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Abstract

Aim: Maintaining genetic connectivity is crucial for species that inhabit the disjunct
and unstable deep-sea hydrothermal vents. We aimed to re-assess the connectivity
of the annelid genus Hesiolyra distributed at hydrothermal vents along the East Pacific
Rise (EPR). A previous study detected a major clade among five Hesiolyra populations
spanning from 13°N to 21°S and a minor sympatric southern clade with ~1% diver-
gence from the major clade. However, this study was based on a short locus of 366-bp
COlI gene, which might not contain sufficient informative sites.

Location: East Pacific Rise.

Methods: We sequenced 188 specimens of Hesiolyra from five hydrothermal vent
fields along the East Pacific Rise for six mitochondrial and two nuclear loci to infer
their genetic divergence, population diversity and gene flow.

Results: We found a minor southern clade (Hesiolyra aff. bergi) which was genetically
distinct from Hesiolyra bergi sensu stricto for all gene markers explored except 16S.
We also found shared genotypes between H. bergi and H. aff. bergi likely resulted from
incomplete lineage sorting. For H. bergi s.s., we found a low but fixed divergence be-
tween the north and south EPR populations. We estimated the northern and southern
metapopulations of H. bergi s.s. split ~0.45Mya (HPD: 0.27-0.74 Mya). The northern
metapopulation had a higher haplotype diversity than the southern metapopulation,
indicating historical gene flow and loss of genetic diversity in the southern clade.
Main conclusions: We confirmed that the equatorial dispersal filter observed previ-
ously on several other vent species also applies to H. bergi. Our results highlight the
power of the multi-locus approach in revealing the divergence and population genetic
history of marine species with strong dispersal capabilities, indicating that the NEPR
and the SEPR should be considered as separate biogeographic regions in environmen-

tal management and biological conservation.
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1 | INTRODUCTION

Deep-sea hydrothermal vents are distributed along mid-ocean
ridges and back-arc spreading centres and provide habitats that
support high biomass of epibenthos that are distinct from the sur-
rounding seabed (Van Dover et al., 2002). Animals that inhabit these
reducing ecosystems such as giant siboglinid tubeworms, bathy-
modioline mussels and vesicomyid clams often harbour symbiotic
chemosynthetic bacteria that depend on simple organic chemicals,
such as methane and hydrogen sulphide, as their energy source
(Tunnicliffe, 1991). Because hydrothermal vent habitats are discrete
and ephemeral that can be easily destroyed by volcanic eruption and
tectonic events (Jollivet et al., 1999; Shank et al., 1998; Tunnicliffe
et al., 1997), vent species have adapted to these environmental dis-
turbances with characteristics such as rapid growth rates and well-
developed dispersal capabilities. Hydrothermal effluent produces
large quantities of mineral deposits known as seafloor massive sul-
phides (SMS), which contain metals like nickel, gold, cobalt and man-
ganese, and rare earth elements, that can be used to manufacture
various products such as rechargeable batteries (Miller et al., 2018).
The increasing demand for these metals leads to interests in com-
mercial mining of the deep-sea SMS, which poses immediate threats
to the vent species (Levin et al., 2020; Van Dover et al., 2018). Thus,
there has been substantial interests in understanding the origin,
connectivity and divergence of animals living in these deep-sea en-
vironments (reviews by Levin et al., 2016; Vrijenhoek, 2010) as such
knowledge is required for the understanding of their biogeography
and development of conservation plans.

The East Pacific Rise (EPR) is among the few extensively explored
mid-ocean ridge systems. It is fast expanding in the northern EPR
(NEPR, 82-111mmyear™) and superfast expanding in the south-
ern EPR (SEPR, 136-151mmyear™) (Vrijenhoek, 2010). The ridge
axis of the EPR is quite linear with many vent fields distributed in
similar water depths (2000-2830m). Along-axis currents have been
thought to be important in the retention and dispersal of vent inver-
tebrate larvae, but topographical discontinuities along the EPR could
disrupt the along-axis dispersal. Such topographical discontinuities
can be found at the Galapagos Triple Junction - a transformed fault
near the Equator where there is a deep rift valley (i.e., Hess Deep)
with a strong east-flowing current (Reid, 1997), in some sections of
the southern EPR where the axis walls are low or absent, and around
the Easter and Juan Fernandez microplates where the ridge is highly
fractured (Jang et al., 2016; Johnson et al., 2013; Won et al., 2003).

Genetic studies have shown that life-history characteristics can
modulate the effects of ocean current and bottom topography on
population colonization and divergence along the EPR (Hurtado
et al., 2004; Plouviez et al., 2009; Vrijenhoek, 2010). For instance,
the brooding amphipod Ventiella sulfuris has low levels of gene flow
to the extent that the NEPR and Galapagos Rift (GAR) populations
represent distinct species, and this species is absent from the SEPR.
In contrast, the vent tubeworm Tevnia jerichonana, a species with

planktotrophic larvae, has intermediate gene flow along the ridge,

where the southern EPR (7-17°S) acts as a zone of introgression
between the northern EPR (9-13°N) and PAR (31-32°S) popula-
tions, but the sequence divergence among these metapopulations
is small and therefore considered intraspecific (Zhang et al., 2015).
On the other hand, the polynoid scaleworm Branchipolynoe symmyt-
ilida has high levels of gene flow among populations spanning from
9°N to 32°S latitude along the EPR (Hurtado et al., 2004; Plouviez
et al., 2009).

Hesiolyra bergi is a free-living polychaete species widely
distributed on vent chimneys along the EPR (Blake, 1985;
Vrijenhoek, 2010). In their comparative genetic study of EPR spe-
cies, Plouviez et al. (2009) analysed five populations of H. bergi
distributed between 13°N and 21°S latitude with a fragment of
the mitochondrial cytochrome ¢ subunit 1 (COI) gene and found an
uninterrupted gene flow across the sampled vent fields. Moreover,
they found a minor clade of three individuals from 17°S and 21°S
with a relatively larger sequence divergence (1%) in COl from the
major clade of 232 individuals. They considered this minor south-
ern clade to be either under-sampled or to represent a nearly ex-
tinct mitochondrial lineage (Plouviez et al., 2009). Nevertheless, the
COlI fragment used by Plouviez et al. (2009) is considerably shorter
(366bp) than the fragment of the gene used for barcoding, limiting
the number of informative polymorphic sites for inference of pop-
ulation genetic structure. Furthermore, studies based on a single
gene may suffer from selective sweeps masking signals of popula-
tion divergence (Galtier et al., 2000; Xu et al., 2021). Multi-locus data
are required to detect the presence of a selective sweep and dis-
tinguish it from other factors such as population bottleneck events
(e.g., Coykendall et al., 2011; Jang et al., 2016; Johnson et al., 2017
Plouviez et al., 2013; Zhang et al., 2015). We therefore re-examined
the population genetic structure of Hesiolyra along the EPR using
sequences of six mitochondrial and two nuclear genes, based on the
samples collected in 1999 and 2004 (Plouviez et al., 2009) and ad-
ditional samples collected in 2010 (Table S1). We aimed to answer
whether the Equator also acts as a barrier to gene flow in this spe-
cies, what are the potential causes of the genetic heterogeneity in
the SEPR, and whether the southern minor clade really represents

a distinct lineage.

2 | METHODS

2.1 | Sampling and DNA extraction

Specimens of Hesiolyra were collected from five hydrothermal vent
fields along the East Pacific Rise during Nautile submersible expedi-
tions on board the NO L'Atalante in 1999, 2004 and 2010 (Table S1).
They were individually preserved in 80% ethanol and stored at the
Station biologique de Roscoff, Université Pierre & Marie Curie,
Paris VI, France. We extracted genomic DNA using either the CTAB
method (Doyle & Dickson, 1987) or the PureLink™ Genomic DNA
Mini Kit (Invitrogen) according to the manufacturer's protocol.
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2.2 | PCR amplification and sequencing

We used two nuclear genes [Internal Transcribed Spacer 2 (ITS2)
and alpha-methylacyl-CoA racemase (COA)] and six mitochondrial
genes [16S ribosomal RNA (16S), ATP synthase membrane subu-
nit 6 (ATP6), cytochrome c oxidase subunit | (COI), cytochrome
b (CYTB) and NADH dehydrogenase subunits 4 (NAD4) and 5
(NAD5)]. We attempted to amplify more nuclear loci, includ-
ing globin X and phosphoglucomutase that were used to distin-
guish Alvinella pompejana populations (Jang et al., 2016; Plouviez
et al,, 2010), but it was unsuccessful. We amplified the frag-
ments of 16S and CYTB with primers used by Palumbi et al. (1991)
and Boore and Brown (2000), respectively. For the other six
genes, we designed specific primers for the genus Hesiolyra
using Primer3Plus (Untergasser et al., 2012; Table S2). We per-
formed polymerase chain reactions (PCR) with TaKaRa Tag DNA
Polymerase Kit (Takara Bio) using programs included in Table S2.
The PCR products were sequenced bidirectionally with the PCR
primers at BGI (Beijing Genomics Institute) on an ABI3730XL
sequencer. We visualized the sequencing results and assembled
them using CodonCode Aligner v9.0.1 (http://www.codoncode.
com/) based on the overlapping strands in the two directions. We
aligned the multiple sequences with ClustalW v1.81 (Thompson
et al.,, 1994) under the default settings (15 gap opening penalty
and 6.66 gap extension penalty) and edited the sequences by eye.
We resolved heterozygous positions for the COA fragment with
PHASE implemented in DNASP vé6 (Rozas et al., 2017).

2.3 | Genetic distance and phylogeny

We identified the three individuals with a greater divergence from
all other individuals reported by Plouviez et al. (2009) by searching
our COIl sequences against the GenBank nucleotide database. We
calculated pairwise distances between the minor clade of three indi-
viduals (referred to as H. aff. bergi hereafter) and the major clade of
H. bergi s.s. (referred to as Hesiolyra bergi hereafter) for each of the
eight loci using MEGA v11 (Tamura et al., 2021) based on the Kimura
2-Parameters (K2P) substitution model. As 16S and COI sequences
were available in the other two described species of Hesiolyra (H.
heteropoda and H. longgiensis, Wang et al., 2020, Table S3), we also
included them in the K2P distance calculation.

To determine the phylogenetic relationships among Hesiolyra
spp., we constructed phylogenetic trees using the maximum likeli-
hood (ML) and Bayesian Inference (Bl) methods. We determined the
best-fit model for ML and Bl analyses using IQ-TREE v1.4.4 (Nguyen
et al.,, 2015). We used four species of Gyptis as the outgroup due
to their close relationship with Hesiolyra (Rouse et al., 2018; Wang
et al., 2020). We then performed ML analysis using IQ-TREE with
1000 ultrafast bootstrap (UFBoot) replicates (Minh et al., 2013) and
Bl analysis using MrBayes v3.2.6 (Ronquist et al., 2012) on two sep-
arate runs of Markov chains for 50 million generations and discarded
the first 25% of trees as burn-in.

2.4 | Statistical tests for
polymorphism and divergence

We divided the specimens from the five vent fields into three groups
representing the northern EPR of H. bergi (NEPR: 13°N and 9°N),
southern EPR of H. bergi (SEPR: 17°S, 18°S and 21°S) and H. aff. bergi.
For each locus, we calculated the number of haplotypes (H), the number
of polymorphic sites (S), the haplotype diversity (Hd) and the nucleotide
diversity (z) for the NEPR and SEPR sites separately using DnaSP vé
(Rozas et al., 2017). To determine the genealogical relationships be-
tween haplotypes, we constructed a TCS haplotype network (Clement
et al., 2002) using PopART v1.7 (Leigh & Bryant, 2015) for each gene.

We examined the genetic differentiation among the three groups for
each gene by calculating the site-based fixation index (&) with 10,000
randomizations in Arlequin v3.5.2.2 (Excoffier & Lischer, 2010). We tested
the isolation-by-distance (IBD) by evaluating the amount of genetic dif-
ferentiation (&) between local populations (vent fields) and their geo-
graphic distances. We estimated the geographic distances among the five
vent fields using the Google Maps Distance Calculator (https:/www.daftl
ogic.com/projects-google-maps-distance-calculator.htm) and applied the
Mantel test with 10,000 permutations in ZT software package (Bonnet &
de Peer, 2002) to determine the relationship between the geographical
distances and pairwise ®st /(1 — ®st). We also performed a hierarchical
analysis of molecular variance (AMOVA) among and within the NEPR and
SEPR groups using PopART v1.7 (Leigh & Bryant, 2015) to detect the
distribution of genetic variations within and between populations.

To detect demographic and/or selective events, we calculated
the Tajima's D (Tajima, 1989) and Fu's Fs (Fu, 1997) separately for
each locus at each vent field using Arlequin v3.5.2.2 (Excoffier &
Lischer, 2010), with p-values generated using 1000 simulations.

2.5 | Genetic structure

We determined the genetic clusters based on a multi-locus genotype
approach including all loci for each individual using STRUCTURE
v2.3.4 (Pritchard et al., 2000). We used two datasets, with and with-
out H. aff. bergi, to perform the genetic structure analyses. We esti-
mated the most probable number of discrete clusters (K = 1-5) with
ten independent runs for each K value using an admixture model
with correlated allele frequencies among populations. We per-
formed each run with 1.2 x 10® Markov Chain Monte Carlo (MCMC)
iterations after a burn-in of the first 2 x 10° iterations. Then, we de-
termined the most probable value of K using Structure Harvester
Web v0.6.94 (Earl & VonHoldt, 2012) with the AK method (Evanno
et al.,, 2005). We visualized the results using STRUCTURE PLOT
(Ramasamy et al., 2014).

2.6 | Gene flow and demographic history

We calculated a D-statistic (ABBA/BABA test) to assess gene flow
between H. bergi and H. aff. bergi using Dsuite (Malingsky et al., 2020),
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after converting the alignments of each locus to the VCF format
using the MSA2VCF tool in JVarkit v20200206 (Lindenbaum, 2015).
We tested the introgression from H. aff. bergi (P3) into the NEPR (P1)
and SEPR (P2) groups of H. bergi using a guided species tree in the
form of “(([P1, P2],P3),0),” with H. longgiensis as the outgroup (O).
We assessed the statistical significance by calculating Z-scores and
p-values using block jackknife in Dsuite. A D-statistic that differs sig-
nificantly from zero (Z-score >3, and p <.05) indicates the presence
of gene flow.

To test the effects of the Equatorial barrier on the genetic struc-
ture of H. bergi s.s., we performed the Isolation with Migration (IM)
and Sweep_bott analyses to the NEPR and SEPR meta-populations
of H. bergi s.s. Because these analyses assume no recombination, we
used IMgc (Woerner et al., 2007) to remove potential recombinant
individuals and generate a non-recombining block (Table S2).

We conducted the IM analysis in IMa2p (Sethuraman &
Hey, 2016), which estimated a splitting time parameter (t), an ef-
fective population parameter (0) and migration parameters in each
direction (N,). We performed preliminary runs using MCMC-mode
(M-model) with an inheritance scalar of 0.25 for mitochondrial
markers and 1 for nuclear markers as recommended in the IMa doc-
umentation (Hey, 2009), and the Hasegawa-Kishino-Yano mutation
model (HKY, Hasegawa et al., 1985). We assigned a mutation rate of
1.1x 107> per site per year for COI (548 bp) based on an evolutionary
rate of 0.2% per million years that was used for other vent annelids
(Chevaldonné et al., 2002). After assessing the results of preliminary
runs, we set the upper boundary values of the uniform prior dis-
tribution as: g (prior population size parameter) = 30, m (migration
rates) = 1 and t (divergence time) = 2, and forty geometric heating
chains (ha = 0.97, hb = 0.9) for the regular M model runs. We per-
formed seven regular M-model runs using random seeds for at least
10 million MCMC steps and discarded the first 1.0x10° steps as
burn-in. Then, we combined the results of the regular M-model runs
in a Load-genealogies mode (L-mode) run to estimate the log maxi-
mum likelihood and credibility intervals (95% highest posterior den-
sity, HPD) for migration parameters using likelihood ratio tests (LLR)
(Nielsen & Wakeley, 2001) and re-scaled parameters to time in years.
Due to the absence of a confirmed mutation rate in H. bergi, we es-
timated the geometric mean of mutation rates across the eight loci
using the scalar method (Hey & Nielsen, 2004) based on the muta-
tion rate of COIl and mutation rate scalar generated from the regular
M-model runs. The geometric mean of mutation rates, estimated as
1.82x 107¢ per site per year, was applied to the L-model run. Finally,
we visualized the model parameters generated from IMa2p using the
IMfig program (Hey, 2010).

We detected bottleneck and/or selective sweep events during
the demographic history of the H. bergi s.s. populations using the
program Sweep_bott (Galtier et al., 2000). Sweep_bott applies a
coalescence-based maximum likelihood approach to estimate the
time since the occurrence of a diversity-reduction event and its
strength by estimating the T and S parameters, and calculates the
maximum likelihood across these parameter values under three
distinct population models (the null constant size model M1, the

bottleneck model M2 and the sweep model M3). Any significant
departure from M1 will be considered as a diversity-reducing event
[either bottleneck (M2) or selective sweep (M3)]. To discriminate
between these two alternative scenarios of diversity reduction (M2
vs M3), we assumed that in M2 (bottleneck) all loci share the same
time since the occurrence of the diversity-reducing event (T) and the
same strength of diversity reduction (S), whereas in M3 (selective
sweep) these two parameters are locus-specific. Thus, we estimated
the T and S parameters and maximum likelihood under M3 model
locus by locus. We performed the analyses with a dataset of six loci
because the two loci 16S and ITS2 only displayed one unique segre-
gating site in the SEPR populations. We performed the coalescent
simulations with 100,000 burn-in iterations, 1000,000 second-step
iterations and 20 optimization processes with a theta range from 1
to 30 in each run. Then, we compared the three models (M2 vs M1,
M3 vs M1, M3 vs M2) with likelihood ratio tests (LRTs) to find the
most appropriate model.

3 | RESULTS

3.1 | New insightinto the rare southern EPR
lineage of Hesiolyra

Our analyses of the DNA sequences confirmed the result of Plouviez
et al. (2009) that three specimens collected from vent fields at 17°S
and 21°S of SEPR represent a lineage that differed substantially from
H. bergi, with an even higher divergence (2%) of K2P distance with
our longer 548-bp COIl sequences (Table 1). The distinct southern
lineage showed 1.11% to 4.18% K2P distance from H. bergi for CYTB,
NAD4, ATP6, COA and ITS2 (Table S4). The genetic distance of COI
between the EPR and Indian Ridges (IR) species ranged from 6.78%
(H. bergi vs H. longgiensis) to 9.62% (H. aff. bergi vs H. heteropoda) and
was lower than that between the two IR species (12.72%; Table 1).
We used a dataset of 548-bp COI sequences for the phyloge-
netic studies. IQ-TREE indicated that GTR + |+ G was the best model
for both ML and Bl analyses. To reduce the complexity of the tree,
we used only one sequence for each haplotype in H. bergi, all three
available sequences of H. aff. bergi, and all available sequences in
the other two species of Hesiolyra (Wang et al., 2020, Table S3). The
phylogenetic analyses using the ML and Bl methods generated the
same tree topology, which showed that the three specimens of H.

aff. bergi represented a well-supported monophyletic clade (UFBoot

TABLE 1 Meaninter- and intra-specific percentage K2P
genetic distances for species of Hesiolyra, calculated based on COI
sequences.

1 2 3 4
1. H. bergi s.s. 0.21
2. H. aff. bergi 2.07 0.87
3. H. longgiensis 6.78 7.14 0.22
4. H. heteropoda 9.24 9.63 12.72 1.65
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>85, posterior probability >0.95, Figure 1). This clade was most
closely related to a clade representing all specimens of H. bergi from
the EPR, and the H. aff. bergi+ H. bergi clade was sister to H. longgien-
sis (Figure 1). The clade representing H. heteropoda was sister to the
other Hesiolyra spp. in all analyses (Figures 1 and S1).

3.2 | Haplotype analyses revealed gene frequency
shifts across the equatorial gap

The NEPR group showed higher levels of both haplotype diver-
sity (Hd) and nucleotide diversity (z) than the SEPR group for all
loci, except for COA (Table 2). Except for the common haplotypes
of 16S, H. bergi did not share any haplotype with H. aff. bergi for
the other seven loci (Figure 2). One common haplotype distributed
throughout the sampling range was detected for both 16S and ITS2.
For ATP6, COI, CYTB, NAD4 and NADS5, we did not find any shared

vy v Disiuions ENVITREMES

haplotypes between the NEPR and SEPR populations of H. bergi.
However, the two metapopulations of H. bergi shared haplotypes
for the two nuclear loci, with six for COA and one for ITS2, respec-
tively (Figure 2).

The 16S network showed the simplest topology with two main
haplotypes that differed from each other by one substitution and are
shared by both H. bergi and H. aff. bergi, and three surrounding single-
ton haplotypes that differed by one or two substitutions from these
main haplotypes. For the other seven loci, H. aff. bergi was distinct
from H. bergi by at least three substitutions (Figure 3). For ATPé, COl,
CYTB, NAD4 and NADS5, the networks revealed a clear geographical
pattern within H. bergi. The NEPR and SEPR individuals of H. bergi
were completely separated for the five loci, with the northern in-
dividuals exhibiting more haplotypes, and the southern individuals,
in general, forming a star-like topology with one or two dominant
haplotypes surrounded by multiple singletons. By contrast, the net-
works of COA and ITS2 did not exhibit a clear geographical pattern in

Hb10 Hesiolyra bergi
Hb49
Hb3P NEEE
Hb13P
Hb1203
Hb1168
Hb1172 | SEPR
Hb1187
SIO-BIC A6314
L Hb18P
- Hb14P
— Hb17P
- Hb2P
| Hb1 NEPR
- Hb19P
- Hb180
»x|- Hb16P
Hb1212 Hesiolyra aff. bergi
- Hb1185 SEPR
Hb1215
|-R81035689 Hesiolyra longqiensis
1 RSI035673
RSI03523 Longqi, SWIR
RSI035691
= HW-2016
NSMT-Pol P-818 Hesiolyra heteropoda
NSMT-Pol P-819 | Edmond, CIR
NSMT-Pol P-821
s NSMT-Pol P-817 | Kairei, CIR
- RSI038268
RSI1038254
RsI038259 | Wocan, CR
RSI038261
Gyptis propinqua
*,*—| Gyptis hians
Gyptis brunnea
— Gyptis pacifica

0.03

FIGURE 1 Phylogenetic tree based on the haplotype of 548-bp COIl sequences. Tree topology is from the maximum likelihood (ML)
analysis using IQ-TREE. Ultra-bootstrap values of ML analyses and posterior probability (pp) values of Bayesian inference (BI) analyses are
shown at the branch node and separated by slash. Asterisks indicate bootstrap values >85 or pp values >0.95. CIR, Central Indian Ridge; CR,
Carlsberg Ridge; NEPR, northern East Pacific Ridge; SEPR, southern East Pacific Ridge; SWIR, Southwest Indian Ridge.
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TABLE 2 Genetic diversity of Hesiolyra bergi populations across the East Pacific Rise.

Locus location N S H Hd n Tajima's D Fu's Fs

16S NEPR 45 4 4 0.4636 0.0012 -0.9173 -0.6695
SEPR 22 1 2 0.0909 0.0002 -1.5147* -2.0784**
Total 67 5 5 0.3794 0.0010 -1.2160 -1.3740

ATP6 NEPR 37 88 17 0.9670 0.0106 -1.1777 -11.0658*
SEPR 42 10 8 0.6144 0.0017 -1.8956* -10.4990***
Total 79 50 25 0.8931 0.0102 -1.0244 -6.5141*

col NEPR 32 13 12 0.7057 0.0019 -2.2267*** -10.0412***
SEPR 32 3 4 0.1815 0.0003 -1.7366* 0.5808
Total 64 28 16 0.7499 0.0037 -1.9817* -4.7302

CYTB NEPR 37 22 16 0.9144 0.0065 -1.7050* -18.4503***
SEPR 18 4 4 0.8619 0.0032 -0.2709 -0.0919
Total 55 26 20 0.9468 0.0102 -0.9547 -9.2711

NAD4 NEPR 32 17 12 0.9113 0.0070 -0.6805 -9.6399***
SEPR 33 6 3 0.6250 0.0018 -1.45033 0.4945
Total 65 33 15 0.8933 0.0088 -1.0654 -4.5727

NAD5 NEPR 36 17 15 0.8895 0.0043 -1.5728 -8.4074***
SEPR 32 4 4 0.2946 0.0007 -1.5940 -1.8481
Total 68 22 19 0.8125 0.0042 -1.5834 -5.1278

COA NEPR 30 10 17 0.9356 0.0076 0.3576 -10.3951***
SEPR 30 15 22 0.9908 0.0088 -0.4684 -26.1505***
Total 60 19 35 0.9770 0.0105 -0.0369 -11.9475***

ITS2 NEPR 29 12 9 0.5584 0.0039 -0.4706 -0.1181
SEPR 37 0 1 0.0541 0.0002 -1.1241 -1.4501
Total 66 12 9 0.5720 0.0042 -1.3884 -1.7043

Abbreviations: H, number of haplotypes; Hd, haplotype diversity; N, number of sequences; S, number of segregating sites; z, nucleotide diversity.

*p<.05; **p<.01; ***p<.001.

H. bergi, with one dominant haplotype of mixed geographical origin
surrounded by one or two less frequent haplotypes and singletons
(Figure 3).

3.3 | Population differentiation
Locus-by-locus hierarchical AMOVA analyses revealed that most of
the genetic variation was partitioned between the NEPR and SEPR
groups (ranging from 61.7% to 78.5%, p<.05, Table 3) rather than
among the individuals of each vent field (from 22.1% to 40.1%,
p<.05) for COI, CYTB, NAD4 and NAD5. By contrast, most of the ge-
netic variance in 16S, ATP6, COA and ITS2 could be explained by dif-
ferences among individuals within each vent field (71.4% to 87.3%,
p <.05), compared to the small but still significant differentiation (at
least for three of them) between the two groups (18.7% to 33.1%).
The correlation between genetic and geographic distances was
statistically significant for the whole dataset (r= 0.988, p = .008,
Figure S2), which did not reject the Isolation-by-distance (IBD)
model in H. bergi across the EPR.

3.4 | Geographical structure and admixture

The STRUCTURE analysis based on the multi-locus dataset of H.
bergi s.s. identified two most possible clusters divided across the
equator (Figure 4a). There was genotype admixture between the
NEPR and SEPR clusters in two individuals from the 13°N vent field,
one individual from 17°S, one individual from 18°S and two individu-
als from 21°S (Figure 4a), while the STRUCTURE analysis with H. aff.
bergi added identified three most possible clusters, represented by
the NEPR and SEPR populations of H. bergi and H. aff. bergi, respec-
tively (Figure 4b). Moreover, the analysis detected genotype admix-
ture between the NEPR population of H. bergi and H. aff. bergi in
one individual from 13°N, and genotype admixture among the three
clusters in two individuals from 13°N, one individual from 17°S and
two individuals from 21°S, respectively (Figure 4b).

The ABBA/BABA test did not provide statistical support for the
introgression between H. bergi and H. aff. bergi (D = 0.18, p> .05, Z-
score <3, Figure S3), indicating that incomplete lineage sorting might
be a better explanation of the results, or that our nuclear genes were

not sensitive enough to detect introgression.
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3.5 | Historical divergence and gene flow

We estimated the effective population size, population split-
ting time and migration rate parameters in forward time with a
two-population IM model (Figure 5 and Table S5). The estimated
population size of the NEPR group was approximately nine
Ogepr = 1.95,

OancesTor = 2-05), which indicated historical population expan-

times larger than the ancestral one (0r = 18.35,

sion in the NEPR. The marginal posterior probability t, was 0.536,
which was converted into a divergence time of 0.45 Mya (95%
HPD: 0.27-0.74 Mya). An N, value >1 indicates sufficient gene
flow to maintain continuity among populations (Yang et al., 2022).
The multi-locus estimates of migration revealed a weak and rather
equal bidirectional gene flow between the NEPR and SEPR meta-
populations: 2N, = 0.484 from NEPR to SEPR, and 2N = 0.475
from SEPR to NEPR (Figure 5).

3.6 | Demographic dynamics
Significant negative values of Tajima's D and Fu's Fs indicate a re-
cent population expansion or a selective sweep at the locus. Tajima's
D values were negative except for COA in the SEPR group, but the
values were statistically significant only for COI (Table 2). All Fu's Fs
values were negative, with statistically significant differences from
zero for ATP6 and COl in both the NEPR and SEPR groups, and for
CYTB and NAD5 in the NEPR group.

Results of the Sweep_bott analyses are summarized in Table 4.
For both NEPR and SEPR groups, the bottleneck model (M2) showed
a significantly better fit than the constant-size model (M1) (M2/

M1 LRTs 12.56 and 8.34, respectively, p<.05). However, LTRs for
selective-sweep model (M3) fit the dataset significantly better than
the other two models in the NEPR group (LRTs M3/M1 = 51.72, M3/
M2 = 39.16, p <.05), suggesting that the sweep model was appropri-
ate for the NEPR group, whereas the bottleneck model was appro-
priate for the SEPR group. In addition, under the bottleneck model,
the NEPR group had a higher T value than the SEPR group (T = 1.51
in NEPR vs T = 1.19 in SEPR), indicating an older bottleneck event in
the NEPR group.

4 | DISCUSSION
4.1 | Presence of asouthern EPR lineage in
Hesiolyra

In this study, we used multi-locus data to unveil the genetic structure
of Hesiolyra along the EPR from 13°N and 21°S. We found that three
individuals from 17°S and 21°S were ~2% divergent from other indi-
viduals in the mitochondrial COI gene. The three individuals, in this
study referred to as H. aff. bergi, were also substantially different
from Hesiolyra bergi s.s. in other mitochondrial (CYTB, NAD4, NAD5,
ATP6) and nuclear (COA and ITS2) markers. In a large-scale study that
involved amplification of the COI fragment from 1876 polychaete
specimens representing 333 provisional species, Carr et al. (2011)
found that the average intraspecific K2P distance was 0.38%, and
in most species (85%) this distance was <1%. Plouviez et al. (2009)
suggested that the three divergent individuals represented either
an under-sampled clade or a nearly extinct mitochondrial lineage.
While we cannot rule out the first possibility, it appears that, since
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the divergence affected multiple mitochondrial and nuclear genes,
and Hesiolyra specimens have been collected from vent fields as far
as 32°S (Robert Vrijenhoek, personal communication), these indi-
viduals may represent a distinct lineage that is more common in the
northeast Pacific Antarctic Ridge (PAR). While this hypothesis can
be tested when samples from PAR become available for investiga-
tion in the future, it is consistent with the suggestion that the forma-
tion of the Easter Microplate (2.5-5.3 Mya) was responsible for the
divergence of vent species, such as crabs Bythyograea laubieri and B.
vrijenhoeki (Guinot & Hurtado, 2003), mussels Bathymodiolus ther-
mophilus and B. antarcticus (Johnson et al., 2013), and partial isola-
tion of polychaete Riftia pachyptila (Coykendall et al., 2011; Hurtado

et al., 2004), Alvinella pompejana (Jang et al., 2016) and Tevnia jeri-
chonana (Hurtado et al., 2004; Zhang et al., 2015). The presence of
the three divergent Hesiolyra individuals in the SEPR also supports
the idea that the Easter Microplate, which links the PAR and SEPR,
allows secondary contact between the two previously isolated spe-
cies around this region (Johnson et al., 2013; Plouviez et al., 2013;
Zhang et al., 2015).

The pattern of admixture between H. bergi and H. aff. bergi was
likely due to the incomplete lineage sorting. Incomplete lineage sort-
ing has been considered to be associated with recently separated
populations (Degnan & Rosenberg, 2009), and accounts for the
genotype distribution pattern of Bathymodiolus septemdierum - a
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TABLE 3 Analysis of molecular variance (AMOVA) for populations of Hesiolyra bergi from five vent fields assigned to NEPR and SEPR
groups, respectively, based on six mitochondrial gene fragments and two nuclear gene fragments.

Gene df

Mitochondrial genes

165

Between groups 1

Among populations within groups 3

Within populations 62
ATP6

Between groups 1

Among populations within groups 3

Within populations 77
col

Between groups 1

Among populations within groups 3

Within populations 59
CYTB

Between groups 1

Among populations within groups 3

Within populations 54
NAD4

Between groups 1

Among populations within groups 3

Within populations 53
NAD5

Between groups 1

Among populations within groups 3

Within populations 60

Nuclear genes

COA
Between groups 1
Among populations within groups 3
Within populations 41
ITS2
Between groups 1
Among populations within groups 3
Within populations 54

SS vC %
1.938 0.065 19.057
0.117 -0.022 -6.332
18.482 0.298 87.276***
109.409 3.139 33.165"**
2.559 -0.435 -4.591
439.403 6.760 71.427***
34.312 1.059 68.300***
1.363 -0.004 -0.233
29.200 0.495 31.934***
261.671 11.132 78.528***
6.848 -0.092 -0.650
169.345 3.136 22.123***
206.453 7.130 70.7133***
1.086 -0.260 -2.577
170.271 3.213 31.864***
96.613 2.957 61.723***
2.546 -0.087 -1.8144
115.241 1.921 40.092***
7.986 0.268 26.176***
4.325 0.116 11.287
26.255 0.640 62.537
2.963 0.090 18.693*
1.397 0.007 1.3856
20.894 0.387 79.922***

Abbreviations: df, degrees of freedom; SS, sum of squares; VC, variance components; %, percentage of variation.

*p<.05; **p<.01; ***p<.001.

complex of deep-sea mussels widely distributed in Indo-Pacific vent
fields (Breusing et al., 2015).

4.2 | The 9°N-17°S barrier to gene flow

Previous studies have identified several transform faults that off-
set the ridge axis between 9°N-17°S along the EPR. These faults
initiated 1-2 Mya (Francheteau et al., 1990; Kureth & Rea, 1981),

later than the formation of the Easter Microplate. In particular,
the Hess Deep, a 6000 m depression at the Galdpagos triple junc-
tion near the Equator, has been considered to impede the disper-
sal of the negatively buoyant larvae of A. pompejana (Hurtado
et al., 2004). Furthermore, a strong eastward deep-sea current
near the Equator (Reid, 1997) generates northern and southern
gyres that may transport pelagic larvae like those of crabs off the
ridge axis (Hurtado et al., 2004). Consistent with these geological
and oceanographic features, many of the previously studied vent
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species, such as the tubeworms R. pachyptila and T. jerichonana,
the mussel B. thermophilus and the gastropods Lepetodrilus eleva-
tus and L. ovalis, exhibit different levels of divergence between
the northern and southern EPR (Johnson et al., 2013; Matabos
et al.,, 2011; Matabos & Jollivet, 2019; Plouviez et al.,, 2013;
Vrijenhoek, 2010; Zhang et al., 2015).

In this study, we found a clear difference in haplotype composi-
tions between the NEPR and SEPR populations of H. bergi in five of
the eight studied genes. This result, although not surprising given
that these genes are linked in the mitochondrial genome, is another
empirical evidence that the 9°N-17°S region represents a barrier to
gene flow. Nevertheless, the nuclear COA and ITS2 genes showed
lower levels of differentiation, and the mitochondrial 16S gene

populations. The black arrows represent
the migration rate (2N,) between
populations forward in time.

showed no detectable differentiation across this region of the ridge
axis (Figure 2). An explanation of the inter-loci differences is that
natural selection acts against the homogenizing effect of gene flow
(Nosil et al., 2009). Further studies with more nuclear loci may allow
us to determine whether such differential permeability is related to
local adaptation or constraints of some particular functional genes.
Despite their clear differentiation, the NEPR and SEPR popu-
lations of H. bergi exhibited only a low level of divergence, which
is similar to several other studied vent species in this region
(Coykendall et al., 2011; Johnson et al., 2013; Plouviez et al., 2013;
Vrijenhoek, 2010). This low level of divergence reflects the recent
population splitting time (0.45Mya, 95% HPD: 0.32-0.87 Mya)
estimated in our study (Figure 5, Table S5). Plouviez et al. (2009)
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estimated that the divergence time between the NEPR and SEPR
populations ranged from 0.7 to 11.6 Mya in different vent spe-
cies and suggested that a vicariance event that occurred at
~1.3 Mya in this region was responsible for the simultaneous
divergence of these species. Nevertheless, younger divergence
times were estimated for Branchipolynoe symmytilida (0.7 Mya;
Plouviez et al., 2009) and A. pompejana (0.79 Mya, 95% HPD:
0.07-6.67 Mya) (Jang et al., 2016) across the equatorial barrier.
Given the very low number of fixed mutations between the NEPR
and SEPR populations of H. bergi, our estimation of a more recent
splitting date appears reasonable. It is possible that the Equatorial
barrier has trapped some introgressed and more divergent alleles
from PAR, which could have been used for the multi-species di-
vergence time estimate by Plouviez et al. (2009), leading to over-
estimation of the divergence time. Alternatively, the studied loci
could have slower mutation rates in Hesiolyra and Branchipolynoe
than in other taxa. A physical barrier to dispersal would then take
longer for Hesiolyra and Branchipolynoe to translate into genetic
divergence, leading to an underestimation of the time of the vi-

cariance event in these species.

4.3 | Mechanisms of historical dispersal and
demographic changes

Our data from all gene markers exhibited isolation-by-distance (IBD)
like signals. The IBD pattern has been observed in a few vent spe-
cies from the EPR, such as the amphipod Ventiella sulfuris, the mus-
sel B. thermophilus (France et al., 1992; Won et al., 2003) and the
tubeworms R. pachyptila and T. jerichonana (Black et al., 1994; Zhang
et al., 2015), which was considered to be the result of stepping-
stone dispersals (Audzijonyte & Vrijenhoek, 2010). However, most
of the positive correlations in vent species might be due to the great
geographic gap between the sampled southern and northern popu-
lations. Significant barriers can also produce a pattern of genetic dif-
ferentiation similar to that of IBD (Audzijonyte & Vrijenhoek, 2010;
Plouviez et al., 2009, 2010, 2013).

Previous studies have not produced consistent results about
the direction of gene flow crossing the 9°N-17°S barrier for vent
species inhabiting EPR. For instance, among the seven species stud-
ied by Plouviez et al. (2009), four (B. thermophilus, B. symmytilida,
L. ovalis and L. elevatus) exhibit a high asymmetric gene flow from
SEPR to NEPR, two (A. pompejana and E. vitrea) show nearly no
gene flow, and one (H. bergi) shows a high asymmetric gene flow
from NEPR to SEPR. However, gene flow across the 9°N-17°S
barrier is detected in A. pompejana in multi-locus studies (Hurtado
et al.,, 2004; Jang et al., 2016; Plouviez et al., 2010). In this study,
we detected weak (2N, <1) but statistically significant bidirectional
gene flow across the 9°N-17°S barrier in H. bergi s.s. Life-history
traits likely determine the dispersal abilities of these vent species.
The lack of information on the reproduction and larval development
of Hesiolyra spp. (Wang et al., 2020) prevents us from inferring their
dispersal pattern based on characters like egg buoyancy and larval

development mode (Kinlan et al., 2005), but the genetic data in-
dicate that the larvae of H. bergi were able to disperse across the
Equatorial barrier. The superfast spreading rate in the SEPR could
have caused a high frequency of extinction-recolonization events,
thus contributing to the observed demographic instability and de-
creased genetic diversity in the SEPR (Vrijenhoek, 2010). In the
SEPR, Plouviez et al. (2009) detected a bottleneck that occurred
at about 0.5 Ma and suspected it to be the result of a large cat-
astrophic/eruptive event that destroyed most of the vent fauna.
The bottleneck event was also detected in our study. The effec-
tive population size of H. bergi has increased in the NEPR compared
to their hypothetical ancestral population, but become smaller in
the SEPR (Figure 5), supporting the hypothesis of a loss in genetic
diversity due to a recent bottleneck in the SEPR populations. The
trend of decreasing population size in the SEPR was also observed
in A. pompejana (Jang et al., 2016; Plouviez et al., 2010). In contrast
with most vent species in this region (Plouviez et al., 2009, 2010),
our Tajima's D and Fu's Fs of H. bergi results did not fully support
the presence of recent demographic expansions following the bot-
tleneck in the SEPR, suggesting that in this species the recovery of

historic effective population size after a bottleneck event is slow.

4.4 | Conservation implications

Deep-sea mining on seafloor massive sulphides has been predicted
to cause habitat loss, reduced biodiversity, and declined resilience
in ecosystem functions (Levin et al., 2020). An effective environ-
mental management plan needs to be established under the frame-
work of the International Seabed Authority before any exploratory
activities can be conducted (Van Dover, 2011). Stakeholders need
information on species composition, distribution and population
connectivity of vent fauna to understand their vulnerability to the
removal of fauna at a particular site or several sites, as well as their
likelihood of recovery after the mining impacts. In particular, stud-
ies on population connectivity can determine whether a site is a
suitable set-aside (i.e., no-mining site) within a network of vents or
vent fields by providing information on source-sink dynamics and
effective population sizes, as well as connectivity models (i.e., pan-
mixia or isolation-by-distance) (Boschen et al., 2016). In this con-
text, our study has implications on conservation planning of vent
communities. For instance, quite a few previous studies using sin-
gle mitochondrial gene loci revealed no genetic divergence for vent
and seep populations distributed across distances of thousands
of kilometres (e.g., multiple taxa reviewed by Vrijenhoek, 2010;
Bathymodiolus mussels by Miyazaki et al., 2013; pectinodontid lim-
pets by Chen et al., 2019), but more recent studies re-examining
these populations using genome-wide SNP markers (Xu et al., 2018,
2021) successfully detected subtle genetic differentiation indica-
tive of restricted gene flow between populations and separated
demographic histories. Our study, using multi-locus mitochon-
drial and nuclear genes, detected the recently diverged NEPR and
SEPR metapopulations of H. bergi, and their different effective
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population sizes, supporting a widespread catastrophic habitat dis-
ruption (vent extinction/eruptive event, Plouviez et al., 2009) as
a force that has created the bottleneck in the SEPR populations.
Together with other studies indicating the Equator region as a
dispersal filter for several vent species distributed along the EPR,
our results suggest that the NEPR and SEPR should be considered
as different biogeographic regions. The small migration rates de-
tected in our study imply that quick recolonization between the
NEPR and SEPR could not be assumed after disturbance. Further
studies should consider the influence of congeneric species in cal-
culation of population genetic parameters, and the use of such re-
sults to guide conservation planning.

5 | CONCLUSIONS

Our multi-locus data confirmed H. aff. bergi as a distinct lineage in
SEPR. Of the H. bergi populations widely distributed along EPR, a
variable barrier to gene flow is present between 9°N-17°S, with
the NEPR and SEPR metapopulations being clearly separated for
most of the gene markers examined. The genetic diversity in NEPR
populations was in general higher than in SEPR populations even if
this species was highly abundant in the South. This pattern can be
explained by the hypothesis of reduced genetic diversity due to a
historical bottleneck (0.5 Mya, Plouviez et al., 2009) in this section
of superfast-spreading ridges, and frequent local population extinc-
tion (and a more recent bottleneck) due to the re-generation of new
vent sites. The low gene flow across the Equatorial barrier since the
split of the NEPR and SEPR populations of H. bergi 0.27-0.74 Mya
implies that quick recolonization could not be assumed after mining
disturbance. Thus, the NEPR and SEPR should be targeted as two
biogeographic regions in biodiversity conservation. Furthermore,
each individual vent site might serve as the only stepping stone
during the long-distance dispersal of vent species and be critical
in maintaining species distributions. Even removing one vent can
significantly impede the gene flow. Further exploration for poten-
tially undiscovered vent fields across the Equator is warranted to
refine the results of population gene flow and divergence. Such
fine-scale population structure is necessary to develop conserva-
tion units and guide the effective management of hydrothermal

vent communities.
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