
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 525: 143–152, 2015
doi: 10.3354/meps11237

Published April 9

INTRODUCTION

The present genetic structure of many polar spe-
cies was formed by the Quaternary ice ages; during
this period, polar ice sheets expanded considerably
and caused species extinctions over large parts of
their distribution ranges or displacement to refugial
areas (Hewitt 2000). Reductions in the number and
size of habitats, as well as decreases in effective pop-
ulation size over several thousands of years caused a
loss of genetic diversity. Nonetheless, independent

evolution in glacial refugia and secondary contact of
differentiated genetic lineages could have increased
genetic polymorphism (Wilson et al. 2007). Cryptic
species or restricted gene flow have been demon-
strated in a variety of taxa e.g. the brittle star Astro-
toma agassizii (Hunter & Halanych 2008), the crinoid
Promachocrinus kerguelensis (Wilson et al. 2007),
and the sea slug Doris kerguelensis (Wilson et al.
2009). The fragmentation of ranges and subsequent
recolonization is thought to have been an important
mechanism of allopatric speciation in Antarctic taxa,
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and is termed the ‘diversity pump’ (Clarke et al.
1992).

The study of biological diversity in Antarctic fauna
is especially interesting, not only because of the
extreme environmental conditions they face, but also
due to the unique geological history and prolonged
isolation of this habitat. This region has been isolated
for millions of years by geographic distance, strong
circumpolar currents and specific environmental
conditions (Clarke 2000). Sea-water cooling and the
destruction of habitats, driven by variability in ice
sheet extent, led to a drastic reduction in the number
of species in several key groups of animals, such as
brachyuran crabs, lobsters and teleost fishes. The
current biodiversity in Antarctica is the result of dif-
ferent evolutionary and biogeographical processes
occurring since the Mesozoic (Scher & Martin 2006).
On the other hand, many other groups like sponges,
sea spiders, echinoderms and amphipods are abun-
dant and diverse, indicating that isolation and clima -
tic change have not restricted their success (Boltovs -
koy et al. 2005). During the Cenozoic glaciations, the
advance and retreat of the ice sheet promoted spe -
ciation by separating populations for long periods of
time. Many species are found only in Southern
Ocean waters, where endemism may reach over 90%
(Boltovskoy et al. 2005).

Antarctica is currently experiencing one of the
faster rates of regional climate change. Over the past
half century, the mean annual air temperature on the
Antarctic Peninsula has increased by 3°C (King et al.
2013). This has caused the retreat of the ice sheet and
the exposure of new habitats. Many aspects of the
biogeography, phylogeny and genetic diversity of
organisms from this region remain unexplained. To
better understand patterns of Antarctic biodiversity
and the factors influencing population connectivity, it
is essential to collect genetic data from a variety of
taxa inhabiting this polar region.

Glaciations have also significantly influenced the
genetic structure of northern polar species. Compar-
ative analysis of phylogeographic data for 42 North
American fish species clearly demonstrated latitudi-
nal shifts in intraspecific genetic diversity. Relative
nucleotide diversity showed significant breakpoints
matching the southern limit of the glaciations (Ber -
natchez & Wilson 1998). In the case of the red king
crab Paralithodes camtschaticus, low heterozygosity
values and a lack of differentiation among popula-
tions has been connected with ice age population
bottlenecks (Grant et al. 2011). The absence of
migration-drift equilibrium after post-glacial expan-
sion has also been described in species with high lev-

els of gene flow, such as the Pacific cod Gadus
macrocephalus (Canino et al. 2010).

Suitable study systems are necessary to elucidate
the relative roles of unique processes and environ-
mental factors in driving the evolution of Antarctic
and Arctic fauna. The genus Limacina has represen-
tatives in both polar regions: Limacina helicina in the
Arctic and Limacina antarctica in the Antarctic, and
is therefore ideal for this purpose.

Members of the genus Limacina represent a major
component of polar zooplankton. They can constitute
>50% of total zooplankton abundance and play a
significant ecological role, both as phytoplankton
grazers and as prey for larger zooplankton species
and for pelagic and demersal fish (Hunt et al. 2008).
Limacina spp. belong to the group of aragonite-
shelled (thecosome) pteropods, which contribute
substantially to carbonate and organic carbon fluxes
through the production of fast sinking aragonite
shells, fecal pellets and mucus flocs (Hunt et al.
2008). Their aragonite shell makes pteropods partic-
ularly sensitive to ocean acidification (Comeau et al.
2010). Other invertebrates show significant variation
in their response to acidification, not only between
species, but also between populations of the same
species (Fabry et al. 2008). Consequently, popu -
lations from different regions are not necessarily
equally sensitive to changing environmental condi-
tions. This highlights the importance of knowledge
on the population genetic structure of these
 organisms.

Despite performing important functions in polar
ecosystems, little is known about the Pteropoda as 
a group, particularly their genetics. L. helicina has
been recognized as a species complex comprising 2
sub-species: Limacina helicina helicina in the Arctic
and Limacina helicina antarctica in the Antarctic.
However, Hunt et al. (2010) found 33.56% difference
at the cytochrome c oxidase subunit I (COI) locus and
suggested at least species level separation. Hunt et
al. (2010) concluded that species divergence time,
 estimated at 31 million years ago, indicated inde-
pendent evolution since the early Oligocene. For
these reasons separate names are used: Limacina
helicina for species from the Arctic and Limacina
antarctica for species from the Antarctic. Jennings et
al. (2010) presented a molecular dataset of holo-
planktonic gastropods, which in di cated significant
genetic variation among conspecific specimens of
some ptero pod species from different geographic
regions. Nevertheless, there remains a dearth of sig-
nificant research on the population genetics of these
organisms.
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In this study, we analyzed patterns of haplotypic
diversity in Limacina helicina and L. antarctica, with
special emphasis on the influence of historical pro-
cesses on their genetic diversity and evolutionary
history. This analysis was based on the examination
of DNA sequences from the COI gene. This marker
was chosen because its widespread use permitted
comparison with many other species. Furthermore,
mitochondrial genetic markers, especially COI, pro-
vide insights into the demographic history of popula-
tions (Wilson et al. 2007, González-Wevar et al.
2011).

MATERIAL AND METHODS

Sampling, DNA extraction, PCR amplification 
and sequence alignments

Limacina antarctica was collected from 7 different
stations along Drake Passage during an expedition on
the R/V Akademik Ioffe in 2010. Limacina helicina
was collected from Spitsbergen (Arctic) during expe-
ditions on the R/V Oceania in 2010 (Hornsund fjord)
and in 2011 (Isfjorden fjord). Collections were made
using plankton nets and samples were fixed in 96%
ethanol. Detailed information on sampling is given in
Table 1 and Fig. 1.

Genomic DNA was extracted from up to 15 mm3 of
tissue per individual, using a QIAGEN DNeasy Tis-
sue Kit, in accordance with manufacturer’s instruc-
tions. A 660 bp fragment of the COI gene was ampli-
fied by PCR using the universal primers described by
Folmer et al. (1994). Reaction mixtures (50 µl) had the
following composition: 1× GoTaq Flexi buffer (Pro -

mega), 2.5 mM MgCl2,, 2 pmol dNTPs, 0.4 µl of each
primer, 1 U of Taq polymerase (Promega) and
approximately 50 ng of extracted genomic DNA as
template (substituted by water for negative controls).
Amplification was achieved using the following pro-
gram: initial denaturation at 95°C for 5 min; followed
by 35 cycles of denaturation at 95°C for 30 s, anneal-
ing at 50°C for 45 s, extension at 72°C for 1 min; plus
a final extension at 72°C for 5 min. PCR products
were analyzed by electrophoresis on 2.5% TBE
agarose gels. The amplicons were purified using a
QIAGEN QIAquick PCR Purification Kit and then bi-
directionally se quen ced with an ABI PRISM 3500
sequencer (DNA Research Centre, Poznań) using the
PCR primers. Sequences were assembled in DNA
Baser v.3 (Heracle BioSoft) and manually edited, then
ex ported into MEGA 5.05 (Tamura et al. 2007). Fol-
lowing manual alignment, the COI se quences were
trans lated to check for premature stop codons or
frameshifts indicative of sequencing errors. Se quen -
ces were trimmed to 559 bp for subsequent analysis.

Population genetic structure and 
historical inference

The level of genetic polymorphism in L. antarctica
and L. helicina was determined using DnaSP 5 soft-
ware (Librado & Rozas 2009), by standard diversity
indices, such as the number of haplotypes (k), num-
ber of segregating sites (S), haplotype diversity (H),
sequence differences (Π), and nucleotide diversity
(π). Genetic differentiation between populations was
estimated by pairwise ΦST using Arlequin 3.5.1.2 (Ex -
coffier & Lischer 2010); this parameter is analogous to

FST and represents the correlation between
alleles within individuals, relative to the
combined population. Differentiation indices
ΦST were tested through ha plo type permuta-
tion implemented in Arlequin 3.5.1.2.

Genealogical relationships among Limacina
individuals were determined from haplotype
networks constructed using the median-
 joining algorithm in Network 4.6.1.0 (Bandelt
et al. 1999). The network was optimized
using the maximum parsimony criterion. To
determine past demographic changes, Taji -
ma’s D (Tajima 1989) and Fu’s FS (Fu 1997)
tests were performed using Arlequin 3.5.1.2.
Significant negative values for these tests are
evidence of an excess of low frequency
 haplotypes relative to neutral mutation-drift
equilibrium, indicating either recent demo-
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Collection Collection Latitude Longitude Number of 
station date (mo/yr) individuals

Antarctic
Drake Passage 1 Jan 10 62° 52’ S 62° 41’ W 12
Drake Passage 2 Jan 10 62° 33’ S 63° 29’ W 5
Drake Passage 3 Jan 10 61° 39’ S 64° 01’ W 5
Drake Passage 4 Jan 10 61° 00’ S 64° 16’ W 5
Drake Passage 5 Jan 10 60° 50’ S 64° 19’ W 16
Drake Passage 6 Jan 10 60° 20’ S 64° 30’ W 9
Drake Passage 7 Jan 10 59° 21’ S 64° 51’ W 8

Arctic
Hornsund Jul 10 77° 02’ N 13° 34’ E 14
Isfjorden 1 Jul 11 78° 39’ N 16° 36’ E 21
Isfjorden 2 Jul 11 78° 33’ N 16° 32’ E 18
Isfjorden 3 Jul 11 78° 31’ N 16° 23’ E 14

Table 1. Location, sampling dates and number of individuals collected 
during Antarctic and Arctic expeditions
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graphic expansion or positive selection. Significance
for these tests was obtained by simulating 10 000
samples in accordance with the assumptions of selec-
tive neutrality and population equilibrium, using a
coalescent approach. We also calculated mismatch
distribution of pairwise differences between the
specimens using Arlequin 3.5.1.2. For each species,
the shape of the distribution was compared with the
distribution of a simulated data set under a sudden
population expansion model. The fit between the ob -
served and estimated distribution under this mo del

was subjected to tests for goodness-of-fit: standard-
ized squared differences (SSD) and raggedness
index tests. These tests provide information on how
well the simulated model of population expansion fits
the observed mismatch distribution. Parameters Tau
(τ), Theta 0, and Theta 1 were inferred from the
model of demographic expansion in Arlequin 3.5.1.2.

The approximate date of population expansion was
estimated using the formula T = τ /2u (Rogers &
Harpending 1992), where T is time since expansion,
τ is calculated from the mismatch distribution, and 2u
equals the mutation rate × generation time × number
of bases sequenced. The 2.4% per 1 Myr COI molec-
ular clock for gastropods was applied (Hellberg &
Vacquier 1999). Ho et al. (2005) showed that rates of
microevolutionary change (measured between suc-
cessive generations) could be 10-fold higher than
rates of macroevolutionary change (inferred from the
fossil records). Thus, we also showed results with 
the simple 10-fold correction of mutation rate as done
by González-Wevar et al. (2011).

The demographic histories of L. helicina and L. ant -
arctica were additionally inferred from Baye sian sky-
line analyses implemented in BEAST v. 2.1.3 (Drum-
mond et al. 2005). Bayesian skyline analyses were
run under the GTR+I model of nucleotide substitu-
tion that best fit to our data using Akaike Information
Criterion, as indicated by the analysis with jModel-
Test v. 2.1.3 (Darriba et al. 2012). We em ployed the
2.4% per 1 Myr molecular clock, 10 million iterations
of the Markov Chain Monte Carlo (MCMC) chains
and sampled every 1000 iterations. The Bayesian
skyline plots were generated with the program
Tracer v. 1.6 (Drummond et al. 2005).

RESULTS

COI gene sequences were obtained from 60 indi-
viduals of Limacina antarctica and 67 individuals of
L. helicina, and comprised 559 nucleotide positions.
As expected for coding regions, no indels or stop
codons were found. No amino acid substitutions
were detected within species.

Limacina antarctica

Variability of the COI gene fragment 

From the total number of nucleotide sites consid-
ered, 57 (10.2%) were variable and 21 of them (3.8%)
were parsimoniously informative. Overall haplotype
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diversity H was 0.967, while nucleotide diversity π
was 0.0061 (Table 2).

Application of the median-joining algorithm re -
sulted in a star-like haplotype network for L. ant arc -
tica (Fig. 2). The central haplotype (A1) was the most
frequent (18.3%) and occurred at 4 out of 7 sampling
locations in Drake Passage. Most of the numerous
low frequency haplotypes had a branch length of 2 or
more mutational steps from A1. Haplotypes A2 and
A3 exhibited respective frequencies of 5 and 3.3%,
while the remaining 44 haplotypes occurred in only
one specimen each (singletons). Pairwise ΦST

 comparisons between collection stations showed no
significant differences at p < 0.05, except for the
 comparison between Stns 4 and 6 (p = 0.041)
(Table A1 in the Appendix). General ΦST compar-
isons indicated the absence of genetic structure in
L. ant arctica along the 400 km course of Drake
 Passage.

Population history based on COI

For analysis of the population history of L. antarc-
tica, sequences of all specimens were pooled into a
single group. Tajima’s D and Fu’s FS neutrality tests
were significantly negative for the population as a
whole, indicating an excess of low frequency poly-
morphism, which is contrary to the expected value
under a neutral model of evolution (Table 2). The mo -

del of demographic expansion could not be rejected
at the 5% confidence level. Molecular clock esti-
mates dated the onset of the expansion at 260 000 yr
BP (CI = 192 000−303 000 yr BP), while after 10-fold
correction of mutation rate at 26 000 yr BP (CI =
19 200−30 300 yr BP). The conclusion that L. antarc-
tica has experienced population expansion was also
supported by Bayesian skyline analysis (Fig. 3a).

Limacina helicina

Variability of the COI gene fragment 

A total of 29 variable sites (5.2%) were detected
from the analyzed L. helicina COI gene sequences,
of which, 11 (2%) were parsimoniously informative.
Genetic diversity indices, like haplotype diversity,
polymorphic sites and nucleotide diversity, were all
lower than in L. antarctica (Table 2).

Application of the median-joining algorithm for
L. helicina resulted in a typical star-like haplotype
network and short genealogy (Fig. 2). The central
haplotype (S1) was the most frequent (46.3%) and
the most broadly distributed, occurring at all Arctic
sampling locations. S1 represented the ancestral
haplotype, which radiated low frequency haplotypes,
most of which had a branch length of one mutational
step. Five haplotypes: S2, S3, S4, S5 and S6, each
located one or 2 mutational steps away from S1,

exhibited intermediate frequency (9,
6, 5, 3 and 3%, respectively). The
remaining 19 haplotypes occurred in
only one specimen each (singletons).
Pairwise ΦST comparisons between
collection stations showed no signifi-
cant differences between L. helicina
populations in the 2 fjords (Table A2
in the Appendix).

Population history based on COI

Due to the lack of significant ge ne -
tic differentiations among locations,
the sequences of all specimens were
pooled into a single group. The re -
sults of Tajima’s D and Fu’s FS neu-
trality tests were significantly nega-
tive (Table 2). Goodness of fit tests did
not reject the model of demographic
expansion at the 5% confidence le vel.
The start of the expansion was dated
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Limacina antarctica Limacina helicina

Diversity indices
Number of haplotypes (k) 47 25
Polymorphic sites (S) 57 29
Haplotype diversity (H) 0.967 (±0.017)a 0.778 (±0.053)a

Nucleotide diversity (π) 0.0061 (±0.0005)a 0.0031 (±0.0005)a

Average number of nucleotide 1.749 3.389
differences (Π)

Neutrality tests
Tajima’s D −2.454*** −2.268**
Fu’s FS −26.198*** −23.916***

Mismatch analysis
Tau 3.486 (2.580−4.070)b 1.758 (0.586−3.016)b

Theta 0 0.009 (0−0.541)b 0.011 (0−0.295)b

Theta 1 inf (44.469-inf)b 8.423 (2.786-inf)b

SSD 0.001ns 0.001ns

Raggedness index 0.025ns 0.028ns

a SD in parentheses, b 95% CI in parentheses

Table 2. Genetic diversity and demographic parameters for the complete COI
gene sequence data sets for Limacina antarctica (N = 60) and L. helicina (N = 

67). **p < 0.01, ***p < 0.001, ns = not significant
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at 131 000 yr BP (CI = 44 000−225 000 BP), while after
10-fold correction of mutation rate at 13 100 yr BP (CI
= 4400− 22 500 yr BP). Demographic expansion of L.
helicina was also supported by the Bayesian skyline
analysis (Fig. 3b).

DISCUSSION

Various hypotheses have been proposed to des -
cribe how the Southern Ocean fauna persisted in

face of the disturbance caused by Pliocene-Pleis-
tocene glacial cycles: (1) recolonization of Antarctic
waters from sub-Antarctic regions after glacial pe -
riod (e.g. Dell 1972); (2) recolonization of the Antarc-
tic shelf from deep sea, as many Antarctic organisms
can prosper at a wide range of depths (e.g. Brey et al.
1996); (3) fauna could have survived in small-scale
refugia at different locations in the Southern Ocean
(Anderson et al. 2002); (4) some organisms could
have survived by moving from one shelter to another,
as ice-free areas of local marine productivity (poly -
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Fig. 2. Median-joining hap-
lotype networks for Li ma -
cina helicina (top) and Li -
macina antarctica (bottom)
ba sed on mitochondrial
COI gene sequence data.
Each haplotype is depicted
by a circle colored accord-
ing to the station where it
was collected. Areas are
proportional to haplotype
frequen cy. Median vectors
are re presented by small 

red circles
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nyas) existed during the last glacial (Thatje et al.
2008). Glaciations had consequences such as popula-
tion bottlenecks followed by rapid population ex -
pansions, as described for the Antarctic population of
the limpet Nacella concinna (González-Wevar et al.
2011), benthic shrimps Chorismus antarcticus, and
Nematocarcinus lan ceopes (Raupach et al. 2010),
among others. The pattern of genetic diversity that
we identified in L. antarctica also deviates from that
expected for stable populations. A ‘star-like’ ge -
nealogy, the neutrality test results and demography
parameters strongly support the existence of a recent
de mographic expansion. The results of mismatch
analysis suggest that L. ant arctica experienced
expansion at 260 000 yr BP (CI = 192 000−303 000 yr
BP), which corresponds to the mid Pleistocene.
Bayesian skyline plot ana lysis also indicates a
L. antarctica population growth event during the
Pleistocene, but does not indicate the time of the
beginning of expansion. These estimations by far
predated the Last Glacial Maximum (LGM). How-
ever, the impact of extending ice sheets on pelagic
habitat is smaller than on benthic, and the onset of

demographic expansion predating LGM has been
described for other pelagic organisms (Janko et al.
2007). For example, the krill Euphausia superba have
experienced population expansion dated to 205 000−
304 000 yr BP (Zane et al. 1998). Conversely, Ho et
al. (2005) showed that rates of microevolutionary
change (measured between successive generations)
could be 10-fold higher than rates of macro -
evolutionary change (inferred from the fossil
records). Thus, when we applied a simple 10-fold
correction of mutation rate, the expansion time is
estimated at 26 000 yr BP (CI = 19 200–30 300 yr BP),
which corresponds well to the last glacial-interglacial
transition period, after the LGM (~21 000 yr, Huy-
brechts 2002). The above estimations do not give a
clear answer to the question of the exact expansion
time and, therefore, the molecular clock estimates
should be regarded with caution. However, they all
clearly indicate significant influence of glaciations on
the population size during the Pleistocene. The
recent demographic expansion is also reflected in the
absence of genetic structure in L. antarctica popula-
tions, which is also presently maintained by strong
circumpolar currents in the Southern Ocean. The
homogenous population of Antarctic species has
been demonstrated by several studies. For example,
an analysis of mitochondrial DNA and nuclear DNA
intron markers revealed no regional differentiation
in the Antarctic toothfish Dissostichus mawsoni
(Smith & Gaffney 2005). Evidence for a single well-
mixed lineage in the Antarctic was also found for the
nemertean worm Parborlasia corrugatus (Thornhill
et al. 2008) and 2 benthic shrimp species of the
Southern Ocean, Chorismus antarcticus and Nema-
tocarcinus lanceopes (Raupach et al. 2010). All these
species are able to disperse widely, like Limacina
antarctica, due to presence of pelagic larval stages.
Although there was a clear influence of glaciation on
demography and genetic geographical structure in
L. antarctica, the level of nucleotide and haplotype
diversity in L. antarctica (H = 0.967, π  = 0.0061) is
higher than those found in other molecular studies
of Antarctic invertebrates with pelagic larvae, e.g.
nemertea Parborlasia corrugatus (H = 0.762, π  =
0.00098, Thornhill et al. 2008), Nacella concinna (H =
0.630, π  = 0.00128, González-Wevar et al. 2011), Cho-
rismus antarcticus (H = 0.639, π = 0.00209, Raupach et
al. 2010). Nucleotide and haplotype diversity of
planktonic L. antarctica is more comparable to deep-
sea shrimp Nematocarcinus lanceope (H = 0.9025, π  =
0.00568, Raupach et al. 2010) or pelagic silverfish
Pleuragramma antarcticum (H = 0.941, π = 0.009069,
Zane et al. 2006). It can be argued that the destruc-
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tion of benthic habitat by glacial cycles has a less
prominent impact on genetic diversity of deep-sea
species and pelagic species (Allcock & Strugnell
2012), and for L. antarctica, this is probably the case.

Notably, the level of genetic diversity in the mito-
chondrial COI gene was higher in L. antarctica than
the Arctic species L. helicina; diversity indices were
almost 2-fold higher in L. antarctica. It is likely that,
in the case of L. antarctica, larger populations were
maintained due to more efficient refuges available
during glaciation events. In the case of Arctic L. he -
licina, displacement to small refugial areas by polar
ice sheets have led to a more drastic reduction of
population size and thus caused significant loss of
genetic diversity, as was also shown for several other
Arctic species (e.g. Bernatchez & Wilson 1998, Marko
2004, Maggs et al. 2008, Grant et al. 2011). Together,
the ‘star-like’ genealogy and the neutrality test
results strongly support the existence of a recent
demographic expansion of L. helicina. Bayesian sky-
line plot analysis also indicates that L. helicina
underwent a population growth event during the
Pleistocene and suggests larger reductions in the
effective population size of L. helicina compared to L.
antarctica. The results of mismatch analysis indicate
that L. helicina probably experienced expansion at
131 000 yr BP (CI = 44 000− 225 000 yr BP). The aver-
age time of expansion estimated for L. helicina corre-
sponds to the Eemian interglacial in the Arctic. How-
ever, after a correction for short-term mutation rate
was applied, time estimation at 13 100 yr BP (CI =
4400–22 500 yr BP) corresponds to the initial
deglaciation recognized along the Spitsebergen mar-
gin (~14 100 yr, Lloyd et al. 1996). A more recent
expansion of L. helicina than L. antarctica, thus
longer time for accumulation of new mutations, could
be an additional factor responsible for much higher
level of genetic diversity in L. antarctica.

On the other hand, we cannot rule out the possibil-
ity that more expansive sampling might reveal phy-
logeographic breaks. Additional samples from other
regions (e.g. Ross Sea, Greenland Sea) would be use-
ful to confirm lack of genetic structure of Limacina
mollusks. It should be also noted that phylogeo-
graphic study based on the sole use of mitochondrial
DNA reveal only a small part of the evolutionary his-
tory. Nuclear markers with a greater resolution on
the population level should be employed in further
analysis.

In summary, our data provide a first insight into the
population genetic structure of 2 highly abundant
and important polar species of pelagic mollusks. We
observed the signature of population bottlenecks

dating to the late Pleistocene. Overall, the effect of
climate changes appears less prominent for genetic
diversity of the Antarctic than Arctic species. Further
work combining geological, paleontological and
genetic data on Antarctic and Arctic organisms with
different ecological characteristics and dispersal
abilities is required to more fully understand these
pole-oriented contrasts. In addition, the observed dif-
ference in genetic diversity between L. antarctica
and L. helicina may be of interest for researchers
examining the influence of ocean acidification on
marine organisms and ecosystems, since these spe-
cies may respond differently to global climatic
changes.

Data archive. Sequence data have been submitted to the
DNA Data Bank of Japan as accession numbers AB859484-
AB859610.

Acknowledgements. This study was made possible by the
‘Program of Comprehensive Research of the Southern
Ocean, including Drake Passage’ of the Russian Academy of
Sciences (cruise 30 of R/V ‘Academic Ioffe’), and research
grant NN306 445638 from the Polish Ministry of Science and
Higher Education. We are grateful to Project Coordinator
Maria Szymelfenig. We thank Luiza Bielecka, Anna Pana-
siuk-Chodnicka, Marta Gluchowska and Kajetan Deja for
their kind help in the collection of Pteropoda.

LITERATURE CITED

Allcock AL, Strugnell JM (2012) Southern Ocean diversity: 
new paradigms from molecular ecology. Trends Ecol
Evol 27: 520−528

Anderson JB, Shipp SS, Lowe AL, Wellner JS, Mosola AB
(2002) The Antarctic Ice Sheet during the Last Glacial
Maximum and its subsequent retreat history:  a review.
Quat Sci Rev 21: 49−70

Bandelt HJ, Forster P, Röhl A (1999) Median-joining net-
works for inferring intraspecific phylogenies. Mol Biol
Evol 16: 37−48

Bernatchez L, Wilson CC (1998) Comparative phylogeogra-
phy of Nearctic and Palearctic fishes. Mol Ecol 7: 431−452

Boltovskoy D, Correa N, Boltovskoy A (2005) Diversity and
endemism in cold waters of the South Atlantic:  contrast-
ing patterns in the plankton and the benthos. Sci Mar 69: 
17−26

Brey T, Dahn C, Gorny M, Klages M, Stiller M, Arntz WE
(1996) Do Antarctic benthic invertebrates show an ex -
tended level of eurybathy? Antarct Sci 8: 3−6

Canino MF, Spies IB, Cunningham KM, Hauser L, Grant WS
(2010) Multiple ice-age refugia in Pacific cod, Gadus
macrocephalus. Mol Ecol 19: 4339−4351

Clarke A (2000) Evolution in the cold. Antarct Sci 12: 257
Clarke A, Crame JA, Stromberg JO, Barker PF (1992) The

Southern Ocean benthic fauna and climate change:  a
historical perspective [and discussion]. Philos Trans R
Soc Lond B Biol Sci 338: 299−309

Comeau S, Jeffree R, Teyssié JL, Gattuso JP (2010) Response
of the Arctic pteropod Limacina helicina to projected
future environmental conditions. PLoS ONE 5: e11362

150

http://dx.doi.org/10.1371/journal.pone.0011362
http://dx.doi.org/10.1098/rstb.1992.0150
http://dx.doi.org/10.1017/S0954102000000316
http://dx.doi.org/10.1111/j.1365-294X.2010.04815.x
http://dx.doi.org/10.1017/S0954102096000028
http://dx.doi.org/10.3989/scimar.2005.69s217
http://dx.doi.org/10.1046/j.1365-294x.1998.00319.x
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026036
http://dx.doi.org/10.1016/S0277-3791(01)00083-X
http://dx.doi.org/10.1016/j.tree.2012.05.009


Sromek et al.: Genetic diversity of polar pelagic mollusks

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModel-
Test 2:  more models, new heuristic and parallel comput-
ing. Nat Methods 9: 772

Dell RK (1972) Antarctic benthos. Adv Mar Biol 10: 1−216
Drummond AJ, Rambaut A, Shapiro B, Pybus OG (2005)

Bayesian coalescent inference of past population dyna -
mics from molecular sequences. Mol Biol Evol 22: 
1185−1192

Excoffier L, Lischer HEL (2010) Arlequin suite ver. 3.5.: a new
series of programs to perform population genetics analy-
ses under Linux and Windows. Mol Ecol Res 10: 564–567

Fabry VJ, Seibel BA, Feely RA, Orr JC (2008) Impacts of
ocean acidification on marine fauna and ecosystem pro-
cesses. ICES J Mar Sci 65: 414−432

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994)
DNA primers for amplification of mitochondrial cyto -
chrome c oxidase subunit I from diverse metazoan inver-
tebrates. Mol Mar Biol Biotechnol 3: 294−299

Fu YX (1997) Statistical tests of neutrality of mutations
against population growth, hitchhiking and background
selection. Genetics 147: 915−925

González-Wevar CA, David B, Poulin E (2011) Phylogeogra-
phy and demographic inference in Nacella (Patinigera)
concinna (Strebel, 1908) in the western Antarctic Penin-
sula. Deep-Sea Res II 58: 220−229

Grant WS, Merkouris SE, Kruse GH, Seeb LW (2011) Low
allozyme heterozygosity in North Pacific and Bering Sea
populations of red king crab (Paralithodes camtschati-
cus):  adaptive specialization, population bottleneck, or
metapopulation structure? ICES J Mar Sci 68: 499−506

Hellberg ME, Vacquier VD (1999) Rapid evolution of fertil-
ization selectivity and lysin cDNA sequences in teguline
gastropods. Mol Biol Evol 16: 839−848

Hewitt G (2000) The genetic legacy of the Quaternary ice
ages. Nature 405: 907−913

Ho SYW, Phillips MJ, Cooper A, Drunmond AJ (2005) Time
dependency of molecular rate estimated and systematic
overestimation of recent divergence times. Mol Biol Evol
22: 1561−1568

Hunt BPV, Pakhomov EA, Hosie GW, Siegel V, Ward P,
Bernard K (2008) Pteropods in southern ocean ecosys-
tems. Prog Oceanogr 78: 193−221

Hunt B, Strugnell J, Bednarsek N, Linse K and others (2010)
Poles apart:  the ‘bipolar’ pteropod species Limacina heli -
cina is genetically distinct between the Arctic and
Antarctic oceans. PLoS ONE 5: e9835

Hunter RL, Halanych KM (2008) Evaluating connectivity in the
brooding brittle star Astrotoma agassizii across the Drake
Passage in the Southern Ocean. J Hered 99: 137−148

Huybrechts P (2002) Sea-level changes at the LGM from ice-
dynamic reconstructions of the Greenland and Antarctic
ice sheets during the glacial cycles. Quat Sci Rev 21: 
203−231

Janko K, Lecointre G, DeVries A, Couloux A, Cruaud C,
Marshall C (2007) Did glacial advances during the Pleis-
tocene influence differently the demographic histories of
benthic and pelagic Antarctic shelf fishes? − Inferences
from intraspecific mitochondrial and nuclear DNA
sequence diversity. BMC Evol Biol 7: 220

Jennings RM, Bucklin A, Ossenbrügger H, Hopcroft RR
(2010) Species diversity of planktonic gastropods (Ptero -
poda and Heteropoda) from six ocean regions based on
DNA barcode analysis. Deep-Sea Res II 57: 2199−2210

King JC, Turner J, Marshall GJ, Connolley WM, Lachlan-
Cope TA (2013) Antarctic Peninsula climate variability

and its causes as revealed by analysis of instrumental
records. In:  Domack E, Levente A, Burnet A, Bind-
schadler R, Convey P, Kirby M (eds) Antarctic Peninsula
climate variability:  historical and paleoenvironmental
perspectives. American Geophysical Union, Washington,
DC, p 17−30

Librado P, Rozas J (2009) DnaSP v5:  a software for compre-
hensive analysis of DNA polymorphism data. Bioinfor-
matics 25: 1451−1452

Llyod JM, Kroon D, Laban C, Boulton GS (1996) Deglacia-
tion history and palaeoceanography of the western Spits-
bergen margin since the last glacial maximum. Geol Soc
Spec Publ 111: 289−301

Maggs CA, Castilho R, Foltz D, Henzler C and others (2008)
Evaluating signatures of glacial refugia for North
Atlantic benthic marine taxa. Ecology 89: S108−S122

Marko PB (2004) ‘What’s larvae got to do with it?’ Disparate
patterns of post-glacial population structure in two ben-
thic marine gastropods with identical dispersal potential.
Mol Ecol 13: 597−611

Raupach MJ, Thatje S, Dambach J, Rehm P, Misof B, Leese
F (2010) Genetic homogeneity and circum-Antarctic dis-
tribution of two benthic shrimp species of the Southern
Ocean, Chorismus antarcticus and Nematocarcinus lan -
ceopes. Mar Biol 157: 1783−1797

Rogers AR, Harpending H (1992) Population growth makes
waves in the distribution of pairwise genetic differences.
Mol Biol Evol 9: 552−569

Scher HD, Martin EE (2006) Timing and climatic conse-
quences of the opening of Drake Passage. Science 312: 
428−430

Smith PJ, Gaffney PM (2005) Low genetic diversity in the
Antarctic toothfish (Dissostichus mawsoni) observed
with mitochondrial and intron DNA markers. CCAMLR
Sci 12: 43−51

Tajima F (1989) Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics
123: 585−595

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4:  molec-
ular evolutionary genetics analysis (MEGA) software
version 4.0. Mol Biol Evol 24: 1596−1599

Thatje S, Hillenbrand CD, Mackensen A, Larter R (2008)
Life hung by a thread:  endurance of Antarctic fauna in
glacial periods. Ecology 89: 682−692

Thornhill DJ, Mahon AR, Norenburg JL, Halanych KM
(2008) Open ocean barriers to dispersal:  a test case with
the Antarctic Polar Front and the ribbon worm Parbor -
lasia corrugatus (Nemertea:  Lineidae). Mol Ecol 17: 
5104−5117

Wilson NG, Hunter RL, Lockhart SJ, Halanych KM (2007)
Multiple lineages and absence of panmixia in the ‘cir-
cumpolar’ crinoid Promachocrinus kerguelensis from the
Atlantic sector of Antarctica. Mar Biol 152: 895−904

Wilson NG, Schrödl M, Halanych KM (2009) Ocean barriers
and glaciation:  evidence for explosive radiation of mito-
chondrial lineages in the Antarctic sea slug Doris kergue-
lenensis (Mollusca, Nudibranchia). Mol Ecol 18: 965−984

Zane L, Ostellari L, Maccatrozzo L, Bargelloni L, Battaglia B,
Patarnello T (1998) Molecular evidence for genetic sub-
division of Antarctic krill (Euphausia superba Dana) pop-
ulations. Proc R Soc Lond B Biol Sci 265: 2387−2391

Zane L, Marcato S, Bargelloni L, Bortolotto E and others
(2006) Demographic history and population structure of
the Antarctic silverfish Pleurogramma antarcticum. Mol
Ecol 15: 4499−4511

151

http://dx.doi.org/10.1111/j.1365-294X.2006.03105.x
http://dx.doi.org/10.1098/rspb.1998.0588
http://dx.doi.org/10.1111/j.1365-294X.2008.04071.x
http://dx.doi.org/10.1007/s00227-007-0742-9
http://dx.doi.org/10.1111/j.1365-294X.2008.03970.x
http://dx.doi.org/10.1890/07-0498.1
http://dx.doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2513255&dopt=Abstract
http://dx.doi.org/10.1126/science.1120044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1316531&dopt=Abstract
http://dx.doi.org/10.1007/s00227-010-1451-3
http://dx.doi.org/10.1046/j.1365-294X.2004.02096.x
http://dx.doi.org/10.1890/08-0257.1
http://dx.doi.org/10.1144/GSL.SP.1996.111.01.19
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1016/j.dsr2.2010.09.022
http://dx.doi.org/10.1186/1471-2148-7-220
http://dx.doi.org/10.1016/S0277-3791(01)00082-8
http://dx.doi.org/10.1093/jhered/esm119
http://dx.doi.org/10.1371/journal.pone.0009835
http://dx.doi.org/10.1016/j.pocean.2008.06.001
http://dx.doi.org/10.1093/molbev/msi145
http://dx.doi.org/10.1038/35016000
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026168
http://dx.doi.org/10.1093/icesjms/fsq184
http://dx.doi.org/10.1016/j.dsr2.2010.05.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9335623&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7881515&dopt=Abstract
http://dx.doi.org/10.1093/icesjms/fsn048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19325852&dopt=Abstract
http://dx.doi.org/10.1093/molbev/msi103
http://dx.doi.org/10.1016/S0065-2881(08)60416-2
http://dx.doi.org/10.1038/nmeth.2109


Mar Ecol Prog Ser 525: 143–152, 2015152

Editorial responsibility: Philippe Borsa, 
Montpellier, France

Submitted: February 17, 2014; Accepted: February 11, 2015
Proofs received from author(s): March 24, 2015

Table A1. Pairwise ΦST values for Lima cina antarctica. Significances were tested  
through 10 100 permutations; bold indicates p < 0.05

Collection 1 2 3 4 5 6 7
station

1 0.00000
2 0.04117 0.00000
3 0.01273 0.00000 0.00000
4 0.05081 0.01190 0.04762 0.00000
5 0.00895 0.00392 0.00749 0.06183 0.00000
6 0.00107 0.00451 0.02528 0.11934 0.03978 0.00000
7 0.03166 0.03424 0.03424 0.00116 0.01821 0.02827 0.00000

Table A2. Pairwise ΦST values for Lima cina helicina. Significances
were tested  through 10 100 permutations; no values were significant 

at p < 0.05

Collection        Hornsund      Isjorden 1      Isfjorden 2      Isfjorden 3
station

Hornsund 0.00000
Isfjorden 1 –0.03163 0.00000
Isfjorden 2 –0.03250 –0.02724 0.00000
Isfjorden 3 0.03915 0.01987 0.02620 0.00000

Appendix. Additional information for pairwise ΦST comparisons for Limacina antarctica and Limacina helicina at each collec-
tion station
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