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The aquaculture industry continues to promote the diversification of ingredients used
in aquafeed in order to achieve a more sustainable aquaculture production system. The
evaluation of large numbers of diets in aquaculture species is costly and requires time-
consuming trials in some species. In contrast, zebrafish (Danio rerio) can solve these
drawbacks as an experimental model, and represents an ideal organism to carry out
preliminary evaluation of diets. In addition, zebrafish has a sequenced genome allowing
the efficient utilization of new technologies, such as RNA-sequencing and genotyping
platforms to study the molecular mechanisms that underlie the organism’s response
to nutrients. Also, biotechnological tools like transgenic lines with fluorescently labeled
neutrophils that allow the evaluation of the immune response in vivo, are readily available in
this species.Thus, zebrafish provides an attractive platform for testing many ingredients to
select those with the highest potential of success in aquaculture. In this perspective article
aspects related to diet evaluation in which zebrafish can make important contributions to
nutritional genomics and nutritional immunity are discussed.
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AQUACULTURE NUTRITION: TRENDS AND FUTURE
PERSPECTIVE
Worldwide fish production is increasing at 8.8% per year (Food
and Agriculture Organization of the United Nations [FAO], 2012).
However, the decreasing availability of fishmeal because of a reduc-
tion in the supply of important sources of fish limits its use as the
primary protein in fish diets. In fact, harvest volumes of these
species decreased from 10.7 million tons in 2004 to 4.2 million
tons in 2010 (Food and Agriculture Organization of the United
Nations [FAO], 2012). This outcome, apart to generate a negative
ecological impact, has led to an increase in the value of fishmeal,
affecting the profitability of many aquaculture enterprises (Rosa-
mond et al., 2000). Therefore, the utilization of plant protein meals
has emerged as an alternative to replace of fish meal in aquaculture
feeds (Hardy, 2010).

Within the wide range of available vegetable protein sources
(peas, lupine, maize, and wheat), soybean has been the most com-
monly used due to its wide availability in the market, low cost,
high content of digestible protein and balanced amino acid profile
(Naylor et al., 2009). Increasing dietary levels of soybean meal and
other vegetable proteins has been tested in a variety of fish species,
with inclusion levels ranging from 20 to 100% of fishmeal replace-
ment. Unfortunately, results have shown several adverse effects
such as reduction of growth and intestinal inflammation, even at
low levels of inclusion (Gómez-Requeni et al., 2004; Mundheim
et al., 2004; Knudsen et al., 2007; Urán et al., 2008).

Different approaches have been taken to make the utiliza-
tion of plant protein by different fish more efficient, including
the improvement of genetic selection in plants aiming to reduce
the effect of anti-nutritional components and the stimulation

of the intestinal microbiota of fish (Bakke-McKellep et al., 2007;
Froystad-Saugen et al., 2009; Merrifield et al., 2009). Addition-
ally, the diversification of new protein ingredients (from animals
and plants), and identification of additives (natural or synthetic)
with “intestinal protective” activity to promote growth and health
have been made a priority (Refstie et al., 2010; Sicuro et al.,
2010; Czubinski et al., 2014). Thus, the effects of nutrition on
genomics and immunity are being addressed (Montero et al., 2010;
Hernández et al., 2013). The implementation of new technologies
such as RNA-sequencing, together with progress in sequenc-
ing genomes of different fish, can identify the genes affected by
nutrition and also identify the genetic variants that influence the
organism’s response to nutrients.

To fully understand the repercussions of new diets on fish phys-
iology, a shift in approach is requires to determine the molecular
and cellular pathways that regulate responses to different diets.
The evaluation of a large numbers of diets directly in aquaculture
species results in high costs and long-term assays, so it is necessary
to implement new strategies in order to accelerate and make this
experimental process cost-effective. It is also essential to determine
the molecular mechanisms by which physiological process are per-
turbed in response to diet. This will provide insights on how to
solve existing problems resulting from nutrition interventions in
the aquaculture industry.

As an alternative approach to addresses the aforementioned
issues, we propose the use of zebrafish (Danio rerio) as an ani-
mal model for high throughput testing of experimental diets in
aquaculture. This teleost fish has numerous advantages related
to its fast life cycle, ease of handling and very well-known biol-
ogy, besides allowing in vivo analysis with large numbers of fish
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(Kimmel et al., 1995). Here, we highlight the important contribu-
tion that zebrafish can make in the field of nutritional genomics
and nutritional immunity. Both lines of investigation provide
useful contributions to the evaluation of diets.

ADVANTAGES OF ZEBRAFISH AS AN ANIMAL MODEL FOR
AQUACULTURE NUTRITION RESEARCH
Zebrafish is a well-established animal model for a wide range
of research areas, from biomedicine to toxicology (Roush, 1996;
Bergeron et al., 2008). The use of this model fish for improving
production process of aquaculture has emerged as an important
research field (Ulloa et al., 2011; Ribas and Piferrer, 2013). In
particular, research improving husbandry and survival, immune
response, nutrition and growth have been carried out in zebrafish,
and are expected to provide results applicable to important com-
mercial fish (Oyarbide et al., 2012; Hedrera et al., 2013; Ulloa et al.,
2013).

Among the advantages of this model are its ease of han-
dling in breeding and experimentation, short generation intervals
(∼3 months) and large numbers of eggs per brood (100–200
eggs/clutch), which allow performing all analyses with a high num-
ber of specimens per data point (Kimmel et al., 1995). Embryos
hatch at 2 days post-fertilization and larvae can live for 5 days with-
out feeding due to the consumption of the yolk (Lawrence, 2007).
During the larval period all organs and systems are functional,
making these individuals physiologically equivalent to adult ani-
mals. In fact, both larvae and adult zebrafish can eat a wide variety
of foods including live feed (Paramecium and Artemia nauplii)
and different commercial fish diets, as well as experimental plant
protein-based diets (Hedrera et al., 2013; Ulloa et al., 2013). The
availability of a sequenced genome (assembly ZV9) allows evalu-
ating the effect of diet on molecular mechanisms using genomic
tools such as RNA-sequencing (RNA-seq; Morozova and Marra,
2008). This technology has been recently used in some aquacul-
ture species and also in zebrafish (Li et al., 2013; Long et al., 2013;
Xu et al., 2013; Cui et al., 2014; Liu et al., 2014). On the other
hand, a wide diversity of approaches in genetic manipulation are
readily available in zebrafish. The availability of a large number
of transgenic lines, which carry specific promoters coupled to
GFP (green fluorescent protein), is widespread. For example, the
use of the Tg(Bacmpx:GFP) line allows to follow specific innate
immune cells such as neutrophils in vivo due to its fluorescent
mark (Renshaw et al., 2006). Moreover, it has been demonstrated
that neutrophils output from hematopoietic tissue toward affected
territories correlates with pro-inflammatory cytokine production,
thus making transgenic lines “live indicators” of inflammatory
process (Barros-Becker et al., 2012). All these assays can be carried
out with embryos and larvae, which are distributed individually or
in small groups in micro well plates in small volumes (0.5–2 ml)
allowing sufficient biological replicas in each experiment.

Directly related to the evaluation of diets are two aspects in
which zebrafish can make important contributions: nutritional
genomics and nutritional immunity.

NUTRITIONAL GENOMICS CONTRIBUTIONS
Nutritional genomics is a discipline that investigates the relation-
ship between the genome and diets. Two approaches are essentially

used: “Nutrigenomics,” which studies how dietary ingredients
affect the gene expression and “Nutrigenetics,” which aims to
understand how the genetic makeup of an individual coordi-
nates the response to diet (Mutch et al., 2005). Both approaches
attempt to clarify the effect of dietary components that contribute
to phenotype by altering gene expression and individual genetic
variants.

Since one effect of plant diets on fish phenotypes is growth,
for more than one decade two approaches have been used to
understand the genomics associated with fish growth: (1) global
evaluation of genes by the creation of microarray platforms based
on EST libraries, and (2) evaluation of candidate genes involved
in growth. These studies have generated a list of genes that are
over/under expressed in response to vegetable diets in different
development stages of fish (Douglas, 2006; Panserat et al., 2008;
Von Schalburg et al., 2008; Alami-Durante et al., 2010; Tacchi et al.,
2011). However, the results obtained in the many nutritional stud-
ies are commonly difficult to compare among each other. This
is due to the use of different origins of the same ingredient,
feed formulation, genetic background of fish and experimental
design. Moreover it is a common practice that, the biological sam-
ples used for transcription analysis are randomly selected. This
experimental background makes interpretation of data difficult
in order to dissect the relationship between genotype and phe-
notype, as well as the effects of diet on gene expression. Thus,
in order develop a better understanding of molecular mechanism
modulated by nutrition, it is necessary to select fish according to
genotype, phenotype and/or ideally based on genetically improved
populations (Kolditz et al., 2008; Morais et al., 2011; Salem et al.,
2012).

Advanced technologies such as RNA-seq and genotyping plat-
forms allow accelerated research in the nutritional genomics field
that can be projected to aquaculture species (Houston et al., 2014;
Qian et al., 2014). These technologies have been widely used to
increase the genomic understanding of phenotypes in other live-
stock species (Wickramasinghe et al., 2014). A recent aquaculture
study analyzed genotype-diet interaction in the transcriptome
analysis of Atlantic salmon fed vegetable oil. The authors iden-
tified metabolic pathways and key regulators that may respond
differently to alternative plant-based feeds depending on genotype
(Morais et al., 2011). Salem et al. (2012) using RNA-seq, identified
23 single nucleotide polymorphisms (SNPs) markers in rainbow
trout associate with growth response to commercial fish meal-
based diet. However, despite these efforts, the identification of
genetic differences (gene expression and SNPs) among fish in rela-
tion to growth rates in response to plant protein diets has not been
reported.

In order to address this subject, a new approach using zebrafish
was developed (Ulloa et al., 2013). Briefly, a population of 24
experimental families was generated to examine growth response
in zebrafish fed with a plant protein-based diet. At 30 days post-
fertilization (dpf) each family was split to generate two replicates
(40 fish per family replicate), which created two populations of
fish with similar genetic backgrounds. The fish were fed from
larval transition (35 dpf) to sexual maturity (98 dpf). The first
replicate of 24 families was fed a diet containing 100% plant pro-
tein as the only protein source (experimental diet) and the second
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replicate was fed a diet containing 100% animal protein as the
only protein source (control diet). The results showed decreased
growth in fish fed a plant protein-based diet compared to fish fed
a fish meal-based diet, as has been documented in farmed fish
(Gómez-Requeni et al., 2004; Mundheim et al., 2004), and very
large growth variations from juvenile to adult stages among fam-
ilies (Ulloa et al., 2013). In order to evaluate the effect of a plant
protein-based diet on the expression of growth-related genes in the
muscle of zebrafish, individuals from three similar families repre-
sentative of the mean weight in both populations were selected. To
understand the effect of family variation on gene expression, these
families were evaluated separately. The results showed that the
effect of plant diet and family variation on gene expression were
significantly different, and clearly suggested that gene expression
is influenced not only by nutrition but also by genetic differences
in each family; such as been described by Gjedrem (2000). Thus,
it was demonstrated that to understand the effect of diet on tran-
scriptome analysis, it is important to homogenize the phenotype
and genetic components to avoid conflicts in the interpretation of
results (Ulloa et al., 2013).

To measure gene expression and identify SNPs to evaluate
growth associations in zebrafish fed a plant protein diet, a new
approach was developed using RNA-seq. Samples of muscle col-
lected from low and high growth fish were analyzed to identify
SNP in differentially expressed genes. One hundred twenty-four
genes were differentially expressed between phenotypes. From
these genes 164 SNP were selected and genotyped in 240 fish sam-
ples. Marker-trait analysis revealed five SNP in key genes directly
related with growth response (Unpublished data). This study pro-
vided new candidate genes associated with growth that could be
evaluated in farmed fish through comparative genomics. Addi-
tionally, this strategy promises to be useful to identify SNP and
characterize individuals with the highest performance for growth
in response to a plant protein-based diet.

NUTRITIONAL IMMUNITY CONTRIBUTIONS
Diverse studies in cultured fish have shown that soybean meal
induces intestinal inflammation, a pathology called enteritis
(Bakke-Mckellep et al., 2000; Knudsen et al., 2007). The hallmark
of innate immunity is inflammation, this process is triggered in
response to different insults, including pathogens, injury or irri-
tants (Chen and Nuñez, 2010). When inflammation occurs, influx,
accumulation, and activation of leukocytes (predominantly neu-
trophils) are triggered at the affected site during the early stages of
the response (Witko-Sarsat et al., 2000). One of the first cytokine
to be released when inflammation occurs is the pro-inflammatory
cytokines Interleukin-1 β (IL-1β; Rodriguez-Tovar et al., 2011).
Other essential proteins for neutrophils chemoattraction and
migration are the chemokine Cxcl8 and some metalloproteinase
enzymes (MMPs). Cxcl8 promotes neutrophils recruitment to the
sites of insult; meanwhile MMPs are involved in the degradation of
the extracellular matrix in order to promote granulocytes migra-
tion (Oliveira et al., 2013). Once neutrophils reach the affected
site, they destroy the insulting agent through the production of
non-specific toxins (Fialkow et al., 2007).

On the opposite side are the anti-inflammatory cytokines, such
as transforming growth factor beta (TGF-β) and Interleukin 10

(Il-10), which are mainly secreted by macrophages when the
inflammatory agent is removed, promoting the end of the inflam-
matory process (Engelsma et al., 2002; Ouyang et al., 2011). It is
noteworthy that an inflamed intestine of fish is characterized by
shorter mucosal folds, loss of vacuole absorptive cells in the intesti-
nal epithelium and large infiltration of neutrophils, macrophages
and, eosinophils in the lamina propria, among others (Baeverfjord
and Krogdahl, 1996).

The severity of inflammation differs between species and
depends on the percentage of plant feeds inclusion to the diets.
In salmonids, the most affected by the inclusion of plant pro-
tein appears to be Atlantic salmon (Salmo salar) and to a lesser
extent rainbow trout (Oncorhynchus mykiss; Morris et al., 2005;
Bakke-McKellep et al., 2007). However, the effect of inflammation
has also been described in omnivorous fish such as carp (Cypri-
nus carpio) and zebrafish (Urán et al., 2008; Hedrera et al., 2013).
This situation affects the cellular and humoral immunological pro-
cesses, with negative consequences in food intake and growth
(Gómez-Requeni et al., 2004; Mundheim et al., 2004; Montero
et al., 2010).

In recent years, additives such as prebiotics mannooligosaccha-
rides (MOS) and fructoligosaccharides (FOS), probiotics (bac-
teria); immunostimulants (β-glucans), and nucleotides have
been incorporated into fish diets in order to control diseases,
improve health, and the immune status against acute stress
(Piaget et al., 2007; Staykov et al., 2007; Tahmasebi-Kohyani et al.,
2012). In the case of MOS, the supplementation of 0.2% into
diets with 14% inclusion of soybean meal decreased the intesti-
nal inflammation in Atlantic salmon (Refstie et al., 2010). In
sea bream, the effect of supplementation of 0.4% MOS into
diets with 31% inclusion of soybean meal revealed an increase
of microvilli density and length of intestinal folds (Dimitroglou
et al., 2010). These results showed that MOS have a protec-
tive effect on intestinal inflammation triggered by soybean meal.
However, multiple factors were involved, such as interspecific
variation, inclusion of soybean meal and percentage of addi-
tive used in the supplementation. Thus, further research is
needed to compare efficiencies between new “intestinal protector”
additives.

To develop research in zebrafish to find solutions to the issues
mentioned above requires first the corroboration that intestinal
inflammation triggered by soybean meal in zebrafish recapitulates
what is seen on farmed fish. This approach has been addressed
exactly by Hedrera et al. (2013). They present a new strategy to
analyze the potential intestinal impact that the intake of differ-
ent food ingredients can trigger. Specifically, they analyzed the
effects of the ingestion of soybean meal and two of its compo-
nents, soy protein and soy saponin in zebrafish. Demonstrating
that larvae fed with soybean meal developed an intestinal inflam-
mation as early as 2 days after start feeding. Moreover, it was
observed that saponin but not soy protein extract was responsible
for the inflammatory response.

These findings support the use of zebrafish screening assays to
identify novel ingredients/additives that would lead to improved
current fish diets or to the formulation of new ones. Figure 1 illus-
trates the two steps in the new proposed strategy. The first step is
a “pre-screening” developed in zebrafish. The aim of this step is
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FIGURE 1 | Diagram showing a proposed strategy using zebrafish to

evaluate ingredients with potential use in aquaculture nutrition. (A) Diet
pre-selection step in zebrafish. Different biotechnological tools available in
zebrafish allow a detail physiological analysis to evaluate many ingredients

and select the less harmful or more beneficial. (B) Selection step in the
aquaculture fish species.The diets can be tested in the fish species of interest
to confirm the benefits from the pre-selected ingredients in zebrafish. Finally,
the best diets could be incorporated to an aquaculture nutrition program.

to evaluate a large number and wide range of ingredients or addi-
tives in order to select the more beneficial or less harmful. The
second step considers the determination of the intestinal effects
generated by the selected ingredients on the target fish specie.
This method eliminates the need to evaluate all diets directly
on commercial fish, reducing high costs and time consuming
experimentation.

Besides zebrafish has potential in nutritional studies, it is
important to highlight that assays in this fish cannot replace anal-
ysis in farmed fish, as well as results cannot be direct extrapolated
to other fish species. For example, results regarding the level of
enteritis triggered by soybean meal in Atlantic salmon are differ-
ent from those detected in rainbow trout. What is important is
that in both species soybean causes intestinal inflammation that is
mainly due to the saponin, which also occurs in zebrafish. More-
over, in all these species the level of proinflammatory cytokines
are upregulated, suggesting that the molecular mechanisms are
conserved. In a similar way, several studies have shown that the
intake of a diet based on soybean meal decreases the growth
rate of salmon, rainbow trout, carp, tilapia, sea bream, and
also zebrafish (Pongmaneerat et al., 1993; Médale et al., 1998;
Fontaínhas-Fernandes et al., 1999; Gómez-Requeni et al., 2004;
Mundheim et al., 2004; Ulloa et al., 2013). These results sug-
gest that the biological processes and molecular mechanisms that

underlie the growth response to nutrients overlap among different
fish, regardless of evolutionary distance or environmental con-
ditions. Understanding how signaling cascades are coordinated
and their effects on physiological response, such as growth and
inflammation, may be unraveled in zebrafish. Thus, investiga-
tions undertaken in zebrafish nutrition could make important
contributions to aquaculture nutrition research.

FUTURE DIRECTIONS
The current challenge is to apply the knowledge obtained in
zebrafish to benefit the aquaculture industry. In the future, one
of the principal challenges will be to cultivate carnivorous fish that
can tolerate higher levels of plant protein in their diet. New tech-
nologies such as RNA-seq and genotyping platforms will be key in
our ability to select fish with increased tolerance to a vegetal pro-
tein diet. Identification of more friendly vegetal ingredients should
also be examined. Thus, it is not hard to imagine that in a near
future fish diets will be formulated with ingredients and/or addi-
tives according to the genetic background of the strain of interest
instead of depending solely on the species.

AUTHOR CONTRIBUTIONS
Pilar E. Ulloa: drafting of the manuscript; Carmen G. Feijoo:
drafting of the manuscript and critical revision of the intellectual

Frontiers in Genetics | Livestock Genomics September 2014 | Volume 5 | Article 313 | 4

http://www.frontiersin.org/Livestock_Genomics/
http://www.frontiersin.org/Livestock_Genomics/archive


Ulloa et al. Zebrafish in the aquaculture

content; Juan F. Medrano: critical revisions of the intellectual
content.

ACKNOWLEDGMENT
Grant of Fondecyt 3130664 to Pilar E. Ulloa.

REFERENCES
Alami-Durante, H., Médale, F., Cluzeaud, M., and Kaushik, S. J. (2010). Skeletal

muscle growth dynamics and expression of related genes in white and red
muscles of rainbow trout fed diets with graded levels of a mixture of plant
protein sources as substitutes for fishmeal. Aquaculture 303, 50–58. doi:
10.1016/j.aquaculture.2010.03.012

Baeverfjord, G., and Krogdahl, A. (1996). Development and regression of soybean
meal. induced enteritis in Atlantic salmon, Salmo salar L., distal intestine: a
comparison with the intestines of fasted fish. J. Fish Dis. 19, 375–387. doi:
10.1046/j.1365-2761.1996.d01-92.x

Bakke-Mckellep, M., McL Press, C., Baeverfjord, G., Krogdahl, A., and Landsverk,
T. (2000). Changes in immune and enzyme histochemical phenotypes of cell in
the intestinal mucosa of Atlantic salmon, Salmo salar L., with soybean meal-
induced enteritis. J. Fish Dis. 23, 115–127. doi: 10. 1046/j.1365-2761.2000.
00218.x

Bakke-McKellep, M., Penn, H., Salas, M., Refstie, S., Sperstad, S., Landsverk,
T., et al. (2007). Effects of dietary soybean meal, inulin and oxytetracycline
on intestinal microbiota and epithelial cell stress, apoptosis and proliferation
in the teleost Atlantic salmon (Salmo salar L.). Br. J. Nutr. 97, 699–713. doi:
10.1017/S0007114507381397

Barros-Becker, F., Romero, J., Pulgar, A., and Feijoo, C. G. (2012). Persis-
tent oxytetracycline exposure induces an inflammatory process that improves
regenerative capacity in zebrafish larvae. PLoS ONE 5:e36827. doi: 10.1371/jour-
nal.pone.0036827

Bergeron, S., Milla, L., Villegas, R., Shen, M.-C., Burgess, S., Allende, M., et al.
(2008). Expression profiling identifies novel Hh/Gli regulated genes in developing
zebrafish embryos. Genomics 91, 165–177. doi: 10.1016/j.ygeno.2007.09.001

Chen, G. Y., and Nuñez, G. (2010). Sterile inflammation: sensing and reacting to
damage. Nat. Rev. Immunol. 10, 826–837. doi: 10.1038/nri2873

Cui, J., Liu, S., Zahng, B., Wang, H., Sun, H., Song, S., et al. (2014). Transcriptome
analysis of the gill and swimbladder of Takifugu rubripes by RNA-seq. PLoS ONE
9:e85505. doi: 10.1371/journal.pone.0085505

Czubinski, J., Dwiecki, K., Siger, A., Neunert, G., and Lampart-Szczapa, E. (2014).
Characterisation of different digestion susceptibility of lupin seed Globulins. Food
Chem. 143, 418–426. doi: 10.1016/j.foodchem.2013.08.015

Dimitroglou, A., Marrifield, D., Spring, P., Sweetman, J., Moate, R., and
Davies, S. (2010). Effects of mannan oligosaccharide (MOS) supplementation
on growth performance, feed utilization, intestinal histology and gut micro-
biota of gilthead sea bream (Sparus aurata). Aquaculture 300, 182–188. doi:
10.1016/j.aquaculture.2010.01.015

Douglas, S. (2006). Microarray studies of genes expression in fish. OMICS 10,
474–489. doi: 10.1089/omi.2006.10.474

Engelsma, M., Huising, M., Van Muiswinkel, W., Flik, G., Kwang, G., Savelkoul, H.,
et al. (2002). Neuroendocrine-immune interaction in fish: a role for interleukin-1.
Vet. Immunol. Immunopathol. 87, 467–479. doi: 10.1016/S0165-2427(02)00077-6

Fialkow, L., Wang, Y., and Downey, G. P. (2007). Reactive oxygen and nitrogen
species assignaling molecules regulating neutrophil function. Free Radic. Biol.
Med. 42, 153–164. doi: 10.1016/j.freeradbiomed.2006.09.030

Fontaínhas-Fernandes, A., Gomes, E., Reis-Henriques, M. A., and Coimbra, J.
(1999). Replacement of fish meal by plant proteins in the diet of Nile
tilapia: digestibility and growth performance. Aquac. Int. 7, 57–67. doi:
10.1023/A:1009296818443

Food and Agriculture Organization of the United Nations [FAO]. (2012). El Estado.
Mundial de la Pesca y la Acuicultura. Organización de las Naciones Unidas para
la Alimentación y la Agricultura. Rome: FAO.

Froystad-Saugen, M., Lilleeng, E., Bakke-Mckellep, A., Vekterud, K., Valen, E.,
Hemre, G., et al. (2009). Distal intestinal gene expression in Atlantic salmon
(Salmo salar L.) fed genetically modified maize. Aquac. Nutr. 15, 104–115. doi:
10.1111/j.1365-2095.2008.00572.x

Gjedrem, T. (2000). Genetic improvement of cold-water fish species. Aquac. Res. 31,
25–33. doi: 10.1046/j.1365-2109.2000.00389.x

Gómez-Requeni, P., Mingarroa, M., Calduch-Ginera, J. A., Médale, F., Martin, S.
A. M., Houlihanc, D. F., et al. (2004). Protein growth performance, amino acid
utilisation and somatotropic axis responsiveness to fish meal replacement by plant
protein sources in gilthead sea bream (Sparus aurata). Aquaculture 232, 493–510.
doi: 10.1016/S0044-8486(03)00532-5

Hardy, R. (2010). Utilization of plant proteins in fish diets: effects of global
demand and supplies of fishmeal. Aquac. Res. 41, 770–776. doi: 10.1111/j.1365-
2109.2009.02349.x

Hedrera, M., Galdames, J., Gimenez-Reyes, M., Reyes, A., Avandaño-Herrera,
R., Romero J., et al. (2013). Soybean meal induces intestinal inflammation in
zebrafish larvae. PLoS ONE 8:e69983. doi: 10.1371/journal.pone.0069983

Hernández, A. J., Roman, D., Hooft, J., Cofre, C., Cepeda, V., and Vidal, R. (2013).
Growth performance and expression of inmune-regulatory gene in rainbow trout
(Oncorhynchus mykiss) juveniles fed extruded diets with varying levels of lupin
(Lupinus albus), peas (Pisum sativum) and rapeseed (Brassica napus). Aquac. Nutr.
19, 321–332. doi: 10.1111/j.1365-2095.2012.00961.x

Houston, R. D., Taggart, J. B., Cezard, T., Bekaert, M., Lowe, N. R., Downing, A.,
et al. (2014). Development and validation of a high density SNP genotyping array
for Atlantic salmon (Salmo salar). BMC Genomics 15:90. doi: 10.1186/1471-2164-
15-90

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., and Schilling, T. F. (1995).
Stages of embryonic development of the zebrafish. Dev. Dyn. 203, 253–310. doi:
10.1002/aja.1002030302

Knudsen, D., Uran, P., Arnous, A., Koppe, W., and Frokiaer, H. (2007). Saponin-
containing subfractions of soybean molasses induce enteritis in the distal
intestine of Atlantic salmon. J. Agric. Food Chem. 55, 2261–2267. doi: 10.1021/
jf0626967

Kolditz, C. I., Paboeuf, G., Borthaire, M., Esquerré, D., SanCristobal, M., Lefèvre,
F., et al. (2008). Changes induced by dietary energy intake and divergent selec-
tion for muscle fat content in rainbow trout (Oncorhynchus mykiss), assessed
by transcriptome and proteome analysis of the liver. BMC Genomics 9:506. doi:
10.1186/1471-2164-9-506

Lawrence, C. (2007). The husbandry of zebrafish (Danio rerio): a review. Aquaculture
269, 1–20. doi: 10.1016/j.aquaculture.2007.04.077

Li, Z.-H., Xu, H., Zheng, W., Lam, S. H., and Gong, Z. (2013). RNA-sequencing
analysis of TCDD-induced responses in zebrafish liver reveals high relatedness
to in vivo mammalian models and conserved biological pathways. PLoS ONE
8:e77292. doi: 10.1371/journal.pone.0077292

Liu, S., Gao, G., Palti, Y., Cleveland, B. M., Weber, G. M., and Rexroad, C. E.
III. (2014). RNA-seq analysis of early hepatic response to handling and confine-
ment stress in rainbow trout. PLoS ONE 2:e88492. doi: 10.1371/journal.pone.
0088492

Long, Y., Song, G., Yan, J., He, X., Li, Q., and Cui, Z. (2013). Transcriptomic
characterization of cold acclimation in larval zebrafish. BMC Genomics 14:612.
doi: 10.1186/1471-2164-14-612

Médale, F., Boujard, T., Vallee, F., Blanc, D., Mambrini, M., Roem, R., et al.
(1998). Voluntary feed intake, nitrogen and phosphorus losses in rainbow trout
(Oncorhynchus mykiss) fed increasing dietary levels of soy protein concentrate.
Aquat. Living Resour. 11, 239–246 doi: 10.1016/S0990-7440(98)89006-2

Merrifield, D., Dimitroglou, A., Bradley, G., Baker, R., and Davies, S. (2009).
Soybean meal alters autochthonous microbial populations, microvilli mor-
phology and compromises intestinal enterocyte integrity of rainbow trout,
Oncorhynchus mykiss (Walbaum). J. Fish Dis. 32, 755–766. doi: 10.1111/j.1365-
2761.2009.01052.x

Montero, D., Mathlouthi, F., Tort, L., Afonso, J. M., Torrecillas, S., Fernández-
Vaquero, A., et al. (2010). Replacement of dietary fish oil by vegetable oils
affects humoral immunity and expression of pro-inflammatory cytokines genes
in gilthead sea bream Sparus aurata. Fish Shellfish Immunol. 29, 1073–1081. doi:
10.1016/j.fsi.2010.08.024

Morais, S., Pratoomyot, J., Taggart, J., Bron, J., Guy, D., Bell, J., et al. (2011).
Genotype-specific responses in Atlantic salmon (Salmo salar) subject to dietary.
BMC Genomics 12:255. doi: 10.1186/1471-2164-12-255

Morozova, O., and Marra, M. (2008). Applications of next-generation sequenc-
ing technologies in functional genomics. Genomics 92, 255–264. doi:
10.1016/j.ygeno.2008.07.001

Morris, P., Gallimore, P., Handley, J., Hide, G., Haughton, P., and Black, A.
(2005). Full fat soya for rainbow trout (Onorhynchus mykiss) in fleshwater:
effects on performance, composition and flesh fatty acid profile in absence of

www.frontiersin.org September 2014 | Volume 5 | Article 313 | 5

http://www.frontiersin.org/
http://www.frontiersin.org/Livestock_Genomics/archive


Ulloa et al. Zebrafish in the aquaculture

hind-gut enteritis. Aquaculture 248, 147–161. doi: 10.1016/j.aquaculture.2005.
04.021

Mundheim, H., Aksnes, A., and Hope, B. (2004). Growth, feed efficiency and
digestibility in salmon (Salmo salar L.) fed different dietary proportions of veg-
etable protein sources in combination with two fish meal qualities. Aquaculture
237, 315–331. doi: 10.1016/j.aquaculture.2004.03.011

Mutch, M., Wahli, W., and Williamson, G. (2005). Nutrigenomics and nutrigenetics:
the emerging faces of nutrition. FASEB J. 19, 1602–1615. doi: 10.1096/fj.05-
3911rev

Naylor, R. L., Hardy, R. W., Bureau, D. P., Chiu, A., Elliott, M., Farrell, A. P., et al.
(2009). Feeding aquaculture in an era of finite resources. Proc. Natl. Acad. Sci.
U.S.A. 106, 15103–15110. doi: 10.1073/pnas.0905235106

Oliveira, S., Reyes-Aldasoro, C. C., Candel, S., Renshaw, S. A., Mulero, V., and
Calado, A. (2013). Cxcl8 (IL-8) mediates neutrophil recruitment and behav-
ior in the zebrafish inflammatory response. J. Immunol. 190, 4349–4359. doi:
10.4049/jimmunol.1203266

Ouyang, W., Rutz, S., Crellin, N. K., Valdez, P. A., and Hymowitz, S. G. (2011).
Regulation and functions of the IL-10 family of cytokines in inflammation
and disease. Annu. Rev. Immunol. 29, 71–109. doi: 10.1146/annurev-immunol-
031210-101312

Oyarbide, U., Rainieri, S., and Pardo, M. (2012). Zebrafish (Danio rerio) larvae as a
system to test the efficacy of polysaccharides as immunostimulants. Zebrafish 9,
74–84. doi: 10.1089/zeb.2011.0724

Panserat, S., Ducasse-Cabanot, S., Plagnes-Juan, E., Srivastava, P. P., Kolditz, C.,
Piumi, F., et al. (2008). Dietary fat level modifies the expression of hepatic genes in
juvenile rainbow trout (Oncorhynchus mykiss) as revealed by microarray analysis.
Aquaculture 275, 235–241. doi: 10.1016/j.aquaculture.2007.12.030

Piaget, N., Vega, A., Silva, A., and Toledo, P. (2007). Effect of the application
of β-glucans and mannanoligosaccharides (MOS) in an intensive larval rearing
system of Paralichthys adspersus (Paralichthydae). Investig. Mar. 35, 35–43. doi:
10.4067/S0717-71782007000200004

Pongmaneerat, J., Watanabe, T., Takeuchi, T., and Satoh, T. (1993). Use of different
protein meals as partial or total substitution for fish meal in carp diets. Nippon
Suisan Gakk 59, 1249–1257. doi: 10.2331/suisan.59.1249

Qian, X., Ba, Y., Zhuang, Q., and Zhong, G. (2014). RNA-seq technology and
its application in fish transcriptomics. OMICS: J. Integr. Biol. 18, 98–110. doi:
10.1089/omi.2013.0110

Refstie, S., Baeverfjord, G., Seim, R. R., and Elvebo, O. (2010). Effects old dietary
yeast cell wall β-glucans and MOS on performance, gut health, and salmon lice
resistance in Atlantic salmon (Salmo salar) fed sunflower and soybean meal.
Aquaculture 305, 109–116. doi: 10.1016/j.aquaculture.2010.04.005

Renshaw, S. A., Loynes, C. A., Trushell, D. M., Elworthy, S., Ingham, P. W., and Whyte,
M. K. (2006). A transgenic zebrafish model of neutrophilic inflammation. Blood
108, 3976–3978. doi: 10.1182/blood-2006-05-024075

Ribas, L., and Piferrer, F. (2013). The zebrafish (Danio rerio) as a model organism,
with emphasis on applications for finfish aquaculture research. Rev. Aquac. 5,
1–32. doi: 10.1111/raq.12041

Rodriguez-Tovar, L., Speare, D., and Markham, R. (2011). Fish microsporidia:
immune response,immunomodulation and vaccination. Fish Shellfish Immunol.
30, 999–1006. doi: 10.1016/j.fsi.2011.02.011

Rosamond, L. N., Goldburg, R. J., Primavera, J. H., Kautsky, N., Beveridge, M. C.
M., Clay, J., et al. (2000). Effect of aquaculture on world fish supplies. Nature 405,
1017–1024. doi: 10.1038/35016500

Roush, W. (1996). Zebrafish embryology builds a better model vertebrate. Science
272:1103. doi: 10.1126/science.272.5265.1103

Salem, M., Vallejo, R. L., Leeds, T. D., Palti, Y., Liu, S., Sabbagh, A., et al. (2012).
RNA-Seq identifies SNP markers for growth traits in rainbow trout. PLoS ONE
7:e36264. doi: 10.1371/journal.pone.0036264

Sicuro, B., Badino, P., Dapra, F., Gai, F., Galloni, M., Odore, R., et al. (2010).
Physiological effects of natural olive oil antioxidants utilization in rainbow trout
(Onchorhynchus mykiss) feeding. Aquac. Int. 18, 415–431. doi: 10.1007/s10499-
009-9254-6

Staykov, Y., Spring, P., Denev, S., and Sweetman, J. (2007). Effect of a man-
nan oligosaccharide on the growth performance and immune status of rainbow
trout (Oncorhynchus mykkis). Aquac. Int. 15, 153–160. doi: 10.1007/s10499-007-
9096-z

Tacchi, L., Bickerdike, R., Douglas, A., Secombes, C., and Martin, S. (2011). Tran-
scriptome responses to functional feeds in Atlantic salmon (Salmo salar). Fish
Shellfish Immunol. 31, 704–715. doi: 10.1016/j.fsi.2011.02.023

Tahmasebi-Kohyani, A., Keyvanshokooh, S., Nematollahi, A., Mahmoudi, N.,
and Pasha-Zanoosi, H. (2012). Effects of dietary nucleotides supplementa-
tion on rainbow trout (Oncorhynchus mykiss) performance and acute stress
response. Fish Physiol. Biochem. 38, 431–440. doi: 10.1007/s10695-011-
9524-x

Ulloa, P. E., Iturra, P., Neira, R., and Araneda, C. (2011). Zebrafish as a model
organism for nutrition and growth: towards comparative studies of nutritional
genomics applied to aquacultured fishes. Rev. Fish Biol. Fish. 21, 649–666. doi:
10.1007/s11160-011-9203-0

Ulloa, P. E., Peña, A., Lizama, C. D., Araneda, C., Iturra, P., Neira, R., et al. (2013).
Growth response and expression of muscle growth–related candidate genes in
adult zebrafish fed plant and fishmeal protein–based diets. Zebrafish 1, 99–109.
doi: 10.1089/zeb.2012.0823

Urán, P., Goncalves, A., Taverne-Thiele, J., Schrama, J., Verreth, J., and Rombout, J.
(2008). Soybean meal induces intestinal inflammation in common carp (Cypri-
nus carpio L.). Fish Shellfish Immunol. 25, 751–760. doi: 10.1016/j.fsi.2008.
02.013

Von Schalburg, K. R., Cooper, G. A., Leong, J., Robb, A., Lieph, R., Rise, M. L.,
et al. (2008). Expansion of the genomics research on Atlantic salmon Salmo
salar L. project (GRASP) microarray tools. J. Fish Biol. 72, 2051–2070. doi:
10.1111/j.1095-8649.2008.01910.x

Wickramasinghe, S., Cánovas, A., Rincón, G., and Medrano, J. F. (2014). RNA-
sequencing: a tool to explore new frontiers in animal genetics. Livest. Sci. 166,
206–216. doi: 10.1016/j.livsci.2014.06.015i

Witko-Sarsat, V., Rieu, P., Descamps-Latscha, B., Lesavre, P., and Halbwachs-
Mecarelli, L. (2000). Neutrophils: molecules, functions and pathophysiological
aspects. Lab. Invest. 80, 617–653. doi: 10.1038/labinvest.3780067

Xu, H., Lam, S. H., Shen, Y., and Gong, Z. (2013). Genome-wide identification of
molecular pathways and biomarkers in response to arsenic exposure in zebrafish
liver. PLoS ONE 8:e68737. doi: 10.1371/journal.pone.0068737

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 16 June 2014; accepted: 20 August 2014; published online: 10 September
2014.
Citation: Ulloa PE, Medrano JF and Feijoo CG (2014) Zebrafish as animal model for
aquaculture nutrition research. Front. Genet. 5:313. doi: 10.3389/fgene.2014.00313
This article was submitted to Livestock Genomics, a section of the journal Frontiers in
Genetics.
Copyright © 2014 Ulloa, Medrano and Feijoo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Genetics | Livestock Genomics September 2014 | Volume 5 | Article 313 | 6

http://dx.doi.org/10.3389/fgene.2014.00313
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Livestock_Genomics/
http://www.frontiersin.org/Livestock_Genomics/archive

	Zebrafish as animal model for aquaculture nutrition research
	Aquaculture nutrition: trends and future perspective
	Advantages of zebrafish as an animal model for aquaculture nutrition research
	Nutritional genomics contributions
	Nutritional immunity contributions
	Future directions
	Author contributions
	Acknowledgment
	References




