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The population divergence process of deep-sea vent invertebrates is driven by
both biotic (e.g., dispersal during the larval stage) and abiotic factors such as deep-
ocean currents, depth, and the geological setting of vents. However, little is known
regarding the divergence of hydrothermal vent microorganisms. Therefore, our
study sought to investigate the influence of geological and geographic factors on
the divergence of symbiotic bacteria of Bathymodiolus vent mussels. The genetic
differentiation patterns of symbionts were examined using next-generation
sequencing DNA data in two ocean basins with distinct geological features: the
slow-spreading Central Indian Ridge (CIR) and the fast- or superfast-spreading
eastern Pacific Ridges. Our findings showed that the degree of differentiation of
symbiont populations was geographically hierarchical: the highest between ocean
basins, followed by inter-ridge sites between the East Pacific Rise and the Pacific
Antarctic Ridge. The Easter Microplate intervening these two ridges acted as a
biogeographic physical barrier for both symbionts and their host mussels. On a
scale of intra-ridge, symbionts showed isolation by distance in the CIR but not in
the eastern Pacific ridges. These contrasting genetic patterns relate to different
ridge spreading rates determining most of the geological characteristics of mid-
ocean ridges that affect the connectivity of vent habitats in space and time. At the
intra-ridge geographic scale of the CIR, population divergence processes of both
symbionts and hosts from separate three ridge segments were analyzed in detail
using a genetic model of isolation with migration (IM). The phylogenetic topology
of symbiont populations was congruent with the host populations, indicating the
influence of common historical and physical constraints for habitats and dispersal
between vents in the Central Indian Ridge. Collectively, our findings provide key
insights into the dynamics of microbial population divergence in deep-sea vents.
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Introduction

Studies on macroorganisms suggest that they share
phylogeographic patterns with symbiotic microorganisms,
although the spatiotemporal scale of these patterns may vary
between the two organismic groups. The spatial distribution of
microorganisms is mainly constrained by environmental factors,
causing niche partitioning and geographical distance between
habitats (De Wit and Bouvier, 2006; Hanson et al., 2012; Van
Der Gast, 2015). However, the relative magnitude of the two
factors remains controversial. Initially, environmental variables
were considered the major factors that shape the biogeographical
distribution of microorganisms, which supported Bass-Becking’s
hypothesis: “everything is everywhere, the environment selects”
(Finlay and Clarke, 1999). The influence of geographical
distance was excluded based on the assumption that
microorganisms have unlimited dispersal capability due to
their extremely small sizes and massive population sizes.
However, a growing body of evidence has suggested that
bacterial populations are in fact affected by geographical
distance, as demonstrated by studies on the distribution
patterns of archaea populations and the phylogeny of hot
spring cyanobacteria (Papke et al., 2003; Whitaker et al,
2003). Furthermore, the dispersal of endemic taxa inhabiting
isolated habitats appears to be particularly affected by geographic
distance (Louca, 2021).

The hydrothermal vent ecosystem is a representative isolated
habitat with spatially and temporally discontinuous distribution
along the mid-ocean ridge and back-arc basin. Nevertheless, the
environmental variations of vent fields are considered important
determinants of biogeographical patterns due to the close
association between the chemistry of vents and bacterial
metabolism. Previous studies have analyzed vent geochemistry
and fluid chemistry to characterize their effect on the
geographical structure of vent microorganisms by comparing
community compositions at various spatial scales (Campbell
et al., 2006; Flores et al., 2011; Anderson et al., 2015; Reveillaud
et al,, 2016; Meier et al., 2017). Interestingly, Huber et al. (2010)
proposed that geographic isolation rather than the chemistry of
diffuse flow regions affected the biogeographic patterns of
Epsilonproteobacteria at a large spatial scale (>1,000 km).
Likewise, the effect of geographic isolation was observed from
the gill-associated symbiotic bacteria of Bathymodioline mussel,
Idas modiolaeformis, collected from sunken wood and deep in
the east Atlantic and Mediterranean (Laming et al., 2015). A
comparison among several sites distributed broadly represented
that the dissimilarity of bacterial composition was positively
correlated with the geographical distance between habitats. The
geographic distance was recently proven to be an essential factor
for the divergence of the symbiotic bacteria of deep-sea vents:
symbionts of northern Mid-Atlantic Ridge (MAR)
Bathymodiolus mussels (Ucker et al., 2021) and symbionts of
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scaly-foot vent snails, Chrysomallon squamiferum, in the Indian
Ocean Ridge (Lan et al., 2022). These few pioneering studies cast
research questions about the connectivity and divergence of
bacteria of deep-sea hydrothermal vents between mid-ocean
ridge systems showing different dynamics of tectonic activities
and geological features involving various geographic distance
scales, geomorphological structures, and so on.

In the deep-sea hydrothermal vent ecosystem, most
invertebrates rely on chemosynthetic bacteria harbored in the
specialized organs for the absorption of key nutrients. Therefore,
acquiring symbiotic bacteria is directly linked to the survival of
host animals. Host animals acquire the bacterial symbiont from
the environment (horizontal transmission) or directly from the
parent through gametes (vertical transmission) or by a mixed
transmission mode of them (leaky vertical transmission).
Bathymodioline mussels inhabit deep-sea chemosynthetic
environments and harbor sulfur-oxidizing and/or methane-
oxidizing bacteria in their gills. The host mussels obtain their
symbionts from the environment through horizontal
transmission, which has been demonstrated by discrepancies
between the phylogenic topology of hosts and symbionts, as well
as genome size similarities between symbionts and free-living
bacteria (Won et al., 2003; Won et al., 2008; Fontanez and
Cavanaugh, 2014; Russell et al., 2020). Fontanez and Cavanaugh
(2014) detected strains of symbiotic bacteria in seawater and
biofilms, suggesting that the mussel symbionts are acquired from
free-living bacterial populations with presumably larger gene
pools. Recently, Franke et al. (2021) discovered that the
acquisition of symbionts in bathymodioline mussels first
occurs during metamorphosis and after settlement. Moreover,
the cellular anatomy of Bathymodiolus septemdierum
demonstrated that there are pathways that connect the
internal bacteriocytes to the external environment (Ikuta et al,
2021). Therefore, we hypothesize that population genetic studies
of the symbiotic bacteria of mussels, which constitute enriched
samples of environmental free-living bacteria, can provide
insights into the diverging process of microbial populations in
the deep-sea hydrothermal vents.

Bathymodioline mussels inhabiting the central Indian and
eastern Pacific Oceans harbor sulfur-oxidizing bacteria, and the
symbiont communities of mussels are dominantly composed of
a single phylotype (Won et al., 2008; Ho et al., 2017). The two
regions have substantially different seafloor spreading rates, with
the Central Indian Ridge (CIR) exhibiting slow spreading and
the East Pacific Rise (EPR) and Pacific Antarctic Ridge (PAR)
of the eastern Pacific Ocean exhibiting fast or ultrafast spreading.
The geological characteristics of vents influence genetic diversity
in a metapopulational context on a local scale and the
geographical connectivity of vent animals on a regional scale
(Vrijenhoek, 2010; Mullineaux et al., 2018). In the eastern Pacific
Ocean, vent invertebrates exhibit genetically subdivided
population structures due to the geographical barrier around
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the equator and the Easter Microplate on the southern EPR
(Vrijenhoek, 2010). Bathymodioline mussels and their symbiotic
bacteria also showed geographically subdivided distributions
across the Easter Microplate boundary, suggesting that the
physical barrier not only interrupted host dispersal but also
affected its symbionts (Johnson et al., 2013; Ho et al.,, 2017).
However, the spatial structure of vent populations along the CIR,
particularly between the Onnuri and other vent fields, remains
uncharacterized. The Onnuri field, located approximately
780 km north of the Dodo vent field, is the most recently
discovered vent field along the CIR (Kim et al., 2020). To date,
a total of five vent fields have been found along the CIR: the
Kairei and Edmond vent fields near the Rodrigues Triple
Junction (Van Dover et al., 2001), the Solitaire and Dodo vent
fields in the north (Nakamura et al., 2012), and the Onnuri field
in the northernmost region of the CIR (Kim et al, 2020).
Previous studies based on mitochondrial genes revealed the
high geographical connectivity of invertebrates among the
Solitaire, Edmond, and Kairei (Beedessee et al., 2013; Chen
et al., 2015; Sun et al., 2020; Zhou et al., 2022). The vent
mussels of the Indian Ocean, Bathymodiolus marisindicus,
exhibited high genetic connectivity within a more
geographically extended range than other invertebrates,
extending from the Solitaire vent in the CIR to the Longgqi
vent in the South West Indian Ridge (SWIR) (Sun et al., 2020).

Our study aimed to explore the population divergence of
bacteria in a representative hydrothermal vent environment by
comparing genetically differentiated patterns of vent bacteria
under distinct geological settings: the slow-spreading CIR and
the fast-spreading eastern Pacific (EPR and PAR). Most previous
studies have compared the composition of taxa based on 16S
rDNA sequences at broad taxonomic levels (e.g., genus or family
levels) to detect the biogeographic patterns of microorganisms.
However, a finer taxonomic resolution is needed to detect the
effect of distance on microbial biogeographic patterns (Hanson
et al,, 2012). Here, we examined the genetic variation of mussel
gill-associated sulfur-oxidizing bacteria belonging to the SUP05
clade based on amplicon sequences obtained by next-generation
sequencing (NGS) of multiple protein-coding genes and 16S
rRNA to achieve an acceptable resolution. We compared the
genetic differentiation patterns of the symbiotic bacteria in a

TABLE 1 Sampling localities and sample size.

Location Lat. Lon. Depth (m)

Onnuri 11°24.9'S 66°25.4'E 2022

Solitaire 19°33.4'S 65°50.9'E 2634
19°33.4'S 65°50.9'E 2505

Edmond 23°52.7'S 69°35.8'E 3290-3320

Kairei 25°19.2'S 70°02.4'E 2415-2460

'GTV, TVgrab; JL, Jason L.

N', sample size used for molecular analyses of host species.

N®, sample size used for molecular analyses of bacterial symbionts.
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geographically hierarchical manner from different ocean basins,
ridges, and vent fields. Finally, we explored the diverging
processes of symbionts and their host mussels among three
adjacent ridge segments of the CIR by applying a population
divergence genetics model known as the isolation with migration
(IM) model to the NGS DNA data of symbiont populations and
PCR-sequenced DNA data of host populations.

Materials and methods
Sampling

Bathymodiolus marisindicus mussels were collected from
four hydrothermal vent fields on the CIR (Table 1, Figure 1).
The mussels were obtained from the Onnuri and the Solitaire
vent fields using a video-guided hydraulic grab (Oktopus GmbH,
Germany, Dive number: GTV1702, GTV1807, and GTV1809)
and from the Edmond and Kairei vent fields using a remotely
operated vehicle, Jason I (Dive number: JL301, JL296). All
samples were frozen at —80°C on board, transported to the
laboratory on dry ice, and stored at —80°C until required for
downstream analyses.

Genomic DNA extraction
and sequencing

The genomic DNA of the mussels was extracted from each
specimen’s foot or mantle tissue using the Qiagen DNeasy Tissue
kit (Qiagen Inc., Hilden, Germany). One mitochondrial gene
(mtCOI) and two nuclear genes (EF1 o and Col-1) were amplified
using gene-specific primer sets with primer-specific PCR
conditions previously designed for bathymodioline mussels
(Supplementary Table S1). The PCR was performed in 20 pl
volumes including 2 ul of 10x Taq polymerase buffer, 1.5 ul of
2.5 mM stock solution of ANTPs, 1.5 pl of each primer (10 pmol/
1), 1 pl of 1 mg/ml bovine serum albumin, 1 pl of extracted DNA
(30-150 ng), 0.625 units of IP Taq polymerase (Cosmo Genetech
Inc., South Korea), and sterile H,O to reach the desired volume.
The PCR products were purified using the Dr. Prep Kit (Cat. No.

Dive no. Date NH NS
GTV1809 06-2018 24 12
GTV1807 06-2018 10 6
GTV1702 08-2017 10 6

JL301 04-2001 15 12
JL296 04-2001 15 12
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Juan de Fuca
Ridge (JFR)

Mid-Atlantic
Ridge (MAR)

East Pacific Risei
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Pacific-Antarctic
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East Scotia Ridge (ESR)

FIGURE 1

Distribution of sampling sites in this study and spreading rate of ridge axes. The colors of the ridge axes represent their spreading rate (Bird,
2003): ultra-slow (dark blue, <20 mm/year), slow (light blue, 20—50 mm/year), intermediate (green, 50-80 mm/year), fast (orange, 30-140 mm/
year), and superfast (red, >140 mm/year). Map created with QGIS v. 3.12.3 using bathymetry data from the General Bathymetric Chart of the

Oceans (GEBCO).

MK02020, MGmed, South Korea). The DNA sequences were
then determined using a Big Dye Terminator V3.1 Cycle
Sequencing Kit on an Applied Biosystems 3730x] DNA
Analyzer (Applied Biosystems Inc., South Korea). All
sequences from the host mussels were deposited in the
GenBank database under accession numbers OK509086-
0K509159 (mtCOI), OK524315-0K524440 (EFla), and
OK524441-0K524584 (Col).

The genomic DNA of symbiotic bacteria was extracted from
the gill tissues of individual mussels using the Qiagen DNeasy
Tissue Kit (Qiagen Inc., Hilden, Germany). We targeted single-
copy genes including 16S rRNA and six functional genes with
different functional categories used in previous studies on sulfur-
oxidizing symbionts of deep-sea mussels of the genus
Bathymodiolus: sulfur metabolism (dsrB), protein folding
(dnak), glycolysis (pfk, pgi, and pykF), transcription regulation
(rpoD) (Fontanez and Cavanaugh, 2014; Ho et al., 2017).
Libraries for Illumina-MiSeq sequencing were prepared via
two-step PCR. First, fragments of seven genes were amplified
using specific primer sets with the following conditions
(Supplementary Table S2): 95°C for 3 min; 30 cycles at 95°C
for 40 s, 50°C-55°C for 30 s, and 72°C for 90 s, and 72°C for
7 min. The 16S rRNA gene was amplified using a universal
prokaryotic primer set targeting the V3 and V4 regions.
Functional genes were amplified using a thiotroph-specific
primer set designed based on the previously deposited
sequences of B. marisindicus sulfur-oxidizing endosymbionts
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and newly generated sequences by PacBio RS II (unpublished
data sequenced from gill tissue of specimen “S10” collected at the
Solitaire field in 2017). In the second PCR, unique pairs of
Illumina Nextera Indices (N7/S5) were attached to the end of the
amplified fragments to separate individual hosts. After PCR
purification using AMpure XP magnetic beads (Edwards,
2012), the amplicons were pooled at equal quantities (80 ng).
Finally, the DNA of the symbiont communities was sequenced
on an [llumina MiSeq sequencer (600PE) following a 2 x 300 bp
paired-end protocol at the National Instrumentation Center for
Environmental Management (NICEM) of Seoul National
University (Seoul, Korea). The raw Illumina amplicon data
were deposited in the GenBank database under accession
number PRINA769986.

The raw reads of the functional genes were processed using
Cutadapt v. 2.3 (Martin, 2011) and the ‘DADA2’" R package
taking into account the DADA?2 algorithm designed to detect a
fine-scale variation from both 454 and Illumina data with more
accuracy (Rosen et al., 2015; Callahan et al., 2016). The paired-
end reads were demultiplexed according to gene region, and
primer sequences were trimmed using Cutadapt v. 2.3. The
DADA2 R package was used for filtering by quality, denoising,
merging paired reads, and removing chimeric sequences. These
procedures were conducted using the default settings except
when removing chimeric sequences to prevent excessive deletion
of sequences, in which case the ‘minfoldParentOverAbundance
(default = 2)” option was modified to 4. Subsequently, the

frontiersin.org


https://doi.org/10.3389/fmars.2022.845965
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jang et al.

sequences with <90% similarity with other reads and single reads
of each locus were excluded in subsequent analyses.

Raw 454 pyrosequencing data from gill-associated
symbionts of bathymodiolin mussels at seven vent fields in the
eastern Pacific Ocean were obtained from a previously published
study (Ho et al., 2017). Our study analyzed four common loci
(dnak, pgi, pykF, and rpoD) used for molecular analyses of
symbionts of the CIR. The sequencing data from the CIR and the
eastern Pacific symbionts were obtained by two different
sequencing techniques (Illumina MiSeq and 454
pyrosequencing platforms, respectively). We used the same
pipeline, DADA?2, for the NGS data process to minimize the
potential bias caused by the usage of different denoising
algorithms. The DADA2 pipeline was conducted with the
appropriate settings for the pyrosequencing dataset to denoise
gap errors in homopolymer sites and restrict the number of
insertions that the 454 platform frequently generates
(HOMOPOLYMER_GAP_PENALTY = -1, BAND_SIZE =
32). Likewise with the processing of the Illumina dataset, the
sequences with <90% similarity and single reads of each locus
were excluded in subsequent analyses. The pipelines for the
analysis of raw sequence data from Illumina MiSeq and 454
pyrosequencing platforms are schematized in Supplementary
Material S1.

Community analyses using the 16S
rRNA gene

The diversity and relative abundance of each bacterial strains in
the gill tissue of B. marisindicus were characterized by ribotyping of
amplicons of the V3-V4 regions of the 16S rRNA gene. The raw
reads were first quality-checked, after which low-quality (<Q25)
reads were filtered using Trimmomatic v. 0.32 (Bolger et al.,, 2014).
Afterward, the paired-end sequence data were merged with
VSEARCH v. 2.13.4 (Rognes et al, 2016) with the default
parameters. Primers were then trimmed with the alignment
algorithm of Myers and Miller (1988) at a 0.8 similarity threshold.
Non-specific amplicons that do not encode 16S rRNA were detected
using nhmmer 4 in the HMMER software package v. 3.2.1 with
hmm profiles. Unique reads were extracted, and redundant reads
were clustered with the unique reads using VSEARCH. The
EzBioCloud 16S rRNA database (Yoon et al., 2017) was used for
taxonomic assignment followed by more precise pairwise alignment
using VSEARCH. The cutoff values of sequence similarity were
taken from Yarza et al. (2014). Chimeric reads were filtered based on
a <97% similarity threshold via reference-based chimeric detection
using the UCHIME algorithm (Edgar et al., 2011) and the non-
chimeric 16S rRNA database from EzBioCloud. Finally, operational
taxonomic units (OTUs) with single reads were omitted from
further analysis. The pipelines for the analysis of the 16S rRNA
raw sequence data are schematized in Supplementary Material S2.
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Molecular analyses

Comparison of symbiont populations between
the CIR and the eastern Pacific Ocean

The two datasets from the 454 and Illumina MiSeq platforms
were normalized by adjusting the number of reads per population
for each gene to minimize the bias caused by the large variations in
read numbers, in addition to the process of the raw data using the
same denoising algorithm, DADA?2. The number of sequence reads
of each gene from the CIR was normalized by randomly sampling
among the processed NGS sequences from Illumina MiSeq and
adjusting them to the average number of reads per gene for each
population generated by 454 pyrosequencing from the EPR (i.e., the
normalized number of sequence reads per gene for population of
the CIR symbionts: dnaK, 5213; pgi, 4,909; pykF, 6,031; rpoD,
7,260). The length of fragments for four genes was adjusted to
overlapped sites after alignment using the Clustal Omega algorithm
on the Geneious Prime 2022.1.1. Subsequently, we compared
nucleotide diversity () between two datasets to evaluate the effect
of different error rates on the level of genetic diversity of symbiont
populations. The levels of genetic differentiation among populations
were estimated using Dy, (Nei, 1987), the average number of
pairwise nucleotide differences per site between symbiont
populations, to avoid the effect of variation in the genetic
diversity of populations (Cruickshank and Hahn, 2014). The Dy,
of four loci (dnak, pgi, pykF, and rpoD) were estimated according to
the Jukes—Cantor substitution model in Arlequin v. 3.5 (Excoffier
and Lischer, 2010).

Next, the correlation between genetic differentiation and
geographical distances was determined via Mantel and Pearson
correlation tests using the mean Dy, of the four loci according to
Legendre and Fortin (2010). Geographic distances were estimated
using the latitude/longitude distance calculator on the ‘National
hurricane center and central pacific hurricane center’ website
(https://www.nhc.noaa.gov/gccalc.shtml). For the populations in
the eastern Pacific Ocean, a partial Mantel test was performed
using the open-source software zt (Bonnet and Van De Peer, 2002),
which reflected the geographical assignment according to the results
of a previous study (Ho et al., 2017) to exclude the effect of physical
barriers on gene flow across the Easter Microplates around 25°S:
11N, 9N, 7§, 118, 178, 23S, and 328, 38S. Geographical separation
was treated as the third matrix in which a value of zero or one was
assigned depending on whether the populations belonged to the
same or different clusters, respectively. The Mantel test was carried
out using a custom R script for the CIR populations because the
sample size was smaller than five, which is the minimum number of
samples required by the zt software. The R scripts are included in
the Supplementary Data uploaded on Figshare (https://doi.org/10.
6084/m9.figshare.17701754.v5). Similarly, the Pearson correlation
tests were carried out between populations within the EPR and
PAR, respectively, and between populations of the CIR at the intra-
ridge level. The correlation tests were conducted on Excel using the
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XLSTAT 2022.3. statistical and data analysis solution (Addinsoft,
New York, USA).

Comparison of host and symbiont population
on the CIR

We next examined the population genetics of the CIR samples,
including host and symbiotic bacteria. As indicated in the
sequencing section, the fragments of three genes (mtCOI, Col,
and EFla) for the host and seven genes (16S rRNA, dnak, dsrB,
pfk, pgi, pykF, and rpoD) for symbiotic bacteria were used. For the
16S rRNA gene, the reads assigned in the same OTU with >97%
sequence similarity among the reads belonging to the genus
Candidatus Thioglobus were used to observe genetic variation at
the intraspecific level of bacteria. The reads were extracted using
USEARCH v.11 (Edgar, 2010; Edgar, 2013).

For both hosts and symbionts, genetic diversity, analysis of
molecular variance (AMOVA), and Dy, based on the Jukes—Cantor
substitution model were determined using Arlequin v. 3.5 (Excoffier
and Lischer, 2010). Median-joining networks of symbionts were
generated with CYTOSCAPE v. 3.7.2 (Shannon et al., 2003) based
on median-joining network tables (Bandelt et al., 1999) estimated
from PopART v. 1.7 (Leigh and Bryant, 2015). To simplify the
network, we excluded the private alleles found at only one location.
The median-joining networks of hosts were constructed using

70
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PopART v. 1.7. The Mantel tests were conducted using the R
script, and the Pearson correlation tests were performed using
XLSTAT 2022. 3 (Addinsoft, New York, USA).

Neutrality test and estimation of demographic
parameters using the IM model

Tajima’s D (Tajima, 1989) and Fu's Fs (Fu, 1997) were
estimated using 100 randomly sampled sequences from the
dataset pooled from the same vent location regardless of the host.
Because the 100 sequences per vent locality was a manageable
amount of input data for running the IMa3 computer program
when we attempted in this study, we tested the neutrality with those
100 sequences per gene per vent population (Figure 2B). The two
neutrality tests assumed non-recombination. Thus, we performed a
four-gamete test for each gene in DnaSP v. 5 (Librado and Rozas,
2009) and only the longest non-recombined DNA fragments of
each locus were analyzed (dnaK, 146 bp; dsrB, 161 bp; pfk, 128 bp;
pgi, 134 bp; pykF, 94 bp; rpoD, 146 bp).

The phylogenetic and demographic history was analyzed
using the IMa3 program based on the IM model (Nielsen and
Wakeley, 2001; Hey et al., 2018). The IM3 analyses were carried
out for only three populations because the computational
burden was rapidly increased for four-population analysis
when applying our symbiont NGS data. The three vent

« Vent localities (= populations)

Onnuri
host ind #1 host ind #2

olitaire

P ——

I

J
ogsese
host ind #1 host ind #2
present oo oo ] (
VS. VS.
past ] | |

Step 1. Estimating phylogenetic topology

FIGURE 2

seql
seq2
seq3

seq100

0090
0960950
L] OOO.

host ind #12

Pooling sequences
& random sampling

D
present

past
Step 2. Estimating demographic parameters

Hierarchical level of symbiont populations examined in this study and steps for IMa3 analyses. (A) Definition of a population in this study. The
sequences from the same vent field were regarded as a population regardless of individual hosts. (B=D) Inference about demographic history
based on the isolation with migration (IM) model using the IMa3 software: (B) Preparation of an input file, (C) Step 1. Estimation of phylogenetic
topology, (D) Step 2. Analysis of demographic parameters scaled by mutation rate (6, population size; m, migration rate; t, splitting time) (Hey

et al, 2018).
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localities, Onnuri, Solitaire, and Kairei, were chosen because they
represent three adjacent but isolated ridge segments of the CIR
north to south (Figure 2A). Because Edmond and Kairei vent
fields are located within the same southernmost ridge segment,
we chose Kairei because of its slightly higher nucleotide diversity
(m) than Edmond (Supplementary Figure S1). As input data for
IMa3 running, the same datasets with the neutrality test were
used except for the dsrB gene (Hey and Wang, 2019). The size of
the non-recombination block of dsrB for three-population IMa3
was 191 bp, slightly longer than that of the neutrality test
(161 bp).

IM analyses were conducted through two steps (Figures 2C, D):
1) inference of phylogeny of three geographic populations,
followed by 2) estimation of demographic parameters in step
1. We estimated the marginal posterior probability distribution
of phylogenetic tree topologies for three symbiont populations
from a Markov chain Montel Carlo (MCMC) simulation. The
phylogeny of three symbiont populations with the maximum
posterior probability was then chosen. In step 2, we conducted
an MCMC simulation to estimate demographic parameters
such as population sizes (0), migration rates (m), and splitting
times (t) of symbiont populations based on the estimated
phylogeny from step 1. In each step, the Hasegawa—Kishino-
Yano (HKY) substitution model was used for symbiont analyses.
The inheritance scalar was set as 1.0 for the six symbiont-
specific functional genes analyzed herein. The options for the
MCMC simulations used for steps 1 and 2 are described in
Supplementary Material S3. For each IMa3 analysis, several
convergence diagnostics were monitored (Supplementary
Material S4).

For the analysis of host mussels, every sequence of three loci
obtained from Sanger sequencing (59 for mtCOI, 114 for Col-1,
and 96 for Efla) was used. Once again, the longest non-
recombined fragment of each nuclear gene was used. The IM
analyses were performed following the same procedures as for
the symbiotic bacteria through steps 1 and 2. The HKY
substitution model was used for the symbiotic analyses using
an inheritance scalar of 1.0 for two nuclear genes and 0.25 for the
mtCOI gene. The details for MCMC simulations and
convergence diagnostics are described in Supplementary
Materials S3 and S4.

The estimated demographic parameters including
population sizes, migration rates, and splitting times were
converted to each corresponding demographic scale using the
geometric mean of ML estimates of relevant mutation rate
scalars calculated from a scalar histogram in IMa3 based on
previously estimated mutation rates and generation times from
previous studies. For symbionts, we used the substitution rate of
four functional genes previously estimated by Ho et al. (2017) for
synonymous substitutions of Bathymodiolus symbiotic bacteria
on the EPR: dnaK (1.1-2.33 x 107 substitution/site/year), pgi
(0.99-2.1 x 107¥/site/year), pykF (0.43-0.92 x 107 substitution/
site/year), and rpoD (0.63-1.33 x 10°® substitution/site/year). For
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hosts, we used the substitution rate for mtCOI (1.62 x 1078
substitution/site/year) estimated for bathymodioline mussels
based on fossil calibration (Lorion et al.,, 2013) and a
substitution rate of 4.0 x 10™ substitution/site/year for the two
nuclear genes according to the estimate for the EFla gene s
brooding starfish belonging to the genus Leptasterias, which
inhabits the North Pacific (Foltz et al., 2008). The generation
time of the host was assumed as 1 year based on a histological
study of bathymodioline mussels not only from the Mid-Atlantic
Ridge (MAR) and the Gulf of Mexico but also from the South
China sea at depths of more than 1,000 m (Colaco et al., 2006;
Dixon et al., 2006; Tyler et al., 2007; Zhong et al., 2020).
However, the population sizes of symbionts could not be
converted to a demographic scale due to a lack of related
references for the generation time of symbiotic bacteria.

Results

Composition of the bacterial community
in the gill of B. marisindicus

A total of 5,776 to 26,558 gill-associated bacterial 16S rRNA
sequence reads were obtained per host mussel from the CIR
(Supplementary Table S3). The bacterial reads were identified as
Gammaproteobacteria, most of which were classified as sulfur-
oxidizing bacteria within the genus Candidatus Thioglobus
(>80%). Most reads of sulfur-oxidizing bacteria had high
sequence similarity (>99%). Next, a small number of reads
were identified as bacteria within the genus Kistimonas of the
family Endozoicomonadaceae regardless of the sampling
location (Figure 3, Supplementary Table S3). Likewise, the
Candidatus Endonucleobacter within the same family
Endozoicomonadacea was detected broadly in the Onnuri,
Solitaire, and Kairei fields despite the considerably low
abundance (<1.28% of reads). Most of the reads were
identified as Candidatus Endonucleobacter bathymodiolin
based on sequence similarity >97%.

Genetic variation of symbiotic bacteria in
the CIR and the eastern Pacific Ocean

The number of reads between Illumina and 454
pyrosequencing platforms was considerably different (mean
number of reads per gen: lllumina MiSeq data = 94,946-144,842,
454 pyrosequencing = 4,939-7,260; Table 2, Supplementary Table
$4). Before the further examination of the genetic divergence of
symbiotic bacteria, the nucleotide diversity (1) of each vent locality
was measured and compared to each other to check if the different
platforms have led to a possible systematic underestimate or
overestimate of the population genetic index of D,,. The
nucleotide diversities were considerably low in the vents of the
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eastern Pacific ridges, of which symbiont sequences were generated
by 454 pyrosequencing, compared to those from the vents of the
CIR of which sequences were generated by Illumina MiSeq (mean
nucleotide diversity: eastern Pacific vents = 0.0015-0.0051, central
Indian vents = 0.0031-0.0153; Supplementary Figure S1). However,
two vent fields, Edmond and Kairei, from the southernmost ridge
segment of the CIR were similarly low in nucleotide diversity and
equivalent to those of the eastern Pacific vents. In contrast, the
symbiont populations in Onnuri and Solitaire vent fields exhibited
higher nucleotide diversity than others. The low nucleotide diversity
in the eastern Pacific by the 454 pyrosequencing was contrary to the
expectation of higher sequencing error rates of this platform.
Therefore, the possible introduction of systematic overestimation
or underestimation into the present study due to the difference in
sequencing platforms was unlikely.

The symbiont populations exhibited a distinct geographical
differentiation pattern between the two different ocean basins
(Figure 4). The comparison between the CIR and the eastern
Pacific Ocean showed the highest range of genetic differentiation
D,y (mean = 0.271-0.278; Figure 4; Supplementary Table S5)
followed by the estimates between the East Pacific Rise (EPR)
including the Galapagos Rift (GAR) and the Pacific Antarctic Ridge
(PAR) symbiont populations (mean = 0.019-0.021). The D, values
between CIR symbiont populations ranged from 0.007 to 0.017.
Finally, the lowest D, values between symbiont populations within
the same ridges (EPR including GAR, and PAR) in the eastern
Pacific Ocean ranged from 0.002 to 0.004. The Mantel test indicated
that the mean of genetic differentiation of symbionts in the CIR
increased sharply and proportionally with the geographical
distance, but this effect was not statistically significant (Mantel’s r
= 0.912, P = 0.08). However, the Pearson test showed a statistically
significant positive correlation between the two variables (Pearson’s
r = 0.836, P = 0.011). Meanwhile, genetically homogeneous
populations were observed in the same ridges in the eastern
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Pacific Ocean regardless of the geographic distance (partial
Mantel’s r = 0.13, P = 0.268; Pearson’s r = 0.001, P = 0.871).

Population genetic structure of host
mussels and symbiotic bacteria on
the CIR

Genetic diversity and divergence

Among all genes analyzed for symbiotic bacteria, the 16S rRNA
gene of sulfur-oxidizing symbionts exhibited the lowest genetic
diversity regardless of geographic location (H = 0.32-0.36, 7 =
0.0009-0.001; Table 2). The functional genes of symbionts showed
similar genetic diversity values and patterns among all locations,
except at the Edmond vent where both genetic and nucleotide
diversity were relatively low (H = 0.47-0.64, 7 = 0.0001-0.0023;
Table 2). The Onnuri and Solitaire symbionts had higher genetic
diversity despite having fewer reads. A similar pattern of genetic
diversity was also observed in the median-joining network
(Figure 5A). For most of the six functional genes, the gene pool
of the Edmond symbionts consisted of two or three dominant
haplotypes with few variants from them. However, the Onnuri and
Solitaire symbionts exhibited many haplotypes and different
network shapes among different genes. The median-joining
networks of symbionts demonstrated the genetic separation of the
Onnuri population from the Edmond and Kairei populations
(Figure 5A). Very few haplotypes were distributed widely among
the four locations. However, the Solitaire symbionts shared
haplotypes with all other three populations. The neutrality test of
the four symbiont populations could not reject the null hypothesis
of equilibrium population size and/or neutrality of markers about
selection. After Bonferroni correction, all estimates of Tajima’s D
and Fu’s Fs were statistically non-significant regardless of locations
(Supplementary Table S6).
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TABLE 2 Genetic diversity indices of symbiont populations on the CIR.

Gene Diversity" Onnuri
16S rRNA n 158,646
(427 bp) a 2,333
k 427
H 0.3562
T 0.0011
dnaK n 98,875
(400 bp) a 355
k 55
a, 218
H 0.95
T 0.0236
dsrB n 104,806
(439 bp) a 192
k 43
a, 141
H 0.97
T 0.0151
pfk n 71,113
(425 bp) a 257
k 41
a, 193
H 0.97
T 0.0182
pgi n 111,895
(413 bp) a 268
k 47
a, 178
H 0.96
T 0.0127
pYKF n 81,159
(431 bp) a 442
k 51
a, 330
H 0.98
T 0.0189
rpoD n 116,394
(434 bp) a 94
k 22
a, 31
H 0.92
T 0.0059

10.3389/fmars.2022.845965

Solitaire Edmond Kairei
186,361 170,900 173,551
2,515 2,267 2,287
427 427 427
0.3454 0.3202 0.3339
0.0012 0.0009 0.001
100,985 186,503 118,923
319 13 112
58 6 47
145 0 55
0.98 0.53 0.95
0.02 0.0009 0.0067
118,373 168,562 187,628
127 10 46
46 5 26
68 0 24
0.94 0.50 0.62
0.0131 0.0004 0.0023
79,633 124,661 104,378
259 8 193
56 3 30
123 0 106
0.98 0.49 0.98
0.0164 0.0023 0.008
123,482 169,325 137,088
289 27 186
63 8 47
159 11 114
0.96 0.64 0.95
0.0096 0.0012 0.0058
101,642 174,138 174,543
269 14 135
54 5 41
122 0 79
0.98 0.55 0.96
0.0192 0.0009 0.0061
119,010 160,062 132,425
145 4 106
32 2 21
46 0 57
0.97 0.47 0.96
0.0082 0.0001 0.0066

! 1, number of reads per locus; a, number of alleles; k, number of polymorphic sites; ap, number of private alleles; H, gene diversity; 7, nucleotide diversity.

The genetic variation of the host mussel populations differed
depending on the used gene (Table 3). The mtCOI gene
exhibited the highest genetic diversity, whereas the EFla gene
had the lowest (Table 3 and Figure 5B). Contrary to the high
variation of genetic diversity among symbiont populations, the
host mussels showed a similar level of genetic diversity
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independent of vent localities. The Onnuri population of
mussels exhibited the highest genetic diversity (H = 0.63-0.96,
7 =0.0021-0.0087).

The Dy, between symbiont populations demonstrated the
influence of geographical distance on the genetic differentiation
along the CIR (Figure 6A, Supplementary Table S7). As shown in
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FIGURE 4

Correlation of average population divergence (D,,) with geographic distance between the CIR and the eastern Pacific. The gray circles represent
the comparison between vent fields within the CIR, and the white circles represent the comparison between vent fields within each region of
the eastern Pacific, the EPR with the GAR, and the PAR. The black circles represent the comparison between the EPR and the PAR in the eastern
Pacific. The graph in inset illustrates the comparison between the CIR and the eastern Pacific. This analysis included data collected for 30 years
from 1990 at the GAR on the East Pacific Ocean to 2018 at the Onnuri vent field on the Indian Ocean.

Figure 4, which was drawn based on only four functional genes, all
of the six functional genes generally exhibited an ascending pattern
as the geographic distance between the vents increased. The Dy,
estimates between the Edmond and Kairei vents on the same ridge
segment were the lowest for most genes examined (Supplementary
Table S7). The Dy estimates between the Onnuri and the other vent
fields were higher regardless of geographic distribution, except for
the pgi and rpoD genes (0.030-0.032 for dnak, 0.019-0.026 for dsrB,
0.020-0.023 for pfk, and 0.20-0.21 for pykF). The Mantel test
identified a statistically significant positive correlation between
each Dy, estimate for dnakK, pfk, and rpoD genes and
geographical distance (Mantel's » = 0.93, P = 0.04 for dnak;
Mantel’s r = 0.927, P = 0.04 for pfk; and Mantel’s r = 0.723, P =
0.04 for rpoD; Supplementary Table S8). In contrast, the Mantel test
based on the other three genes showed no statistically significant
correlation with geographical distance. The Pearson correlation test
exhibited more statistically significant connections. The Dy, for four
genes, dnak, dsrB, pfk, and pykF, were correlated significantly with
geographical distance (Pearson’s r = 0.864, P = 0.007 for dnak;
Pearson’s r = 0.862, P = 0.008 for dsrB; Pearson’s r = 0.862, P =
0.008 for pfk; and Pearson’s r = 0.678, P = 0.04 for pykF).

For the host mussels, the degree of genetic differentiation was
relatively low than symbiont mussels (0.005-0.009 for mtCOI,
0.001-0.003 for Col-1, and 0.001-0.002 for EF1a). The mtCOI and
Col-1 genes exhibited a consistently increasing pattern of genetic
differentiation among populations with geographical distance
(Figure 6B, Supplementary Table S7). According to the Mantel
test, only the Dy, estimates of the mtCOI gene were significantly
correlated with geographical distance (Mantel's r = 0.905, P =
0.04), while the Pearson correlation test showed significant
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correlations between Dy, estimates of the Col-I gene, as well as
mtCOI, with geographical distance (Pearson’s r = 0.842, P = 0.01
for Col-I; Pearson’s r = 0.818, P = 0.01 for mtCOI; Supplementary
Table S8).

For symbiotic bacteria, the AMOVA results for six
functional genes revealed the following hierarchical
partitioning of genetic variation: among four symbiotic
populations (28.64%-50.81%), among host individuals within
populations (6.64%-7.88%), and among symbiont strains within
individual hosts (42.56%-63.57%) (Supplementary Table S9).
On the other hand, AMOVA of the 165 rRNA gene indicated
that most of the genetic variations of the four populations was
partitioned among symbiont strains within individuals (99.85%),
then among individual hosts within populations (0.11%), and
finally among the four populations (0.04%).

Phylogenies and IM model estimates of the
CIR mussel hosts and symbionts

For three population analyses on IMa3, we chose one
population per ridge segment of the CIR as explained in the
Method section for representing each three ridge segments
from north to south: Onnuri, Solitaire, and Kairei. Finally,
Kairei was chosen instead of Edmond based on its slightly
higher genetic diversity than Edmond hoping that Kairei
represents more general features of the ridge segment than
Edmond (Figure 5).

We inferred a population tree topology with the highest
posterior probability of symbiotic bacteria and host mussels for
the chosen three populations, Onnuri, Solitaire, and Kairei
vent fields, on the CIR. The inferred phylogenetic tree topology
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FIGURE 5

Median-joining networks of genes. (A) Symbiotic bacteria. (B) Host mussels. The colors indicate the geographical locality on the map in (A). The
size of the circle represents the abundance of alleles. The black dot represents a hypothetical allele. (A) The network was drawn after
eliminating private alleles. The number on the circle denotes the abundance of alleles >10,000. The thickness of the edges represents the
number of substitutions between alleles. (B) The number of hatches denotes the number of substitutions between alleles.

of the host populations was similar to that of the symbiont
populations (Table 4, Figure 7): the Onnuri population was
identified as a phylogenetically distant group from the Solitaire
and Kairei populations. However, the maximum a posteriori
estimates of two splitting times among three symbiont
populations slightly differed from those of the host populations
(Figure 7, Supplementary Table S10 and S11). For the symbiotic
bacteria, the splitting time between the Onnuri and ancestor
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populations and between the Solitaire and Kairei populations (t;)
was estimated to be approximately 903 thousand years ago (Kya)
(95% highest posterior density (HPD) interval: 702-903 Kya;
Supplementary Table S12), which was an older event than the
splitting of host populations (t;, nost = 612 Kya, 95% HPD interval:
37-1,254 Kya; Supplementary Table S12). The splitting time
between the Solitaire and Kairei populations (t,) was estimated to
be also older for the symbiotic bacteria (approximately 742 Kya,
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TABLE 3 Genetic diversity indices of host populations on the CIR.

Gene Diversity" Onnuri

mtCOI (531 bp) 24

=1

19
20
0.96

8§ T = =

0.0087
44

Col-1 (539 bp)

=]

0.71

3 T = =

0.0031

s
'S
=)

EFlo (461 bp)

8§ T =
o
°N
w

!The abbreviations are the same as those in Table 2.

95% HPD interval: 398-893 Kya) than the host populations
(approximately 75 Kya, 95% HPD interval: 13-904 Kya).

The IMa3 analysis resulted in the degree and direction
of gene flow among the extant symbiont populations.
The bidirectional migration rates between the Onnuri and
Solitaire fields were significantly different from zero (P <
0.01) according to a likelihood ratio test (Nm = 0.413 from
the Solitaire to the Onnuri fields; Nm = 0.696 from the Onnuri
to the Solitaire fields; Supplementary Table S12). On the other
hand, the unidirectional migration rate from the Kairei to the
Solitaire field (Nm = 1.00) was significant according to the
likelihood ratio test (P < 0.001; Figure 7, Supplementary Table
S12). Among host populations, only unidirectional migration
was statistically significant from the Onnuri to the Solitaire
field (2Nm =
Table S12).

For symbionts, the posterior means of population mutation

1.32, P < 0.05; Figure 7, Supplementary

parameters (6) were commonly estimated close to 0.05 except
for the ancestral population between the Solitaire and Kairei
populations (approximately 0.027, 95% HPD interval: 0.0034-
0.05; Supplementary Table S10). The mean of 0 for the Onnuri
population was approximately 0.047 (95% HPD interval: 0.041-
0.05), which was similar to the mean of the Solitaire population
(0.0461, 95% HPD interval: 0.04-0.05) and Kairei population
(approximately 0.0465, 95% HPD interval: 0.04-0.05). The mean
for the ancestor population of the three populations also
exhibited a similar size of approximately 0.045 (95% HPD
interval: 0.036-0.05). For the hosts, the posterior means of
effective population size (N) of the three populations were
estimated to be similarly large (Supplementary Table S12):
809,839 (95% HPD interval: 711,227-862,185) for the Onnuri
population; 746,077 (95% HPD interval: 554,231-862,185) for

Frontiers in Marine Science

12

10.3389/fmars.2022.845965

Solitaire Edmond Kairei
20 15 15
11 10 11
15 14 16

0.87 0.90 0.93
0.0052 0.0054 0.0062
40 30 30
6 5 2
7 8 2
0.64 0.41 0.29
0.0028 0.0016 0.001
32 30 24
7 7 6
6 7 5
0.48 0.55 0.44
0.0012 0.0015 0.0011

the Solitaire population; and 770,342 (95% HPD interval:
605,125-862,185) for the Kairei population. The estimates of
the ancestral populations were smaller, at approximately 505,692
(95% HPD interval: 0-862,185) for the ancestor between the
Solitaire and Kairei populations and approximately 540,741
(95% HPD interval: 128,099-862,185) for the ancestor of the
three populations.

Discussion

Geographical provincialism of deep-sea hydrothermal vent
invertebrate species along the mid-ocean ridge systems is a
common biological feature that we have learned since the first
discovery of vent and its fauna in 1977 (Corliss et al., 1979;
Bachraty et al., 2009; Rogers et al., 2012). Although the past
oceanic exploration and comparative biological studies have
revealed important regional geophysical and biological factors
that lead to the isolation to various extents (Vrijenhoek, 2010),
there is a significant knowledge gap about microorganisms in the
deep sea. On the other hand, as our knowledge about the abiotic
and biotic factors grows, the question of a more quantitative
aspect of how long and to what extent specific abiotic barriers
affect the connectivity of vent species becomes more interesting.
Keeping this context in mind, we attempted to understand the
diverging population processes of deep-sea hydrothermal vent
animals and their symbiotic bacteria in time and space. To
quantify population subdivisions in high resolution, we applied
population genetic model-based approaches and comparisons of
population DNA sequence data of vent mussels and their
symbiotic bacteria from two ocean basins, the Central Indian
Ocean and the eastern Pacific Ocean.
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Correlation of population divergence (D,,) with geographic distance for functional genes in the CIR. (A) Symbiotic bacteria. (B) Host mussels.

The dashed lines represent the linear regression lines of each locus

TABLE 4 Estimated phylogenetic topologies of host and symbiotic populations.

Organism

Symbiontic bacteria

Host mussels

Tree topology”

Posterior probability

0.0139
0.0215
0.9646
0.2682
0.2372
0.4945

“Different numbers indicate populations separated geographically, 0 = Onnuri, 1 = Solitaire, 2 = Kairei; the tree topologies are shown in Newick tree format, and the numbers of ancestral

populations are omitted.

Gill-associated bacteria of
Bathymodiolus marisindicus

To the best of our knowledge, our study is the first to
evaluate the quantitative composition of gill-associated
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symbiotic bacteria of B. marisindicus. Our findings revealed

that the mussels harbor symbiotic communities in which

sulfur-oxidizing bacteria dominate (minimum >80%)

regardless of the geographical distribution along the CIR,

which is consistent with previous findings (Won et al., 2008;

13

frontiersin.org


https://doi.org/10.3389/fmars.2022.845965
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jang et al. 10.3389/fmars.2022.845965

. o ‘
00“\)‘\ g,o\'\‘a\‘ \(3;\@‘
( Y N\ ™
present : E :
; 43~ |
s ;
i e
742.0 Kya ! ]
..903.0 Kya ... : :
past Ancestral 6: 0.05
B "\ . ‘\(G s
present o 3260\@ @
/5.0 Aya ' - -P) ):::::( D
612.0 Kya : .
past :

Ancestral Ne: 862,000

FIGURE 7

Demographic history of populations from three vent localities. The figures represent step 2 in Figure 2D. (A) Symbiotic bacteria. The width of the
colored boxes is proportional to the maximum a posteriori estimates of the effective population size. The dashed lines within the boxes
represent the 95% highest posterior density (HPD) intervals (Supplementary Table S10-12). The red arrow denotes the statistically significant
population migration rate per generation (Nm for symbiont and 2Nm for host) using both marginal posterior distribution (* o = 0.05, ** o =

0.01, *** o = 0.001). The gray arrows represent 95% HPD intervals of each splitting time. For the symbiotic bacteria, the effective population size
was scaled by mutation rate () due to the uncertainty of the generation time of mussel symbiotic bacteria. (B) Host mussels. The figure
description is the same as that for (A). The effective population size of hosts (N,) was estimated assuming a generation time of one year.
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Fontanez and Cavanaugh, 2014). On the other hand, from the
bacterial community of the gill tissue, we unexpectedly identified
several strains belonging to the genus Kistimonas of the family
Endozoicomonadaceae, typically found in shallow marine
invertebrates such as starfish, dead clams, and sandworms
(Choi et al., 2010; Lee et al.,, 2012; Ellis et al., 2019). The genus
Kistimonas was recently observed in the gills of the deep-sea
mussel Gigantidas haimaensis (Xu et al., 2019). Recently, other
bacterial taxa of the family Endozoicomonadaceae have been
identified from various marine mollusks globally (Cano et al.,
2020). It suggests that Kistimonas sp. is also widely distributed in
association with marine invertebrate animals at different ocean
depths. Meanwhile, the Candidatus Endonucleobacter
bathymodioli of the Endozoicomonadaceae is known as
parasitic bacteria in nuclei of Bathymodioline mussels
(Zielinski et al., 2009). Before our research, the parasites were
found in bathymodioline mussels in the Gulf of Mexico,
Atlantic, and eastern Pacific oceans (Zielinski et al., 2009).
Interestingly, the parasites in that study were not observed in
the symbiont-infected cell. Therefore, it is considered that the
sulfur-oxidizing bacteria of gill tissue seem to protect the host
mussel. This interpretation is supported by the antibacterial
activity of mussel gill homogenates and the presence of related
genes from gill tissue (Bettencourt et al., 2007). The very low
abundance of the Candidatus Endonucleobacter bathymodioli
compared to the sulfur-oxidizing bacteria is consistent with the
expectation according to the hypothesis. Still, the protection
mechanism is not known yet.

Nucleotide diversity of symbiont
populations measured by the 454 and
Ilumina platforms

The fact that the two NGS DNA data sets of eastern Pacific
and CIR were sequenced by the 454 and Illumina platforms,
respectively, might cause a concern of systematic errors in the
estimation of D, between vent localities due to the difference in
platforms. Indeed, the two sequencing platforms used in the
present study have different sequencing error rates. The Illumina
sequencing generates fewer sequencing errors than the 454
platform (Loman et al., 2012). Despite the substantial
differences in read length and sequencing process of the two
platforms, however, the 454 and Illumina sequencing platforms
showed reliable quantitative results about the abundances of
genes and genotypes (Luo et al,, 2012). The algorithm, DADA2,
used for sequencing error correction in this study, was proven
for its high performance in identifying more real variants and
fewer false-positive sequence variants than other methods
(Callahan et al,, 2016). The result of nucleotide diversity () of
symbionts in each vent locality indirectly dispels the concern
(Supplementary Figure S1). The nucleotide diversities of the
eastern Pacific symbiont populations assessed by the 454
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platform were overall lower than those of the CIR that were by
the Illumina platform, indicating that the suspected systematic
errors cannot have affected our conclusion. In addition, the
varying degrees of diversity estimated in the CIR mean that the
Mlumina platform did not seem to cause a systematic decrease or
increase in the variation identification. Therefore, we conclude
that the nucleotide diversity of populations and Dy, values
between them reflect the actual attributes of the mussel
symbionts in different mid-ocean ridges.

Influence of geological characteristics on
the population divergence of symbionts

The comparison of genetic variation of vent mussel symbionts
from the eastern Pacific and CIR allowed us to evaluate various
factors influencing the population divergence of symbiotic
bacteria. The level of genetic differentiation could be partitioned
according to the following geographically hierarchical categories
in decreasing order: 1) between oceans, the eastern Pacific, and
CIR; 2) inter-ridge site between the EPR and PAR across the well-
known physical barrier of Ester Microplate in the eastern Pacific;
3) intra-ridge vent fields in the CIR; and 4) intra-ridge vent fields
in the EPR and PAR. These categories involve various
geographical, geological, and hydrological features of mid-ocean
ridges, such as distances between habitats, depths, ridge-axis
offsets, transform faults, ridge spreading rates, microplates, and
deep-oceanic currents, and the interaction of these factors.

First, the mussel symbiotic bacteria from the eastern Pacific
and the CIR evolved independently for a long time. A
phylogenetic tree based on 16S rRNA gene sequences showed
that the two symbionts markedly diverged (Won et al., 2008).
Accordingly, the D, estimates between the oceans are at least 10
times larger than the other subordinate comparisons. Secondly,
at the inter-ridge scale of the eastern Pacific, the genetic
differentiation was high. The Easter Microplate located at the
boundary of the EPR and PAR was observed to impede the
dispersal of diverse vent invertebrates and gave rise to a genetic
isolation of several vent species (Guinot and Hurtado, 2003;
Mateos et al., 2012; Johnson et al., 2013; Jang et al., 2016). The
congruent vicariance among different taxonomic groups can be
interpreted as a result of the orogeny of the Easter Microplate,
2.5-5.3 million years ago around the boundary of EPR and the
PAR (Naar and Hey, 1991). Ho et al. (2017) reported that the
EPR and PAR mussel symbionts exhibited complete
geographical isolation independent of the hybridization of host
species, B. thermophilus and B. antarcticus. For the first time,
these previous studies (Johnson et al., 2013; Ho et al, 2017)
indicated that the geomorphological process had driven the
population divergence of both host animals and symbiotic
bacteria in the eastern Pacific ridges.

Next, the symbionts of intra-ridge on the CIR exhibited a
high degree of differentiation with geographical distance in
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contrast with the symbiont of intra-ridge sites on the eastern
Pacific. In fragmented habitats such as deep-sea hydrothermal
vents, the geographical distribution of habitats and life history
features of species related to dispersal capability could be the
main factors that affect genetic connectivity. This notion
suggests that the different geographical distributions of vent
habitats must have led to the contrasting genetic differentiation
patterns between the eastern Pacific and CIR if we accept that
the two symbionts may have similar mobility because they
belong to the same taxa, Candidatus Thioglobus.

The seafloor spreading rates of ridges are relevant to the
geomorphological features, including the distribution pattern of
vent habitats along the ridge axes. Contrary to the relatively
linear topology of the fast-spreading ridge, disconnection of
adjacent ridges by lateral offset frequently occurs, and an
extensive depth range often occurs along the slow-spreading
ridge. Therefore, the geomorphological feature in the slow-
spreading ridge tends to decrease the genetic connectivity of
vent organisms and leads to population subdivision and even
speciation (Van Dover et al., 2002; Vrijenhoek, 2010). For
example, the Blanco Transform Fault (TF) in the Juan de Fuca
Ridge, with approximately 450 km offset in the northeast Pacific,
contributed to the genetic separation of the vent tubeworm,
Ridgeia piscesae (Young et al., 2008), and the speciation of vent
limpets of the genus Lepetodrilus between the northern and
southern regions (Johnson et al, 2006). The bathymodioline
mussels in the MAR also exhibited a substantial genetic
subdivision reaching interspecies levels between the northern
and southern MAR across numerous transform faults around
the equator, including the largest Romanche TF with an offset of
approximately 935-km width and 7-km depth (Van Der Heijden
et al, 2012). Likewise, the disconnection of ridge axes by
transform faults was observed in the CIR; the Argo and Marie
Celeste transform faults between the Onnuri and Solitaire fields
offset the ridge by about 100 and 200 km, respectively, and up to
5 km in depth (Pak et al., 2017). The ridge segmentation of the
ridge also appears to interrupt the geographical connectivity of
symbiotic bacteria along the CIR, especially between the Onnuri
and the other fields. The details of population structure of the
CIR organisms will be discussed with the genetic variation of
host mussels below.

At the intra-ridge scale, the relatively distant vent habitats along
the slow-spreading ridge seem to decrease the connectivity of vent
organisms. Geological modeling based on the global survey dataset
for the past 35 years estimated the frequency of vent field in the fast-
spreading EPR up to three- or fourfold higher than the slow-
spreading CIR (vent frequency per 100 km = 0.76-1.33 for CIR and
1.79-3.91 for EPR) (Beaulieu et al,, 2015). The geological model and
the present results predict that isolation by distance (IBD) becomes
apparent in a slow-spreading ridge along with ridge-axis offsets by
transform faults. For instance, the genetic variation of symbiotic
bacteria observed in the slow-spreading MAR supports this
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hypothesis. The composition of symbiont assemblages of
bathymodioline mussel, I. modiolaeformis, exhibited a statistically
significant correlation with geographic distance (Laming
et al., 2015).

A recent study has proved that about 13% of total genetic
variation on symbionts of bathymodioline mussels distributed
along the northern MAR is determined by geographical distance
alone (Ucker et al., 2021). If the factor of geographic distance in
that study was combined with other factors of environment and
host species, the accountability for the total genetic variation
increased by about 45%. Therefore, all findings above indicate
that we should consider various factors, including the interaction
with the host and natural selection related to the chemical and
physical environment, to comprehensively understand the
population divergence process of symbiotic bacteria.

Population divergence processes of
mussel hosts and their symbionts in
the CIR

On a regional scale, the present study examined the genetic
diversity and connectivity of the host mussels, B. marisindicus,
and their symbiotic bacteria along the CIR, including the
recently discovered Onnuri field. Hosts’ genetic diversity was
similar among vent fields and significantly higher at the Onnuri.
Similarly, the genetic diversity of symbionts was higher at
Onnuri and Solitaire than at Edmond and Kairei. To our
interests, a similar pattern of population genetic variation was
detected in the symbiotic bacteria of scaly-foot snail,
Chrysomallon squamiferum, between the Solitaire and Kairei
vent fields (Lan et al, 2022). The Edmond mussel symbionts
were genetically homogeneous much more than other
populations. The genetic diversity of symbionts with the free-
living stage is associated with the environmental pool (Ansorge
et al, 2019). Frequent habitat turnover by tectonic activity
reduces genetic diversity by recurrent bottleneck and founder
effect (Wade and Mccauley, 1988; Mccauley, 1991). The loss of
genetic diversity of the Edmond mussel symbiont could be
attributable to recurrent extinction/recolonization events of
bacterial communities or small population size in the first
place due to potentially low habitability. In this regard, it is
notable that there is circumstantial evidence that the mussel
patches in Edmond were very scarce (personal observation
during 2001 exploration, which is reported in Van Dover
et al, 2001). Additionally, the difference in depths of vent
habitats is also a potential factor for the connectivity between
vents’ low genetic diversity of the Edmond symbionts. Table 1
shows that the depth difference between Edmond and the two
nearby adjacent vents, Solitaire and Kairei, ranges from 650 to
800 m. The oceanic currents flowing at different depths may
reduce the gene flow between vents with different depths,
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increasing geographical isolation by disruption of dispersal
(Fujio and Imasato, 1991; Young et al., 2008). The neutrality
tests with Tajima’s D and Fu’s Fs statistics refute any significant
demographic changes in the four symbiont populations in the
CIR, which indicates that the symbiont populations from every
vent field including Edmond are in selectively neutral and/or in
equilibrium of population size (Supplementary Table S6).

The AMOVA results indicated that symbionts were
genetically heterogeneous at the intra-host level and
homogeneous at the inter-host level within the same vent field
regardless of the examined genes (Supplementary Table S9).
Wentrup et al. (2014) suggested two hypotheses regarding the
source of symbionts during the development of host mussels: 1)
continuous acquisition from the environment and 2) self-
infection from own older gill tissues. However, these two
alternatives may not be mutually exclusive and could be
mixed. Several studies supported the self-infection scenario
based on the high genetic variation of symbionts at the inter-
host level even within the same fields (Ho et al., 2017; Picazo
etal,, 2019). On the other hand, the homogeneity of symbionts at
the inter-host level observed in B. marisindicus is similar to the
pattern of genetic variation observed from the genomic data of
the sulfur-oxidizing symbionts of Bathymodiolus mussels in the
MAR (Ansorge et al, 2019). These findings suggest that
symbiont populations may be intermixed among adjacent host
individuals within the same vents by repeated release to and
uptake from the environment.

The multi-locus genetic data of symbionts revealed a
relatively high level of genetic differentiation among three
populations in the Onnuri, Solitaire, and Kairei vent fields
(Supplementary Table S7). In contrast, the geographically
adjacent Edmond and Kairei symbionts showed relatively low
differentiation. The present IM analyses revealed the population
divergence order and times from a common ancestral
population to the extant three populations representing the
three ridge segments of the CIR. To our interest, the
population tree topology of symbiotic bacteria was identical to
that of the host mussels, although the time depths are different.
The northernmost Onnuri mussel populations were
phylogenetically distant from the Solitaire and Kairei
populations. Meanwhile, the population divergence topologies
of host mussel and symbiotic bacteria are consistent with the
biogeographic province of vent fauna of the Indian Ocean (Zhou
et al,, 2022). To our interest, Zhou et al. (2022) reported a
summary of faunal similarity in a dendrogram in which a subset
of CIR populations reveals an identical tree topology with the
present mussel hosts and symbiont populations. Remarkably,
the faunal similarity was largely explainable by solely along-ridge
distances between vents, about 47.5%. Another relevant finding
came out from a phylogeographic study of the scaly-foot snails
of the Indian Ocean (Lan et al., 2022), which showed a relatively
close relationship between the Solitaire and Kairei symbiont
populations compared to the distant populations in the
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Southwest Indian Ridge (SWIR) and the northernmost
Carlsberg ridge. These two studies again emphasizes the strong
effect of geographical distance on the divergence of vent
invertebrate hosts and their symbiotic bacteria in the Indian
Ocean ridges with ultra- to slow-spreading rates. Finally, the
consistent pattern of the present study and the previous
biogeographic studies altogether indicate the influence of
common historical and physical constraints on the population
divergence processes of vent invertebrate hosts and their
symbionts in the CIR.

According to geochronological analysis, the age of the
earliest measurable hydrothermal activity in the Kairei vent
field was estimated to be approximately 95 Kya (Wang et al.,
2012). From the IM analysis, the host populations of Kairei and
Solitaire have undergone the divergence of approximately 75
Kya (95% highest posterior density (HPD) interval: 13-904
Kya). Despite the broad interval of HPD, the highest value is
considerably close to the age of the first vent activity measured
by isotope, which indicates that the tectonic activity in Kairei
may be connected to the divergence of an ancestral mussel
population of the Kairei and Solitaire populations. In the present
IMa analysis, we could not resolve narrowly how earlier the
Onnuri population diverged from the most recent common
ancestral population than the subsequent splitting of the
Solitaire and Kairei populations. Due to the broad intervals of
HPD for the splitting times, the comparison of the divergence
between the symbionts and host mussels is difficult.
Nevertheless, the coincident pattern of geographical
connectivity from the spatially and taxonomically more broad-
scaled biogeographic studies suggests that the Onnuri mussel
and symbiont populations have diverged substantially from the
other populations for a long time.

Overall, both the symbiont and host populations are
common in that genetic differentiation increases with
geographical distance between habitats along the CIR. The IM
analysis provided another insight into migration patterns among
populations after divergence of an ancestral population to the
descending two populations. We could not detect any significant
gene flow between the branches of ancestral populations in both
host and symbiont populations. We could only detect significant
gene flow in some terminal branches, which implies a sort of
secondary contact after divergence in both host and symbiont
for a while. The secondary contact after isolation is often
observed in deep-sea vent mussels, such as the secondary
integration between B. azoricus and B. puteoserpentis in MAR
(Breusing et al., 2017) and between B. thermophilus and B.
antarcticus in the eastern Pacific (Johnson et al., 2013). In the IM
analysis of symbionts, the northward gene flow from the
southern two symbiont populations is consistent with the
direction of the deep oceanic current at an approximately
2,500-m depth, which was estimated based on geostrophic
circulation models (Reid, 2003). The northward migration of
symbionts from Kairei to Solitaire was the highest (Nm = 1),
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indicating that the Kairei population provides genetic variation
to Solitaire. The degree of nucleotide diversity at each CIR
population agrees well with this convey of genetic variation
(Supplement Figure S1), showing a higher level in the receiving
populations, Onnuri and Solitaire. On the other hand, the
southward gene flow from the Onnuri to Solitaire vents was
also detected in the host mussel. It is difficult to interpret this
gene flow from Onnuri to Solitaire due to a lack of related
environmental information in this area. Considering the daily
and seasonal fluctuations of deep oceanic currents, long-distance
dispersal of hosts and symbionts may be possible (Murty et al.,
2001). Despite the similarities in the phylogenetic tree
topologies, the different migration patterns between the hosts
and symbionts might be related to different life-history traits and
dispersal capabilities of them. The host populations exhibited a
higher level of southward gene flow from the Onnuri to Solitaire
vents (2Nm >1), which was much more significant than the
estimates of the symbiont populations. Bathymodiolin mussels
have long-distance dispersal capability due to the long duration
of their planktonic larval stage (Lutz et al., 1980; Arellano and
Young, 2009; Breusing et al., 2016) and vertical dispersal
(Arellano et al., 2014). Therefore, the different patterns and
extent of gene flow between the symbionts and hosts indicate
that they disperse among vent localities independently.

Conclusion

Our study sought to identify the connection of divergence of
microbial populations and geographic features including the
distance between vent localities of the ridge system. To this end,
we compared orthologous genes of symbiotic bacteria of vent
mussels from the central Indian Ocean and the eastern Pacific.
Their ridges vary in spreading rates, and as a result, they have a
difference in the frequency of active vent habitats for animals and
microorganisms. Under this frame of comparison, we could
identify several key factors for the divergence of mussel
symbionts. First, the degree of differentiation of symbiont
populations was hierarchical concerning geographical distance
and geophysical barriers for dispersal. At the scale of the ocean
basin, the farther geographically, the more differentiated between
vent localities. The highest divergence comes first between ocean
basins and second between the East Pacific Rise and Pacific
Antarctic Ridge. Apart from the distance factor, a substantial
geophysical structure such as the Easter Microplates exhibiting a
swollen bottom of the sea floor between the EPR and PAR played
a long-term barrier to symbionts between the neighboring ridges.
The seafloor geological and hydrological features along the ridge
axes in the eastern Pacific strongly influenced diverging
population processes of both host mussels and their symbiotic
bacteria. At the intra-ridge scale, however, contrasting genetic
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differentiation patterns were observed; the CIR with a slow-
spreading rate showed a significant pattern of isolation by
distance within 1,600 km, while the eastern Pacific ridges, both
EPR and PAR, with superfast- or fast-spreading rates, exhibited an
absence of isolation by distance even over 4,000 km. These
contrasting patterns result from the denseness of vent habitats,
which ultimately relates to the spreading rates of the ridges.
Finally, on a more local scale, the application of the population
genetic model, isolation with migration, using a large amount of
sequence data of symbionts and their host mussels allowed us to
unravel their diverging processes in time and space in the CIR.
The similar topology of phylogenies between host mussels and
symbiotic bacteria among the three representative ridge segments
in the CIR also highlights the importance of geological history and
habitat configuration along the ridge axis as essential factors for
population divergence in both hosts and symbionts. The present
study of genetic variation of mussel symbionts at diverse spatial
and time scales provides insights into the geographic distribution
and genetic divergence processes of microbial populations in
deep-sea hydrothermal vents.
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