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The Pacific oyster, Crassotrea gigas, which
was widely distributed along the seashore of
China, Korea, and Japan, has been introduced
into many countries and become one of the
most commercially important species. It has
had the highest worldwide production of any
cultured aquatic species since 1993; in 2006,
world production of this species was 4.6 million
metric tons (FAO 2008). Still, Pacific oysters
are in an early stage of domestication. Genetic
studies, which offer great potential to detect
associations between allelic forms of a gene and
phenotypes, will accelerate the development of
the oyster industry.

For a long time, simple sequence repeats
(SSRs) has been widely used for genetic stud-
ies (Liu and Cordes 2004). To date, about 214
SSRs were developed in C. gigas (Magoulas
et al. 1998; Huvet et al. 2000; McGoldrick
et al. 2000; Li et al. 2003; Sekino et al. 2003;
Yu and Li 2007, 2008; Wang et al. 2008; Qiu
et al. 2009a, 2009b; Li et al. 2009; Sauvage
et al. 2009), including 119 genomic SSRs and
95 expressed sequence tag derived SSRs (EST-
SSRs). These SSR markers provide sufficient
resource in this species to evaluate wild and
cultured genetic resources, but are still defi-
cient for SSR-based mapping studies, which is
necessary for the identification and mapping of
quantitative trait loci, marker-assisted selection,
positional cloning of genes, and contig assem-
bly (Hubert and Hedgecock 2004). Besides,
screening for many more loci will also open
new possibilities to implement new approaches
such as genome scans and population genomics,
which require hundreds of markers to cover the
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entire genome of a species under study (Wenne
et al. 2007; Hauser and Seeb 2008).

As the isolation and characterization of SSR
markers via traditional methods (i.e., the screen-
ing of size-fractionated genomic DNA libraries)
are costly and time consuming (Squirrell et al.
2003), identification of EST-SSRs has been
extensively used as an alternative strategy.
ESTs are part of expressed genes, and the EST-
SSRs can be considered as Type I markers
and used to map genes of known functions,
which are more valuable for comparative gene
mapping. Moreover, rapid increase in the avail-
ability of EST collection provides abundant
resources for large amount of SSR markers
design.

In this study, we developed and characterized
a set of 68 new EST-SSRs for C. gigas.
Mendelian segregations were tested for 32 of
the markers that were polymorphic in the family
studied.

Materials and Methods

A total of 23,816 C. gigas ESTs from
Genebank (July 8, 2008) were downloaded and
assembled within contigs by DNASTAR Laser-
gene 7.0 program (DNASTAR Inc., Madison,
WI, USA), which made it more convenient to
identify SSRs with a bioinformatics pipeline.
The SSRHUNTER program (Li and Wan 2005)
was used to search for SSRs within this unigene
set. The parameters were set for detection of di-,
tri- and tetranucleotide motifs with a minimum
of five repeats, respectively. ESTs contain-
ing SSRs were annotated using BLASTX and
BLASTN tool (http://www.ncbi.nlm.nih.gov/
BLAST). Sequence homology was accepted
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based on a cut-off E value of 1.0 x 1078,
Primers flanking EST-SSRs units were designed
using the Primer Premier 5.0 program (http:/
www.premierbiosoft.com/).

To screen for polymorphic EST-SSR mark-
ers, 30 wild individuals of C. gigas were col-
lected from Weihai, Shandong province, China.
Genomic DNA was extracted from adductor
muscle by standard proteinase K digestion, phe-
nol—chloroform extraction, and DNA precipita-
tion. Polymerase chain reactions (PCRs) were
performed in a total of 10 pL volumes con-
taining 0.25 U Tag DNA polymerase (Takara
Bio Inc., Otsu, Shiga, Japan), 1 x PCR buffer,
0.2 mM dNTP mix, 1 uM of each primer set,
1.5 mM MgCl,, and about 100 ng template
DNA. PCR was performed on a GeneAmp 9700
PCR System (Applied Biosystems, Foster City,
CA, USA) as follows: 3 min at 94 C, 35 cycles
of 1 min denaturation at 94 C, 1 min anneal-
ing (annealing temperatures for different primer
pairs are described in Table 1) and 1 min exten-
sion at 72 C, and an additional 5 min extension
at 72 C at the end of the 35 cycles. Allele infor-
mation associated with each polymorphism was
screened on 6% denatured polyacrylamide gels
and visualized by silver staining (Bassam et al.
1991). A 10-bp DNA ladder (Invitrogen Co.,
Carlsbad, CA, USA) was used as a reference
marker for allele size determination. The num-
ber of alleles, the levels of expected, observed
heterozygosity (Hg, Hp), and tests of devia-
tion from Hardy—Weinberg equilibrium (HWE)
in EST-SSRs markers were calculated using
GENEPOP 4.0 (Rousset 2008). Significant lev-
els were calculated per locus using sequential
Bonferroni correction.

To verify the Mendelian inheritance, all
polymorphic markers were tested in a full-
sib family with two parents and sixty 1-yr-old
progeny. Chi-square test was used to measure
the goodness-of-fit for expected Mendelian
segregation ratios.

Results and Discussion

Sequence assembly generated 14,883 poten-
tial unigenes that contain contigs and singletons
from all EST sequences, 778 of the unigenes
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were found containing SSRs fragments with
a proportion of 3.27%. The distribution of
the microsatellite unit size proportion was as
follows: dinucleotide repeats were the most
abundant within C. gigas ESTs, accounting
for 632 loci (81.2%); tri and tetranucleotide
repeats were found in 130 loci (16.7%) and
16 loci (2.1%), respectively. Two hundred of
the 778 loci with good and sufficient flanking
sequences were selected for primers design and
optimization.

Of the 200 primer pairs, 108 (54%) produced
single band of the expected size, comprising
68 primer pairs with polymorphic profiles and
40 primer pairs with monomorphic profiles
(Table A1, Appendix). Twenty-six primer pairs
generated unexpected large size, which was not
suitable for genotyping, and 66 primer pairs
failed to amplify any product or amplified noisy
bands. All the polymorphic loci are different
from the published EST-SSRs (Yu and Li 2007,
2008; Wang et al. 2008; Li et al. 2009; Sauvage
et al. 2009; Qiu et al. 2009a, 2009b). The
presence of introns may be the main reason
resulting in failure of PCR amplification. It is
not uncommon to find intron as EST is short
subsequence of transcribed cDNA. The introns
may exist in PCR products, causing it too
large to be amplified, or in primer sequences,
causing it unable to bind to the DNA template
(Wang et al. 2009). The 68 EST sequences were
BLAST searched against GenBank. Fifteen
ESTs had homology to known genes and
predicted proteins from other organisms.

The observed number of alleles ranged
from 3 to 13 with an average of 4.9 alle-
les per locus (Table 1). Observed heterozygosi-
ties varied from 0.0333 to 0.9667, whereas
expected heterozygosities varied from 0.0655
to 0.9149. Twenty-two of the loci deviated
significantly from HWE after a Bonferroni
correction. Several factors including lack of
random mating, sampling effect, and null alle-
les may explain the problem (Sekino et al.
2003). Significant linkage disequilibrium was
detected among 12 loci (CgF23, CgF62, CgF78,
CgF114, CgF142, CgF147, CgLl14, CgL15,
Cgl.26, Cgl33, Cgl40, and CgL51; P < 0.01)
before sequential Bonferroni correction for
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TABLE 2. Segregation analysis of 32 C. gigas EST-SSRs in a full-sib family.

Locus Sire Dam Genotypes of progeny Expected ratio Observed ratio P value
CgF12 BN AN AB:AN:BN:NN 1:1:1:1 26:12:20:2 0.0000*
CgF23 AA BN AB:AN 1:1 23:32 0.2249
CgF31 BB AB AB:BB 1:1 42:18 0.0019
CgF49 AB AB AA:AB:BB 1:2:1 0:60:0 0.0000*
CgF62 AA AB AA:AB 1:1 29:28 0.8946
CgF78 AB AA AB:AA 1:1 30:32 0.7995
CgF81 AB BB AB:BB 1:1 20:35 0.0431
CgF85 AB AC AA:AB:AC:BC 1:1:1:1 7:20:16:17 0.0993
CgF121 AB AB AA:AB:BB 1:2:1 0:60:0 0.0000*
CgF141 AN BN AN:BN:AB:NN 1:1:1:1 19:8:29:4 0.0000*
CgF142 AN BN AN:BN:AB:NN 1:1:1:1 14:20:26:0 0.0000*
CgF147 AA AB AA:AB 1:1 24:36 0.1213
CgF149 AB AB AA:AB:BB 1:2:1 15:34:11 0.4493
CgLl11 AB AB AA:AB:BB 1:2:1 11:34:15 0.4493
CgL15 AB AA AB:AA 1:1 20:40 0.0098
CgL17 BB AB AB:BB 1:1 26:34 0.3017
CgL18 AB BN AB:AN:BB+BN 1:1:2 15:15:30 1.0000
Cgl21 AB AB AA:AB:BB 1:2:1 0:60:0 0.0000*
CgL30 AN AN AA+AN:NN 3:1 54:6 0.0073
Cgl33 AB AB AA:AB:BB 1:2:1 3:41:17 0.0011
CgL35 AB BB AB:BB 1:1 41:19 0.0045
CglL40 BN AN AN:BN:AB:NN 1:1:1:1 14:21:18:7 0.0620
Cgl43 AC BC AB:AC:BC:CC 1:1:1:1 23:17:15:5 0.0107
Cgl45 AN AN AA+AN:NN 3:1 35:25 0.0029
Cgl46 AN BN AN:BN:AB:NN 1:1:1:1 8:11:6:35 0.0000*
CgL58 AB AB AA:AB:BB 1:2:1 0:60:0 0.0000*
CgL60 BN AB AB:BB+BN:AN 1:2:1 21:37:3 0.0016
CgL61 AB AB AA:AB:BB 1:2:1 0:60:0 0.0000*
CgL78 AB AA AB:AA 1:1 35:25 0.1967
Cglol AB AB AA:AB:BB 1:2:1 0:30:0 0.0000*
Cgl93 AB AB AA:AB:BB 1:2:1 8:40:12 0.0273
CglL95 AB BN AB:AN:BB+BN 1:1:2 31:9:20 0.0000*

*Significant deviation (P < 0.05) from expected Mendelian ratios after Bonferroni correction (k = 32). N represents

inferred null alleles.

multiple tests (Rice 1989), however, only two
pairwise combinations of four loci (CgFl114
and CgF147, CgL40, and CgL51) were signifi-
cant after correction. Cross-species amplifica-
tion was examined in two other Crassostrea
species, including C. angulata and Crassotrea
ariakensis. C. angulata was collected from
Fujian province in China, whereas C. ariakensis
was sampled from Shandong province in China.
Six individuals of each species were used for
the examination of the transferability of the 68
EST-SSRs. Fifty primer sets amplified success-
fully at least one species, with 40 C. angulata
and 45 C. ariakensis.

All the 68 polymorphic EST-SSRs were ana-
lyzed in one C. gigas family with 60 progeny

produced by single-pair mating in 2008. Thirty-
six loci were monomorphic (AA x AA geno-
type) and thus resulted in offspring identical to
the parents. The remaining 32 loci were poly-
morphic and segregated in the family. Geno-
typic frequencies in the parents and offspring
at each of 32 loci were shown in Table 2.
Eleven loci showed unexpected progeny phe-
notypes that were best explained by null alleles
(16.2%). The frequency of null alleles is lower
compared to genomic SSRs in the C. gigas
(McGoldrick et al. 2000; Li et al. 2003). Null
alleles are in high frequency in SSRs because
of the extremely high level of polymorphism
likely located just in flanking region to which
PCR primers are designed to anneal (Pemberton
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et al. 1995). Presence of null alleles may lead to
compound results in population genetic studies,
but they would be useful for mapping studies
and pedigree analysis when controlled crosses
were performed (Li and Kijima 2005). In this
study, 32.4% of the 68 loci significantly deviat-
ing from HWE might result from the existence
of null alleles.

Although null alleles were accounted for,
11 loci showed significant deviation from
Mendelian ratios after Bonferroni correction.
Similar phenomenon was reported in this
species in previous literature (McGoldrick et al.
2000). Zygotic viability selection appears to
result in departures from Mendelian ratios.
Launey and Hedgecock (2001) demonstrated
experimentally that high genetic load with
resulting strong zygotic selection during the lar-
val stage was the cause of segregation distortion
in the Pacific oyster. By genotyping progeny at
6 h after fertilization and then 2-3 mo later,

BAI ET AL.

they confirmed that segregation distortion was
minimal at the early zygote stage and increased
during development, supporting the theory that
some of the microsatellite alleles were selected
against because of their linkage to highly dele-
terious fitness gene alleles (Reece et al. 2004).

In conclusion, 68 new SSRs were success-
fully developed from EST in the Pacific oyster.
Although some of the EST-SSRs have low lev-
els of polymorphism, most of them are moder-
ately polymorphic and segregate in Mendelian
ratios. They should be useful for genome map-
ping and population genetics studies.
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Appendix

TABLE Al.
profiles and larger than expected PCR products.

Primer sequences, repeat types and annealing temperatures for the EST-SSRs generating monomorphic

Locus Accession no. Repeat sequence Primer sequences (5'-3') T, (O) Amplification

CgF1 AMSB55712 (AC)s F: TTTCGTATTCGGGGTGTA 51.9 Monomorphic
R: CCTTTTCTTCTTTCGCTTT

CgF10 AMS865741 (TG)s F: CTTGTGGCTGTCGTGTCTC 58.0 Monomorphic
R: CCTTTGGTCAGTTGAAGTATCT

CgF16 AMS865592 (GA)s F: CAGAGGCATTATTCTTGGAC 56.8 Monomorphic
R: CTTTGTGGGTGTATGAGGTG

CgF18 AMS867733 (AT)s F: CGCCAGGTTTTAATGTGATA 56.6 Monomorphic
R: GCCAGTGAAGAACGGGAC

CgF19 AMS869565 (AG)e F: TTTTTGATGATGTTAGTGATTGC 56.3 Monomorphic
R: GGTAAGGTGGGCTGGTCT

CgF20 EW779017 (GA)s F: GAGCAAGAGGAAGCAGAGA 57.7 Monomorphic
R: CTTTGAGCTAAGTCGGTGTC

CgF21 EE677618 (TA)s F: TGTGAGGAGGTATGTGGACTG 56.1 Monomorphic
R: TATCTTTGGCGACTTTCTTTT

CgF28 AMS863328 (TA)s F: CTAAACAGTCGGAAAGTCGT 54.5 Monomorphic
R: TGATTACCACAGCAACCAT

CgF38 EW779419 (TA); F: TGATTTGCTTGAAGGTTTA 49.7 Monomorphic
R: ACATTTTGCCATCCAGTT

CgF43 AMS863801 (TG)s F: GAAACCGTGGAAGTGTAGG 55.9 Monomorphic
R: ACAGGTATTTGGTGAGTTGAA

CgF48 AMS857705 (TA)s F: TACAATGTTTTAGCACCCAA 532 Monomorphic
R: ATGAAGTGACTGTGATAGAAAGA

CgF51 AMS853440 (AT)s F: TAAGAGCATTTATCAGTTTCACC 54.8 Monomorphic
R: AAACATACTCAAGCAATAGGAAG
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TABLE Al. Continued

Locus Accession no. Repeat sequence Primer sequences (5'-3') T, (C) Amplification

CgF53 AMB858587 (AT)s F: AACTACATTCCAATACAGCAA 54.1 Monomorphic
R: AGTCTCCGTAAACACTCAAAC

CgF66 AMS861741 (AT)s F: AGAATGACCGAAGCAAAA 51.9 Monomorphic
R: TTCCCCATAATCTAACGAG

CgF68 AMS858504 (TA)s F: ATGGATACGGATACAAGAAGGA 53.6 Monomorphic
R: AAATGAGGCATCACAAAATAAA

CgF74 AMS857638 (TG)s F: AAATGTTGTCAAGGGGTAGTA 54.6 Monomorphic
R: TTCAGCATAGATAGATTAGTTCAG

CgF87 AMS865354 (AT)s F: AAAACTTCGCTGTCTCCG 56.3 Monomorphic
R: TAGCATTCAGTAGGTGGGC

CgF88 AMS859618 (AG)s(AG)s F: CCTCCATCTAAAGTGAGCAAA 57.0 Monomorphic
R: CTGTCTGTCTAAGTCCCTGAA

CgF90 AMS869426 (AG)7(AG);o F: GTCAGGAAAAGAAACCAACA 53.5 Monomorphic
R: AAACGCAATCCGTATCAAC

CgF92 EW778818 (AAG)1(GAT)s F: CCTTTACCTTCCTGCTCG 55.0 Monomorphic
R: TCATTTCGTGGTCCCTTT

CgF93 CU685019 (CT)s F: TTTTACTGATGGCTGGGAC 53.8 Monomorphic
R: CCGCTTTATTATTGAAACTGA

CgF98 AMS860611 (GT)s F: CAAGTTGTGAGTGCGTGTAT 55.6 Monomorphic
R: CGTATGTATGATTCGTGGC

CgF99 CU684663 (TA)s F: ACTTTTGAGGGTGGACTTG 55.6 Monomorphic
R: GCCTAATGCTGGTTCTATCT

CgF101 AMS857068 (GA)»7 F: ACATAGGGGACCAACAAAACC 56.4 Monomorphic
R: ATTGAACATTTTAGCAAGCACTG

CgF106 AMS861541 (TA)s F: CCAGCAACACTGATGAGGA 57.8 Monomorphic
R: CTTCTTACTGACACCAAACCC

Cgl4 AMS857547 (GA)s F: GTGATGTGGGAGGTGGAT 56.3 Monomorphic
R: CCTGCTCGTGGTAGATTTT

CgL7 AMS866818 (GAT)sN(GAT)s F: AGCCCAGACAGCAACAGC 58.6 Monomorphic
R: CGTAATCCCCAGGGTCATA

CgL8 AMS860740 (TG)g F: ATGTAAGCCCCTTCCTATC 54.7 Monomorphic
R: ATTCTCAAGCCAAACAGATAC

CgLl16 AMS864202 (TG)s F: TGGCGTCTACAAGGAGGT 57.4 Monomorphic
R: CTGTCCACTCGCTCAGATT

Cgl42 EW779482 (AT)g F: GCGTGTCGTCGGTGTAGT 58.4 Monomorphic
R: GCAACCAAGCAGTAGCCT

CglL48 EW778589 (AG)¢N(TAC)q F: TTTGGACCCCATACAGAA 55.0 Monomorphic
R: CGTTACCACCAGACAGGA

CgL71 AMS866066 (GT)s F: ATGAATGCGGGAAGGTGT 57.5 Monomorphic
R: GTAGCCATAGTGTTCTGGTCTG

CgL77 AMS867538 (TA)s F: TGCTGATGGCTGTAGTGAT 54.3 Monomorphic
R: CCGACCGTAATTTTCTCAA

CgL79 AMB67965 (TGA)s F: AAAACTGGCGATTCTAAAC 53.1 Monomorphic
R: CGATGACAGGATTGATGC

CgL81 AMS868226 (AT)s F: GGCAGATTTACTACGGCTT 54.8 Monomorphic
R: CGTCAGACGTTCAGATTTTAT

CgL83 AMS864076 (TTA)s F: TTGTTCCAGCAAGTCATT 51.9 Monomorphic
R: CTGGGAAAGTTGTTCTCAT

Cgl84 AMS862311 (TTA)s F: AGCAGCAGATAAGGGTGG 55.5 Monomorphic
R: CTTTTCAGTTCCTGTTTTGG

CgL88 AMS859001 (AG)s F: CCCCAGATTATGGACTTACT 54.9 Monomorphic
R: TGATGTTATCGTGGACTATGT

CgL89 AMS859691 (AT)s F: AGTGCTGCCGATGTATTT 53.0 Monomorphic
R: TTCTGCTGTACGCTTTTCT
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TABLE Al. Continued

Locus Accession no. Repeat sequence Primer sequences (5'-3') T, (C) Amplification

Cgl94 AMS863555 (TA)s F: TAATGGGAAAACCCGAAAC 56.5 Monomorphic
R: GACCCCTAACCCTGGAACT

CgFl16 AMS865592 (GA)s F: CAGAGGCATTATTCTTGGAC 56.5 Unexpected
R: CTTTGTGGGTGTATGAGGTG

CgF39 EW778358 (AG)s F: ATACCATCCATACAACCGA 54.5 Unexpected
R: ACTACAAAATGCTCCTCACA

CgF61 AMS856912 (GA)s F: ACCAAGCCCTACAGTGAG 55.0 Unexpected
R: TCTTCGGTTTTGTTCCAG

CgF115 AMS854041 (GT)s F: ACACTTCAATCCAACTCGTCA 56.5 Unexpected
R: GGCTGCTCCTCCAATAACA

CgF117 AM858298 (TAA)s F: TCACGATGGCTGAAAACTC 54.5 Unexpected
R: TTTACCCTTTCTTTCTGATGG

CgF131 AMS855797 (AG)s F: CAGAGCCAGTTCCGTAGTGT 59.0 Unexpected
R: CTTCCAGATCCTTGTTGAGC

CgF135 AMS865095 (AG)s F: TTGGATTGATAAATGTCGG 53.5 Unexpected
R: AGTAGATGGGGACTTTGATGT

CgF136 AMS860899 (GT)s F: AAAACAAATATGGCGACG 52.5 Unexpected
R: GAACAAGGGCTGCTGAAC

CgLl AMS866018 (GA)s F: GAAACCAAGACAATACCGTG 54.0 Unexpected
R: CCCGACCCCTAACTCCTA

CgL5 AMS858438 (AC)s F: TAAAGACATACGGAGACACAACA 55.5 Unexpected
R: GGACCAGAAACGATGAAACA

Cgl9 AMS858527 (GA) F: GTCAGGAGTCGGCAATCA 54.0 Unexpected
R: CTGTCTCGGCTGTCTTCAA

CgL19 AMS855565 (AC)s F: GCTTCCGCATAACAACTG 51.0 Unexpected
R: CTCGCTTCATTTGGTCTC

Cgl22 AMS859098 (GAA)5(GAT)s F: TGAGGATGCTAAACCCAG 51.0 Unexpected
R: TGCCATTGTTGATTTGACT

CglL34 EW778058 (AAC)g F: GGCGTAACTGTTGGTGGA 54.0 Unexpected
R: CTGACCGCTTAGTCGTGC

CgL36 EW778928 (GGC)y F: CGGTGACAATCAAAACAGG 53.5 Unexpected
R: TTTCCAGCATTGGTAAGAGTA

CgL37 EW779216 (AGG)s F: GTCCCTATCTCCCTCGTCT 53.5 Unexpected
R: TCCAGCCATCCTGTTGAA

Cgl47 EW779077 (GA)s F: GAGTATGGCTTGCCTGTC 50.0 Unexpected
R: GGCGATTCCTCTTGTAGTA

CgL56 CU683135 (GCA)s F: GAAAACGGCATCAACTACA 52.0 Unexpected
R: CCTTCTCGTGGAGACCTG

CgL65 AMS869154 (AG)s F: ATTCGGTATTCGGGTGAC 53.0 Unexpected
R: CTGGGATTTTCTTCCTGTTT

Cgl67 AMS868743 (GAG)s F: TTGGAGGACCGAAGTAAG 53.0 Unexpected
R: CTGTTGGTGGTTGTAGGAG

CgL72 AMS866491 (GAT)g F: CACAAGTGGCTCTGAACAA 51.5 Unexpected
R: CTTTTGAATCTGTATGGGTTT

CgL75 AMS864601 (AAG)s F: AAATGGGAAACCAGCAAG 53.0 Unexpected
R: CATCTATTATCTCCTCCAGAGTG

CgL86 AMS858654 (GA)sN(CAT)s F: AAATTCTACCCTTGCTTCA 49.5 Unexpected
R: TTTTGTCTTTGGTCCTCTT

CgL87 AMS859055 (TC)s F: GTGCTCTTCGGTGATGGA 53.5 Unexpected
R: TTGTGGCTTAATGGTGGAT

CgL90 AMS862244 (ATG)s F: TTTTAGGCGGAGATAGTGA 52.0 Unexpected
R: CAATTTGGAGCAGCAGATA

CgL92 AMS863863 (TG)s F: ACTTGCGTGCGAGTTCTGT 57.0 Unexpected
R: CGGCATTGTTTCCCCTCT

EST = expressed sequence tag derived simple sequence repeat; PCR = polymerase chain reaction.
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