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Abstract

In this work, we tested 100 potential new microsatellites (SSRs) equally derived from expressed sequence tag (EST) and
enriched genomic-DNA libraries from Senegalese sole (Solea senegalensis, Kaup), a valuable cultured flatfish species.
A final set of 69 new polymorphic microsatellites were validated after a population analysis, 37 of which corresponded to
the first EST library constructed for Senegalese sole (EST-SSR). Although differences were not significant, EST sequences
provided a higher proportion of quality markers (74%) than anonymous ones (64%). Most of the rejected anonymous SSRs
(17 loci) were discarded because they did not generate PCR products; only one was monomorphic. On the contrary, all
EST-SSRs gave PCR products, although monomorphism was more frequent (26%). Altogether, the number of alleles per
locus was fairly similar in both SSR types, ranging from 2 to 19. The observed and expected heterozygosities varied from
0.105 to 1 and from 0.108 to 0.937, respectively. The main difference between the two sets was the percentage of annotated
loci, being higher in EST-SSRs, as expected. Within the EST-SSRs, 46% of them showed flanking regions that significantly
matched with EST sequences from other three flatfish species; however, the microsatellite itself was present only on half of
these cases. These two new SSR sets constitute a suitable tool for fingerprinting, gene flow, genetic diversity, genome map-
ping studies and molecular-assisted breeding in this species.

Keywords: expressed sequence tag library, flatfishes, microsatellite, Solea senegalensis

Received 24 February 2012; revision received 27 April 2012; accepted 4 May 2012

Introduction

Senegalese sole is an economically valuable flatfish spe-
cies of high interest for marine aquaculture mainly in
Southern Europe. In fact, its culture has surged in the last
few years in Portugal and Spain, contributing to the
diversification of species with aquaculture potential in
this region (Imsland et al. 2003). However, to date the cul-
ture of this species is not yet commercially successful,
because of problems related mainly to feeding, mortality
during the metamorphosis and the attack of bacterial dis-
eases that cause severe losses and hamper production
(Morinigo et al. 2001; Imsland et al. 2003). Additionally,
loss of genetic variability, which affects the capacity of
fish to adapt to new conditions, is frequent in hatchery
stocks (Sekino et al. 2003), causing inbreeding and
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thereby affecting progeny viability. In this context, the
development of genetic maps and selective breeding pro-
grammes are commonly used to improve the culture of
other aquaculture fishes. All these aspects make it neces-
sary to characterize molecular markers in this species.
Microsatellites, or simple sequence repeats (SSRs), have
provided a powerful molecular tool to assess genetic
variations, to assign parentage and to identify genomic
regions related to productive traits, allowing selection
based on molecular markers (MAS). In fact, SSR markers
have been characterized in different cultured flatfishes
such as Japanese flounder (Coimbra et al. 2003; Liu et al.
2006; Kang et al. 2008), turbot (Bouza et al. 2007), halibut
(Reid et al. 2007), half-smooth tongue sole (Sha et al. 2011)
and European plaice (Casas et al. 2009). However, while
in such species a large number of microsatellite markers
have been developed, allowing a thorough analysis of its
genomes, only a few loci (about 40) have been reported
in Senegalese sole to date (Funes et al. 2004; Porta &
Alvarez 2004; Castro et al. 2006; Chen et al. 2008; De la
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Herran et al. 2008). It is thus necessary to develop a
higher number of polymorphic markers for the construc-
tion of linkage maps, already developed in other flatfish
species. Moreover, while expressed sequence tag (EST)
databases have been used with high performance in
other flatfishes, no microsatellite loci from gene
sequences have been described in Senegalese sole. These
EST-derived microsatellites have proved useful in com-
parative analyses because being present in coding
regions, they are expected to be more conserved than are
anonymous microsatellite loci. Here, we describe the first
Senegalese sole microsatellite set obtained from EST
sequences, together with a new set of anonymous SSR.
Their characteristics, such as number of alleles and poly-
morphic degree and its conservation in other flatfish ge-
nomes, are described here.

Materials and methods

SSRs were detected using the software Perfect Microsat-
ellite Repeat Finder (sgdp.iop.kcl.ac.uk/nikammar/
repeatfinder.html). The criteria used to select both EST
and anonymous SSR were as follows: at least eight
repeats for dinucleotide and trinucleotide repeats and at
least four repeats for tetranucleotide repeats. EST-SSRs
were isolated from an established sequence tag library
(Pleurogene project database; http:/ /www.pleurogene.ca),
whereas anonymous SSRs were obtained from previ-
ously described repeat-enriched genomic libraries (De la
Herran et al. 2008). Primers flanking the selected micro-
satellites were designed using the pPrRIMER 3 software
(http:/ /frodo.wi.mit.edu/primer3).

Microsatellite-marker polymorphism was determined
using 28 wild individuals of Senegalese sole, used as
breeders, collected from a fish farm located in the IFAPA
Centre “Agua del Pino’ of Junta de Andalucia in Huelva,
Spain. Previously, PCR conditions had been optimized
by using template DNA from eight adult fish, varying
the annealing temperature and the primer and MgCl,
concentrations.

DNA was isolated using the phenol-chloroform proce-
dure as described by Sambrook et al. (1989), and PCRs
were finally performed in a 15-pL reaction mixture con-
taining 1x buffer, 2 mm MgCl,, 0.1 mm of each dNTPs,
1 U of Tag Polymerase (Biotools), 5 pmol of each primer
set and approximately 25 ng of genomic DNA. PCR
cycles were as follows: 5 min denaturation at 94 °C, 35
cycles of 1 min at 94 °C, 45 s at a primer-specific anneal-
ing temperature and 45 s at 72 °C. Finally, the products
were extended for 7 min at 72 °C. The specific annealing
temperature of each primer set is given in Tables 1 and 2.
Polymorphism at each locus was screened using an
ABI 3100 Avant sequencer (Applied Biosystems), by elec-
trophoresis of PCR products on 6-8% denaturing

polyacrylamide gels. Alleles were designated according
to the PCR product size, which was determined using
Gene Scan™ 500 LIZ™ Size Standard (Applied Biosys-
tems) as a reference marker and the GENEMAPPER software
(Applied Biosystems).

For each marker, the observed and expected hetero-
zygosities, the polymorphism information content (PIC)
value and the null-allele frequency (NAF) were all deter-
mined using the program cervus 3.0 (Kalinowski et al.
2006). Linkage disequilibrium analyses among the poly-
morphic maker pairs and deviations from Hardy-Wein-
berg (HW) equilibrium for each locus were estimated
performing an exact test (probability test) in GENEPOP 4.0
(http:/ /genepop.curtin.edu.au/) (Raymond & Rousset
1995a,b) using the Markov parameters provided by
default. For annotation, microsatellite-containing
sequences were BLAsTed against the GenBank nucleotide
database (http://www.ncbi.nlm.nih.gov/genbank/) by
using BLASTX (E-value cut-off: <1073).

For the determination of the presence of Senegalese
sole SSRs in other flatfish species, all EST sequences (and
those anonymous sequences with a significant match on
GenBank) were BLASTed using BLASTN (Altschul et al. 1990)
against EST databases from Atlantic halibut (21 018
sequences), Japanese flounder (16 275 sequences) and
turbot (6170 sequences), available from NCBI-EST data-
base (http://www.ncbi.nlm.nih.gov/dbEST) except for
turbot sequences, which were extracted from an specific-
EST database (Pardo et al. 2008; Vera et al. 2011).

Gene ontology (GO) terms were assigned using BLASTX
(E-value cut-off: <107°) as implemented by AMIGO v.1.8
software (http://www.geneontology.org/). In the anno-
tated sequences, the presence of the repetitions out/in
the translated region was determined for each SSR.

Results and discussion

One hundred potential SSR markers, 50 from genomic
libraries and 50 from EST libraries, were characterized
from sequences with accession numbers HE601639-
HE601673 and HE600073-HE600122. Within those
derived from genomic libraries, 34% failed to give a PCR
product, 64% were found to be polymorphic among the
tested fish and only 2% proved monomorphic. On the
contrary, none of the 50 markers derived from EST
libraries failed to give a PCR product; however, a higher
degree of monomorphism (26%) was observed among
them. The higher proportion of anonymous markers that
failed to give a PCR product could be due to a presum-
ably higher conservation of the EST sequences than geno-
mic ones. Overall, a set of 69 new polymorphic
microsatellites were validated after population analysis.
Tables 1 and 2 summarize anonymous- and EST-
microsatellite features, respectively. Both sets are
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constituted mainly by dinucleotide repetitions (62.5% of
the anonymous ones and 75.7% of the EST-SSRs belong
to this category); however, oddly, trinucleotide markers
were more frequent in anonymous SSRs (28%, against
19%). Both sets showed fairly similar values for several
characteristics. Thus, within the EST-SSR set, the number
of alleles ranged from 2 to 15 (7.27 + 3.86 alleles per
locus), whereas the observed and expected heterozygosi-
ties varied from 0.105 to 1.000 (0.667 + 0.22 per locus)
and from 0.199 to 0.917 (0.709 + 0.17), respectively. The
genomic SSR set displayed rather similar results for these
parameters, varying between 2-19 (8.96 + 4.81), 0.052—
0.954 (0.625 + 0.22) and 0.051-0.936 (0.680 + 0.21), respec-
tively. PIC and average probability test values per locus
also showed no significant differences between the two
sets, being 0.659 + 0.18 and 0.377 + 0.35 for the EST-SSR

set, and of 0.632 + 0.22 and 0.411 + 0.28 for the genomic
SSR set, respectively. On the other hand, despite that
the EST sequences appear to be more conserved than
anonymous ones, the number of markers that showed
significant heterozygote deficiency (NAF > 0.1) was
quite similar for both sets (Tables 1 and 2), possibly
due to the presence of null alleles. Results from link-
age disequilibrium analyses among the polymorphic
maker pairs have been included as Table S1. Genotypic
disequilibria were detected in 52 of 2300 pairwise com-
parisons (P < 0.05), that is, in the 2.26% of the cases, a
proportion lower than the expected 5% (115 significant
associations).

The BLAsTX homology search revealed strong similar-
ity between annotated genes and some microsatellite-
containing sequences (Table 3). As expected, those

Table 3 Annotation of monomorphic and polymorphic Senegalese sole expressed sequence tag (EST) and anonymous microsatellites,

using BLASTX comparisons

Microsatellites ~ Closest identity Accession no. Identity (%) E-value
EST-derived microsatellites
EST-1117 Danio rerio hypothetical protein NP_001116761.1 60 4e-17
EST-2H15 Salmo salar casein kinase II subunit alpha NP_001133529.1 88 3e-42
EST-3H07 S. salar interferon-related developmental regulator 2 NP_001167307.1 83 2e-36
EST-2G14 S. salar casein kinase II subunit alpha NP_001133529.1 88 3e-42
EST-3A04 Osmerus mordax PHS1 ACO09320.1 94 6e-70
EST-22E12 Tetraodon nigroviridis unnamed protein CAG11505.1 86 9e-42
EST-27G19 D. rerio usp? protein AAH94294.1 100 le-04
EST-2M07* Oreochromis niloticus protein FAM193A-like XP_003449784.1 100 le-31
EST-5 O. niloticus C1q-like protein XP_003438219.1 49 3e-09
EST-8 S. salar tropomyosin-1 alpha chain ACI34179.1 95 2e-15
EST-10 O. mordax creatine kinase, testis isozyme ACO08899.1 88 5e-34
EST-11 Esox lucius trafficking protein particle complex subunit 2-like protein ~~ ACO13683.1 95 9e-82
EST-13 Pennahia argentata myosin light chain 1 BAA95129.1 91 8e-84
EST-15 D. rerio cornifelin homolog NP_001004663.1 76 8e-18
EST-16 Scophthalmus maximus 40S ribosomal protein 527 ABJ98653.1 98 3e-48
EST-19* O. niloticus troponin C XP_003457006.1 96 4e-91
EST-22 T. nigroviridis unnamed protein CAF96756.1 97 9e-77
EST-23 T. nigroviridis unnamed protein CAF96756.1 95 5e-115
EST-26 Epinephelus coioides 14 kDa apolipoprotein ACM41842.1 64 5e-46
EST-32 E. coioides malate dehydrogenase 1b ACL98112.1 92 1e-89
EST-33 Cyprinus carpio S31 protein CAA76640.1 96 8e-42
EST-45* O. niloticus transcription factor BTF3 XP_003448501.1 90 le-04
EST-46*
EST-47 T. nigroviridis unnamed protein CAG14833.1 86 2e-87
EST-50 O. mordax PHS1 ACO09320.1 91 2e-97
ESST-56* Perca flavescens mitochondrial NADH dehydrogenase flavoprotein 1 ADX97063.1 94 le-148
EST-58* O. niloticus la-related protein 1B-like XP_003447897.1 68 5e-22
EST-60 T. nigroviridis unnamed protein CAG13169.1 89 4e-19
EST-62 Solea senegalensis calsequestrin 2 BAG49513.1 100 le-107
Anonymous microsatellites
Mss24 D. rerio proton-coupled amino acid transporter 1 XP_687732.1 86 5e-07
Mss32 D. rerio semaphorin NP 001186294.1 94 4e-13
Mss44 T. nigroviridis unnamed protein CAGO07831.1 95 le-14
*Monomorphic SSR.
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containing EST-SSR (including both monomorphic and
polymorphic) were annotated in a much greater propor-
tion (58%) than the anonymous ones (9%).

According to the Gene Ontology annotation, most
annotated sequences are related with the following cellu-
lar components: membrane (16%), endoplasmic reticu-
lum (12%), nucleus (8%), ribosome (8%) and cytoplasm
(4%), showing a distribution similar to those found in
turbot (Navajas-Pérez et al. 2012).

The annotated sequences were also analysed to deter-
mine the relative position of the microsatellite; thus, most
SSR (96.5%) proved to be located within untranslated
regions (UTR), mainly within 5-UTR (58.62%). Microsat-
ellites located in 5 and 3" UTR could affect gene expres-
sion through their influence on the stability of
transcribed products and on the translation level from
the target RNA, as described in European eel (Anguilla
anguilla), where the repeats of an SSR located at the
3’-UTR of the TSHB gene are able to form unusual helix
structures within double-stranded DNA that promote
genetic instability (Pradet-Balade et al. 1998; Chistiakov
et al. 2006). In the present work, only one microsatellite
(EST-5) was located within the translated region; it con-
sists of a hexanucleotide motif (TGGACA that allows
unbroken reading of the frame) placed within the gene
that supposedly encodes the Clq protein, a subunit of the
C1 enzyme complex that activates the serum complement
system. Further studies will determine whether there is
relation between the different alleles present and the
level of production of this glycoprotein.

Additionally, all EST and the annotated anonymous
sequences (50 and 3, respectively) were BLASTed against
Atlantic halibut, Japanese flounder and turbot EST data-
bases to evaluate the degree of conservation of these SSRs
in other flatfish species. All the anonymous sequences
analysed gave negative results; however, 23 EST-SSR
(46%) showed significant matches with any of the EST
databases explored (Table 4). Of these, only one (EST-10)
matched with all three species; four (17.4%) matched
with two species, and the remaining 18 (78.3%) matched
with only one species. Most matches were recorded with
the turbot database (14, against 8 for each of the other
databases). Alignment of these sequences showed that
although the SSR-flanking region was certainly con-
served (to a variable degree), the microsatellite itself was
not always present. Thus, 71% of the SSR that hit with the
turbot EST database lacked the respective repetitive
motif. On the contrary, most of the hits with the halibut
and flounder databases indeed included it (62.5% and
75%, respectively). In this sense, it bears noting that the
presence or absence of the SSR motif was variable even
within a given EST-SSR. Thus, the EST-12, which
matched with flounder and turbot EST databases,
included the SSR motif with the first species, but not with

© 2012 Blackwell Publishing Ltd
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Table 4 Senegalese sole expressed sequence tag (EST)-SSR-
containing sequences that showed significant matches with EST
databases sequences from Atlantic halibut, Japanese flounder
and turbot

Atlantic Japanese
halibut flounder Turbot
Monomorphic SSR EST-19, EST-19, EST-56
EST-21P06, EST-2M07
EST-58,
EST-66
Polymorphic SSR  EST-10, EST-10, EST-8, EST-10,
EST-22, EST-12, EST-11, EST-12,
EST-23, EST-32, EST-14, EST-16,
EST-62 EST-48, EST-22, EST-23,

EST-2H15, EST-26, EST-32,
EST-2G14 EST-33, EST-60,
EST-27G19

Cases in which the SSR-flanking sequences were conserved but
the SSR itself was absent are indicated in bold.

the second. In other cases, no variation appeared: EST-10,
EST-19 and EST-32 included the SSR motif in all the spe-
cies where they were found, whereas in the same way,
EST-22 and EST-23 lacked it in the two species where
they were detected. On the other hand, although some of
the Senegalese sole EST-SSR described here appear to be
conserved in other flatfish species (e.g. EST10, being pres-
ent in all three species, and EST19, being present in hali-
but and flounder), the SSR-flanking sequences showed
minor differences that could prevent the use of the
designed primers with these related species (Fig. 1); in
fact, low cross-species amplification has previously been
reported for the order Pleuronectiformes (Bouza et al.
2002; Castro et al. 2006). Despite this, the in silico informa-
tion reported here would be of interest to develop new
SSR, equivalent to those found in Senegalese sole, in
these flatfish species, allowing comparative genomic
studies.

In conclusion, here we describe two new sets of Sene-
galese sole SSRs, including the first found in EST
sequences. EST-SSR markers are considered to have
many advantages over genomic SSR markers, for exam-
ple a higher proportion of high-quality markers or a
higher transferability among related species (Varshney
et al. 2005). Our EST sequences certainly provided a
higher proportion of quality markers (74% of the tested
SSR were useful, against 64% in anonymous ones), all the
same differences was not significant. On the other hand,
given the discrepancies observed between the SSR-flank-
ing sequences of the four flatfish species analysed, it is
doubtful that cross-species assays using the proposed
SSR primers will succeed. However, other primers target-
ing these conserved SSR could allow the performance of
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FED432204 ARATACACRAMCARATCCARAN -~~~ ~~---~=~ CTGTGTGATACAGAGTCAAACATTCAT
DNT94634 ARATACACAAACAAATCCAR-—————==-=-=~ CCGTGTGATACAGAGTCARACATTCAT
FE945246 ARATACACAAACAMATCCAGG-————-—-—-—- CTGCGTAATACAGAGTCAAACATTICAT
EST10 ARATACATGAACAAATCCGEACGACGAC GACGACTGTGTGATACGGAGTCARACATTCALS
EERETRETE EEEREREER F T AE EEEE EEAAATATARLRER
FE043204 TCAGACAGEGEAGCGAGEGA TE6 AGAGA GG TGGAGETGGTEG AGGRAGGAGEAGGA-——- -
DN794634 TCAGACAGEGEAGCGAGEGAT-~——— -~ GATGGRAGGAGE TG TG GRGGAGEAGGA- ——— -
FES 45246 TCAGACGAGGG-- ~GEGEG0CG- -~ -- - - - ~GGAGGAAG- -G TGGAGGAGEGETT- -~ -
EST10 TCRRRCACAGG AGAGG AGGATGA-~ —~ - -~ - GGAGGAGGAGG AGGAGGACGAGEACCAGG
*ER AR L3 * L& 4 TREER * * AREAEET & &

FE0 43204 GAGTGTGGAG -~ -GTGETCAGGCE TCAGGACEE= == == === == CTTC= ===~ ACTTCTG
DN794634 GAGTGTTG= ===~ GTGGTCGEGCETCAGGACGE === ATTC= == == ACTICTG
FE945246 GRAG===========GTGG CTTICTTTTTACTTCTG
EST10 ARGTGCAGGAGGACGTGTTTGTG G TCAGGACGETGE TCGTGETCTT TG TTTTACTTCTG
t® k& & % Xk *E% *x kA EEER

FE043204 GGCGGGAATCAGE TCATCGATGGAC TEGCC CTTCTCCAGC TTCTTCTCCATCTCGACCAG
DNT94634 TTCGGGAATCAGETCGTCGATEGAC TEACTCTTCTCCAGC TTCTTCTCCATCTCGACCAG
FES 45246 GGCGGGGATCAGETCSTCGA TEGAC TEGCC CTTCTCCAGC TTCTTCTCCATCTCGATCAG
EST10 TGCAGGAATCAGG TCTTCGACAGRC TCTCCCTTC TCCAGCCTCTTCTCCATC TCCACCAG
®* AT AEATAAEN REEA EEE® T EARAETERAAEN AAXAAAALAALAEY & TR

FE043204 CRBCTTGAC TCCETCEACCACCA TC TECAC CAGETCCACC TCGEAGARGCCCAGTC TETC
DN794634 CAGCTIGACGCEGTCSACCACCA TC TECAC CAGATCCACCTCAGAGARGCCCAGTC TGTC
FES 45246 CRGCTTGATTCCGTCEACCATCATC TGCACCAGCTCCACCTCGEAGAAGCCCAGTCGGTC
EST10 CAGTTTGATTCCGTCGACCACCA TC TECAC CAGCTCCACC T ARAGARGCCCAGTC TETC

TER WEEW EARER AXERE AEARAATAERRAR ERERANER AR RATERYT RN

Fig. 1 Partial alignment of the Senegal-
ese sole sequence expressed sequence tag
(EST)-10 with sequences taken from EST
databases of Japanese flounder
(FE043204), Atlantic halibut (DN794634)
and turbot (FE945246). Microsatellite
motif (GGA) is shown in bold. Location of
the corresponding primers is shown in

grey.

comparative studies. On the other hand, EST-SSR offers
other advantages compared with genomic ones, because
they can be more rapidly developed and can be fre-
quently associated with genes of known functions (Chis-
tiakov et al. 2006). In this sense, EST-SSRs are also of
interest because they offer the opportunity to determine
the effect of repeat polymorphism on gene expression.
The new polymorphic microsatellite sets described here,
together with others previously described, will enable
studies of genetic diversity, genome mapping and molec-
ular-assisted breeding of Senegalese sole, a valuable fish
in the aquaculture industry.
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