t the requirements of the algae species 
(Guillard  1975 ). There are several formula-
tions of growth media for algae, and there are 
also commercially available mixtures of cul-
tivation medium (Andersen  2005 ). 

 Temperature and salinity will also affect 
the growth and culture of microalgae. 
Increasing the temperature up to a certain 
level provides increased growth rate of the 
algae; however, it is advisable to keep culture 
temperatures relatively low (20 – 25 ° C). 
Cultures are very often aerated in order to 
keep the cultures well mixed and to prevent 
sedimentation of the algae cells. With mixing, 
all the cells in the culture will be equally 
exposed to light and nutrients, and thermal 
stratifi cation (e.g., in outdoor cultures) will 
be avoided. Photosynthesis of microalgae 
produces oxygen, and it is important for the 
algae to remove this oxygen from the culture 
because O 2  inhibits the growth of microalgae. 
Air bubbling will also (see above) improve gas 
exchange between the culture and the air. 
Carbon dioxide is added to the air, as the CO 2  
is the carbon source for the microalgae. 
Correct addition of carbon dioxide will also 
contribute to the pH of the culture within the 
optimal range for algae. 

 Microalgae grow by normal cell division 
and cultures supplied with excess resources 
will normally exhibit an exponential increase 
in cell numbers (Andersen  2005 ). After inocu-
lation, the cultures need to acclimate to the 
new culture condition and the microalgae 

observed improved feeding behavior as well 
as the higher survival and growth rate of the 
larvae in green water culture.   

   11.2.1    Algae  s pecies 

 Several microalgae are cultivated for use in 
marine aquaculture. Important species are 
 Isochrysis galbana  (different strains) and 
 Pavlova lutheri  in the class Prymnesiophyceae; 
 Nannochlorosis  sp. in Estigmatophyceae; 
 Tetraselmis  spp. in Prasinophyceae; and 
 Rhodomonas  sp. and  Chryptomonas  sp. 
belonging to Chryptophyceae. In addition, 
species of Bacillariophyceae (diatoms) such as 
 Chaetoceros  spp.,  Skeletonema costatum , and 
 Thalassiosira  spp. are frequently cultivated 
for use in bivalve cultivation. Characteristics 
of species of microalgae that are cultivated 
are ease of culture, neutral buoyancy, and 
optimal size (2 – 15    μ m).  

   11.2.2    Cultivation 

 Microalgae are unicellular organisms that 
have been cultivated under laboratory condi-
tions since the last part of the 1800s (Andersen 
 2005 ). Large - scale cultivation was tested 
during the fi rst part of the 20th century. For 
use in marine aquaculture, microalgae are 
cultivated with the use of light energy, carbon 
dioxide (CO 2 ), and inorganic nutrients. If 
light energy is the only energy source for 
microalgae, an intensity of 70 – 300    μ E/m 2 /s is 
normally recommended. Microalgae can be 
cultivated in natural light in special green-
houses or under direct sunlight, but in many 
cases the microalgae are cultivated in indoor 
systems in marine hatcheries, illuminated 
with artifi cial light. In dense cultures of large 
volumes, the algae cells will tend to shade the 
light for the other cells, and as a result the 
highest light intensity will be at the surface of 
the culture, whereas most of the cells experi-
ence very low light intensities. As a result of 
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it is important to ensure an adequate supply of 
light to the cultures. In most large - scale systems, 
the light is often the fi rst limiting factor. 

 Microalgae are grown in systems of differ-
ent volumes, from relatively small (some mL) 
to larger open culture volume (m 3 ). Typical 
cultures used in many types of hatcheries are 
standing cylindrical tanks or tubes, with 
volumes of 100 – 500   L (Figure  11.3 ). These 
are often illuminated by standing lamps of 
light tubes placed around the tank. In cases 
where the need for algae is not so large, it is 
appropriate to cultivate algae in glass bottles 
of 10 – 20   L. When the need for microalgae is 
larger, bigger cultivation volumes are needed. 
Typical large - scale systems are rectangular 
shallow tanks illuminated from the surface.   

culture will have an induction phase, or a so -
 called lag phase (Figure  11.2 ). When the cells 
have become acclimatized to conditions of 
excess resources, they grow and divide faster 
and the culture will follow an exponential 
growth phase. During this exponential growth 
phase, the cell density increases, while the 
nutrient in the growth medium will be 
exhausted and the increased density of algae 
cells will increase self - shading of the culture. 
The culture will then come into a phase of 
declining growth rate before it continues into 
the so - called stationary phase. In the station-
ary phase, the net increase in cell numbers is 
zero, meaning that the net specifi c growth 
rate is zero. After some time, depending on 
the species, the culture will continue into the 
death phase, where mortality rate exceeds 
growth rate.    

   11.2.3    Production  s ystems 

 Several methods for large - scale cultivation of 
microalgae are developed for both indoor and 
outdoor cultivation systems, including ponds 
and tanks. Typical indoor cultivation systems 
are standing plastic or glass tubes and closed 
photobioreactors. The methods developed are 
often adapted to the microalgae species culti-
vated and dependent on the volume required. 
However, for all types of production systems, 

     Figure 11.2     Normal growth curve for microalgae, following lag, exponential, transition, stationary, and death phases.  
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     Figure 11.3     Microalgal cultures at a marine hatchery in 
Norway.  (Photo from Scalpro, Norway.)   
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stationary phase (see above), where the car-
rying capacity of the culture is reached (Figure 
 11.2 ). Batch cultures are started at a low 
density and are harvested when the desired 
density is achieved. Continuous cultures mean 
that the cultures are harvested, more or less, 
continuously. There are several types of con-
tinuous cultures, and the most common is the 
chemostat or semicontinuous culture. In both, 
a specifi c volume is harvested each day, and 
the harvested volume is replaced by new 
growth media. A chemostat culture is con-
tinuously diluted (harvested) and will have 
stable conditions (light, nutritional state) over 
time and the produced biomass and composi-
tion of algae can be predicted.  

   11.2.4    Biochemical  c omposition 

 Microalgae are the natural diet for the natural 
prey of marine fi sh larvae. They have high 
contents of essential n - 3 fatty acids, especially 
eicosapenatenoic acid (EPA) and docosa-
hexaenoic acid (DHA), and therefore have 
been included as a feed component in marine 
fry production. Microalgae synthesize their 
lipid  de novo , and several microalgae contain 
large amounts of polyunsaturated n - 3 fatty 
acids (Reitan et al.  1994c ). The lipid content 
varies among species and is affected by the 
growth condition; however, there is obvious 
similarity in the different algal classes (Table 
 11.1 ). Diatoms have high contents of 14:0, 

 During the last decades, hatcheries with 
high requirement for microalgae produce it 
by photobioreactors built up by horizontal or 
vertical tubes (Figure  11.4 ). The benefi t of 
such reactors is that they have a very large 
surface in relation to the volume, with good 
supply of light energy to the cultures. Such 
cultures may therefore achieve higher biomass 
production yield than the traditional standing 
tube cultures. Such tube photobioreactors can 
be placed standing, angled, or lying on the 
ground, depending on the direction to the 
light source.   

 Common microalgae production strategies 
use either batch cultures or continuous cul-
tures. A batch culture follows a typical growth 
curve, starting with an inoculation phase, an 
exponential growth phase, and further into a 

     Figure 11.4     Photobioreactor for cultivation of microal-
gae at IGV GmbH, Germany.  (Photo from IGV GmbH, 
Germany).   

  Table 11.1    Dominant fatty acids in several classes of microalgae. 

   Algae group     Dominant fatty acids     References  

  Bacillariophyceae    14:0, 16:0, 16:1, 18:1n - 9, 16 - PUFA, 20:5n - 3    1, 2, 4, 6, 7  

  Prymnesiophyceae    14:0, 16:0, 16:1 or 18:1, 18:4n - 3 or 20:5n - 3, 22:6n - 3    1, 3, 6, 7  

  Chlorophyceae and 
Prasinophyceae  

  High variation, 18:1n - 9, 18 - PUFA, 20:5n - 3    1, 3, 5  

  Cryptophyceae    18:3n - 3, 18:4n - 3, 20:5n - 3, 22:6n - 3    6  

  Dinophyceae    16:0, 18:4n - 3, 20:5n - 3, 22:6n - 3    5, 7  

   1: Ackman et al.  (1968) ; 2: Chuecas and Riely ( 1969 ); 3: Ben - Amotz et al. ( 1985 ); 4: Mortensen et al.  (1988) ; 5: Olsen  (1990) ; 6: Volkman 
et al.  (1989) ; 7: Reitan et al.  (1994c) .   
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 Most vitamins are found in the algae 
species used in marine aquaculture, with the 
content of vitamins C and E being particu-
larly high. In general, the vitamin content in 
microalgae is high compared with that found 
in other food products and higher than the 
reported requirements for fi sh.   

   11.3    Rotifers in  a quaculture 

 Rotifers in the genus  Brachionus  have been 
used in aquaculture since 1960 (Ito  1960 ; 
reviewed by Nagata and Hirata  1986 ) and 
are still very important as live feed in the 
production of fi sh larvae and crustaceans in 
most parts of the world. Rotifers are used 
because they are easy to cultivate in high 
densities all year round, their size fi ts the 
mouth of many species of fi sh larvae, and 
their swimming speeds are slow so they are 
easily captured by fi sh larvae. Rotifers toler-
ate pronounced variations in environmental 
conditions such as salinity, pH, and tempera-
ture, and their nutritional value is easy to 
manipulate and can be quite well adapted to 
the requirements of each species of interest 
( Ø ie et al.  1997 ; Reitan  1993 ). The fi rst weeks 
of exogenous feeding are pivotal in the pro-
duction of marine fi sh, and rotifers are 
the most important live feed for both fi sh 
larvae and crustacean species in aquaculture 
(Figure  11.5 ).   

   11.3.1    General  b iology 

 The phylum Rotifera is divided into two 
superclasses named Seisona and Eurotatoria, 
and more than 2,000 different rotifer species 
are registered. The  Brachionus  complex is one 
of the most studied groups of rotifers, and 
their taxonomy is still under constant review. 
In aquaculture, different species from the 
genus  Brachionus  are used in larviculture. 
Genetic analysis has indicated that  Brachionus 
plicatilis  is not a single species, but is in fact, 

16:0, 16:1, and 20:5 n - 3 fatty acids. Species in 
the class Prymnesiophyceae have high con-
tents of 14:0, 16:0, 16:1 or 18:1, and 22:6 n - 3, 
and some species of this group have, in addition, 
high levels of 18:4n - 3 or 20:5n - 3. The green 
algae (Chlorophyceae) have a greater variation 
among species in the dominant fatty acids, but 
contain several 18 - chain polyunsaturated fatty 
acids. Dinofl agellates tend to have very high 
concentrations of 22:6n - 3 and slightly lower 
contents of 16:0, 18:4n - 3, and 20:5n - 3.   

 The lipid content and fatty acid composi-
tion of microalgae are also, to some extent, 
infl uenced by the culture conditions, includ-
ing temperature, light environment, and 
nutritional state of the algae. Growth rate of 
the cultures decreases as the density of the 
cultures increases, and the growth rate can be 
limited by nutrients or light, resulting from 
increased cell density. Changing growth con-
ditions of the algal cells will affect their chem-
ical composition, in particular the content of 
lipid and fatty acids. Nutrient limitation 
(both phosphorus and nitrogen) results in 
increased lipid content in most of the lipid -
 rich species. Lipid accumulation is mainly a 
result of ongoing lipid synthesis combined 
with reduced cell division and protein synthe-
sis due to reduced availability of nutrients. 
The increase in lipid content with nutrient 
limitation refl ects an increased fraction of 
neutral lipid, such as triglycerides and hydro-
carbons. The microalgae species that do not 
accumulate lipids often have lower lipid 
content and accumulate photosynthesis prod-
ucts as carbohydrates rather than as lipids. 
However, there are several species that accu-
mulate both lipids and carbohydrates under 
nutrient limitation. 

 The carbohydrate content (e.g., glucan) 
varies signifi cantly among microalgae species 
and growth conditions (St ø rseth et al.  2006 ). 
Carbohydrate content, especially  β  - 1,3 -
 glucan content, has received increased atten-
tion because these  β  - glucans have been shown 
to have a positive immunostimulating effect 
on fi sh larvae (Skjermo et al.  2006 ) 



Live feeds 313

species have some distinctive features, includ-
ing the ciliated corona and mastax. The ante-
rior end of the rotifer carries the corona 
( “ head ” ), which is composed of two concen-
tric ciliary crowns (Figure  11.6 ). This rotary 
organ mediates swimming and sweeping of 
food particles toward the mouth. The body is 
covered by a lorica, consisting of keratin - like 
proteins, and different shapes of their ante-
rior spins can be used in species identifi cation. 
Rotifers also have a foot with two toes that 
can secrete a sticky substance that enables 
them to attach to a surface. They are able to 
contract the corona and the foot into the 
lorica by longitudinal muscles. The move-
ment is also facilitated by contractions of 
muscles inside the rotifers. Below the corona, 
rotifers have a single large cerebral ganglion, 
and paired neurons proceed from the simple 
brain to the foot, branching off to various 
organs. Rotifers also have sensory cells 
divided into mechanoreceptors, chemorecep-
tors, and photoreceptors in the head region 
(Lubzens and Zmora  2003 ).    

a complex of at least 14 putative species 
(Ciros - P é rez et al.  2001 ; G ó mez et al.  2002 ; 
Suatoni et al.  2006 ). Genetic analysis has 
revolutionized the taxonomic classifi cation of 
 Brachionus  species during the last decade. 

 Identifying the species used in experiments 
and hatcheries is a crucial step toward a 
better understanding of rotifer biology and a 
more scientifi c approach to larval rearing. 
 Brachionus plicatilis  was the subject of 
approximately 750 peer - reviewed articles 
between 1950 and 2000 (Y ú fera  2001 ). 
Unfortunately, for the majority of these arti-
cles, it is unknown which of the 14 putative 
species were used. This limits the utilization 
of this large accumulation of knowledge 
(Suatoni et al.  2006 ), which is especially 
important since  Brachionus  spp. rotifers 
exhibit different growth rates (Kostopoulou 
and Vadstein  2007 ), lorica lengths, optimum 
for salinity and temperature, swimming activ-
ity, size preferences for food particles (Vadstein 
et al.  1993 ; Baer et al.  2008 ), and biochemical 
composition.  

   11.3.2    Morphology 

 Rotifers are small aquatic invertebrates, and 
most species live in freshwater.  Brachionus  

     Figure 11.5     Picture of rotifers ( Brachionus plicatilis  
[Nevada]).  (Photo by Tora Bardal.)   

     Figure 11.6     Drawing of  Brachionus plicatilis . Male (left), 
and female with one egg (right). A: corona; B: lorica; C: 
muscle; D: mastax; E: gastric gland; F: stomach; G: ovary; 
H: kidneys; I: bladder; J: egg; K: foot; L: toe; M: prostate; 
N: penis.  
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cally, they are indistinguishable. Amictic 
females produce parthenogenetically diploid 
eggs that develop mitotically into females, 
while mictic females produce parthenogeneti-
cally haploid eggs by meiosis. If a mictic 
female does not mate and the egg is not fertil-
ized, the haploid eggs form into a male, 
whereas a mated mictic female that is fertil-
ized will develop diploid resting eggs. Resting 
eggs will hatch after a dormant period 
(Hagiwara  1996 ; Lubzens et al.  2001 ) and 
can survive several years in sediments before 
hatching. Males are much smaller than the 
females, and their movement is much faster.  

   11.3.5    Cultivation of  r otifers 

 Rotifers can be cultivated in a wide range of 
production systems. In hatcheries around the 
world, there are round, square, cylindrical, 
conical, or fl at bottom tanks, with volume 
ranging from 100 to 300,000   L. In European 
hatcheries, fi berglass conical tanks (2 – 3   m 3 ) 
are most often used. The tanks are aerated 
with an air - stone, and oxygen is added if the 
density exceeds 500   rotifer/mL. The rotifers 
are often fed refrigerated and condensed 
freshwater  Chlorella  to maintain a high pop-
ulation density. Other types of feed for roti-
fers include live algae, baker ’ s yeast, 
formulated diets, and emulsifi ed oils.  

   11.3.6    Cultivation  m ethods 

 The different methods used for rotifer pro-
duction include batch cultivation, continuous 
cultivation, and combinations of these two. 

 Batch cultivation is production in a closed 
culture system supplied with air, oxygen, and 
feed. The cultures are completely harvested 
at a certain development stage (2 – 5 days) or 
in the late phase of growth. Continuous cul-
tivation is production in an open culture 
system that is supplied with necessary 
resources and harvested regularly by replac-

   11.3.3    Feeding and  d igestion 

 The ciliated corona is important in food 
capture. Particles from the water enter the 
mouth - opening and pass into the pharynx. 
The pharynx houses the mastax, where the 
food particles are crushed by the masticatory 
organs called trophi, probably with the aid of 
enzymes. The hard parts of the trophi are 
important in the taxonomic characterization 
of rotifers. The crushed food particles enter 
the alimentary tract together with gastric 
juices from large gastric glands, and extracel-
lular digestion occurs within the stomach 
lumen. Several digestive enzymes have been 
reported from  Brachionus plicatilis  (K ü hlea 
and Kleinow  1985 ). The stomach leads into 
an intestine and a cloaca, which also voids 
fl uids from the bladder and eggs from the 
oviduct. Rotifers do not have a respiratory 
system or a circulatory system, and body 
fl uids are located in the pseudocoelom 
(Lubzens and Zmora  2003 ). Rotifers exchange 
gasses and dispose nitrogenous waste by dif-
fusion through the body surface.  Brachionus 
plicatilis  is an osmoconformer, and will adjust 
its body fl uid osmolarity to the external con-
centrations (Epp and Winston  1977 ).  

   11.3.4    Reproduction 

 During favorable cultivation conditions for 
rotifers, the individuals are normally females 
and the population increases by diploid par-
thenogenesis. Diploid females produce diploid 
eggs known as amictic eggs, which will hatch 
and develop into a diploid female. Sexual 
reproduction may occur under special cir-
cumstances, and haploid males will develop. 
The mechanism behind the change from 
asexual to sexual reproduction is not well 
understood, but laboratory studies found 
nutritional, density, salinity, and genetic 
factors (Pourriot and Snell  1983 ; Serra and 
King  1999 ; Ricci  2001 ). Diploid females can 
either be amictic or mictic, and morphologi-
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temperature, salinity, and pH will affect 
which form of ammonia is predominant at 
any given time in the production system. The 
optimal pH in rotifer cultures is 7.5 – 8.5 
(Hirano  1987 ). To secure mixing and an ade-
quate aeration in rotifer cultures, air or 
oxygen supply is required. The oxygen level 
should be maintained above 4   ppm.  

   11.3.9    Enrichment and 
 n utritional  q uality 

 Rotifers feed on a wide range of food parti-
cles, including bacteria, protozoa, microal-
gae, and dead organic materials within a 
certain size range, and it is therefore impor-
tant to consider the size of the particles, both 
for cultivation and enrichment.  Brachionus 
plicatilis  is able to consume larger particles 
than  Brachionus rotundiformis . Effi cient cul-
tivation feeds must also cover the nutritional 
demands of the rotifers and secure proper 
hygienic conditions in the production tanks. 
Many species of microalgae are excellent food 
for rotifers, and today, concentrated microal-
gae cultures or algal pastes are commercially 
available. The use of microalgae as feed often 
results in a higher egg ratio and growth rate, 
in addition to a lower bacterial content than 
with yeast and formulated diets. A relatively 
cheap cultivation diet is live baker ’ s yeast 
together with a small amount of microalgae 
(5 – 10%). These cultivation diets do not cover 
the nutritional needs of fi sh larvae; thus roti-
fers need short - term enrichments before being 
used as live feed for fi sh larvae. 

 In short - term enrichment, it is important 
to use products containing high n - 3 highly 
unsaturated fatty acids (HUFA). Rotifers are 
fed the enrichment diet for a short period 
(2 – 24 hours) to change the nutritional content 
in the rotifer to near that of the enrichment 
diet. Lipid and fatty acid content after short -
 term enrichment will be infl uenced by the 
nutritional content in the cultivation diet, the 
ambient conditions, the rotifer strain, and 

ing a fi xed volume of the culture by seawater 
once daily (semicontinuous) or continuously. 

 Both methods and appropriate combina-
tions are feasible for production. The priori-
ties of the producer regarding rotifer quality, 
scale of production, costs, risks, and hatchery 
routines may affect the choice of method. 
Adequate knowledge of rotifer biology, their 
nutritional and environmental requirements, 
and traits of the specifi c cultivation system are 
important for sustainable and safe cultivation 
of rotifers.  

   11.3.7    Evaluating the  s tate 
of  c ultures 

 The egg ratio (eggs per rotifer) is an impor-
tant indicator of the state of the rotifer culture. 
Egg ratio is determined as the number of eggs 
divided by the number of females in the 
sample, and can easily be counted using a 
microscope. The value will refl ect the expected 
growth and production of the culture for the 
next day. The egg ratio, like the growth rate, 
generally depends on feed quality and quan-
tity, oxygen level, ammonia level, pH, tem-
perature, and salinity.  

   11.3.8    Water  q uality in 
 r otifer  c ultures 

 Rotifer cultures have to be evaluated daily to 
ensure a predictable and stable supply of 
high - quality rotifers for larval production in 
hatcheries. A common problem in rotifer cul-
tivation is overfeeding, which in turn may 
cause oxygen defi ciency and high ammonia 
concentrations. The optimal level for 
ammonia is  < 1   mg/L, and an acceptable range 
for ammonia and nitrate is 6 – 10   mg/L 
(Lubzens and Zmora  2003 ). In water, 
ammonia occurs in two forms, represented 
as NH 4   +   (ionized ammonia) and NH 3  (un -
 ionized ammonia). This is important to 
know because NH 3  is toxic to rotifers. Water 
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 1999 ), and its requirements for n - 3 fatty acids 
are low. Dietary lipids will then affect the 
composition of both its triglycerides and its 
phospholipids. This means that diet composi-
tion is paramount, whereas the metabolic 
activity becomes less important, but still sig-
nifi cant. This makes  Brachionus plicatilis  well 
suited for fatty acid manipulation; fatty acid 
composition of the triglycerides becomes 
equal to that of the dietary lipids. The rotifer 
content of essential n - 3 fatty acids can be 
completely controlled by the selection of the 
dietary lipid source used during cultivation. 
When the percent n - 3 fatty acid composition 
of the dietary lipids is known, the rotifer com-
position may be estimated as follows (Olsen 
 2004 ):

    Rotifer Feed%n %n− −= ×3 30 86.     (11.1)  

    Rotifer Feed%EPA %EPA= ×0 81.     (11.2)  

    Rotifer Feed%DHA %DHA= ×0 72.     (11.3)    

   11.3.9.3    Carbohydrates 

 The carbohydrate content in rotifers ranges 
from 11 to 27% of dry weight (DW), and is 
composed of 61 – 80% glucose, 9 – 18% ribose, 
and 0.8 – 7.0% galactose, mannose, deoxyglu-
cose, fucose, and xylose (Whyte and Nagata 
 1990 ; Nagata and Whyte  1992 ).  

   11.3.9.4    Minerals 

 The mineral levels in rotifers, except calcium, 
magnesium, and iron, are generally lower than 
in copepods (see Chapter  4 ). Magnesium and 
selenium are also lower in rotifers than the pre-
dicted requirements of larger fi sh given by the 
National Research Council (NRC  1993 ). In an 
experiment where rotifers were enriched with 
iodine and selenium up to levels found in cope-
pods, there was a 32% increase in survival of 
cod larvae (Hamre et al.  2008a ). However, the 
nutrient levels in copepods vary and the actual 
requirements of the larvae may be lower than 
the levels found in some copepods.  

particularly, by the properties of the enrich-
ment diet. 

   11.3.9.1    Protein 

 Protein is a major component of the biomass, 
and the content will, to some extent, refl ect 
the energy level of the organism. The protein 
content per individual rotifer is a dynamic 
variable that is related to food availability 
and specifi c growth rate. In the literature, the 
protein content range from 28 – 63% of dry 
matter, this large variation in reported levels 
may refl ect both variations in methods and 
variations in rotifer protein content. Nitrogen -
 based estimates of protein derived using the 
common conversion factor of 6.25   mg protein/
mg N yields overestimates, whereas amino 
acid – based estimates are likely to be slightly 
underestimated. A conversion factor of 4.2   mg 
protein/mg N has been established through 
testing and analysis of amino acids (Lie et al. 
 1997 ;  Ø ie et al.  1997 ). The protein content 
per individual rotifer is related to the food 
source and specifi c growth rate of the rotifer 
culture. A common range of variation in 
protein level in  Brachionus plicatilis  (Nevada 
strain) is 100 – 200   ng protein per individual, 
with the lower level representative of starved 
rotifers and the higher of well - fed rotifers. 
Protein per dry matter appears to be less vari-
able because protein makes up a major frac-
tion of the dry matter. Even though the protein 
content of individual rotifers is variable, the 
amino acid profi les (% distribution) of roti-
fers are unaffected by food ration or type of 
food provided to the rotifers (Makridis and 
Olsen  1999 ).  

   11.3.9.2    Lipids 

 The lipid content and fatty acid composition 
of rotifer tissues are mainly a function of the 
composition of dietary lipids and their inher-
ent metabolic ( Ø ie et al.  1997 ) and genetic 
traits.  Brachionus plicatilis  is presumably 
evolutionarily adapted to warm water (Olsen 
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used for cultivation of fi sh, crustacean, and 
shellfi sh larva. Although  Artemia  is not a part 
of the natural diet of marine larvae, it has 
been favored due to its convenience for use 
and high nutritional value (L é ger and 
Sorgeloos  1992 ). Dormant cysts of  Artemia  
can be stored for long periods in cans and 
then used as live food. The cysts require only 
24 hours of incubation, prior to hatching, 
followed by a 24 - hour feeding period (enrich-
ment) with diets high in n - 3 HUFA. This 
makes the whole production process simpler 
and less labor intensive as compared with 
other live food organisms available for land -
 based production of larval fi sh and shrimp 
species. 

 With the introduction of fi sh and shrimp 
aquaculture, the demand for  Artemia  cyst has 
gradually increased, and today cysts are har-
vested from more than 200 locations. Two 
commercial sources of  Artemia  cysts were 
available in the beginning, the coastal salt 
works in San Francisco Bay (California, 
United States) and Great Salt Lake (Utah, 
United States). More then 90% of the supply 
of cyst was at times dependent on the source 
in Great Salt Lake. In the 1990s, new sites 
were found in Iran, China, and Russia (Lavens 
and Sorgeloos  1996 ), but most of the cyst 
market is still supplied from Great Salt Lake. 
Harvested cysts are dehydrated, dried, and 
packed in oxygen - free condition, and stored 
in boxes for sale. For the hatcheries, the cysts 
represent great advantages since the eggs can 
be stored for several years. 

 Today, the technology for intensive  Artemia  
production is well established and forms the 
basis for adapting  Artemia  as live food organ-
isms into marine aquaculture. This work led 
by Professor Patrick Sorgeloos and his col-
leagues at Ghent University, Belgium (see 
manuals by Sorgeloos et al.  1986 ; Lavens and 
Sorgeloos  1996 ) has been of major impor-
tance for the aquaculture industry. Their pio-
neering work, which started in the early 
1970s, focused on the use of brine shrimp 
 Artemia  as a food source for fi sh and shellfi sh 

   11.3.9.5    Vitamins 

 The actual requirements for vitamins are not 
known for most marine fi sh larva species (see 
Chapter  4 ). Several nutritional studies have 
found a direct effect of several vitamins in 
chondrogenic and osteogenic development 
during the early life stages of marine fi sh 
species. It is suggested that rotifers should be 
enriched with vitamins C, E, A, and B 1  (thia-
mine), but the actual requirements are not 
known. Experiments with higher levels of 
vitamin A than those in commercial emul-
sions for rotifer enrichment led to skeletal 
deformities in gilthead sea bream larvae 
(Fern á ndez et al.  2008 ). Today, hatcheries 
normally use microalgae as feed in rotifer cul-
tivation since rotifers fed on algae contain 
suffi cient amounts of water - soluble vitamins 
to meet the nutritional requirements of fi sh 
larvae (Lie et al.  1997 ). Rotifers cultivated on 
 Chlorella  contained 2,300    μ g AA/g DW 
(Merchie et al.  1995 ). Fat - soluble vitamins 
(A, D, and E) are shown to increase rotifer 
reproduction.  

   11.3.9.6    Stability of 
 n utritional  v alue 

 The choice of cultivation and enrichment 
diets will infl uence the bacterial content in the 
culture. To decrease the bacterial level, it is 
important to have good washing procedures. 
The water should be at the same temperature 
and salinity as the culture. After washing, it 
is possible to cool down the rotifers to stabi-
lize their nutritional value. Storage at 5 – 10 ° C 
results in a 10% decrease in lipid levels, while 
storage at 20 ° C results in a 40% decrease 
(Olsen et al.  1993 )    

   11.4     Artemia  in  a quaculture 

 Brine shrimp ( Artemia  spp.) are used in 
marine aquaculture worldwide. Annually, 
more than 2,000 metric tons of dry cysts are 
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coastal and inland areas (Lavens and 
Sorgeloos  1996 ). Among these,  Artemia  pop-
ulations are found in both zygogenetic and 
parthenogenetic forms. The genus  Artemia  is 
a complex group of sibling and subspecies 
maintained mainly by reproductive isolation. 
This has resulted in numerous geographic 
strains or genetically different populations 
within the same sibling species (Dhont and 
Van Stappen  2003 ). 

 Through their physiological adaptation to 
saline biotopes,  Artemia  spp. have a novel 
defense mechanism against predation in that 
they are found only in habitats where poten-
tial predators cannot survive (salinity 70   ppt 
and higher).  Artemia  can live in natural sea-
water, but without any behavioral or physical 
defense mechanism,  Artemia  are easy prey for 
most predators. 

   11.4.1.1    Morphology and  l ife  c ycle 

 Newly hatched  Artemia  nauplii (Instar I) are 
between 400 -  and 500 -  μ m long and a dark 
brownish or orange color, which is related to the 
yolk. The nauplii do not ingest food particles 
before entering the Instar II stage, 8 – 10 hours 
after hatching. The antenna (Figure  11.7 a) is 
used for locomotion and fi ltering food particles 
(1 – 50    μ m). Small particles (bacteria and algal 
cells) are captured by the fi ltering setae, trans-
ferred toward the labrum, and handled by the 
mandibles before they are ingested.   

 The nauplii grow through a number of 
molts, develop compound eyes and one pair of 
thoracopods in each thoracal segment, the 
antenna gradually lose their locomotory func-
tion (Figure  11.7 b), and it undergoes sexual 
differentiation. The males can be easily recog-
nized by the graspers and the females by the 
uterus situated behind the 11th pair of thora-
copodes. Adult  Artemia  are 8 – 12 - mm long, 
covered with a thin exoskeleton of chitin. Under 
optimal conditions, it takes newly hatched 
 Artemia  12 – 14 days to reach the adult stage. 

 The reproduction cycle of  Artemia  is 
affected by environmental conditions, for 

larvae. Later it appeared that the nutritional 
value of  Artemia  was not optimal, especially 
for marine organisms, since the nutritional 
variation among strains and within batches 
of each strain was found to be suboptimal for 
most marine larvae. By introducing emulsifi ed 
lipid diets rich in n - 3 HUFA, as food for 
 Artemia  nauplii, their nutritional quality was 
improved. Application of this method of bio-
encapsulation, also called  Artemia  enrichment 
or boosting, has been very important and 
improved the larviculture production for most 
marine species. For many species of fi sh and 
crustacean larvae, this is important not only 
to survival, growth, and successful metamor-
phosis but also to their quality, for example, 
reduced incidence of malformations, improved 
pigmentation, and stress resistance. 

 Improvements in culturing biology and 
strain characterization, nutritional manipula-
tion, improved techniques for enrichment, 
and new enrichment products have optimized 
the nutritional value of  Artemia  and led to 
widespread use of this live food organism in 
hatcheries throughout the world.  Artemia  are 
used for both warm -  and cold - water species. 
The application and use of nauplii in hatcher-
ies had improved over the years and become 
more effective. This is seen in a reduction in 
the required amount of cysts per unit fi sh or 
shrimp produced. For example, the sea bass 
and sea bream production in the 
Mediterranean Sea has been reduced from 
150   kg cysts per 1 million fry produced to a 
required amount of cysts today of only 90   kg 
for sea bass and 70   kg for sea bream (Dhont 
and Van Stappen  2003 ). 

   11.4.1    General  b iology of  Artemia  

 The brine shrimp  Artemia  (class: Crustacea; 
subclass: Branchiopoda; order: Anostraca; 
family: Artemiidae; and genus:  Artemia ) is 
found in more than 500 saline lakes through-
out the world (Sorgeloos et al.  1986 ). This 
includes different climatic zones in both 
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and Shiraishi  1959 ; Reeve,  1963 ; D ’ Agostino 
 1980 ); they start to ingest food at the Instar 
II stage (metanauplius I) using the larval 
antenna (Barlow and Sleigh  1980 ). During 
postembryonic development, the feeding 
function is gradually taken over by the mul-
tifunctional phyllopods (Schrehardt  1987 ), 
which are fully developed at the preadult 
stage (Blanchard  1987 ). 

 How fi lter - feeders respond to variable food 
concentrations is normally described by a 
functional response curve (Holling  1966 ), 
defi ned as the relationship between the prey 
density and the average numbers of prey 
killed per unit of time by a single predator 
(Abrams  1982 ). For different stages of 
 Artemia , the ingestion rate increases as a 
function of increasing food concentration up 
to a saturation level where the animals reach the 
maximum ingestion rate ( I  max ). Thereafter, 
the ingestion rate is high and constant even if 
the food concentration is further increased 

example, females can switch reproductive 
modes from one ovulation to the next. Under 
optimal conditions, each female produces 
free - swimming nauplii (ovoviviparous repro-
duction) at a rate of 300 nauplii every 4 days. 
Under suboptimal or extreme conditions 
(high salinity or low oxygen level), the 
embryos develop in the uterus up to the gas-
trula stage and become surrounded by a thick 
shell (chorion), enter a state of dormancy (dia-
pause), and are then released by the female 
(oviparous reproduction). The dormant cysts 
usually fl oat and accumulate in the seashore 
where they dry and can be stored until the 
conditions become favorable. The cysts can 
remain dormant for many years as long as 
they are kept dry and oxygen free.  

   11.4.1.2    Feeding and  i ngestion 

  Artemia  are continuous, nonselective, obli-
gate phagotrophic fi lter - feeders (Provasoli 

     Figure 11.7      Artemia franciscana : (a) Instar II and (b) postlarval stage. (1) antennula; (2) antenna; (3) fi ltering setae; (4) 
mandible; (5) labrum; (6) thoracal segment; (7) thoracopode (11 pairs); (8) nauplius eye; (9) complex eye; (10) digestive 
tract.  (Photo by T. Bardal, Norwegian University of Science and Technology [NTNU].)   
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cal for successful hatching, good survival, low 
bacterial load, and high nutrition quality of 
the  Artemia  before the nauplii/metanauplii 
can be fed to fi sh and shrimp larvae. 

 The whole process includes four steps: 
decapsulation, hatching, enrichment/growth, 
and harvesting. During this process,  Artemia  
can be cultivated in a variety of tanks as long 
as aeration ensures proper oxygenation and 
adequate mixing of food particles and nauplii. 
The hatching procedure has been improved 
through decapsulation of the cysts, a process 
whereby the chorion that encysts the embryo 
is removed by exposure to a hypochlorite 
solution (Bruggeman et al.  1980 ). This step 
improves the hatching of cysts, eliminates 
hatching debris, and reduces the bacterial 
load in the  Artemia  culture. 

 The optimum hatching conditions are as 
follows: temperatures between 25 and 28 ° C, 
salinity of 15 – 35   g/L, pH of 8 – 8.3, oxygen 
levels higher than 2.5   mg O 2 /L, and illumina-
tion of 2,000   lux. The maximum density of 
cysts in the hatching tank should not exceed 
2   g/L. After hatching, the nauplii must be con-
centrated, washed, and transferred to enrich-
ment tanks under the same physical conditions 
as described above. The density of nauplii 
during enrichment should be in the range of 
200 – 300   ind/mL.   

   11.4.3    Enrichment and  n utritional 
 q uality 

   11.4.3.1    Feeding and  e nrichment 

 Since  Artemia  were introduced into marine 
larviculture, much work has focused on the 
challenge of supplementing n - 3 HUFA to   
larvae through live food organisms. 
Enrichment with emulsifi ed lipid diets is by 
far the most important technique to increase 
the nutritional value of  Artemia  and thereby 
provide a high - quality live food organism for 
fi sh and shellfi sh larvae. Incorporation of n - 3 
HUFA in  Artemia  is obtained by different 

(Evjemo et al.  2000 ). The incipient limiting 
concentration (ILC), defi ned as the food con-
centration where the animals reach  I  max  
(McMahon and Rigler  1965 ), is around 
5 – 7   mg C/L, and the feeding response of 
 Artemia  can be described by a sigmoidal type 
3 functional response curve (Holling  1966 ; 
Evjemo et al.  2000 ). This shows that  Artemia  
are adapted to relatively high concentrations 
of food compared with many other plank-
tonic crustaceans, such as copepods and cla-
doceran, where the  I  max  is in the order of 
10 – 100 times lower. 

 It is of major importance to consider the 
feeding behavior of  Artemia  when they are 
produced in hatcheries. Overfeeding will 
always stimulate microbial growth in a 
culture, and because  Artemia  are nonselective 
fi lter - feeders, bacteria will be ingested and 
transferred to the fi sh, shrimp, or shellfi sh 
larvae. A good strategy is to feed  Artemia  at 
a rate close to, or slightly higher, than the 
ILC. This means that  Artemia  can ingest food 
at the maximum rate and at the same time 
avoid overfeeding and high bacterial loads in 
the cultures.   

   11.4.2     Artemia   p roduction 

  Artemia  are mostly used as freshly hatched 
nauplii or enriched nauplii fed emulsifi ed 
lipid diets or algae for a period of 24 hours. 
Juvenile and preadult/adult  Artemia  have also 
been used for fi rst feeding of some species 
such as halibut (Olsen et al.  1999 ), shrimp 
(Dhert et al.  1993 ), or lobster larvae (Evjemo, 
unpublished data). Biomass from harvested 
 Artemia  (frozen or freeze - dried) is also used 
for feeding several species of penaeid shrimp 
even though fresh live forms have the highest 
nutritional value. 

   11.4.2.1    Cultivation  m ethods 

 Although intensive production of  Artemia  
appears to be simple, several factors are criti-
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procedures the content of DHA might reach 
18 – 22% of total fatty acids and a DHA/EPA 
ratio close to 2. The total content of n - 3 
HUFA might increase from less than 10% 
before enrichment to more than 35% (of total 
fatty acids) after enrichment (Evjemo et al. 
1997; Evjemo et al.  2003 ), which is close to 
the corresponding values for marine cope-
pods (Evjemo and Olsen  1997 ; Evjemo  2001 ).  

   11.4.3.3    Proteins 

 In newly hatched  Artemia , the protein content 
constitutes 41% of DW. Following enrich-
ment with emulsifi ed lipids, the protein 
content usually decreases to 32 – 35% of DW 
(Evjemo  2001 ) because most of the enrich-
ment diets contain only lipids. It seems, 
however, that both nauplii and adults (protein 
content 44 – 51% of DW) contain suffi cient 
levels of the 10 amino acids that are consid-
ered essential for fi sh larvae (Fyhn et al.  1993 ; 
Helland et al.  1999 ). The protein and amino 
acid profi les show less variation between 
strains and live stages of  Artemia  than the 
lipid and fatty acid profi les (Dhont and Van 
Stappen  2003 ).  

   11.4.3.4    Vitamins and  m inerals 

  Artemia  appear to cover the minimal dietary 
requirements of fi sh larvae and have suffi cient 
amounts of vitamins (van Stappen et al.  1996 ; 
see also Chapter  4 ). With the exception of 
ascorbic acid and thiamine, M æ land et al. 
 (2000)  has shown that  Artemia  nauplii con-
tained higher vitamin levels than natural zoo-
plankton. Through normal enrichment 
procedures, vitamins can effi ciently be trans-
ferred into  Artemia . After enrichment, it 
appears that some components (ascorbic acid 
and B 6 ) are selectively catabolized at a higher 
rate than others (Olsen et al.  2000 ). On the 
other hand, the thiamine content remains 
constant during starving conditions. Generally, 
it seems that the variation in vitamins is com-
parable with that of n - 3 HUFA, with clear 

enrichment procedures (Watanabe et al.  1978, 
1983 ; L é ger et al.  1986 ; Lavens et al.  1989 ), 
and considerable improvements have been 
achieved in the HUFA content of  Artemia , in 
particular the content of DHA and EPA 
(Watanabe et al.  1983 ; Dhert et al.  1993 ; 
Navarro et al.  1993 ; Evjemo et al.  1997, 
2001 ). Not only do the amounts of these 
essential fatty acids affect the fi sh larvae, but 
also the DHA/EPA ratio is found to be impor-
tant for pigmentation of fl atfi sh (Rainuzzo 
 1993 ; Reitan et al.  1994a, 1994b ). 

 Newly hatched nauplii ingest small oil par-
ticles in the enrichment diets and show a 
linear relationship between the DHA content 
in  Artemia  and the duration of the enrich-
ment period up to 24 hours (Evjemo et al. 
 1997 ; Evjemo  2001 ). Various enrichment 
diets, with both high and low DHA contents, 
have confi rmed these results, and the variable 
DHA content in  Artemia  is a refl ection of 
the contents in the diets (Evjemo  2001 ). 
Enrichment can also increase the total lipid 
content of the nauplii, which might increase 
from 18% of DW in newly hatched nauplii 
to more than 25% of DW after enrichment. 
Most of these diets contain only lipids, 
and will cause high mortality in the  Artemia  
cultures if the enrichment period exceeds 
36 hours.  

   11.4.3.2    Lipids 

 It is generally believed that copepods, which 
constitute a major part of the natural diet of 
marine larvae, can meet nutritional require-
ments, particularly with regard to the require-
ments of n - 3 HUFA (Shields et al.  1999 ; 
Evjemo et al.  2003 ). The lipid content and the 
fatty acid composition of cultivated live food 
organisms ( Artemia  and rotifers) and cope-
pods show major differences. This is mainly 
related to total lipid content and the content 
of n - 3 HUFA (Evjemo and Olsen  1997 ). 
Newly hatched  Artemia  contain low and 
variable contents of n - 3 HUFA (L é ger 
et al.  1986 ), but through normal enrichment 
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EPA, and DHA, it is clear that the DHA 
content is reduced several times faster than 
both EPA and non - n - 3 HUFA fatty acids. The 
protein content is only slightly reduced (Table 
 11.2 ) and indicates that  Artemia  use fatty 
acids rather than proteins in their metabolism 
during starving conditions. Using the SLR, 
the loss rate (LR, as %/day) can be calculated 
from the equation % LR    =    ( e  SLR     −    1)   100.      

   11.5    Copepods in  a quaculture 

 Free - living marine copepods are natural prey 
for most marine fi sh larvae, abundant in, and 
distributed throughout, estuarine, coastal, 
and open ocean systems. More than 11,500 
species of copepods have been classifi ed 
(Humes  1994 ). In nature, these small crusta-
ceans constitute the vital link from primary 
producers to fi sh. Comprehensive reviews 
available include a review on copepod biology 
and ecology (Dussart and Defaye  2001 ; 
Sazhina  2006 ), copepod evolution (Huys and 
Boxshall  1991 ), biology of calanoid species 
(Mauchline  1998 ), and culture of copepods 
(St ø ttrup  2003 ). In aquaculture, the number 
of species that have been cultured as prey for 
fi sh larvae are limited, and these species gen-
erally belong to the order Calanoida, although 
a number of harpacticoid and cyclopoid 
species has also been cultured. Lists of species 
of copepods used for intensive or extensive 
cultures are provided by St ø ttrup  (2003) . 

effects of selective retention of some compo-
nents, and selective and faster catabolism for 
others. 

 Seawater is considered to be a suffi cient 
source of minerals for most marine organ-
isms. The mineral content in  Artemia  seems 
to be suffi cient for most marine larvae except 
for selenium (van Stappen et al.  1996 ).  

   11.4.3.5    Stability of  n utritional 
 v alue  p ost  e nrichment 

 The main challenge in  Artemia  production is 
to maintain high DHA levels after enrichment 
because DHA is selectively catabolized at a 
rate signifi cantly higher than other fatty acids 
(Evjemo et al. 1997,  2001 ). Both during and 
after enrichment, DHA is retroconverted into 
EPA (Navarro et al.  1999)  and there is a sig-
nifi cant reduction in DHA content in the 
nauplii by 12 hours post enrichment (Evjemo 
et al. 1997). It is important to consider that 
even short delays, or storage periods, between 
enrichment and larval consumption might 
reduce the nutritional value of the nauplii. 
This specifi c loss rate (SLR, per day) of com-
ponents (or nutrients) is highly dependent on 
the temperature and can be calculated by the 
equation SLR    =    ( At     +     B ). The regression 
coeffi cients ( A  and  B ) are obtained by linear 
regression analysis and are valid for tempera-
tures ( t ) in the range 5 – 30 ° C (Table  11.2 ). By 
calculating the SLR for total protein and lipid 
content, total non - n - 3 HUFA fatty acids, 

  Table 11.2    Coeffi cients ( ±  SE ) for calculating the specifi c loss rate ( SLR , per day) of different 
nutrients in  Artemia franciscana  post enrichment. 

         A       B       r  2   

  Protein content     − 0.015    ±    0.002  a       − 0.144    ±    0.044  a      0.96  

  Total lipid content     − 0.021    ±    0.004  a       − 0.002    ±    0.082  a      0.88  

  Non - n - 3 HUFA     − 0.038    ±    0.003  a       − 0.057    ±    0.065  a      0.97  

  EPA     − 0.028    ±    0.005  a       − 0.171    ±    0.091  a      0.88  

  DHA     − 0.089    ±    0.007  a       − 0.298    ±    0.145  a      0.97  

    a      Regression coeffi cients signifi cant from 0 ( P     <    0.05).   
 Data from Evjemo et al.  (2001) . 
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 The nauplii have oval - shaped, dorsoven-
trally compressed, unsegmented bodies and a 
naupliar eye (Figure  11.8 ). The nauplii molt 
through six stages. The fi rst three stages have 
generally few appendages, while there is a 
progressive development of appendages and 
setae in the posterior end of the body during 
the last three stages (Hicks and Coull  1983 ; 
Dussart and Defaye  2001 ). The last, sixth 
stage molts into a copepodite resembling the 
adult form. Copepodites also undergo six 
molts resulting in the fi nal mature stage, 
where reproduction can take place. 

 The calanoids are generally planktonic 
species feeding on phytoplankton, which they 
fi lter from the surrounding water. Some 
species are able to switch to a predatory mode 
and feed on nauplii of their own or of other 
species (Daan et al.  1988 ; Ki ø rboe et al. 
 1996 ). Copepods belonging to the order 
Harpacticoida are generally benthic species 
grazing on a variety of food sources including 
bacteria and macro -  and microalgae (St ø ttrup 
 2003 ). Cyclopoid copepods are omnivorous, 
with a variety of feeding modes from plank-
tonic fi lter - feeders to detrivorous benthic 
grazers and can switch between herbivorous 
and carnivorous feeding. 

 Together with the egg and naupliar stages, 
copepods provide a broad range of prey sizes 
for larval fi sh. Copepod eggs range from 70 
to around 800    μ m in diameter (Mauchline 
 1998 ). The naupliar and adult stages together 
provide size ranges from around 100    μ m to 
10   mm in length, although the majority of 
adults are 1 – 2   mm in size (Mauchline  1998 ; 
St ø ttrup  2003 ).  

   11.5.2    Cultivation of  c opepods 

 Copepods have been successfully cultivated in 
outdoor extensive systems (see Sv å sand et al. 
 1998 ; Engell - S ø rensen et al.  2004 ) and in 
intensive systems (see review by St ø ttrup 
 2003 ; Lee et al.  2005 ). 

   11.5.1    Copepod  b iology 

 Like other crustaceans, copepods have an 
exoskeleton composed primarily of chitin. 
Planktonic species have generally cylindrical 
bodies with a narrow abdomen and thorax 
(Figure  11.8 ). Benthic or surface - living forms 
may have broader or dorsoventrally com-
pressed abdomen. The head is fused with the 
thorax and bears anteriorly a typical median 
naupliar eye and a conspicuous set of anten-
nae. The thorax also bears the various 
appendages used for feeding or locomotion. 
The genital opening is usually located in the 
fi rst segment of the abdomen, while the last 
segment bears the rami and attached setae. 
Most copepods reproduce sexually, and a sac 
containing viable sperm called the spermato-
phore is produced by the male and deposited 
near the genital aperture of the female. Eggs 
are either shed directly into the water column 
(broadcasters) or produced in one or two egg 
sacs that remain attached to the female 
(Mauchline  1998 ). Each egg sac may contain 
up to a couple of hundred eggs, depending on 
species and condition. The nauplii hatch 
directly from the egg sac whereupon the egg 
sac is discarded and a new one produced.   

     Figure 11.8     Picture of  Acartia tonsa  adult and nauplius. 
 (Photo by Sune R. S ø rensen, Technical University of 
Denmark, National Institute of Aquatic Resources [DTU 
Aqua].)   
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 Acartia ,  Eurytemora ,  Centropages , and 
 Parvocalanus  have been the subject of several 
studies for intensive cultivation purposes 
(McKinnon et al.  2003 ; St ø ttrup  2003 ; Shields 
et al.  2005 ). Maintenance of cultures for cala-
noids has been described by St ø ttrup and col-
leagues (St ø ttrup et al.  1986 ; St ø ttrup  2003, 
2006 ) for the calanoid copepod  Acartia tonsa . 
Also relevant is the description of isolation 
and start - up procedures for the culture of 
 Parvocalanus  sp. by Shields et al.  (2005) . 
Most calanoids require live planktonic algae 
as food, the ambient density increasing 10 -
 fold with decreasing algal size (St ø ttrup  2003, 
2006 ). For example, it was recommended to 
use around 10 5    cells/mL when feeding cope-
pods small algae ( < 5    μ m) such as  Isochrysis 
galbana  or  Nannochloropsis oculata , 10 4    cells/
mL for larger algae such as  Rhodomonas 
salina , and 10 3    cells/mL when algae    > 12    μ m 
such as  Ditylum brightwelli ,  Thalassiosira 
weissfl ogii , or  Crypthecodinium  sp. were 
used (Muller - Fuega et al.  2003 ; St ø ttrup 
 2003, 2006 ). Concurrently, it was important 
to maintain copepod densities to ensure that 
the phytoplankton was eaten and to minimize 
sedimentation and subsequent decomposition 
of algal matter on the bottom of the cultiva-
tion tanks. Optimal densities vary with 
species, from 100/L for  Acartia tonsa  (St ø ttrup 
et al.  1986 ) to 2,000/L for  Eurytemora affi nis  
(Turk et al.  1982 ). 

 Copepods in intensive cultures may be fed 
a single algal species. For example, an average 
birth rate of 31 eggs/female/day was obtained 
from  Parvocalanus crassirostris  females fed 
the dinofl agellate  Heterocapsa niei  (McKinnon 
et al.  2003 ). The copepods may alternatively 
be fed a mixture of algae. It really depends on 
fi nding the correct combination of cell size 
and nutritional value of the microalgal species 
used for feeding the copepods. Copepod 
fecundity is impacted by the available dietary 
lipids, and the provision of algae with high 
levels of essential fatty acids, such as EPA 
(20:5n - 3) and DHA (22:6n - 3), has been 
shown to be important (St ø ttrup and Jensen 

   11.5.2.1    Extensive  c ultivation 

 Mixed copepod cultures have been obtained 
from outdoor ponds or enclosed lagoons 
using fertilizers to enhance phytoplankton 
production, yielding densities of 10 – 30   ind/L. 
Seawater is pumped into the ponds through 
fi lters (20 – 40    μ m), which ensure removal of 
predators but allow phytoplankton to enter 
the system. Through selective addition of 
nutrients, production of a particular phyto-
plankton is favored, such as the proliferation 
of diatoms, which has been considered more 
favorable for copepod production in open 
ponds than small fl agellates (Naas et al. 
 1991 ). The species produced in such systems 
are primarily calanoids, but other copepods 
such as  Oithona  sp. and  Tisbe  sp. also occur 
(van der Meeren and Naas  1997 ). They can 
be collected with plankton nets to selectively 
sieve nauplii (80 – 250    μ m), copepodite stages 
(80 – 350    μ m), or primarily adult stages (250 –
 600    μ m) (St ø ttrup  2003 ). 

 Pond cultures are used in commercial 
systems in Denmark for rearing mixed cope-
pods for feeding to fi rst - feeding larvae of fl at-
fi sh species or cod (e.g., Engell - S ø rensen et al. 
 2004 ). In Norway, enclosed lagoons are used 
to extensively culture cod on natural zoo-
plankton. Production is limited to summer 
months in extensive systems, which is prob-
ably why few hatcheries rely on this method 
for production. It is also diffi cult to control 
which species are being produced in highest 
numbers, making it diffi cult to optimize prey 
size or quality.  

   11.5.2.2    Intensive  s ystems 

 Due to the diversity of habitats inhabited by 
copepods in nature, different systems have 
been developed for intensive cultivation of 
copepods (see reviews by St ø ttrup  2003, 
2006 ; Lee et al.  2005 ). Calanoids are largely 
planktonic and occur in abundance in coastal 
areas. They are easily collected by nets pulled 
through the water. Species of the genera 



Live feeds 325

batch systems are implemented whereby the 
whole culture is fi ltered daily through differ-
ent mesh sizes that separate the naupliar 
stages from the adult stages and the detritus 
from the naupliar stages. Most copepods 
seem able to tolerate daily fi ltration. Several 
modifi cations of this batch method exist, 
including automated daily collection of 
nauplii (Payne and Rippingale  2000a ), but 
production output was well below the poten-
tial and further work was needed to increase 
the effi ciency. 

 Benthic species generally require a large 
surface area, but this can be obtained within 
a small laboratory space as was demonstrated 
in the intensive batch system developed by 
St ø ttrup and Norsker  (1997) . Harpacticoids 
are highly productive and can attain high 
densities, exceeding 40,000/L in culture, and 
species of the genera  Tisbe ,  Tigriopus , and 
 Euterpina  have been most commonly targeted 
for culture (St ø ttrup  2003 ). Several species 
have planktonic, free - swimming nauplii, 
which make them ideal for culture and their 
nauplii ideal as prey for marine fi sh larvae. 
Older stages are, however, generally not ideal 
as prey for fi sh larvae due to their benthic 
lifestyles. Harpacticoid species are generally 
relatively robust for culture (St ø ttrup and 
Norsker  1997 ; Cutts  2002 ). From batch cul-
tures in small fl at trays (40    ×    60   cm), 
100,000 – 170,000   nauplii/L were harvested 
daily. One problem encountered was the sep-
aration of nauplii from debris from such 
systems (St ø ttrup  2006 ). On the other hand, 
harpacticoids can be fed inert feeds and their 
culture is not dependent on a supply of fresh 
microalgae. 

 Several cyclopoid species of the genera 
 Apocyclops  have been cultured with success 
(Lipman  2001 ; Su et al.  2005 ).  Apocyclops 
royi  has a short generation time, developing 
to maturity within 4 – 5 days and is very ideal 
for culturing (Su et al.  2005 ). As for harpac-
ticoids, these species can be fed inert feeds, 
although most researchers use phytoplankton 
or a mixture of phytoplankton and yeast 

 1990 ; Lacoste et al.  2001 ). Shields et al. 
 (2005)  demonstrated improved fecundity in 
 Parvocalanus  sp. when fed a mixture of 
 Chaetoceros  sp. and  Isochrysis  sp. This is 
probably due to the mixture of algae provid-
ing a more balanced lipid distribution because 
 Chaetoceros  sp. contains low DHA but high 
EPA levels, whereas  Isochrysis  sp. has a high 
level of DHA but is low in EPA (Muller - Fuega 
et al.  2003 ). Fed this complementary combi-
nation,  Parvocalanus  sp. kept in 400 - L culture 
systems produced 3,750   nauplii/L culture 
daily. Generally, however, production is 
lower; for example, the daily production was 
444/L in a 1,000 - L batch culture of a tropical 
 Acartia  species (Schipp et al.  1999 ) and 878/L 
for  Gladioferens imparipes  in 500 - L batch 
cultures (Payne and Rippingale  2000b ). 

 Calanoids are primarily broadcast spawn-
ers, and this type of reproduction has led to 
the development of a system whereby the 
sedimented eggs are collected daily from the 
tank bottom (St ø ttrup et al.  1986 ). Eggs are 
separated by fi ltration (45 -  μ m mesh size) 
from the siphoned bottom detritus and put 
into separate containers for hatching. They 
can then either be fed directly to the fi sh 
larvae or allowed to grow for a specifi c time 
to be fed at various sizes to the growing fi sh 
larvae. This daily removal of up to 10% of 
the tank volume from the bottom to harvest 
eggs has several advantages, as listed in 
St ø ttrup  (2006) , and includes maintaining 
tank hygiene, provision of eggs free from 
debris, separation of eggs from the culture 
system reducing egg cannibalism within the 
system, ability to target prey size for feeding, 
and ability to store nondiapaused eggs for 
later use. Eggs from  Acartia tonsa  can be 
stored in anoxic conditions in a refrigerator 
at 4 ° C for a period of up to 6 months, with 
a linear decrease in hatching of roughly 4% 
every 20 days from 85% fresh hatch (Peck 
and Holste  2006 ). 

 The production method for copepods 
bearing eggs sacs has to be modifi ed relative 
to methods for broadcast spawners. Often 
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is being explored in detail to provide informa-
tion for improving enrichment emulsions, 
with the aim to mimic the biochemical content 
of copepods in traditional live feed through 
enrichment (van der Meeren et al.  2008 ). 

 Copepods have generally lower total lipid 
and neutral lipid contents as compared with 
traditional cultured live prey (rotifers and 
 Artemia ), but have a higher proportion of 
more easily digestible phospholipids (Evjemo 
et al.  2003 ; van der Meeren et al.  2008 ). 
Phospholipids in adult mixed copepods can 
constitute up to 57% of total lipid and up to 
63% in nauplii (van der Meeren et al.  2008 ; 
Figure  11.2 ). Cultured copepods maintain 
their relatively high phospholipid content 
even through several hundred generations in 
culture. In cultured  Acartia tonsa  adults and 
newly hatched nauplii fed  Rhodomonas 
baltica , phospholipids constituted 58 and 
50% of total lipids, respectively (St ø ttrup 
et al.  1999 ; Figure  11.9 ). Phospholipids also 
facilitate digestion of other lipids (Koven et al. 
 1993 ), but it has, to date, proven diffi cult to 
enhance phospholipid content in  Artemia  and 
rotifers. Furthermore, marine fi sh larvae 
require high levels of essential fatty acids such 

(Phelps et al.  2005 ). Cyclopoids can be cul-
tured at similar high densities as harpacti-
coids (James and Al - Kars  1986 ; Phelps et al. 
 2005 ) and their planktonic nauplii are easily 
available for fi rst - feeding fi sh larvae. Similar 
to harpacticoids, cyclopoids produce egg 
sacs, and culture methods developed for these 
species involve the harvest of nauplii from 
culture tanks. Productivity levels are similar 
to those obtained in harpacticoids (Lipman 
 2001 ; St ø ttrup  2003, 2006 ; Phelps et al. 
 2005 ). The recommended adult densities for 
culturing  Apocyclops  sp. was 2,000/L, 
providing an average daily harvest of around 
8   nauplii/female (Phelps et al.  2005 ). 
Separation of nauplii from debris is less of 
a problem as long as planktonic feed is 
provided.   

   11.5.3    Enrichment and  n utritional 
 q uality 

 Copepods are nutritionally adequate for 
marine fi sh larvae and do not generally need 
to be enriched before their use as live feed. 
Indeed, the biochemical content of copepods 

     Figure 11.9     Contents of neutral lipids (NL), phospholipids (PL), arachidonic acid (ARA), eicosapentaenoic acid (EPA), 
and docosahexaenoic acid (DHA) as percentage of total lipids in mixed species of adult copepods sampled from outdoor 
ponds in 2000 (Copepods 00) and 2001 (Copepods 01) and copepod nauplii in 2001 (Nauplii 01); in laboratory - cultured 
 Acartia tonsa  adults fed  Rhodomonas baltica  (A - Rho) and nauplii (N - Rho), as well as in rotifers and 1 - day - old  Artemia  
nauplii ( Artemia  1d).  Data calculated from van der Meeren et al.  (2008)  and taken from St ø ttrup et al.  (1999) .   
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oxidation. Copepods provide ample protec-
tion through the extremely high levels of 
astaxanthin, which are almost absent in roti-
fers and absent in  Artemia  (van der Meeren 
et al.  2008 ). These pigments provide natural 
antioxidants for fi sh and are also important 
precursors for vitamin A, although this may 
be provided through the high levels of another 
pigment, canthaxanthin, in  Artemia  (van der 
Meeren et al.  2008 ). However, R ø nnestad 
et al.  (1998)  found that halibut larvae fed 14 
days on  Artemia  nauplii contained 50 – 80% 
lower vitamin A (retinol and retinal) than 
larvae fed copepods, suggesting that the fi sh 
larvae may be incapable of assimilating or 
converting canthaxanthin in  Artemia . The 
antioxidative capacity of astaxanthin in cope-
pods is further enhanced by the high levels of 
ascorbic acid, which were double those in 
rotifers but similar to levels in  Artemia  nauplii 
(van der Meeren et al.  2008 ). An interesting 
feature was the low level of vitamin E in 
copepods compared with traditional live prey. 
This is interesting because it may not be nec-
essary to provide the high levels of vitamin 
E in enrichment emulsions for traditional 
live prey. 

 Copepods have generally high total protein 
content (302 – 443    μ g/mg DW), free amino 
acid content (56 – 86    μ g/mg DW), and essential 
amino acids (van der Meeren et al.  2008 ). Free 
amino acids serve as an energy substrate and 
sustain protein synthesis in fi sh larvae, which 
have a high demand for energy to support 
high daily growth rates that may exceed 20% 
in weight. Indeed high initial daily weight 
gains were observed in cod fed natural zoo-
plankton, achieving growth rates close to 
optimal when suffi cient feed was provided 
and far superior weight gain than so far 
achieved for cod larvae fed rotifers (Busch 
et al.  2010 ). Higher growth rates achieved 
during the larval stage by feeding cod with live 
zooplankton as compared with rotifers per-
sisted beyond the larval stage through the 
juvenile stage (Koedijk  2009 ). The early 
dietary effect not only resulted in improved 

as DHA (22:6n - 3), EPA (20:5n - 3), and ara-
chidonic acid (ARA, 20:4n - 6). It may there-
fore be easier for larvae to assimilate 
DHA from copepods than from  Artemia  
nauplii, where these essential fatty acids are 
mainly available as neutral lipids (McEvoy 
et al.  1998 ).   

 Documented higher growth rates, higher 
survival, and better pigmentation in larval 
and juvenile fi sh have been attributed to the 
content and ratio of the essential fatty acids 
DHA, EPA, and ARA in copepods (Bell et al. 
 1995a, 1995b ; Sargent et al.  1997 ; Estevez 
et al.  1999 ). Calanoids require these essential 
long - chain unsaturated fatty acids and may 
procure them through their microalgal diet. 
On the other hand, the harpacticoids  Tisbe 
holothuriae  and  Nitocra lacustris  were shown 
to have the necessary desaturase and elongase 
enzymes necessary for bioconversion of 
shorter - chain fatty acids to EPA, DHA, and 
ARA (Norsker and St ø ttrup  1994 ; Nanton 
and Castell  1998 ; Rhodes and Boyd  2005 ). 
The mixture of copepods tested by van der 
Meeren et al.  (2008)  contained high levels of 
both EPA and DHA (Figure  11.9 ), and the 
ratio of EPA to ARA was also high in cope-
pods. The ratio of DHA to EPA in calanoids 
and harpacticoids, whether harvested from 
natural systems or cultured, is generally  > 2 
(McEvoy et al.  1998 ; Nanton and Castell 
 1998 ; St ø ttrup et al.  1999 ). High EPA:ARA 
ratio is important for successful development 
of pigmentation during metamorphosis in 
turbot (Estevez et al.  1999 ), halibut (McEvoy 
et al.  1998 ), yellowtail fl ounder (Copeman 
et al.  2002 ), and Senegalese sole (Villalta et al. 
 2005 ). Similar to wild copepods, cultured 
copepods also contain high ratios of EPA to 
ARA. EPA:ARA ratios in a mixture of cope-
pods harvested from natural systems was 
23 – 25 (van der Meeren et al.  2008 ). Adults 
and nauplii of  Acartia tonsa  fed  Rhodomonas 
baltica  had EPA - to - ARA ratios of 27 and 24, 
respectively (St ø ttrup et al.  1999 ). 

 The high levels of HUFA increase the need 
to protect against free radicals from lipid per-
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  Chapter 12 

Microparticulate 
 d iets:  t echnology  
  Chris     Langdon    and    Rick     Barrows       

    12.1    Introduction 

 Culture of the larval stages of many fi sh 
species is still dependent on expensive live 
feeds, such as rotifers and  Artemia , despite 
several decades of research (Liao et al.  2001 ; 
Langdon  2003 ; St ø ttrup and McEvoy  2003 ). 
Production of live feeds can represent a sig-
nifi cant proportion of the running costs of 
commercial hatcheries (Person Le Ruyet et al. 
 1993 ). Typically, the early larval stages of 
marine fi sh species are fed on live prey, such 
as rotifers or  Artemia  nauplii, and the larvae 
are weaned onto artifi cial diets at a later stage 
of development. However, the nutritional 
quality of these live feeds is often found to be 
inferior to that of natural prey, such as cope-
pods, and mortalities of hatchery - reared 
larvae are often reported to be high (Shields 
et al.  1999 ; Evjemo et al.  2003 ; Drillet 
et al.  2006 ; Hamre  2006 ; Rajkumar and 
Kumaraguru vasagam  2006 ). 

 Microparticulate diets for fi sh larvae are 
typically in the 25 – 250 -  μ m size range, and 
the optimal particle size varies depending on 

developmental stage and species (Dabrowski 
and Bardega  1984a ; Fern á ndez - D í az et al. 
 1994 ). High surface - to - volume ratios of 
micron - sized particles result in high rates of 
diffusional exchange of nutrients and gases 
between particles and the surrounding 
medium. Furthermore, settlement (Backhurst 
and Harker  1988 ), clumping, and adherence 
of particles onto surfaces can result in sub-
stantial losses of feed (Figure  12.1 ).   

 One of the greatest challenges in designing 
artifi cial microparticles to deliver diets to fi sh 
larvae is to obtain a digestible particle type 
that also retains water - soluble nutrients 
(Figure  12.1 ). Unlike the feeding appendages 
of many crustacean larvae, fi sh larvae typi-
cally do not possess mechanisms to physically 
break down captured particles; therefore, 
their breakdown depends on the action of 
digestive enzymes coupled with the mechani-
cal action of peristalsis. 

 The lack of a fully developed digestive 
system in the early developmental stages of 
many fi sh larval species (Munilla - Moran et al. 
 1990 ; Kj ø rsvik et al.  1991 ; Hamlin et al. 
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and  “ smell ”  (Kolkovski et al.  1997 ; Cahu 
et al.  1998 ; Lazo et al.  2000 ; Nikolaeva and 
Kasumyan  2000 ; Koven et al.  2001 ; Lindsay 
and Vogt  2004 ). 

 In this chapter, we review technologies that 
have been used to prepare microparticles 
(Figure  12.2 ) for rearing fi sh larvae or for 
enrichment of their prey species, updating 
and broadening the scope of earlier reviews 
by Cahu and Zambonino Infante  (2001) , 
Langdon  (2003) , and Kv å le et al.  (2007) . We 
will not discuss diet formulation or nutri-
tional requirements as these topics are 
addressed by others in this publication.    

   12.2    Delivery of  h igh -  m olecular -
  w eight  p roteins,  c arbohydrates, and 
 w ater -  i nsoluble  n utrients 

   12.2.1    Microbound  p articles 

 The most common particle type used in 
feeding experiments with fi sh larvae are 
microbound particles in which dietary ingre-
dients are bound together in a polymer matrix. 
These particles do not possess walls and, tech-
nically, should not be designated as microcap-
sules. Formation of microbound particles 
typically requires activating or gelling a 
mixture of ingredients, followed by drying. 

 Microbound particles can be further char-
acterized as crumbled particles or shaped par-

 2000 ; Kolkovski  2001 ) suggests that nutri-
ents within the food particle must be in a 
form that is readily digestible (Rust et al. 
 1993 ; Rust  1995 ; Cahu and Zambonino 
Infante  2001 ; see Chapter  1 ). Studies indicate 
that larvae benefi t from additions of partially 
hydrolyzed, water - soluble dietary proteins to 
their diets (Cahu and Zambonino Infante 
 1994 ; Zambonino Infante et al.  1997 ; 
Takeuchi et al.  2003 ; see Chapter  3 ). 

 Increasing water solubility of dietary ingre-
dients also increases potential rates of losses 
of these nutrients through diffusion. Most 
dietary low - molecular - weight, water - soluble 
nutrients, such as amino acids and water -
 soluble vitamins, are rapidly lost from 
microbound and cross - linked protein walled 
capsules after only a few minutes of suspen-
sion in water (L ó pez - Alvarado et al.  1994 ; 
Baskerville - Bridges and Kling  2000b ). Water -
 soluble proteins and hydrolysates can also be 
rapidly lost from these particle types; for 
example, Chui and Wan  (1997)  reported that 
about 55% of incorporated trypsin was lost 
from alginate beads after only 10 minutes of 
aqueous suspension. Losses of nutrients into 
the culture medium typically result in increases 
in bacterial concentrations and probability of 
disease outbreaks (Muir and Sutton  1994 ; 
Alabi et al.  1999 ). On the other hand, loss of 
dietary water - soluble components might be 
desirable if they stimulate feeding when dis-
solved in the culture water by affecting  “ taste ”  

     Figure 12.1     Challenges in developing microparticles to deliver nutrients to fi sh larvae are due to rapid leakage losses 
of low - molecular - weight, water - soluble nutrients, immature development of the larva ’ s digestive system, and settlement 
of particles from suspension.  
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nate, carrageenan, and carboxymethylcellu-
lose; starches; chitosan; gelatin; fi sh proteins; 
and zein. The choice of binding agent depends 
on the desired physical characteristics, such 
as particle integrity and leakage rates, as well 
as the biological responses of fi sh larvae, such 
as palatability and digestibility (see Langdon 
 2003  for a review). One binder may not be 
optimal for all species; for example, Teshima 
et al.  (1982)  reported that carrageenan - bound 
particles were optimal for the ayu  Plecoglossus 
altivelis  whereas zein - bound diets were 
optimal for the red sea bream  Chrysophrys 
major . Person Le Ruyet et al.  (1993)  success-
fully weaned sea bass ( Dicentrarchus labrax ) 
larvae on diets bound with alginate or zein. 
In contrast, Partridge and Southgate  (1999)  
reported that alginate -  and zein - bound par-
ticles were poorly digested by barramundi 
( Lates calcarifer ) larvae, and they recom-
mended gelatin or carrageenan as binders 
instead. Carrageenan was not considered suit-
able as a binder for larvae of white sturgeon 
due to poor digestibility (Gawlicka et al. 
 1996 ). Guthrie et al.  (2000)  also reported 
that carrageenan was poorly accepted by fi rst -
 feeding walleye ( Stizostedion vitreum ) larvae. 

 Takeuchi et al.  (2003)  described the 
preparation of microparticulate diets bound 

ticles (Figure  12.3 ). If large particles are made 
in the initial gelling or activation step, either 
in the form of pellets or thin sheets of dietary 
material, then further grinding and sieving is 
required to obtain particles in the desired size 
range. Grinding typically results in irregular -
 shaped particles and dietary ingredients will 
not necessarily be completely embedded in 
the binder, resulting in loss of integrity when 
these particles are added to aqueous suspen-
sion. Whether the ragged, irregular shapes of 
these particles affects consumption by larvae 
can be debated, but the resulting increase in 
surface area - to - volume ratios will adversely 
affect the leaching rates of water - soluble 
nutrients.   

 Binding agents used to make microbound 
particles include hydrocolloids, such as algi-

     Figure 12.2     Microparticle types for delivery of diets to fi sh larvae.  

     Figure 12.3     Classifi cation of different microbound par-
ticle types.  
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Recent advancements in extruder design have 
resulted in a variety of machines capable of 
producing particles less than 300    μ m. The 
primary constraint to extruding such a small 
particle is that the thickness of the die plate/
screen is always related to the diameter of 
the particle hole. In traditional, axial dis-
charge extruder designs with a fl at plate/
screen, the high pressure generated from 
making such a small extrudate results in 
damage to the die. Radial discharge extruders 
allow for increased surface area of the die 
since the die holes wrap around the screws, 
resulting in less pressure on the screen. Other 
extruder designs such as the twin - dome 
extruder also reduce pressure at the die 
screen and allow for production of these very 
small particles. With both radial discharge 
and twin - dome extruders, however, a cutter 
head cannot be effectively installed so an 
additional piece of equipment is needed to 
break the long extrudates into usable parti-
cles. A spheronizer (originally termed a 
marumerizer) consists of a cylindrical 
chamber with a rotating bottom plate. The 
plate is grooved to break the noodles, reshap-
ing and compacting the particles. The sphe-
ronizer is equipped with a variable speed 
motor to allow a range of energies to be 
delivered to the extrudates. Some diet formu-
lations will result in very strong noodles, 
requiring a coarse plate and high rotational 
velocities to adequately reshape the particle. 
Other diet formulations result in very weak 
noodles, and lower speeds and a fi ne or fl at 
plate is used in the bottom of the 
spheronizer. 

 Moisture is added to the mixture prior to 
extrusion and can vary from 20 to 48% w/w 
depending on the nature of the ingredients 
(Barrows and Lellis  2006 ). If moisture levels 
are too low, either weak noodles (limited 
binding) or extruder plugging will result. If 
moisture levels are too high, the material will 
reagglomerate in the spheronizer, resulting in 
the formation of very large particles. The cen-
trifugal force in the spheronizer causes inter-

together with the addition of 25% w/w 
calcium salt of fi sh oil. The diet included 
peptides, amino acids, and water - soluble 
vitamins. No leakage data were presented, 
but larvae of the Japanese fl ounder 
 Paralichthys olivaceus  utilized the diets 
and overall larval performance was better 
than that of larvae fed on a commercial 
microbound diet. 

 Shaped microbound particles differ from 
crumbled particles in that they are formed as 
micron - sized particles that require no addi-
tional grinding (Figure  12.3 ). Shaped types 
include microextruded marumerized (MEM) 
particles, particle - assisted rotational agglom-
erated (PARA) particles (Barrows et al.  1993 ; 
Barrows and Lellis  2000 ), and spray beads 
( Ö nal and Langdon  2000 ). 

 MEM particles have been produced in the 
pharmaceutical industry for many decades, 
and recently have been used to produce 
experimental and commercial larval feeds. 
Commercial manufacture systems are cur-
rently being used to produce specialty, orna-
mental, and salmonid feeds. Two modifi cations 
of the typical feed production methodologies 
are needed for extrusion of particles in the 
size range needed for larval feeds. Extremely 
fi nely ground ingredients are required to 
produce all types of larval feeds, but it is 
particularly critical with the MEM process to 
prevent die blockage. It is generally recom-
mended to have all ingredients smaller than 
20% of the die opening. The best grinding 
method is dictated by the physical character-
istic of the ingredients, and may include 
hammer mills, ball mills, pin mills, and 
homogenizers. The moisture, starch, and fat 
content, as well as other undefi ned character-
istics affect how well an ingredient will be 
ground in a certain type of grinder. For high -
 fat, low - moisture ingredients, the air - swept 
pulverizer has been proven to be very effective 
on a large scale but costly in terms of energy 
demands. 

 In addition to fi nely ground ingredients, 
alternative extruder designs are required. 
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a lower sinking rate than MEM particles, 
which can be benefi cial for slow - feeding larvae 
of some species, such as halibut (Kv å le et al. 
 2007 ). 

 Shaped microbound particles can also be 
formed by spraying a mixture of diet and binder 
into a gelling solution or drying chamber where 
particles are formed on contact; for example, 
alginate -  and carboxymethylcellulose - bound 
particles can be prepared by spraying a 
mixture of dietary components and binder 
into a solution of calcium salt. The resulting 
particles will vary in size and must be sieved 
to obtain appropriate size categories. The 
spray method results in lower - density 
particles with a slower sinking rate than 
MEM particles. Furthermore, binding occurs 
through the action of specifi c binders and 
not through the action of dietary compo-
nents, resulting in more fl exibility in diet 
formulation than possible for the PARA 
method. 

 A disadvantage of spraying dietary mix-
tures into an aqueous medium is that leaching 
of water - soluble dietary ingredients will likely 
occur, changing the dietary composition of 
the particles. The problem can be addressed 
by spraying a mixture of binder and diet into 
heated air to evaporate the solvent and deposit 
the binder material around the dietary parti-
cles (Figure  12.4 ;  Ö nal and Langdon  2004b ). 
Another approach is to form microbound 
particles by gelling the binder and dietary 
mixture after emulsifi cation in oil, then sepa-
rating the particles from the oil by centrifuga-
tion or fi ltration (Vandenberg and De La 
No ü e  2001 ; Y ú fera et al.  2005 ); however, 
effective removal of oil from the gelled par-
ticles may require aqueous washing that could 
result in nutrient leakage.   

 Microbound particles are not effective 
in retaining low - molecular - weight, water -
 soluble nutrients, such as amino acids, with 
high losses occurring within a few minutes of 
suspending microparticles in water (see review 
by Langdon  2003 ; Table  12.1 ). Losses of 
high - molecular - weight, water - soluble dietary 

nal moisture of each particle to migrate to the 
surface of the particle, causing an increase in 
apparent moisture level. 

 MEM is a high - pressure agglomeration 
method due primarily to extrusion and the 
action of the spheronizer, producing a dense, 
fast - sinking particle. When formulation, 
moisture levels, and extruder and spheronizer 
speeds are optimized, the MEM method pro-
duces practically no fi nes and does not require 
sieving. As a result, the diets must be extruded 
through different size dies if a specifi c range 
of particle sizes is desired. 

 The PARA method was developed to 
increase the yield of particles less than 400    μ m 
(Barrows and Rust  2000 ). This method differs 
from MEM because only a cylindrical shaper 
is used and the process does not involve an 
extruder (Barrows and Hardy  2001 ). The 
ingredients are mixed and moisture added as 
with the MEM process, but slightly higher 
moisture levels are required. The wet mixture 
of ingredients is then added to the spheronizer 
with a charge of 3.0 - mm inert particles (75% 
weight of beads/weight of wet mash). The 
rotation of the spheronizer imparts energy to 
the inert particles, which in turn transfer 
energy to the mash, producing roughly spher-
oid particles. High rotational velocity is most 
effective, yet PARA is a low - pressure agglom-
eration method. Contact time in the sphe-
ronizer can vary from 15 seconds up 1 minute, 
but 30 seconds is usually adequate to form 
particles (Barrows and Lellis  2006 ). Particles 
and inert beads are discharged from the sphe-
ronizer and sieved through a 2.0 - mm screen to 
remove the beads. The PARA process pro-
duces a wide range of particle sizes, but 
manipulation of moisture levels and spheroni-
zation time can alter the particle size distribu-
tion. Increasing moisture levels along with 
increasing spheronization time will result in 
larger particles. The PARA process is also 
more dependent on adequate binding capacity 
from the diet formulation than the MEM 
method since high pressure is not used to 
agglomerate the particles. PARA particles have 
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tosan to reduce leakage of amino acids. 
Hurtado - L ó pez and Murdan ( 2005 ) reported 
good retention of ovalbumin by zein -
 polyvinylpyrrolidone microbeads in aqueous 
suspension. Cara et al.  (2007)  described a 
casein - protamine microparticle prepared by 
complex coacervation for feeding to early fi sh 
larvae. This particle type exhibited lower 
protein leakage rates than both alginate beads 
prepared by ionic gelation and cross - linked 
protein walled capsules. 

 Despite poor retention of water - soluble 
nutrients by microbound particles, research-
ers have reported success on weaning larvae 
onto microbound diets after an initial period 
of feeding on live feeds or a combination of 
live feeds and microbound diets (e.g., 
Kanazawa et al.  1989 ; Holt  1993 ; Hart and 
Purser  1996 ; Kolkovski et al.  1997 ; Cahu 
et al.  1999 ; Ca ñ avate and Fern á ndez - D í az 
 1999 ; Lazo et al.  2000 ; Baskerville - Bridges 
and Kling  2000a ; Hamre et al.  2001 ). In con-
trast to marine fi sh, larvae of several freshwater 
fi sh species have been successfully reared entirely 
on microbound diets; for example, larvae of 
coregonid ( Coreogonus schinzi ; Dabrowski et 
al.  1984b ), goldfi sh ( Carassius auratus ; 
Szlaminska et al.  1993 ), pike perch ( Sander 
lucioperca ; Ostaszewska et al.  2005 ), and 
zebrafi sh ( Danio rerio ; Carvalho et al.  2004 ). 

 In practice, high concentrations of water -
 soluble nutrients added to microbound diets 
likely compensate for rapid leakage rates as 
long as larvae ingest food particles soon after 
the particles are added to the culture medium. 
Larvae may also acquire leached nutrients by 
drinking the culture medium. Frequent 
exchanges of culture medium remove leached 
nutrients and reduce the potential for devel-
opment of high bacterial concentrations. The 
economic cost of wasted leached nutrients 
may be acceptable given the small amounts of 
feed required for larval production; however, 
the costs of poor larval performance due to 
inadequate delivery of essential nutrients may 
pose a serious problem for commercial fi sh 
hatcheries.  

components, such as soluble proteins and 
peptides, may also be rapid and substantial; 
for example, Tanaka et al.  (1984)  reported 
50% loss of  α  - lactoalbumin (molecular 
weight less than 2    ×    10 4    Da) from alginate 
beads after less than 15 minutes of suspen-
sion. Similarly, Chui and Wan  (1997)  reported 
that up to 55% trypsin was lost from alginate 
beads after only 10 minutes of aqueous sus-
pension. Kv å le et al.  (2006)  reported high 
losses of algal protein, hydrolysates, and 
serine from heat - coagulated and agglomer-
ated particles. Leaching rates increased with 
decreasing particle size and molecular weight 
of the core material.   

 Coating microbound particles can reduce 
leakage rates; for example, Anas et al.  (2008)  
coated starch - microbound particles with chi-

     Figure 12.4     Spray apparatus for preparing zein - bound 
microparticles (after  Ö nal and Langdon  2004b ). 
LSB    =    lipid spray beads.  
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remove the organic solvent and excess cross -
 linking agent. Capsules can be freeze - dried 
and stored as a powder. The method is depen-
dent on the use of organic solvents that are 
potentially toxic to fi sh larvae, unless they 
can be completely removed during the prepa-
ration process. The use of organic solvents 
also increases the cost of preparing this 
capsule type (Table  12.1 ). 

 The permeability of the capsule wall 
depends on the choice of cross - linking agents 
and process of wall formation (Langdon and 
DeBevoise  1990 ). Low - molecular - weight 
dietary ingredients, such as amino acids, are 
rapidly lost from these capsules in aqueous 
suspension ( Ö nal and Langdon  2000 ; Arag ã o 
et al.  2007 ), and loss of dietary proteins can 
also be signifi cant (Alabi et al.  1999 ). Kv å le 
et al.  (2006)  reported that losses of algal 
protein, hydrolysate, and serine were lower 
from cross - linked protein walled capsules 
than from either protein - bound or agglomer-
ated particles; however, it is possible that 

   12.2.2    Cross -  l inked  p rotein 
 w alled  c apsules 

 The cross - linked protein walled capsule type 
originated from earlier work of Chang  (1964) , 
who described the preparation of nylon -
 protein walled, semipermeable microcapsules 
for encapsulation of enzymes for treatment of 
human kidney diseases. Jones et al.  (1974)  
applied the technique for delivery of dietary 
nutrients to marine suspension - feeders. 
Subsequently, researchers eliminated the need 
to incorporate nylon in the wall by simply 
cross - linking dietary protein with various 
cross - linking agents to form capsule walls 
(Jones  1980 ; Hayworth  1983 ; Langdon  1989 ). 

 The capsules are prepared by fi rst forming 
an emulsion of an aqueous protein solution 
and other dietary ingredients in an organic 
solvent, such as cyclohexane. A cross - linking 
agent is then added, such as sebacoyl chlo-
ride, to form the wall. Capsules are washed 
by repeated centrifugation or fi ltered to 

  Table 12.1    Comparison of microparticle types for delivery of nutrients to fi sh larvae. 

   Microparticle type     Advantages     Disadvantages  

  Microbound 
particles  

      •      Inexpensive  
   •      Easy to produce  
   •      Binders can be nutritionally inert     

      •      Poor retention of LMWS nutrients 
and possibly water - soluble proteins     

  Cross - linked 
protein walled 
capsules  

      •      Possible to modify capsule wall 
properties  

   •      Digestible for some species of fi sh 
larvae     

      •      Expensive  
   •      Use of organic solvents  
   •      Poor retention of LMWS nutrients     

  Lipid - walled 
capsules and 
lipid spray beads  

      •      Inexpensive  
   •      Easy to produce  
   •      Better retention of LMWS nutrients 

compared with microbound particles 
and cross - linked protein walled 
capsules     

      •      Hard - lipid particles not digestible 
by most species of fi sh larvae and 
depends on mechanical breakdown  

   •      Possible oxidation of unsaturated 
lipids during preparation and 
storage     

  Liposomes        •      Better retention of LMWS nutrients 
compared with microbound particles 
and cross - linked protein walled 
capsules  

   •      Digestible  
   •      Phospholipid wall material may 

contribute to larval nutrition     

      •      Expensive  
   •      Use of organic solvents  
   •      Preparation involves several steps  
   •      Possible oxidation of unsaturated 

lipids during preparation and 
storage     

   LMWS    =    low - molecular - weight, water - soluble.   
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fat - soluble vitamins. There are many reports 
of enriching live prey with eicosapentaenoic 
acid (EPA; 20:5n - 3) and docosahexaenonic 
acid (DHA; 22:6n - 3) to improve the nutri-
tional value of prey species for fi sh larvae 
(e.g., Southgate and Kavanagh  1999 ; 
Sorgeloos et al.  2001 ; Lie et al.  2006 ; 
Srivastava et al.  2006 ; see Chapter  2 ). 

 Stabilization of lipid emulsions is desirable 
for long - term storage. One approach is to 
simply store the emulsion; however, coales-
cence of lipid droplets can occur over 
time. Addition of surfactants, such as phos-
pholipids or nontoxic food - grade agents, 
such as sorbitan monostearate, can help sta-
bilize emulsions. Alternatively, emulsions can 
be spray - dried and stored as a powder (Jin 
et al.  2007 ). 

 Another approach in stabilizing lipid 
emulsions is to coat lipid droplets with a 
coacervate wall, such as gelatin - acacia (e.g., 
Langdon and Waldock  1981 ; Ozkizilcik and 
Chu  1994a ). The method involves emulsify-
ing the lipid in an aqueous solution of one 
of the wall - forming polymers, then adding 
the other oppositely charged copolymer fol-
lowed by adjustment of pH or a salting - out 
process to form coacervate walls surrounding 
lipid droplets. The walls may be further 
strengthened with a cross - linking agent, such 
as glutaraldehyde. Encapsulated lipid drop-
lets can then be concentrated and washed by 
centrifugation or spray - dried for long - term 
storage. 

 High surface area - to - volume ratios provide 
conditions for rapid diffusion of oxygen into 
microparticles (Table  12.1 ). Oxidation of 
labile lipids, such as polyunsaturated fatty 
acids, can be avoided by storing the lipid 
products under nitrogen in the dark at low 
temperature (Kolanowski et al.  2004 ). 
Addition of antioxidants, such as vitamin E, 
may also be necessary to limit losses; however, 
high levels of peroxidation products associ-
ated with emulsions of unsaturated fatty acids 
have been reported even with additions of 
antioxidants (McEvoy et al.  1996 ; Monroig 

losses of these water - soluble materials 
occurred during their preparation as a result 
of aqueous washing (Y ú fera et al.  2002 ). 
Although washed capsules retained water -
 soluble nutrients better than protein - bound 
or agglomerated particles, Atlantic cod 
( Gadus morhua ) larvae preferred to ingest 
these microbound particle types compared 
with capsules (Kv å le et al.  2006 ). 

 Attempts to reduce leakage rates by coating 
capsules with lipid have shown limited success 
(Langdon and DeBevoise  1990 ). Alternatively, 
lipid - walled beads containing low - molecular -
 weight, water - soluble nutrients have been 
incorporated in cross - linked protein walled 
capsules in order to reduce nutrient leakage 
rates (Chu and Ozkizilcik  1999 ). 

 Digestion of this capsule type is not always 
evident in early larvae (Kanazawa et al.  1982 ; 
Teshima et al.  1982 ; Walford et al.  1991 ), but 
modifi cations of cross - linking agents and 
preparation process can improve their digest-
ibilities (Fern á ndez - D í az and Y ú fera  1995 ). 
Cross - linked protein walled capsules have 
been used in experimental feeding studies 
with larvae for a wide range of species (Dover 
sole  Solea solea , Appelbaum  1985 ; sea bass 
 Lates calcarifer , Walford et al.  1991 ; gilthead 
sea bream  Sparus aurata , Fern á ndez - D í az 
et al.  1994 ; striped bass  Morone saxatilis , 
Ozkizilcik and Chu  1996 ; sea bream  Sparus 
aurata , Y ú fera et al.  1999, 2000 ; zebrafi sh 
 Brachydanio rerio ,  Ö nal and Langdon 
 2000 ; and sea bream  Sparus aurata  ,  Arag ã o 
et al.  2007 ).   

   12.3    Delivery of  l ipids 

   12.3.1    Emulsions 

 Lipid emulsions can be readily prepared by 
vigorously mixing the lipid with a solution of 
an emulsifying agent, such as gelatin or gum 
acacia. The resulting emulsion can be directly 
fed to fi sh larvae or used to enrich live prey 
with lipids, such as essential fatty acids and 
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   12.4.1    Lipid -  w alled  c apsules and 
 l ipid  s pray  b eads 

 Both lipid - walled capsules and lipid spray 
beads can be prepared using a spray method 
in which the core material is fi rst emulsifi ed 
in melted lipid (Hincal and Kas  1994 ;  Ö nal 
and Langdon  2004a ). The emulsion is then 
sprayed into a chilled container to harden the 
lipid particles. The product can be collected 
as a powder and stored at low temperature 
under nitrogen. Tripalmitin, triolein, and fi sh 
oils have been used in wall formation of lipid 
beads for use in aquaculture (Villamar and 
Langdon  1993 ; L ó pez - Alvarado et al.  1994 ; 
Ozkizilcik and Chu  1996 ; Buchal and 
Langdon  1998 ; Chu and Ozkizilcik  1999 ; 
Baskerville - Bridges and Kling  2000b ;  Ö nal 
and Langdon  2004b ). Phospholipids 
(Nordgreen et al.  2007 ) and waxes ( Ö nal and 
Langdon  2004a ; Langdon et al.  2008 ) have 
also been used to prepare lipid spray beads 
for enrichment of  Artemia  as a feed for fi sh 
larvae. 

  Ö nal and Langdon  (2004a)  reported that 
larvae of glowlight tetra ( Hemigrammus 
erythrozonus ) and zebrafi sh ( Brachydanio 
rerio ) could break down lipid spray beads 
prepared with methyl palmitate (melting 
point 28 – 29 ° C), and clownfi sh larvae 
( Amphiprion percula ) could break down 
beads prepared with menhaden stearine that 
were soft at culture temperatures (24 – 26 ° C). 
In contrast, beads prepared with lipids of 
high melting point, such as tripalmitin 
(melting point 65 ° C), are not readily digested 
by fi sh larvae (L ó pez - Alvarado et al.  1994 ). 
 Artemia  and larvae of other crustacean species 
possess piercing and grinding mouth parts 
that may physically rupture the lipid matrix 
to release the core material (Villamar and 
Langdon  1993 ; Langdon et al.  2008 ). 

 More than 90% of the dry weight of lipid 
spray beads can be represented by lipid 
(Langdon et al.  2007 ) that could potentially 
be utilized as a dietary lipid source, creating 
an imbalance in the nutrition of the target 

et al.  2007b ). Bustos et al.  (2003)  prepared 
chitosan - coated lipid droplets of krill oil to 
reduce oxidative losses of n - 3 polyunsatu-
rated fatty acids and carotenoids in micropar-
ticles designed for feeding to fi sh larvae; 
however, the coating had little benefi cial 
effect, and astaxanthin losses were as rapid as 
with noncoated krill oil emulsions.   

   12.4    Delivery of  l ow -  m olecular -
  w eight,  w ater -  s oluble  n utrients 

 Most available artifi cial diets for fi sh larvae 
are made up of insoluble dietary components 
bound together with insoluble binders; 
however, early larvae may require dietary 
supplies of soluble proteins, low - molecular -
 weight peptides, and amino acids that are 
more easily digested and absorbed than pro-
teins (Rust et al.  1993 ; Cahu et al.  1999 ; 
R ø nnestad et al.  1999, 2003 ; Cahu and 
Zambonino Infante  2001 ; Rojas - Garc í a and 
R ø nnestad  2003 ; Kv å le et al.  2007 ; see 
Chapter  3 ). Soluble proteins are present at 
higher concentrations in rotifers (Srivastava 
et al.  2006 ) and  Artemia  (Kv å le et al.  2002 ) 
than in most artifi cial diets and free amino 
acids are present at concentrations of up to 
6.7% dry weight in live prey (Helland et al. 
2003a,  2003b, 2003c ; Arag ã o et al.  2004 ) 
but are rapidly lost from most microparticle 
types suspended in water. 

 Apart from peptides and amino acids, 
Hamre et al.  (2008)  reported that unenriched 
rotifers ( Brachionus  sp.) may not meet 
the nutritional requirements of marine fi sh 
larvae for some minerals and water - soluble 
vitamins (see Chapter  4 ). As discussed above, 
microbound and protein walled microcap-
sules do not effectively deliver these low -
 molecular - weight, water - soluble nutrients to 
larvae due to rapid leakage losses, and other 
particle types need to be used to effectively 
deliver these nutrients to fi sh larvae and 
their prey. 
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   12.4.2    Liposomes 

 Liposomes have been developed for many 
uses, including pharmacological and medical 
applications (Basu and Basu  2002 ). There has 
been considerable interest in applying this 
technology to deliver water - soluble nutrients 
to marine suspension - feeders (see review by 
Coutteau and Sorgeloos  1997 ). Liposomes 
are primarily prepared with phospholipids 
that form a bilayer or bilayers surrounding 
aqueous solutions of core materials. The 
phospholipid bilayers reduce leakage of core 
material from the liposomes. 

 There is a large body of literature that 
describes different methods of preparation 
(Gregoriadis  1983 ). Preparation method 
determines the size and properties of the lipo-
somes. Size can vary from less than 1    μ m to 
over 10    μ m (Kulkarni et al.  1995 ). Methods 
for preparing freeze - dried liposomes have 
been described (e.g., Miyajima  1997 ) that 
allow long - term storage. Liposomes prepared 
with phospholipids that contain unsaturated 
fatty acids are susceptible to oxidation and 
should be stored under conditions to reduce 
losses of unsaturated lipids and labile nutri-
ents (Monroig et al.  2007b ). 

 Several researchers have used liposomes to 
enrich  Artemia  with water - soluble nutrients 
to improve its nutritional value for fi sh larvae 
(Hontoria et al.  1994 ; Ozkizilcik and Chu 
 1994b ; Koven et al.  1999 ; Tonheim et al. 
 2000 ; Monroig et al.  2003, 2006, 2007a . 
Monroig et al.  (2003)  reported that large, 
unilamellar (LUV) liposomes showed better 
retention of a water - soluble tracer (carboxy-
fl uorescein) than multilamellar liposomes 
under conditions used for enrichment of 
 Artemia . 

 Barr and Helland  (2007)  described a sim-
plifi ed method for mass production of large 
(2 – 8    μ m) liposomes suitable for delivery of free 
amino acids to fi lter - feeding organisms. The 
method was based on reverse - phase evapora-
tion of chloroform from a phospholipid -

organism (Brinkmeyer and Holt  1995 ). 
Delivery of adequate amounts of trace nutri-
ents may be possible by adding small amounts 
of the lipid particles to the diet without sig-
nifi cantly affecting its overall lipid composi-
tion. Alternatively, the use of waxes or other 
inert hydrophobic materials in bead prepara-
tion may eliminate or reduce the contribution 
of the matrix material to the nutrition of the 
target organism. However, Langdon et al. 
 (2008)  reported that substantial losses of 
labile micronutrients, such as vitamins A, E, 
and C, thiamine, and selenium, occurred 
during preparation and storage of lipid spray 
beads even though antioxidants were added 
to the lipid mixture and the beads were stored 
under nitrogen at  − 80 ° C. 

 Incorporation of small amounts of lipid -
 walled capsules or lipid spray beads contain-
ing essential micronutrients in other particle 
types that contain bulk nutrients (proteins, 
etc.) may allow delivery of a complete diet to 
the target organism (Figure  12.5 ). Delivery of 
combinations of particle types for delivery of 
nutrients to marine suspension - feeders in a 
 “ complex ”  particle (Villamar and Langdon 
 1993 ; Chu and Ozkizilcik  1999 ; Baskerville -
 Bridges and Kling  2000b ;  Ö nal and Langdon 
 2005 ; Langdon et al.  2007 ) is an advantage 
in that the target organism is not provided 
with an opportunity to selectively capture dif-
ferent particle types.    

     Figure 12.5     Scanning electron microscope image of a 
zein - bound complex microparticle (after  Ö nal and 
Langdon  2005 ).  
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requirements of marine and freshwater 
suspension - feeders, including the larvae of 
many fi sh species. One of the main reasons 
for this lack of understanding is due to techni-
cal diffi culties in delivering nutrients in 
micron - sized particles that are digestible and 
retain essential low - molecular - weight, water -
 soluble nutrients. Leakage losses and conse-
quent fouling of the culture medium are much 
more signifi cant problems for micron - sized 
particles required by larvae of many species 
of fi sh, compared with leakage from larger -
 sized dietary particles used in the fi ngerling 
and growout stages of production. 

 The development and application of 
various microencapsulation technologies 
offer the opportunity to develop feed particles 
that are capable of retaining low - molecular -
 weight, water - soluble nutrients and providing 
them to fi sh larvae in a digestible form, pos-
sibly in combination with other particle types 
that deliver bulk nutrients. Until this goal is 
achieved, aquaculture of the larval stages of 
many fi sh species will be dependent on the use 
of live prey species that are expensive and 
often not reliable in supply and quality. 
Development of microparticulate diets for 
rearing fi sh larvae is an important goal in 
establishing commercial aquaculture of many 
marine fi sh species.  
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 aqueous emulsion followed by hydration of 
the empty liposomes with an amino acid solu-
tion. The authors reported that 46.3% of the 
initial amino acid solution was encapsulated 
and that 50% of the dry weight of the lipo-
somes was made up of amino acids. After 
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 One of the disadvantages of liposomes for 
large - scale use in commercial aquaculture is 
that the method of preparation is often 
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the use of organic solvents. Nonetheless, lipo-
somes are a useful experimental tool and have 
been successfully used to enrich prey organ-
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   12.5    Conclusions 

 Despite several decades of research, there is a 
lack of understanding of the nutritional 
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  Chapter 13 

Microparticulate 
 d iets:  t esting and 
 e valuating  s uccess  
  G. Joan     Holt   ,    Ken A.     Webb   , and    Michael B.     Rust       

    13.1    Introduction 

 The advent of intensive and semi - intensive 
larviculture brought with it the need for more 
effi cient ways to feed marine fi sh larvae. 
While the successful production of larval fi sh 
depends on a variety of concerns such as envi-
ronmental conditions and broodstock quality, 
the availability of a suitable food supply is the 
most important factor. The larvae of most 
commercially important marine fi sh are altri-
cial and, at least early in their development, 
typically have a very limited ability to capture 
and ingest prey. Suitable prey items must be 
small enough for the larvae to ingest and 
nutritious enough to provide suffi cient nutri-
ents and energy for growth. Historically, 
marine fi sh larvae were reared in extensive 
systems such as nursery ponds or nursery 
pens to take advantage of natural zooplank-
ton availability. Until the latter part of the 
20th century, this normally meant that larvi-
culture was either extremely seasonal or pos-
sible only in limited geographic regions. This 
was because wild zooplankton had to be 

available within the culture system itself or 
available for harvest from the wild and trans-
ferred into the culture system. 

 Following the development of rotifer 
( Brachionus  spp.) and  Artemia  spp. feeding 
techniques, larviculture of marine fi sh experi-
enced a dramatic expansion. Utilization of 
rotifers and  Artemia  gave culturists a source 
of prey that was not dependent on environ-
mental and seasonal effects. The identifi ca-
tion of thousands of rotifer species and dozens 
of  Artemia  species has allowed for customiza-
tion of prey size tailored to match the ability 
of the larvae to consume them, limited only 
by the availability of a given species of prey 
item. Development of commercial enrichment 
products for both rotifers and  Artemia  has 
also allowed for some modifi cation of nutri-
tional values such as protein and fatty acid 
content to better match the needs of the 
larvae. Despite these advances, tremendous 
efforts have gone into developing artifi cial 
microdiets (also referred to as microparticu-
late diets) for use in larviculture over the past 
30 or so years. This is due to the fact that 
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and Schr ö der  2004 ) that can be obtained and 
stored, obtaining suffi cient eggs to meet the 
needs of even a relatively small hatchery 
would be prohibitively expensive. And third, 
even though feed costs remain a signifi cant 
fraction of the total cost of production, once 
larvae can be weaned to artifi cial diets, the 
feed costs per individual decline dramatically. 
Current microdiets are extremely expensive 
when compared with juvenile growout feeds, 
often costing in excess of 10 times more 
per kilogram, but are still much cheaper than 
growing and maintaining live prey for feeding 
larvae. Despite these advantages, there is no 
commercially available microdiet that can 
completely replace live prey in the culture 
of marine fi sh larvae, and commercial 
hatcheries remain dependent on the supply of 
live feed. 

 From a larval fi sh nutrition perspective, 
live feeds are not suitable for determining 
most nutrient requirements for larval fi sh 
using the traditional dose – response feeding 
trials that have been the backbone of nutri-
tional research for larger fi sh and all other 
domestic animals. Until a suitable diet is 
found that allows for feeding graded levels of 
a nutrient in a predictable manner with high 
survival, further nutritional work with larvae 
will be diffi cult at best. 

 This is not to say that there have not been 
a number of successes. For instance, larvae of 
the European sea bass ( Dicentrarchus labrax ) 
have been raised with some success on a 
microdiet composed mainly of yeast and fi sh 
hydrolysate (Cahu et al.  1998 ; Cahu and 
Infante  2001 ), and red drum ( Sciaenops ocel-
latus ) larvae have been reared successfully on 
a commercial microdiet with only 5 days of 
cofeeding rotifers and microdiet (Holt  1993 ; 
Figure  13.1 ) or solely on microdiet and algae 
(Lazo et al.  2000 ). These cases mark the high 
point of microdiet development in marine fi sh 
though it typically comes with both reduced 
growth and survival when compared with live 
prey (the sea bass) or without completely 
replacing live prey (the red drum).   

while rotifer and  Artemia  feeding protocols 
have signifi cant advantages when compared 
with wild zooplankton, they also have severe 
limitations. The development of artifi cial 
feeds capable of replacing live zooplankton 
would be a tremendous benefi t to larviculture 
in the same way that the development of com-
plete diets for juvenile fi sh has been a boon 
to aquaculture as a whole. In this chapter, we 
will discuss the theoretical advantages of arti-
fi cial diets as well as the current and future 
roles and research needs for microdiets in 
larviculture.  

   13.2    The  n eed for  m icroparticulate 
 d iets 

 There are many advantages to replacing live 
prey with microparticulate diets. First and 
foremost, microdiets have a uniform nutri-
tional composition, which can be tailored to 
match the needs of a given species or adjusted 
for research purposes. Current methods of 
enrichment for live prey items have come a 
long way in their ability to modify nutritional 
composition, but enrichment of live prey 
items will always be limited by the capacity 
of the organism to ingest the enrichment and 
by the alteration of the enrichment by metab-
olism in the prey or limited to the undigested 
material in the prey ’ s digestive system. 
Outside of certain conditions that will be dis-
cussed in this chapter, the nutrient composi-
tion of artifi cial diets is potentially constant 
and predictable. Second, microdiets are con-
sistently available year - round without having 
to dedicate culture space and time to main-
tain stocks. Suffi cient feed can be procured in 
advance of a culture season and stored so 
that it is available as needed. The same is true 
for  Artemia , which are typically sold as cysts 
and are stable for months; however, many 
fi sh larvae are incapable of preying on 
 Artemia  nauplii at fi rst feeding and must be 
provided with rotifers. While it is feasible to 
raise rotifers from diapaused eggs (Gilbert 
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becomes even more complex when dealing 
with microparticulate diets. The diagram in 
Figure  13.2  illustrates some of the many 
factors that can result in poor performance in 
larvae in intensive culture systems no matter 
what diet they are fed. For each of these 
factors, there is likely an optimal and/or 
minimal value or condition that can make the 
difference between high survival and high 
mortality. While some of these issues are 
common to both live and microparticulate 
diets, others are unique to one type of diet or 
the other. Many of the issues are related to 
ingestion (availability, appearance, long -  and 
short - range attraction, and texture), digestion 
(metabolism, digestion, and assimilation), 
and nutrient suffi ciency (maternal stores, 
metabolism, nutrient requirements, leaching, 
and formulation) of the microdiets compared 
with live feeds. The fi gure is not meant to 
be exhaustive of factors impacting larval 

     Figure 13.1     Exponential growth of red drum ( Sciaenops 
ocellatus ) larvae raised for 1 month on a combination of 
live food (rotifers grown on a mixture of  Isochrysis 
galbana  and  Chlorella  sp.) for 5 days and microdiet there-
after (L - 5; dashed line), and controls fed live prey (rotifers 
and  Artemia ) throughout (solid line)  (from Holt  1993 ).   
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     Figure 13.2     Conceptual diagram of some of the factors that can impact the success of microparticulate diets used for 
feeding larval fi sh. Optimizing the major factors for each species of interest may improve the results with the currently 
available microparticulate diets.  

Feeder

Feed Attractiveness
•  Long-range chemical attractiveness
(smell)
•  Short-range chemical attractiveness
(taste)
•  Pellet size and uniformity
•  Electrochemical properties
•  Hardness/Softness
•  Smoothness/Roughness
•  Water content
•  Visual properties (shape, color)
•   Movement
•   Nutritive quality and leaching

Environmental Conditions
•  Temperature
•  Salinity
•  Light intensity and quality
•  Reflection from tank walls
•  Photoperiod
•  Water quality
•  Outside disturbances
•  Water currents/turbulence
•   Tank physical configuration and  management

Maternal Nutrition
•  Yolk composition and amount
•  Oil composition and amount
•  Hormones for growth and development

Availability, Manufacture, and Formulation
•  Amount fed
•  Frequency of feedings
•  Presentation of feed
•  Feed sinking rate
•  Time of day
•  Photoperiod
•  Light

Feeding Behavior and Physical Ability
•  Fixation
•  Feeding habits
•  Learning and past experience
•  Experience with live prey items
•  Endogenous rhythms
•  Locomotor ability
•  Sensory development
•  Wall-nosing

Digestion, Assimilation, and Metabolism
•  Gut physiology
•  pH
•  Nutrient transporters
•  Digestive enzymes
•  Feed–gut interactions (physical, osmotic, etc.)
•  Gastric emptying time
•  Feed binder
•  Nutrient form and type
•  Genetic potential
•  Developmental plan
•  Endogenous rhythms
•  Turnover

 Perhaps the ultimate question in working 
with larval diets is,  “ Why do fi sh survive and 
grow better on live prey than on artifi cial 
diets? ”  Even rearing marine fi sh larvae using 
live diets is not straightforward, and the issue 
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needs to be presented so as to increase encoun-
ter rates during initial feeding. As larvae grow 
and develop, this becomes less of a problem. 
The larvae of some fi shes are voracious and 
will consume almost anything they can fi t in 
their mouths, but others can be incredibly 
selective predators. Some species may inher-
ently have narrow prey specifi city; for 
example, scombrid larvae have precocious 
development of piscivory, with Spanish mack-
erel ( Scomberomorus niphonius ) feeding on 
fi sh larvae in the fi rst - feeding stage (Kaji et al. 
 1996 ). Feeding success is not only related to 
ontogenetic development, but food preference 
and experience are important as well. Some 
larvae may need experience. They may not 
recognize microparticles as food but if it is 
cofed along with live prey they will often 
ingest microdiets. Feeding success is also 
infl uenced by the characteristics of the culture 
system and the diet itself. 

   13.3.1    Culture  s ystems 

 To obtain high consumption rates with mi-
croparticulate diets, the entire culture system 
used for microparticulate diets may need to be 
fundamentally different from that used for 
live feeds (Barrows and Rust  2000 ) Because 
live feeds reside in the water column and do 
not appreciably degrade the water quality in 
the tank, typical intensive systems have low 
fl ow (perhaps 1 – 2 volumes per day — to retain 
the expensive live feeds and  “ green water ” ), 
have low or variable turbulence, and can be 
fed relatively infrequently (on the order of 
hours between feedings). Because micropar-
ticulate diets often sink out of the water 
column in a matter of minutes and then pile 
up on the bottom and decay, they degrade the 
water quality. Using the same culture system 
as used with live diets can result in very low 
opportunity for the larvae to feed and poor 
water quality. Feeding microparticulate diets 
is most successful when high water turnover 
rates (perhaps 1 volume per hour), frequent 

nutrition, just suggestive that there are many. 
Broadly speaking, the factors illustrated in 
Figure  13.2  can be lumped into three catego-
ries: (1) factors that impact ingestion of the 
diet; (2) factors that impact digestion, assimi-
lation, and metabolism of the diet; and (3) 
factors that impact both.   

 Larvae must eat the feed before digesting 
and assimilating the nutrients it contains, so 
maximizing ingestion is the fi rst hurdle, and 
one that should be obtainable with the current 
tools we have available. Studies showing poor 
survival and growth on microparticulate diets 
often attribute poor performance to the diet 
or the larvae ’ s inability to digest and utilize 
nutrients in the diet without fi rst demonstrat-
ing that the larvae are actually consuming the 
diets at levels that could support growth and 
survival. Furthermore, some studies have 
declared that larvae will not consume micropar-
ticulate diets without fi rst testing the variety 
of conditions that might need to be adjusted 
and optimized to allow the larvae to consume 
microparticulate diets. Many of the items in 
Figure  13.2  can be optimized using consump-
tion data alone, and this needs to be done 
before addressing the nutritional quality of a 
microparticulate diet or establishing the 
minimum age at which a larva will consume 
microparticulate diets.  

   13.3    Live  v ersus  m icroparticulate 
 f eeds 

 In addition to the physical and chemical dif-
ferences between live prey and artifi cial diets, 
an important consideration is how the larvae 
respond to those diets. Successful feeding 
depends on the characteristics of the larvae 
such as locomotor abilities, sensory develop-
ment, discrimination or feeding preference, 
and experience. Most marine larvae begin 
feeding at a time when their motor and 
sensory skills are undergoing development 
and they have limited ability to fi nd prey (see 
Chapter  10  for more details). Thus, food 
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feedings (perhaps every 10 – 30 minutes), and 
frequent regular cleaning of the bottom are em-
ployed. Devices to continuously clean the 
bottom of tanks such as shown in Figure  13.3  
would be preferred. Water infl ow structures that 
increase fl ow without increasing local turbulence 
also require careful consideration and design.    

     Figure 13.3     Automated tank bottom cleaners for larval rearing tanks. (a) The photo shows a larval rearing tank that has 
just been fi lled prior to stocking black rockfi sh ( Sebastes schlegeli ) at the Miyako Research Station in Japan. Note the 
white track on the bottom of the tank. It is used to optically guide a small cleaning robot around the bottom of the tank. 
The robot is similar to sweepers commonly used for swimming pools. (b) An aluminum arm with a rubber knife on the 
bottom (taken from a truck windshield wiper) makes a slow rotation around the bottom of this larval rearing tank at the 
Austevoll Aquaculture Research Station in Norway. A small motor is mounted under the tank to provide movement to 
the arm. Concentrating the waste makes cleaning easier.  (Photos by Michael Rust.)   

(a)

(b)

   13.3.2    Physical  p roperties 

 Physical properties of the microdiet in the 
rearing system that are important for increas-
ing its detection by and attractiveness to fi sh 
larvae include size, shape, color, movement, 
smell/taste, and texture. Guthrie et al.  (2000)  
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found in Chapter  12 . Even when formulated 
with the same ingredients (all the  “ F ”  diets), 
these different particle types display different 
densities, sinking rates, leaching curves, tex-
tures, and other physical properties (Table 
 13.1 ). To get the maximum feeding rates from 
larvae fed these different diets may require dif-
ferent feeding conditions.     

   13.3.2.1    Size and  c olor 

 Particle size is particularly important in fi rst -
 feeding larvae and needs to be adjusted for 

demonstrated different consumption rates by 
larval walleye ( Stizostedion vitreum ) fed diets 
with a similar formulation but different methods 
of binding and manufacture. Methods to manu-
facture different microparticulate diets result 
in very different particle types that vary in 
physical properties. Figure  13.4  illustrates 
particle types made by three different 
methods: fl akes, microextrusion followed by 
marumerization (MEM), and particle - assisted 
rotational agglomeration (PARA), and two 
additional combinations of these methods. 
The details of manufacture of these diets are 

     Figure 13.4     SEM photographs of microparticulate diets made using different processes. All diets were processed by 
three methods: fl aking (F), microextrusion followed by marumerization (MEM), and particle - assisted rotational agglom-
eration (PARA). Each of these three diets had a unique formulation. Additional two diets were made by taking the fl ake 
diet and further processing it using the MEM (F - MEM) or PARA (F - PARA) methods. The F, F - PARA, and F - MEM diets 
had the same formulation and only differed by postfl aking processing method. Each diet was screened to the 400 – 700 -
  μ m range. The lower set of SEM photos is of the F - MEM, F - PARA, and F microparticles after leaching in freshwater at 
room temperature for 15 minutes. F was made in Michael Rust ’ s lab at NOAA ’ s Northwest Fisheries Science Center, 
and the MEM and PARA processes were performed in Dr. Rick Barrows ’ s lab at the United States Department of 
Agriculture, Agriculture Research Service (USDA/ARS) feeds lab in Bozeman, MT. (Photos by Carla Stehr and Emily 
Hart, National Oceanic and Atmospheric Administration [NOAA].)  
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and water and/or air movement in the rearing 
system. At least some, perhaps most, larvae 
will feed on particles moving with the cur-
rents as evidenced by  Artemia  cysts, small 
bubbles, bits of plastic, tree pollen, and fi sh 
eggs that have been reported in larval fi sh 
guts. This suggests that endogenous move-
ment of microparticles is not necessary. But 
since many larvae feed near or just below the 
surface, microparticles need to remain slightly 
negatively buoyant and in the water column 
long enough for the larvae to fi nd, catch, and 
ingest them. Particles that fl oat are generally 
not acceptable to most fi sh larvae since they 
would need to break the surface tension to 
feed. Eventually, microparticulate diets gener-
ally sink to the bottom of the tank. Since few 
species feed on the bottom, especially in their 
early stages, the amount and timing of feeding 
needs to be adjusted for this loss. In practice, 
automatic feeders that will dispense microdi-
ets on schedule into a properly turbulent 
system are the most successful (Figures  13.5  
and  13.6 ).    

   13.3.2.3    Chemical  a ttractiveness 

 Fish live in an enriched chemical environment 
with highly developed chemosensory systems 
and are especially attracted to amino acids, 
organic acids, nucleotides, and bile salts 
(Hara  1994 ). Live prey, especially copepods, 

different ontogenetic stages of the target 
species (see prey selection in Chapter  10 ). 
Diet color can vary depending on diet formu-
lation, the water and light conditions, and the 
background color of the rearing system. 
Often larvae are reared in  “ green water ”  
culture that is either a phytoplankton bloom 
or algae added to the system (Tredici et al. 
 2009 ). Among the many advantages of green 
water culture, one is its important benefi t for 
visually feeding larvae: the algae may increase 
contrast so that larvae can better see the par-
ticles. Lighting and water depth are crucial in 
establishing shading and visual contrast for 
proper feeding and should be established 
for each species and rearing condition. 
Reddish brown -  to orange - colored diets 
appear overall most attractive to red drum 
and cobia ( Rachycentron canadum ) larvae 
(Holt, unpublished data) in either clear water 
or green water culture.  

   13.3.2.2    Movement or  b ehavior 

 Live prey swim in the water column with 
movements that capture the attention of visu-
ally feeding predators such as fi sh larvae. 
Likewise, microdiets may need to remain in 
the water and have motion that is fast enough 
to draw attention but slow enough so the 
larva can catch it. This is accomplished 
through adjusting the density of the particle, 

  Table 13.1    Composition, leaching, and sinking characteristics of the fi ve diets shown in Figure  13.4 .  

    Feed  
    Moisture 
(% as fed)  

    Proximate 
composition (% dry 

weight)  
    Fatty acid concentrations (mg 

fatty acid/100   mg total fatty acids)      Protein leaching, 
t 1/2 /% lost 
([seconds]/[%])  

    Sinking rate 
(cm/s)    Protein    Lipid    Ash    ARA (n - 6)    EPA (n - 3)    DHA (n - 3)  

  S - MEM    5.7    53.8    30.5    8.4    0.4    7.5    5.7    98/23.0    0.84 ± 0.010 a   

  S - PARA    5.3    54.2    29.7    8.9    0.4    7.4    5.6    94/30.2    0.34 ± 0.001 c   

  F    9.0    75.9    10.9    7.3    1.0    6.0    15.2    20/44.3    0.33 ± 0.001 c   

  F - MEM    13.3    75.6    13.4    7.5    1.0    5.3    13.0    50/41.8    0.78 ± 0.060 a   

  F - PARA    11.0    75.6    12.6    7.3    1.0    6.0    15.2    33/47.2    0.61 ± 0.001 b   

   There were signifi cant differences in sinking rate among diets where the superscript letters are different.   
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also likely determine fi nal acceptance of the 
diet by the larvae. For example, although 
some cobia larvae accept commercial mi-
crodiets in the fi rst 2 – 3 weeks of feeding, 
most reject the particles even if they take them 
into their mouth (Holt et al.  2007 ). Texture 
of dry microdiets may be an issue; soft diets 
may be more readily ingested by larvae. Future 
research should focus on enhancing the 
attractiveness and palatability of microdiets.     

   13.3.3    Leaching 

 Another difference between live and micro-
particulate diets is in the degree of leach-
ing of small - molecular - weight water - soluble 
(SMWS) nutrients. There is good evidence 
that these types of compounds could be very 
important in the nutrition of fi sh larvae (see 
Chapters  3  and  12 ). Live feeds use energy to 
maintain these compounds in their tissues 
while they are alive, but then lose them as 
soon as homeostasis stops when they die. 
This makes a pretty sophisticated delivery 
system as the SMWS nutrients are retained 
while the feed is swimming in the water 
column but likely released quickly by osmotic 
pressure as soon as they die in the digestive 

contain relatively large amounts of free amino 
acids (FAA) including glycine, arginine, and 
betaine shown to be strong inducers of feeding 
behavior in larval fi sh (Kolkovski et al.  2009 ). 
Soluble components of rotifers have also been 
shown to elicit cholecystokinin (CCK) and 
trypsin responses in larvae, preparing the 
primitive gut for digestion of the perceived 
prey (Webb  2008 ; Figure  13.7 ). Attractants 
in microparticulate diets may be important 
for increasing detection of particles in the 
rearing environment, but taste and texture 

     Figure 13.6     Effect of aeration - induced turbulence on 
feeding incidence on rotifers in fi rst - feeding larval Pacifi c 
cod,  Gadus macrocephalus  (Rust, unpublished data). The 
diamonds are the percent feeding incidence of replicate 
tanks of fi sh at the given turbulence level.  
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     Figure 13.7     Trypsin responses (and standard error) of 
6 - dph red drum larvae exposed to four treatments for 2   h: 
SW    =    saltwater control, IS    =     Isochrysis galbana  homog-
enate, RC    =    rotifer culture water, RO    =    rotifer homoge-
nate. Columns with different letters indicate signifi cant 
differences ( α     ≤    0.05) among treatments  (from Webb 
 2008 ).   
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     Figure 13.5     Larval fi sh rearing tanks with automatic 
feeding system and water movement in the University of 
Texas Marine Science Institute, Coastal Conservation 
Association of Texas (UTMSI CCA - Texas) Larviculture 
Lab in Port Aransas, TX. Six 350 - L circular tanks in a 
4,000 - L rectangular tank (1.2 width    ×    2.4 length    ×    0.5 
height, in meters) with temperature control, biofi ltration, 
sand fi ltration, aeration, and pumped return water.  (Photo 
by Avier Montalvo, UTMSI.)   
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 Leaching has been studied by numerous 
methods and numerous authors and is dis-
cussed in Chapter  12 . A typical leaching curve 
produced by the methods used in Nicklason 
and Johnson  (2008)  is shown in Figure  13.8 a. 
In this case, the curve shows the difference 
between diets of different sizes but otherwise 
formulated and manufactured the same way. 
As expected, the smaller particle leaches faster 

tract of the larvae. So far, this has been dif-
fi cult to replicate with a microparticulate diet; 
however, by understanding and adjusting the 
leaching of SMWS nutrients from micropar-
ticles and knowing the time that a larva has 
to feed on a microparticle (which is a function 
of the sinking rate) before it sinks out of the 
water column, it may be possible to provide 
the same effect. 

     Figure 13.8     (a) Leaching curves for the F - PARA and S - PARA diets shown in Figure  13.4  using the method of Nicklason and 
Johnson  (2008) . The conjugated double bond in aromatic amino acids such as tryptophan and phenylalanine absorbs light 
at 295   nm. The signal from a spectrometer set to measure the signal at this wavelength is used as a proxy for soluble protein 
loss from microdiets. Fitting a decay curve to the data provides a calculation of the half - life of the leachable material. (b) 
An idealized leaching curve showing real - time leaching, percent leached, and percent unleached concepts.  
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larvae eat once the diet is introduced to the 
tank. Slower sinking diets have the advantage 
of being more available to the larvae for 
longer periods of time, are presumably easier 
to catch, and result in less buildup on the tank 
bottom. One disadvantage is that diets that 
are too light will fl oat on the tank water 
surface until they have become suffi ciently 
hydrated to break the surface tension and 
sink. Diets fl oating on the surface have already 
started to leach so the nutritional quality 
could already be compromised before they 
are even available to the larvae. Perhaps there 
is a need for a feeding system that disperses 
microparticulate diets underwater? In addi-
tion, the longer the time the particle is avail-
able to the fi sh larvae, the more leaching has 
occurred. Various methods have been used to 
record sinking times, but the simplest is to 
simply time the sinking of particles through a 
known distance in a column of still water. 
Table  13.1  shows the sinking times for the 
diets shown in Figure  13.4 .   

   13.4    Quantifying  l arval  r esponses 
to  l ive and  m icroparticulate  d iets 

 While it seems intuitive that once prey is cap-
tured it will be consumed, this is not neces-
sarily true. Quantifying the ingestion of 
microparticulate diets by larvae is not a 
trivial matter due to the sizes of the animals 
and the feed involved, and thus specialized 
techniques have been developed to accom-
plish this task. In addition, once the diet is 
captured and retained by the larva, it must be 
successfully digested (see review by Rust 
 2002 ). Altricial larvae begin feeding before 
the digestive system has fully matured, and 
the formulation of microparticulate diets 
must take this into account (see Chapter  1 ). 
A number of techniques, from the very simple 
to the extremely complex, have been devel-
oped to quantify this aspect of larval nutri-
tion as well. 

due to the higher surface area - to - volum ratio. 
From the decay curve, a half - life can be com-
puted to compare among diets or to compare 
with the calculated time the particle would be 
available to the larvae (sinking rate    ×    tank 
depth, for example). Table  13.1  provides half -
 life and percent leached data for the fi ve diets 
shown in Figure  13.4 . Note for the F diets 
that the processing did impact half - life but 
not the total percent leached.   

 Additional aspects of leaching that may 
need to be determined for each diet type and 
size are the maximum total percent of mass 
leached and the composition of the leached 
and unleached materials (Figure  13.8 b). This 
can be done by leaching a known dry weight 
of particles for a period of time long enough 
for the leaching to be  “ complete ”  (hours) and 
then fi ltering out the leached microparticles, 
drying and weighing to determine the amount 
leached (Table  13.1 ). It would also be impor-
tant to know the composition of the leachate 
and the leached particles relative to the start-
ing material so the compounds that are lost 
quickly from a particle can be added at higher 
levels to accommodate leaching, or put into 
a special inclusion particle as a part of a 
complex microparticle to reduce leaching (see 
Chapter  12  for more information and defi ni-
tion of terms). While total mass may be a 
good general indication of the leaching char-
acteristics of a diet, individual essential nutri-
ents may also need to be determined (see 
review by Langdon  2003 , and Chapter  12 ). 

 It is interesting to note that the physical 
appearance of the microparticle before and 
after leaching may not change much, as 
shown in Figure  13.4  (with the exception of 
the F - PARA). Based on looks alone, a fi sh 
larva may feed on particles that may be fully 
leached.  

   13.3.4    Sinking  r ate 

 Along with leaching, the sinking rate deter-
mines the actual composition of what the 
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   13.4.1    What  w e  c an  l earn from 
 j uvenile  fi  sh  n utrition 

 In contrast to larval fi sh nutrition, huge 
advances in the nutrition of juveniles have 
been made over the previous decade. This can 
be attributed to the well - honed and powerful 
tools available to researchers for juvenile 
fi sh. Table  13.2  illustrates some of the more 
important ones for juvenile fi sh nutrition and 
the current counterparts used in larval fi sh 
nutrition. The only area where good tools 
exist for larval fi sh is in determining con-
sumption. It is still diffi cult, at best, to deter-
mine nutrient requirements and digestibility 
for fi sh larvae.   

 The use of semipurifi ed and practical diet 
formulations where a single nutrient can be 
adjusted in a dose – response manner and fed 
to replicated groups of juveniles is a powerful 
tool to determine nutrient requirements and 

  Table 13.2    Tools available for fi sh nutrition in larval and juvenile fi sh. 

   Need     Juvenile fi sh     Larval fi sh  

  Determining 
ingestion and 
consumption  

  Various methods to directly measure 
fi sh consumption using 
   •      Recording consumption directly  
   •      Markers  
   •      Fish behavior     

  Acceptability trials using 
   •      Feeding incidence  
   •      Gut contents counting  
   •      Image analysis  
   •      Markers  
   •      Fish behavior     

  Determining 
nutrient 
requirements  

  Dietary dose – response trials using 
defi ned diets and various end points 
such as 
   •      Growth  
   •      Survival  
   •      Disease resistance  
   •      Reproductive performance  
   •      Feed effi ciency  
   •      Others     

  Limited dose – response information from 
limited manipulation of the composition 
of live diets — mostly fatty acids  

  Infer from composition of eggs, larvae, 
and/or key prey species  

  End points often compromised by high 
mortality rates in  “ control ”  treatments  

  Determine 
digestibility  

  Well - developed universal  in vivo  
method to determine apparent 
digestibility  

  A variety of methods, mostly qualitative 
and based on observation; quantitative 
methods are rare and usually require 
advanced chemical analysis  

   In vitro  methods  

  Use of stable isotopes and other tracers  

  Tube feeding studies  

improve diets. The larger particle size and 
typically voracious feeding response of juve-
niles renders consideration of leaching losses 
almost moot. Pair feeding and apparent satia-
tion feeding allows researchers to be able to 
tease out differences in diet performance due 
to nutritional quality, diet palatability, or a 
combination of both. End points of survival 
and growth are typically high and can be 
measured directly. While portions of this 
approach could be used for larval fi sh, there 
fi rst needs to be a diet that can be manipu-
lated to provide single nutrient doses, and 
next, survival of the best treatments needs to 
be much greater than what are currently 
observed. 

 Likewise, the use of indigestible markers 
and fecal collection make it possible to rou-
tinely determine the digestibility of a diet in 
juvenile fi sh. This can be done on a dry matter 
basis, a nutrient class basis (protein, lipid, 
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logical fi rst step toward developing high -
 quality micropar ticulate diets for fi sh larvae. 
Not until routinely high consumption rates 
and levels are obtained can the nutritional 
value of a diet be convincingly tested. 

 There are at least three methods to measure 
consumption. The fi rst method simply 
involves dissection and counting the particles 
or prey items in a larval fi sh gut following a 
feeding event. This method has been widely 
used but is time - consuming to do, and some-
times it is diffi cult to determine from samples 
that have been digested. The second approach 
uses image analysis to take advantage of the 
transparent gut of most larval fi sh (Rust and 
Barrows  1998 ; Guthrie et al.  2000 ). The third 
method incorporates an indigestible marker 
(a rare earth metal oxide) into the feed, which 
is later quantifi ed on a spectrophotometer. 
Cook et al.  (2008)  demonstrated that dyspro-
sium oxide (Dy 2 O 3 ), ytterbium oxide (Yb 2 O 3 ), 
yttrium oxide (Y 2 O 3 ), and lanthanum oxide 
(L 2 O 3 ) could be used to label and enumerate 
live prey and microparticulate diets ingested 
by marine fi sh larvae. 

 For each of these methods, the basic design 
is the same. Each diet, a live feed control and/
or a starvation control, is applied to replicate 
tanks of larvae and feeding is allowed to take 
place for a short period of time. All larvae 
from each tank are harvested from the treat-
ment tank at the same time and feeding inci-
dence (percent of fi sh with food in the gut) 
and gut fullness are measured. Gut fullness 
can be measured by any of the three methods 
outlined in the previous paragraph: (1) count-
ing; (2) determination of the cross - sectional 
optical area of the bolus by image analysis 
(Rust and Barrows  1998 ); or (3) for diets 
marked with rare earth metals, larvae are 
simply harvested and counted into vials, 
digested, and read on an emission or mass 
spectrophotometer (Cook et al.  2008 ). Data 
from this last method are given as milligrams 
of diet ingested per fi sh. 

 This type of test is good for optimizing 
factors that lead to maximal ingestion of diets. 

carbohydrate), an energy basis, or even an indi-
vidual nutrient or compound basis (e.g., lysine, 
individual vitamins and minerals, phospholip-
ids, fatty acids). The practical diffi culty of col-
lecting and analyzing the microgram quantities of 
feces produced by larval fi sh makes this approach 
challenging, but not impossible, with fi sh larvae 
(Johnson et al.  2009 ).  

   13.4.2    Tools  a vailable for  t esting 
 m icroparticulate  d iets in  l arvae 

 Glencross et al.  (2007)  considered fi ve com-
ponents that need to be assessed for ingredi-
ents used in feeds for aquatic animals. Their 
list can easily apply to microparticle diets in 
general as well as the feedstuffs used to make 
them. The fi ve areas are (1) ingredient char-
acterization, which they defi ne as composi-
tion, variability in composition, source, and 
other defi ning qualities; (2) ingredient digest-
ibility; (3) ingredient palatability, which we 
expand to all factors that lead to consump-
tion or acceptance of a diet; (4) nutrient uti-
lization, which we refer to as bioavailability; 
and (5) ingredient functionality, which relates 
to the physical and chemical properties an 
ingredient imparts to a pellet. Elements 2, 3, 
and 4 on this list will be discussed, starting 
with palatability. As has been previously dis-
cussed, (6) nutrient leaching should be added 
to this list for microparticulate feeds. 

   13.4.2.1    Measuring  c onsumption 

 Acceptability tests measure the amount of a 
given feed a larva actually ingests and/or con-
sumes. Obviously, this is an important quality 
in a diet and these methods can be used to 
optimize the diet, to optimize the culture 
system, or to develop feeding stimulants and 
palatability enhancers (Figure  13.2 ). Since 
studies of consumption can proceed without 
the need for a nutritionally complete diet, but 
larval nutrition cannot proceed until con-
sumption is demonstrated, these studies are a 
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 (2000)  to study a pulse feeding strategy for 
yellowtail fl ounder.   

 Whatever short - term method is used, it is 
important to carry these conditions out to 
demonstrate that the short - term measure-
ments used such as feeding incidence relate to 
long - term outcomes such as survival and 
growth.  

   13.4.2.2    Digestibility 

 There is currently no single easily applied 
method to determine nutrient digestibility in 
fi sh larvae. This sort of assay is fundamental 
to nutrition studies in larger fi sh and all types 
of domestic animals (see Glencross et al.  2007  
for a recent review). Broadly speaking, digest-
ibility measures the percent of a diet, nutrient, 
or other compound in a diet that is retained 
by the animal consuming the diet. Thus, it 
largely deals with a measure of the digestion 
and assimilation of the diet over the time 
period of one or several meals. Bioavailability 
is a related concept; however, it includes met-
abolic processes. Bioavailability is a measure 
of the percentage of a diet, nutrient, or other 
compound in a diet that is incorporated into 
the consuming animal ’ s tissue. 

 Two methods have been used to determine 
digestibility in fi sh larvae. The fi rst method is 
an  in vitro  method where larval digestive 
enzymes are extracted and mixed with the 
diet of interest and the resulting hydrolysis is 
measured (Dimes et al.  1994 ). The second 
method is an  in vivo  approach where an 
indigestible marker (typically a rare earth 
oxide, but other things have been used) is 
added to the diet and the ratio of the concen-
tration of the marker to the concentration of 
the nutrient of interest is determined in the 
feed and feces of the consuming animal to 
compute the percentage of a nutrient retained 
(Windell  1978 ; Glencross et al.  2007 ). This 
second process is referred to as  “ apparent 
digestibility. ”  

 The  in vitro  method has been used widely 
for various types of feeds and feedstuff (Dimes 

It is also important to show that diets are actu-
ally consumed by the larvae and to what 
extent they are consumed. Diet preference 
studies using a common garden design are 
also possible using multiple metal oxide 
markers, with the methods in Cook et al. 
 (2008) , assuming the markers do not impart 
any selective attributes to the diets. The quan-
tifi cation of the amount of feed ingested 
allows calculation of the dry weight of mate-
rial actually delivered to the larval gut. When 
Guthrie et al.  (2000)  made this calculation, 
they found a couple of microparticulate diets 
that delivered more nutrients to the gut than did 
 Artemia  even though consumption was less. 

 An additional method that might greatly 
simplify these types of studies, though quan-
tifi cation of the material delivered to the gut 
is not possible, is the use of videography and 
image analysis to quantify larval feeding 
behavior. Fish larvae commonly use a sigmoi-
dal attack posture (Munk and Kiorbe  1985 ). 
After spotting a prey, the larva curls its body 
into a C shape or S shape (Figure  13.9 ). The 
actual feeding attack takes place when the 
larva springs from this posture, straightens its 
body, and lunges at the prey. Such changes in 
posture can be quantifi ed using image analy-
sis (Puvanendran and Brown  1999 ). This 
approach was used by Rabe and Brown 

     Figure 13.9     Photo showing larval greenling ( Hexagrammos 
stelleri ) in a C - shaped attack position (lower middle). Note 
that the larva in the upper right is swimming normally. 
 (Photo by Michael Rust.)   
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 Tracers may also have a larger role to play 
in larval fi sh nutrition research (see review by 
Concei ç  ã o et al.  2007 ), especially to deter-
mine nutrient fates. The use of stable isotopes 
as tracers has been used to determine the bio-
availability of nutrients from diets fed to fi sh 
larvae (Schlechtriem et al.  2004 ). Further 
development of these methods may be prom-
ising as the analysis is inexpensive and rela-
tively straightforward and the stable isotope 
ratio of microparticulate diets can easily be 
manipulated.  

   13.4.2.3    Feeding  t rials 

 Once it is determined that a diet will be con-
sumed by the larvae and the diet itself has 
been well defi ned and characterized, feeding 
trials can be conducted to determine when 
that microparticulate diet can support growth 
and survival. Diets should be tested against 
live feed and starvation controls. Two basic 
trials can be used to improve microparticulate 
diets. The fi rst trial is designed to determine 
the youngest stage during ontogeny that a 
given microparticulate diet can support 
growth and survival in the species of interest. 
The second trial starts feeding microparticu-
late diets at the ontological point determined 
from the fi rst trial, using adjustments to the 
microparticulate diet to improve growth and 
survival from that point on. After one or more 
of the second type of trial demonstrates signif-
icant improvement in the microparticulate 
diet, the fi rst trial can be repeated with the 
best diets from the second trial(s). As diets are 
refi ned, it will be necessary to repeat both 
types of growth trials so that the earliest start-
ing point for microparticulate diets can be 
continuously pushed back toward fi rst feeding by 
continuously improving microparticulate diets. 

 An alternative and complementary approach 
to the above is to determine dependent 
variable(s) that can be traced to survival and 
growth but occurs before mortality happens 
and can be easily and precisely measured. 
Numerous examples of such end points 

et al.  1994 ). This approach has been adapted 
to larval fi sh (e.g., Tonheim et al.  2007 ) and 
can be a useful tool for determining what feed 
ingredients and manufacturing methods 
might work for fi sh larvae. For example, 
Alarc ó n et al.  (1999)  used this method to 
determine that cuttlefi sh and casein were 
hydrolyzed more completely than ovalbumin 
by larval sea bream enzymes. The practical 
implication is to utilize the more digestible 
products as feedstuffs in larval microparticu-
late diets. Still lacking is a study that validates 
any larval  in vitro  method with an  in vivo  
method. 

 To determine the  in vivo  apparent digest-
ibility of a nutrient (or energy) in a diet, the 
resulting ratios of nutrient to marker in the 
feed and feces are converted into an apparent 
digestibility coeffi cient (ADC) using the fol-
lowing formula:
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Marker Protein
feed feed
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 Johnson et al.  (2009)  adapted the ADC 
method to (8 - week - old) cod larvae by working 
out four issues that made this method diffi cult 
for larval fi sh. First, they developed a method 
to collect feces from larval fi sh. Then the 
authors used the approach of Cook et al. 
 (2008)  to mark  Artemia  and a microdiet with 
an inert marker. Third, they developed a 
method to quantify the marker in the micro-
gram quantities of larval fi sh feces. Finally, 
they refi ned methods to quantify the protein 
in microgram quantities of larval fi sh feces. 
They were not able to work with small fi rst -
 feeding cod, primarily because of the limita-
tions of the protein analysis method used. 
There are methods out there that could be 
used for smaller samples; however, they were 
not available to this group when the work 
was done. Interestingly, Johnson et al.  (2009)  
found that the microparticulate diet was more 
digestible than  Artemia  even when account-
ing for leaching. 
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on live prey (enriched rotifers and  Artemia ), 
with the added benefi t of avoiding cannibal-
ism that often occurs during weaning from 
 Artemia . Further studies have been carried 
out to eliminate rotifers so that fi sh produc-
tion would be independent of live prey pro-
duction. A remarkable fi nding was that good 
growth and survival of red drum larvae on 
this microdiet could be realized with only 
algae ( Isochrysis galbana ) added to the tanks 
but not rotifers (Lazo et al.  2000 ). Follow - up 
studies showed that red drum can be raised 
successfully to the juvenile stage solely on a 
microparticulate diet supplemented with 
algae in the rearing tank (Holt  2002 ; Figure 
 13.10 ). Although growth is not as fast as 
when larvae are fed rotifers for 5 days, sur-
vival is high and the elimination of rotifers 
represents signifi cant cost savings. We are 
investigating these fi ndings further to under-
stand why the addition of algae promotes 
increased survival and growth when larvae 
are fed exclusively on microdiets and whether 
other additives to the tank would act simi-
larly. The overall goal is to enhance growth, 
development, and survival of red drum larvae 
while eliminating the need for zooplankton 
prey.    

   13.5.2    Sea  b ream and  s ea  b ass 

 Gilthead sea bream  Sparus aurata  and 
European sea bass  Dicentrarchus labrax  are 
species of great value to the marine aquacul-
ture industry in Europe. Both sea bass and sea 
bream will accept microdiets at fi rst feeding, 
and investigations are focused on improving 
the diets and protocols to increase growth 
and survival. Sea bream larvae that are fed 
only microcapsules from fi rst feeding have 
low survival (11%), but this is improved sig-
nifi cantly (42%) with cofeeding with small 
amounts of live prey (5% of the total food 
supplied on a dry weight basis) (Fern á ndez -
 Diaz and Yufera  1997 ). In other studies, sea 
bream larvae fed rotifers from 4 – 7   dph and 

include stress tests, biochemical or molecular 
assays, ammonia excretion rate, oxygen con-
sumption, carbon dioxide production, RNA/
DNA, changes in physiology, and behavior 
indices.    

   13.5    Measuring  s uccess 

 The ultimate goal is to develop microdiets 
that provide all the nutrients required for 
optimum development and growth of fi sh 
larvae. Although research in this area has 
been underway for many years, the goal has 
not been reached for most marine species and 
live prey remains a critical part of most 
rearing protocols. Larvae may appear to feed 
on microdiets but active ingestion needs to be 
separated from accidental or passive inges-
tion. Cofeeding is common and often increases 
growth and infl uences larval feeding on 
microdiets. But we defi ne successful weaning 
as larvae feeding on microdiet alone with no 
live prey, growing and surviving as well as or 
better than controls fed live prey (usually 
rotifers and  Artemia ). Weaning might occur 
after a period of days to weeks of cofeeding 
or, in rare cases, at fi rst feeding. Some exam-
ples of various approaches to weaning are 
presented. 

   13.5.1    Red  d rum 

 The weaning of red drum larvae ( Sciaenops 
ocellatus ) from a very early stage (8 days 
posthatch [dph]) has been achieved using a 
commercial microdiet (Kyowa Fry Feed, 
BioKyowa, Inc., Chesterfi eld, MO) in a closed 
recirculating system (Holt  1993 ; Figure  13.1 ). 
Microdiets (less than 0.2   mm) are readily 
accepted by fi rst - feeding red drum larvae and 
a standard feeding protocol was developed 
using the microparticulate diet and live 
enriched rotifers for 5 days (3 – 7   dph), fol-
lowed by the microparticulate diet only. 
Larvae grow as well on this diet as they do 
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fi ndings would maximize their utilization by 
marine fi sh larvae. 

 Sea bass larvae have been raised solely on 
microdiets composed of yeast, fi sh protein 
hydrolysate, fi sh oil, and lecithin (Cahu et al. 
 1998 ). These authors reported that 35% of 
sea bass larvae survived to day 28 exclusively 
on microdiet from fi rst feeding but with sig-
nifi cantly reduced survival and growth com-
pared with larvae fed live prey. In another 
study, sea bass raised from mouth - opening on 
a microdiet to which live yeast was added had 
signifi cantly higher survival rates than larvae 
on live feed, as well as lower incidence of 
spinal malformations and precocious gut 
maturation; growth, however, was signifi -
cantly less (50%) than the control larvae fed 
live prey (Tovar - Ram í rez et al.  2004 ). 
Research is continuing on the development of 
a nutritionally complete diet for sea bass, but 
most commercial hatcheries remain depen-
dent on the production of rotifers and  Artemia  
to grow the larvae. 

then soft gelatin microcapsules showed com-
parable growth and survival at 15   dph as the 
live - fed controls (Y ú fera et al.  1999 ), but 
further studies are needed to determine if 
comparable growth continues throughout the 
larval period. These authors have shown that 
sea bream larvae prefer live prey and suggest 
that cofeeding small amounts of live food 
with a properly designed diet would improve 
their performance. 

 An important step in developing an accept-
able diet is to assure the larvae will consume 
the food. Ingestion rates of microdiets by sea 
bream larvae are reported to increase when 
diets are supplemented with fractions from 
 Artemia , FAA, or phosphatidylcholine (PC), 
or if FAA are added to the water (Koven et 
al.  2001 ). The authors suggested that these 
nutrient factors found in live prey not only 
stimulate feeding but also digestion, perhaps 
through an endocrine response, and enhance 
assimilation by increasing lipid transport. 
Microdiets that incorporate these and similar 

     Figure 13.10     Growth of red drum ( Sciaenops ocellatus ) larvae on a commercial microdiet from fi rst feeding (3   dph) 
through metamorphosis. The four treatments were (1) the control with rotifers for 5 days only (5/mL; 3 – 7   dph)    +    micro-
diet; (2)  Isochrysis  (40,000/mL added daily)    +    microdiet; (3)  Nannochloris  (40,000/mL)    +    microdiet; and (4) microdiet 
only.  (Modifi ed from Holt  2002 .)   

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35

S
t
a
n
d
a
r
d
 
l
e
n
g
t
h
 
(
m
m
)

Days after hatching (dph)

Rotifer + microdiet

Isochrysis + microdiet

Nannochloris + microdiet 

Microdiet only



Microparticulate diets: testing and evaluating success 369

be capable of weaning earlier, many do not 
ingest the microdiets that are offered, and 
those that do often reject the particles after 
taking them into their mouth. These studies 
suggest that cobia could be weaned earlier if 
offered a microparticulate diet with enhanced 
attractiveness and/or appropriate texture.   

   13.6    Future  n eeds 

 There are many questions remaining to be 
answered about larval fi sh nutrition. For 
example, even if microdiets are ingested by 
larvae, they likely act very differently in the 
gut than live prey. For example, they may not 
stimulate digestive enzyme secretion nor 
reside in the gut long enough to be digested 
suffi ciently to provide the needed nutrients; 
they may not have the nutrients in the appro-
priate form; and they may damage the epithe-
lium of the gut by drawing water into the dry 
diet. Many of these issues were addressed 
during a workshop held in Bergen, Norway, in 
2007 to discuss the status of knowledge on 
marine larval fi sh nutrition. The topics 
covered in the workshop included the nutri-
tional requirements of marine fi sh larvae; 
digestive function and gut ontogeny; feed 
ingestion and assimilation; feed technology; 
larviculture and feeding strategies; practical 
hatchery operation; and broodstock nutri-
tion. At the end of the presentations, the 
attendees discussed the defi ciencies in larval 
nutrition information and how these could be 
resolved to advance weaning and early use of 
microparticulate diets. Recommendations 
from the group are summarized below under 
two categories: what do we need to know about 
larval fi sh nutrition and how do we get there. 

   13.6.1    What  d o  w e  n eed to  k now? 

     •      The absolute requirements and optimal 
ranges of concentrations for most nutri-
ents for most species  

 In sea bream, sea bass, and other species 
such as Senegalese sole  Solea senegalensis  
(Y ú fera et al.  2005 ) and red sea bream  Pagrus 
major  (Takeuchi  2001 ), complete replace-
ment of live prey with microdiets results in 
poor survival and growth, but weaning is 
possible after a few days (3 – 7) of feeding on 
live prey. This suggests that microparticle 
diets could replace much of the live prey used 
in commercial hatcheries if the diets con-
tained the appropriate nutrients for those 
species. Further work is ongoing to address 
this issue, but research is also focused on 
identifying the characteristics of live prey that 
are important for fi rst - feeding larvae to 
further reduce the live feed requirement.  

   13.5.3    Cobia 

 The weaning of cobia, like many other marine 
fi sh including southern fl ounder  Paralichthys 
lethostigma  (Faulk et al.  2007a ; Faulk and 
Holt  2009 ), has only been achieved after they 
have metamorphosed to the juvenile stage 
with a fully developed stomach. Some cobia 
larvae begin feeding on microdiets at  ∼ 13   dph 
(9 – 10 - mm standard length [SL]) and all are 
weaned by 24   dph (16 – 18 - mm SL) well after 
stomach development (Faulk et al.  2007b ). 
The presence of gastric glands and positive 
periodic acid – Schiff (PAS) staining of surface 
mucous cells in the stomach together with an 
increase in pancreatic enzyme activity 
8 – 12   dph (5.7 – 8.1   mm) suggests that cobia 
larvae would be capable of digesting micro-
diets by 14   dph (Faulk et al.  2007a ). But when 
trials have been run using several commercial 
microdiets, weaning at 13, 15, and 17   dph 
resulted in very low survival rates to meta-
morphosis (1 – 2% vs. 18 – 24% controls; 
unpublished data). Cobia have a very fast 
growth rate and possess a differentiated and 
effective digestive system early in develop-
ment, yet efforts to wean cobia larvae onto 
commercial feeds have been met with limited 
success. Even though cobia larvae appear to 
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   �      Inert marker for determining ingestion 
rate  

   �      Standard production methods that are 
available for easy sharing    

   •      Design and use standardized procedures 
for evaluating microparticulate diets and 
communicating results  

   •      Increase international collaborations, 
exchange of information, and personnel/
student exchange    

 These recommendations are still timely and, 
if implemented, would quickly advance our 
knowledge of larval fi sh nutrition. Coupled 
with the suggested innovations in microdiets, 
this would accelerate the replacement of live 
prey with microparticulate diets.   
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  Chapter 14 

Methods for  a ssessing 
 e mbryonic and  l arval 
 g rowth in  fi  sh  
  Rafael     Perez - Dominguez    and    Ralf     Dahm       

    14.1    Introduction 

 Previous chapters have introduced the current 
understanding of nutritional requirements 
and digestive function in larval fi shes. This 
chapter covers methodologies that have been 
used to gather the experimental evidence 
behind such knowledge. Nearly all experi-
mental procedures use larval growth (or a 
proxy measure) as the performance estimate 
for the evaluation of causal relationships 
among nutritional variables. The simple 
rationale behind this overwhelming choice is 
that more appropriate formulations or feeding 
regimes will support optimal growth rates 
and, conversely, defi cient ones will be less 
successful for supporting normal growth. 

 There are numerous approaches to the 
assessment of growth and these include an 
extremely large list of methodological 
approaches and diversity of protocols. The 
aim of this work is to introduce and provide 
a brief account of the rationale behind the 
main methodologies but leave the technical 
aspects of the assays to the methods section 

in the references cited here and in previous 
chapters. 

 For those concerned with the rearing of 
larval fi shes, it is important to consider the 
dual nature of growth during early life: (1) 
the rate increase in size (length or biomass), 
and (2) the sequential acquisition of new or 
improved organs and structures leading to 
physiological or behavioral refi nements. 
Developmental changes are extreme in altri-
cial larvae, but they are also present in preco-
cial types 1  (Balon  1981 ). A direct consequence 
of the interplay between development and 
growth is the constant alterations in body 
proportions during ontogeny. 2  This type of 
growth is referred to as allometric, and it is 

  2      Ontogeny is the gradual change from a simple to a more 
complex form during development. 

  1      Altricial larvae are those larvae that hatch after a short 
incubation period and at very small size and primitive 
stage of development, completing most of their develop-
ment relying on exogenous food sources. Precocial 
larvae, on the contrary, have large yolk, hatch after 
longer incubation times, and at larger size and advanced 
stage of development. 

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt. 
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response to a particular nutritional experi-
ment, while others will lack or have a delayed 
response, rendering them ineffective for any 
meaningful assessment. Variations in response 
arise due, in part, to differences in absorption 
rates and metabolic pathways of different 
nutrients (vitamins, fats, amino acids, etc.) 
and to the sensitivity 3  of the metric chosen. 
For example, in Japanese fl ounder 
( Paralichthys olivaceus ) larvae, the inclusion 
level of vitamin A in live prey has direct 
effects on growth, but it also has a delayed 
detrimental effect on ossifi cation, inducing 
skeletal deformities (Dedi et al.  1995 ). It is 
clear that in this example, two independent 
metrics, size progression and incidence of 
deformities, will be necessary for a complete 
assessment and that the administration of the 
test diet needs to cover the sensitive period 
where ossifi cation is affected by toxic levels 
of vitamin A. Therefore, the choice of metrics 
has to be decided based on the nature of the 
expected response and timescale of the sensi-
tive period. 

 It is diffi cult to overstress the importance 
of the choice of metrics as this underpins the 
entire experimental design, affecting data 
analysis and hypothesis testing. Hence, it is 
advisable to undertake a careful search for 
previous published examples as a fi rst step 
into the design of any experiment. Further, a 
pilot test trial is a very desirable exercise prior 
to deciding on the fi nal design. Test trials 
provide priceless help identifying problems 
and highlighting the modifi cations needed to 
improve the quality of the data; some of the 
factors determining a good experimental 
design will be covered next.  

   14.1.1.2    Experimental  d esign 

 The experimental design is the way evidence is 
collected and how the relevance of outcomes 

fundamentally different from the isometric -
 type growth of most fi shes after metamorpho-
sis. Therefore, growth is not a unique or 
constant process. There are precise growth 
schedules particular to each species and life 
stage. These are hardwired in the develop-
mental programming of each species and 
under strict regulation (Balon  1981 ; Blaxter 
 1988 ; Mommsen  2001 ). 

 Most nutritional studies evaluate the direct 
effect of diet formulations or feeding regimes 
on the size progression and survival of larvae. 
However, it has been long realized that the 
potential for growth is strongly infl uenced by 
previous growth history and other inherited 
biological factors, some of which are sensitive 
to nutritional manipulation. For example, the 
amount and quality of yolk, and hence future 
larval performance, is determined by the 
nutrition and size of the mother (see Chapter 
 5 ). Likewise, larval nutritional condition can 
be a useful predictor of performance in nutri-
tional bioassays since good condition is a pre-
requisite for exponential growth. Biochemical 
indices of condition, particularly nucleic acid 
(RNA   :   DNA) ratios, have been used widely in 
ecological and nutritional studies. It is now 
technically possible to trace these physiologi-
cal responses as well as developmental prog-
ress down to their molecular onset through 
gene expression assays. Recent studies in the 
zebrafi sh model have demonstrated the sensi-
tivity and speed of this approach in develop-
mental studies and its potential for nutritional 
assessments. 

   14.1.1    Experimental  m ethods and 
 g rowth  a ssessment 

   14.1.1.1    Tools for  a ssessment: 
 g rowth  m etrics 

 There is a wide range of growth metrics 
reporting on different structural, behavioral, 
and/or physiological quality elements of 
larval fi sh. Some will show a signifi cant 

  3      The term sensitivity is used to express the minimum time 
duration of a certain treatment necessary to induce a 
measurable change in a given metric. 
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sible to the experimental subjects. Distress 
can be minimized with the use of anesthesia; 
tricaine methylsulfonate (MS 222) and clove 
oil have been employed with great success. 
Lowering the temperature may also lessen the 
detrimental effect of handling larvae. When 
required, animals must be sacrifi ced quickly 
by a method that ensures complete termina-
tion of coordinated neural activity. Most 
journals and funding organizations now have 
strict ethical guidelines with respect to animal 
experimentation, including sampling proce-
dures. Nonstandard procedures require evi-
dence that recommended methods will 
negatively affect the reliability of the data and 
justifi cation that no alternative approaches 
are available. 

 Morphometric measurements such as 
length or weight are possible on anesthetized 
larvae and are best if obtained from fresh 
specimens because preservation method can 
severely affect larval fi sh measurements 
(Hjorleifsson and Kleinmacphee  1992 ). 
However, in many instances, fresh processing 
is not possible and the samples have to be 
preserved for later biometric evaluation or 
further processing (i.e., histological and bio-
chemical techniques). There is, in general, a 
preferred sample preservation method for 
each analytical technique. The most widely 
used fi xative in larval fi sh for biometrical 
measurements is 4 – 5% buffered formosaline 
solution (pH 8.0 – 9.0; 0.9 – 3.0% NaCl). 
Larvae are normally fi xed whole for a rela-
tively short time (i.e., hours) since their small 
size allows an adequate fi xative penetration 
in a short period of time; overfi xing can lead 
to artifacts. Simple calibration exercises can 

will be decided. It uses well - defi ned experi-
mental methods and protocols aiming to 
produce the strongest evidence possible with 
which to challenge a working hypothesis. 
Probably, the single most important consider-
ation while deciding any experimental approach 
is the robustness of the response to the experi-
mental treatment as this infl uences the size of 
the experiment. That is, experiments with 
greater variability in response will need more 
replicates and vice versa. Likewise, more strin-
gent hypothesis testing, that is, experiments 
aiming to detect increasingly smaller effects, 
will require more replication (increasing size) 
or more sensitive metrics. Given an adequate 
level of power 4  in the experimental design, 
even statistically nonsignifi cant results are 
meaningful because there is enough confi -
dence to conclude that there is no effect and 
this is just as important as fi nding that there is 
an effect (Ruxton and Colegrave  2006 ). 

 There are necessary compromises to be 
made, and the size of experiments cannot 
increase indefi nitely. There may be practical 
reasons or ethical considerations (limited 
number of tanks, technical and analytical 
bottlenecks, limit on experimental animals, 
etc.) imposing limitations that create a situa-
tion where a test is run at suboptimal power. 
Then, trials should be repeated several times 
and preferably conducted on spawns from 
different sources to eliminate problems with 
spurious tests. Repeating an experiment is in 
any case advisable to gain confi dence in the 
generality of the results and eliminate criti-
cism of pseudoreplication. 5   

   14.1.1.3    Sampling  p rocedures 

 The design of the sampling procedure must 
be ethical and cause as little distress as pos-

  5      Pseudoreplication is defi ned as the use of inferential 
statistics to test for treatment effects, with data from 
experiments where either treatments are not replicated 
or replicates are not statistically independent, and there-
fore uncontrolled for random effects (Hurlbert  1984 ). 
Nutritional experiments conducted once on a single 
batch of larvae, or evaluated using several related samples 
drawn from the same experimental unit, are often criti-
cized as pseudoreplicated, limiting the value of the trials 
and the generality of the results. 

  4      The power of a statistical test is the probability of reject-
ing a null hypothesis when it is false. It is normally set 
at 80%. Power is negatively affected by variability in the 
replicate scores and by the size of the treatment effect 
meaningful to detect. Power analysis is available in most 
statistical packages. 
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all be precisely the same, resulting in a more 
or less clustered distribution around the mean 
treatment effect. With too few subjects, the 
variability among individual scores will make 
the sample distribution somewhat uncertain, 
affecting the precision in the estimation of the 
treatment effects. What size sample is reason-
able? Each metric has a characteristic degree 
of variability in the scores that is a priori not 
precisely known. But, for almost all practical 
applications, it can be estimated by calculat-
ing the standard deviation of the sampling 
distribution for the relevant parameter. This 
statistic, known as the standard error (SE), 
can be used to calculate confi dence intervals 
when the sample size becomes large (i.e., 
 > 25). These intervals can then be used to 
decide the sample size at which the random 
sampling error (noise) is expected to be less 
than the smallest detectable effect set for the 
experiment. 

 But, even in carefully planned and exe-
cuted designs, there is the possibility for arti-
facts, leading to false conclusions. Effective 
and timely delivery of nutrients continues to 
pose real challenges in altricial larvae, espe-
cially during the fi rst - feeding stage where 
nutritional manipulations are diffi cult and 
often confounded by the presence of mater-
nally derived nutrients or the need to use live 
prey (see Chapters  5  and  11 ). But, even in 
larvae fully weaned onto formulated feeds, 
variation in feeding rates is an ever - present 
confounding factor during nutritional trials. 
A diet formulation can be grossly misjudged 
if it is not ingested or if nutrients leach out 
from food particles before they are ingested 
(see Chapter  13 ). Overlooking these potential 
problems in the design stage may result in 
inconclusive outcomes. 

 Finally, under conditions where large vari-
ations in size develop between individuals, 
the assessment of nutritional outcomes is 
likely to be confounded by developmental -
 related effects, that is, when the outcome of 
the test is infl uenced by the size of the larvae 

be implemented to bring measurements on 
preserved individuals to their fresh equiva-
lents. In any case, to ensure precision, any 
biometric assessment should be conducted 
after the fi xation is complete and no further 
changes in relative body proportions are 
expected (Hay  1982 ; Fey  1999 ). 

 Protocols for histological techniques often 
require specifi c fi xing cocktails or freshly 
made reagents such as Boiun ’ s solution, 
paraformaldehyde, or glutaraldehyde in dif-
ferent concentrations and reaction buffers 
(Takashima and Hibiya  1982 ; Genten et al. 
 2009 ). Great sources of best performing 
protocols are dedicated technical reviews, 
research articles, and manufacturers of ana-
lytical equipment and reagents. The researcher 
must ensure compatibility with all assessment 
metrics and allow for duplicate sample sets in 
the experimental design if necessary.   

   14.1.2    Factors  n ot  r elated 
to  n utrition 

 Experimental conditions must be reasonably 
controlled and treatments assigned randomly 
to the experimental tanks. Uncontrolled 
effects such as variable light intensity, tem-
perature, water quality, aeration strength, 
food delivery, sampling, and other physical or 
husbandry factors may induce tank effects, 
adding undesirable experimental variability 
or bias affecting the ability to detect true 
treatment effects 6  (Ruxton and Colegrave 
 2006 ; see also Chapters  10  and  13  for poten-
tial uncontrolled effects due to larval behav-
ior and husbandry procedures). 

 Individual response to any experimental 
manipulation always varies across subjects. 
This is known as the between - subject varia-
tion. The individual scores will therefore not 

  6      Statistical tests to decide the relevance of experimental 
outcomes will not be discussed here. 
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In larvae, length is usually derived from mea-
surements along the midline of the body, from 
the tip of the snout to the end of the noto-
chord or the caudal peduncle. This distance 
is known as standard length (SL). In some 
instances, length measurements are taken to 
the end of the caudal fi n rays (total length, 
TL), although it is generally not advisable 
because these rays are easily damaged or 
broken (Figure  14.1 ).   
   

(Fuiman et al.  1998 ). In this case, it is not 
always possible, or practical, to draw a strictly 
random sample; thus, a stratifi ed sampling 
design targeting animals in the same ontoge-
netic state may be a better strategy. Some 
artifacts in growth rate assessment may also 
result from size - specifi c mortality; for 
example, smaller larvae may not ingest a large 
food particle after a diet shift and starve. The 
disappearance of smaller larvae can give the 
false impression of sudden increases in overall 
growth rates under the new diet. Similar arti-
facts happen when smaller larvae are canni-
balized by older siblings. In all these situations, 
a sampling criterion can be implemented to 
reduce variability and increase the chances of 
detecting true treatment effects. 

 Many of the potential problems are diffi -
cult to predict, and a small pilot trial is always 
a good insurance policy. It can provide invalu-
able information not only to get accurate esti-
mates of replicate variation or appropriateness 
of growth metrics, and statistical methods, 
but also to prevent pitfalls and improve the 
overall quality of the study.   

   14.2    Direct  g rowth  a ssessment 

 In this section, the different ways of modeling 
growth as a direct change in size or biomass 
will be presented along with simple mathe-
matical expressions to calculate growth rates. 
In addition, growth evaluation based on 
quantum increments in the complexity of 
larval structures (ontogeny) will be intro-
duced to measure the developmental pace 
during the larval period and transformation 
into juveniles. 

   14.2.1    Somatic  g rowth 

   14.2.1.1    Length 

 Growth can be most simply calculated by 
measuring the change in length ( L ) with time. 

     Figure 14.1     Digital photographs of (a) sand goby 
( Pomatoschistus minutus ) and (b) sprat ( Sprattus sprattus ) 
late larvae during measuring using image processing soft-
ware. Segmented lines (total length) and solid lines (stan-
dard length) are translated into length measurements 
using the in - picture reference scale. The photographs 
were taken unaided with a standard digital camera in 
macro mode. Smaller larval stages require the use of 
suitable scopes and adaptor photographic tubes or lenses 
for image capture.  

In-picture 
label

Reference 
scale 

Petri dish 

(a)

(b)
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lated by expressing the absolute growth ( Δ  L ) 
as the proportional growth increment by unit 
of time:

   AGR /( )= −ΔL t t0   

 AGR has velocity units and can be inter-
preted as the speed at which larval fi shes 
increase their size. Calculated in this way, 
AGR only refl ects the speed of the size change 
that has occurred during a specifi c time inter-
val but does not provide any indication of the 
relative magnitude of the change with respect 
to the size of the larvae. 

 Since larvae grow in size over one or two 
orders of magnitude before metamorphosis, 
it is often useful to represent the growth rate 
as a relative measure in proportion to the 
initial size of the larva. The  proportional 
growth rate  ( g ) does this by dividing the AGR 
by the initial length of the larva ( L  0 ):

   g L= AGR/ 0   

 The units are the inverse of time and can 
be interpreted as the number of body length 
increments attained per unit of time. The pro-
portional growth rate can also be expressed 
as a percentage increase ( g  %     =     g     ×    100) for 
easier interpretation. 

 These calculations imply that the rate of 
growth remains constant within the period 
between the two assessments (i.e., linear 
growth model). This is a reasonable assump-
tion for most species over short time intervals. 
However, over longer time periods or during 
periods where growth is accelerating, the cal-
culation of specifi c growth rates using simple 
linear models does not provide adequate 
results (Figure  14.2 ). Under these circum-
stances, a better fi t results from using expo-
nential growth models.  

   L L et
G t t= ⋅ −( )

0
0  

or in the case of two measurements:

   G L L t tt= − −( )/( ),ln ln 0 0  

 Length can be easily obtained from digi-
talized pictures using image processing soft-
ware packages. 7  This technique is very 
accurate and has virtually replaced older 
direct measuring techniques such as those 
using an eyepiece ’ s micrometer or a camera 
lucida. The basic setup requires a dissecting 
scope fi tted with a digital camera and a refer-
ence scale of an appropriate size. Alternatively, 
a video camera with an image capture system 
can be used. In any case, there are several 
commercial options on the market along with 
free software packages 8  with very similar 
functions and overall performance. 

 The speed of the size change, that is, 
growth rate, can be obtained from two dis-
crete length measurements,  L  0  and  L t  , taken 
at time  t  0  (start of experiment) and at time  t t   
(after a period of time,  t ). The difference in 
size,  Δ  L     =     L t      −     L  0 , is termed  absolute growth , 
and is under most circumstances greater than 
0. In practice and for comparative purposes, 
growth is normally expressed as the rate of 
size change over a defi ned time interval, that 
is,  absolute growth rate  (AGR). This is calcu-

  8      ImageJ, available from  http://rsbweb.nih.gov/ij/
index.html , is a free image processing software with a 
wide range of functions that include the calculation of 
distances on digitalized pictures. 

  7      Similar techniques can be used to take measurements on 
histological preparations. Histological techniques will 
further require a high - power compound microscope 
fi tted with an image documentation system. 

   Some other measurements between differ-
ent body structures have been used alone 
or in the form of ratios but rather than 
providing a growth estimate they are used 
to estimate nutritional condition (see 
Ferron and Leggett  1994  for a review of 
early studies). These altered body ratios 
are most apparent after severe nutritional 
impairment and are therefore less sensitive 
than simple growth rate estimations. 
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growth rate, which is not an accurate repre-
sentation of the growth dynamic under these 
circumstances. 

 While the measurement of length is 
straightforward, there are some different 
ways to compute the timeline over which any 
growth assessment is made. Days are the most 
frequently used time unit as these are a rea-
sonable fraction of the duration of the larval 
phase for most species, normally 25 – 60 days. 
Also, it is conceptually easy to understand as 
days are equivalent to age in hatchery - reared 
fi sh. However, when temperature cannot be 
precisely controlled, the use of a fi xed unit of 

where the coeffi cient of growth ( G ) indicates 
the instantaneous growth rate. Note that  G  
has the same units as the proportional growth 
rate  g  (i.e., inverse of time).  G  indicates the 
shape of the growth curve representing the 
proportional change in length per day or any 
other unit of time. 

 Linear or exponential models will provide 
a reasonable estimation of growth for com-
paring larval performance under different 
treatments. However, they should not be used 
to forecast growth into the juvenile phase or 
when extreme allometric changes are sus-
pected. Both models assume a constant 

     Figure 14.2     European fl ounder ( Platichthys fl esus ) larval growth trial showing different growth models fi tted to the 
same data. Growth models and  R  2  are given in the fi gures. The trial was conducted in triplicate, and 25 individuals 
were sampled at regular intervals throughout the experiment. Data points in the fi gures represent the estimated average 
length from each replicate tank and sampling date (age). The data points used for early larvae growth regressions are 
indicated by open diamonds.  

12

14

16

y = 3.15 e 0.026x

2 = 0.93

Expon. Model

12

14

16

y = 0.17x + 2.31

Linear Model

2 = 0.84

6

8

10

R

6

8

10

R

0

2

4

0 10 20 30 40 50

S
ta

n
d

ar
d

 L
en

g
th

 (
m

m
)

S
ta

n
d

ar
d

 L
en

g
th

 (
m

m
)

0

2

4

0 10 20 30 40 50

16 16

10

12

14
y = 2.23 e0.035x

Expon. (Late Larvae)

Expon. (Early Dev.)

R2 = 0.97

10

12

14
y = 0.26x – 1.11

Linear (Late Larvae)

Linear (Early Dev.)

R2 = 0.91

2

4

6

8 y = 3.68 e0.008x

R2 = 0.89

2

4

6

8 y = 0.03x + 3.68
R2 = 0.89

Age (days)

0
0 10 20 30 40 50

0
0 10 20 30 40 50

Age (days)



380 Feeds and Feeding

due to the allometric growth of early larvae. 
Weight is measured gravimetrically with a 
calibrated microbalance. Weight of fresh or 
preserved specimens is termed  wet weight  
(WW). More precise biomass measurements 
are obtained using oven -  or freeze - dried 11  
specimens, termed  dry weight  (DW). These 
measurements are, on occasion, corrected for 
inorganic content and are reported as ash - free 
dry weight (AFDW). The correction is done 
by burning 12  the sample (or a representative 
fraction) and subtracting the estimated weight 
of the ash residue from the original DW. 
Weight estimates (WW, DW, and AFDW) can 
be modeled directly using the same growth 
equations given for length in the previous 
section. 
    

time may induce large bias. 9  This problem is 
common in rearing trials conducted outdoors, 
when treatments have to be run at different 
times or when comparisons across species with 
different optimal temperatures are needed. 
Under these circumstances, it is advantageous 
to use a modifi ed timeline that introduces a 
temperature weighting factor to the day unit. 
This new  “ relative - time ”  unit is known as 
 degree - day  (DD) and is commonly used in 
ecological studies. There are several ways to 
calculate the weighting factor, but all are 
based on a summary statistic (mean, median, 
maximal, etc.) reporting on the temperature 
dose experienced within 1 day (or any other 
length of time), and then totaling the results 
in a cumulative index. 10  Growth rates calcu-
lated on DD timelines are often better than 
simple day computations (Neuheimer and 
Taggart  2007 ). It must be noted that DD is 
not applicable outside the range for which 
growth rate is known to be proportional to 
the temperature dose. It is common for 
growth rates to fall outside that range when 
ambient temperatures approach the species 
biological zero or the upper temperature tol-
erance limit. Therefore, these extreme tem-
perature ranges should be avoided if the 
thermal weighting is to be derived from a 
simple linear relationship.  

   14.2.1.2    Weight 

 Weight is the simplest way of depicting 
growth as a change in biomass. It is often a 
more robust measure than length, partially 

  12      Samples are combusted in a muffl e furnace at 400 –
 450 ° C for 8 – 12 hours. In larval fi sh without calcifi ed 
structures, the amount of ash residue is a very small 
proportion of the total weight. 

  11      Samples are usually dried in a thermostatic oven at 
constant temperature ( < 60 ° C) for 24 – 48 hours or until 
they achieve constant weight. Similar results are attained 
by freeze - drying or using desiccating substances (i.e., 
silica gel or NaOH) to a constant weight. 

  10      A further refi nement is to use the range of temperature 
above the minimum temperature threshold for growth. 
This related index is termed  effective degree - day  (EDD), 
and it is calculated by subtracting the temperature of no 
growth (i.e., biological zero of the species) from all tem-
perature readings before calculating the degree - day. 

  9      Temperature in poikilotherms controls the rate of bio-
chemical reactions, and hence the rate of growth. 
Developmental rates of embryos are particularly sensitive 
to temperature effects; for example, incubation times are 
substantially reduced at higher temperatures. 

   Many individual weight determinations, 
especially DW, conducted on the smallest 
larvae require very precise balances and 
are somewhat laborious to obtain. This 
level of accuracy is sometimes not possible 
and pooled measurements are necessary. 
Since length is by comparison easily gath-
ered, it is often used as a proxy measurement 
for biomass. Usually, there is a reasonably 
close relationship between length and weight 
in larval fi sh; in the general case, the relation 
is that of a power function

   W aL W a b Lb= = +or ln ln (ln )  

where  W  is weight,  L  is length,  parameter 
a  is a simple scaling factor (intercept), and 
 b  is the power coeffi cient determining the 
function ’ s rate of increase. The different 
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measurements of eggs and newly hatched 
larvae in duplicate. However, most determi-
nations are normally done on pooled samples 
of 200 – 800    μ g of DW to ensure enough tissue 
for protein and additional biochemical mea-
surements from the same sample. 13  Properly 
calibrated, protein content can provide accu-
rate biomass estimations even from preserved 
larvae and is a very sensitive alternative to 
DW and ultramicrobalances. 

 Raw protein concentration values derived 
from biochemical techniques are normally 
expressed as absolute protein weight content 
per larvae ( Wp ). As with length or weight, 
changes in  Wp  are then used to compute the 
 instantaneous coeffi cient of protein growth  
( Gp ; or a percent change  Gp  %     =     Gp     ×    100). 

  Tracer studies.  An alternative way to cal-
culate protein growth is by using radiolabeled 
protein precursors such as small proteins, 
polypeptides, or amino acids (Houlihan et al. 
 1995 ; Concei ç  ã o et al.  2007 ). In this tech-
nique, a marked protein precursor, that is, 
tracer, is incorporated in the test diet and the 
mixture fed to the larvae. Due to inconsistent 
feeding rates and leaching of tracers even 
from microencapsulated or coated formula-
tions (see Chapter  12 ), most experimental 
designs for larval fi sh incorporate the tracer 
directly into the rearing water (usually a 
fl ooding dose of tritiated phenylalanine) from 
where it is absorbed by the larvae. Alternatively, 
larvae can be force - fed a precise amount of a 
test mixture containing the tracer using 
microinjection protocols (see Chapter  3 ). It is 
important to note that experiments using 
radioactive materials are only possible in 
strictly controlled setups and at small scale 
requiring dedicated licensed facilities. A non-
radioactive alternative is the use of stable iso-
topes (e.g.,  15 N) incorporated into diets, 

   14.2.1.3    Protein  c ontent 

 The greatest fraction of biomass in fi sh is 
made up of protein. Changes in protein 
content or protein synthesis rate can therefore 
be used to derive growth rate estimates. Two 
procedures are currently in use. 

  Biochemical measurement.  There are a 
number of analytical methods that can be 
applied to the scale of larval fi shes. Among 
the most widely used are the Bradford assay, 
the bicinchoninic acid method (BCA), and the 
Lowry assay. All three methods are colorimet-
ric protein assay protocols based on a reagent 
that undergoes a color shift proportional to 
the amount of soluble protein in the sample. 
Alternatively, determinations can be attained 
using protein ’ s intrinsic UV absorbance 
(280   nm) or fl uorometrically with the use of 
specifi c protein - binding fl uorochromes. 
Originally run in test tubes, these assays have 
now been miniaturized to high - throughput 
microplate formats. Bradford and BCA assays 
are readily available in kit form from several 
manufacturers and are within the technical 
capabilities of a standard biochemical labora-
tory. The most sensitive of these assays can 
measure as little as 5 – 10    μ g protein per well 
(microplate format), which allows individual 

  13      Often protein content is used to standardize the pro-
portion and ratios of enzymatic activities and other bio-
chemical compounds that require larger sample sizes for 
analysis. 

parameters are estimated empirically, 
which is normally done by taking large 
numbers of larvae across the size interval 
of interest, measuring their length and 
weight, and then determining the precise 
nature of the relationship. Under isometric 
growth,  b  is equal to 3, while under allo-
metric growth, it requires empirical calcu-
lation. The power coeffi cient is widely 
used in adult fi sh as an index of condition 
termed  Fulton ’ s condition factor  ( K ). This 
is not generally applicable to larval studies 
unless properly calibrated because changes 
in  K  could be related to developmental 
rather than nutritional effects (Ferron and 
Leggett  1994 ). 
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which is proportional to the amount and 
composition of the biological material. This 
property can be used to derive a direct energy -
 based quantifi cation of biomass (see Chapter 
 8 ) useful for estimating growth rates. Many 
studies, however, do not directly measure this 
parameter but estimate energy content ( Ce ) 
indirectly by measuring total protein, lipids, 
and carbohydrates (i.e., proximate analysis) 
and adding up their known energy equiva-
lents. An alternate proxy approach is the use 
of CHNS elemental analyzers. 14  Again, the 
theoretical energy equivalent of the sample is 
computed from the C, H, O, and S fractions 
(the O fraction is inferred after the sample 
weight is corrected for ash content) (Kamler 
et al.  1994 ). Elemental analysis is potentially 
a more accurate proxy method but requires a 
more expensive setup. Proximate analysis is 
nevertheless a good approximation due to the 
uniformity of the energy yield per unit weight 
of energy - rich chemical species (Domalski 
 1972 ; Craig et al.  1978 ). 

 The reference methodological procedure to 
calculate the heat of combustion or calorifi c 
value of materials is known as  bomb calorim-
etry . This method uses special insulated 
vessels immersed in water baths where the 
sample is burned as fuel under a pressurized 
oxygen atmosphere. The heat released results 
in a proportional temperature rise in the 
water bath, which is a direct measure of the 
energy contained in the sample. The energy 
released ( Ce ) is expressed as joules per larva; 
this unit measure can be used to model growth 
in the exact same way as we have seen for 
length, weight, and protein content. 

 The smaller bomb calorimeter systems 
available have a sensitivity ranging from 50 
to 1,200 calories that will correspond to 25 –
 200   mg of wet larval tissue, normally requir-

although this is a less sensitive method (Owen 
et al.  1999 ; Concei ç  ã o et al.  2007 ) 

 Under normal conditions, the rate of 
protein synthesis or protein growth is assumed 
to be proportional to the rate at which the 
tracer shows up bound into the protein frac-
tion. This assumption holds well in larval fi sh 
over short time intervals since protein turn-
over rates are normally constant over this time 
frame. The specifi c radioactivity in the tissues 
(disintegrations per minute [dpm]) is trans-
lated into protein synthesis rates using time -
 dependent tracer incorporation equations:

   

Tracer incorporation (mol/day)

    
Tissue dose (dpm/day)
Trace

=
rr SA (dpm/mol)

 

where Tracer SA (specifi c activity) is a measure 
of the amount of radioactivity per unit amount 
of tracer substance and  “ day ”  represents days 
or any unit of time. This approach assumes 
that the rate of incorporation of radiolabel 
into body protein remains constant over the 
test period and there is no, or negligible, con-
tribution of endogenous unmarked tracer sub-
stance. However, these assumptions require 
previous validation (Houlihan et al.  1995 ; 
Concei ç  ã o et al.  2007 ). Protein synthesis is 
commonly expressed in relative units or frac-
tional rates of protein synthesis that represent 
the percentage of protein synthesized per day 
relative to the protein content of the larvae 
(measured using biochemical techniques. This 
is, in concept, homologous to the proportional 
growth rate introduced earlier in this section 
and is the most sensitive measurement of 
growth rate over very short time intervals 
(hours).  

   14.2.1.4    Energy  c ontent 

 Combusted organic matter releases heat, 
termed heat of combustion or calorifi c value, 

  14      CHNS analyzers measure the percentage composition 
of the main elements, carbon (C), hydrogen (H), nitrogen 
(N), and sulfur (S), in dry organic matter. 
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ing the pooling of several larvae into one 
sample. Less demanding in terms of sample 
needs is the determination of the calorifi c 
value by wet oxidation with a mixture of 
potassium dichromate in sulfuric acid (Craig 
et al.  1978 ).   

   14.2.2    Developmental  p rogress 

 As we have seen in the previous section, 
ontogeny can be followed by measuring 
changes in size through different physical 
measures. During early ontogeny and along 
with the change in size, primitive structures 
and simple behaviors mature into complex 
and more elaborated ones, ultimately giving 
rise to a miniature adultlike fi sh. Thus, the 
timing and speed of developmental events 
can, in its own right, provide an independent 
evaluation of growth. 

 Tests reporting on developmental progress 
may exploit simple qualitative presence –
 absence morphological criteria or be more 
elaborate and include a quantitative estima-
tion of a dynamic biochemical feature or gene 
expression. As important as the precise quan-
tifi cation of diagnostic features is the defi ni-
tion of a timeline for the evaluation of 
experimental manipulations. The natural 
choice in experimental studies is age; however, 
alternative timescales are possible using DD. 
Moreover, studies reporting on the ontogeny 
of larval fi sh have found that size effectively 
integrates the fl ow of time into one conve-
nient measure of  “ biological age ”  (Fuiman 
et al.  1998 ; Neuman and Able  2002 ) that 
combines all past environmental experiences, 
including nutrition. The use of size as a 
benchmark to evaluate developmental prog-
ress is uncommon in nutritional studies but, 
given that development often correlates better 
with size than age, this is a method that 
should deserve more attention in the future 
(Fern á ndez - D í az et al.  2001 ). 
   

     Figure 14.3     Progression of European fl ounder ( Platichthys 
fl esus ) with fully developed loop (stage 1) in the digestive 
tract with respect to body size (standard length, mm). A 
cumulative (normal) probability curve (solid line) was 
fi tted to the cumulative frequency distribution (0.15 - mm 
bin size) of larvae reaching stage 1 (developed gut 
loop) using nonlinear regression techniques ( r  2     =    0.96, 
 n     =    5). The corresponding normal probability density 
curve is also shown (solid line) (mean and standard 
deviation are given in the fi gure). The center of the dis-
tribution corresponds to the mean size at which European 
fl ounder made the transition to the late larval gut 
morphology.  
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   Modeling the developmental progress of 
larval fi sh using size is similar in concept 
to the use of time units. In the simplest 
case, a valid analysis is possible by examin-
ing a representative sample and giving two 
alternate scores: zero to all individuals still 
at an undeveloped stage (or absence of a 
test feature), and one to those subjects that 
have advanced to the next stage (or display 
the test feature). The distribution of indi-
vidual scores with respect to larval size can 
be drawn and fi tted to a cumulative normal 
distribution. The mean value of the cor-
responding normal distribution will be the 
average size at which the stage transition 
takes place. The approach is effective for 
separating size effects from developmental 
effects, with the advantage of allowing 
precise statistical comparison using 
hypothesis testing (Figure  14.3 ).   
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  Histological  p rotocols 

 Much precise insight into the developmental 
progress of different organs and nutritional 
effects has been possible using histological 
preparations for conventional light micros-
copy (cellular and histological assessment) or 
electron microscopy (ultrastructural assess-
ment) (McManls and Mowry  1960 ). This is 
a much more time -  and labor - intensive meth-
odology requiring sectioning and staining of 
tissue samples. All protocols start with frozen 
preparations or fi xed tissue embedded in par-
affi n or special resins. These are sectioned in 
thin slices and attached to glass slides and 
treated with dyes. Sectioning ranges from a 
few micrometers (cell structure) to nanome-
ters (organelle ultrastructure) and must be 
conducted to a thickness compatible with the 
scale of the histological target under assess-
ment. The various dyes react differently with 
different cell or organelle chemical compo-
nents, giving a characteristic appearance to 
the preparation and a means to identify fi rst 
activation and function of larval organs, thus 
providing a qualitative reference of develop-
mental progress. 

 A wide range of staining methodologies is 
available (Takashima and Hibiya  1982 ; 
Genten et al.  2009 ). The simplest and more 
widely used protocols use colored chemical 
agents for the light microscope and salts con-

   14.2.2.1    Morphological  f eatures 

  Direct  a ssessment 

 The simplest way to compare nutritional 
manipulations is by reporting the percentage 
of larvae having completed the development 
of a certain feature, or group of features, for 
a certain age group (hatching is day 1 in the 
life of a larva) (Y ú fera et al.  2005 ). For 
example, one can report the percentage of 
larvae that have fully absorbed their yolk sacs 
by day 4, have pigmented eyes by day 3, or 
are at the postfl exion stage by day 26. A dif-
ferent approach to the same assessment is to 
measure the time in days required for half of 
the larvae to acquire a determined structural 
feature (or group of features, i.e., develop-
mental stage). Following the same example, 
one will report the average number of days to 
complete yolk absorption or eye pigmenta-
tion or onset of acid secretions in the stomach. 
Most studies base the assessments on charac-
ters that clearly mark the start of the juvenile 
phase, hence the end of the larval period (i.e., 
the position of the eye in metamorphosing 
fl atfi shes; Fern á ndez - D í az et al.  2001 ). 

 Along with the external changes that signal 
the end of the larval phase, there have been 
nutritional studies that assess the functional 
changes in internal organs and cellular com-
ponents. Morphological changes of the diges-
tive system, for example, are often visible 
through the larval body and correlate with 
digestive function (see Chapter  1 , also Section 
 14.4 ). Observations on fresh specimens under 
regular transmission microscopy can be 
greatly enhanced using phase contrast, dark 
fi eld, or differential interference contrast 
(DIC) microscopes, or by using contrast -
 enhancing dyes or vital stains such as methy-
lene blue, pH indicators, and other 
water - soluble stains, including fl uorescent 
dyes (Lessard et al.  1996 ; Lin and Hwang 
 2004 ). Fluorescent dyes require epifl uores-
cent modules and suitable fi lters or confocal 
microscopes 15  for visualization.  

  15      Confocal laser scanning microscopy (CLSM) and other 
laser - based scanning techniques are alternatives to epi-
fl uorescence, allowing enhanced resolution, higher con-
trast, and more suitable depth of fi eld without the use of 
histological procedures. In confocal microscopy, out - of -
 focus emitted fl uorescent light is rejected by a simple 
pinhole placed in front of the detector, resulting in a 
virtual optical section of the specimen. CLSM allows the 
construction of three - dimensional (3D) stacks and the 
capture of time - lapsed clips in live specimens. CLSM also 
can take advantage of natural autofl uorescence in tissues 
or fi xatives for general structural observation, providing 
real - time observations, exceptional contrast, and details 
previously not accessible in whole - mounted specimens. 
These are, however, not generally used in nutrition 
studies primarily due to cost of the equipment. 
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 2001 ). However, the most serious limitation 
of this, and all antibody - based methods, is the 
need for specifi c antibodies, which are expen-
sive or may not be commercially available 
and are laborious to produce and validate 
(Kurokawa and Suzuki  1998 ). 

  In situ  hybridization (ISH) is an alternative 
 “ staining ”  method available in histological 
protocols. The specifi city is given by the use 
of a short DNA or RNA probe that is comple-
mentary in sequence to a target messenger 
RNA (mRNA). The probe is either radioac-
tive or has an attached tag (enzymatic, fl uo-
rescent, or luminescent) to allow its detection. 
The advantage of ISH is the relative ease of 
producing the probe compared with specifi c 
antibodies. Also, as gene expression is an 
early step in the functional activation of cells 
and tissues, it has been used to map the fi rst 
activation of enzyme or hormone pathways 
(Kurokawa et al.  2004, 2005 ). It is important 
to notice that mRNA only provides an indi-
rect indication of protein activity (i.e., pheno-
type), therefore any functional interpretation 
must be done with extreme caution as protein 
transcription rates, posttranslational modifi -
cations, and effects of modulating factors are 
not known. But, for the simple assessment of 
developmental events, it is very useful. The 
last section in this chapter includes references 
to developmental assessments using multila-
bel immunofl uorescence and ISH protocols in 
the zebrafi sh.   

   14.2.2.2    Biochemical  f eatures 

 Biochemical tests are, in concept, similar to 
histochemical methods but they are con-
ducted on tissue homogenates and provide 
precise quantitative estimates. Many have 
been used as proxy measures of digestive and 
metabolic capacity. For example, the digestive 
potential of fi rst - feeding larvae has been eval-
uated by studying the onset and the variation 
of digestive enzymes (pancreatic and intesti-
nal) and the response of these enzymes to 
nutritional manipulations (see Chapter  1 ). 

taining heavy metals for the electron micro-
scope. There are generally termed  histological  
protocols, which are simple to conduct 
but limited in terms of tissue specifi city. 
Hematoxylin - eosin stain is the most common 
general stain for light microscopy. Increased 
staining specifi city is possible with stains spe-
cifi c for certain macromolecules. Examples 
are the periodic acid – Schiff (PAS) stain spe-
cifi c for carbohydrates or Sudan - based stains 
for lipids (Takashima and Hibiya  1982 ). The 
specifi city can be increased further by using 
colored substrates for specifi c enzymatic reac-
tions taking place within cells or tissues. 
Termed collectively as  histochemical  proto-
cols, they are useful as they reveal early phases 
in the differentiation of tissue types within 
organs often before positive identifi cation 
with general stains. Digestive and metabolic 
enzymes are common targets in histochemical 
preparations for which protocols are readily 
available (Govoni et al.  1986 ; Gawlicka et al. 
 1995 ; Genten et al.  2009 ). 

 A diffi culty of histochemical staining pro-
tocols is the need for endogenous enzymatic 
activity linked to the target feature. This limi-
tation can be overcome using  immunohisto-
chemical  protocols. In these, the specifi city 
resides in the use of specifi c antibody -  and 
enzyme - based labeling methods. Horseradish 
peroxidase and alkaline phosphatase are the 
most widely used enzyme labels (Hsu et al. 
 1981 ; Genten et al.  2009 ). This approach 
gives tremendous fl exibility and there are 
multiple labeling kits available commercially. 
Moreover, all procedures can be carried out 
in a standard histological laboratory setup. 

 Immunohistochemical techniques have 
been expanded with the use antibodies con-
jugated with fl uorescent tags for direct tissue 
visualization. These immunofl uorescence pro-
tocols may be used to track different features 
simultaneously by using several antibodies 
conjugated to differently colored fl uoro-
chromes (Zaidi et al.  2000 ). But they also 
have been limited in their application due to 
autofl uorescence of tissues (Baschong et al. 
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  Direct  q uantifi cation of  b iomolecules 

 There are occasions where direct quantifi ca-
tion of the target biomolecule provides the 
best or the only possible alternative for evalu-
ating its presence. This is, for instance, the 
case of molecules without catalytic capacity 
such as hormones, structural proteins, and 
mRNA. Among the many formats for quan-
titative analytical chemistry, we will intro-
duce only three main families of techniques 
that are frequently found in larval studies: 
immunoassay, gene expression analysis, and 
chromatography. 17  

  Immunoassay.     There are many different 
variations of immunoassays but all are based 
on the use of an antibody that specifi cally 
binds to a target molecule subject of the assay. 
Radioimmunoassay (RIA) and enzyme immu-
noassay (EIA) are competitive assays where a 
labeled synthetic version of the target mole-
cule (tracer), along with the antibody, is 
added to larvae homogenates containing the 

 Most biochemical analyses require the 
samples to be frozen. Samples for the analysis 
of proteins or lipids, for example, can be 
stored for short periods of time in conven-
tional freezers ( − 20 ° C). However, different 
assays will require lower storage tempera-
tures, with those measuring enzyme activities 
requiring  − 80 ° C storage. These samples must 
be collected in appropriate cryotubes, espe-
cially if liquid nitrogen is used. 

  Enzymatic  a ctivities 

 Enzyme determination assays vary, with 
the most common methods utilizing incuba-
tions of larvae homogenate with suitable 
soluble substrates. During the incubation, the 
active enzyme in the homogenate hydrolyzes 
the substrate at a speed that is proportional 
to the level of enzyme present, allowing 
quantifi cation. 

 These simple assays are well established 
and, in principle, easily accessible to any lab-
oratory (Table  14.1 ). Some assays use specifi c 
substrates, allowing quantifi cation of particu-
lar enzymes, but most commonly they use 
generic substrates (casein, hemoglobin, etc.) 
and narrow pH ranges to provide optimal 
conditions for the target enzyme activity, and 
hence the best sensitivity and specifi city of the 
assay. Assay buffers, therefore, range in pH 
and, along with the incubation temperature 
and time, must be carefully chosen while vali-
dating the assays.   

 Sample requirements for enzymatic activ-
ity quantifi cation vary and ultimately depend 
on the level of the enzymes in the tissues. 
Homogenization is most commonly done in 
various formulations of phosphate buffered 
saline (PBS) and fi ltered or centrifuged to 
eliminate interferences in the assay. Some pro-
tocols use dissected stomachs along with 
accessory organs instead of whole - body 
homogenates, an approach that eliminates 
interference from, for example, nondigestive 
proteolytic activities. 
    

  17      There are other analytical methodologies, some associ-
ated with the new  ‘ omics ’  disciplines, for example, 
stable isotope labeling by amino acids in cell culture 
(SILAC), time - of - fl ight mass spectrometer (TOFMS), or 
nuclear magnetic resonance (NMR) spectrometry. These 
have potential applications in larval nutritional studies; 
however, currently, they are limited to biomedical 
research. 

  16      Sodium dodecyl sulfate – polyacrylamide gel 
electrophoresis is a technique used for the separation of 
proteins according to size. 

   SDS - PAGE 16  zymograms of larval extracts 
have been used to identify specifi c prote-
ases based on size and particular inhibition 
profi le (see Chapter  1 ). In this technique, 
the protease pool is size - fractioned and 
immobilized in a polyacrylamide gel before 
the substrate is applied. This is similar in 
concept to histochemical protocols as the 
substrate – enzyme interaction is conducted 
on a solid matrix. Similarly, it does not 
allow easy quantifi cation of enzymes. 
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  Table 14.1  Summary of digestive and metabolic enzymes used in larval studies. 

   Enzyme     Type     Source  

  Acetylcholinesterase  a      Intestinal    Gawlicka et al.  (1995)   

  Adrenodoxin  a      Metabolic    Sampath - Kumar et al.  (1997)   

  Alkaline phosphatase  a      Intestinal    Gawlicka et al.  (1995) ; Gisbert et al.  (2009)   

  Aminopeptidase N  a      Intestinal    Govoni et al.  (1986) ; Gawlicka et al.  (1995) ; 
Kurokawa and Suzuki  (1998) ; Gisbert et al.  (2009)   

  Amylase    Pancreatic    Gisbert et al.  (2009)   

  Aminopeptidase    Intestinal    Kurokawa and Suzuki  (1998)   

  Chymotrypsin    Pancreatic    Govoni et al.  (1986) ; Gisbert et al.  (2009)   

  Cytochrome P - 450 21   a      Metabolic    Sampath - Kumar et al.  (1997)   

  Citrate synthase    Metabolic    Clarke et al.  (1992)   

  Cyclin - dependent kinase    Cell cycle    Westerman et al.  (1999)   

  Dipeptidyl peptidase II and IV  a      Intestinal    Gawlicka et al.  (1995)   

  Lactase  a      Intestinal    Gawlicka et al.  (1995)   

  Lactate dehydrogenase    Metabolic    Clarke et al.  (1992)   

  Leucine – alanine peptidase    Intestinal    Gisbert et al.  (2009)   

  Lipase    Pancreatic    Govoni et al.  (1986) ; Gisbert et al.  (2009)   

  Maltase    Intestinal    Govoni et al.  (1986) ; Gisbert et al.  (2009)   

  Nonspecifi c esterases  a      Intestinal    Gawlicka et al.  (1995)   

  Ornithine decarboxylase    Metabolic    Neyfakh et al.  (1983)   

  Pepsin    Gastric    Govoni et al.  (1986) ; Fern á ndez - D í az et al.  (2001)   

  Trypsin    Pancreatic    Govoni et al.  (1986) ; Gisbert et al.  (2009)   

   α  - Galactosidase  a      Intestinal    Gawlicka et al.  (1995)   

   β  - Galactosidase  a      Intestinal    Gawlicka et al.  (1995)   

   γ  - Glutamyl transpeptidase  a      Intestinal    Gawlicka et al.  (1995)   

    a      Used in enzyme histochemistry.   

unlabeled endogenous target (unknowns). At 
equilibrium, samples with increasing amounts 
of endogenous target have displaced some of 
the labeled synthetic tracer from the antibody, 
giving a decreased signal in the antibody -
 bound fraction. This competitive displace-
ment allows precise quantifi cation of the 
endogenous target present in the homogenate. 
In RIA formats, the tracer is radioactive, 
while in EIA format, it is an enzymatic tag. 

 A different format is the enzyme - linked 
immunosorbent assay (ELISA). There is vari-
ation in ELISA protocols but the most basic 
consists of the immobilization of the molecule 
to be measured onto a solid surface (i.e., 

microtiter plate wells), followed by a fi rst 
incubation with the specifi c primary antibody 
(specifi c for the target molecule) and a second 
incubation with a tagged antibody that latches 
on to the primary antibody. The tag in the 
second antibody is usually, as in EIA, a small 
enzyme able to produce a colored product. 
The assay is designed so that the color devel-
oped in the well is proportional to the level 
of enzyme in the sample, allowing precise 
quantifi cation. 

 Immunoassays are very sensitive and can 
detect substances in the nanogram range 
with ease. The biggest problem with immu-
noassays is that it is hard to tell whether the 



388 Feeds and Feeding

on the same principle as the ISH protocol 
described above. In the microarray approach, 
the mRNA expressed in the sample (copied 
into a labeled DNA probe) is allowed to 
hybridize with complementary test DNA 
sequences immobilized on a synthetic chip. 
The process results in a colored mosaic where 
color is present on those spots bearing 
sequences of genes actively expressed in the 
sample. The DNA chip or microarray may 
contain several hundred thousand test fea-
tures, allowing for a broader yet relative 
quantifi cation of thousands of mRNA targets 
at once. This technique is still considered an 
exploratory, discovery - based tool. However, 
microarray hybridization has been used with 
success in Atlantic halibut ( Hippoglossus hip-
poglossus ) to describe the activation of genes 
encoding several key digestive enzymes 
(Douglas et al.  2008 ), and response to dietary 
carbohydrates (Robison et al.  2008 ) and star-
vation (Drew et al.  2008 ) in zebrafi sh ( Danio 
rerio )  

  Chromatography.     More common analyti-
cal formats applied to larval studies are gas 
chromatography (GC) and high - performance 
liquid chromatography (HPLC). Also, chro-
matographic techniques are commonly used 
to purify nucleic acids and proteins during 
sample preparation steps in molecular proto-
cols and to validate immuno -  and biochemi-
cal assays, respectively. The principle of all 
chromatographic methods is based on the 
selective partition of the target biomolecule 
between a solid matrix and a mobile carrier 
substance. The carrier (gas or liquid) splits a 
complex mixture into its component mole-
cules as it fl ows through the solid matrix 
packed in a chromatographic column or 
deposited on a glass plate. The individual 
component molecules are then quantitatively 
detected at the end of the column or on the 
plate. Variations in physical parameters such 
as chemical properties of the column and 
mobile phase, temperature, pH, ionic strength, 
as well as other parameters, are used to sepa-
rate the target molecule(s) from related com-

standard, often a synthetic standard, binds 
the antibody with the same affi nity and 
dynamics as the endogenous target. Most 
authors report concentration as immunoac-
tive units instead of absolute values to cir-
cumvent this problem. In any case, valid 
experimental inferences can be drawn upon 
relative values between treatments.  

  Expression  a nalysis.     Quantitative or real -
 time polymerase chain reaction (qPCR) mea-
sures mRNA levels (gene expression) of 
proteins. The assay relies on the amplifi cation 
of mRNA targets in special PCR machines 
able to measure in real time the increase in 
PCR product (double - strand DNA). The 
speed at which DNA starts to accumulate 
over a certain threshold is directly propor-
tional to the initial amount of target mRNA, 
which can be precisely quantifi ed by compar-
ing the results with a series of standards. The 
specifi city of the assay is provided by the PCR 
primers used in the PCR amplifi cation process. 
The design of these primers and the normal-
ization and the detection system of the PCR 
product are the two most critical aspects of 
this assay (Huggett et al.  2005 ; Zhong et al. 
 2008 ). Once the assay is validated, there are 
few complications for its implementation in a 
laboratory fi tted with a real - time PCR 
machine. Samples to be used for gene expres-
sion assays must be extracted from fresh, 
RNA - stabilized, or fl ash - frozen 18  tissue 
always stored at the lowest temperature pos-
sible to prevent RNA degradation. Extreme 
care should be used for the isolation and 
reverse transcription of the RNA as this mol-
ecule is easily damaged. 

 An allied technique for the analysis of gene 
expression is microarray hybridization (Miller 
and Maclean  2008 ). This technique is based 

  18      RNA - stabilized tissues are obtained using special pre-
servative cocktails that prevent degradation of RNA mol-
ecules. Flash - freezing or quenching is usually achieved by 
immersing the cryotubes containing sample tissue in 
liquid nitrogen. 
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tion on the physiological mechanisms 
mediating the effect of the nutritional factors 
under study (Gisbert et al.  2008 ). But there 
are disadvantages as well. Main issues are 
often linked to the necessary validation of the 
different techniques and the interpretation of 
the results. Evaluation techniques and assay 
protocols are substantially more complex, 
require specialized equipment, cost more, and 
take longer to do than simple biometric mea-
sures. We will expand on these matters as we 
introduce some experimental approaches in 
this section. 

   14.3.1    Biochemical  c omposition 

   14.3.1.1     RNA / DNA   r atios 

 A widely used condition estimate in larval 
studies is the ratio of RNA to DNA. This 
condition index relies on the assumption that 
RNA content varies according to the rate of 
protein synthesis. In contrast, the amount of 
DNA in the larvae is approximately fi xed and 
depends mainly on body size. Thus, RNA/
DNA ratios can be used to estimate the rela-
tive activation of new protein synthesis that 
in turn is correlated with recent growth rate 
(Buckley et al.  2008 ). RNA/protein or RNA/
DW are related indices where protein or DW 
instead of DNA provides the necessary scaling 
for the size of the sample analyzed (Chicharo 
and Chicharo  2008 ). Although there are 
known ontogenetical changes in RNA/DNA 
ratios during early development, it is gener-
ally accepted that, under favorable growth 
conditions, the ratios will be high and, 
conversely, low in larvae growing under 
unfavorable environmental or nutritional 
conditions. 

 There are numerous assay protocols and, 
with proper validation, all are equally suit-
able and provide the required sensitivity to 
work with small - sized samples (Buckley et al. 
 1999 ). Nucleic acids can be determined in 
solution directly using UV spectrophotometers. 

pounds. A well - designed protocol will provide 
information over the entire chromatographic 
elution, which can cover a wide range of 
related compounds, with great sensitivity and 
accuracy (Abdulkadir and Tsuchiya  2008 ; 
Lund et al.  2008 )    

   14.2.2.3    Behavioral  f eatures 

 Larval feeding behavior relies on coordinated 
sensorial input (visual and postural percep-
tion), chemoreception, motor ability, and 
neural integration. Development and integra-
tion of natural behaviors requires the pres-
ence of structures and refl exes that, like any 
other organ or metabolic pathway, may be 
affected by nutritional manipulations. For 
example, maturation of the brain is shown to 
be affected by manipulations of highly unsat-
urated fatty acids (HUFA) levels (see Chapter 
 2 ). Thus, behavioral metrics (i.e., swimming 
speed, startle response, aggression, schooling, 
omega [ Ω ] posture, hunting) are used to 
assess performance, although there are very 
few larval nutritional studies that have used 
them (Masuda and Tsukamoto  1999 ; 
Nakayama et al.  2003 ). Instead, it seems 
common in larval studies to estimate perfor-
mance through end point outcomes of behav-
ioral skills such as feeding rates (Y ú fera and 
Darias  2007 ) and percentage of settled meta-
morphosing larvae (Gavlik et al.  2002 ).    

   14.3    Indirect  g rowth  a ssessment: 
 c ondition  a nalysis 

 It is important to note that indirect growth 
assessment does not rely on a measure of size 
change over time. In many cases, this reduces 
the need for long growth trials and sampling 
can be reduced to a single event, limiting the 
size of experiments and reducing the use of 
experimental subjects. 

 Cellular and biochemical correlates of 
growth often produce more direct cause –
 effect relationships as they provide informa-
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   14.3.1.2    Cell  c ycle  a nalysis 

 Cell division rates have been proposed as a 
sensitive method to estimate growth rate in 
larvae (Theilacker and Shen  1993 ). The ratio-
nale behind this novel approach is based on 
the assumption that growth rate during the 
larval stage is mainly driven by increases in 
cell counts. Thus, fast - growing larvae will 
have a larger proportion of cells undergoing 
the DNA duplication cycle (S phase) 21  than 
larvae growing at a slower rate. The propor-
tion of dividing and nondividing cells within 
larval fi sh tissues can be precisely estimated 
using fl ow cytometric analysis (FCA). This is 
a very sensitive analysis mainly used in bio-
medical research, but it is also used in plank-
ton research, where it is a quick alternative to 
manual count of phytoplankton cells in water 
samples. FCA measures the amount of fl uo-
rescence emitted by individual cells or nuclei. 
The assay requires the suspension of indi-
vidual cells in a liquid medium and the use of 
fl uorescent DNA dyes. During the analysis, a 
laser beam scans individual cells, inducing a 
fl uorescent signal, which is proportional to 
DNA content in the nucleus. These individual 
readings are then used to assign the position 
of each scanned cell in the cell cycle. From 
this raw output, it is fi nally possible to obtain 
a fractional index providing a relative measure 
of cell division activity. Overall, the few 
studies using this approach suggest a valid 
approach that can be tailored to different 
tissues and suggesting FCA may be suitable 
as an indicator of growth and condition in 
fi sh larvae (Bromhead et al.  2000 ; Theilacker 
and Shen  2001 ; Gonz á lez - Quir ó s et al.  2007 ). 
A great advantage of this method is its speed 
and relatively simple sample processing; 
however, there are considerable costs associ-
ated with the FCA equipment, which is often 
only available at core facilities in large bio-
medical research centers.  

The analytical procedure is very simple and 
consists of a series of purifi cation steps 
and chemical hydrolyzation of RNA fi rst and 
later DNA. After the separation, RNA and 
DNA are measured from the absorbance of 
the corresponding fractions at 260   nm. 
Protocols based on UV absorbance require 
relatively large amounts of tissue homoge-
nates, which is often a problem when working 
with larval fi sh. 

 More sensitive alternatives use fl uorescent 
dyes that specifi cally bind nucleic acids. 
Fluorometric assays can provide a valid 
measure from as little as 10    μ g DW, making 
possible determinations in a single larva (e.g., 
Clemmesen et al.  2003 ). The dye, typically 
ethidium bromide (EB), 19  is added to provide 
a fl uorescent reading of total nucleic acids 
(RNA    +    DNA). After the RNA is eliminated 
with a ribonuclease 20  treatment, the fl uores-
cence in the sample is read once more; this 
fl uorescence is assumed to be produced by the 
DNA exclusively (this assumption always 
must be verifi ed). RNA fl uorescence is fi nally 
calculated from the difference between the 
fi rst and the second reading. Due to the 
extreme sensitivity of fl uorometric measure-
ments, a complete validation of new assays is 
necessary, including tests to estimate recovery 
of nucleic acids and saturation or fl uores-
cence quenching. Recent miniaturization and 
use of fl uorescence - based microplate readers 
makes possible the implementation of very 
sensitive and high - throughput protocols. 
Also, the wider use of these fl uorometric pro-
cedures in other molecular techniques has 
increased choice of fl uorescent dyes with 
increased specifi city (Mcginty et al.  2008 ) and 
made reagents and consumables more 
affordable.  

  20      Ribonucleases are enzymes that specifi cally degrade 
RNA molecules and have no effect on DNA molecules. 

  19      EB is a carcinogenic substance. Liquid waste and con-
taminated labware should be handled and disposed of in 
accordance with local hazardous waste regulations.   21      S phase, or  “ synthesis ”  phase, in the cell cycle is the 

period where the chromosomes duplicate in preparation 
for the fi nal cell division into two daughter cells. 



Methods for assessing embryonic and larval growth in fi sh 391

are limited to activity and growth (see details 
in Chapter  8 ). Formally, energetic budgets 
during the larval phase can be simplifi ed in 
the equation

   SFG ( ),= − +A R U  

where  A  is the energy ingested,  R  is the energy 
respired during routine metabolism, and  U  is 
the energy excreted. This model is an over-
simplifi cation, but it provides a reasonable 
approximation to the allocation of energy in 
larval fi sh. Growth is only possible in circum-
stances where there is a positive net gain of 
energy; that is, energy gains are greater than 
energy expenditures. 

 There are a number of methodological 
procedures to estimate parameters  A  and  U . 
In most cases, they are no different from the 
calculation of energy content of larvae intro-
duced earlier. Also, nitrogen assay (Dabrowski 
 1986 ) or tracer methods (radiotracers and 
rare earth oxides) are used to estimate both 
ingestion and excretion terms (Chapter  13 ; 
Concei ç  ã o et al.  2007 ). 

 The term  R  is the energetic cost of all 
routine metabolic activities. Under aerobic 
conditions, metabolism can be approximated 
by measuring respiration rates in resting 
larvae. This is measured in purposely built 
sealed respiration chambers (respirometers) 
fi tted with oxygen - sensing microelectrodes or 
sample extraction ports for oxygen determi-
nations outside the respiration chamber. 
Oxygen consumption rates are expressed 
relative to weight and are directly translated 
into energy equivalents per unit of time (see 
references in Chapter  8 ). Alternatively, the 
energy equivalent of all routine physiological 
work can be measured from the total heat 
output produced by the resting larvae in a 
microcalorimeter (Finn et al.  1996 ; McCollum 
et al.  2006 ). This second approach directly 
measures total metabolic cost (aerobic and 
anaerobic) in energy units. 

 SFG determinations have been widely used 
in ecophysiological and pollution studies but 

   14.3.1.3    Lipid  r atios 

 Lipids are extremely important dietary ele-
ments for normal development and growth of 
fi sh larvae, having a dual role as energy 
reserves and structural components of cell 
membranes (Rainuzzo et al.  1997 ; Morais 
et al.  2007 ; Cahu et al.  2009 ; see also Chapters 
 2  and  5 ). Triacylglycerol, for example, is an 
energy storage component deposited under 
favorable growth conditions. Other lipid 
classes such as cholesterol or polar lipids are 
essential cell membrane constituents, and 
thus would be expected to correlate closely 
with larval size and be less dependent on 
nutritional or physiological status. Ratios of 
triacylglycerol to polar lipids, cholesterol, or 
DW have been used in ecological studies as 
an indicator of recent nutrition and growth 
of fi sh larvae (Fraser et al.  1987 ; Hakanson 
 1989 ; Lochmann et al.  1996 ). These indices, 
however, may not be as sensitive as other 
measures of condition (Suthers et al.  1992 ) 
probably due to the tight energy budgets and 
limited energy reserves of fast - growing larvae.   

   14.3.2    Physiological  e nergetics 

 We have just seen in the previous section that 
individuals with more energy reserves are 
likely to sustain further growth. Biochemical 
composition and derived energy content can 
and has been used to infer condition in nutri-
tional bioassays. Further elaboration of this 
general idea into energy budgets has been 
used to compare growth physiology in fi sh 
larvae (Finn et al.  1996 ; Kamler  2008 ) and to 
study the effect of toxicants in small inverte-
brates (Maltby et al.  1990 ; De Coen and 
Janssen  1997 ). 

   14.3.2.1    Scope for  g rowth ( SFG ) 

 SFG is the free energy available to an organ-
ism to perform vital activities, which in the 
larval period with no reproductive investment 
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   14.4    The  z ebrafi sh: a  m odel 
 o rganism to  s tudy  fi  sh  n utrition 

 In recent years, the zebrafi sh has become one 
of the most important genetic model organ-
isms in biology. The transfer of knowledge 
and technologies from this species could be of 
great benefi t when trying to understand 
shared processes in other fi sh species, includ-
ing fi sh nutrition as well as, for example, 
assisting in the development of improved 
feeds or feeding regimes. This could happen 
in two ways: First, techniques, tools, and pro-
tocols developed for use with model organ-
isms may be adapted for use with related 
species; second, knowledge gained from 
research on zebrafi sh may be transferred to 
species that are more diffi cult to study 
experimentally. 

 While the majority of studies employing 
zebrafi sh still focus on embryonic develop-
ment, it is becoming apparent that this species 
also holds great potential to investigate other 
fi elds, including cell biology (Beis and Stainier 
 2006 ), genomics (Chen and Ekker  2004 ; 
Postlethwait  2007 ), evolution (Metscher and 
Ahlberg  1999 ; Schilling and Webb  2007 ), and 
physiology (Briggs  2002 ). 

   14.4.1    Development and  a natomy 
of the  i ntestinal  t ract 

 The development and morphology of the 
intestinal tract (Wallace and Pack  2003 ; Ng 
et al.  2005 ; Wallace et al.  2005a ) and its 
accessory organs (Field et al.  2003a, 2003b ; 
Ober et al.  2003 ) in zebrafi sh has been 
described in great detail. As with other aspects 
of embryonic and early larval development, it 
occurs comparatively rapidly in the zebrafi sh 
(Table  14.2 ; Chapter  1 ).   

 A caveat when working with the zebrafi sh 
as a model organism for studies focusing on 
the digestive system is that it, like other cyp-
rinids but unlike most other teleost fi sh, does 
not have a true stomach (Harder  1975 ; 

only occasionally in nutritional studies. 
Practical diffi culties in estimating the different 
terms of the energy budgets, especially in the 
case of larvae, are the limited access to spe-
cialized equipment and elevated costs. These 
issues may limit the application of SFG in 
larval fi sh studies.  

   14.3.2.2    Cellular  e nergy 
 a llocation ( CEA ) 

 An alternative approach to growth assess-
ment using physiological energetics is the 
CEA assay. The rationale behind CEA is 
much simpler than that of the SFG, as is the 
analysis protocol. The CEA assay uses the 
total energy available in the larval tissue ( E  a ) 
and energy consumption rates ( E  c ) to provide 
an indicator of metabolic condition. The  E  a  
term is measured indirectly from the proxi-
mate composition of the larvae, while  E  c  is 
estimated  in vitro  by measuring the electron 
transport system (ETS) activity. The ETS 
assay provides cellular consumption of 
oxygen as measure of metabolic intensity, 
avoiding labor - intensive respiration rate 
determinations. Oxygen consumption is 
fi nally transformed into the energetic equiva-
lent resulting from the complete oxidation of 
an average lipid, protein, and carbohydrate 
mixture. CEA has been expressed as a ratio 
( E  a / E  c ) or energy budget ( E  a     –     E  c ). In any 
case, the CEA is analogous to a measure of 
standard metabolic rate where the necessary 
size standardization is provided by the 
biomass of the larvae expressed in energy 
equivalents. 

 The CEA approach has been developed 
and applied in toxicological studies of aquatic 
invertebrates (De Coen and Janssen  1997 ) 
but has only been anecdotically used in fi sh 
(Pfeiler and Govoni  1993 ; Rueda - Jasso et al. 
 2004 ). The little evidence available suggests 
that CEA may represent a cost - effective 
method to derive simplifi ed energy budgets of 
interest for comparative purposes in larval 
nutrition.    
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3 days postfertilization (dpf), with a more 
regular pattern developing at 4   dpf (Holmberg 
et al.  2003 ), prior to the onset of feeding on 
exogenous food. Over the next 3 days, the 
pattern of contractions becomes more coor-
dinated, with both antero -  and retrograde 
peristaltic contraction waves occurring along 
the intestine, accompanied by local rectal 
contractions (Holmberg et al.  2003 ). Due to 
the transparency and small size of zebrafi sh 
larvae at these stages, the spatiotemporal pat-
terns of these contractions can be observed 
with ease and the effects of different pharma-
cological treatments, feeds, or other condi-
tions can be assessed and quantifi ed 
(Berghmans et al.  2008 ).  

Rombout et al.  1984 ). This could limit the 
transferability of some results obtained with 
this species to noncyprinid species. It is, 
however, worth noting that the larvae of most 
teleosts also do not have a stomach, suggest-
ing that the digestive system in zebrafi sh larva 
may be very similar to that of noncyprinid 
teleosts. The enzymes typically found in ver-
tebrate stomachs do, however, likely exist in 
the zebrafi sh irrespective of the anatomy of 
its intestinal tract (Kurokawa et al.  2005 ). It 
should also be pointed out that the zebrafi sh 
intestinal tract also appears to lack Paneth 
cells (Ng et al.  2005 ). 

 The fi rst sporadic activity of the larval 
zebrafi sh intestine can be observed as early as 

  Table 14.2    Developmental sequence during digestive tract formation in zebrafi sh embryo and larvae. 

   Developmental event     Time (dpf)  

  Endodermal precursor cells aggregate in a solid band along the embryo ’ s midline from 
near the prospective mouth cavity to the future anus site  

  1 (26 hours)  

  Formation of a bilayer, which gradually develops into the intestinal lumen    2 (45 – 50 hours)  

  Accessory organs, liver and pancreas, begin to form      

  Enteric neurons and smooth muscle cells colonize the future intestinal tract      

  Intestinal tract appears as one continuous lumen; enteroendocrine cells appear    3 – 4  

  Cells lining the lumen form a polarized (apicobasal) epithelial monolayer      

  Mouth opens    4  

  Epithelial lining of the intestinal bulb begins to form folds; mucus - secreting goblet cells 
and enterocytes in the midintestine develop  

    

  Anus opens      

  Intestine shows three distinct compartments (intestinal bulb, midintestine, and posterior 
intestine)  

    

  Larval intestine colonized by microorganisms (Bates et al.  2006 )      

  Alimentary canal subdivided (from rostral to caudal) into (1) the mouth cavity and 
pharynx, (2) the esophagus, (3) the intestinal bulb, (4) the midintestine, and (5) the 
posterior intestine with the anal opening (Field et al.  2003a ; Ng et al.  2005 )  

  5  

  Yolk supply exhausted; start feeding on exotrophic sources      

  Midintestinal epithelium begins to fold    8  

  Posterior intestinal epithelium begins to fold; cell proliferation restricted to the bases of 
the folds  

  12  

  Goblet cells present throughout the intestine, albeit signifi cantly less abundant in the 
intestinal bulb, while enterocytes remain confi ned to the midintestine; digestive tract 
fully differentiated  

  14  

   dpf    =    days postfertilization.   
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 Although such studies are possible in other 
species, the degree of knowledge of the zebra-
fi sh genome and developmental pathways 
allows detailed mechanistic assessments of 
digestive and absorptive processes. Therefore, 
in the context of this book, the greatest poten-
tial of the zebrafi sh lies in the possibility of 
employing assays to investigate the molecular 
networks controlling development and func-
tion of the gastrointestinal tract and its acces-
sory organs. This possibility has been 
exploited in mutagenesis screens that resulted 
in the identifi cation of mutant zebrafi sh lines 
with phenotypes in various organs of the gas-
trointestinal tract (Chen et al.  1996 ; Pack 
et al.  1996 ; Stainier et al.  1996 ; Mohideen et al. 
 2003 ). Subsequent studies on these mutants 
have since yielded novel insights into gut 
development, identifying genes with essential 
or important functions in the formation and 
function of the digestive system in zebrafi sh 
(e.g., Mayer and Fishman  2003 ; Wallace et al. 
 2005b ; Ober et al.  2006 ). Further, zebrafi sh 
mutant lines have been used to study the 
embryonic development, physiology, or pre-
disposition to disease (Amsterdam and 
Hopkins  2006 ; Lieschke and Currie  2007 ), 
and  in vivo  effects of specifi c compounds, 
such as drugs or environmental toxins 
(Rubinstein  2006 ; Berger and Currie  2007 ; 
Barros et al.  2008 ; Crawford et al.  2008 ; 
Scholz et al.  2008 ). For example, Berghmans 
et al.  (2008)  used mutagenesis screens in a 
small - scale pilot study to screen compounds 
for their effects in a gut contraction assay.  

   14.4.3    Methods to  s tudy 
 g ene  f unction 

 The past two decades have seen a rapid 
expansion of the resources, protocols, and 
tools available to genetically manipulate and 
analyze the zebrafi sh (Anderson and Ingham 
 2003 ; Dahm et al.  2005 ; Dahm and Geisler 
 2006 ). These have opened up entirely new 

   14.4.2    Advantages for 
 e xperimental  a pproaches 

 The zebrafi sh is a relatively robust species 
that can be kept and bred with minimal effort 
and cost (Brand et al.  2002 ). When kept 
under laboratory conditions, zebrafi sh reach 
sexual maturity after 2 – 3 months, spawn 
throughout the year (with one female capable 
of producing approximately 200 eggs per 
week), and have a life expectancy of up to 4 
years. Furthermore, their small size and social 
behavior allows large numbers of zebrafi sh to 
be kept in limited spaces. 

 Like many other larval fi sh, the zebrafi sh 
is largely translucent. This allows the obser-
vation of both the formation and function of 
internal organs, including the entire gastroin-
testinal tract with its associated organs. 
   

   Fluorescently tagged or quenched phos-
pholipids and cholesterol analogues were 
used (1) to assess lipid absorption in the 
intestinal tract of larval zebrafi sh, (2) to 
visualize phospholipase A2 (PLA2) activity 
with subcellular resolution, and (3) to 
identify mutants with impaired lipid 
uptake and metabolism (Farber et al. 
 2001 ). In this study, one of the reporter 
molecules used (PED6) was labeled with a 
fl uorescent BODIPY conjugate attached 
next to the PLA2 cleavage site. Enzymatic 
cleavage by PLA2 changed the fl uores-
cence of the reporter from orange to green. 
When swallowed by the larvae, the reporter 
fi rst labeled the pharynx (in orange), was 
metabolized (i.e., the fl uorescence switched 
to green), and subsequently labeled the 
hepatobiliary system before being secreted 
into the gallbladder, from where it moved 
to the intestinal lumen. This example dem-
onstrates the ease with which relatively 
complex physiological processes can be 
monitored in zebrafi sh larvae in real time. 
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morpholinos, a technique that uses short, 
chemically modifi ed sequence - specifi c anti-
sense oligonucleotides to block the transla-
tion of endogenous mRNA transcripts. This 
method allows obtaining phenotypes for spe-
cifi c genes very rapidly (within a few hours 
to days) and characterizing a gene ’ s functions 
in an organismic context (Nasevicius and 
Ekker  2000 ; reviewed in Dahm and Geisler 
 2006 ). Furthermore, with TILLING (from 
targeting induced local lesions in genomes), 
protocols can readily be adapted to other 
species in order to identify individuals with 
a mutation in a gene of interest. Similarly, 
given suffi cient information on the sequence 
of the genes to be targeted, it may be possible 
to adapt a morpholino - based knockdown 
approach to a wider range of fi sh species. 
These approaches will greatly facilitate the 
identifi cation of new genes as well as the 
characterization of the functions of known 
genes, and thus enhance our understanding 
of the development and function of specifi c 
organs in fi sh. 

 Finally, the generation of transgenic 
animals and the use of reporter gene systems 
is another important means of studying the 
functions and responses of genes  in vivo  and 
under different conditions as well as to gener-
ate individuals with new properties. Several 
methods have been established to introduce 
transgenes into zebrafi sh, several of which 
ensure the stable expression of transgenes 
over many subsequent generations or allow 
the expression to be switched on or off at 
specifi c time points. 

 As more genomic resources are being gen-
erated for aquaculture fi sh species, the inter-
action between the zebrafi sh and other fi sh 
research communities is likely to become 
more productive. In particular, research on 
nutrition and growth as well as stress and 
disease resistance in the zebrafi sh is expected 
to produce information of relevance to aqua-
culture fi sh, for instance, by allowing the 
development of formulated feeds.  

approaches to study various aspects as well 
as anabolic processes, such as muscle and fat 
tissue biogenesis, in fi sh. 

 The zebrafi sh is ideally suited to study the 
functions of genes in fi sh as it is genetically 
more tractable than most, if not all, fi sh 
species of interest to aquaculture. For one, 
its genome has been sequenced and is being 
annotated (www.ensembl.org/Danio_rerio/
Info/Index) and there are several high -
 resolution genetic, physical, and radiation 
hybrid maps of the zebrafi sh genome 
(reviewed in Dahm et al.  2005 ). These greatly 
facilitate identifying loci associated with spe-
cifi c traits to be used in, for example, marker -
 assisted breeding programs to optimize 
growth performance. 

 A number of resources to analyze gene 
expression on a near genome - wide scale have 
been generated (reviewed in Dahm and Geisler 
 2006 ). These include large libraries of 
sequenced expressed sequence tags (ESTs) 
and full - length mRNAs that are used to gen-
erate microarrays for gene expression profi l-
ing. Moreover, commercial microarrays for 
mRNA expression analyses are now becom-
ing available for zebrafi sh. In addition to 
these resources, several protocols to effi ciently 
disrupt or inactivate genes in the zebrafi sh or 
to monitor their expression  in vivo  have been 
established (Dahm and Geisler  2006 ). The 
more recent development of mutagenesis 
strategies relying on gene disruption with 
viruses or transposable elements greatly accel-
erates the identifi cation of mutated loci in 
forward genetic approaches (Amsterdam and 
Hopkins  2006 ). For a list of published 
mutants with brief phenotypic descriptions 
and, where available, molecular characteriza-
tions, see Frohnhoeffer  (2002)  or refer to the 
searchable zebrafi sh mutant database at 
www.zfi n.org. 

 More recently, reverse genetics techniques 
that prevent the expression of specifi c 
genes have also been established in zebrafi sh. 
These include the knockdown of genes with 
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docrine cells, indicating that the intestinal 
microfl ora plays a crucial role in the develop-
ment of the intestinal tract, including cell fate 
specifi cation, in zebrafi sh. In addition to these 
molecular differences, the intestines of zebra-
fi sh lacking intestinal microorganisms also 
displayed increased contractile movements and 
reduced ability to take up protein macromole-
cules (Bates et al.  2006 ). Interestingly, these phe-
notypes could be reversed by exposure of the 
larvae to the appropriate microfl ora. 
    

   14.4.4    Methods to  s tudy  e ffects 
of  i ntestinal  m icroorganisms on 
 l arval  g ut 

 Next to the genes and other intrinsic factors 
that regulate development, morphology, and 
physiology of the intestinal tract, its function 
is also modulated by the microorganisms that 
colonize it. Importantly, microbes not only 
interact with the substances passing through 
the alimentary tract, for instance, making 
nutrients more readily available to the animal 
host, they also infl uence a number of other 
processes, from the proliferation and differen-
tiation of epithelial cells and the integrity of 
the mucosal barrier to modulating the enteric 
nervous system, the immune system, and intes-
tinal angiogenesis (for references, please see 
Rawls et al.  2004 ; Bates et al.  2006 ). The 
intestinal microbial fl ora thus plays a crucial 
and manifold role in the normal functioning 
of the digestive system. Surprisingly, however, 
large aspects of the changes that microbes elicit 
in their host, and the molecular mechanisms 
mediating these changes, are still unknown. 

 In this context, the recent generation of 
germ - free (gnotobiotic) zebrafi sh is of interest 
(Rawls et al.  2004 ; Bates et al.  2006 ). When 
the patterns of gene expression in these fi sh 
were analyzed with microarrays, 212 genes 
were found to be regulated by the presence of 
gut microbes (Rawls et al.  2004 ). These com-
prised genes involved in stimulating the prolif-
eration of epithelial cells, in promoting the 
metabolism of nutrients, and in innate immune 
responses. The importance of the gut ’ s bacte-
rial fl ora for intestinal development and 
homeostasis as well as for fi sh nutrition can 
therefore be studied and manipulated experi-
mentally in zebrafi sh. 

 Bates et al.  (2006)  found that the intestinal 
fl ora was required for normal differentiation 
of the gut ’ s epithelium as evidenced, for 
instance, by the absence of alkaline phospha-
tase activity in the intestinal brush border, 
immature glycoconjugate expression patterns, 
and reduced numbers of goblet and enteroen-

    Feeding protocols for larval and juvenile 
zebrafi sh in use in research laboratories  

 The protocols for the feeding of larval 
zebrafi sh kept under laboratory conditions 
are generally based on empirical practices 
developed by trial and error, not rational 
design. Briefl y, during the fi rst 4 – 5 days of 
development (5   dpf), zebrafi sh larvae are 
not fed but live on their supply of yolk. 
Starting at 5   dpf and until 10   dpf, the larvae 
are fed with fi nely ground powdered fi sh 
food, which is sprinkled onto the water 
surface once per day. Alternatively, some 
laboratories feed larvae during this period 
with live paramecia, which are raised in a 
mung bean culture. Following this period 
and until 15   dpf, the feed is gradually 
switched to live, freshly hatched  Artemia  
(brine shrimp), which are provided three 
times per day. After 15   dpf, older  Artemia  
(2 – 3 days) may be used to feed the larvae 
twice per day. This feeding regime is main-
tained until the zebrafi sh have reached 
adulthood (after approximately 2 – 4 
months). At this stage, zebrafi sh can be fed 
with commercially available fl ake food 
supplemented with live or frozen  Artemia  
twice per day. A number of laboratories 
also use the larvae of the fruit fl y  Drosophila 
melanogaster , a widely used model organ-
ism, to supplement the feed of adult zebraf-
ish. See  The Zebrafi sh Book  (www.zfi n.org) 
or Brand et al.  (2002) . 
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   14.4.5    Concluding  r emarks 

 The potential of the zebrafi sh as a model 
organism to study aspects of fi sh nutrition, 
both in larvae and in adult individuals, has 
only been poorly exploited to date. Given 
its embryological advantages, the large 
number of mutants, and the genetic and 
genomic tools available, the zebrafi sh is 
ideally suited to study a number of different 
aspects of the biology of the gastrointestinal 
tract, especially on the molecular level. 
Zebrafi sh larvae could also serve as models to 
rapidly and cost - effi ciently screen a large 
number of feed parameters and feeding pro-
tocols, and to evaluate their effects on fi sh 
growth and health. 

 Conversely, the zebrafi sh community 
would benefi t from the development of better 
formulated and/or standardized feeds that 
would increase the success of raising zebrafi sh 
and would allow fi sh to be raised and kept 
under standardized conditions, respectively. 
Improved formulated feeds for zebrafi sh 
would greatly ease the workload and cost 
associated with maintaining healthy zebrafi sh 
colonies. This is particularly important for 
larval stages between developmental days 5 
and 10, which are too small to feed on live 
 Artemia . It might also be helpful in raising 
those mutant strains with notoriously low 
survival rates during the larval and juvenile 
periods to adulthood. The latter would facili-
tate analyses of developmental and physiolog-
ical parameters that are infl uenced by 
variations in essential nutrients throughout 
larval development, and also at later stages of 
juvenile development and right through 
reproduction.   
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locomotory activity and yolk 

absorption in, 205
nutritional effects on muscle 

development in, 231–232
taste and feeding in, 288
transaminase activities in, 93
utilization of lipids in, 197
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mason), vitamin K and, 
125

Amago salmon (Oncorhynchus 
rhodurus), vitamin D 
defi ciency in, 122

Ambicoloration, 235, 236
American perch (Perca fl avescens), 

vitamin E and, 165
Amictic eggs, 314
Amiiformes, 187
Amino acid oxidation, 94
Amino acid requirements, 

159–160
Amino acids (AA). See also Free 
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profi les as indicators of, 
98–100, 99, 100

for uses other than growth, 
102–103
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Artemia in, 317–322, 319, 322
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of rotifers, 312–317, 313
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eicosapentaenoic acid and, 61
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stress modulation and, 51–53
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selection in, 291–292
Archosargus rhomboidalis
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Arctic char, dietary lipids in, 64
Arginine, 93, 95, 97, 98, 99, 103, 
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Arisoma balaericum, 205
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specifi c loss rate of nutrients in, 
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Artemia spp.
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Artemia production, 320
cultivation methods, 320
enrichment and nutritional 
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feeding and ingestion, 
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general biology of Artemia, 
318–320

morphology and life cycle, 
318–319, 319

bombesin and, 270
carotenoids in, 226
daily consumption of, 295
dietary supply of amino acids 

in, 103
digestive processing and, 91
enriching with essential fatty 

acids, 63
essential fatty acid content of, 

55
feeding behavior of larvae and, 

297
intestine of, 13
in larviculture, 353
mineral content of, 119, 228
nutrient composition of, 118
overconsumption of, 266
phospholipids and, 66
as protein source, 84
TCDD in, 228
thiamine in, 127
use of, 24
vitamin A and, 121–122
vitamin B12 in, 131
vitamin levels in, 118, 118–119
for zebrafi sh, 396

Artifacts, possibility for in growth 
assessment, 376–377

ASA. See Acetylsalicylic acid 
(ASA)

L-Ascorbate-2-polyphosphate, 119
Ascorbic acid (AA). See Vitamin C 

(ascorbic acid)
Ash, in microdiets, 359
Ash-free dry weight (AFDW), 380
Asian sea bass (Lates calcarifer), 

amino acid requirements, 
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Asparagine, 97
Aspartic acid, 97
Aspartic protease-cathepsin D 

(Ctsd), 195
Astaxanthins, 167

in copepods, 327
in microparticles, 343

Asynchronous ovarian 
development, 154

Atlantic cod (Gadus morhua)
aquaculture of, 249
arachidonic acid requirement in, 

60
best dietary essential fatty acid 

contents, 56
bile salt-activated lipase in, 27
bombesin in, 270
carbohydrates in eggs of, 194
chemical composition of eggs, 

193
cross-linked, protein-walled 

capsules and, 342
crypts in, 14
dietary carbohydrate and, 163
dietary fat and, 161
duration of mixed feeding in, 

206
energy source for gonadal 

development, 158
enterocyte maturation in, 223
exocrine pancreas of, 22
feed intake and fecundity of, 

159
foraging ability and diet of, 297
free amino acids in eggs of, 192
free amino acid utilization in, 

196
ghrelin in, 275
glycogen storage in, 221
goblet cells in, 14
illumination and feeding in, 295
lack of periblast in, 190
larval liver, 222
lipid content in eggs of, 194
liver function in yolk utilization 

in, 199
liver of, 21
metabolic scaling relationships 

in, 253
minerals and skeletal 

development in, 228
muscle fi ber types in, 229
nutritional effects on muscle 

development in, 231–232
peptidases in, 86–87
phospholipids in, 65
power performance curves of, 

252
protein absorption in, 89, 89
Pv domains in, 185
PYY/PY in, 275
specifi c dynamic action of, 254

stress and standard growth rate 
in, 259

stress response in, 51
suboptimal growth and 

development in, 250
swimming capacity and feeding 

in, 289
temperature and yolk utilization 

in, 204
trypsin-like activity in, 86
vision and feeding in, 287
vitamin E and, 165
vitamin levels in ovaries of 

broodstock, 164
yolk absorption rate of, 202

Atlantic halibut (Hippoglossus 
hippoglossus)

aquaculture of, 249
Artemia for, 320
best dietary essential fatty acid 

contents, 56
cholecystokinin in, 273
dietary arachidonic acid and, 

162
dietary nitrogen in, 90, 91
dietary ratios between essential 

fatty acids in, 62
docosahexaenoic acid and, 48, 

57
dry matter in eggs of, 192
eicosanoid synthesis in, 50
enteric nervous system in, 269
enteroendocrine cells in, 15
EPA/ARA ratio in, 327
exocrine pancreas of, 22
eye migration in, 226
feeding incidence in, 291
folate in, 130
free amino acids in eggs of, 192
ghrelin in, 275
gut transit time in, 92–93
lack of periblast in, 190
lipid content of eggs of, 194
liver function in yolk utilization 

in, 199
liver of, 21
metabolic scaling relationships 

in, 253
microarray hybridization used 

in, 388
mixed feeding and, 209
nucleotides and, 168
peptidases in, 86–87
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Atlantic halibut (Hippoglossus 
hippoglossus) (Cont.)

phospholipids in, 65
pigmentation in, 50, 236
prey selection in, 292
Pv domains in, 185
pyridoxine in, 128
salinity and yolk absorption in, 

205
stomach of, 19
uptake of free amino acids, 206
utilization of free amino acids 

in, 196
utilization of lipids in, 197–198
vision in, 287
vitamin A and, 122, 132
vitamin E and, 124
yolk absorption rate of, 202
yolk in, 186

Atlantic herring (Clupea harengus)
amino acid bioavailability in, 

101
amino acid catabolism in, 

94–95
cephalic phase of digestion in, 

267
cholecystokinin in, 272, 273
dietary lipids in, 64
docosahexaenoic acid defi ciency 

in, 297
feed intake and fecundity of, 

159
lipid content in eggs of, 194
olfaction and feeding in, 288
phospholipids in, 65
trypsin in, 86
trypsinogen in, 25, 86
yolk consumption in, 201

Atlantic mackerel (Scomber 
scombrus)

metabolic scaling relationships 
in, 253

temperature and yolk utilization 
in, 203

Atlantic menhaden (Brevoortia 
tyrannus), oil globules in, 
198

Atlantic salmon (Salmo salar)
amino acid-defi cient diet and, 

132, 132
Cayuga syndrome in, 127
chemical composition of eggs, 

193

cholecystokinin in, 273
feed intake and gonadal 

maturation of, 158
folate in, 130
listed as endangered species, 

249
mineral supplementation in, 

167
oil globules in, 198
oxygen saturation and yolk 

absorption in, 204
peroxisome proliferator-

activated receptors in, 53
phospholipids and, 65
phosphorus and, 134
protein absorption in, 89
PYY/PY in, 275
ribofl avin in, 128
selenium and, 137
stress and growth in, 259
temperature and yolk utilization 

in, 203
thiamine and, 166
vitamin B12 and, 131
vitamin D requirements in, 

122–123
vitamin E and, 124, 165

α-Tocopherol, 123, 137
α-Tocopheryl acetate, 124
Attractants, in microparticulate 

diets, 360
Auerbach's plexus, 269
Austevoll Aquaculture Research 

Station (Norway), 357
Autacoids, 47
Avidin, 129
Ayu (Plecoglossus altivelis)

carrageenan-bound particles 
and, 337

enteroendocrine cells in, 15
intestine, 12
phospholipids and, 65, 66
phosphorus defi ciency in, 167
tryptophan and reproduction in, 

160
vitamin E and, 163–164, 165

Bacillariophceae, 311
Bairdiella icista, temperature and 

yolk utilization in, 204
Baker’s yeast, as rotifer feed, 315
BAL. See Bile salt-activated lipase 

(BAL)

Baltic cod (Gadus morhua 
callaris), feed intake and 
fecundity of, 158

Baltic herring (Clupea harengus 
pallasi), mixed feeding in, 
207–208

Bandtooth conger (Arisoma 
balaericum), leptocephalous 
larva, 205

Barfi n fl ounder (Verasper moseri)
free amino acids in eggs of, 192
lipid content in eggs of, 194
Pv domains in, 185
utilization of free amino acids 

in, 196
Barramundi (Lates calcarifer)

alginate- and zein-bound 
particles and, 337

amylase expression in, 27
cannabalism in, 293
cross-linked, protein-walled 

capsules and, 342
duration of mixed feeding in, 

207
oil globule in, 197
utilization of lipids in, 197

Barrow, Rick, 358
Basal lamina, 8, 8
Batch cultivation

of microalgae, 311
of rotifers, 314–315

Bay snook (Petenia splendida), 7
exocrine pancreas of, 22
goblet cells in, 10, 10, 14
liver of, 21
stomach of, 19

BBS. See Bombesin (BBS)
BCA. See Bicinchoninic acid 

method (BCA)
BCox, 232
Behavior, of microdiets, 359
Behavioral features, assessing, 389
Behavioral metrics, 389
β-carotene supplementation, 167
β particles, 21
Betaine, 103
Between subject variation, 376
BGP. See Bone Gla protein (BGP)
Bicarbonate, 268
Bicinchoninic acid method (BCA), 

381
Bile, 84

functions of, 22
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production of, 19
secretion of, 19, 21, 268

Bile caniculi, 19, 20, 21
Bile duct, 20
Bile salt-activated lipase (BAL), 

27–28, 29
Bile salt-dependent lipase, 221, 

268
Bile salt-dependent pancreatic 

lipase (BSDL), 64
Biliary duct, 20
Binding agents, 337
Bioavailability

amino acid, 100–102, 101
of microdiets, 364, 365

Biochemical composition
assessing, 389–391

cell cycle analysis, 390
lipid ratios, 391
RNA/DNA ratios, 389–390

of microalgae, 311, 311–312
Biochemical features, assessing, 

385–389
direct quantifi cation of 

biomolecules, 386–389
chromatography, 388–389
expression analysis, 388
immunoassay, 386–388

enzymatic activities, 386, 387
Biochemical measurement, 381
Bioenergetics, 251–253, 252, 253

compensatory growth, 257–258
energetics of growth through 

development, 253–255, 254
equation for, 251
reactive oxygen species 

production mechanism, 
258

relationships between 
temperature and growth, 
255–256

stress and, 256–260
Biological age, 383
Biomarkers, nutritional, 220–221
Biomolecules, direct quantifi cation 

of, 386–389
chromatography, 388–389
expression analysis, 388
immunosaays, 386–388

Biotin, 118, 129
Biotin defi ciency, 129
Black rockfi sh (Sebastes 

melanops), 205

Black rockfi sh (Sebastes schlegeli), 
357

Blastomere morphology, 157
Blenny fi sh (Zoarces viviparus), 

uptake of free amino acids, 
206

Bluefi n porgy (Sparidentex hasta), 
cannabalism in, 293

Bluegill sunfi sh (Lepomis 
macrochirus)

duration of mixed feeding in, 
207

yolk absorption rate of, 203
Blue slime patch disease, 129
Blue tilapia (Oreochromis aureus), 

ribofl avin in, 128
Blue tilapia (Tilapia aurea), 

pantothenic acid 
requirements in, 130

BMP4. See Bone morphogenetic 
protein 4 (BMP4)

BMPs. See Bone morphogenetic 
proteins (BMPs)

Boiun’s solution, 376
Bombasin, 25
Bomb calorimetry, 382–383
Bombesin (BBS), 267, 270
Bone

acellular, 224–225, 225
characteristics of, 224–226
chondral (substitute), 224
dermal, 224
metabolism, 225

Bonefi sh (Albula sp.), 
leptocephalous larva, 205

Bone Gla protein (BGP), 66
Bone morphogenetic protein 4 

(BMP4), 36, 58
skeletal development and, 227

Bone morphogenetic proteins 
(BMPs), 227, 233

Boron, 228
Brachionus plicatilis, 312–313, 

313
digestion in, 314
feeding, 291, 315
morphology of, 313
protein level in, 316

Brachionus rotundiformis, 
feeding, 291, 315

Brachionus spp., 312–313
essential fatty acid content of, 

55

feeding behavior of larvae and, 
297

in larviculture, 353
nutrient composition of, 118

Brachydanio rerio. See Zebrafi sh 
(Brachydanio rerio)

Bradford assay, 381
Brevoortia tyrannus, 198
Brill (Scophthalmus rhombus), 

appearance of goblet cells, 
10

Brine shrimp. See Artemia spp.
Broadcast spawners, 325
Broodstock diet

carbohydrates, 163
carotenoids, 167
criteria for egg and larval 

quality, 157
effective feeding periods for 

optimum broodstock 
performance, 157–158

effect on eggs and larvae, 
153–169

importance of adequate feed 
intake on spawning 
performance, 158–159

krill, 168–169
lipids and fatty acids, 160–163
minerals, 166–167
nucleotides, 167–168
protein and amino acid 

requirements, 159–160, 
160

reproductive biology and 
ovarian development, 154–
157, 155

soybean, 168
squid, 168
vitamins, 163–166, 164

Brown trout (Salmo trutta 
morpha fario)

duration of mixed feeding in, 
207

temperature and yolk utilization 
in, 203

ysl structure in, 188
Brush border membrane enzymes, 

mixed feeding and, 207, 209
Brycon, 293
Brycon moorei, daily ingestion in, 

296
BSDL. See Bile salt-dependent 

pancreatic lipase (BSDL)
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Buccal cavity, 8
Buccopharynx, 6
Burbot (Lota lota)

crypts in, 14
oil globules in, 198

B vitamins, 125–127. See also 
individual B vitamins

Krebs cycle and, 126

Caenorhabditis elegans, 186
Caerulin, 271
Calanoids, 322, 323, 324, 325, 

327
Calcium, 133–134, 228

in live feed, 119
in rotifers, 316

Calcium homeostasis, 133–134
vitamin D and, 122

California halibut (Paralichthys 
californicus)

esophagus of, 10
gastric glands in, 18
goblet cells in, 10, 14
intestine of, 13
liver of, 20, 21
mixed feeding and, 208
pancreas of, 20
stomach of, 18

Calorifi c value, 382
Cannibalism, 293
Canthaxanthin, 167

in copepods, 327
Capelin (Mallotus villosus), oil 

globules in, 198
Capture, of prey, 289–290
Carassius auratus. See Goldfi sh 

(Carassius auratus)
Carassius auratus gibelio, 90
Carbohydrates

delivery in microparticulate 
diets, 336–342

dietary, 163
in fi sh eggs, 191, 194
in microalgae, 312
in rotifers, 316

Carbon dioxide, microalgae 
cultivation and, 309

Carbon/nitrogen ratio, in yolk 
consumption, 201

Carboxymethylcellulose, 337
Carboxypeptidase A, 84
Carboxypeptidase B, 84
Cardiac region, of stomach, 16

Carnitine acyltransferase I, 62
Carnivorous fi sh, stomach of, 16
Carotenoids, 121

as antioxidants, 258
in live feed, 118
skeletal development and, 

226–227
spawning quality and, 167

Carp. See also Common carp 
(Cyprinus carpio)

niacin requirements in, 129
ribofl avin in, 128
vitamin requirements in, 164

Carrageenan, 337
Cartilage

characteristics of, 224–226
formation of, 224

Casein-protamine microparticles, 
340

Catabolism, amino acid, 94, 
94–95

Catadromous fi sh, 154
Catalase, 258
Catfi sh. See also African catfi sh 

(Clarias gariepinus); 
Channel catfi sh (Ictalurus 
punctatus); European 
catfi sh (Silurus glanis)

dietary protein for, 160, 160
Heteropneustes fossilis, 165
Mystus nemurus, 160, 160
South American, 19
vitamin E and, 165
vitamin requirements in, 164
yellow, 36

Cathepsin D, 155
CATK, 225
Cayuga syndrome, 127
CCK. See Cholecystokinin (CCK)
CEA. See Cellular energy 

allocation (CEA)
Cell cycle analysis, 390
Cellular energy allocation (CEA), 

392
Centropages, 324
Centropomus parallelus, best 

dietary essential fatty acid 
contents, 56

Cephalic phase, of digestion, 
266–267

CG. See Compensatory growth 
(CG)

cGMP, 49

Chaetoceros spp., 309, 325
Chalcalburnus chaloides, 

metabolic scaling 
relationships in, 253

Channel catfi sh (Ictalurus 
punctatus)

folate in, 130
glucagon-like peptide in, 276
niacin requirements in, 129
ribofl avin in, 128
selenium and, 137

Chanos chanos. See Milkfi sh 
(Chanos chanos)

Characids, 7
Chemical attractiveness, of 

microdiets, 359–360
Chemostat culture, of microalgae, 

311
Chinook salmon (Oncorhynchus 

tshawytscha)
metabolic scaling relationships 

in, 253
retinoic acid and, 232
temperature and yolk utilization 

in, 203
Chitosan, 337, 340
Chlorella sp., 314, 317, 355
Chloride cells, 135
Chlorine, 134–135

feed requirements, 119
Chlorophyceae, 311, 312
CHNS elemental analyzers, 382
Cholecystokin (CCK)-

immunoreactive cells, 272, 
272

Cholecystokinin (CCK), 222, 
271–273

microdiets and, 360
in red drum, 267
role in digestion, 25–26, 272
skeletal deformations and, 228
trypsin and, 86

Cholesterol
membrane fl uidity and, 49
pantothenic acid and synthesis 

of, 130
Chondral bone, 224
Chondral ossifi cation, 224
Chondrocytes, hypertrophic, 224
Chondrosteans, stomach of, 16
Chondrostei, 183
Chondrostoma nasus. See Nase 

(Chondrostoma nasus)
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Chromatography, 388–389
Chromatophores, 233, 235, 235
Chronic stress, 257
Chryptomonas sp., 309
Chrysophrys major. See Red sea 

bream (Pagrus major, 
Chrysophrys major)

Chum salmon (Oncorhynchus 
keta)

pyloric ceca in, 16
yolk absorption rate of, 203

Chylomicrons, 33, 54, 209
Chymotrypsin, 24, 84, 268, 387
Chymotrypsin/trypsin ratio, 

nutritional condition and, 
35

Cichlasoma dimerus, 7
Cichlasoma nigrofasciatum, 159
Cichlids

mixed feeding and, 207, 209
organogenesis of digestive 

system in, 7
variability of microvilli 

occurrence in, 190
Cionin, 271
Circular muscle fi bers, 8
Citrate synthase, 387
Cladistia, 183
Clarias gariepinus. See African 

catfi sh (Clarias 
gariepinus)

Clarius batrachus, 158
Classical gastrins, 271
Cleavage symmetry, 157
CLSM. See Confocal laser 

scanning microscopy 
(CLSM)

Clupea harengus. See Atlantic 
herring (Clupea harengus)

Clupea harengus pallasi, mixed 
feeding in, 207–208

Coacervate-walled lipid beads, 
337

Cobalamin. See Vitamin B12

Cobia (Rachycentron canadum)
appearance of goblet cells in, 11
color of microdiets for, 359
feeding incidence in, 291
gastric glands in, 19
microdiets for, 360
pyloric ceca in, 16
stomach of, 17
success of microdiets for, 369

Coelacanth (Latimeria 
chalumnae), mixed feeding 
in, 183–184

Coenzyme A, 129–130
Cofactor, vitamin C as, 131
Cofeeding, 367
Coho salmon (Oncorhynchus 

kisutch)
effective feeding period for, 158
feed intake and fecundity of, 158
folate in, 130
mineral supplementation in, 

167
thiamine and, 166

Cold-water fi shes, aquaculture of, 
249–250

Collagen, 228
Color, of microparticulate diets, 

358–359
Colorimetric protein assay 

protocols, 381
Columnar epithelium, 13, 23
Common carp (Cyprinus carpio)

best dietary essential fatty acid 
contents, 56

docosahexaenoic acid 
requirement in, 57–58, 59

lipids in egg of, 191
locomotory activity and yolk 

absorption in, 205
n-3 LCPUFA requirements in, 

55
nutritional effects on muscle 

development in, 231–232
phospholipids and, 65
protein digestibility in, 87
swimming muscle development 

in, 228
vitamin A and, 132
vitamin E and, 163–164, 165
water absorption in, 206

Common dentex (Dentex dentex)
amino acid profi le of, 99, 100
best dietary essential fatty acid 

contents in, 56
cannabalism in, 293
dietary ratios between essential 

fatty acids in, 62
docosahexaenoic acid 

requirement in, 57
goblet cells in, 14
LCPUFA requirements for, 55, 

56

liver of, 21
utilization of lipids in, 197

Common pandora (Pegellus 
erythrinus)

gastric glands in, 19
goblet cells in, 11, 14
liver of, 21
stomach of, 17
temperature and yolk utilization 

in, 203
Common sole (Solea solea)

best dietary essential fatty acid 
contents in, 56

cross-linked, protein-walled 
capsules and, 342

daily ingestion in, 296
exogenous feeding in, 210
gastric glands in, 19
goblet cells in, 10, 14
indispensable amino acids 

requirements for, 97
n-3 LCPUFA requirements for, 

55
olfaction and feeding in, 288

Common wolffi sh (Anarhichas 
lupus)

crypts in, 14
liver of, 21

Compensatory growth (CG), 
257–258

Complex microparticle, 344
Complex particles, 337
Condensed microalgae, 307
Conditionally indispensable amino 

acids, 97
Condition analysis, 389–392
Condition indices, 31–37
Confi dence intervals, 376
Confocal laser scanning 

microscopy (CLSM), 384
Consumption, measuring 

microdiet, 364–365
Continous cultivation

of microalgae, 311
of rotifers, 314–315

Copepods, 307
analysis for micronutrients, 120
in aquaculture, 322–328

copepod biology, 323
cultivation of copepods, 

323–326
enrichment and nutritional 

quality, 326, 326–328
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Copepods (Cont.)
carotenoids in, 226
iodine in, 136
minerals in, 119, 228
nutrients in, 118, 316
thiamine in, 127
vitamin A and, 121, 122
vitamin B12 in, 131
vitamin levels in, 118
vitamins E and C in, 124

Copper, 228
in live feed, 119

Coregonid (Coreogonus schinzi), 
microbound diets and, 340

Coregonids, 7
Coregonus albula, 203
Coregonus alpinus, 188
Coregonus fera, 206–207
Coregonus lavaretus, 19
Coreoperca herzi, 274
Corticosteroids, stress and, 257
Corticotrophin-releasing hormone 

(CRH), 52
Cortisol, stress response and, 

51–53
Cost-free growth, 250–251
Costs, of microdiets, 354
Cottus bairdi, 288
COX. See under Cyclooxygenase 

(COX)
Cox enzymes, 227–228
Crescent sweetlips (Plectorhynchus 

cinctus), egg quality and, 
162

CRH. See Corticotrophin-
releasing hormone (CRH)

Cross-linked protein-walled 
capsules, 337, 341, 
341–342

Crypthecodinium sp., 324
Cryptophyceae, 311
Crypts, 14

Lieberkühn, 14
Ctsd. See Aspartic protease-

cathepsin D (Ctsd)
Cubical epithelium, 17
Cultivation

of Artemia, 320
of copepods, 323–326
of microalgae, 309–310, 310
of rotifers, 314–315

Culture systems, microparticulate 
diets and, 356–357

Curimba (Prochilodus lineatus)
microvilli in, 191
ysl microvilli in, 190

Cuttlefi sh meal, 168
Cyanophores, 233, 235
Cycle zebra (Cichlasoma 

nigrofasciatum), feed intake 
and fecundity of, 159

Cyclin-dependent kinase, 387
Cyclooxygenase (COX), 161

eicosapentaenoic acid and, 60
Cyclooxygenase (COX) 

derivatives, 51
Cyclooxygenase (COX)-derived 

prostaglandins, 49
Cyclopoids, 323, 325–326
Cyclostomes, 9
Cynoglossus semilaevis, daily 

ingestion in, 296
Cynoscion nebulosus. See Spotted 

sea trout (Cynoscion 
nebulosus)

CYP1A inhibition, 168
Cyphotilapia frontosa, mixed 

feeding in, 183–184
Cyprinids, 7
Cyprinus carpio. See Common 

carp (Cyprinus carpio)
Cysteine, 97, 97–98, 99

in yolk reserves, 191
Cytochrome P-450, 387
Cytosolic enzymes, 34

DAA. See Dispensable 
(nonessential) AA (DAA)

DAGs. See Diacylglycerols 
(DAGs)

Dah groupers (Epinephelus 
coioides), 102

Danio rerio. See Zebrafi sh (Danio 
rerio)

DBP. See Vitamin D-binding 
protein (DBP)

DD. See Degree-day (DD)
Death phase, of microalgae, 310, 

310
Debaryomyces hansenii HF1, 24
Degree-day (DD), 380

effective, 380
Deiodinases, 136–137
Dentex. See Common dentex 

(Dentex dentex)
Dermal bone, 224

Detoxifi cation, liver and, 19
Development. See also Growth

assessing larval and embryonic, 
383, 383–389

behavioral features, 389
biochemical features, 

385–389
morphological features, 

384–385
energetics of growth through, 

253–256
DHA. See Docosahexaenoic acid 

(DHA)
DHA/EPA ratio, 62, 63, 67

pigmentation and, 236
DHGLA. See 

Dihomogammalinolenic 
acid (DHGLA)

α-Diacylglycerols (α-DAGs), 64
β-Diacylglycerols (β-DAGs), 64
Diacylglycerols (DAGs), 53
Diatoms, 311–312, 324
Dicentrarchus labrax. See 

European sea bass 
(Dicentrarchus labrax)

Didehydroretinol, 166
Diet. See also Live feeds; 

Microparticulate diets 
(microdiets)

maturation process and, 23–24
preference studies, 365

Dietary imbalance, in fi sh larvae, 
31–32

Dietary lipids, utilization of, 
63–66

Dietary nitrogen, molecular form 
of, 90–92, 91

Digestibility, 253–254
apparent, 365
of microdiets, 364, 365–366
of protein, 87–88
tools to determine, 363

Digestion
cephalic phase, 266–267
gastric phase, 267, 267–268
intestinal phase, 268
larval, 23
microdiets and, 355, 355–356
overview, 265–266
protein, 84–93

processes of, 85
regulation of, 265–276

bombesin, 270
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cholecystokinin, 271–273, 
272

enteric nervous system, 
268–269

gastrin, 270–271
GI regulatory molecules, 

269–276
glucagon-like peptide, 276
motilin/ghrelin, 275
pancreatic polypeptides, 

274–275
secretin/vasoactive intestinal 

polypeptide, 273–274
somatostatin, 271

in rotifers, 314
Digestive capacity, assessing, 23
Digestive enzymes, 221, 387

amylase, 26–27, 29
assessing nutritional condition 

of fi sh larvae and, 34–35
bile salt-activated lipase (BAL), 

27–28, 29
expression of, 26–31, 29
ontogeny of, 22–26
pancreatic, 222–223
pepsinogen, 29, 30–31
presence in larvae, 24
proton pumps, 29, 30–31
trypsinogen, 28, 29

Digestive system
development of, 237
mixed feeding and 

differentiation/
specialization of, 207–210

nutritional indicators of, 
220–224

intestinal enzymes and gut 
maturation, 223, 223–224

liver, 221–222, 222
nutritional biomarkers, 

220–221
pancreatic digestive enzymes, 

222–223
Digestive tract

functions of, 5
ontogeny of, 5–37

accessory digestive glands, 
19–22

assessing nutritional 
condition of fi sh larvae, 
31–37

digestive enzymes, 22–26
esophagus, 9–11

expression of digestive 
enzyme genes, 26–31

histological structure, 7–22
intestine, 11–15
organogenesis, 6–7
pyloric ceca, 15–16
stomach, 16–19

Dihomogammalinolenic acid 
(DHGLA), ARA-derived 
eicosanoids and, 49–50

Dinofl agellates, 312
Dinophyceae, 311
Dioxin, 228
Dipeptidases, 24
Dipeptide-based diet, 97
Dipeptidyl peptidase II and IV, 

387
Diplodus sargus. See White sea 

bream (Diplodus sargus)
Diplodus vulgaris, feeding in, 293
Diploid parthenogenesis, 314
Direct growth assessment, 

377–389
developmental progress, 383, 

383–389
behavioral features, 389
biochemical features, 387, 

395–389
morphological features, 

384–385
somatic growth, 377–383

energy content, 382–383
length, 377, 377–380, 379
protein content, 381–382
weight, 380–381

Discus (Symphysodon 
aequifasciata), protein 
digestibility in, 87

Dispensable (nonessential) AA 
(DAA), 93, 97, 97–98, 104

Dissolved organic material 
(DOM), 205

Ditylum brightwelli, 324
Docosahexaenoic acid (DHA), 

47–48
Artemia and, 321, 322, 322
best dietary content of, 56
copepods and, 324–325, 326, 

327
cortisol production and, 51
eicosapentaenoic acid and, 61
embryonic development and, 

161

enriching live prey with, 342
in fi sh eggs, 161, 193, 194
fi sh reproduction and, 162
growth promotion and, 48
in microalgae, 311
in microdiets, 359
neural tissue development and, 

48
pigmentation and, 236
requirements for, 55–56, 57–59, 

67
retinoic receptors and, 121
rhodopsin and, 49
skeletal development and, 

227–228
vitamin E and, 124, 165

Dover sole. See Common sole 
(Solea solea)

Drosophila melanogaster, 396
Dry matter content in eggs, 192, 

193
Dry weight (DW), 380
Ductus cysticus, 21
Dusky grouper (Epinephelus 

marginatus), prey selection 
in, 292

DW. See Dry weight (DW)
Dysprosium oxide, 364

Early mortality syndrome (EMS), 
127

EB. See Ethidium bromide (EB)
EDD. See Effective degree-day 

(EDD)
Eel. See Anguilla spp.; Japanese 

eel (Anguilla japonica)
EFAs. See Essential fatty acids 

(EFAs)
Effective degree-day (EDD), 380
Egg ratio, in rotifer cultures, 315
Eggs

amictic, 314
carbohydrates in, 194
chemical composition of, 193
dry matter content of, 192, 193
effect of broodstock diet on, 

153–169
formation of stomach and 

cleavage of, 17
lipids and fatty acids in, 192–

194, 193
nutrient requirements and 

quality of, 159–168
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Eggs (Cont.)
protein/amino acid content of, 

192, 193
quality criteria for, 157
water content of, 192

EIA. See Enzyme immunoassay 
(EIA)

Eicosanoids, 47
eicosapentaenoic acid and, 60
synthesis of, 49–50, 161–162

vitamin E and, 124
Eicosapentaenoic acid (EPA), 

47–48
arachidonic acid-derived 

eicosanoids and, 49–50
Artemia and, 321, 322, 322
best dietary content of, 56
copepods and, 324–325, 326, 

327
cortisol production and, 51
docosahexaenoic acid and 

arachidonic acid and, 61
eicosanoic synthesis and, 161
enriching live prey with, 342
in fi sh eggs, 161, 193, 194
fi sh reproduction and, 162
in microalgae, 311
in microdiets, 359
neural tissue development and, 

49
pigmentation and, 236
requirements for, 55, 60–61
retinoic receptors and, 121
skeletal development and, 

227–228
Elasmobranchii, 183
Elastase, 24, 84
Electrolytes, 134–135
Electron transport system (ETS), 

392
ELISA. See Enzyme-linked 

immunosorbent assay 
(ELISA)

Embryo development
docosahexaenoic acid and, 161
thiamine and, 166
yolk consumption and, 201

Embryonic growth. See under 
Growth

Embryonic myogenesis, 230, 
230–231

EMS. See Early mortality 
syndrome (EMS)

Emulsions, 342–343
Enbiotoca lateralis, 205
Encapsulation techniques, 104
Endochondral ossifi cation, 224
Endocrine pancreas, 20
Endocytosis, 89–90
Endogenous nutrition, 183–184. 

See also Yolk
duration of, 202

Endotrophic nutrition, transition 
to exotrophic nutrition, 
236

Energy budget, 392
equation, 202
for larvae, 251, 252

Energy content, assessing, 
382–383

ENS. See Enteric nervous system 
(ENS)

Enteric nervous system (ENS), 
268–269

Enteric neurons, 8
Enterocytes, 14

inclusions in, 33
larval development and, 222
maturation of, 223

Enteroendocrine cells, 14–15
Environmental conditions

induction of vitellogenesis and, 
184

microdiets and, 355
in myogenesis, 232
polyunsaturated fatty acid 

contents and, 57
Enzymatic activities, assessing, 

386, 387
Enzymatic latency, regulation of 

yolk granules and, 195
Enzyme immunoassay (EIA), 

386–387
Enzyme-linked immunosorbent 

assay (ELISA), 387
Enzymes

digestive, 221
secretion of, 84–87

intestinal, 223–224
pancreatic digestive, 222–223

Eosinophilic brush borders, 13
Eosinophilic glycogen granules, 21
Eosinophilic supranuclear bodies, 

13
EPA. See Eicosapentaenoic acid 

(EPA)

EPA/ARA interactions, 61, 61–63, 
62

EPA/ARA ratio, 67
pigmentation and, 236

EPA/DHA ratio, 62, 63, 67
Epiboly, 186
Epinephelus, duration of mixed 

feeding in, 207
Epinephelus coioides, 102, 165
Epinephelus marginatus, 292
Epithelial fold, 8
Epithelium

columnar, 13, 23
cubical, 17
esophageal, 9
intestinal, 14–15
mucosal, 8, 8

Erythrocyte glutathione reductase, 
128

Erythrophore, 235
Esophageal mucosa, 9
Esophagus, 6

histological structure of, 9–11, 
10

Esox lucius. See Northern pike 
(Esox lucius)

Espinosillo (Gasterosteus 
aculeatus), feed intake and 
fecundity of, 158, 159

Essential amino acids. See 
Indispensable (essential) 
AA (IAA)

Essential fatty acids (EFAs)
in broodstock diets, 161–163
immune system and, 54
physiological role of, 47–54
requirements for, 54–63, 66–67

arachidonic acid 
requirements, 59–60

DHA/EPA, 62, 63
docosahexaenoic acid 

requirements, 57–59
eicosapentaenoic acid 

requirements, 60–61
EPA/ARA, 61, 61–63, 62
interactions among fatty 

acids, 61–63
LCPUFA requirements, 

54–57, 56
in squid and cuttlefi sh, 168

Essential n-3 fatty acids, in 
microalgae, 311

Esterases, 387
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Estradiol-17β, 156
vitellogenin and, 184

Estrogen receptor α, vitellogenin 
and, 184

ESTs. See Expressed sequence tags 
(ESTs)

Ethidium bromide (EB), 390
Etroplus suratensis, 165
ETS. See Electron transport 

system (ETS)
European catfi sh (Silurus glanis)

appearance of goblet cells in, 10
liver of, 21

European fl ounder (Platichthys 
fl esus)

developmental progression of, 
383

iron in, 138
larval growth in, 379

European perch (Perca fl uviatilis)
nutrient mobilization from yolk 

cell to embryo, 190
yolk in, 186
yolk platelets in, 195

European sea bass (Dicentrarchus 
labrax)

addition of exogenous enzymes 
to microdiets for, 24

amylase activity in, 26, 27
appearance of goblet cells in, 11
arachidonic acid requirement in, 

60
Artemia for, 318
assessing nutritional condition 

of, 33
best dietary essential fatty acid 

contents in, 56
bile salt-activated lipase 

expression in, 28
cannibalism in, 293
cholecystokinin in, 273
dietary lipids in, 64
dietary protein for, 160, 160
docosahexaenoic acid 

requirement in, 58
exocytosis in, 190
exogenous feeding in, 210
feed intake and gonadal 

maturation of, 158
formation of stomach in, 17
gastric glands in, 19
gastrin in, 271
glucagon-like peptide in, 276

illumination and feeding in, 295
ingestion in, 296
lack of periblast in, 190
leukotrienes and, 161
lipids and skeletal development 

in, 227
lipid utilization in, 197
microdiets and, 24, 354, 

367–369
mixed feeding and, 208, 209
neutral lipids and, 185
pancreatic enzymes in, 223
pancreatic polypeptides in, 274
phospholipids and, 66
polyamines in diet and, 23–24
prey density and, 294
protein absorption in, 89
pyloric ceca in, 16
PYY/PY in, 275
stress response in, 52
trypsin mRNA transcription 

and translation in, 36
utilization of free amino acids 

in, 196
vitamin B12 and, 131
vitellogenesis in, 157
yolk absorption rate of, 202
yolk sac circulation in, 187
zein- and alginate-bound 

particles and, 337
Eurotatoria, 312
Eurytemora, 324
Eurytemora affi nis, 324
Euterpina, 325
Evacuation, 85, 92–93
Exocrine hormone system, 268
Exocrine pancreas, 20, 21–22, 

220
assessing nutritional condition 

using, 32, 33
bile salt-activated lipase 

expression and, 28
Exocytosis, in ysl and ytl, 190
Exogenous enzymes, addition to 

microdiets, 24–25
Exogenous feeding, 183, 205, 

210
Exopeptidases, 85
Exotrophic nutrition, transition 

from endotrophic, 236
Experimental design, of growth 

assessment methods, 
374–375

Exponential growth phase, of 
microalgae, 310, 310

Expressed sequence tags (ESTs), 
395

Expression analysis, 388
Extruder design, 338
Eye migration, 226, 236
Eyes, docosahexaenoic acid and 

development of, 48–49

FAA. See Free amino acids (FAA)
Fabrea salina, feeding preferences, 

293
FAD. See Flavin adenine 

dinucleotide (FAD)
Fatty acids

in Artemia, 321
essential, 161–163
in fi sh eggs, 192–194
fi sh reproduction and, 160–163
interactions among, 61–63
in microalgae, 311, 311
in microdiets, 359
pigmentation and, 236
in rotifer feed, 315
in rotifer tissue, 316
skeletal development and, 

227–228
yolk consumption and, 201

FCA. See Flow cytometric analysis 
(FCA)

FCE. See Feed conversion 
effi ciency (FCE)

Fecundity, 157
food availability and, 158–159

Feed. See also Live feeds; 
Microparticulate diets 
(microdiets)

aqua, 249.
attractiveness of, 355
formulated, 119, 124
ingredients

krill, 168–169
soybean, 168
squid, 168

for rotifers, 314, 315–317
Feed attractants, 267
Feed conversion effi ciency (FCE), 

257
Feeding

of Artemia, 319–321
effect on foraging ability, 

296–297
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Feeding (Cont.)
protocols for larval and juvenile 

zebrafi sh, 396
of rotifers, 314

Feeding behavior, 285–298
capture and ingestion, 289–296, 

291, 292
ingestion patterns, 293–296, 

296
prey selection, 290–293

effect of feeding and nutrition 
limitation on foraging 
ability, 296–297

larval rearing technology and, 
297–298

locomotor capacity and 
searching strategies, 288–
289, 290

microdiets and, 355
overview, 285–286
role of sensory organs, 286–288

neuromasts, 288
olfaction, 287–288
taste and, 288
vision, 287

searching/detecting food, 
286–288

Feeding metabolism, 251
Feeding periods, for optimum 

broodstock performance, 
157–158

Feeding trials, 366–367
Fertilization rate, 157
FFAs. See Free fatty acids (FFAs)
Fibroblasts, 21
Fish. See also Freshwater fi sh; 

Marine fi sh
digestion in, 266–268
shortage of commercial fi sh, 249

Fish meal
conversion of into protein, 

249–250
processing of fi sh into, 249

Fish oils, lipid-walled capsules 
and, 343

Fish production, uses of, 249
Fish productivity, limiting factors 

for, 250–251
Fish proteins, 337
FIT. See Food-induced 

thermogenesis (FIT)
Fixatives, for biometrical 

measurements, 375

Flake MEM (F-MEM), 358, 359
Flake PARA (F-PARA), 358, 359

leaching curves for, 361, 362
Flakes, 358, 358, 359
Flatfi sh

eicosapentaenoic acid 
requirement in, 61

eye migration in, 226
pigmentation in, 50–51, 235

Flavin adenine dinucleotide 
(FAD), 126, 127–128

Flavin mononucleotide (FMN), 
126, 127–128

Flow cytometric analysis (FCA), 
390

Fluorine, 228
Fluorometric assays, 390
FMN. See Flavin mononucleotide 

(FMN)
Folate, 130–131

vitamin B12 and, 131
Folate defi ciency, 130
Folic acid, in live feed, 118
Follicle-stimulating hormone, 156
Food deprivation, 34

effects of, 31–32
Food-induced thermogenesis 

(FIT), 251
Foraging ability, effect of feeding 

and nutrition limitation on, 
296–297

Formosaline solution, 375
Formulated feed, 119

vitamin E in, 124
FoxD3, 234
Free amino acids (FAA), 83

in copepods, 327
in fi sh eggs, 192
formulated feed and, 119
functions in fi sh, 102
in liposomes, 345
in microdiets, 103–104, 360
transport rates, 88
uptake of, 206
utilization of, 196
vitellogenesis and, 184
yolk consumption and, 201

Free embryo, 219, 220
Free fatty acids (FFAs), 63–65
Freshwater fi sh

LCPUFA requirements in, 
54–55

mineral requirements in, 119

organogenesis of digestive 
system in, 7

Fulton’s condition factor (K), 381
Fundic region, of stomach, 16
Fundulus heteroclitus. See Killifi sh 

(Fundulus heteroclitus)

GABA, 102
Gadiformes, 186
Gadus esmarkii, 158
Gadus macrocephalus. See Pacifi c 

cod (Gadus macrocephalus)
Gadus morhua. See Atlantic cod 

(Gadus morhua)
Gadus morhua callaris, 158
α-Galactosidase, 387
β-Galactosidase, 387
Galaxias maculatus. See Puye 

(Galaxias maculatus)
Gallbladder, 19, 21, 22
Gas chromatography, 388
Gasterosteus aculeatus, 158, 159
Gastric acid, production of, 

267–268
Gastric glands, 17–19, 18

mixed feeding and, 208, 209
pepsinogen and hydrochloric 

acid production and, 30
Gastric phase, of digestion, 267, 

267–268
Gastric pits, 17
Gastrin, 222, 268, 269, 270–271

cholecystokinin and, 271
classical, 271
nonclassical, 271

Gastrin-releasing peptide (GRP), 
270

Gastrointestinal regulatory 
molecules, 269–276

bombesin, 270
cholecystokinin, 271–273, 272
gastrin, 269, 270–271
ghrelin, 275
glucagon-like peptide, 276
motilin, 275
pancreatic polypeptides, 270, 

274–275
secretin, 273
somatostatin, 271
vasoactive intestinal 

polypeptide, 273–274
Gelatin, 337, 342
Gene expression
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assessing nutritional condition 
and, 35–36

of digestive enzyme, 26–31
growth under stress and, 

258–259
Gene function, study methods for, 

394–395
Gene regulation

lipids and, 53–54
vitamin A and, 121

Genestein, 168
Geotria australis, glucagon-like 

peptide in, 276
Germ-free zebrafi sh, 396
Ghrelin, 270, 275
Gibel carp (Carassius auratus 

gibelio), 90
Gilthead sea bream (Sparus 

aurata)
amino acid profi le of, 98, 99, 

100, 101, 102
amylase activity in, 26, 27
arachidonic acid and, 59–60, 

61, 162
best dietary essential fatty acid 

contents, 56
bombesin in, 270
carotenoids and, 167
cephalic phase of digestion in, 

267
cross-linked, protein-walled 

capsules and, 342
DHA/EPA ratio in, 63
diet and Vtgs synthesis in, 159
dietary ratios between essential 

fatty acids in, 62
docosahexaenoic acid and, 48, 

57
effective feeding period for, 157, 

158
eicosapentaenoic acid 

incorporation into, 62
feeding incidence in, 291
feeding preferences, 293
gastric glands in, 19
glycogen storage in, 221
goblet cells in, 11, 14
indispensable amino acids 

profi le of, 101–102
ingestion in, 296, 296
LCPUFA in, 55
liver function in yolk utilization 

in, 199

liver of, 21
microdiets for, 367–369
n3- EFA requirement, 55
n-3 HUFA and fertilization in, 

162
niacin requirements in, 129
oil globules in, 197, 198
olfaction and feeding in, 288
prey selection in, 292
protease activity in, 25
stress response in, 51, 52
swimming capacity and feeding 

in, 289
thiamine in, 127
vitamin E and, 165
weaning of, 30
yolk platelets in, 186
yolk reserves of, 191
yolk sac circulation in, 187

Gizzard, 16, 17
Gla, vitamin K and, 227
Gladioferens imparipes, 325
Glowlight tetra (Hemigrammus 

erythrozonus), lipid spray 
beads and, 343

GLP. See Glucagon-like peptide 
(GLP)

Glucagon, 19
glucagon-like peptide and, 276

Glucagon-like peptide (GLP), 273, 
276

β-1,3-Glucans, in microalgae, 312
Glucocorticoid receptors (GRs), 

52
Glucokinase, 36
Gluconeogenesis, 276
Glutamate, 93
Glutamic acid, 97, 159
Glutamine, 97
γ-Glutamyl transpeptidase, 387
Glutaraldehyde, 376
Glutathione (GSH), 136

as antioxidant, 258
Glutathione peroxidase (GPX), 

123, 258
selenium and, 136–137

Glycine, 97, 103
Glycoconjugates, 17

neutral, 10, 11
Glycogen, 21

developmental patterns of 
storage of, 221

in fi sh eggs, 193

Glycogenolysis, 276
Glycoproteins, 14, 154
Glycosyl hydrolases, 26
Gnathopogon elongates 

caulescens. See Willow 
shiner (Gnathopogon 
elongates caulescens)

Gnotobiotic zebrafi sh, 396
Goblet cells, 8, 8, 9–11, 13, 14, 

207
exogenous feeding and, 210
pyloric ceca and, 16
in stomach, 17

Goldfi sh (Carassius auratus), 98
arachidonic acid and 

testosterone release in, 162
bombesin in, 270
feed intake and gonadal 

maturation of, 158
microbound diets and, 340
vitamin E and spawning of, 165

Golgi apparatus, development of, 
222

Golgi complexes, 189, 190, 195
Gonadotropin-releasing hormones, 

156
G proteins, 53

heterotrimeric, 186
GPX. See Glutathione peroxidase 

(GPX)
Granulocytes, 8
Greater amberjack (Seriola 

dumerili)
gastric glands in, 19
prey selection in, 292

Greenback fl ounder (Rhombosolea 
tapirina)

illumination and feeding in, 295
rotifer ingestion in, 295
vision and feeding in, 287

Greenling (Hexagrammos stelleri), 
365

Green sturgeon (Acipenser 
medirostris)

gastric glands in, 19
goblet cells in, 10, 14
liver of, 21

Green water culture, 308, 359
Grouper (Epinephelus coidides), 

vitamin E and spawning of, 
165

Group synchronous ovarian 
development, 154
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Growth
absolute, 378
allometric, 373–374
bioenergetics of, 251–253, 252, 

253
compensatory growth, 

257–258
energetics of growth through 

development, 253–255, 254
reactive oxygen species 

production mechanism, 
258

relationships between 
temperature and growth, 
255–256

stress and, 256–259
compensatory (CG), 257–258
cost-free, 250–251
energetics of, 253–256
fast vs. slow, 237
indeterminate, 256
isometric, 374
methods for assessing 

embryonic and larval, 
373–397

behavioral features, 389
biochemical composition, 

389–391
biochemical features, 385–

389, 387
developmental progress, 383, 

383–389
direct assessment, 377–389
energy content, 382–383
experimental, 374–376
factors unrelated to nutrition, 

376–377
indirect assessment, 389–392
length, 377, 377–380, 379
morphological features, 

384–385
physiological energetics, 

391–392
protein content, 381–382
somatic growth, 377–383
weight, 380–381
zebrafi sh as model organism, 

392–397, 393
overview of problems with, 

249–250
stress and, 256–259
suboptimal growth and 

development, 250–251

temperature and, 250, 255–256
Growth metrics, 374
GRP. See Gastrin-releasing peptide 

(GRP)
GRs. See Glucocorticoid receptors 

(GRs)
GSH. See Glutathione (GSH)
Gum acacia, 342
Guppy (Poecilia reticulata)

arachidonic acid requirement in, 
60

best dietary essential fatty acid 
contents, 56

feed intake and fecundity of, 159
polyunsaturated fatty acids in 

tissue of, 57
vitamin E and, 165

Gustation
feeding behavior and, 288
food detection and, 286, 288

Gut maturation, intestinal 
enzymes and, 223, 
223–224

Gut transit time, 104
dietary protein utilization and, 

92–93

Haber-Weiss reaction, 258
Haddock (Melanogrammus 

aeglefi nus)
amylase activity in, 26
bile salt-activated lipase 

expression in, 28
duration of mixed feeding in, 

206
eicosanoid synthesis in, 50
feed intake and fecundity of, 

158, 159
goblet cells in, 11, 14
illumination and feeding in, 295
lipid content of eggs, 194
liver of, 21
minerals and skeletal 

development in, 228
nucleotides and, 167, 168
pyloric ceca in, 16
trypsin-like activity in, 86
vision and feeding in, 287
vitamin K defi ciency in, 227

Harpacticoids, 323, 325–326, 327
Heat of combustion, 382
Heat output, metabolic, 254, 

254–255

Heat-shock protein 70 (HSP70), 
52

Hedgehog proteins, in myogenesis, 
231

Hematoxylin-eosin stain, 385
Hemigrammus erythrozonus, 343
Hepatic D-amino acid oxidase, 

128
Hepatic duct, 21
Hepatocyte growth factor/scatter 

factor, 231
Hepatocytes, 19, 21

assessing nutritional condition 
using, 32, 34

larval development and, 222
Herring. See Atlantic herring 

(Clupea harengus)
Heterocapsa niei, 324
Heterochrony, during larval 

period, 220, 220
Heteropneustes fossilis, 165
Hexagrammos stelleri, 365
Hierarchy of selenoproteins, 136
Highly unsaturated fatty acid 

(HUFA), 48. See also n-3 
highly unsaturated fatty 
acid (HUFA)

best dietary content of, 56
in copepods, 327
vitamin E and, 124

High-molecular-weight proteins, 
delivery in microparticulate 
diets, 336–342

High-performance liquid 
chromatography (HPLC), 
388

Hippoglossus hippoglossus. See 
Atlantic halibut 
(Hippoglossus 
hippoglossus)

Hippoglossus stenolepis, 194
Histamine, 268
Histidine, 97, 99
Histochemical protocols, 385
Histological biomarkers, 32, 

32–34
Histological protocols, 384–385
Histology, nutritional biomarkers 

of digestive system, 
220–221

Holoblastic cleavage, 17
Holocephali, 183
Homogenization, 386



Index 417

Hormones, pancreas and, 19
Horseradish peroxidase, 385
Hox-D9, 36
HPI. See Hypothalamus-pituitary-

interrenal (HPI) axis
HPLC. See High-performance 

liquid chromatography 
(HPLC)

HSP70. See Heat-shock protein 70 
(HSP70)

HUFA. See Highly unsaturated 
fatty acid (HUFA)

Hydrochloric acid
production of, 17, 30
secretion of, 31, 85

Hydrocolloids, 337
Hydroxyapatite, 133
Hydroxyapatite salts, 225
Hyperplasia, muscle tissue growth 

by, 229–230
Hypertrophic chondrocytes, 224
Hypertrophy, muscle tissue 

growth by, 229
Hypothalamus-pituitary-interrenal 

(HPI) axis, stress response 
and, 52, 257

IAA. See Indispensable (essential) 
AA (IAA)

ICM. See Inner cell mass (ICM)
Ictalurus punctatus. See Channel 

catfi sh (Ictalurus 
punctatus)

IGF1. See Insulin growth factor 1 
(IGF1)

IGFs. See Insulin-like growth 
factors (IGFs)

ILC. See Incipient limiting 
concentration (ILC)

Ileorectal valve, 13
Illumination, feed intake and, 

294–295, 298
Immune response, rodlet cells and, 

15
Immune system regulation, lipids 

and, 54
Immunoassay, 386–388
Immunofl uorescence protocols, 

385
Immunohistochemical protocols, 

385
Immunohistochemical techniques, 

385

Incipient limiting concentration 
(ILC), 320

Indeterminate growth, in fi shes, 
256

Indirect development, 219–220
Indirect growth assessment, 

389–392
biochemical composition, 

389–391
cell cycle analysis, 390
lipid ratios, 391
RNA/DNA ratios, 389–390

physiological energetics, 
391–392

cellular energy allocation, 
392

scope for growth, 391–392
Indispensable (essential) AA 

(IAA), 93, 95, 97, 97–98, 
104

in copepods, 327
dietary profi le, 101–102
profi les, 100, 100, 104
skeletal development and, 228
utilization of, 195–196

Induction phase, of microalgae, 
310, 310

Ingestion, 85, 253–254, 289–296
in Artemia, 319–320
illumination and, 298
microdiets and, 355, 355–356
patterns of, 293–296, 296
prey selection, 290–293
tools to determine, 363

Ingredients in microdiets
characterization of, 364
digestibility of, 364
functionality of, 364
palatability of, 364

Inner cell mass (ICM), 186, 194
In situ hybridization (ISH), 385
Instantaneous coeffi cient of 

protein growth (Gp), 381
Insulin, 19

glucagon-like peptide and, 276
Insulin growth factor 1 (IGF1), 36
Insulin-like growth factors (IGFs), 

228, 232
Integument absorption, 183
Intestinal brush border enzymes, 

34
Intestinal enzymes, gut maturation 

and, 223, 223–224

Intestinal epithelium, assessing 
nutritional condition using, 
32

Intestinal microorganisms, 
methods to study effects of, 
396

Intestinal mucosa, 12–14
folding of, 12, 13

Intestinal phase, of digestion, 268
Intestinal tract, development and 

anatomy of, 392–393, 393
Intestine, 6, 220

epilethial cells, 14–15
histological structure of, 11–15, 

13
postvalvular, 12, 13
prevalvular, 12, 13

Intramembranous ossifi cation, 224
Iodide concentration, 135–136
Iodine, 135–136

in Artemia, 118
in live feed, 119
in rotifers, 316

Iodine defi ciency, selenium and, 
137

Ionoregulation, 11
Ion transport, 15
Iridiophore, 235, 235
Iron, 138

in live feed, 119
in rotifers, 316

ISH. See In situ hybridization 
(ISH)

Islets of Langerhans, 19, 20
Isochrysis galbana, 309, 324, 355, 

360, 367, 368
diet of larvae, 308, 308

Isochrysis sp., 325
Isoleucine, 97, 99, 159

bioavailability of, 101, 101
Isometric growth, 374
Iteroparous fi sh, 154

Jacks, n3- LCPUFA requirements, 
55

Japanese eel (Anguilla japonica)
free amino acids in eggs of, 192
lipid content in eggs of, 194
mixed feeding and, 209
neutral lipids and, 185
PYY/PY in, 275
utilization of lipids in, 197
vitamin B12 and, 131
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Japanese fl ounder (Paralichthys 
olivaceus)

amylase activity in, 26
arachidonic acid requirement in, 

60
best dietary essential fatty acid 

contents in, 56
cannabalism in, 293
docosahexaenoic acid 

requirement in, 59
egg quality and, 162
electrolytes and, 134
enteroendocrine cells in, 15
exocrine pancreas of, 22
feeding incidence in, 291
gastric phase of digestion in, 

268
gastrin in, 271
growth metrics in, 374
microbound diet and, 338
mixed feeding and, 208
pancreatic polypeptides in, 

274
pigmentation in, 50, 236
PYY/PY in, 275
stress resistance in, 51
taurine and, 103
temperature and feeding in, 294
trypsinogen in, 84
trypsinogen 1 in, 28
vision in, 287
vitamin A and, 122, 166, 226

Japanese sandeel (Ammodytes 
personatus), duration of 
mixed feeding in, 206

Japanese sardine (Sardinops 
melanotictus), exogenous 
enzymes in diet of, 25

Japanese sea bream (Pagrus 
major). See Red sea bream 
(Pagrus major, Chrysophrys 
major)

Japanese snook (Lateolabrax 
japonicus), dietary fatty 
acids and, 162

Japanese Spanish mackerel 
(Scomberomorus 
niphonius), 295, 356

Javanese ricefi sh (Oryzias 
javanicus), yolk in, 186

Juvenile fi sh
learning from nutrition of, 

363–364

metabolic scaling relationships 
in, 253

tools for fi sh nutrition in, 363

Katsuwonus pelamis, 59
Kelp grouper (Epinephelus 

bruneus)
goblet cells in, 14
liver of, 21

α-Keto acids, 95
Killifi sh (Fundulus heteroclitus)

microvilli in, 191
vitamin K defi ciency in, 227
yolk proteins in, 195

Kit, 235
KIT receptors, 269
Knife jaw, phospholipids and, 65
Korean aucha perch (Coreoperca 

herzi), pancreatic 
polypeptides in, 274

Krebs cycle, 126, 128
Krill, 168–169

Labeo roho (Labeo rohita), 
dietary protein for, 160, 
160

Lactase, 387
Lactate dehydrogenase, 387
Lag phase, of microalgae, 310, 

310
Lake Tanganyika cichlid 

(Cyphotilapia frontosa), 
mixed feeding in, 183–184

Lake trout (Salvelinus 
namaycush), 166

biotin requirements in, 129
feed intake and fecundity of, 

158
lipid content of eggs, 194

Lamina propria, 8, 8, 14
Lanternfi sh (Loweina rara), 

absorptive feeding in, 205
Lanthanum oxide, 364
Largehead carp (Aristichtys 

nobilis), vitamin A and, 
166

Largemouth bass (Micropterus 
salmoides)

duration of mixed feeding in, 
207

metabolic scaling relationships 
in, 253

specifi c dynamic action of, 254

Larvae
altricial (See Altricial larvae)
assessing nutritional condition 

of, 31–37
digestive enzymes in, 24
effect of broodstock diet on, 

153–169
metabolic scaling relationships 

in, 253
pigmentation patterns, 233
precocial, 285, 373
quality criteria, 157
quantifying responses to live 

and microparticulate diets, 
362–367, 363

tools for testing 
microparticulate diets in, 
364–367

Larval development
direct (precocial), 219
heterochrony during, 220, 220
indirect (altricial), 219–220
intermediate, 219
nutritional indicators of 

digestive system, 220–224, 
222, 223

pigmentation, 233–236, 234, 
235

skeletal development, 224–228, 
225

swimming musculature, 228–
232, 229, 230

Larval feeds. See also Live feeds; 
Microparticulate diets 
(microdiets)

micronutrients in, 118–119
formulated feed, 119
live feed, 118, 118–119, 119

requirement vs. 
recommendations, 120

Larval growth. See under Growth
Larval nutrition

organization and functionality 
of digestive system and, 
5–6

requirements
amino acids, 159–160
carbohydrates, 163
carotenoids, 167
fatty acids, 160–163
lipids, 160–163
minerals, 166–167
nucleotides, 167–168
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protein, 159–160, 160
vitamins, 163–166

Larval rearing tanks, 360
Larviculture, 353–354. See also 

Microparticulate diets 
(microdiets)

Lateolabrax japonicus, 162
Lateral plate mesoderm, 224
Lates calcarifer. See Barramundi 

(Lates calcarifer)
Latimeria chalumnae, mixed 

feeding in, 183–184
Latris lineata. See Striped 

trumpeter (Latris lineata)
Latus calcarifer, amylase 

expression in, 27
LCPUFAs. See Long-chain 

polyunsaturated fatty acids 
(LCPUFAs)

Leaching, in microdiets, 359, 
360–362, 361

Leakage
from cross-linked, protein-

walled capsules, 342
from microparticles, 339–340

Lecithotrophic phase, 11–12
Leiostomus xanthurus, 92
Lemon sole (Microstomus kitt), 

utilization of free amino 
acids in, 196

Length
assessing embryonic and larval, 

377, 377–380, 379
standard, 377
total, 377

Leopard coral grouper 
(Plectropomus leopardus), 
illumination and feeding in, 
295

Lepomis macrochirus. See Bluegill 
sunfi sh (Lepomis 
macrochirus)

Leptocephalous larvae, 205–206
Leucine, 97, 99

bioavailability of, 101, 101
in fi sh eggs, 159

Leucine-alanine peptidase, 35, 387
Leukophores, 233, 235
Leukotrienes, 50, 161
Lieberkühn crypts, 14
Life expectancy, of zebrafi sh, 394
Light

algae in aquaculture and, 308

effect on yolk absorption, 204
microalgae cultivation and, 309, 

310
Limanda ferruginea. See 

Yellowtail fl ounder 
(Limanda ferruginea)

Linoleic acid, in fi sh eggs, 193
Lipase, 24, 268, 387
Lipid droplets, 33
Lipid inclusions, 33
Lipid ratios, 391
Lipids, 47–67

arachidonic acid requirements, 
59–60

in Artemia, 321, 322
in broodstock nutrition, 

160–163
in copepods, 326, 326
delivery via microparticles, 

342–343
DHA/EPA, 62, 63
dietary, utilization of, 63–66
docosahexaenoic acid 

requirements, 57–59
eicosanoid synthesis and, 49–50
eicosapentaenoic acid 

requirements, 60–61
enterocytes and absorption of, 

14
EPA/ARA, 61, 61–63, 62
essential fatty acids

physiological role of, 47–54
requirements for, 54–63

in fi sh eggs, 191, 192–194, 193
fl atfi sh pigmentation and, 

50–51
free fatty acids, 63–65
gene regulation and, 53–54
immune system regulation and, 

54
interactions among fatty acids 

in, 61–63, 62
intestinal absorption of, 12
LCPUFA requirements, 54–57
in microalgae, 311, 311–312
in microdiets, 359
phospholipids, 65–66
regulation of membrane fl uidity 

and, 48
in rotifer tissue, 316
sensorial and neural tissue 

development and behavior 
and, 48–49

skeletal development and, 
227–228

stress modulation and, 51–53
total dietary lipid contents, 

160–161
triacylglycerols, 63–65
utilization of, 196–199

Lipid-soluble vitamins, 120–125. 
See also Vitamin A; 
Vitamin D; Vitamin E; 
Vitamin K

in formulated feed, 119
skeletal development and, 

226–227
Lipid spray beads, 341, 343–344
Lipid-walled capsules, 337, 341, 

343–344
Lipooxygenase (LOX), 50

docosahexaenoic acid and, 58
eicosapentaenoic acid and, 60
stress response and, 52

Lipooxygenase (LOX) derivatives, 
51

Lipoprotein particles, 33
Liposomes, 337, 341, 344–345
Lipovitellin heavy chain (LvH), 

184
Lipovitellin light chain (LvL), 

184
Lipovitellin (Lv), 186, 196
Lipoxygenases, 161
Live feeds, xi, 307–328

Artemia in aquaculture, 
317–322

Artemia production, 320
enrichment and nutritional 

quality, 320–322, 322
general biology, 318–320, 

319
copepods in aquaculture, 

322–328
biology, 323
cultivation of copepods, 

323–326
enrichment and nutritional 

quality, 326, 326–328
free amino acids and, 25
microalgae in marine 

aquaculture, 307–312, 308
algae species, 309
biochemical composition, 

311, 311–312
cultivation, 309–310, 310
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Live feeds (Cont.)
production systems, 310, 

310–311, 311
microdiets vs., 354–355, 355, 

356–362
micronutrients in, 118–119
minerals in, 119
quantifying larval responses to, 

362–367
rotifers in aquaculture, 312–317

cultivation methods, 314–315
cultivation of rotifers, 314
enrichment and nutritional 

quality, 315–317
evaluating state of cultures, 

315
feeding and digestion, 314
general biology, 312–313
morphology, 313, 313
reproduction, 314
water quality and, 315

vitamin levels in, 118
Liver, 6, 19–21, 20

assessing nutritional condition 
and, 32, 33–34

development of, 221–222, 
237

function in yolk utilization, 
199, 199–200

function of, 220
Livestock feed, 249
Lobster, Artemia for, 320
Lobuli, 19
Locomotion

effect on yolk absorption, 205
feeding and, 288–289, 290

Long-chain polyunsaturated fatty 
acids (LCPUFAs), 47–48. 
See also n-3 long-chain 
polyunsaturated fatty acids 
(LCPUFAs)

fl atfi sh pigmentation and, 50
gene regulation and, 53–54
immune system regulation and, 

54
neural tissue development and, 

48–49
requirements for, 54–57

Longirostris delicatissimus. See 
Striped jack (Longirostris 
delicatissimus)

Longitudinal muscle fi bers, 8
Long-term stress, 257

Lordosis, AA-defi cient diet and, 
132, 132

Lorica, 313
Lota lota. See Burbot (Lota lota)
Loweina rara, 205
Low-molecular-weight, water-

soluble nutrients, delivery 
via microparticles, 
343–345

Lowry assay, 381
LOX. See Lipooxygenase (LOX)
LTB4, 50
LTB5, 50
Luteinizing hormone, 156
Lutjanus argentimaculatus, 

feeding incidence in, 291
Lutjanus campechanus, 157
LUV. See Unilamellar (LUV) 

liposomes
Lv. See Lipovitellin (Lv)
LvH. See Lipovitellin heavy chain 

(LvH)
LVL. See Lipovitellin light chain 

(LvL)
Lymphocytes, 8
Lysine, 93, 95, 97, 99, 159

bioavailability of, 101, 101
in yolk reserves, 191

Mackerel (Pseudocaranx dentex), 
carotenoids and, 167

Macrophages, 8
Magnesium

in live feed, 119
in rotifers, 316

Mallotus villosus, 198
Maltase, 24, 36, 387
Manganese, 138, 228

in live feed, 119
Marine fi sh

LCPUFA requirements, 55
mineral requirements in, 119
organogenesis of digestive 

system in, 7
Mass, metabolic rate and, 252, 

252
Mastax, 314
Matrix carboxyglutamic acid 

protein, 58
Maturation-inducing steroid, 156
Maximal aerobic metabolism, 251
MCH. See Melanin-concentrating 

hormone (MCH)

Medaka (Oryzias latipes), feed 
intake and fecundity of, 159

Meissner’s plexus, 269
Melanin-concentrating hormone 

(MCH), 233
Melanoblasts, 233
Melanocyte-stimulating hormone 

(MSH), 51, 233, 234
Melanogrammus aeglefi nus. See 

Haddock (Melanogrammus 
aeglefi nus)

Melanophore, 235, 235
MEM. See Microextrusion 

followed by 
marumerization (MEM)

Membranes, regulation of fl uidity 
of, 48

Menadione nicotinamide bisulfi te 
(MNB), 125

Menadione sodium bisulfi te 
(MSB), 125

Menhaden stearine, 343
Meroblastic cleavage, 17
Metabolic enzymes, 387
Metabolic heat output, 254, 

254–255
Metabolic rate, mass and, 252, 

252
Metabolic scope, stress and, 

257–258
Metabolism. See also Bioenergetics

aerobic, 253
bone, 225
feeding, 251
growth and, 250–251
maximal aerobic, 251
protein

amino acids, 93–95, 94, 104
protein turnover, 95–97

Metamorphosis, 183–184, 
219–220

tyrosine and, 102
Methionine, 93, 95, 97–98, 99

bioavailability of, 101, 101
Microalgae, 307

aquaculture of, 307–312
algae species, 309
biochemical composition, 

311, 311–312
cultivation, 309–310, 310
production systems, 310, 

310–311, 311
growth curve of, 310
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Microalgae paste, 307
Microarray hybridization, 388
Microarrays, 36
Microbound particles, 336–340, 

337, 340, 341
Microcalimetry, 254–255
Microextrusion followed by 

marumerization (MEM), 
338–339, 358, 358

Microgel particles, 337
Microminerals, 135–138

iodine, 119, 135–136
selenium, 119, 136–138
trace elements, 138

Micronutrients, 117–138. See also 
Vitamins

in copepods, 328
history of fi sh, 117–118
in larval feeds, 118–119

formulated feed, 119
live feed, 118, 118–119, 

119
minerals, 133–138

calcium, 119, 133–134
electrolytes, 119, 134–135
iodine, 119, 135–136
macrominerals, 133–135
microminerals, 135–138
phosphorus, 119, 134
selenium, 119, 136–138
trace elements, 138

requirement vs. 
recommendations, 120

Microorganisms, methods to 
study effects of intestinal, 
396

Microparticulate diets 
(microdiets), xi

addition of exogenous enzymes 
to, 24–25

digestive enzymes and, 24–25
factors impacting success of, 

355
feed attractants in, 267
feeding behavior and, 286
free amino acids in, 103–104
imitating characteristics of prey 

organisms, 297–298
live prey vs., 354–355, 355, 

356–362
technology, 335–345, 336

cross-linked, protein-walled 
capsules, 341–342

delivery of high-molecular-
weight proteins, 
carbohydrates, water-
insoluble nutrients, 
336–342

delivery of lipids, 342–343
delivery of low-molecular-

weight, water-soluble 
nutrients, 343–345

emulsions, 342–343
lipid-walled capsules and 

lipid spray beads, 343–344
liposomes, 344–345
microbound particles, 336–

340, 337, 340, 341
testing and evaluating success, 

353–370
culture systems, 356–357, 357
future needs, 369–370
leaching, 360–362, 361
learning from juvenile fi sh 

nutrition, 363–364
live vs. microparticulate 

feeds, 356–362
measuring success, 367–369, 

368
need for microparticulate 

diets, 354–356, 355
physical properties, 357–360, 

358, 359, 360
quantifying larval responses 

to live and microparticulate 
diets, 362–367, 363

sinking rate, 362
tools, 364–367, 365

weaning onto, 24
Microphagus fi sh, stomach of, 16
Micropterus salmoides. See 

Largemouth bass 
(Micropterus salmoides)

Microstomus kitt, 196
Microvilli, 12, 13

variability of occurrence, 
190–191

Milkfi sh (Chanos chanos)
docosahexaenoic acid 

requirement in, 58
duration of mixed feeding in, 

207
feed intake and fecundity of, 

159
polyunsaturated fatty acid in 

tissue of, 57

vitamin E and, 165
Minerals, 133–138

in Artemia, 321–322
calcium, 119, 133–134
electrolytes, 119, 134–135
iodine, 119, 135–136
macrominerals, 133–135
microminerals, 135–138
phosphorus, 119, 134
in rotifers, 316
selenium, 119, 136–138
skeletal development and, 228
spawning quality and, 

166–167
trace elements, 138

Mitf, 233, 234
Mitochondria, of ysl, 195
Mixed feeding, 183–184, 206–210

duration of, 206–207
importance of, 207–210
yolk absorption and, 205

Miyako Research Station (Japan), 
357

MNB. See Menadione 
nicotinamide bisulfi te 
(MNB)

β-Monoacylglycerols (MAGs), 64
Monounsaturated fatty acid 

(MUFA), 49, 64, 65
in fi sh eggs, 192, 194

Mordacia mordax, glucagon-like 
peptide in, 276

Morone chrysops. See White bass 
(Morone chrysops)

Morone saxatilis. See Striped bass 
(Morone saxatilis)

Morpholinos, 395
Morphological features, assessing 

development of, 384–385
Morphology

Artemia, 318–319, 319
rotifer, 313, 313
yolk, 185–191

Morphometric measurements, 
375

Mortality, size-specifi c, 377
Mosaic hyperplasia, 230, 230, 

231
Motilin, 275
Motility of gut, regulation of, 

266, 269
Mottled sculpin (Cottus bairdi), 

neuromasts in, 288
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Mouth gape, 297
prey selection and, 291, 292, 

292
Movement, of microdiets, 359
Mozambique tilapia (Oreochromis 

mossambicus)
electrolytes and, 135
xenobiotic infl uence on yolk 

absorption in, 204
MPCs. See Myogenic progenitor 

cells (MPCs)
MRFs. See Myogenic regulating 

factors (MRFs)
MSB. See Menadione sodium 

bisulfi te (MSB)
MSH. See Melanocyte-stimulating 

hormone (MSH)
M74 syndromes, 127
mTOR-IGF axis, 232
Mucopolysaccharide barrier, 14
Mucopolysaccharides, 186
Mucosa, 7–9, 8

ceca, 16
intestinal, 12–14

Mucosal epithelium, of stomach, 
16

Mucosal folds, 207
Mucosubstances, 11, 14

neutral, 17
Mucous cells, exogenous feeding 

and, 210
MUFA. See Monounsaturated 

fatty acid (MUFA)
Muffl e furnace, 380
Mugil, duration of mixed feeding 

in, 207
Mugil cephalus, prey selection in, 

291–292
Mullets, stomach of, 16–17
Multilamellar liposomes, 337
Muscle, development of 

swimming, 228–232, 229, 
230

Muscle fi bers
digestive tract, 8
types of, 229

Muscularis, 7–8, 8, 9
ceca, 16

Muscularis mucosa, 8–9
Mutations, growth factor 

pathways and, 258
Myenteric plexus, 269
myf-5, 231

MyoD, 231, 232
Myogenesis, 229–231, 230, 232

plasticity of, 232
Myogenic progenitor cells 

(MPCs), 230, 230, 231, 
232

Myogenic regulating factors 
(MRFs), 231

Myogenin, 231, 232
Myosin heavy chain (MyHC), 231
Myosin light chain (MyLC), 231
Myotubes, 229, 230, 231, 232
Mystus nemurus, 160, 160

Na+-caseinate, 87–88
NAD. See Nicotinamide adenine 

dinucleotide (NAD)
NADP. See Nicotinamide adenine 

dinucleotide phosphate 
(NADP)

Nannochloris, 368
Nannochloropsis oculata, 324
Nannochlorosis sp., 309
Nase (Chondrostoma nasus)

locomotory activity and yolk 
absorption in, 205

protein synthesis in, 255
temperature and yolk utilization 

in, 203
water absorption in, 206
yolk consumption in, 201

National Research Council (NRC)
micronutrient requirements, 120
minerals requirements, 119
pantothenic acid requirements, 

130
vitamin requirements, 118

Natrium iodide symporter (NIS), 
136

NC. See Neural crest (NC)
Neopterygii, 183
Neural crest (NC), 224

formation of, 233, 234
Neural tissue development and 

behavior, 48–49
Neuromasts, 288
Neuromedian B (NMB), 270
Neuropeptides, 269
Neuropeptide Y (NPY), 274
Neutral glycoconjugates, 10, 11
Neutral lipids (NL), 63–64, 67

in copepods, 326
in fi sh eggs, 193

increasing dietary, 222
vitellogenin and, 185

Neutral mucosubstances, 17
n-3 fatty acids

development and, 236
gut maturation and, 224
in microalgae, 311–312
in microdiets, 359
in rotifer tissue, 316
spawning and, 162–163

n-6 fatty acids, in microdiets, 359
n-3 highly unsaturated fatty acid 

(HUFA)
for Artemia, 318, 320–321
defi ciency of, 222
in diet, 161
eye diameter and, 48
requirements for, 56
rotifer feed and, 315
spawning, 162–163
vitamin E and, 165

Niacin, 118, 126, 128–129
Niacin defi ciency, 128–129
Nicotinamide adenine dinucleotide 

(NAD), 126, 128
Nicotinamide adenine dinucleotide 

phosphate (NADP), 126, 
128

Nile tilapia (Oreochromis 
niloticus, Tilapia nilotica), 
7

temperature and yolk utilization 
in, 203

vitamin C and, 166
vitamin E and, 165

NIS. See Natrium iodide 
symporter (NIS)

Nitocra lacustris, 327
Nitrogen, dietary, 104

molecular form, 90–92, 91
Nitrogen assay, 391
NL. See Neutral lipids (NL)
n-3 long-chain polyunsaturated 

fatty acids (LCPUFAs)
DHA/EPA ratio and, 63
immune system and, 54
requirements, 55–56, 67

NMB. See Neuromedian B (NMB)
NMR. See Nuclear magnetic 

resonance (NMR) 
spectrometry

Nonessential amino acids, 
utilization of, 196
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Non-n-3 highly unsaturated fatty 
acid (HUFA), in Artemia, 
322, 322

Nonyolk nutrient sources, 
205–206

Norepinephrine, cephalic phase of 
digestion and, 266

Normoxia, growth and, 259
Northern pike (Esox lucius), 185

lipid content of eggs, 194
xenobiotic infl uence on yolk 

absorption in, 204
Norway pout (Gadus esmarkii), 

feed intake and fecundity 
of, 158

n-3 polyunsaturated fatty acids 
(PUFA), vitamin E and, 
124

NPY. See Neuropeptide Y (NPY)
NRC. See National Research 

Council (NRC)
Nuclear magnetic resonance 

(NMR) spectrometry, 386
Nucleotides, spawning quality 

and, 167–168
Nutrients

affecting skeletal development, 
226–228

lipids and fatty acids, 
227–228

lipid-soluble vitamins, 
226–227

minerals, 228
delivery of low-molecular-

weight, water-soluble, 
343–345

delivery of water-insoluble, 
336–342

leaching in microdiets, 364
in pigmentation, 235–236
suffi ciency of in microdiets, 

355, 355
tools to determine requirements, 

363
types of acquisition of, 183
utilization of in microdiets, 364

Nutrition
effect on swimming muscle 

development, 231–232
foraging ability and limitations 

on, 296–297
zebrafi sh as model organism to 

study, 392–397

Nutritional condition of larvae, 
assessing, 31–37

cellular criteria use to grade 
tissues, 32

digestive enzymes, 34–35
gene expression and, 35–36
histological biomarkers, 32, 

32–34
indirect methods, 36–37

Nutritional indicators, of digestive 
system, 220–224

Nutritional outcomes, assessing, 
376–377

Nutritional quality
of Artemia, 320–322
of copepods, 326, 326–328
rotifer cultivation and, 315–317

OC protein, 66
Oil droplets, 185–186
Oil globule lipids, 194
Oil globules, 185–186, 198, 200

effect of light on, 204
persistence of, 197
temperature and absorption of, 

204
Oithona sp., 324
Olfaction

digestion and, 267
food detection and, 286, 

287–288
oLV. See Ova-lipovitellin (oLV)
Oncorhynchus keta. See Chum 

salmon (Oncorhynchus 
keta)

Oncorhynchus kisutch. See Coho 
salmon (Oncorhynchus 
kisutch)

Oncorhynchus mason, 125
Oncorhynchus mykiss. See 

Rainbow trout 
(Oncorhynchus mykiss)

Oncorhynchus nerca, metabolic 
scaling relationships in, 
253

Oncorhynchus rhodurus, 122
Oncorhynchus spp. See Pacifi c 

salmon (Oncorhynchus 
spp.)

Oncorhynchus tshawytscha. See 
Chinook salmon 
(Oncorhynchus 
tshawytscha)

Oocytes, 154–155
Oooplasm, segregation of, 185
OPG. See Osteoprotegerin 

(OPG)
Oplegniatus fasciatus, best dietary 

essential fatty acid 
contents, 56

Optic center, digestion and, 267
Oreochromis aureus, 128
Oreochromis mossambicus. See 

Mozambique tilapia 
(Oreochromis 
mossambicus)

Oreochromis niloticus. See Nile 
tilapia (Oreochromis 
niloticus, Tilapia nilotica)

Organogenesis, of digestive 
system, 6–7

Ornithine, 102
Ornithine decarboxylase, 387
Oryzias javanicus, 186
Oryzias latipes, 159
Osmoregulation, 11

pyloric ceca and, 15
rodlet cells and, 15

Ossifi cation
assessing nutritional condition 

and, 36
centers of, 224
chondral, 224
endochondral, 224
intramembranous, 224
perichondral, 224

Osteoblasts, vitamin D and, 227
Osteocalcin, 36, 58
Osteoclasts, 225–226
Osteoglossum bicirrhosum. See 

Silver arowana 
(Osteoglossum 
bicirrhosum)

Osteoprotegerin (OPG), 225, 226, 
227

Osterix, 225
Ova-lipovitellin (oLV), 197
Ovarian development, 154–157
Overfeeding, in rotifer cultures, 

315
Ovoviviparous reproduction, 319
Ovulation, 156
Oxidation, amino acid, 94
Oxidation cycle, vitamin E and, 

123, 124
Oxidative damage, defi ned, 257
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Oxidative stress, 54
growth and, 256

Oxygen, conversion of molecular, 
258

Oxygen consumption
growth and, 250
protein synthesis and, 255

Oxygen saturation, effect on yolk 
absorption, 204

Oxynticopeptic cells, 23, 30–31, 
85

Oxyntopeptic cells, 17

Pacifi c bluefi n tuna (Thunnus 
orientalis)

best dietary essential fatty acid 
contents in, 56

enteroendocrine cells in, 15
vision in, 287

Pacifi c cod (Gadus 
macrocephalus)

effect of turbulence on feeding 
incidence in, 360

taurine and, 103
Pacifi c halibut (Hippoglossus 

stenolepis), lipid content of 
eggs, 194

Pacifi c salmon (Oncorhynchus 
spp.)

reproductive biology of, 154
vitamin requirements in, 164

Pacu, nutritional effects on muscle 
development in, 231–232

Pagrus auratus. See Snapper 
(Pagrus auratus)

Pagrus major. See Red sea bream 
(Pagrus major, Chrysophrys 
major)

Pagrus pagrus. See Red porgy 
(Pagrus pagrus)

Pancreas, 6, 19, 20, 21–22
endocrine, 20
exocrine, 20, 21–22, 28, 220
mixed feeding and function of, 

207
Pancreatic digestive enzymes, 

222–223
cholecystokinin-induced 

secretion of, 272
Pancreatic peptide YY (PYY), 

274–275
Pancreatic polypeptide (PP), 19, 

270, 274–275

Pancreatic proteases, 84
Pandora. See Common pandora 

(Pegellus erythrinus)
Pantothenic acid, 126, 129–130
Pantothenic acid defi ciency, 130
Paprika, as source of carotenoids, 

167
PARA. See Particle-assisted 

rotational agglomerated 
(PARA) particles; Particle-
assisted rotational 
agglomeration (PARA)

Paraformaldehyde, 376
Paralabrax maculatofasciatus. See 

Spotted sand bass 
(Paralabrax 
maculatofasciatus)

Paralichthys californicus. See 
California halibut 
(Paralichthys californicus)

Paralichthys dentatus. See 
Summer fl ounder 
(Paralichthys dentatus)

Paralichthys lethostigma, 369
Paralichthys olivaceus. See 

Japanese fl ounder 
(Paralichthys olivaceus)

Parathyroid hormone, 134
Parathyroid hormone-related 

protein, 134
Parenteral nutrition, 205–206
Particle-assisted rotational 

agglomerated (PARA) 
particles, 338, 339

Particle-assisted rotational 
agglomeration (PARA), 
358, 358

Particle size, of microparticulate 
diets, 335

Parvocalanus, 324, 325
Parvocalanus crassirostris, 324
PAS. See under Periodic acid-

Schiff (PAS)
Pavlova lutheri, 309
Pax3, 233, 234
PBS. See Phosphate buffered saline 

(PBS)
PC. See Phosphotidylcholine (PC)
PCNA. See Proliferating cell 

nuclear antigen (PCNA)-
staining nuclei

PE. See Phosphatidylethanolamine 
(PE)

Pearlspot (Etroplus suratensis), 
vitamin E and spawning of, 
165

Pegellus erythrinus. See Common 
pandora (Pegellus 
erythrinus)

Pelteobagrus fulvidraco, 36
Pepsin, 23, 85, 268, 387
Pepsinogen, 17, 18, 23, 29, 

30–31, 85
Peptidases, 85, 86–87
Peptides, loss in microparticles, 

340
Peptide transporter PepT1, 89, 89
Peptide Y (PY), 274
Perca fl avescens, 165, 193
Perca fl uviatilis. See European 

perch (Perca fl uviatilis)
Perch

esophagus of, 9
oil globules in, 198

Percids, 7
Percula clownfi sh (Amphiprion 

percula)
lipid spray beads and, 343
liver of, 21

Periblast, 186, 190
Perichondral ossifi cation, 224
Periodic acid-Schiff (PAS)-positive 

glycogen granules, 21
Periodic acid-Schiff (PAS)-positive 

reactions, 17–18
Periodic acid-Schiff (PAS) stain, 

385
Peroxisomal proliferator response 

elements (PPREs), 53
Peroxisome proliferator-activated 

receptor α (PPARα), 53
Peroxisome proliferator-activated 

receptor β (PPARβ), 53
Peroxisome proliferator-activated 

receptor γ (PPARγ), 36, 53
skeletal development and, 227

Peroxisome proliferator-activated 
receptors (PPARs), 51, 121, 
236

gene regulation and, 53–54
Peroxyl radicals, 258
Persistent organic pollutants 

(POPs), 228
Petenia splendida. See Bay snook 

(Petenia splendida)
PGs. See Prostaglandins (PGs)
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pH
regulation of yolk granules and, 

195
in rotifer cultures, 315

Pharynx, 8
Phenylalanine, 97–98, 99

bioavailability of, 101
Phosphate buffered saline (PBS), 

386
Phosphatidylcholine (PC), 65–66

in microdiets, 104
vitellogenin and, 185

Phosphatidylethanolamine (PE), 
65–66

in fi sh eggs, 194
neural tissue and, 48

Phosphatidylinositol (PI), 51, 66, 
194

Phosphatidyloserine, 194
Phosphoglycerides, 65
Phospholipase A2, 394
Phospholipase C, 53
Phospholipases, 24
Phospholipid hydroperoxide 

glutathione peroxidase 
(PHGPx), 137

Phospholipids (PLs), 47–48, 
65–66

in copepods, 326, 326
EPA/ARA ratios and, 61–62
gut maturation and diet with 

high, 224
hepatocyte mitochondria and 

diet with, 222
krill and, 196
Lv and, 196
in microdiets, 104
spray beads and, 343
utilization of, 196–197, 198

Phosphorus, 119, 134, 228
Phosphorus defi ciency, 166–167
Phosphorus homeostasis, 134

vitamin D and, 122
Phosphotidylcholine (PC)

catabolism of, 198
in fi sh eggs, 194

Phosvitin (Pv), 184, 185, 186
Photobioreactors, for microalgae, 

310–311, 311
Photoperiod, feeding and, 

294–295
Photosynthesis, of microalgae, 

309

Physical forces, skeletal 
development and, 237

Physical properties of microdiets, 
357–360

chemical attractiveness, 359–
360, 360

movement or behavior, 359
size and color, 358–359

Physiological energetics, 391–392
cellular energy allocation, 392
scope for growth, 391–392

Phytoestrogens, 168
PI. See Phosphatidylinositol (PI)
Pigmentation, 233–236, 237

fl atfi sh, 50–51
normal development, 233–235, 

234, 235
nutrients involved in, 235–236

Pike. See Northern pike (Esox 
lucius)

Pike perch (Sander lucioperca)
exocytosis in, 190
gastric glands in, 19
goblet cells in, 10, 14
liver function in yolk utilization 

in, 199
liver of, 21
microbound diets and, 340
nutritional effects on muscle 

development in, 231–232
pyloric ceca in, 16
stomach of, 19
yolk sac circulation in, 187

Pilot trials, 377
Pink fi bers, 229, 229
Pinocytosis, hindgut, 90
PL. See Polar lipid (PL)
Plaice (Pleuronectes platessa)

feed intake and fecundity of, 
158, 159

indispensable amino acids 
requirements, 97

lipid content of eggs, 194
peroxisome proliferator-

activated receptors in, 53
phospholipids in, 65
yolk absorption rate of, 202

Platichthys fl esus. See European 
fl ounder (Platichthys fl esus)

Plecoglossus altivelis. See Ayu 
(Plecoglossus altivelis)

Plectorhynchus cinctus, 162
Plectropomus leopardus, 295

Pleuronectes americanus. See 
Winter fl ounder 
(Pleuronectes americanus)

Pleuronectes platessa. See Plaice 
(Pleuronectes platessa)

Pleuronectiformes, 186
PLs. See Phospholipids (PLs)
Poecilia reticulata. See Guppy 

(Poecilia reticulata)
Poeciliopsis occidentalis, feed 

intake and fecundity of, 
158

Polar lipid (PL), age-dependent 
effect of, 65

Polyamides, 25
Polyamine-producing yeast, 24
Polyamines, 23–24
Polymerase chain reaction, 388
Polyunsaturated fatty acids 

(PUFAs), 27, 48, 65
in fi sh eggs, 194
membrane fl uidity and, 49
vitamin E and, 123, 124

Pomatoschistus minutus, 377
Pond smelt (Hypomesus olidus), 

protein absorption in, 90
POPs. See Persistent organic 

pollutants (POPs)
Postvalvular intestine, 12, 13
Potassium, 134–135

feed requirements, 119
Potassium defi ciency, 135
Power analysis, 375
Power function, 380
PP. See Pancreatic polypeptide 

(PP)
PPARα. See Peroxisome 

proliferator-activated 
receptor α (PPARα)

PPARβ. See Peroxisome 
proliferator-activated 
receptor β (PPARβ)

PPARγ. See Peroxisome 
proliferator-activated 
receptor γ (PPARγ)

PPARs. See Peroxisome 
proliferator-activated 
receptors (PPARs)

PPREs. See Peroxisomal 
proliferator response 
elements (PPREs)

Prasinophyceae, 311
Precocial development, 219
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Precocial larvae, 285, 373
Predators, development of, 297
Preosteoblasts, 225
Preprogastrin, 271
Prevalvular intestine, 12, 13
Prey density, 294
Prey selection, 290–293
Prey size, 291–292
Prochilodus lineatus. See Curimba 

(Prochilodus lineatus)
Production systems, for 

microalgae cultivation, 
310, 310–311, 311

Progastrin, 271
Progestins, 156
Proliferating cell nuclear antigen 

(PCNA)-staining nuclei, 14
Proline, 97
Proportional growth rate (g), 378
Prostaglandin E2 (PGE2), 60, 

225, 227
Prostaglandin E3 (PGE3), 60
Prostaglandins (PGs)

eicosanoid precursors of, 161
pigmentation and, 50
sexual maturation and, 156
stress response and, 52, 53
synthesis of, 49

Proteases, 23
Protein hydrolysates, in 

microdiets, 103
Protein kinase A, 52–53
Protein kinase C, 52–53
Proteins, 83–105

amino acid requirements, 
97–104

amino acid bioavailabilities 
and requirements, 100–
102, 101

amino acid profi les as 
indicators of requirements, 
98–100, 99, 100

dispensable amino acids, 97, 
97–98

indispensable amino acids, 
97, 97–98

in Artemia, 321, 322
assessing embryonic and larval, 

381–382
in copepods, 327
degradation of, 95–97
delivery in microparticulate 

diets, 336–342

dietary supply of amino acids, 
103–104

digestion of, 84–93
absorption, 88–90
enzymatic secretion and, 

84–87, 85
molecular form of dietary 

nitrogen, 90–92, 91
processes, 85
protein digestibility, 87–88
role of gut transit time on 

dietary protein utilization, 
92–93

in fi sh eggs, 192, 193
intestinal absorption of, 12
leaching in microdiets, 359
level in live feeds, 316
metabolism of, 93–97

amino acid metabolism, 
93–95, 94

protein turnover, 95–97
overview, 83–84
primary yolk, 184–185
requirements, 159–160, 160

for uses other than growth, 
102–103

solubility of, 87–88
synthesis of, 95–97

oxygen consumption and, 
255

yolk, utilization of, 195–196
yolk consumption and, 201
yolk reserve, 191

Protein turnover, 94, 95–97
Proteolysis, of yolk platelets, 194
Proteolytic pancreatic enzymes, 

nutritional condition and, 
34–35

Proton pumps, 23, 29, 30–31
Prymnesiophyceae, 311, 312
Psetta maxima. See Turbot (Psetta 

maxima)
Pseudoalbinism, 236
Pseudocaranx dentex, 167
Pseudoreplication, 375
Pseudosciaena crocea. See Yellow 

croaker (Pseudosciaena 
crocea)

PUFAs. See Polyunsaturated fatty 
acids (PUFAs)

Puffer fi sh (Takifugu rubripes), 
acid proteas activity in, 30

Purines, 95

Puye (Galaxias maculatus)
DHA/EPA ratio in, 63
polyunsaturated fatty acids in 

tissue of, 57
Pv. See Phosvitin (Pv)
PY. See Peptide Y (PY)
Pyloric ceca, histological structure 

of, 15–16
Pyloric region, of stomach, 16
Pyloric sphincter, 12, 13, 16
Pyridoxine. See Vitamin B6

Pyrimidines, 95
Pyruvate carboxylase, 129
PYY. See Pancreatic peptide YY 

(PYY)

RA. See Retinoic acid (RA)
Rabbitfi sh (Siganus guttatus)

dietary fat and, 161
duration of mixed feeding in, 

207
oil globule in, 197

Rachycentron canadum. See 
Cobia (Rachycentron 
canadum)

Radioactivity, in tissues, 382
Radioimmunoassay (RIA), 

386–387
Rainbow trout (Oncorhynchus 

mykiss), 36
biotin requirements in, 129
carotenoids and, 167
dietary carbohydrate and, 163
dietary lipid and, 161
dipeptide-based diet in, 97
docosahexaenoic acid 

requirement in, 59
duration of mixed feeding in, 

207
energy source for gonadal 

development, 158
feed intake and fecundity of, 

159
folate in, 130
glycogen storage in, 221
locomotory activity and yolk 

absorption in, 205
mineral supplementation and, 

166
oil globules in, 198
phospholipids and, 65
ribofl avin in, 128
selenium and, 137
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sex determination in, 168
source of amino acids in, 92
temperature and yolk utilization 

in, 203
thiamine and, 166
vasoactive intestinal polypeptide 

in, 273–274
vitamin C and, 166
vitamin E and, 165
vitamin requirements in, 164
yolk absorption rate of, 

202–203
yolk consumption in, 201
yolk hydration in, 192
yolk platelets in embryos, 

194–195
yolk sac circulation in, 188

RANK. See Receptor activator for 
nuclear factor κB (RANK)

RANKL, 225, 227
RAR. See under Retinoic acid 

receptor (RAR)
RAREs. See Retinoic acid 

response elements (RAREs)
Receptor activator for nuclear 

factor κB (RANK), 225
Rectum, 12, 13
Redbelly tilapia (Tilapia zillii), 

feed intake and fecundity 
of, 159

Red drum (Sciaenops ocellatus)
amylase activity in, 26
best dietary essential fatty acid 

contents in, 56
carbohydrates in egg of, 191
cholecystokinin-immunoreactive 

cells in, 272, 272, 273
cholecystokinin in gut of, 267
color of microdiets for, 359
DHA/EPA ratio in, 63
dietary ratios between essential 

fatty acids in, 62
dry matter in eggs of, 192
illumination and feeding in, 295
insuffi cient digestion in, 266
intestinal phase of digestion in, 

268
microdiets and, 24
oil globules in, 198
protein in egg of, 191
somatostatin in, 271
success of microdiets for, 367, 

368

trypsin activity in, 360
use of microdiets in, 354, 355
weaning of, 30, 367

Red fi bers, 229, 229
Red hybrid tilapia, ribofl avin in, 

128
Red porgy (Pagrus pagrus)

amylase expression in, 27
appearance of goblet cells, 11
bile salt-activated lipase 

expression in, 28
daily ingestion in, 296
dietary ratios between essential 

fatty acids in, 62
digestive enzyme gene 

expression in, 26
docosahexaenoic acid 

requirement in, 58
expression of digestive enzyme 

genes in, 29
pepsinogen in, 30
proton pump in, 31
stomach of, 19
trypsinogen in, 28, 30
vision in, 287

Red sea bream (Pagrus major, 
Chrysophrys major)

arginine requirement for, 98
best dietary essential fatty acid 

contents in, 56
β-carotene supplementation 

and, 167
bile salt-activated lipase in, 27
calcium-to-phosphorus ratio for, 

134
carotenoids and, 167
chemical composition of eggs, 

193
cuttlefi sh meal and, 168
dietary protein for, 159, 160
docosahexaenoic acid 

requirement in, 57
egg composition in, 157
eicosapentaenoic acid 

requirement in, 61
krill in diet of, 168–169
olfaction and feeding in, 288
phospholipids and, 65
phosphorus defi ciency in, 

166–167
stress resistance in, 51
success of microdiets in, 369
taurine and, 103

vision in, 287
vitamin A and, 133
vitamin B12 and, 131
vitamin E and, 164, 165
yolk consumption in, 201
zein-bound particles and, 337

Red snapper (Lutjanus 
campechanus), effective 
feeding period for, 157

Regulatory systems, digestive, 
268–276

enteric nervous system, 
268–269

GI regulatory molecules, 
269–276

Reproduction
Artemia, 318–319
rotifer, 314

Reproductive biology, 154–157
Reproductive physiology, nutrient 

requirements and, 159–168
Retinal, 166
11-cis-Retinal, 120
all-trans-Retinal, 120
Retinaldehyde dehydrogenase 2, 

232
Retinoic acid, 226
9-cis-Retinoic acid, 120
Retinoic acid (RA), 232
Retinoic acid receptor (RAR) α, 

120, 121
skeletal development and, 226, 

227
Retinoic acid receptor (RAR) β, 

120
Retinoic acid receptor (RAR) γ, 

36, 120, 121
skeletal development and, 226

Retinoic acid receptors (RARs), 
54, 120–121, 232, 236

Retinoic acid response elements 
(RAREs), 120–121

Retinoic acid X receptor (RXR) α, 
120, 121

skeletal development and, 226, 
227

Retinoic acid X receptor (RXR) β, 
120

Retinoic acid X receptor (RXR) γ, 
120

Retinoic acid X receptors (RXRs), 
51, 120–121, 232, 236

gene regulation and, 53–54
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Retinoids, 120
pigmentation and, 235–236

Retinoid X receptor alpha 
(RXRα), 58, 120

Retinol, 121. See also Vitamin A
Retrograde peristaltic waves, 269
Reynolds number, 289
Rhamdia quelen, 19
Rhodomonas baltica, 326, 326, 

327
Rhodomonas salina, 324
Rhodomonas sp., 309
Rhodopsin, docosahexaenoic acid 

and, 49
Rhombosolea tapirina. See 

Greenback fl ounder 
(Rhombosolea tapirina)

RIA. See Radioimmunoassay 
(RIA)

Ribofl avin, 126, 127–128
in live feed, 118

Ribofl avin defi ciency, 128
Ribonucleases, 390
River trout (Salmo trutta), feed 

intake and fecundity of, 
158

RNA/DNA ratios, 374, 389–390
RNA fl uorescence, 390
Roach (Rutilus rutilus)

feed intake and fecundity of, 
158, 159

lipid content of eggs, 194
metabolic scaling relationships 

in, 253
Rodlet cells, 15

in gallbladder, 22
ROS (reactive oxygen species) 

production
mechanisms of, 258
stress and, 257

Rotifers. See also Artemia spp; 
Brachionus spp.

in aquaculture, 312–317
cultivation methods, 314–315
cultivation of rotifers, 314
enrichment and nutritional 

quality, 315–317
evaluating state of cultures, 

315
feeding and digestion, 314
general biology, 312–313
morphology, 313, 313
reproduction, 314

water quality and, 315
daily consumption of, 295
dietary supply of amino acids, 

103
enriched with taurine, 103
enriching with essential fatty 

acids, 63
as feed, 307
in larviculture, 353
microalgae as diet for, 307–308
mineral content of, 119, 228
nutrient composition of, 118
nutritional requirements and, 

343
phospholipids and, 66
use of, 24
vitamin A and, 122
vitamin B12 in, 131
vitamin levels in, 118

Rough endoplasmic reticulum, 
189, 190

development of, 222
of ysl, 195

Runt-related transcription factors 
(Runx), 227

Runx. See Runt-related 
transcription factors 
(Runx)

Runx2, 225
Rust, Michael, 358
Rutilus rutilus. See Roach (Rutilus 

rutilus)
RXRs. See Retinoic acid X 

receptors (RXRs)

Salinity
DHA/EPA ratio and, 63
effect on yolk absorption, 

204–205
microalgae cultivation and, 309

Salmo gairdneri, metabolic scaling 
relationships in, 253

Salmonid alevins, mixed feeding 
and, 208–209

Salmonids, 7
carotenoids and reproduction 

in, 167
development of, 219
stomach of, 18

Salmo trutta, 158
Salmo trutta morpha fario. See 

Brown trout (Salmo trutta 
morpha fario)

Salmo trutta morpha trutta. See 
Sea trout (Salmo trutta 
morpha trutta)

Salvelinus namaycush. See Lake 
trout (Salvelinus 
namaycush)

Sample size, 376
Sampling procedures, for growth 

assessment, 375–376
Sandeel (Ammodytes lancea), oil 

globules in, 198
Sander lucioperca. See Pike perch 

(Sander lucioperca)
Sander vitreum. See Walleye 

(Sander vitreum)
Sand goby (Pomatoschistus 

minutus), 377
Sardinops melanotictus, 25
Saturated fatty acids (SFA), 49, 64

in fi sh eggs, 194
Scardinius erytrophthalmus, 

dietary ratios between 
essential fatty acids in, 62

Sciaenids, yolk in, 186
Sciaenops ocellatus. See Red drum 

(Sciaenops ocellatus)
Sclerotome, 224
Scoliosis, amino acid-defi cient diet 

and, 132, 132
Scomberomorus niphonius. See 

Japanese Spanish mackerel 
(Scomberomorus 
niphonius)

Scomber scombrus. See Atlantic 
mackerel (Scomber 
scombrus)

Scope for growth (SFG), 391–392
Scophthalmus maximus, dietary 

ratios between essential 
fatty acids in, 62

Scophthalmus rhombus, 10
SDA. See Specifi c dynamic action 

(SDA)
SDS-PAGE zymograms, 386
SE. See Standard error (SE)
Sea bream. See also Gilthead sea 

bream (Sparus aurata); Red 
sea bream (Pagrus major, 
Chrysophrys major); 
Sharpsnout sea bream 
(Diplodus puntazzo); White 
sea bream (Diplodus 
sargus)
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Artemia for, 318
exocytosis in, 190
exogenous feeding in, 210
lack of periblast in, 190
utilization of lipids in, 197
vitamin E in, 124

Sea trout (Salmo trutta morpha 
trutta)

locomotory activity and yolk 
absorption in, 205

yolk consumption in, 202
Seawater, as source of minerals, 

322
Sebastes melanops, 205
Sebastes schlegeli, 357
Secretin, 222, 273
Seisona, 312
Selenium, 136–138, 228

lipid spray beads and loss of, 
344

in live feed, 119
in rotifers, 316

Selenoprotein P, 136
Semelparous fi sh, 154
Semicontinuous culture, of 

microalgae, 311
Senegalese sole (Solea 

senegalensis)
amino acid catabolism in, 94, 

95
amino acid profi le of, 98, 99, 

100
amylase activity in, 26, 27
arachidonic acid requirement in, 

59
daily ingestion in, 296
digestive processing in, 922
eicosapentaenoic acid 

requirement in, 61
EPA/ARA ratio in, 327
exocrine pancreas of, 22
exogenous feeding in, 210
feeding incidence in, 291
gastric glands in, 19
goblet cells in, 10, 14
illumination and feeding in, 

295
iodine and, 136
mixed feeding and, 208, 209
pigmentation in, 236
protein intake of, 84
success of microdiets in, 369
trypsin paralogues in, 84

tyrosine and metamorphosis 
and, 102

utilization of lipids in, 197
Sensorial tissue development and 

behavior, 48–49
Sensory organs, role in feeding 

behavior, 286–288
Serine, 97, 159
Seriola dumerili. See Greater 

amberjack (Seriola 
dumerili)

Seriola lalandi. See Yellowtail 
amberjack (Seriola lalandi)

Seriola quinqueradiata. See 
Yellowtail (Seriola 
quinqueradiata)

Serosa, 7–8, 8, 9
ceca, 16

Serotonin, tryptophan and, 102
Seven-band grouper (Ephinephelus 

septemfasciatus), 
cannabalism in, 293

Sexual maturation, 156
Sexual maturity, 394
Sexual reproduction, in rotifers, 

314
SFA. See Saturated fatty acids (SFA)
SFG. See Scope for growth (SFG)
SGR. See Specifi c growth rate 

(SGR)
Shaped microbound particles, 

338–340
Sharpsnout sea bream (Diplodus 

puntazzo)
amino acid availability of, 101
amino acid profi le of, 99, 100
exogenous feeding in, 210
liver function in yolk utilization 

in, 199, 199, 200
mixed feeding and, 208

Short-term stress, 257
Shrimp, Artemia for, 320
Sialic acid residues, 11
Siberian sturgeon (Acipenser 

baerii)
exocrine pancreas of, 22
gastric glands in, 18, 19
goblet cells in, 10, 14
stomach of, 17, 18

Siganus, duration of mixed 
feeding in, 207

Siganus guttatus. See Rabbitfi sh 
(Siganus guttatus)

Sight. See Vision
SILAC. See Stable isotope labeling 

by amino acids in cell 
culture (SILAC)

Silicon, 228
Siluriformes, 7
Silurus glanis. See European 

catfi sh (Silurus glanis)
Silver arowana (Osteoglossum 

bicirrhosum)
endogenous nutrition in, 183
yolk sac juveniles, 190

Sinking characteristics, of 
microdiets, 359, 362

Sinking time, 298
Sinusoids, 19
SIRFs. See Somatotropin release-

inhibiting factors (SIRFs)
Size, of micropartilate particles, 

358–359
Size-specifi c mortality, 377
Skeletal development, 224–228

bone and cartilage 
characteristics, 224–226, 
225

cell origins and functions, 224
eye migration in fl atfi sh, 226
nutrients known to affect, 

226–228
physical forces and, 237

Skeletogenesis, 36
Skeletonema costatum, 309
Skipjack tuna (Katsuwonus 

pelamis), docosahexaenoic 
acid requirement in, 59

SL. See Standard length (SL)
SLR. See Specifi c loss rate 

(SLR)
Small-molecular-weight water-

soluble (SMWS) nutrients, 
leaching of, 360–361

Smell. See Olfaction
S-MEM, 359
Smooth endoplasmic reticulum, of 

ysl, 195
SMWS. See Small-molecular-

weight water-soluble 
(SMWS) nutrients

Snapper (Pagrus auratus)
feeding in, 287
vision in, 287

SOD. See Superoxidase dismutase 
(SOD)
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Sodium, 134–135
feed requirements, 119

Software to assess length, 378
Solea senegalensis. See Senegalese 

sole (Solea senegalensis)
Solea solea. See Common sole 

(Solea solea)
Solubility of protein, 87–88
Somatic growth, 377–383

energy content, 382–383
length, 377, 377–380, 379
protein content, 381–382
weight, 380–381

Somatostatin, 19, 25, 268, 271
Somatotropin release-inhibiting 

factors (SIRFs), 271
Somitogenesis, 232
Sonic hedgehog, in myogenesis, 

231
Sorgeloos, Patrick, 317
South American catfi sh (Rhamdia 

quelen), gastric glands in, 
19

Southern fl ounder (Paralichthys 
lethostigma), weaning of, 
369

Sox10, 233, 234
Soybean, 168
S-PARA, 359

leaching curves for, 361, 362
Sparidentex hasta, 293
Sparus aurata. See Gilthead sea 

bream (Sparus aurata)
Spawning quality

adequate feed intake and, 
158–159

carbohydrates and, 163
carotenoids and, 167
lipids and, 160–163
minerals and, 166–167
nucleotides and, 167–168
protein and, 159–160
vitamins and, 163–166

Specifi c dynamic action (SDA), 
251, 253–255

temperature and, 255–256
Specifi c growth rate (SGR), 

protein synthesis and, 255
Specifi c loss rate (SLR), 322, 322
1,3-Specifi c pancreatic lipase, 64
Spermatogenesis, 156–157
Spermine, 25
Spheronizer, 338–339

Sphincter, stomach, 17
Spot (Leiostomus xanthurus), 

digestive processing in, 92
Spotted river puffer (Tetraodon 

nigroviridis), gastrin in, 
271

Spotted sand bass (Paralabrax 
maculatofasciatus)

exogenous feeding in, 210
gastric glands in, 19
goblet cells in, 14
liver of, 21
pyloric ceca in, 16
vision in, 287

Spotted sea trout (Cynoscion 
nebulosus)

daily ingestion in, 296
illumination and feeding in, 295
temperature and feeding in, 294

Spotted wolffi sh (Anarhichas 
minor), temperature and 
yolk utilization in, 203

Spotting, 236
Sprat (Sprattus sprattus), 377
Spray beads, 337, 338, 341, 

343–344
Squid, 168
Stable isotope labeling by amino 

acids in cell culture 
(SILAC), 386

Staining, 236
Staining methodologies, 384–385
Standard error (SE), 376
Standard length (SL), 377
Stanniocalcin, 134
StAR. See Steroidogenic acute 

regulatory protein (StAR)
Stationary phase, of microalgae, 

310, 310
Stellate cells, 121
Stenodus leucichthys, larva of, 

187
Steroidogenic acute regulatory 

protein (StAR), 53
Sterol esters

in oil globule lipids, 194
utilization of, 197

Stizostedion vitreum. See Walleye 
(Stizostedion vitreum)

Stomach
function of, 16
histological structure of, 16–19, 

18

morphogenesis of, 6
Stratifi ed myogenesis, 230, 230
Stratum compactum, 9
Stratum granulosum, 9
Stress

bioenergetics and, 259–260
effect of, 257
gene expression and 

bioenergetics of growth 
under, 258–259

growth and, 256–259
as oxidative damage, 257
responses to, 257
types of, 257

Stress modulation, 51–53
Striped bass (Morone saxatilis)

cross-linked, protein-walled 
capsules and, 342

dietary nitrogen in, 90
dry matter in eggs of, 192
lipids in egg of, 191
oil globule in, 200
vision and feeding in, 287

Striped jack (Longirostris 
delicatissimus)

best dietary essential fatty acid 
contents in, 56

docosahexaenoic acid 
requirement in, 59

paprika in diet of, 167
Striped mullet (Mugil cephalus), 

prey selection in, 291–292
Striped surfperch (Embiotoca 

lateralis), absorptive 
feeding in, 205

Striped trumpeter (Latris lineata)
amino acid requirements in, 

100
best dietary essential fatty acid 

contents in, 56
dietary ratios between essential 

fatty acids in, 62
docosahexaenoic acid 

requirement in, 57
rotifer ingestion in, 295
swimming ability and diet of, 

297
vitamin E and spawning of, 165

Sturgeons
intestine in, 12
stomach of, 16, 17

Submucosa, 7–8, 8, 9
ceca, 16
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Submucous plexus, 8, 9, 269
Substitute bone, 224
Sudan-based stains, 385
Summer fl ounder (Paralichthys 

dentatus)
amylase activity in, 26
arachidonic acid requirement in, 

60
best dietary essential fatty acid 

contents in, 56
mixed feeding and, 208, 209
pepsinogen in, 30
rotifer ingestion in, 295
stomach of, 19
temperature and yolk utilization 

in, 204
Superoxidase dismutase (SOD), 

257, 258
Swimming

feeding and, 288–289, 290
metabolic costs of, 252

Swimming musculature, 
development of, 228–232

normal development and 
growth, 228–231, 229, 230

nutritional effects, 231–232
Swordfi sh (Xiphophorus helleri), 

162
vitamin E and, 165

Symphysodon aequifasciata, 87
Synchronous ovarian 

development, 154
Synthetic dipeptides, as source of 

AA, 92

TAGs. See Triacylglycerols (TAGs)
Takifugu rubripes, 30
Tank bottom cleaners, 357
Tartrate-resistant acid phosphatase 

(TRAP), 225, 225
Taste. See Gustation
Taurine, 102–103

fi sh reproduction and, 160
TCA. See Tricarboxylic acid 

(TCA) cycle
TCDD. See 

2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD)

Teleosts
gallbladders of, 22
origin and yolk formation in, 

184–185
protein absorption in, 89

pyloric ceca in, 15
Temperature

effect on rate and effi ciency of 
yolk absorption, 203–204

feed intake and, 294
global increases in, 250
growth and, 250, 255–256
measuring length and, 379–380
metabolic costs of swimming 

and, 252
microalgae cultivation and, 309

Tench (Tinca tinca), locomotory 
activity and yolk 
absorption in, 205

Testosterone, 156
arachidonic acid and, 162

2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD), 228

Tetraodon nigroviridis, 271
Tetraselmis sp., 309

diet of larvae, 308, 308
Texture, of microdiets, 360
Thalassiosira spp., 309
Thalassiosira weissfl ogii, 324
Theragra chalcogramma. See 

Walleye pollock (Theragra 
chalcogramma)

Thermostatic oven, 380
Thiamine, 126, 127

in Artemia, 321
in broodstock diets, 163
in cod ovaries, 164
embryological development and, 

166
lipid spray beads and loss of, 

344
in live feed, 118
in rotifers, 317

Thiamine defi ciency, 127
Thiamine pyrophosphate (TPP), 

127
Threonine, 97, 99

bioavailability of, 101, 101
Thromboxanes, 50
Thunnus albacores, 209
Thunnus orientalis. See Pacifi c 

bluefi n tuna (Thunnus 
orientalis)

Thunnus thynnus, 130
Thyroid hormone receptors (TRs), 

236
Thyroid hormones, 121, 135

selenium and, 136–137

Thyroxin, 135–136
Tigriopus, 325
Tilapia aurea, 130
Tilapia hybrid (Oreochromis 

niloticus × Oreochromis 
aureus), feed intake and 
fecundity of, 159

Tilapia mossambica, 159
Tilapia nilotica. See Nile tilapia 

(Oreochromis niloticus, 
Tilapia nilotica)

Tilapia spp.
liver of, 21
stomach of, 19
variability of microvilli 

occurrence in, 190
vitamin requirements in, 164

Tilapia zillii, 159
TILLING (targeting induced local 

lesions in genomes), 395
Timelines, measuring growth and, 

379–380
Time-of-fl ight mass spectrometer 

(TOEMS), 386
Time units, 383
Tinca tinca, 205
Tisbe holothuriae, 327
Tisbe sp., 324, 325
Tissue growth, conversion of yolk 

energy to, 202
TL. See Total length (TL)
Tocopherols, 123
Tocotrienols, 123
TOEMS. See Time-of-fl ight mass 

spectrometer (TOEMS)
Tongue sole (Cyconoglossus 

semilaevis), feeding in, 
295

Total length (TL), 377
Touch, food detection and, 286
TPP. See Thiamine pyrophosphate 

(TPP)
Trace elements, 138
Tracers, in larval fi sh nutrition 

research, 366
Tracer studies, 381–382
Transaminases, 93
Transamination, 93–94
Transgenes, 395
Transient receptor potential cation 

channel, subfamily V, 
member 6 (TRPV6) 
expression, 36
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Transition growth rate, of 
microalgae, 310

TRAP. See Tartrate-resistant acid 
phosphatase (TRAP)

Triacylglycerols (TAGs), 63–65, 
391

catabolism of, 198
EPA/ARA ratios and, 61–62
in fi sh eggs, 192
gut maturation and, 224
in oil globule lipids, 194
utilization of, 196–197
vitellogenin and, 185

Tricaine methylsulfonate, 375
Tricarboxylic acid (TCA) cycle, 94
Tri-iodothyronine, 135
Triolein, 343
Tripalmitin, 343
Tripeptidases, 24
Trophi, 314
TRP1, 235
TRP2, 235
TRPV6. See Transient receptor 

potential cation channel, 
subfamily V, member 6 
(TRPV6) expression

TRs. See Thyroid hormone 
receptors (TRs)

True ambicoloration, 236
Trypsin, 24, 221, 268, 387

activation of, 84
activity in red drum larvae, 

360, 360
loss in microparticles, 340
secretion of, 25
trypsinogen and, 28

Trypsin 1, 86
Trypsin 2, 86
Trypsin 3, 86
Trypsin/chymotrypsin ratio, 

nutritional condition and, 
35

Trypsin mRNA transcription and 
translation, 36

Trypsinogen, 28, 29, 84
Trypsinogen 1, 28
Trypsinogen 2, 28
Tryptophan, 93, 95, 97, 97, 99

fi sh reproduction and, 160
as niacin precursor, 129
serotonin and, 102
in yolk reserves, 191

Tunica muscularis, 16
Turbidity, ingestion and, 298

Turbot
amino acid requirements for, 100
bile salt-dependent pancreatic 

lipase content of, 64
carbohydrates in eggs, 194
diet of larvae, 308
duration of mixed feeding in, 

206
EPA/ARA ratio in, 62–63, 327
exocrine pancreas of, 22
free amino acids in eggs of, 192
gastric glands in, 19
mixed feeding and, 209
oil globules in, 198
pigmentation in, 50, 236
stomach of, 18–19
utilization of free amino acids 

in, 196
utilization of lipids in, 197
vitamin E and, 165
yolk consumption in, 201, 202

Turbot (Psetta maxima)
best dietary essential fatty acid 

contents in, 56
bile salt-activated lipase 

expression in, 28
olfaction and feeding in, 288

Turbot (Scophthalmus maximus)
amino acid profi le of, 99, 100
appearance of goblet cells, 10
chemical composition of eggs, 

193
diet and gonadal development 

in, 158
dietary protein for, 160, 160
gastrin in, 271
protein turnover in, 96
vitamin E and, 165
yolk sac circulation in, 187

Turbulence, effect on feeding 
incidence, 360

Tyrosinase, 235
Tyrosine, 93, 97, 97–98, 99

bioavailability of, 101, 101
metamorphosis and, 102
in yolk reserves, 191

Unilamellar (LUV) liposomes, 
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VDR. See Vitamin D receptor 

(VDR)
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temperature and yolk 
utilization in, 203
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Very low-density lipoproteins 
(VLDL), 33, 66

egg lipids and, 155
immune system and, 54
mixed feeding and, 209
utilization of, 198, 200
in ysl, 189, 190

VIP. See Vasoactive intestinal 
polypeptide (VIP)
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Vitamin A, 118, 120–122, 121
as antioxidant, 258
development and, 236
fi sh reproduction and, 166
growth and, 374
lipid spray beads and loss of, 

344
in live feed, 118
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235
requirements, 163, 164
in rotifers, 317
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226–227
Vitamin A2, 166
Vitamin B6, 118, 126, 128
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in live feed, 118
soybean and, 168

Vitamin B12, 131
in live feed, 118
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as antioxidant, 258
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in broodstock diets, 163
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in copepods, 327
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Walleye, glycogen storage in, 221
Walleye (Sander vitreum)

chemical composition of eggs, 
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dietary nitrogen in, 90
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chalcogramma)
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absorption in, 205
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yolk sac lipase in, 197
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Water absorption, 206
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Water solubility, microparticulate 
diets and, 336

Water-soluble vitamins, 125–132
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prey selection in, 291–292

Wet weight (WW), 380
White bass (Morone chrysops)

arachidonic acid requirement in, 
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lack of periblast in, 190
lipoprotein particle exocytosis 

in, 190
yolk sac circulation in, 187–188
ysl in, 189

White fi bers, 229, 229
Whitefi sh, exocrine pancreas of, 

22
Whitefi sh (Coregonus alpinus), 

yolk sac circulation in, 188
Whitefi sh (Coregonus fera), 

duration of mixed feeding 
in, 206–207

Whitefi sh (Coregonus lavaretus), 
stomach of, 19
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sargus)

amino acid catabolism in, 95
amino acid metabolism in, 93
amino acid profi le of, 99, 100, 

101, 102
amylase activity in, 27
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White sea bream (Diplodus 
sargus) (Cont.)

appearance of goblet cells in, 11
daily ingestion in, 296
feeding in, 293
gastric glands in, 19
liver of, 21

White sturgeon (Acipenser 
transmontanus)

chemical composition of eggs, 
193

gastric glands in, 19
Whiting, lipid content of eggs, 

194
Wild tunny (Thunnus thynnus), 

pantothenic acid 
requirements in, 130

Willow shiner (Gnathopogon 
elongates caulescens)

neuromasts in, 288
taste and feeding in, 288

Winter fl ounder (Pleuronectes 
americanus)

bile salt-activated lipase 
expression in, 28

carbohydrates in eggs of, 191
hydrochloric acid in, 31
pepsinogen in, 30
proton pump in, 31
trypsin in, 86
trypsinogens in, 28, 84
yolk absorption rate of, 202
yolk consumption in, 201
yolk in, 186
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americanus)

amylase expression in, 27
daily ingestion in, 296
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goblet cells in, 14
reproductive biology of, 156
stomach of, 18

WW. See Wet weight (WW)

Xantophore, 235, 235
Xenobiotic factors, effect on yolk 

absorption, 204
Xiphophorus helleri, 162, 165

ycz. See Yolk cytoplasmic zone 
(ycz)
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fulvidraco), 36

Yellow croaker (Pseudosciaena 
crocea)

appearance of goblet cells in, 10
mixed feeding in, 208
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and, 209

Yellow perch (Perca fl avescens), 
chemical composition of 
eggs, 193

Yellowtail amberjack (Seriola 
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feeding incidence in, 291
lipid provisioning in, 200
utilization of lipids in, 197
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ferruginea)

appearance of goblet cells in, 10
arachidonic acid requirement in, 

60
best dietary essential fatty acid 

contents in, 56
DHA/EPA ratio in, 63
eicosapentaenoic acid 

requirement in, 60–61
EPA/ARA ratio in, 327
exogenous feeding in, 210
gastric glands in, 19
goblet cells in, 14
pigmentation in, 236
temperature and yolk utilization 

in, 204
Yellowtail (Seriola quinqueradiata)

best dietary essential fatty acid 
contents in, 56

carotenoids and, 167
docosahexaenoic acid and, 48
eicosapentaenoic acid 

requirement in, 61
n-3 LCPUFA requirements in, 

55
PYY/PY in, 275
taurine and reproduction in, 

160
vitamin B12 and, 131
vitamin E and, 165

YGs. See Yolk granules (YGs)
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absorption of
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infl uence of abiotic factors 
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composition of, 191–194

carbohydrates, 194
dry matter and water content 

in eggs, 192
lipids and fatty acids, 192–

194, 193
proteins/amino acids, 192, 

193
morphology, 185–191

exocytosis in ysl and ytl, 190
variability of microvilli 

occurrence, 190–191
yolk platelet characteristics, 

185–186
yolk syncytial layer, 186–190, 

187, 189
ysl function, 191

origin and formation of in 
teleosts

segregation of ooplasm, 185
vitellogenesis, 184–185

utilization of, 183–184, 
194–200

lipids, 196–199
liver function in, 199, 

199–200
structure, resistance to, and 

degradation of yolk 
platelets and granules, 
194–195

yolk proteins and amino 
acids, 195–196

Yolk cytoplasmic zone (ycz), 188, 
189, 190

Yolk granules (YGs), 185–186
structure, resistance to, and 

degradation of, 194–195
Yolk platelets, 185–186

structure, resistance to, and 
degradation of, 194–195

Yolk proteins, 184–185
Yolk sac. See also Yolk syncytial 

layer (ysl)
in altricial species, 285
functions of, 186
ysl in juveniles, 187

Yolk sac larvae (free embryo), 
219, 220

Yolk sac larvae/yolk sac juveniles, 
183
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Yolk sac lipase, 197
Yolk syncytial layer (ysl)

apoE expression in, 198
exocytosis in, 190
function of, 191
structure and diversity of, 186–

190, 195
Yolk trophoblastic layer (ytl), 187

exocytosis in, 190
ysl. See Yolk syncytial layer (ysl)
ysl/ytl, yolk absorption rate and, 

202
ytl. See Yolk trophoblastic layer 

(ytl)
Ytterbium oxide, 364
Yttrium oxide, 364

Zebrafi sh
enteroendocrine cells in, 15
intestine of, 14
as model organism to study fi sh 

nutrition, 392–397

advantages for experimental 
approaches, 394

development and anatomy of 
intestinal tract, 392–393, 
393

feeding protocols, 396
future issues, 397
methods to study gene 

function, 394–395
method to study effects of 

intestinal microorganisms 
on larval gut, 396

myogenesis in, 231
pancreatic peptide YYb in, 274
pigmentation in, 233, 235
retinoic acid and, 232
yolk proteins in, 195

Zebrafi sh (Brachydanio rerio)
cross-linked, protein-walled 

capsules and, 342
lipid spray beads and, 343

Zebrafi sh (Danio rerio)

enteric nervous system in, 269
intestine, 12
LCPUFA in, 55
microbound diets and, 340
protein absorption in, 88–89, 90
response to dietary 

carbohydrates, 388
yolk in, 186

The Zebrafi sh Book, 396
Zein, 337
Zein-bound microparticles, 340, 

344
Zein polyvinylpyrrolidone 

microbeads, 340
Zinc, 138, 228

in Artemia, 118–119, 119
in live feed, 119

Zoarces viviparus, 206
Zona pellucida, 154
Zooplankton, as feed, 327
Zymogen granules, 22, 26–27, 209
Zymogens, 24
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