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Abstract

Prokaryotic communities forming symbiotic relationships with the vent shrimp, Rimicaris
exoculata, are well studied components of hydrothermal ecosystems at the Mid-Atlantic
Ridge (MAR). Despite the tight link between host and symbiont, the observed lack of spatial
genetic structure seen in R. exoculata contrasts with the geographic differentiation detected
in specific bacterial ectosymbionts. The geographic clustering of bacterial lineages within a
seemingly panmictic host suggests either the presence of finer scale restriction to gene flow
not yet detected in the host, horizontal transmission (environmental selection) of its endo-
symbionts as a consequence of unique vent geochemistry, or vertically transmitted endo-
symbionts that exhibit genetic differentiation. To identify which hypothesis best fits, we
tested whether bacterial assemblages exhibit differentiation across sites or host populations
by performing a 16S rRNA metabarcoding survey on R. exoculata digestive prokaryote sam-
ples (n = 31) taken from three geochemically distinct vents across MAR: Rainbow, Trans-
Atlantic Geotraverse (TAG) and Logatchev. Analysis of communities across two organs
(digestive tract, stomach), three molt colors (white, red, black) and three life stages (eggs,
juveniles, adults) also provided insights into symbiont transmission mode. Examining both
whole communities and operational taxonomic units (OTUs) confirmed the presence of
three main epibionts: Epsilonproteobacteria, Mollicutes and Deferribacteres. With these
findings, we identified a clear pattern of geographic segregation by vent in OTUs assigned
to Epsilonproteobacteria. Additionally, we detected evidence for differentiation among all
communities associated to vents and life stages. Overall, results suggest a combination of
environmental selection and vertical inheritance of some of the symbiotic lineages.
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Introduction

Deep-sea hydrothermal vent ecosystems are characterized by low oxygen, temperature
extremes and toxic compounds, particularly during an eruption event [1]. Despite the harsh-
ness of these ecosystems, vents are home to a variety of specialized fauna that depend directly
or indirectly upon chemosynthetic primary production [2], [3]. Bacterial communities serve as
the primary producers at these ecosystems and often form symbiotic relationships with inver-
tebrate fauna, including the alvinocarid shrimp, Rimicaris exoculata [4].

R. exoculata is highly abundant and widely distributed at black smoker chimneys along the
Mid-Atlantic Ridge (MAR) hydrothermal vent fields; they live at temperatures between 10 and
20°C and reach aggregate densities up to 2,500 individuals m™ [3, 5-8]. R. exoculata harbors
two distinct chemoautotrophic ectosymbiotic bacterial communities. One community is
located in the inner surfaces of its gill chamber and mainly composed of Epsilon, Gamma, Zeta
and Deltaproteobacteria, known as sulfide, iron or methane oxidizers that obtain nutrition
from the vent activity [8-16]. R. exoculata undergoes molting phases in which all of the gill epi-
bionts are lost at each molt over the course of 10 days [17]. Most of the gill chamber symbionts
appear to be locally acquired, likely being obtained from the surrounding seawater [18, 19].
Previous biogeographic analyses tend towards a local distribution of the symbionts, suggesting
possible horizontal transmission [14].

A second symbiotic community was characterized in the digestive system that includes the
gut and stomach [20, 21]. This community is primarily composed of bacteria from classes Mol-
licutes, Deferribacteres, Epsilon and Gammaproteobacteria, including both resident and exter-
nally derived bacteria that are likely introduced by R. exoculata’s grazing on various particles
found in the surrounding environment [20]. Similar to the gill chamber, the stomach is sub-
jected to molting; however, the gut is not, and is nearly emptied after each molting phase [17].

Recent genetic studies of the R. exoculata host sought to infer spatial and temporal popula-
tion structure across several vents along the MAR [22, 23]. Using both mitochondrial and
microsatellite markers, Teixeira and others found a lack of structure across the ranges investi-
gated, suggesting high dispersal capacities and recent population expansion of R. exoculata.
These findings identify R. exoculata as either one of the first known hydrothermal vent taxa
that shows no barriers to dispersal across such a large geographic extent (more than 7,000km),
or as a taxon with restrictions to gene flow too recent to have left a signature of drift on possi-
bly very large populations [23]. Previous characterizations of the bacterial communities associ-
ated to the gill chamber were based on 16S ribosomal rRNA gene (16S) and identified a similar
lack of geographic separation for Gamaproteobacteria, whereas geographic clustering was
detected for Epsilonproteobacteria across four vents along the MAR [14]. Similarly, communi-
ties associated to the gut were shown to contain specific lineages of Mollicutes and Deferribac-
teres that remained undetected in the surrounding water [18], yet exhibited differentiation
amonyg sites [24]. The geographic clustering of specific bacterial lineages within a seemingly
panmictic host suggests either horizontal transmission (environmental selection) of prokary-
ote communities as a result of unique vent geochemistry among locations [14], or vertical
transmission (inheritance), in which prokaryote communities exhibit genetic differentiation
not yet evident in the host [24].

Similar to the scaled specialization hypothesis (SSH), which postulates that the short genera-
tion time of taxocenes with smaller individuals may lead to a more rapid and thorough differen-
tiation along environmental gradients [25], it has been hypothesized that the shorter generation
time and/or smaller effective population size of some symbionts, particularly when engaged in a
very tight association to their host, would lead to a more rapid establishment of genetic differen-
tiation than for their hosts [26]. As some lineages within the prokaryotic communities that
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accompany R. exoculata seemingly show geographic clustering, this is an interesting hypothesis
to test on this biological system.

In the present study, we used DNA metabarcoding surveys of prokaryotic communities
within the digestive organs of R. exoculata to uncover signatures of genetic differentiation and
population structure not seen in the host. We performed 454 sequencing of the 16S rRNA
gene to compare bacterial assemblages associated with two organs (digestive tract and stom-
ach), three molt colors that corresponding to molt phase of adult shrimp (white, red, black),
and three life stages (eggs, juveniles, adults). Samples were retrieved from R. exoculata col-
lected from three geochemically distinct vent locations, Rainbow, Trans-Atlantic Geotraverse
(TAG) and Logatchev, all of which are located along the Mid-Atlantic Ridge.

Our strategy aimed to investigate significant differences occurring at the overall digestive
community level before scaling down to operational taxonomic units (OTUs, identification of
a taxonomic group when only DNA sequences are available, [27]). The apparent color of the
adult carapace is a result of the accumulation of mineral deposits and typically ranges from
white to red, grey and black; colors correspond with the settlement, growth and proliferation
of bacterial communities [17]. Dark red and black are the colors typically seen before molting,
after which the carapace returns to white for the start of the next cycle. We also investigated
whether communities would differ among life stages, as digestive tract communities are not
subjected to the molting cycle and most likely encompass persistent lineages. Previous exami-
nations of the specific organs (gut, [20, 21]) and life stages (eggs vs. juveniles vs. adults for the
gill chamber only, [19]) based on clone libraries identified the presence of specific bacterial lin-
eages that may alternate across life stages. Therefore, we explored whether overall bacterial
communities follow similar patterns seen in these previous studies.

Through specific analyses of OTUs, we determined whether OTUs 1) segregate among
vents, possibly because of environmental selection (a scenario favoring horizontal transmis-
sion), or alternatively 2) segregate among host populations, possibly because of previously
undetected restriction to gene flow (a scenario favoring vertical transmission).

Materials and methods
Animal collections and sampling processing for pyrosequencing

Rimicaris exoculata were collected via slurp gun from three hydrothermal vent field locations
in 2005 (EXOMAR), 2007 (SERPENTINE and MoMARDREAM) and 2008 (MoMARO8) with
the aid of remotely operated vehicle Victor 6000 and human occupied vehicle Nautile aboard
research vessels Pourquoi pas? and L'Atalante (S1 Table, Fig 1). No specific permissions were
required to perform collections at any of these locations because the work performed here did
not involve endangered or protected species. Once collected, adult individuals were brought
aboard and dissected to remove the digestive tract and stomach, all done under sterile condi-
tions. These collections resulted in an initial total of 50 samples. All samples were preserved at
-80°C and transported back to the laboratory (see [23] for complete sampling protocol). Juve-
nile R. exoculata, measuring about 1.5 cm, were collected at the periphery of adult aggregations
using the slurp gun. Once brought to the surface, juveniles were identified via dissecting scope
and preserved at -80°C for dissection on shore using microscopes and micro-dissection tools
to separate the stomach and the gut. All dissections occurred under sterile conditions. Females
with eggs were obtained only from the Logatchev vent, which resulted in three egg samples
each encompassing a small grape of eggs collected from three different mothers for analysis.
DNA extractions of bacterial communities were performed using the Fast DNA-SPIN kit for
soil, following the protocol provided by the manufacturer (MP Biomedicals, France).
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Fig 1. Geographic locations of three hydrothermal vents along the Mid-Atlantic Ridge (MAR). Hydrothermal vent locations from where Rimicaris
exoculata were sampled for this study.

doi:10.1371/journal.pone.0172543.9001

Analysis of prokaryotic diversity and community composition was performed using 454
pyrosequencing of a 450-bp fragment of the 16S ribosomal rRNA gene (16S). Amplification of
the V3-V4 region was performed using barcoded fusion primers (V3 forward: 16Sar: 5'-
ACTCCTACGGGAGGCAG-3, V4 reverse 16Sbr: 5'-TACNVRRGTHTCTAATYC-3; [28]) with
Roche-454 A Titanium sequencing adapters and unique eight-base barcode sequences to dif-
ferentiate each sample pooled for sequencing. Fragments were amplified from each sample
with Platinum High Fidelity Taq (Invitrogen, CA, USA) using 50ng of genomic DNA tem-
plate. PCR conditions involved a 5 minute denaturation at 94°C followed by 35 cycles of 30
seconds at 94°C, 45 seconds at 44°C, 1 minute at 72°C and a final extension of 10 minute at
72°C. Positive and negative controls (ultrapure water only) were included for all amplification
reactions, and tested as expected. The amplified products were quantified by fluorimetry with
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“PicoGreen” kit (Invitrogen, CA, USA), pooled at equimolar concentrations and sequenced in
the A direction with GS 454 FLX Titanium chemistry, per manufacturer’s instructions (Roche,
454 Life Sciences, Brandford, CT, USA).

Bioinformatics data processing and analyses

The resulting 16S pyrosequenced reads were processed, clustered and taxonomically assigned
using the Quantitative Insights into Microbial Ecology (QIIME) v. 1.7.0 pipeline [29]. A work-
flow of all commands is available in the supporting materials (S1 File). After processing and
quality filtering, 31 of the 50 samples originally collected had sequence counts of >500; there-
fore, the dataset composed of those 31 samples was used for downstream analyses (S2 and S3
Tables). Dataset demultiplexing and quality checks were performed using the split_libraries.py
script to remove low quality and short sequences (< 250bp). Next, reads were clustered into de
novo operational taxonomic units (OTUs) using UCLUST [30] via the pick_otus.py, with a
pairwise sequence identity cut off value of 97%. Representative sequences for the clusters were
then generated using the pick_rep_set.py script. Additionally, chimeras and “quasi-singletons”
(sequences appear < 3 times in the dataset) were removed using USEARCH v.6.1 [30]. Finally,
taxonomy was assigned to the representative sequences using the RDP classifier method imple-
mented through the assign_taxonomy.py script in QIIME, with the Greengenes 2013 reference
database [31] at 80% threshold identity [32].

Multiple rarefactions were applied to obtain standardized estimates of alpha diversity using
Chaol measurement for species richness [33]. Chaol was calculated using the specpool func-
tion in the Vegan community ecology package (v.2.3-2) executed in the software R (v.3.2.2).
Analysis of Similarities (ANOSIM) and Permutational Analysis of Variance (PERMANOVA)
were performed, to test for the null hypothesis of homogeneity of bacterial communities
among sample groups (i.e. organs, molts, life stages) using PAST (Paleontological statistics
software package, [34]). ANOVA testing of OTU frequency among groups was performed
using the group_significance.py script in QIIME. Finally, Multidimensional Scaling (MDS)
analyses were performed based on Bray-Curtis distances in PAST.

Either as a consequence of amplification failures during the library preparation stage or low
DNA concentration in some of the samples, the initial balanced sampling design resulted in
uneven sample numbers for some “treatment” categories (i.e. organs, molts and life stages)
after the quality filtering process of the data. This impeded the nested design initially planned
for ANOSIM and PERMANOV A statistical testing, which was thus performed on treatments
that had equal or near equal representation of each category. The strategy for testing the homo-
geneity of communities is shown in S4 Table and was performed 1) among vents using diges-
tive tract samples 2) between digestive tracts and stomachs using samples from both TAG and
Logatchev, 3) among eggs, juveniles and adults using samples from Logatchev and 4) among
white, red and black molts using digestive tracts samples collected from Rainbow.

As statistical testing for differentiation of communities by vent was performed using only
sequences from the digestive tract, clustering networks were generated using these same
sequences that matched to R. exoculata ectosymbionts. The purpose of the networks was not
to detail the evolutionary history of lineages, which would require a longer fragment size for
robustness, but to allow visualization of the geographic clustering patterns of bacterial line-
ages across the three vent sites from which R. exoculata was collected (see [35]). Sequences
that were ascribed to the ectosymbiont OTUs were filtered from the main dataset using the
filter_fasta.py command in QIIME. Alignment and processing of the sequences sets was com-
pleted executing the make_alignment.py and filter_alignment.py commands via the PYNAST
method [36] at the default parameters. Alignments were performed with the aid of the SILVA
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123 core aligned reference dataset ([37], http://www.arb-silva.de/). After filtering, alignments
were imported into DNAsp v.5.10.1 [38] where identical sequences were clustered into hap-
lotypes. Haplotype outputs were exported in Roehl format for network calculation and draw-
ing in Network by Fluxus (http://www.fluxus-engineering.com). Due to the presence of
multiple possible characters for numerous sites, we implemented the Median-joining proce-
dure [39].

Results

Our pyrosequencing of the bacterial communities associated to the vent shrimp Rimicaris exo-
culata produced a total of 366,134 raw sequence reads. The raw reads were quality filtered,
resulting in 106,179 sequences that had a mean sequence length of 406-bp. Next, the sequence
dataset was clustered into 1,726 representative OTUs; 1,621 (94%) of these OTUs were taxo-
nomically assigned to homologs in the RDP database. Those OTUs that remained unassigned
(6.1%) were discarded for remaining analyses.

OTUs assigned only to the domain level

Of the assigned OTUs, 1,063 (about 65%) were described only to the domain level, referred to
as ‘bacteria’, and had an average length of 320-bp. Further inspection identified that seven of
the 31 samples had >25% of the sequences assigned to ‘bacteria’ (S5 Table). As these samples
represented various vents, organs and molts, there was no specific sample type to which the
unclassified bacteria were most common.

Given their large percentage in the total dataset, 100 of the most common ‘bacteria’ OTUs
(those to which the highest number of sequences were assigned) were individually blasted
against NCBI’s global public database. Only two of the 100 received hits to isolates of known
R. exoculata symbionts, revealing the limited number of known lineages in the pool assigned
only to the domain. In attempt to identify possible phylogenetic clustering of the unclassified
bacteria, the same 100 OTUs were aligned with R. exoculata ectosymbiont sequences from
classes Epsilonproteobacteria, Gammaproteobacteria, Mollicutes and Deferribacteres, which
were identified by previous researchers [14, 20, 24]. The overall findings showed no specific
clustering with any of the known symbionts (S1-54 Figs), which confirms that these sequences
are too ambiguous to be reliably assigned to known taxonomy. The large percentage of the
unclassified bacteria prompted us to perform statistical testing with and without this group.
While there were differences in species richness estimates between the two datasets, the results
of the statistical testing were congruent between the datasets including and excluding the
unclassified bacteria. As the unclassified bacterial may include undetected chimeras, artifacts
produced from 454-sequencing, or partial archaeal sequences or host DNA, we chose to focus
on the conservative dataset that excluded these unclassified bacteria, which was composed of
557 OTUs assigned beyond the domain level. However, statistical analyses that include unclas-
sified bacteria are detailed in the supporting materials (S6-S8 Tables, S5 and S6 Figs) and
show similar results obtained with the dataset that excludes the unclassified bacteria.

Comparisons among vents, organs, life stages and molts

Species richness (Chaol) values for each category by vent are shown in Table 1. Across vents,
species richness was highest at TAG and lowest for Rainbow. Testing across vents supported a
spatial differentiation of bacterial communities (p < 0.005, Table 2), with Rainbow as the most
dissimilar (pairwise p <0.002, S9 Table) and most geographically distant from the other vents
(Fig 1). ANOSIM testing additionally revealed an R value of 0.630 (S9 Table), which supports a
separation of communities, despite the existence of overlap [40]. Further, ANOVA testing
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Table 1. Alpha diversity indices, species count and species richness (Chao1 and standard error).

Vent

Group

Number of Samples

Rainbow (n =10) Organ

Molt

Life Stage

TAG(n=9) Organ

Molt

Life Stage

Logatchev (n=12) Organ

Molt

Life Stage

doi:10.1371/journal.pone.0172543.t001

Stomach 0
Digestive Tract 10
White
Red
Black
Eggs
Juvenile
Adult
Stomach

O O W Ww| >

—_
o

Digestive Tract
White
Red
Black
Eggs
Juvenile
Adult
Stomach
Digestive Tract
White
Red
Black
Eggs
Juvenile
Adult

ad WMo W O0HO|O/O|0 O~ O0|D

Species Count
n/a
228
154
118
130
n/a
n/a
228
226
330
155
n/a
327
n/a
n/a
375
261
257
149
n/a
203
192
272
262

Chao1+SE
n/a
455.82 + 14.95
282.65 + 35.05
269.74 £ 48.52
253.13 £ 36.40
n/a
n/a
455.82 +14.95
571.54 + 80.96
900.32 + 109.30
280.28 + 34.62
n/a
540.59 + 39.54
n/a
n/a
574.55 + 36.52
363.56 +22.82
339.11+£19.12
447.68 + 89.80
n/a
431.44 +£55.50
256.22 +17.38
370.10 £ 22.31
44421 £37.75

identified that OTUs matching the class Deferribacteres showed significant heterogeneity
across vents and were more abundant at Rainbow (S2 File). The spatial organization of sam-
ples per vent, organ, life stage and molt color is shown in Fig 2. While the data identifies three
clusters with overlapping communities, statistical testing supported a differentiation of bacte-

rial communities across vents.

Table 2. Testing for homogeneity of bacterial communities. Testing was performed using Bray-Curtis
Similarity Index of Analysis of similarities (ANOSIM) and Permutational Analysis of Variance (PERMANOVA).

Significance was detected at p < 0.05 for vents and life stages.

All vents

Ho: no difference between vents

Logatchev

Ho: no difference between digestive tract and stomach
Ho: no difference between various life stages

TAG

Ho: no difference between digestive tract and stomach
Rainbow

Ho: no difference between white, red and black molts

* Rainbow is different from other vents
* eggs are different from other life stages

doi:10.1371/journal.pone.0172543.t002

ANOSIM
p < 0.005*

p=0.066
p=0.011%

p=0.974

p =0.606

PERMANOVA
p < 0.005*

p=0.117
p < 0.005%

p=0.562

p=0.684
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Fig 2. Multidimensional scaling (MDS) analyses for Rimicaris exoculata bacterial communities. (A) Clustering pattern by vents,
with colored circles representing the vent location from where each sample was collected. (B) Clustering pattern by vent, with colored
shapes and letters denoting the specific categories for each sample. Each MDS was implemented using Bray-Curtis similarity matrices,
calculated in PAST [34]. The 95% concentration ellipses estimate a region where 95% of the population points are expected to fall.

“Orange” indicates juveniles, whose carapace is an orange color.

doi:10.1371/journal.pone.0172543.9002
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Comparisons across life stages at Logatchev revealed that species richness was highest for
adults, followed by juvenile guts (Table 1, S7 Fig). Support for community separation among
life stages was found (p < 0.012, Table 2), with eggs having the most dissimilar community
compared to adults or juveniles (S9 Table). Despite these findings, there was evidence for an
overlap of communities between life stages (R value = 0.373, S9 Table). Additionally, Gamma-
proteobacteria was found to be significantly more abundant in eggs (Supporting excel 1); it
should be noted that Gammaproteobacteria are commonly found from eggs, as opposed to
Mollicutes and Deferribacteres, which are rare or absent from eggs.

Finally, there was no significant differentiation of bacterial communities characterized
among organs (digestive tracts and stomachs), at either Logatchev or TAG, nor across the
three molts stages sampled in Rainbow (p = 0.606 Table 2, S9 Table).

Most commonly assigned OTU classes

The total frequency of OTUs assigned to various bacterial classes by life stage at Logatchev is
shown in Fig 3 and detailed in S10 Table. These classes have been previously identified as ecto-
symbionts of R. exoculata: Deferribacteres, Mollicutes, Epsilon and Gammaproteobacteria [19,
20, 24]. Gammaproteobacteria were dominant in eggs (Fig 3), while Epsilonproteobacteria were
dominant in juvenile and adult guts, a result that differs slightly from previous analyses [20].
Regarding adults from Rainbow for which there were only digestive tracts available, 85.8% of
OTUs were assigned to Deferribacteres, while adult communities from TAG were dominated
by Epsilonproteobacteria (40.3%) and Mollicutes (24.5%) (S10 Table).

The largest OTUs (those OTUs defined as having > 500 sequences ascribed) were taxo-
nomically assigned to three R. exoculata ectosymbiont classes listed in Table 3 and described
in detail below.

Deferribacteres. Two OTUs with > 500 sequences were assigned to class Deferribacteres
(denovo 10553 and denovo 6700, Table 3). Due to the technical constraints of processing
19,984 sequences ascribed to denovo 6700 OTU, we instead generated a list of the most com-
mon haplotypes (haplotypes with >20 sequences) along with the percentages of sequences

Gammaproteobacteria

Mollicutes

Epsilonproteobacteria

Deferribacteres

OTU Frequency

Others

Eggs Juveniles Adult

Life Stage

Fig 3. Frequencies of identified bacterial classes across the three life stages at Logatchev. Four main classes are identified across Rimicaris
exoculata life stages. “Other classes” contain nine or more less common groups.

doi:10.1371/journal.pone.0172543.9003

PLOS ONE | DOI:10.1371/journal.pone.0172543 March 15,2017 9/22



@° PLOS | ONE

Geographic clustering of vent shrimp digestive communities

Table 3. Qualitative results for digestive tract sequences assigned to the most common operation taxonomic units (OTUs). Common OTUs are
defined as OTUs with >500 sequences assigned. The table illustrates the OTU name, assigned taxonomic identities, number of sequences, and the relative
abundance of each OTU at each vent, as a percentage.

oTU Identified Phyla
denovo 10553 Deferribacteres
denovo 6700 Deferribacteres
denovo 6152 Tenericutes
denovo 2977 Tenericutes
denovo 10123 Proteobacteria
denovo 5619 Proteobacteria
denovo 2874 Proteobacteria

denovo 529 Proteobacteria

denovo 10556 Proteobacteria
denovo 8992 Proteobacteria
denovo 7520 Firmicutes

Total ---

doi:10.1371/journal.pone.0172543.t003

Identified Class Sequence Count Rainbow % TAG % Logatchev %
Deferribacteres 504 1.14 1.18 0.07
Deferribacteres 19,734 83.47 11.47 9.35

Mollicutes 691 0.00 2.75 0.39
Mollicutes 3,480 5.25 10.18 0.66
Epsilonproteobacteria 668 0.05 1.53 2.82
Epsilonproteobacteria 1,175 0.65 2.93 3.39
Epsilonproteobacteria 863 1.19 2.45 0.52
Epsilonproteobacteria 1,690 0.80 1.69 10.77
Epsilonproteobacteria 6,543 0.68 24.14 6.82
Epsilonproteobacteria 4,976 0.75 5.23 34.08
Clostridia 3,741 0.00 15.87 0.00

93.98 79.43 68.88

from each vent (S11 Table). For denovo 10553, we constructed a cluster network to illustrate
the geographic distributional pattern of haplotypes across all three vents. For both OTUs,
sequences from Rainbow and TAG emerged as highly dominant (Fig 4A, S11 Table). For
denovo 6700, dominant haplotypes were well represented by sequences from Rainbow. For
denovo 10553, both Rainbow and TAG shared the most prominent haplotype, though there
was an abundance of haplotypes that were unique (unshared) to each vent. Logatchev was far
less represented within the Deferribacteres OTUs; however, sequences from Logatchev formed
a distinct and small group of haplotypes (Fig 4A).

Mollicutes. Two OTUs were assigned to the class Mollicutes (denovos 2977 and 6152,
Table 3). For denovo 2977, the largest haplotypes were shared amongst all vents, with TAG
representing 69.1% of all sequences (S11 Table). We constructed a network with sequences
from denovo 6152 (Fig 4B), which identified Logatchev and TAG as sharing the most common
haplotype. Despite the emergence of unique, unshared haplotypes from both vents, there was
no clear pattern of separation by vent demonstrated by this class.

Epsilonproteobacteria. Six OTUs were assigned to the class Epsilonproteobacteria
(Table 3). We produced a network from denovo 10123 and detailed the common haplotypes
of the other OTUs in S11 Table. The largest haplotypes of the five other OTUs were dominated
by sequences originating either from TAG, Logatchev or both (S11 Table). For denovo 10556,
which was the largest Epsilonproteobacteria OTU in terms of the number of sequences, there
were only four common haplotypes, but three of which were dominated by sequences from
either TAG or Logatchev. This suggests that each vent has distinctive haplotypes for Epsilon-
proteobacteria that differ from the other vents. Further, the network for denovo 10123 identi-
fied a clear separation of distinct star-like clusters dominated either by Logatchev or TAG, also
supporting segregation by vent (Fig 5). Rainbow was represented by <1% of all sequences
belonging to three haplotypes.

Other OTUs. One common OTU was assigned to Clostridia, a bacterial class within the
phylum Firmicutes that was only identified from TAG (Table 3).

We note an additional OTU, denovo 6909, that was assigned to the class Gammaproteobac-
teria. The number of sequences ascribed to denovo 6909 fell below 500 (n = 298). The low
sequence number of this OTU prevents robust statistical inferences; however, as Gammapro-
teobacteria is a prominent class of bacteria within the symbiotic community of R. exoculata,
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Fig 4. Geographic networks for operational taxonomic units (OTUs) assigned to bacterial classes
Deferribacteres and Mollicutes. (A) OTU “denovo 10553, assigned to Deferribacteres, was composed of 504
sequences. (B) OTU “denovo 6152”, assigned to Mollicutes, was composed of 691 sequences. Networks were
drawn with median-joining calculation to illustrate the clustering of haplotypes; links are not proportional to the
number of mutations and therefore, do not illustrate evolutionary divergence between the nodes.

doi:10.1371/journal.pone.0172543.9g004
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we preferred to mention its presence. The constructed network illustrating that the most com-
mon haplotypes were almost entirely composed of sequences originating either from TAG or
Logatchev (S8 Fig). Of the three major clusters of haplotypes, two were heavily dominated by

sequences from TAG, while the other as dominated by sequences from Logatcheyv,
the separation by vent seen with Epsilonproteobacteria.

supporting
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Discussion

In this study, we focus on bacterial symbionts associated to the hydrothermal shrimp Rimicaris
exoculata, rather than archaea ingested from the surrounding environment. Gut archaea have
been found in environmental samples around hydrothermal vent chimneys and are ingested
by the host; despite this, archaea were hypothesized to be expelled with the alimentary bolus
[20]. Moreover, archaea are in low concentration in the gut (Durand, personal communica-
tion), limiting our ability to detect this low DNA concentration with 454 sequencing.

Compared with previous studies based on clone libraries, the deep sequencing of bacterial
assemblages from organs, molt stages and life cycles of the R. exoculata digestive system pro-
vides both quantitative and qualitative insights on the diversity of prokaryote communities
associated to this host. Our statistical testing did not support the differentiation of communi-
ties associated to distinct organs or molt stages, but did provide evidence for separation by
vents and life stages (with Rainbow -digestive tracts only- and eggs exhibiting the most dissim-
ilar communities). Through investigations focusing on both the community and OTU level,
these results provide further insights into the transmission mode and time scale of connectivity
of the studied bacterial epibionts that show a clear segregating pattern among vents, as well as
the evolution of community composition throughout the life cycle.

Bacterial communities over the life cycle

Our examinations of the bacterial composition within eggs, juveniles and adult stages from
Logatchev identify that specific symbionts dominate, depending on the age of the host. The
bacterial community present in eggs is dominated by Gammaproteobacteria, but also hosts
Espsilonproteobacteria and very few Mollicutes (Fig 3, S10 Table). These results are in line with
some findings reported by Guri et al. [19], with the exception of Mollicutes, which were not
recovered. The present dataset shows Epsilonproteobacteria as the most common class in juve-
niles and adult guts, which was also reported by Durand et al. [20, 24], but without quantitative
consideration. Additionally, adults exhibited higher species richness when compared to the
other life stages at Logatchev (Table 1), which suggests an increased role of symbionts in
adults, although further testing at other vents is needed to confirm this observation regarding
the influence of life stage. Such accumulation does not seem to be strongly affected by the pro-
cess of molting, as no significant differentiation was detected among molt stages (Table 2).
This finding is unsurprising, as the digestive tract does not undergo molting despite a drastic
reduction in symbiont load observed during molting.

Physical and chemical composition of vents and the geographic
differentiation of associated bacterial communities

Spatial analyses across vent locations revealed a significant heterogeneity among communi-
ties (Table 2), despite the overlap of bacterial community composition observed in the multi-
dimensional analysis (Fig 2). This differentiation, most obvious at Rainbow, was also seen at
the OTU level where some of the OTUs representing the classes Deferribacteres and Epsilon-
proteobacteria (Figs 4 and 5) also showed a clear geographical segregation to confirm the pre-
vious clone based analyses of Durand and others [24]. Vent locations along the Mid-Atlantic
Ridge vary in the chemical composition of the rock basement, as well as the end member flu-
ids that flow from the seafloor. Fluids from each vent contain iron, methane, hydrogen gas
and sulfide; however, each location differs in the levels of each compound [41]. Rainbow is
an ultra-mafic hosted site that contains high levels of iron, methane, hydrogen gas [41-43].
In contrast, TAG is a basalt-hosted site that is enriched in sulfide, but depleted in methane
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and hydrogen [44-47]. Logatchev represents an intermediate between ultra-mafic and basalt
hosted sites, as it is enriched in methane, but less so in hydrogen and sulfides [48]. Ultra-
mafic sites are present at slow spreading centers and are less frequently affected by seafloor
eruptions and intrusions than basalt hosted sites; these events are known to cause large
changes in fluid chemistry at vents [5, 49, 50]. Therefore, environmental processes and chem-
ical compositions that include high levels of methane and hydrogen gas would establish Rain-
bow as a priori favorable for methanogens, methanotrophs and other hydrogen-oxidizing
thermophiles [18]. Further, high sulfide concentrations present at basalt-hosted TAG would
allow for the support of sulfide oxidizers [11, 41, 51]. Given this, one would expect that min-
eral particles and free living microorganisms ingested on ultramafic sites would differ from
basaltic hosted ones. However, despite the location specific communities and OTUs observed
here, shrimp from the basaltic site TAG were shown to support digestive bacterial communi-
ties that are intermediate between Rainbow and Logatchev (Fig 2). Thus, the composition of
gut bacterial communities may be only partially driven by the chemistry of fluids released,
but also depend on transmission and selection strategies of the epibionts whom may be sensi-
tive to a broader diversity of environmental characteristics.

An example of an influential environmental variable of the ultramafic nature of sites is iron:
Deferribacteres contains several iron reducing species that oxidize dissolved iron at vents [52—
54] and as the dominant OTU class identified from digestive tracts obtained from Rainbow
(Table 3, S10 Table), are likely to be driven by the much higher concentration of iron in the
fluids at this vent. The heavy iron concentrations are also thought to be responsible for the red
appearance of R. exoculata carapaces during the intermediate stages of the molt cycle [17, 55].
Additionally, iron oxides are present in the gut of R. exoculata at Rainbow [7] and while iron
oxides are available in the environment, this Deferribacteres lineage has not yet been found the
surrounding water. This suggests that the primary environment for these Deferribacteres is
within the digestive tract of R. exoculata, an anatomical region not subjected to molting. Thus,
this Deferribacteres lineage is likely member of a resident community that bears a high impor-
tance in the metabolism of the holobiont at Rainbow [20].

The geographic differentiation illustrated by R. exoculata bacterial communities could be
attributed to two overarching and not mutually-exclusive causes. First, the distinct environ-
mental conditions dominating each site may influence the abundance of bacterial strains avail-
able to be captured by and to survive in R. exoculata’s digestive system, supporting a scenario
of horizontal acquisition of bacterial lineages. Second, isolated populations of bacteria not con-
nected through migration may have diverged over several generations, leading to associated
bacterial lineages being distinct beyond the 3% threshold used here to define OTU clusters.
This isolation is compatible with both free-living lineages acquired horizontally and vertically,
implying a barrier to gene flow directly impeding bacterial dispersal, or preventing the host
migration.

Differentiation of OTUs among sites and possible transmission scheme
of symbionts

In agreement with previous investigations based on cloning, Deferribacteres, Mollicutes, Epsilon
and Gammaproteobacteria emerge as the dominant classes in the digestive community, while
other classes of Proteobacteria are less represented (Fig 3, S10 Table [20, 21, 24]). Bacterial
aggregations of Rimicaris exoculata are likely composed of both horizontally and vertically
transmitted bacteria and when compared to the multidimensional analyses at the community
scale, networks detailing the arrangement of haplotypes provide a more specific focus on the
geographic distribution of common bacterial OTUs.
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The unique pattern of clear separation between Logatchev and TAG for Epsilonproteobac-
teria OTUs (Fig 5) is in line with observations reported by Petersen and others [14]. While
Epsilon and Gammaproteobacteria are also present on eggs (Fig 3), favoring the hypothesis of
a vertical transmission, each class is also found around R. exoculata aggregations in quantities
that suggest that they are present as free-living forms, or from degrading tissues, feces or
molts of congeners [14, 19]. This supports the possibility of horizontal transmission and dif-
ferential filtration of the hosts depending on their local and most adapted metabolism. Epsi-
lon and Gammaproteobacteria are also found on a diversity of hosts at vents, having led
Petersen and others [14] to propose that free-living forms might disperse among vents to col-
onize unrelated hosts. The diversity characterized in the surrounding water does not include
some of the digestive symbionts characterized here, including the prevalent Mollicutes and
Deferribacteres, thereby supporting either vertical inheritance with spatial genetic differentia-
tion, or the existence of a host recognition systems for promoting differential filtering of the
strains present in the environment [13]. Such filtering mechanisms could lead to a similar
composition of communities independent of the environmental conditions and for the pur-
poses of fitting the basal metabolism of the holobiont. Further, differential distribution of
symbionts across environmentally distinct vents may also occur through phenotypic plastic-
ity of the host, which can differentially filter strains to optimize host metabolism under spe-
cific environmental conditions.

For those symbionts not yet found in the surrounding water, vertical transmission would be
the most likely option; however, Mollicutes and Deferribacteres are almost not present in eggs,
as shown here (S10 Table). Despite the current findings, the possibility of vertical transmission
cannot be discarded, as evidence for this pathway may be present within a small number of
OTUs undetected through past sequencing efforts, or alternatively, through transmission later
in the egg or larval phases. Eggs may inherit vertically acquired bacteria at spawning, when the
mother covers the eggs in a mucus layer that contains bacteria [56], or through trophallaxis
with larvae or juveniles [24]. This mucus layer has been proposed to help fight pathogens while
also attracting additional symbionts as a part of a host recognition process [19]. If vertically
inherited, the separation by vent suggests that a signature of drift would be imprinted in the
bacterial genome before that of the host.

Conclusions

Using DNA metabarcoding of whole bacterial communities associated to Rimicaris exoculata,
we provide evidence for the restriction to gene flow and geographic isolation of common sym-
bionts, notably Epsilonproteobacteria and Deferribacteres. The community-wide differences
uncovered here could be attributed to environmental factors such as distinctive site geochem-
istry combined with host filtering mechanisms, an inheritance aspect in which symbionts are
vertically transmitted with limited migration among host populations, or a combination of
both influences. Additional studies are required to tease apart which influence is strongest.
The collection of surrounding water samples for further examination of free living bacteria
might provide additional insights into the transmission mode of the lineages investigated in
this study provided that i) the dominant seawater community would not prevent the detection,
if existing, of free living strains that were also detected in the shrimp, and ii) the occurrence of
strains expelled through feces or decomposition of aggregate animal remains would not impact
the accurate description of free living communities. Further, more information on intermedi-
ate development stages (specifically larvae) is necessary to complete the picture of the evolu-
tion of bacterial communities through the life cycle, in addition to pressurized in vivo
experiments on gravid females to collect mucus and test for the presence of vertically
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transmitted symbionts. Finally, investigation of the potential host-symbiont recognition capa-
bilities would yield more insights into the community patterns that have been observed thus
far.

Supporting information

S1 Fig. 16S Maximum Likelihood (ML) consensus boostrap tree for Epsilonproteobacteria.
Tree illustrates 19 sequences obtained from Durand et al. 2015 [24] and 100 unclassifed bacte-
ria OTUs (denovos), all from the hydrothermal vent shrimp Rimicaris exoculata. Bootstrap
support (1000 replicates, Tamura-Nei model) is located either above or below the node.
Sequences obtained from Durand et al. 2015, are shown in color (Rainbow = red, TAG = blue,
Logatchev = green) and include the clone name and GenBank accession number. Denovo clus-
ters containing multiple sequences were collapsed to reduce the length of the tree. These clus-
ters are shown in bold and entitled “denovo”, followed by the number of sequences contained
within the cluster, in parentheses. Scale is measured as number of substitutions per nucleotide
site. The alignment was performed using Clustal W [57] in Geneious Pro v5.5.5 (Biomatters
Ltd.) and the tree was calculated with the aid of MEGA 7 [58].

(PDF)

$2 Fig. 16S Maximum Likelihood (ML) consensus boostrap tree for Gammaproteobacteria.
Tree illustrates 16 sequences obtained from Petersen et al. 2010 [14] and 100 unclassifed bacte-
ria OTUs (denovos), all from the hydrothermal vent shrimp Rimicaris exoculata. Bootstrap
support (1000 replicates, Tamura-Nei model) is located either above or below the node.
Sequences obtained from Petersen et al. 2010, are shown in color (Rainbow = red, TAG = blue,
Logatchev = green) and include the clone name and GenBank accession number. Denovo clus-
ters containing multiple sequences were collapsed to reduce the length of the tree. These clus-
ters are shown in bold and entitled “denovo”, followed by the number of sequences contained
within the cluster, in parentheses. Scale is measured as number of substitutions per nucleotide
site. The alignment was performed using Clustal W [57] in Geneious Pro v5.5.5 (Biomatters
Ltd.) and the tree was calculated with the aid of MEGA 7 [58].

(PDF)

$3 Fig. 16S Maximum Likelihood (ML) consensus boostrap tree for Mollicutes. Tree illus-
trates 13 sequences obtained from Durand et al. 2015 [24] and 100 unclassifed bacteria OTUs
(denovos), all from the hydrothermal vent shrimp Rimicaris exoculata. Bootstrap support (1000
replicates, Tamura-Nei model) is located either above or below the node. Sequences obtained
from Durand et al. 2015, are shown in color (Rainbow = red, TAG = blue, Logatchev = green)
and include the clone name and GenBank accession number. Denovo clusters containing mul-
tiple sequences were collapsed to reduce the length of the tree. These clusters are shown in bold
and entitled “denovo”, followed by the number of sequences contained within the cluster, in
parentheses. Scale is measured as number of substitutions per nucleotide site. The alignment
was performed using Clustal W [57] in Geneious Pro v5.5.5 (Biomatters Ltd.) and the tree was
calculated with the aid of MEGA 7 [58].

(PDF)

$4 Fig. 16S Maximum Likelihood (ML) consensus boostrap tree for Deferribacteres. Tree
illustrates 18 sequences obtained from Durand et al. 2015 [24] and 100 unclassifed bacteria
OTUs (denovos), all from the hydrothermal vent shrimp Rimicaris exoculata. Bootstrap support
(1000 replicates, Tamura-Nei model) is located either above or below the node. Sequences
obtained from Durand et al. 2015, are shown in color (Rainbow = red, TAG = blue, Logatchev =
green) and include the clone name and GenBank accession number. Denovo clusters containing
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multiple sequences were collapsed to reduce the length of the tree. These clusters are shown in

bold and entitled “denovo”, followed by the number of sequences contained within the cluster,
in parentheses. Scale is measured as number of substitutions per nucleotide site. The alignment
was performed using Clustal W [57] in Geneious Pro v5.5.5 (Biomatters Ltd.) and the tree was

calculated with the aid of MEGA 7 [58].

(PDF)

S5 Fig. Multidimensional Scaling (MDS) analyses for Rimicaris exoculata bacterial commu-
nities, including unidentified bacteria. (A) Clustering pattern by vents, with colored circles
representing the vent location from where each sample was collected. (B) Clustering pattern
by vent, with colored shapes and letters denoting the specific categories for each sample. Each
MDS was implemented using Bray-Curtis similarity matrices, calculated in PAST [34]. The
95% concentration ellipses estimate a region where 95% of the population points are expected
to fall. “Orange” indicates juveniles, whose carapace is an orange color. Note: the number of
samples is 33, rather than 31, as the addition of unidentified bacteria allows us to include two
additional samples that have > 500 sequences assigned.

(PDF)

S6 Fig. Frequencies of identified bacterial classes for the three life stages at Logatchev,
including unidentified bacteria. Three main classes are identified across Rimicaris exoculata
life stages. “Other classes” contain nine or more less common groups.

(PDF)

S7 Fig. Species count and species richness for molt colors at Rainbow (A) and life stages at
Logatchev (B).
(PDF)

S8 Fig. Geographic network for Operational Taxonomic Unit (OTU) assigned to Gamma-
proteobacteria. denovo 6909 was composed of 298 sequences. Network was drawn using star-
contraction before applying the median-joining calculation to illustrate the clustering of haplo-
types; links are not proportional to the number of mutations and therefore, do not illustrate
evolutionary divergence between the nodes.

(PDF)

S1 File. QIIME workflows and commands.
(DOCX)

S2 File. ANOVA testing of OTU frequency among groups, performed using the group_-
significance.py script in QIIME [29].
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S1 Table. Geographic coordinates, depth, year(s) and number of samples sequenced for
Rimicaris exoculata collections from three vents along the Mid-Atlantic Ridge (MAR)
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