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Abstract

Deep-sea hydrothermal vents and cold seeps, limited environments without
sunlight, are two types of extreme habitat for marine organisms. The differences
between vents and cold seeps may facilitate genetic isolation and produce popu-
lation heterogeneity. However, information on such chemosynthetic fauna taxa
is rare, especially regarding the population diversity of species inhabiting both
vents and cold seeps. In this study, three mitochondrial DNA fragments (the
cytochrome ¢ oxidase submit I (COI), cytochrome b gene (Cytb), and 16S)
were concatenated as a mitochondrial concatenated dataset (MCD) to examine
the genetic diversity, population structure, and demographic history of Shinkaia
crosnieri and Bathymodiolus platifrons. The genetic diversity differences between
vent and seep populations were statistically significant for S. crosnieri but not
for B. platifrons. S. crosnieri showed less gene flow and higher levels of genetic
differentiation between the vent and seep populations than B. platifrons. In
addition, the results suggest that all the B. platifrons populations, but only the
S. crosnieri vent populations, passed through a recent expansion or bottleneck.
Therefore, different population distribution patterns for the two dominant spe-
cies were detected; a pattern of population differentiation for S. crosnieri and a
homogeneity pattern for B. platifrons. These different population distribution
patterns were related to both extrinsic restrictive factors and intrinsic factors.
Based on the fact that the two species were collected in almost identical or
adjacent sampling sites, we speculated that the primary factors underlying the
differences in the population distribution patterns were intrinsic. The historical
demographics, dispersal ability, and the tolerance level of environmental hetero-
geneity are most likely responsible for the different distribution patterns.
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Population Structures of Two Deep-Sea Species

Introduction

Deep-sea hydrothermal vents, first discovered on the
Galapagos Rift in the eastern Pacific Ocean in 1977 (Cor-
liss et al. 1979), are typically located in mid-ocean ridges
and back-arc spreading centers. Vents have extremely
high temperatures, high pressure levels, and high levels of
toxins (Yang et al. 2013). Cold seeps, situated in subduc-
tion zones with ecosystems similar to vents, are areas
where chemically modified fluids derived from hydrocar-
bon reservoirs, methane hydrates, pore waters in sedi-
ments, and sites of organic enrichment (such as whale
skeletons) are released into the ocean (Van Dover et al.
2002). A few decades ago, sunlight was considered the
essential element for life because photosynthesis provides
primary production for the biosphere. However, numer-
ous unique “chemosynthetic fauna”, which depend pri-
marily on energy supplied by the chemosynthesis of
bacterial endosymbionts, are found in the limited envi-
ronments without sunlight (Tirmizi and Javed 1980; Kenk
and Wilson 1985; Hessler and Lonsdale 1991; Kikuchi
and Ohta 1995; Watsuji et al. 2010). Knowledge regarding
the biological communities around vents and cold seeps
led to a profound change in our perception of deep-sea
life (Van Dover et al. 2002).

Within deep-sea chemosynthetic ecosystems, particu-
larly hydrothermal vents, studies of population structure
and gene flow has recently received much attention for
many species, such as giant tubeworms (Hurtado et al.
2004; Coykendall et al. 2011), mussels (Won et al. 2003),
swarming shrimp (Teixeira et al. 2012), and provannid
gastropods (Kojima et al. 2001; Teixeira et al. 2012). Pop-
ulation diversity studies are also reported for deep-sea
chemosynthetic communities at the methane seeps in the
Gulf of Mexico and eastern Atlantic (Carney et al. 2006;
Olu et al. 2010). From these studies, we are beginning to
understand the extent of genetic connectivity among
deep-sea populations associated with chemosynthetic
ecosystems. However, few studies have been conducted to
examine the genetic diversity and population structure for
species inhabiting both vents and cold seeps, especially
for the dominant species. As we know, relying on
chemoautotrophic bacteria for nutritional support, all
known species of macroorganisms in hydrothermal vents
and cold seeps are highly specialized for a symbiotic life-
style (Cavanaugh 1983; Fialamedioni and Lepennec 1988;
Fisher 1990). The differences between the ecosystems of
vents and cold seeps may facilitate the genetic isolation of
species in both environments. Therefore, it is particularly
important to determine the extent of population differen-
tiation and genetic isolation for these species.

Bathymodiolus (Mytilidae: Bathymodiolus) mussels,
which are the dominant species in vents and cold seeps,
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have been described beyond 18 species. Only three Bathy-
modiolus species in Japanese (B. japonicus,
B. platifrons, and B. aduloides) are capable of inhabiting
both vents and cold seeps. In particular, the same haplo-
types have been found to be shared by B. platifrons from
distant localities and highly differentiated environments
(Miyazaki et al. 2004). Shinkaia crosnieri (Munidopsidae:
Shinkaia) is also considered the dominant member of the
fauna inhabiting many deep-sea hydrothermal vents and
minority cold seeps, including Hatoma Knoll, the For-
mosa Ridge off southwest Taiwan, and the Okinawa
Trough (Chevaldonne and Olu 1996; Tsuchida and Fuji-
kura 2000; Watabe and Miyake 2000; Martin and Haney
2005; Tsuchida et al. 2007). Previous studies of B. plat-
ifrons from two seeps and one vent revealed no genetic
differentiation between the mussel populations of either
species from cold seeps versus vents and suggested high
adaptability to deep-sea chemosynthetic environments
(Miyazaki et al. 2004). However, the distribution and
population structure of S. crosnieri have been reported
only at hydrothermal vents in the southern Okinawa
Trough (Tsuchida et al. 2003). The two dominant species

waters

(B. platifrons and S. crosnieri) are ideal models as they
exhibit various population distances and inhabit different
habitat types.

In this study, three mitochondrial DNA fragments (the
cytochrome ¢ oxidase submit I (COI), cytochrome b gene
(Cytb), and 16S) were employed as a mitochondrial con-
catenated dataset (MCD) to evaluate the genetic diversity,
genetic structure, and demographic history of B. platifrons
and S. crosnieri. The current study also sought to explore
the adaptability of the two dominant species to different
deep-sea chemosynthetic environments.

Materials and Methods

The experiments were performed in accordance with the
recommendations of the Ethics Committee of the Insti-
tute of Hydrobiology, Chinese Academy of Sciences. The
policies were enacted according to the Chinese Associa-
tion for Laboratory Animal Sciences and the Institutional
Animal Care and Use Committee (IACUC) protocols.

Sampling, identification, and DNA
extraction

A total of 64 specimens of S. crosnieri from three vents
and one cold seep habitat, and 52 specimens of B. plat-
ifrons from two vents and one cold seep habitat were col-
lected by the manned submersible “Jiaolong” during June
2013 and the ROV “Faxian” during April 2014. All the
sample information and photographs used in this study
are provided in Table 1 and the sampling sites are

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 1. Information about the samples used in this study.

Species Sampling site Depth (m)  Location Habitat type ~ Population name N Date
Shinkaia crosnieri West of Tori-shima 996.9 27°47.441754'N Vent WTS1 44 2014.4.17
126°53.8029781'E
Northwest of Iheya-shima  1361.2 27°33.06928'N Vent NIS 6 2014.4.20
126°58.13082'E
West of Tori-shima 983.5 27°47.43526'N Vent WTS2 5 2014.4.22
126°58.82327'E
West of Kaohsiung City 1119 22°6.915'N Seep WKC 9 2013.6.18
119°17.123'E
Bathymodiolus platifrons ~ Northwest of lheya-shima ~ 1361.2 27°33.06928'N Vent NIS1 13 2014.4.20
126°58.13082'E
Northwest of lheya-shima ~ 1390.7 27°33.00178'N Vent NIS2 9 2014.4.20
126°58.19623'E
West of Kaohsiung City 1132 22°6.911'N Seep WKC 30 2013.6.17

119°17.158'E

Sampling site: location roughly based on longitude and latitude; Population name: from initial of sampling site; N: number of specimens.
The distance: WTS1-NIS: 27.6 km, WKC-NIS: 983.8 km, WKC-WTS1: 999.8 km, WTS1-WTS2: <0.1 km, NIST-WKC: 983.7 km, NIS2-WKC:
983.6 km, NIST-NIS2: 0.2 km.

Figure 1. Sampling locations in the Okinawa
Trough and Taiwan Strait near the South

China Sea. WKC is a cold seep site; NIS and
WTS are vent sites.

mapped in Fig. 1. All the specimens were frozen and pre-
served at —80°C or in 100% ethanol and deposited in the
Institute of Oceanology, Chinese Academy of Science.

The species-level morphological identification was per-
formed based on the original morphological descriptions,
locality data, and additional information of S. crosnieri
(Baba and Williams 1998; Chan et al. 2000) and of
B. platifrons (Hashimoto and Okutani 1994; Barry et al.
2002).

The total genomic DNA of S. crosnieri was extracted
from a small piece of abdominal muscle tissue using the
E.Z.N.A.® Tissue DNA Kit (OMEGA, Wuhan, China) fol-
lowing the manufacturer’s instructions. Several bivalve
species have an unusual mode of mtDNA inheritance

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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known as doubly uniparental inheritance (DUI) (Zouros
et al. 1994a; Zouros et al. 1994b; Garrido-Ramos et al.
1998; Plazzi and Passamonti 2010). DUI species have two
highly differentiated mitochondrial genomes, one of
which follows the standard mode of maternal inheritance
(known as type F) and the other is transmitted through
sperm and found almost entirely in the male gonad
(known as type M) (Mizi et al. 2005). Phylogenetic and
population analyses require comparisons between ortholo-
gous sequences and M-or F-type genes under DUI that
are not orthologous sequences (Plazzi and Passamonti
2010). Therefore, the total genomic DNA of B. platifrons
was obtained from a small section of adductor or foot
muscle, which carries very little M-type mtDNA in DUI
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species (Grant and Bowen 1998). Then, the extracted DNA
was suspended in distilled water and stored at —20°C.

PCR amplification and sequencing

Three mitochondrial DNA fragments, COI, Cytb, and 16S
were amplified using the primers listed in Table S1
(Palumbi et al. 1991; Folmer et al. 1994; Merritt et al.
1998; Baco-Taylor 2002; Passamonti 2007; Radulovici
et al. 2009). The final reaction volume of 30 puL contained
21.125 pL of sterilized ultrapure water, 3.0 pL of 10X
PCR buffer (including MgCl,), 1.5 pL of each primer
(10 mmol/L), 1.5 pL of dNTPs (2.5 mmol/L each),
0.375 pL of Taq DNA polymerase (2.5 U/uL, TaKaRa
Bio, Shanghai, China), and 1.0 pL of DNA template (50—
100 ng/pL). The cycling parameters were 94°C for 5 min;
32 cycles of 94°C for 40 sec, 43—48°C for 30 sec and
72°C for 1 min, and a final elongation step at 72°C for
10 min. The PCR products were visualized on 1.2% low-
melting agarose gels stained with ethidium bromide.
Then, the products were purified and sequenced on an
ABI3730 XL sequencing system using the primers
described in Table S1.

Molecular data analysis

The sequences obtained in both directions were checked
by the sequence peak figure and then assembled based on
the contigs using the DNASTAR Lasergene package
(DNASTAR, Inc.,, Madison, WI, USA). The sequences
were aligned and trimmed to the same length using the
software package MEGA 5.0 (Tamura et al. 2011). Then,
the MCD was used directly for the subsequent population
analyses.

The average genetic distances within and between popu-
lations were estimated according to the Kimura 2-parameter
(Kimura 1980) model in MEGA 5.0 (Tamura et al. 2011).
Genetic diversity is reflected in the measures of nucleotide
diversity () and haplotype diversity (h) (Nei 1987), and the
values for each population were calculated using DnaSP
5.10 (Librado and Rozas 2009). The maximum likelihoods
(ML) for phylogenetic analyses were assembled in PhyML
3.0 (Guindon and Gascuel 2003) with 1000 replicates, and
the most appropriate model of DNA substitution, which is
TIM2+1+G for S. crosnieri and HKY+I for B. platifrons, was
identified by ModelTest 3.7 (Posada and Crandall 1998).
Alvinocaris longirostris (GenBank: AB821296) and Geothel-
phusa dehaani (GenBank: AB187570) were set as outgroups
for  S. crosmieri.  Mytilus  californianus  (GenBank:
NC_015993) and Mpytilus edulis (GenBank: NC_006161)
were set as outgroups for B. platifrons.

Median-joining network (MJN) analysis was performed
with Network 4.6 (Bandelt et al. 1999) to depict the
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relationships among all the haplotypes. The pairwise
genetic divergences between the populations were esti-
mated using F-statistics (Fsp) with 10,000 permutations,
based on the distance method in Arlequin 3.5 (Excoffier
and Lischer 2010). Analysis of the molecular variance
analysis (AMOVA) was used to analyze the hierarchal
population structure in Arlequin.

The population demography (e.g., bottlenecks or
expansions) for the vent and seep populations were exam-
ined using two different approaches. First, the demo-
graphic history was investigated by comparing the
mismatch distributions in each habitat-type sample with
those expected in stationary and expanding populations
using DnaSP 5.10 (Librado and Rozas 2009). In addition,
we tested the goodness-of-fit of the actual distributions
with the expected distributions using a model of popula-
tion expansion by calculating the Harpending’s ragged-
ness index (r) (Harpending 1994) and by assessing
significance with 1000 permutations. Second, Tajima’s D
(Tajima 1989) was also applied to seek evidence of demo-
graphical expansions in Arlequin 3.5 (Excoffier and Lis-
cher 2010). In addition, gene flow (N,,) was evaluated
from GammaSt (Nei 1982), and Fsp (Slatkin 1985; Hud-
son et al. 1992) was evaluated using DnaSP 5.10 (Librado
and Rozas 2009). The geographic distances between pop-
ulations were estimated using Google Earth 4.3 based on
the longitude and latitude.

Results

Sequence information

All three mitochondrial gene fragments were successfully
amplified for 64 S. crosnieri specimens and 52 B. plat-
ifrons specimens. Meanwhile, COI (GenBank accession
nos. KR003111-KR003157), Cytb (GenBank accession nos.
KR003178-KR003222), and 16S (GenBank accession
nos. KR003236-KR003244) of S. crosnieri and COI
(GenBank accession nos. KR003158-KR003177), Cytb
(GenBank accession nos. KR003223-KR003235), and 16S
(GenBank accession nos. KR003245-KR003280) of B. plat-
ifrons were deposited in GenBank. For S. crosnieri, the
MCD sequences (1480 bp) contained 111 variable sites,
65 of which were parsimony informative. For B. plat-
ifrons, MCD sequences (1539 bp) contained 45 variable
sites, 11 of which were parsimony informative.

S. crosnieri: genetic diversity and
population structure

The number of haplotypes (H), the haplotype diversity
(h), and nucleotide diversity (n) for each population of
S. crosnieri are presented in Table 2. All populations

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 2. DNA polymorphism, neutrality tests and mismatch distribution values for all Shinkaia crosnieri and Bathymodiolus platifrons populations.

Species Population n H h n Tajima's D Hri Tau
Shinkaia crosnieri WTS1 44 44 1.000 0.0062
NIS 6 1.000 0.0039
WTS2 5 5 1.000 0.0057
Whole vents dataset 55 54 0.999 0.0059 —1.824%** 0.005 8.2
WKC 9 8 0.972 0.0032 —0.745 0.072 2.9
Whole dataset 64 62 0.999 0.0110 —1.057 0.004 6.9
Bathymodiolus platifrons NIS1 13 11 0.974 0.0018
NIS2 9 7 0.917 0.0020
Whole vents dataset 22 17 0.965 0.0020 —1.958%* 0.032 3.1
WKC 30 22 0.968 0.0021 —1.919* 0.030 3.1
Whole dataset 52 36 0.970 0.0021 —2.298*** 0.027 2.8

n: sample size; H: number of haplotypes; h: haplotype (gene) diversity; m: nucleotide diversity; Tau: time since expansion, expressed in units of
mutational time; Hri: Harpending's raggedness index; Significant: * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

Table 3. Population pairwise Fst fixation index (below the diagonal), mean genetic distances within (on the diagonal) and between (above the

diagonal) populations of Shinkaia crosnieri and Bathymodiolus platifrons.

Species Population WTS2 WTS1 NIS WKC
Shinkaia crosnieri WTS2 0.0057 0.0061 0.0057 0.0272
WTS1 0.0228 0.0062 0.0051 0.0276
NIS 0.1699%** —0.0191 0.0039 0.0275
WKC 0.8476%** 0.7954 %% 0.8718%*** 0.0032
Bathymodiolus platifrons Population NIS1 NIS2 WKC
NIST 0.0018 0.0021 0.0020
NIS2 0.0341 0.0020 0.0025
WKC 0.0440 0.1718%x%x* 0.0021

Significant: *=P < 0.05; ** =P < 0.01; *** =P < 0.001.

showed high haplotype diversity and there was no shared
haplotypes except one each for the vent and cold seep
populations. All populations also showed high haplotype
diversity, and several shared haplotypes were detected
among the vent and cold seep populations. A comparison
of the genetic diversity showed that the haplotype and
nucleotide diversities were lowest in the cold seep popula-
tion (h =0.972, © =0.0062) and highest in the vent
WTSI population (7 = 0.0062).

Based on the Kimura 2-parameter model, the overall
average genetic distance among individuals was 0.0112 for
S. crosnieri. The mean genetic distances within and
between each of the populations are shown in Table 3.
The overall mean intrapopulation genetic distance of the
WTS1 population (0.0062) was the largest among the
four populations and was smallest for the WKC popula-
tion (0.0032). The genetic distances among WTS1, WTS2,
and NIS were very small, but the genetic distances
between WKC and all the vent populations were higher.

The median-joining network analysis had a weblike
topology, with many singletons connected through multi-
ple nodes, indicating high genetic variability for S. crosnieri
(Fig. 2A). It was found that haplotypes from the vent and

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

seep populations could be separated and did not share
common haplotypes. Moreover, two obvious clades (Vent
and Cold Seep) were also identified from the ML tree
(Fig. 4A).

For population structure analysis, all samples were
divided into vent and seep groups. An AMOVA analysis
revealed that most of the molecular variance of S. crosnieri
occurred among groups (79.70%), whereas the variance
among the intragroup populations (0.35%) and within
populations (19.95%) was relatively small (Fsr = 0.801,
P < 0.001), indicating a high level of geographical popula-
tion structure (Table 4). In addition, all pairwise Fsp com-
parisons between the vent and seep populations were
statistically significant (P < 0.001). The values of Nm based
GammaSt (from 1.08 to 29.93) and Fgp (from 0.27 to
43.98) indicated the fluctuation of gene flow levels among
the four S. crosnieri populations (Table S2). The level of
gene flow between the vent and seep populations was very
limited, which was consistent with the statistically signifi-
cant Fst values among them.

The shape of the mismatch distribution of S. crosnieri was
approximately unimodal for the whole vent dataset
(Fig. 3A). Nevertheless, the distribution was obviously
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Figure 2. Median-joining network of haplotypes of S. crosnieri and B. platifrons. Each circle represents a haplotype, and its diameter is
proportional to the frequency. N is the number of individuals, and each color shows a different species population. A for S. crosnieri and B for

B. platifrons.

Table 4. Analysis of molecular variance for Shinkaia crosnieri and Bathymodiolus platifrons populations.

Variation Percentage of
Species Source of variation components variation Fst P
Shinkaia crosnieri Among groups 16.3719 79.70 0.801 0.0000
Among populations within groups 0.0719 0.35
Within populations 4.0982 19.95
Bathymodiolus platifrons Among groups 0.0510 3.00 0.103 0.0001
Among populations within groups 0.1252 7.35
Within populations 1.5268 89.65

All samples were divided into vent and seep groups. For S. crosnieri, the vent group included the WTS1, WTS2, NIS populations, and the seep
group included the WKC population. For B. platifrons, the vent group included NIS1, NIS2 populations, and the seep group included the WKC

population.

ragged and multimodal for the seep WKC population
(Fig. 3B) and the whole dataset (Fig. 3C). In addition, none
of the values for Harpending’s raggedness index were signifi-
cant, and the Tajima’s D values were statistically significant
for only the whole vents dataset (P < 0.01) (Table 2).

B. platifrons: genetic diversity and
population structure

The values of H, h, and = for each population of B. plat-
ifrons are presented in Table 2. All populations of B. plat-
ifrons showed high haplotype diversity and several shared
haplotypes were detected among the vent and cold seep
populations. A comparison of the genetic diversity of
B. platifrons detected a similar level of haplotype and
nucleotide diversities among all populations.

The overall average genetic distance among individuals
was 0.0021 for B. platifrons. The mean genetic distances
within and between each of the populations are shown in
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Table 3. The overall mean intrapopulation genetic dis-
tance of the WKC population (0.0021) was the largest
among the three populations, and that of NISI (0.0018)
was the smallest. Therefore, the genetic distances among
all populations were very small.

The median-joining network analysis had only several
singletons connected through multiple nodes for B. plat-
ifrons (Fig. 2B). We found that individuals of B. platifrons
from the vent and seep populations shared haplotypes. In
particular, three common haplotypes were shared by the
seep WKC and vent NIS1 populations. One common
haplotype was shared by the vent NIS1 and NIS2 popula-
tions. In addition, the ML tree also showed that some
individuals from the vent and seep populations occupied
the same clades (Fig. 4B).

For population-structure analysis, all samples were
divided into vent and seep groups. An AMOVA analysis
revealed that most of the molecular variance of B. plat-
ifrons occurred within populations (89.65%), whereas

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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variance among populations within groups (7.35%) and
among groups (3.00%) was relatively small (3.00%)
(Fst = 0.103, P < 0.001), indicating a low level of geo-
graphical structure (Table 4). In addition, significant Fsr
was found only between WKC and the vent NIS2 popula-
tion (P < 0.001) (Table 3). The values of Nm-based
GammaSt (from 4.78 to 11.17) and Fgp (from 2.37 to
9.96) indicated a slight stabilization of the gene flow levels
among the three B. platifrons populations (Table S2). The
gene flow levels among the vent populations were obvi-
ously large. Especially for vent NIS2 and the seep WKC
populations of B. platifrons, the gene flow was rather
weak, which was also consistent with the statistically sig-
nificant Fgy values between them.

All the mismatch distribution shape of B. platifrons was
obviously unimodal (Fig. 3D, E, F). In addition, none of
the values for Harpending’s raggedness index was signifi-
cant, and all the Tajima’s D values were statistically signif-
icant (P < 0.01) (Table 2).

Discussion

Comparative genetic diversity and
population structure

Based on the haplotype and nucleotide diversities, all
populations of S. crosnieri and B. platifrons showed high
haplotype diversities but low nucleotide diversities,
which are normally associated with an expansion model
(Grant and Bowen 1998). All the vent populations
showed higher genetic variability than the seep

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

population for S. crosnieri, whereas a similar level of the
genetic variability was detected among B. platifrons pop-
ulations.

The AMOVA analysis and pairwise Fst values indicated
that high levels of population structure and genetic differ-
entiation occurred between the vent and seep populations
for S. crosnieri, but low levels of population structure and
genetic differentiation occurred among the B. platifrons
populations (although the distance between vent and seep
are above 983.8 km), except NIS2-WKC, which was prob-
ably related to small sample size. For S. crosnieri, the
results were also supported by a weblike statistical haplo-
type network and ML tree analyses. The lack of interpop-
ulation contact might be related to its ecological habits
(vent and seep) and the long distance of the distribution
areas (the distance between the vent and seep are more
than 983.8 km). This phenomenon could be proven by
the lack of gene flow between vent and seep populations
but higher gene flow levels among vent populations, espe-
cially for WTS1-WTS2. However, for B. platifrons, the
statistical haplotypes network and ML tree analysis
showed that the haplotype distribution did not mirror the
geographical origin of the populations because several
haplotypes were shared among individuals from different
habitat populations. In addition, gene flow was also
detected among the populations. The results suggested
that extrinsic restrictive factors for the distributions were
not related to environmental types (vents vs. seeps) (Olu
et al. 1996; Fujikura et al. 2000).

The shape of the mismatch distribution of pairwise dif-
ferences was ragged or multimodal for the populations at

3577



Population Structures of Two Deep-Sea Species

Y. Shen et al.

[~ Hap37 WTS1 7 Hap31 WKC
(A) [ Haps wrs1 (B)
FF Haps1 NS Hap7 NIS1
Hapd6 WTS1 9 NIS1
J L Hap2 WTS2 Hap
[— Hap38 WTS1 Hap3 NIS1 WKC
L map17wrs1
[ Hapl4 WTS1 | 64 Hap36 WKC
gt wasi Hapl5 NIS2
- Hap49 NIS
L Hapas wTs1 Hap28 WKC
— ———— Hap21 WTS1
11— Haph1 WIS Hap24 WKC
[ L mpr2wrst Hap6 NIS1
‘ } ‘ Hap31 WTS1
Hapl5 WTS1 Hap4 NIS1 WKC
L | 28 WKC
| 55— Hap45 WTS1 Hap!
— [ mpuwrst Hap34 WKC
Hap20 WTS1
[~ HapS2NIS —— Hap23 WKC
L Hap13 wrs1
— HptowTSL ——— Hap33 WKC
Hapl0 WTS1 B _|: Hap30 WKC
— Hap43 WTS1
r‘m Hap23 WTS1 | Hap27 WKC
L map7 wrs1
| mgewrs: | Vent ] - Hap21 WKC
75 HapS4NIS —— Hapl17NIS2
6 Hap16 WTS1
| 59— Hap32 WTS1 —————— Hap26 WKC
Hap25 WTS1
- Hap25 WKC
Hap42 WTS1 Hap7 NIS1
‘ L L map34 wrs1
\_‘ Hap19 WTS1 Hap20 WKC
L Hap6 wrs1
H P Hap22 WKC
- Hap33 wTs1 Hapl1 NIS1
Hap22 WTS1
54— Hapt WIS2WTS1 Hap13 NIS2
[ 1 map3s wrst 51
M HzsWIS1 Hap5 NIS1
‘ Hap29 WTS1 Hapl0NIS1
Hapl WTS2 S
— Fapa7WTS1 Hap35 WKC
[ —mapawrst Hap14 NIS2
‘ Hap3 WTS2
[ Hap27 WTS1 Hap?2 NIS1 WKC
o —
55 o5 HapOWTS1 Hapl9 WKC
‘ [ —msowrm: 100 T Hap32 WKC
Hap5 WTS2
100) Hapl8 WTS1 J Hap18 WKC
50 Hap62 WKC 1
| Hpsswke Hap16 NIS2
65 Haps1 WKC Hapl NIS1 NIS2
81 67] L mapse wkc
Hap57WKC Cold Seep Hap12 NIS2
[
L rupsowic Hap8 NIS1
Hap55 WKC B Mytilus edulis

Figure 4. Maximum likelihood tree for S. crosnieri and B. platifrons based on haplotypes. Vent = all individuals of the vent populations; Cold
Seep = all individuals of the seep population. A for S. crosnieri and B for B. platifrons. Bootstrap values >50 are reported.

stationary demographic equilibrium, but it is typically
smooth or unimodal for populations that have passed
through a recent expansion or bottleneck (Rogers and
Harpending 1992; Schneider and Excoffier 1999). The
smooth and approximately unimodal shape of the mis-
match distribution for the whole vent dataset of S. cros-
nieri populations showed that vent populations are likely
to have passed through a recent expansion or bottleneck,
but cold seep WKC S. crosnieri populations did not
because of the multimodal shape of the mismatch
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distribution. The results demonstrated that S. crosnieri
populations had different demographic histories in vent
and cold seep environments. Significant D values may be
due to factors such as population expansion and bottle-
neck (ArisBrosou and Excoffier 1996). The significant
negative D values for the entire vents dataset also could
support the results. Nevertheless, for B. platifrons, both
the obviously unimodal shape and the statistically signifi-
cant negative D values showed that all populations proba-
bly passed through a recent expansion or bottleneck.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Generally, species living in patchy, fragmented, ephem-
eral habitats are expected to harbor less genetic diversity
(Tunnicliffe and Juniper 1990) and are likely to have
encountered an expansion or bottleneck. Moreover, cold
seeps are relatively stable, whereas some vents persist for
only a few decades (Tunnicliffe and Juniper 1990). In this
study, the S. crosnieri vent populations have passed
through an expansion or bottleneck but the cold seep
populations have not, indicating that the vent habitats
were more fluctuant than the cold seep habitats.

A previous study for Bathymodiolus mussels has also
demonstrated extensive intraspecific genetic exchanges
between vent and seep sites across thousands of kilome-
ters (Van Dover et al. 2002; Miyazaki et al. 2004; Iwasaki
et al. 2006). Our analysis also indicated that genetic
exchanges occurred among three populations and was lar-
gest between the seep WKC and vent NIS1 populations.
Based on these results, a homogeneity pattern was fit for
the B. platifrons populations. The absence of differentia-
tion between the seep and vent mussels demonstrated that
the primary intrinsic factor can most likely be ascribed to
the different physiological tolerance of the mussels to
pressure (Olu et al. 1996; Fujikura et al. 2000).

Comparison of different population
distribution patterns

In our analyses, different population distribution patterns
for the two dominant species were detected. However, the
different population patterns were related to extrinsic
restrictive factors, such as environmental heterogeneity,
geological histories, and oceanic currents, as well as
intrinsic factors, such as historical demographics, dispersal
ability, and physiology (Iwasaki et al. 2006). The extrinsic
restrictive factors for the two species were almost identical
because the sampling sites were identical or adjacent.
Thus, intrinsic factors are the primary factors underlying
the different population distribution patterns.

First, the two species belong to different kingdoms and
present different historical demographics. Differences in
historical demography always have a great contribution to
the different population distribution patterns. Therefore,
it probably was the primary intrinsic factor.

Second, larvae are the primary dispersal vector, espe-
cially during the planktotrophic developmental stage
(Lutz et al. 1986; Iwasaki et al. 2006; Thaler et al. 2014).
Munidopsids appear to produce very large eggs and
brooded larvae with yolk sacs, consistent with lecithotro-
phy, and possibly a limited dispersal capability compared
to the planktotrophic larvae with high dispersal capability
for the bathymodioline mussels (Won et al. 2003; Miya-
zaki et al. 2004). At the scale of 1000 km, one could
therefore expect to see differentiation between the seep

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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and vent sites for S. crosnieri, as has been shown at a sim-
ilar scale for the tubeworm Riftia pachyptila in the East
Pacific (Coykendall et al. 2011).

Finally, the levels of genetic differentiation were also
likely to be related to physiology. Miyazaki et al. suggested
high adaptability of these Bathymodiolus species to deep-
sea chemosynthetic environments (Miyazaki et al. 2004).
Our analysis also showed that B. platifrons had high adapt-
ability to different habitats. Therefore, a possible explana-
tion was that the higher degree of tolerance to
environmental heterogeneity of B. platifrons, in compar-
ison to S. crosnieri, should be responsible for their different
population distribution patterns. However, this proposed
explanation requires further proof of physiology tests.

This study provides the first documentation of the differ-
ent population genetic structure and distribution patterns
for S. crosnieri and B. platifrons inhabiting both deep-sea
vents and cold seep. Nevertheless, caveats are necessary with
respect to the limited sample locations and small sample
sizes. More sample sites and molecular markers, especially
nuclear loci, should be employed in further research.

Acknowledgments

The specimens used in the study were collected by the
manned submersible “Jiaolong” from seeps in the South
China Sea and by the ROV “Faxian” from hydrothermal
vents in the Okinawa Trough. The authors are grateful to
the crews of the vessels “Xiangyanghong 9” and “Kexue”
and of the submersible “Jiaolong” for their help in speci-
mens collection. We also sincerely thank Miss Gong Lin
and Mr. Wang Yueyun for their help with the preparation
and photography of the specimens. Moreover, we also sin-
cerely need to thank Miss Zhong zaixuan for help with the
improvement of the manuscript. This work was supported
by the Strategic Priority Research Program of the Chinese
Academy of Sciences (nos. XDB060101, XDB06010101 and
XDA11020303) and the IOCAS (no. 2012I0060105).

Conflict of Interest

None declared.

References

ArisBrosou, S., and L. Excoffier. 1996. The impact of
population expansion and mutation rate heterogeneity on
DNA sequence polymorphism. Mol. Biol. Evol. 13:494-504.

Baba, K., and A. B. Williams. 1998. New Galatheoidea
(Crustacea, Decapoda, Anomura) from hydrothermal
systems in the west Pacific Ocean: Bismarck Archipelago
and Okinawa Trough. Zoosystema 20:143—156.

Baco-Taylor, A. R. 2002. “Food-web structure, succession, and
phylogenetics on deep-sea whale skeletons.” p. 275 in

3579



Population Structures of Two Deep-Sea Species

Oceanography: The University of Hawaii, Manoa, HI.
[Ph.D. dissertation].

Bandelt, H. J., P. Forster, and A. Rohl. 1999. Median-joining
networks for inferring intraspecific phylogenies. Mol. Biol.
Evol. 16:37-48.

Barry, J. P., K. R. Buck, R. K. Kochevar, D. C. Nelson,

Y. Fujiwara, S. K. Goffredi, et al. 2002. Methane-based
symbiosis in a mussel, Bathymodiolus platifrons, from cold
seeps in Sagami Bay, Japan. Invertebr. Biol. 121:47-54.

Carney, S. L., M. . Formica, H. Divatia, K. Nelson, C. R. Fisher,
and S. W. Schaeffer. 2006. Population structure of the mussel
“Bathymodiolus” childressi from Gulf of Mexico hydrocarbon
seeps. Deep Sea Res. Part 1-Oceanogr. Res. Pap. 53:1061-1072.

Cavanaugh, C. M. 1983. Symbiotic chemoautotrophic bacteria
in marine-invertebrates from sulfide-rich habitats. Nature
302:58-61.

Chan, T. Y., D. A. Lee, and C. S. Lee. 2000. The first deep-sea
hydrothermal animal reported from taiwan: Shinkaia
crosnieri Baba and Williams, 1998 (Crustacea: Decapoda:
Galatheidae). Bull. Mar. Sci. 67:799-804.

Chevaldonne, P., and K. Olu. 1996. Occurrence of anomuran crabs
(Crustacea: Decapoda) in hydrothermal vent and cold-seep
communities: a review. Proc. Biol. Soc. Wash. 109:286-298.

Corliss, J. B., J. Dymond, L. I. Gordon, J. M. Edmond, R. P.
von Herzen, R. D. Ballard, et al. 1979. Submarine thermal
sprirngs on the galapagos rift. Science 203:1073—1083.

Coykendall, D. K., S. B. Johnson, S. A. Karl, R. A. Lutz, and
R. C. Vrijenhoek. 2011. Genetic diversity and demographic
instability in Riftia pachyptila tubeworms from eastern
Pacific hydrothermal vents. BMC Evol. Biol. 11(1), 1.

Excoffier, L., and H. E. L. Lischer. 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.

Fialamedioni, A., and M. Lepennec. 1988. Structural
Adaptations in the Gill of the Japanese Subduction Zone
Bivalves (Vesicomyidae) Calyptogena-Phaseoliformis and
Calyptogena-Laubieri. Oceanol. Acta 11:185-192.

Fisher, C. R. 1990. Chemoautotrophic and methanotrophic
symbioses in marine-invertebrates. Rev. Aquat. Sci. 2:399-436.

Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek.
1994. DNA primers for amplification of mitochondrial
cytochrome ¢ oxidase subunit I from diverse metazoan
invertebrates. Mol. Mar. Biol. Biotech. 3:294-299.

Fujikura, K., S. Kojima, Y. Fujiwara, J. Hashimoto, and
T. Okutani. 2000. New distribution records of vesicomyid
bivalves from deep-sea chemosynthesis-based communities
in Japanese waters. Venus Jpn. J. Malacol. 59:103—121.

Garrido-Ramos, M. A., D. T. Stewart, B. W. Sutherland, and
E. Zouros. 1998. The distribution of male-transmitted and
female-transmitted mitochondrial DNA types in somatic
tissues of blue mussels: Implications for the operation of
doubly uniparental inheritance of mitochondrial DNA.
Genome 41:818-824.

3580

Y. Shen et al.

Grant, W. S., and B. W. Bowen. 1998. Shallow population
histories in deep evolutionary lineages of marine fishes:
Insights from sardines and anchovies and lessons for
conservation. J. Hered. 89:415-426.

Guindon, S., and O. Gascuel. 2003. A simple, fast, and
accurate algorithm to estimate large phylogenies by
maximum likelihood. Syst. Biol. 52:696-704.

Harpending, H. C. 1994. Signature of ancient population-
growth in a low-resolution mitochondrial-DNA mismatch
distribution. Hum. Biol. 66:591-600.

Hashimoto, J., and T. Okutani. 1994. Four new mytilid
mussels associated with deep-sea chemosynthetic
communities around Japan. Ven. Jap. J. Malacol 53:61-83.

Hessler, R. R., and P. F. Lonsdale. 1991. Biogeography of
mariana trough hydrothermal vent communities. Deep-Sea
Res. Part a-Oceanogr. Res. Pap. 38:185-199.

Hudson, R. R., M. Slatkin, and W. P. Maddison. 1992.
Estimation of levels of gene flow from DNA-sequence data.
Genetics 132:583-589.

Hurtado, L. A, R. A. Lutz, and R. C. Vrijenhoek. 2004. Distinct
patterns of genetic differentiation among annelids of eastern
Pacific hydrothermal vents. Mol. Ecol. 13:2603-2615.

Iwasaki, H., A. Kyuno, M. Shintaku, Y. Fujita, Y. Fujiwara, K.
Fujikura, et al. 2006. Evolutionary relationships of deep-sea
mussels inferred by mitochondrial DNA sequences. Mar.
Biol. 149:1111-1122.

Kenk, V. C., and B. R. Wilson. 1985. A new mussel (Bivalvia,
Mytilidae) from hydrothermal vents in the galapagos rift-
zone. Malacologia 26:253-271.

Kikuchi, T., and S. Ohta. 1995. Two caridean shrimps of the
families Bresiliidae and Hippolytidae from a hydrothermal
field on the Theya Ridge, off the Ryukyu Islands, Japan.

J. Crustac. Biol. 15:771-785.

Kimura, M. 1980. A simple method for estimating evolutionary
rates of base substitutions through comparative studies of
nucleotide-sequences. J. Mol. Evol. 16:111-120.

Kojima, S., R. Segawa, Y. Fijiwara, K. Fujikura, S. Ohta, and J.
Hashimoto. 2001. Phylogeny of hydrothermal-vent-endemic
gastropods Alviniconcha spp. from the western Pacific revealed
by mitochondrial DNA sequences. Biol. Bull. 200:298-304.

Librado, P., and J. Rozas. 2009. DnaSP v5: a software for
comprehensive analysis of DNA polymorphism data.
Bioinformatics 25:1451-1452.

Lutz, R. A., P. Bouchet, D. Jablonski, R. D. Turner, and
A. Waren. 1986. Larval ecology of mollusks at deep-sea
hydrothermal vents. Am. Malacological Bullet. 4:49-54.

Martin, J. W., and T. A. Haney. 2005. Decapod crustaceans
from hydrothermal vents and cold seeps: a review through
2005. Zool. J. Linn. Soc. 145:445-522.

Merritt, T. J. S., L. Shi, M. C. Chase, M. A. Rex, R. J. Etter,
and J. M. Quattro. 1998. Universal cytochrome b primers
facilitate intraspecific studies in molluscan taxa. Mol. Mar.
Biol. Biotech. 7:7-11.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



Y. Shen et al.

Miyazaki, J. I., M. Shintaku, A. Kyuno, Y. Fujiwara,

J. Hashimoto, and H. Iwasaki. 2004. Phylogenetic
relationships of deep-sea mussels of the genus
Bathymodiolus (Bivalvia: Mytilidae). Mar. Biol. 144:
527-535.

Mizi, A., E. Zouros, N. Moschonas, and G. C. Rodakis. 2005.
The complete maternal and paternal mitochondrial genomes
of the Mediterranean mussel Mytilus galloprovincialis:
Implications for the doubly uniparental inheritance mode of
mtDNA. Mol. Biol. Evol. 22:952-967.

Nei, M. 1982. Evolution of human races at the gene level. pp.
167-181 in B. Bonne-Tamir, T. Cohen, R. M. Goodman,
eds. Human genetics, part A: The unfolding genome. Alan
R. Liss, New York.

Nei, M. 1987. Molecular Evolutionary Genetics. Columbia
University Press, NewYork, NY.

Olu, K., A. Duperret, M. Sibuet, J. P. Foucher, and
A. FialaMedioni. 1996. Structure and distribution of cold
seep communities along the Peruvian active margin:
Relationship to geological and fluid patterns. Mar. Ecol.
Prog. Ser. 132:109-125.

Olu, K., E. E. Cordes, C. R. Fisher, J. M. Brooks, M. Sibuet,
and D. Desbruyeres. 2010. Biogeography and Potential
Exchanges Among the Atlantic Equatorial Belt Cold-Seep
Faunas. PLoS One 5.

Palumbi, S. (1991). Simple fool’s guide to PCR. SpecialPubl.
Dept Zoology University of Hawaii, Honolulu.

Passamonti, M. 2007. An unusual case of gender-associated
mitochondrial DNA heteroplasmy: the mytilid Musculista
senhousia (Mollusca Bivalvia). BMC Evol. Biol. 7(2), 1.

Plazzi, F., and M. Passamonti. 2010. Towards a molecular
phylogeny of Mollusks: Bivalves’ early evolution as revealed
by mitochondrial genes. Mol. Phylogenet. Evol. 57:641-657.

Posada, D., and K. A. Crandall. 1998. MODELTEST: testing
the model of DNA substitution. Bioinformatics 14:817-818.

Radulovici, A. E., B. Sainte-Marie, and F. Dufresne. 2009.
DNA barcoding of marine crustaceans from the Estuary and
Gulf of St Lawrence: a regional-scale approach. Mol. Ecol.
Resource 9(Suppl s1):181-187.

Rogers, A. R., and H. Harpending. 1992. Population-growth
makes waves in the distribution of pairwise genetic-
differences. Mol. Biol. Evol. 9:552-569.

Schneider, S., and L. Excoffier. 1999. Estimation of past
demographic parameters from the distribution of pairwise
differences when the mutation rates very among sites:
Application to human mitochondrial DNA. Genetics
152:1079-1089.

Slatkin, M. 1985. Rare alleles as indicators of gene flow.
Evolution 39:53-65.

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

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei, and
S. Kumar. 2011. MEGAS5: molecular evolutionary genetics

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Population Structures of Two Deep-Sea Species

analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Mol. Biol. Evol.
28:2731-2739.

Teixeira, S., E. A. Serrao, and S. Arnaud-Haond. 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.

Thaler, A. D., S. Plouviez, W. Saleu, F. Alei, A. Jacobson, E. A.
Boyle, et al. 2014. Comparative population structure of two
deep-sea hydrothermal-vent-associated decapods (Chorocaris
sp 2 and Munidopsis lauensis) from southwestern pacific
back-arc basins. PLoS One 9(7), e101345.

Tirmizi, N. M., and W. Javed. 1980. 2 New species and one
new record of phylladiorhynchus baba from the indian-
ocean (Decapoda, Galatheidae). Crustaceana 39:255-262.

Tsuchida, S., and K. Fujikura. 2000. Heterochely, relative
growth, and gonopod morphology in the bythograeid crab,
Austinograea williamsi (Decapoda, Brachyura). J. Crustac.
Biol. 20:407—414.

Tsuchida, S., Y. Fujiwara, and K. Fujikura. 2003. Distribution
and population structure of the galatheid crab Shinkaia
crosnieri (Decapoda: Anomura: Galatheidae) in the southern
Okinawa Trough. Jap. J. Benthol. 58:84-88.

Tsuchida, S., Y. Fujiwara, H. Yamamoto, M. Kawato, K.
Uematsu, and Suzuki Y. 2007. Epibiotic bacteria associated
with the ventral setae of galatheid crab Shinkaia crosnieri. In
The 45th Annual Meeting of the Carcinological Society of
Japan. Abstract: O-11 (in Japanese).

Tunnicliffe, V., and S. K. Juniper. 1990. Cosmopolitan
underwater fauna. Nature 344:300-300.

Van Dover, C. L., C. R. German, K. G. Speer, L. M. Parson,
and R. C. Vrijenhoek. 2002. Evolution and biogeography of
deep-sea vent and seep invertebrates. Science 295:1253—
1257.

Watabe, H., and H. Miyake. 2000. Decapod fauna of the
hydrothermally active and adjacent fields on the Hatoma
Knoll, southern Japan. JAMSTEC J. Deep Sea Res. 17:29-34.

Watsuji, T.-O., S. Nakagawa, S. Tsuchida, T. Toki, A. Hirota,
U. Tsunogai, et al. 2010. Diversity and function of epibiotic
microbial communities on the galatheid crab, shinkaia
crosnieri. Microbes Environ. 25:288-294.

Won, Y., C. R. Young, R. A. Lutz, and R. C. Vrijenhoek. 2003.
Dispersal barriers and isolation among deep-sea mussel
populations (Mytilidae: Bathymodiolus) from eastern Pacific
hydrothermal vents. Mol. Ecol. 12:169-184.

Yang, J. S., B. Lu, D. F. Chen, Y. Q. Yu, F. Yang, H.
Nagasawa, et al. 2013. When did decapods invade
hydrothermal vents? Clues from the Western Pacific and
Indian Oceans. Mol. Biol. Evol. 30:305-309.

Zouros, E., A. O. Ball, C. Saavedra, and K. R. Freeman. 1994a.
Mitochondrial-DNA Inheritance - Reply. Nature 368:818-818.

Zouros, E., A. O. Ball, C. Saavedra, and K. R. Freeman. 1994b.
An unusual type of mitochondrial-DNA inheritance in the
blue mussel mytilus. Proc. Natl Acad. Sci. USA 91:7463-7467.

3581



Population Structures of Two Deep-Sea Species

Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

3582

Y. Shen et al.

Table S1. PCR primers used in the present study.

Table S2. Gene flow (N,,,: below the diagonal) was evalu-
ated from the values of GammaSt and Fgy for the Shin-
kaia crosnieri and Bathymodiolus platifrons populations.
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