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¢,Dénde estabas tu cuando yo fundaba la tierra?
Hazmelo saber, si tienes inteligencia.

¢, Quién ordeno sus medidas, si lo sabes?
¢, 0O quién extendid sobre ella cordel?

¢, Sobre qué estan fundadas sus bases?
O quien puso su piedra angular,

Cuando alababan todas las estrellas del alba,
Y se regocijaban todos los hijos de Dios?...

Job 38:4-7

-Quisiera pensar que la Ciencia vaya confirmandBday que a la Ciencia siempre le falten
respuestas para que no desvanezca la Fé-.
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Aquaculture is the fastest growing food-producingaain the world. Between 1970 and 2010, the
aguaculture sector has maintained a current avenageh rate of 8.8 percent per year. However, worl
capture fisheries to produce fish meal and fish tbit constitute the highest protein and lipidrsea
available within the animal feed (fish, chickenyib@) have shown a trend to decline in the lastdes.
This situation, along with the increased demandItieg from rapid growth of the aquaculture sedtas
generated the high cost in fish meal. Feed in fdrfigh represents about 40-50 percent of the praztuc
costs at farm level and about 30-35 percent otdked cost of the final product. Limited availabjliof
fish meal and concerns regarding economic and @mwiental sustainability has driven the farmed fish
industry to look for alternative protein sourcd®rogress has been made on the replacement of §ah m

with plant protein sources, including barley, canalorn, cottonseed, peas, lupines, soybeans asatwh

Considering that in the future the aquaculturevégtiwill depend strongly on the alternative of pla
protein in the diet, it should be important to itfsngenetic differences among individuals in respe to
these new formulated diets. In light of this scamarises the question: How do fish respond gealéyic
(gene expression and genetic polymorphisms) andgbieically (growth) when they are fed with a plant

protein-based diet?

This question was addressed in this thesis thratgties of "nutritional genomics" which integrates
nutrition and genetics on two approaches: Nutriggne and Nutrigenetics. Nutrigenomics focuses on
studying how diet affects the expression of cerggnes. Nutrigenetics refers to how specific geneti
variants influence the phenotype (growth) in resgoto the diet. These genetic variants often oasur

single nucleotide polymorphisms (SNP) in codingesen

Growth has been for years the main objective @cdien in breeding programs in fish. Currently, g&n
associated with growth have been mapped and sesgidiczoming to be candidate genes to investigate
differences in gene expression and allelic variassociated to this phenotype. The candidate gmees
chosen according to the information about theie ial metabolic pathways, and whose protein products

are contributing to the phenotype.

The change in fish nutrition is one relevant fa¢t@t affects multiple physiological functions, whiare
reflected in important production traits such asagh. There is limited research that focuses odystg

how plant protein diet affects the gene expressitated to growth in relation to an animal protdiat.
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Besides there is no information on the comparisonthe expression of these kinds of genes among
individuals of different growth rates, neither krledge about genetic variants (SNP) associate \gth f

growth in response to new plant formulated diets.

In this study, zebrafish has been used as a modgahizsm due to the fact that they possess advaniage
relation to farmed fish. They have small size, slggneration time (12-14 weeks) and they are
classifying as omnivores, they can eat a greaetyaaf foods including animal and plant proteintslién
addition, this species have available a larger arnofi genomics information important for genetics

studies.

This thesis aimed to examine gene expression ididate genes related to growth in zebrafish and
identify SNP in differentially expressed genes agadult fish of different growth rates in response
plant protein-based diet. For achieving this, &sesf assays were carried out, which are presentéz

following chapters:

The first chapter is the Introduction, which pragdthe theoretical background, hypothesis, gerecl
specific objectives. The second chapt&ebrafish as a model organism for nutrition andogth:
towards comparative studies of nutritional genomigsplied to aquaculture fishtorresponds to a

review, which provides theoretical background ghaiport this research.

The third chapter: Growth response and expression of muscle growttadlcandidate genes in adult
zebrafish (Danio rerio) fed plant and fishmeal giotbased diets"The main objective of this study was
to examine growth response and evaluate the expnest growth-related genes in the muscle of adult
zebrafish, from a population of 24 experimental ifea® fed with plant and fishmeal protein-basedslie
To control for familiar variation, each family waplit to create two fish populations with similargetic
backgrounds. The fish were fed from 35 at 98 day& fertilization (dpf) with fish meal (FM, control
diet) and plant protein (PP, experimental dietyisjue protein source in their diets. Measuremesgi®
taken to evaluate growth response to each diebrtier to examine the PP diet's effect on gene
expression, individuals from three similar familiggh average growth in both populations were deléc

In order to examine the effect of familiar variatighe three families were evaluated separately98At
dpf, eight growth-related genelgffla, 1gf2a, mTOR Pld1a Mrf4, Myod Myogeninand Myostatin1b
were evaluated in males and females. This studyodstrated that PP diet reduce fish growth as
compared with FM diet in both sexes. In maMgpgenin Mrf4 andlgf2a showed changes attributable to

the PP diet. In females, the effect of the PP dithot modulate the expression in any of the ejgintes
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studied. The family variation effect on gene expi@s was observed in males and females among
families. This study showed that plant protein dachily variation have important effects on gene

expression in fish muscle.

The fourth chapter!Candidate gene expression in muscle of adult zihawith lower and higher
growth in response to plant protein-based didti'this chapter, we examine the gene expressiatect!

to growth in muscle of lower and higher growth zdish in response to plant protein-based diet. A
population of 24 experimental families was fed wathbalanced plant protein diet (57.8 % digestible
protein, 7.1 % digestible lipids, and 391cal/kg-M@nergy) from 35 to 98 dpf. Measurements were
taken to evaluate growth response to a diet. Féthmales and 339 females, five percent in botls end
of the normal distribution for weight gain wereesged in each case (n~17). From this individuaibtei
lower growth fish (average weight = 52 mg in maes 64 mg in females) and eight higher growth fish
(average weight = 228 mg in males and 294 mg irafes) were used to gene expression analysis. Eight
geneslgfla, Igf2a, mTOR Pld1a Mrf4, Myod MyogeninandMyostatinll) were evaluated in muscle of
males and females. In males with higher growttyogeninwas under-expressed (X0.31 + 0.08) as
compared to lower growth, whereB&lla was over-expressed (X1.31 + 0.08). In females Wither
growth, Myostatinlb(X1.82 + 0.31) andnTOR (X1.55 + 0.27) were over-expressed as compared to
lower growth. This study demonstrated that difféisdrgene expression pattern in fish muscle between
lower and higher growth could give account of diéf@ genetic background that underlies the growth
phenotype. This information allows us to identifyps$e genes involved in growth, which are modulated

by plant nutrients in males and females.

The fifth chapter:ldentification of SNP in differentially expressedngs between lower and higher
growth zebrafish fed with plant protein-based dising RNA-seq and growth association studye aim

of this study was to identify SNP in differentiaxpressed genes in muscle of lower and highertgrow
zebrafish fed with a plant protein-based diet, gaiforming a growth association study. Results
demonstrated in average a total of 17,227 geneessgd in fish muscle. From these genes, 124 genes
were differentially expressed between phenotypésyfihem were over-expressed in lower growth fish
and 70 genes were over-expressed in higher grasiih A total of 165 SNP were selected from these
genes and were used to genotype 240 fish for aggwtistudy. Association analysis revealed five SNP
associated with growth, each one of them was ldcatéNars Actally Plac8l1l, OU-44, and Lmod2b
respectively. The functions of these genes areeelto skeletal muscle formation. Two allelic vatga
were localized in exons and correspond as silertations. The other three variants were localized in

UTR sites which could give account of differentg@ne expression. These SNP could be molecular
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markers in disequilibrium linkage with other germe<QTL that underlies to the phenotype. Theseiallel

variants can be identifying in farmed fish througimparative genomics.

The sixth chapter corresponds to the general slison and the seventh chapter corresponds to the

conclusions and future perspectives.
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Chapter 2

2.1

2.2
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Chapter 3
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Zebrafish as a model organism for nutrition and growth: towards
compar ative studies of nutritional genomics applied to aquacultured
fishes

Teleost relationships of the most commonly isuidteleosts. This
genealogical tree illustrates fish-specific genoduplication (FSGD),
salmonid-specific tetraploidization (T) and fishngene assembly (G).
Notably, zebrafish represents a more ancestralitoncdcompared to
other model organisms as such medaka. These aomslgnabling some
translational biological processes addressed mdifectigely in
zebrafish.

Comparative view of the life-cycle of zebrafiahd rainbow trout a
Zebrafish eggs (1 mm of length), the different ssagpf embryo

development at 28 and eclosion at 24 hpf; Rainbow trout eggs (5 mm

of length) the different stages of embryo developtmat 16C, and
eclosion at 30 dpf or 300 ATU. b Zebrafish larvaet@ hpf (size ~ 2
mm length); Rainbow trout larvae at 52 dpf or 5ZDUA(size ~ 2.5 cm
length) ¢ Juvenile zebrafish reach sexual matinétyveen 10-14 weeks
post fertilization (size ~21 mm length); Juvenilainbow trout
identifiable by their parr spots (size ~20 cm léngl Adult zebrafish
with common phenotype at ~ 1 year old (size 3-5length); Adult
rainbow trout reach sexual maturity at 2—-3 yeas @lize ~ 40 cm
length). The images of embryonic development (Zedtraand trout)
were obtained with a Canon PowerShot SD550 digitahera and a
stereoscopic zoom microscope Nikon SMZ-10 (20-1@©%optical
magnification).

Digestive tract fromDanio rerio. (a) Swim bladder, (b) liver, (c)
esophagus, (d) spleen, (e) intestine, and (f) gaticrtissue (around the
gut). The image was obtained with a Canon PowerSI850 digital
camera under normal conditions employing the irsiezoom (39 optical
magnification).

Growth response and expression of muscle growth-related candidate
genesin adult zebrafish (Danio rerio) fed plant and fishmeal protein-
based diets

Experimental design. A) Basal population of €dgle pair mating
families at day zero B) Larval rearing from 7 tod8/s post fertilization
(dpf) fed with commercial diet C) At 30 dpf the fnilies were split to
generate two replicates of each family (40 fishfpemily replicate) and
create two populations of fish with the same genletickground. At 35
dpf, the first replicate of 24 families was fed lwa diet that contained
animal protein as a unique protein source (FM, rebrdiet) and the
other replicate of families was fed with a diet ttlrntained plant
protein as the unique protein source (PP, expetahatiet) until 98 dpf.
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Chapter 4

4.1

Growth variability among 24 families at 28, &0d 98 dpf. Box and
whisker plots are shown (median, 25-75% quartilgximum and
minimum value). A) Initial weight among familiesfoee experimental
feeding at 28 days post fertilization (dpf) (~25hfiper family). B)
Variability in weight gain among families fed wittM and PP diets at
70 dpf (~ 15 fish per family). C) Variability in wght gain of males
among families fed with FM and PP diets at 98 dpf.Variability in
weight gain of females among families fed with FhdaPP diets at 98
dpf. Families in B, C and D are shown ordered lyreasing meark
weight of families fed with FM diet.

Gene expression in muscle of males and fenfatesvith FM and PP
diets. A) Real-time PCR quantification affla, Igf2a, mTOR, Pld1a,
Mstnlb, Myogenin, Mrf4 andMyod in muscle of males. Bars indicate
the mean and standard error of 27 data pointsd@dical samples in
each treatment x 3 replicates). Significant diffees indicated with (*)
were determined using Mann-Whitney test (P<0.@) Real-time PCR
guantification of the same genes in the musclewfdies. No significant
differences were detected after Mann-Whitney test.

Gene expression in muscle of males among ttamdies. Real-time
PCR quantification ofMyogenin, Mrf4, Myod, Igf2a, Igfla, Pldla,
Mstnlb, Myod and mTOR in muscle of males. Bars indicate the mean
and standard error of 9 data points (3 biologieahgles per family x 3
replicate). Significant differences indicated witt) were determined
using Mann-Whitney test (P<0.05). A-B) Myogenin aid4 showed a
significant increase in three families (number 4nd 23) fed with PP
diet as compared to FM diet. @)f2a showed significant decrease in
family number 23. D-E)gfla andPldla showed a significant increase
in family number 4. F) Mstnlb also showed a sigaifit increase in
family number 4 and 23. G-H)lyod andmTOR did not show statistical
differences in the three families fed with PP dist compared to FM
diet.

Gene expression in muscle of females among tfamilies. Real-time
PCR quantification ofigfla, Myogenin, mTOR, Myod, Pldla, 1gf2a,
Mrf4 and Mstnlb in muscle of females. Bars indicate the mean and
standard error of 9 data points (3 biological sampber family x 3
replicate). Significant differences indicated wiff) were determined
using Mann-Whitney test (P<0.05). A-Dyfla, Myogenin, mTOR and
Myod showed significant increases in family number 23dsponse to
PP diet. E)PIdla showed significant decreases in family number 4.
Igf2a, Mrf4 andMstnlb did not show statistical differences in the three
families fed with PP diet as compared to FM diet.

Candidate gene expression in muscle of adult zebrafish of lower and
higher growth in responseto plant protein-based diet

Gene expression in muscle of zebrafish maldswi¢h plant protein-
based diet. Real time PCR quantification gffla, 1gf2a, mTOR, Pld1a,
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5.1

5.2

5.3

Mstnlb, Myogenin, Mrf4 andMyod in the muscle of higher growth and
lower growth zebrafish. Bars indicate the mean staddard errors of 8
data point (8 biological sample x 3 replicate). rffigant differences
indicated with (*) were determined using Mann-Whigrtest (P<0.05).

Gene expression in muscle of zebrafish femal@éavith plant protein-
based diet. Real time PCR quantification gffla, 1gf2a, mTOR, Pld1a,
Mstnlb, Myogenin, Mrf4 andMyod in the muscle of higher growth and
lower growth zebrafish. Bars indicate the mean staddard errors of 8
data point (8 biological sample x 3 replicate). rffigant differences
indicated with (*) were determined using Mann-Whigrtest (P<0.05).

Identification of SNP in differentially expressed genes between lower
and higher growth zebrafish fed with plant protein-based diet using
RNA-sequencing and growth association study

Flowchart to fish selection for RNAseq. Frornotal of 440 males, 17
fish with lower growth (average weight = 52 mgq) drvdfish with higher
growth (average weight = 228 mg) were selectedih lends of growth
distribution (5% of fish). Muscle sample from 8 damn males in each
case were selected for RNA extraction. Total RNAs watracted from
individual fish and 2 RNA pools (4 fish per pookrpphenotype were
performed to prepare RNA-Seq libraries.

Analytical flowchart to study the differentiéanscriptome between
lower and higher growth fish by RNA-seq. An initglbbal analysis was
conducted on genes expressed in muscle of zebrifidwed by an
experimental comparison and selection of genesréffitially expressed
between phenotypes. One set of 54 genes were gpezssed in lower
growth fish and another set of 70 genes were oxpressed in higher
growth fish. These genes were candidates to exarfunetional
differences by Blast2Go program and identify SNP gosterior
evaluation in an association study.

Biological process between phenotypes. A) Peage of 54 genes over-
expressed in lower growth fish. B) Percentage of géhes over-
expressed in higher growth fish.
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1. Introduction

1.1. World Aquaculture

In the last three decades, world production of &trfish has grown at an average rate of 8.8 pepamt
year (FAO, 2012). In 2010, global aguaculture paiduin reached another record corresponding to 60
million tons, with an estimated total value of USM9 000 million (FAO, 2012). However, wild fish
capture (as anchovy, mackerel and blue whitingiréaluce fish meal and fish oil, that constitute rtign
protein and lipid sources available within the aalifieed, have been overexploited, decreasing from 1
million tons in 2004 to 4.2 million tons in 2010A©, 2012). The farmed fish production requirements
have exceeded the annual fish meal and fish odlymiion generating a sharp rise in prices of these
products (Bostock et al., 2010) and also causirgptinee ecological impact for the environment and
natural resources. This increased cost adversédgtafthe profitability of aquaculture industry, thvi
aquafeeds accounting for 40-50% of production ¢Bstrquez and Hernandez, 2009). This situation
stimulated that plant protein sources begun toebted in the incorporation of omnivorous fish flitg
catfish, carp, milkfish) and carnivores fish (satmtrout, sear the tuna) diets (Hardy et al., 20Ibg
most common plant protein source incorporateddto diiet has been soybean flour. Diets for herbiwsro
and carnivorous fish normally contain between 158 45% of soybean meal. However, the uses of
corn, peas, lupines, canola, barley, and wheat haga gradually increasing (Naylor et al., 2000)hé
current level of fish production is maintained,stanticipated that over the next 10 to 12 yedrs, t
aquaculture growth activity will depend strongly ptant protein sources (FAO, 2012). Up to date,
researchers in farmed fish have investigated how feemulated diets affects fish growth. However,
studies concerning to the identification of specgenetic variants among individuals that influetioe

growth phenotype in response to the diet have bheded.

In light of this scenario, arises the follow questiHow do fish respond genetically (gene expresard

genetic polymorphisms) and phenotypically (growthen they are fed with a plant protein-based diet?

1.2. Nutritional genomics

This question can be addressed through studiesutfitional genomics" which integrates nutritiondan
genetics on two approaches: Nutrigenomics and ¢ergtics. Nutrigenomics focuses on studying how
diet affects the modulation on gene expressiorepat(Mutch et al., 2005). Nutrigenetics referfioav

specific genetic variants influence the phenotygrewth) in response to the diet. (Mutch et al., 200
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These genetic variants often occur as single ntideepolymorphisms (SNP) in coding genes, which may
influence the expression of a particular phenoyignal et al. 2002; Liu and Cordes 2004). A SNRiis
variation in DNA sequence that affects a singleeb@slenine (A), thymine (T), cytosine (C) or gu&nin
(G)) of a genome sequence. They are the most abtipdlymorphisms in genomes, have a codominant
inheritance pattern and are adaptable to autongeedtyping (Stickney et al. 2002; Liu and Cordes,
2004; Vignal et al., 2002).

1.3. Fish growth

Growth is a quantitative trait, controlled by padyges with small effect on the phenotype and veirgnof
by major genes with larger effects as well as emvirental factors (Falconer and Mackay, 1996).The
changes in fish nutrition is one relevant factattbould affect multiple physiological functionshih
are reflected in important production traits sushgeowth (Krogdahl et al., 2010). Plants protesivén
increased its importance as part in the incorpomatf farmed fish diet, however plant proteins have
different amino acid profile, metabolizable enerayd minerals compared with fish meal protein tkat i
usually an major ingredient of farmed fish (Kaushikd Seiliez, 2010). Plant proteins are deficiant i
some essential amino acids such as methionineglysid arginine, besides it has a variable dighistjb
and is low in phosphorus. They also contain antiitional factors (ANFs) such as protease inhilsitor
lectins, antigenic proteins and phenolic compouiRaiancis et al., 2001). However, ANFs can be reduce
by different treatments such as heat and hulliniprbeto be incorporated at fish diets (Kaushik and
Seiliez, 2010; Krogdahl et al., 2010). Some stuifiesea breamSpar us aurata), Atlantic salmon $almo
salar) and rainbow trout@ncorhynchus mykiss), reported a decrease in growth when these fish feere
with 50%, 75% and 100% replacement of fish meahwkant protein (Alami-Durante et al., 2010a;
GOmez-Requeni et al., 2004; Mundheim et al., 20Bwever, other studies in rainbow trout showed
that fish meal may be replaced partially by soybe#hout affecting the growth of fish (Kaushik dt,a
1995; Olli and Krogdahi, 1994).

1.4. Nutrigenomics studiesin fish

Nutrigenomics studies have generated interestismtits about the effects of new formulated diets on
gene expression in different tissues, as intesting liver principally (Benedito-Palos et al., 2007;
Froystad et al., 2008; Froystad-Saugen et al., 2008eng et al., 2007; Panserat et al., 2008)wkleer,
effects in fish muscle have been scarcely docurdemteen when the muscle is an important tissue that
represents about 60% of the total fish body weigtdher et al., 2007; Alami-Durante et al., 2010a;



Chapter 1. General Introduction

2010b). There is limited research that focuses tadysng how plant protein-based diet affects the
expression of candidate genes related to growtklation to animal protein-based diet. Besidesethier
no information on the comparison in the expressithese kinds of genes among individuals of déifer
growth rates, neither knowledge about genetic ngsidSNP) associate with fish growth in response to
new formulated diets. These aspects were carrieditiu nutrigenomics and nutrigenetics approaches i

this thesis.

1.5. Candidate gene strategy

Candidate genes strategy consists on choosing gauesding to the knowledge about their role in
metabolic pathways and whose protein products @n&ibuting with the phenotype under study. In this
study eight genes involved in metabolic pathwaysigmal transduction that regulates growth figilg,
Igf2a, mTOR, Pld1a, Mrf4, Myod, Myogenin andMyostatinlb) were selected to nutrigenomics approach.
Igflais involved in the process of cell cycle, cell diein, mitosis and protein transport (Moriyama et al
2000); Igf2a controls the skeletal myogenesis and is involvedtie AKT/mTOR pathway (the
mammalian target of rapamycin), which contributeshie regulation of cell division (Clemmons, 2009);
mTOR contributes to the regulation and protein synthdeivolved in skeletal muscle hypertrophy
(Kimball and Jefferson, 2006Rld1a participates in cell growth regulation and the\atibn of MTOR
through nutrient-sensing pathwéyoon and Chen, 2008); myogenic regulatory fac{difRkFs: Mrf4,
Myodl, Myogenin) are involved in satellite cell activity (theseeahe cells that provide the new nuclei
required for skeletal muscle during hypertrophid dnyperplasia) (Atchley et al., 1994; Hinits et, al.
2007); and Myostatin1bistnlb) is a key negative regulator of growth and musigeelopment (Acosta
et al., 2005; McPherron et al., 1997). These gaimswere used to examine the gene expressionrpatte
in muscle of adult zebrafish with lower and higgeswth in response to plant protein-based diethis
study in order to select potential candidate gémdésund genetic variation (SNP) that could be esded

to growth phenotype, we identified all genes wittiedent expression in muscle of adult zebrafisthwi

lower and higher growth thought RNA-sequencing netbgy.

1.6. Advancesin genomicstools: RNA-sequencing

RNA-sequencing is the first sequencing method thlldws a quantitative analysis of the entire
transcriptome at single base pair resolution (Movezand Marra, 2008, Mortazavi et al., 2008, Waing e
al., 2009). Besides, this technique can detecbuarsequence variation (SNP) in coding regionsllof a

expressed genes in different tissues (MorozovaMada, 2008, Mortazavi et al.,, 2008, Wang et al.,

4
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2009). This technic could change the practice ofdiate gene approach or microarrays experiments,
generally used in nutrigenomics, moving toward arenfunctional understanding of the regulatory
networks and pathways that underlying the quaitégbhenotypic traits by finding genetic variation
which could be associated to this phenotype(Canatasl., 2010, Wickramasinghe et al., 2011,
Wickramasinghe et al., 2012).

1.7. Zebrafish asa mode organism

In this study zebrafish was used as a model orgafos nutritional genomics studies (Ulloa et aD12).
The advantages to use zebrafish in this area atieell) small generation interval allowing perforgin
growth studies in a shorter time 2) The possibildydesign mating as is used in fish farmed breedin
program 3) studies can be conducted with a greatetber of fish, ideal to perform a powerful data
analysis to evaluate quantitative traits. 4) THeotatory rearing conditions are more homogeneods an
reproducible than farmed rearing condition. 5) Wnazebrafish are omnivores, they can eat a great
variety of foods including animal and plant proteiiets. On the other hand, there are a wide vadéty
molecular tools and information available for gefmsranalysis (Grunwald and Eisen 2002; Orban and
Wu 2008). Studies using zebrafish provide oppotiemifor investigating the genetic mechanisms that
underlies growth. Those results can subsequenthapy#ied to species of commercial interest by

comparative genomics.

1.8. Hypothesis

Considering that 1) fish growth results from theeiaction between the genetic information of indils
and environmental factors, among which the dietelyy important; 2) The diet components play a key
role in regulating gene expression, 3) Besidesgtiemariants (SNP) present in coding genes relaitd

growth could contribute to phenotype differences.
For these reasons, the following hypotheses asepted:
1. Candidate genes that regulate fish growgfig, Igf2a, mTOR, Pldla, Mrf4, Myod, Myogenin and

Mstnlb), are differentially expressed when zebrafishfadeplant protein-based diet in comparison to

other fish fed fish meal protein-based diet.
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2. Candidate genes that positively influence fisomgh (gfla, 1gf2a, mTOR, Pldla, Mrf4, Myod and
Myogenin) are over-expressed in zebrafish of higher graagtitompared to lower growth. Whiéstnlb
that negatively influence growth is under-expressedebrafish of higher growth as compared to lower

growth when fish are fed a plant protein-based diet

3. The identifying of genetic variants (SNP) infdientially expressed genes are heterogeneously
distributed in individuals of lower and higher giibmin a zebrafish population fed with plant protein
based diet.

1.9. General objective

To examine differential gene expression relategréavth in muscle of zebrafish in response to part
animal protein-based diet and identify SNP in défeially expressed genes in adult zebrafish ofelow

and higher growth fed with plant protein diet tafpam a growth association study.

1.10. Specific objectives

1. To examine the expression of candidate gdigeka( 1gf2a, mTOR, Pld1a, Mrf4, Myod, Myogenin and
Mstnlb) in muscle of adult zebrafish fed with a planttpio-based diet and with fish meal protein-based
diet.

2. To examine the expression of candidate gdigtka( |gf2a, mTOR, Pldla, Mrf4, Myod, Myogenin and
Mstnlb) in adult zebrafish of lower and higher growth feith a plant protein-based diet.

3. To identify allelic variants (SNP) in differealiy expressed genes in muscle of adult zebrafigh w
lower and higher growth fed with a plant proteirséa diet and perform a growth association study in

zebrafish population.
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Abstract

Zebrafish Danio rerio) is a common research model in fish studies ofctdagy, developmental
biology, neurobiology and molecular genetics; it leeen proposed as a possible model organism for
nutrition and growth studies in fish. The advantagé working with zebrafish in these areas arerthei
small size, short generation time (12—14 weeks)thatt capacity to produce numerous eggs (100-200
eggs/clutch). Since a wide variety of moleculalg@nd information are available for genomic analys
zebrafish has also been proposed as a model fotiondl genomic studies in fish. The detailed stod
every species employed as a model organism is tapobecause these species are used to generalize
how several biological processes occur in relategamsms, and contribute considerably toward
improving our understanding of the mechanisms wewlin nutrition and growth. The objective of this
review is to show the relevant aspects of the ttriand growth in zebrafish that support its tytiks a
model organism for nutritional genomics studies. Wade a particular emphasis that gene expression
and genetic variants in response to zebrafishtrartrwill shed light on similar processes in aquaged

fish.

Keywords: Zebrafish, Growth, Nutrition, Nutritiongénomics, Comparative genomics
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2.1 Introduction

The zebrafish has become a very common researcklrimodevelopment, neurobiology and molecular
genetics (Driever et al. 1994; Roush 1996; Bergetoaml. 2008). Zebrafish have recently been prapose
as a possible model organism for nutrition and dginostudies in fishes (Alestrém et al. 2006; Dahrd an
Geisler 2006; De-Santiznd Jerry 2007; Wright et al. 2006; Johnston eP@08). Growth is a trait of
main interest because it is closely linked with piheductivity and profitability of aquaculture praction
(De-Santis and Jerry 2007). Phenotypic expresdidhi® trait is under genetic control, but also elegs
upon environmental effects, and is directly affdchy nutrition (Moriyama et al. 2000). Advances in
genetic technologies have opened a window to utatetshe genetic variation underlying quantitative
traits, among which the identificationf candidate genes for growth and development nsarkable,
along with the mapping of genomic regions of quatitie trait loci (QTL) which affect growth traits
culturedspecies (Davis and Hetzel 2000; FJalested et AB;2Reid et al. 2005; Araneda et al. 2008; Lo
Presti et al. 2009; Dumas et al. 2010). In thisaspghe zebrafish has a wider variety of molectdafs
and information available for genomic analyian any other culturespecies. The zebrafish has been
proposed as a model fish foutritional genomic studies, with the expectatibattresults from this
approach will provide comparative genomic inforraatiapplicable to aquacultured fish (Metscher and
Ahlberg 1999; Drew et al. 2008; Robison et al. 2008ollius and Weissenbach 2008). Nutritional
genomics is a discipline which integrates nutriteomd genetics. Is a discipline that investigatesege
nutrient interactions using two approaches: “Nuanigmics”, which studies how diet affects the
expression of certain genes, and “Nutrigeneticdiictv studies the genetic variants that influence th
organism’s response to nutrients ( Kaput et al3200iller and Kersten, 2003; Mutch et al. 2005; Mar
et al. 2005; Panserat et al., 2007). In aquacultuiish some studies have been developed in
nutrigenomics during the fasted-fed transitionwatl as after the replacement of dietary fish nwdish

oil by plant ingredients (Panserat and Kaushik 200 estigating plant food sources became importan
due to the change of fish diets in the aquafeetbsewhere plant derived ingredients are incredging
used due to the global demand of fishmeal (Hardyp2WTurchini et al 2009). These nutrigenomic stadie
help us to understand how a change in the fornauatif the diet produces multiple physiological

responses in fish at the trasncriptional level.

Nutrigenetics refers to the analysis of specifinagie differences between individuals that respond
different ways to the same diet. These individuariations often occur as single nucleotide
polymorphisms (SNP) in coding genes, which mayuerfice the expression of a particular phenotype
(Vignal et al. 2002; Liu and Cordes 2004). SNPs @omt mutations that give rise to different alkele

containing alternative bases at a given nuclegbd&tion within a locus. SNPs are becoming a focal
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point in molecular marker development since they the most abundant polymorphisms. In zebrafish
there is one SNP for every 145-219 bp. They haeedominant inheritance pattern, are adaptable to
automated genotyping, and reveal hidden polymomisot detected with other markers and methods
(Stickney et al. 2002; Vignal et al. 2002; Liu a@drdes 2004). SNP variants may be responsiblehéor t
phenotypic variation of some important aguacultgtentitative traits such as growth related traits.
Identification of functional polymorphisms in zebsh is a step toward SNP association with proaecti
traits (FJalested et al. 2003; Ryynanen et al. 2D06&Pestri et al. 2009; De-Santis and Jerry 2007g
main objective of this review is to present the medevant aspects of the nutrition and growth in
zebrafish that supports its utility as a model arg@ for nutritional genomics studies in aquacatifish

with special utility to salmonids.

2.2. Advantages of zebrafish asa model organism

Zebrafish have advantages biology as a model sgathat include their small size, short generation
time interval (12-14 weeks), their capacity to proel numerous offspring, breed easily and very
amenable to manipulation in a laboratory tank (€H&003). On the other hand, zebrafish have a wide
variety of molecular tools and information avaikalibr genomic analysis, and a characterized genome
compared to aquacultured fishes. The eighth ravigiv8) of sequenced genome of the zebrafish was
concluded in 2008 (Orban and Wu 2008) and recenti@ctober 2010 the Zebrafish Genome Project
with to the Genome Reference Consortium at NCBI

(http://www.ncbi.nlm.nih.gov/projects/genome/assendc/index.shtm)l completed a new revision

(2v9). The existence of shared synteny between huamal zebrafish genomes has been demonstrated
(Barbazuk et al. 2000), as well as between zelrafigl green spotted pufferfishefraodon nigriviridis)
(Woods et al. 2005). Evidence obtained from rainkiomat (Oncorhynchus mykiss) genetic maps also
show synteny between zebrafish and trout (Rexroad 2005, 2008). Considering the synteny between
genomes of different species and the existing eegerecent revisions concluded that there shoeld b
abundant synteny between the zebrafish and salngamidmes at the level of small regions that include
conserved genes. In a sequencing study of ~1 MRAtkaintic salmon, gene order in a region was
conserved in three model fish species med&kgzas latipes), fugu (Takifugu rubripes) and zebrafish,
but only in zebrafish was it possible to identifyngar genes to salmon (Quinn et al. 2008). The
generation of 43,000 BAC end sequences (BES) regpdar catfish shows conserved syntenic regions
between catfish and zebrafish genome. A total 34 catfish BES (17,3%) had significant BLAST hits
to the zebrafish genome, with 3,221 unique getse providing a platform for comparative mapping

based on locations of these catfish genes inzéheafish genome (Liu et al. 2009). Thus, gives th
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synteny of these genomes, it is possible to usey¢m®mic resources that zebrafish possess and adapt

them for use in fish species of economic importance
2.3. Genomic and genetic resour ces of zebrafish and other aquacultured fishes

The zebrafish genome has an average C-value oB 1p84(Animal Genome Size Database) and is
estimated to contain 1.7x1Base pairs of DNA which is about half the sizel® thammalian genome
(Postlethwait 2004). Zebrafish information avaitbicludes 35,204 genes; 1,481,937 ESTs (expressed
sequence tags); 161,330 GSS (genome survey seguande662,336 SNPs (National Center for
Biotechnology Information; NCBI). In zebrafish 2D3$NPs in 712 genes were identified by Stickney et
al. (2002) and later Wood et al. (2005) developegoae complete map with 4,073 mostly SNP markers
in genes and ESTs. Bradley et al. (2007) identifipdroximately 550,000 potential SNPs in 39% of the
genomic sequence of zebrafish. They verified suljuggoof these SNPs, found that over 70% may be
validated polymorphisms and estimated that near08@0corresponded to available SNPs. Up to the
present SNP application in teleosts has been restricteshbmonids, using conserved sites (synteny) to

validate SNPs between species (Smith et al. 2005).

On the other hand a rapid development of geneticgamomics resources has been made recently for
economically important aquacultured fish speciehsas channel catfistc{alurus punctatus) (Li et al.
2007; Xu et al. 2007) rainbow trout (Rexroad Illadt 2003; Govoroun et al. 2006), Atlantic salmon
(Thorsen et al. 2005; Davidson et al. 2010), Attardod Gadus morhua) (Nielsen et al. 2006;
Wesmajervi et al. 2007; Johansen et al. 2009) aittie@d sea breamS¢arus aurata) (Franch et al.
2006; Senger et al. 2006; Sarropoulou et al.2007).

Genomic information for Atlantic salmon include®34 genes; 498,212 ESTs; 203,387 GSS and 1,344
SNP (NCBI, January 2011). Recently 9,057 full-léngtference genes were characterized in this salmon
(Leong et al. 2010), and several SNP markers haee kiscovered. For example, 2,507 putative SNPs
from the alignment of 100,866 ESTs were discovénetiayes et al. (2007). In the same way Boulding et
al. (2008) identified 129 SNPs within ESTs spadedughout the linkage map and identified 79 SNPs
markers on linkage groups associated with QTLsdamwth rate, condition factor, shape and skin
pigmentation traits. Moen et al. (2008a) develop&69 SNPs markers of which 304 are located within
genes anchored in a linkage map. A panel of B3I2Ps from the Atlantic salmon SNP chip (Center
for Integrative Genetics, CIGENE) was evaluated pstential genomic tool for whole genome selectio
(WGS), where 2,991 single copy polymorphic SNiRse considered useful for further analysis
Domink et al. (2010).
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Genetic resources for catfish include over 500,880s (Wang et al. 2010; Li et al. 2007), over 10,00
full-length cDNA (Chen et al. 2010), over 300,000tgtsive SNPs (Wang et al. 2010), and the
development of high-density SNP chip is in progrgsset al. 2010). In Atlantic Cod 724 putative SNP
developed from 17,056 EST were evaluated, from WwBit8 segregating SNPs were selected for future
genetic analysis (Moen et al. 2008b). In sea bradong-read EST database was generated, containing
1,393 cDNA clones representing 852 unique cDNA sega-reads (Sarropoulou et al. 2005). Seventy-
six SNPs markers for use in studies of natural [atjmns and selective breeding were validated is th
species (Cenadelli et al. 2007). The large numb&iSNP discoveries in different species represent a
valuable genetic resource and may be used for npeirig genome scans of genes or of quantitative trai

loci (QTL) influencing commercially important traiby comparative genomic analysis.

The most powerful genomic resource in zebrafisthésaccessibility of its complete genome sequence
(Grunwald and Eisen 2002; Orban and Wu 2008). Aerihational Collaboration by Canada, Chile and
Norway is being undertaken to obtain a similary ptete sequence of the genome of Atlantic salmon
(Davison et al. 2010). Also, efforts to sequenaedbmplete genome of Atlantic cod and catfish reenb
initiated and is currently in progress (JohansenleR009; Lu et al. 2010). Given that these gemom
sequencing projects from different aquaculturetiefisare underway, the research community can find
available information from diverse data sourcesb(@a2.1). Fish Map is a unified and centralized
resource for storage, retrieval, and display ofogain information on zebrafish. FishMap is built the
Gbrowse, and is a part of the Generic Model Orgarilatabase Consortium Project (GMOD) (Meli et
al. 2008). cBARBEL (Catfish Breeder and ReseardBminformatics Entry Location) is an important
catfish genome database and represents one ofrshedmprehensive bioinformatic databases for an
aquaculture species (Lu et al. 2010). Salmon D&#w Chilean multi-organism public access database
(on registration) has been recently created. Itaina EST sequences from Atlantic salmon, rainbrowtt
and whole genome sequences from five model fisltispgzebrafish, medaka, pufferfish, fugu and
stickleback). It was built using the core comporefibm the Generic Model Organism Database
(GMOD) project and the Gene Ontology and Pathwayghitecture (GOPArc) system (Table 2.1).
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Table 2.1. The main web-based data sites curremtlilable for zebrafish and aquacultured fishesd@aling to Briggs 2002; Clark 2003;
Meli et al. 2008; Johansen et al. 2009; Lu e2@1.0)

Specie Website Name Internet Link
Zebrafish Zfin http://zfin.org/cgi-bin/webdriver?Mlval=aa-ZDB_homa@g
(Danio rerio) NCBI Zebrafish Genome Resources http://www.ncbi.nlm.nih.gov/genome/guide/zebrafisdéx.html

Entrez Map Viewer

Ensembl genome browser
Zebrafish Mutation Resource
DFCI Zebrafish Gene Index
FishMap

http://www.ncbi.nlm.nih.gov/projects/mapview/stdlitapViewerHelp.html

http://www.ensembl.org/Danio_rerio/Info/Index

http://www.sanger.ac.uk/Projects/D_rerio/mutres/

http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimatRgudb=zfish

http://fishmap.igib.res.in

Rainbow trout
(Oncorhynchus mykiss)

Rainbow Trout Gene Index

NAGRP Aquaculture Genome Projects
Sigenae Contig Browser

SalmoDB

http://compbio.dfci.harvard.edu/cgi-bin/tgi/gireppi?qudb=r_trout

http://www.animalgenome.org/cgi-bin/host/rainbowetvimap

http://public-contigbrowser.sigenae.org:9090/Ongadius _mykiss/index.html

http://genomicasalmones.dim.uchile.cl/

Atlantic Salmon

Atlantic Salmon Gene Index

http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimaiRgudb=salmon

(Salmo salar) cGRASP consortium http://web.uvic.ca/cbr/grasp
SalmoDB http://genomicasalmones.dim.uchile.cl/
Asalbase http://www.asalbase.org/sal-bin/index
Catfish cBARBEL http://catfishgenome.org

(Ictalurus spp.)

Atlantic Cod
(Gadus morhua)

Atlantic Cod Genomics and Broodstoclttp://www.codgene.ca

Development

The Cod Genome Project.

http://www.codgenome.no
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2.4.Relationships of zebrafish and other fish modds

Five teleosteos fish genomes have been fully semakeincluding zebrafish (from Cypriniformes),
Japanese fugu F(gu rubripens, from Tetraodontiformes), green spotted pufferfi§hetraodon
nigroviridis, from Tetraodontiformes), medaka (from Belonifoenjeand three-spined stickleback
(Gasterosteus aculeatus, from Gasterosteiformes). Fugu and pufferfish hagen sequenced by whole
genome shotgun (WGS) assembly (Aparicio et al. 2002y have very small genome sizes, low nuclear
DNA content, less than 500 million base pairs (Ney haploid genome (Aparicio et al. 2002; Clark
2003), and have been selected as a model for tmarmgenome project (Cossins and Crawford 2005).
However, both fugu and tetraodon will only be usesdmodel genomes, but not as model organism
because they do not breed easily in captivity (\&istd 2000; Lawrence 2007; Clark 2003). Stickigba

is a model fish used to addres questions relateddaptation, speciation, and evolution (Bell 2001;
Cresko et al. 2007). It is a small fish (adult tdtady length < 10 cm), survives and breeds in both
seawater and freshwater; displays a variety of quoned reproductive behaviors; has a simple and sho
life cycle of one year in nature, but can be braugtsexual maturity in the laboratory within 7rr®nths
after hatching (Hahlbeck et al. 2004; Katsiadakilet2002).

Medaka is another model fish with a genome sizimastd at 650-1,000Mb, its genome is one-third the
size of the human genome and is less than haliteeof the zebrafish genome (Hinegardner et a12;19
Kasahara et al. 2007, Clark 2003). Medaka, toleaateide range of salinities and temperatures (10-
40°C), are small (3-4 cm), have eggs transpareateasy to breed and with a generation intervag tifn

6 to 8 weeks (Wittbrodt et al. 2002). Medaka aebrafish phylogenetically are separated from thaesir
common ancestor ~ 110 million years (Myr) ago (Fég). This evolutionary distance is reflected in
many aspect of their biology, including their eadgvelopment. With an evolutionary distance of ~60
Myr (compared with 110-160 Myr in zebrafish), mealéka much closer relative to fugu and stickleback

than it is to zebrafish (Figure 2.1), while zelshfrepresent a more ancestral condition.

Zebrafish have a much to offer as a model fishutrition genomic studies, but they certainly aré no
perfect. In most vertebrates growth is determiméddch means that growth ends at a given momeriten t
life of the animal and they reaches a finite slmrecontrast, fish muscle growth is not lineal ardws
through a combination of recruitment of new mudiders (hyperplasia) and an increase of the size of
existents fibers (hypertrophy) in post-juvenilegets (Johnston 1999; Mommsen 2001). In contrast to

other fishes, zebrafish have determinate growth nilmber of muscle fibers is established and fixed
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the time of the birth; and growth is solely duehygertrophy of fibers already formed (Du 2004)isTh
condition does not provide a general model for neugcowth since it only reaches a modest ultimate
body size (3-5cm) (Johnston 1999; Mommsen 2001yvéver muscle differentiation, somite formation
and subsequent differentiation of myoblasts aresutite control of complex signaling pathways and of
myogenic regulatory factors that are similar in tleosteos (Du 2004). Understanding how these
signaling cascades coordinate with others and hew tontrol myogenic transcriptional networks which
change gene expression during muscle differentiatiay be unraveled through nutrigenomic studies in

zebrafish.

Superorder
Perocomorpha

G Torafugu
Takifugu rubnipens

60-80 mya I

G Spotted green pufferfish
Tetraodon nigrovirdis

G Tree-spined stickleback
Gasterosteus aculeatus

G - Medaka
— Oryztias latipes

— Guppy
Poecilia reticulata
Platyfish

Xiphophorus maculatus

T

Subdivision 25100

Euteleostei mya \
— Rainbow trout

110 - 160 mya Oncorhynchus mykiss

FSGD Salmo salar

‘ Atlantic salmon

320-350 \ﬁ 110-160 mya G Zebr‘a!ish_
mya ‘ \ Danio rerio

Mexican tetra
Astyanax mexicanus

Channel catfish
letalurus punciatus

Superorder Ostariophysi

Elephantose fish
Gnathonemus petersil

Division Teleost fishes

Figure 2.1. Teleost relationships of the most commatudied teleosts. This genealogical tree ithtsts fish-
specific genome duplication (FSGD), salmonid-spectétraploidization (T) and fish genome assembB).(
Notably, zebrafish represents a more ancestralitondompared to other model organisms as suchakeedrhese
conditions enabling some translational biologicalogsses addressed more effectively in zebrafislagfed from
Wittbrodt et al. 2002; Volff 2005).
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2.5.Phylogenetic relationships of zebrafish and aquaculturefish species

The last common ancestor of all the vertebrateritboy models was the common ancestor of the
Actinopterygii (ray-finned fishes) and Sarcoptery@pbe-finned fishes and tetrapods), which propabl
lived during the Silurian period, approximately 42@lion years ago (Janvier 1996; Hedges 2002;IClar
2003). Within the ray-finned fishes the dominanbug today is the Teleosts which has over 20,000
species, including important aquaculture speciel ag the Atlantic salmon, rainbow trout, sea bassl
carp Cyprinus carpio) (Clark 2003). The teleosts began a major evahatip radiation in the Triassic,
about 200 million years ago, and have since undaergmassive diversification in morphology,
physiology and habitat. Their genomes did not remstatic and they are still evolving. Their
evolutionary divergence and extreme diversity ptevan abundant source of different genomes with all
the structure-function combinations that have suiduring the last 400 million years (Volff 2005).
The class Actinopterygii includes those taxa cogr@d as the most ancient fishes (Lauder and Liem
1989). As a group, they are characterized by mamiweld characteristics which are absent in priraitiv
ray-fins. Teleosts are thus morphologically remfitam the common actinopterygian/sarcopterygian
ancestor. However, within the Teleosts, the Ogpagsi (and thus zebrafish) retain many primitive
characteristic and occupy a relatively basal pmsi{Lauder and Liem 1989). Thus the zebrafish is a
rather generalized teleost and can, in most cdeesised to represent the “primitive” or “ancestral”
condition in comparison with more modern laborati@gosts such as the medaka and fugu (Lauder and
Liem 1989; Metscher and Ahlberg 1999) (Figure 2Vith an evolutionary separation of less than 150
million years, the zebrafish is still closer to thquacultural fish species than any mammalian model
organism such as a mouse , whose common ancestotheiteleosts lived around 400 million years ago
(Dahm and Geisler 2006). This evolutionary proxynfietween zebrafish and aquacultured fish spesies i
reflected in many aspects of their biological samtly, and offers several advantages combining the
power of genetics with experimental embryology, @solar biology and genomic resources (Wittbrodt et
al. 2002).

The plasticity of fish genomes could be manifestedhe size of their genome and chromosome number.
The haploid zebrafish genome has 25 chromosomeshwikisimilar of the karyotype of the original
teleost (Ojima 1983; Daga et al. 1996; Gornund.et997) after an event of fish genomic duplicat{on
=24; Woods et al. 2005). Most teleosts have ar@4d5 haploid chromosomes with very little variatio
except in the case of certain lineages such ass#éfmonids, which contain about 30-40 haploid
chromosomes (Allendorf and Thorgaard 1984; ClarR2MNaruse et al. 2004). Chromosome number
distribution in teleosts is quite restricted, inntrast to the broadly distributed chromosome number

observed in tetrapodes (Naruse et al. 2004). Caatipargenome analysis of medaka and zebrafish with
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reference to the human gene map indicates thabkgry evolution in teleosts occurred by chromosome
fragmentation; mainly inversions (intra-chromosommahrrangements) and by translocations (inter-
chromosomal rearrangements), but not by fusion aanfiésion of chromosomes as is observed in
mammalian chromosome evolution (Ehrlich et al. 198aruse et al. 2004). Taken together these
findings, suggest that teleost karyotypes and #megontent of individual chromosomes should beesmor
similar to the karyotype of the last common anaestioray-fin and lobe-fin fish than that of most

mammalian genomes (Postlethwait 2004; Woods 208k).

2.6.Lifecycle of the Zebrafish

In typical laboratory conditions (28.5° C and 14light-dark hours), zebrafish develop very rapidly.
Embryogenesis takes 24 hours post fertilizatior) (ipahm 2002). Larvae hatch within 2.5-3 days post
fertilization (dpf) and the transition from larva juvenile (metamorphosis) occurs at ~30 dpf (Kirhate

al. 1995). Zebrafish reach sexual maturity fromt@014 weeks post-fertilization (Eaton and Farley
1974a). Under favorable conditions zebrafish spaentinuously after sexual maturation (Eaton and
Farley 1974b; Breder and Rosen 1966). Their higihoductive capacity and their short generation time
(12-14 weeks) serve as an advantage over cultusbdsf that present a long generation interval (for
example in salmonids this generation interval tse 2 years, depending upon the species) (Wegrzgn an
Ortubay 2009). In a typical domestic salmonid sasithe anadromous rainbow trout, once fertilization
occurs the incubation period depends essentiallmperature, requiring about 30 days at 10° COor 3
accumulated thermal units (ATU) to reach 50% haighiEstay et al. 1994). Juvenile fish or “parr”,
identifiable by their vertical and black spots mittbsides of the body (with 1,200 ATU; 3 — 15g we)g
remain one year in freshwater until smoltificatiten metabolic processes which adapts a fish from
freshwater to marine water); smolt (with 3,200 AT80;— 120g) spend another year in marine watet unti
harvest (3 - 4.5 Kg). Depending on the qualityadd and genetic factors, sexual maturity is reaéhed
males in the second or third year of life and imdées in the third or fourth year (Wegrzyn and Oaty
2009). These conditions: long generation interval Ete sexual maturity, limit population level dies.

A comparative view ofebrafish and rainbow trout life cycles, giving tivae periods for their different

stages of life, is shown in Figure 2.2.
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Zebrafish Rainbow Trout

Figure 2.2. Comparative view of the life-cycle ebzafish and rainbow trout a Zebrafish eggs (1 mfergyth), the
different stages of embryo development atC&nd eclosion at 24 hpf; Rainbow trout eggs (5 afrtength) the
different stages of embryo development atClL,0and eclosion at 30 dpf or 300 ATU. b Zebrafistvde at 48 hpf
(size ~ 2 mm length); Rainbow trout larvae at 52 @p520 ATU (size ~ 2.5 cm length) ¢ Juvenile zdish reach
sexual maturity between 10-14 weeks post fertibrafsize ~21 mm length); Juvenile rainbow trowdritifiable by
their parr spots (size ~20 cm length) d Adult z&shawith common phenotype at ~ 1 year old (siz& 8 length);
Adult rainbow trout reach sexual maturity at 2—3angeold (size ~ 40 cm length). The images of emhyo
development (zebrafish and trout) were obtaineth wiCanon PowerShot SD550 digital camera and acsteopic

zoom microscope Nikon SMZ-10 (20-1609 in opticabmification).

2.7. Digestive system of adult zebrafish

Fish have different feeding structures, mechaniant habits. They may be classified broadly by their
feeding habits as detritivores, herbivores, omr@spior carnivores (Moyle and Cech 2000; Horn et al.
2006). Within each category, organisms may be thbo§as either euryphagous (eating a great variety
of foods), stenophagous (eating a limited varietfoods), or monophagous (eating only one type of
food) (Moyle and Cech 2000). The majority of aguaced fish are either euryphagous carnivores (such
as salmon, bass, bream, halibut, turbot, floungerd,groupers), euryphagous omnivore (such as ehann
catfish, tilapia and zebrafish), or euryphagoudbivere (such as carp). The zebrafish has a loresfime
with a large absorption area and no true stomaiu(€& 2.3), while carnivore fish species (salmod an
trout) have a short intestine and a true stomachy(@®land Cech 2000; revised in Rust 2002). Studies
have shown that carnivorous fish, such as salmawe la compensatory mechanism that allows them to
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modify and adapt their digestive and physiologgatems in response, to a vegetal diet. Rainbout tro
and sea bream, show gut augmentation when theyedre@egetal protein diets (over 75% fish meal
replacement) (Santigosa et al. 2008). The vegethbtalecreases digestive activity, increasedsemgth

and enzymatic activity of enzymes such as trypsim produceds a growth rate similar to fish fechwit
fish meal (Santigosa et al. 2008). Other evidetnmavs that gut length in fish is affected by ontogen
diet and phylogeny. For example, gut length was swmesl in four fish species, two herbivores
(Cebidichtys violaceus and Xiphister mucosus) and two carnivoresX( atropurpureus and Anoplarchus
purpurescens), all fed with a high-protein artificial diet(55% protein from marine animal sources). In
herbivore species there was no ontogenetic changetidimensions on the high-protein artificial tdie
suggesting that herbivores are genetically prograchito develop relatively large guts. Howevir,
atropurpureus (carnivore) increased its gut dimensions reaclingize similar to its sister taxoiX,
mucosus (herbivore), suggesting a phylogenetic influering, it also decreased its gut dimensions on the
high-protein artificial diet, suggesting phenotyplasticity (German and Horn 2006). These restitsvs
that the anatomical pattern of herbivore and camsiwertebrates does not appear to be conserved in
fishes, and show a phenotypic plasticity (ontogeriatrease) in the length of the digestive traarein
carnivorous species. These observations allow usuppose that differences between the zebrafish
digestive system and that of salmonids would noa lsenstraint when using the zebrafish as a model i

nutritional studies.

Figure 2.3. Digestive tract frolanio rerio. (a) Swim bladder, (b) liver, (c) esophagus, (@en, (e) intestine, and
(f) pancreatic tissue (around the gut). The image wbtained with a Canon PowerShot SD550 digitaleca under

normal conditions employing the internal zoom (R®ical magnification).
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2.8. Diet of the zebrafish

Information on the dietary preferences of wild zdish is limited. Apparently wild zebrafish are
generalists, consuming a wide variety of benthid planktonic crustaceans, worms and insect larvae
(Dutta 1993). McClure et al. (2006) and Spencd.g807) analyzed gut contents of sampled zebrafis
in natural habits and found that insects, mostlyeofestrial origin, were the predominant prey; thet
also included a small percentage of plankishose main components identified were zooplankimh a
insects (58.6%), invertebrate eggs and arachnid®4)?2 phytoplankton (5.9%) and other unidentified
components (33%). Zebrafish in captivity may be veth live prey such as brine shringrtemia sp.),
rotifers @rachionus sp.), artificial diet, or some mixture of both (Watémaet al. 1983). These results
show that zebrafish can feed on animal and on aégetdtein sources, and suggests that they may have
similar digestive mechanisms to both of herbivanesh as carp and tilapia, and carnivores suchoas tr
and salmon. It also suggests that they would be &blmodify and adapt their digestive system in
response to diet, which could facilitate the desifrdiets and feeding protocols that better refibet

specific digestive physiology and feeding behawiothe zebrafish.

2.9. Nutritional requirements of zebrafish

Fish nutritional requirements must be determinadefich life stage: larva, juvenile, and adult, tigio
controlled experiments that test the effects offediéint dietary components on survival, growth,
disease/stress resistance and reproduction. Muaaltirequirements are unknown for zebrafish, even
though it is a widely used as a model organismainotatories (Lawrance 2007). In the guide for
laboratory use of zebrafish, specific nutritionatadare not discussed (Westerfield 2000). Thisuesid
part to the fact that zebrafish can be maintainat! saiccessfully spawned under a wide variety dkdie

and feeding regimes, including those that areyikeb-optimal (Lawrence 2007).

Lipids, particularly fatty acids (FA), are well kwa dietary requirements that supply energy andaact
pheromones, hormones, and membrane components. d&shunable to synthesizee novo
polyunsaturated fatty acids (PUFA), including tissential ones such as linoleic (181:6) and linolenic
acid (18:3w-3). Therefore, fish must obtain these substanc@s their food. Cold water fish have a
higher requirement fon-3 FA thanw-6 FA, whereas warm water species require befhandw-6 FA
(Meinelt et al. 2000). Zebrafish, like many othearm-water fishes, require higher amountsed fatty
acids (Watanabe 1981; Cowey and Sargent 1976). eMeat al. (1999, 2000) raised zebrafish on
formulated feed containing varying ratiose®f3 andw-6 polyunsaturated fatty acids (PUFAs), and found

that growth and fertilization rates were positivetyrelated with the level @-6 PUFA in diet.
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Protein requirements of juvenile omnivore, carnév@nd herbivore ornamental fish are in accordance
with the requirements reported for fish feeding t{blzal Research Council 1993). The best
approximation to assess zebrafish diet any reqeinésncan probably be drawn from studies of cyprinid
species such as the common carp and goldfiahaius auratus) (Lochman and Phillips 1996; Carvalho
et al 2004; Dabrowski et al. 2005). Protein requigats vary from 30% to 53% in diets for optimal
growth in goldfish (Fiogbé and Kestemont 1995). Wdild (2000) proposed the feeding of adult
zebrafish with a commercial diet of flake food toopical fish; and for feeding larvae, the use iokf
powder commercial food specific for these comméiiciads have from 46% to 50% protein content. In
relation to carbohydrates, Robison et al. (2008)@red the effect of manipulating dietary carbolayelr
levels (0%, 15%, 25% and 35%) from the larval stamil sexual maturity in zebrafish. They
demonstrated that long term manipulation of dietasbohydrate levels had a significant effect odybo
weight gain, condition factor and body compositiblare research on nutrient requirements of zelirafis

is needed to gain comprehensive knowledge abaldteymine optimal dietary levels.

2.10. Growth ratein fishes

Growth is a quantitative trait and it may be meaduat different times of the zebrafish life cydiéany
variations occur in zebrafish growth rates in labories (Eaton and Farley 1974b). This phenomeson i
known as growth compensatiam size-hierarchy effect (Brown 1957; Ricker 195B)is particularly
troublesome when using fish for experiments, wheitorm growth and high survivability are important
Quantitative genetic variability of reproductiondagrowth performance using four zebrafish poputetio
of different origins from Asia and Europe were s¢ad Traits of body length and the weight of progen
were measured every two weeks until 20 weeks of Hge average weight and length for the populations
at 4, 12 and 20 weeks were 3.5; 74.9; 213.4 mg@ad 15.3; 21.3 mm, respectively, with a high
phenotypic correlation between the traits (r =0.98pn Hertell et al. 1990)Goolish et al. (1999)
assessed the effectiveness of 10 artificial di®tgood performance was achieved with a commedi@]
leading to a maximum larval survival of about 6086 a standard length of 6.4 mm at 21 dpf . Later
Biga and Goetz (2006) reported an average totglheaof 4.7 mm at 28 dpf when only paramecia were
used to feed larvae. Carvalho et al., (2006) deinatesl that zebrafish larvae could be reared withoe
food with an admissible growth and a high survi?@a® mm and 84% respectively), on the condition tha
food was presented in a continuous manner. Whetinfigdarvae with artemia, the value obtained for
standard length was 14.3 mm at 21 dpf, with a Hagtval survival of 86%. Santos et al. (2006)
successfully used a mix of purified diet and artenoi feed zebrafish larvae, obtaining more than 70%
survival at 120 dpf. These differences are indieatof discrepancies in rearing densities and in

specifically diet, where growth is directly affedtby nutrition and the feeding environment.
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A quantitative trait such as growth is normally andontrol of polygenes, where each has a smalteff
on the phenotype, as well as environmental inflaeaod a possible influence of major genes and/or
QTLs (Falconer and Mackay 1996). Little research been done to identify growth QTLs in aquaculture
fish (Araneda et al. 2008). However, in zebrafisFiL®for growth rate and muscle fat content havenbee
identified on chromosome 23 (Wright et al. 2008)isTresult is valuable because it is the first stefm
identifing loci affecting these traits. Heritabjliestimations of growth rate in the main aquacetiuiish
species (salmon, trout, tilapia and carp) fluctueden 20% to 41% (Tave 1993). Heritability estintate
for weight and length at 4 and 20 weeks old in ak&in were measured, were found to have very high
values (0.17 and 0.40, respectively) (Von Hertelhle 1990). This result agrees with estimatesinbth

in our laboratory for heritability of growth ratevét weight) in 14 week-old zebrafish (0.42 = 0.10)
(Accini 2009).

2.11. Genes associated with growth in fishes

Growth traits have been under selection in fish larestock breeding programs. Many genes associated
with muscular growth (somatogenesis) have been athpmd sequenced, and have been shown to be
conserved among mammals and fish (Lo Pestri €0£19). These results allowed the identification of
numerous candidate genes involved in muscular gratdifferent fish species (De-Santis and Jerry
2007; Johnston et al. 2008). Among the many pasgjlwth-regulating pathways in vertebrates, genes
within the somatotropic axis and transforming gtovidctor superfamily have been the most targeted
candidate genes in fish (De-Santis and Jerry 200%).somatotropic axis essentially consists of ¢ginow
hormone-releasing hormone (GHRH), growth hormond)(@rowth hormone receptor (GHR), insulin-
like growth factors (IGF-I and Il), associated ¢arrproteins (IGFBPs) and receptors. These genes
represent the main endocrine and autocrine regal&to skeletal muscle growth and are known to play
key role in the regulation of metabolism and of giblogical processes (Moriyama et al. 2000; De-4Sant
and Jerry 2007; Johnston et al. 2008). The autedfi-I1 transcription factor required for skeletal
myocyte differentiation is regulated byTOR, as well as by amino acid sufficiency. The mTOR=I&kis

is a molecular link between nutritional levels asialetal muscle development (Erbay et al. 2003). In
rainbow trout the evidence suggests that insulich @mino acid regulate TOR signaling (Seiliez et al.
2008). Another somatotropic axis hormone is leptiich is thought to have a minor role in GH
regulation. The presence of theptin gene in teleosts initially was uncertain (Johnesbil. 2000), but
now this peptide is known to be expressed in fished its DNA sequence has been found in the
pufferfish and in the common carp (Kurokawa et28l05b; Huising et al. 2006). Structural growth in
teleosts is mediated by growth factors (GFs) andgewic regulatory factors (MRFs), generally proglce

in the muscle tissue (Tan et al. 2002).
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Myostatin (MSTN), also known as growth/differenitiat factor-8 (GDF-8), is a molecule belonging to
the transforming growth factgd (TGFf), which acts as a negative regulator of musclesldgvnent
(McPherron et al. 1997). In fish, thésth mRNA has been detected in several tissues incluglihgenal

and gonadal tissues. These findings indicate Mwsit is involved in numerous physiological activities,
and has been characterized in many fish specigsb@w trout, Atlantic salmon, sea bream, tilapia,
catfish, among others) (De-Santis and Jerry 20@%n is conserved as two genes in most teleddssn(

1y Mstn 2), as a result of the basal wide genome duplicqtitaiccatrozzo et al. 2001). In adult zebrafish
subjected to environmental stress, bbtktn-1 and Mstn-2 genes expression were expressed in a wide
variety of tissues (Helterline 2006). Acosta et(2005) reported that the inactivation of tetn gene in
zebrafish resulted in an increase of weight gai%{4nore compared to the control), as was also véder

in mice by McPherron et al. (1997). Previous steidremammals have demonstrated that myostatin is
binds to the two activin type Il recepto®ctRIl) (Lee and McPherron 200; Rebbapragada et al. 2093)
zebrafish ActRIl andActRIIB were shown to exhibit distinct roles in craniotdadevelopment (Albertson

et al. 2005). In Atlantic salmon, full-length AciBI cDNA was isolated and characterized iloysitu
hybridization and by RT-PCR in skeletal muscle @stet al. 2007). Carpio et al. (2009) examined th
effect of administrating a recombinant soluble foah goldfish ActRIIB extracellular domain (G-
ActRIIBed) to juvenile and larval goldfish, Africasatfish larvae Clarias gariepinus) and tilapia larvae,

it was found that this recombinant molecule stirredegrowth in teleost fish in a dose-dependent rann

Myogenic regulatory factors (MRFs)ngogenin, myod, myf-5, myf-4 or myf-6) constitute a small family

of transcriptional factors, called theyod gene complex, involved in myogenesis and are sspge
exclusively in the skeletal muscle of vertebratagliley et al. 1994). Genes belonging to tiwod
complex have been characterized only in a few$gbcies such as in the common carp and in rainbow
trout (Kobiyama et al. 1998; Johansen and Ove&065). In zebrafishnyf-5 andmrf-4 have been also
identified (Chen et al. 2001; Hinits et al. 2007aig et al. 2008).

Another gene thought to be essential to growtlisim, fis follistatin {st). It is a secreted glycoprotein that
was first identified as a potent inhibitor of falle-stimulating hormone secretion which was exgdiby

its strong binding affinity to the TGB-protein activin (Phillips and Krestor 1998). Fsiiitin inhibits the
transformation of growth factd¥-proteins and is a known regulator of amniote myegé (Macqueen
and Johnston 2008). Phylogenetic analyses sudupsbiiefst gene fstl) is common to euteleosts, but a
second genefq¢?) is conserved specifically within the Ostariophygebrafishfstl and fst2 map
respectively on chromosomes 5 and 10 in two genoegmns, and share a each conserved synteny to a
region in tetrapods (Macqueen and Johnston 2008er@rowth genes studied in fish are those of the

calpain-calpastatinGAST) system. This system is important because it e¢gsl a wide range of
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physiological processes including protein turnoged growth, cell cycle progression, and myoblast
differentiation (Goll et al. 2003). Full-length c2\has been obtained faalpain 1 and2 from rainbow
trout, and show 65% identity to mouse orthologugaldm et al. 2005a). Alsaalpain 1, calpain 2 y
calpastatin gene expression was measured in rainbow trouestds to starvation for 35 days. Rainbow
trout starvation resulted in the up-regulation dRMA transcripts for these three genes (Salem et al.
2005a). Salem et al. (2005b) report in a secondysttwo CAST isoforms for rainbow trout: a long
(CAST-L) and a short oneCAST-S). Lastly, genes from the ubiquitin-proteosome @obttic pathway are
considered to be major in route of protein degiadanvolved in skeletal muscle and are regulated b
nutritional status. The identification of all ofeke genes contributes to the understanding of the
mechanisms that regulate growth in non-mammaliatebeates and suggests a powerful biotechnological
approach to improve aquacultured fish growth; havethe expression ofutritional regulation of these

growth trait genes is poorly documented in fishes.

2.12. Zebrafish nutritional genomics

Nutrigenomic studies are being directly developethe most important aquacultured fish speciesgusin
microarrays and RT-PCR analysis, which allows tihseovation of differential gene expression in
response to diets containing proteins from diffeneegetal origins, and in response to diets ofedéht

oil compositions (Froystad et al. 2008; Froystacle2009; Lilleeng et al. 2007; Panserat et ab80
Douglas 2006). These nutrigenomic studies have rgeree basic knowledge about unchanged, over-
expressed and under-expressed genes in resportiietent diets. Some nutrigenomic studies have
observed the particular expression of some carelgiates correlated with growth in aquaculturedeish
such as rainbow trout and Atlantic salmon undervation and feeding conditions (Chauvigné et al.
2003; Salem et al. 2005a; Bower et al. 2008; Saderal. 2007). Nevertheless, there has been little
research on how fish diets affect the expressiageogs that participate in growth. Chapalamadugil. et
(2009) evaluated the influence of dietary carbohtaltevel (0, 15, 25, or 35%) on the temporal mRNA
expression patterns (4, 8 or 12 week) of trandoriptactors that regulate satellite cell myocyteligdn
(MA) in rainbow trout. They showed that 15% and 26&bohydrate containing diets significantly up-
regulateMyod and Myf5, but notPax7 after 12 weeks of feeding. The high carbohydraet (85%)
attenuated the increased mRNA expression of thaeedription factors. These results suggest a paten
role for satellite cells in nutrient sensing alilib fish. Recently Alami-Durante et al. (2010a)selved
expression of related genes in white and red musctainbow trout fed with graded levels of a miix o
plant protein sources as substitutes for fishm&éhky showed changes in the expression of genes
involved in lysosomal proteolysis in the white mlesdn another study Alami-Durante et al. (2010 b)

identified the amino acid profile and the changesxpression of myogenic regulatory factor genek an
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of myosin heavy chains in the muscle of juveniialvaw trout when fed plant protein sources dietseeyl
did not observe changes in the expression of ghe®, MyoD2 or myogenin in lateral red muscle.
However, they have demonstrated changes in theessipin of theMyoD and of the fast-MHC genes in
skeletal white muscle. These results indicate that white and red muscles of rainbow trout are

differently affected by nutritional changes.

Two studies in zebrafish have been performed witihittonal genomics. Robison et al. (2008) idetifi
sexual dimorphism in hepatic gene expression ipaese to different percentages of carbohydrates in
diets (0%, 15%, 25% and 35%) from the larval stdgeugh sexual maturity, using microarrays and
gRT-PCR. They observed substantial sexual dimomphis the hepatic transcriptome-like genes
associated with oxidative metabolism, carbohydragtabolism and energy production, among others.
Drew et al. (2008) identified metabolic pathwaygulated by starvation in the liver and in the brafn
zebrafish, using microarray and quantitative reaetPCR (QRT-PCR) analyses in adult females after 2
days of starvation. They observed that starvatgulated gene expression of components of metaboli
activity, reduced lipid metabolism, protein biodyesis, caused proteolysis and cellular respirafitre.
response of the zebrafish hepatic transcriptomstaovation was strikingly similar to that of rainbo
trout, and less similar to mouse, while the respafscommon carp differed considerably from thesoth
three species. These results support the use ffihi as a model organism for nutritional genomic

studies, where the results of these studies caultbmpared to similar question in aquacultured fish

2.13. Conclusions and Futur e Per spectives

Zebrafish have several advantages that allowbetased as a model organism for nutritional anevtjro
studies, especially for nutritional genomic studi@ebrafish possess the most developed genomic
program compared to that of any other aquacultfiséxl they are easy to maintain and breed, have sho
generational time and produce a large number «fpdfig Moreover, the zebrafish is evolutionally
closer to the most important aquacultured fish thiay other mammalian model organism, including the
mouse. However, zebrafish can feed from animal\agetal protein sources, which allows us to infer
that it has nutritional pathways similar to thodecoltivated herbivores such as carp and tilapnal &
those of carnivores such as trout and salmon. Nesless, more studies on zebrafish nutrition and
protein, carbohydrates and lipid requirements aexlad to assess the nutritional requirement fomapt
skeletal muscle growth in fishes. New possible sudanvestigation in zebrafish are needed in tiatri

and nutrigenomics. Aquaculture investigation muatet advantages of and find answers in model
organisms such as the zebrafish, where studie®mé gxpression and genetic variants in response to

nutrients could potentially be translational to acuitured species. Studies in cultured species bega
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a major limitation because they require crossesbgerve segregation of the different genetic vigijan
and the majority of these cultured fishes haveng lgeneration time. In this case, the use of zidbrak a
model may be a good starting point to look for gleaetic variants present in many genes. Theseigenet
variants could be responsible for phenotypic valitglof economically important traits such as gtbw
The identification of polymorphic sites in codingrges is a step forward to future investigationsuon
associations of these variants with the increaseeduction in the phenotypic expression of prodigcti

traits.
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Abstract

The main objective of this study was to examinedtfiects of a plant protein- vs. a fishmeal-based ah
growth response and expression of growth-relategge the muscle of adult zebrafigbatio rerio), in

a population of 24 families. To control for familigariation, each family was split to create twshfi
populations with similar genetic backgrounds. Tish fvere fed either fishmeal (FM, control diet)pdant
protein (PP, experimental diet) as the unique prossurce in their diets from 35 to 98 days post
fertilization (dpf). Measurements were taken toleate growth response to each diet. In order tovéxe
the PP diet's effect on gene expression, indivifraim three similar families with average growthbioth
populations were selected. In order to examineeffiect of familiar variation, the three families nge
evaluated separately. At 98 dpf, eight growth-edagenes|@fla, Igf2a, mTOR, Pldla, Mrf4, Myod,
Myogenin and Myostatinlb) were evaluated in males and females. This studyothstrated that PP diet
reduced growth as compared with FM diet in botresegxpression dflyogenin (X5.0 £ 0.67) andMrf4

(X3.42 = 0.56) increased in males in response tadiePas compared to FM diet, wherdgfa was
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under-expressed (X0.71 + 0.09). In females, thareewno significant effects for any of the eight ggim
response to PP diet. The effect of familiar vaoiaton gene expression was observed in males and
females. This study showed that plant protein amuhilfy variation have important effects on gene

expression in fish muscle.

3.1. Introduction

Over the last three decades, worldwide farmed gisiduction has grown at an average rate of 8.8% per
year. However, wild fish must be captured to producrieal and fish oil, the main protein and lipid
sources for farmed fish feed. This resource has beerexploited, with wild fish harvests decreadmgn

10.7 million tons in 2004 to 4.2 million tons in ZW. Farmed fish production requirements have
increased the demand for fishmeal and fish oil,eg@img a sharp rise in prices of these products an
negatively impacting the environment and naturabuece& The increased cost reduces the profitability
of aquaculture, as feed represents 40-50% of ptmoucosts at the farm level and 30-35% of theltota
cost of the final produttAs a result, plant protein sources have beeroexglas an alternative to animal
protein for use in the feed of both omnivorousaftih, catfish, carp, milkfish) and carnivorous fish
(salmon, trout, tund) The plant protein source most commonly incorgatanto fish feed has been soy
flour. Herbivorous and carnivorous fish diets oftamtain between 15% and 45% soybean meal. The use
of corn, peas, lupins, canola, barley, and wheat dlao gradually become more common in feed
formulatior?. If current fish production levels are maintainiéds anticipated that growth in aquaculture

will come to depend strongly on plant protein sesrover the next 10 to 12 years

These changes in fish nutrition affect multiple gibjogical functions in farmed fish, which are esfled

in important production traits such as grofithSome studies in seabrea®pdrus aurata), Atlantic
salmon Galmo salar) and rainbow trout@ncorhynchus mykiss) reported decreased growth when 50%,
75% or 100% of the fish meal (FM) in the feed weyslaiced with plant protein (PP)"° However, other
studies in rainbow trout showed that FM may beaegd partially by soybean without affecting grofth
1 One of the greatest challenges is formulatingpeerherbivorous feed appropriate for a carnivoriisis
(such as the salmonids). In recent years, a neesfat nutrition have allowed integrate nutritiordan
genomics analysis through nutrigenomics approabichwhave added to the understanding of the effiect
diet on gene expressignNutrigenomic studies in farmed fish have addréske replacement of different
percentages of FM with PP in the diet. These stugm®vide interesting insights into the effects of

formulated diets on gene expression, especialthérintestine and livét*’. However, gene expression in
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fish muscle has been scarcely documented, desgtéact that this tissue is greatly affected byritiah

and represents about 60% of total fish body wéightA recent study showed that different genotypes of
Atlantic salmon fed a vegetable oil-based diet stabapecific responses in gene expression pattethg i
liver transcriptom¥. However, nutrigenomics study to clarify the effe€a plant protein-based diet and

familiar variation on gene expression related $b finuscle growth has been sparse.

Several genes associated with growth have beenedappd sequenced. These genes are candidates for
studies on gene expression in response to diet.ngrtiwe possible pathways that regulate fish grasith
the somatotropic axis, which includes genes sudhase for insulin-like growth factor 1 and I&f( and
Igf2) and target genes that participate in the sigraadsduction networknfTOR, Pldla). Furthermore,
myogenic regulatory factors (MRFs) (including germsch asMyod, Myogenin, Mrf4, Myf5) also
positively influence fish growtfi® In contrastMyostatin (Mstn) acts as a transforming growth factor and
negatively influences fish growth These pathways generate a dynamic balance diyeoand negative
signals that determine muscular developrifengfl is involved in the cell cycle process, cell divisj
mitosis and protein transpdftt Igf2 controls skeletal myogenesis and is involved i@ AKT/mTOR
pathway (the mammalian target of rapamy&im)iTOR contributes to the regulation of protein synthasis
hypertrophy and leads to the productionlg®?; Pld1l (phospholipase D1participates in cell growth
regulation and the activation ofiTOR through a nutrient-sensing pathwWayMRFs are involved in
satellite cell activity (the cells that provide thew nuclei required for skeletal muscle duringdrymphic
and hyperplasid} 2 Mstn is a key negative regulator of growth and museteetbpmerft” * Identifying
genes modulated by plant nutrients in zebrafishtrifmries to understanding of physiological and

molecular interactions in fish growth, which coslied light on similar processes in aquaculturdd fis

We have proposed zebrafish as a model organismubitional genomics studi&s The advantages of
using zebrafish in this area include: 1) Their slgeneration interval, allowing for performancegobwth
studies in a shorter time. 2) The ability to cohth@ mating design, as in a fish farm breedingpam. 3)
Studies can be conducted with a greater numbersbf fdeal for a powerful data analysis to evaluate
guantitative traits. 4) Laboratory rearing condisoare more homogeneous and reproducible than farm
rearing conditions. 5) Zebrafish are omnivoresytben eat a great variety of foods including FMd &iP-
based diets. 6) Finally, this species has amplergars information available for application in ntiemal

genomics studies.
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The main objective of this study was to examineaghoresponse and evaluate the expression of growth-
related genesldfla, 1gf2a, mTOR, Pldla, Mrf4, Myod, Myogenin and Mstnlb) in the muscle of adult

zebrafish, from a population of 24 experimentalifea® fed with plant and fishmeal protein-basedslie
3.2. Materialsand Methods
3.21. Experimental design

A zebrafish population of 24 experimental famil{gggle pair mating from no related wild-type stsi
was generated in order to examine growth responsa population with wide genetic variability.
Embryonated eggs were incubated at 28° + 1°C fdays until hatching in 9 cm diameter Petri dishes
(~100 eggs per Petri dish), according to Brandl.t Brom 7 to 28 dpf (first step, larval rearing) each
family was reared separately in an aerated 4L auertaith a density of 25 crfish™. Larvae were reared
under optimum physical and chemical water pararag@5< T °C< 28.5, 7< pH < 8; hardness > 100 mg
CaCQ-L™") and with a photoperiod of 14 h light:10 h d4rfAnexo 1). Larvae were featl libitum three
times daily (at 9:30, 13:30 and 17:30 h) with a owercial diet: fine powder feed Sera Micron® (50.2%
crude protein, 8.1% crude fat, 4.2% crude fiber aa®% ash) and Gold Protein® Micro (49% crude
protein, 8% crude fat, 3% crude fiber and 10.5%).ash

At 30 dpf each family was split to generate twolicgpes (40 fish per family replicate) and creat® t
populations of fish with similar genetic backgrosnéorty-eight fish groups were randomly distrilguite
into 48 tanks with 14 L capacity (13 x 22 x 48.5)cifhe fish were kept at a density of 350%¢ish™
with recirculated water under optimum physical ahémical water parameters (Anexo 1). The fish were
acclimatized to the new system for 5 days and liedsame commercial diet. Starting on 35 dpf, tiss fi
replicate of 24 families was fed a diet containi@®% animal protein as the unique protein sourdé (F
control diet) and the second replicate a diet goimtg 100% plant protein as the unique protein se PP
experimental diet). The fish were fad libitum three times daily, six days per week, from latvahsition

(35 dpf) to sexual maturity (98 dpf) (Figure 3.1).
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i 24 replicate
families —> Animal protein (FM, Control diet)
Eggs Larval rearing
A) Commercial diet
24 single pair
mating
families
0 7 28 30 35 70 98 dpf
Lo 24replicate - plant protein (PP, Experimental diet)
families

Figure 3.1. Experimental design. A) Basal populatid 24 single pair mating families at day zerolLBjval rearing

from 7 to 28 days post fertilization (dpf) fed witbmmercial diet C) At 30 dpf the 24 families wepdit to generate
two replicates of each family (40 fish per famigplicate) and create two populations of fish with same genetic
background. At 35 dpf, the first replicate of 24nfes was fed with a diet that contained animaltgin as a unique
protein source (FM, control diet) and the otheliogpe of families was fed with a diet that contdrplant protein as

the unique protein source (PP, experimental dieti) 98 dpf.
3.2.2. Experimental diets

Two experimental diets were formulated (Table 3ThHe control diet was formulated to contain fishinea
as the primary protein source and the experimeli¢diwas formulated to contain soy protein conedatr
as the primary protein source. Fish oil was inctuieboth diets. Total lipid level varied betweeietd
(11.5% vs. 7.1%) due to differences in lipid comtehthe two protein sources. However, both diets
contained similar proportions of crude protein (5% dry matter, DM) and similar energy (391-398

catkg™® DM), values fulfilling the nutritional requiremenof zebrafisf{" *

The diets were manufactured by a twin screw extrati@30°C (Clextral BC 21, USA), produced as 2 mm
diameter pellets and vacuum packed in fish oil byianissen 10VC machine. The pellets were
subsequently crumbled and screened to appropriatéclp size (350-500 pm). Proximal chemical
analysis of the diet was performed according toftflewing procedures: dry matter was obtainedin a

oven at 105°C for 24 h, ash by combustion at 450tQ6 h, protein (N x 6.25) by the Kjeldahl method

fat after dicholoromethane extraction by the Soixilethod and gross energy by caloric factor (4@, 4
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for protein, lipid and carbohydrate, respectiveimino acid profiles in diets were determined kyuld

chromatography using UV detection, ID-103/AA metffod

Table 3.1. Ingredients in formulation and nutrieomposition in the experimental diets.

Diet FM PP

Ingredients (&Kg™):

Fishmeal 0.400 0
Feather meal 0.150 0
Powder milk 0.050 0
Poultry by-product meal 0.200 0
Corn gluten meal 0 0.150
Wheat gluten 0 0.350
Soy protein concentrate 0 0.270
Raw starch 0.070 0.075
Fish oil 0.075 0.085
Vitamin/mineral premik 0.050 0.040
Choline chloride 0.005 0.005
Lysine 0 0.005
Ca(H2P0O4)2 0 0.020
Total 1 1
Analytical composition (dry bases):
Dry matter (%) 96.9 95.2
Digestible protein (%) 56.4 57.8
Digestible lipids (%) 115 7.10
Starch (%) 17.3 22.5
Ash (%) 12.3 6.2
Gross energy (cal-Ry 398 391
Analyzed amino acid composition % dry
bases.
Arginine 4.3 2.9
Histidine 1.6 14
Isoleucine 2.5 2.1
Leucine 4.1 4.9
Lysine 4.2 2.5
Methionine 1.2 0.7
Phenylalanine 2.5 29
Threonine 25 1.6
Tyrosine 1.8 1.8
Valine 3.1 2.4
IAA 27.8 23.1
DAA 28 32
IAA/DAA 0.99 0.72

IAA, sum of indispensable amino acids; DAA, sundidpensable amino acids.

!As recommended by NRC (1993).
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3.2.3. Growth traits measurement

Growth measurements (weight and length) were recbhifore the onset of the experimental diet (at 28
dpf) and after experimental feeding (at 70 and 9. At 28 dpf, a sample of about 20% of the fifh ~

25 fish per family) was used to record initial waigmg) and length (mm), and these values were tsed
calculate condition factor (K= W//100) (total n = 607). At 70 dpf (15 fish per faynitotal n = 720),
weight gain AW, mg), length gainAL, mm), condition factor (K) and specific growthegSGR) were
measured calculated. Weight gain and length gaire walculated as the difference between the two
recording stagesAW (mg) = weight at 70 dpf — initial weight at 28fdpL (mm) = length at 70 dpf —
initial length at 28 dpf). At the end of the expeental period, 98 dpf, growth measurements werentak
for all fish (total n = 1650). Condition factor weepresented as an average at each measured2®iT0(
and 98 dpf). SGR was calculated at 70 and 98 dpfjuke equation: 100% x (In weight2- In weight1)/t
where t is the number of experimental days. The igre fasted for 24 h prior to every sampling ¢ven
Each fish was weighed (mg) using a scale with aigi@n of 0.001 g (Acculab VI-3 mg), and length (ilnm
was measured from mouth to caudal peduncle usiggaliphotography and image analysis software
(TPSdig2 v2. 17).

3.24. Musclesamples

At 98 dpf, all fish were sacrificed and sexed. Ganalas determined by examination of external semgnd
sexual characteristics, including anal fin and redribody surface coloration (yellow in males) arutiyp
shape (rounded belly in femal®s)Gender was confirmed by observation of the gonasiag a
stereoscopic microscope, Nikon model SMZ-10. A rfeusample was stored in an RNAlater ® at -80°C
until RNA extraction for gene expression analysi.animal handling procedures were approved by the
Committee of Animal Bioethics at INTA (Instituto ddutricion y Tecnologia de los Alimentos) at the

University of Chile.

3.25. Selection of individualsfor gene expression analysis

To evaluate the effect of PP diet on gene expresfgh showing the mean weight gain in each pamuia
were selected, in order to avoid potentially confding effects from growth differences among indiats

in transcriptional analysis. Additionally, the fislvere selected from same three families in each
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population, in order to homogenize the genetic bemknd between treatments. Criteria for family
selection were: 1) Family with a mean weight gadpresentative of the mean weight gain in each
population; 2) Family with an approximately 1:1 mab-female ratio; and 3) Family with more than six
males and females representative of the mean wedaihtin each family. Nine males and nine femages (

per family) were selected in each population.

To evaluate the effect of family variation on geeepression, the three families noted above were
evaluated separately. We evaluated three famibethat the fish would be representative of the ayer

weight gain in each population.
3.2.6. RNA extraction

Total RNA was extracted from the muscle of eaclividdal fish. The muscle tissue was homogenized in
Trizol® (Invitrogen) following the manufacturer'sgtocol and using a homogenizer (BioSpec Model
9853G XL). Samples were subjected to electrophem@si2% agarose gels to confirm the integrity ef th
28S and 18S rRNA bands. RNA quality was measure@ lspectrophotometer (UV 1601, Shimadzu)
through an absorbance ratio of 26QAps280NMA 50, values between 1.8 and 2.1 were accéﬁ)ted
RNA concentration was determined by absorbancegusie equation (pmL™): A260 x 40 pgnL™ x
dilution factor (total volume/RNA volume). All sangs were treated with DNAse | (Fermentas®)

following the manufacturer’s protocol to removegibe genomic DNA contamination.
3.2.7. First strand cDNA synthesis

cDNA was generated from 2 pg of total RNA using kaxima" First Strand cDNA Synthesis Kit for
RT-PCR (Fermentas®) following the manufacturerstqeol. In all cases, a reverse transcriptase minus
(RT-) negative control was used to test for geno@iWvA contamination. The product of the first strand
cDNA synthesis was stored at -80°C until the qRTRRGns.

3.2.8. Primersdesign

Published primers were used to quankifyod, Myogenin, Mrf4, Mstnlb andlgfla ** *© and new primers

for Igf2za, mTOR, Pldla were designed using AmplifX 1.4.tht{p://amplix.wprogramas.conthree

reference geneg:-actin, eukaryotic elongation factorm1(Efl-a) and ribosomal protein L13(Rpl13-a),
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were usett (Anexo 2). Primer sequence qualities were evatlifiie possible secondary structures using

Integrated DNA Technologies (IDT) toolbt{p://www.idtdna.com/analyzer/Applications/Oligo&igzel),

and similar melting temperatures between 58-60°Cewesed. The gene transcript sequences were

retrieved from the Ensembl databasestp(//www.ensembl.org/Danio rejioand the exons for each

zebrafish gene were identified. The sequences fthmer fish and from mRNA of zebrafish reference

genes were aligned using CLUSTALWhttf://www.ebi.ac.uk/Tools/msa/clustaly2to confirm the

reading frame of each exon. Amplicon lengths usedjes between 50 and 151 base pairs for each gene.

The specificity of the primers was checked using Basic Local Alignment Search Tool (BLAST)

(http://blast.ncbi.nim.nih.gov/Blast.ggand confirmed by conventional PCR from cDNA.

3.29. Real timeRT-PCR

Real-time PCR was performed with an ABI 7300 Reatd PCR system using Maxima® SYBR
Green/ROX gPCR Master Mix (2X) (Fermentas®) follogiithe manufacturer's protocol. PCR reactions
were set up using 160 nmol of each primemfistnlb; 300 nmol forMrf4 andmTOR; 400 nmol forMyod,
Myogenin, Igfla, Igf2a, Pldla andEfla. g-actin andRpl13a were set up using 200 nmol of primer. Two pl
of 10-fold diluted cDNA in a reaction volume of g& were used. PCR was run with a 10 min activation
and denaturation step at 95°C, followed by 40 cyee 15 s at 95°C, 30 s at 60°C and 30 s at 72°C.
Specificity of the reactions was verified using timg curve analysis and absence of primer dimmer.
Standard curves were obtained for each cDNA tempbgt plotting Ct values against the {pof five
different dilutions of a cDNA mix solution of allamples analyzed. Real-time PCR efficiency (E) was
calculated from a standard curve according to thegon E = 10F°P9*2. All amplifications had a PCR
efficiency value of approximately 1.9. The relatiggpression levels of data from the three potential
housekeeping genes in muscle tissue of males analde subjected to the two experimental diets were
entered into the GeNorm program to calculate gemqeession stability valués Two reference genes,
Efla, and Rpl13a, were more stable for males, afiéhctin and Rpl13a were more stable for females.
These genes were selected as endogenous conted geeach sex, and zebrafish fed with FM diet were

used as calibrators.
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3.2.10. Statistical analysis

At 28 dpf, initial weight, length and condition fac were analyzed by one-way analysis of variance
(ANOVA) with Student—-Newman—Keuls’'s multiple comfan test (SNK) to compare fries’s growth
variability among families (significance level = 0.05). At 70 and 98 dpf, the data were analymetivo-
way analysis of variance (ANOVA) with SNK to evaledixed effects (diet, family and gender) using th
SPSS V8.0 GML procedure (SPSS, 19%djor gene expression analysis, a Mann—Whitneyatastused

to determine significant differences between treatis (FM diet vs. PP diet) and among families, gisin

significance level of .05.

3.3. Results

3.3.1. Growth traitsin populations of zebrafish fed with FM and PP diet

Fish had an initial weight, length and conditiootéa of 1.62 + 0.03 mg, 5.27 + 0.03 mm and 1.1QG20
respectively (n=607). At 70 dpf, fish fed with tR& diet (n=349) had significantly great&wV (66.61 +
1.69 mg vs. 42.11 + 1.10 mg)L (9.95 £ 0.12 mm vs. 8.66 + 0.12 mm), K (1.78 #Dvs. 1.51 + 0.01)
and SGR (8.65 + 0.07 vs. 7.59 + 0.07) than fishviigt the PP diet (n=342) (P<0.01). At 98 dpf, gtbw
in males fed with the FM diet reached great&/ (159.84 + 2.0 mg vs. 126.32 + 2.0 mg) than médes
with PP diet (P<0.01). Females fed with the FM déztched greatexW (198.71 + 2.7 mg. vs. 149.88 +
3.23 mg) than females fed with the PP diet (P<0.0¥ same trend of higher values AMdr, K and SGR
was observed in fish fed with FM diet compared Rodtet when fish were classified according to sex,
shown in Table 3.2. At 98 dpf, males fed with tHd Hiet had 27% higher weight gain (+34 mg) than
males fed with the PP diet, and females fed withEM diet had a 33% higher weight gain (+48.8 mg)
compared with those fed with PP diet.
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Table 3.2. Growth measurements at 98 days posization (dpf) (mean + SE).

Males Females
FM diet PP diet FM diet PP diet
N=327 N=440 N=449 N=339
A Weight (mg) 159.84+2.0 126.32+2.0*  198.71+2.7 149.88 + 3.23  **
A Length (mm) 15.04+0.08 14.14+0.10 ™  15.48+0.10 1459 +0.10  **
Condition Factor (K) 188+0.01 1.68+0.01 ™  2.19+0.02 1.85+0.01  **

Specific Growth Rate 6.49 +0.03 6.13 £0.03 6.86 £ 0.03 6.47 £0.03

** indicates significant differences by treatmeR&(Q.01).

3.3.2. Variability of growth among 24 experimental families

Family variations in growth are plotted in Figure2.3At 28 dpf, variability among families was
represented using initial weight (mg), and statidtianalysis showed significant differences among
families (P<0.01) (Anexo 3). Figure 3.2(A) shows tAmilies ordered by increase in initial weighfdre
initiation of experimental feeding. At 70 dpf, teewere significant differences in weight gain bgtdand
family (P<0.01) (Anexo 4). Figure 3.2(B) shows tlaenilies fed with FM diet ordered from lowest to
highest weight gain, whereas the families fed WEhdiet are shown irrespectively of ranking. Atds,
there were significant differences in weight gaindiet, family and gender (P<0.01) (Anexo 5 and 6).
Figure 3.2(C) shows the males from all families ¥&th FM diet ordered from lowest to highest weight
gain, whereas the males from families fed with R @e shown irrespectively of ranking. Figure(B)R
shows the females from all families fed with FMtdvedered from lowest to highest weight gain, whsre
the females from families fed with PP diet are shomespectively of ranking. Figure 3.2(B), 3.2(&)d
3.2(D) show that some families tend to maintainrtrenk from initial weight to 70 and 98 dpf. Hovwey

in most families fed with FM and PP diet, initiakight gain ranking is not maintained. Families sbdw

an individual growth response to each diet.
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Figure 3.2- Growth variability among 24 families2&, 70 and 98 dpf. Box and whisker plots are shfmedian, 25-

75% quartile, maximum and minimum value). A) Ifitieight among families before experimental feedi?8

days post fertilization (dpf) (~25 fish per familB) Variability in weight gain among families fedth FM and PP

diets at 70 dpf (~ 15 fish per family). C) Variatyjlin weight gain of males among families fed withl and PP diets

at 98 dpf. D) Variability in weight gain of femalasnong families fed with FM and PP diets at 98 &ainilies in B,

C and D are shown ordered by increasing nteareight of families fed with FM diet.
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3.3.3. Selection of familiesfor gene expression analysis

Considering that at 98 dpf there were large difiees in weight gain among families in males andeles
(see Figures 3.2C and 3.2D), the fish were seldctaal three same families (4, 7 and 23) with theame
weight gain in each population (see Materials arethidd, Point 2.5). Table 3.3 shows the mean weight
gain in each family selected for gene expressicalyais as well as the values in males and females

selected from these families (meant SE).

Table 3.3. Families selected for gene expressiatysis and weight gaim{V, mg) in males and females

at 98 dpf (mean + SE).

Diets Family AW family AW males AW females
selection
FM 4 164.10 £6.68 (n=39) 140.14 + 7.40=18) 184.64 £ 11.45 (n=21)
7 202.25 +11.06 (n=25) 161.86 £9.93 (=10 229.18 £ 13.54 (n=15)
23 191.64 £10.42 (n=32) 164.16 £ 7.40 (n=18)226.96 + 14.02 (n=14)
PP 4 14253 £8.74 (n=36) 137.10 £ 8.36=2() 150.13 £ 14.55 (n=15)
7 128.20+7.75 (n=27) 120.76 £9.57 @F1 139.03+16.99 (n=11)
23 139.01 £9.53 (n=27) 133.48 £+9.57 (=16 147.05+16.99 (n=11)

3.3.4. Geneexpression in muscle of zebrafish fed FM and PP diets.

In order to evaluate the effects of PP diet on gexgression, data analysis was performed for adleth
selected families separately by sex. Males fed whth PP diet showed a significant over-expression
(P<0.05) inMyogenin (X5.0 £ 0.67) andVirf4 (X3.42 + 0.56) as compared with gene expressiomales

fed with the FM diet, wheredgf2a was under-expressed (X0.71 £+ 0.09) (Figure 3.3Ag other genes
studied (gfla, Mstnlb, mTOR, Pldla, Myod) did not show significant differences in gene egsion by
diet in males (Figure 3.3A). In females, there waoestatistical differences in gene expressioniby for

any of the eight genes studied (Figure 3.3B).
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Figure 3.3. Gene expression in muscle of males fanthles fed with FM and PP diets. A) Real-time PCR

guantification oflgfla, 1gf2a, mTOR, Pldla, Mstnlb, Myogenin, Mrf4 and Myod in muscle of males. Bars indicate

the mean and standard error of 27 data points d®dical samples in each treatment x 3 replicat8®nificant

differences indicated with (*) were determined gsMann-Whitney test (P<0.05). B) Real-time PCRmiifi@ation

of the same genes in the muscle of females. Ndfigignt differences were detected after Mann-Whjttest.
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In order to evaluate the effects of family variation gene expression, data were analyzed in eadlyfa
separately. In males, mRNA levels Mfyogenin andMrf4 were significantly higher in all three selected
families (number 4, 7 and 23) fed with PP diet ampared with FM diet (Figure 3.4A, 3.4Bgf2a
expression was decreased in all families fed wikhdiet, but only one family (23) showed a significa
difference by diet (Figure 3.4Cl)gfla and Pldla expression was significantly increased in familyn4
response to PP diet (Figure 3.4D, 3.4E), Mutinlb was significantly increased in families 4 and 23
(Figure 3.4F). In femaledgfla, Myogenin, mTOR and Myod expressiorwas significantly increased in
family 23 in response to PP diet (Figure 3.5A, 3.8BC, 3.5D) whereaBldla expression showed was
significantly decreased in family 4 in respons@Bdiet (Figure 3.5E).
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Figure 3.4. Gene expression in muscle of males gnloree families. Real-time PCR quantificationhyogenin,
Mrf4, Myod, Igf2a, Igfla, Pldla, Mstnlb, Myod andmTOR in muscle of males. Bars indicate the mean anusata
error of 9 data points (3 biological samples penifax 3 replicate). Significant differences indied with (*) were
determined using Mann-Whitney test (P<0.05). A-Byddenin andMrf4 showed a significant increase in three
families (number 4, 7 and 23) fed with PP diet ampared to FM diet. C)gf2a showed significant decrease in
family number 23. D-E)gfla andPldla showed a significant increase in family numbeF¥Mstnlb also showed a
significant increase in families number 4 and 234XaVlyod andmTOR did not show statistical differences in the
three families fed with PP diet as compared to kéd.d
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Figure 3.5. Gene expression in muscle of femalesngnthree families. Real-time PCR quantificationlgffla,
Myogenin, mTOR, Myod, Pldla, Igf2a, Mrf4 andMstnlb in muscle of females. Bars indicate the mean gmadsrd
error of 9 data points (3 biological samples penifax 3 replicate). Significant differences indied with (*) were
determined using Mann-Whitney test (P<0.05). Akgfla, Myogenin, mTOR andMyod showed significant increases
in family number 23 in response to PP diet. E) Bldhowed significant decreases in family numbdgia, Mrf4

andMstnlb did not show statistical differences in the thi@milies fed with PP diet as compared to FM diet.

3.4. Discussion

3.4.1. Variation in zebrafish growth

This study demonstrated that a PP diet reducesitgibgrowth as compared with a FM diet. At 70 86d
dpf, growth measurements (weight gain, length gaondition factor and SGR) were significantly highe
for fish fed with FM compared to those fed with Afhese results could be compared with findings in
other studies in zebrafish fed with different fotated diets. For example, Robison ef*alemonstrated
that manipulation of dietary carbohydrate levels 18, 25 and 35%) had a significant effect on body
weight and condition factor. In another study, aéish were fed with different sources of plant prot
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(soy bean + corn genetically modified (GM) and 1@kb. Fish fed with GM corn exhibited significantly
better growth as compared with fish fed with non-@btr°. Our results can also be compared with
studies in farmed fish fed with different percemsdP replacement of FM. Our results are consigti¢imt
findings in common carpQyprinus carpio), Nile tilapia Oreochromis niloticus) and rainbow trout, which
showed a marked reduction in growth when 6-19 girmdewere fed with a diet of 75-100% FM
replacemenit*®* In this study, growth traits were evaluated ibraéish from alevin to adult stages (28 to
98 dpf) in populations with similar genetic backgnds. Therefore our results may be attributed
principally to differences between diets. The dase&l growth in zebrafish fed with PP diet could be
related to antinutritional factors in the plant tgio diet (wheat, corn and soy concentrate) as all
limited availability of essential amino acids, suharginine (2.9%), lysine (2.5%) and methiond&)

On the other hand, discordant results have alsa bsgorted in70-83 g juvenile rainbow trout, which
showed similar growth in fish fed with high replagent of FM (66-100%) with soy protein concenttate
' These differences between studies may be atdbta the biological developmental stage at the

beginning of the experimental period.

Differences at 28 dpf in initial weight among offsyy of different families were likely the produot
inter-family genetic differences within the popidat However, at 70 and 98 dpf, family differendées
weight gain varied by diet (see Figures 2B, C and Dhese plots show clearly that families with the
greatest increases in weight gain fed when withdi did not maintain the same ranking when fedwit
PP diet. This indicates that the genetic componemtierlying growth phenotype in each family prodiice

a different physiological response depending omtast or fishmeal protein-based diet.

3.4.2. Plant protein-based diet modulates the expression of Igf2a, Myogenin and Mrf4 in the muscle
of zebrafish males.

These results show thégf2a, Myogenin and Mrf4 were regulated by plant nutrients in the muscle of
zebrafish males. The somatotropic pathways, inofyidienes such as those for endocrine growth hormone
and insulin-like growth factor 1 and Bgf1 andlgf2), positively influence fish growth and are knoven t
play a key role in the regulation of metabolism giysiological process&s A 0.71-fold decrease in
Igf2a mRNA levels in the muscle of males fed with PR d&compared with FM diet was shown (Figure
3A). This Igf2a expression pattern could be exm@édiby lower lysine levels in PP diet as compareth wi
FM diet (2.5 vs. 4.2 respectively), as has beemvahn Atlantic salmon when fish fed with low lysii(2.9

g/16 g N) showed a 2.6-fold decreasddf2 mRNA levels compared to those fed with mediumrigsi
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levels (4.9 g/16 g NY. Myogenin (X5.0 + 0.67) andVirf4 (X3.42 + 0.56) were over-expressed in fish fed
with a PP diet as compared with FM diet (Figure .3¥ogenin and Mrf4 are essential factors involved in
the late steps of myogenesis and in hypertroplyrdase in size of existing muscle fibers) and hylpsia
(recruitment of new muscle fiberS) They are involved in the differentiation procagsnerating myotubes
which can fuse to form short myoblast-myotubes, &umion events, producing fiber maturation and
hypertrophy®. The nutritional regulation of muscle is poorlycdmented in fish. A single report in
rainbow trout showed that the substitution of FMhwgraded levels of PP (50%, 75%, 100% replacement)
in diets did not modify the expression Mifogenin in fish muscl& This difference in gene expression in
response to PP diet between species could be da&féoent processes involved in muscle growth

(hypertrophy in zebrafish and hyperplasia and hypehy in rainbow trout) >

The other genes studiddyod, Igfla, mTOR and Pldla did not show significant differences in gene
expression by diet in zebrafish (Figure 3A). Itatien to the last two genes, there is evidencéhen
mouse thamTOR is regulated byPld1 through a nutrient-sensing pathway including tgcine amino
acid® % In our study the similar leucine level in bottetdi (4.1% in the FM diet vs. 4.9% the PP diet)
could explain the absence of significant differerinePldl mRNA levels, suggesting thanTOR
expression was not modified. However, the potemtibd of Pld1 as an upstream regulator mifOR has
not been examined in fish. In females, there wersignificant differences in mMRNA level expression
any of the eight genes studieldf(a, 1gf2a, mTOR, Pldla, Mstnlb, Myogenin, Mrf4, Myod) by diet
(Figure 3B). The presence of sexual dimorphismenegexpression has been also described in zebrafish
liver and braif® >3 However, our results show that even when alltsigines were expressed in the muscle
of males and females, differential expressiorivigbgenin, Mrf4 andlgf2a in response to PP diet was

remarkable only in males. That would suggest trelemwere more affected by PP diets than females.

In order to evaluate the familiar effect on gengresgsion, the data were analyzed for each family
separately. The familiar variation effect was obedrin males and females among families. In males,
Myogenin andMrf4 were over-expressed in response to PP diet ithi@e families selected (Figure 4A,
4B). This suggests that the expression of thesegyen males was modulated principally by the plant
ingredients rather than genetic differences amommgilies. 1gf2a, Igfla, Pldla and Mstnlb were
differentially expressed in the families 4 and Eg(re 4C, 4D, 4E, 4F). In femalegfla, Myogenin,
Myod, mTOR andPldla were expressed differentially by diet in the sdamailies (4 and 23) (Figure 5A,
5B, 5C, 5D, 5E). These results suggest that difiege in gene expression may be influenced not lonly

dietary components but also by genetic differertbas underlie each family. Therefore it is impottto
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pay attention to both sources of variation in eixtey the modulation of gene expression in nutrayaits
studies. These results could confirm that the iddials from the families 4 and 23 were more affédig

PP diet even when their growth was not modified.

A recent study evaluated the effect of genotypeliger transcriptome in Atlantic salmon fed with a
vegetable oil-based diet. Diet modulated the exgiwesof genes regulating metabolism, especiallgé¢ho
for lipid and carbohydrate, as well as immune resgd. Genetic differences among families modulated
signaling pathways and had a lower impact on méisaheaelated genéd Our study in zebrafish showed
that a plant protein diet and genetic componentiedying family variation produced separate effemts
the modulation of gene expression related to grawthale and female zebrafish. This approach offens
door to evaluating the whole transcriptome andtiigng metabolic pathways affected by plant nuttge

in zebrafish, which could be tested in farmed fismg comparative genomics.
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Abstract

The focus of this study was to examine the geneesspon related to growth in muscle of lower
and higher growth zebrafishDénio rerio) fed with a plant protein-based diet. A zebrafish
population of 24 families was fed with a balancddnp protein diet from 35 dpf (days post
fertilization) to 98 dpf. For gene expression asmythe individuals were selected according to
growth phenotype at 98 dpf. Measurements were takenaluate growth response to a diet. From
440 males and 339 females, five percent (n=17)pth lends of the normal distribution for weight
gain were selected in each case. From this indalgdeight lower growth fish (average weight = 52
mg in males and 58 mg in females) and eight highewth fish (average weight = 228 mg in males
and 220 mg in females) were selected to gene esipreanalysis. Eight genelgila, 1gf2a, mTOR,
Pldla, Mrf4, Myod, Myogenin andMyostatinlb) were evaluated in muscle of males and females. In
males with higher growthMyogenin was under-expressed (X0.31 + 0.08) as compardowter
growth, whereasPldla was over-expressed (X1.31 + 0.08). In females vhithher growth,
Myostatinlb (X1.82 + 0.31) andnTOR (X1.55 * 0.27) were over-expressed as comparéowter
growth. This study identified those genes involnedgrowth, which are modulated by genetic

background that underlies the phenotype in respngkant nutrients in males and females.
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4.1. Introduction

The limited availability of fishmeal associatedhigh fish production has led to the exploration of
alternative plant protein sources in the diet ehf{FAO, 2012). The most common plant protein
incorporated to fish diet has been soy flour. Hosvethe uses of corn, peas, lupins, canola, barley,
and wheat have been gradually increasing in thefdienulation(Naylor et al., 2009). Diets for
herbivorous and carnivorous fish normally contagiween 15% and 45% of soybean meal,
however is anticipated that over the next 10 tydas, the aquaculture growth activity will depend
strongly on plant protein sources (FAO, 2012). Aalilend plant protein sources differ in the amino
acid profile, relative amounts of protein, metabalile energy, and mineral contents (Krogdahl et
al., 2010) These differences between protein ssuateer the nutritional fish states, which are
reflected in changes in phenotype such as growtanfADurante et al., 2010; Gémez-Requeni et
al., 2004; Mundheim et al., 2004; Krogdahl et 2003). Growth is a quantitative trait that varies
among individuals in a population and the phenatypariability depends on the individual
genotype and environmental factors (Falconer andkislg 1996). Because there is a change in
diet, we are interested to study physiological amolecular responses underlying the growth
phenotype. The expression of candidate gene retategtowth using a physiological model as
comparison between adult fish of lower and highrenuth in response to a plant protein diet has not
been documented in fish. We hypothesized that d@smy gene expression in the fish muscle
between individuals with different phenotype, coglide account of genetic background. This
information could be relevant, firstly to implemeargw strategies that reveal the most efficient fish
to utilize plant protein nutrient in the diet anecendly to identify those genes related to growth,
which are modulated by genetic background that iedethe phenotype in response to diet. The
main objective of this study was to evaluate thpression of eight candidate genes related to
growth (gfla, Igf2a, mTOR, Pldla, Mrf4, Myod, Myogenin and Myostatinlb) in muscle of adult

zebrafish with lower and higher growth in respottsa plant protein-based diet.
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4.2. Material and Methods

4.2.1. Rearingfish

A zebrafish population of 24 experimental familisingle pair mating from no related wild-type

strain) was generated in order to examine growdparse with a wide genetic variability

population. Larvae were reared under the best phlyand chemical parameters of water £2%

°C < 28.5, 7< pH < 8; hardness > 100 mg CaCO3+and with a photoperiod of 14 h light:10 h

dark (Brand et al., 2002). From 35 to 98 dpf, ttsh fwere fed with a diet that contained plant
protein as a unique protein source (wheat, cornsamydconcentrate) in their diet. The Table 4.1
shows the ingredients formulation and compositionthe experimental diet. The diet was
supplemented with Lysine amino acids to match pelsable amino acid requirements of
cyprinids fish (like zebrafish) (NRC, 1993).

Table 4.1. Ingredients formulation and analytiGahposition in the experimental diet.

Experimental diet

Ingredients (6<g™):
Fishmeal 0
Corn gluten meal 0.150
Wheat gluten 0.350
Soy protein concentrate 0.270
Raw starch 0.075
Fish oil 0.085
Vitamin/mineral premik 0.040
Choline chloride 0.005
Lysine 0.005
Ca(H2P04)2 0.020
Total 1

Analytical composition (dry bases)

Dry matter (%) 95.2
Digestible protein (%) 57.8
Digestible lipids (%) 7.10
Starch (%) 22.5
Ash (%) 6.2
Gross energy (cal- Ky 391
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4.2.2. Growth trait measur ement

Growth measurements (weight and length) were recblifore the onset of the experimental diet
(at 28 dpf) and after experimental feeding (at nd &8 dpf), and these values were used to
calculate condition factor (K= W/t/100) in each point measured. At 98 dpf the weigdih (mg)
curve was constructed from data collected at 2&neD98 dpf. Each fish was weighed (mg) using a
scale with a precision of 0.001 g (Acculab VI-3 magd length (mm) was measured from the mouth
to the caudal peduncle using digital photography mmage analysis software (TPSdig2 v2. 12)
(Adams et al., 2004).

4.2.3. Muscle samples

At 98 dpf all the fish were sacrificed and sexedsaple of muscle was extracted and stored- in an
RNAlater ® at -80°C until the RNA extraction for ige expression analysis. All procedures for
animal handling were approved by the Committee afmfal Bioethics at INTA (Instituto de

Nutricién y Tecnologia de los Alimentos) at the Wity of Chile.

4.2.4. Selection of individualsfor gene expression analysis

For gene expression analysis the fish were seleatedrding to final growth (weight gain, mg) at
98 dpf. In order to avoid potential confound efeict transcriptome analysis between gender, males
(n=440) and females (n=339) were analyzed sepgrdisdm these fish, five percent in both ends
of the normal distribution for weight gain wereesgkd in each case (n ~17 fish per extreme). From
these individuals, eight fish with lower growth @meweight gain: 52 mg and 63 mg?) and eight

fish with higher growth (means weight gain: 228 mignd 294 mg?) were selected. These

individuals represented to different families witlihe fish population.

4.2.5. Gene expression procedures

The procedures for gene expression as RNA extrgcharst strand cDNA synthesis; Primers

design, and real time PCR, were performed as wasioned in the previous study (Chapter 3).
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4.2.6. Statistical analysis

Relative gene expressions for target genes werellettd using the geometric mean of the two
most stable reference genes for maled, and Rpl13a) and femalesfactin and Rpl13«) as
normalization factors. The fish with lower growtherg used as calibrator sample. A Mann-
Whitney test was used to determine significanted@hces in gene expression between higher and
lower growth fish using an level of .05. Statistical analysis was performsthg the SPSS 13.0

statistical package.

4.3. Results

4.3.1. Gene expression in muscle of adult zebrafish of lower and higher growth zebrafish
males fed with plant protein-based diet

Males with higher growth response to PP diet shothetlPld11a was over-expressed (X1.31 +

0.08) compared to lower growth males, wherl¥®genin was under-expressed (X0.31 + 0.08)
(P<0.05) (Figure 4.1).
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Figure 4.1.Gene expression in muscle of zebrafish males féll plant protein-based diet. Real time PCR
quantification oflgfla, Igf2a, mTOR, Pldla, Mstnlb, Myogenin, Mrf4 and Myod in the muscle of higher
growth and lower growth zebrafish. Bars indicate thean and standard errors of 8 data point (8 dpicdb
sample x 3 replicate). Significant differences aaded with (*) were determined using Mann-Whitnegtt
(P<0.05).

4.3.2. Gene expression in muscle of adult zebrafish of lower and higher growth females fed
with plant protein-based diet.

Females with higher growth response to plant pnebeised diet had a significant increase in the

MRNA expression level (P<0.05) fsTOR (X1.55 £ 0.27) andVistn1lb (X1.82 + 0.31) in relation

to lower growth females (Figure 4.2).
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Figure 4.2. Gene expression in muscle of zebrdéiatales fed with plant protein-based diet. ReaktiRCR
quantification oflgfla, Igf2a, mTOR, Pldla, Mstnlb, Myogenin, Mrf4 and Myod in the muscle of higher
growth and lower growth zebrafish. Bars indicate thean and standard errors of 8 data point (8 dpicdb

sample x 3 replicate). Significant differences aaded with (*) were determined using Mann-Whitnegtt
(P<0.05).

4.4, Discussion

4.4.1. Adult zebrafish of lower and higher growth showed a differential gene expression
pattern in Myogenin and Pldlain muscle of male zebr afish.

In males with higher growthvlyogenin was under-expressed (X0.31 £ 0.08) as comparethtes
with lower growth whereasPldla was over-expressed (X1.31 + 0.08) (Figure 4.1f¥idln, growth
muscle occurs through a combination of recruitmafnhew muscle fibers (hyperplasia) and an
increase on the size of existing fibers (hypertydpim post-juvenile stages (Johnston, 1999;

Mommsen, 2001). However in Zebrafish the numbeano$cle fibers is established and fixed at the
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time of birth and growth is due solely to hypertngof fibers already formed (Du, 2004). The
decrease of mMRNA levels dflyogenin in higher growth zebrafish could be explained g tact
that these fish reached their complete growth (tiygehy) before the time of sampling, when the
proliferation and fusion of satellite cell (cellsat provide the new nuclei required for skeletal
muscle hypertrophy) had slow participation; wheredswer growth fish these cells could be more
active due to possible continuous growth. Similatlyese results can be compared with other
studies of rainbow trout (Johansen and Overturf)520and Antarctic fish Harpagifer bispini)
(Brodeur et al., 2003) under an different approdéstarvation and feeding conditions). The
starvation condition decreased the proliferativeeptial of satellite cells, and subsequent re-fegdi

linked to growth compensatory effect increabiegenin expression.

In this study mRNA levels dPldla was over-expressed (X1.31 + 0.08) in higher gromties as
compared to lower growth males (Figure)4The explanation of these results in fish could be
reflected by differences in background genetic thaderlies the phenotype. In mouse it has been
shown that, upon induction of differentiation in CI2 satellite cells, the expressionRIfil was
up-regulated and tha&ldl regulatesmTOR signaling, and production dff2 (Yoon and Chen,
2008). In this study, non-differential expressionmTOR and Igf2a between higher growth and
lower growth males was observed (Figure 4.2). @Qutifigs suggested that, the genetic background
that underlies the fish growth does not influenitarges in expression ofTOR andlgf2a in males.
These results suggest that in fighdla could not be an up-stream regulatonibOR as has been
demonstrated in mammals. However the phosphorylaitd activation ofnTOR and its related

signaling pathways, needs to be examined to maidenstanding.

4.4.2. Adult zebrafish of lower and higher growth showed a differential gene expression

pattern in Mstnlb and mTOR in muscle of female zebr afish

In females with higher growthMstnlb (X1.82 = 0.31) andnTOR (X1.55 + 0.27) were over-
expressed as compared to females with lower gr{fure 4.2) Mstn participate as a member of
the TGFB family where the protein function is as a negatiegulator of skeletal muscle and
growth in mammals. HoweveiMstnl and Mstn2 have been identified in fish, suggesting that
several aspects onstn differ significantly from those in mammals. In atilwh, Mstnl had been
duplicated in fish producing/stnla and Mstnlb paralogs, where the specific function of these

genes has been scarcely documented (Maccatroatg 2001; @stbye et al., 2001). In this study,
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the higher expression dflstnlb in higher growth females probably is related torément of
myoblast-muscle produced in the hypertrophy, agdendes in trout showed thatstnlb mRNA
was strongly expressed in myoblasts in fish mussiag culture of satellite cells (Seiliez et al.,
2012).

The mRNA level ofMTOR was over-expressed in higher growth females aspaced to lower
growth (Figure 4.2). Our results suggest that ttresssion oimTOR could be related to size body
in higher growth females as compared with lowemghofemales. A recently study in Arctic charr
(Salvelinus alpinus L.) evaluatednTOR as candidate pathway to understand body-size gwolin
dwarf phenotype. Five dwarf and two generalist pajpons (with ancestral life history and body-
size traits), using a standardized manipulationfoafd intake in a common environment was
evaluated. The results showed that throughout defge mMTOR was expressed at constitutively
higher levels in the generalist compared with dvpagpulations (Macqueen et al., 201Due that
MTOR have an essential roles regulating protein syigh#sen our results may be associated with

the body size phenotypes of higher and lower grdeshales.

This approach is a starting point to observe diffiees in gene expression in muscle among
individuals with different phenotypes, even wheaythvere fed with the same diet. This suggests
that differences in genetic background allow thahe fish can utilize better a diet with higher

levels of plant nutrients than other fish. Howevarther investigations evaluating the same genes
in individuals of lower and higher growth in resgerto fish meal-based diet are needed for better
interpretations of results. These genes differtptixpressed between phenotypes, could be a good

candidate genes to fund genetic variation (SNRyé&h phenotypes in response to different diets.

4.5.Conclusion

This study showed a differential gene expressidteparelated to growth in fish muscle of males
and females. In males mRNA levelMifjogenin was under expressed in higher growth as compared
to lower growth males, where&dla was over-expressed. In females the mRNA levelsiddR

and Mstnlb were over-expressed in higher growth fish as coetbao lower growth fish. This
difference in gene expression could give accoumiféérent genetic background that underlies the

growth phenotype in response to plant protein badietd
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Abstract

The aim objective of this study was to identify SMRlifferentially expressed genes in muscle ofltadu
zebrafish with lower and higher growth fed with lam protein-based diet and performing a growth
association study. A population of zebrafish conggofom 24 families was fed with a balanced plant
protein diet (57.8 % digestible protein, 7.1 % digae lipids, and 391cal/kg-1 DM energy) from 8598
days post fertilization. From a total of 440 maliese percent in both ends of the normal distribatfor
weight gain were selected. Total RNA was extradteth individual muscle of eight lower growth fish
(average weight = 52 mg) and eight higher growsh fiaverage weight = 228 mg). RNA-seq libraries
were prepared using the Ovation RNA-seq SysterfNUGEN) and sequenced using the Illumina GAll
Sequencer. One hundred twenty four genes wereditiially expressed between phenotypes (P-value <
0.05 and FDR <0.2) which provided 165 SNP that wgreotyped in 240 fish samples for association
study. Marker-trait association revealed 5 SNP Nars, UO-44, Actalb, Plac8l1, and Lmod2b
respectively. The minor allele from SNP Nérs andUO-44 produced a negative effect on fish growth (-
110 mg and -134 mg respectively) and the minorlealfeom SNP ofActalb, Plac8l1 and Tmod2b
produce a positive effect on fish growth (13, 40,069 respectively). These SNP could be used aspa st
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toward future evaluation applied to species of cemuial interest to identify the most efficient

individuals for growth in response to a plant proiiet by comparative genomics.

5.1. Introduction

Expansion of aquaculture is seriously limited bguetions in fish meal supply for aquafeeds. Teriast
alternatives such as plant protein sources have eestigated (FAO, 2012). Recently, some studies
have evaluated the transcriptome analysis consigléhie interaction genotype - diet in Atlantic saim
subject to vegetable oil diet (Leaver et al., 20Mbyais et al., 2011). However, the identificatioh
genetic variants that underlying the growth in oese to plant protein diet are not yet identifidetom

this point of view, nutrigenetics discipline canuseful to investigate the specific genetic varlzetiveen
individuals that respond in different phenotypethe same diet (Mutch et al., 2005). These genetic
variants often occur as single nucleotide polymmmis (SNP) in coding genes, which could give
account of adaptive response of fish to diets witiher levels of plant sources, and influence ia th
growth expression (Liu and Cordes, 2004, Vignahlet 2002). They have a codominant inheritance
pattern, are adaptable to automated genotypingrevsdl hidden polymorphisms not detected with othe
markers and methods (Liu and Cordes, 2004, Vignall €2002).

Advances in genetic technologies have opened wisdmwnderstand the transcriptome analysis and
genetic variation underlying quantitative traitsadfovas et al., 2010,Wickramasinghe et al., 2011,
Wickramasinghe et al., 2012). RNA-sequencing (RNA)ss the first sequencing method that allows a
guantitative analysis of the entire transcriptomsiragle base pair resolution (Morozova and Ma2£4)8,

Mortazavi et al., 2008, Wang et al., 2009). Besidbdgs technique can detect and quantify various
sequence variation (SNP) in coding regions of ajbressed genes (Morozova and Marra, 2008,
Mortazavi et al., 2008, Wang et al., 2009). Thishtec could change the practice of candidate gene
approach or microarrays experiments, moving toveardore functional understanding of the regulatory
networks and pathways that underlying the quantéétaits by finding genetic variation in thesengs

(Cénovas et al., 2010, Wickramasinghe et al., 2Mitkramasinghe et al., 2012).

The aim of this study was to identify SNP in diffatially expressed genes in muscle of adult zedirafi
with lower and higher growth fed with a plant pioteased diet and performing a growth association
study in a zebrafish population. We hypothesized thdividuals with similar phenotype within a fish

population could share the same genetic backgrotnadgjive account of phenotype in response totplan
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protein diet. The identification of differentialgxpressed genes could represent potential candidat

to found genetic variation associated to this phgreo(Bamshad et al., 2011).

In this study, zebrafish was used as a model osgarfor nutrigenetics study. Zebrafish possess
advantages compared to farmed fish. Zebrafish éreasier rearing and manipulation in tank of
laboratory. They have a short generation interaald produce a great number of eggs. Zebrafish are
omnivores; they can eat a great variety of foodsuding plant protein diet (Sissener et al., 2010,
Kaushik et al., 2011). However, the most powerkngnmic resource in zebrafish is the accessibififyso
complete genome sequence to performe data anbly§idlA-seq (Grunwald and Eisen, 2002, Orban and
Wu, 2008). The major limitation in farmed fish ofentifying SNP has been the long generation tiraé (3
years in salmonids) to observe segregation of genariants associated to growth (Wegrzyn and
Ortubay, 2009). Besides, the indispensable gemgfiicmation for RNA-seq analysis as the complete
genome sequences for farmed fish (Atlantic salm@itantic cod and catfish) are still in progress
(Johansen et al., 2009, Davidson et al., 2010etlal., 2010). Identification of functional polynpirisms

in zebrafish and their association with growth ésponse to a plant protein-based diet is a steprtbw

future evaluation in farmed fish by comparative mits.

5.2. Material and Methods

5.2.1. Fish rearing

A population of zebrafish composed of 24 experimkfamilies (from single pair mating from no reldte
wild-type strain) was generated in order to idgn8NP in a population with a whole genetic variiil
Embryoned eggs were incubated at 28° + 1°C for y& dantil hatching in 9 cm diameter Petri dishes
(~100 eggs per Petri dish) (Brand et al., 2002pnt7 to 35 days post fertilization (dpf) each figrmvas
reared separately in an aerated 4L container witbraity of 25 cm3*fish. Larvae were reared under the
best physical and chemical parameters of water<(25°C < 28.5, 7< pH < 8; hardness > 100 mg
CaCO3.L* and with a photoperiod of 14 h light:10 h dark dBd et al., 2002). Larvae were fed ad
libitum three times daily (at 9:30, 13:30 and 17130with commercial diet: fine powder feed Sera
Micron® (50.2% crude protein, 8.1% crude fat, 4.2%ade fiber and 11.9% ash) and Gold Protein®
Micro (49% crude protein, 8% crude fat, 3% crudefiand 10.5% ash). From 35 to 98 dpf the fistewer
kept at a density of 350 cm3/fish-1 with optimurhygical and chemical parameters of water (Robison e
al., 2008). The fish were fed with a balanced plamotein-based diet (mix of soy protein concentrate

corn and wheat gluten meal). The composition énekperimental diet was 57.8 % digestible proteéih,
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% digestible lipids, and 391cal/kg-1 DM energy. Tdiet was supplemented with Lysine amino acids to
match indispensable amino acid requirements oficigs fish (like zebrafish) (NRC, 1993).

5.2.2. Growth trait measur ement

For RNA-seq analysis, the fish were selected aacgrtb final growth (weight gain, mg) at 98 dpf. In

order to select fish in both end of the normalrdistion for weight gain (mg), the growth curve was
constructed from individual fish data collected28t (n=607); 70 (n=342) and 98 (n=779) dpf. Growth
curve was evaluated in males and females separdibly fish were fasted for 24 h prior to every
sampling event. Each fish was weighed (mg) usiagade with a precision of 0.001 g (Acculab VI-3 mg)
and length (mm) was measured from the mouth tocthelal peduncle using digital photography and
image analysis software (TPSdig2 v2. 12) (Adana.e2004).

5.2.3. Individual selection for RNA-sequencing

In order to avoid potential confound effects imgeriptome analysis between gender, only males4@)=4
were considered in this study. Five percent in leottis of weight gain distribution were selected f{&f
with lower growth, average weight = 52 mg and Xh fivith higher growth, average weight = 228 mg).
From these fish, eight random fish in each extrefmie weight distribution were selected for RNAtse

libraries preparation (Figure 5.1).
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Figure 5.1. Flowchart to fish selection for RNAsderom a total of 440 males, 17 fish with lower gt (average
weight = 52 mg) and 17 fish with higher growth (a&age weight = 228 mg) were selected in both endy@iith
distribution (5% of fish). Muscle sample from 8 dmm males in each case were selected for RNA dixirad otal
RNA was extracted from individual fish and 2 RNAgb® (4 fish per pool) per phenotype were perforned
prepare RNA-Seq libraries.

5.2.4. RNA extraction

Total RNA was extracted from the muscle of eachviddal fish. The tissue was homogenized in
Trizol® (Invitrogen) following the manufacturer'srgbocol. RNA was quantified by ND-1000
spectrophotomer (Fisher Thermo, Wilmington, MA) ahd quality and integrity were assessed by the
spectrophotometer 260/280 ratio, and by capilldegteophoresis with an Experion bio-analyzer (Bio-
Rad, Hercules, CA). All samples were treated witlrbb DNAse | (Ambion, Invitrogen) to remove

possible genomic DNA contamination, following thamfacturer’s protocol.

5.2.5. RNA-Sequencing library preparation

Two RNA-seq library preparation were made using tOvaRNA-seq System kit (NUGEN) in RNA
pools (4 fish per pool) of lower growth and higlggowth fish. Total RNA (100ng) was converted to

double-stranded cDNA and posterior SPIA amplifizatifollowed by end repair and adaptor ligation.
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The fragments were purified and sequenced at theDadis Genome Center DNA Technologies Core

Facility using the lllumina Genome Analyzer (GAll).

5.2.6. RNA-seq analysis

Short sequence reads of ~36 - 40 pb were asserahtkdnapped to the annotated zebrafish reference

genome Zv9 Hfttp://www.ensembl.org/index.htinlusing CLC Genomics workbench 3.7 (CLC Bio,

Aarhus, Denmark). Data was normalized by calaudgtine ‘reads per kilobase of exon model per mmillio
mapped reads’ (RPKM) (Mortazavi et al., 2008). RPKisls ranked as highly expressed (>100 RPKM),
medium expressed (100-10 RPKM) and lowly expre$$8eD.2 RPKM). These data were performed on
log2-transformed and a correlation between listanked genes was made to verify the reliabilitgata

of libraries. In order to select differentially ergsed genes, sequencing reads were merged with
annotated genes between lower and higher growth fisll genes with values greater than + 2.0-fold
change and statistical significant (P-value <0.88 &RD <0.2) were selected. Fifty four genes were
over-expressed in lower growth fish (+ fold-changedl 70 genes were over-expressed in higher growth
fish (- fold-change). These genes were candidatesxamine functional differences and identify SNP

between phenotypes to posterior evaluation in aocation study (Figure 5.2).
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Figure 5.2. Analytical flowchart to study the diéatial transcriptome between lower and higher ghofish by
RNA-seq. An initial global analysis was conducted genes expressed in muscle of zebrafish followgdrm
experimental comparison and selection of genesrdifitially expressed between phenotypes. One $&4 gknes
were over-expressed in lower growth fish and arosle¢ of 70 genes were over-expressed in highestgréish.
These genes were candidates to examine functidffeleshces by Blast2Go program and identify SNPdsterior

evaluation in an association study.
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5.2.7. SNP detection by RNA-seq

The total SNP was detected using stringent criteriarder to reduce the rate of detection of false-
positive SNP. The following quality and significandilters were applied: (1) the minimum average
quality of surrounding bases and minimum qualitghaf central base were set as 15 and 20 qualitg sco
units, respectively; (2) Minimum coverage was sdea reads; (3) minimum variant frequency or count
was set at 20% or two read counts per SNP; an8N4) located in the ends (last three bases) were not
considered in the analysis due to possible sequgnmirors. For genotyping analysis the SNP were
selected from the candidate genes (124 genesaiitfally expressed between phenotype). We assumed
that these genes could represent potential camdiddound genetic variation associated to grovué i

the functional differences of them between pheregypn order to make a new strict SNP selection, a
manual curation was performed following criterigq:tie minimum percentage of allelic variant between
phenotype was 60% vs. 40%, 2) SNP location (exohoatJTR site), and 3) SNP located in the center of

reads to avoid possible sequencing errors.

5.2.8. Fish selected for genotyping and association study

In order to evaluate the genetic markers associ@tguzhenotypic growth in the fish population, four
individuals from both extreme of the weight curveeiach family were selected. A total of 96 fish (24
families x 4 fish) with lower growth (average weligh 79 mg) and 96 fish (24 families x 4 fish) with
higher growth (average weight = 225 mg) were setkatithin the population. In addition, 48 samplés o
parents representing the 24 families were incotpdrin the genotyping analysis. In total, 240 saspl
were genotyped using allele discrimination by MAEDDF mass spectrometry platform (Sequenom
MassARRAY(R)) (Neogen/GeneSeek Inc., Lincoln, NE).

Marker-trait association analysis was performechgis linear regression test under an additive model
assumption. The linear regression was performdddimg weight gain AWG) as measured quantitative
trait, and gender and families as covariates. izl analyses were performed using the genotype
association and regression modules from SNP Vana8uite (SVS) Version 7 (Golden Helix Inc.,
Bozeman, Montana, USA) (Rincon et al., 2009).

The adjusted phenotype (y) was represented witfotlmving equation:
y=blx+b0+e
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Where y was the adjusted phenotype, b1x+b0 repiedehe model and the error term, e, expressed the
random residual effect. The cutoff for significaadsociation was set at p-value (p<0.05) and false
discovery rate (FDR<0.2).

5.3. Results and Discussion

5.3.1. Overall RNA-seq analysis

RNA sequencing produced an average of 30-35 milibmeads for each group of fish. The total of
expressed genes in relation to recorded gene (R&d@otated genes in zebrafish) was in average2lr7,

(~ 60%) and no expressed genes were 1,438 (~ 40%gh muscle. The data of RPKM was ranked in
each phenotype as highly expressed (>100 RPKM)jumedxpressed (100-10 RPKM), lowly expressed
(10-0.2 RPKM). RNA-seq overall analysis defined 3f@hes with high expression in lower growth fish
vs. 299 genes with high expression in higher groWwt41 genes with medium expression in lower
growth fish vs. 2,142 genes with medium expressiohigher growth fish; and 14,927 genes with low

expression in lower growth fish vs. 14,538 with lempression in higher growth fish (Table 5.1).

Table 5.1. RNA-Seq. gene expression results betdikment growth fish.

Category RPKM Lower growth Higher
growth
Highly expressed genes >100 307 299
Medium expressed genes 100 — 10 2,241 2,142
Lowly expressed genes 10-0.2 14,927 14,538
Total expressed genes 17,475 16,979

1Genes were annotated using Zv9 with total numb@8pf01 genes

The correlation between two replicate RNA-librarjgsr each phenotype was examined in all ranked
categories genes (highly, medium and lowly geneesgion). The average correlation was 0.928, 0.782,

and 0.794 respectively indicating the reliabilifitloe RNA-seq data.

5.3.2. Differentially expressed genes between lower and higher growth fish

RNA-Seq analysis defined two lists of differentjaixpressed genes between phenotype (P-value <0.05
and FRD <0.2). A list corresponded to 54 over-espee genes in lower growth fish (under-expressed in
higher growth fish). The other list corresponded@over-expressed genes in higher growth fishgund

expressed in lower growth fish). Both lists cormsped to totally different ID and there were no
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correlation between lists (r=0). Gene symbol, gdescription, gene ID, statistical parameters (Reval
and FDR), fold change and RPKM levels are presemeithe supplementary file in Anexo 7 and 8

respectively.

5.3.3. Functional analysisin two sets of differentially expressed genes

In order to observe the most specific GO termsi@pating in different biological processes between
phenotypes, the Fisher's Exact Test with enrichuettions was performed by Blas2Go program (Conesa
et al.,, 2005). From 54 expressed genes in lowewtyrdish, 42% of them are participating in
multicellular organismal development, 16% in calvelopment, 16% in anatomical structure formation
involved in morphogenesis, 49% in biological regola 30% in cellular component organization, 21%
RNA metabolic process and 28% in translation (FedeuBA). From 70 expressed genes in higher growth
fish, 20% of them are participating in biologicalopess as a sterol biosynthetic process, 22% in
cholesterol metabolic process, 25% in generatiorpretursor metabolites and energy, and 42% in

oxidation reduction (Figure 5.3B).

A)  Differential GO-term distribution B) Differential GO-term distribution

multicellular organismal

RNA metabolic process

e . '
development sterol biosynthetic process -
celldevelopment g
anatomical structure formation cholesterol metabaolic
involvedin morphogenesis process -
bidlogical regulalion . s——
cellular component generation of precursor _
organization e metabolites and energy

: oxidation reduction
translation _-

0 10 20 30 40 50 60 0 10 20 30 40 50
% sequences % sequences

Figure 5.3 Biological process between phenotypes. A) Percentd$4 genes over-expressed in lower growth fish.

B) Percentage of 70 genes over-expressed in hggherth fish.

The Table 5.2 shows the definition of each GO tdrat are participating in lower growth fish, andolea
5.3 shows the definition of each GO term partierngain higher growth fish. The biological processes
between phenotypes could reflect differences imisysiology in relation with metabolism, nutritiand
growth development. In lower growth fish, a greatgentage of the energy is destined to corporal
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growth, and in higher growth fish this energy isstiteed to sexual maturation and lipid metabolism
(Weatherley and Gill, 1987). In the biology of fighowth, the metabolism concept includes chemical
reactions that serve to incorporate and build nelstnces (anabolism) or for destruction (catatmlis

In the anabolic reactions, energy is accumulatddgevin the catabolic reactions energy is lost. ©fund

is ingested, it will undergo a series of extradaluligestion processes, participating a seriesnaymes

in the gut (digestion). They will end up splittimgmplex substances into simpler ones with releése o
energy (catabolism). This energy is used by fish gerforming their vital functions (movement,
respiration, reproduction, etc.) and meets the trakthe organism (Weatherley and Gill, 1987).

Usually variable undergoing change in growth mayreasured by physical dimensions (including
volume or mass). However, the biological functioetated to the content of protein, lipid or other
chemical constituent of the body; or caloric (eggrgontent of the whole body, also are related to
growth, as have been showed in the percentagenesglat are involved in this processes (Weatherley
and Gill, 1987).

Table 5.2. Descriptions of the most specific Gemgoldgy term (GO) participating in over-expressed

genes in lower growth fish

GO ID Term Description
G0:0007275 Multicellular organismal The biological process whose specific outcome is throgression of a
development multicellular organism over time from an initial redition (e.g. a zygote or a
young adult) to a later condition (e.g. a multickdr animal or an aged adult).
G0:0048468 Cell development The process whose specific outdsritee progression of the cell over time, from

its formation to the mature structure. Cell devatept does not include the steps
involved in committing a cell to a specific fate.

G0:0048646 Anatomical structure The developmental process pertaining to the infoanation of an anatomical
formation involved in structure from unspecified parts. This processrzegiith the specific processes
morphogenesis that contribute to the appearance of the discretectsre and ends when the

structural rudiment is recognizable. An anatomistlicture is any biological
entity that occupies space and is distinguishegh fite surroundings. Anatomical
structures can be macroscopic such as a carpemianscopic such as an

acrosome.
G0:0065007 Biological regulation Any process that modulates frequency, rate or extent of any biological
process, quality or function.
G0:0016043 Cellular component A process that is carried out at the cellular levbich results in the assembly,
organization arrangement of constituent parts, or disassemhbdyaalular component.
G0:0016070 RNA metabolic process The cellular chemical reastiand pathways involving RNA, ribonucleic acid,

one of the two main type of nucleic acid, consgtiof a long, unbranched
macromolecule formed from ribonucleotides joined 3h5'-phosphodiester
linkage.

G0:0006412 Traslation The cellular metabolic process by wtdcprotein is formed, using the sequence
of a mature mRNA molecule to specify the sequentemino acids in a
polypeptide chain. Translation is mediated by thesome, and begins with the
formation of a ternary complex between aminoacylai@itiator methionine
tRNA, GTP, and initiation factor 2, which subseqteassociates with the small
subunit of the ribosome and an mRNA. Translatiodsewith the release of a
polypeptide chain from the ribosome.
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Table 5.3. Descriptions of the most specific Gemgof@gy term (GO) participating in over-expressed

genes in higher growth fish.

GO ID Term Description

G0:0006694 steroid biosynthetic The chemical reactions and pathways resulting ia th
process formation of steroids.

G0:0008203 cholesterol metabolic The chemical reactions and pathways involving cételel,
process cholest-5-en-3 beta-oil, the principal sterol ofitebrates

and the precursor of many steroids, including ad&ls and
steroid hormones. It is a component of the plasma
membrane lipid bilayer and of plasma lipoproteing &an

be found in all animal tissues.

G0:0006091 generation of precursor  The chemical reactions and pathways resulting ia th
metabolites and energy  formation of precursor metabolites, substances fudrith
energy is derived, and any process involved irlilezation
of energy from these substances.

G0:0055114 oxidation reduction The process of removal or addibf one or more electrons
with or without the concomitant removal or additioh a
proton or protons.

5.3.4. SNP discovery by RNA-seq.

From a total of 225,921 SNP discovered by RNA-setist of 173,186 SNP (according ID and allelic
position) were different between phenotypes. Howetee candidate genes differentially expressed
provided 165 SNP. From them, 83 SNP were seldobet 54 over-expressed genes in lower growth fish
and 82 SNP were selected from 70 over-expresseigler growth fish.

5.3.5. SNP association

Marker-trait association results revealed 5 SNB@ated with growth (P-value < 0.0001 and FDR <0.2)
(Table 5). These SNP are presentNars (novel protein similar to vertebrate asparagiRINA
synthetase)JO-44 or Cuzdl (Uncharacterized proteina, represented in zebrédisABZ01071923.1),
Actalb (actin, alpha skeletal musclelac8l1 (hypothetical protein, represented in zebrafighsialkey-
4c¢2.7) and.mod2b (Leomodulin 2b). The allele substitution effect3MP belonging to Nars (A/T) and
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UO-44 (A/C) produced a negative effects on fish growthil(} mg and -134 mg respectively) and the
allele substitution effect of SNP belongingAdalb (T/C), Plac8l1 (T/A) andLmod2b (G/C) produced a
positive effect on fish growth (13, 40, 61 mg redjpely) (Table 5.4).

Table 5.4. Marker-trait associated with growth pitgpe in zebrafish.

Gen ID gene and SNP SNP  Minor Minor allele p-value FDR Allele Amino acid

position allele  frequency substitution

effect

Nars ZF61100_17741 AIT T 0.129 0.0001 0.001 -110 Synonym
UO-44  ZF89599 4308 AIC C 0.031 0.0056 0.173 -134 lle5Q0Le
Actalb  ZF55618 5089 T/IC T 0.200 0.0033 0.172 13 -
Plac8l1 ZF87764 4071 T/IA A 0.132 0.0050 0.195 40 e
Lmod2b ZF45864 1034 G/C C 0.223 0.0061 0.158 61 Serl41Thr

Nars

In Nars, 11 SNP were identified from RNA-seq (6 in differentons and 5 in UTR site). From them, 3
SNP (2 localized in exon and 1 from UTR site) wgeeotyped. The rest of SNP were not genotyped due
to the proximity between their base pairs. The eiation study revealed only one SNP (A/T) assodiate
with growth phenotype (reference allele correspdndg\) and transcript allele corresponds to (T))is
SNP (ZF61100_17741) has a minor allele (T) (minkele frequency = 0.129) and their substitution
effect produced a negative effect on fish growfliiQ-mg). RNA-seq analysis revealed that this SNP di
not change the amino acid in the protein (Tablg.5[he function of this gene is involved in cellula
movement and embryonic development, and particgpateaminoacyl-tRNA biosynthesis pathways.
Aminoacyl-tRNA is substrates for translation andpisotal in determining how the genetic code is
interpreted as amino acids (Ibba and Sall, 2000).

Zebrafish data basehtfp://www.ensembl.org/Daniorefioshowed thatNars sequence [ID gene:
ENSDARGO00000061100] has 15 exons and one SNP (A#E)been previously reported in the exon
number 13 (rs4078620, dpSNi#&p://www.ncbi.nlm.nih.gov/SNP/shpin order to confirm whether the

SNP reported in our study was the same SNP prdyiodsscribed, a sequence alignment

(http://www.genome.jp/tools/clustaljv/and nucleotide blasthitp://blast.ncbi.nlm.nih.gov/Blastwere

performed between query sequences. The SNP repartad study has a 100% similitude with an SNP

previously reported (rs4078620). The database sihathat the consequence of this variation is a
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synonymous coding type (not resulting in an amiaiol @hange; silent mutation) confirming the results
obtained by RNA-seq analysis in ours study (Tab{g.5The possible codons to synthetize protein that
have been reported were GCC and GCT, codifyinglamife (Ala) amino acid. The no change of amino
acid in the protein suggests there could be otB&® in linkage disequilibrium located in introns or

exons closely that could produce this negativecefie phenotypic growth.

UO-44 or Cuzdl

In UO-44, 15 SNP were identified from RNA-seq (in exongprf them, 4 SNP were not considered in
genotyping due to the base pair proximity betwdamt The association study revealed only one SNP
(A/C) associated with growth phenotype (referendlelea correspond to (A) and transcript allele
correspond to (C)). This SNP (ZF89599_4308) hasreomallele (C) (minor allele frequency = 0.031)
and it produced a negative effect on fish growt84- mg). RNA-seq analysis revealed that this alleli
variant changed the amino acid (lle500Leu), fawgtime protein (Table 5.4). This gene encoded for a
transmembrane-associated protein. Primary traoslggioduct of the UO-44 gene encodes a peptide of
607 amino acids, which contains a secretory sigealience, two CUB domains, a zone pellucida domain
and transmembrane region (Bork and Beckmann, 19@8)B domain is a structural motif of
approximately 110 residues found almost exclusivelgxtracellular and plasma membrane-associated
proteins, many of which are developmentally requdaiBork and Beckmann, 1993). These proteins are
involved in a diverse range of functions, includiogmplement activation, developmental patterning,
tissue repair, cell signaling, inflammation, receghediated endocytosis, and tumor suppression{Abd
Ajees et al., 2006, Perry et al., 2007).

Zebrafish data base htfp://www.ensembl.org/Danioredio showed that OU-44 [ID gene:

ENSDARGO00000089599] has 10 exons and no genetiatiars have been previously reported in this
gene. This suggests that a new SNP (C/A) has beeowered and the minor allele effect, produce a
negative effect on phenotypic growth. However,sbm of effects of other SNP that were no genotyped
due to proximity in base pairs and that could bdinkage disequilibrium could be contributing taeth

negative effect on the growth.

Actalb

In Actalb, two SNP were identified from RNA-seq (in 3'-UTRe} and both were genotyped. The

association study revealed that only one SNP (W&3 associated with phenotypic growth (reference
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allele corresponds to (T) and transcript alleleegponds to (C)). This SNP (ZF55618 5089) has amin
allele (T) (minor allele frequency = 0.200) andpibduced a positive effect on fish growth (13 mg).
RNA-seq analysis revealed that it did not changeamino acid in the protein (synonym type) (Table
5.4). The gene encodes an skeletal museketin, which is the predominant actin isoform iduk
skeletal muscle, forming the core of the thin fiEarhof the sarcomere (a type of hypertrophy focused
increase protein contractile as actin and myosim@re it interacts with a wide array of proteinstatdy

myosin of the thick filament, producing force foustle contraction (Laing et al., 2009).

Zebrafish data baseht{p://www.ensembl.org/Daniorefioshowed thatActalb sequence [ID gene:
ENSDARGO00000055618] has 6 exons and 8 SNP have pemnously reported in 3'-UTR site
(http://www.ensembl.org/Danio_rerio/Variatign/ffrom these SNP one marker (rs179423287, dpSNP,

http://www.ncbi.nlm.nih.gov/SNP/siifhas similar variation with the SNP reported i stuy (C/T). In

order to confirm the similitude between both SNP, @equence alignment

(http://www.genome.jp/tools/clustaljv/and nucleotide blasthitp://blast.ncbi.nim.nih.gov/Blastwere

performed between query sequences. The SNP reported study has a 100% similitude with the SNP

previously reported (rs179423287). The consequearicthis variation was reported as synonymous

coding type (not resulting in an amino acid charsjent mutation) confirming the similar result alrted

by RNA-seq analysis (Table 5.4). The no changemiha acids in the protein suggests that others SNP
present in 3-UTR or intron site could be in linkaglisequilibrium that could contribute with this

negative effect.

Plac8l1

Only 1 SNP was identified from RNA-seq in the 3'-RBite of gend’lac8I1 and it was genotyped. The

association study revealed that this marker wascaged with phenotypic growth (reference allele
correspond to (T) and transcript allele correspmn@)). This SNP (ZF87764_4071) has a minor allele
(A) (minor allele frequency = 0.132) and producedositive effect on growth fish (40 mg). RNA-seq
analysis revealed that it not produced changeerptiotein (synonym change) (Table 5.4). The fumctio

of this gene is associated with regulators of rgalen cell development.

Zebrafish data baséltfp://www.ensembl.org/Danioredichowed thaPlac8l1 sequence (si:dkey-4c2.7)
[ID gene: ENSDARGO00000087764] has 4 exons, andSidE has been previously reported in 3'-UTR
site (ttp://www.ensembl.org/Danio_rerio/Variatign/However this SNP (C/G) (rs41002025, dpSNP
http://www.ncbi.nim.nih.gov/SNP/shmloes not have any similitude with SNP reportedunstudy. This
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could suggest that a new variation (T/A) has bdscogtered in this gene and it produces a posififiexie

on phenotypic growth.

Lmod2b

In Lmod2b, 2 SNP were identified from RNA-seq and only one S{EC) was genotyped due to
proximity in base pair between them. The associagtady revealed that this marker was associatdd wi
phenotypic growth (reference allele correspond @) &nd transcript allele correspond to (C)). This
marker (ZF45864_1034) has a minor allele (C) (miattele frequency = 0.223) and it produces a
positive effect on fish growth (61 mg). RNA-analy/sevealed that it produced a favored change in the
protein (Ser141Thr) (Table 5.4). The function aéthene is to participate as a strong filament uscie
cells, actin binding, and tropomyosin binding. gomyosin-binding is localized at the pointed end of
striated muscle thin filaments and caps the poired of tropomyosin-actin filament (Babcock and
Fowler, 1994).

Zebrafish data Http://www.ensembl.org/Daniorelio showed that Lmod2b sequence (ID gene:
ENSDARG00000045864) has 3 exons and no genetiantarhave been previously reported in this gene.
This could suggest that a new SNP has been disbwerthis gene and the minor allele (C) produces a

positive effect on phenotypic growth.

From these allelic variants, two were localize@imexon and correspond to silent mutations andttier
three variants were localized in UTR sites whicluldogive account of differential gene expression.
These SNP could be molecular markers in diseqiutibdinkage with other genes or QTL that underlies
the phenotype. This information is relevant becguseides SNP that could help us to characteriee th
most efficient individuals for growth in farmed liided with a plant protein diet through comparative
genomics. QTL for growth traits (length, body weigihd condition factor) have been found in zebhafis
Atlantic salmon, rainbow trout and Arctic chaBalvelinus alpinus) (Baranski et al., 2010, Kittner et al.,
2011; Wringe et al., 2010). The identification anserved genes, sequences or marker (SSR, EST or
SNP) between zebrafish and farmed fish could akoewing the position of any gene that contribute to
the phenotype. Synteny among zebrafish and EuropearbassOjicentrarchus labrax) (Guyon et al.,
2010), Japanese flounder (Castano-Sanchez et0dl0) 2urbot Scophthalmus maximus) (Bouza et al.,
2012) and Grass carftenopharyngodon idella) (Xia et al., 2010) have been detected. These ervede
suggest that the genes reported in this study doelldtrong candidates for provide a starting pfaint

further characterization of the genetic componentserlying growth in fish.
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5.4. Conclusion

This study that provides information of five SNRB@sated to phenotypic growth. Our results revealed
that 124 genes were differentially expressed betwseenotypes. A number of 54 genes were over-
expressed in lower growth fish and 70 genes weer-expressed in higher growth fish. The main
biological processes involved in lower growth fishre: protein synthesis, cellular morphology, stale
and muscle system development, and tissue morpnoldge main biological processes involved in
higher growth fish were: lipid metabolism, vitamamd mineral metabolism and oxidation reduction.
Marker-trait association revealed 5 SNP associatiglll growth. The allele substitution effect of SNP
belonging toNars (A/T) andUO-44 (A/C) produced a negative effects on fish growfl1Q mg and -134
mg respectively) and the allele substitution efi@c&ENP belonging té\ctalb (T/C), Plac8l1 (T/A) and
Tmod2b (G/C) produced a positive effect on fish growtB,(40, 61 mg respectively). From those SNP,
two of them have been previously reported in zesinalata base (rs4078620 and rs179423287) and three
new SNP (UO-44_4308; Plac8l1-4071; Tmod2b-1034)eweaported in this study. These SNP are
present in chromosome 4, 10, 13, 18 and 21 respéctiThese SNP could be used to characterize the
most efficient individuals for growth in zebrafi$lbd with a plant protein-based diet. Besides, mlesi
new candidate genes associated to growth whichdcbel used as molecular markers of regions

proximate to other genes or QTL associated to dgrowt
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6. General discussion

In this thesis we examine growth response and atedugene expression related to grovitifilé, 1gf2a,
mTOR, Pldla, Mrf4, Myod, Myogenin and Myostatinlb) in muscle of adult zebrafistDanio rerio) fed
with plant and fishmeal protein-based diets (Chapte In this chapter we used a new experimental
design for nutrigenomics studies in zebrafish. trefb the growth phenotype was measured in a fish
population of 24 experimental families. Each fanuilgs split to create two fish populations with ¢ani
genetic background. In order to examine the ei®&P diet on gene expression, individuals of ayera
weight gain in both populations were selected.rifento examine the effect of familiar variation gene
expression, the three families were evaluated agglgr This study demonstrated that PP diet refisbe
growth compared with FM diet. These results coudd dompared with findings in other studies in
zebrafish fed with different formulated diets. Fexample, Robison et al. (2008) demonstrated that
manipulation of dietary carbohydrate levels (0, 25,and 35%) had a significant effect on body weigh
and condition factor. In another study, zebrafigrenfed with different sources of plant proteiny(bean

+ corn genetically modified (GM) and non-GM). Fisl]d with GM corn exhibited significantly better
growth as compared with fish fed with non-GM coBisgéener et al., 2010). Our results can also be
compared with studies in farmed fish fed with diéiet percentages PP replacement of FM. Our results
are consistent with findings in common ca@yyrinus carpio), Nile tilapia Qreochromis niloticus) and
rainbow trout, which showed a marked reductionriomgh when 6-19 g alevins were fed with a diet of
75-100% FM replacement (Alami-Durante et al., 2(@ntainhas-Fernandes et al., 1999; Médale et al.,
1998; Pongmaneerat et al., 1993; Vilhelmsson eR@04). In this study, growth traits were evaldaite
zebrafish from alevin to adult stages (28 to 98) dpfpopulations with similar genetic backgrounds.
Therefore our results may be attributed principtdlygifferences between diets. The decreased grimwth
zebrafish fed with PP diet could be related torauttitional factors in the plant protein diet (wheaorn

and soy concentrate) as well as limited availabiit essential amino acids, such as arginine (2.9%)
lysine (2.5%) and methionine (0.7). On the otherchaliscordant results have also been reported-8&0

g juvenile rainbow trout, which showed similar gtown fish fed with high replacement of FM (66-
100%) with soy protein concentrate (Kaushik et H95; Olli et al., 1994). These differences betwee
studies may be attributed to the biological develeptal stage at the beginning of the experimental

period.

Differences at 28 dpf in initial weight among offsyy of different families were likely the product
inter-family genetic differences within the popigat At 70 and 98 dpf some families tend to maimtai

their rank from initial weight (28 dpf). Howeven most families fed with FM and PP diet, initial igiet
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gain ranking is not maintained. The families vittk greatest increases in weight gain fed when khih
diet did not maintain the same ranking when fedhWiP diet. This indicates that the genetic comptznen
underlying growth phenotype in each family produeedifferent physiological response depending on

the plant or fishmeal protein-based diet. Thesddcmilect genotype environment interaction.

In relation to gene expression in response to dietsresults showed thajf2a, Myogenin andMrf4 were
modulated by plant nutrients in muscle of zebrafiséles.Igf2a belonging to somatotropic axis was
under-expressed (X0.71 = 0.09) in fish fed withRadtet as compared with gene expression of matks fe
with the FM diet. This Igf2a expression pattern|dooe explained by lower lysine levels in PP digt a
compared with FM diet (2.5 vs. 4.2 respectively,has been shown in Atlantic salmon when fish fed
with low lysine (2.9 g/16 g N) showed a 2.6-foldcoEase irlgf2a mRNA levels compared to those fed
with medium lysine levels (4.9 g/16 g N) (Hevroya¢t 2007) Myogenin (X5.0 + 0.67) andrf4 (X3.42

*+ 0.56) were over-expressed in males fed with aliePas compared with FM dié¥lyogenin andMrf4

are essential factors involved in the late stepsngbgenesis and in hypertrophy (increase in size of
existing muscle fibers) and hyperplasia (recruithifmew muscle fibers) (Johnston et al., 2011)eyrh
are involved in the differentiation process, getisgamyotubes which can fuse to form short myoblast
myotubes, and fusion events, producing fiber métmaand hypertrophy (Johnston, 2006). The
nutritional regulation of muscle is poorly docurneghtin fish. A single report in rainbow trout showed
that the substitution of FM with graded levels &t B50%, 75%, 100% replacement) in diets did not
modify the expression d¥lyogenin in fish muscle (Alami-Durante et al., 2010). Tdifference in gene
expression in response to PP diet between spemitgd loe due to different processes involved in rausc
growth (hypertrophy in zebrafish and hyperplasid agpertrophy in rainbow trout) (Du et al., 2004;
Johnston et al., 2008). Similarly, these results ba compared with other studies of rainbow trout
(Johansen and Overturf, 2005) and Antarctic fidlarpagifer bispini) (Brodeur et al., 2003) under a
different approach (starvation and feeding condg)o The starvation condition decreased the
proliferative potential of satellite cells partiaijing in hypertrophy and the re-feeding conditiocreéased
the activity of satellite cells produced by compensy growth. Théviyogenin expression was increased
in re-feeding condition as compared with starvatondition. These results suggest thyogenin is a

candidate gene associated with growth and it istyrenodulated by nutrition.

In females, there were no statistical differenaegene expression by diet for any of the eight gene
studied [gfla, Igf2a, mTOR, Pldla, Mstnlb, Myogenin, Mrf4, Myod). The presence of sexual
dimorphism in gene expression has been also deslciibzebrafish liver and brain (Robison et alQ&0

Santos et al., 2008). However, our results show élian when all eight genes were expressed in the
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muscle of males and females, differential expressidVyogenin, Mrf4 andlgf2a in response to PP diet
was remarkable only in males. That would suggeat thales were more affected by PP diets than

females.

In order to evaluate the familiar effect on geng@resgsion, the data were analyzed for each family
separately. The familiar variation effect was obedrin males and females among families. In males,
Myogenin and Mrf4 were over-expressed in response to PP diet inthede families selected. This
suggests that the expression of these genes irs male modulated principally by the plant ingredient
rather than genetic differences among familiegg2a, Igfla, Pldla and Mstnlb were differentially
expressed in the families 4 and 23. In femadligida, Myogenin, Myod, mTOR andPldla were expressed
differentially by diet in the same families (4 a@8). These results suggest that differences in gene
expression may be influenced not only by dietaryngonents but also by genetic differences that
underlie each family. Therefore it is importantp@y attention to both sources of variation in akxphg

the modulation of gene expression in nutrigenonstigdies. These results could confirm that the
individuals from the families 4 and 23 were moréeeted by PP diet even when their growth was not

modified.

On the other hand, considering that the growthtigiathat varies among individuals in a populatiove
examined the expression of genes related to grégtha, 1gf2a, MTOR, Pldla, Mrf4, Myod, Myogenin

and Mstlb) in muscle of adult lower and higher growth zeistaffed with plant protein-based diet
(Chapter IV). In males with higher growthilyogenin was under-expressed (X0.31 + 0.08) in relation to
males with lower growth, where#@dla was over-expressed (X1.31 + 0.0B)yogenin is an essential
factor involved in the late steps of myogenesis also is involved in the process of hypertrophy and
hyperplasia (Atchley et al., 1994; Hinits et alQ0Z; Johansen and Overturf, 2005). The decrease of
MRNA levels ofmyogenin in high growth zebrafish could be explained by fine that these fish reached
their complete growth (hypertrophy) before the tiofesampling, when the proliferation and fusion of
satellite cell (cells that provide the new nuclequired for skeletal muscle hypertrophy) had slow
participation; whereas in low growth fish theselselould be more active due to possible continuous
growth. The explanation of these results in fishldde reflected by differences in background genet
that underlies the phenotype. In mouse it has Beewn that upon induction of differentiation in C2ZC
satellite cells, the expression Bfdl was up-regulated and thBtd1l regulatesmTOR signaling, and
production oflgf2 (Yoon and Chen, 2008). In this study, non-diffel@ngxpression irmTOR andIgf2a
between higher growth and lower growth males wasented. Our findings suggested that, the genetic

background that underlies the fish growth doesmfatence changes in expressionnefOR andlgf2a in
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males. These results suggest that in f8tla could not be an up-stream regulatonfbOR as has been
demonstrated in mammals. However the phosphorylatiod activation ofnTOR and its related

signaling pathways, needs to be examined to maidenstanding.

In females with higher growttiMstnlb (X1.82 £+ 0.31) ananTOR (X1.55 + 0.27) were over-expressed in
relation to females with lower growth. MSTN is a miger of the TGH family that functions as a
negative regulator of skeletal muscle developmedtgowth in mammals. However, in fighstnl and
Mstn2 have been identified, suggesting that severalcasp® Mstn differ significantly from those in
mammals. In additioniMstnl had been duplicated produciidstnla and Mstnlb paralogs, where the
specific function of these genes has been scadoglymented in fish (Maccatrozzo et al., 2001; Ostdty
al., 2001).. In this study, the higher expressibiMstnlb in higher growth females probably is related to
increment of myoblast-muscle produced in the hypphy. Recently evidences in trout using culture of
satellite cells showed thddstnlb mRNA was strongly expressed in myoblasts in fisisae (Seiliez et
al., 2012).

The levels of mMRNA fomTOR were over-expressed in high growth females in igraib lower growth.
This difference could be due to genetic componleat tinderlies the body size, although the molecular
mechanisms in this pathway have been poorly unatmisin fish. There are evidence thalOR is
differentially expressed in fish under fasting aadeeding in trout and zebrafish (Craig and Ma2bi, 1,
Skiba-Cassy et al., 2009). However, a recentlyysindArctic charr Galvelinus alpinus L.) evaluated
MTOR as candidate pathway to understand body-size #wolin dwarf phenotype. Five dwarf and two
generalist populations (with ancestral life histand body-size traits), using a standardized méatipn

of food intake in a common environment was evallialdne results showed that throughout refeeding,
MTOR was expressed at constitutively higher leirelhe generalist compared with dwarf populations
(Macqueen et al., 2011)Due thatmTOR have an essential roles regulating protein syighésen our

results may be associated with the body size plpastof higher and lower growth females.

In order to select potential candidate genes td §anetic variation (SNP) that could be associated
growth phenotype, we identified all genes with eliéint expression in muscle of lower and higher gnow
fish by RNA-seq technology (Chapter V). This as@ywas performed only in males in order to avoid
confounding effect of sexual dimorphism on transtonal levels. Analysis revealed 124 genes
differentially expressed between phenotypes whiobvided 165 SNP that were genotyped in 240
samples. Analysis revealed five SNP associated gvitlvth, each one of them was locatedNars, OU-

44, Actalb, Plac8l1, Lmod2a respectively.Nars is involved in cellular movement and embryonic
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development, and participates in aminoacyl-tRNAshidhesis pathways (Ibba and Séll, 20@Y-44 is
involved in developmental patterning, tissue repagll signaling, inflammation, receptor-mediated
endocytosis, and tumor suppression (Abdul Ajeeal.et2006, Perry et al., 2007Actalb encodes an
skeletal muscle-actin, which is the predominant actin isoform duk skeletal muscle, forming the core
of the thin filament of the sarcomere (a type opdwgrophy focused to increase protein contractile a
actin and myosin) where it interacts with a wideagrof proteins, notably myosin of the thick filamge
producing force for muscle contraction (Laing et 2009).Plac8I1 is associated with regulators of male
germ cell development arldnod2b participates as a strong filament in muscle cel$in binding, and
tropomyosin binding localized at the pointed endtofated muscle thin filaments (Babcock and Fowler
1994). The minor allele from SNP dlars andUO-44 produced a negative effect on fish growth (-110
mg and -134 mg respectively) and the minor alledenf SNP ofActalb, Plac8l1 andTmod2b produce a
positive effect on fish growth (13, 40, 61 mg regpely). From these allelic variants, two weredbzed

in an exon and correspond to silent mutations &edother three variants were localized in UTR sites
which could give account of differential gene exgsien. These SNP could be molecular markers in
disequilibrium linkage with other genes or QTL thatderlies to the phenotype. This information is
relevant firstly because provides SNP that coulg he to characterize the most efficient indivicufadr
growth in farmed fish fed with a plant protein diktough comparative genomics. QTL for growth #ait
(length, body weight and condition factor) haverb&mind in zebrafish, Atlantic salmon, rainbowutro
and Arctic charr $alvelinus alpinus) (Baranski et al., 2010, Kittner et al., 2011; §kti et al., 2006;
Wringe et al., 2010). The identification of consmivgenes, sequences or marker (SSR, EST or SNP)
between zebrafish and farmed fish could allow kmgwihe position of any gene that contribute to the
phenotype. Synteny among zebrafish and EuropeabasesaDicentrarchus labrax) (Guyon et al., 2010),
Japanese flounder (Castano-Sanchez et al., 20bo} {Gcophthal mus maximus) (Bouza et al., 2012) and
Grass carp(tenopharyngodon idella) (Xia et al., 2010) have been detected. These reetesuggest that
the genes reported in this study could be stronglidates for provide a starting point for further

characterization of the genetic components undeglgrowth in fish.
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7. General Conclusions

Taking into account the main resultsin thisthesis, it can be concluded that:

* The expression of Myogenin, Mrf4 and |gf2a was modulated by plant protein diet in males. While
in females, the expression of eight candidate genes associated with growth were not modul ate by
plant protein based-diet. This shows clearly that the gene expression regulation in response to diet

isindependent in males and females.

» Theeffect of familiar variation on gene expression was observed among families. That suggests
that there were families more affected to high levels of plant protein even when the individuas

did not modify their growth.

* The expression of Myogenin was under-expressed in the muscle of males with higher growth as
compared to lower growth and Pldla was over-expressed. While, the expression of mTOR and
Mstnlb were over-expressed in femaes. These differences in gene expression between
phenotypes could give account of different development stages and genetic background that

underlies the growth.

e Thisstudy provides five SNP associated with growth, each one of them was located in Nars, OU-
44, Actalb, Plac8l1, and Lmod2a respectively. These SNP could be used to characterize the most
efficient individuals for growth in zebrafish fed with a plant protein-based diet. Besides, provides

new candidate genes associated to growth to evaluate in future research.

Outlook

The information generated in this thesis has enhanced our understanding about the effect of plant protein
sources on gene expression related to growth and have provided SNP associated to growth which could be
used to characterize the most efficient individuals fed with a plant protein-based diet. However it is
necessary to integrate in systems biology not only the transcriptomics, but also the proteomic, and
metabol omic information to give a more complete knowledge about complex trait as growth. The studies
of transcriptomics give light about the gene expression affected by stimule in a given time. Proteomics

show the function of the protein in the organism and metabolomic shows the metabolites affecting the
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physiological response in the organism. This last tool can be used to perform a screening and to identify

biochemical markersin fish fed with plant protein diets.

In relation to future works, would be interesting measured the effect of plant protein on transcriptome in
brain tissue, and select genes related to perception of the senses in fish (nose, eye, mouth) due that the
perception of food is governed by hypothalamic axis. These genes could be new candidate genes to
identify SNP. On the other hand, RNA-seq. could be used to evaluate transcriptome in various tissues
(brain, intestine, liver) in fish fed with plant and fishmeal protein-based diet. In such a way to identify
metabolic pathway committed with plant nutrients and to design a panel of genes that are regulated
differentially by diets and between tissues. That could be useful tools for future studies in nutritional

genomics in farmed fish through genomics comparative.
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Anexo 1.

Water quality parameters during rearing of fishluéa are mean + standard deviation.

Parameter Larval rearing (7 to 35 dpf) Juvenileinga(35 to 98 dpf) Optimum ranges Reference
pH 7.67 £0.13 7.73+£0.13 7.0-8.0 Brand et al020
Oxigen (mg @L™) 7.30 £ 0.62 6.95 +0.65 ~ 7.8 at28°C Lawren©®®72
Temperature (°C) 25.71+£1.25 28.10+0.45 24 — 28°C Brand et al., 2002
Hardness (CaC@mg- LY 141.3 £ 23.90 224,94 £12.05 75-200 Brand e4ai02
Nitrate (NQ mg- L)’ 69.6 + 82.7 57.32+34.28 > 200 Lawrence, 2007
Nitrite (NO, mg- L™’ 5+4.92 0.6+0.69 tolerant to >2.0 Lawrence, 2007

"Semiquantitative measurement using TetraCare® Bagys. Environmental parameters were recorded,daild the levels of nitrite (mgA), nitrate
(mg/L™") and hardness (mgH). were recorded weekly
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Anexo 2.

Primers of target and reference genes used forRBR-

Target Gene name # Accessiortranscripts Forward Primers (5'---3) Reverse primers (5’---3") Amplicon size (bp)

genes

Myod Myogenic ENSDARG00000030110 5'-CAAGAGATGCACGTCCACCA-3' 5 TTCTGAGAAGAGCCTGCAGAGAC-3’ 101
differentiation 1

Myog Miogenina ENSDARG00000009438 5'-CAATGGTGGCTTCGAGEA' 5'-TGTCTTCCAACCCAACTGTGG-3' 101

Mrf4 Myogenic factor 4 ENSDARG00000029830 5'-AAGACGGTGCCTAATCCGAAC-3' 5'-TCCAGCGAATGCAAGAGGTC-3' 101

lgfla insulin-like growth ENSDARG00000094132 5-ACGAGCACAACGACACACAGA-3 5-TCCTCCCgCTGTCCTCTACA 151
factor 1

Igf2a Insulin —like growth ENSDARG00000018643 5'-AAGTCGGAGCGAGATGTTTCCT-3' 5'-TCCTTGTGAAGAGCCTGTGACACT-3' 68
factor 2

mTOR ggzr:;éisr?c target of ENSDARG00000053196 5 TCATGCACGACATGAGTGTTGGAC-3' 5-TCATCCAGGTTAGCTCCGAACAGT-3 82

Pldla phospholipase D1la ENSDARG00000056228 5-GGTGCCTTIBACCCAAGCATT-3' 5-CGTCCTTGTAGAAGCTGTTGCTGA-3' 64

Myostatin myostatin b ENSDARG00000069133 5'-GCATGTGGTCCAGTGGAT-3' 5'-GTTGTCTGAACTCACATGTGGAACA-3' 100

1b

Reference genes

Efla Elongation factor 1 ENSDARG00000020850 5'- TGCCCTTGATGCCATTCTG-3' 5'-TCACAACCATACCAGGCTTG-3’ 146
alpha

p-actin Beta actin ENSDARGO00000037870 5'-CGAGCTGTCTTCCCAPRE 5'-CGAGCTGTCTTCCCATCCA-3' 129

Rpl13alfa Ribosomal protein ENSDARG00000044093 5-TCTGGAGGACTGTAAGAGGTATGC-3' '-AGACGCACAATCTTGAGAGCAG-3' 148
L130
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Anexo 3. Mean initial weight (mg) among 24 expenitat families at 28 dpf.

Families N Mean

3 26 1.0724 a

7 25 1.1333 ab

4 25 1.1531 ab

2 26 1.1967 abc
22 25 1.2050 abc

1 25 1.2087 abc
23 25 1.2722 abc
11 26 1.3214 abcd
8 25 1.3750 abcd
24 25 1.5125 abcde
14 25 1.5455 abcde
18 25 1.5806 abcde
17 25 1.6313 abcde
21 26 1.6353 abcde
6 25 1.7000 abcde
5 25 1.7000 abcde
9 25 1.7870 bcde
20 26 1.7879 bcde
15 25 1.7900 bcde
10 25 1.8567 cde
13 26 1.9393 de

19 25 2.1485 ef

16 25 2.4304 f

12 26 2.8077 g

Letters indicate the significant differences amtamgilies after SNK multiple range test (P<0.01).
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Anexo 4. Mean weight gain (mg) among 24 experimdatailies at 70 dpf fed FM (control) and PP

(experimental) diets.

FM diet PP diet

Family N Mean N Mean

1 14 69.77 15 49.20 *
2 15 48.44 15 35.59 i
3 14 63.43 13 29.17 *
4 14 54.83 15 38.09 *
5 15 79.30 14 52.27 o
6 15 69.17 14 35.11 o
7 14 54.78 15 59.01 *
8 14 69.88 14 42.21 *
9 14 63.23 14 32.75 o
10 15 64.68 14 41.98 *
11 15 76.12 14 41.15 *
12 14 62.69 15 48.59 *
13 15 54.34 14 46.00 *
14 15 85.94 15 45.13 *
15 15 65.43 15 48.13 *
16 15 80.55 14 50.40 *
17 14 63.49 14 43.25 *
18 15 77.52 13 41.25 *
19 15 97.02 14 58.50 *
20 15 66.86 15 39.48 *
21 14 54.18 14 32.90 *
22 15 61.67 14 31.34 *
23 15 61.91 15 38.79 *
24 13 48.09 13 26.78 *
total 349 66.61 342 42.11 *

** indicate significant differences in di@hd families (ANOVA, P<0.01).

115



Anexo 5. Mean weight gain (mg) in males among 2deexental families at 98 dpf fed FM (control) and
PP (experimental) diets.

FM diet PP diet
Males Males

Family N Mean N Mean

1 4 150.89 8 136.01 el
2 10 135.41 9 120.30 *x
3 8 175.04 11 129.10 *x
4 18 140.14 21 137.10 *x
5 10 181.87 12 178.04 *x
6 25 156.41 31 110.52 *x
7 10 161.86 16 120.76 *x
8 9 164.46 13 148.58 *x
9 20 154.29 30 120.76 *x
10 19 174.22 20 109.85 *x
11 5 145.82 8 129.50 *x
12 20 158.06 17 147.81 *x
13 18 168.36 32 128.77 *x
14 18 158.35 34 118.03 *x
15 12 96.56 20 91.35 *x
16 21 156.48 15 156.38 *x
17 7 177.40 11 91.96 *x
18 12 178.13 28 132.46 *x
19 16 208.95 20 157.95 *x
20 6 175.64 15 130.81 *x
21 12 140.06 30 120.91 *x
22 20 160.90 19 95.57 *x
23 18 164.16 16 133.48 *x
24 9 146.32 4 147.41 *x

** indicate significadifferences in diet and families (ANOVA, P<0.01).
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Anexo 6. Mean weight gain (mg) in females among@®derimental families at 98 dpf fed FM (control)

and PP (experimental) diets.

FM diet PP diet
Females Females

Family N Mean N Mean

1 34 192.54 23 154.14 *x
2 28 178.92 25 118.83 *x
3 19 228.52 25 128.21 *x
4 21 184.64 15 150.13 *x
5 9 289.69 8 212.40 *x
6 6 189.28 2 114.45 *x
7 15 229.18 11 139.03 *x
8 20 207.38 21 140.35 *x
9 16 198.99 7 151.65 *k
10 15 185.03 18 117.03 *k
11 22 188.13 19 167.18 *k
12 20 179.37 16 166.46 *k
13 17 201.64 6 186.94 *x
14 12 230.23 4 135.47 *x
15 27 184.92 13 210.24 *k
16 12 185.76 7 148.51 *x
17 25 189.70 21 175.35 *k
18 16 240.57 7 164.24 *x
19 11 220.15 5 164.45 *x
20 29 190.62 19 159.10 *k
21 24 142.78 7 151.80 *x
22 14 230.68 17 148.05 *k
23 14 226.96 11 147.05 *k
24 23 201.90 32 128.51 *k
total 449 198.71 339 149.88 *x

** indicate significadifferences in diet and families (ANOVA, P<0.01).
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Anexo 7. Fifty four genes over-expressed in lowemgh fish

Gen symbol Description Ensembl Gene ID P-value FDR Fold RPKM higher RPKM lower  Level
Change growth fish growth fish expression
BX296557.6 Uncharacterized protein ENSDARG00000091744 O 0 %.43 319.0435 2053.046 highly
myhz2 myosin, heavy polypeptide 2, fast ENSDARG00000012944  1.64E-04 0.031 5.965 119.6865 3.9455 highly
muscle specific
pvalb2 Parvalbumin-2 ENSDARGO00000002768 5.55E-06 1.90E-034.727 1065.237 5035.3745 highly
nopl10 H/ACA ribonucleoprotein ENSDARG00000089426  2.33E-05 6.37E-03 4.648 3.9745 8.47B medium
complex subunit 3
actalb actin, alpha skeletal muscle ENSDARG00000055618378-07 7.96E-05 4.007 27.55 110.402 highly
actala actin, alpha 1a, skeletal muscle ENSDARG000000363 5.89E-05 0.014 3.738 16.3715 61.2005 medium
scppb6 secretory calcium-binding ENSDARGO00000075598 8.75E-04 0.116 3.721 10.191 237.9 medium
phosphoprotein 6
zgc: 101853 hypothetical protein LOC494049 ENSDARG00000036892.13E-04 0.038 3.719 4.62 17.18 medium
si:dkey-4c2.7 novel protein with a PLAC8 ENSDARG00000087764 6.56E-04 0.093 3.659 4.533 B5.58 medium
family domain
col27ala Collagen alpha-1(XXVIl) chain A’ ENSDARG000000343738.33E-04 0.112 3.518 4.219 14.8405 medium
odcl ornithine decarboxylase ENSDARGO00000007377 1.68E- 0.029 3.503 5.5245 19.35 medium
PDCL3 phosducin-like 3 ENSDARGO00000009449 9.10E-04 0.119 3.319 4.668 15.4945 medium
CABZ01074133.1 CABZ01074133.1 ENSDARGO00000078899 9.16E-05 0.021 2663. 6.7745 22.127 medium
actclb actin, alpha cardiac muscle 1 ENSDARG0000003784043E-10 1.98E-07 3.025 2545.0815 7698.561 highly
Tnc tenascin C ENSDARGO00000021948 3.05E-04 0.05 2.985 7.0315 20.993 medium
col12al Collagen XllI alpha-1 chain ENSDARGO00000078322 8:0BE  2.58E-03 2.878 11.8295 34.043 medium
phosphol Probable phosphatase phosphol ENSDARG000000084036E-B5 0.014 2.853 9.8 27.957 medium
si:ch211-267e¢7.7  LOC567907 protein ENSDARG00000021480 1.95E-06 H-00 2.773 14.7105 40.799 medium
actn3a actinin alpha 3a ENSDARGO00000013755 1.52E-04 ®.02 2.756 161.376 444.8315 highly
AL935186.6 Uncharacterized protein ENSDARG00000088951 2.47E-081.60E-05 2.752 1041.7375 2866.745 highly
cct4 T-complex protein 1 subunit delta ENSDARGO000000/834 6.54E-04 0.093 2.618 8.7495 22.908 medium
ENTPD5 ectonucleoside triphosphate ENSDARG00000053481 9.49E-05 0.021 2.558 12.2015 2135 medium
diphosphohydrolase 5
Nars Novel protein similar to vertebrate ENSDARG00000061100 1.12E-05 3.34E-03 2.496 16.4435 41.05 medium
asparaginyl-tRNA synthetase
(NARS)
Nefm neurofilament ENSDARGO00000043697 1.32E-03 0.165 92.4 14.874 37.116 medium
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col1llalb
Fau

CABZ01086825.1

COL12A1
wu: fb11d11

pdlim7

si:dkey-32€6.6

rpll8a
rpl15
collla2

si:ch73-9209.2

Mdka
dnajc8

rps6

Zgc: 158399
ryr3

rpl10

zgc: 77231

7gc:165344
naplll

rpl13
rpl6
Ppia
Eprs
rps29
Postn
Ucma

collagen alpha-1(XI) chain ENSDARGO00000009014 E65 9.37E-03 2.492
40S ribosomal protein S30 ENSDARGO00000014830 5@@E 3.47E-06 2.485
Uncharacterized protein ENSDARG00000053803 3.17E-061.21E-03 2.448
collagen, type XlI, alpha 1 ENSDARGO00000019601 6E®4 0.03 2.356
hypothetical protein ENSDARG00000070212 6.54E-05 0.016 2.355
LOC100037361

Pdlim7 protein ENSDARGO00000030638  4.53E-07 2.194E-0 2.349
Novel protein similar to vertebrate ENSDARG00000070857  7.98E-07 3.55E-04 2.343
extracellular matrix protein 2,

female organ and adipocyte

specific

60S ribosomal protein L18a ENSDARG00000025073 1-4BE 2.21E-10 2.328
60S ribosomal protein L15 ENSDARGO00000009285 HE-33 2.71E-11 2.325
collagen alpha-2(XI) chain ENSDARG00000012422 3E®5 4.35E-03 2.324
novel transcript ENSDARGO00000061081 5.70E-04 0.084 2.321
midkine-related growth factor ENSDARG00000036036..02E-03 0.131 2.305
dnaJ homolog subfamily C ENSDARGO00000059373 2.69E-04 0.045 2.29
member 8

40S ribosomal protein S6 ENSDARGO00000019778 1-@aE 7.65E-04 2.274
hypothetical protein LOC570789 ENSDARG00000060063.98E-04 0.075 2.269
Ryanodine receptor 3 ENSDARGO00000071331 7.06E-06 34E203 2.255
60S ribosomal protein L10 ENSDARG00000025581 B:-06 2.58E-03 2.217
fast skeletal myosin alkali light ~ENSDARGO00000014196 4.85E-11 4.45E-08 2.212
chain 1

myosin-binding protein H-like ENSDARG000000030815.78E-05 0.014 2.195
nucleosome assembly protein 1- ENSDARGO00000002400 O 0 2.169
like 1

60S ribosomal protein L13 ENSDARGO00000030585 2:05E 5.68E-03 2.162
60S ribosomal protein L6 ENSDARGO00000058451 7:BBE  2.46E-03 2.156
2-peptidylprolyl isomerase A ENSDARGO00000009212 90E-07 1.49E-04 2.14
LOC562037 protein ENSDARGO00000060494  2.89E-04 8.04 2.134
40S ribosomal protein S29 ENSDARGO00000041232 7-B®E 5.13E-06 2.132
periostin, osteoblast specific factor ENSDARGOO0CEED6 1.09E-05 3.29E-03 2.125
upper zone of growth plate ENSDARG00000027799 0 2.101

14.657
71.4105
21.0335
14.3925
6221.42

25.7285
36.7855

118.8545
61.8565
19.573
12.4715
18.7905
14.5535

25.267
34.9975
126.872
32.3075
3196.258

251.8665
136.967

98.876
193.475
35.3245
17.881
122.182
28.8335
115.223

36.519
177.4465
51.5
33.9145
54269

60.4485
86.1735

276.683
143.789
45.4905
28.946
43.317
233.3

57.465
79.412
286.128
71.6205
7069.485

552.84
297.136

213.7825
417.2035
75.6115
38.161
260.4375
61.2645
242.0425

medium
highly
medium
medium
highly

medium
medium

highly
highly
medium
medium
medium
medium

medium
medium
highly
medium
highly

highly
highly

highly
highly
medium
medium
highly
mediu
highly
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kihi31 Kelch-like protein 31 ENSDARGO00000039066  1.57E-03 0.187 2.073 19.234 39.8695 medium

eef2b eukaryotic translation elongation ENSDARGO00000003016 2.79E-04 0.046 2.067 88.127 1B32. highly
factor 2b
gnb2l1 Guanine nucleotide-binding ENSDARG00000041619 5.78E-04 0.085 2.04 18.7945 383.3 medium

protein subunit beta-2-like 1
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Anexo 8. Seventy genes over-expressed gene inrggbeth fish

Gene symbol Description Ensembl Gene ID P-value D Fold RPKM in RPKM in level of
Change higher lower expression
growth growth

Ebp emopamil binding protein (sterol ENSDARGO00000046098 6.30E-04 0.091 -24.453 58.0705 .37x medium
isomerase)

sc5dl sterol-C5-desaturase (ERG3 delta- ENSDARG00000044642 1.08E-04 0.023 -14.38 20.149 0184 medium
5-desaturase homolog, S.
cerevisiae)

sc4mol sterol-C4-methyl oxidase ENSDARG00000055876 1.6BE-0 4.52E-03 -14.123 111.416 7.889 highly

zgc: 92111 novel protein ENSDARGO00000045306 6.53E-04 0.093 4472 113.3875 9.1095 highly

dhcr24 24-dehydrocholesterol reductase ENSDARG000000132365E-05 8.69E-03 -10.389 29.6225 2.8515 medium

CABZ01071923.1  Uncharacterized protein ENSDARG00000089599 5.20E-0 0.078 -10.278 85.242 8.2935 medium

Nsdhl NAD(P) dependent steroid ENSDARGO00000057723 8.75E-04 0.116 -10.04 8.1275 0958 low
dehydrogenase

HSD17B7 hydroxysteroid (17-beta) ENSDARGO00000091751 4.59E-04 0.07 -9.126 26.294 1588 medium
dehydrogenase 7

dher7 7-dehydrocholesterol reductase ENSDARG0000001556489E-07 2.75E-04 -8.938 22.1465 2.478 medium

zgc: 92880 zgc:92880 ENSDARGO00000069734 1.13E-03 0.143 -8.26 7.5075 0.909 low

hmgcsl 3-hydroxy-3-methylglutaryl- ENSDARGO00000052738 2.65E-14 5.03E-11 -7.29 44,2095 6.0645 medium
Coenzyme A synthase 1 (soluble)

Fdps farnesyl diphosphate synthase ENSDARG0000004089(B1E104 0.026 -7.259 43.055 5.9315 medium

acat? acetyl-CoA acetyltransferase 2 ENSDARG0000000712746E-04 0.042 -7.184 13.3715 1.8615 medium

si:dkey-97i18.5 novel transcript ENSDARGO00000090352 3.78E-14 6.33E- -6.899 43.73 6.3385 medium

cyp51 cytochrome P450, family 51 ENSDARGO00000042641 B-06 2.71E-03 -6.729 15.561 2.3125 medium

LE squalene epoxidase ENSDARG00000079946 1.53E-03 40.18 -5.513 13.619 2.4705 medium

entpd8 ectonucleoside triphosphate ENSDARGO00000005565 2.62E-12 3.24E-09 -5.51 41.9295 7.6095 medium
diphosphohydrolase 8

si:dkey-266f7.7 novel protein similar to envelope ENSDARGO00000009890 3.35E-11 3.25E-08 -5.466 285.177 52.173 highly
protein

CABZ01060296.1  Uncharacterized protein ENSDARG00000090867 1.62E-0 0.189 -5.311 8.6975 1.638 low

Imod2b leiomodin 2 (cardiac) b ENSDARGO00000045864 1.08E-0 3.29E-03 -4.968 17.579 3.5385 medium

Mucl7 mucin 17, cell surface associated ENSDARGO000008850 3.44E-04 0.054 -4.57 12.3125 2.6945 medium
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sult2st3
C3H170rf37

CABZ01111729.1
FDFT1

cyp/ala

CR854881.1
hsd3b7

VDAC3
UQCRFSL

si:dkey-91i10.3

AGPHD1

CR385063.1
fdxl

cyb5b

idh1

Hmgcra

ATPIF1
PHLDB3

atp5Sia

chchd10

CABZ01079804.1

sulfotransferase family 2, cytosolic ENSDARG00000028367 9.18E-07 3.92E-04 -4.408
sulfotransferase 3

chromosome 17 open reading fram&NSDARGO00000089936  2.54E-06 9.92E-04 -4.307
37

CABZ01079804.1 ENSDARGO00000059061 9.72E-05 0.021 298
farnesyl-diphosphate ENSDARG00000060260 8.52E-04 0.114 -4.065
farnesyltransferase 1

cytochrome P450, family 7, ENSDARGO00000069018 1.30E-04 0.026 -3.67
subfamily A, polypeptide 1a

Uncharacterized protein ENSDARG00000058556 1.33E-0 0.169 -3.645
hydroxy-delta-5-steroid ENSDARGO00000036966 5.24E-13 7.47E-10 -3.611
dehydrogenase, 3 beta- and steroid

delta-isomerase

voltage-dependent anion channel 3 ENSDARGO000007373.23E-04 0.052 -3.513
ubiquinol-cytochrome c reductase, ENSDARG00000077402 4.45E-07 2.19E-04 -3.477
Rieske iron-sulfur polypeptide 1

novel protein similar to vertebrate ENSDARG00000057262 2.73E-04 0.046 -3.39
cytochrome P450, family 27,

subfamily A, polypeptide 1

(CYP27A1)

aminoglycoside phosphotransferaseeNSDARG00000074341  1.51E-03 0.182 -3.32
domain containing 1

Uncharacterized protein ENSDARG00000044212 2.32E-0 1.27E-04 -3.129
ferredoxin 1 ENSDARGO00000056410 2.08E-11 2.19E-083.121
cytochrome b5 type B ENSDARGO00000053954 7.00E-04 .09D -3.112
isocitrate dehydrogenase 1 ENSDARG00000025375 5.90E-05 0.014 -3.088
(NADP+), soluble

3-hydroxy-3-methylglutaryl- ENSDARGO00000052734 1.14E-04 0.023 -3.039
Coenzyme A reductase a

ATPase inhibitory factor 1 ENSDARG00000044092 EZ 0.052 -2.957
pleckstrin homology-like domain, ENSDARGO00000091016 1.47E-03 0.178 -2.899
family B, member 3

ATP synthase, H+ transporting, ENSDARGO00000078113 1.60E-03 0.189 -2.881
mitochondrial FO complex, subunit

e, duplicate a

coiled-coil-helix-coiled-coil-helix ~~ ENSDARGO00000010717 6.72E-04 0.095 -2.78
domain containing 10

CABZ01079804.1 ENSDARG00000088988 2.49E-11 2.54E-082.756

66.327

37.7045

29.3635
11.649

17.695

11.7585
60.5115

15.378
30.6085
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Abstract Zebrafish (Danio rerio) is a common
research model in fish studies of toxicology, devel-
opmental biology, neurobiology and molecular genet-
ics; it has been proposed as a possible model
organism for nutrition and growth studies in fish.
The advantages of working with zebrafish in these
areas are their small size, short generation time
(12-14 weeks) and their capacity to produce numer-
ous eggs (100-200 eggs/clutch). Since a wide variety
of molecular tools and information are available for
genomic analysis, zebrafish has also been proposed as
a model for nutritional genomic studies in fish. The
detailed study of every species employed as a model
organism is important because these species are used
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to generalize how several biological processes occur
in related organisms, and contribute considerably
toward improving our understanding of the mecha-
nisms involved in nutrition and growth. The objective
of this review is to show the relevant aspects of the
nutrition and growth in zebrafish that support its
utility as a model organism for nutritional genomics
studies. We made a particular emphasis that gene
expression and genetic variants in response to
zebrafish nutrition will shed light on similar processes
in aquacultured fish.

Keywords Zebrafish - Growth - Nutrition -
Nutritional genomics - Comparative genomics

Introduction

The zebrafish has become a very common research
model in development, neurobiology and molecular
genetics (Driever et al. 1994; Roush 1996; Bergeron
et al. 2008). Zebrafish have recently been proposed as
a possible model organism for nutrition and growth
studies in fishes (Alestrom et al. 2006; Dahm and
Geisler 2006; De-Santis and Jerry 2007; Wright et al.
2006; Johnston et al. 2008).

Growth is a trait of main interest because it is
closely linked with the productivity and profitability
of aquaculture production (De-Santis and Jerry 2007).
Phenotypic expression of this trait is under genetic
control, but also depends upon environmental effects,

@ Springer



Rev Fish Biol Fisheries

and is directly affected by nutrition (Moriyama et al.
2000). Advances in genetic technologies have opened
a window to understand the genetic variation under-
lying quantitative traits, among which the identifica-
tion of candidate genes for growth and development
is remarkable, along with the mapping of genomic
regions of quantitative trait loci (QTL) which affect
growth traits in cultured species (Davis and Hetzel
2000; Fjalestad et al. 2003; Reid et al. 2005; Araneda
et al. 2008; Lo Pestri et al. 2009; Dumas et al. 2010).
In this aspect, the zebrafish has a wider variety of
molecular tools and information available for geno-
mic analysis than any other cultured species.

The zebrafish has been proposed as a model fish
for nutritional genomic studies, with the expectation
that results from this approach will provide compar-
ative genomic information applicable to aquacultured
fish (Metscher and Ahlberg 1999; Drew et al. 2008;
Robison et al. 2008; Crollius and Weissenbach 2008).
Nutritional genomics is a discipline which integrates
nutrition and genetics. Is a discipline that investigates
gene-nutrient interactions using two approaches:
“Nutrigenomics”, which studies how diet affects
the expression of certain genes, and “Nutrigenetics”,
which studies the genetic variants that influence the
organism’s response to nutrients (Kaput et al. 2003;
Miiller and Kersten 2003; Mutch et al. 2005; Marti
et al. 2005; Panserat et al. 2007). In aquacultured fish
some studies have been developed in nutrigenomics
during the fasted-fed transition, as well as after the
replacement of dietary fish meal or fish oil by plant
ingredients (Panserat and Kaushik 2010). Investigat-
ing plant food sources became important due to the
change of fish diets in the aquafeed sector, where
plant derived ingredients are increasingly used due to
the global demand of fishmeal (Hardy 2010; Turchini
et al. 2009). These nutrigenomic studies help us to
understand how a change in the formulation of the
diet produces multiple physiological responses in fish
at the trasncriptional level.

Nutrigenetics refers to the analysis of specific
genetic differences between individuals that respond
in different ways to the same diet. These individual
variations often occur as single nucleotide polymor-
phisms (SNPs) in coding genes, which may influence
the expression of a particular phenotype (Vignal et al.
2002; Liu and Cordes 2004). SNPs are point muta-
tions that give rise to different alleles containing
alternative bases at a given nucleotide position within
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a locus. SNPs are becoming a focal point in
molecular marker development since they are the
most abundant polymorphisms. In zebrafish there is
one SNP for every 145-219 bp. They have a
codominant inheritance pattern, are adaptable to
automated genotyping, and reveal hidden polymor-
phisms not detected with other markers and methods
(Stickney et al. 2002; Vignal et al. 2002; Liu and
Cordes 2004). SNP variants may be responsible for
the phenotypic variation of some important aquacul-
ture quantitative traits such as growth related traits.
Identification of functional polymorphisms in zebra-
fish is a step toward SNP association with productive
traits (Fjalestad et al. 2003; Ryynidnen and Craig
2006; Lo Pestri et al. 2009; De-Santis and Jerry
2007). The main objective of this review is to present
the most relevant aspects of the nutrition and growth
in zebrafish that supports its utility as a model
organism for nutritional genomics studies in aqua-
cultured fish with special utility to salmonids.

Advantages of zebrafish as a model organism

Zebrafish have advantages biology as a model organ-
ism that include their small size, short generation time
interval (12-14 weeks), their capacity to produce
numerous offspring, breed easily and very amenable
to manipulation in a laboratory tank (Clark 2003).
Moreover, zebrafish have a wide variety of molecular
tools and information available for genomic analysis,
and a characterized genome compared to aquacultured
fishes. The eighth revision (Zv8) of sequenced genome
of the zebrafish was concluded in 2008 (Orban and Wu
2008) and recently in October 2010 the Zebrafish
Genome Project with to the Genome Reference
Consortium at NCBI (http://www.ncbi.nlm.nih.gov/
projects/genome/assembly/grc/index.shtml) completed
a new revision (Zv9).

The existence of shared synteny between human
and zebrafish genomes has been demonstrated (Barb-
azuk et al. 2000), as well as between zebrafish and
green spotted pufferfish (Tetraodon nigriviridis)
(Woods et al. 2005). Evidence obtained from rainbow
trout (Oncorhynchus mykiss) genetic maps also show
synteny between zebrafish and trout (Rexroad et al.
2005, 2008). Considering the synteny between
genomes of different species and the existing evi-
dence, recent revisions concluded that there should be
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abundant synteny between the zebrafish and salmonid
genomes at the level of small regions that include
conserved genes. In a sequencing study of ~1 Mb of
Atlantic salmon (Salmo salar), gene order in a region
was conserved in three model fish species medaka
(Oryzias latipes), fugu (Takifugu rubripes) and
zebrafish, but only in zebrafish was it possible to
identify similar genes to salmon (Quinn et al. 2008).
The generation of 43,000 BAC end sequences (BES)
reported for catfish shows conserved syntenic regions
between catfish (Ictalurus punctatus) and zebrafish
genome. A total of 10,943 catfish BES (17.3%) had
significant BLAST hits to the zebrafish genome, with
3,221 unique gene hits, providing a platform for
comparative mapping based on locations of these
catfish genes in the zebrafish genome (Liu et al.
2009). Thus, given the synteny of these genomes, it is
possible to use the genomic resources that zebrafish
possess and adapt them for use in fish species of
economic importance.

Genomic and genetic resources of zebrafish
and other aquacultured fishes

The zebrafish genome has an average C-value of
1,848 pg (Animal Genome Size Database) and is
estimated to contain 1.7 x 10° base pairs of DNA
which is about half the size of the mammalian
genome (Postlethwait 2004). Zebrafish information
available includes 35,204 genes; 1,481,937 ESTs
(expressed sequence tags); 161,330 GSS (genome
survey sequence) and 662,336 SNPs (National Center
for Biotechnology Information; NCBI). In zebrafish
2,035 SNPs in 712 genes were identified by Stickney
et al. (2002) and later Woods et al. (2005) developed
a more complete map with 4,073 mostly SNP
markers in genes and ESTs. Bradley et al. (2007)
identified approximately 550,000 potential SNPs in
39% of the genomic sequence of zebrafish. They
verified subgroups of these SNPs, found that over
70% may be validated polymorphisms and estimated
that near 390,000 corresponded to available SNPs.
Up to the present, SNP application in teleosts has
been restricted to salmonids, using conserved sites
(synteny) to validate SNPs between species (Smith
et al. 2005).

On the other hand, a rapid development of genetic
and genomics resources has been made recently for

economically important aquacultured fish species
such as channel catfish (Li et al. 2007; Xu et al.
2007) rainbow trout (Rexroad III et al. 2003;
Govoroun et al. 2006), Atlantic salmon (Thorsen
et al. 2005; Davidson et al. 2010), Atlantic cod
(Gadus morhua) (Nielsen et al. 2006; Wesmajervi
et al. 2007; Johansen et al. 2009) and Gilthead sea
bream (Sparus aurata) (Franch et al. 2006; Senger
et al. 2006; Sarropoulou et al.2007).

Genomic information for Atlantic salmon includes
3,974 genes; 498,212 ESTs; 203,387 GSS and 1,344
SNP (NCBI, January 2011). Recently 9,057 full-
length reference genes were characterized in this
salmon (Leong et al. 2010), and several SNP markers
have been discovered. For example, 2,507 putative
SNPs from the alignment of 100,866 ESTs were
discovered by Hayes et al. (2007). In the same way
Boulding et al. (2008) identified 129 SNPs within
ESTs spaced throughout the linkage map and iden-
tified 79 SNPs markers on linkage groups associated
with QTLs for growth rate, condition factor, shape
and skin pigmentation traits. Moen et al. (2008a)
developed 1,369 SNPs markers of which 304 are
located within genes anchored in a linkage map. A
panel of 15,225 SNPs from the Atlantic salmon SNP
chip (Center for Integrative Genetics, CIGENE) was
evaluated as a potential genomic tool for whole
genome selection (WGS), where 2,991 single copy
polymorphic SNPs were considered useful for further
analysis (Dominik et al. 2010).

Genetic resources for catfish include over 500,000
ESTs (Wang et al. 2010; Li et al. 2007), over 10,000
full-length ¢cDNA (Chen et al. 2010), over 300,000
putative SNPs (Wang et al. 2010), and the develop-
ment of high-density SNP chip is in progress (Lu
et al. 2010). In Atlantic Cod 724 putative SNP
developed from 17,056 EST were evaluated, from
which 318 segregating SNPs were selected for future
genetic analysis (Moen et al. 2008b). In sea bream a
long-read EST database was generated, containing
1,393 cDNA clones representing 852 unique cDNA
sequence-reads (Sarropoulou et al. 2005). Seventy-
six SNPs markers for use in studies of natural
populations and selective breeding were validated in
this species (Cenadelli et al. 2007). The Ilarge
numbers of SNP discoveries in different species
represent a valuable genetic resource and may be
used for performing genome scans of genes or of
quantitative  trait loci  (QTL) influencing
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commercially important traits by comparative geno-
mic analysis.

The most powerful genomic resource in zebrafish
is the accessibility of its complete genome sequence
(Grunwald and Eisen 2002; Orban and Wu 2008). An
International Collaboration by Canada, Chile and
Norway is being undertaken to obtain a similary
complete sequence of the genome of Atlantic salmon
(Davidson et al. 2010). Also, efforts to sequence the
complete genome of Atlantic cod and catfish has been
initiated and is currently in progress (Johansen et al.
2009; Lu et al. 2010). Given that these genome
sequencing projects from different aquacultured
fishes are underway, the research community can
find available information from diverse data sources
(Table 1). Fish Map is a unified and centralized
resource for storage, retrieval, and display of genomic
information on zebrafish. FishMap is built on the
Gbrowse, and is a part of the Generic Model
Organism Database Consortium Project (GMOD)
(Meli et al. 2008). cBARBEL (Catfish Breeder and
Researched Bioinformatics Entry Location) is an
important catfish genome database and represents one
of the first comprehensive bioinformatic databases for
an aquaculture species (Lu et al. 2010). Salmon DB a
new Chilean multi-organism public access database
(on registration) has been recently created. It contains
EST sequences from Atlantic salmon, rainbow trout
and whole genome sequences from five model fish
species (zebrafish, medaka, pufferfish, fugu and
stickleback). It was built using the core components
from the Generic Model Organism Database
(GMOD) project and the Gene Ontology and Path-
ways Architecture (GOPArc) system (Table 1).

Relationships of zebrafish and other fish models

Five teleosteos fish genomes have been fully
sequenced including zebrafish (from Cypriniformes),
Japanese fugu (from Tetraodontiformes), green spot-
ted pufferfish (from Tetraodontiformes), medaka
(from Beloniformes), and three-spined stickleback
(Gasterosteus aculeatus, from Gasterosteiformes).
Fugu and pufferfish have been sequenced by whole
genome shotgun (WGS) assembly (Aparicio et al.
2002). They have very small genome sizes, low
nuclear DNA content, less than 500 million base pairs
(Mb) per haploid genome (Aparicio et al. 2002; Clark
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2003), and have been selected as a model for the
human genome project (Cossins and Crawford 2005).
However, both fugu and tetraodon will only be used
as model genomes, but not as model organism
because they do not breed easily in captivity (Wes-
terfield 2000; Lawrence 2007; Clark 2003). Stickle-
back is a model fish used to addres questions related
to adaptation, speciation, and evolution (Bell 2001;
Cresko et al. 2007). It is a small fish (adult total body
length <10 cm), survives and breeds in both seawater
and freshwater; displays a variety of pronounced
reproductive behaviors; has a simple and short life
cycle of 1 year in nature, but can be brought to sexual
maturity in the laboratory within 7-8 months after
hatching (Hahlbeck et al. 2004; Katsiadaki et al.
2002).

Medaka is another model fish with a genome size
estimated at 650—1,000 Mb, its genome is one-third
the size of the human genome and is less than half the
size of the zebrafish genome (Hinegardner and Rosen
1972; Kasahara et al. 2007, Clark 2003). Medaka,
tolerate a wide range of salinities and temperatures
(10-40°C), are small (3—4 cm), have eggs transpar-
ent, are easy to breed and with a generation interval
time of 6-8 weeks (Wittbrodt et al. 2002). Medaka
and zebrafish phylogenetically are separated from
their last common ancestor ~ 110 million years
(Myr) ago (Fig. 1). This evolutionary distance is
reflected in many aspect of their biology, including
their early development. With an evolutionary dis-
tance of ~60 Myr (compared with 110-160 Myr in
zebrafish), medaka is a much closer relative to fugu
and stickleback than it is to zebrafish (Fig. 1), while
zebrafish represent a more ancestral condition.

Zebrafish have a much to offer as a model fish in
nutrition genomic studies, but they certainly are not
perfect. In most vertebrates growth is determined,
which means that growth ends at a given moment in
the life of the animal and they reaches a finite size. In
contrast, fish muscle growth is not lineal and occurs
through a combination of recruitment of new muscle
fibers (hyperplasia) and an increase of the size of
existents fibers (hypertrophy) in post-juvenile stages
(Johnston 1999; Mommsen 2001). In contrast to other
fishes, zebrafish have determinate growth, the number
of muscle fibers is established and fixed at the time of
the birth; and growth is solely due to hypertrophy of
fibers already formed (Du 2004). This condition does
not provide a general model for muscle growth since
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Fig. 1 Teleost
relationships of the most
commonly studied teleosts.
This genealogical tree
illustrates fish-specific
genome duplication
(FSGD), salmonid-specific
tetraploidization (T) and
fish genome assembly (G).

Superorder
Perocomorpha

60-80 mya

Notably, zebrafish —

represents a more ancestral
condition compared to other
model organisms as such
medaka. These conditions
enabling some translational
biological processes
addressed more effectively
in zebrafish (Adapted from
Wittbrodt et al. 2002; Volff
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IEIephantose fish

it only reaches a modest ultimate body size (3—-5 cm)
(Johnston 1999; Mommsen 2001). However muscle
differentiation, somite formation and subsequent
differentiation of myoblasts are under the control of
complex signaling pathways and of myogenic regu-
latory factors that are similar in all teleosteos (Du
2004). Understanding how these signaling cascades
coordinate with others and how they control myo-
genic transcriptional networks which change gene
expression during muscle differentiation may be
unraveled through nutrigenomic studies in zebrafish.

Phylogenetic relationships of zebrafish
and aquaculture fishes species

The last common ancestor of all the vertebrate
laboratory models was the common ancestor of the
Actinopterygii (ray-finned fishes) and Sarcopterygii
(lobe-finned fishes and tetrapods), which probably
lived during the Silurian period, approximately 420
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Gnathonemus petersii
Division Teleost fishes

million years ago (Janvier 1996; Hedges 2002; Clark
2003). Within the ray-finned fishes the dominant
group today is the Teleosts which has over 20,000
species, including important aquaculture species such
as the Atlantic salmon, rainbow trout, sea bass, and
carp (Cyprinus carpio) (Clark 2003). The teleosts
began a major evolutionary radiation in the Triassic,
about 200 million years ago, and have since under-
gone massive diversification in morphology, physi-
ology and habitat. Their genomes did not remain
static and they are still evolving. Their evolutionary
divergence and extreme diversity provide an abun-
dant source of different genomes with all the
structure—function combinations that have survived
during the last 400 million years (Volff 2005). The
class Actinopterygii includes those taxa considered as
the most ancient fishes (Lauder and Liem 1989). As a
group, they are characterized by many derived
characteristics which are absent in primitive ray-fins.
Teleosts are thus morphologically remote from the
common actinopterygian/sarcopterygian ancestor.
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However, within the Teleosts, the Ostariophysi (and
thus zebrafish) retain many primitive characteristic
and occupy a relatively basal position (Lauder and
Liem 1989). Thus the zebrafish is a rather generalized
teleost and can, in most cases, be used to represent
the “primitive” or “ancestral” condition in compar-
ison with more modern laboratory teleosts such as the
medaka and fugu (Lauder and Liem 1989; Metscher
and Ahlberg 1999) (Fig. 1). With an evolutionary
separation of less than 150 million years, the
zebrafish is still closer to the aquacultural fish species
than any mammalian model organism such as a
mouse, whose common ancestor with the teleosts
lived around 400 million years ago (Dahm and
Geisler 2006). This evolutionary proximity between
zebrafish and aquacultured fish species is reflected in
many aspects of their biological similarity, and offers
several advantages combining the power of genetics
with experimental embryology, molecular biology
and genomic resources (Wittbrodt et al. 2002).

The plasticity of fish genomes could be manifested
by the size of their genome and chromosome number.
The haploid zebrafish genome has 25 chromosomes
which is similar of the karyotype of the original teleost
(Ojima 1983; Daga et al. 1996; Gornung et al. 1997)
after an event of fish genomic duplication (n = 24;
Woods et al. 2005). Most teleosts have around 24-25
haploid chromosomes with very little variation, except
in the case of certain lineages such as the salmonids,
which contain about 30-40 haploid chromosomes
(Allendorf and Thorgaard 1984; Clark 2003; Naruse
et al. 2004). Chromosome number distribution in
teleosts is quite restricted, in contrast to the broadly
distributed chromosome number observed in tetra-
podes (Naruse et al. 2004). Comparative genome
analysis of medaka and zebrafish with reference to the
human gene map indicates that karyotype evolution in
teleosts occurred by chromosome fragmentation;
mainly inversions (intra-chromosomal rearrange-
ments) and by translocations (inter-chromosomal
rearrangements), but not by fusion and/or fission of
chromosomes as is observed in mammalian chromo-
some evolution (Ehrlich et al. 1997; Naruse et al.
2004). Taken together these findings, suggest that
teleost karyotypes and the gene content of individual
chromosomes should be more similar to the karyotype
of the last common ancestor of ray-fin and lobe-fin fish
than that of most mammalian genomes (Postlethwait
2004; Woods et al. 2005).

Life cycle of the Zebrafish

In typical laboratory conditions (28.5°C and 14:10
light—dark hours), zebrafish develop very rapidly.
Embryogenesis takes 24 h post fertilization (hpf)
(Dahm 2002). Larvae hatch within 2.5-3 days post-
fertilization (dpf) and the transition from larva to
juvenile (metamorphosis) occurs at ~30 dpf (Kim-
mel et al. 1995). Zebrafish reach sexual maturity from
10 to 14 weeks post-fertilization (Eaton and Farley
1974a). Under favorable conditions zebrafish spawn
continuously after sexual maturation (Eaton and
Farley 1974b; Breder and Rosen 1966). Their high
reproductive capacity and their short generation time
(12-14 weeks) serve as an advantage over cultured
fishes that present a long generation interval (for
example in salmonids this generation interval is
2-4 years, depending upon the species) (Wegrzyn
and Ortubay 2009). In a typical domestic salmonid
such as the anadromous rainbow trout, once fertil-
ization occurs the incubation period depends essen-
tially on temperature, requiring about 30 days at
10°C or 300 accumulated thermal units (ATU) to
reach 50% hatching (Estay et al. 1994). Juvenile fish
or “parr”, identifiable by their vertical and black
spots on both sides of the body (with 1,200 ATU;
3-15 g weight), remain 1 year in freshwater until
smoltification (a metabolic processes which adapts a
fish from freshwater to marine water); smolt (with
3,200 ATU; 80-120 g) spend another year in marine
water until harvest (3—4.5 kg). Depending on the
quality of food and genetic factors, sexual maturity is
reached in males in the second or third year of life
and in females in the third or fourth year (Wegrzyn
and Ortubay 2009). These conditions: long genera-
tion interval and late sexual maturity, limit popula-
tion level studies. A comparative view of zebrafish
and rainbow trout life cycles, giving the time periods
for their different stages of life, is shown in Fig. 2.

Digestive system of adult zebrafish

Fish have different feeding structures, mechanisms
and habits. They may be classified broadly by their
feeding habits as either detritivores, herbivores,
omnivores, or carnivores (Moyle and Cech 2000;
Horn et al. 2006). Within each category, organisms
may be thought of as either euryphagous (eating a
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Zebrafish

Rainbow Trout

Fig. 2 Comparative view of the life-cycle of zebrafish and
rainbow trout a Zebrafish eggs (1 mm of length), the different
stages of embryo development at 28°C and eclosion at 24 hpf;
Rainbow trout eggs (5 mm of length) the different stages of
embryo development at 10°C, and eclosion at 30 dpf or 300
ATU. b Zebrafish larvae at 48 hpf (size ~ 2 mm length);
Rainbow trout larvae at 52 dpf or 520 ATU (size =~ 2.5 cm
length) ¢ Juvenile zebrafish reach sexual maturity between
10-14 weeks post fertilization (size &~ 21 mm length);

great variety of foods), stenophagous (eating a
limited variety of foods), or monophagous (eating
only one type of food) (Moyle and Cech 2000). The
majority of aquacultured fish are either euryphagous
carnivores (such as salmon, bass, bream, halibut,
turbot, flounders, and groupers), euryphagous omni-
vore (such as channel catfish, tilapia and zebrafish),
or euryphagous herbivore (such as carp). The
zebrafish has a long intestine with a large absorption
area and no true stomach (Fig. 3), while carnivore
fish species (salmon and trout) have a short intestine
and a true stomach (Moyle and Cech 2000; revised in
Rust 2002). Studies have shown that carnivorous fish,
such as salmon, have a compensatory mechanism that
allows them to modify and adapt their digestive and
physiological systems in response, to a vegetal diet.
Rainbow trout and sea bream, show gut augmentation
when they are fed vegetal protein diets (over 75% fish
meal replacement) (Santigosa et al. 2008). The
vegetable diet decreases digestive activity, increaseds
gut length and enzymatic activity of enzymes such as
trypsin, and produceds a growth rate similar to fish
fed with fish meal (Santigosa et al. 2008). Other
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Juvenile rainbow trout identifiable by their parr spots
(size ~ 20 cm length) d Adult zebrafish with common
phenotype at ~ 1 year old (size 3-5 cm length); Adult
rainbow trout reach sexual maturity at 2-3 years old
(size ~ 40 cm length). The images of embryonic development
(zebrafish and trout) were obtained with a Canon PowerShot
SD550 digital camera and a stereoscopic zoom microscope
Nikon SMZ-10 (20-160x in optical magnification)

Fig. 3 Digestive tract from Danio rerio. (a) Swim bladder,
(b) liver, (c) esophagus, (d) spleen, (e) intestine, and
() pancreatic tissue (around the gut). The image was obtained
with a Canon PowerShot SD550 digital camera under normal
conditions employing the internal zoom (3x optical
magnification)

evidence shows that gut length in fish is affected by
ontogeny, diet and phylogeny. For example, gut
length was measured in four fish species, two
herbivores (Cebidichtys violaceus and Xiphister
mucosus) and two carnivores (X. atropurpureus
and Anoplarchus purpurescens), all fed with a
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high-protein artificial diet (>55% protein from
marine animal sources). In herbivore species there
was no ontogenetic change in gut dimensions on the
high-protein artificial diet, suggesting that herbivores
are genetically programmed to develop relatively
large guts. However, X. atropurpureus (carnivore)
increased its gut dimensions reaching a size similar to
its sister taxon, X. mucosus (herbivore), suggesting a
phylogenetic influence, but it also decreased its gut
dimensions on the high-protein artificial diet, sug-
gesting phenotypic plasticity (German and Horn
2006). These results show that the anatomical pattern
of herbivore and carnivore vertebrates does not
appear to be conserved in fishes, and show a
phenotypic plasticity (ontogenetic increase) in the
length of the digestive tract even in carnivorous
species. These observations allow us to suppose that
differences between the zebrafish digestive system
and that of salmonids would not be a constraint when
using the zebrafish as a model in nutritional studies.

Diet of the zebrafish

Information on the dietary preferences of wild
zebrafish is limited. Apparently wild zebrafish are
generalists, consuming a wide variety of benthic and
planktonic crustaceans, worms and insect larvae
(Dutta 1993). McClure et al. (2006) and Spence
et al. (2007) analyzed gut contents of sampled
zebrafish in natural habits and found that insects,
mostly of terrestrial origin, were the predominant
prey; the diet also included a small percentage of
plankton, whose main components identified were
zooplankton and insects (58.6%), invertebrate eggs
and arachnids (2.5%), phytoplankton (5.9%) and
other unidentified components (33%). Zebrafish in
captivity may be fed with live prey such as brine
shrimp (Artemia sp.), rotifers (Brachionus sp.),
artificial diet, or some mixture of both (Watanabe
et al. 1983). These results show that zebrafish can
feed on animal and on vegetal protein sources, and
suggests that they may have similar digestive mech-
anisms to both of herbivores such as carp and tilapia,
and carnivores such as trout and salmon. It also
suggests that they would be able to modify and adapt
their digestive system in response to diet, which
could facilitate the design of diets and feeding

protocols that better reflect the specific digestive
physiology and feeding behavior of the zebrafish.

Nutritional requirements of zebrafish

Fish nutritional requirements must be determined for
each life stage: larva, juvenile, and adult, through
controlled experiments that test the effects of differ-
ent dietary components on survival, growth, disease/
stress resistance and reproduction. Nutritional
requirements are unknown for zebrafish, even though
it is a widely used as a model organism in labora-
tories (Lawrence 2007). In the guide for laboratory
use of zebrafish, specific nutritional data are not
discussed (Westerfield 2000). This is due in part to
the fact that zebrafish can be maintained and
successfully spawned under a wide variety of diets
and feeding regimes, including those that are likely
sub-optimal (Lawrence 2007).

Lipids, particularly fatty acids (FA), are well
known dietary requirements that supply energy and
act as pheromones, hormones, and membrane com-
ponents. Fish are unable to synthesize de novo
polyunsaturated fatty acids (PUFA), including the
essential ones such as linoleic (18:2 w—6) and
linolenic acid (18:3 w—3). Therefore, fish must
obtain these substances from their food. Cold water
fish have a higher requirement for w—3 FA than w—6
FA, whereas warm water species require both w—3
and w—6 FA (Meinelt et al. 2000). Zebrafish, like
many other warm-water fishes, require higher
amounts of w—o6 fatty acids (Watanabe 1981; Cowey
and Sargent 1976). Meinelt et al. (1999, 2000) raised
zebrafish on formulated feed containing varying
ratios of w—3 and w—6 polyunsaturated fatty acids
(PUFAs), and found that growth and fertilization
rates were positively correlated with the level of w—6
PUFA in diet.

Protein requirements of juvenile omnivore, carni-
vore and herbivore ornamental fish are in accordance
with the requirements reported for fish feeding
(National Research Council 1993). The best approx-
imation to assess zebrafish diet any requirements can
probably be drawn from studies of cyprinid species
such as the common carp and goldfish (Carasius
auratus) (Lochman and Phillips 1996; Carvalho et al.
2004; Dabrowski et al. 2005). Protein requirements
vary from 30 to 53% in diets for optimal growth in
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goldfish (Fiogbé and Kestemont 1995). Westerfield
(2000) proposed the feeding of adult zebrafish with a
commercial diet of flake food for tropical fish; and for
feeding larvae, the use of fine powder commercial
food specific for these commercial foods have from
46 to 50% protein content. In relation to carbohy-
drates, Robison et al. (2008) examined the effect of
manipulating dietary carbohydrate levels (0, 15, 25
and 35%) from the larval stage until sexual maturity
in zebrafish. They demonstrated that long term
manipulation of dietary carbohydrate levels had a
significant effect on body weight gain, condition
factor and body composition. More research on
nutrient requirements of zebrafish is needed to gain
comprehensive knowledge about to determine opti-
mal dietary levels.

Growth rate in fishes

Growth is a quantitative trait and it may be measured
at different times of the zebrafish life cycle. Many
variations occur in zebrafish growth rates in labora-
tories (Eaton and Farley 1974b). This phenomenon is
known as growth compensation or size-hierarchy
effect (Brown 1957; Ricker 1958). It is particularly
troublesome when using fish for experiments, where
uniform growth and high survivability are important.
Quantitative genetic variability of reproduction and
growth performance using four zebrafish populations
of different origins from Asia and Europe were
studied. Traits of body length and the weight of
progeny were measured every 2 weeks until
20 weeks of age. The average weight and length for
the populations at 4, 12 and 20 weeks were 3.5; 74.9;
213.4 mg and 6.4; 15.3; 21.3 mm, respectively, with
a high phenotypic correlation between the traits
(r = 0.95) (Von Hertell et al. 1990). Goolish et al.
(1999) assessed the effectiveness of 10 artificial diets.
A good performance was achieved with a commercial
diet, leading to a maximum larval survival of about
60% and a standard length of 6.4 mm at 21 dpf. Later
Biga and Goetz (2006) reported an average total
length of 4.7 mm at 28 dpf when only paramecia
were used to feed larvae. Carvalho et al. (2006)
demonstrated that zebrafish larvae could be reared
without live food with an admissible growth and a
high survival (7.9 mm and 84%, respectively), on the
condition that food was presented in a continuous
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manner. When feeding larvae with artemia, the value
obtained for standard length was 14.3 mm at 21 dpf,
with a high larval survival of 86%. Santos et al.
(2006) successfully used a mix of purified diet and
artemia to feed zebrafish larvae, obtaining more than
70% survival at 120 dpf. These differences are
indicative of discrepancies in rearing densities and in
specifically diet, where growth is directly affected by
nutrition and the feeding environment.

A quantitative trait such as growth is normally
under control of polygenes, where each has a small
effect on the phenotype, as well as a environmental
influence and a possible influence of major genes and/
or QTLs (Falconer and Mackay 1996). Little research
has been done to identify growth QTLs in aquaculture
fish (Araneda et al. 2008). However, in zebrafish
QTLs for growth rate and muscle fat content have
been identified on chromosome 23 (Wright et al.
2006). This result is valuable because it is the first
step into identifing loci affecting these traits. Herita-
bility estimations of growth rate in the main aqua-
cultured fish species (salmon, trout, tilapia and carp)
fluctuate from 20 to 41% (Tave 1993). Heritability
estimated for weight and length at 4 and 20 weeks
old in zebrafish were measured, were found to have
very high values (0.17 and 0.40, respectively), (Von
Hertell et al. 1990). This result agrees with estimates
obtained in our laboratory for heritability of growth
rate (wet weight) in 14 week-old =zebrafish
(0.42 £ 0.10) (Accini 2009).

Genes associated with growth in fishes

Growth traits have been under selection in fish and
livestock breeding programs. Many genes associated
with muscular growth (somatogenesis) have been
mapped and sequenced, and have been shown to be
conserved among mammals and fish (Lo Pestri et al.
2009). These results allowed the identification of
numerous candidate genes involved in muscular
growth of different fish species (De-Santis and Jerry
2007; Johnston et al. 2008). Among the many
possible growth-regulating pathways in vertebrates,
genes within the somatotropic axis and transforming
growth factor superfamily have been the most
targeted candidate genes in fish (De-Santis and Jerry
2007). The somatotropic axis essentially consists of
growth hormone-releasing hormone (GHRH), growth
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hormone (GH), growth hormone receptor (GHR),
insulin-like growth factors (IGF-I and II), associated
carrier proteins (IGFBPs) and receptors. These genes
represent the main endocrine and autocrine regulators
for skeletal muscle growth and are known to play a
key role in the regulation of metabolism and
of physiological processes (Moriyama et al. 2000;
De-Santis and Jerry 2007; Johnston et al. 2008). The
autocrine IGF-II transcription factor required for
skeletal myocyte differentiation is regulated by
mTOR, as well as by amino acid sufficiency. The
mTOR-IGF axis is a molecular link between nutri-
tional levels and skeletal muscle development (Erbay
et al. 2003). In rainbow trout the evidence suggests
that insulin and amino acid regulate TOR signaling
(Seiliez et al. 2008). Another somatotropic axis
hormone is leptin, which is thought to have a minor
role in GH regulation. The presence of the leptin gene
in teleosts initially was uncertain (Johnson et al.
2000), but now this peptide is known to be expressed
in fishes and its DNA sequence has been found in the
pufferfish and in the common carp (Kurokawa et al.
2005a, b; Huising et al. 2006). Structural growth in
teleosts is mediated by growth factors (GFs) and
myogenic regulatory factors (MRFs), generally pro-
duced in the muscle tissue (Tan et al. 2002).
Myostatin (MSTN), also known as growth/differ-
entiation factor-8 (GDF-8), is a molecule belonging
to the transforming growth factor f (TGF-f), which
acts as a negative regulator of muscle development
(McPherron et al. 1997). In fish, the MSTN mRNA
has been detected in several tissues including gill,
renal and gonadal tissues. These findings indicate that
MSTN is involved in numerous physiological activ-
ities, and has been characterized in many fish species
(rainbow trout, Atlantic salmon, sea bream, tilapia,
catfish, among others) (De-Santis and Jerry 2007).
Mstn is conserved as two genes in most teleosts (Mistn
1y Mstn 2), as a result of the basal wide genome
duplication (Maccatrozzo et al. 2001). In adult
zebrafish subjected to environmental stress, both
Mstn-1 and Mstn-2 genes expression were expressed
in a wide variety of tissues (Helterline et al. 2006).
Acosta et al. (2005) reported that the inactivation of
the Mstn gene in zebrafish resulted in an increase of
weight gain (45% more compared to the control), as
was also observed in mice by McPherron et al.
(1997). Previous studies in mammals have demon-
strated that myostatin is binds to the two activin type

IT receptors (ActRII) (Lee and McPherron 2001;
Rebbapragada et al. 2003). In zebrafish, ActRII and
ActRIIB were shown to exhibit distinct roles in
craniofacial development (Albertson et al. 2005). In
Atlantic salmon, full-length ActRIIB cDNA was
isolated and characterized by in situ hybridization
and by RT-PCR in skeletal muscle (Ostbye et al.
2007). Carpio et al. (2009) examined the effect of
administrating a recombinant soluble form of goldfish
ActRIIB extracellular domain (G-ActRIIBed) to
juvenile and larval goldfish, African catfish larvae
(Clarias gariepinus) and tilapia larvae, it was found
that this recombinant molecule stimulated growth in
teleost fish in a dose-dependent manner.

Myogenic regulatory factors (MRFs) (myogenin,
Myod, myf-5, myf-4 or myf-6) constitute a small
family of transcriptional factors, called the Myod
gene complex, involved in myogenesis and are
expressed exclusively in the skeletal muscle of
vertebrates (Atchley et al. 1994). Genes belonging
to the Myod complex have been characterized only in
a few fish species such as in the common carp and in
rainbow trout (Kobiyama et al. 1998; Johansen and
Overturf 2005). In zebrafish, myf-5 and mrf-4 have
been also identified (Chen et al. 2001; Hinits et al.
2007; Wang et al. 2008).

Another gene thought to be essential to growth in
fish, is follistatin (fsf). It is a secreted glycoprotein
that was first identified as a potent inhibitor of
follicle-stimulating hormone secretion which was
explained by its strong binding affinity to the TGF-
p protein activin (Phillips and Krestor 1998). Follist-
atin inhibits the transformation of growth factor-f
proteins and is a known regulator of amniote
myogenesis (Macqueen and Johnston 2008). Phylo-
genetic analyses suggest that one fst gene (fstl) is
common to euteleosts, but a second gene (fst2) is
conserved specifically within the Ostariophysi. Zeb-
rafish fst1 and f5s¢2 map respectively on chromosomes
5 and 10 in two genomic regions, and share a each
conserved synteny to a region in tetrapods (Macqueen
and Johnston 2008). Other growth genes studied in
fish are those of the calpain-calpastatin (CAST)
system. This system is important because it regulates
a wide range of physiological processes including
protein turnover and growth, cell cycle progression,
and myoblast differentiation (Goll et al. 2003). Full-
length cDNA has been obtained for calpain I and 2
from rainbow trout, and show 65% identity to mouse

@ Springer



Rev Fish Biol Fisheries

orthologues (Salem et al. 2005a). Also, calpain I,
calpain 2 'y calpastatin gene expression was mea-
sured in rainbow trout subjected to starvation for
35 days. Rainbow trout starvation resulted in the up-
regulation of mRNA transcripts for these three genes
(Salem et al. 2005a). Salem et al. (2005b) report in a
second study, two CAST isoforms for rainbow trout: a
long (CAST-L) and a short one (CAST-S). Lastly,
genes from the ubiquitin-proteosome proteolytic
pathway are considered to be major in route of
protein degradation involved in skeletal muscle and
are regulated by nutritional status. The identification
of all of these genes contributes to the understanding
of the mechanisms that regulate growth in non-
mammalian vertebrates and suggests a powerful
biotechnological approach to improve aquacultured
fish growth; however, the expression of nutritional
regulation of these growth trait genes is poorly
documented in fishes.

Zebrafish nutritional genomics

Nutrigenomic studies are being directly developed in
the most important aquacultured fish species using
microarrays and RT-PCR analysis, which allows the
observation of differential gene expression in
response to diets containing proteins from different
vegetal origins, and in response to diets of different
oil compositions (Froystad et al. 2008, 2009; Lilleeng
et al. 2007; Panserat et al. 2008; Douglas 2006).
These nutrigenomic studies have generated basic
knowledge about unchanged, over-expressed and
under-expressed genes in response to different diets.
Some nutrigenomic studies have observed the partic-
ular expression of some candidate genes correlated
with growth in aquacultured fishes such as rainbow
trout and Atlantic salmon under starvation and
feeding conditions (Chauvigné et al. 2003; Salem
et al. 2005a; Bower et al. 2008; Salem et al. 2007).
Nevertheless, there has been little research on how
fish diets affect the expression of genes that partic-
ipate in growth. Chapalamadugu et al. (2009) eval-
vated the influence of dietary carbohydrate level
(0, 15, 25, or 35%) on the temporal mRNA expres-
sion patterns (4, 8 or 12 week) of transcription factors
that regulate satellite cell myocyte addition (MA) in
rainbow trout. They showed that 15% and 25%
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carbohydrate containing diets significantly up- regu-
late Myod and Myf5, but not Pax7 after 12 weeks of
feeding. The high carbohydrate diet (35%) attenuated
the increased mRNA expression of these transcription
factors. These results suggest a potential role for
satellite cells in nutrient sensing ability in fish.
Recently Alami-Durante et al. (2010a) observed
expression of related genes in white and red muscle
of rainbow trout fed with graded levels of a mix of
plant protein sources as substitutes for fishmeal. They
showed changes in the expression of genes involved
in lysosomal proteolysis in the white muscle. In
another study Alami-Durante et al. (2010b) identified
the amino acid profile and the changes in expression
of myogenic regulatory factor genes and of myosin
heavy chains in the muscle of juvenile rainbow trout
when fed plant protein sources diets. They did not
observe changes in the expression of genes MyoD,
MyoD2 or myogenin in lateral red muscle. However,
they have demonstrated changes in the expression of
the MyoD and of the fast-MHC genes in skeletal
white muscle. These results indicate that the white
and red muscles of rainbow trout are differently
affected by nutritional changes.

Two studies in zebrafish have been performed with
nutritional genomics. Robison et al. (2008) identified
sexual dimorphism in hepatic gene expression in
response to different percentages of carbohydrates in
diets (0, 15, 25 and 35%) from the larval stage
through sexual maturity. They observed substantial
sexual dimorphism in the hepatic transcriptome-like
genes associated with oxidative metabolism, carbo-
hydrate metabolism and energy production. Drew
et al. (2008) identified metabolic pathways regulated
by starvation in the liver and in the brain of zebrafish
in adult females after 21 days of starvation. They
observed that starvation regulated gene expression of
components of metabolic activity, reduced lipid
metabolism, protein biosynthesis, caused proteolysis
and cellular respiration. The response of the zebrafish
hepatic transcriptome to starvation was strikingly
similar to that of rainbow trout, and less similar to
mouse, while the response of common carp differed
considerably from the other three species. These
results support the use of this fish as a model
organism for nutritional genomic studies, where the
results of these studies could be compared to similar
question in aquacultured fish.



Rev Fish Biol Fisheries

Conclusions and future perspectives

Zebrafish have several advantages that allow it to be
used as a model organism for nutritional and growth
studies, especially for nutritional genomic studies.
Zebrafish possess the most developed genomic pro-
gram compared to that of any other aquacultured fish,
they are easy to maintain and breed, have short
generational time and produce a large number of
offspring. These advantages permit the use of the
zebrafish as an excellent springboard for population
studies and improving reproducibility of the exper-
iments. Moreover, the zebrafish is evolutionally
closer to the most important aquacultured fish than
any other mammalian model organism, including the
mouse. However, zebrafish can feed from animal and
vegetal protein sources, which allows us to infer that
it has nutritional pathways similar to those of
cultivated herbivores such as carp and tilapia, and
to those of carnivores such as trout and salmon.
Nevertheless, more studies on zebrafish nutrition and
protein, carbohydrates and lipid requirements are
needed to assess the nutritional requirement for
optimal skeletal muscle growth in fishes. New
possible areas of investigation in zebrafish are needed
in nutrition and nutrigenomics. Aquaculture investi-
gation must take advantages of and find answers in
model organisms such as the zebrafish, where studies
of gene expression and genetic variants in response to
nutrients could potentially be translational to aqua-
cultured species. Studies in cultured species have
been a major limitation because they require crosses
to observe segregation of the different genetic
variants, and the majority of these cultured fishes
have a long generation time. In this case, the use of
zebrafish as a model may be a good starting point to
look for the genetic variants present in many genes.
These genetic variants could be responsible for
phenotypic variability of economically important
traits such as growth. The identification of polymor-
phic sites in coding genes is a step forward to future
investigations on any associations of these variants
with the increase or reduction in the phenotypic
expression of productive traits.
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