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Abstract

Mining for microsatellites (also called simple sequence repeats [SSRs]) in public sequence databases of a common Indo-
Pacific coral Acropora millepora identified 191 SSRs from 10 258 expressed sequence tag (EST) and 618 SSRs from 14 625
whole-genome shotgun (WGS) sequences. In contrast to other animals, trinucleotide repeats, rather than dinucleotide
repeats, are dominant in the WGS-SSRs, and AAT is the most frequent trinucleotide motif in EST-SSRs. We successfully
developed 40 polymorphic markers from EST-SSRs and WGS-SSRs. Both EST- and WGS-SSRs show high levels of
polymorphism within corals from the same reef patch. Interestingly, markers WGS079 and WGS227 revealed SSR
duplications in a few individuals, suggesting recent duplication events. Genotypic linkage disequilibrium was identified in
5 pairs of SSR markers, which will be invaluable for high-resolution studies of genetic admixture in natural populations of
A. millepora. Transferability analysis showed that 25 of these markers can be successfully amplified in one of the most
ubiquitous Indo-Pacific corals Acropora hyacinthus. The marker collection reported here is the largest ever developed for any
reef-building coral. It holds great potential for addressing coral reef connectivity across the Indo-Pacific with an
unprecedented precision, especially taking into account the cross-species transferability of a substantial number of markers.
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Coral reefs are among the most productive and diverse
ecosystems on Earth. Unfortunately, they have suffered
long-term decline due to a range of anthropogenic dis-
turbances and are now also under threat from climate
change (Hughes et al. 2003). Understanding the pathways of
coral connectivity and mechanisms of adaptation is there-
fore critically important to devise scientifically sound
management and remediation practices (Palumbi 2003;
Van Oppen and Gates 2006). Multilocus genotyping is
currently the most powerful methodology to address con-
nectivity (Pritchard et al. 2000). To date, most coral genetic
connectivity studies have employed only a few loci for
multilocus genotyping (Baums et al. 2006; Van Oppen and
Gates 2006; Carlon and Lippe 2008). Utilization of more

than 20 loci would make the analysis dramatically more
precise in detecting individual migrants, recent tendencies in
population differentiation, or older admixture events
(Pritchard et al. 2000). Addition of the genome mapping
information for the genotyped loci during connectivity
studies would provide substantial extra power in detecting
migration and population admixture by making it possible to
track individual haplotypes (chromosome regions) across
populations (Falush et al. 2003). A high-quality linkage map
will also serve as a basis for genome-wide association studies
of coral physiological variation, which is the focus of our
ongoing project aiming at molecular and evolutionary
mechanisms of coral adaptation to climate change. Genomic
mapping is not possible with only a few markers that are
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known at the moment. Even in the well-studied coral
Acropora millepora, only 10 microsatellite markers have been
developed thus far based on a genomic DNA library (Van
Oppen et al. 2007).

Microsatellites or simple sequence repeats (SSRs) are
small tandem repeated sequences that are widely dispersed
in eukaryotic genomes (Toth et al. 2000). Currently, SSRs
remain the markers of choice for genetic analyses in most
nonmodel organisms due to their codominant and highly
polymorphic nature. The traditional way of developing SSR
markers is costly and time consuming (Zane et al. 2002;
Squirrell et al. 2003). However, with the advent of the
genomics age, data mining of public DNA databases has
been proved as an alternative way to get large amounts of
SSR markers efficiently (Serapion et al. 2004; Ellis and
Burke 2007; Sharma et al. 2007). Acropora millepora is an
emerging coral molecular biology model for molecular
ecology studies focusing on the evolutionary adaptation of
corals to climate change. As of January 2008, there were
both expressed sequence tag (EST) (10 258 entries) and
whole-genome shotgun (WGS) (14 625 entries) sequences
of A. millepora available in the National Center for
Biotechnology Information (NCBI) database. Recently,
a large body of sequence data obtained by sequencing the
A. millepora larval transcriptome using 454 technology was
made available by our laboratory, (http://www.bio.utexas.
edu/research/matz_lab/matzlab/454.html). These database
resources are valuable for microsatellite mining. Investiga-
tion and comparison of SSRs distribution and constitution
in the genome can provide a glimpse into genome evolution
of A. millepora. In this study, we focused on the following: 1)
identification and characterization of SSRs in EST and WGS
sequences of A. millepora, 2) marker development from
identified EST and WGS-SSRs, 3) marker polymorphism
evaluation and genotypic linkage disequilibrium (LD)
detection, and 4) marker transferability to Acropora hyacinthus

(Dana 1846).

Materials and Methods

SSR Mining from EST and WGS Sequences

EST and WGS sequences of A. millepora were downloaded
from NCBI databases and then analyzed with the SSR
EXPERT 1.0 program (Zhan et al. 2005) to identify
sequences containing SSRs. The search was conducted for
sequences that showed more than 7 repetitions for
dinucleotides, 5 repetitions for tri- and tetranucleotides, and
4 repetitions for penta- and hexanucleotides. EST and WGS
sequences that contained SSRs were then vector trimmed and
clustered using the SEQMAN program, part of the
DNASTAR software package (DNASTAR, Madison, WI).

DNA Extraction and Whole-Genome Amplification

Tissue samples from 24 A. millepora colonies were collected
in November 2007 at Magnetic Island (MI) in the Great
Barrier Reef, Australia. To inspect the applicability of our
markers in other populations, 7 more colonies were tested in

this study, of which 4 came from Orpheus and Pelorus
Islands (OPI) and 3 from Keppels Islands (KI), the Great
Barrier Reef locations separated by more than 650 km. The
tissue from a small coral branch was removed using an
airbrush, fixed in RNAlater solution (Ambion, Foster City,
CA), and stored at �20 �C. Genomic DNA was extracted
by a phenol/chloroform extraction method (Sambrook et al.
1989). In order to make sufficient DNA templates for
multiple polymerase chain reaction (PCR) amplifications, we
used REPLI-g UltraFast Mini Kit (Qiagen, Valencia, CA)
for whole-genome amplification (WGA) of each sample.
The average product length was typically greater than 10 kb
and could therefore be reliably used for downstream SSR
analysis (Paez et al. 2004).

Primer Design, PCR Amplification, Fragment Analysis, and
Estimation of Error Rate

EST-SSRs and WGS-SSRs with sufficient flanking sequen-
ces were chosen for primer design. Primers were designed
based on several principles as described by Matz (2003) so
that all PCR amplifications could be achieved at the same
annealing temperature. Forward primers were 5#-end
fluorescently labeled with 6 carboxyfluorescein (FAM) or
hexachlorofluorescein (HEX). PCR amplifications were set
up in a 10-ll volume composed of ;30 ng DNA template
(equivalent to 0.12 ll of WGA product), 0.1 lM each
primer, 2 mM MgCl2, 0.3 mM deoxynucleoside triphos-
phate, 1� PCR buffer, and 0.5 U Taq DNA polymerase
(NEB, Ipswich, MA) in a DNA Engine Tetrad 2 Thermal
Cycler (Bio-Rad, Hercules, CA). All cycling began with an
initial denaturation at 94 �C for 5 min, followed by 35 cycles
of 94 �C for 40 s, 60 �C for 30 s, and 72 �C for 30 s. Two
microliters of PCR product was run on a 0.5� Tris-Boric
Acid-EDTA and 1.5% agarose gel to determine the success of
the PCR. PCR product was diluted 1:45 to 1:150 and run on
the ABI 3130XL capillary sequencer along with the
rhodamine-labeled size standard. In order to estimate possible
allele scoring errors, we repeated our experiment in 4 A.

millepora individuals from DNA extraction to allele scoring for
all polymorphic markers, and error rate was then calculated by
the number of incorrect alleles divided by the total number of
alleles (Hoffman and Amos 2005; Selkoe and Toonen 2006).

Evaluation of SSR Markers

All genetic statistics were carried out based on the genotyping
data from MI population. For each marker, the number of
alleles, observed heterozygosity (Ho), expected heterozygos-
ity (He) (Nei 1978), and neutrality test were calculated
using the POPGENE program (Yeh and Boyle 1997).
Hardy–Weinberg equilibrium (HWE), heterozygote defi-
ciency (HD), and genotypic LD among SSR markers were
detected using the GENEPOP 4.0 program (Raymond and
Rousset 1995), which performed exact tests for HWE and a
log-likelihood ratio statistic (G test) for genotypic LD
detection. For HWE, HD, and Genotypic LD tests, Bon-
ferroni correction was applied in order to avoid type I error.
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Marker Transferability to A. hyacinthus

All 40 SSR markers were tested in 20 individuals of
A. hyacinthus for transferability. Two specimens ofA. hyacinthus
were acquired from private aquaria in Austin, TX, and
18 were kindly provided by Thomas A. Oliver (Stanford
University, CA), which had been collected from 2 lagoon
pools at Ofu Island, AS. Genomic DNA of these
individuals was extracted and amplified as described above.

Results

EST- and WGS-SSRs in A. millepora

In total, 10 258 EST sequences and 14 625 WGS sequences
of A. millepora that were available in NCBI database were
included in the analysis. The SSR EXPERT program
identified 291 SSRs in 256 of EST sequences, as well as
652 SSRs in 533 WGS sequences. Fifty-six EST sequences
containing AG repeats were discarded because they were
likely derived from the oligo(dT) linker primer, which was
used in the cDNA library construction (Technau et al.
2005). After cluster analysis, there remained 191 SSRs in 157
EST contigs and 618 SSRs in 499 WGS contigs. As shown
in Table 1, trinucleotide repeats were the most abundant
type in both EST- and WGS-SSRs, accounting for 66.0% of
EST-SSRs and 57.9% of WGS-SSRs, respectively. AAT was
the most frequent trinucleotide motif in both sequence
types. Dinucleotide repeats were the second most abundant
type in both kinds of SSRs, accounting for 21.5% of EST-
SSRs and 23.1% WGS-SSRs, respectively. AG was the most
frequent dinucleotide motif in EST-SSRs and AT in WGS-
SSRs. Distributions among tetra-, penta-, and hexanucleotide
repeat types were different in EST and WGS collections.
EST-SSRs contained more hexanucleotide repeats but less
tetra- and pentanucleotide repeats than WGS-SSRs.
TTAGGG was the most frequent hexanucleotide motif in
WGS-SSRs, which had been recognized as telomere repeat
motif in Cnidaria (Traut et al. 2007).

PCR Amplification, Polymorphism, and Error Rate

In total, 29 EST-SSRs and 46 WGS-SSRs were chosen for
primer design. Twenty (69.0%) EST-SSRs and 22 (47.8%)
WGS-SSRs could be amplified successfully in the MI
population (Table 2) as well as OPI and KI populations, and
the others were discarded due to high PCR failure rate. One
EST-SSR and one WGS-SSR were monomorphic and were
therefore not included in Table 2. Across all individuals and
polymorphic 40 loci, there were 5 failed amplifications in the
MI population and 4 in the OPI and KI populations.
Among 40 loci, PCR failure was found in 6 WGS-SSRs and
1 EST-SSR (WGS005, WGS107, WGS116, WGS145,
WGS205, and WGS229 and EST171). Both EST- and
WGS-SSRs showed high levels of polymorphism in MI
population. The average number of alleles was 7.7 for EST-
SSRs, ranging from 2 to 16, and 9 for WGS-SSRs, ranging
from 5 to 18. The average He was 0.66 for EST-SSRs,

ranging from 0.22 to 0.94. The average He for WGS-SSRs
was 0.77, ranging from 0.57 to 0.93. High levels of
polymorphism did not correlate with particular repeat types,
but there was an observed tendency of higher repeat
numbers that show higher polymorphism. Interestingly,
a few individuals showed 3 or 4 alleles in WGS079 and
WGS227, which implies possible locus duplication events. In
the error-rate estimation experiment, wrong scoring was
only found in 2 alleles across all 40 markers, and the error
rate was then estimated as 0.625%.

Neutrality, HWE, HD, and LD Tests

All EST-SSRs and WGS-SSRs passed the neutrality test at
the a 5 0.05 level. For the HWE test, only 3 loci (EST043,
WGS005, and WGS145) were not in accord with HW
proportions after Bonferroni correction (P , 0.01/40). For
the HD test, only 6 loci (EST043, EST164, WGS005,
WGS035, WGS051, and WGS145) were significant after
Bonferroni correction (P , 0.01/40). Highly significant LD
(P , 10�6) was identified for 5 pairs of markers EST098

and EST014, EST171 and EST032, EST171 and EST196,
WGS092 and EST122, and WGS152 and WGS005. Because
all our markers were developed from independent EST or
WGS contigs, the LD detected between them cannot be
attributed to their colocalization within the same contig.

SSR Transferability

Twenty-five of the 40 primer pairs resulted in successful
amplification in more than 19 individuals. Among these
25 loci, there were only 4 failed amplifications across all the
individuals, and these failed amplifications were found in
3 WGS-SSRs (WGS134, WGS152, and WGS211) and 1 EST-
SSR (EST007). For most transferable markers, allele size
distribution was similar between A. hyacinthus and
A. millepora. Of these 25 primer pairs, 15 came from EST-
SSRs and 10 came from WGS-SSRs. Many of the
amplification products corresponded to different alleles
than in A. millepora. At some loci, the amplification of certain
alleles was considerably weaker than others, which may be
due to mild cases of null allelism (Wang and Guo 2007). For
WGS153, possible SSR duplication was also found in several
individuals.

Discussion

Characterization of EST- and WGS-SSRs in A. millepora

Microsatellites are thought to play a significant role in
genome evolution by creating and maintaining quantitative
genetic variation (Tautz et al. 1986; Kashi et al. 1997). It has
been shown that different taxa exhibit different preferences
for SSR repeat types (Beckmann andWeber 1992; Lagercrantz
et al. 1993; Toth et al. 2000). Acropora millepora is a member
of the basal phylum Cnidaria, which is regarded as the
sister group to the Bilateria and is thought to be critical to
understand the evolution of metazoan genetic and de-
velopmental complexity (Kortschak et al. 2003; Technau
et al. 2005). Toth et al. (2000) had surveyed and analyzed
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Table 1. Characterization of SSRs in EST and WGS sequences of Acropora millepora

Dinucleotide Trinucleotide Tetranucleotide Pentanucleotide Hexanucleotide

EST WGS EST WGS EST WGS EST WGS EST WGS

AGa 17b AT 115 AAT 49 AAT 244 TTTC 1 AAAT 13 AAAAC 1 AAAAC 7 AGACGA 10 TTAGGG 6
AT 14 AG 14 ATG 26 AAC 44 AGAT 1 AGAT 13 ACCCC 1 ATTGT 3 GCTCCT 2 TTTTTG 2
AC 9 AC 12 AAC 15 ATG 31 GTAT 9 ATTTG 1 TTTTA 3 TTTTTG 1 AGACGA 1
CG 1 CG 2 AGG 12 AAG 19 TTTG 5 GAAAG 1 TTACA 3 CCACCT 1 GTAACG 1

AAG 7 ACT 11 CTGA 4 CAAAT 2 ATGCCG 1 ACGGCA 1
AGC 6 AGC 3 AATC 4 TTTTC 2 GACCGA 1 ATTTAT 1
GAC 6 GAC 3 GAAT 3 CAGGT 2 GACAAA 1 TCTATC 1
ACC 5 ACC 1 ACTT 2 ACTGA 2 TCTTCG 1

AGG 1 ATGC 2 TGACA 1
CGG 1 CTCA 2 CCTAA 1

ACCG 1 TGGAA 1
CTGG 1 ATTAA 1
TTAA 1 ATATC 1
GTAC 1 AATAT 1
GTTG 1 TTTAG 1
AGGT 1 GGTTT 1
CACG 1 TAGTA 1
AGCT 1 TACGT 1

CATAA 1
ATAGA 1
CCACG 1
GTAGA 1
AGGTA 1

Total 41(21.5%)c 143(23.1%) 126(66.0%) 358(57.9%) 2(1.0%) 65(10.5%) 4(2.1%) 39(6.3%) 18(9.4%) 13(2.1%)

a Repeat motif type.
b Total number of a given motif type.
c Percentage of a given motif type in EST- or WGS-SSRs.

4 Journal
of

H
eredity



Table 2. Summary of 40 polymorphic SSR markers in Acropora millepora

Locus Repeat motif Primer sequence (5#-3#)a Size (bp)
Allele
No. Nb Ho

c He
d Pe

Accession
No. Transferabilityf

EST007 (TTTC)5 F: FAM-tgcaatggttctgttgcagtca 99–107 3 24 0.38 0.47 0.2025 DY587595
ffiffip

R: gatctctttaccgatttacagca
EST014 (TCT)13 F: FAM-cagctccttcatcttcatcct 143–173 10 24 0.92 0.88 0.6926 DY586774

ffiffip
R: agccgaagaggggacagagt

EST016 (AAC)7 F: FAM-ctatctgtgtatgatcaggacta 97–122 7 24 0.67 0.69 0.1383 DY586537
ffiffip

R: tccatctgttgtggaaactggt
EST032 (TTA)21 F: FAM-aggcacaagaaagtggaaaacaa 138–187 15 24 0.96 0.94 0.7274 DY585386

ffiffip
R: tgaagggatgtgaagcatggt

EST043 (TAT)10 F: FAM-atcaatcattgttactatggctat 131–171 13 24 0.25 0.75 0.0000* DY585059
R: gtgggtagaacatcagtcaga

EST062 (GAT)9 F: FAM-cgagttagtctgttaagatggt 110–126 5 24 0.67 0.71 0.1437 DY584488
ffiffip

R: ctctaagtccgatcttcttcca
EST063 (TC)8 F: FAM-tattgtagtcgttacgtaggct 96–104 5 24 0.29 0.42 0.0116 DY584457

ffiffip
R: aacaatcgtgcatactagctca

EST097 (TGA)7 F: FAM-tgacaacgacatcaatcatggt 123–135 5 24 0.71 0.69 0.0923 DY583334
ffiffip

R: acagcaggagctgtcagcact
EST098 (TG)12 F: FAM-acaaattgcgctcaagttgatg 98–118 8 24 0.58 0.68 0.0362 DY583314

ffiffip
R: acggctgcgaaggagtctagt

EST121 (ATGCCG)4 F: FAM-acagttgcaggccttgcaga 100–112 3 24 0.50 0.51 0.8431 DY582587
ffiffip

R: gtgggaattgcgacaggcat
EST122 (TTA)18 F: gttagaatggatattccttcatct 99–141 13 24 0.92 0.91 0.2018 DY582557

ffiffip
R: FAM-ctgtgcctgaaaatcatcatagt

EST149 (GAT)9 F: FAM-acgtcaaatggattttcacatga 118–130 5 24 0.42 0.60 0.0458 DY581661
ffiffip

R: aggtgcttctctttcctcaga
EST164 (ATAG)20 F: gcagcttggagtgttgatgta 147–249 16 24 0.70 0.91 0.0044 DY581172

R: FAM-atatcgatgtatctatctatctct
EST165 (CAG)8 F: gccaagcaaaccagagcagt 82–106 8 24 0.67 0.57 0.9147 DY581162

R: FAM-ctactcccatctggttgctga
EST171 (GACCGA)5 F: gacgagcgaagctaccaaata 153–189 6 24 0.79 0.77 0.8050 DY581008

R: FAM-ttcgcgtcttcggtgctctt
EST181 (ATG)10 F: FAM-tgattgctgagaaagctagagat 145–157 2 24 0.25 0.22 1.0000 DY580714

ffiffip
R: gcctcaccttgccttgtaca

EST196 (TAA)9 F: gtgttggctatctcatgtatagt 117–145 9 24 0.79 0.85 0.0926 DY580091
ffiffip

R: FAM-acaacacatcatcaacaacagca
EST245 (CA)10 F: FAM-cagaatgatatttctgcagcact 115–124 5 24 0.21 0.23 0.0870 DY578136

ffiffip
R: cgcaatcgagattataggaaga

EST254 (CA)12 F: ggtgaccaatcagagtcttga 86–100 8 24 0.75 0.82 0.2802 DY577596
ffiffip

R: FAM-tacacttgctatagtaacttgct
WGS005 (ATT)8 F: HEX-ccataattctacctgacattaca 185–227 7 22 0.14 0.82 0.0000* 714183505

R: gtgctcagataaggtaggagct
WGS035 (GTAT)6(GTTT)8 F: HEX-ttgattggtcaatgaagagagta 162–188 9 24 0.50 0.87 0.0005 714180598

R: tgttgcaggtggacagggtt
WGS051 (GATA)8 F: gccgaaacttcactggacga 151–216 12 24 0.61 0.86 0.0004 714184394

ffiffip
R: HEX-aaacttaactgagacaacacaga

WGS079 (ATT)11N6(ATT)5 F: HEX-ccgtacatcgaagaacgctga 136–151 6 24 0.55 0.71 0.0825 745001289
R: ttagtaggcaccgtccttagt

WGS092 (ATT)12 F: HEX-ctgggcaaatattaccacttga 111–200 18 24 0.79 0.93 0.1645 745002572
ffiffip

R: aagacaggtatgtatgcaatgat
WGS101 (TTA)14(GTA)10 F: HEX-agatgtagagctactctgtaga 134–190 17 24 0.88 0.88 0.3978 745002426

ffiffip
R: gtcagcaaaggcaagggtga

WGS107 (TAA)5N3(TAA)9 F: gattcctgttcaggatccattct 152–245 10 23 0.74 0.89 0.0063 745000273
R: HEX-tacatggtcgactgccacgat

WGS112 (AAT)9 F: HEX-actccactcagtcctattacca 166–184 6 24 0.79 0.73 0.9619 745001340
ffiffip

R: acacttccaagagtccctaca
WGS116 (AT)14 F: HEX-caattgctggattgggacaga 105–135 10 24 0.67 0.88 0.0712 745002493

R: tgcactgatgaggcccagaa
WGS131 (AAG)10 F: HEX-cgttgctgtgatgacgtattca 99–119 6 24 0.58 0.65 0.2641 744999704

R: cgccctttgcaattcagtcta
WGS134 (GATA)6 F: HEX-tgttcggaccccaacctgat 105–133 7 24 0.58 0.67 0.3767 745001492

ffiffip
R: gctgcgcccttcgcaattca
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SSRs in exons and noncoding regions in animals such as
various vertebrates and the fruitfly. Despite the narrow
taxonomic range of this survey, their data provide an
opportunity to investigate evolutionary differences of SSRs
between A. millepora and at least some of the Bilaterian
animals. For dinucleotide repeats, although they are
relatively redundant in the EST-SSRs of A. millepora, most
of them seem to be located in 5#- or 3#-untranslated
regions (UTRs) according to the BLASTX results (data not
shown). This is consistent with the phenomenon that
dinucleotide repeats are rarely found in the exons of
Bilaterian animals. AT is the most frequent dinucleotide
motif in WGS-SSRs of A. millepora. Interestingly, this motif
is the most common dinucleotide motif in plants but not
vertebrates and invertebrates, where AC is the most
abundant dinucleotide motif (Lagercrantz et al. 1993; Toth
et al. 2000; Cruz et al. 2005). Unlike Bilaterian animals,
trinucleotide repeats, rather than dinucleotide repeats, are
dominant in the WGS-SSRs in A. millepora. Because
different SSR identification programs may produce signif-
icantly different results in some cases (Leclercq et al. 2007),
we rechecked the motif distribution using another pro-
gram, SSRIT (Temnykh et al. 2001). This program could
only find perfect SSRs but reported similar motif
distribution under the default search settings (data not
shown). So, our SSR distribution results are robust to the
choice of SSR mining software. In fact, similar phenomena

were also observed in yeast and other fungi (Kim, Booth,
et al. 2008). Although mechanisms of repeat instability are
still unclear, it is well known that trinucleotide repeats
form the largest component of a broader category of
repeat-associated disorders in humans (Pearson et al.
2005). The AAT is the most frequent trinucleotide motif
in EST-SSRs of A. millepora. Notably, the same motif has
been previously found to be the most common in a
Caribbean species Acropora palmata (Baums, Hughes, and
Hellberg 2005). Most of the AAT motifs are located in
3#-UTRs according to the BLASTX results (data not
shown). As a contrast, for Bilaterian animals, (G þ C)-rich
motifs (e.g., CCG and AGC) dominate mainly in both
exons and 5#-UTRs (Toth et al. 2000; Wren et al. 2000). It
has been shown that AAT motif has a higher slippage rate
than 4 other motifs of trinucleotide repeats in yeast
(Kruglyak et al. 2000). Such motifs may affect mRNA
stability, representing binding sites for translation factors,
as has been described for an AU-rich sequence in the
3#-UTR of mRNA for human plasminogen activator
inhibitor type 2 (Maurer et al. 1999).

Marker Development and Polymorphism

This is the first time that EST- and WGS-SSRs have been
developed in corals. The rate of amplification success in
EST-SSRs is higher than that in WGS-SSRs, which may

Table 2. Continued

Locus Repeat motif Primer sequence (5#-3#)a Size (bp)
Allele
No. Nb Ho

c He
d Pe

Accession
No. Transferabilityf

WGS145 (AAT)13N3(AAT)9 F: gaaaattaagtcgacctacagta 152–205 13 23 0.39 0.92 0.0000* 714181198
R: HEX-ctctgaaaggtgcgttttcgt

WGS152 (AT)9 F: gcctatttacaatgcatagcacta 87–110 7 24 0.54 0.76 0.0241 714180564
ffiffip

R: HEX-cgctgggtcctatctatatct
WGS153 (AATC)7 F: HEX-tttccaagttgctgtgagtaca 106–126 5 24 0.63 0.64 0.9458 714176682

ffiffip
R: cgggtgctaagcttgctcaa

WGS189 (ATCT)7 F: HEX-aaatgagcgcctgtgcacga 158–194 9 24 0.58 0.75 0.0420 714180544
ffiffip

R: gagcatgaaactctgagtagca
WGS196 (ATAC)6 F: HEX-ttcagtcttcgggctgcaagt 128–234 14 24 0.63 0.78 0.0126 745000571

ffiffip
R: cctacgccgtgtattacacta

WGS205 (TTG)8 F: HEX-tcaaacttctcatgtgcagaact 118–134 5 23 0.43 0.57 0.0625 714185213
R: tgtagggaagtgtcggacgta

WGS211 (TAA)8 F: HEX-tgacgacgaaacgttggctat 181–199 5 24 0.75 0.61 0.4021 714178565
ffiffip

R: agaccgtttcctttaaccagaa
WGS217 (ATT)9 F: HEX-atccgaaaaagtaaagtctgcaa 160–191 6 24 0.75 0.63 0.7026 745000533

R: actatgaattctgtgcagcgaa
WGS227 (ATA)5N2(AAT)12 F: HEX-catttgaggaaaggtgacaccat 125–158 11 24 0.74 0.83 0.4448 714176770

R: cattagtccactatttgggtgat
WGS229 (TTA)9 F: HEX-aggggattaagaccaataacgtgta 129–169 6 24 0.54 0.70 0.0192 745001248

R: ggtgaagaaccgttgctccat

a ‘‘FAM’’ or ‘‘HEX’’ at the 5#-end of the primer indicate FAM- or HEX-labeled primer.
b Number of individuals with successful amplification.
c Observed heterozygosity.
d Expected heterozygosity.
e P value from exact tests of HWE (* shows significant departure from HWE after Bonferroni correction, P , 0.01/40).
f Transferability in Acropora hyacinthus.
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result from lower levels of sequence variation at the priming
sites in EST-SSRs. EST-SSRs have 2 major advantages over
WGS-SSRs. First, as EST-SSRs are associated with
functional genes, they are more useful for gene mapping
and comparative genomic analysis (Vignal et al. 2002).
Second, EST-SSRs have higher cross-species transferability
than WGS-SSRs (Ellis and Burke 2007). One common
concern is that EST-SSRs may be much less polymorphic
than genomic SSRs because they are located within genes
(Ellis and Burke 2007). However, our data indicate that this
is not an issue in A. millepora because He calculated from
EST-SSRs is only slightly lower than that in WGS-SSRs.
Indeed, just like WGS-SSRs, all EST-SSRs could pass
neutrality tests in this study. Therefore, there is no evidence
for strong positive selection on EST-SSRs. A similar
phenomenon was also reported in rice (Cho et al. 2000),
bread wheat (Gupta et al. 2003), pines (Liewlaksaneeyanawin
et al. 2004), barley (Chabane et al. 2005), sunflower (Pashley
et al. 2006), and beetles (Kim, Ratcliffe, et al. 2008). Null
alleles are nonamplifying alleles, which are often caused by
mutations at the priming sites (Pemberton et al. 1995).
Because there were only 9 failed amplifications of SSR
markers across all the individuals and 40 loci and only 6 loci
showed significant homozygote excess, null alleles must
exist with relatively low frequency in our 40 loci. This
speculation is also supported by the fact that 25 of these loci
could be amplified in another species, A. hyacinthus. For both
A. millepora and A. hyacinthus, PCR failure was mostly found
in WGS-SSRs, which suggests that the frequency of null
alleles in WGS-SSRs is slightly higher than that in EST-SSRs
and is possibly attributable to higher degree of conservation
of sequences flanking EST-SSRs. High levels of poly-
morphism were revealed by both EST- and WGS-SSRs,
which is consistent with a previous report (Van Oppen et al.
2007). Based on current results, we estimate that about 200–
300 polymorphic markers can be efficiently developed from
EST and WGS sequences. In addition, when searching our
454 data (44 569 contigs assembled together with publicly
available A. millepora ESTs comprising a total assembled
sequence length of 20.4 Mb plus 70 833 singleton reads;
http://www.bio.utexas.edu/research/matz_lab/matzlab/454.
html) under the same search criteria, we could identify 798
potential SSRs. Therefore, sufficient SSR markers can be
generated from these resources for our mapping purpose.

SSR Duplication

In addition to SSR duplication, occurrence of more than
2 alleles per locus in corals can also be explained by fusion
of primary polyps during gregarious settlement (Barki et al.
2002) and retention of a polar body during fertilization
(Baums, Hughes, and Hellberg 2005). However, those
alternatives are unlikely to account for our case because they
would result in more than 2 alleles detected at most loci
rather than at 2 out of 40. SSR duplication therefore seems
to be the most plausible explanation of our data. Duplicated
SSRs have shown great potential as selectively neutral
markers for studying gene and genome duplication in both

theoretical and experimental studies (Balaresque et al. 2003;
David et al. 2003; Antunes et al. 2006; Zhang and
Rosenberg 2007). In this study, SSR duplications were only
detected in a few individuals, which may reflect recent SSR
duplication events. Moreover, it seems that both the original
and duplicated loci can be polymorphic (data not shown).
Because gene and genome duplications are important
mechanisms for evolving genetic novelty (Lynch and
Conery 2000; Zhang 2003), discovery of more duplicated
SSRs may provide insight into genome evolution of
A. millepora and therefore helps us gain a better understanding
of basic mechanisms responsible for coral speciation.

Genotypic LD among EST- and WGS-SSRs

LD describes a situation in which some combinations of
alleles occur more or less frequently in a population than
would be expected from a random formation. Markers in
LD are particularly valuable for detecting most recent
admixture and migration events (Goldstein and Weale
2001). Two or more markers in LD form a haplotype, which
persist in an admixed population for a few generations until
recombination destroys the marker association. Finding
such ‘‘unbroken’’ haplotypes originating elsewhere provides
the most conclusive evidence of the recent population
admixture (Zhou et al. 2007). Previous study on genetic
connectivity of A. millepora was based on allozymes (Smith-
Keune and van Oppen 2006). Compared with allozymes,
SSRs are more polymorphic and can therefore be more
powerful for detecting LD in a given population (Baums,
Miller, and Hellberg 2005). In this study, genotypic LD was
detected in 5 pairs of SSR markers, which will be invaluable
for high-resolution studies of genetic admixture in natural
populations of A. millepora.

SSR Transferability in A. hyacinthus

In this study, 78.9% of EST-SSRs and 47.6% of WGS-SSRs
could be successfully amplified in A. hyacinthus. It is expected
that EST-SSRs have a higher transferability than WGS-
SSRs. Compared with previous studies (Chagne et al. 2004;
Gutierrez et al. 2005), this study showed remarkably high
transferability in WGS-SSRs. Because many SSR assays
turned out to be transferable between species, it is possible
to use sequence resources existing for one or a few corals to
develop SSR markers applicable to a much wider range of
species. Our results indicate that such an approach will be
effective at least within the genus Acropora.
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