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Abstract Microsatellite loci were developed for the pink

abalone (Haliotis corrugata) via 454 high-throughput

sequencing. From 193 tetranucleotide repeats identified

from 77.5 Mb of sequence, we tested 80 loci and suc-

cessfully amplified and scored 18 microsatellite markers.

All loci were polymorphic with number of alleles ranging

from 5 to 21. Average observed and expected heterozy-

gosities were 0.745 and 0.844, respectively. Three loci

deviated from Hardy–Weinberg equilibrium, two of which

had significant deficits of heterozygotes and only one dis-

played statistical evidence of a null allele. None of the loci

exhibited linkage disequilibrium. These loci are a valuable

asset for fine-scale population genetic and paternity studies

centered on the conservation and management of pink

abalone.
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On the Pacific coast of Baja California, Mexico, pink

abalone (Haliotis corrugata) are extremely valuable to

local fisheries and economies. Yet throughout their range,

populations of pink abalone have severely declined

(Karpov et al. 2000; Morales-Bojórquez et al. 2008). In

efforts to replenish abalone populations, fishermen in

central Baja California are beginning to incorporate marine

reserves into their management strategies. In theory,

reserves can augment fisheries yield via export of larvae to

fished areas (Gell and Roberts 2003), yet empirical studies

demonstrating reserve ‘‘spillover’’ are still lacking (Palumbi

2003; Sale et al. 2005). In recent years, microsatellite

markers have increasingly been utilized to identify potential

larval sources through parental analyses (Planes et al. 2009;

Christie et al. 2010). However, such techniques often

require numerous polymorphic microsatellite markers

(Jones and Ardren 2003; Selkoe and Toonen 2006). Here we

describe 18 novel, polymorphic, tetranucleotide microsat-

ellite loci derived from 454 pyrosequencing (Malausa et al.

2011) of Haliotis corrugata. These loci supplement exist-

ing microsatellite markers developed for H. corrugata

(Dı́az-Viloria et al. 2008) and increase the statistical power

and capabilities of future genetic analyses.

Epipodial tissue samples of pink abalone harvested at

Isla Natividad, Baja California Sur, were collected and

preserved in 95% ethanol. Genomic DNA was extracted

using Nucleospin column extraction kits (Machery-Nagel).

Approximately 5 lg of genomic DNA from a single

H. corrugata individual was treated with RNAse, and

submitted to the University of Arizona Genetic Core

(UAGC) where the sample was used to construct a random

library that was sequenced in the equivalent to 1/8th of a

plate using the GS FLX Titanium chemistry and multiplex

identifiers (Roche Applied Science). After applying a Q20

criteria over a 10 bp window to trim the ends of the

sequences and removing the library tag, we obtained

77.5 Mb distributed over 207,874 reads with an average
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length of 373 bp. We searched for microsatellite loci

having a minimum of 10 repeats for dinucleotides, and

eight repeats for tri and tetranucleotides, using the software

iQDD (Meglécz et al. 2010), that implements CLU-

STALw2 (Larkin et al. 2007), BLAST (ftp://ftp.ncbi.

nih.gov/blast/executables/) and PRIMER 3 (Rozen and

Skaletsky 2000) in a Perl environment (http://www.active

state.com/activeperl/). Sequence reads from duplicated loci

and mobile elements were identified as sequence similarity

groups (\95% similarity in flanking regions C30 bp) and

excluded. Primer sequences were then designed based on

unique reads and consensus sequences (C95% similarity in

Table 1 Characterization of 18 microsatellite loci isolated from Haliotis corrugata

Locus

GenBank

Repeat motif Primer sequences (50–30) Size range (bp) Na Ho He

HCOR01 (tatc)26 F: TTCAGTTTTATCGTTCGCCC 265–342 16 1.000 0.914

JN619387 R: ATAGCCGTTGTCTTTGGCCT

HCOR02 (ctaa)24 F: GTGCATCCGACAAAAAGTGA 136–222 18 0.889 0.928

JN619388 R: ACCTACCAAGTTAAGATCACTCTGA

HCOR03 (tggt)23 F: AGTGGGTTCAGTATGGCGAC 98–179 12 0.241* 0.670

JN619389 R: ATGAGTGCTGCGTCAAAAGA

HCOR05 (tgag)21 F: TCTCATGTTATCAGTCACATTGGAT 296–372 18 0.815 0.922

JN619390 R: GGTTCAACATCAGATGCACG

HCOR07 (gata)20 F: AACGGCACTTGTTGTTACCC 239–318 15 0.840 0.901

JN619391 R: CACCCCCAATTCATGTTAAA

HCOR11 (agtg)19 F: CAGCCTATTTGAGGATCTGGA 179–268 19 0.889 0.928

JN619392 R: ACCCATTTCATGTAGGCTCC

HCOR13 (tgag)18 F: CGTTCGCATGTATGAGTTGTTT 140–211 14 0.731 0.882

JN619393 R: GTCCTTTTCAGGACCACCAA

HCOR18 (cact)17 F: TGTTATCAGTCCTTTCTGTTGAAAT 126–178 13 0.889 0.880

JN619394 R: TTGAATGAATGAGTGCGATG

HCOR19 (taaa)17 F: CTCCCACCATCCTTGAACAC 91–148 13 0.833 0.875

JN619395 R: TTTGCAACATGACTAAGGCG

HCOR27 (aagt)16 F: TCCTGCGTGTTAAATCTCCA 144–222 16 0.750 0.905

JN619396 R: TAAGGAGTTAGGTGCCGGTG

HCOR28 (agtg)16 F: TGAGTCTCAGTGTCGCCTAA 103–154 12 0.815 0.888

JN619397 R: AACATGATCTGACAACATCAAAA

HCOR46 (ataa)13 F: CGCGATGTGTAGAAAAGCGT 118–154 9 0.742 0.683

JN619398 R: CAGTTTGACAAAAACAAAAACGA

HCOR54 (ttgt)13 F: GAATGGCAGTTTTGGCTTGT 263–304 11 0.750 0.851

JN619399 R: AACCCATGCTTGTCGTAAGG

HCOR65 (ctca)12 F: GTGATCTAGTGGCAATGGGG 374–430 11 0.621 0.829

JN619400 R: CGCCTGAATGTTTCTGGAAT

HCOR66 (gtga)12 F: TGGACTCATTGGAATGGAAGA 175–257 20 0.833* 0.929

JN619403 R: CCTTTGCAGTATCACCTGTTCA

HCOR72 (actc)11 F: AACGCCGACGTTTACCATAG 175–217 11 0.480* 0.838

JN619404 R: GCGTTATCACCAAGGAGACAG

HCOR75 (tgag)11 F: ACCGATTGGATGTGAGTGGT 360–458 21 0.867 0.927

JN619401 R: TCCGTCTTCTCTTTTTGCGT

HCOR80 (cact)11 F: CCACCATGATATTGCTGGAA 153–185 5 0.421 0.436

JN619402 R: AACACCTGCAACAGCAACAG

Locus/GenBank accession number, repeat motif, primer sequences, size range of allelic variation, number of different alleles (Na), and observed

(Ho) and expected (He) heterozygosities

Loci were successfully amplified and scored on thirty-one individuals from Isla Natividad, Baja California Sur

* Loci that significantly deviated from HWE after Bonferroni correction (adjusted critical P B 0.0028)
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flanking regions), avoiding primers in flanking regions with

short repeats (nanosatellites, B6 repetitions of homopoli-

mers and B3 di-hexabase repetitions). The method is

considered a conservative way to eliminate null alleles,

redundancy and problematic loci for microsatellite ampli-

fication (Meglécz et al. 2010).

We found a total of 47 dinucleotides, 161 trinucleotides

and 193 tetranucleotides for which primers were success-

fully designed. From these, we selected 80 tetranucleotide

loci with the largest numbers of repeats for primer syn-

thesis. To allow fluorescent labeling, the universal M13

primer was added at the 50 end of all forward primers

(Schuelke 2000). PCR conditions and protocols were

conducted in 15 ll volumes with *40 ng genomic DNA,

19 PCR buffer, 0.2 mM each dNTP, 1.5 mM MgCl2, 0.2%

BSA, 0.5 U Taq DNA polymerase (Fermentas), 0.02 lM of

the unlabeled M13-tailed forward primer, 0.2 lM of the

fluorescently-labeled M13 primer, and 0.2 lM of the

reverse primer (Munguia-Vega et al. 2010). For thermo-

cycling we used a touchdown protocol consisting of 94�C

for 5 min, 15 cycles of 94�C for 30 s, 65-50�C for 30 s

(1�C decrease each cycle), 72�C for 30 s, followed by 40

cycles at 94�C for 30 s, 55�C for 30 s, 72�C for 30 s, and a

final extension of 72�C for 5 min. PCR products were

genotyped using an Applied Biosystems’ 3730 Genetic

Analyzer (Molecular Genetics Core Facility, Children’s

Hospital Boston) and alleles were scored using GENEM-

APPER 4.0 (Applied Biosystems). Allele sizes were

assigned bins using FLEXIBIN (Amos et al. 2007),

observed and expected heterozygosities were calculated

using GENALEX 6.2 (Peakall and Smouse 2006), and

deviations from Hardy–Weinberg equilibrium (HWE),

linkage disequilibrium (LD) and heterozygote deficiencies

were estimated using GENEPOP 3.4 (Raymond and

Rousset 1995). We used MICROCHECKER 2.2.3 (Van

Oosterhout et al. 2004) to test for genotyping errors and

presence of null alleles. A sequential Bonferroni test for

multiple comparisons was used to adjust p-values to a

predetermined experiment error rate of 0.05.

We successfully amplified and scored eighteen poly-

morphic, tetranucleotide loci on 31 individuals from Isla

Natividad, Baja California. The loci showed high poly-

morphism. The mean number of alleles per locus was 14.1

(range 5–21) and average observed and expected hetero-

zygosities were 0.745 and 0.844, respectively. Three loci

(Hco03, Hco66, Hco72) significantly deviated from HWE

(P \ 0.0028) due to heterozygote deficiencies that were

significant only for Hco03 and Hco72.

MICROCHECKER detected null alleles for Hco03,

Hco66, and Hco72 at estimated frequencies of 0.2887,

0.0524 and 0.2131, respectively (according to the method

of Van Oosterhout et al. 2004) but only the null allele at

Hco72 was statistically significant (P \ 0.001). We did not

find evidence of LD among loci pairs (adjusted P val-

ues [ 0.0003). The estimated combined probability of

identity was 7.4 9 10-29 and the non-exclusion probability

of paternity assignment when both parents are unknown

was 8.05 9 10-20. These markers will be useful to esti-

mate paternity and fine-scale population genetic structure

in H. corrugata (Table 1).
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Escarmant B, Malé P-JG, Ferreira S, Martin J-F (2011) High-

throughput microsatellite isolation through 454 GS-FLX tita-

nium pyrosequencing of enriched DNA libraries. Mol Ecol

Resour 11:638–644
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