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Abstract :

Chemosynthetic ecosystems are scattered in the deep ocean, harbouring highly specialized communities,
among which the degree of connectivity and dispersal is scarcely studied. This gap is largely due to limited
range distribution, either real or due to highly partial exploration, preventing the availability of a sufficient
number of samples for population genetic analysis. For the few species that escaped this gap, large-scale
panmixia was often reported, raising wonders as to the evolutionary mechanisms involved in the first
steps of speciation. Vesicomyid bivalves are one of the most abundant groups of chemosynthetic fauna,
for which depth was proposed as an essential driver of differentiation. Early stages of speciation are thus
expected to involve genetic differentiation along depth gradients. The vesicomyid bivalve Christineconcha
regab was studied across widely separated localities along the Western African margin, from the cold-
seeps of Regab pockmarks located at 3150 m depth on the Congo margin to the turbiditic lobes of the
Congo deep-sea fan located at 5000 m depth, using mitochondrial (COIl) sequences and eight
microsatellite loci. Despite rather high density in relation to high organic matter availability, results
obtained showed rather low levels of genetic diversity at both mtDNA and microsatellites. The main
consistent pattern of differentiation was observed across depths from Regab pockmark (South-Western
part) and lobe areas (Lobe B and C). This is likely due to the largest sample sizes characterizing
Regab_SW and Lobe C allowing the detection of faint genetic differentiation, and possibly to a stronger
signature in the demographically declining (thus acknowledgedly under sampled) Lobe B. Other
significant results were not congruent among markers, suggesting low statistical power due to limited
sample size or the occurrence of chaotic genetic patchiness. Altogether, the results suggest the
occurrence of effective gene flow at regional scale, and departure from equilibrium in the recently
discovered lobes of the Congo River, possibly resulting from unstable environmental conditions and
recurrent events of extinction recolonization.
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1. Introduction

The deep sea represents about two thirds of Earth surface, and is characterized by a
diversity of habitats from the abyssal plains to seamounts, deep-sea coral reefs and
chemosynthetic ecosystems. The biodiversity sheltered in those habitats still mostly remains to
be characterized (Howell et al., 2021), and the dynamics of dispersal, migration and speciation
among ecosystems are still poorly studied (Taylor and Roterman, 2017). Among the major
chemosynthetic ecosystems, cold-seeps are known to host rich and abundant chemosynthetic
communities, where reduced chemicals are used as an energy source for chemoautotrophic
bacteria that function as primary producers (Paull et al., 1984; Sibuet and Olu-LeRoy, 2002).
Chemosynthetic communities are highly dependent on their environment, primarily because
distribution patterns of the dominant symbiont-bearing, habitat-creating taxa are linked to
methane and sulfide levels and fluxes, and substrata (Sahling et al., 2002; MacDonald et al.,
2003; Levin et al., 2003; Bergquist et al., 2005; Mau et al., 2006; Olu-Le Roy et al., 2007).
Since the discovery of deep-sea chemosynthetic habitats in the late 70s, one of the most
puzzling issues has been the influence of past and present connectivity in the three dimensions
of the Ocean on the nature of species assemblages and their geographic distribution (Corliss et
al., 1979). Cold seeps have been found to share fauna with other existing chemosynthetic
ecosystems, such as hydrothermal vents, whale- and wood-falls (Hecker, 1985; Smith et al.,
1989; Teixeira et al., 2013). Hypotheses have arisen as to the ecological and evolutionary role
and interplay of the different chemosynthetic habitats on the persistence of deep-sea
communities, among which a possible function is as a stepping-stone or refugia (Shank, 2004).
During the past decade along the West African Equatorial margin, a new deep-sea habitat was
discovered, harbouring typical chemosynthetic fauna, not fuelled by fluid emission as

hydrothermal vents and cold seeps, but rather based on reducing sediments created by organic
4
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matter accumulation (Rabouille et al., 2009) mainly from terrestrial origin (Treignier et al.,
2006). The Congo deep-sea fan represents an enormous sink of terrestrial organic matter when
compared to other turbiditic systems over the world (Baudin et al., 2017), due to the Congo
River, which is the second most voluminous river in the world (Milliman, 1991). This
submarine canyon, connected to the Congo River followed by a deep-sea channel, is the main
feature of the continental margin in the Gulf of Guinea (Babonneau et al., 2002). It cuts deeply
into the shelf and continental slope, feeding a 1250 km long meandering valley that ends at the
Lobes area, more than 750 km away from the coast at around 5000 m water depth (Bonnel,
2005).

These terminal lobes of the Congo deep-sea fan are -at geological scale- a unique area, in the
sense that they are fuelled, due to their direct connection to the Congo River, by recurrent
turbidites driven in the deep channel by high velocity currents (Khripounoff et al., 2003; Savoye
et al., 2009; Vangriesheim et al., 2009). The high sedimentation rate (> 1 cm/yr) of both labile
and refractory organic matter results in sediments with high carbon content (3%) and high
mineralization rates (high oxygen consumption; Rabouille et al., 2009). These reducing
environments thus allow the development of dense ecosystems composed of large bivalves and
bacterial mats, assemblages that are otherwise rarely observed out of regions of active cold
seeps (Rabouille et al., 2017). The Regab pockmark, on the other hand, is one of the cold-seep
areas found in the West African continental margin, and it is located 10 km north of the Congo
deep sea channel at about 3160 m water depth (Ondréas et al., 2005; Marcon et al., 2014a). It
harbours in general a high community resemblance with seeps of the western Atlantic
(Barbados prism, Gulf of Mexico, Blake Ridge), with abundant and diverse bivalves and
tubeworms (Sibuet and Vangriesheim, 2009; Olu et al., 2010). It is also characterized for some

crustaceans and bivalve species by patterns of contemporary or recent connectivity with
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hydrothermal vents and cold seeps across the Atlantic Equatorial Belt (Teixeira et al., 2013).
The observed megafauna communities are organized in clusters of large organisms belonging
to the bivalve families Vesicomyidae and Mytilidae (Olu-Le Roy et al., 2007).

The taxonomy, phylogeny and the origins of Vesicomyid bivalves were clarified in the last
decades (Decker 2012a; 2017; Johnson et al., 2017; Yang et al., 2019). One of the Vesicomyid
bivalves found both at the Lobes area and the Regab pockmark is Christineconcha regab (Cosel
and Olu 2009; Krylova and Cosel, 2011; Marcon et al., 2014b). This species is reported in few
sites of the Atlantic, at depths of about 2800 to 5000 m. In the Gulf of Guinea, C. regab lives
and is dominant on sites with high concentration of sulfides and strong seepage such as active
pockmarks with cold seeps (Krylova and Cosel, 2011).

To date, genetic studies of Atlantic chemosynthetic habitats have reported a general trend of
high genetic diversities and high connectivity at regional scale despite their patchy distribution
(Van Der Heijden et al., 2012; Teixeira et al., 2013; Guillon et al., 2017; Yahagi et al., 2019).
Seemingly, a population genetic study on the annelid tubeworm Escarpia southwardae from
West African cold seeps has reported a high genetic diversity and a lack of genetic
differentiation (Cowart et al., 2013).

Therefore, our aim was to study the genetic diversity and connectivity of C. regab among the
newly found chemosynthetic habitat at the Congo Lobes and the Regab cold seep, with a
particular focus on the potential effect of depth on the possible occurrence of genetic
differentiation, a possible early step of speciation. We used mitochondrial cytochrome c oxidase
subunit I (COI) and specifically developed species-specific microsatellites markers to address
the connectivity between the two habitats and assess the genetic diversity and demographic

history of these sites.
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2. Materials and Methods

2.1. Sampling and DNA extraction

Specimens of Christineconcha regab were collected from the West African Equatorial
margin (Figure 1, Table 1) during two oceanographic cruises WACS (Chief scientist K. Olu)
and Congolobe (Chief scientist C. Rabouille). Clams were collected with the ROV Victor,
mainly using nets. A few specimens embedded in sediment blade-cores in the vicinity of the
aggregations targeted with nets were also included. Once on board, live specimens were either
frozen entire at -20°C, or dissected under sterile conditions to condition distinct body parts
either at -20°C or in 70 % ethanol. DNA extraction was performed using the CTAB (Cetyl

Trimethyl Ammonium Bromide) method (Doyle and Doyle, 1990) on muscle tissue.

Vesicomyid clams were collected from two sites: the submarine lobes of the Congo River and
the Regab pockmark (Fig. 1). Within the lobes, four areas were sampled (A, B, C, F, see Figure
1). Individuals from a second cold seep site in the West African Equatorial margin, in vicinity
of the Regab, was sampled (Baboon), yet due to the low sample size (only 4 specimens were

recovered) only mitochondrial data were analyzed.

2.2. Microsatellite development and genotyping

To develop specific microsatellite markers for Christineconcha regab, total genomic
DNA of three individuals from the Regab pockmark, was isolated using the CTAB method
(Doyle and Doyle, 1990). A combination of an SSR-enrichment protocol with 454
pyrosequencing, was performed by a commercial company (Ecogenics GmbH, Zirich,
Switzerland) to isolate the microsatellite sequences. One CT/GT enriched library was

generated; the insert size of the libraries was 500-800 bp and the average read length from the
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454 sequencer was 192 bp. A total of 24,574 sequences were obtained, of these 841 exhibited
microsatellite repeats. A total of 209 primer pairs were designed using primer3 core
(Untergasser et al., 2012). A total of 48 primer pairs were provided by the commercial company,
after a first successful amplification test on three individuals. We tested all primers for
polymorphism using a panel of 7 individuals. An M13-tail (TGTAAAACGACGGCCAGT)
was added at the 5’ end of all forward primers to enable fluorescent-dye labelling (Schuelke,
2000). From those 48 primer pairs, repeatable and reliable amplification was obtained for 8
polymorphic markers (Table S1). Sequences are available in GenBank (accession no.
OP550437 through OP550441). Microsatellites and haplotypes genotypes data have been

registered and are available on the repository SEANOE (https://www.seanoe.org/) under the

doi: https://doi.orq/10.17882/94263.

2.3. Polymerase chain reaction, sequencing and genotyping

Mitochondrial COI was amplified using the universal primers LCO1490 and HCO2198
described by Folmer et al. (1994). All polymerase chain reaction (PCR) amplifications were
carried out in 50 pL volumes containing 50 ng DNA, 1X reaction buffer (GoTag, Promega),
0.2 mM of each dNTP, 2.5 mM MgClz, 0.4 U Tag DNA polymerase (GoTaq, Promega,
Madison, WI, USA) and 0.6 uM of each primer. The PCR amplification was conducted on a
Perkin-Elmer Gene Amp System 7200 (Waltham, MA, USA) with the following program:

2 min at 95 °C; 35 cycles composed of 1 min denaturation at 95 °C, 1 min at 52 °C and 1.5 min
elongation at 72 °C, followed by a final elongation step of 7 min at 72 °C. PCR products were
purified and sequenced commercially at Macrogen, Inc. (Seoul, Korea) and GATC Biotech
(Konstanz, Germany). GenBank accessions: Christineconcha regab COI haplotypes:

OP550437 through OP550441.
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Microsatellite loci were amplified by PCR, each 10 uL reaction contained 10 ng of genomic
DNA, 1x Qiagen HotStart Taq buffer, 200 uM of ANTP’s, 0.3 uM of each primer and 0.5 U of
HotStart Taq polymerase (Qiagen). PCR amplifications were conducted on a Perkin-Elmer
Gene Amp System 7200 with the following program: 15 min at 95°C; 30 cycles composed of
30 s at the annealing temperature, 30 s elongation at 72°C and 30 s of denaturation at 95°C,
followed by 1 min at the annealing temperature and a final 30 min elongation step at 72°C.
Fragments were separated on an ABI 3130 XL automatic sequencer with the internal size

standard Rox 350. Alleles were scored using Peak Scanner version 1.0 (Applied Biosystems).

2.4. Data analysis

The mitochondrial dataset was analysed using ARLEQUIN version 3.5 (Excoffier and
Lischer, 2010) to compute the following statistics at the sampling site level: number of
haplotypes (h), nucleotide diversities (72) (Nei, 1987), and mean number of pairwise differences
(m1) (Tajima, 1983). The statistics from Fu’s Fs (Fu, 1996) and Tajima’s D (Tajima, 1989) were
also computed, which are sensitive to departures both from selective neutrality and population
size equilibrium caused by expansions or bottlenecks (Tajima, 1996; Fu, 1997). In a neutral
framework, both are expected to result in negative values after a population expansion (Ray et
al., 2003) or a selective sweep, whereas positive values are expected under balancing selection
of recent bottlenecks.

The divergence levels among haplotypes were illustrated by building a median-joining
networks were constructed with Network v. 4.1.0.9 (Bandelt et al., 1999), using the number of
mutations as distance, to infer the most parsimonious branch connections between the sampled

haplotypes.
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For the microsatellite data, the mean number of alleles per locus (allelic diversity), the expected
(He) and observed (Ho) proportion of heterozygotes, and the inbreeding coefficient (Fis) were
estimated using GENETIX 4.05 (Belkhir et al., 1994-2004). Significance levels were estimated
using a permutation approach (1000 permutations). The rarefaction procedure implemented in
GENCLONE (Arnaud-Haond and Belkhir, 2007) was used to calculate standardized allelic
richness (Arich), Since the observed number of alleles in a sample is highly dependent on sample

size and our samples were of unequal sizes.

The F estimator of genetic structure 6 (Weir and Cockerham, 1984) was estimated for
mitochondrial and nuclear loci and the probability of the F-statistics being greater than zero

determined by permutation (1000 replicates) using GENETIX 4.05 (Belkhir et al., 1994-2004).

Finally, two AMOVA were performed (on mitochondrial and nuclear datasets separately), after
considering pairwise Fst values and significance. The specimens from seeps from Regab area
(Regab, and Baboon for mtDNA) were defined as a first group, and the ones from the Congo

lobes as a second group.

3. Results

3.1. Diversity

A total of 5 haplotypes (COI haplotypes) were recovered from the 176 individuals for
which a sequence was recovered. The most common haplotype was found as dominant across
all sampled sites and the second most common one was found in all but one site (Baboon, n=4),
and is 1 point mutation away from the most common haplotype. The most common haplotype

appears central to the haplotype network, the most divergent haplotypes are 3 points mutations
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away from the main one: one was specific to the Regab pockmarck. The two other haplotypes,

2 points mutations distant from the major one, were only found in the Lobe A.

Haplotype diversity (h) was low, ranging (except for Baboon where the same haplotype was
found for the only 4 specimens sampled) from 0.43 in Lobe B to 0.55 in Lobe A, and the
nucleotide diversity (m2) was also low, ranging from 0.0007 in Lobe B to 0.0016 in Regab_SW

(Table 2).

No significant departure from neutrality or demographic stability expectation was detected
using Fu and Li and Tajima’s D statistics, either at the location or at the groups (Regab versus

Lobes) levels.

Multilocus genotypes at the eight microsatellite loci analysed for a total of 177 individuals,
from the two sites in the West African Equatorial margin, revealed relatively high genetic
diversity. The mean number of alleles per locus varied from 5.6 (Lobe B) to 12 (Regab_SW),
increasing with sample size (Table 2). Standardized allelic richness across all loci (Aricn) ranged
from 43.85+0.07 (Lobe F) to 51.95+0.10 (Regab Centre). Unbiased heterozygosity (He) varied
between 0.78 (Regab_SW, Lobe F) and 0.83 (Lobe B) and the observed heterozygosity (Ho)
varied between 0.73 (Lobe F) and 0.85 (Lobe B). A significant departure from the Hardy-
Weinberg equilibrium (heterozygote deficiency) was found for the south-western part of Regab

pockmark (0.052).

3.2. Differentiation

The mtDNA and microsatellites datasets revealed significant genetic differentiation

between locations from the Regab cold seep and the Congo Lobes B and C, while Lobe A and
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B showed significant differentiation only for mtDNA. The differentiation between Regab sites
was milder with Lobe C (between 0.007 and 0.07 for microsatellites and mtDNA, respectively)

than Lobe B (between 0.02 and 0.38 for microsatellites and mtDNA, respectively) (Table 3).

The AMOVA per group showed a significant Fst of 0.12 (p<0.01) between Regab and Lobe
areas for mitochondrial DNA, while no grouping resulted in any significant AMOVA when

based on microsatellites data (Table S2).

4. Discussion

The phylogeny of vesicomyid bivalve species suggested the importance of depth in the
diversification process (Decker et al., 2012a; Johnson et al., 2017). The bivalve
Christineconcha regab was observed at rather high densities at widely separated localities, from
about 3000 to 5000 m depth, along the African continental margin. This species is dominant at
the most active part of the Regab pockmark (about 3000m depth), and in the more labile habitats
formed by the terminal lobe area of the Congo deep-sea fan (about 5000m depth) currently
receiving high organic matter inputs (Decker etal., 2017). Yet, despite this relative abundance,
results showed a limited genetic diversity (with only 5 mitochondrial haplotypes and limited
heterozygosity at microsatellites; Table 2) and connectivity (Table 3) at local scale, among
lobes and the distinct part of the giant pockmarck Regab. Nevertheless, hints of differentiation
could be observed along the depth range explored here, between Regab and the best sampled
fan of the Congo River (Lobe C) as well as the most demographically declining C. regab area

(Lobe B, Table 1).
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In the absence of temporal fluctuation or significant variance in reproductive success, high
population densities might reflect large effective population sizes. C. regab can settle in cold
seeps and the reduced sediments of the Gulf of Guinea where densities as high as 1400 ind.m-
2in the Lobes area, and from 500 to 1000 ind.m-2 in the Regab pockmark (Decker et al., 2012b;
Decker et al., 2017; Olu et al., 2017). These studies revealed that, in the canyon of the Congo
deep-sea fan, C. regab and A. southwardae co-occurred in mixed patches, but in various
densities and proportions. The authors showed that, at Lobe B, not currently located in the axis
of the Congo channel, a patch of about 91 ind.m-? with both species was found, where A.
southwardae dominated and C. regab is very scarce (about 11.83 ind.m-2, Table 1). In contrast,
at Lobes A, F and C located in the axis of the Congo channel, C. regab was always the dominant
species. At Lobe A, vesicomyids formed dense aggregates of about 566 ind.m-2 along the
southern slope of the canyon in the “Vesico Bay” area. At Lobe F, vesicomyids were found in
low density (about 26 ind.m-2) surrounding microbial mats on the top of a small hill. At Lobe

C, vesicomyids were found in a very dense bed (about 1166 ind.m-2), in a heart-shaped patch.

Here, despite the midterm instability expected in the dynamic sedimentary systems formed by
the fans of the Congo river, we observe a relationship between the density of local C.regab beds
(Table 1) and their genetic diversity as revealed by mtDNA and microsatellites (Table 2). In
fact, the oldest fan located slightly aside from the main channel (Lobe B), where smaller and
sparser vesicomyid beds were encountered, exhibits low levels of diversity at both markers. A
similar observation was made for microsatellites for the Lobe F, placed in the middle of the
channel and sharing a similarly low density and associated sampling. Nevertheless, no
significant results were obtained with bottleneck tests at any of the two markers type used. This
may reveal demographic events that are too recent to be detected with the statistical power

delivered by the data gathered, or global stability of the system at the metapopulation scale.
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At the scale of the Lobes area, only hints of mtDNA differentiation between Lobe A and B were
detected, suggesting either a stochastic effect due to low sample size for Lobe B, or slight
genetic differentiation possibly due to the decreasing demographic trends of the declining and
disconnected Lobe B, rather than a real lack of connectivity at local scale. Invertebrates such
as vesicomyids may be subject to chaotic genetic patchiness, i.e., small-scale mosaic of genetic
differentiation due to local drift and/or the patchy recruitment of larval pool genetically related
(Hedgecock, 1994; Broquet et al., 2013). Would such differentiation be real rather than a
statistical artefact due to low sample size, it would not be surprising to better detect such pattern
with markers exhibiting lower effective population size than nuclear ones, such as those based
on mitochondrial DNA. The Lobe B exhibits rather consistent values of Fst (Table 3) which
distinct level of significance may be due to limited statistical power to detect differentiation
with low sample size. In fact, it shows significant differentiation with the two sites having
average to high sample sizes (>20), and non-significant Fst yet similar indices of differentiation
with others. Except for the Lobe B, the overall lack of significant genetic differentiation across
Lobes of the presently active areas suggests the existence of a single panmictic population at
the scale of the Lobes area, with a genetic pool locally shaped by the constant geophysical

rearrangement of the channels and sedimentation paths.

Factors such as fecundity, timing of reproduction, type of larval development, mortality and
oceanic currents all play a role in effective dispersal (Scheltema, 1986). Panmictic populations
are generally expected for species with long-range dispersal capabilities and variability in the
larval duration. Yet studies about the reproductive biology of Vesicomyidae bivalves suggest a
possibly lecitotrophic development (Parra et al., 2009), usually assumed to characterize poor
dispersers (Shilling and Manahan, 1994). Data about the larval dispersal duration of C. regab

are not available, but high reserves in the eggs may represent an advantage by providing
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nourishment during long-distance dispersal across inhospitable habitats. Besides, contrarily to
other bivalve species exhibiting a fixed adult stage, vesicomyid clams have an adult mobile
lifestyle that enables them to maintain their population in the ever-changing landscape of
sulphide-rich sediment outcrops (Sen et al., 2017) and may contribute to dispersal. Both
dispersal capacity at larval stage and the ability of adults to move away from environmental
conditions when they become less suitable (as in Lobe B now out of the main channel axis),
may thus explain the lack of bottleneck and genetic panmixia observed at the scale of the Lobes

area despite an environment characterized by periodic changes and instability.

At regional scale, a consistent differentiation was found with both nuclear and mitochondrial
markers between the well-sampled site of SW-Regab, and both Lobes B and C, whereas the
Lobe A at the entrance of lobes areas exhibits non-significant but also much lower values of
Fst. The detection of significant levels of differentiation between vesicomyids bed of Regab
pockmark and those downstream lobes may be related to their activity, position in the channel,
and sampling density. In fact, despite similarly low sampling density at Lobes B and F, only
Lobe B stands with significant differentiation values, which suggests a stronger signal of
differentiation due to its remnant situation outside the present network of channels and its lower
population density. As for the Lobe C where most activity is detected, it is also the one with the
highest sampling density, thus increasing the power to detect significant differentiation even

with more moderate levels of restriction to gene flow.

Contrastingly, the lack of differentiation of the upper stream Lobe A suggests present or recent
connectivity with both lobes and pockmark areas. Currents likely decrease at the lobe entrance
(Vangriesheim et al., 2009), which may influence the demographic trends and connectivity, and
result in slightly distinct distributions of genetic polymorphism. In fact, at sites A and F, where

a clearly defined channel is present, clams were absent from within the channel and almost only
15
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detected in the lobes themselves. At site C, the channel is wider, and currents are slower, which,
combined with higher sedimentation rates, allows for the establishment of more sulfide-rich
habitats suitable for clam colonization. In fact, patches of black reduced sediment were much
more abundant at site C, despite their occupancy by vesicomyids was very low (only 9%
compared to 21% at site F and 91% at site A) (Sen et al., 2017). Furthermore, the lobe around
Site A is likely the oldest and the lobe around Site C the youngest (Babonneau et al., 2002;
Dennielou et al., 2017; Savoye et al., 2009), a situation that may contribute to explaining their

contrasted patterns of differentiation with upper pockmark populations.

Here, we show relative genetic homogeneity across a small spatial scale despite apparent
chaotic patchiness for some markers, with differentiation at the scale of hundreds of kilometers,
among sites also located at different depths. Population genetics studies in the deep-sea are still
scarce (Taylor and Roterman, 2017), yet some echoes our findings. Most report a lack of genetic
differentiation among populations of species inhabiting hydrothermal-vent or cold seeps, at
regional scale (Mussels: Thaler et al., 2017; Cowart et al., 2013; Cowart et al., 2014), and at
large scale (Mussels: DeLeo et al., 2022; Annelids: McMullin et al., 2010; Gastropods: Thaler
etal., 2011; Crustaceans: Teixeira etal., 2012). Nevertheless, some of those studies also show,
as the present one, the emergence of genetic differentiation at large spatial scale, such as the
case of the tubeworms of the genus Escarpia (Cowart e al., 2013), or hydrothermal vent shrimp
(Teixeira et al., 2013). Among the few cases of genetic differentiation, some were detected
using SNPs and mitochondrial markers (Crustaceans: Cheng et al., 2020). Moreover, the
analysis of SNPs in the Squat Lobster Shinkaia crosnieri revealed hundreds of genes under
potentially positive selection across depths, possibly suggesting local adaptation to distinct
environmental conditions (Xiao et al., 2020). The existence of differences in developmental

processes and depth-related and metabolic adaptations to chemosynthetic environments have
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been proposed, that provides clues into species-specific adaptations that enable survival and
potential speciation within such ecosystems (DeLeo et al., 2022). Similarly, the present study
reports indices of genetic differentiation across sites separated by several hundreds kilometers,
an effect confounded with that of depth. This study thus calls for future analysis including more
sites located at different depth, and providing genome scans, to further understand the role of
distance and/or depth on genetic differentiation as well as the relative incidence of drift-

migration versus selection on those processes.

Conclusion and perspectives

Several authors have argued in favour of a depth-segregation hypothesis of vesicomyid bivalve
species (Olu et al., 1996; Kojima and Ohta, 1997; Goffredi et al., 2003), mainly driven by
species-specific features of egg buoyancy, larval development and dispersal, but possibly also
due to other pressure-related physiological or biochemical adaptations of juveniles and adults
(Goffredi et al., 2003). In the Gulf of Guinea, C. regab was both found in pockmarks (3000 m
depth) and deep lobes area (5000 m depth), adding to previously reported examples of relatively
large depth range (Cosel and Olu, 2009). Although our results are generally in agreement with
medium (tens to hundreds km) distance dispersal among C. regab beds, we also find evidence
of some genetic differentiation at various spatial scales. The significant genetic differentiation
found between Regab cold seep and the B and C Lobes with the intermediate position of the
upper stream Lobe A might reflect isolation by depth mostly detectable in situations where
statistical power is higher (high signal and/or large sampling size, respectively). At local scale,
the irregular pattern of Fst across lobes areas suggests chaotic genetic patchiness, possibly due

to sedimentation triggering environmental instability and recurrent local extinctions-
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recolonization of the local demes. This would cause an instant drift in vesicomyid beds, and
may explain the heterogeneous hints of differentiation observed among lobes and among Regab
and lobes. Due to the remote and difficult access to the deep sea, low sample size unfortunately
characterizes many collections and limits the conclusion of subsequent studies. The increasing
access to genome sequencing and high-density genome scans will ultimately allow partly
compensating this limitation. Not only will genome scan may partly compensate for low sample
size (Pritchard et al., 2000) but also in cases such as the one of C. regab, it to better elucidate
the respective roles of drift and possible selective processes due to high environmental
instability and heterogeneity. Such studies would, however, require further exploration to better
understand the habitat distribution of C. regab. This species is known to be present mostly in
the sites included in this manuscript, despite some ancient record (1974) support its occurrence
in the Bay of Biscay (Krylova and Cosel, 2011) where sampling would allow moving further

in this direction.

18



387

388

389

390

391

392

393

394

395

396

Acknowledgements

The authors wish to thank Rui Candeias and Marvin Choquet for technical help; the Captains,
chief scientists (K. Olu, C. Rabouille, J. Sarrazin, Y. Fouquet, and C.R. Fisher) and crews of
the WACS and Congolobe cruises. S.T. was supported by FCT, Portuguese Science Foundation
(EXPL/MAR-PRO/0933/2013), C.D. was supported by a postdoctoral fellowship from the
national ANR project Congolobe, M.H is supported by a PAUSE-Ifremer fellowship for foreign
researchers. S.A-H. was supported by national ANR project Congolobe, the FP7 EU project
Hermione and the H2020 iAtlantic. The authors also thanks Babett Giinther for her help in

preparing haplotype networks.

19



397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

References

Arnaud-Haond, S., Belkhir, K., 2007. GENCLONE: a computer program to analyse genotypic
data, test for clonality and describe spatial clonal organization. Mol. Ecol.
Notes. 7, 15-17. doi: 10.1111/j.1471-8286.2006.01522 .

Babonneau, N., Savoye, B., Cremer, M., Klein, B., 2002. Morphology and architecture of the
present canyon and channel system of the Zaire deep-sea fan. Mar. Pet. Geol. 19, 445-
467. doi:10.1016/S0264-8172(02)00009-0.

Bandelt, H.J., Forster, P., Rohl, A., 1999. Median-joining networks for inferring intraspecific
phylogenies. Mol. Biol. Evol. 16, 37-48.
doi:10.1093/oxfordjournals.molbev.a026036.

Baudin, F., Stetten, E., Schnyder, J., Charlier, K., Martinez, P., Dennielou, B., Droz, L., 2017.
Origin and distribution of the organic matter in the distal lobe of the Congo deep-sea
fan — a rock-eval survey. Deep Sea Res. Part II: Trop. Stud. Oceanogr. 142, 75-90.
https://doi.org/10.1016/j.dsr2.2017.01.008.

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N., Bonhomme, F., 1996. GENETIX 4.05, logiciel
sous Windows TM pour la génétique des populations. Laboratoire Génome,
Populations, Interactions, CNRS UMR 5000, Université de Montpellier 1l, Montpellier
(France).

Bergquist, D.C., Fleckenstein, C., Knisel, J., Begley, B., MacDonald, I.R., Fisher, C.R., 2005.
Variations in seep mussel bed communities along physical and chemical environmental
gradients. Mar. Ecol. Prog. Ser. 293, 99-108. doi:10.3354/meps293099.

Bonnel, C., 2005. Mise en place des lobes distaux dans les systémes turbiditiques actuels:
Analyse comparée des systéemes du Zaire, Var et Rhdne (Thése de Doctorat). Université

de Bordeaux I, p. 275.
20



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

Broquet, T., Viard, F., Yearsley, J.M., 2013. Genetic drift and collective dispersal can result in
chaotic genetic patchiness. Evolution. 67, 1660-1675. doi:10.1111/j.1558-
5646.2012.01826.x.

Cheng, J., Hui, M., Li, Y., Sha, Z., 2020. Genomic evidence of population genetic
differentiation in deep-sea squat lobster Shinkaia crosnieri (crustacea: Decapoda:
Anomura) from Northwestern Pacific hydrothermal vent and cold seep. Deep Sea Res.
Part 1. 156, 103188. https://doi.org/10.1016/j.dsr.2019.103188.

Corliss, J.B., Dymond, J., Gordon, L.1., Edmond, J.M., Von Herzen, R.P., Ballard, R.D., Green,
K., Williams, D., Bainbridge, A., Crane, K., Van Andel, T.H., 1979. Submarine thermal
springs on the Galapagos Rift. Science. 203, 1073-1083. doi:
10.1126/science.203.4385.1073.

Cosel, R.V., Olu, K., 2009. Large Vesicomyidae (Mollusca: Bivalvia) from cold seeps in the
Gulf of Guinea off the coasts of Gabon, Congo and northern Angola. Deep Sea Res.
Part I Topical Studies in Oceanography. 56, 2350-2379.
doi:10.1016/j.dsr2.2009.04.016.

Cowart, D.A., Huang, C., Arnaud-Haond, S., Carney, S.L., Fisher, C.R., Schaeffer, S.W., 2013.
Restriction to large-scale gene flow vs. regional panmixia among cold seep Escarpia
spp. (Polychaeta, Siboglinidae). Mol. Ecol. 22 (16), 4147-4162. doi: 10.1111/
mec.12379.

Cowart, D.A., Halanych, K.M., Schaeffer, S.W., Fisher, C.R., 2014. Depth-dependent gene
flow in Gulf of Mexico cold seep Lamellibrachiatubeworms (Annelida,
Siboglinidae). Hydrobiologia. 736 (1), 139-154. https://doi.org/10.1007/s10750-014-

1900-y.

21


https://doi.org/10.1007/s10750-014-
https://doi.org/10.1007/s10750-014-

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

Decker, C., Olu, K., Cunha, R.L., Arnaud-Haond, S., 2012a. Phylogeny and Diversification
Patterns  among  Vesicomyid  Bivalves. PLoS ONE. 7, e33359.
https://doi.org/10.1371/journal.pone.0033359.

Decker, C., Caprais, J.C., Khripounoff, A., Olu, K., 2012b. First respiration estimates of cold
seep vesicomyid bivalves from in situ total oxygen uptake measurements. C. R. Biol.
335, 261-270. https://doi.org/10.1016/j.crvi.2012.03.002.

Decker, C., Zorn, N., Le Bruchec, J., Caprais, J.C., Potier, N., Leize-Wagner, E., Lallier, F.H.,
Olu, K., Andersen, A.C., 2017. Can the hemoglobin characteristics of vesicomyid clam
species influence their distribution in deep-sea sulfide-rich sediments? A case study in
the  Angola  Basin. Deep-Sea  Res. Part Il 142,  219-232.
https://doi.org/10.1016/j.dsr2.2016.11.0009.

DeLeo, D.M., Morrison, C.L., Sei, M., Salamone, V., Demopoulos, A.W.J., Quattrini, A.M.,
2022. Genetic diversity and connectivity of chemosynthetic cold seep mussels from the
U.S. Atlantic margin. BMC Ecol. Evo. 22, 76. https://doi.org/10.1186/s12862-022-
02027-4.

Dennielou, B., Droz, L., Jacq, C., Babonneau, N., Bonnel, C., Picot, M., Le Saout, M., Saout,
J., Bez, M., Savoye, B., Olu, K., Rabouille, C., 2017. Morphology, structure,
composition and build-up processes of the active Congo channel-mouth lobe complex
with inputs from remotely operated underwater vehicle (ROV) multibeam and video
surveys. Deep Sea Res. Part Il Top. Stud. Oceanogr. 142, 25-49.
http://dx.doi.org/10.1016/j.dsr2.2017.03.010.

Doyle, J.J., Doyle, J.L., 1990. Isolation of plant DNA from fresh tissue. Focus. 12, 13-15.

22


https://doi.org/10.1016/j.dsr2.2016.11.009
https://doi.org/10.1186/s12862-022-
https://doi.org/10.1186/s12862-022-

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

Excoffier, L., Lischer, H.E.L., 2010. Arlequin suite ver 3.5: A new series of programs to
perform population genetics analyses under Linux and Windows. Mol. Ecol. Resour.

10, 564-567. https://doi.org/10.1111/].1755-0998.2010.02847 .x.

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit | from diverse metazoan

invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294-299.

Fu, Y.X., 1996. New statistical tests of neutrality for DNA samples from a population. Genetics.
143, 557-570. doi: 10.1093/genetics/143.1.557.

Fu, Y.X., 1997. Statistical tests of neutrality of mutations against population growth,
hitchhiking and  background selection.  Genetics. 147, 915-925. doi:

10.1093/genetics/147.2.915.

Goffredi, S.K., Hurtado, L.A., Hallam, S., Vrijenhoek, R.C., 2003. Evolutionary relationships
of deep-sea vent and cold seep clams (Mollusca: Vesicomyidae) of the “‘pacifica/lepta’’

species complex. Mar. Biol. 142, 311-320. doi:10.1007/s00227-002-0941-3.

Guillon, E., Menot, L., Decker, C., Krylova, E., Olu, K., 2017. The vesicomyid bivalve habitat
at cold seeps supports heterogeneous and dynamic macrofaunal assemblages. Deep-Sea

Res. Part 1. 120, 1-13. doi:10.1016/j.dsr.2016.12.008.

Hecker, B., 1985. Fauna from a cold sulphur seep in the Gulf of Mexico: comparison with
hydrothermal vent communities and evolutionary implications. Bull. Biol. Soc. Wash.

6, 465 -473.

23



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Hedgecock, D., 1994. Does variance in reproductive success limit effective population size of
marine organisms? In: Beaumont A(ed). Genetics and evolution of aquatic organisms.

Chapman & Hall, London, pp 122-134.

Howell, K.L., Hilario, A., Allcock, A.L., Bailey, D., Baker, M., Clark, M.R., Colaco, A.,
Copley, J., Cordes, E.E., Danovaro, R., Dissanayake, A., Escobar, E., Esquete, P.,
Gallagher, A.J., Gates, A.R., Gaudron, S.M., German, C.R., Gjerde, K.M., Higgs, N.D.,
Le Bris, N., Levin, L.A., Manea, E., McClain, C., Menot, L., Mestre, N.C., Metaxas,
A., Milligan, R., Muthumbi, A.W.N., Narayanaswamy, B.E., Ramalho, S.P., Ramirez-
Llodra, E., Robson, L.M., Rogers, A.D., Sellanes, J., Sigwart, J.D., Sink, K., Snelgrove,
P.V.R., Stefanoudis, P.V., Sumida, P.Y., Taylor, M.L., Thurber, A.R., Vieira, R,
Watanabe, H.K., Woodall, L.C., Xavier, J.R., 2021. A decade to study deep-sea life.

Nat. Ecol. Evol. 5, 265-267. doi: 10.1038/s41559-020-01352-5.

Johnson, S.B., Krylova, E.M., Audzijonyte, A., Sahling, H., Vrijenhoek, R.C., 2017.
Phylogeny and origins of chemosynthetic vesicomyid clams. System. Biodivers. 15
(4), 346-360. doi: 10.1080/14772000.2016.1252438.

Khripounoff, A., Vangriesheim, A., Babonneau, N., Crassous, P., Savoye, B., Dennielou, B.,
2003. Direct observation of intense turbidity current activity in the Zaire submarine
valley at 4000 m water depth. Mar. Geol. 194, 151-158. doi:10.1016/S0025-
3227(02)00677-1.

Kojima, S., Ohta, S., 1997. Bathymetrical distribution of the species of the genus Calyptogena
in the Nankai Trough, Japan. Venus, Jap. J. Malacol. 56, 293-297.

Krylova, E., Cosel, R.V., 2011. A new genus of large Vesicomyidae (Mollusca, Bivalvia,

Vesicomyidae, Pliocardiinae) from the Congo margin, with the first record of the

24



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

subfamily Pliocardiinae in the Bay of Biscay (northeastern Atlantic). Zoosystema. 33,
83-99. d0i:10.5252/z2011n1a4.

Levin, L.A., Ziebis, W., Mendoza, G.F., Growney, V.A., Tryon, M.D., Mahn, C., Gieskes, J.M.,
Rathburn, A.E., 2003. Spatial heterogeneity of macrofauna at northern California
methane seeps: influence of sulfide concentration and fluid flow. M.E.P.S. 265, 123-
139. doi:10.3354/meps265123.

MacDonald, I.R., Sager, W.W., Peccini, M.B., 2003. Gas hydrate and chemosynthetic fauna in
mounded bathymetry at mid-slope hydrocarbon seeps: Northern Gulf of Mexico.

Mar. Geol. 198, 133-158. doi:10.1016/S0025-3227(03)00098-7.

Marcon, Y., Ondréas, H., Sahling, H., Bohrmann, G., Olu, K., 2014a. Fluid flow regimes and

growth of a giant pockmark. Geology. 42 (1), 63-66.https://doi.org/10.1130/G34801.1.

Marcon, Y., Sahling, H., Allais, A.-G., Bohrmann, G., Olu, K., 2014b. Distribution and
temporal variation of mega-fauna at the Regab pockmark (Northern Congo Fan), based
on a comparison of videomosaics and geographic information systems analyses. Mar.

Ecol. 35, 77-95. https://doi.org/10.1111/maec.12056.

Mau, S., Sahling, H., Rehder, G., Suess, E., Linke, P., Soeding, E., 2006. Estimates of methane
output from mud extrusions at the erosive convergent margin off Costa Rica. Mar. Geol.

225, 129- 144, https://doi.org/10.1016/j.margeo.2005.09.007.

McMullin, E.R., Nelson, K., Fisher, C.R., Schaeffer, S.W., 2010. Population structure of two
deep sea tubeworms, Lamellibrachia luymesi and Seepiophila jonesi, from the
hydrocarbon seeps of the Gulf of Mexico. Deep-Sea Res. Part I. 57, 1499-1509.

d0i:10.1016/j.dsr.2010.07.012.

25


https://doi.org/10.1016/j.margeo.2005.09.007

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

Milliman, J.D., 1991. Flux and fate of fluvial sediment and water in coastal seas, in: Mantoura,
R.F.C., Martin J-M. and Wollast, R., Eds., Ocean Margin Processes in Global Change.

John Wiley and Sons Ltd., Chichester, 69-89.

Nei, M., 1987. Molecular evolutionary genetics. Columbia University Press, New York.
https://doi.org/10.7312/nei-92038.

Olu, K., Sibuet, M., Harmegnies, F., Foucher, J.P., Fiala-Medioni, A., 1996. Spatial distribution
of diverse cold seep communities living on various diapiric structures of the southern
Barbados prism. Prog. Oceanogr. 38, 347-376. https://doi.org/10.1016/S0079-
6611(97)00006-2.

Olu-Le Roy, K., Cosel, R.V., Hourdez, S., Carney, S.L., Jollivet, D., 2007. Amphi-Atlantic
cold-seep Bathymodiolus species complexes across the equatorial belt. Deep-Sea
Res. I. 54, 1890-1911. doi:10.1016/j.dsr.2007.07.004.

Olu, K., Cordes, E.E., Fisher, C.R., Brooks, J.M., Sibuet, M., Desbruyeres, D., 2010.
Biogeography and Potential Exchanges Among the Atlantic Equatorial Belt Cold-Seep
Faunas. PLoS ONE. 5 (8), 1-11. €11967. doi:10.1371/journal.pone.0011967.

Olu, K., Decker, C., Pastor, L., Caprais, J.C., Khripounoff, A., Morineaux, M., Baziz, M.A.,
Menot, L., Rabouille, C., 2017. Cold-seep-like macrofaunal communities in organic-
and sulfide-rich sediments of the Congo deep-sea fan. Deep-Sea Res. Part Il. 142,
180-196. https://doi.org/10.1016/j.dsr2.2017.05.005.

Ondréas, H., Olu, K., Fouquet, Y., Charlou, J.L., Gay, A., Dennielou, B., Donval, J.P., Fifis,
A., Nadalig, T., Cochonat, P., Cauquil, E., Bourillet, J.F., Le Moigne, M., Sibuet, M.,
2005. ROV study of a giant pockmark on the Gabon continental margin. Geo-Mar. Lett.

25, 281-292. doi 10.1007/s00367-005-0213-6.

26


https://doi.org/10.1016/S0079-
https://doi.org/10.1016/S0079-

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

Parra, M., Sellanes, J., Dupré, E., Krylova, E.M., 2009. Reproductive characteristics of

Calyptogena gallardoi (Bivalvia: Vesicomyidae) from a methane seep area off
Concepcion, Chile. J. Mar. Biol. Assoc. U. K. 89, 161-1609.

https://doi.org/10.1017/S0025315408002397.

Paull, C.K., Hecker, B., Commeau, R., Freeman-Lynde, R.P., Neumann, C., Corso, W.P.,

Golubic, S., Hook, J.E., Sikes, E., Curray, J., 1984. Biological Communities at the

Florida Escarpment Resemble Hydrothermal Vent Taxa. Science. 226, 965-967. doi:

10.1126/science.226.4677.965.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population structure using

multilocus genotype data. Genetics. 155(2), 945-959. doi: 10.1093/genetics/155.2.945.

Rabouille, C., Caprais, J.C., Lansard, B., Crassous, P., Dedieu, K., Reyss, J.L., Khripounoff,

A., 2009. Organic matter budget in the Southeast Atlantic continental margin close to
the Congo Canyon: in situ measurements of sediment oxygen consumption. Deep-Sea
Res. Part 1lI- Topical Studies in Oceanography. 56 (23), 2223-2238.

https://doi.org/10.1016/j.dsr2.2009.04.005.

Rabouille, C., Olu, K., Baudin, F., Khripounoff, A., Dennielou, B., Arnaud-Haond, S.,

Babonneau, N., Bayle, C., Beckler, J., Bessette, S., Bombled, B., Bourgeois, S.,
Brandily, C., Caprais, J.C., Cathalot, C., Charlier, K., Corvaisier, R., Croguennec, C.,
Cruaud, P., Decker, C., Droz, L., Gayet, N., Godfroy, A., Hourdez, S., Le Bruchec, J.,
Le Saout, J., Lesaout, M., Lesongeur, F., Martinez, P., Mejanelle, L., Michalopoulos,
P., Mouchel, O., Noel, P., Pastor, L., Picot, M., Pignet, P., Pozzato, L., Pruski, A.M.,
Rabiller, M., Raimonet, M., Ragueneau, O., Reyss, J.L., Rodier, P., Ruesch, B., Ruffine,
L., Savignac, F., Senyarich, C., Schnyder, J., Sen, A., Stetten, E., Sun, M.Y., Taillefert,

M., Teixeira, S., Tisnerat-Laborde, N., Toffin, L., Tourolle, J., Toussaint, F., Vétion, G.,

27


http://www.sciencemag.org/search?author1=C.+K.+PAULL&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=B.+HECKER&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=R.+COMMEAU&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=R.+P.+FREEMAN-LYNDE&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=C.+NEUMANN&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=W.+P.+CORSO&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=S.+GOLUBIC&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=J.+E.+HOOK&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=E.+SIKES&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=J.+CURRAY&sortspec=date&submit=Submit

578

579

580

581

582

583

584

585

586

587

588

589

590

501

592

593

594

595

596

597

598

599

600

Jouanneau, J.M., Bez, M., 2017. The Congolobe project, a multidisciplinary study of
Congo deep-sea fan lobe complex: Overview of methods, strategies, observations and
sampling. Deep Sea Res. 1l. 142, 7-24. https://doi.org/10.1016/j.dsr2.2016.05.006.

Ray, N., Currat, M., Excoffier, L., 2003. Intra-deme molecular diversity in spatially expanding
populations. Mol. Biol. Evol. 20, 76-86. doi:10.1093/molbev/msg009.

Sahling, H., Rickert, D., Lee, RW., Linke, P., Suess, E., 2002. Macrofaunal community
structure and sulfide flux at gas hydrate deposits from the Cascadia convergent margin,
NE Pacific. Mar. Ecol. Prog. Ser. 231, 121-138. d0i:10.3354/meps231121.

Savoye, B., Babonneau, N., Dennielou, B., Bez, M., 2009. Geological overview of the Angola-
Congo margin, the Congo deep-sea fan and its submarine valleys. Deep-Sea Res. Part
Il — Top. Stud. Oceanogr. 56, 2169-2182. doi:10.1016/j.dsr2.2009.04.001.

Sen, A., Dennielou, B., Tourolle, J., Arnaubec, A., Rabouille, C., Olu, K., 2017. Fauna and
habitat types driven by turbidity currents in the lobe complex of the Congo deep-sea
fan. Deep-Sea Res. Part . 142, 167-179.
https://doi.org/10.1016/j.dsr2.2017.05.009.

Scheltema, R.S., 1986. Long-distance dispersal by planktonic larvae of shoal-water benthic
invertebrates among central pacific islands. Bull. Mar. Sci. 39 (2), 241-256.

Schuelke, M., 2000. An economic method for the fluorescent labeling of PCR fragments.
Nat. Biotechnol. 18, 233-234. https://doi.org/10.1038/72708.

Shank, T.M., 2004. The Evolutionary Puzzle of Seafloor Life. Oceanus Magazine. 42 (2), 1-8.

Shilling, F.M., Manahan, D.T., 1994. Energy metabolism and amino acid transport during early
development of Antarctic and temperate echinoderms. Biol. Bull. 187, 398-407. doi:

10.2307/1542296.

28



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

Sibuet, M., Olu-Le Roy, K., 2002. Cold seep communities on continental margins: Structure
and quantitative distribution relative to geological and fluid venting patterns. In: Wefer,
G., Hebbeln, D., Jorgensen, B.B., Van Weering, T. (Eds.), Ocean Margin Systems.
Springer, Berlin, pp. 235-251.

Sibuet, M., Vangriesheim, A., 2009. Deep-sea environment and biodiversity of the West
African  Equatorial ~ margin.  Deep-Sea  Res. Il. 56, 2156-2168.
doi:10.1016/j.dsr2.2009.04.015.

Smith, C.R., Kukert, H., Wheatcroft, R.A., Jumars, P.A., Deming, J.W., 1989. Vent fauna on
whale remains. Nature. 341, 27-28. https://doi.org/10.1038/341027a0.

Tajima, F., 1983. Evolutionary relationships of DNA sequences in finite populations. Genetics.
105, 437-460. doi: 10.1093/genetics/105.2.437.

Tajima, F., 1989. Statistical-method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics. 123, 585-595. doi: 10.1093/genetics/123.3.585.

Tajima, F., 1996. The amount of DNA polymorphism maintained in a finite population when
the neutral mutation rate varies among sites. Genetics. 143, 1457-1465. doi:
10.1093/genetics/143.3.1457.

Taylor, M.L., Roterman, C.N., 2017. Invertebrate population genetics across Earth’s largest
habitat: The deep-sea floor. Mol. Ecol. 26, 4872-4896.

https://doi.org/10.1111/mec.14237.

Teixeira, S., Serrdo, E.A., Arnaud-Haond, S., 2012. Panmixia in a Fragmented and Unstable
Environment: The Hydrothermal Shrimp Rimicaris exoculata Disperses Extensively
along the Mid-Atlantic Ridge. PLoS ONE. 7(6), e38521.

doi:10.1371/journal.pone.0038521.

29


https://doi.org/10.1111/mec.14237

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

Teixeira, S., Olu, K., Decker, C., Cunha, R.L., Fuchs, S., Hourdez, S., Serrao, E.A., Arnaud -
Haond, S. 2013. High connectivity across the fragmented chemosynthetic ecosystems
of the deep Atlantic Equatorial Belt: efficient dispersal mechanisms or questionable
endemism? Mol. Ecol. 22, 4663—-4680. https://doi.org/10.1111/mec.12419.

Thaler, A.D., Zelnio, K., Saleu, W., Schultz, T.F., Carlsson, J., Cunningham, C., Vrijenhoek,
R.C., Van Dover, C.L., 2011. The spatial scale of genetic subdivision in populations of
Ifremeria nautilei, a hydrothermal-vent gastropod from the southwest Pacific. BMC
Evol. Biol. 11, 372. https://doi.org/10.1186/1471-2148-11-372.

Thaler, A.D., Saleu, W., Carlsson, J., Schultz, T.F., Van Dover, C.L., 2017. Population structure
of Bathymodiolus manusensis, a deep-sea hydrothermal vent-dependent mussel from
Manus Basin, Papua New Guinea. PeerJ. 5:e3655. doi 10.7717/peerj.3655.

Treignier, C., Derenne, S., Saliot, A., 2006. Terrestrial and marine n-alcohol inputs and
degradation processes relating to a sudden turbidity current in the Zaire canyon. Org.

Geochem. 37, 1170-1184. https://doi.org/10.1016/j.orggeochem.2006.03.010.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen, S.G.,
2012. Primer3—new capabilities and interfaces. Nucleic Acids Res. 40 (15), 1-12.

e115. doi:10.1093/nar/gks596.

Van der Heijden, K., Petersen, J.M., Dubilier, N., Borowski, C., 2012. Genetic Connectivity
between North and South Mid- Atlantic Ridge Chemosynthetic Bivalves and Their
Symbionts. PLoS ONE. 7, e39994. https://doi.org/10.1371/journal.pone.0039994.

Vangriesheim, A., Pierre, C., Aminot, A., Metzl, N., Baurand, F., Caprais, J.-C., 2009. The
influence of Congo River discharges in the surface and deep layers of the Gulf of
Guinea. Deep-Sea Res. I. 56 (23), 2183-2196.

https://doi.org/10.1016/j.dsr2.2009.04.002.
30


https://doi.org/10.1111/mec.12419

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

Weir, B.S., Cockerham, C.C., 1984. Estimating F-statistics for the analysis of population
structure. Evolution. 38, 1358-1370. https://doi.org/10.2307/2408641.

Xiao, Y., Xu, T., Sun, J., Wang, Y., Wong, W.C., Kwan, Y.H., Chen, C., Qiu, J.W., Qian, P.Y.,
2020. Population Genetic Structure and Gene Expression Plasticity of the Deep-Sea
Vent and Seep Squat Lobster Shinkaia crosnieri. Front. Mar. Sci. 7, 587686. doi:
10.3389/fmars.2020.587686.

Yahagi, T., Fukumori, H., Warén, A., Kano, Y., 2019. Population connectivity of hydrothermal-
vent limpets along the northern Mid-Atlantic Ridge (Gastropoda: Neritimorpha:
Phenacolepadidae). J. Mar. Biol. Assoc. U. K. 99,  179-185.
doi:10.1017/S0025315417001898.

Yang, M., Gong, L., Sui, J., Li, X., 2019. The complete mitochondrial genome of Calyptogena
marissinica (Heterodonta: Veneroida: Vesicomyidae): Insight into the deep-sea adaptive
evolution of wvesicomyids. PLoS ONE. 14 (9), 1-21. e0217952.

https://doi.org/10.1371/journal.pone.0217952.

Author contributions

K.O. and S.A.H. designed the study. K.O., C.D., O.M. and S. A. collected the field data. S.T
and S.F. produced the genetic data. S.T, S.A.H. and M.H. analysed the data. S.A.H. contributed
with reagents/ materials/ analysis tools. M.H., S.T., K.O. and S.A.H. interpreted the data and

wrote the article. All authors critically revised the manuscript.

Data Accessibility

DNA sequences: GenBank accessions: Christineconcha regab COI haplotypes: OP550437

through OP550441.

31


https://doi.org/10.2307/2408641
https://doi.org/10.1371/journal.pone.0217952

672

673

Microsatellites and haplotypes genotypes data are available on the repository SEANOE

(https://www.seanoe.org/) under the doi: https://doi.org/10.17882/94263.

32


https://www.seanoe.org/
https://doi.org/10.17882/94263

1 Tables

2 Table 1: Geographic regions, GPS coordinates and depth of sample recollection, and main features of congolobes (according to Rabouille et

3 al, 2017), together with mean density of C. regab and average size in each of the sampling location (Decker et al., 2017).

Cruise Year Area Site Latitude Longitude Depth  Main features Density Proportion  Density ~ Average size (SE)
(all vesico  C. regab (ind.m2)
with sd)
South R \ R . Edge of a stable 681 (296 91 647 90.2 (2.2
WACS 2011 Regab West 5752813'S  9737.942'E 3150 pogkmark #% &2
Centre  5°52813'S 9°37.942°E 3150 Center of the stable 1056 (218) 98.5 1056 84.3(10.2)
pockmark
Baboon 4°57.000'S 9°56.460'E 3100 Pockmark cluster
CONGOLOBE 2012 Congo lobes Lobe A 6°27.000'S 6°2.000'E 4770 Entrance of the channel 566 (261) 92 520.72 73.2 (8.9)
Lobe B 6°25.000'S  6°49.000'E 4880 Away from active area 91 (30) 13 11.83 70.5 (4.8)
Main deposition zone, 1166 (361) 98 1142.68 60.2 (11.5)
LobeC 6°41.000'S 5°28.000'E 4950 high sedimentation rate
Lobe F 6°35.000'S 5°41.000'E 4820 In the channel 26 (15) 61 15.86 64.8 (5.6)
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11

12

13

14

Table 2. Genetic diversity indices of C. regab sampled in the West African Equatorial margin, estimated for each sampled site from
mitochondrial COI and 8 microsatellites for sample size n; parameters obtained for mtDNA are detailed as follows: (k) number of
polymorphic sites; (Nh) number of haplotypes; (h) haplotype diversity (+SD); (w1) mean number of pairwise differences; (m2) nucleotide
diversity. Neutrality and population expansion tests: D= Tajima’s D-test; Fs= Fu’s Fs test. For microsatellites data, mean number of alleles
across loci (A), Arich standardized allelic richness for 7 individuals across 8 loci (xSE), observed (Ho) and expected (He) heterozygosities and

*k*k

heterozygote deficiency (Fis) are detailed. Asterisk indicate significant values (" p<0.001) after g-value correction.

Site Depth
(m)  DNA microsats
n k Nh h T T D Fs n A Axrich He Ho Fis

Regab Area

Baboon 3000 4 0 1 0 0 0 - - - - - - - -
Regab_SW 3150 66 4 3 0.44+0.07 0.91 0.0016 018 205 60 12 48.67+0.11 0.78 0.74  0.052*
Regab Centre 3150 11 4 3 0.4740.16 0.87 0.0015 -1.32 032 11 812 51.95+0.10 0.79 0.76 0.038
Congolobes

Lobe A 4770 20 3 4 0.55+0.11 0.77 0.0013 -0.24 -061 24 10 47.5240.12 0.80 0.79 0.006
Lobe B 4820 8 1 2 0.43+£0.17 0.43 0.0007 0.33 0.54 7 5.6  45+0.07 0.83 0.85 0.000
Lobe C 4950 59 1 2 0.48+0.03 0.48 0.0008 161 196 66 115 47.52+0.10 0.80 0.80 0.000
Lobe F 4880 8 1 2 0.54+0.12 0.54 0.0009 1.17 0.87 9 6.25 43.85+0.07 0.78 0.73 0.070




Table 3. Pairwise Fst estimator of genetic structure 6 computed from GENETIX on the basis
of haplotypes and allele frequencies (upper for microsatellite loci, lower for mtDNA data).

Significant levels are indicated (* p<0.05; ““p<0.01).

Regab  Regab Lobe A Lobe B Lobe C Lobe F

SW Centre
Regab SW 0.006 0.002 0.020* 0.007** 0.010
Regab Centre | 0.000 0.005 0.025 0.013~* 0.000
Lobe A 0.006 0.000 0.009 0.000 0.002
Lobe B 0.380** 0.336 0.270* 0.016 0.004
Lobe C 0.071** 0.071 0.016 0.167 0.011
Lobe F 0.013 0.014 0.000 0.143 0.000




Figure 1. Location of the western African sites illustrating a) the position of chemosynthetic

ecosystem associated to pockmarks and massive organic falls in the lobes (modified from

Decker, 2017) and b) the region of Congo deep-sea fans, with limits of the lobes indicated by

dashed lines, and numbers from the oldest (1) to the youngest (5), modified from Rabouille et

al. (2017).
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Figure 2. Haplotype networks of the mtDNA haplotypes (580 bp) obtained for Christineconcha
regab bivalves. Each circle represents a different haplotype, with the size of each circle
proportional to the number of individuals displaying that particular haplotype. The colours used
represent the locations where the haplotypes were found and within pie charts, the segment size
is proportional to the relative frequency of a haplotype in each population where it is present.

Mutation steps are represented only when higher than 1.
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