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Abstract

Simple sequence repeat (SSR) markers were devel-
oped from expressed sequence tags (ESTs) in the
eastern oyster (Crassostrea virginica). ESTs of the
eastern oyster were downloaded from GenBank
and screened for SSRs with at least eight units of
dinucleotide or five units of tri-, tetra-, penta-, and
hexa-nucleotide repeats. The screening of 9101 ESTs
identified 127 (1.4%) SSR-containing sequences.
Primers were designed for 88 SSR-containing ESTs
with good and sufficient flanking sequences. Poly-
merase chain reaction (PCR) amplification was
successful for 71 primer pairs, including 19 (27%)
pairs that amplified fragments longer than expected
sizes, probably due to introns. Sixty-six pairs that
produced fragments shorter than 800 bp were
screened for polymorphism in five oysters from
three populations via polyacrylamide gels, and 53
of them (80%) were polymorphic. Fifty-three poly-
morphic SSRs were labeled and genotyped in 30
oysters from three populations via an automated
sequencer. Five of the SSRs amplified more than
two fragments per oyster, suggesting locus duplica-
tion. The remaining 48 SSRs had 2 alleles per
individual, including 11 with null alleles. In the 30
oysters analyzed, the SSRs had an average of 9.3
alleles per locus, ranging from 2 to 24. Forty-three
loci segregated in a family with 100 progeny, with
nine showing significant deviation from Mendelian
ratios (three after Bonferroni correction). Seventy
percent of the loci were successfully amplified in C.
rhizophorae and 34% in C. gigas. This study demon-
strates that ESTs are valuable resources for the
development of SSR markers in the eastern oyster,
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and EST-derived SSRs are more transferable across
species than genomic SSRs.
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Introduction

Opysters are one of the most important aquaculture
species in the United States and throughout the
world. With a yield of 4.3 million tons in 2002,
oysters are the second largest species group in world
aquaculture production after carps and other cypri-
nids (FAO 2004). Despite the importance and long
history of oyster culture, oyster breeding is still at
its early stages, especially in the application of
molecular breeding technologies (Guo 2004). Genet-
ic improvement of oysters ultimately depends on
our understanding of the oyster genome and the
availability of necessary tools for genetic improve-
ment. Genetic markers are important tools for
aquaculture genetics and breeding. They are essen-
tial for stock identification, pedigree analysis, and
genomic mapping (Liu and Cordes 2004). Genomic
mapping and mapping of economically important
quantitative trait loci (QTL) are necessary for
molecular-based breeding such as marker-assisted
selection. Genomic mapping requires a large num-
ber of genetic markers.

Several types of genetic markers are available
for genetic and genomic analysis including allo-
zyme, restriction fragment length polymorphism
(RFLP), random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism
(AFLP), and simple sequence repeat (SSR) markers
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(Karl and Avise 1992; Sekino et al. 2003; Yu and Guo
2003; Liu and Cordes 2004). Allozyme and RFLP
markers are useful for population genetics studies,
but their usefulness in genomic analysis and breed-
ing is limited because of the small number of loci
available and low levels of polymorphism. RAPD
markers suffer from low reproducibility and are
rarely used for advanced genomic studies. In aqua-
culture species, AFLPs and SSRs are two of the most
popular markers for genomic mapping. In most
aquaculture species including oysters, the first
genetic maps were constructed with AFLP markers
(Kocher et al. 1998; Young et al. 1998; Yu and Guo
2003). While AFLPs are efficient and popular
markers for linkage mapping, they are anonymous
and dominant markers that are less informative and
transferable than SSRs. SSRs or microsatellites are
tandem repeats of short sequences of one to six base
pairs that are abundant in all eukaryotic genomes.
They are codominant, highly polymorphic, and
ideal for mapping studies. However, SSRs are
expensive to develop and use, and large numbers of
SSR markers are needed for most aquaculture
species. In the eastern oyster (Crassostrea virginica),
one of the most important aquaculture molluscs of
the United States, only about 28 SSR markers are
currently available (Brown et al. 2000; Reece et al.
2004). The number of available SSRs is grossly
inadequate for genomic mapping in this species.
Although genetic maps have been constructed and
disease-resistance genes mapped in the eastern
oyster using AFLP markers (Yu and Guo 2003,
2006), codominant SSR markers are needed to make
the map and mapping information widely useful.
Thus, there is a great need for SSR markers in the
eastern oyster.

Traditionally, SSR markers are developed by
cloning and sequencing from enriched genomic
libraries, a process that is complicated and costly.
Recently, large numbers of expressed sequence tags
(ESTs) have become available in many aquaculture
species, providing a new avenue for the develop-
ment of SSR markers. ESTs contain SSR sequences
in both coding and noncoding regions (Temnykh et al.
2001), and SSRs have been successfully developed
from ESTs in many species (Thiel et al. 2003; Gao
et al. 2004; Nicot et al. 2004; Serapion et al. 2004,
Perez et al. 2005; Wang et al. 2005). EST-derived SSRs
are part of or adjacent to functional genes and
therefore provide an efficient means of gene mapping.

More than 9000 ESTs are now available for the
eastern oyster, and this resource has not been
explored for the development of SSR markers. In
this study, we tested the feasibility of developing
EST-SSRs using the eastern oyster EST database.
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Here we report the successful development and char-
acterization of 53 EST-SSR markers for the eastern
oyster.

Materials and Methods

Identification of SSR-Containing ESTs. ESTs of the
eastern oyster were downloaded from the EST
database at GenBank (http://www.ncbi.nlm.nih.gov/
dbEST). All sequences were downloaded to a text file
in FASTA format. The ESTs were screened for SSRs
using the software MISA (MicroSAtellite, http://
pgre.ipk-gatersleben.de/misa/). For this study, the
criteria for SSRs were set as sequences having at least
eight repeats of dinucleotide and five repeats for all
other repeats (tri-, tetra-, penta-, and hexanucleotide).

Primer Design. All SSR-containing ESTs were
individually inspected for suitability for primer
design. SSR-containing ESTs that contain sufficient
flanking sequences of good quality (no unknown bases)
were selected for primer design. Primers were designed
using the software PRIMER 3 (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi), with an optimal
annealing temperature of 60°C and a fragment size
between 100 and 300 bp. A GC clamp was added at the
3’ primer end when possible. Primers were synthesized
with Proligo (Sigma-Aldrich, Saint Louis, MO).

Primer Validation. Primer pairs were first
validated for polymerase chain reaction (PCR) in five
oysters from three populations: two oysters from a
wild Delaware Bay (DB) population; two oysters from
a hatchery population (NE) that originated in Long
Island Sound and had been maintained at the Haskin
Shellfish Research Laboratory, Rutgers University, NJ
for about ten generations (selected for disease
resistance); and one wild oyster from Louisiana (LA).
DNA was extracted from adductor muscle or mantle/
gill tissue from each individual with the E.Z.N.A.
mollusc DNA kit (Omega Bio-tek, GA) using supplied
protocols. PCR was carried out in a 10-ul solution
containing 1 x PCR buffer with 1.0 to 2.5 mM MgCl,,
1.0 mg/ml of bovine serum albumin (BSA), 0.2 mM
dNTPs, 0.025 U of Tag DNA polymerase, 1 uM of
each primer, and 10 to 30 ng of oyster genomic DNA.
All primers were amplified using the following PCR
profile: an initial denaturing for 2 min at 95°C
followed by 30 to 35 cycles of 95°C for 30 s, 55 to
60°C for 1 min, and 72°C for 2 min; and a final
extension at 72°C for 10 min. PCR was conducted on
either a GeneAmp 9700 thermocycler (Perkin Elmer,
Weiterstadt, CA) or a PTC-200 DNA engine (M]
Research Inc., Watertown, MA). PCR products were
separated on 2% agarose gels in 0.5x Tris-boric acid-
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EDTA (TBE, 1x, 0.09 M Tris, 0.09 M boric acid,
20 mM EDTA at pH 8.0) containing 0.5 pg/ml of
ethidium bromide and visualized under ultraviolet
(UV) illumination. When necessary, PCR was
optimized by adjusting annealing temperatures and
MgCl, concentration.

Determining Polymorphism and Mendelian
Inheritance. Once SSR primer pairs were validated
as producing stable and specific PCR fragments,
polymorphism among the above five oysters was
determined using denaturing polyacrylamide gels
(4% to 8% polyacrylamide, AA:BIS=19:1, with 7 M
urea and in 0.5 x TBE). PCR was performed using
the same PCR condition as defined in the preceding
text. PCR products were denatured at 95°C for
5 min and immediately cooled on ice before being
loaded on preheated polyacrylamide gels and run for
3 to 5 h at 150 V. PCR fragments were visualized
using ethidium bromide staining and ultraviolet
illumination to determine polymorphism.

Loci that were polymorphic on polyacrylamide
gels were genotyped and characterized in 30 oysters
from three populations using an automated genetic
analyzer. The 30 oysters consisted of 10 from DB, 10
from NE, and 10 from LA populations as described
in the preceding text.

Primers for polymorphic loci were labeled with
WellRED dyes (Proligo LLC, Sigma-Aldrich) and
genotyped using a Beckman CEQ 8000 automated
genetic analyzer (Beckman Coulter). PCR was con-
ducted as described in the preceding text, except for
reduced concentrations of the labeled primer ranging
from 0.05 to 0.1 uM. PCR products were mixed with
30 ul of deionized formamide and 0.4 pl of size
standard and loaded on the genetic analyzer in 96-
well plates. To reduce cost, several (up to eight) SSRs
with different fragment sizes and colors were com-
bined in a single well for genotyping with CEQ 8000.
As different dyes varied in signal strength
(D4>D3>D32), the amounts of PCR products were
adjusted so that all loci would show about the same
intensity. Allele size was determined via the genetic
analyzer, and genotypes for each oyster were recorded.

Mendelian inheritance of all polymorphic
markers was tested in a full-sib family (HB4) with
two parents and 100 one-year-old progeny. All segre-
gating loci scored were checked for goodness of fit to
the expected Mendelian ratios using the y* test.

Cross-Species Amplification. To assess the
transferability of the EST-SSRs obtained from C.
virginica, all functional SSRs were tested in four other
species of Crassostrea: C. rhizophorae, C. gigas, C. ariakensis,
and C. sikamea. Six to seven oysters were used in each
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species. Whenever possible, individuals from different
geographic populations were used to cover possible
intraspecific variation. C. rhizophorae were the first-
generation progeny of a Caribbean population
produced and maintained at the Harbor Branch
Oceanographic Institute, Florida. C. gigas samples
consisted of four oysters from a Rutgers (NJ) stock
originated from Washington State and three oysters
from Oregon. Four of the C. ariakensis were from
Guangdong in southern China and three from
Shandong in northern China. Six C. sikamea were
from Taylor Shellfish Company (Shelton, WA). C.
ariakensis from China and C. sikamea from Washington
were genetically identified using diagnostic markers
(Wang and Guo 2007). PCR was conducted using
conditions described in the preceding text. Successful
cross-species amplification was verified as producing
clear and specific bands on 2% agarose gels.

Gene Identity of Characterized EST-SSRs. To
obtain putative function of genes represented by the
SSRs developed here, GenBank homology search was
conducted for all ESTs represented by the char-
acterized SSRs using BLASTX and BLASTN (http://
www.ncbi.nlm.nih.gov/BLAST). Significant homology
was assumed at an E-value < 2.0E-8.

Results

Type and Frequency of EST-SSRs. A search of the
EST database at GenBank found 9101 ESTs for the
eastern oyster. The screening of the 9101 ESTs (or
5.2 million bp) using MISA identified 127 (or 1.4%)
sequences that contained at least eight di- or five
other nucleotide repeats. Eleven ESTs contained
more than one SSR, bringing the total number of
SSRs to 139 (1.5%) or approximately one in every
37.5 kb. Ten were compound SSRs that had more
than one repeat type. Di- and trinucleotide repeats
were found at about the same frequency. Among the
139 SSRs, 65 (46.8%) were dinucleotide repeats, 60
(43.2%) were trinucleotide, and only 14 (10.0%)
were tetranucleotide repeats (Table 1).

Among dinucleotide repeats, AG/CT was the
most frequent motif and accounted for 33.1% of all
SSRs or 70.8% of all dinucleotide repeats (Table 1).
Among the trinucleotide repeats, ACT/AGT was
the most frequent motif, accounting for 16.6% of all
SSRs or four times more than the other seven
trinucleotide repeats. SSRs consisted of GC-only
repeats were not observed.

Primer Design and Validation. Among the 127
SSR-containing sequences, 39 did not qualify for
primer design because the flanking sequences were
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Table 1. Number and frequency of different SSR-repeat
types identified from 9101 C. virginica ESTs

SSR Motif Number Frequency
AG/CT 46 33.1
AT/AT 14 10.1
AC/GT 5 3.6
ACT/AGT 23 16.6
AAC/GTT 9 6.5
AGG/CCT 8 5.8
ACG/CGT 7 5.0
AAT/ATT 5 3.6
AAG/CTT 3 2.2
ACC/GGT 3 2.2,
AGT/ACT 2 1.4
AAAC/GTTT 4 2.8
AGAT/ATCT 3 2.2
AACT/AGTT 2 1.4
ACAG/CTGT 2 1.4
AAAG/CTTT 1 0.7
AATC/GATT 1 0.7
ACAT/ATGT 1 0.7
Total 139 100.0

SSRs are defined as having at least eight di- and five tri- and
tetranucleotide repeats.

too short or of poor quality (too many unknown
bases). Primers were designed for the remaining 88
SSR primers. After some optimization, 71 of the 88
primer pairs (80.7%) were successfully amplified in
five oysters from three populations. The other 17
primer pairs (19.3%) failed to amplify at various
annealing temperatures and Mg>* concentrations,
and were excluded from further analysis (Figure 1).
Among the 71 working primer pairs, 52 (73.2%)
produced PCR products at the expected sizes, and 19
(26.8%) produced PCR products that were
considerably longer than the expected sizes,
probably due to introns. PCR fragments from five
primer pairs were longer than 800 bp, a size that is
not suitable for automated genotyping, and were
excluded from this study. Thus, a total of 66 primer

‘ Total number of EST used: 9101 ‘
+

‘ SSR containing sequences: 127 ‘

‘ Primers designed: 88 ‘
'S R

‘ PCR successful: 71 (81%) ‘

PCR failed: 17 (19%) |

‘ PCR products with expected sizes: 52 ‘ ‘ Amplification of introns: 19 ‘
R ¥
Size<800 bp: 66 Size>800 bp: 5
r's X

Size monomorphic within 3
populations: 13(20%)

Size polymorphic in 3
populations: 53 (80%)

Figure 1. Schematic summary of stepwise results for the
development of EST-SSR markers in Crassostrea virginica.
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pairs were checked for polymorphism using poly-
acrylamide gels.

SSR Polymorphism. As tested in the five oysters
from three populations, 53 of the 66 EST-SSR loci
(80.3%) were polymorphic, and the other 13 (19.7%)
were monomorphic and might not be true
microsatellites. The primer sequences and PCR
conditions for the 53 polymorphic loci are presented
in Table 2.

The 53 polymorphic loci were further charac-
terized in a panel of 30 oysters using labeled primers
and a Beckman CEQ 8000 genetic analyzer. Of the
53 polymorphic SSRs, 48 produced two alleles per
individual as expected for single-locus markers. The
remaining five SSRs produced more than two alleles
per oyster, suggesting that they belonged to dupli-
cated loci.

Polymorphism varied among loci. Of the 48
single-locus SSRs, allele number in the 30 oysters
sampled ranged from 2 to 24 (Figure 2), averaging 9.3
alleles per locus. Non-amplifying individuals that
could not be explained by poor DNA quality were
observed at 11 loci. They were considered homozy-
gous for null alleles. Among the 30 oysters ana-
lyzed, the number of non-amplifying individuals
ranged from 3 to 21 (or 10% to 70%) across the 11
loci. Notably, one of the loci, RUCV15, was ampli-
fied only in the LA population, but not in the two
Atlantic populations (DB and NE). At eight SSRs,
the peaks of some alleles were considerably lower
compared to that of other alleles (Table 3), which
was probably due to poor amplification by one of the
primers and could be regarded as “mild cases” of
null alleles.

Number of Loci

234567 8 91011121314151617 1819 2021222324
Allele/locus

Figure 2. Distribution of allele number per locus at 53 E-
ST-SSR loci in C. virginica.
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Population genetics parameters were not calcu-
lated, as the 30 individuals were not from a single
population.

Segregation Analysis. All 53 polymorphic SSRs
were tested for Mendelian segregation in the HB4
family with 100 progeny (Table 3). Null alleles were
deduced at some loci where the unexpected progeny
genotypes could be explained only by null alleles in
the parents. Null alleles were inferred at 13 of 53
loci (24.5%) in the HB4 family.

Of the 53 SSRs tested, 43 segregated in the
family including three duplicated SSRs—RUCV46,
RUCV69, and RUCV94—that amplified more than
two alleles per oyster. These duplicated loci could
be analyzed as only one of the loci was segregating
and the other loci were fixed. At RUCV46 (BC x
AA), for example, two extra alleles (D at 129 and E
at 156 bp) were present in both parents and all the
progeny, and could be excluded for segregation
analysis. Similarly at RUCV69 (AB x AA), the extra
allele (C at 341 bp) was present in both parents and
showed up in all the progeny.

As indicated by the x> contingency test, 34 of 43
(79.1%) SSRs segregated in Mendelian ratios, while
nine (20.9%) SSRs showed significant segregation
distortion (P<0.05) (Table 3). After sequential Bonfer-
roni corrections, only three SSR loci showed signif-
icant segregation distortion: RUCV8B, RUCV22, and
RUCV26.

Cross-Species Amplification. Cross-species
amplification varied among species. Of the 53 C.
virginica EST-SSRs tested, 37 (69.8%) could be
amplified in C. rhizophare, a closely related species
from the Atlantic (Table 4). In comparison, the
number of C. virginica SSRs that could be amplified in
Asian species was considerably lower: 18 (34.0%) in C.
gigas and 14 (26.4%) in C. ariakensis and C. sikamea.
Cross-species amplification of SSRs is summarized in
Table 4.

Gene Function. GenBank (BLASTX) searches
indicated that 17 of 53 SSR-bearing ESTs (32.1%)
matched to genes of known functions at E values <
2.0E-8, while the other 36 (67.9%) either had no
significant matches or matched to unknown genes
(Table 5). Among the unknowns, locus RUCVI11
matched Cvi2i20, a previously described microsatellite
locus of C. virginica (Reece et al. 2004). RUCV15 was an
(AT)n repeat from the major noncoding region (MNR)
of the mitochondrial genome (P.M. Gaffney, personal
communication). This is also the locus that amplified
in the Gulf population, but not in the Atlantic
populations.
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The 17 genes included the tetraspanin family
gene, agrin precursor, heat shock protein 90, two
ribosomal proteins, and several other proteins. Sev-
eral loci matched to the same EST sequence or
different fragments of the same gene. They included
RUCV27, 28 and 85 matching the DUF614 family
gene; RUCV 43 and 73 matching LOC495205 pro-
tein; RUCV41 and 47 matching ribosomal protein
P2; and RUCV68, 74 and 79 matching to ribosomal
protein 28S. Most of these genes were segregating in
HB4 and could potentially be mapped (Table 3).

Discussion

This study demonstrates that ESTs are valuable
resources for the development of type I SSR markers
in the eastern oyster, as has been shown in other
organisms (Thiel et al. 2003; Gao et al. 2004; Nicot et
al. 2004; Serapion et al. 2004; Perez et al. 2005; Wang
et al. 2005). This is probably the first time that EST-
SSRs have been developed in meluses, Using the
criteria we defined (at least eight di- and five other
nucleotide repeats), we found 1.4% of the ESTs con-
tain SSRs, or about one SSR every 37.5 kb. The rate is
lower than what has been reported in other species,
probably because of the conservative standard we
used. In wheat and rice, for example, SSRs are found
at every 9.2 and 3.4 kb, respectively (Cardle et al.
2000; Gupta et al. 2003). Using a similar lower
threshold (at least five di-, four tri- and tetranucleo-
tides), we found one SSR every 9.7 kb in C. virginica,
which is about the same as in wheat and rice. We
expect that more SSRs can be developed from the
eastern oyster ESTs. Interestingly, the most abun-
dant trinucleotide repeat ACT is also the most
productive selection bases for AFLPs in the same
species (Yu and Guo 2003).

It should be pointed out that none of the loci has
been resequenced to verify the nature of the length
polymorphism observed here. It is possible that some
of the polymorphisms, especially at less poly-
morphic loci, are caused by indels rather than true
SSRs. The highly polymorphic loci with many alleles
(Table 3) are likely true SSRs.

Amplification Success and Intron Frequency. In
this study, PCR amplification was successful for 81 %
of the primer pairs designed from ESTs, a rate that is
higher than that observed for genomic SSRs: 67% in
the same species (Reece et al. 2004) and 47% in C.
gigas (Li et al. 2003). The difference may be explained
by variations in primer design or by lower levels of
sequence variation at the priming sites for EST-SSRs.

Among primer pairs that amplified, 19, or 27%,
amplified introns, which is similar to the 22%
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Table 3. Segregation analysis of 53 C. virginica EST-SSRs in a full-sib family
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Locus F M N Progeny genotype Expected ratio Observed P value
RUCV1 BC AB 98 AB:BB:AC:BC 1:1:1:1 14:22:39:23 0.0038*
RUCV3 AO BO 100 AB:AO:BO:00 1:1:1:1 36:27:20:17 0.0358%*
RUCV6 BO AB 98 AB:BB+BO:AO 1:2:1 28:55:15 0.0855
RUCV7 AB AB 100 AA:AB:BB 1:2:1 27:47:26 0.8270
RUCVSB AB BB 92 AB:BB 1:1 24:66 0.0001*
RUCV10 AO (0]0) 97 AO:00 1:1 44:53 0.4958
RUCV11 AC BD 97 AB:AD:BC:CD 1:1:1:1 22:25:26:24 0.9482
RUCV12 BO AO 99 AB:AO:BO:00 1:1:1:1 24:25:17:33 0.1576
RUCV13 BD AC 97 AB:CD:AD:BC 1:1:1:1 27:26:27:17 0.4045
RUCV15 BB AA 100 AB 1 100 —
RUCV18 AB AA 99 AB:AA 1:1 59:40 0.0562
RUCV19 AD BC 94 AB:AC:BD:CD 1:1:1:1 20:16:25:330 0.0768
RUCV20 AC AB 95 AA:AB:AC:BC 1:1:1:1 28:18:25:24 0.6428
RUCV21 BC AA 97 AB:AC 1:1 42:55 0.1869
RUCV22 AO BO 100 AB:AO:BO:00 1:1:1:1 2:5:46:47 0.0001*
RUCV23 AB AC 99 AA:AC:AB:BC 1:1:1:1 24:26:22:27 0.8964
RUCV24 AC BC 100 AB:AC:BC:CC 1:1:1:1 18:20:20:42 0.0014*
RUCV25 AA BB 100 AB 1 100 —
RUCV26 BO AO 100 AB:AO:BO:00 1:1:1:1 10:24:23:43 0.0006*
RUCV27 AB CD 96 AC:AD:BC:BD 1:1:1:1 30:20:22:24 0.5061
RUCV28 AB CD 94 AC:AD:BC:BD 1:1:1:1 26:22:24:22, 0.9258
RUCV29 AB CD 97 AC:AD:BC:BD 1:1:1:1 21:20:30:26 0.4453
RUCV41 BB AA 99 AB 1 99 —
RUCV42 AA AA 96 AA 1 96 —
RUCV43 AA BC 95 AB:AC 1:1 42:53 0.2591
RUCV44 CC AB 96 AC:BC 1:1 41:55 0.1530
RUCV45 BD AC 96 AB:CD:AD:BC 1:1:1:1 25:25:24:22 0.9691
RUCV46 BC AA 100 AB:AC 1:1 45:55 0.3173
RUCV47 BB AA 100 AB 1 100 —
RUCV51 AO BB 100 AB:BO 1:1 50:50 1.0000
RUCV52 AB AB 95 AA:AB:BB 1:2:1 21:42:32 0.1480
RUCV53 AA AA 97 AA 1 97 —
RUCVS55 AA AA 97 AA 1 97 —
RUCV56 AO (0]0) 100 AO:00 1:1 42:58 0.1096
RUCVS8 BO AC 98 AB:BC:AO:CO 1:1:1:1 18:21:28:31 0.2169
RUCV60 BB AB 96 AB:BB 1:1 43:53 0.3074
RUCV62 BC AB 96 AB:BB:AC:BC 1:1:1:1 15:28:19:34 0.0261%
RUCV61 BB AB 97 AB:BB 1:1 47:50 0.7607
RUCV63 AB CD 98 AC:AD:BC:BD 1:1:1:1 21:24:29:24 0.7180
RUCV64 AB BC 98 AB:AC:BB:BC 1:1:1:1 18:26:36:18 0.0301*
RUCV66 BO AB 100 AB:BB+BO:AO 1:2:1 14:51:35 0.0119*%
RUCV68 (6]0) AA 100 AO 1 100 —
RUCV69 AB AA 98 AB:AA 1:1 50:48 0.8399
RUCV73 AA BC 95 AB:AC 1:1 43:52, 0.3558
RUCV74 BB AA 100 AB 1 100 —
RUCV75 BC AA 99 AB:AC 1:1 59:40 0.0562
RUCV79 BB AO 99 AB:AO 1:1 52:47 0.6157
RUCVS80 AA AA 100 AA 1 100 —
RUCVS5 BC AC 99 AB:BC:AC:CC 1:1:1:1 31:26:20:22 0.4139
RUCV89 AA AB 97 AA:AB 1:1 40:57 0.0843
RUCVI1 AC AB 93 AA:AB:BC:AC 1:1:1:1 24:24:21:24 0.9618
RUCV94 AB AO 92 AO+AA:AB:BO 2:1:1 45:16:31 0.0848
RUCV97 BC AB 97 AB:BB:AC:BC 1:1:1:1 28:24:24:21 0.7963
*Designates significant deviation from expected Mendelian ratios at P<0.05 revealed by x> test. Bold letters in parental genotype

designate weak alleles; O represents inferred null alleles.

observed in barley (Thiel et al. 2003). However, the
27% intron frequency should be a conservative
estimate, as primers that failed to amplify may be
caused by problems in primer design, as well as by

the occurrence of large introns. Therefore, the 27%
should be viewed as a lower limit, and the upper
limit should be around 41% (assuming all non-
amplification was caused by large introns). There
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Table 4. Cross-species amplification of 53 C. virginica EST-SSRs

Locus

C. rhizophorae

C. gigas

C. ariakensis C. sikamea

RUCV1
RUCV3
RUCV6
RUCV7
RUCVSB
RUCVI10
RUCVI11
RUCV12
RUCV13
RUCV15
RUCV18
RUCV19
RUCV20
RUCV21
RUCV22
RUCV23
RUCV24
RUCV25
RUCV26
RUCV27
RUCV28
RUCV29
RUCV41
RUCV42
RUCV43
RUCV44
RUCV45
RUCV46
RUCV47
RUCV51
RUCV52
RUCV53
RUCV55
RUCV56
RUCV58
RUCV60
RUCV61
RUCV62
RUCV63
RUCV64
RUCV66
RUCV68
RUCV69
RUCV73
RUCV74
RUCV75
RUCV79
RUCVS80
RUCVS85
RUCVS89
RUCV91
RUCV94
RUCV97
Strong
Weak
Total

++
++

++
++

++

+
++
++
++
++
++

+
+

++
++
++
++
+

++
++
+

++
++
++
++
++

++
++
++
++
++
+

++

++

++
++
++

31

6
37 (69.8%)

++

++

++

++
+

++

++
++

+

11
7

18 (34.0%) 14 (26.4)

+

7 8
7 6
14 (26.4%)

++, Strong amplification; +, weak; —, no amplification.

are no comparable data in oysters and marine
bivalves. Most of the amplified introns are less than
800 bp, but this observation is biased because large
introns may not be amplified.

Polymorphism and Null Alleles. EST-SSRs have
been evaluated in several studies and tend to be less
polymorphic than those from genomic DNA (Thiel et
al. 2003). In this study, the majority (80%) of EST-
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Table 5. Functional genes and proteins represented by characterized EST-SSRs in C. virginica

Locus Sequence ID Gene function E-value

RUCV7  gil72009233IreflXP_783607.11 Predicted: similar to sterile alpha motif domain containing 8, 2.00E-37
RUCV13 gil68395729IreflXP_694278.1I Predicted: hypothetical protein XP_689186 [Danio rerio]. 1.00E-38
RUCV19 gil66734438|gblAAY53608.11 Tetraspanin family protein [Branchiostoma belcheri tsingtaunese] 4.00E-27
RUCV27 gil48479185IgblAAT44867.11 DUF614 protein [Branchiostoma belcheri tsingtaunese| 6.00E-14
RUCV28 gil48479185|gblAAT44867.11 DUF614 protein [Branchiostoma belcheri tsingtaunese] 2.00E-08
RUCV41 gil56199560IgblAAV84269.11 Ribosomal protein P2-like [Culicoides sonorensis] 1.00E-20
RUCV43 gil540385231gblAAH84597.11 LOC495205 protein [Xenopus laevis] 2.00E-10
RUCV47 gil56199560IgblAAV84269.11 Ribosomal protein P2-like [Culicoides sonorensis| 1.00E-20
RUCV55  gil3990211splP25304/AGRN_RAT Agrin precursor 3.00E-09
RUCV6]  gil15294073Igbl AAK95213.1] FLJ33790 protein [Homo sapiens] 3.00E-08
RUCV62 gil27803586IgblAAO21341.11 Heat shock protein gp96 [Strongylocentrotus purpuratus] 1.00E-40
RUCV63  gil19344028lgbl AAH25712.1 Odd-skipped related 1 [Homo sapiens| 1.00E-38
RUCV68  gil152940731gblAAK95213.1I 40S ribosomal protein S28 [Ictalur... 9.00E-19
RUCV73  gil54038523Igbl AAH84597.1 LOC495205 protein [Xenopus laevis] 2.00E-10
RUCV74 gil15294073IgblAAK95213.1I 40S ribosomal protein S28 [Ictalur.. 1.00E-18
RUCV79 gil12239511IgblAAG49498.11 Ribosomal protein S28 [Cricetulus griseus] 8.00E-18
RUCVS5 gil48479185IgblAAT44867.11 DUF614 protein [Branchiostoma belcheri tsingtaunese] 5.00E-16

SSRs were polymorphic in the three populations
studied, which is comparable to the number of
polymorphic loci (7 out of 10) observed for genomic-
SSRs in the same species (Brown et al. 2000). In the
bay scallop Argopecten irradians, only 8 out of 21 (38%)
EST-SSRs are polymorphic (Roberts et al. 2005).

The number of alleles per locus displayed by the
EST-SSRs in this study is high and variable, ranging
from 2 to 24 per locus. Such a level of allele diversity
is similar to or higher than that observed for genomic
SSRs in the same species (Brown et al. 2000; Reece
et al. 2004). Such a comparison needs to be viewed
with caution, as different populations and sample
sizes are used in different studies. Nevertheless, the
level of polymorphism observed here is adequate for
genetic studies.

Null alleles are non-amplifying alleles, which
are caused by polymorphism at the priming sites.
Because of exceptionally high levels of DNA se-
quence variation, null alleles are very common in
oysters (Huvet et al. 2000; McGoldrick et al. 2000;
Launey et al. 2002; Li et al. 2003; Hedgecock et al.
2004; Reece et al. 2004). In this study, homozygotes
for null alleles were found at 11 of the 53 loci, with
frequencies ranging from 0.1 to 0.7. Assuming
Hardy-Weinberg equilibrium, the null-genotype fre-
quencies translate to null-allele frequencies of 0.32
to 0.84. At some other loci, some alleles were
considerably lower in peak height than others.
These alleles may be mild cases of null allelism.
Cares must be taken during data analysis, so that
none of the low-peak alleles are overlooked.

In the HB4 family, 13 of the 53 loci had at least
one null allele. In most cases, the null alleles can be
accurately deduced and do not affect segregation and

mapping analyses (McGoldrick et al. 2000). In some
cases, however, the null alleles may make it
impossible to separate homozygotes from hetero-
zygotes (e.g.,, RUCV6; Table 3).

Null alleles are problematic for population
studies, as they may complicate genetic analysis of
population structure. Null alleles are probably a
major cause for the heterozygote deficiency ob-
served from SSR analysis of populations. The high
null-allele frequency would limit the use of some of
the loci in population studies, although null alleles
can be reduced by improvements in primer design
(Reece et al. 2004). No null genotypes were observed
for the other 37 SSR loci, which may make them
useful for population analysis.

Locus Duplication. Among the 53 loci, five loci
(CV12,CV19, CV20, CV64, and CV94) produced more
than two alleles per oyster, suggesting that they
belong to duplicated loci. The duplicated loci may
still be used for segregation analysis when only one of
the loci is segregating. Multiple loci were also found
in other organisms such as wheat (Akhunov et al.
2003; Gupta et al. 2003). In bay scallops, five of the
nine EST-SSRs studied amplified multiple bands,
suggesting a higher level of locus duplication (Wang
etal. 2006). Although preliminary, these observations
support the genome-duplication hypothesis that a
whole genome-duplication occurred during the
evolution of bivalves, and oysters and scallops
represent the diploid and tetraploid lineages,
respectively (Wang and Guo 2004).

Segregation Distortion. Nine of the 43 loci (21 %)
showed significant deviation from expected Mendelian
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ratios (P<0.05), and only three (7 %) remained significant
after Bonferroni corrections. The level of segregation
distortion observed in this study is about the same as
what has been reported for genomic SSRs in the same
species, 29% before and 11% after Bonferroni
corrections (Reece et al. 2004), but lower than the
36% before and 21% after corrections reported for C.
gigas (Launey and Hedgecock 2001). A comparable
level of segregation distortion (20%) has been reported
in Ostrea edulis (Naciri et al. 1995). Segregation
distortion is common in oysters. It is probably
caused by selective mortality of certain genotypes
(McGoldrick et al. 2000; Launey and Hedgecock 2001;
Reece et al. 2004) and possibly by weak or null alleles.
Although they may complicate linkage analysis
(Naciri et al. 1995; Launey and Hedgecock 2001),
distorted loci can be mapped, and the mapping of
distorted markers may help to reveal genes that are
important to survival (Yu and Guo 2003, 2006).

Cross-Species Transferability. Because of high
sequence divergence, oyster SSRs amplify poorly
across species. Only 12.8% of genomic SSRs from C.
gigas can cross-amplify in C. virginica (Hedgecock et al.
2004). In this study, 34% EST-derived SSRs from C.
virginica amplified in C. gigas. This result suggests that
EST-SSRs are more (2.7 times) transferable across
species than genomic SSR. This is not surprising, as
expressed sequences are expected to be more
conserved across species than random genomic
sequences (Holton et al. 2002). Ten of the C. virginica
SSRs from this study worked well in three other
Crassostrea species, suggesting that the flanking re-
gions of these loci are highly conserved. Higher trans-
ferability of EST-SSRs has also been reported in other
studies (Holton et al. 2002; Gupta et al. 2003; Thiel et
al. 2003). The increased cross-species transferability
is an added advantage for EST-SSRs. Most of the C.
virginica EST-SSRs can be amplified in C. rhizophorae,
providing useful markers for the latter species.

In conclusion, 53 polymorphic SSRs are devel-
oped from ESTs in the eastern oyster. This repre-
sents a significant increase in the number of SSRs
for this species, as currently there are only about 28.
Most of the EST-SSRs are highly polymorphic and
segregate in Mendelian ratios. They should be valu-
able in genome mapping and population studies. The
EST-SSRs have two major advantages over genomic
SSRs. First, as EST-SSRs are part of or adjacent to
functional genes, they can be used for the mapping
and functional analysis of candidate genes. Second,
because ESTs are more conserved than average
genomic sequences, EST-SSRs may be more stable
and transferable across species. The successful devel-
opment of EST-SSR in the eastern oyster should
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encourage similar efforts in other molluscs for which
a large number of ESTs are available.
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