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Abstract

Background: Circum-Antarctic waters harbour a rare example of a marine species flock — the Notothenioid fish, most species
of which are restricted to the continental shelf. It remains an open question as to how they survived Pleistocene climatic
fluctuations characterised by repeated advances of continental glaciers as far as the shelf break that probably resulted in a loss
of habitat for benthic organisms. Pelagic ecosystems, on the other hand, might have flourished during glacial maxima due to the
northward expansion of Antarctic polar waters. In order to better understand the role of ecological traits in Quaternary climatic
fluctuations, we performed demographic analyses of populations of four fish species from the tribe Trematominae, including
both fully benthic and pelagic species using the mitochondrial cytochrome b gene and an intron from the nuclear S7 gene.

Results: Nuclear and cytoplasmic markers showed differences in the rate and time of population expansions as well as the likely
population structure. Neutrality tests suggest that such discordance comes from different coalescence dynamics of each marker,
rather than from selective pressure. Demographic analyses based on intraspecific DNA diversity suggest a recent population
expansion in both benthic species, dated by the cyt b locus to the last glacial cycle, whereas the population structure of pelagic
feeders either did not deviate from a constant-size model or indicated that the onset of the major population expansion of these
species by far predated those of the benthic species. Similar patterns were apparent even when comparing previously published
data on other Southern Ocean organisms, but we observed considerable heterogeneity within both groups with regard to the
onset of major demographic events and rates.

Conclusion: Our data suggest benthic and pelagic species reacted differently to the Pleistocene ice-sheet expansions that
probably significantly reduced the suitable habitat for benthic species. However, the asynchronous timing of major demographic
events observed in different species within both "ecological guilds", imply that the species examined here may have different
population and evolutionary histories, and that more species should be analysed in order to more precisely assess the role of
life history in the response of organisms to climatic changes.
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Background

The Antarctic and its surrounding ocean are mostly con-
sidered as a system isolated from the rest of world by the
Antarctic Polar Front (APF), a circum-Antarctic current
extending to about 1000 m depth, which greatly reduces
the exchange of surface waters and marine organisms [1].
Despite some interconnections of marine biota from
north and south of the APF [2-4], it seems likely that evo-
lution in isolation within the APF resulted in cladogenetic
events that lead to the formation of endemic taxa [5-9].
Organisms within the APF had to contend with freezing
water temperatures and the potential eradication of their
habitat by ice sheet advance and grounding, a phenome-
non that that affects the Antarctic ecosystem on a scale
much greater than elsewhere.

Antarctic ice sheet extension over the continental shelf
during the glacial maxima [10] and the related intense
flows of debris [11], extensively reduced the habitat suita-
ble for benthic biota. In consequence, these species were
either fragmented into geographically restricted glacial
refuges, or escaped to a greater depths [12]. In contrast,
pelagic ecosystems are likely to be less affected and might
have even experienced a population expansion during gla-
cial maxima as suggested e.g. by the Northward shift of
the APF during last glacial maximum (LGM) [[13];
although this scenario is still debated] or by Northward
expansions of Antarctic plankton [14] and increased eco-
system productivity [15,16]. Such a glacial-mediated erad-
ication hypothesis provides us with testable predictions
about the evolution of benthic and pelagic biota.

A coalescent population genetic model constitutes a
framework for the development of efficient tests (either
analytical or based on computer simulations), from
which we may draw inferences about the forces affecting
the evolution of populations including selection, popula-
tion structuring, and demographic fluctuations. Many
methods using different assumptions and types of
sequence information have been proposed to detect the
traces of population growth from DNA sequence data (for
review see [17]). Recent advances in computational meth-
ods have also given rise to demographic inference tools
that take into account phylogenetic relationships among
haplotypes (see e.g. [18]). It is also possible to test for sce-
narios more complicated than simple population growth,
such as a bottleneck, characterised by drop in population
size at some time with a reduction of diversity, followed
by a population expansion [19].

Only a few studies of the demographic histories of Antarc-
tic marine and coastal organisms have been done because
of the difficulties in obtaining samples. Studies using his-
torical demographic inference tools have so far found that
population expansions are linked to deglaciations for
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coastal populations of Collembolans and penguins
[20,21] and indicated population expansions of pelagic
krill [22] and fish [16], putatively correlated with the
onset of ice sheet expansion.

Notothenioid fish occupy an interesting position in evo-
lutionary research because of an adaptive radiation
thought to be associated with the onset of freezing water
temperatures during the Miocene [12]. It seems plausible
that the radiation had a high-Antarctic origin [rev. in [23]]
probably associated with niche opening after the loss of a
tertiary fish fauna unable to cope with low temperatures
in the Miocene. It is proposed that a putative notothen-
ioid benthic ancestor that possessed antifreeze glycopro-
teins (AFGP; [24]) protecting against the growth of ice
crystals in the blood or gut was able to uniquely exploit
now vacant ecological niches. This led to a radiation of
many species strikingly diverse in morphology and life-
history, ranging from small bottom feeders to neutrally-
buoyant pelagic species more than two metres in length.
There remains doubt as to about the timing of the radia-
tion of AFGP-bearing Notothenioidei, which is variously
estimated to have occurred from 11 millions of years ago
(Mya) [25] to 21 Mya [5], or 24 Mya [26]. Furthermore, at
least three recent radiations appeared within the Noto-
thenioidei, giving rise to the Channichthyid-Bathydraco-
nid subfamily crown group [27,28] and to the tribe
Trematominae [29,30].

Despite much work into the phylogenetic relations of
notothenioids and their physiological adaptations and
ecology [e.g. [23,31,32]], little is known of the microevo-
lutionary patterns of these fishes. To investigate the role of
glacial cycles and the subsequent habitat changes, we
studied the genetic variability and historical demography
of four notothenioid species belonging to the tribe Trem-
atominae; Trematomus bernacchi, T. pennelli, Pagothenia
borchgrevinki and T. newnesi. This tribe is thought to result
from an adaptive radiation roughly correlated with
Pliocene warming about 3.5 My ago [29], or dated at 9.8
My ago [[26]: Table 1 line L]. All four species are distrib-

Table |: Geographical origin of the samples of used in this study

CR CA TNB CH TA SSh Total
Trematomus Il Il Il 5 Il 12 6l
bernacchi
Trematomus Il 6 - 8 19 0 44
pennelli
Pagothenia - 33 - - 5 0 3
borchgrevinki
Trematomus - 9 - 8 17 15 36

newnesi

(CR = Cape Roberts, CA = Cape Armitage, TNB = Terra Nova Bay,
CH = Cape Hallett, TA = Terre Adélie, SH = South Shetlands).
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uted in the high Antarctic zone, but with different life-his-
tories. Trematomus bernacchii and T. pennelli are bottom
feeding stationary fish with demersal eggs and some kind
of parental care and pelagic larvae, whereas P. borchgre-
vinki and T. newnesi are cryopelagic (i.e. living in platelet
ice) and semipelagic, respectively, with pelagic larvae
[33,34]. We were particularly interested in the responses
of these four species to well-documented climatic changes
that are likely to have affected all the Southern Ocean
fauna. We predict that benthic fish species are more prone
to local extinctions caused by glacial advance onto the
shelf, than are pelagic or semipelagic fish, and therefore
benthic species are likely to have passed through more
severe and recent population bottlenecks during glacial
maxima than have pelagic or semipelagic species.

Methods
Collected samples are summarized in the Figure 1 and
Table 1.

DNA extraction, amplification and sequencing analyses
Total genomic DNA was extracted from muscle or fin tis-
sues using the DNeasy tissue kit (Qiagen) following the

1Bel|ingshau§én o 2
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manufacturer's specifications. A 600 bp fragment of cyto-
chrome b (cyt b) was amplified in both species by
polymerase chain reaction (PCR) using primers CytB-
U15786-Tremato (5'- TGAGGKGGITTTTCGGTAGATA-3")
and CytB-L16317-Tremato (5'- GATrTAnGGrTCCT-
CAaCGGG-3'). Polymerase chain reactions were per-
formed according to the published protocol [28]. The first
intron in the S7 gene was amplified under following con-
ditions:  primers = S7RPEX1F (TGGCCTCITCCIT-
GGCCGTC) and S7RPEX2R
(AACTCGTCTGGCTTTTCGCC) [35]; the reaction volume
of 25 ul contained 2,5 pl of reaction buffer, 1.5 mM
MgCl,, 1 pul of A, T, C, G nucleotide mix (0.01 M), 0.5 pl
of each primer (0.01 M), 1.25 units of Taq polymerase
(TopBio) and ~100 ng of genomic DNA; thermal cycling
consisted of one initial cycle of denaturation at 94°C for
2 min, followed by 34 cycles of denaturation at 94°C for
30 sec, annealing at 58 °C for 1 min and extension at 72°C
for 2 min with a final extension at 72°C for 8 min. The
PCR fragments were screened on a 1% agarose gel, puri-
fied with a QIAquick PCR purification kit (Qiagen), and
both strands directly cycle-sequenced by the dideoxy-
chain-termination method. Primers used for sequencing
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Sampling sites of T. bernacchi, T. pennelli, P. borchgrevinki and T. newnesi.
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were the same as for PCR. Sequencing reactions were per-
formed through the (French) national sequencing plat-
form Genoscope, otherwise with an Applied Biosystems
ABI PRISM BigDye terminator ready reaction cycle
sequencing kit v3.0 following the manufacturer's instruc-
tions. Analyses were done on an ABI Prism 310 auto-
mated sequencer and edited sequences were deposited in
the GeneBank database under the accession numbers
EU250385-EU250471.

Sequences were edited in the SEQMAN II program, ver-
sion 5.05 of the DNASTAR software package. In the case
of the cyt b gene, they were aligned manually with pub-
lished sequences of Trematomus whereas S7 sequences
were aligned to each other using CLUSTALX software.

Evaluation of intralocus recombination and the
determination of gametic phases

an important assumption in the subsequent analyses is
that all sites within studied loci share the same genealogi-
cal history, because recombination as a macromutation
event may artificially introduce long branches into the
genealogy [36]. To assess the prevalence of historical
recombination within intron sequences we applied the
"four-gamete test" [37]. Although this test evaluates only
minimum number of intralocus recombination events, it
is sensitive to the presence of recombination, which was
our aim. We first used only S7 sequences from
homozygous individuals to circumvent the potential mis-
identifications of gametic phases. Then, for any species
dataset where the test suggested intralocus recombina-
tion, we discarded the sites left or right of the putative
recombination events in order to retain the longest possi-
ble contiguous unrecombined sequence for subsequent
analyses. We subsequently used the Bayesian statistical
method implemented in the PHASE software [38] to
reconstruct the gametic phases of heterozygous individu-
als. After treatment of intralocus recombination events, all
the phase assessments had posterior probabilities greater
than 95%.

Phylogenetic analyses, molecular clocks and genetic
diversity

For both loci, the minimum spanning networks among
haplotypes within species-specific datasets were recon-
structed by the Maximum Parsimony criterion using the
algorithm of statistical parsimony [39] implemented in
the TCS program, version 1.06, [40]. This approach evalu-
ates the maximum number of nucleotide differences
among haplotypes for which the assumptions of Maxi-
mum Parsimony are not violated, i.e. infers the probabil-
ity that observed character changes defining the
connections of haplotypes are due to no more than single
mutations.

http://www.biomedcentral.com/1471-2148/7/220

To compare the substitution rates between both loci and
calibrate the molecular clocks, we tested for the rate con-
stancy as the first step. Because both this analysis and
molecular clock calibration should not be influenced by
the recombination, we used the whole sequence of S7
intron. Using the hierarchical likelihood ratio test imple-
mented in the MODELTEST program, version 3.06 [41],
we chose the HKY 85 model of DNA substitution [42]
with the gamma shape equal to 1.0126 and proportion of
invariable sites = 0.4574 as suitable for the cytochrome b
gene. For the S7 intron, the HKY 85 model with gamma
shape parameter equal to 0.7804 was selected. We chose
sequences of Lycodes toyamensis and Eleginops maclovinus as
outgroups for the cyt b and S7 loci, respectively, and per-
formed the relative rate tests implemented in HYPHY soft-
ware [43] with the sequence substitution models
described above. We then tested for the significance of dif-
ferences in distances between the outgroup and every
sampled haplotype on the one hand, and those between
the outgroup and the haplotypes detected in a single C.
hamatus specimen on the other.

Molecular clocks were calibrated by setting the divergence
between Channichthyidae and Trematominae to 24 + 0.5
Mya [[26]; most recent common ancestor of AFGP-bear-
ing Antarctic notothenioids], and assessed the divergence
rate by calculating the mean pairwise nucleotide diver-
gence between haplotypes detected in the focal species
and those from C. hamatus with the PAUP* software pack-
age, version 4.0b10 [44]. Because of rather low intraspe-
cific variability in the cyt b gene, we used complete
datasets demographic analyses (see below) and therefore
estimated an average rate for the whole sequence for com-
parisons with the S7 locus. However, since most of the
observed intraspecific variability was in third positions,
which presumably mutate more rapidly, we also esti-
mated their substitution rate to date the expansion events
more accurately. To avoid the problem of mutation satu-
ration, we first estimated the divergence rate at 1stand 2nd
positions using C. hamatus as above and an appropriate
model estimated by the MODELTEST. Subsequently, we
estimated mean divergence within dataset composed of
sequences from the four closely related focal species and
compared it to estimated divergence at 3 positions to get
an idea about relative mutation rate in both datasets.

The haplotype diversity (h) and mean nucleotide diver-
gence (n) were estimated by ARLEQUIN software, v. 2.0
[45]. Contingency table and Wilcoxon-Mann-Whitney
tests were used for significant differences among species
reflecting different habitat preferences in both measures,
respectively.
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Neutrality tests

since the inferences of historical demography may be seri-
ously compromised by selective pressure on the study
loci, we first performed the HKA test [46], which com-
pares among loci the observed amounts of segregating
polymorphisms within species to the number of differ-
ences between the species. It allows determining whether
the amount of intraspecific polymorphism in any particu-
lar locus is significantly higher or lower than expected. In
neutral case, the amount of polymorphisms and diver-
gence are correlated in all loci. Since the test statistic is not
expected to follow the 2 distribution in closely related
species [47], we compared it to the distribution generated
from 1000 coalescent simulations using the software
HKA. We applied HKA tests to all four species using T.
scotii, which is a basal species in the Trematominae radia-
tion [48] as an outgroup. The McDonald-Kreitman test
[49] was further used to assess whether the cyt b variabil-
ity conforms to expectations under neutrality. Fisher's
exact test implemented in the DnaSP software [50] was
used to test whether the ratio of silent to replacement pol-
ymorphisms is the same as the ratio of silent to replace-
ment fixed differences. Again, T. scotii was used as an
outgroup.

Inferences of past population size changes
Several approaches were employed to detect the traces of
historical demographic changes in studied species:

The Tajima's test of neutrality [51] evaluates the signifi-
cance of the amount of recent mutations. Significant
excess of such mutations (negative Tajima's D values) may
suggest selective sweep or population expansion events,
while significant lack of recent mutations (positive val-
ues) could be attributed to balancing selection, popula-
tion structure or decline.

Similarly, the method of Wakeley and Hey [52] imple-
mented in SITES software [53] takes into account the dis-
tribution of polymorphisms in population and was used
to fit the data to a model of sudden population expansion,
which is characterised by parameters 0, oqral Ofinal a0d T
(the time in generations scaled in mutation units since the
size change took place). Using the substitution rate per
locus per year (i), the absolute time in years since the
expansion (t) may be obtained as: t = t/2p.

From the tests considering the information from haplo-
type frequencies and number, we used Fu's F; test [54],
which is expected to take negative values in expanded
populations and is considered as one of the strongest in
detecting traces of simulated logistic [54] as well as step-
wise expansion models [17].

http://www.biomedcentral.com/1471-2148/7/220

The mismatch distribution (MD) [55] takes into account
the distribution of the number of pairwise mutation dif-
ferences between sequences, which is expected to be irreg-
ular in shape in constant-size neutral model, while it is
supposed to be unimodal in recently expanded popula-
tions. This test assumes a stepwise population growth
model characterised by three parameters, i.e. 0;,iiar Ofinal
and t (the time elapsed since the size change took place;
absolute time t = t/2p) [56]. The validity of this model
was assessed by the parametric bootstrap approach using
the sum of the squares of the deviations between observed
and expected mismatch distributions as a statistic as
implemented in ARLEQUIN. According to original
method [56], the time of the putative population expan-
sion (t) was calculated from the mean and variance of the
MD using the DNAsp. Since this method may lead to
underestimates in case of rate heterogeneities, we also
used the general non-linear least-squares approach [57] as
implemented in ARLEQUIN, which also assesses the 95%
confidence intervals around the estimated value of t.

Low variability in mtDNA data of the benthic species
resulted in frustratingly large C.I. of 1 (see the Results sec-
tion). We therefore applied the method of Saillard et al.
[58] to estimate the time to the most recent common
ancestor (MRCA) of T. bernacchii and T. pennelli
sequences. This may be considered as an upper limit for
the expansion date, since the onset of population expan-
sion inferred from observed genealogies might hardly be
older than genealogies themselves. We inferred the aver-
age distance of all individuals from the ancestral haplo-
type in the number of mutation steps (p = {n;l; +...+
nyl;}/n, where n is the number of specimens and | is the
length of the kth branch expressed in mutation steps), and
the variance of the estimate 62 = {n,2l; +...+ n2l,}/n2
This estimates divided by per locus mutation rate give the
absolute age of the genealogy and corresponding standard
errors.

Markov Chain Monte Carlo (MCMC) approach taking
into account phylogenetic relationships among haplo-
types as implemented in FLUCTUATE v. 1.4 [18], was fur-
ther used to assess the goodness of fit of the exponential
growth model characterised by equation (0, = 0;,;;,8") to
our data and to compute Maximum Likelihood (ML)
based estimators of exponential growth rate (g). We set
the transition/transversion ratio to 10 and starting value
of B was calculated as the Watterson [59] estimator of this
parameter. When consistent estimates were obtained
among runs with different number of steps in chains and
initial values of g [60], we performed the final estimates
running the program with five short chains of 15, 000
steps and two long chains of 400, 000 steps with a sam-
pling increment of 20. Significances of g were assessed
from the confidence intervals provided by FLUCTUATE
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[60]. Because of upward bias of g [18], we also adopted
the conservative approach [61], where only values greater
than three standard deviations of g are considered signifi-
cant. We further combined both loci to perform the
joined ML search for both parameters using LAMARC soft-
ware, v. 2.0.2, since addition of unlinked loci is the most
powerful way to reduce the bias of g. For the latter analy-
sis, we assigned the effective population size for mtDNA
as four times less than for the S7 intron and the mutation
rate was set four times greater for the cyt b gene. We ran
several analyses with varying random seeds and checked
for consistency of results.

In addition to the above tests, we applied the approach of
Galtier et al. implemented in the software SWEEP-BOT-
TLENECK [19] to detect significant traces of diversity
reducing events, resulting from demographic (bottle-
necks) or selective (sweeps) causes. Since the software
assumes an equal effective population size for all loci, we
couldn't run combined analysis to disentangle between
both scenarios and only searched for significant devia-
tions from a no-founder model (i.e. neutral model with a
population of constant size) in individual loci. Since the
test is applicable only to data where no more than two
states are observed at any position and where both
sequence and nucleotide sites give identical phylogenetic
information (the suitability of the dataset is recognised by
the software), we could not use it for T. newnesi and P.
borchgrevinki mtDNA and P. borchgrevinki S7 datasets.

Geographical structure may affect the estimates of all the
above tests, so we used Analysis of Molecular Variance
(AMOVA) [62] implemented in ARLEQUIN to test for it.
Since ARLEQUIN does not allow the correction of genetic
distances according our best-fitting model of DNA substi-
tution, we used the Kimura [63] method. We estimated
the level of genetic structuration within populations,
between populations within a region and between
regions. We defined the regions according to traditional
biogeographic separation of Antarctic Peninsula and con-

Table 2: Diversity indices from sequences of cyt b and S7 intron.
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tinental Antarctica. Thus, all populations from the vicinity
of the Ross Sea were grouped together and compared
against samples taken from the vicinity of the Peninsula.
We further measured the ®g; [62] over all populations,
which is analogous to Wright' Fg, but takes into account
the divergence between haplotypes. We chose only T. ber-
nacchi and T. newnesi for these analyses, since in the other
two species we either managed to sample only two locali-
ties, or we obtained highly unbalanced sample numbers
among populations and they both were concentrated
within relatively small region. In nuclear datasets of all
species we tested for significant departures from Hardy-
Weinberg equilibria (HWE) using test implemented in the
HWE package developed by J. Brusztowski, which uses the
Markov Chain algorithm of Guo & Thompson [64] to cor-
rect for bias inherent in small sample sizes.

Results

The summary of mtDNA and S7 data is given in the Table
2. As expected for a coding region, we observed no indels
or stop codons in the cyt b dataset. We observed 1, 0, 1
and 2 recombination events in the T. bernacchi, T. pennelli,
P. borchgrevinki and T. newnesi data respectively. We
observed higher genetic diversity as well as nucleotide
diversity in pelagic species relative to both benthic species
for both markers. The differences between benthic and
pelagic species in both measures were highly significant (P
~ 10-1¢). Concordantly, haplotype networks of the benthic
species were rather simple consisting of one frequent hap-
lotype surrounded by several rare haplotypes, compared
to more complex cladograms and higher average distance
among haplotypes in pelagic species (Figure 2).

Calibration of molecular clocks and relative mutation
rates

Relative rate tests did not result in rejection of rate con-
stancy in any comparison performed. The average pair-
wise divergence between Chionodraco hamatus and
haplotypes sampled in the four Trematominae species
was 0.232 (0.225 - 0.253) for the cyt b gene and 0.071

Cytb L N PS Hd (S.D.) n (S.D.)
Trematomus bernacchi 468 10 9 0.482 (0.0719) 0.129% (0.115%)
Trematomus pennelli 500 3 2 0.1321 (0.0680) 0.025% (0.042%)
Pagothenia borchgrevinki 578 20 16 0.8770 (0.0532) 0.355% (0.228%)
Trematomus newnesi 483 13 15 0.9065 (0.0233) 0.687% (0.399%)
S7

Trematomus bernacchi 307 8 7 0.5144 (0.0492) 0.201% (0.179%)
Trematomus pennelli 590 8 8 0.5180 (0.0609) 0.140% (0.112%)
Pagothenia borchgrevinki 456 13 9 0.8411 (0.0237) 0.3995% (0.258%)
Trematomus newnesi 299 7 9 0.7922 (0.0294) 0.741% (0.029%)

Number of haplotypes (N) was determined from alignments of sequences of length (L) from the individuals examined. The number of polymorphic

sites (PS) is given for each species as well as the haplotype diversity (Hd) and the nucleotide diversity ().
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T. bernacchi

P. borchgrevinki 8

T. newnesi

Figure 2

Unrooted networks constructed by statistical parsimony reconstructing the mutational relationships among sampled haplo-
types (white circles) as well as putative intermediate steps (black circles). The circle sizes are proportional to observed fre-
quencies of haplotypes. Left: networks based on cytochrome b sequences, Right : networks based on S7 intron sequences.
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(0.061 - 0.08) for the S7 intron suggesting divergence
rates of 0.98% and 0.28% per My in each marker respec-
tively. The same divergence estimated from of the 1stand
2nd ¢yt b nucleotide positions was 0.059 (0.047 - 0.065)
suggesting divergence rate of 0.246% per My. A compari-
son of pairwise divergences within the four-species data-
sets based on 1stand 2ndversus 31 positions suggested 14
times higher substitution rate at 3t positions equivalent
to 3.44% per My.

Neutrality tests

we detected no deviations from expectations under neu-
trality in the HKA test (T. newnesi, 2= 1.33, P = 0.25; T.
bernacchi, 2= 0.0923, P = 0.76; T. pennelli, y2=2.11,P =
0.15; P. borchgrevinki, x2 = 0.0002, P = 0.98700). A
McDonald-Kreitman test also revealed no signatures of
selective pressure on the cyt b gene in any of the species
(T. bernacchi P = 1.0, T. pennelli P = 1.0, P. borchgrevinki P
= 0.445, T. newnesi P = 0.43).

Population structure

We observed no significant deviations from Hardy-Wein-
berg equilibrium in either species (P-values were: T. bern-
acchi 0.9, T. pennelli 0.33, P. borchgrevinki 0.31, T. newnesi
0.99). At the nuclear locus, fixation indices (®g;) over all
populations were insignificant (-0.0013 for T. bernacchi (P
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= 0.35) and 0.018 for T. newnesi (P = 0.15)) and AMOVA
suggested that the within-population variance accounted
for 100% and 98.2% of total molecular variance in each
species respectively. At the cyt b locus, T. newnesi still
showed no significant and negative ®g values over all
populations (-0.021 (P = 0.8)) and AMOVA suggested
that all the molecular variance is explained by within-
population variances. The results for T. bernacchii were dif-
ferent however, suggesting that the South Shetlands and
Ross Sea populations are divergent. We observed large
and highly significant ®g; over all populations (0.69916
(P << 0.05)). AMOVA suggested the differentiation
between the South Shetland and Ross Sea populations
accounted for 69.48% of total variance, while only
30.08% could be attributed to within-population variabil-
ity, and less than 0.5% could be attributed to variation
among populations within the Ross Sea region.

Inferences of past population size changes

The results from the six tests are summarized in Table 3.
Since we observed significant population structure in T.
bernacchii, which may suggest separate refugia for popula-
tions from the South Shetlands and the vicinity of the
Ross Sea (see below), we performed all analyses on a
whole dataset of this species as well as separately on pop-
ulations from the Ross Sea with a high overall sample size.

Table 3: Results of demographic analyses performed with various methods.

MD W-H

Cytb

T. bernacchi 0i =0 (0-0.7), 0= 550 0;=0.21, 0,=2.5
(0.97-3890)

T. bernacchi 6,= 0 (0-0.45), 6= 0.356 6,=0.0001, 6;= 19.

(Ross Sea) (0-2365)

T. penelli 6,= 0.1 (0-0.34), 6;= 0.141 6,=0,0,=3.8
(0-776)

P. borchgrevinki  6;= 0 (0-1.5), 6,= 2110 0,=0,06,=15.1
(15.8-7666)

T. newnesi 0,= 0.005 (0-2.1), 0,= 6.58 0;,=0,0,=52
(3—1645)

S7

T. bernacchi 0,= 0 (0-0.5), 6;,= 552 6,=0,0,=2.6
(1.3-3678) **

T. bernacchi 6,= 0 (0-0.6), 6, = 492 6,=0,0,=23

(Ross Sea) (1-3406)**

T. penelli 0,= 0.004 (0-0.7), 6,= 1.354  0,=0,0,= 1.0
(0.1-4081)

P. borchgrevinki  6,= 0 (0-0.8), 6;= 33.1 6,=0,0,=2.38
(5.6-6823)

T. newnesi 0,= 0.006 (0-7.8), 6;= 4.08 06,=11.6,6,=0
(1.3-29)*

Tai. D

-1.8%

-0.83

-0.88
-1.15

-0.15

Fu's F FLUCTUATE ~ LAMARC SWEEP-BOTT
7.7 % 3969 1008 -11.9 vs.0 **
(s.d. 199)F (36-1974)
2,18 g | | 10000 4454 -10.57 vs. 0 **
(s.d. 16700  (3575-5625)
-1.31 229% 5717 2246 -2.94 vs. 0.56 **
(s.d. 745) § (16-4064)
-1.95%  .19.04* 8350 4407 NA
(s.d. 135) % (3158-4981)
781 % 889 482 NA
(s.d. 116) # (180-696)
-121 -3.95 1587 -16.4 vs. 0 **
(s.d. 156)
2.16 1387 104 vs. -7.3 %
(s.d. 191) §
-2.88 1813 -22.02 vs. 0 **
(s.d.274)
2.77 1013 NA
(sd. 151) %
2.09% 3.97 33 -26.1 vs. 24.2
(s.d. 86)

For the Mismatch distribution (MD) and Wakeley and Hey's (W-H) methods, we indicate the pre- (0;) and post- (6;) expansion population
parameters. Significant departures from expectation under the sudden expansion model of MD are indicated with asterisks (* means P < 0.05, ** <
0.01). Tajima's D and Fu's F, are indicated with their significance as above (in the latter case, * stands for P < 0.02 and ** for < 0.004). ML values of
growth parameters estimated separately for each locus in FLUCTUATE are noted together with their standard deviation in parentheses. 1 denotes
cases where the zero growth value were excluded from the the 95% C.I. We further indicate the ML estimates of growth parameters for joined
dataset as estimated by LAMARC together with 95% C.I. Finally, we also indicate the Log Likelihood values of no-founder and bottleneck models of
Galtier et al. as estimated by SWEEP-BOTTLENECK software. Asterisks denote the significance of the LRT test as above. NA denotes cases, where

this method was not applicable.
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Except for nuclear data from T. newnesi all Tajima's D and
Fu's F, coefficients were negative, which may be suggestive
of population growth, although we observed significant
deviation from the neutral model only in mtDNA. Simi-
larly, Wakeley and Hey's [52] method indicated popula-
tion growth in all datasets, except for T. newnesi S7,
although the expected patterns under sudden population
expansion were closely met only in the cyt b sequences
from both benthic species. In remaining datasets we
observed a poor fit with the expected values.

Mismatch distributions significantly deviated from
expected distributions under the Rogers [56] model of
sudden population expansion only in T. bernacchii and T.
newnesi S7 sequences and are shown in (Figure 3). Both T.
newnesi datasets had highest divergences of all species and
a clearly multimodal curve, which is rather typical for
populations of stable size [55].

The ML values of growth parameter g estimated separately
for both loci using FLUCTUATE indicated significantly
positive population growth in all cases except for T. new-
nesi S7 dataset, where the zero value couldn't be excluded
from the estimated interval and standard deviation. Com-
bined analyses of both loci resulted in significantly posi-
tive population growth in all species.

The Galtier et al. [19] test based on cyt b data suggested
that both benthic species underwent a strong diversity
reducing event, such as a bottleneck, occurring recently in
T. bernacchi (in fact, the result suggested its occurrence 0
generations ago). Unfortunately, the low variability of T.
pennelli cyt b prevented clear timing of the bottleneck,
since after fixing the analysis for various values of the time
parameter, we obtained very similar likelihood scores.
This test further detected significant support for a recent
(0.0001 x 2N,) strong bottleneck in both T. bernacchi and
T. pennelli S7 datasets.

Timing of the major demographic events

In addition to the above evidence of recent bottlenecks in
benthic species, which nonetheless do not allow the com-
parison between both groups of species, the estimators of
the parameter t derived from MD [56] and the Wakeley
and Hey's [52] method suggest much more recent expan-
sion event in both benthic species than in the pelagic spe-
cies at the cyt b (see Table 4). However, the C.I. of
Schneider and Excoffier's [57] estimator of T. bernacchi
expansion overlapped with that of P. borchgrevinki
(although its mean value was about half that of the latter
species). More importantly, when applied to T. pennelli
and the Ross Sea population of T. bernacchi, Schneider and
Excoffier estimator resulted in uninformative values with
large C.1. In both cases, the Saillard et al [58] estimators of
the times to MRCA stand in favour of more recent expan-
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sions of benthic species as the age of the T. penelli geneal-
ogy is estimated to 26.5 + 1.6 kya and the T. bernacchi Ross
Sea population to 61 + 6 kya (the coalescence of the whole
T. bernacchi's genealogy was estimated to 166 + 37 kya).
These estimates changed to 22.5 + 1.4 and 52 + 5 when
only 3™ positions were considered.

The age of population expansions suggested by the
nuclear marker were considerably older in all species.
Although generally indicating more recent expansions in
benthic species, disagreement among applied methods
and ranges of C.I. (see Table 4), including the Saillard et
al.'s estimates (data not shown), prevented any clear-cut
conclusion. It should be stressed that for T. bernacchi and
T. newnesi data, we could only use the estimates from
SITES, which provides no confidence intervals, as their
MD significantly differed from expectations of sudden
expansion model assumed by this method.

Discussion

Comparison among markers and demographic
interpretations

The extreme difficulties of sampling in Antarctica result-
ing in relatively low sample sizes and coverage, prevent
any detailed conclusions about Trematominae popula-
tion structure. Some aspects deserve discussion, however,
especially due to the potential effect on demographic
inferences. Whereas analysis of the S7 locus detected no
deviations from panmixia in both species, analysis of
mtDNA suggested a distinctive South Shetland popula-
tion of T. bernacchi, which was previously postulated [65].
Such discrepancies between nuclear and cytoplasmic
markers have been more or less frequently encountered in
other studies, and may result from a number of mecha-
nisms. Whereas some studies clearly stand in support of
deterministic explanations, such as selective pressures or
different evolution of sexes [66,67], other cases (including
Antarctic toothfish [68]) were explained by a simpler sto-
chastic effect of different coalescence dynamics of mtDNA
and nuclear markers [e.g. [69-73]]. A four-fold smaller
effective population size of mtDNA relative to nuclear loci
makes it more sen