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Abstract Microsatellites physically linked to expressed
sequence tags (EST-SSRs) are an important resource for
linkage mapping and comparative genomics, and data min-
ing in publicly available EST databases is a common strat-
egy for EST-SSR discovery. At present, many species lack
species-specific EST sequence data needed for the efficient
characterization of EST-SSRs. This paper describes the
discovery and development of EST-SSRs for red drum
(Sciaenops ocellatus), an estuarine-dependent sciaenid spe-
cies of economic importance in the USA and elsewhere,
using a phylogenetically informed, comparative genomics
approach to primer design. The approach entailed compar-
ing existing genomic resources from species closely allied
phylogenetically to red drum, with resources from more
distantly related outgroup species. By taking into account
the degree to which flanking regions are conserved across
taxa, the efficiency of PCR primer design was increased
greatly. The amplification success rate for primers designed
for red drum was 100 % when using EST libraries from
confamilial species and 92 % when using an EST library
from a species in the same suborder. The primers developed
also amplified EST-SSRs in a wide range of perciform
fishes, suggesting potential use in comparative genomics.
This study demonstrates that EST-SSRs can be efficiently
developed for an organism when limited species-specific
data are available by exploiting genomic resources from
well-studied species, even those at extended phylogenetic
distances.
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Introduction

The availability of DNA sequence data in public databases
has increased dramatically over the last decade. Conse-
quently, “data mining” from these databases is being used
to address a variety of biological questions (Nagaraj et al.
2007). Expressed sequence tags (ESTs) in particular have
become a useful resource for data mining as a result of their
abundance and availability in a diversity of biota (Ellis and
Burke 2007). Because microsatellites (SSRs) are present in
a significant percentage of ESTs, the discovery and design
of EST-SSRs by data mining EST libraries has become a
common strategy (Bouck and Vision 2007). EST-SSRs are
desirable markers because they are abundant and evenly
dispersed across genomes (Kantety et al. 2002; Ju et al.
2005), and use of publicly available EST libraries can
bypass the time and expense of enriched library design
(Squirrell et al. 2003). In addition, because ESTs represent
cDNA copies of expressed sequences (Adams et al. 1991),
EST-SSRs are tightly linked to functional coding genes
whose identity often can be ascertained with a BLAST
search. Finally, because primers are designed in relatively
conserved coding regions, EST-SSRs display higher
cross-species transferability than non-EST-derived SSRs
(so-called genomic microsatellites; Coulibaly et al. 2005;
Varshney et al. 2005).

At present, however, most organisms lack the species-
specific EST sequence data necessary for characterizing
EST-SSRs. This problem can be circumvented by screening
EST libraries of closely related species for SSRs and de-
signing a large number of primers to cross-amplify loci in
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the species of interest (Yue et al. 2004; Li and Li 2008;
Zhou et al. 2008). However, such “shotgun” approaches to
EST-SSR cross-amplification commonly result in <50 %
of markers successfully amplifying in the species of
interest. Among the most important factors affecting cross-
amplification success is the presence of primer—site mis-
matches between the species from which the ESTs are
derived and the target species (Housley et al. 2006). The
design of primers with binding sites that are highly con-
served across taxa can therefore maximize cross-species
transferability and amplification success (Dawson et al.
2010). The wealth of EST and genomic sequence data
available in public databases makes it possible to employ a
comparative genomics approach to primer design which
considers the phylogenetic relationships between the species
involved, thereby maximizing the efficiency of cross-
amplifying EST-SSRs in a target species. The logic behind
such a methodology is as follows: if primer binding sites are
conserved between a species in a given clade (the ingroup)
and a species in a different clade (the outgroup), those sites
are likely to be conserved among other species within the
ingroup. Specifically, by aligning EST-SSR sequences from
an organism in the ingroup to the genomic sequences of an
organism in the outgroup and designing primers only in
conserved portions of the flanking regions, it should be
possible to achieve a high degree of amplification success
in another species in the ingroup (i.e., the target species).

In this paper, we exploit this methodology by designing
EST-SSRs for a target species, red drum (Sciaenops ocella-
tus), using the EST libraries of phylogenetically related
species. Red drum is an estuarine-dependent, economically
important sciaenid species that is aquacultured globally and
is part of an important recreational fishery in the USA, and
for which there are currently no publicly available EST
sequences. In addition, we report on a software tool
designed for the automation of this process.

Materials and Methods

All EST sequences were downloaded from GenBank dbEST
(http://www.ncbi.nlm.nih.gov/nucest). Downloaded EST
sequences were placed into two ingroups in order to assess
the phylogenetic distance at which the method could be
employed efficiently. The first, more exclusive ingroup con-
sisted of EST sequences from two species, yellow croaker
(Larimichthys crocea) and miiuy croaker (Miichthys miiuy),
in the family Sciaenidae, to which red drum also belongs.
The second ingroup consisted of EST sequences from a
moronid species, European sea bass (Dicentrarchus labrax),
which is in the suborder Percoidei, as is the red drum. The
outgroup chosen for both levels of comparison was the Nile
tilapia, Oreochromis niloticus. This perciform species was

selected as it represented the closest outgroup species (sub-
order Labroidei) with a large amount of available genome
sequence data.

EST sequences were screened for contaminating vector
and linker sequences using NCBI’s VECSCREEN (http:/www.
ncbi.nlm.nih.gov/VecScreen/VecScreen.html) and trimmed
to remove regions with significant hits to known vectors.
Sequences were then trimmed to remove poly-T and poly-A
regions at the 5’ and 3’ ends, respectively. Sequences that
were <100 bp in length after trimming were removed from
further analysis. To eliminate redundancy, the remaining
sequences were assembled for each species into a set of
consensus sequences using the program cAr3 (Huang and
Madan 1999). A custom Perl script was used to screen the
consensus sequences for microsatellite motifs using the
minimum repeat criteria of 5, 5, and 4 for di-, tri-, and
tetranucleotide repeats, respectively. Sequences containing
microsatellite motifs were then aligned, using the BLASTN
program within NCBI’s BLAST+ suite (Camacho et al.
2009), to whole-genome shotgun (WGS) sequences of the
Nile tilapia. Alignments with an e value below a threshold
of 10 and containing a region of repetitive sequence were
selected as candidates for primer design. Primers were
designed manually using the program PRIMER3 (Rozen and
Skaletsky 2000; http://frodo.wi.mit.edu/). Only highly con-
served flanking regions in which no indels and a maximum
of two nucleotide substitutions were present were selected
as candidate regions for primer placement. Twenty-five
primer pairs were designed using sequences from both
ingroups. Steps in the process from trimming ESTs to align-
ment with the O. niloticus genome were automated using a
custom tool (available upon request from CMH), written in
Perl, that utilizes a number of modules from the BioPerl
project (Stajich et al. 2002).

Polymerase chain reaction (PCR) amplification success
and microsatellite polymorphism in red drum were assessed
initially using four red drum obtained from the Gulf of
Mexico near Corpus Christi, Texas. An additional 16 red
drum from the same location were genotyped to assess allele
frequencies at all polymorphic microsatellites. Cross-species
amplification was assessed using four individuals each of
six additional perciform species: five from the suborder
Percoidei—spotted sea trout (Cynoscion nebulosus) in the
family Sciaenidae, red snapper (Lutjanus campechanus) in
the family Lutjanidae, coney (Cephalopholis fulva) in the
family Serranidae, greater amberjack (Seriola dumerili) in
the family Carangidae, and cobia (Rachycentron canadum)
in the family Rachycentridae—and one from the suborder
Scombroidei—Serra Spanish mackerel (Scomberomorus
brasiliensis). Genomic DNA was extracted from fin clips
using a modified Chelex extraction protocol (Estoup et al.
1996). Amplifications were performed using the “tailed”
protocol described in Karlsson et al. (2008). PCR products
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were electrophoresed and visualized on 6 % polyacrylamide
gels using an ABI Prism 377 automated sequencer (Applied
Biosystems). Allele calling was performed manually using
GENOTYPER 2.5 (Perkin Elmer) and GENESCAN 3.1.2 (Applied
Biosystems). The number of alleles and observed and
expected heterozygosity were calculated, and exact tests of
conformity to the expectations of Hardy—Weinberg equilib-
rium (HWE) were performed using GENEPOP 007 (Rousset
2008). The presence of scoring errors, large-allele dropout,
and null alleles was assessed using MICRO-CHECKER (van
Oosterhout et al. 2004). Polymorphic EST-SSRs were
screened for putative function using a BLASTN and BLASTX
search against the NCBI non-redundant (nr) database for
nucleotides and proteins, respectively.

Results

After trimming ESTs, removing small sequences, and as-
sembling sequences to eliminate redundancy, a total of
3,912 and 24,794 sequences remained from the two sciae-
nids (yellow croaker and miiuy croaker) and the European
seabass, respectively. A total of 420 microsatellites (7.2 %
of all non-redundant ESTs) were detected in sequences from
the two sciaenids, and of these, 173 sequences had an
acceptable BLAST hit against O. niloticus WGS sequences.
All 25 primer pairs (100 %) amplified a scoreable product in
red drum and 13 of 25 (52 %) were polymorphic (Table 1).
For one microsatellite (Soc_Mmi07), there were several
amplified products, some of which may have been artifacts;
the remaining 11 were monomorphic. A total of 2,900
microsatellites (5.2 % of all non-redundant ESTs) were
detected in sequences from European seabass. Of these,
1,445 had an acceptable BLAST hit against O. niloticus
WGS sequences. Twenty-three of the 25 primers (92 %)
amplified in red drum, and 16 (64 %) were found to be
polymorphic (Table 1). Among all microsatellites, the
number of alleles ranged from 2 (Soc Lcr09, Soc Lcrl2,
Soc_ Mmi05, Soc Dlal8, Soc Dlal8, Soc Dla22) to 17
(Soc_Lcr03), and gene diversity ranged from 0.05
(Soc_Dlal8) to 0.934 (Soc_Lcr03). Significant departures
from the expectations of HWE prior to sequential Bonfer-
roni correction (Rice 1989) were found for 7 of 29 micro-
satellites; genotypes at only one of those microsatellites
(Soc_Dlal3) deviated significantly from the expectations
of HWE following correction. Analysis with MICRO-CHECKER
indicated the possible occurrence of null allele(s) at four
microsatellites (Soc_Lcrl4, Soc DIla09, Soc Dlal3, and
Soc_Dla21). A function was assigned to 17 of the 29 poly-
morphic EST-SSRs and to 11 of the 18 monomorphic EST-
SSRs based on BLASTN or BLASTX searches (Table 1). Because
these loci were not sequenced in the target species, the
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assigned functions reported are putative. Of the 28 micro-
satellites that could be assigned a putative homology, 17 were
located in 3’ untranslated regions (UTRs), 3 were located in 5
UTRs, and 4 were located in amino acid coding regions. All
microsatellites located in coding regions were trinucleotide
repeats. The remaining four microsatellites had significant

BLAST hits to probable pseudogenes, genomic introns, or un-
identified mRNAs. Amplification success in other species,
defined as the presence of one or more bands scored on a
polyacrylamide gel near the approximate size of the fragment
observed in red drum, ranged from 76 % in R. canadum to
100 % in C. fulva for the 29 polymorphic microsatellites
assayed (Table 2). The percentage of polymorphic EST-
SSRs for each species ranged from 21 % in S. dumerili to
66 % in C. nebulosus. One microsatellite, Soc_Lcr07, was
polymorphic in all species investigated.

Discussion

The results of this study demonstrate that a comparative
genomics approach to primer design can be used to effi-
ciently screen for and develop EST-SSRs for a species of
interest from EST libraries of related species. Amplification
success was shown to decrease only slightly when using
ESTs from a species in a more distant taxon (different
family, same suborder) compared to ESTs mined from con-
familial species. The total amplification success rate ob-
served in this study (96 %) is highly efficient, even when
compared to EST-SSR mining studies that have employed
species-specific ESTs (Wang and Guo 2007; Yu and Li
2008; Vogiatzi et al. 2011). While the proportion of poly-
morphic markers ultimately obtained is difficult to control,
the approach applied in this study increases the ratio of
polymorphic markers to the primers tested by minimizing
the number of primers that fail to amplify a product alto-
gether. In total, 29 of 50 designed primer pairs amplified a
scoreable, polymorphic microsatellite in red drum. This was
accomplished using <50 % of the available sciaenid EST-
SSRs with an acceptable BLAST alignment against the O.
niloticus genome and <5 % of the D. labrax EST-SSRs with
an acceptable alignment. This suggests that the same tech-
nique could be used to design many additional markers
using the same EST libraries.

A principal advantage of this approach is that it can
theoretically be extended to incorporate ESTs at arbitrarily
large taxonomic distances by making the ingroup more
inclusive and selecting an appropriate outgroup. The ESTs
utilized in this study represent only ~30 % of all percoid
ESTs and only ~15 % of perciform ESTs that could be
subject to the same search strategy. The choice of the out-
group genome is another factor that can increase the ulti-
mate yield. While O. niloticus was an appropriate and
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Table 2 Cross-amplification of

C. fulva® L. campechanus®

S. dumerili® R. canadum® S. brasiliensis®

29 EST-SSRs in six perciform Marker C. nebulosus®
fishes
Soc_Lcr01 P A
Soc Lcr03 P A
Soc_Lcr04 P A
Soc_Lcr07 P P
Soc_Lcr08 A A
Soc_ Ler09 A A
Soc_Lerl2 A A
Soc Lerld P P
Soc_ Mmi04 P A
Soc_ Mmi05 P A
Soc_ Mmi06 P P
Soc_Mmil0 P P
Soc_Mmill P P
Soc_DIla01 A A
Soc_Dla02 P P
Soc_DIla03 A A
Soc _DIla04 P A
Soc _DIla09 A P
The presence of a “P” denotes Soc Dlal0  — A
score.able,.polymorphic“ . Soc Dial2 P P
amplification product; “A
denotes amplification success, Soc_Dlal3 P P
but product is monomorphic or Soc Dlald A A
not easily scored; ‘—’ denotes Soc Dlalé P P
it " s n
bFamililf Serranidae Soc_Dlal8 P A
“Family Lutjanidae Soc_Dia21 A P
YFamily Carangidae Soc_Dla22 P A
Soc_Dla23 P P
“Family Rachycentridae Soc Dla24 P p

P - - P
_ A _
P A A P
P P P P
P P
P - P A
P A P P
A _ _ _
A A A A
P A P P
P A A P
P A - P
P P A A
A A A A
P - - A
P P P P
P A A A
P A A A
A P A -
P A A P
P A - A
A A A P
P A P P
P A A A
A P P
A A A P
A A A P
A A A P
P A A P

TFamily Scombridae

effective outgroup for this study, the WGS sequences cur-
rently available for this species represent an incomplete
genome. The number of potential markers could therefore
be increased using a more complete genome or, alternatively,
multiple outgroup genomes. Although the results of this
study indicate otherwise, it should be noted that ESTs uti-
lized from species at greater phylogenetic distances from the
target species may yield a lower percentage of conserved
sequences (i.e., significant BLAST hits) and polymorphism,
as both likely are a function of the time that a given region
of DNA has been on a separate evolutionary trajectory
(Primmer et al. 2005). The higher percentage of poly-
morphic markers designed from D. labrax ESTs is likely
the result of having an abundance of available sequences
and, thus, the option of using more selectivity in designing
primers (favoring longer repeats, etc.).

The methodology applied in this study maximizes cross-
amplification success by limiting primer—site mismatches
between species. In addition, the method minimizes the
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number of failed amplifications resulting from primers
placed on either side of an exon/intron splice site. Like
nucleotide composition, conservation of splice sites between
the groups can be inferred with the alignment of an EST to a
contiguous genomic sequence of the outgroup. By strictly
using EST-to-genome alignments to design primers, the
likelihood of a splice site being located in the priming site
or the amplified region is minimized. This suggests that the
same methodology also could be applied to the mining of
species-specific EST libraries, as intron amplification is a
commonly cited cause of failed EST-SSR amplifications
(Perez et al. 2005; Wang and Guo 2007; Kucuktas et al.
2009). The technique also ensures that sequences contami-
nated by undetected vectors are not used for primer design
because these sequences also will not align to the outgroup
genome.

EST-SSRs have been employed in a variety of studies
involving marine organisms. Previously, they have been
utilized for pedigree analysis (Wang et al. 2005) and
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incorporated into genetic linkage maps as putative “Type 17
loci (Bouza et al. 2008; Kang 2008; Kucuktas et al. 2009).
In addition, studies in both aquatic and terrestrial organisms
have demonstrated that EST-SSRs are a valid substitute for
genomic microsatellites in a population genetics context
(Ellis et al. 2006; Kim et al. 2008; Tonteri et al. 2010).
The loci developed in this study demonstrated high trans-
ferability among a wide diversity of perciform fishes. As a
result, markers developed with this method may be particu-
larly suited for comparative genomics, and have the poten-
tial to become an important resource for aquaculture and
genome evolution studies. Specifically, the markers
designed in this study can be used to supplement the current
genetic linkage map of red drum (Portnoy et al. 2010) and,
once incorporated into the map, will provide a framework
for comparative studies between red drum and other teleost
fishes.

Ultimately, the utility of EST-SSRs as molecular markers
lies in their capacity to extend functional genomic informa-
tion to non-model organisms that lack species-specific ge-
nomic information. The results of this study demonstrate
that a phylogenetically informed, comparative genomics
approach to primer design provides a highly efficient means
of exploiting EST libraries to develop EST-SSRs for organ-
isms with no species-specific EST data. Furthermore, the
process can be automated to a large extent, saving additional
time and expense.
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