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Abstract Fish aquaculture is considered to be one of the
most sustainable sources of protein for humans. Many
different species are cultured worldwide, but among them,
marine flatfishes comprise a group of teleosts of high
commercial interest because of their highly prized white
flesh. However, the aquaculture of these fishes is seriously
hampered by the scarce knowledge on their biology. In
recent years, various experimental ‘omics’ approaches
have been applied to farmed flatfishes to increment the
genomic resources available. These tools are beginning to
identify genetic markers associated with traits of com-
mercial interest, and to unravel the molecular basis of
different physiological processes. This article summarizes
recent advances in flatfish genomics research in Europe.
We focus on the new generation sequencing technologies,
which can produce a massive amount of DNA sequencing
data, and discuss their potentials and applications for de
novo genome sequencing and transcriptome analysis. The
relevance of these methods in nutrigenomics and foodo-
mics approaches for the production of healthy animals, as
well as high quality and safety products for the consumer,
is also briefly discussed.
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Introduction

Aquaculture is becoming an increasingly important source
of fish protein available for human consumption. Fish meal
is characterized by its high content in proteins and lipids
(carbohydrates represent lower than 0.5 %) (Huss 1995).
Although the chemical composition is highly dependent on
the species, age, sex, environment, migratory behaviour or
season, fish proteins represent a valuable source of essen-
tial amino acids including lysine, methionine and cysteine.
By contrast, lipid content ranges between 0.3 and 45 %
(w/w), but particularly in cold-water marine species of fish
includes an important fraction (~40 %) of omega-3
polyunsaturated fatty acids (PUFAs) that have been asso-
ciated with the prevention and treatment of cardiovascular
disease, cancer and some other inflammatory disorders in
humans (Hibbeln et al. 2006; Kolakowska et al. 2003).
Moreover, fish meal carries other essential nutrients such as
B vitamins as well as vitamin A and D in fatty fish, min-
erals (calcium and phosphorus) and some micronutrients
essential for metabolism and endocrinological regulation
such as iodine, fluorine and selenium.

Different freshwater and marine fish species are being
cultured worldwide, and among these, the flatfishes repre-
sent an important food resource. Flatfishes are considered
as low-fat fish (2—4 % fat) with a firm, white, mild tasting
flesh highly accepted by the consumers. As in other
cold-water marine species of fish, they possess a high
content of PUFAs such as eicosapentaenoic (EPA)
and docosahexaenoic (DHA) acids (71-93 mg EPA/100 g
and 106-292 mg DHA/100 g) (Hibbeln et al. 2006).
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Certain flatfishes, such as some flounders (Hippoglossoides
dubius, H. pinetorum, Glyptocephalus stelleri) and plaice
(Acanthopsetta nadeshnyi), have a high percentage of very
long-chain 24:6(n-3) fatty acids (6-9 % of total fatty acids
in the flesh) associated with their diet based on invertebrate
such as polychaeta, crustaceans and molluscs (Ota et al.
1994). The possibility to transform them into fillets for
multiple commercial preparations represents an added
value that converts flatfish into a highly appreciated sea-
food product.

Flatfishes comprise a relatively large group of fishes,
mostly marine, which show unique developmental and
reproductive processes. This includes a remarkable meta-
morphic alteration in bauplan during the larval to juvenile
transition, and sophisticated courtship behaviours or unu-
sual gametogenesis in the adults. However, the lack of
basic knowledge of the control of these mechanisms
hampers the farming of flatfishes and the establishment of a
sustainable and profitable aquaculture industry. In recent
years, different ‘omic’ technologies have been applied to
flatfish research to enhance the knowledge of the biology of
these species by unravelling the complex genetic control
underlying different physiological processes. Although we
are still some way from developing wide applications for
flatfish aquaculture, it is expected that these ‘omics’
approaches will have a profound impact in the near future.
In this short review, we summarize the advances in geno-
mic research in flatfishes currently being cultured in
Europe, and discuss the potentials and applications of new
DNA sequencing technologies.

The aquaculture of flatfish

A total of 716 flatfish species belonging to 123 genera and
about 11 families have been reported worldwide (reviewed
by Munroe 2005). In the Northeast Atlantic area, there
exist a total of 11 relevant species for fisheries belonging to
the teleost order Pleuronectiformes. This includes Pleuro-
nectidae, such as North Sea plaice (Pleuronectes platessa),
Atlantic halibut (Hippoglossus hippoglossus) and winter
flounder (Pseudopleuronectes americanus), Soleidae, such
as the common sole (Solea solea) and Senegalese sole
(S. senegalensis), and Bothidae, such as turbot (Scoph-
thalmus maximus), brill (Scophthalmus rhombus) and
megrim (Lepidorhombus whiffiagonis). In 1998, the num-
ber of flatfish landings in the Atlantic region reached
104,671 metric tons (MT) for plaice, 31,194 MT for
common sole and 5,431 MT for turbot (Millner et al. 2005).
However, due to their economic importance, increased
fishing pressure has resulted in a drastic drop of flatfish
landings with some difficulties to meet the current demands
(ICES 2008). Also, overexploitation of wild stocks has
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reduced genetic diversity in plaice (Hoarau et al. 2005),
and is thought to underlie modified life-history traits with a
shift towards earlier sexual maturation at smaller size in
sole and plaice (Mollet et al. 2007; van Walraven et al.
2010). As a consequence, the development of aquaculture
for some of these species has been proposed to supplement
the demands for human consumption while reducing the
pressure on natural populations.

Currently, flatfish production is still much lower than that
of salmonids or sea basses and sea breams. Within Europe,
the main flatfishes being cultured are the turbot and Atlantic
halibut, and a lesser extent the common sole and the
Senegalese sole. The aquaculture production of turbot is the
highest among flatfishes, reaching 9,142 MT in 2009 (FEAP
2010), and it is predicted to double in size by 2014. The
Atlantic halibut is the largest of pleuronectid flatfishes and
has been identified as an ideal species for farming at higher
latitudes because of its high growth rate in the relatively
cold northern waters (0—14 °C) (Bromage et al. 2000).
However, although the production of halibut is now suc-
cessfully underway, improvements in efficiency remain a
major challenge (Naylor and Burke 2005). The Senegalese
sole is also a promising candidate, particularly in Southern
Europe, because of its fast growth rates. A significant
increase in the production of this species has occurred in the
last years mainly due to the development of recirculation
technologies and advances in larval culture and husbandry
procedures. Nevertheless, its production is still low around
200 MT/year (Imsland et al. 2003; APROMAR 2011). The
production of common sole has similarly remained stable in
central Europe at around 40 MT/year.

The sustainability of flatfish aquaculture, as well as of
other fishes, relies on a better understanding of the biology
and nutritional requirements of each target species. Thus,
identification and characterization of the genes and genetic
networks controlling traits of commercial interest such as
growth rates, reproduction, larval development and disease
resistance, would allow for a better optimization of pro-
duction and management procedures in the industry.
Limited implementation of effective selective breeding
programs, as well as the poor knowledge concerning
pathologies and its prevention, has been highlighted as
some of the major problems in turbot culture (Millan et al.
2011). Similarly, in Atlantic halibut and soles, current
obstacles associated with the control of reproduction in
captivity, ongrowing diets and optimization of larval cul-
ture, and nutrition to reduce malformations and pigmen-
tation anomalies and improve growth and disease
resistance are hard to overcome due to the scarce knowl-
edge of the physiological mechanisms involved (Weltzien
et al. 2004; Agulleiro et al. 2006; Conceigao et al. 2007).

The progressive replacement of proteins and lipids in
commercial fish feeds from sources other than fish is
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another essential issue for the continued growth and
intensification of aquaculture production in order to
decrease the exploitation of wild populations (Naylor et al.
2009; Welch et al. 2010; Ardura et al. 2012). Flatfish
occupy a high trophic position (trophic-level value = 3.5)
similar to that of Atlantic salmon (Salmo salar), Atlantic
cod (Gadus morhua) or hake (Merluccius sp.) (Duarte et al.
2009) with an estimated demand for fish meal and fish oil
ranging from 50 to 70 % and 8 to 12 %, respectively
(Tacon and Metian 2008). There has been some success in
replacing fish meal and fish oil in commercial feeds by
using plant feedstuffs in fish feeds, including oilseeds,
legumes and cereal grains, which traditionally have been
used as protein or energy concentrates, as well as novel
products developed through various processing technolo-
gies (Day and Plascencia-Gonzalez 2000; Choi et al. 2004;
Grisdale-Helland et al. 2002; Gatlin et al. 2007; Naylor
et al. 2009; Bengtson and Nardi 2010; Valente et al. 2011).
However, although important advances have been achieved
in terms of percentage of protein substitution and estab-
lishment of non-lipid-rich diets without affecting growth or
nutrient utilization of flatfish, further research is required to
improve diets and avoid some adverse effects associated
with toxic factors or unbalanced nutrients provoking
hepatic damage (Valente et al. 2011). Moreover, the role of
alternative food products such as zooplankton (i.e. krill)
and micro- and macro-algae needs to be explored to
determine their effects on digestion, absorption, growth
and the immune system to attain a more sustainable flatfish
aquaculture.

Flatfish genomics research

During the last years, an important effort has been directed
towards the use of functional genomics, proteomics and
metabolomics to better characterize reproduction, devel-
opment, nutrition, immunity and toxicology of flatfishes
(reviewed by Cerda et al. 2008, 2010; Forné et al. 2010).
Such comprehensive functional analyses aim at identifying
the critical genes and molecules that control these physi-
ological processes in order to improve current flatfish
farming technologies. In addition, ‘omics’ approaches can
identify suitable biomarkers to monitor the welfare of
cultured fish and the quality of aquaculture products.
However, because farmed flatfishes do not represent bio-
logical models for basic or biomedical research, the
genomic information for these species has remained very
limited and it has thus been necessary to generate the data
de novo.

Transcriptome sequencing employing automated clas-
sical chain-termination or dideoxy methods, Sanger
sequencing, has been the most utilized approach in flatfish

genomics to date, allowing the construction of expressed
sequence tag (EST) databases. These platforms have been
successfully used in turbot, Atlantic halibut as well as in
Senegalese sole to investigate the expression of individual
genes, or to design and construct cDNA- and oligo-based,
species-specific microarrays for the holistic analysis of
changes in gene expression (Cerda et al. 2010; Millan et al.
2010). EST databases are also used as a source of genetic
markers, including microsatellites or single nucleotide
polymorphisms (SNPs), which may be useful for genome
mapping studies (Cerda et al. 2010; Sha et al. 2010).
Microarray-based gene expression profiling is expanding
our knowledge of the different genes involved in gameto-
genesis, larval development and nutrition, immunology and
pathology, toxicology and even in population genetics
(reviewed by Cerda et al. 2010). However, due to the high
cost and time-consuming nature of the Sanger sequencing
methods, EST databases were very limited, and micro-
arrays for turbot, Atlantic halibut and soles could only
analyse about 10,000 genes at the most. This number is low
considering that a whole transcriptome in vertebrates is
composed of approximately 20,000-25,000 protein coding
RNAs. To these figures, we have to add alternative splicing
of protein-coding RNAs, small and non-coding RNAs
(ncRNA) (approximately 16,000 in mice), and several
different types of antisense RNA. Such RNA variants make
up about three quarters of a transcriptionally active mam-
malian genome (Frith et al. 2005; Suzuki and Hayashizaki
2004). It is thus evident that the genomic resources cur-
rently available for flatfishes are still too scarce to gather a
profound knowledge of the biology of these species, and
therefore they should be augmented. To achieve this goal,
the use of new sequencing technologies that allow massive-
scale DNA sequencing is now being applied.

Next-generation sequencing (NGS) technologies

Next-generation sequencing technologies have drastically
transformed the way researchers can address genomic
questions on non-model species, including flatfishes. The
distinct NGS platforms can quickly generate (from hours to
days) an enormous bulk of genomic information (from
megabases to gigabases) even for those species with lim-
ited or no previous genomic information available. In
contrast to the Sanger sequencing approach, it is possible to
generate massive transcriptome and genome data in a
feasible and cost-effective way. Moreover, the rapid
development of new and improved equipment, consum-
ables and methodologies has led to a rapid reduction in cost
per base pair sequenced, making it easier to incorporate
NGS technologies as routine laboratory techniques.
Although bioinformatics and database design still remain
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grand challenges, the high number of applications of NGS,
from gene expression and genome mapping to microRNA
(miRNA) characterization and epigenetics, makes these
new technologies the preferred tools for flatfish genomic
research.

Currently, several NGS platforms that differ in chem-
istry, yield of genomic information and costs have been
developed. These can be divided into two major types:
second (SGS)- and third (TGS)-generation sequencing
platforms. The SGS requires a PCR amplification step
(emulsion PCR or bridge PCR) prior to the sequencing
reaction. Thereafter, the clusters of DNA templates are
sequenced by synthesis or ligation in a phased approach.
There are three main SGS platforms (reviewed by Glenn
2011; Metzker 2010; Voelkerding et al. 2009): (a) the 454
platform (Roche Applied Science), based on emulsion PCR
followed by pyrosequencing reactions to produce approx-
imately 0.4-0.5 gigabases (Gb) per run rendering sequen-
ces of 300—400 base pairs (bp) mean length (although a
new chemistry is ongoing to reach 600-700 bp mean
length) (e.g. 454 FLX Titanium sequencer); (b) the Solexa-
Ilumina® platform (Illumina, Inc.), which uses bridge PCR
for DNA amplification and dye-labelled terminators in a
polymerase-mediated reaction for sequencing, and pro-
duces 200-300 Gb/run with a sequence mean length of
100 bp (e.g. HiSeq 2000 sequencer); and (c) the Solid™
(Life Technologies), based on a ligase reaction of dye-
labelled octamers with a 2-bases recognition code, and
results in 50-75 Gb/run and a mean read length of
50-75 bp (e.g. Solid-5500 sequencer).

To overcome potential biases introduced by the PCR
amplification step in the SGS, the TGS technologies have
emerged which are based on single-molecule DNA
sequencing. The higher simplicity of these latter techniques
improves the sequencing speed and reduces the error read
rates, the amounts of starting material and the costs
(reviewed by Schadt et al. 2010). The main TGS platforms
are PacBio (Pacific Biosciences of California, Inc.), Gri-
dION (Oxford Nanopore Technologies Ltd.) and Heli-
Scope™ (Helicos BioSciences Corporation), although new
platforms are under development (Schadt et al. 2010;
Pareek et al. 2011). An additional emerging technology is
the ion torrent, considered as an intermediate approach
between the SGS and TGS because it does not require any
laser, fluorescent dyes or cameras, reducing drastically the
costs and generating an important volume of genomic
information, although it is still dependent on a PCR
amplification step (Schadt et al. 2010). For more technical
and methodological aspects about SGS and TGS platforms,
extensive reviews describing and comparing chemical
costs, read performance and some other characteristics are
available (Metzker 2010; Schadt et al. 2010; Glenn 2011;
Pareek et al. 2011; Zhang et al. 2011a).
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Applications of NGS in flatfish genomics

The generation of large numbers of sequence reads at high
competitive costs has favoured the use of the NGS plat-
forms for many applications. These include whole-genome
sequencing, bacterial artificial chromosome (BAC) analy-
sis and target re-sequencing, single nucleotide polymor-
phism (SNP) and mutation identification, transcriptome
analysis (RNA-seq), small RNA profiling, analysis of epi-
genetic markers and chromatin structure using seq-based
methods (ChIP-seq, methyl-seq and Dnase-seq) or
metagenomics (Metzker 2010; Glenn 2011). Each NGS
platform shows advantages or disadvantages depending on
the application of interest. In general, those platforms that
produce long reads are optimal for de novo genome and
transcriptome characterization since long sequences are
more amenable for computational analysis and assembly,
whereas those producing shorter reads are often targeted
for re-sequencing, expression profiling and metagenomics.
However, the continuous development of advanced NGS
technologies has resulted in most of them being used for a
wide range of applications (Glenn 2011). Although the
application of NGS in flatfish genomics research has just
started, we will summarize the main applications in which
these technologies are currently being used.

De novo genome sequencing

Whole-genome sequencing is one of the most challenging
applications of NGS to accelerate biological and applied
research in non-model fish species. Fish genome size
greatly varies between taxonomic groups. Massive gen-
omes have been described in lungfishes with C values,
amount of DNA contained within a haploid nucleus,
comprised between 81 and 225 pg (Hardie and Hebert
2004). In the most evolved group of ray-finned fishes, the
smallest genome size was reported for pufferfish (Tetra-
odon nigroviridis) with 0.35 pg/haploid genome, and the
largest for the shortnose sturgeon (Acipenser brevirostrum)
with 13.8 pg (Hardie and Hebert 2004). In flatfishes, the
mean C values are 0.6-0.7 pg, ranging from 0.4 pg in
Plaice to 1.1 pg in California tonguefish (Symphurus atri-
caudus) (www.genomesize.com). In these teleosts, the
number of chromosomes ranges between 21 pairs in
Soleidae and Cynoglossidae, and 24 for Pleuronectidae and
Paralichthyidae (Table 1). Altogether, these data indicate
that flatfish genomes are small and compact, which should
facilitate de novo whole-genome sequencing, assembly and
further characterization. However, if we consider the mean
flatfish genome size indicated above, and we assume nei-
ther bias in sequencing reads nor the time required for the
preparation of genomic libraries, the mean time to obtain a
number of reads equivalent to a flatfish genome with a
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Table 1 Genome size and number of chromosomes of different flatfishes of interest in European aquaculture, and recently developed bacterial
artificial chromosome (BAC) libraries and NGS platforms and applications

Species Common Family Genome  No. of BAC NGS Application ~ References
name size* chromosomes platform
Scophthalmus  Turbot Scophthalmidae 0.65-0.86 22 ~ 40,000 454, Solid RNA-seq,de Bouza et al. (1994),
maximus clones of novo Cunado et al.
~125 kb genome (2001), P. Martinez
sequencing  (personal
communication)
Hippoglossus ~ Atlantic Pleuronectidae  0.73 24 35,328 454 De novo Brown et al. (1997),
hippoglossus ~ halibut clones of genome Mechaly et al.
100 kb sequencing (2010), M. Reith
(personal
communication)
Solea Senegalese  Soleidae 21 29,184 454, RNA-seq, de Cross et al. (2006),
senegalensis sole clones of Illumina  novo Ponce et al. (2011)
100-300 kb genome
sequencing
Solea solea Common Soleidae 0.73 21 Illumina  RNA-seq X. Cousin (personal
sole communication)

4 Expressed as pg DNA/haploid cell (data obtained from Animal Genome Size Database, www.genomesize.com)

20x coverage by using NGS would be 1-11 days (esti-
mated mean speed of 50 Mb/h for 454 platform
or ~ 1,000 Mb/h for Illumina) (Glenn 2011). However,
although a high volume of genomic information can be
generated in a short time with NGS methods, the strategy
followed for the construction of the genomic libraries,
sequence read length and quality, and genome structure
(repetitive sequences, gene duplications, etc.) still repre-
sents major issues for bioinformatics, data management
and de novo assembly.

Massive genome sequencing of some flatfishes is
underway. In 2010, the 1,000 Plant and Animal Reference
Genomes Project (http://Idl.genomics.cn/) began the whole-
genome sequencing of the Tongue sole (Cynoglossus se-
milaevis) and Japanese (olive) flounder (Paralichthys oli-
vaceus), and in 2011, the International Consortium
AQUAGENET (www.aquagenet.eu) initiated the sequenc-
ing of the Senegalese sole genome. Probably, new initiatives
will soon emerge for the sequencing of the genome of other
farmed flatfishes. Although limited information about
sequencing strategies and assemblies is still available, length
reads and strategies to orientate adequately the scaffolds and
contigs are critical. For the Senegalese sole, as in other de
novo eukaryotic genomes published until now, a two-step
strategy is being followed: scaffolding using matepair
(Illumina®) and long paired-end libraries (454) with insert
sizes comprised between 2 kb and 20 kb, followed by
massive whole-genome shotgun sequencing (454 and Illu-
mina paired-ends) to be assembled into smaller contigs
(Huang et al. 2009; Dalloul et al. 2010; Li et al. 2010; Suen
et al. 2011; Woycicki et al. 2011). However, de novo
assembly of large and complex eukaryotic genomes is still

challenging due to repetitive DNA and, in fish, by additional
whole-genome duplication (WGD) events that occurred in
the teleost lineage (3R and 4R in salmonids). In this regard,
BACs represent a useful tool for superscaffolding due to
their large size (40-200 kb), and the unbiased and deep
haploid genome coverage (Schulte et al. 2011). There are
BAC libraries available for most flatfishes of commercial
interest with adequate size and coverage to be used for de
novo assembly and NGS sequencing data (Table 1). More-
over, these BACs can also be very useful for complementary
techniques such as fluorescent in situ hybridization (FISH),
as employed in the Senegalese sole to validate relative BAC
positioning between scaffolds and anchor them to specific
chromosomes (Ponce et al. 2011).

Transcriptome sequencing

Next-generation sequencing of the transcriptome or RNA-
seq is one the main applications in flatfish aquaculture
because it opens new possibilities for the analysis of the
transcriptome complexity under particular experimental or
production situations. RNA-seq can evaluate the complete
set of transcripts in a given species in one sample,
including mRNAs, their splicing and gene boundaries,
ncRNAs and small RNAs, such as microRNAs (miRNAs),
PIWI-interacting RNAs (piRNAs) and small nucleolar
(snoRNAs) as well as small interfering (siRNAs) RNAs.
Although most RNA-seq analyses in fish have been applied
to gene discovery, identification of splice variants and
quantification of gene expression (Meijer et al. 2005;
Aanes et al. 2011; Coppe et al. 2010; Fu et al. 2011;
Vesterlund et al. 2011; Zhang et al. 2011b), other
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applications such as SNP identification (Canovas et al.
2010; Yang et al. 2011), allele-specific gene expression
(Degner et al. 2009), or interaction transcriptome-epige-
nome (Elling and Deng 2009), are also possible and will
probably be explored in the near future.

As mentioned earlier, most farmed fish lack a reference
genome and in most cases the transcriptome information
available is very scarce. However, this is not limiting for
RNA-seq approaches since both Illumina or 454 platforms
are powerful tools for de novo assembly and transcriptome
profiling of different eukaryotes including non-model fish
species (Coppe et al. 2010; Crawford et al. 2010; Mu et al.
2010; Surget-Groba and Montoya-Burgos 2010; Zhang
et al. 2011b). The potential of RNA-seq for whole-tran-
scriptome analysis has been demonstrated recently in
zebrafish (Danio rerio), a well-established model for
genetics and developmental biology with an annotated
transcriptome of 16,416 genes (www.vega.sanger.ac.uk).
In this species, RNA-seq analysis during embryonic
development generated an average of 108,216 novel tran-
scribed regions (NTRs) in each library, of which an aver-
age of 4,067 had no previous supporting information
(Aanes et al. 2011). The identification of NTRs is an
interesting application of NGS-based RNA-seq in flatfish-
es, as demonstrated in the Senegalese sole after 454 tran-
scriptome analysis and comparison with a BAC of
57,915 kb bearing three main coding genes (g-type lyso-
zyme, peptidoglycan recognition protein II and mucolipin
1), which allowed for the identification of 24 new NTRs
(Ponce et al. 2011).

Despite these advances, the RNA-seq approach still
presents some challenging issues. For example, library
construction is a critical step that will depend on the RNA-
seq application. For small RNA quantification, only the
ligation of an adaptor sequence is required, whereas for
long mRNAs fragmentation into smaller pieces
(200-500 bp) is necessary. Moreover, the discovery of new
transcripts or the detection of rare transcripts requires an
additional step of normalization and removal of highly
abundant transcripts (Christodoulou et al. 2011). In some
other cases, a strand-specific library is required to accu-
rately identify antisense transcripts, boundaries of adjacent
genes transcribed on opposite strands or to discriminate
adequately between the expression of coding or non-coding
overlapping transcripts (Wang et al. 2009; Levin et al.
2010). A second critical point in RNA-seq is the depth of
coverage. In humans, protein-coding regions (exome)
represent approximately 1 % of the human genome cor-
responding to approximately 30 Mb (Ng et al. 2009). For
this transcriptome size, it is estimated that less than 10
million reads of 35 nt in length (~10x coverage) would
accurately quantify mRNA expression levels for more than
80 % of the genes, 200 million reads would be required to
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quantify splicing levels for 80 % of genes (~200x cov-
erage) and approximately 700 million reads would be
necessary to obtain accurate quantification for more than
95 % of the expressed transcripts (~800x coverage)
(Blencowe et al. 2009; Tarazona et al. 2011). However,
these studies have been carried out in humans with a ref-
erence genome that requires less sequencing depth to
reconstruct full-length transcripts. For the assembly of de
novo transcriptomes, sequencing with a 30x coverage
might be required for the same task (Martin et al. 2010).
Finally, the assembly and mapping are other major issues
in RNA-seq. Unlike small RNAs, reconstruction of the
full-length transcripts previous to mapping requires an
adequate bioinformatic platform and the development of
assembly algorithms especially designed to identify and
resolve unambiguous transcript variants from the same
gene. Until now, three strategies have been used for this
purpose: a reference-based strategy, a de novo strategy or a
combination of both. The former is only possible in model-
species where the genome is well-annotated and curated,
which demands lower bioinformatic effort. The de novo
strategy has been successfully applied in prokaryotes and
lower eukaryotic transcriptomes. However, in higher
eukaryotes, this approach is more challenging requiring
higher computing resources to identity alternatively spliced
variants. In the combined strategy, a reference genome
helps for sequence assembly and data mining for de novo
assemblers to detect novel and trans-spliced transcripts
(reviewed by Martin and Wang 2011).

RNA-seq and microarrays

Both RNA-seq and microarrays allow for a more holistic
evaluation of gene expression in a given organism. How-
ever, the high volume of information generated by RNA-
seq, the progressive reduction of costs and the capacity to
evaluate different RNA families, makes this technique a
powerful method that can complement or, in some cases,
surpass the information generated with microarrays. The
main advantages and disadvantages of RNA-seq and
microarrays are depicted in Table 2, where technical con-
straints including sensitivity, specificity or requirements for
previous transcriptome information, as well as some other
more pragmatic issues such as difficulty, costs or bioin-
formatics, have been considered. The high performance of
RNA-seq to produce sequences without previous genomic
information makes these techniques the most powerful
approaches for gene discovery and de novo characteriza-
tion of a whole transcriptome. In this way, the information
generated by RNA-seq can be used for the development of
custom microarrays for systematic transcriptome profiling
(Wong et al. 2011), and other high-throughput tools
for quantitative real-time PCR (qPCR), such as the
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Table 2 Advantages and disadvantages of different platforms for gene expression profiling

Feature RNA-seq Microarray OpenArray®
Dynamic range (order 5 3 7-8

of magnitude)
Price High Medium Medium-low

Number of genes Complete set of RNA families and

Transcriptome. Usually, coding mRNAs

Maximum 56-128 genes per

splicings and small RNAs analysis
Probes Neither design nor previous knowledge Limitation for number of sequences, Limitation for number of

of sequences is required design and orientation of probes sequences, primers design
Sensitivity High and low background Low and high background Very high and low background
Specificity Very high Depends on platform Very high
Bioinformatics Under development Well developed Very easy
Sample preparation Complex. Requires specialized skills for Easy Easy

cDNA library preparation
Time Weeks Days Hours

OpenArray® Real-Time PCR System (Life technologies)
based on nanoliter gPCR (Morrison et al. 2006; Dixon et al.
2009). The information generated by RNA-seq and
microarrays is thus complementary, highly congruent and
in most cases allows for an integrative analysis of cellular
pathways. A high correlation for mRNA abundance
(0.7-0.9) between microarray- and RNA-seq-based gene
expression analyses has been demonstrated (Malone and
Oliver 2011; Marioni et al. 2008), and matches differen-
tially expressed genes ranges between 62 and 81 %
(Brunskill et al. 2011; Malone and Oliver 2011; Marioni
et al. 2008). Small discrepancies usually have been asso-
ciated with sequencing depth and the number of reads to
satisfactorily cover the genome in RNA-seq, and therefore
a higher correlation between microarray and RNA-seq data
is found at higher sequencing depth (genes mapped by
more than 32 reads) (Marioni et al. 2008). As a conse-
quence, arrays may have an advantage in measuring dif-
ferential gene expression for low-abundance transcripts
when RNA-seq is not deep enough (Bloom et al. 2009).
Moreover, due to their intrinsic methodological properties,
microarrays and RNA-seq approaches usually identify
different sets of differentially expressed genes (Bradford
et al. 2010; Brunskill et al. 2011; Malone and Oliver 2011;
Marioni et al. 2008), which suggests that a combination of
RNA-seq and custom microarrays represents a powerful
strategy to uncover wider transcriptome responses.

Changes in transcriptome during larval development
and nutrigenomics

The aquaculture of flatfishes requires the optimization of
the culture and nutritional conditions to assure the mass
production of juveniles. Currently, high mortality of larvae
on start-feeding diets or elevated incidences of skeletal

malformations and pigment abnormalities remain bottle-
necks for the development of the industry. This is in part
due to the unique and critical process of metamorphosis
that flatfishes experience during development when larvae
shift from a planktonic to a benthic mode of life (Power
et al. 2008). This process not only involves morphological
changes in eye migration and skin pigmentation but also
important modifications of physiology and behaviour.
However, the basic biological mechanisms involved, as
well as the nutritional requirements that flatfishes demand
during metamorphosis, are largely unknown, although it is
recognized that this process is controlled by thyroid hor-
mones (Miwa et al. 1988; Solbakken et al. 1999; Power
et al. 2008; Manchado et al. 2008). In support of this is the
observation that goitrogens, substances that suppress the
function of the thyroid gland, can block metamorphosis and
even provoke some malformations and malpigmentations
(Manchado et al. 2008; Fig. 1). In addition, dietary com-
ponents, such as lipids and vitamins, and environmental
conditions, such as photoperiod, can also affect the meta-
morphic process (e.g. Caflavate et al. 2006; Lall and Lewis-
McCrea 2007).

The optimization of species-specific diets for flatfishes,
the replacement of fish proteins by plant proteins in the
feeds for flatfish larvae or juveniles, as well as the substi-
tution of live feeds by artificial microdiets in larvae, would
benefit the aquaculture industry. The development of spe-
cies-specific diets is important since not all flatfishes show
the same nutritional requirements, i.e. they can be fish-
feeders, crustacean-feeders and polychaete/mollusc-feeders
(de Groot 1971). The design of microdiets is also of high
interest because with these methods the amount and quality
of the dietary components can be controlled. In this regard,
microencapsulation, a technique whereby stable particles
with minimal nutrient leaching are produced, has been used
for the production of larval diets (Langdon 2003).
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Fig. 1 Skeletal malformations and abnormal skin pigmentation in
farmed Senegalese sole. a Normal juvenile. b Albino juveniles
produced in a hatchery. Complete (c) or partial (d) malpigmentation

The digestibility of the capsules, the ability to retain
nutrients, the nutrient load in the encapsulated particle, the
durability and the minimal use of toxic substances, are the
key qualities in the design of microencapsulated diets
(Yufera et al. 2005).

Oligo-based microarray analysis has been performed in
Atlantic halibut to assess gene expression changes in
response to dietary modifications (e.g. replacement of fish
meal protein by soy proteins), or whether the expression of
genes involved in digestion and absorption of macronutri-
ents are altered in the larvae as a result of the introduction
of a microencapsulated diet (Murray et al. 2009, 2010).
The first study showed that Atlantic halibut juveniles tol-
erate up to 30 % soy protein in the diet, although micro-
array analysis showed that the expression of several
immune markers and genes involved in detoxification
increased (Murray et al. 2009). Microdiet particles can be
readily consumed by halibut larvae after a period of
adaptation, providing an adequate source of nutrients with
no significant increase in mortality (Murray et al. 2010).
However, growth of the larvae seems to be impaired and
accompanied by an increased incidence of malpigmenta-
tion of the eye and the skin, which correlates with changes
in the expression of genes involved in pigmentation and
eye development (Murray et al. 2010). These studies thus
suggest that microarray analysis can be a suitable approach
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to optimize nutritional manipulations in flatfishes and to
establish associated physiological alterations.

RNA-seq methods have been recently used to investigate
changes in gene expression during flatfish development. In
one study on the Japanese flounder, Solexa sequencing of a
small RNA library was conducted to identify miRNAs
potentially involved during metamorphosis (Fu et al. 2011),
since these small non-coding RNA molecules are known to
regulate gene expression during fish development (Bege-
mann 2008). This study discovered 140 conserved miRNAs
and 57 miRNA: miRNA¥* pairs, and a further validation
using miRNA microarrays identified 66 differentially
expressed miRNAs at two different metamorphic stages
(Fu et al. 2011). Some of these miRNA is related to muscle
development and skin pigmentation indicating that these
processes are likely to be highly regulated during flounder
metamorphosis. This work suggests that the analysis of
flatfish miRNA expression would be helpful for further
understanding of the functions of miRNAs in flatfish meta-
morphic development, which could help to explain the
complex genetic network that controls the process of flatfish
metamorphosis. Additional RNA-seq analyses during larval
metamorphosis are ongoing for Senegalese sole to determine
changes in gene expression during head remodelling (Power
DM, personal communication) or in the whole larvae during
different metamorphic stages (M. Manchado, personal
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communication), in turbot to study larval development (P.
Martinez, personal communication), and in common sole to
study the effects of retinoic acid, a metabolite of vitamin A
(X. Cousin, personal communication).

The analysis of the transcriptome of the innate immune
and osmoregulatory systems has also been recently carried
out in Senegalese sole larvae by using 454 sequencing
(Manchado et al. 2011). De novo assembly yielded 117,152
contigs with approximately 28,000 annotated genes for the
innate immune system library, and 73,026 contigs and
35,000 annotated genes for the osmoregulation library.
Global assembly generated a total of 164,741 contigs with
a coverage of ~60 Mb, suggesting the presence of a
high number of specific transcripts in both libraries. A
database containing all this information is available (http:
/Iwww.juntadeandalucia.es/agriculturaypesca/ifapa/aquagenet/
soleaDB), which is being used to design a novel and imp-
roved oligomicroarray for Senegalese sole.

Genetic maps and detection of quantitative trait loci

(QTLs)

Genetic linkage maps are powerful tools in breeding pro-
grams and genome evolution studies. They allow for the
identification and location of genomic regions associated
with monogenic or complex traits of aquaculture interest to
be applied in marker-assisted selection programs (Canario
et al. 2008). Moreover, genetic maps provide a useful tool
to study genome organization and for gathering informa-
tion about syntenic relationships across species and iden-
tification of putative candidate genes associated with QTLs
(Castafio-Sanchez et al. 2010; Sarropoulou et al. 2008).
Although genetic maps have been developed for turbot and
Atlantic halibut (Reid et al. 2007; Bouza et al. 2007), the
recent application of NGS has allowed the identification of
a high number of genetic markers useful for high-density
maps. In the turbot, for instance, the first generation map
had 26 linkage groups (LG) based on 242 anonymous
microsatellites and with an average marker distance of 6.5
centimorgan (cM) (Bouza et al. 2007). Later, a second map
using 158 different anonymous markers identified 21 and
30 LG in the male and female maps, respectively, although
with higher intermarker spacing (9.9 and 12.9 cM,
respectively) (Ruan et al. 2010). A new high-density
map for turbot using new codominant markers identified
from NGS analysis is ongoing (P. Martinez, personal
communication).

Genetic maps are essential for the identification of QTLs
to improve flatfish aquaculture. Several QTLs linked to
growth, sex differentiation and disease resistance have
been described. In turbot, up to eleven significant QTLs for
weight (LG5, LG14, LG15 and LG16), length (LG5, LG6,

LG12, LG14 and LG15) and Fulton’s condition factor
(LG3 and LG16) (Sanchez-Molano et al. 2011) have been
identified. Also, a QTL associated with turbot body length
was detected on male LG7 (Ruan et al. 2010). The iden-
tification of sex markers is also a major issue in flatfish
aquaculture because of the higher size of females. Some
flatfishes such as the tongue sole exhibit a pair of mor-
phologically distinct sex chromosomes (WZ/ZZ) (Zhuang
et al. 2006). However, no sex-linked chromosome hetero-
morphisms have been described in turbot (Bouza et al.
2007) or Senegalese sole (Cross et al. 2006). Recently, a
sex determining region was located at the proximal end of
LGS in turbot, close to the SmaUSC-E30 marker (Martinez
et al. 2009). This marker has been associated with com-
parative genomics to other sex-associated QTLs in tilapia
(Oreochromis sp), and indirectly to the LG8 of the three-
spined stickleback (Gasterosteus aculeatus) (Martinez
et al. 2009; Sarropoulou et al. 2008). In the tongue sole, a
female-specific DNA marker, located in the sex-linked
LGS (Liao et al. 2009), has also been identified (Chen et al.
2007). Regarding disease resistance, Aeromonas salmoni-
cida resistance-related traits and a major locus on LG15
(marker Poli.9-8TUF) for resistance to lymphocystis dis-
ease have been reported in turbot (Rodriguez-Ramilo et al.
2011) and Japanese flounder (Fuji et al. 2006, 2007),
respectively. The latter trait in Japanese flounder has been
successfully applied as a selection breeding marker. In this
species, the toll-like receptor 2 has recently been reported
as a putative candidate linked to the Poli.9-8TUF marker
responsible for lymphocystis resistance (Hwang et al.
2011). In addition, some loci associated with resistance
against streptococcal disease caused by Streptococcus iniae
(LG7, LG10, LG11 and LG17), and some alleles of MHC
class IIB gene that confer protection against Vibrio an-
guillarum (Xu et al. 2008) have also been found in this
species.

Future prospects

It is generally agreed that the application of ‘omics’ tech-
nologies in flatfish aquaculture, as in other farming activ-
ities, may significantly contribute to promote this industry.
However, in most cases, there will be still some time until
practical applications can be developed purely based on
advances in genomics, since current knowledge on flatfish
genetics and physiology remains scarce. For some pur-
poses, such as genetic breeding programs, the application
of genomics might be faster since de novo sequencing of
genomes and further identification of genes and genetic
markers, and the construction of genetic linkage maps, may
allow a relatively rapid recognition of QTLs for marker-
assisted selection in flatfish. Therefore, the sequencing of
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the genomes of cultured flatfish must be a priority for the
upcoming years. In this scenario, the development of NGS
and their multiple applications, which can generate an
enormous volume of genomic information in a short time,
will undoubtedly speed up the discovery of genes, markers
and genetic traits of commercial interest.

The use of NGS in flatfish genomics is however facing
important challenges related to bioinformatics. Specialized
bioinformatic platforms are essential to manage, store and
analyse genomic data efficiently, and therefore they will
become indispensable when more fish genomes are
sequenced. The optimization of algorithms for de novo
assembly and statistical analyses of sequencing data, the
creation of databases for commercially important flatfish
species, as well as the development of specific bioinfor-
matic applications adapted to the new emerging sequencing
technologies, are thus crucial tasks if we are to exploit fully
the potentials of genomics in flatfish aquaculture.

The NGS technologies and bioinformatic tools are also
extremely useful for functional genomics approaches since
they can allow a complete evaluation of the transcriptome in
a given tissue under specific experimental conditions, thus
obtaining a broader picture of the physiological regulatory
factors involved. In this regard, a particular area of growing
interest in flatfish genomics is nutrigenomics. The nutritional
conditions have a marked effect on larval development and
metamorphosis of flatfishes, as well as in juvenile growth and
disease resistance, and therefore they need to be optimized
for each species and developmental stage. Transcriptome
analysis can be a powerful approach to optimize the dietary
components. However, the influence of the feeding and
nutritional conditions of fish on the quality and nutritive
value of the products for human consumption, which can be
included in the recently proposed new discipline ‘Foodo-
mics’ (Cifuentes 2009), remains poorly investigated.
Foodomics has been defined as a discipline that studies food
and nutrition domains through the application of advanced
‘omics’ technologies in which mass spectrometry techniques
are considered indispensable (Cifuentes 2009). Thus, nutri-
genomics and foodomics approaches, which can be used to
produce healthy animals as well as high-quality and safe
products for the consumer, are likely to emerge as promising
research areas for a sustainable and profitable flatfish
aquaculture.
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