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Abstract Distribution shifts of intertidal species have
been thoroughly described for several organisms on the
Atlantic coasts of Europe, but comparatively less work has
been conducted in the Mediterranean Sea. However, such
semi-enclosed basins react faster to global change. The
periwinkle Echinolittorina punctata is a littorinid gastro-
pod which has shown a remarkable range expansion dur-
ing the last few decades. Moreover, its unambiguous tax-
onomy, accessible habitat and ease of identification qualify
it as an ideal descriptor of biotic changes in the Mediter-
ranean Sea. We investigated genetic differentiation among
17 Mediterranean and Atlantic populations covering its
current distributional range, using the mitochondrial cox1
marker to test the hypothesis that it experienced a signifi-
cant range expansion triggered by sea warming after the
Last Glacial Maximum (LGM). This would confirm its
suitability as descriptor of climatic fluctuations. E. punc-
tata has a weak population structure along its distributional
range, with greater haplotype diversity in the western Afri-
can populations than in the Mediterranean Sea, suggesting
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a recent population expansion following a bottleneck event.
Such range expansion is dated ca. 15,000 years BP, and is,
thus, related to the end of LGM. E. punctata planktotrophic
development lasts 3—4 weeks, likely triggering the weak
population structure and enhanced ability to track environ-
mental change.
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maximum - Descriptor - Tropicalization - Population
structure - Range expansion

Introduction

Climate change triggers modifications of the geographical
ranges of marine organisms (Burrows et al. 2011; Poloc-
zanska et al. 2013). Such changes tend to be faster in inter-
tidal species, because they are living close to their physi-
ological tolerance limits (Birchenough et al. 2015). The
observation of distributional shifts in the intertidal is also
easier and more reliable because geographical ranges of
intertidal species are essentially one-dimensional, as they
occupy a narrow strip of coastline between the low and
high tide levels, making them optimal indicators of climate
and global change in the sea (Mieszkowska 2009). Range
extensions of intertidal organisms have been recorded
extensively from the European Atlantic coasts (e.g., Miesz-
kowska et al. 2006 for the United Kingdom; Rubal et al.
2013 for the Iberian peninsula), but there is comparatively
less information for the Mediterranean Sea.

The periwinkle Echinolittorina punctata (Gmelin, 1791)
(Fig. 1b) is a littorinid gastropod distributed on the north-
western African coasts and in the Mediterranean Sea. Once
distributed mainly in the southern sectors of the basin, a
600-kilometer range extension has been recorded in the last
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Fig. 1 Haplotype network (a) showing the relationship among 26
cox1 haplotypes from populations of Echinolittorina punctata (b)
from the Mediterranean Sea and the Atlantic Ocean (c). Locality
data in Table 1, haplotype names in Table 2. Each haplotype is indi-
cated by a circle, with circle size proportional to the observed hap-

15 years (Albano 2014). Nowadays, populations are present
in generally considered cooler areas of the Mediterranean
such as southern France (Albano 2015) and Croatia (Milat
et al. 2016). Due to its unambiguous taxonomy (Reid
2011), accessible habitat and ease of identification (Albano
and Trono 2008; Albano 2010), this species is a candidate
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lotype frequency (the smallest circles correspond to one individual).
The length of each line is proportional to the number of substitutions
(usually only one mutational step, except H_2 and H_18 with two
mutational steps). Image b is reproduced with Editor’s permission
from Albano (2010)

as an early-warning descriptor of climate change (Albano
et al. 2010).

The Mediterranean Sea has experienced dramatic cli-
matic fluctuations also in the recent geological past. After
the Messinian Salinity Crisis which annihilated the Medi-
terranean marine fauna, the basin was flooded by Atlantic
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water and biota in the Pliocene 5.33 Myr ago (Hsii et al.
1977). This fauna was exposed to oceanographic and cli-
matic modifications associated with the change from the
tropical-subtropical situation of the Pliocene to the cooler
times of the Pleistocene (Sabelli and Taviani 2014). This
epoch was characterised by multiple glacial-interglacial
cycles that caused dramatic changes in the distribution of
organisms (Wilson and Veraguth 2010) with the Last Gla-
cial Maximum (LGM) occurring approximately between
24 and 16.5 kyr BP in the Mediterranean Sea (Cacho et al.
2001).

Thermophilic species sensitive to climatic fluctuations,
such as E. punctata, should have extended their ranges into
the Mediterranean as a response to the progressive warm-
ing following the LGM. Such evidence would confirm a
species’ suitability as a descriptor of sea warming. How-
ever, the fossil record of intertidal hard substrate species is
very poor and unsuitable for testing this hypothesis. Molec-
ular approaches can overcome the lack of fossil data: the
genetic structure can provide evidence of a range expan-
sion (Avise 2000) which can be dated with a molecular
clock calibration. In particular, rapid range expansion from
refugial populations during the LGM might have involved
serial bottlenecking with progressive loss of allelic diver-
sity, so that populations in more recently colonized places
would contain less genetic diversity. Conversely, it is
expected that former refugial areas would contain geneti-
cally diversified populations.

Therefore, we test the hypothesis that E. punctata expe-
rienced a significant range expansion triggered by sea
warming after the Last Glacial Maximum by analyzing the
genetic structure of the Mediterranean and nearby Atlantic
populations and estimating the timing of the last expansion
with a molecular clock calibration.

Materials and methods
Data collection, DNA extraction, and cox1 sequencing

We analyzed 171 specimens from 17 localities across the
Mediterranean and Atlantic distribution of E. punctata
(Fig. 1c; Table 1). A small piece of tissue was obtained
from the mantle of each individual and used for DNA
extraction. Total genomic DNA was isolated following
the CTAB protocol for molluscs (Winnepenninckx et al.
1993) and quantified using a ND-1,000 spectrophotometer.
A fragment of the mitochondrial cox1 gene was amplified
for all individuals with the universal primers LCO1490 and
HCO2198, designed by Folmer et al. (1994). PCR ampli-
fications were carried out in a 25-pl reaction volume con-
taining 5SU/pl of Tag DNA polymerase (Fermentas), 10x
load buffer-MgCl, (Fermentas), 2mM dNTPs (Promega),

2 pM of each primer (Invitrogen), 100X bovine serine albu-
mine (BSA, BioLabs) and approximately 100 ng of tem-
plate DNA. The PCR amplification was performed on a
GeneAmp® PCR System 2700 (Applied Biosystems) based
on the following conditions: initial denaturation at 95 °C for
3 min, followed by 35 cycles of denaturation at 94 °C for
30 s, annealing at 52 °C for 30 s, and extension at 72 °C for
2 min, and a final extension at 72°C for 10 min. All the
amplicons were confirmed by 1.5% TAE 1X agarose gel
electrophoresis stained with 10X SYBR Safe concentrate
in DMSO (Invitrogen), and purified using the Wizard® SV
Gel and PCR Clean-Up System (Promega). The cleaned
products were then sent to Macrogen Europe (The Nether-
lands) for automatic sequencing reactions, which were per-
formed using the PCR primers at 5 pM concentration. To
minimize sequencing errors, both strands were sequenced
from the cox1 gene for each individual sample.

Genetic and haplotype diversity

For each specimen, forward and reverse cox1 strands were
checked in Chromas Lite 2.1.1 (http://www.technelysium.
com.au/chromas_lite.html) and combined in BioEdit 7.1.11
(Hall 1999), to obtain consensus sequences to be used in
subsequent analyses. The sequences of coxl were assem-
bled and aligned in MEGA6 (Tamura et al. 2013) using
CLUSTALW (Thompson et al. 1994), set at default param-
eters. cox1 data were translated into amino acid sequences
and the substitution saturation test (Xia et al. 2003) was
computed in DAMBE 4.2.13 (Xia and Xie 2001) to esti-
mate levels of saturation for the entire coxl gene and for
the first and second versus third codon positions. Genetic
diversity was investigated by calculating the number of
haplotypes (n), number of polymorphic sites (S), haplo-
type diversity (k) and nucleotide diversity (). These indi-
ces were estimated for each location as well as for the total
sample using DnaSP 5.10 (Librado and Rozas 2009). Iden-
tical sequences were collapsed into haplotypes in DnaSP
5.10. The Bayesian information criterion (BIC; Schwarz
1978) and the corrected Akaike information criterion
(AICc; Sugiura 1978; Hurvich and Tsai 1989) as imple-
mented in MEGAG6 were used to determine the appropriate
nucleotide substitution model, which was inferred for the
entire cox1 gene as well as for the first, second and third
codon positions (models with the lowest BIC scores are
considered to best describe the substitution patterns).

Relationships and geographic distribution of haplotypes
To resolve haplotype relationships and to represent their
spatial distribution, the minimum spanning network (MSN)

method (Excoffier and Smouse 1994) was employed
to build a parsimony network, created in the software
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Network v. 4.5.1.6 (http://www.fluxus-engineering.com)
using the median-joining algorithm (Templeton et al. 1992;
Bandelt et al. 1999). Haplotype networks better illustrate
genetic divergence at the intra-specific level than phyloge-
netic trees, especially in cases of multiple haplotypes that
are derived from a single ancestral sequence (Templeton
et al. 1992).

Population structure and spatial analysis

Genetic differentiation between populations was first esti-
mated on the basis of pairwise ®-statistics (Pgr), com-
puted in Arlequin 3.5 (Excoffier and Lischer 2010) using
the Kimura 2-parameter model (K2P) (Kimura 1980). The
significance of the statistics was obtained by 10,000 data
permutations to generate null distributions of pairwise
@ values under the hypothesis of no difference between
the populations. Significance level (p value) was 0.05; for
multiple comparisons, it was adjusted using the Bonfer-
roni correction. Population structure was also examined by
the analysis of molecular variance (AMOVA) (Excoffier
et al. 1992), which was conducted in Arlequin 3.5 based
on the K2P model (AMOVA I). To detect additional hier-
archical genetic structure among sampling sites, multilevel
AMOVAs using different levels of subdivision were also
performed, with molecular variance partitioned into three
levels: between groups, among populations within groups
and within populations. Therefore, first, populations were
classified into six geographic regions, according to their
geographic distribution, the main Mediterranean marine
currents and the Siculo-Tunisian sill, the Gibraltar sill
and Almeria—Oran front (AOF) as barriers to gene flow
(AMOVA 11, six groups): the Levantine basin (LB: Israel,
Turkey, Greece), the Ionian Sea (IS: Salento, Catania,
Ragusa), the Tyrrhenian Sea (TS: Palermo, Ischia, Lazio),
the northwestern Mediterranean (NW: France, Blanes,
Mallorca), the Alboran Sea (AS: Malaga, Gibraltar) and
the Atlantic (Atl: Cadiz, Morocco, Senegal). Structure of
populations distributed in the eastern (EAST=LB+IS)
and western (WEST =TS + AS) Mediterranean basins and
in the Atlantic region (Atl) was also explored (AMOVA
III, three groups), based on Siculo-Tunisian sill and
Gibraltar sill as the only barriers to gene flow. Additional
analysis was also used to investigate variation between
Mediterranean Sea and Atlantic Ocean, based on the Medi-
terranean—Atlantic transition (AMOVA 1V, two groups).
Finally, tests to detect additional geographic structures
were performed by grouping the samples into three clusters
(AMOVA V, Israel, Senegal and all the other populations),
or two clusters (AMOVA VI, Israel and all the other pop-
ulations; AMOVA VII, Senegal and all the other popula-
tions), based on Fgqp results. Indeed, Israel was considered a
different group given the significant Fqp values found with

eight other populations. At the same time, the placement of
Senegal in a distinct group was justified by significant pair-
wise @¢p values found with all the other populations and
the identifiable cluster formed by all its private haplotypes,
which constitute the only geographically restricted clade
observed in the haplotype network.

A spatial analysis of molecular variance (SAMOVA)
implemented in SAMOVA 1.0 (Dupanloup et al. 2002)
was also applied, to test for significant geographic groups
of populations that are maximally differentiated from each
other based on sequence data. The aim was to determine
whether more variation can be explained by other signifi-
cant groupings of populations than our a priori divisions
used in the AMOVA analyses. We tested divisions from
two to 15 groups and, because the final configuration
was influenced by the initial configuration, 100 simulated
annealing steps were used (Dupanloup et al. 2002). For
each analysis, we examined the proportion of genetic vari-
ance due to differences among groups, @, and found the
K value for which @ was largest and statistically signifi-
cant, as it is assumed to be the best number of groups and
the best population configuration. For population divisions
found at each K level, the significance of the @ statistics
was assessed by non-parametric randomization tests using
10,000 permutations.

Demographic history

Signatures of demographic changes within E. punctata
were first inferred by comparing the observed frequency
distribution of pairwise nucleotide differences among indi-
viduals (i.e., mismatch distributions; Rogers and Harpend-
ing 1992), with distributions expected from a population
expansion. Populations at demographic equilibrium or in
decline provide a multimodal distribution, while popula-
tions that have experienced a sudden demographic expan-
sion display an unimodal distribution (Slatkin and Hudson
1991; Rogers and Harpending 1992). Mismatch distribu-
tions for both SAMOVA groups and the total sample were
generated using DnaSP 5.10. The fit of the observed dis-
tributions to those expected under the sudden expansion
model was further assessed by calculating sums of squared
deviations (SSD) and the raggedness index r (Harpend-
ing 1994), both calculated in Arlequin 3.5 with small
SSD and r values typical of an expanding population, and
higher values indicating stationary or bottlenecked popula-
tions (Harpending 1994). Significance of SSD and r was
assessed by 1000 parametric bootstrap replicates.
Demographic changes in E. punctata were also exam-
ined by Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997)
statistics, using Arlequin 3.5, to test whether cox1 fragment
evolved under neutrality or departed from neutrality due to
factors such as population bottlenecks or expansion events.

@ Springer
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We also calculated the R2 test using DnaSP 5.10, suitable
for small sample sizes (Ramos-Onsins and Rozas 2002).
Significance of all tests was assessed by generating 10,000
simulated samples under the hypothesis of selective neu-
trality and population equilibrium.

For the population groups for which a sudden demo-
graphic expansion could not be rejected, the time at which
the expansion event took place (¢ in generations) was dated
following the expression t=1/2uk, where 7 is the estimated
number of generations since the expansion, g is the muta-
tion rate per site per generation, and k is the sequence
length. A coxl mutation rate of 2% was considered, fol-
lowing previous studies on the genus Echinolittorina (Wil-
liams and Reid 2004; Reid et al. 2006) and works based on
cox] mutation rate in gastropods (Metz et al. 1998; Helle-
berg and Vacquier 1999; Layton et al. 2014). We assumed a
mean generation time of 1 year, in consideration of the spe-
cies’ reproductive cycle (Palant and Fishelson 1968).

An independent measure of demographic history was
estimated using a Bayesian skyline plot (BSP) (Drummond
et al. 2005) implemented in BEAST v. 2 (Bouckaert et al.
2014). The Bayesian skyline plot uses MCMC sampling
procedures to estimate a posterior distribution of effec-
tive population size through time from a sample of gene
sequences, given a previously specified nucleotide substitu-
tion model. The analysis was made under a strict molecular
clock, with time dimension calibrated by fixing mutation
rate to 2% per Myr. The dataset was run for 10 million gen-
erations and launched from a random starting tree, under
an HKY (Hasegawa Kishino Yano) nucleotide substitution
model with individual parameters estimated from the data,
a constant skyline model with 10 groups, and uniform pri-
ors. The chain was sampled every 1000 generations and
the first 10,000 generations were discarded as burn-in. The
trace plot was inspected to assess convergence and station-
arity of the MCMC process in Tracer v 1.6 (Rambaut et al.
2014).

Results
Genetic and haplotype diversity

From an initial 767-bp amplified region, a 636-bp fragment
of the mitochondrial cox1 gene was obtained. Analysis of
the whole alignment revealed no indels or stop codons, as
expected for a coding region. Measure of substitution rate
showed insignificant levels of saturation (Igg = 0.0233,
Igs c = 0.7232; P<0.001), even when the third codon posi-
tions were analyzed independently (Igq = 0.6899, Igqc =
0.9297; P<0.001). Thirty-one variable sites were found in
the alignment, 11 of which were parsimony-informative,
yielding an overall / value of 0.57800+0.04300 and a r of

@ Springer

0.00166+0.00023 (Table 1). This diversity resulted in 26
haplotypes (NCBI GenBank A.N. KX866426-KX866451);
their geographical distribution is shown in Table 2.

The number of haplotypes in each population ranged
between one, in two western Mediterranean localities
(Mallorca and Malaga populations) and one nearby Atlan-
tic locality (Cadiz), and six, in the southernmost Atlantic
locality (Senegal). Five haplotypes emerged from Ragusa
(central Mediterranean basin), while four haplotypes were
found in Salento and Ischia (central Mediterranean Sea)
and in Morocco. Most haplotypes (22 of 26) were private
alleles, i.e., observed in only one population, while the
remaining four haplotypes were, instead, shared by more
populations: H_1, present at all sampling sites except Sen-
egal, H_3, shared by all the Italian localities, H_7, found in
Ragusa and Salento and, finally, H_14, present in Israel and
Turkey. Therefore, no private haplotypes were detected in
the western Mediterranean region (Mallorca and Malaga),
in the more northern Mediterranean and Atlantic localities
(Lazio and Cadiz), and in a central site (Catania), while
the greatest number of endemic haplotypes was found
in Senegal (all the six haplotypes found in this locality),
Morocco (three), and Ischia, Ragusa and Gibraltar (two).
All the unique haplotypes were singletons, i.e., identified in
a single specimen, with the exception of H_2 (Ischia, two
individuals), H_8 (Salento, two individuals), H_19 (Sen-
egal, three individuals) and H_21 (Senegal, two individu-
als). The four shared haplotypes were, instead, the most
frequent, with H_1 clearly the most common (64% of the
analyzed individuals) and having the highest frequency in
the western and eastern Mediterranean localities, and in
the localities around the Gibraltar sill (Gibraltar, Cadiz and
Morocco). H_3 was the second most frequent haplotype
(frequency = 18), followed by H_14 (frequency = 14), while
H_7 was found in three individuals.

Haplotype diversity (A+SD) was very much variable,
varying from 0.00000+0.00000 (Malaga, Mallorca and
Cadiz) to 0.88900+0.09100 (Senegal), while nucleo-
tide diversity (z+SD) was low in all the localities, rang-
ing from 0.00000 +0.00000 (Malaga, Mallorca and Cadiz)
to 0.00463 +0.00146 (Senegal) (Table 1). Model of DNA
substitution chosen via AICc was the K2P model for the
entire cox1 gene as well as for the first, second and third
codon positions. The low genetic variation obtained from
the coxl marker showed that the number of individuals
was adequate for the present analysis. Increasing the sam-
ple size would have produced a marginal increase in dataset
information.

Spatial distribution of haplotypes

The minimum spanning network (MSN) (Fig. 1a) did not
show any phylogeographical structure among the sampled



Page 70f 15 34

Mar Biol (2017) 164:34

I I I 1 I I [ I [ [ 1 [ 4 [ 1 I I I I T 1 I I 9 ¢ 91 suonemndod jo roqunn
8¢ S LE [orIs] 0
8 ST L9 Aoy, d
€l 88 929010 0
0z 01 or 0¢ OJudeS N
01 oI 0T 0¢ 0¢ esngey N
37 LS ewEe) 1
01 0¢ 09  ouoed 'l
v1 ¥1 6T ¢£F eIyos| r
0S 0S orzer] I
11 68 Qouery H
01 06 soue[g D
001 ®oIO[[EIA d
001  eSeey q1
01 oI 08  IeeIql) a
001 zIpe) o)
8 8 8 LL 092010 q
I I T 11 €€ Il [eSaudg v
9CH SCH #CH €CH CCH 1CH OcH 6IH 8IH LIH 9IH SIH +IH €IH CIH IIH OIH 6H 8H LH 9H SH +tH €¢H CH |[H
(%) Kouanbaiy adKroidey uonendog

uB0() JNUE[)Y A} PUL BIS UBSUBLIIPIN Y} woj nipiound vuriopijourydsy o uonendod padwes yoes 1oy uonnqrisip orgyder3oa3 pue (2) [xo0o jo Aouanbaiy adfiojdey ¢ d1qel,

pringer

a's



34 Page 8 of 15

Mar Biol (2017) 164:34

populations, showing a typical star-like configuration,
with the most common haplotype (H_1) at the centre, and
less frequent haplotypes, unique or associated with only
a few localities, closely related to it. This pattern is often
regarded as a signature of a recent population expansion.

All the private haplotypes from Senegal derived from
H_1 through a median vector mvl (with H_19 also con-
nected to a private haplotype from Morocco H_24), form-
ing a distinct haplogroup. Interestingly, haplotype H_19
from Senegal was linked to H_24 from Morocco, by one
mutational step. Two derivations emerged from the haplo-
type network, originated, respectively, from the common
haplotype H_3 and the median vector mvl, and intercon-
nected through the central, highly abundant H_1. The
first derivation (around H_3) was confined to the central
Mediterranean basin and consisted of three haplotypes:
H_3, common to all the “Italian” localities (Lazio, Ischia,
Palermo, Catania, Ragusa and Salento) and directly derived
from H_1, and H_8 (from Salento) and H_11 (from Lazio),
instead, recently derived from H_3. The second deriva-
tion (around mv1) was endemic to Senegal and it was more
divergent from the ancestral H_1, given the additional sup-
posed haplotype (mv1) interconnecting the clade with H_1.
It has to be noted that one haplotype from Senegal (H_19)
was connetcted to a haplotype from Morocco (H_24).
Interestingly, a median vector mv2, derived from H_7
(Ragusa+ Salento) and H_4 (Ischia) was drawn between
two haplotypes from Ischia (H_2 and H_4). In general, a
very short genealogy emerged from the pattern found, with
branch lengths of only one mutational step, except haplo-
types H_2 and H_18, each linked to mv2 and mvl1, respec-
tively, by two mutational steps.

Population structure and spatial analysis

Levels of pairwise ®g; after Bonferroni correction for mul-
tiple testing are shown in Table 3. The values were vari-
able, oscillating from —0.00091 to 0.66461, with the lowest
value corresponding to the population pair composed by
France and Gibraltar, and the highest value found between
Senegal and Israel. Interestingly, very low ®@g values were
observed not only between neighbouring populations, as
expected, but also between distantly spaced locations, such
as Greece and Morocco (®gr = —0.01250). Anyway, most
pairwise comparisons were not significant, thus indicat-
ing relatively low inter-population divergence. Statistically
significant differences were observed only in 23 of the 136
pairwise population comparisons, and particularly in the
two populations at the geographic margins of the studied
area: Israel, different from Senegal and all the Italian local-
ities, and Senegal, different from all the other sites.

Results of AMOVAs did not identify maximally dif-
ferentiated groups in our sample (Table 4). The AMOVA
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analysis performed on the 17 populations (AMOVA 1)
reflected a lack of genetic structure. The global ®¢y value
amounted to 0.38028, with 62.0% of the variation being
explained by differences within populations, while a lower
percentage (38.0%) resulted from differences among popu-
lations. A priori division of populations into six geographic
regions (LB, IS, TS, NW, AS, Atl), tested with AMOVA
II, explained only 8.0% of the total variance, while varia-
tion within populations was the major component (61.4%).
Separating populations into eastern, western and Atlantic
groups (AMOVA III) only reduced the among-groups com-
ponent (3.8%), as well as a low variation between Medi-
terranean Sea and Atlantic Ocean (13.7%) was found in
AMOVA 1V. A priori division of populations into three
groups (Senegal, Israel and all the other populations,
AMOVA V), explained 56.7% of the total variance, but it
was not significant. A low genetic structure was also found
when Israel was treated as separate group (AMOVA VI).
On the contrary, separating Senegal into single group
(AMOVA VII) increased the among-groups component to
71.1%, but this value was not significant.

A search for an alternative partition of local populations
without a priori assumptions was performed using SAM-
OVA (Fig. 2). The sequential tests with K values increasing
from two to 15 led to increasing ® . values, with the high-
est ®-p = 0.0665, observed for four groupings. The com-
bination with five groups produced a slightly lower @y
and further increases of k @ values approached a plateau
with most groups corresponding to single populations. The
differentiation between groups in the division of four was
significant and explained 56.2% of total variance, while
variance among populations within the groups was only
6.1% (Table 4). Thus, we concluded that only a low level
of population structure was evident from our dataset, with
the division of populations into four groups best describing
this level. In this partition of four groupings, Salento, Ischia
and Senegal populations coincided with groups 1, 2 and 3,
respectively, while group 4 included all the other popula-
tions. Interestingly, Senegal is the only population which
did not show the most common haplotype H_1, shared by
all the other populations.

Demographic history

The mismatch analyses performed on the total sample
and on the four SAMOVA groups are shown in Fig. 2.
Total sample, Salento population and the SAMOVA group
including 14 populations all produced a skewed unimodal
distribution of pairwise differences, consistent with a sud-
den population expansion model after a bottleneck event.
Visually, all the distributions fit an L-shaped curve rather
than the typical bell-shaped curve. On the contrary, mis-
match distributions for both Ischia and Senegal populations



Page9of 15 34

34

Mar Biol (2017) 164

1 9IqeL UI Se S3p0d KII[eo0 T *(UONISIIOD TUOLIJUOE J9)je) sanfeA d JuedyTuSIs SYIew YSLIS)ISe Y],

- ¥seoro LL600°0  x000000  %00000°0  %000000  %00000'0  %000000 000000 860000 88000 CLTT00 860000 16€00°0 986000 000000  x00000°0 [Pesy O
oyerTo - 99081°0 860000 88¥00°0 0€620°0 £6200°0 18L00°0 18L00°0 99081°0 TC661°0 £€9¢T°0 976£T0 90¥91°0 6¥62CT0 608€0°0 000000 Koy, 4
0EvLED 650800 - 6L800°0 £6LT1°0 658500 TCYLO'0  €LTSO0 995500 8EVELO SLBILO 206660  ¥879%0°0 196¥8°0 €0LSY'0 16668°0 000000 021D O
081870  ISHYED €9LTE0 - 696L1°0 $9955°0 016T0  8SLIOO  8STY9'0 S6100°0 98500°0 ¥8900°0 985000 985000 LL600°0 S6100°0 000000 ojvEes N
L89YE0  ¥YOVI'0 IL180°0 yS¥¥0°0 - €9865°0 0¥8S€0  68L80°0 1299¢°0 0LS60°0 €LY60°0 ILYT 0 8100 8€L90°0 rLOT 0 §6100°0 000000 esnsey W
yI6Ev'0  91¥STO 80€LT0  8€TEO'0—  6I¥V0'0— - 206660 ISSYT'0 206660 8€L90°0 697500 0TSLO0 06570°0 S8LY0°0 £88170°0 I7¥20°0  %00000°0 eueed T
88610  LO8BTTO §120T°0 886000 0L9T0°0— 9I18I11°0— - 8I¥E00 706660 TS190°0 S¥90°0 99L60°0 €19¢0°0 201+0°0 LTTLOO 986000  %00000°0 owmred 3
§T60¥'0  0€vSTO £6¥0C°0 0LSETO 0ELITO 6¥S81°0 LLEITO - 906£0°0 S8LY0°0 £€8810°0 CI8LO0 L6T¥0°0 LT0€0°0 8L0S0°0 099100 %00000°0 eIyOS]
TOSLY'0  9L8ICO 9ELYE0  EVSHO0— 86¥000  98T¥I'0— 0CI160°0— eseTTo - 17¥20°0 CLITO0 TrLo0 TLITO0 L9ET00 871200 S9¥10°0  %00000°0 orzeT [
66£8¢°0  €LL800 £61700°0 €60 LEE60°0 §206C°0 9TSI1T0 €0STT0  LTPIE0 - €20rL0 206660 0I¥S¥'0 (433530 £€2067°0 LETO6'0  %00000°0 oouer] H
6€6€°0 005600 £€8900°0 9€6S€°0 9¢¥01°0 ¥890€°0 108CC0  69¢¥C0  TSO8E0 §T00°0 - 20666°0 6v6L1"0 ¥006L°0 206660 028060 000000 souelg D
8696¢°0  ¥6080°0 000000 0ILSE0 £2€80°0 0009€°0 [328%40] 8€0TC0  LS8TY'0  80¥10°0— 81200~ - 20666°0 206660 20666°0 20666'0 000000  BYMO[EIN A
ereery’o  190C1°0 661700 860110 9€LTT'0 LESTY'O €6€8T0  09¢8T°0 LEBBY'0 £reT00 00010°0 0000070 - 089120 206660 20666'0 000000 eSeeN  H
L169€°0  L9¥80'0  ST€00°0— 610€€°0 80960°0 YrrTo 788610  6LSTTO 8L81¢°0 160000~ 02000 9LLTO'0— £0900°0 - 20666°0 609vL°0 000000 ®IRIqD)  d
9ITy'0  89801°0 9¥620°0 LyY6€°0 €0rIT0 (435040 LSL9TO  TEY9TO  0TOLYO SeTI00 000000 000000 000000  €8€00°0— - 20666'0 000000 ziped D
€6L9€°0  S0S80°0  0STIO0— 886€£€°0 £8801°0 STEETO 0000C°0  +¥0TSTO  LYLOEO €L0T00—  1¥800°0— L99¥0'0— 00610°0— 9L000°0  98920°0— —  %00000'0  OOION g
19¥99°0  8L88S0 9L0SS°0 TIesso 969¢5°0 969¢S°0 LYOLSO0  STO6V'0  T9E9S0 778950 9978S°0 S¥T9s0 882190 YE€CLS 0 09L65°0 S6T65°0 - [eSouds v

[oeIs] Kosan, 900010 ojuoLes esnSey BIUBIE)  OWIded BIYOST oize| Qouely soue[qg  BOIO[[R]A! eSeey  IejeIqID) ZIpe)  0000ION TeSouag

0 d (0] N W T A [ 1 H D A q a o) q v

suonenuzed QT I9IJe PABWNISS ‘ULId) ONUEY
AU} pue 8IS UBSUELIIPAIN Y} woly vivpound vurioinjourysy jo suornemndod usamieq ([euoSerp mofaq) senfea d 1ayy pue (jeuoSerp aaoqe) sonjea LS¢ osmired jo xinew rensuerl], ¢ dqel,

pringer

a's



34 Page 10of 15

Mar Biol (2017) 164:34

Table 4 Analyses of molecular
variance (AMOVA) and spatial
analysis of molecular variance
(SAMOVA) for cox1 variation
in Echinolittorina punctata
from the Mediterranean Sea and
the Atlantic Ocean

@ Springer

Source of variation df % Total variance Fixation indices p value

AMOVA 1, 17 populations
Among populations 16 38.03
Within populations 155 61.97 @y =0.38028 0.00000*
Total 170

AMOVA 11, 6 groups

“LB; IS, TS, NW, AS, Atl”
Among groups 5 7.97 D =0.07970 0.04008
Among populations within groups 11 30.64 @y =0.33293 0.00000*
Within populations 154 61.39 Dy = 0.38609 0.00000*
Total 170

AMOVA 111, 3 groups

“EAST, WEST, Ad”
Among groups 2 3.81 ®-r=10.06188 0.09286
Among populations within groups 14 37.80 ®y-=0.35263 0.00000*
Within populations 154 58.39 Dy =0.39269 0.00000*
Total 170

AMOVA 1V, 2 groups

“MED, Atl”
Among groups 1 13.73 Dy =0.13728 0.11632
Among populations within groups 15 30.04 Dy =0.34826 0.00000*
Within populations 154 56.23 DOy =0.43773 0.00000*
Total 170

AMOVA V, 3 groups

“Senegal, Israel, other 15 populations”
Among groups 2 56.70 P =0.56703 0.10459
Among populations within groups 14 5.75 ®y-=0.13290 0.00000*
Within populations 154 37.54 Dy =0.62457 0.00000*
Total 170

AMOVA VI, 2 groups

“Israel, other 16 populations”
Among groups 1 9.97 O =0.09970 0.17595
Among populations within groups 15 32.93 D= 0.36581 0.00000*
Within populations 154 57.10 Dy = 0.42904 0.00000*
Total 170

AMOVA VI, 2 groups

“Senegal, other 16 populations”
Among groups 1 74.05 D = 0.74049 0.06256
Among populations within groups 15 4.98 ®y- =0.19205 0.00000*
Within populations 154 20.97 @y =0.79033 0.00000*
Total 170

SAMOVA, 4 groups

“Senegal, Ischia, Salento, 14 populations”
Among groups 3 56.19 -+ =0.56186 0.00098
Among populations within groups 13 6.09 Dy =0.13890 0.00000*
Within populations 154 37.73 g = 0.62272 0.00000*
Total 170

Groups: LB: Israel, Turkey, Greece; IS: Salento, Ragusa, Catania; TS: Palermo, Ischia, Lazio; NW:
France, Blanes, Mallorca; AS: Malaga, Gibraltar; Atl: Cadiz, Morocco, Senegal; EAST: LB +1S; WEST:

NW + AS; MED: Mediterranean stations

The asterisk marks significant p values after Bonferroni correction for multiple tests. For SAMOVA, a
lower variance among comparisons within groups is a direct consequence of fewer populations within them

(Dupanloup et al. 2002)
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Fig. 2 Mismatch distributions for four SAMOVA groups and the
total sample for Echinolittorina punctata from the Mediterranean Sea
and the Atlantic Ocean

showed a bimodal pattern indicating a demographic equi-
librium. Nevertheless, SSD and raggedness r index were
not significant for all the analyzed groups showing that all
the observed distributions did not differ significantly from
expected under a sudden expansion model (Table 5). The
Tajima’s D and Fu’s neutrality tests were negative and sig-
nificant for only two samples, the SAMOVA group formed
by 14 populations and the total sample, thus indicating that
the hypothesis of sudden population expansion could not
be rejected (Table 5). R2 test further evidenced a sudden
population expansion for those groups (Table 5). Spatial
expansion time parameters 7 of 0.8 and 0.7 (95% confi-
dence interval) were found for total sample and SAMOVA
14 populations group, respectively.

The population expansion event occurred approximately
15,000 years BP for the total sample and 13,000 years BP
for the SAMOVA group. Consistently, the Bayesian skyline
plot (BSP) showed that E. punctata experienced a rapid
growth in effective population size following the end of the
LGM 16,500 years BP (Fig. 3).

Discussion
Population structure

Our analysis of coxl sequences of E. punctata in the
Mediterranean Sea and the Atlantic Ocean revealed weak
population structure along its distributional range. Low
levels of differentiation were first indicated by low ®ST
values between populations, in most cases close to zero or
also negative. AMOVA and SAMOVA analyses also indi-
cated only a very weak structuring of populations into four
groups: Salento and Ischia (both Italian localities have been
colonized in the last 10-15 years), Senegal (the farthest
studied locality), all the other populations.

The Senegal population showed the highest haplotype
diversity and the lack of the H_1 haplotype, which is wide-
spread in the Mediterranean and nearby Atlantic (Morocco
included). Therefore, it may be the centre of origin of E.
punctata and the northern African and Mediterranean pop-
ulations may have arisen from a bottleneck event. Senegal
and Morocco are separated by a 2000-kilometer coastline
which is mostly sandy and, therefore, unsuitable for the
settlement of periwinkles. This area is also marked by an
oceanographic and biogeographic boundary between the
temperate north and the tropical south. Upwelling occurs
off Mauritania, inducing a difference in water temperature
between the Banc d’Arguin and Senegal of 3°C in winter
and 7°C in summer (Dedah 1993). This barrier is suffi-
ciently strong to have triggered allopatric speciation events
(e.g., in nudibranchs, Almada et al. 2016). Such southern
populations along the Western African coast are rarely

@ Springer
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Table 5 Demographic

. . Salento Ischia Senegal 14 populations Total
expansion data (mismatch
zn?;llysii,and,neutrality teSftS) in SSD 0.029 (0.300)  0.054(0.330)  0.125(0.080)  0.006 (0.080) 0.006 (0.060)
chinolittorina punctata from
the Mediterranean Sea and r 0.200 (0.220) 0.149 (0.540)  0.361 (0.060) 0.129 (0.130) 0.083 (0.200)
the Atlantic Ocean, performed Tajima’s D 0.096 (0.588) 0.594 (0.749)  —1.280(0.097)  —2.154 (0.000) -2.322(0.000)
for the 14 populations group, Fu’s statistic  —0.698 (0.160)  0.125(0.489) —1.206 (0.180) —179.867 (0.000) —27.504 (0.000)

identified by SAMOVA, and R2
the total sample

0.178 (0.561)
T NA
T (kyr)

0.211 (0.079)
NA

0.171 (0.776)
NA

0.021 (0.031)
0.700

0.031 (0.004)
0.800

13 15

For each statistic, p values obtained by 1000 permutations are given within parentheses. Values supporting
population expansion are highlighted in italics. For groups with support for population expansion, time of
expansion T (in thousand years, kyr) was calculated from the expansion parameter z, mutation rate of 2%
per site per Myr and generation time 1 year

]
N1 E7
(2]
c
S
kS
2 1E6
o
[eN
(]
2
81E5
L

1.E4

0 25,000 50,000 75,000 100,000

Time (years BP)

Fig. 3 Bayesian skyline plot (BSP) calculated from all coxl
sequences, showing historical demographic trends of Echinolittorina
punctata. The solid black line is the mean estimate, while the grey
solid lines correspond to the 95% highest posterior density (HPD)
limits. The analysis shows a marked population increase following
the Last Glacial Maximum (LGM, in grey)

taken into consideration in phylogeographies of Atlanto-
Mediterranean organisms.

The main morphological and oceanographic features
of the Mediterranean Sea, such as the Gibraltar sill, the
Almeria—Oran front and the Siculo—Tunisian sill, are often
regarded as barriers to gene flow promoting genetic struc-
turing of marine species (see Patarnello et al. 2007 for a
review). The Gibraltar sill favoured the desiccation of the
Mediterranean Sea during the Messinian Salinity Crisis;
moreover, the dominant surficial current flows into the
Mediterranean (Bryden et al. 1994) hindering gene flow
across it (e.g., Duran et al. 2004; Lo Brutto et al. 2004;
Roman and Palumbi 2004; Palero et al. 2008 for Gibraltar).
Eastward, gyres forming a well-defined hydrogeographical
boundary of surface waters between Almeria in southeast
Spain and Oran in Algeria (the so-called Almeria-Oran
oceanographic front (AOF); Tintore et al. 1988) are consid-
ered another barrier to gene flow, sometimes most signifi-
cant than the Gibraltar sill (e.g., Rios et al. 2002; Calderén

@ Springer

et al. 2008; Galarza et al. 2009; Shemesh et al. 2009). Dur-
ing the glacial periods of the Pleistocene, sea level dropped
by 120 m, triggering a significant reduction in water flow
exchange between the eastern and western basins across the
Siculo-Tunisian sill (Shackleton et al. 1984) and, conse-
quently, reducing the gene flow (e.g., Virgilio et al. 2009;
Sasson et al. 2012).

Nonetheless, other species show lack of genetic struc-
turing in Atlanto-Mediterranean populations. The pattern
described for E. punctata has also been reported for other
species of molluscs (Launey et al. 2002), brachiopods
(Evangelisti et al. 2010), crustaceans (Stamatis et al. 2004),
echinoderms (Zulliger et al. 2009) and fishes (Zardoya
et al. 2004).

Echinolittorina punctata spawns pelagic egg capsules.
Little is known about the time of development, but the con-
generic tropical E. hawaiiensis (Rosewater and Kadolsky
1981) hatches after 3 days and metamorphosis occurs after
21-25 days (Struhsaker and Costlow 1968). A similar dura-
tion of planktotrophic development can also be assumed for
all Echinolittorina species from their uniform larval shells
(Williams and Reid 2004). Species with a pelagic larval
stage are expected to show high gene flow among popula-
tions as a consequence of their high dispersal potential (i.e.,
Palumbi 2003). Such gene flow is the most probable cause
of the observed low genetic structure.

Range extension following LGM

The demographic analysis provided evidence of a popula-
tion expansion which can be related to the end of the LGM,
dated ca. 16,500 years BP in the Mediterranean Sea (Cacho
et al. 2001). At the time, the European ice sheets extended
south, creating unfavourable climatic conditions beyond the
animal tolerance, which pushed species south, both in the
Atlantic and the Mediterranean (Wares and Cunningham
2001; Ilves et al. 2010). During the LGM, annual mean sea
surface temperature (SST) was 2 and 7 °C lower than today
in the Eastern and Western Mediterranean, respectively
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(Mikolajewicz 2011). Northerly cold winds of Atlantic ori-
gin and the small ice sheet or enhanced glaciation in the
Alps triggered an even greater summer cooling, especially
in the Western Mediterranean.

Reproduction in E. punctata occurs in summer. Gonad
maturation starts in early spring, but most individuals are
fertile between June and September (Palant and Fishelson
1968 for Israeli populations). Preliminary data suggest that
the recent increase in spring SST along the Italian coast-
line has triggered its remarkable range extension along the
peninsula in the last 15 years (Albano et al. 2010). There is
no evidence of the presence of E. punctata in the Mediter-
ranean Sea during the Pleistocene, but such rocky intertidal
species have a very limited fossilization potential. Nonethe-
less, the warming of the Mediterranean Sea following the
LGM clearly triggered the population expansion, probably
from glacial refugia in northwestern Africa where the tem-
perature drop during LGM was less extreme and where,
nowadays, greater haplotype diversity can be observed.
Indeed, the most characteristic signature of glacial refu-
gia is high genetic diversity and the presence of private
haplotypes/alleles, in contrast to recently colonized areas
that have lower diversity and/or only common haplotypes
(Avise 2000).

The signature of population expansion lies in the pres-
ence of a shared haplotype (H_1) in all the sampled popu-
lations in the Mediterranean and nearby Atlantic. The uni-
modal mismatch distribution obtained for the total sample,
together with non-significant SSD and r values, are also
indicative of a recent population expansion, with the typi-
cal L-shape suggesting a recent genetic bottleneck with the
subsequent rapid population expansion creating a “wave” in
the distribution that will shift to the right over time (Rogers
and Harpending 1992). Negative and significant values of
Tajima’s D and Fu’s F statistics, pointing to an excess of
low-frequency polymorphisms, also support the hypothesis
of population range expansion following a bottleneck (Slat-
kin and Hudson 1991). All these results fit well with the
star-like topology of the haplotype network, which is domi-
nated by a single, most common haplotype (H_1), presum-
ably the ancestral one, and 1-step peripheral ones (Slatkin
and Hudson 1991). This is a signature of a species that have
recently experienced recent colonization events (bottle-
necks and founder effects) (Rogers 1995; Avise 2000).

E. punctata as a descriptor of climate change
in the Mediterranean

The rocky intertidal ecosystem is likely to be one of the
most sensitive natural systems and shows some of the ear-
liest responses to climate change (Mieszkowska 2009).
While such communities have been subject to specific
research along the Atlantic European coasts, comparatively

less work has been conducted along the Mediterranean
shores, maybe also because of the modest extent of the
intertidal level in the basin. However, mid-latitude semi-
enclosed basins such as the Mediterranean Sea react
faster to global change, and knowledge on their response
is pivotal to determine the ecological and socio-economic
impacts of climate change (Sara et al. 2014).

The periwinkle E. punctata is a candidate as an early-
warning descriptor of Mediterranean Sea warming because
of its unambiguous taxonomy, accessible habitat and ease
of identification. A major northward range extension has
been recorded during the last few decades (Albano 2014),
demonstrating its potential to quickly track SST increase.
Moreover, we have, here, demonstrated that E. punctata
recolonized the Mediterranean Sea after the LGM and cur-
rently shows no significant population structure, evidence
of a geologically recent colonization event. Such evidence
of its distribution history in the recent geological past sup-
ports its role as climate change descriptor.
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