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Preface

Addressing the challenges of larval fish 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 fish. There are two main
approaches to feeding larvae in captivity: the
first utilizes live food organisms such as
rotifers and brine shrimp, while the second
focuses on the development of microparticu-
late diets. Live foods are difficult 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
fish 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 fish 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 fish larvae. Development of artificial
feeds for fish larvae capable of supporting
good survival and growth would be a tremen-
dous benefit to hatcheries that depend on
the supply of live feed. This book on larval
fish nutrition was developed to address these
challenges and support the development of
feeding and weaning strategies that will
optimize growth and survival of fish for
production.

The aim of this book is to provide a com-
prehensive reference text on larval fish
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
zebrafish as a model organism to study fish
nutrition. Reference tables of development

Xi



xii  Preface

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 fish
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 field. It is hoped that this book will be a
beneficial reference for researchers advancing
knowledge of larval fish nutrition and aqua-
culture production, as well as a valuable
supplementary textbook for advanced courses
in nutrition, aquaculture, and larval fish

studies.
G. Joan Holt
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Chapter 1

Ontogeny of the

digestive tract

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 fish 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 fishes has
incorporated numerous adaptations for the
efficient 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 fish 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-

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 fishes, 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 fish hatcheries, the
partial or complete replacement of live prey
with a compound inert diet. In this sense, the
ontogeny of the digestive tract of fish 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 finfish species due to their
important commercial value for the aquacul-
ture industry.

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt.
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6 Digestive Development and Nutrient Requirements

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 quantification. 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 fish larvae are not
challenged with physiological or digestive
deficiencies, although they hatch with very
immature organs and systems compared with
juveniles. In this sense, the digestive system of
a fish larva should be considered as a very
efficient 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 fishes 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 interspecific 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 fish larvae, with
special emphasis on the organization and
functionality of the digestive tract and acces-
sory organs during early ontogeny. We also

focus on the use of different histological and
biochemical markers to assess the nutritional
condition of fish larvae under different nutri-
tional and rearing conditions. Consequently,
the chapter has been divided in three parts:
first, 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 specific 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 fish 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., zebrafish).

1.2 Organogenesis of the
digestive system

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 fish 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 fishes
hatch with a simple digestive tract appearing
as a straight and undifferentiated tube located
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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 fish 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-Gonzalez et al. 2008), acipenserids
(Gisbert et al. 1998; Gisbert and Doroshov
2003), salmonids (Sarieyyupoglu et al. 2000;
Rust 2002), or siluriformes (Verreth et al.
1992; Kozari¢ et al. 2008; de Amorim et al.
2009). However, this rapid development of
the digestive system is not a generalized
feature among other freshwater fish species,
such as coregonids (Loewe and Eckmann
1988;Segneretal. 1993), percids (Ostaszewska
2005), cyprinids (Smallwood and Smallwood
1931; Wallace et al. 2005), or characids
(Atencio Garcia 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-specific 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-Gonzalez
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

(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 structure of the
digestive tract and accessory glands

The digestive tract of fishes 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
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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).

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
briefly below (Figure 1.1) since their different
histological organization depends on their
specific 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-

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
fibers 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
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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-
specific variability, with some fish 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 fibers. 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 flat 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.

1.3.1 Esophagus

At hatching, the esophagus in fish 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 fish 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 1.2a).

The epithelium that lines the esophageal
mucosa in fish larvae is similar to that in
adults. In general terms, the esophagus of
freshwater fish species is lined by a multilay-
ered squamous epithelium with large numbers
of goblet cells (Figure 1.2b), whereas that of
marine fish species is lined by a columnar
epithelium with fewer mucous cells and highly
vascularized mucosal folds (Figure 1.2¢)
(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 fish 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 1.2d). The appearance of the first
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(a)

()

(d)

Figure 1.2 Longitudinal paraffin sections of the esophagus from different finfish larvae. (a) Esophagus of a California
halibut (Paralichthys californicus) larvae aged 15 days posthatch (dph). Note the presence of longitudinal mucosal folds
(magnification: 200x; 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 (magnification: 200x; H-E stain). (c) Goblet cells containing neutral
glycoconjugates (PAS-positive staining) in the esophageal epithelium of a 17-dph Paralichthys californicus larva (mag-
nification: 400x; 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 (magnification: 400x; H-E stain). (Photographs by E. Gisbert.)

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 flounder Limanda fer-
ruginea (Baglole et al. 1997), large yellow
croaker Pseudosciaena crocea (Mai et al.
20035), anemonefish Amphiprion melanopus
(Green and McCormick 2001), Siberian stur-
geon Acipenser baerii (Gisbert et al. 1999),
green sturgeon Acipenser medirostris (Gisbert

and Doroshov 2003), pike perch Sander
lucioperca (Ostaszewska 2005), European
catfish Silurus glanis (Kozari¢ et al. 2008),
and common bay snook (Alvarez-Gonzélez
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 (Segneretal. 1994), brill Scophthalmus
rhombus (Hachero-Cruzado et al. 2009),
California halibut Paralichthys californicus
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(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 (Garcia-Herndndez
et al. 2001), cobia Rachycentron canadum
(Faulk et al. 2007), Atlantic cod Gadus
morhua (Morrison 1993), and haddock
Melanogrammus aeglefinus (Hamlin et al.
2000), goblet cells are detected at later stages
of development. In haddock, special attention
might be required in tanks during the first
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 significant
larval mortality if high water quality is not
maintained and bacteria proliferate (Gisbert
et al. 2004a).

The species-specific differences in the
ontogeny of the goblet cells in the esophageal
mucosa of marine fish 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¢,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 fish 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

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 fish 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 CI,
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 first 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
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ileorectal valve forms as a constriction of the
intestinal mucosa, dividing the intestine into
two regions: the prevalvular (anterior) (Figure
1.3a) and postvalvular (posterior) intestine
(Figure 1.3d). 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 1.3b).

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 fish
species have a coiled intestine, for example,
ayu Plecoglossus altivelis (Nakagawa et al.
2002) or zebrafish 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 1.3e). 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

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 1.3a). 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 (Garcia-Hernandez 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 1.3e). In some fish species, such as
sturgeons, the distal intestinal region prior to
the rectum is modified 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 1.3f). Although some differences
may be found among species, the organiza-
tion of the intestinal mucosa throughout its
length is quite conserved among teleosts and
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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) (magnification: 200x; 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-
nification: 600x; 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 (magnification: 400x; 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 filled with predigested Artemia nauplii (magnification: 400x; 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 1.3a
and the low presence of goblet cells (PAS-positive staining) in the intestinal epithelium (magnification: 100x; PAS stain).
(f) Details of the rectum in a 35-dph larva. Note the flattening of columnar cells at the end of the rectum and the pres-
ence of incompletely digested Artemia nauplii in the intestinal lumen (magnification: 400x; H-E stain). (Photographs by
E. Gisbert.)
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typically characterized into four distinct
layers. In particular, zebrafish 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 zebrafish 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 fish species, and as far as is
known, only in cod, common wolffish
Anarbichas 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 Lieberkithn 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 fish species,
although in all studied species they appear
soon after hatching. In common wolffish,
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 wolffish, crypts are observed in all parts
of the intestine (Hellberg and Bjerkas 2005).
Four different types of cells can be identi-
fied along the intestinal epithelium. These
include enterocytes, single enteroendocrine
cells, rodlet cells, and goblet cells. Enterocytes
are the most abundant epithelial cell type in

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 wolffish, bay
snook, Siberian and green sturgeons, Dover
sole, yellowtail flounder, or spotted sand bass,
goblet cells appear in the intestinal mucosa,
before first 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
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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 fish species with a convoluted
intestine, enteroendocrine cells are rarely
found beyond the anterior intestine, as
described for Japanese flounder Paralichthys
olivaceus, Atlantic halibut Hippoglossus hip-
poglossus, Pacific bluefin tuna Thunnus ori-
entalis (Kamisaka et al. 2003), and zebrafish
(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
fish 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 nonspecific immune response (see
review in Manera and Dezfuli 2004).

1.3.3 Pyloric ceca

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 fish exposed
to hyperosmotic environments (Allen et al.

2009). Among vertebrates, only teleost fish
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
fish species, and their number is highly vari-
able, ranging from none (absent) to numerous
(>1,000) depending on the fish group and
species. The presence of ceca in some fish and
absence in others, as well as variations in the
number of ceca between and within species,
are regarded as adaptations in the fish 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 fish species and
their differences among different teleosts are
reviewed in Hossain and Dutta (1996).
These fingerlike 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 flora (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 fishes lacking a stomach (Rust
2002). Hossain and Dutta (1996) reported
that the greater the cecum size, the better its
functional efficiency; thus, fish 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;
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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 (Garcia-Hernandez et al.
2001), spotted sand bass Paralabrax macula-
tofasciatus (Pena 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
Oncorbynchus 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-specific 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.

1.3.4 Stomach

The main functions of the vertebrate stomach
are to store ingested food, to secrete pepsino-
gen and hydrochloric acid (HCI), 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 ] shape and is usually
separated from the intestine by a pyloric
sphincter or valve. It is capable of consider-
able distension in carnivorous fish 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 specific 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 fish 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
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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 fish
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 stratified 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 filled with eosino-
philic yolk granules that gradually disappear
as stomach morphogenesis proceeds (Gisbert
and Doroshov 2003; Zambonino-Infante
et al. 2008). In contrast, in fish with mero-
blastic (incomplete or partial) egg cleavage,
which include the vast majority of finfish
species, the digestive system and particularly
the stomach differentiate independently of the
extraembryonic yolk sac. In the latter fish
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
(Garcia-Hernandez 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-

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 1.4a).

As morphogenesis proceeds, the epithe-
lium of the cardiac and fundic regions of the
stomach folds transversally and forms the
gastric pits, where the first 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 HCI
and pepsinogen, and they are called oxynti-
copeptic cells (Figure 1.4b,c). Ultrastructural
characteristics of the secretory cells from
undifferentiated and differentiated gastric
glands are described in detail in Garcia-
Hernandez 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 HCI 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
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Figure 1.4 Different histological sections of the stomach from larvae of different fish 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 first gastric glands (arrowhead) (magnification:
200x; hematoxylin-eosin [H-E] stain). (b) Detail of the gastric glands in Paralichthys californicus (magnification: 600x;
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 (magnification: 400x; 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 filled with chyme (magnification:

400x; PAS stain). (Photographs by E. Gisbert.)

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-

ferent stages of development depending on
the fish 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 wolffish possess
a functional stomach at the time of first
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



Ontogeny of the digestive tract 19

late as 90dah 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 flounder
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-
fish Coregonus lavaretus (Mahr et al. 1983).

In higher vertebrates, gastric glands are
mainly located in the fundic region of the
stomach (Stevens and Hume 2005), whereas
in fishes, several authors have reported the
existence of interspecific differences in the
localization of gastric glands. In some species,
such as turbot (Segner et al. 1994), yellowtail
flounder (Baglole et al. 1997), Dover sole
(Veggetti et al. 1999), common pandora
(Micale et al. 2006), and South American
catfish Rhamdia quelen (Hernandez 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 (Garcia-Herndndez et al. 2001),
spotted sand bass (Pena 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-Gonzalez et
al. 2008) are entirely glandular, suggesting
that the stomach in these species is mainly

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

1.3.5 Accessory digestive glands

The accessory digestive glands, the liver, pan-
creas, and gallbladder, are of significant
importance for the nutrition and homeostasis
of fish (Hoehne-Reitan and Kjersvik 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 detoxification 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 final organ associated
with digestion is the gallbladder, which
secretes bile produced by the liver and aids in
the emulsification of ingested food (i.e., lipids)
and increases intestinal pH.

Histologically, the liver is composed of the
liver lobuli (Figure 1.5b,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 fish, hepatocytes are
arranged in anastomosed laminae around the
central vein. Using electron microscopy, dif-
ferent cell types may be identified 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,
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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 (magnification: 200x; 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 flattening of the epithelium (magnification: 200x; 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 (magnification: 400x; 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 (magnification: 400x; H-E stain). (e) Endocrine pancreas (islet of Langerhans) surrounded by exo-
crine pancreatic tissue (magnification: 400x; H-E stain). (f) Exocrine pancreas with an infiltration of adipose tissue. Note
the round shape of the adipocytes (unstained with H-E stain) and the peripheral position of their flattened nuclei (mag-
nification: 400x; H-E stain). BD = biliary duct, | = intestine, L = liver, P = pancreas. (Photographs by E. Gisbert.)
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and fibroblasts complement the basic liver
architecture. The main stored substances in
the fish 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 identified as rosette-like o
particles and single B particles. For a detailed
description of the ultrastructural characteris-
tics of the above-mentioned cell types in adult
fish, 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 Kjorsvik
2004). As these authors stated, the timing of
liver development clearly reflects 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-
fish (Hoehne-Reitan and Kjersvik 2004),
white sea bream (Ortiz-Delgado et al. 2003),
percula clownfish Amphiprion percula (Onal
et al. 2008), tilapia (Morrison et al. 2001),
and bay snook (Alvarez-Gonzilez et al. 2008).
In contrast, in some marine species, such as
gilthead sea bream (Sarasquete et al. 1995),
anemonefish (Green and McCormick 2001),
California halibut (Gisbert et al. 2004a),
common dentex (Santamaria Rojas et al.
2004), Atlantic halibut (Hoehne-Reitan and
Kjorsvik 2004), common pandora (Micale
et al. 2006), spotted sand bass (Pefia 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
20035), and European catfish (Kozari¢ et al.
2008), the liver develops after the larva
emerges from the egg envelope during the
endogenous feeding phase (Figure 1.5a).

Bile is secreted by the hepatic cells and is
discharged into the extracellular bile cana-
liculi (Figure 1.5b). Bile canaliculi join to
form the bile ducts, which subsequently con-
verge into the hepatic duct. The latter leaves

the liver and opens into the anterior intestine.
In many fishes, 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 Kjorsvik 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 1.5e,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
catfish, have a distinctive pancreas as is found
in higher vertebrates (Hoehne-Reitan and
Kjorsvik 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
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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 fish
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 flounder, Atlantic halibut,
Atlantic cod, Senegal sole, bay snook, turbot,
whitefish, and Siberian sturgeon, among
others (Hoehne-Reitan and Kjersvik 2004;
Zambonino-Infante et al. 2008).

The fish 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 fishes: 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

Hibiya 1995). These layers are also distin-
guishable in fish 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 fibers 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 specific 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 detoxification processes, Kramer et al.
(2005) hypothesized that the abundance of
rodlet cells within the gallbladder epithelium
of fish 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 digestive
enzymes

The development of adequate compound
microdiets to replace live foods in the culture
of marine fish 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 fish
larvae. The lack of success in completely
replacing live foods with compound microdi-
ets from the onset of first feeding has been
historically attributed to the presence of an
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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 fish larvae have
a very defined and specific digestive physiol-
ogy that merits the development of specific
diets and weaning protocols, and that they
possess a differentiated and effective digestive
system early in development (Sarasquete et al.
19935; Ribeiro et al. 1999; Lazo et al. 2000a;
Zambonino-Infante and Cahu 2001).

The conventional approach used for assess-
ing digestive capacity in marine fish 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
fish larvae was first reviewed by Tanaka
(1973) and Govoni et al. (1986), and more
recently by Hoehne-Reitan and Kjersvik
(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 HCI into the
stomach lumen is not functional (Rust 2002;
Gawlicka et al. 2001; Darias et al. 2005;
Ronnestad 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 first 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  Kjersvik ~ 2004).
Digestion occurs in the midgut and hindgut,

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 first
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 HCI 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 specific 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 influ-
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 fish 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%
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dry weight of the polyamine spermine dis-
played faster enterocyte maturation com-
pared with fish 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 Cahu2001; Lazoetal. 2007). Intracellular
enterocyte digestive enzymes such as tri- and
dipeptidases exhibit high levels of activity
during the early larval stage and decrease

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 first 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 fish
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 fish larvae and will be
further described in the last section of this
chapter. Thus, although not as complex as the
juvenile digestive system, marine fish larvae
possess a wide range of digestive enzymes that
support the efficient 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 fish larvae has been
shown to be beneficial only for sea bass larvae
(for a review, see Kolkovski 2001). However,
its benefits have not been conclusively dem-
onstrated for other species. Moreover, several
authors have reported a lack of significant
differences in levels of pancreatic and intesti-
nal enzymes in fish 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
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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 fish 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 Rennestad et al. 2007). For example, many
compounds present in live feeds have the
potential for influencing digestive enzyme
activity in fish larvae. Polyamides, algal

growth regulators that play multiple roles in
stabilizing the intracellular conformation of
nucleic acids and membranes (Mathews and
van Holde 1990; Garcia-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 fish larvae
contain large amounts of fish 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
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contraction, intestinal peristalsis, and gut
transit time in fish larvae (Ronnestad et al.
2007), all of which are important factors
regulating the digestion process. In first
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 digestive
enzyme genes

Even though numerous studies have charac-
terized the ontogeny of the digestive system
of marine and freshwater fish 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 fish
larvae.

The ontogeny of the digestive system is a
species-specific and genetically programmed
process where digestive enzymes follow a spa-
tiotemporal pattern of gene expression during
the larval development. These processes can
be influenced by the diet and directly impact
nutrient digestion and absorption, and conse-
quently, larval performance and growth. For
these reasons, the first 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.

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 first 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
fish larvae.

1.5.1 Amylase

Alpha (o) amylase (4-0-D-glucan glucanohy-
drolase, EC 3.2.1.1) is classified as family 13
of the glycosyl hydrolases and is responsible
for the hydrolysis of the o-1,4 glycoside
bonds in glycogen and starch, and related
polysaccharides and oligosaccharides con-
taining three or more (1—4)-o-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 fish larvae (Cahu and
Zambonino-Infante 1994; Cahu et al. 2004).
The appearance of acidophilic zymogen gran-
ules has been detected after the first 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 aeglefinus, Hamlin et al.
2000). Zymogen granule detection coincides
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with the first amylase activity detected in
Solea senegalensis (Ribeiro et al. 1999),
Diplodus sargus (Cara et al. 2003), Sparus
aurata(Moyanoetal. 1996),and Dicentrarchus
labrax (Zambonino-Infante and Cahu 1994a).
Additionally, in situ hybridization technique
has revealed that a-amylase gene expression
occurs in the exocrine pancreas (Darias et al.
2006). Although only a few studies have eval-
uated amylase expression during fish 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 (Péres et al. 1996; Ma et al. 2004),
while in winter flounder (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 30dph and
subsequently decreased thereafter (Darias
et al. 2006). In any case, a relatively elevated
level of amylase expression during the first
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 (Péres 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 sufficient levels of this enzyme to be
ready for digestion at the beginning of exog-
enous feeding.

However, once exogenous feeding com-
mences, amylase expression can be modu-
lated by the quantity and quality of the food
(Péres et al. 1996). The different patterns of
amylase expression observed in most fish
species studied (Péres 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 salt-activated
lipase (BAL)

BAL is considered one of the most important
lipases in fish (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 fish species. BAL activity was detected
at hatching in several fish species, suggesting
adequate enzymatic equipment for lipid diges-
tion at first feeding (Hoehne-Reitan et al.
2001a; Murray et al. 2003; Pérez-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 fish, including phospholi-
pases, pancreatic lipases, nonspecific lipases,
and BAL (Izquierdo et al. 2000; Hoehne-
Reitan et al. 2001a, 2001b; Cahu et al. 2003).
Gijellesvik et al. (1992) and Iijima et al. (1998)
purified and characterized the BAL of Gadus
morhua and Pagrus major, respectively, and
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four other studies describe the ontogeny of
BAL expression during larval development
(Hoehne-Reitan et al. 2001a; Murray et al.
2003; Pérez-Casanova et al. 2004; Darias
et al. 2007a).

Similar to trypsinogen and o-amylase gene
expression, BAL expression is specifically
localized in the exocrine pancreas (Figure
1.6b). BAL expression was detected from
hatching in Melanogrammus aeglefinus and
Pagrus pagrus (Pérez-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 fish species,
BAL expression was shown to be sensitive to
changes in diet composition (Pérez-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 first 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). Péres et al. (1996)
suggested that diet composition can affect
expression of digestive enzymes at the tran-

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 fish larvae.

1.5.3 Trypsinogen

In fish, 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 specifically
localized in the exocrine pancreas (Murray
etal. 2004; Darias et al. 2007a; Figure 1.6¢,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 first 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 5dph 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 first feeding and subse-
quently remained constant during the first
month of development (Darias et al. 2007a).
These authors observed a decrease in tryp-
sinogen expression from 50dph, suggesting a
reduction of the importance of trypsin in the
digestive process after metamorphosis to the
juvenile stage.
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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 30dph in the exocrine pancreas. (c, d) Trypsinogen expression at 9 and 35dph, respectively,
in the exocrine pancreas. (e) Proton pump expression at 40dph in the gastric glands of the stomach. (f) Pepsinogen
expression at 50dph in the gastric glands of the stomach. ai = anterior intestine, oe = esophagus, | = liver, pi = posterior
intestine, s = stomach. Scale bar = 100 um.
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1.5.4 Pepsinogen and
proton pumps

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 HCI
secretion to the lumen of the stomach; an
acidic environment is necessary to convert
pepsinogen into pepsin. The o subunit of the
proton pump (H'/K*-ATPase) is responsible
for the maintenance of HCI production.

Histological detection of gastric glands
does not imply that the glands are fully func-
tional. In fact, the first signs of pepsinogen
expression were detected 30dph 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
first 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 o-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 1.6e,f).

The replacement of live prey by formulated
microdiets for larval feeding is of fundamen-
tal interest for the marine fish 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;

Yufera et al. 2004). These results imply that
a functionally developed stomach is not
required to adequately wean marine fish
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 Ila 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 fish
Takifugu rubripes (Kurokawa et al. 20095).
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 five 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 fish, as well as in amphibians, reptiles,
and birds, pepsinogen and HCI are synthe-
sized by one type of gastric cell called oxyn-
ticopeptic cells (Helander 1981) that possess
characteristics of the oxyntic cell (HCI 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 HCI (light cells)
or pepsinogen (dark cells) under a transmis-
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sion electron microscope (Elbal and Agulleiro
1986; Arellano et al. 1999). Gawlicka et al.
(2001) confirmed 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 HCI, but not pepsinogen, secretory
function. This may be due to the need of fish,
in an aqueous medium where they continu-
ously drink water, to increase the HCI 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 HCI 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 HCI 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 30dph and
have similar copies of mRNA that increase
with larval development. However, in
Pleuronectes americanus, the expression of
pepsinogen is constant from 20dph onward
(Douglas et al. 1999).

Ongoing studies of the molecular mecha-
nisms underlying the gastrointestinal func-
tions of fish larvae reared under different
nutritional and rearing conditions will help
improve our understanding of the digestive
physiology of commercially important fish
species.

1.6 Assessing the nutritional
condition of fish larvae: histological
biomarkers and digestive enzymes

Assessing the nutritional condition of fish
larvae is of vital importance in ecological
studies since the physical and physiological
condition of larval fishes throughout their
development influences 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 fish larvae.
This approach can also be applied in aqua-
culture where the development of dependable
and sustainable fish 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 efficiency 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 fish
larvae. Condition indices were extensively
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reviewed by Ferron and Leggett (1994) and
Catalan (2003) in terms of reliability, sensitiv-
ity, time response, size and age specificity, field
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 fish 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-
chemicalmethods (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).

1.6.1 Histological biomarkers

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 fish is well known and, up to
a certain limit, standardized. The use of his-
tological biomarkers for assessing the nutri-
tional condition of fish 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

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

Grade (condition)

Tissue 1 (degraded) 2 (average) 3 (healthy)
Liver Nearly all nuclei At least 50% of cell nuclei Nuclei distinct and often
hepatocytes  pycnotic and dark with with dark granules and displaced laterally;
clumped chromatin; situated medially; nearly 50%  cytoplasm lightly stained
cytoplasm lacks texture;  of cytoplasm granular; with abundant intracellular
intracellular vacuoles intracellular vacuoles reduced  vacuoles containing lipids
absent; cells small and or absent; boundaries of most and glycogen; boundaries of
indistinct hepatocytes visible hepatocytes prominent
Exocrine No acinar symmetry Acinar symmetry reduced by Cells formed in distinct,
pancreas remaining; all nuclei 50%; 50% of nuclei dark and circular acini; all nuclei clear
dark (pycnotic) and indistinct; moderate amounts and distinct in basal position;
indistinct of zymogen abundant zymogen granules
Intestinal Mucosal cell height Mucosal cells reduced by Mucosa deeply convoluted
epithelium reduced by >50% in 25-50% in height; some loss and mosaic; mucosal cells

height; some loss of
striations in bordering
microvilli; supranuclear
vacuoles reduced or
absent

of striations in bordering
microvilli; supranuclear
vacuoles reduced or absent

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).
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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 fish 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 fiber 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 fish 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 fish 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 fish 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

inclusions may be dietary dependent and may
be useful for assessing the nutritional condi-
tion of a fish larva. Three types of inclusions
can be distinguished in fish enterocytes
according to their size: particles (20-70nm in
diameter) resembling mammalian very low-
density lipoproteins (VLDL); lipoprotein par-
ticles (70-500nm in diameter) considered as
chylomicrons; and large inclusions of triglyc-
erides measuring up to 6 um 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 inflammatory reactions along the
intestinal mucosa (Deplano et al. 1989) that
may affect nutrient absorption and reduce
digestive efficiency.

The histological organization of the liver
accurately reflects 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 first 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
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and feeding regimes because the hepatic
energy stores respond sensitively and rapidly
to nutritional changes in fish larvae. In addi-
tion, alterations in fatty acid metabolism
derived from unbalanced diets have resulted
in modifications 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 field studies. Until
further evidence is supplied, there is a need to

establish a relationship between survival and
each condition measurement under labora-
tory conditions.

1.6.2 Digestive enzymes

Due to their essential role in metabolic reac-
tions, enzymes can be good indicators for the
condition of an organism. For fish 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 specificity, sensitivity,
and short latency. Different digestive enzymes
are used for this purpose, ranging from pro-
teolytic pancreatic enzymes (Ueberschir 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 fish development and
condition (Zambonino-Infante and Cahu
2001). The pancreatic secretory process
matures during the first 3 or 4 weeks after
hatching in temperate marine fish larvae.
This maturational process can be disrupted
when larvae are fed diets that do not meet
their specific 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 fish larval
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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 filling, and nutri-
ent composition (Rennestad 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; Ueberschar 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 fish (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

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 expression

Results of digestive enzyme gene expression
analyses from recent studies on fish larvae
(Darias 2005; Geurden et al. 2007; Sanchez-
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 fish. 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 fish 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 finding 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 fish larvae.

The ontogeny of digestive enzyme gene
expression is genetically programmed and
their expression patterns are stage specific.
Therefore, genes coding for digestive enzymes
could be used as markers for fish larval devel-
opment. For instance, the development of
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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. 200S5).
Besides, the nutritional condition of fish
larvae could be reflected 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; Sanchez-
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 (Péres et al. 1996). Wang et al.
(2006) also found that dietary protein level
significantly affects trypsin mRNA level in
yellow catfish (Pelteobagrus fulvidraco)
larvae. Digestive enzyme gene expression can
be modulated even during early larval devel-
opment. Geurden et al. (2007) reported
higher levels of a-amylase, maltase, and glu-
cokinase gene expression during the yolk sac
period of rainbow trout (Oncorbynchus
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 methods for
assessing nutritional condition

The nutritional condition of a fish larva can
also be indirectly determined. It is well known
that nutrients can influence not only digestive
system development, and hence survival and
growth, but also skeletogenesis (Cahu et al.

2003; Lall and Lewis-McCrea 2007). Recent
studies have demonstrated that the degree of
fish larval ossification is influenced by diet
(see Chapter 7) and is an adequate indicator
of larval quality. The ossification status has
been shown to be correlated with osteocalcin
gene expression (Mazurais et al. 2008; Darias
et al. 2010a). This gene is specifically local-
ized in bone and constitutes the most specific
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®* transporter,
can be modulated by dietary vitamin Dj
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 Y (PPARY) (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 y (RARy) 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
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in genomics research, studies of larval fish
nutrition will advance rapidly, improving our
capabilities to assess the nutritional status of
fish larvae under different nutritional and
rearing conditions. Such resources will con-
tribute to the ultimate goal of understanding
digestive capabilities during ontogeny in fish
larvae that can lead to successful weaning to
microdiets.
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Chapter 2
Lipids

Marisol Izquierdo and William Koven

2.1 Physiological role of essential
fatty acids (EFAs)

In general, the main roles of fatty acids in fish
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),! 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-

'n-3 (n-6, n-9, etc.): Fatty acids with the first double
bond at the 3rd (6th, 9th, etc.) terminal carbon atom.

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 fish larvae
(Izquierdo et al. 2000; Villalta et al. 2008).

Larval Fish Nutrition, First Edition. Edited by G. Joan Holt.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.



46 Digestive Development and Nutrient Requirements

Therefore, the overall impact of EFA on fish
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 efficacy of many physiological processes
during the rapid growth and dramatic devel-
opment characterizing fish larval culture.

2.1.1 Regulation of
membrane fluidity

A number of authors have shown that DHA
promotes growth more effectively than EPA
and ARA in marine fish 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 influence on membrane fluidity. 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 fluid.
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 fluidity. As membrane fluidity 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).

2.1.2 Sensorial and neural tissue
development and behavior

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; Benitez-Santana et al. 2007)
where di-22:6n-3 phosphoglycerides in the
PE fish 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-deficient diets reduces visual capacity in
yellowtail (Seriola quinqueradiata) (Masuda
et al. 1999) and gilthead sea bream (Benitez-
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-specific 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 significantly increased
retinal rod/cone ratios compared with larvae
fed Artemia nauplii containing less EFA—the
industrial standard in commercial hatcheries.
Moreover, a significant 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
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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 fish 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 flow 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 influx 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 fluidity 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 influenced 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 fluidity may be somewhat
oversimplified. Membrane fluidity depends

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 fluidity at colder temperatures in
fish 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 fluidity but also to
direct DHA-rhodopsin interactions taking
place at specific regions of the protein that
interfere with membrane packing as well as
contributing to photocycle kinetics (Farrens
et al. 1996; Hubbell et al. 2003; Grosfield
et al. 2006). In contrast, cholesterol and SFA
chains are frequently tightly packed against
rhodopsin  (Stillwell and Wassall 2003),
thereby reducing membrane fluidity and
molecular conformational change.

2.1.3 Eicosanoid synthesis

The roles of eicosanoids in fish 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



50  Digestive Development and Nutrient Requirements

acid (DHGLA, 20:3n-6) can modulate the
biological efficacy 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
fish, 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
LTBS, 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 fish
leukocytes, the affinity 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 affinity for
ARA over EPA, whereas 12-LOX has a strong
affinity for ARA (Izquierdo et al., in prepara-
tion). These studies point out the importance
of EPA as a precursor of eicosanoids in marine
fish, 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. 20035).

2.1.4 Flatfish pigmentation

Dietary ARA fed during larval rearing has
been shown to have a profound effect on

juvenile pigmentation in flatfish (Estévez et al.
1997, 1999, 2001; McEvoy et al. 1998;

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” (Ness and Lie 1998) produces
malpigmentation. Conversely, dietary ARA
fed during metamorphosis (35 days posthatch
[dph]) and after the “window” improved pig-
mentation compared with fish feeding on high
DHA rotifers and Artemia (Estévez et al.
2001). Lund et al. (2008) reported that sole
larvae consuming high-ARA diets from
3-21dph were almost all malpigmented,
whereas fish fed the same diets from 11dph
exhibited moderate but significantly lower
levels of hypomelanosis. However, other
LCPUFAs seem to be also involved in the
correct pigmentation of flatfish. For example,
dietary EPA/ARA ratios of less than 4 fed
during the “pigmentation window” hindered
juvenile dorsal pigmentation in turbot,
halibut, and Japanese flounder (McEvoy et al.
1998; Estévez 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 flatfish 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
specific periods of development appear to
determine the success of pigmentation pro-
cesses in flatfish.

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-
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malian cells (Tomita et al. 1992; Maeda and
Naganuma 1997; Norris et al. 1998). Estévez
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
flatfish 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 (Estévez
etal. 2001). Hamre et al. (2007) hypothesized
that high ARA incorporation in specific
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 modulation

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 fish 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
fish, 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

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
fish 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 fish 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 flounder (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 flounder (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 fish (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 fish in vivo
(Ganga et al. 2005).

ARA has received increasing attention
from several authors investigating its effect on
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whole-body cortisol or the response to various
stressors (Koven et al. 2001a, 2003; Bransden
et al. 2004; Van Anholt et al. 2004a, 2004Db).
Nevertheless, whole-body cortisol levels are
not necessarily indicative of a stress response
but may serve other physiological functions
during specific 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 (Negrin 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 fish. 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-

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
fish 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
fish, dietary ASA slightly increased the corti-
sol response, although at lower levels than
fish fed with low-ARA diets. In agreement,
Ganga et al. (2006) found that indometacin,
another specific 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
(Negrin 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
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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 specific 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?*, 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 first messen-
ger, can stimulate PLC activity (Axelrod et al.
1988), while ARA and its eicosanoid deriva-
tives are able to elevate cytosolic Ca** inde-
pendently of IP3 formation. In addition,
McPhail et al. (1984) found that low levels of
free ARA enhanced the affinity of PKC for
Ca*. 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

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 regulation

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 specific sites called peroxi-
somal proliferator response elements (PPREs).
In mammals, Atlantic salmon, and plaice,
there are three types of PPARs: PPARo,
PPARP, and PPARY. Each of these receptors
binds to a distinct but overlapping range of
LCPUFA and has clear tissue distributions.
PPAR. 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, PPARy 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 PPARJB
might compete with PPARa and PPARY for
binding at gene regulatory elements and then
recruit proteins to depress their transcrip-
tional activity. Taken altogether, in fish 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
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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 system regulation

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 fluidity,
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 inflamma-
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
inflammatory response, including those
encoding for tumor necrosis factor
(TNF)-a0 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
fish juveniles (Caballero et al. 2002,

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
fish (Montero et al. 1998; Lall 2000; Waagbo
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 fish 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 fish 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 for EFAs

2.2.1 LCPUFA requirements

The LCPUFAs—DHA, EPA, and ARA—play
very important physiological roles in fish
larvae, although fish, as all vertebrates, are
incapable of their de novo synthesis (Sargent
et al. 2002). Freshwater fish seem to possess
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sufficient A6- and AS-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 A6-desaturase-like
genes isolated from zebrafish (Danio rerio)
(Hastings et al. 2001) have been also found
in marine fish 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 A6-desaturase expression in larvae
of gilthead sea bream (Izquierdo et al. 2008),
although the ability to synthesize DHA was
insufficient 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,
deficient swim bladder inflation, abnormal
pigmentation, disintegration of gill epithelia,
immune deficiency, elevated basal cortisol
levels, and skeleton deformities (Izquierdo
1996, 2005).

Studies on the specific dietary fatty acid
requirements for fish larvae are difficult to
conduct since larvae, in general, are less effi-
cient at ingesting, digesting, and absorbing
formulated diets from first 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

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 first
feeding through metamorphosis. Therefore,
determination of larval nutritional require-
ments is one of the most complicated aspects
of fish nutrition. Nutritional reserves in fish
larvae are very limited at first 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 fish 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 fish are
about 3% DW diet or prey, tending to be
lower in freshwater or flatfish 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 (Rodriguez 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 (Rodriguez
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
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Table 2.1 Best dietary essential fatty acid contents assayed during larval feeding of several fish 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 Rodriguez 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 Mourente et al. (1999)
Pagrus pagrus 1.5 3.4 Herndndez-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; Hernandez-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 ingilthead sea bream (Rodriguez
et al. 1997).

Since environmental factors such as tem-
perature (Farkas et al. 1980; Olsen et al.
1999), salinity (Borlongan and Benitez 1992),
and light (Ota and Yamada 1971) affect lipid
composition of fish 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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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 fluidity, 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 specific activity of A9-desaturase in
carp (Kayama et al. 1986). Higher contents
of tissue PUFA, particularly DHA and ARA,
have also been found in fish cultured with
increased salinity such as guppy (Poecilia
reticulata) (Daikoku et al. 1982), milkfish
(Chanos chanos) (Borlongan and Benitez
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 fish species may be dependent on the
salinity at which that species is reared, as was
demonstrated in Galaxias maculatus where
larvae reared at 0%o 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 fish but also to the rapid develop-
ment of specific EFA-dense tissues such as
brain, sensory organs, and gills.

2.2.2 DHA requirements

The relevance of DHA in diets for marine fish
larvae has been well documented (Watanabe
et al. 1989; Izquierdo 1996; Sargent et al.
1999b) and its positive effect on survival has

been related to its important role in stress
control (Watanabe 1993; Izquierdo 20035;
Ganga et al. 2006), immune system develop-
ment (Montero et al. 2003), and improve-
ment of health and bacterial resistance in fish
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 fish
(Izquierdo et al. 1989; Izquierdo 1996) due
to its lower B-oxidation rate in comparison
with other LCPUFAs (Madsen et al. 1999).
Being one of the most abundant fatty acids in
marine fish 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 fish 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,
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although this has to be more precisely deter-
mined. In first feeding, marine fish larvae fed
a diet deficient 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 fish 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

produced eicosanoids (Meghji et al. 1988;
Raisz et al. 1993).

Although, both ARA and EPA are the main
eicosanoid precursors in fish, 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 fish (Ganga et al., in press).
Finally, the fish 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
(RXRo) 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 RXRa expres-
sion 16dph followed by downregulation at
23dph (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 fish 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



Lipids 59

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 amplified 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 myofibrils,
which denotes severe damage in both mem-
brane and structural proteins, necrosis,
and mononuclear infiltrates. 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 fish (Mourente
and Tocher 1993; Benitez-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 fish species such as rainbow
trout (Oncorbynchus mykiss), carp (Cyprinus
carpio), or skipjack tuna (Katsuwonus
pelamis) (Ushio et al. 1996). Consequently,
DHA-deficient larval feeds can negatively
affect brain development as well as fish
behavior. In larval Japanese flounder
(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,

DHA accumulated in the brain and eyes
during the first 20dph in larvae fed rotifers
with high DHA content (Benitez-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 deficient in DHA signifi-
cantly affected fish behavior, reducing cruise
swimming speed, inhibiting larvae response
to a visual stimulus, and postponing the
appearance of behavior patterns (Benitez-
Santana et al. 2007), suggesting a delay in
neural development in DHA-deficient larvae.

2.2.3 ARA requirements

Despite its important roles in fish metabolism,
dietary ARA requirements for fish 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 fish 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 Anholtetal. 2004a,2004b, 2004c),
as well as elevated GR and HSP70 genes
expression (Negrin et al., submitted) and pig-
mentation (Estévez et al. 1997, 1999; McEvoy
et al. 1998; Copeman et al. 2002; Willey
etal. 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 fluidity. 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
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bream (Koven et al. 2001b), or summer floun-
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 flounder (Estévez 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 significant improvement in growth as well
as increased expression of GR and HSP70
(Negrin et al., submitted). Dietary ARA
requirements for marine larval fish range from
0.5 to 1.2% DW (Table 2.1), whereas for fresh-
water fish 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 fish. For instance,
increasing ARA up to 0.6% in diets for
Japanese flounder 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 fish (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

level was increased (Harel et al. 2000).
Clearly, when determining the efficacy of
ARA, the presence of other EFA must be taken
into account, such as EPA (McEvoy et al. 1998;
Bessonart et al. 1999; Estévez et al. 1999;
Sargent et al. 1999a; Copeman et al. 2002).

2.2.4 EPA requirements

EPA is a good substrate for both COXs and
LOXs, and in marine fish, it can be an impor-
tant source of certain eicosanoids. In fish-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 (lijima 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 B-
oxidation (Froyland et al. 1997; Madsen
et al. 1999). In agreement, food deprivation
in marine fish 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; Rodriguez 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,
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swim bladder, liver, and pyloric cecum, its
physiological function in these tissues has not
yet been elucidated.

The benefits from feeding EPA to marine
fish 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), flatfish (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%
significantly 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

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 among
fatty acids

2.2.5.1 EPA/ARA

Dietary ARA is more efficiently 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 reflect the higher affinity 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
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Figure 2.1 Incorporation of dietary ARA into larval gilthead sea bream tissues.
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Figure 2.2 Incorporation of dietary EPA into larval gilthead sea bream tissues.

Table 2.2 Best dietary ratios between essential fatty acids assayed during larval feeding of several fish species.

Species n-3/n-6 EPA/ARA DHA/EPA Reference
Scophthalmus 2 Reitan et al. (1994)
maximus 4 McEvoy et al. (1998)

>1 Estévez et al. (1999)
Sparus aurata 1.2 Rodriguez 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 2 Bransden et al. (2005)
Hippoglossus 3.5 Hamre and Harboe (2008)
hippoglossus
Scardinius 1:05 Kamler et al. (2008)
erythrophthalmus

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 (-
oxidation of EPA (Froyland et al. 1997) could
be also responsible for the more efficient
incorporation and retention of dietary ARA

since EPA is a better substrate for mitochon-
drial carnitine acyltransferase 1.

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, Estévez et al. (1999) found that PI
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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 satisfied, there is a significant 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 significant effect on growth
and survival in turbot larvae (Reitan et al.
1994). This suggests that the EFA require-
ments for this species were satisfied by the
lowest n-3 LCPUFA level, although it caused
a marked increase in malpigmented fish. 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), significantly improved the per-
centage of correctly pigmented fish (Reitan
et al. 1994), suggesting the need for a suitable
DHA/EPA balance for normal pigmentation
of developing flatfish. 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 fish eggs is close to 2 in several
species studied and this has been suggested
as a general value for first-feeding marine
larvae (Sargent et al. 1997; Table 2.2). On
the other hand, optimum dietary DHA/EPA

ratios ranged from around 1.2 for gilthead
sea bream (Rodriguez et al. 1997, 1998) and
2 for red drum (Brinkmeyer and Holt 1998),
to 8 for yellowtail flounder, 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 fish were reared at 0 or 10ppm,
whereas 15 ppm significantly 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 dietary lipids

2.3.1 TAGs and free fatty
acids (FFAs)

EFA-rich PLs are highly represented in lipids
of copepods, the major prey species for fish
larvae in nature (Sargent et al. 1997).
However, rotifers and Artemia, which are the
zooplankton fed to marine fish 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
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Artemia will not only contain inappropriately
high levels and ratios of DHA and EPA but
will also provide significant levels of SFAs and
MUFAs for B-oxidation. These zooplankter
NL and fatty acid imbalances may exact an
extra metabolic price from the larvae in terms
of digestion and absorption efficiency.

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; Pérez-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-specific pancreatic lipase. This enzyme
cleaves the outer or o positions of TAG, yield-
ing a mixture of o- and B-DAGs, B-
monoacylglycerols (MAGs), and FFAs that
are eventually absorbed in the intestinal wall
of the jejunum. However, in studies on a
number of fish species, the main pancreatic
lipase was found to be a nonspecific bile salt—
dependent pancreaticlipase (BSDL) (Gjellesvik
et al. 1992; Koven et al. 1994a, 1994b;
Izquierdo and Henderson 1998; Tijima et al.
1998; Olsen et al. 1998) that is capable of
hydrolyzing all o- and B-TAG positions,
yielding mostly FFA and glycerol, which
would be easily and efficiently absorbed. This
would be particularly advantageous in fish
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-specific lipase when esterified 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-
cific and bile salt dependent, while the
1,3-specific pancreatic lipase exists at lower

concentration or is nonexistent (Lie et al.
1987; Gijellesvik et al. 1992; Koven et al.
1994a, 1994b).

It has been reported that the efficiency of
absorbing digestion products in the fish 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 "C-TAG injected into the digestive tract
increased the absorption of the label and
decreased any evacuated loss of "*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
specificity of fish 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 fish
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 esterified to
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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 fish 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 PLs

In fish, as in other vertebrates, phosphoglyc-
erides are critical components in the structure
of cellular biomembranes and lipoproteins
(Tocher 1995). Moreover, phosphoglycerides
can act as emulsifiers in the formation of
mixed micelles in the digestive tract (Olsen
and Ringe 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 fish. 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; Ronnestad 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 beneficial 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 floun-
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

trout (Poston 1990a), and common carp
(Geurden et al. 1995, 1998; Fontagné et al.
2000). However, the growth-promoting effects
of dietary PL diminish with age (Kanazawa
et al. 1981; Kanazawa 1993; Radiinz-Neto et al.
1994; Coutteau et al. 1997) and it appears to
have little or no effect in adult fish (Kanazawa
1985; Hung and Lutes 1988; Poston 1991).
Moreover, PC is considered to have the
greatest influence on growth and larval fish
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 significant (P > 0.05)
response in 30-dph fish. 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 fish 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-
fiers (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; Fontagné 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; Fontagné 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 significantly
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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).
Insufficient levels of dietary PL increase lipid
droplets in the enterocytes of marine larvae
fed a PL-deficient diet (Fontagné 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 efficiently transported in fish. Both cases
seem to depend on the type and amount of
dietary PL and its relation to the dietary NL
content, and indicate an insufficient 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 efficiency 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 deficiency in
PL synthesis in marine fish 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 fish 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 specific level were critical to elicit the syn-
thesis of apolipoprotein B, an integral part of

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 findings 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 first feeding pre-
vented deformities during development. It is
becoming increasingly apparent that other
phosphoglycerides may influence fish 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 P1and gene expression
for OC, a protein used as a marker for bone
and cartilage growth. PL, 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 affinity
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 fish larvae, and since they cannot be
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synthesized at adequate rates, they must be
provided by the diet. Suboptimal levels of
EFAs in larval feeds may give rise to reduced
feeding and swimming activity, poor growth
and increasing mortality, fatty livers, hydrops,
deficient swim bladder inflation, abnormal
pigmentation, disintegration of gill epithelia,
immune deficiency, elevated basal cortisol
levels, skeleton deformities, and so on. EFA
requirements for fish larvae are specific and
may depend on the ratios among these fatty
acids, the presence of other nutrients, such as
antioxidants, or several environmental
factors. Described n-3 LCPUFA requirements
during larval development varied from 0.05
to 3.9%. On average, the requirements for
n-3 LCPUFAs in larvae of marine fish are
about 3% DW diet or live prey.

Optimum DHA levels in larval feeds range
from 0.5 to 2.5%. DHA plays also an impor-
tant physiological function in the membranes
of the major neural tissues, affecting brain
and sense organs and promoting growth.
Deleterious effects of excess amounts of DHA
on upregulation of certain genes or severe
damage of cellular structures have been only
scarcely described and have been frequently
associated with an imbalance between anti-
and pro-oxidant substances.

Reported requirements for EPA range from
0.7 to 1.6% EPA. The metabolic impact of
EPA is dependent on DHA and ARA levels as
excessive dietary EPA in relation to those EFA
can result in an imbalance of tissue eicos-
anoids, a displacement of DHA from mem-
brane lipids, or an increased oxidation risk.

Dietary ARA requirements for marine
larval fish range from 0.5 to 1.2%, whereas
for freshwater fish it can be as high as 2.5%.
Dietary ARA increases expression of certain
genes involved in stress modulation such as
GRs and heat-shock proteins. Both ARA and
EPA produce certain eicosanoids that can
either stimulate or inhibit immune cells in a
dose-dependent manner. However, an excess
of ARA can also exert important negative
effects on marine fish.

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 flatfish. 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 fish larvae in nature, enrichment protocols
result in very high NL levels in rotifers or
Artemia. The beneficial 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 Conceicao, Claudia Aragao, and Ivar Rennestad

3.1 Introduction

Fish larvae have tremendous growth poten-
tial, with relative growth rates much higher
than juvenile and adult fish (Kamler 1992;
Otterlei et al. 1999; Conceicao et al. 2003a).
However, to fully express such growth poten-
tial, protein of the right quality must be pro-
vided in sufficient quantity. In fact, fish
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¢do et al. 1993;
Roennestad and Fyhn 1993; Parra et al. 1999;
Ronnestad et al. 1999, 2003; Finn et al.
2002). Still, the AA requirements of fish
larvae are poorly understood, and the avail-
able knowledge is more of a qualitative
nature than precise requirements (Concei¢iao
et al. 2003a). In addition, the fast growth of
fish larvae is paradoxical when one considers
its poorly developed gut (Rennestad and
Concei¢ao 2005; Zambonino-Infante et al.
2008).

Dietary AA are mostly absorbed as free AA
(FAA) or as small peptides (Rennestad 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 fish eggs, which may account for up
to 60% of the total larval AA (Rennestad and
Fyhn 1993; Finn 1994; Ronnestad 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 first 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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In order to meet the high protein require-
ments of fish larvae, the nutrient flux involved
is notorious. For instance, during the first 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 fluxes of AA
demonstrate the importance of understanding
AA metabolism in order to meet the require-
ments of fish larvae so that their high growth
potential can be fully used.

This chapter reviews the current knowl-
edge of protein and AA requirements of fish
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 digestion

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
fluid secretions (B), digestion (C), absorption
(D, E), and motility (including evacuation, F).
The efficiency 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 first 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 first 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

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 secretion
and digestion

From the onset of exogenous feeding, diges-
tion of dietary proteins in altricial fish 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
fish 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 flounder (Paralichthys
olivaceus) and winter flounder (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 fish 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
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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 fish 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.

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 fish these cells also
secrete hydrochloric acid (HCl), which makes
the necessary acid environment for pepsino-
gen activation. Pepsin is an endopeptidase

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 HCI and pepsin make the
stomach a highly efficient 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 fish 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
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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-Gonzélez et al. 2006;
Bolasina et al. 2006; Gisbert et al. 2009). Due
to methodological difficulties related to the
extremely tiny and delicate nature of fish
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 microflora). In
recent years, the development and more wide-
spread use of sensitive molecular tools has
enabled the identification, localization, and
quantification 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
flounder, trypsin 2 expression was detected
from 5 days posthatch (dph), while trypsin 1
levels of expression only became significant in
late larval stages and during metamorphosis
and trypsin 3 showed expression only after
20dph (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.

In general, the activity of proteolytic
enzymes in the midgut is low when marine
fish 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-specific 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 bipoglossus) are low at
first feeding but increase during larval devel-
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opment (Kvéle 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 first
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 (Kvile et al. 2007a). The
ontogenetic patterns of trypsin, membranous,
and cytosolic peptidase activity during larval
development have been proposed to reflect
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 fish 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 quantified 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 digestibility

Understanding the digestibility of specific feed
ingredients is essential for the formulation of
optimized diets to be used in larval fish 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 fish larvae. Estimates of the
digestibility for such ingredients derived from

studies with juvenile fish 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 fish.

True larval digestibility estimates for
protein-rich ingredients must be assessed
in vivo, and there are recent methods, using
fluorescent 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 fish. 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 fish
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
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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 final digest-
ibility was the same.

Protein solubility may, at least partly,
explain the difficulties in using inert microdi-
ets in marine fish 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¢io et al. 2010).

3.2.3 Absorption

The major site of absorption of dietary pro-
teins, peptides, and FAA in larval fish has
been proposed to be the midgut (Figure 3.1-
D; Ronnestad and Concei¢ao 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 fish
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 (Rennestad et al. 2000a,
2000b; Applebaum and Rennestad 2004)
depend on several factors, including the
luminal concentration of AA, the transport
affinity 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 fish
(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

broad substrate specificity (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 fish larvae (Rennestad
et al. 2000a; Applebaum and Rennestad
2004; Rennestad and Rojas-Garcia 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 Rennestad 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 fishes, 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
fish (Verri et al. 2010). The complete mRNA
coding sequence for PepT1 has recently been
reported in teleosts, including zebrafish
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(Danio rerio; Verri et al. 2003), Atlantic cod
(Rennestad et al. 2006), European sea bass
(Dicentrarchus labrax; Sangaletti et al. 2009),
and Atlantic salmon (Salmo salar; Rennestad
et al. 2008).

In teleosts, the presently available data
suggests that the PepT1 transporter is
expressed at hatching, both in zebrafish (Verri
et al. 2003) and in Atlantic cod (Rennestad
et al. 2006; Amberg et al. 2008). The study
with zebrafish 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

(a)

(©

confirmed that the PepT1 transporter is
expressed in the enterocytes (Amberg et al.
2008). Functional analysis by iz vitro expres-
sion systems categorized the zebrafish and
salmon PepT1 as classical low-affinity/high-
capacity systems (Verri et al. 2003; Ronnestad
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;
Ronnestad 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

(d)

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 100um. es = esophagus, li = liver,
mg = midgut, hg = hindgut, yo = yolk. (Adapted from Amberg et al. 2008.)
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Tanaka 1968; Watanabe 1984; Kurokawa
et al. 1996; Luizi et al. 1999). Based on these
findings, 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). Rennestad 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 fish larvae. McLean
et al. (1999) suggested that a primary role of
macromolecule absorption in the fish hindgut
may be antigen sampling, as found in mammals.
A similar conclusion was drawn for zebrafish
(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 form of
dietary nitrogen

Due to the lack of HCI- and pepsin-secreting
cells, the preparatory gastric acid denatur-
ation of ingested proteins is absent in altricial
fish larvae at the onset of exogenous feeding.
However, Cahu and Zambonino-Infante
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