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Abstract

We report on the data mining of publicly available
Litopenaeus vannamei expressed sequence tags
(ESTs) to generate simple sequence repeat (SSRs)
markers and on their transferability between related
Penaeid shrimp species. Repeat motifs were found in
3.8% of the evaluated ESTs at a frequency of one
repeat every 7.8 kb of sequence data. A total of 206
primer pairs were designed, and 112 loci were
amplified with the highest success in L. vannamei.
A high percentage (69%) of EST-SSRs were transfer-
able within the genus Litopenaeus. More than half of
the amplified products were polymorphic in a small
testing panel of L. vannamei. Evaluation of those
primers in a larger testing panel showed that 72% of
the markers fit Hardy-Weinberg equilibrium, which
shows their utility for population genetic analysis.
Additionally, a set of 26 of the EST-SSRs were eval-
uated for Mendelian segregation. A high percentage
of monomorphic markers (46%) proved to be poly-
morphic by singles-stranded conformational poly-
morphism analysis. Because of the high number of
ESTs available in public databases, a data mining
approach similar to the one outlined here might
yield high numbers of SSR markers in many animal
taxa.

Key words: Data mining — EST-SSR — linkage
mapping — Litopenaeus — population genetics —
type I markers

Introduction

Microsatellites or simple sequence repeats (SSRs) are
highly polymorphic sequences present in plant and
animal species (Toth et al., 2000). By virtue of their
codominant nature, SSRs have a wide range of
applications including genetic mapping, quantitative
trait loci (QTL) association, kinship analysis, popu-
lation genetics, and evolutionary studies. Most of
the markers developed by this approach correspond
to type II markers that lack known functions (Weber,
1990). Although their usefulness for genetic analysis
has been widely demonstrated, orthodox approaches
to their development require considerable invest-
ment. Traditionally, SSR isolation has relied on the
screening of genomic libraries using repetitive
probes and sequencing of positive clones in order to
develop locus-specific primers.

Expressed sequence tags (ESTs) are generated by
single-pass sequencing of complementary DNA
clones obtained by reverse transcription of messen-
ger RNA (Putney et al., 1983). High throughput
sequencing generates information on thousands of
ESTs, which can be compared with other DNA or
protein sequences available in public databases. At
the same time the new sequences are made acces-
sible in various databases, increasing the growing
information on gene expression. As ESTs are the
direct product of gene expression, their analysis
leads directly to description of the transcriptome,
which is not the case with whole genome sequenc-
ing projects.

The use of ESTs as genetic markers can extend
their utility beyond gene expression studies. Mouse
sequences corresponding to the 5¢ untranslated
regions have demonstrated the usefulness of EST se-
quences and single-stranded conformational poly-
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morphism (SSCP) analysis for generating large num-
bers of polymorphic markers and their use in genetic
mapping (Brady et al., 1997). The drawing on ESTs
without polarity selection rendered a high numbers of
polymorphic markers in L. monodon useful for link-
age mapping and population genetics studies (Tong et
al., 2002). Intron sequences are also highly polymor-
phic, and the design of primers flanking those areas,
based on in silico comparisons of ESTs with complete
gene sequences available for different species, is pos-
sible using ESTs in the target species. This approach
has been termed exon-primed intron-crossing (EPIC)
polymerase chain reaction (PCR) (Bierne, 2000). Sim-
ilar to noncoding DNA, EST sequences also contain
SSR sequences, which can be used to developed SSR
markers (Liu et al., 1999; Whan et al., 2000; Eujayl et
al., 2002; Karsi et al., 2002).

A high percentage of publicly available plant EST
sequences, (between 1.1% and 4.8%) have SSRs (Saha
et al., 2003). Although the percentage of positive
clones containing SSRs in nonenriched genomic li-
braries might be higher, information on ESTs is
readily accessible and can be immediately used for
development of specific markers known as EST-
SSRs. As EST-SSRs are based on exon sequences,
which are highly conserved, they are theoretically
transferable between taxa. Furthermore, BLAST
comparison with protein databases leads to the rapid
putative identification of gene function of the EST-
derived markers.

The use of molecular markers in shrimp genetics
can ensure the long-term sustainability of breeding
programs, speed up the genetic gain rate, and lower
the costs. Here we report on the development of
EST-SSR markers in the shrimps Litopeanaeus
vannamei, L. stylirostris and Trachypenaeus birdy
(Penaeidae, Crustacea) by data mining. EST-SSRs
proved to be an effective approach for the develop-
ment of transferable molecular markers. We also
demonstrate the usefulness of EST-SSRs for popula-
tion genetics studies and linkage mapping.

Materials and Methods

Data Mining. We downloaded 5832 L. vannamei
EST sequences from the Marine Genomics reposi-
tory (http://www.marinegenomics.org). Redundant
clones were removed using a local nucleotide BLAST
search with Bioedit Sequence Alignment Editor
Software Version 7.0.1 (Hall, 1999). Short tandem
repeats were identified using Tandem Repeats Finder
(TRF) software (Benson, 1999) set to report tandem
areas with a minimum alignment score of 20 bp
(equivalent to finding repeats of 10-bp minimum
length) containing mono-, di-, tri-, tetra-, and pen-

tanucleotide repeats. The minimum number of
mismatches and indels were 3 and 7, respectively.
The results for each positive hit were exported from
the individual Web page to a data sheet. Sequences
containing poly(A) tails or tandem repeats with less
than 30 bases far from the start or end of their EST
sequences were excluded from further analysis.

PCR Analysis. Primer design using Primer Pre-
mier Software 5.0 (Premier Biosoft International,
Palo Alto, Calif.) was carried out for each suitable
EST-positive hit. Primers were designed with the
default software parameters for a minimum and
maximum length of 16 and 18 bp, respectively. PCR
amplification for each primer was carried out under
the following conditions: MgCl2 2 mM, 1· PCR
buffer (Promega), 200 lM of each dNTP, 0.008 ll of
taq polymerase per microliter of reaction (5 U/ll,
Promega), and 0.4 lM of forward and reverse primer.
Each reaction was carried out in 6 ll of PCR mix
with 0.75 ll of DNA sample. The PCR reaction was
carried out using a touchdown protocol (Don et al.,
1991), as follows: initial denaturation at 94�C for 3
minutes, 12 cycles with denaturation at 92�C for 30
seconds, annealing at 55�C for 30 seconds in the first
cycle, diminishing 1�C each cycle, and extension at
72�C for 1 minute. An additional 18 PCR cycles were
run using the same program with annealing at 43�C
and the denaturation and extension conditions as
previously indicated. The program was finished with
a final extension at 72�C for 1 minute.

PCR products were separated in nondenaturing
6% polyacrylamide gels (29:1 acrylamide-bisacryla-
mide mix in 1· TBE buffer) in vertical sequencing
chambers at room temperature. Band visualization
for all products was accomplished by silver staining
(Dinesh et al., 1995). Gel documentation was carried
out by a digital camera (Olympus Camedia C-5000)
in Tiff mode. The picture was transformed to a gray
scale and 16 bit mode with Adobe Photoshop 6.0.
The Gene Profiler software 4.05 (Scanalytics Inc.,
Fairfax, Va.) was used for image analysis.

Primary Primer Screening. Primer pairs were
initially evaluated in a multi species test panel
containing 6 L. vannamei (2 parentals of a linkage
mapping panel and 4 wild individuals), 2 wild
L. stylirostris, and 2 wild T. birdy. Wild samples
were collected along the Ecuadorian coast. DNA was
extracted following a CTAB-based protocol (Shahja-
han et al., 1995).

Analysis of Genetic Diversity and Mendelian
Segregation. Genetic diversity was tested using a
set of 16 wild L. vannamei collected in Pedernales
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(00� 05¢ N; 80� 06¢ W), Ecuador. Samples were DNA
extracted with a fat protocol: 400 ll of 5% Chelex
plus 2 ll of proteinase K (20 mg/ll), heating at 65�C
for 2 hours, boiling for 3 minutes, centrifugation at
12,000 rpm for 10 minutes, and transfer of the
supernatant to 96-well plates. DNA was stored at
)20�C for 9 months. This set was amplified with a
total of 59 primers that showed polymorphism in the
initial screening. Expected and observed heterozyg-
osities, and Hardy-Weinberg equilibrium (HWE)
were tested statistically by an empirical test (Monte
Carlo simulation with 10 batches and 1000 permu-
tations per run) using TFPGA software (Miller 1997).

Mendelian segregation was tested in a small
mapping panel comprising both parents and 14
progeny, with the primers showing segregation in
the initial primer screening. These DNA samples
were extracted by the CTAB method (Shahjahan
et al., 1995). A v2 test was used to evaluate the seg-
regation hypothesis suggested by the parental geno-
types.

SSCP Analysis. Monomorphic markers from the
initial screening were amplified in a test panel
comprising 14 wild individuals and 2 parentals of a
mapping panel. DNA was extracted by the CTAB
method (Sbahjahan et al., 1995). PCR samples were
loaded with 2 ll of formamide 37% and 3 ll of blue
dye, heated at 94�C in a thermocyeler for 5 minutes,
and ice cooled. Product separation was carried out in
8% nondenaturating gels (29:1 acrylamide-bis-
acrylamide mix in 1· TBE buffer) at 10� to 15�C in a
refrigerator. Staining, documentation, and gel anal-
ysis were accomplished as previously explained.

BLAST Analysis of Amplified Markers. All
amplified marker sequences were compared against
the GenBank nonredundant protein database using
the Web-based HT BLAST Service (Wang and Mu,
2003) (http://mammoth.bii.a-star.edu.sg/webservic-
es/htblast/index.html). All positive hits with scores
larger than 60 and e-values lower 1 · 10)10 were in-
cluded in our report.

Results

Data Mining. Out of 5832 downloaded ESTs 2848
were nonredundant. A total of 475 EST sequences
had microsatellite-type repeats, Of these sequences
138 displayed mononucleotide repeats that might
correspond to the cDNA poly(A) tail close to the
start or the end of the sequence. Fifty-three se-
quences were eliminated from the analysis because
the vicinity of the repeats to the start or the end of
the sequence precluded primer design. A total of 284
sequences containing 89 different repeat motifs were
isolated (Table 1). The most frequent repeat motifs
were trinucleotides, followed by mononucleotides
and dinucleotides, respectively. The number of re-
peats ranged from a minimum of 3 for pentanucle-
otide repeats to a maximum of 143 for a dinucleotide
sequence. A total of 1353 kb of Litopeanaeus
vannamei EST data was screened for the presence of
repeat motifs, giving a frequency of one SSR every
4.01 kb (this calculation includes the 53 ESTs that
showed repeats too close to the start or end of the
sequence).

Two hundred six primers pairs were designed
from the 284 SSR-containing sequences. These re-
sults showed that 7.2% of the nonredundant EST
sequences had repeats appropriate for primer design.

Primary Primer Screening. Of the 206 designed
primers, 112 (54%) yielded PCR products (Table 2).
The highest success rate of PCR amplification was
observed for L. vannamei (105 primer pairs ampli-
fied; 2 showing multiple bands), followed by
L. stylirostris (76 primers; 8 with multiple bands)
and Trachypenaeus birdy (29 primers; 12 showing
multiple bands).

The number of polymorphic markers in the pri-
mary screening was high despite the reduced number
of individual samples per species. In L. vannamei,
56% of the amplified products (59 products)
displayed between 2 and 9 alleles, whereas in
L. stylirostris 32% (24 products) gave between 2 and
4 alleles. In T. birdy the percentage of polymorphic

Table 1. SSR Motifs Found by Data Mining of Litopenaeus vannamei EST Sequencesa

Number Number of
Number of repeats

Motif type of ESTs different motifs Three most frequent motifs Min Max

Mononucleotides 69 3 T(66); A(1); C(2) 15 55
Dinucleotides 60 10 AT(14); GT(13);AG(12) 8 143
Trinucleotides 74 30 ATT(10);GCT(8);CTT(7) 5 25
Tetranucleotides 38 27 AAAG(4); ATTT(4); TACA(3) 4 30
Pentanucleotides 43 19 AAAAT(6); AGGTT(5); GTTTT(4) 3 14
Total 284 89
aData are reported including reverse and complementary SSR sequences without further elaboration.
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markers was lower, 21% (6 products) with a maxi-
mum of 3 alleles.

Two L. vannamei samples from the primary
screening panel corresponded to the parents of a
mapping panel developed in our lab. Twenty-six
EST-SSR sequences were polymorphic between
those individuals. All those markers were tested for
Mendelian segregation as explained below.

PCR amplification of EST-based markers can
lead to the amplification of products with sizes dif-
ferent from the expected values, relative to the po-
sition of the primers in the original sequence. Sizes
larger than expected might occur due to the presence
of an intron in the genomic DNA. In Table 3 we
summarize the PCR products with markers showing
a minimum difference of 50 bp from the expected
size product. In L. vannamei, 10 of the 109 PCR
products showed sizes with 50 or more extra bases
than expected. In L. stylirostris, 17 of the 79 primers
showed unexpected sizes. In T. birdy 11 of the 31
amplified products showed differences from the ex-
pected size.

Genetic Diversity and Mendelian Segrega-
tion. Forty-seven (80%) of the 59 primers evaluated
for HWE amplified DNA of 7 or more individuals in
the wild animal test panel. Fourteen primers were
excluded from the analysis because they showed less
than 7 amplifications. Table 4 shows the observed
and expected heterozygosities and P value of HWE.
Thirteen loci showed significant deviations from
equilibrium (P < 5%). Average number of alleles per
primer was 6.8, with a minimum and a maximum of
2 and 24 alleles, respectively.

Twenty-six primers showing polymorphism be-
tween the mapping panel parentals were evaluated
for Mendelian segregation (Table 5). Evidence for the
presence of null alleles was found for 5 primers
(CNM-MG-362, -371, -383, -416, and -487).

SSCP Analysis. Forty-five markers that were
monomorphic in the primary primer screening were
evaluated under SSCP conditions. A variable number
of polymorphic products (2 to 8) were detected in 21
(47%) of the markers. Eight markers were polymor-
phic between the parents of the mapping panel.

Sequence Identification. Twelve percent of the
developed markers (n = 13) showed significant sim-
ilarities with known protein sequences (Table 6).
Three of the positive hits corresponded to ribosomal
proteins. Eight of the positive hits corresponded to
arthropod genes, and 2 positive hits were shrimp
antimicrobial peptides of the penaeidin precursor
type.T
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Discussion

We report the development of EST-SSR markers
derived from publicly available EST sequences by
data mining: A similar approach has been used in
various species of animals (Yue et al., 2001; Rohrer
et al., 2002; Yue and Orban 2002; Yue et al., 2004)
and plants (Kantety et al., 2002; Gupta et al., 2003;
Woodhead et al., 2003; and others). In our initial in
silico screening, we found a frequency of one re-
peat every 4.018 kb in the screening of 1353 kb of
nonredundant Litopenaeus vannamei ESTs. Data
mining of EST-SSRs in wheat and barley showed
close values with one SSR every 9.2 and 6.3 kb,
respectively (Gupta et al., 2003; Thiel et al., 2003).
The frequency of SSRs in L. vannamei genomic
libraries varied according to the motifs and their
number between one for every 1.43 kb and one for
every 206 kb (Meehan et al., 2003). In Penaeus
monodon the repeat frequency in two genomic li-
braries varied from one for every 93 kb to one for
every 164 kb (Tassanakajon et al., 1998). The
higher frequency of microsatellite-type repeats in
EST sequences in L. vannamei in comparison with
shrimp genomic libraries demonstrates the viabil-

ity of the approach for large-scale SSR development
in shrimp.

The most frequent type of repeats in
L. vannamei EST sequences corresponded to trinu-
cleotide motifs, followed by mononucleotide motifs
(Table 1). Our results are in contrast with reports
from genomic libraries in other Penaeid shrimp
species in which dinucleotide repeats dominated
(Tassanakajon et al., 1998; Meehan et al., 2003;
Wuthisuthimethavee et al., 2003). Data on perfect
microsatellite motifs in a wide range of eukaryotic
genomes demonstrated that the frequencies of
mononucleotides and dinucleotides are very similar
(around 42%) and outnumber the frequency of tri-
nucleotides in intergenic and intron regions. How-
ever, the frequency of trinucleotides in exonic
regions (95%) largely surpassed the frequency of
mononucleotides and dinucleotides (Toth et al.,
2000). In our work we did not find such predomi-
nance of trinucleotide motifs. Differences in the data
mining methods such as stringency of terms for
declaring a microsatellite and the level of tolerance
for nonperfect repeats might explain this difference.

SSR isolation in shrimp species has been shown
to render variable yields. Pongsomboona et al.

Table 3. EST-SSR Markers Developed from Litopeanaeus vannamei EST Sequences Showing Products of Unexpected Size
(50 bp or greater difference from expected size) in Three Shrimp Species

Observed – Expected size difference (bp)

Locus Expected size (bp) L. vannamei L. stylirostris T. birdy

CNM-MG 359 195 59
CNM-MG 378 199 92
CNM-MG 386 82
CNM-MG 401 208 60
CNM-MG 405 251 69
CNM-MG 406 256 62 77
CNM-MG 417 205 89
CNM-MG 437 135 95
CNM-MG 439 225 66 63
CNM-MG 451 169 144 137 173
CNM-MG 460 134 104
CNM-MG 465 256 52
CNM-MG 472 196 54
CNM-MG 477 366 )108
CNM-MG 487 297 356 325
CNM-MG 496 203 176
CNM-MG 498 297 422 263 156
CNM-MG 507 228 137
CNM-MG 512 240 181
CNM-MG 516 148 153
CNM-MG 522 143 127
CNM-MG 528 158 225
CNM-MG 529 296 428 259 259
CNM-MG 531 206 522 277 203
CNM-MG 533 137 280
CNM-MG 535 280 54 322
Total of putative introns 10 17 11

FRANKLIN PÉREZ ET AL.: DATA MINING FOR EST-SSRS IN PENAEID SHRIMPS 563



(2000) screened a P. monodon nonenriched genomic
library with trinucleotide and tetranucleotide
probes obtaining 79 positive clones and developed 6
polymorphic markers. The success rate from
sequencing to polymorphic microsatellites was
7.6%. In L. vannamei, 251 positive clones derived
from a nonenriched library and screened with di-,
tri-, and tetranucleotide probes allowed the devel-

opment of 93 polymorphic markers. In this case the
success rate between positive clones to polymor-
phic microsatellites was 36.7% (Mehan et al., 2003).
Following a similar protocol, Cruz et al. (2002)
developed 5 microsatellites out of 68 positive
clones with a success rate of 7.4%. In L. schmitti
Espinosa et al. (2001) report the development of 2
microsatellites from 30 positive sequenced clones,

Table 4. Litopenaeus vannamei EST-SSR Primer Polymorphism and Hardy-Weinberg Equilibrium in a Testing Panel of
Wild Samplesa

Primer Indiv. Alleles Min Max He Ho P SE

CNM-MG-339 14 9 150 192 0.86 0.86 0.694 0.009
CNM-MG-347 11 8 300 344 0.67 0.55 0.204 0.012
CNM-MG-350 14 12 230 302 0.88 0.79 0.002 0.002
CNM-MG-351 16 15 212 238 0.92 0.88 0.167 0.013
CNM-MG-354 15 10 200 210 0.84 0.80 0.206 0.007
CNM-MG-355 15 4 274 280 0.62 0.47 0.066 0.007
CNM-MG-356 11 4 180 192 0.55 0.18 0.003 0.002
CNM-MG-357 16 4 308 319 0.41 0.13 0.000 0.000
CNM-MG-362 15 21 189 224 0.94 0.93 0.439 0.016
CNM-MG-364 13 7 166 186 0.75 0.85 0.374 0.017
CNM-MG-367 16 6 285 308 0.82 0.94 0.874 0.008
CNM-MG-369 15 7 251 260 0.78 0.80 0.025 0.005
CNM-MG-371 13 10 284 309 0.86 0.31 0.000 0.000
CNM-MG-372 14 7 261 307 0.66 0.57 0.263 0.014
CNM-MG-379 14 2 256 260 0.48 0.36 0.571 0.013
CNM-MG-380 11 7 236 266 0.76 0.55 0.161 0.007
CNM-MG-383 7 5 273 286 0.72 0.29 0.004 0.002
CNM-MG-384 13 9 226 257 0.87 0.77 0.219 0.012
CNM-MG-386 13 4 273 293 0.33 0.23 0.005 0.001
CNM-MG-387 14 4 217 230 0.70 0.29 0.004 0.002
CNM-MG-390 16 5 259 268 0.53 0.35 0.007 0.003
CNM-MG-402 12 2 188 194 0.41 0.25 0.196 0.008
CNM-MG-405 9 12 269 333 0.88 0.89 0.634 0.020
CNM-MG-406 16 24 286 403 0.94 0.88 0.189 0.012
CNM-MG-407 16 2 290 297 0.06 0.06 1.000 0.000
CNM-MG-412 16 5 243 256 0.50 0.31 0.008 0.002
CNM-MG-416 10 7 294 324 0.80 0.80 0.216 0.010
CNM-MG-418 13 2 287 292 0.39 0.23 0.161 0.012
CNM-MG-421 15 4 145 153 0.24 0.27 1.000 0.000
CNM-MG-430 16 13 194 227 0.89 0.82 0.264 0.014
CNM-MG-431 11 8 247 274 0.80 0.64 0.280 0.006
CNM-MG-436 14 11 309 335 0.88 1.00 0.201 0.015
CNM-MG-437 16 2 133 136 0.17 0.19 1.000 0.000
CNM-MG-444 16 3 278 284 0.55 0.31 0.064 0.008
CNM-MG-455 16 5 303 332 0.60 0.50 0.085 0.007
CNM-MG-474 16 7 189 201 0.58 0.38 0.095 0.008
CNM-MG-479 16 12 96 109 0.85 0.56 0.001 0.001
CNM-MG-483 16 3 296 299 0.17 0.13 0.094 0.010
CNM-MG-487 15 7 287 305 0.80 0.73 0.278 0.015
CNM-MG-489 16 2 237 247 0.22 0.25 1.000 0.000
CNM-MG-494 12 9 290 311 0.74 0.33 0.000 0.000
CNM-MG-496 15 5 380 392 0.68 0.60 0.228 0.015
CNM-MG-498 10 2 717 727 0.10 0.10 1.000 0.000
CNM-MG-507 15 4 360 370 0.54 0.33 0.033 0.006
CNM-MG-512 16 6 210 265 0.71 0.88 0.964 0.007
CNM-MG-527 13 3 199 205 0.42 0.54 1.000 0.000
CNM-MG-548 15 2 280 288 0.28 0.33 1.000 0.000
aNumber individuals amplified, number of alleles, minimum and maximum allele size (bp), expected and observed heterozygosities, P
value, and standard error of the exact test for Hardy-Weinberg equilibrium are shown.
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giving a success rate of 6.6%. Xu et al. (1999) ob-
tained a 12.5% success rate when they developed 10
microsatellites out of 83 P. monodon positive se-
quenced clones. Wuthisuthimethavee et al., (2003)
developed 102 microsatellites out of 253 sequenced
clones derived from a P. monodon enriched library,
giving a 40.3% success rate from sequencing to
polymorphic markers.

In our work we designed 206 primer pairs out of
282 SSR-containing EST sequences and generated
112 PCR amplifications (Table 2). The percentage of
polymorphic markers reached 56%, 32%, and 21%
of the amplified products for L. vannamei,
L. stylirostris, and Trachypenaeus birdy, respec-
tively. The success rate from designed primers to
polymorphic markers was 27% in L. vannamei, 11%
in L. stylirostris and 2.4% in T. birdy. However our
data on polymorphism from the primary screening
should be judged cautiously because they are the
product of a small screening panel consisting of 6
L. vannamei, 2 L. stylirostris, and 2 T. birdy
individuals.

A theoretical advantage of SSR markers devel-
oped from EST sequences is the high transferability
between related species. In our research of the EST-
SSRs that amplified products in L. vannamei 69%
gave products in L. stylirostris and 21% in T. birdy
(Table 2). Xu et al. (1999) report that 3 SSRs from a
set of 10 SSRs developed in P. monodon showed PCR
products in L. vannamei. Pongsomboona et al.,
(2000) report weak products obtained in 3 of 6
primers developed in the same species. Ball et al.,
(1998) showed that 4 of 6 SSRs developed for P. se-
tiferus amplified in P. aztecus, P. duorarum, L.
vannamei, and L. stylirostris. Although transfer-
ability of genomic SSR markers in shrimp remains to
be tested on a broader scale, we have demonstrated
that EST-SSRs give a higher rate of transferability
between two closely related species than the geno-
mic SSRs reported to date.

Table 5. Mendelian Segregation Model and P Values for the
v2 Test in a Set of EST-SSR Markers Evaluated in a
Litopenaeus vannamei Segregating Panel

Primer Model P Value

CNM-MG-339 1:1:1:1 0.84
CNM-MG-347 1:1 1.00
CNM-MG-351 1:1 0.29
CNM-MG-355 1:2:1 0.30
CNM-MG-362 1:1:1:1 0.01
CNM-MG-379 1:2:1 0.28
CNM-MG-380 1:1:1:1 0.18
CNM-MG-384 1:1:1:1 0.84
CNM-MG-398 1:1:1:1 0.37
CNM-MG-402 1:1 0.29
CNM-MG-406 1:1:1:1 0.46
CNM-MG-418 1:1 0.11
CNM-MG-430 1:1:1:1 0.11
CNM-MG-431 1:1:1:1 0.09
CNM-MG-437 1:2:1 0.48
CNM-MG-439 1:1:1:1 0.46
CNM-MG-459 1:1 0.29
CNM-MG-479 1:1:1:1 0.02
CNM-MG-483 1:1 0.59
CNM-MG-494 1:1:1:1 0.46
CNM-MG-496 1:1 0.11

Table 6. Litopenaeus vannamei EST Markers with Positive Homologies to Known Proteins Identified from a Sequence
Homology Search (BLAST)

Primer Protein Accesion Function Probability Score Species

CNM-MG 365 Q9VXKO NipSnap protein 5 · 10–23 105 Drosophila melanogaster
CNM-MG 369 P29341 Polyadenylate-binding

protein
5 · 10–25 113 Mus musculus

CNM-MG 390 CAB41634.1 Iron regulatory protein
1–like protein

9 · 10–23 106 Pacifastacus leniusculus

CNM-MG 412 NP_501503 Polynucleotide 5¢-kinase
3¢-phosphatase

6 · 10–30 132 Caenorhabditis elegans

CNM-MG 416 P18262 Ras-like protein 6 · 10–23 105 Artemia salina
CNM-MG 426/463 Q59296 Catalase 2 · 10–11 68 Campylobacter jejuni
CNM-MG 462 NPJ02777 Proteasome a1 subunit

isoform 2
8 · 10–20 98 Homo sapiens

CNM-MG 474 P81058 Penaeidin-3a precursor 3 · 10–28 124 Litopenaeus vannamei
CNM-MG 496 P02402 60S acidic ribosomal

protein
9 · 10–26 114 Artemia salina

CNM-MG 512 P81057 Penaeidin-2a precursor 1 · 10–20 99 Litopenaeus vannamei
CNM-MG516/522 Q9NB34 60S ribosomal protein

L34
3 · 10–25 67 Ochlerotatus triseriatus

CNM-MG 528 AAO92284 Putative b thymosin 9 · 10–30 132 Dermacentor variabilis
CNM-MG 529 Q29315 60 S acidic ribosomal

protein P2
1 · 10–15 80 Sus scrofa
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In initial primer screening we found that al-
though we had designed primers based on
L. vannamei EST sequences, 10 SSR sequences did
not amplify in our target species but showed PCR
products in L. stylirostris and T. birdy (Table 2). A
possible explanation might be the presence of
introns that hinder PCR amplification. PCR prod-
ucts amplified in nontargeted species but not in
L. vannamei show on average products much larger
than expected from the original EST sequences. In
fact, taking as cutoff values a difference of 50 bp
from the expected size, we found evidence for puta-
tive introns in 10 L. vannamei SSR amplified prod-
ucts. Six PCR products with 50 bp or greater
difference from the product expected size that
amplified in L. vannamei also showed products in L.
stylirostris (Table 3). Since we did not sequence any
of the amplicons obtained in this work, we cannot
rule out the possibility that some of the products
with unexpected size correspond to different geno-
mic regions than those targeted by the designed
primers. However, where introns were amplified,
such markers are equivalent to the EPIC markers
developed by the design of primers flanking specific
intron sequences (Bierne et al., 2000).

High-resolution fingerprinting for population
genetic studies requires large numbers of moderately
polymorphic microsatellites. Hence we tested the
utility of our EST-SSRs, evaluating HWE with 59
primers in a testing panel of wild animals. Those
samples were DNA extracted with a fast Chelex
protocol and stored for 9 months at )20�C. We used
Chelex to select markers suitable for large-scale
testing with an easy extraction method that avoids
the cost and labor associated with more elaborate
extraction methods. From the 59 tested primers, we
obtained satisfactory PCR amplifications for 47
primers. The interaction between DNA quality and
primers influences PCR amplification (our own
observations and Coombs et al., 1999), which might
explain the failure in 14 of our markers.

A high percentage of the evaluated primers (72%)
did not show significant departures from HWE at the
0.01 P value (Table 4). Ball and Chapman (2003) re-
ported a survey in L. setiferus in which 5 of the 6
microsatellites showed significant deviation from
HWE that might be explained by the presence of null
alleles and the Wahlund effect. In a population study
in P. monodon in the Philippines, 6 microsatellites
showed significant deviations from HWE. In this
case the presence of null alleles was invoked but also
the presence of allele scoring errors and genetic
changes in the cultured populations evaluated (Xu
et al., 2001). In L. vannamei a heterozygosity deficit
in 4 of 5 evaluated microsatellites was also explained

by the presence of null alleles (Cruz et al., 2002).
In contrast, 6 polymorphic loci evaluated in
L. schmittii gave no deviation from HWE (Maggioni
et al., 2003). Although we used a small testing panel,
the conformation to HWE and the small standard
error of the P value of most of our markers points
toward their utility for wider use in population ge-
netic surveys of L. vannamei.

The number of alleles in our HWE testing panel
varied from 2 to 24 (Table 4). When compared with
SSR developed from genomic libraries, the EST-SSR
level of polymorphism is lower. In other shrimp
species SSR allele number varies from one allele
(Maggioni et al., 2003; Meehan et al., 2003) to a
maximum of 76 alleles (Ball et al., 2003). Some of the
evaluated loci corresponded to SSRs with mononu-
cleotide repeats, which can hamper allele scoring in
population genetic studies. However, they can be
useful for linkage mapping where allele sizes are
known from the parental genotypes.

Mendelian segregation of EST-SSRs developed in
this research was evaluated for 26 primers. Five
primers showed evidence of null alleles in the seg-
regating individuals. All 5 null alleles corresponded
to a homozygous parental (4 for the male and one for
the female parent) that did not segregate according to
the expected model (data not shown). However,
assuming the presence of null alleles, all primers
might be useful for linkage analysis. As more EST-
SSRs are developed and the amplified region is se-
quenced, the cause of null alleles in shrimp might be
clarified.

With EST-SSRs, as with other PCR-based mark-
ers, SSCP analysis can disclose polymorphism where
conventional polyacrylamide gel electrophoresis
(PAGE) fails. This variability corresponds to single
nucleotide polymorphism, whereas PAGE unveils
length polymorphism. In our work 46% of EST-SSR
markers that were monomorphic in the primary
screening were found to be polymorphic by SSCP
analysis. The presence of 8 markers that showed
differential bands between the parentals of the
mapping panel points toward the utility of these EST
markers for genetic mapping. In P. monodon 30% of
the EST markers were polymorphic and useful for
population genetics and linkage mapping studies
(Tong et at., 2002). Our higher rate of polymorphic
markers might be explained by the low temperature
and the higher polyacrylamide gel percentages,
which are known to affect SSCP sensitivity
(Humphries et al., 1997).

Thirteen markers showed significant homology
with known proteins by BLAST comparison. Tong
et al., (2002) found that 23% of P. monodon EST se-
quences corresponded to known proteins, which is
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twice the percentage we found for L. vannamei ESTs.
Because we used close BLAST cutoff values, the rea-
son for this difference is not clear. However, both
cases demonstrate the feasibility of using EST se-
quences in shrimp genetics to produce type I markers.

In this work we have shown the utility of data
mining for the development of molecular markers in
3 shrimp species in which type I markers have not
been reported previously. EST-SSR and EST-SSCP
markers have been developed from publicly available
sequences. These markers are highly transferable, at
least between the evaluated species, and might prove
useful for different research tasks in shrimp genetics.
Genetic mapping by AFLPs has demonstrated that
the L. vannamei genome covers around 4000 cM
(Pérez et al., 2004). QTL analysis will require around
300 codominant markers or, alternatively, around
100 codominant markers plus a set of dominant
markers in order to cover the genome at a 20 cM
average space. The availability of EST sequences in
various shrimp species is high in public databases. A
line of work similar to the one presented here might
render a high volume, in the order of hundreds, of
new markers useful for shrimp genetics.

Use of data mining in plant-derived ESTs has
identified hundreds of SSR markers in different
species (Thiel et al., 2003). Although a fair number of
EST-SSRs generated by data mining of publicly
available ESTs has been previously reported in swine
(Rohrer et al., 2002), animal geneticists have yet to
take full advantage of EST data mining where large
numbers of molecular markers are in order.
Availability of EST sequences for different animal
species is high (http://www.ncbi.nlm.nih.gov/
dbEST/dbEST_summary.html). With the use of a
new Web-based service for finding repeat motifs and
designing primers (http://hornbill.cspp.latrobe.edu.
au/cgi-binpub/index.pl) (Robinson et al., 2004), SSR
isolation can become a straightforward task. To
illustrate this point we examined 1000 ESTs from
each of 3 different species (chicken Gallus gallus, pig
Sus scrofa, and Atlantic salmon Salmon salar) and
generated EST-SSR primers for 6.8%, 8.5%, and 5.7%
of the sequences analyzed, respectively. In the spe-
cific case of the anadromous Salmo salar, whose
linkage map comprises 64 markers (Gilbey et al.,
2004), by April 2004 there were 87,982 EST se-
quences deposited at NCBI. Assuming a 1% success
rate in marker development, around 900 EST-SSR
markers could be tested for polymorphism and
linkage with the available EST information. Per-
centages of EST-SSRs in chicken, pig, salmon, and
shrimp are in the same range as those in plant spe-
cies (Saha et al., 2003), which points toward a rich
source of useful information.

The abundance of EST information available
gives EST-SSR development by data mining various
advantages over conventional development of geno-
mic microsatellites. First, the cost of data mining for
EST-SSRs is very low because it avoids the expensive
work associated with the initial steps of microsatel-
lite development—namely, library construction and
sequencing. Second, as EST-SSR markers are derived
directly from gene expression, product identity and
function can be identified by comparison with pro-
tein databases, generating type I markers. Third, as
we and others (Gupta et al., 2003; Thiel et al., 2003)
have demonstrated, EST-SSRs are highly transferable
across species. Transferability means that the net
cost per developed marker will be even lower if they
are used for different species. Expression studies
using cDNA libraries might be carried out on a main
target species, and EST-SSR data mining might be
used to generate markers on different species. This
approach will integrate transcriptome studies and
marker development in a single task and open ave-
nues in linkage mapping, population genetics, and
kinship analysis of species for which funding might
be scarce. Fourth, although the level of EST-SSR
polymorphism might be lower than for genomic mi-
crosatellites isolated with conventional methods, the
use of SSCP analysis might disclose single nucleotide
polymorphism, further increasing the percentage of
useful EST-SSR markers.

We conclude that, depending on genome length
and EST availability, data mining can generate en-
ough EST-SSR markers for a variety of genetics tasks
in many organisms. For new projects, a quick
download of ESTs from the species of interest or
closely related taxa, combined with the appropriate
in silico analysis, might save money and months of
bench work.
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