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Abstract The Southern Ocean benthic communities are
characterized by their levels of endemism and their
diversity of invertebrate brooding species. Overall, bio-
logical processes acting within these species remain poorly
understood despite their importance to understand impacts
of ongoing global change. We take part in filling this gap
by studying the genetic structure over different spatial
scales (from centimeters to tens of kilometers) in Abatus
cordatus, an endemic and brooding sea urchin from the
Kerguelen Islands. We developed three microsatellites and
two exon-primed intron crossing markers and conducted a
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two-scale sampling scheme (from individuals to patches)
within two dense localities of Abatus cordatus. Between
patches, all pairwise comparisons, covering distances from
few meters (between patches within locality) to 25 km
(between localities), revealed significant genetic differen-
tiation, a higher proportion of the molecular variance being
explained by the comparisons between localities than
within localities, in agreement with an isolation by distance
model. Within patches, we found no significant correlation
between individual pairwise spatial and genetic distances,
except for the most polymorphic locus in the patch where
the largest range of geographical distances had been ana-
lyzed. This study provides an estimation of the dispersal
capacities of Abatus cordatus and highlights its low
recolonization ability. Similar low recolonization capaci-
ties are thus expected in other Antarctic and Subantarctic
brooding invertebrate species and suggest a high vulnera-
bility of these species facing global change.

Keywords Abatus cordatus - Microsatellites - Introns -
Brooding - Genetic structure - Heterozygote deficiency

Introduction

The Southern Ocean ecosystem is characterized by extreme
and fluctuating environmental conditions and by a moderate
level of biodiversity compared to its area (Gutt et al. 2004;
Costello et al. 2010; Krug et al. 2010). Nonetheless, around
50% of the 8,200 inventoried species are considered as
endemic (Griffiths 2010) likely because of the physical
isolation of the Southern Ocean by the Antarctic circum-
polar current that also acts as a complex barrier (geographic,
oceanographic, bathymetric, and even physiological) to
most marine organisms (e.g., Gérard et al. 2008 in Mytilus
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spp., Gonzalez-Wevar et al. 2010 in Nacella spp., Diaz et al.
2011 in Sterechinus spp.; see also Thatje 2005). Recent
studies argue that this distinctive component of Earth bio-
diversity is threatened by global change (Agusti et al. 2010)
questioning its future and calling for the characterization of
the processes involved in its evolution to ensure its con-
servation (Smetacek and Nicol 2005; Wilson et al. 2007,
Griffiths 2010).

To date, questions regarding identity, diversity, and
distribution of Southern Ocean biodiversity were mainly
tackled above the species level through the use of com-
munity ecology (e.g., Teixido et al. 2002, 2007; see Thatje
et al. 2005 for review) or phylogenetic approaches (e.g.,
Held and Wigele 2005; Stevens and Hogg 2006; see
Rogers 2007 for review). For example, focusing on
invertebrate species, the benthic communities display an
uncommonly high proportion of brooding compared to
broadcasting species (Thomson 1878; Murray 1885; Dell
1972). Poulin and Féral (1996), Poulin et al. (2002) and
Féral and Poulin (2011) suggested that this dominance of
brooding development could be explained by species-level
selection over geological times due to fluctuations in levels
of permanent sea ice (see Thatje et al. 2005 and Aronson
et al. 2008 for discussion). Comparatively, the processes
acting within species remain poorly understood (Held and
Leese 2007), in spite of their importance for biodiversity
evolution and conservation (Hendry et al. 2010).

Among the processes acting at the population level,
dispersal is central (Epperson 1995; Broquet and Petit
2009) as it impacts reproductive strategies, demographic
interactions between individuals and population structure
(Ronce 2007). It was also recently emphasized as a key
evolutionary factor with direct effects on community
structure due to its role in local adaptation, evolvability, or
species range (Lavergne et al. 2010). However, our
knowledge regarding dispersal and population structure in
Antarctic and Subantarctic marine invertebrates is limited
(Hoffman et al. 2011) despite recent improvements in
genetic tools to tackle these questions (Féral 2002; Chenuil
2006; Selkoe and Toonen 2006). The development of
polymorphic markers such as microsatellites combined
with adapted sampling allows refining conclusions
regarding population structure (Jarne and Lagoda 1996;
e.g., Estoup et al. 1998) and accurately estimating pro-
cesses such as dispersal (Broquet and Petit 2009; e.g.,
Ledoux et al. 2010b). Moreover, to date, the existing
studies were mainly focused on pelagic species such as
krill (Euphausia superba Zane et al. 1998; Euphausia
crystallorophias Jarman et al. 2002) and only marginally
on benthic organisms (but see Thornhill et al. 2008 in
Parborlasia corrugatus or Wilson et al. 2009 in Doris
kerguelenensis). There is therefore a need to pursue
efforts to develop species-specific molecular markers to
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characterize the patterns and processes at stake within these
species. Filling this gap will enhance our knowledge
regarding the evolutionary history of Southern Ocean
invertebrates diversity (Held and Leese 2007) and
accordingly will help to predict the consequences of global
change.

The Echinoidea Abatus cordatus (Verrill 1876) belongs
to the order Spatangoida, family Schizasteridae. It is a
deposit feeder endemic to the Kerguelen Islands that bur-
rows few centimeters below the surface of sandy sedi-
ments. It is mainly found in the shallow waters (0-3 m) of
sheltered bays where tidal and wave actions are weak
(Poulin and Féral 1995). In these habitats, Abatus cordatus
individuals are clustered in discontinuous demes of high
density (>200 ind m_z; named “localities” in the follow-
ing text) that should be temporally stable due to regular
recruitment (Féral and Poulin 1994). Scattered individuals
were also observed until 560 m depth (De Ridder et al.
1993). This brooding sea urchin is characterized by a direct
development (i.e., no larval phase). After spending around
9 months protected in the four dorsal marsupia of the
females (Schatt and Feral 1991), juveniles are released on
the seafloor near their mothers. Considering dispersal
strategies in benthic marine invertebrates as a continuum
from low to extensive dispersal (Poulin et al. 2001), Abatus
cordatus should be on the “low dispersal” edge. Previous
genetic studies conducted in this species using two allo-
zyme loci (Hexokinase and Phosphoglucoisomerase; Pou-
lin and Féral 1994; Poulin 1996) confirmed this hypothesis.
They demonstrated that the populations of Abatus cordatus
were significantly differentiated at the kilometric scale and
that they were structured through isolation by distance
(IBD). They also suggested that each locality of high
density corresponded to a genetic population due to the
lack of differentiation between samples taken within the
same locality (see Poulin and Féral 1994 for details).

The major goal of the present study was to go further in
the characterization of the genetic structure of Abatus
cordatus to gain data on the population processes in this
Subantarctic benthic invertebrate with protected develop-
ment (Poulin et al. 2001). Using a combination of two
types of genetic markers, microsatellites and exon-primed
intron crossing (EPIC) markers, developed specially for
Abatus cordatus and a two-scale sampling scheme (from
individuals to patches), we addressed three main objec-
tives: (1) to test for Hardy—Weinberg equilibrium within
patches, (2) to look for spatial genetic structure (SGS)
between individuals within patches, and (3) to define the
level of genetic structure between patches. Our results
demonstrated that null alleles should be the main factor in
the observed heterozygote deficiencies within patches. We
also showed that populations of Abatus cordatus are
structured even at the scale of ten meters highlighting the
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reduced dispersal and recolonization abilities of the spe-
cies. Because Abatus cordatus is a species with an extreme
dispersal strategy, our results could be used as a landmark
for the study of dispersal and genetic structure in Antarctic
and Subantarctic marine invertebrates and thus, shed new
light on the evolution and conservation of the Southern
Ocean biodiversity.

Materials and methods
Sampling and DNA extraction
Sampling was conducted at two scales (individuals and

patches) in two different localities characterized by a high
density of individuals and situated in the “Golfe du

Morbihan” in the southeastern part of the Kerguelen
Islands: Halage des Swains (HS, 49°32'57" S; 69°48'05"
E) and lle Haute (IH, 49°23'13” S; 69°56'20" E) (Fig. 1).
These two localities are separated by 25 km following the
shortest waterway between them. In each locality, indi-
viduals were exhaustively collected within two patches of
70 x 70 cm (0.49 m?) in 2002 (HS-02: N = 92; TH-02
N =41) and 2003 (HS-03 N = 136; IH-03 N = 105).
Because of the size of the localities, we consider that the
two patches within each locality are separated by around
10 m. During the sampling conducted in 2003, spatial
positions of most of the individuals (121 for HS-03 and
105 for IH-03; Fig. 2) were precisely mapped to obtain
pairwise distance matrices. Due to meteorological condi-
tions, the patch IH-03 was only partially sampled (see
Fig. 2b).
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Fig. 1 The Kerguelen Islands with the positions of the two localities
with high density of Abatus cordatus, Halage des Swains (HS), and
lle Haute (IH). These two localities are separated by 25 km, whereas

the two patches in each locality (HS-02, HS-03, and IH-02, TH-03) are
separated by around 10 m
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Fig. 2 Positions of individuals of Abatus cordatus in patches HS-03 (a) and IH-03 (b)

All the 374 individuals were preserved in 95% ethanol
and stocked at —20°C until DNA extraction. Perioral podia
and muscle spines were used to extract DNA using the
Nucleon PhytoPureTM kits following manufacturer’s rec-
ommendations. For the sample HS-03, the diameter of 67
individuals was measured. Four different size classes were
defined using the Bhattacharya’s method (1967): Cl1
(N=19, mean diameter = SD = 11.1 &+ 1.2 mm), C2
(N = 22, mean diameter &+ SD = 19.2 + 1.2 mm), C3
(N = 15, mean diameter == SD = 24 £+ 1.1 mm), and C4
(N = 21, mean diameter &= SD = 29.7 + 1.7 mm). These
four size classes were considered as rough estimates of
different cohorts thus allowing for testing temporal genetic
differentiation within patch (see below).

Microsatellite and EPIC markers amplification

Following the enrichment library protocol described in
Chenuil et al. (2003), we isolated five microsatellite loci in
Abatus cordatus (Abcl, Abc3, Abc5, Abc6, and Abc7,
Table 1). We retained 3 loci for the remaining analyses:
Abcl, Abc5, and Abc7. These loci were chosen because
their migration patterns were clear and because they
showed enough polymorphism as well as moderate fre-
quencies of null alleles (see below). To increase the
number of codominant markers available for our study, we
also tested eight putatively universal EPIC loci (i29, i30,
i34, 136, 143, 148, 150, and i51) using the corresponding
primer pairs developed by Chenuil et al. (2010) for meta-
zoan taxa. Amplification products of these loci were size-
selected on agarose gel and purified using the Qiagen Gel
Extraction Kit. Purified fragments were then re-amplified
and cloned using the pGEM-T easy vector system
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(Promega) and DHS5 alpha Escherichia coli cells (Invitro-
gen), following the manufacturer’s guidelines. Recombi-
nant clones were amplified and sequenced with universal
T7/SP6 primers. Internal primers were then defined for five
loci (i30, 134, 143, 48, and i50). The size polymorphism of
these loci was investigated by the amplification of eight
individuals. Based on the levels of polymorphism and
migration profiles, we retained two of these markers (i34
and i48; Table 1). These two loci also amplified and
showed promising size polymorphisms in five related
species belonging to the Schizasterids (Abatus elongatus,
Amphipneustes marsupialis, Amphipneustes lorioli, Amp-
hipneustes rostratus, and Amphipneustes similis) (Chenuil
et al. unpublished data).

For the two types of markers, PCR reactions were per-
formed in a final volume of 10 pl containing 1 pl of DNA,
2 ul of 5x Colorless GoTaq Flexi Buffer (Promega),
0.2 mM of dNTPs, 0.25 U of GoTaqg DNA Polymerase
(Promega), and 1 uM of each primer with the forward
primer fluorescently labeled. The concentration of MgCl,
was 3 mM for the microsatellites and i34 and 1.5 mM for
i48. The PCR for microsatellites were done as follow: 95°C
for 2 min followed by 30 cycles of 94°C for 30 s,
annealing temperature (see Table 1) for 30 s without
elongation and a final step of 72°C during 20 min. The
PCR program for EPIC loci was 94°C for 2 min followed
by 14 cycles of 94°C for 1 min, 62—48°C (—1°C per cycle)
for 1 min and 72°C for 1 min followed by 25 cycles of
94°C for 40 s, 48°C for 45 s and 72°C for 1 min, and a
final step of 72°C for 3 min. In both cases, electrophoreses
were conducted on genetic analyzer ABI3130 (Applied
Biosystem) using internal size standard for sizing (Gene-
scan 600 LIZ, Applied Biosystem) and three reference
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Table 1 Primer sequences and PCR conditions of the different loci tested in Abatus cordatus
Locus | Locus Pri . Repeat Numfber Tm | Size Numfber H 9y ] Genbank
type | Name rimer sequence 5'-3 motif o (°C) |range| _.° o e r | accession
cycles alleles number
F: 6FAM-CAGGTAGATAAATTCATTTATGAT 180- o
Abcl R: AAAGGCCACCATTGTGCTCTAT (TG)x 30 52 283 31 0.65 | 0.92 |0.31 0.28 |IN828969
] F: CAATTTATAATTATCTTCATCATGA
v
£ AbC3 | B ATATGTGCTGTACAGAGCGT (CAX | 30 49 IN828970
] F: VIC-GCCGGAATAAAGACCATCATT 343- ¥
g Abc5 R: ATCAAACGCCGCGTCTCCT (CA)x 30 49 398 17 0.69 | 0.77 |0.12 0.3 |IN828971
5 F: CTTTCATGATTTGCCGCCGTACAT
= AbCE | . TGAGTGCATAGAGCTAGCTAGTA (CAX 30 49 INg28968
F: 6FAM-TTGACTTATTACACATCTATGGAT 82-
Abc7 R: ATAATAGCCCAGTAGTCTATGGAT (G)x 28 52 91 7 0.8 | 0.77 | -0.05 | 0.12 |IN828972
- F: PET- GACTGAGGATAAAGTGCCTTGCCC 214-
@) 134 R:CCTTAATCATCATTAGTTTACACAGTC # # 222 s 0.1210.18 ) 0.08
z F : 6FAM- 119-
w i48 | GATTAGACCCTTGACA CATGTC # # 122 4 0.07 | 0.1 0.01
R: GATAAATTGTTATTCCCATGTAAGCTG

The genetic characteristics are shown only for the five retained loci.

H,: observed heterozygosity; H.: gene diversity (Nei 1973); f: Weir and

Cockerham (1984) estimator of Fig; r: null allele frequency (** significant deviation from panmixia at 0.01 after FDR). Showed values correspond

to the mean value over all samples

individuals for each migration. Electropherograms were
analyzed with GENEMAPPER v.3 (Applied Biosystem).

Data analyses
Loci characteristics

For the microsatellites, we used MICROCHECKER v.2.2.3
(Van Oosterhout et al. 2004) to test for large allele dropout
and scoring errors due to stutters. We estimated frequencies
of null alleles (r) for each microsatellite in each sample by
the expectation maximization algorithm (Dempster et al.
1977) implemented in FREENA (Chapuis and Estoup
2007). Null alleles could induce artificial heterozygote
deficiencies (Chakraborty et al. 1992). They could also lead
to an overestimation of genetic distances (Chapuis and
Estoup 2007) and an underestimation of statistics summa-
rizing genetic diversity (Chapuis et al. 2008).

The total number of alleles (N,), size range, observed
(H,), and unbiased expected (H., Nei 1973) heterozygosi-
ties were computed for each of the two types of loci using
FSTAT v.2.9.3 (Goudet 2001).

Testing for panmixia and addressing alternative
explanations for heterozygote deficiencies

We tested the null hypothesis of linkage equilibrium for
each pair of loci in each patch with a permutation proce-
dure (N = 1,000) as implemented in GENETIX v.4.05
(Belkhir et al. 2004). The f estimator of Fig (Weir and
Cockerham 1984) was computed for each patch and each
locus using GENEPOP v.4.0 (Rousset 2008). We tested the
significance of the departures from panmixia using score

test for heterozygote deficiencies and Markov chain algo-
rithm (Guo and Thompson 1992; Raymond and Rousset
1995) with default parameters as implemented in
GENEPOP.

To further investigate the cause of observed heterozy-
gote deficiencies (see Results), we looked for putative
cryptic population structure within patches. We used the
Bayesian clustering method implemented in STRUC-
TURE v.2.2 (Pritchard et al. 2000; Falush et al. 2003;
2007). The number of genetic clusters K within each
patch was inferred from the individual genotype dataset
while optimizing Hardy—Weinberg (HW) and linkage
equilibrium within each cluster. We performed ten repli-
cates of each K with K ranging from 1 to 5 using
admixture and the correlated allele frequencies model
considering non-amplified genotypes as missing data.
Each replicate was run for 200,000 iterations following a
burn-in of 50,000. An estimate of the logarithm of the
likelihood (“LnP(D)”) of observing the data was com-
puted for each K value. These values were then plotted as
a function of the putative number of clusters (K). We
selected one K value using the standard method (Pritchard
et al. 2000) by looking for the K value that captured the
major structure in the data (Pritchard et al. 2007). We also
computed the rxyrgendiy identity relatedness coefficient for
each pair of individuals within each patch using IDEN-
TIX v.1.1 (Belkhir et al. 2002). Using permutation pro-
cedure of genotypes (N = 1,000), we tested whether the
mean and variance values for each patch significantly
differed from their null expectations under panmixia.
Significantly higher means would suggest that individuals
are more inbred than expected under random mating
(i.e., biparental inbreeding), whereas significantly higher
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variance would suggest that multiple groups of related
individuals (i.e., families) had been sampled (Belkhir
et al. 2002). We complemented these tests using the
Robust Multilocus Estimation of Selfing (RMES) software
(David et al. 2007) that allows distinguishing the effect of
null alleles (specific of each locus) from the effect of
inbreeding (which should, in general, equally affect all
markers) in the observed heterozygote deficiencies. In
gonochoric species, the selfing rate (s) computed with
RMES is interpreted as biparental inbreeding rate (e.g.,
Tarnowska et al. 2010). This rate is deduced from an
estimator of the 2-locus heterozygosity disequilibrium
over all pairs of loci (g) under the assumption of
inbreeding and linkage equilibrium. The null hypothesis
s = g> =0 (i.e,, no biparental inbreeding) was tested by
resampling single-locus genotypes independently 1,000
times.

Spatial and temporal genetic structure between individuals
within patches

Following Vekemans and Hardy (2004), we estimated
genetic distances between individuals within HS-03 and
IH-03 using the Nason’s estimator of kinship coefficient
(Loiselle et al. 1995). Kinship values (Fj;) were then
regressed on the natural logarithm of the distance between
individuals (In(d;)), and the significance of the slope of the
regression (b 4) was tested using 1,000 permutations of the
spatial position of individuals under the hypothesis of no
correlation between genetic and geographic distances.
These computations were done in SPAGEDI v.1.3 (Hardy
and Vekemans 2002).

The temporal genetic structure within patch was inves-
tigated using the 6 estimator of Fgp (Weir and Cockerham
1984) as a measure of pairwise genetic differentiation
between the four size classes defined for HS-03. Genotypic
differentiation was tested using an exact test with default
parameters in GENEPOP.

Genetic structure between patches

We quantified global and pairwise genetic differentiation
between patches using 6 and tested for genotypic differ-
entiation with an exact test in GENEPOP. Analysis of
molecular variance (AMOVA; Excoffier et al. 1992) con-
ducted in ARLEQUIN (Excoffier et al. 2005) was used to
quantify genetic variation among localities (Fcr), among
patches within locality (Fsc), and within patches (Fgsr).
Significance of F-statistics was tested using a permutation
procedure (N = 1,000).

When multiple tests were conducted, the levels of sig-
nificance were adjusted by the false discovery rate (FDR)
corrections (Benjamini and Hochberg 1995).
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Results
Loci characteristics

No evidence of scoring errors due to stuttering or large allele
dropout was found in the microsatellite dataset. Frequencies
of null alleles computed with FREENA were 0.12 for Abc7,
0.28 for Abc1, and 0.30 for Abc5 with a mean frequency over
loci and populations equal to 0.23 (Table 1).

All loci were polymorphic in all populations at the 0.05
level except i48 that did not amplify in IH-02. Total
number of alleles was 4 and 5 for intron loci 148 and i34,
and was 7, 17, and 31 for microsatellite loci Abc7, Abc5,
and Abcl with a mean of 12.8 alleles per locus considering
the two types of markers. The observed and unbiased
expected heterozygosity values varied from 0.07 (i48) to
0.80 (Abc7) and from 0.10 (i48) to 0.92 (Abcl), respec-
tively (Table 1). The mean observed heterozygosity H,
over loci was 0.50, whereas the mean H, was 0.57. Taking
into account only the three microsatellites loci, the mean
H, and mean H, were 0.71 and 0.83, respectively, whereas
they were 0.17 and 0.18 for the EPIC markers. Considering
all samples, the null hypothesis of linkage equilibrium
among loci was not rejected.

Deviation from panmixia

Linkage disequilibrium was observed for one pair of loci (i34,
AbcS5) in HS-03 and for two pairs of loci (i34, Abc1 and Abcl,
Abc5) in IH-03 but was not significant after FDR corrections.
Multilocus Fig estimator ranged between 0.10 for HS-03 to
0.17 for TH-02 (Table 2). The heterozygote deficiencies
overall loci were significant in all samples (P < 0.01). Con-
sidering each locus separately, f values were variable ranging
from —0.23 for i34 in [H-02 to 0.44 for Abcl in IH-03. The
results of score test for heterozygote deficiencies varied
between loci and samples except for Abcl and Abc5 that
showed significant heterozygote deficiencies in all samples.
For the STRUCTURE analysis and for each patch, the solu-
tion with the highest likelihood was K = 1 suggesting the
absence of cryptic structure within patch (not shown). None
of the four patches displayed mean or variance pairwise
relatedness coefficient significantly different from expected
values under the hypothesis of random mating within each
patch (Table 2). The biparental inbreeding rates (s) computed
with RMES were not significantly different from 0 (all
P > 0.05; not shown).

Spatial and temporal genetic structure
between individuals within patches

The slope of the regression between kinship values (Fj)
computed over all loci and spatial distances (In(d;j)) for
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Table 2 Sampling size (N) and measures of genetic diversity for four patches of Abatus cordatus based on five nuclear markers
Sample name N f IXY1dentity

i34 48 Abcl Abc5 Abc7 Overall Mean Variance
HS-02 92 0.32 —0.01 0.29 0.13 —0.12 0.12 0.31 0.05
IH-02 41 —0.23 0.17 0.21 0.02 0.12 0.23 0.04
HS-03 136 0.1 —0.1 0.28 0.13 —0.1 0.1 0.32 0.06
IH-03 105 —0.08 0.27 0.44 0.03 0.05 0.17 0.45 0.14

f: Weir and Cockerham (1984) estimator of Fis computed for each loci and overall loci in each patch. Values in bold are significant at the 0.05
level after FDR correction. 7xy;gensiry: mean and variance of the identity relatedness coefficient between each pair of individuals within each

sample computed using IDENTIX v.1.1

individuals sampled in HS-03 was —0.002 and not signif-
icant (P = 0.23). When considering each locus separately,
the same trend (i.e., not significant slope of regression) was
globally observed except when Fj; was computed based on
Abcl genotypes. In this case, the slope of regression was
—0.01 and remained significant after FDR correction.
Regarding the individuals sampled in IH-03, the regression
slope was 0.004 and not significant (P = 0.86) for the
computation implying all loci. None of the regression
slopes computed locus by locus was significant.

None of the tests for pairwise differentiations between
the four size classes, which were carried out for HS-03 and
considering all loci, was significant (all P > 0.05; not
shown).

Genetic structure between patches

The global value of 6 over all loci was 0.03, and the test of
genotypic differentiation for all samples was significant
(P < 0.01). Considering each locus separately, 0 varied
between 0.01 for i34 and Abc7 and 0.07 for Abc5 and the
tests for monolocus genotypic differentiation for all sam-
ples were always significant (P < 0.01).

Pairwise multilocus 0 between samples varied between
0.01 for HS-02 versus HS-03 and 0.05 for IH-02 versus
HS-03 (Table 3). Significant genotypic differentiations
were observed for all the comparisons even for those
implying two samples from the same locality (P < 0.01).
Monolocus pairwise 0 ranged between —0.01 when com-
paring IH-03 versus HS-03 for i34 to 0.14 for IH-02 versus
HS-03 for i34. The number of significant p values for the
tests of pairwise monolocus genotypic differentiation var-
ied between pairwise comparisons. Fifty percent of the
tests were significant for comparisons involving IH-02
versus IH-03 (all P < 0.05 except P = 0.08 and 0.44 for
Abc7 and i34) and HS-03 versus IH-02 (all P < 0.05
except P = 0.53 and 0.27 for Abcl and i34). All tests
except one (80%) were significant (P < 0.05) for HS-02
versus HS-03 (P = 0.38 for Abc7), HS-02 versus IH-02
(P = 0.02 for 134), HS-02 versus IH-03 (P = 0.59 for i43),

and HS-03 versus IH-03 (P = 0.96 for i34). Accordingly,
the number of significant tests was different between loci:
from 33% for i34 to 100% for Abc5 with a higher mean
percentage of significant tests for microsatellites (83%)
compared to EPIC markers (33%) (Table S1).

The AMOVA showed that the percentage of total vari-
ation explained by grouping the patches according to the
locality they belonged was higher than the variation
explained by the difference among patches within locality
(2.6 and 1.5%, respectively). The main part of the total
variation was observed within patches (95.9%). The cor-
responding F-statistics were highly significant for all
hierarchical levels (P < 0.001).

Discussion
Molecular markers and genetic diversity

In this study, we used for the first time microsatellite and
EPIC markers in the Subantarctic Echinoidea, Abatus
cordatus. Overall loci, the levels of genetic diversity
parameters were moderate (H, = 0.56) although higher
than those observed previously in the same species with
allozymes (H, = 0.23; computed from data in Poulin
1996) (see below). When considering each type of locus
separately, the observed values for microsatellites fall
within the range of values reported in Echinoidea species
(e.g., Carlon and Lippé 2007 in Tripneustes gratilla or
Calderon et al. 2009 in Paracentrotus lividus) or more
generally in other echinoderms (e.g., Zulliger et al. 2008 in
Astropecten aranciacus). Moreover, the mean frequency of
null alleles over microsatellite loci and populations
(r = 0.23) corresponds to an intermediate level and should
not significantly affect the diversity and genetic differen-
tiation analyses according to Chapuis et al. (2008) (see
below for discussion regarding their impact on heterozy-
gote deficiencies). Comparison of our EPIC markers with
published data is less straightforward as these markers are
still infrequently used for population studies despite their
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Table 3 Pairwise genetic differentiations

Overall loci HS-02 IH-02 HS-03 IH-03
HS_02 Xk Xk Xk
IH-02 0.04 *x *x
HS-03 0.01 0.05 *x
IH-03 0.04 0.02 0.04

Pairwise Fgr values overall loci are shown below the diagonal

Results of the exact tests (** significance at 0.01 after FDR) are above the diagonal

potential utility (Berrebi et al. 2005). Our values never-
theless are concordant with those reported (e.g., Bierne
et al. 2000 in Paeneus spp.; Berrebi et al. 2005 in Zacco
platypus; Boissin et al. 2008 in Amphipholis squamata). In
spite of the occurrence of null alleles, these loci are thus
efficient tools for characterizing intraspecific diversity in
Abatus cordatus. They may also be used in related species
(e.g., Abatus nimrodi or Abatus cavernosus) to investigate
their evolutionary history.

Heterozygote deficiencies and reproductive biology

We reported significant deviation from panmixia resulting
in heterozygote deficiency in each patch. Deviations from
panmixia are commonly observed in marine invertebrates
(e.g., David et al. 1997) and may involve biological or
technical factors (Castric et al. 2002). Considering that our
markers are supposed to be neutral, a Wahlund effect (i.e.,
the presence of distinct spatial [e.g., Dupont et al. 2009],
temporal [e.g., Dupont et al. 2007], or familial [e.g., Pud-
ovkin et al. 1996] units differing in allele frequency in a
sample) and biparental inbreeding (i.e., mating between
related individuals) are the two most common biological
sources of heterozygote deficiencies (Hoarau et al. 2005).
The absence of cryptic structure within patches and the
lack of temporal variation of allele frequencies in HS-03
ruled out the spatial and the temporal Wahlund effects. The
variances of pairwise relatedness coefficients between
individuals being not significantly different from expecta-
tions under random mating, the family Wahlund effect
could also be rejected. Concerning the inbreeding
hypothesis, the individuals in the sample did not appear
more related than expected under random mating as dem-
onstrated by the computations of the mean values of the
relatedness coefficients and the rates of biparental
inbreeding (Belkhir et al. 2002; David et al. 2007). These
results are consistent with the absence of significant link-
age disequilibrium between loci in each sample. However,
they should be taken with caution because of the low
number of loci analyzed. For example, simulation stud-
ies demonstrated that assignment methods such as
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implemented in STRUCTURE are more efficient when at
least ten loci are used (Cornuet et al. 1999). Moreover,
some of these effects depend on the spatial scale investi-
gated and may become significant when considering a
larger spatial scale (e.g., inbreeding see Fenster et al.
2003). Regarding putative technical factors, the occurrence
of null alleles is the main source of artifact leading to
homozygote excess (Chapuis and Estoup 2007) and was
reported several times in echinoderms (e.g., McCartney
et al. 2004). In the present study, we observed null
homozygotes (i.e., individuals that do not amplify) for all
loci in all populations and accordingly, the estimated fre-
quencies of null alleles as estimated for microsatellite loci
by FREENA were not negligible in most of the locus—
sample combinations. Null alleles should thus be the main
factor implied in the observed significant deviation from
panmixia.

Considering that null alleles are a technical bias and that
we did not obtain evidence for the occurrence of biological
factors leading to heterozygote deficiencies, panmixia is
thus not unlikely at the studied scale (i.e., half a square
meter). This hypothesis could be counterintuitive regarding
the brooding strategy of Abatus cordatus. Nonetheless,
Addison and Hart (2005) have shown that the develop-
mental modes (larval vs. no larval dispersal) and Fig values
were not significantly associated. Different studies such as
parentage analysis, monitoring of individual dispersal
behavior combined with improvement of PCR amplifica-
tions to reduce the frequencies of null alleles (see Lemer
et al. 2011) would be appropriate to test this hypothesis.

Lack of spatial genetic structure between individuals
within patches?

One of the main objectives of this study was to test the
occurrence of a SGS between individuals sampled within
half a square meter. This was motivated by the occurrence
of protected development (Schatt and Feral 1991) com-
bined with the temporal stability of dense populations
(Féral and Poulin 1994) suggesting that individuals should
span their life in their native area. Overall loci, none of the
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two studied patches (IH-03 and HS-03) showed significant
SGS between individuals. However, a significant SGS was
observed for Abcl (the most polymorphic, so the most
discriminating locus) in HS-03 (the patch with the highest
number of individuals and the largest range of geographic
distances surveyed; see Rousset 1997, 2000 for discussion).

Significant SGS between individuals were mainly
reported in sessile organisms from terrestrial plants (e.g.,
Fenster et al. 2003 in Chamaecrista fasciculata), trees (e.g.,
Born et al. 2008 in Aucoumea klaineana) to marine
invertebrates (e.g., Ledoux et al. 2010b in Corallium
rubrum). Comparatively, reports of SGS in mobile inver-
tebrate species are rare. To our knowledge, they only
concerned terrestrial species (e.g., Arnaud et al. 2001 in
Helix aspersa; Watts et al. 2007 in Coenagrion mercuriale)
and implied higher geographic distances (i.e., from 10 s to
100 s of meters). Therefore, based on the significant result
observed for Abcl in HS-03 combined with the significant
differentiation observed between the two patches belong-
ing to the same locality (see below), we argue that com-
plementary studies of SGS in Abatus cordatus based on
sampling involving more individuals and/or more loci
should be conducted (see Leblois et al. 2003 for
discussion).

Population genetic structure: estimates of dispersal
range and inferences on population functioning

We demonstrated that patches belonging to the same
locality and separated by around ten meters were signifi-
cantly differentiated. To our knowledge, such fine-scale
genetic structure has never been investigated in echino-
derms species except in the brooding brittle star Amphip-
holis squamata (Féral et al. 2003; Boissin et al. 2008).
Indeed, most of the studies focused on echinoderms with a
protected developmental mode are based on genetic
markers with low resolving power (see below) such as
mitochondrial DNA (e.g., Arndt and Smith 1998 in
Cucumaria pseudocurata) or allozymes (e.g., Hunt 1993 in
Patiriella exigua) precluding the study of fine-scale spatial
genetic structure. On the other hand, markers with high
resolving power such as microsatellites have been mainly
developed in broadcasting echinoderms (i.e., with putative
extensive dispersal capacities) in which studies of genetic
structure at the scale of tens of meters is likely irrelevant
(e.g., Calderon et al. 2009 in Paracentrotus lividus; Yasuda
et al. 2009 in Acanthaster planci). Overall, such fine-scale
genetic structures were mainly reported in sessile organ-
isms (e.g., Ledoux et al. 2010a in Corallium rubrum; see
Weersing and Toonen 2009 for review) strengthening the
novelty of our result.

The significant genetic structure between patches
belonging to the same locality also contrasts with previous

studies conducted in Abatus cordatus (Poulin and Féral
1994; Poulin 1996). Based on two allozyme loci with low
numbers of alleles (five for Hexokinase and four for
Phosphoglucoisomerase), Poulin and Féral (1994) reported
that sample differentiation within locality was not signifi-
cant. In analyses using allele frequencies estimates, the
number of alleles is a good indicator of the precision of
genetic distance estimates (Kalinowski 2002). The resolv-
ing power of allozymes is thus theoretically limited com-
pared to highly variable markers such as microsatellites
(see Jarne and Lagoda 1996; Ryman et al. 2006; Selkoe
and Toonen 2006). Refinements in the scale of genetic
structure because of the use of different molecular markers
have been reported in various species (e.g., Reusch et al.
2000 in Zostera marina; Aurelle et al. 2002 in Salmo tru-
tta). Our study also illustrated the difference in the
resolving power of different types of genetic markers due
to their levels of polymorphism. The EPIC markers show a
smaller mean number of alleles than the microsatellites
(4.5 vs. 18.3 alleles per locus). As theory predicts, the
number of significant tests of genetic differentiation
between patches is lower for the EPIC compared to
microsatellites (33 vs. 83% of significant tests). The sub-
stantial genetic variation and the lower distance of signif-
icant genetic differentiation observed overall loci in our
study (i.e., around 10 m) compared to Poulin and Féral
(1994) is thus mainly induced by the microsatellite loci in
accordance with their intrinsic properties.

This significant genetic differentiation between patches
within localities challenged the statement of Poulin and
Féral (1994) who suggested that each dense locality cor-
responded to a “genetic population” (i.e., a group of
individuals that interbreed [see Waples and Gaggiotti 2006;
Waples et al. 2008]). The significant pairwise Fst between
the two patches belonging to the same locality (HS-02 vs.
HS-03 and TH-02 vs. IH-03) demonstrated that the genetic
interactions between the involved individuals are not suf-
ficient to prevent genetic differentiation within a locality.
The dispersal should thus be very low at this scale.
Accordingly, we suggest that each dense locality of Abatus
cordatus may correspond to an assortment of small groups
of interbreeding individuals. Different biological factors
such as sperm limitation (sensu Yund 2000) or pseudo-
copulation behaviors (e.g., Slattery and Bosch 1993) may
explain the occurrence of these differentiated breeding
units. However, our knowledge regarding the mating
behaviors of Abatus species and more generally of South-
ern Ocean brooding invertebrate species is generally scarce
(Gil et al. 2009). Paternity analyses conducted in Abatus
nimrodi (Chenuil et al. 2004) suggest that more than one
sire fertilize a female. Nonetheless, technical limitations
linked to the dominant features of the molecular markers
used (RAPD) prevent the authors to go further in their
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analysis. Thus, paternity analyses based on codominant
markers such as microsatellites are needed to test the
hypothesis of different breeding units within dense locali-
ties of Abatus cordatus.

Taking into account larger geographical scales, Poulin
and Féral (1994) demonstrated that the populations of
Abatus cordatus are structured following isolation by dis-
tance. Due to the restricted number of populations analyzed
in our study, we were not able to formally test this pattern.
However, the results of the AMOVA are consistent with an
increase in the genetic distance with the geographic dis-
tance between patches. Indeed, the percentage of the total
genetic variance explained by differences among localities
separated by 25 km was about twice the percentage of the
total genetic variance explained by the differences between
patches within localities. The occurrence of isolation by
distance between populations of marine species was
recently emphasized as a frequent pattern of structure and a
thorough way to estimate ecologically relevant dispersal
distances (Palumbi 2003 but see Bradbury and Bentzen
2007). A similar study but based on a higher number of
localities should be the next step in the investigation of the
ecology of Abatus cordatus.

Conclusion

Our study based on a two-scale sampling scheme and two
different types of molecular markers allows refining our
knowledge regarding the processes acting within popula-
tions of Abatus cordatus. Besides the new hypothesis
regarding its reproductive biology, we propose that most of
the dispersal of this species should occur at a scale below
ten meters highlighting the importance of local processes in
its population biology. These results have significant
implications regarding the evolution and conservation of
this Subantarctic invertebrate species with a protected
developmental mode. On a long-term temporal scale, the
low gene flow between populations reinforces the likeli-
hood of speciation event through vicariance (Poulin et al.
2002). Over short-term temporal periods, such a restricted
dispersal induces that the recolonization capacities of
Abatus cordatus are very low.

The Southern ecosystems are particularly impacted by
global change with warming trend in some regions several
times higher than the global average (Vaughan et al. 2003;
Griffiths 2010). Moreover, the Southern Ocean should be
the first place where acidification will be observed by the
year 2100 (Orr et al. 2005). In this context, our study shed
new light on the vulnerability of Antarctic and Subantarctic
benthic communities characterized by a high number of
brooding species (Poulin et al. 2002). Generalizing our
results, these brooding invertebrates may display restricted
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recolonization capacities. These species should thus be
particularly sensitive to disturbances questioning their
abilities to deal with the current level of environmental
changes. The development of research at the population
level should therefore be pursued in Southern Ocean
brooding invertebrate species to better grasp the impact of
ongoing global change on this distinct component of Earth
biodiversity.
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