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Rimicaris chacei Williams and Rona 1986, formerly named as Chorocaris chacei, is a caridean shrimp living in deep-sea hydrothermal ecosystems. This shrimp is endemic to the Mid
Atlantic Ridge (MAR) and lives at the periphery of aggregates of its well-known congeneric
R. exoculata Williams and Rona 1986. Contrasting with the very dense and mobile clusters
formed by R. exoculata, R. chacei lives in small groups of several individuals that are not
very mobile. Although devoid of the characteristic hypertrophied cephalothorax of R. exoculata, which harbors the ectosymbionts, a microbial community has also been reported in the
cephalothorax of R. chacei. Previous data on morphology, behavior and isotopic values indicate a diet based on a combination of feeding on its epibiotic bacteria and scavenging or
occasional predation. In this study, our objective was to describe, for the first time, the distribution, morphology and phylogeny of the microbial communities associated with R. chacei.
This species is significantly less studied than R. exoculata, but nevertheless represents the
only other known example of symbiosis in crustaceans of MAR hydrothermal vent sites.
Microbial communities have been observed at the same locations as in R. exoculata
(mouthparts, branchiostegites and digestive tract). However, in R. chacei, the surfaces
occupied by the bacteria are smaller. The main lineages are affiliated to Epsilon and Gammaproteobacteria in the cephalothorax and to Deferribacteres, Mollicutes, Epsilon and
Gammaproteobacteria in the digestive tract. Comparison with the well-described bacterial
communities of R. exoculata and hypotheses about the role of these communities in R. chacei are discussed.

Introduction
Deep abyssal areas are characterized by their very low biomass and highly diverse communities
[1,2], but deep-sea hydrothermal vent ecosystems are endemism hotspots harboring high
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biomasses and low diversity. The highest biomass species encountered around the vent emissions (for review see [3]) rely on trophic symbioses, based on chemosynthetic microorganisms
[4]. These relationships were initially and most commonly described as endosymbioses (e.g.,
Riftia pachyptila Jones 1981 or Bathymodiolus mussels, see review in [3]). Among crustaceans,
symbioses have only been reported in a few species and as ectosymbioses (e.g., in some galatheid crabs, barnacles and shrimps, see [3] and [5] for review). The best-studied example is the
shrimp Rimicaris exoculata from the Mid Atlantic Ridge (MAR), which harbors a double symbiosis. A first bacterial community is located in the gut [6] with long thin (0.2 μm x 15 μm) single-celled bacteria inserted between the microvilli of the midgut epithelium [6], and rods and
cocci within the gut content [7]. This bacterial community is composed of four major groups:
Deferribacteres, Mollicutes, Epsilonproteobacteria, and, to a lesser extent, Gammaproteobacteria [6, 7, 8]. The role of these lineages is still poorly understood, as they do not seem to be
highly implicated in the host’s nutrition, in contrast to the second bacterial community located
in the cephalothorax [9]. There, bacteria are mostly present on the bacteriophore setae of the
hypertrophied exopodites of the second maxilla (scaphognathites) and first maxillipeds, and
on the internal tegument of the carapace (branchiostegites) [10, 11]. This community is composed of rod, coccoid, thick and thin filamentous bacteria [11, 12]. A great phylogenetic
diversity has been found within this community, with bacteria belonging mostly to the Proteobacteria phylum, including two major groups: Epsilon- and Gammaproteobacteria, and lower
abundance of Alpha-, Beta-, Delta-, and Zetaproteobacteria [13–17]. Sulfide, methane, iron
and hydrogen oxidation were proposed and / or demonstrated as major chemoautotrophic
metabolisms within the epibiosis [9, 12, 13, 15, 18]. The supply of organic carbon to the host
by cephalothoracic bacteria was strongly suspected by isotopic analyses [19, 20]. Ponsard et al.
[9] demonstrated that this supply takes place in the form of a transfer of soluble bacterial
byproducts across the gill chamber integument by transtegumental absorption.
The Rimicaris genus now comprises nine species. It has recently been revised by invalidating the genus Chorocaris and transferring the species of this genus into Rimicaris [21]. Within
the Rimicaris genus, two other species (R. kairei Watabe and Hashimoto 2002 and R. hybisae
Nye, Copley and Plouviez 2011) present a hypertrophied cephalothorax but, to date, associated
bacteria have only been described from the scaphognathites of R. hybisae [22, 23]. Among species previously assigned to the genus Chorocaris, none have been described with an enlarged
cephalothorax and R. chacei is the only one in which the presence of epibiotic bacteria has
been reported [10]. R. chacei has probably not received as much attention as its congeneric R.
exoculata because it is much less abundant. This species lives along the MAR, in small communities (up to 50 ind m-2) in the periphery of R. exoculata aggregates (containing up to 3000 ind
m-2) [24, 25]. Although R. chacei scaphognathites and exopodites are not hypertrophied, they
nevertheless bear plumose setae on both sides, yet less numerous than in R. exoculata [10].
Dense filamentous microbial communities have been observed on mouthparts and inside the
carapace, but the areas colonized are smaller than in R. exoculata [10, 11]. The occurrence of
bacteria in the digestive tract has not yet been investigated in R. chacei. Stable isotope analyses
show that in small adults of R. chacei much of the carbon is derived from chemosynthetic bacteria but that in larger individuals scavenging or occasional predation on R. exoculata or mussels may occur, although there is still a substantial input from epibiotic bacteria [26].
In the present study, we provide a detailed description and characterization of the association between R. chacei and its microbial communities (in both the cephalothorax and the
digestive system) and we draw hypotheses about their roles in comparison with those found in
R. exoculata symbiosis. The differences and points in common between the symbioses of R.
chacei and R. exoculata are discussed.
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Material and methods
Sampling
Specimens of R. chacei were collected at several hydrothermal vents along the MAR: Lucky
Strike (37˚17’N; 32˚16.3’W; 1730 m depth) and Rainbow (36˚13’N; 33˚54’W; 2350 m depth)
during the MoMARdream-Naut (July 2007) and BioBaz cruises (August 2013); and TAG (26˚
08’N; 44˚49.6’W; 3700 m depth) and Snake Pit (23˚23’N; 44˚56.1’W; 3480 m depth) during
the BICOSE cruise (January 2014). Shrimps were collected using the suction sampler of the
Human operated vehicle "Nautile" and the Remotely Operated Vehicle "Victor 6000" from the
research vessel "Pourquoi pas?". Once on board, individuals were dissected for tissues of interest (branchiostegites (LB), scaphognathites (Sc) and digestive tract: foregut (FG) and midgut
(MG)) (Table 1). For molecular studies, these tissues were frozen (-80˚C) on board and DNA
extractions were performed in the laboratory back on shore. For TEM and SEM, samples were
fixed in a 2.5% glutaraldehyde─seawater solution and later post-fixed in osmium tetroxide. For
fluorescent in situ hybridization (FISH), samples were fixed for 2 h in a 3% formaldehyde—sterile
seawater solution and further treated as described in [6]. In order to observe well-developed bacterial communities in the cephalothorax, all specimens analyzed in this study were chosen to be of
comparable size and at the preecdysial stage (i.e., just before a molt), which was identified by branchiostegite coloration, as described for R. exoculata [27]. Number of samples studied per site and
for each experiment are reported in Table 1.
Lucky Strike site is part of Portugal’s EEZ and a "Protected Marine Area" (OSPAR). Work
authorization in the waters of the Portuguese EEZ is issued by the Portuguese authorities. No
specific permissions were required to collect samples in international deep-sea waters (Rainbow, TAG and Snake Pit sites). The study did not involve endangered or protected species.

DNA extraction and PCR amplification
DNA from all tissues (LB, SC, FG and MG) was extracted and purified using the Nucleospin
soil kit (Macherey-Nagel) following the manufacturer’s recommendations. Bacterial 16S rRNA
gene fragments were PCR-amplified in 30 cycles at an annealing temperature of 48˚C, using
the general bacterial primer set E8F (5’ AGA GTT TGA TCA TGG CTC AG 3’) and
U1492R (5’ GTT ACC TTG TTA CGA CTT 3’) [28]. They were then purified with a
Nucleospin Extract II kit (Macherey-Nagel) following the manufacturer’s recommendations.

Cloning and sequencing
The amplified PCR products were cloned using the TOPO TA cloning kit (Invitrogen) following the manufacturer’s instructions. The plasmid inserts were checked by amplification using
M13F and M13R primers. Positive clones were then sequenced at GATC Biotech (Germany)
on a Sanger ABI 3730xl DNA Sequencer.
Table 1. Number of specimens used per site and for each experiment in this study.
TEM
LB

SC

SEM
MG

LB

SC

16S
MG

LB

SC

FISH
FG

MG

LB

SC

FG

N
MG

Lucky Strike

1

1

1

1

1

1

1

1

1

1

Rainbow

1

1

1

1

1

1

3

3

3

2

2

2

1

5

2

TAG

1

1

1

1

1

1

1

1

1

1

1

1

1

4

Snake Pit

1

1

1

1

1

1

1

1

1

1

1

1

1

4

LB = Branchiostegites, SC = Scaphognathites, FG = Foregut, MG = Midgut. N = total number of individual per site
https://doi.org/10.1371/journal.pone.0206084.t001
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Phylogenetic and communities analysis
Sequences (16S rDNA) were checked for quality: length (sequences too short compared with
literature data were removed), HQ % (according to MOTHUR use, sequences with HQ%
below 35% were removed), and number of repeated nucleotides in sequences under 6. They
were then sorted into “Forward” and “Reverse” sequences based on PCR primer identification
(E8F and U1492R respectively) and checked for chimeras using UCHIME [29] and Decipher
[30] algorithms. Sequences were aligned using the MAFFT [31] algorithm and refined manually with Geneious 8.1.8 [32]. All phylogenetic trees were built with Geneious 8.1.8. Phylogenetic analyses were performed on the basis of evolutionary distance (Neighbor Joining; [33])
using the general time reversibility (GTR) model for the correction matrix. The robustness of
phylogenetic reconstructions was tested by bootstrap re-sampling (x1000) [34]. Sequences
showing more than 97% similarity using the Furthest method [35] with MOTHUR software
[36] were considered to be sufficiently related and were grouped in the same phylotype (OTU:
Operational Taxonomy Unit). Rarefaction curves (see S2 and S3 Figs) were created to estimate
sequencing depth. The Bray–Curtis calculator [37] was used to generate a β diversity matrix.
Singletons were deleted from the data to generate phylogenetic trees but are present in the
diversity data.
The rarefaction curves, Simpson indices and related evenness of Simpson index were
obtained with MOTHUR (at 97% similarity) for all libraries [35, 36].
Good’s coverage was calculated as a percentage according to the following relation:
C = [1-(n/N)] x 100, where n represents the number of phylotypes appearing only once in a
library and N being the library size [38].

Fluorescent in situ hybridization (FISH)
The FISH protocol used was described previously by Durand et al. [6]. Briefly, 3%-formaldehyde fixed dissected tissues were embedded in polyethylene glycol distearate-1-hexadecanol
(9: 1) resin (Sigma, St. Louis, MO). Resin blocks were then cut into 6–10 μm sections using an
RM 2165 microtome (Reichert-Jung, Germany). Sections were hybridized using several published probes (Table 2). The probe sequences have been compared to our sequences to check
their specificity and determine their mismatches. The hybridization temperature was the same
for all samples treated (46˚C). Observations and imaging were performed using an ApoTome
Axio Imager Z with a COLIBRI system (Zeiss, Jena, Germany) using ZEN software (Zeiss,
Jena, Germany).

Scanning electron microscopy (SEM)
Before preparation, samples were observed under a stereomicroscope and photographed
(Olympus SZX12 equipped with an Olympus U-CMAD3 camera). Samples were dehydrated
through an ethanol series and critical point dried (Emitech K850). Samples were then goldcoated with a JEOL JFC-1200 fine coater. Observations were performed with a scanning electron microscope (Hitachi SU3500), operating between 5 and 25kV according to the sample.
Table 2. Fluorescent probes used in this study.
Specificity

Probe name

Sequence (5’-3’)

Fluorescent dye

% Formamide

Archaea

Arch915

Eubacteria

Eub338

Gamma proteobacteria
Epsilon proteobacteria

References

GTGCTCCCCCGCCAATTCCT

Cy3

10–20–30–40

GCTGCCTCCCGTAGGAGT

Cy3 or Cy5

10–20–30–40

[68]

GAM42a

GCCTTCCCACATCGTTT

Cy3 or Cy5

10–20–30–40

[69]

EPSY549

CAGTGATTCCGAGTAACG

Cy3 or Cy5

10–20–30–40

[70]

[67]

https://doi.org/10.1371/journal.pone.0206084.t002
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X-ray microanalysis
Elemental energy-dispersive X-ray microanalyses (EDX) were performed on the samples used
for SEM. X-ray microanalyses and elemental mappings were carried out using a scanning electron microscope (FEI Quanta 200) operating at 20 kV, and acquired with an energy dispersive
X-ray detection system (SDD X-Max 80 mm detector).

Light microscopy (LM) and transmission electron microscopy (TEM)
Sections were prepared as described in Zbinden et al. [13]. Semi-thin sections were observed
by light microscopy (using a Zeiss microscope, Jena, Germany). Ultra-thin sections were
stained with Urany-less and lead citrate (Delta Microscopies) and observed on a Zeiss 912
transmission electron microscope operating at 80 kV.

Nucleotide sequence accession numbers
The sequences from this study are available through GenBank under the following accession
numbers: LT855310 to LT855375 (16S rRNA genes sequences).

Results
Shrimp morphological observations
Light microscopy observations of the inner branchiostegites revealed two distinct areas (Fig
1A): (i) the anterior part (corresponding to one third of the branchiostegite surface) showed
an orange coloration, due to mineral deposits; and (ii) the posterior part facing the gills, which
was translucent. The scaphognathites (Fig 1B), which bear long bacteriophore setae on both
sides, were also covered in orange deposits. Stomach and gut of shrimps from the Rainbow site
were full of orange/brown content, whereas those from Snake Pit and Lucky Strike were rather
full of black/grey content, those from TAG having both orange and black particles in their content (S1 Fig).

Morphology and distribution of bacteria
SEM observations of the branchiostegites (Fig 2A and 2C) and scaphognathites (Fig 2B)
showed a dense microbial colonization. Combining SEM and TEM, a total of six bacterial
morphotypes were observed: three type of filaments (Figs 2D, 3A and 3C), two rod-shaped

Fig 1. Stereomicroscopic view of the tissues bearing the symbionts in R. chacei. A) Inner face of a branchiostegite and B) Scaphognathite, showing also the
occurrence of mineral deposits. Scale bars: A, B = 1.5 cm.
https://doi.org/10.1371/journal.pone.0206084.g001
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Fig 2. SEM images of the bacterial colonization in the cephalothorax of Rimicaris chacei. A) Overview of the inner side of the branchiostegite showing
colonized (on the left) and uncolonized (on the right) areas. B) Overview of the dorsal side of the scaphognathite. C) Enlargement of the filamentous
bacterial mat of the inner side of the branchiostegite. D) High magnification of the three filamentous morphotypes: large filaments (Lf), thin filaments of type
1 (Tf1) and thin filaments of type 2 (Tf2). E) The two bacillus morphotypes (types 1 and 2) on the inner side of the branchiostegite. Scale bars A, B = 1 mm,
C = 400 μm, D, E = 5 μm.
https://doi.org/10.1371/journal.pone.0206084.g002

(Fig 2E), and one coccobacillus morphotype (Fig 3D and 3E). The sizes and abundances of
bacteria on specimens from each site are summarized in Table 3. Filamentous morphotypes
comprised a large type (Lf, Figs 2D and 3A) and two thin types: one with short and thin cells
(type 1, Tf1, Figs 2D and 3B) and one with longer and larger cells (type 2, Tf2, Figs 2D and
3C). Among the rods, the first type was longer and thinner than the second type (Fig 2E). The
coccobacillus morphotype (Fig 3E) presented stacks of internal membranes characteristic of
methanotrophic-like bacteria type I (Fig 3D) [39]. These occurred in small aggregates of four
to seven bacteria. All these morphotypes were present on the branchiostegites and scaphognathites of the shrimp from each studied vent site, except for large filamentous morphotypes,
which were not observed on TAG specimen, and methanotrophic-like bacteria, which were
not observed on TAG or Snake Pit specimens.
In all SEM observations (n = 4 individuals, LB and SC for each), mineral deposits were
always located on the bacterial communities and nowhere else. Qualitative analyses with X-ray
microanalysis revealed two major types of mineral deposit. The first, and largely dominant,
mineral was mainly composed of iron (major peaks Kα at 6.400 keV and Kβ at 7.059 keV) and
oxygen, probably as iron oxides (presented here for the Rainbow site, Fig 3F). The second type
occurred only rarely and was mainly composed of sulfur (major Kα peak at 2.307 keV) and
iron, but occurred together with Cu (Kα at 8.041 keV and Kβ at 8.907 keV), probably as iron/
copper sulfides (Fig 3G from the Rainbow site). The same profiles were obtained for the minerals associated with specimens from the other vent sites.
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Fig 3. TEM and SEM observations of the different bacterial morphotypes and X-ray analysis of the associated minerals. A) TEM view of a large
filament. B) TEM view of a type 1 thin filament. C) TEM view of a type 2 thin filament. D) TEM view of methanotrophic-like bacteria. E) SEM
image of a methanotrophic-like bacteria morphotype (arrowheads). (F-G) Elemental X-ray microanalysis of mineral deposits on branchiostegite of
a specimen from the Rainbow site. Most of this rusty-colored mineral deposit is composed of iron and oxygen, supposedly as iron oxide (F). Fe/Cu
sulfide particles can be occasionally observed among the oxide particles (G). Scale bars A, B, C, D and insert in D = 1 μm, E = 10 μm.
https://doi.org/10.1371/journal.pone.0206084.g003

Combining all our observations, we identified four distinct bacterial colonization areas on
branchiostegites, as summarized in Fig 4A. Area 1 was characterized by a total absence of bacteria and mineral deposits. Area 2 was characterized by the occurrence of a monolayer of the
two rod morphotypes (type 1 colored in red and type 2 in blue on Fig 4A), and no associated
mineral deposits. Areas 1 and 2 corresponded to the translucent part of the host branchiostegite described above by macroscopic observation (Fig 1C). Area 3 was characterized by a thick
bacterial mat composed of the three filamentous morphotypes (Lf colored in green, Tf1 in
Table 3. Cell sizes of the various bacterial morphotypes observed and they relative abundance for each hydrothermal vent site.
Morphotype

Diameter

Height

Lucky Strike

Rainbow

TAG

Snake Pit

Large filament

2,42 ± 0,58
(n = 81)

2,57 ± 0,75
(n = 57)

+++

+++

-

+++

Thin filament (type 1)

0,80 ± 0,07
(n = 114)

0,70 ± 0,12
(n = 109)

+++

+++

+++

+++

Thin filament (type 2)

1,12 ± 0,13
(n = 27)

5,61 ± 1,07
(n = 43)

++

++

++

++

Thick rods (type 1)

0,26 ± 0,04
(n = 89)

1,6 ± 0,33
(n = 108)

+++

+++

+++

+++

Thin rods (type 2)

0,28 ± 0,06
(n = 70)

0,94 ± 0,17
(n = 70)

+++

+++

+++

+++

Coccobacilli

0,66 ± 0,09
(n = 91)

1,07 ± 0,17
(n = 124)

+++

+++

-

-

-: absent, ++: abundant, +++ very abundant. Values are given in μm ± standard deviation.
https://doi.org/10.1371/journal.pone.0206084.t003
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Fig 4. Bacterial colonization area on the inner side of the branchiostegite. A) Schematic representation of the four bacterial
colonization areas (with accurate relative sizes of the different bacterial morphotypes). The green line under the drawing is the shrimp
cuticle. Type 1 rods are colored in red, type 2 rods in blue (on the cuticle on area 2, and on the mineral deposits on area 3 and 4), large
filaments in green, type 1 thin filaments in orange, type 2 thin filaments in purple and methanotrophic-like bacteria in turquoise
(within and abose the mineral deposits). B) SEM micrograph showing the inner side of a branchiostegite and the four areas described
in the text and schematized above.
https://doi.org/10.1371/journal.pone.0206084.g004

orange and Tf2 in purple on Fig 4A), as well as an increasing amount of mineral deposits
towards the fourth area. Above, inside and under this deposit, rods of the two types were also
present. Area 4 was similar to area 3, but with a greater thickness of mineral deposits. It was
also the only area with methanotrophic-like bacteria (Fig 3D, colored in turquoise on Fig 4A).
Areas 3 and 4 corresponded to the anterior part described above by macroscopic observation.
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Fig 5. Rimicaris chacei midgut. A) Photonic observation of a semi-thin section of the digestive tract (hindgut), showing black and
brown mineral particles, as well as organic matter stained with toluidine blue. B) FISH of a midgut transversal section stained with
DAPI (blue), and hybridized with the Eubacteria general probe Eub338-Cy5 (red) and autofluorescence of intestinal cells (yellow). C)
SEM image of a bacterial mat (b) on intestinal wall cells. D) TEM image of filamentous bacteria (arrows) inserted between microvilli
(mv) of intestinal cells. Scale bars: A = 10 μm, B = 1 μm, C = 50 μm, D = 10 μm.
https://doi.org/10.1371/journal.pone.0206084.g005

Scaphognathites were usually heavily mineralized (Fig 1D), showing occurrence of orangebrown deposits on both sides, as well as on the bacteriophore setae, along with the different
morphotypes of rods and filaments (Fig 2B).
Cross-sections of R. chacei midgut (Fig 5A) revealed that the gut content is mainly composed of black and brown minerals, probably as iron sulfides and oxides, along with organic
matter in the form of a few cuticle fragments and ingested bacteria (filaments and coccoid
cells). Epithelial gut cells were densely colonized by a single morphotype of long (up to 20–
25 μm) and thin (about 0.18 ± 0.02 μm; n = 100), unsegmented filamentous bacteria (Fig 5B
and 5C), inserted between the microvilli (Fig 5D). These filamentous bacteria were observed
in dense communities within the gut of all specimens, with no visible difference in their distribution and abundance.

Diversity of Rimicaris chacei bacterial communities
Due to environmental and technical limitations, our results are based on only a few samples
per site. PCR and cloning approaches are somewhat limited by amplification quality and the
number of clones treated. Considering all these possible sources of bias, all samples were
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Table 4. Clone library results (based on partial 16S rRNA genes sequences).
taxon

Total
clone number per
lineage

1

2

3

4

5

8

44 4

Epsilonproteobacteria

890

17 17 2

Gammaproteobacteria

352

1

Deferribacteres

211

23

Mollicutes (Tenericutes)

187

43 67 19

Alphaproteobacteria

79

Bacteroidetes

42

7

8

9

70 81

1

10 11 12 13 14 15 16 17 18 19 20 21

34 35 3

1

4

3

4

27 50 41 7

22 23

13 24
43 1

2

12

2

1

1

Candidate_division_OD1 31

Total OTUs
97%
(«Forwards» data)

11 62 87 44 38 90 34 83 36 68 58 28 40 62 57 45

74 45 1

2
3

6

1

2

1

27 1

BD1-5

20

1

Deltaproteobacteria

9

Zetaproteobacteria

5

1

Lentisphaerae

2

2

Betaproteobacteria

1

Firmicutes

1

Total clone number

1830

1

4
6

6

5

3

5

1

1

1

2

3
1

4

20 5

3

2

19 6

8

1

8

5

5

9

5
1

2

3

6

1

2

3

5

7

3

3
1

2

1

1
1
1

1

1

88 85 91 92 90 92 94 94 95 92 87 93 41 93 43 95 94 95 95 95 86

1 = R.chaceiC40Bb-LS-MG, 2 = R.chaceiC40BbLS-FG, 3 = R.chaceiC08BbRB-MG, 4 = R.chaceiC04Bb-RB-MG, 5 = R.chaceiC08Bb-RB-FG, 6 = R.chaceiC07BcTAG-MG, 7 = R.chaceiC01Bc-SP-MG, 8 = R.chaceiC09Bc-TAG-FG, 9 = R.chaceiC04Bc-SP-FG, 10 = R.chaceiC40Bb-LS-SC, 11 = R.chaceiC40Bb-LS-LB, 12 = R.
chaceiC08Bb-RB-SC, 13 = R.chaceiC01Mom-RB-LB, 14 = R.chaceiC08Bb-RB-LB, 15 = R.chaceiC01Mom-RB-SC, 16 = R.chaceiC04Bb-RB-SC, 17 = R.chaceiC04BbRB-LB, 18 = R.chaceiC07Bc-TAG-SC, 19 = R.chaceiC01Bc-SP-LB, 20 = R.chaceiC07Bc-TAG-LB, 21 = R.chaceiC01Bc-SP-SC. Names of librairies are coded as follow: R.
chacei indicates the name of the species; C40 the number of the individual; Bb, Bc, Mom stands for the name of the cruises (ie Bb: BioBaz 2013, Bc: BICOSE 2014, Mom:
MoMARdream-Naut 2007); LS, RB, TAG, SP stands for the name of the sampling site (ie LS: Lucky Strike, RB: Rainbow, TAG, SP: Snake Pit); and MG, FG, SC, LB
stands for the type of sample (ie MG: mid gut, FG: foregut, SC: scaphognathite, LB: Branchiostegite).
https://doi.org/10.1371/journal.pone.0206084.t004

treated in the same way throughout the study, combining multiple approaches (microscopy,
FISH and molecular analyses), as in previous studies [13, 14, 16], which enable us to make
some comparisons between the different specimens and sites [40].
Good’s coverages were inferior to those of previous studies on R. exoculata due to slight differences in technical analysis. In [16] and [6], OTUs (threshold at 97%) were manually inferred
from phylogenetic tree analyses. Here we used methods specially developed for clustering to
limit possible phylogenetic tree and manual assignment of OTUs bias, although using NJ tree
reconstruction for comparison with previous data. Usually, this clustering method creates
more OTUs than manual clustering on phylogenetic trees, which explains the slightly lower
Good’s average of this study. However, rarefaction curves are similar to those from previous
studies [6, 16] (see S2 and S3 Figs).
A total set of 1830 clones of 16S rRNA was sequenced (between 41 and 96 sequences per
library: i.e., branchiostegites, scaphognathites, foregut and midgut) to study the bacterial communities associated with R. chacei specimens from the different sites (Table 1). Taxonomy was
assigned for each sequence and summarized in Table 4. Furthermore, based on 97% similarity,
sequences were clustered in OTUs (the number of OTUs per taxonomy units is also summarized in Table 4). In our data, 12 groups were identified (all samples combined), listed below
according to the number of clones retrieved: Epsilonproteobacteria, Gammaproteobacteria,
Deferribacteres, Mollicutes, Alphaproteobacteria, Bacteroidetes, Candidate division OD1, Deltaproteobacteria, Zetaproteobacteria, Lentisphaerae, Betaproteobacteria and Firmicutes. Studies
based on PCR amplifications and clone libraries are known to underestimate genetic diversity
and can be biased [40]. Nevertheless, our results showed that diversity associated with the R.
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Rimicaris chacei Snake Pit clone SP_LB_45
(TAG LB = 10, SC = 9 ; SP LB = 9, SC = 3)
OTU 10 (n=31)
Rimicaris exoculata from Snake Pit clone Epsilon S2-7 (FN658697)
78.2
Rimicaris chacei Rainbow clone Rb_LB_09
(LS LB = 1 ; RB LB = 16, SC = 18)
OTU 07 (n=35)
85.8
Rimicaris chacei Rainbow clone Rb_ LB_53
(RB LB = 4, SC = 1, FG = 15 MG = 3 ; SP SC = 1, MG = 1)
Rimicaris exoculata ectosymbiont from Rainbow clone R_c18_E7 (FN393026)
85.8
OTU 12 (n=25)
63.1
Bacterium from iron-rich substrate exposed to a Mid-Atlantic Ridge vent clone AT-cs15 (AY225623)
85.8
78.2
Rimicaris exoculata cephalothorax light red moult from Rainbow clone MOM4C153LBbA42 (FR797930)
Rimicaris chacei Rainbow clone Rb_LB_75
(RB LB = 2)
Rimicaris chacei Rainbow clone Rb_SC_87
(LS LB = 1 ; RB LB = 1, SC = 1 ; TAG LB = 1)
98.4
Rimicaris chacei Rainbow clone Rb_LB_66
(RB LB = 1 ; SC = 2)
Bacterium from Rainbow-6 deep-sea hydrothermal vent deposit at Mid-Atlantic Ridge clone 118_G04_F (HQ894200)
67.4 Rimicaris exoculata ectosymbiont from Logatchev clone LOG_283/7-4_E1 (FM203394)
99.9 Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBbB31 (FR797955)
68.8
Bacterium from deep-sea hydrothermal vent clone aD1 (FN562836)
71.9
Rimicaris chacei TAG clone TAG_SC_28
(TAG LB = 1, SC = 3)
Rimicaris chacei Rainbow clone Rb_SC_35
(LS SC = 1 ; RB SC = 2)
Bacterium from Indian Ocean hydrothermal vent clone SF_C23-C11_shell (AY531585)
Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBbB44 (FR797956)
Rimicaris exoculata ectosymbiont clone SMAR_146/6-24_D1 (FM203399)
100 Rimicaris chacei Rainbow clone Rb_LB_38
(LS LB = 9, SC = 12, MG = 1 ; RB LB = 4, SC = 15, FG = 1)
OTU 04 (n=50)
100
Rimicaris exoculata gut from Rainbow clone R8Sul (FM865857)
100
Rimicaris exoculata cephalothorax light red moult from Rainbow clone MOM4C153LBbA6 (FR797929)
100
Bacterium from hydrothermal vent fluid clone MOM6Rbwb51 (FR797935)
93.6
Rimicaris exoculata ectosymbiont from Rainbow clone R_c18_eps3 (FM203407)
77.7
Rimicaris chacei Rainbow clone Rb_LB_51
(RB LB = 3, SC = 3)
78.2
Ectosymbiont of Rimicaris exoculata from Snake Pit clone Epsilon S1-4 (FN658693)
95.6
Rimicaris exoculata ectosymbiont from TAG clone TAG_368_C5E4 (FN393029)
50.2
Bacterium from surface of crab collected from hydrothermal vents in the Pacific-Antarctic Ridge clone A2 (EU265785)
Alvinella pompejana epibiont clone 6C6 (AY312990)
Rimicaris chacei Snake Pit clone SP_LB_51
(SP LB = 1, SC = 2)
Alviniconcha aff. hessleri gill endosymbiont(AB205405)
Bacterium from Riftia pachyptila s tube clone R76-B51 (AF449246)
Bacterium from carbonate chimney in Lost City Hydrothermal Field clone LC1133B-58 (DQ270643)
Rimicaris chacei Snake Pit clone SP_MG_13
(LS FG = 1, MG = 2 ; RB LB = 9, SC = 5, FG = 1 ; TAG LB = 6, FG = 6 ; SP FG = 16, MG = 1)
OTU 05 (n=47)
B acterium from epibiotic bacterial community exposed to intestinal extract of host crab clone UN0_95 (AB981871)
Ectosymbiont of Rimicaris exoculata from Snake Pit clone Epsilon S1-1 (FN658695)
99.9 Bacterium from iron-rich substrate exposed to a Mid-Atlantic Ridge vent clone AT-cs8 (AY225622)
58.1
Rimicaris chacei Snake Pit clone SP_MG_73
(RB LB = 4, SC = 1, MG = 1 ; TAG FG = 19, MG = 1 ; SP SC = 2, FG = 3, MG = 2)
OTU 08 (n=34)
Rimicaris exoculata from Rainbow clone SCAII17 (AM412511)
71.5
Rimicaris chacei TAG clone TAG_LB_07 (RB LB = 2, FG = 1, MG = 1 ; TAG LB = 7, SC = 1 ; SP SC = 1, MG = 1)
OTU 17 (n=14)
Bacterium from deep-sea sediments from different depths clone BD2-1 (AB015531)
Bacterium from gill of Alvinocaris longirostris clone AL-1 (AB232530)
100 Bacterium from deep-sea hydrothermal vent clone aH6 (FN562867)
Rimicaris chacei Rainbow clone Rb_MG_29
(RB FG = 1 ; TAG FG = 1, MG = 1)
Bacterium from Iheya North field in the Mid-Okinawa Trough clone IBP6.5m-13 (AB197180)
Bacterium from microbial mat from Eiffel Tower edifice in the Lucky Strike vent area (MAR) clone LSmat.B84 (FR670431)
Rimicaris exoculata from Rainbow clone LBl16 (AM412507)
Rimicaris chacei Snake Pit clone SP_LB_63
(RB LB = 2, SC = 1 ; TAG LB = 1 ; SP SC = 1)
52.8
Bacterium from ventral setae of Shinkaia crosnieri clone IHE0_1153 (AB476235)
Bacterium from deep-sea hydrothermal vent clone bB8 (FN562852)
Bacterium from surface of pereopod of new species of Yeti crab from mound 12 clone Contig_0363__x2 (JN256003)
59.9
Bacterium from Paralvinella palmiformis mucus secretions clone P. palm C 84 (AJ441204)
Rimicaris chacei Rainbow clone Rb_LB_18 (RB LB = 1, SC = 1)
Rimicaris chacei Rainbow clone Rb_LB_63
(RB LB = 4 ; TAG LB = 2 ; SP LB = 2, SC = 1)
90.9 Rimicaris chacei Snake Pit clone SP_SC_83
(LS SC = 2 ; RB LB = 16, SC = 10 ; TAG LB = 7, SC = 1 ; SP LB = 6, SC = 15)
OTU 03 (n=57)
98.2
Ectosymbiont of Rimicaris exoculata from Snake Pit clone Epsilon S2-16 (FN658696)
Rimicaris exoculata cephalothorax red moult from Rainbow clone LBI10 (FR797922)
81.2
Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBb24 (FR797952)
Bacterium from Rainbow-2 deep-sea hydrothermal vent deposit at Mid-Atlantic Ridge clone 479_C06_F (HQ894334)
Rimicaris chacei Snake Pit clone SP_SC_87
(RB SC = 1 ; SP SC = 1)
Sulfurovum aggregans strain Monchim33 (AB889689)
53.9
63.6
Bacterium from hydrothermal vent chimney 4143-1 from Mothra field of Juan de Fuca Ridge at a depth of 2267m clone Ba54 (FJ640823)
Bacterium from microbial mat from Eiffel Tower edifice in the Lucky Strike vent area (MAR) clone LSmat.B74 (FR670421)
67.9
52.8
Rimicaris exoculata cephalothorax black moult from Ashadze clone SE4R2LBbB2 (FR797937)
Bacterium from Riftia pachyptila s tube clone R103-B76 (AF449240)
Rimicaris exoculata from Rainbow clone LBI17 (AM412510)
100 Rimicaris chacei Rainbow clone Rb_SC_30
(LS LB = 1 ; RB LB = 2, SC = 4)
Bacterium from pumice fragments exposed to a Mid-Atlantic Ridge vent clone AT-pp46 (AY225621)
67.3
67.3
Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBbB45 (FR797957)
Rimicaris exoculata from Rainbow clone SCAII31 (AM412508)
63.5
Bacterium from gill and visceral mass of the gastropod Cyathermia naticoides clone contig-2 (KM213003)
100
Sulfurovum lithotrophicum (AB091292)
Sulfurovum sp. strain NBC37-1 (AP009179)
100
Rimicaris exoculata from Rainbow clone LBl7 (AM412509)
84.7
Bacterium from hydrothermal vent fluid clone MOM6Rbwb5 (FR797932)
Bacterium from Riftia pachyptila s tube clone R103-B18 (AF449232)
Alvinella pompejana epibiont (L35521)
80.1
88
Rimicaris chacei Lucky Strike clone LS_FG_29 (LS FG = 2)
95.7
Nitratifractor salsuginis DSM 16511 strain E9I37-1 (AB175500)
71.2
Rimicaris chacei Lucky Strike clone LS_FG_32 (LS FG = 1, MG = 1)
Proteobacterium clone 1-2 cm layer of core A (AF420348)
Rimicaris chacei Snake Pit clone SP_FG_24
(LS FG = 2, MG = 1 ; SP FG = 2)
100
100 Rimicaris exoculata from Rainbow clone SCAII15 (AM412513)
Bacterium from hydrothermal vent fluid clone MOM6Rbwb8 (FR797933)
Rimicaris exoculata cephalothorax black moult from Ashadze clone SE4R2LBbA27 (FR797936)
Episymbiont of Kiwa sp. from ventral setae of ESR Kiwa sp. clone ARB_FC2D521A (KF439033)
Arcobacter nitrofigilis strain (L14627)
83.7
100
Bacterium from pumice fragments exposed to a Mid-Atlantic Ridge vent clone AT-pp13 (AY225610)
99.8
Rimicaris exoculata cephalothorax juvenile from Logatchev clone SE6J13ScbB80 (FR797946)
Arcobacter thereius LMG 24486 strain 16389 (AY314753)
71.8
Bacterium from Paralvinella palmiformis mucus secretions clone P. palm C/A 220 (AJ441210)
Hydrogenimonas thermophila strain EP1-55-1% (AB105048)
98.6
Ectosymbiont of Rimicaris exoculata from Snake Pit clone Epsilon S1-27 (FN658698)
90.8
Bacterium from marine environment clone boneC3F4 (AY548994)
Sulfurospirillum arcachonense strain F1F6 (DSMZ 9755) (Y11561)
100
58.5
Marine microorganism from middle port clone HSY.CS.46 (JN637820)
85.9
98.7
Bacterium from Rainbow-6 deep-sea hydrothermal vent deposit at Mid-Atlantic Ridge clone 79_E04_F (HQ894210)
Rimicaris exoculata cephalothorax white moult from Logatchev clone SE7R35LBbA53 (FR797962)
Sulfurospirillum multivorans DSM 12446 strain K (X82931)
88.8
Rimicaris chacei Snake Pit clone SP_FG_12
(SP FG = 3)
Bacterium from Dudley hydrothermal vent clone 4132B63 (EU555139)
Rimicaris exoculata cephalothorax white moult from Rainbow clone MOM3C133ScbA36 (FR797927)
100
84.2
Bacterium from diffuse flow vent surfaces at the East Pacific Rise clone Tica13Exp_7H (KT257859)
94.3
Bacterium from Indian Ocean hydrothermal vent clone SF_C23-A7_shell (AY531580)
Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBb30 (FR797953)
Alviniconcha sp. gill symbiont (AB189712)
Sulfurimonas paralvinellae strain GO25 (AB252048)
Sulfurimonas gotlandica strain GD1 (AFRZ01000001)
Sulfurimonas denitrificans strain DSM 1251 (L40808)
Bacillus subtilis (AB016721)
85.7

Epsilon 1
Epsilon 2
Sulfurovum like bacteria
Nitratifactor
Acrobacter Sulfospirillum
Sulfurimonas

52.9

Epsilon 3

99.7

52.6

Epsilon 4

89.9

0.03

Fig 6. Epsilonproteobacteria 16S rRNA gene phylogenetic tree calculated on 624 bp, with the neighbor-joining method, the GTR model [66] and 1000 bootstrap
resamplings. Bacterial sequences of Rimicaris chacei found in this study are labeled in red, Rimicaris exoculata symbionts in blue, and cultivated microbial strains in
green. The number of clone sequences per site and per sample are given in brackets (Sites: RB: Rainbow, SP: Snake Pit, LS: Lucky Strike. Samples: LB: branchiostegites,
SC: scaphognathites, MG: midgut, FG: foregut).
https://doi.org/10.1371/journal.pone.0206084.g006

chacei cephalothorax (i.e., branchiostegite and scaphognathite samples) was mostly represented by Epsilonproteobacteria- and Gammaproteobacteria-related sequences, while that of
the gut (i.e., foregut and midgut samples) was mostly represented by Deferribacteres- and Mollicutes-related sequences (Table 4). For our phylogenetic analysis we therefore focused our
study on these four main lineages, using only forward sequences for quality in the phylogenetic
reconstruction, and excluding singleton OTUs.
Rarefaction curves (S2 and S3 Figs) indicated that clone libraries did not exhaust all the
diversity, but mostly reached a plateau. Good’s coverage confirmed the rarefaction curve
observations, with an average of 80.75% (+/- 9.65%), correctly describing bacterial community
diversity associated with the shrimp. Alpha diversity calculated with Simpson index and Simpson evenness highlighted diversity profiles typical of symbiosis: low diversity with low equitability, reflecting the dominance of some phylotypes. Alpha diversity was lower in the gut
(1-Simpson < 0.7) than in the cephalothorax (1-Simspon > 0.7). Beta diversity based on
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Bray–Curtis analysis confirmed differences between gut and cephalothorax community composition (S4 Fig).

16S rRNA phylogeny among the Epsilonproteobacteria-related sequences
16S rRNA genes sequences related to the Epsilonproteobacteria within R. chacei cephalothorax
clone libraries were distributed among 24 OTUs, clustering within R. exoculata cephalothoracic [13, 14, 16, 41] and digestive tract clone sequence groups [6–8]. R. chacei OTUs were
mainly distributed within two phylotypes. The first phylotype was related to Sulfurovum species, and the second to Epsilon groups 1 to 4 according to the nomenclature of Petersen et al.
[14] (Fig 6). However, Sulfurovum-related OTUs found in R. chacei were also closely related to
sequences from hydrothermal vent systems worldwide. The closest cultured bacteria related to
the most represented phylogenetic group were Sulfurovum lithotrophicum [42], Sulfurovum
aggregans [43] and Sulfurovum sp. strain NBC37-1 [44]. These species are all known to be sulfur-oxidizing chemolithoautotrophic bacteria, isolated from hydrothermal vents. The other
phylogenetic groups composed by Epsilon 1 to 4 were not represented by cultured strains, but
were close to R. exoculata symbiont clusters [14].

16SrRNA phylogeny of the Gammaproteobacteria-related sequences
16S rRNA genes sequences of R. chacei clone libraries affiliated to Gammaproteobacteria clustered with previously described R. exoculata cephalothoracic [13, 14, 16, 41] and digestive tract
clones [6–8]. Two main phylogenetic groups were identified (Fig 7). The first one was closely
related to Methyloprofundus sedimenti [45], Methylobacter marinus [46], and Methylomonas
methanica [47]. These cultivated bacteria are known to be methanotrophic. The second one
was closely related to Thiothrix flexilis [48–50], Thiomicrospira frisia [51], Thiomicrospira psychrophila [52] and Cocleimonas flava [53], all known to be chemoautotrophic sulfur-oxidizers.
Five OTUs were not related to these phylogenetic groups and were related to methanotrophic
or thiotrophic phylogenetic groups, close to environmental sequences obtained from hydrothermal vents. TAG_SC_05, LS_LB_82 and LS_LB_65 clones represent OTUs with 2, 3 and 7
sequences in clone libraries, respectively, and were close to environmental sequences. The two
most highly represented OTUs in our clone libraries (i.e., SP_MG_43 and TAG MG_17
clones) were only found in the midgut of R. chacei from Snake Pit and TAG, respectively, and
did not cluster with any known sequences related to hydrothermal vents or symbiosis.

16S rRNA phylogeny of the Deferribacteres-related sequences
Compared to Epsilon and Gammaproteobacteria-related OTUs, the diversity of Deferribacteres-related sequences was very low, even though this taxonomic group was found in apparently high abundance in our libraries. Only two OTUs were identified exclusively in the four
midgut samples (Fig 8). The OTU represented by the clone Rb_MG_71, was present at the
hydrothermal vent sites, whereas the other, represented by the clone TAG_MG_78, was absent
from Lucky Strike. These 2 OTUs were closely related to previously known R. exoculata gut
symbionts [6]. The closest related cultured bacteria to this phylogenetic group were Deferribacter thermophilus [54] and Deferribacter desulfuricans [55], both known to be heterotrophic
thermophilic and anaerobic metal-reducers, especially of iron or sulfur.

16S rRNA phylogeny of the Mollicutes-related sequences
As for the Deferribacteres, the diversity of Mollicutes-related clones was lower than that of
Epsilon and Gammaproteobacteria ones, but still well represented in our libraries obtained
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Rimicaris chacei Rainbow clone Rb_SC_24 (SC = 1)
Gamma proteobacterium from microbial mat from Lucky Strike clone LSmat.B44 (FR670391)
Rimicaris chacei Lucky Strike clone LS_LB_82 (LB = 1 ; SC = 1)
Gamma proteobacterium from deep-sea hydrothermal vent clone bA11 (FN562820)
Cycloclasticus pugetii strain PS-1 (L34955)
89.6
Suttonella ornithocola strain type strain: B6/99/2 (AJ717394)
Gamma proteobacterium from gut of Shinkaia crosnieri clone gut_h89 (AB980105)
59.4
Pseudomonas entomophila strain L48 (CT573326)
Endosymbiont of Acanthamoeba sp. AC309 (AY549549)
OTU 13 (n = 24)
79.8
100 Rimicaris chacei Snake Pit clone SP_MG_43 (MG = 24)
100
Photobacterium piscicola strain NCCB 100100 (KC951112)
100 Rimicaris chacei TAG clone TAG_MG_17 (MG = 46)
85.1
OTU 06 (n = 46)
Photobacterium sp. strain Asur-1 (AB055784)
Colwellia sp. strain KT27 (DQ027052)
Bathymodiolus platifrons methanotrophic gill symbiont (AB036710)
100
Methanotrophic endosymbiont of Bathymodiolus azoricus (Menez Gwen) clone aMG-5-155 (AM083952)
Methyloprofundus sedimenti strain WF1 (KF484906)
99.9 Rimicaris chacei Rainbow clone Rb_LB_64 (LB = 2 ; SC = 3)
Rimicaris exoculata cephalothorax white moult from Rainbow clone MOM3C133LBb17 (FR797908)
97.8
66.3
Rimicaris exoculata hatched eggs from Logatchev clone SE6R14LbA12 (FR797913)
68.8
Gamma proteobacterium from Colonization device deployed into the hydrothermal conduit clone IBNC-12 (AB175550)
Rimicaris chacei Lucky Strike clone LS_SC_28 (LB = 4 ; SC = 4)
53.2
Bacterium from carbonate chimney in Lost City Hydrothermal Field clone LC1133B-145 (DQ270623)
75.3
Rimicaris exoculata eggs from Logatchev clone SE6R16ObA36 (FR797918)
99.2
99.8
Gamma proteobacterium from ventral setae of Shinkaia crosnieri clone setae2_77 (AB981841)
67.8
Gamma proteobacterium from ventral setae of Shinkaia crosnieri clone setae1_03 (AB981790)
85.7
Rimicaris chacei Lucky Strike clone LB_39 (LB = 4)
Gamma proteobacterium from microbial mat from Lucky Strike clone LSmat.B41 (FR670388)
Methylobacter
marinus strain A45 (AF304197)
99.9
85.6
Methylomonas methanica strain S1; NCIMB 11130 (AF304196)
Methylomonas methanica MC09 strain MC09 (CP002738)
63.7
Rimicaris chacei Snake Pit clone SP_LB_25 (LB = 1)
OTU 28 (n = 5)
Rimicaris chacei TAG clone TAG_SC_13 (LB = 1 ; SC = 3)
70.1 Rimicaris chacei Rainbow clone Rb_LB_83 (LB = 8)
52.9 57.2
Gamma proteobacterium from microbial mat from Lucky Strike clone LSmat.B35 (FR670382)
Rimicaris chacei Lucky Strike clone LS_LB_12 (LB = 2)
Bacterium from ventral setae of Shinkaia crosnieri clone HAT3_455 (AB476198)
Gamma proteobacterium from ventral setae of Shinkaia crosnieri clone setae2_26 (AB981823)
uncultured gamma proteobacterium from Rimicaris exoculata eggs from Logatchev clone SE6R16ObA98 (FR797919)
Rimicaris chacei TAG clone TAG_LB_52 (LB = 1 ; SC = 3)
Episymbiont of Kiwa sp. from ventral setae of ESR clone ARB_B1C4EAF5 (KF439018)
52.9
Bacterium from carbonate chimney in Lost City clone LC1133B-23 (DQ270615)
100 Rimicaris chacei Snake Pit clone SP_LB_67 (LB = 1)
99
Rimicaris chacei TAG clone TAG_SC_41 (LB = 5)
OTU 19 (n = 11)
52.4
Rimicaris chacei Rainbow clone Rb_LB_81 (LB = 4 ; SC = 1)
Rimicaris chacei Snake Pit clone SP_LB_64 (LB = 1)
99.9
Rimicaris chacei TAG clone TAG_SC_17 (SC = 1)
Rimicaris chacei Snake Pit clone SP_SC_71 (SC = 1)
Gamma proteobacterium from gut of Shinkaia crosnieri clone gut_f43 (AB980075)
Rimicaris chacei TAG clone TAG_SC_19 (SC = 7)
Rimicaris chacei Snake Pit clone SP_LB_88 (LB = 16 ; SC = 4)
OTU 11 (n = 30)
Ectosymbiont of Rimicaris exoculata from Snake Pit clone Gamma S2-12 (FN658699)
Rimicaris chacei Rainbow clone Rb_LB_54 (LB = 2 ; SC = 1)
98.3
61.2
Rimicaris exoculata from Rainbow clone LBl32 (AM412518)
85.3
uncultured gamma proteobacterium from hydrothermal vent fluid clone MOM6Rbwb69 (FR797911)
Rimicaris exoculata cephalothorax black moult from Logatchev clone SE6R19LBbB34 (FR797920)
Rimicaris chacei Lucky Strike clone LS_LB_23 (LB = 1 ; SC = 1)
68.4
Gamma proteobacterium from surface of vent snail foot clone SF_C7-E4 (AY327876)
72.3
OTU 38 (n = 3)
Rimicaris exoculata from Rainbow clone SCAII16 (AM412520)
99.8
76.2
Rimicaris exoculata cephalothorax light red moult from Rainbow clone MOM4C153LBbA21 (FR797910)
60
Rimicaris chacei Rainbow clone Rb_SC_48 (LB = 1 ; SC = 1)
65.3
Gamma proteobacterium from sediments from Figueiras Beach clone FII-OX089 (JQ579738)
Cocleimonas flava strain KMM 3898 (AB495251)
Rimicaris chacei Lucky Strike clone LS_SC_47 (LB = 1 ; SC = 4)
99.8
99.9
Episymbiont of Kiwa sp. from ventral setae of ESR clone ARB_8114AC2A (KF438991)
Gamma proteobacterium from surface of crab collected from hydrothermal vents in the Pacific-Antarctic Ridge clone E8 (EU265799)
Leucothrix mucor strain DSM 2157 (X87277)
100 Rimicaris chacei TAG clone TAG_LB_34 (LB = 1)
100
OTU 25 (n = 6)
Rimicaris
chacei
Snake Pit clone SP_SC_28 (SC = 5)
66.9
Gamma proteobacterium from ventral setae of Shinkaia crosnieri clone setae2_95 (AB981847)
Thiothrix flexilis strain EJ2M-B (AB042545)
100
Thiomicrospira frisia strain JB-A2 (AF013974)
Thiomicrospira psychrophila strain type strain: SVAL-D (AJ404732)
100
Endosymbiont of Alviniconcha sp. type1 (AB235235)
Gamma proteobacterium from Deep-sea hydrothermal vent chimney clone IBN1-56 (AB175555)
Rimicaris chacei Lucky Strike clone LS_LB_65 (LB = 4 ; SC = 2)
51
Gamma proteobacterium from marine sediments clone Belgica2005/10-130-27 (DQ351769)
100
56.2
Bacterium from East Pacific Rise clone 3M34_060 (JQ287465)
98.3
Bacterium from East Pacific Rise clone 3M23_059 (JQ287091)
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Bacterium from gill of Alvinocaris longirostris clone AL-2A (AB232531)
Bathymodiolus septemdierum thioautotrophic gill symbiont (AB036709)
95.3
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Thiotrophic bacterial endosymbiont of Bathymodiolus sp. from sea water (AJ745718)
Vesicomya gigas gill symbiont (AF035726)
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60.7
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Fig 7. Gammaproteobacteria 16S rRNA gene phylogenetic tree calculated on 685 bp, with the neighbor-joining method, the GTR model [66] and 1000 bootstrap
resamplings. Bacterial sequences associated with Rimicaris chacei are labeled in red, Rimicaris exoculata symbionts in blue, and cultivated microbial strains in green.
The number of clone sequences per vent site and per sample is given in brackets (abbreviations for sites and samples are as in Fig 6).
https://doi.org/10.1371/journal.pone.0206084.g007

from stomach and midgut samples. Three main OTUs (and one singleton) were identified (Fig
9) and were closely related to R. exoculata gut symbionts, but still not to environmental
sequences. The OTU represented by clone Rb_FG_02 was present in the foregut of Rainbow
and Lucky Strike shrimp, and in the midgut of Rainbow shrimp. The OTU represented by
the clone SP_MG_35 was present in the foregut of Rainbow and Lucky Strike shrimp. The
OTU represented by the clone LS_MG_65 was only present in TAG and Snake Pit midgut
samples.
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99.9

Rimicaris exoculata from Rainbow clone 91 (AJ515724)
Rimicaris exoculata gut from Rainbow clone 62 (AJ515723)

78.8

Rimicaris exoculata gut from TAG clone T1Fe (FM863733)
Rimicaris chacei TAG clone TAG_MG_31 (MG = 3)

Rimicaris chacei Lucky Strike clone LS_MG_11 (MG = 11)
100

Deferribacter desulfuricans strain SSM1 (AB086060)
Deferribacter thermophilus strain BMA1 (U75602)

98.3

94.8

Flexistipes sinusarabici strain DSM 4947 (M59231)

81.2

81.2

100

Geovibrio ferrireducens strain PAL-1 (X95744)
Geovibrio thiophilus strain AAFu3 (AJ299402)

91.2

59.6

Mucispirillum schaedleri strain UNSW (AY387671)
Denitrovibrio acetiphilus DSM 12809 strain N2460 (AF146526)
97.7

Deinococcus radiodurans (M21413)
Thermodesulfovibrio islandicus strain R1ha3 (X96726)
Thermus aquaticus strain YT-1 (L09663)
Thermotoga maritima (M21774)
Aquifex pyrophilus strain Kol5a (M83548)

0.03

Fig 8. Deferribacteres 16S rRNA gene phylogenetic tree calculated on 764 bp, with the neighbor-joining method, the GTR model [64] and 1000 bootstrap
resamplings. Bacterial sequences of Rimicaris chacei found in this study are labeled in red, Rimicaris exoculata symbionts in blue, and cultivated microbial strains in
green. The number of clone sequences per vent site and per sample is given in brackets (abbreviations for sites and samples are as in Fig 6).
https://doi.org/10.1371/journal.pone.0206084.g008

Fluorescent in situ hybridization
We used FISH microscopy to merge microscopic observations with molecular analysis as far
as possible. Development and tests were done to determine optimal hybridization temperature
(here 46˚C) and stringency (here 40% formamide), and to check specific hybridization for
each probe listed in Table 2. Only Eub338 (universal bacterial probe), Epsy 549 (specific to
Epsilonproteobacteria) and Gam42a (specific to Gammaproteobacteria) presented clear hybridization results. Several trials were carried out using archaeal probes, but were unsuccessful.
On branchiostegites and scaphognathites, Epsilonproteobacteria and Gammaproteobacteria
were the most abundant hybridized cells. Both lineages were represented by filamentous morphotypes. Epsilonproteobacteria were represented by large filaments and thin filaments of
types 1 and 2 (in yellow on Fig 10A and 10B). Gammaproteobacteria were represented by thin
filaments of type 1 (in red on Fig 10A and 10B). Some rods hybridized with the Gam42a
probe, but the resolution of the image does not allow us to confidently associate them with one
of the two types described above. Methanotrophic-like bacteria located in and on the mineral
crust failed to give any conclusive fluorescent signal.
In the midgut, none of the probes tested hybridized to bacteria, except the general bacterial
probe Eub338, as already observed for R. exoculata [6, 8]. Furthermore, shrimp epithelial cells
were autofluorescent by Cy3 emission. Using this apparent bias, we were able to observe that
bacteria were present at high density at the apex of the midgut epithelial cells (Fig 5B).
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Spiroplasma montanense strain ATCC 51745; HYOS-1 (AY189307)
Tenebrio molitor symbiont clone mw7 (DQ163948)
Antonina crawii endosymbiont (AB030022)
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Ureaplasma parvum serovar 6 strain ATCC 27818 (AF073459)
100
100

100

51.7

51.7

60.4

100
99.9
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Fig 9. Mollicutes 16S rRNA gene phylogenetic tree calculated on 657 bp, with the neighbor-joining method, the GTR model [64] and 1000 bootstrap resamplings.
Bacterial sequences of Rimicaris chacei found in this study are labeled in red, Rimicaris exoculata symbionts in blue, and cultivated microbial strains in green. The
number of clone sequences per vent site and per sample is given in brackets (abbreviations for sites and samples are as in Fig 6).
https://doi.org/10.1371/journal.pone.0206084.g009

Fig 10. FISH observations of a branchiostegite from a specimen from Snake Pit site. A) Overview of a branchiostegite stained with DAPI (blue)
and hybridized with Epsilonproteobacteria general probe Epsy549-Cy3 (yellow) and Gammaproteobacteria general probe Gam42-Cy5 (red). B)
Higher magnification of the different morphotypes. Arrows point to filamentous morphotypes described previously (Lf: large filaments, Tf1: thin
filaments of type 1 and Tf2: thin filament of type 2). Scale bars: B = 50 μm, C = 10 μm.
https://doi.org/10.1371/journal.pone.0206084.g010
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Discussion
Similarities between symbiotic communities of R. chacei and R. exoculata
Our study confirms the first observations [10, 11] and deepens our knowledge on the localization and morphology of the symbionts of R. chacei, and highlights strong similarities with R.
exoculata symbiosis.
Firstly, although the bacteriophore tissues are less developed in R. chacei than in R. exoculata (i.e., branchiostegites and scaphognathites are not hypertrophied, bacteriophore seta on
the scaphognathites are less numerous, areas covered by bacteria on the inner face of the branchiostegites are smaller), the cephalothoracic community of R. chacei also forms a dense mat
on the anterior third of the inner side of the branchiostegites and on both sides of the scaphognathites (Fig 1A and 1B, [12]). In both species, epibionts of the cephalothorax are associated
with iron oxide and sulfide deposits (Figs 1A, 1B, 3F and 3G, [12, 56]).
Secondly, associated bacteria of the two species are morphologically similar. Using SEM observations, Casanova et al. [10] described three morphotypes (rods, thin and thick filaments) among
the cephalothoracic epibionts of R. chacei, similar morphotypes were also described in R. exoculata by these authors, with bacteria of roughly similar sizes. Combining SEM and TEM observations allowed us to refine this first description and revealed a larger diversity, with six bacterial
morphotypes (see Table 3 for measures): i) two rod types: a long thin and a short thick type (Fig
2E); ii) 3 types of filaments including 2 types of thin filaments, differing in the size and shape of
their cells (Figs 2D, 3A and 3C), and iii) a coccobacillus morphotype, corresponding to methanotrophic-like bacteria, never observed before in R. chacei. These six morphotypes correspond to
those described for R. exoculata using the same combined approach of SEM and TEM [13].
In the digestive tract, only one morphotype was observed in all samples analyzed, located in
the mid-gut, inserted between the microvilli of the epithelial gut cells and separated from the
bolus by the peritrophic membrane. These bacteria are long thin filaments made of individual
cells without any visible septum. Similar bacteria were described in the R. exoculata midgut by
Durand et al. [6]. Observations of bacteria contained in the bolus are difficult due to the high
mineral load. Some rods and cocci were nevertheless observed (not shown), most of which
were relatively undamaged, as already observed in R. exoculata [7].
Thirdly, associated bacteria of the two species are closely phylogenetically related. Phylogenetic studies on R. exoculata cephalothoracic communities revealed a large phylogenetic diversity with two major groups: Epsilonproteobacteria and Gammaproteobacteria, related to
chemoautotrophic bacteria [13, 14, 16, 17]. Phylogenetic analyses on R. exoculata gut symbionts have led to the identification of four major clades: Mollicutes, Deferribacteres, Gammaproteobacteria and Epsilonproteobacteria [6–8, 57]. The same four phylotypes are well
represented in our R. chacei clone libraries, with Epsilonproteobacteria and Gammaproteobacteria more abundant in the cephalothorax, as seen on FISH images, and Deferribacteres and
Mollicutes only present in the gut.
In this study, some methanotrophic-like bacteria were observed at Rainbow and Lucky
Strike, but not at Snake Pit, nor TAG. In 2012, Guri et al. [16] also found methanotrophic-like
bacteria on adult R. exoculata from the Rainbow site. Although less abundant, this lineage may
be of importance in the symbiosis of the shrimp and is probably methane dependent [16].

Potential trophic role of symbionts and mixotrophy of R. chacei
The similarities, in terms of location, morphology and phylogeny of the symbiotic communities of these two Rimicari species could suggest similarities in their diets. Some morphological
characters should be taken into account when considering the potential diet of R. chacei,
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compared with R. exoculata: 1) the stomach volume is almost twice as large in R. chacei as in R.
exoculata [10], implying a greater digestive function. 2) The mandibles are reduced and not
used for feeding in R. exoculata, but show normal development in R. chacei and are functional
[10]. 3) The two pairs of chelipeds are relatively small and cannot extend out of the branchial
chamber in R. exoculata (making food collection out of cephalothorax difficult), which again
contrasts with R. chacei [10]. Taken together, these data could suggest a mixotrophic diet in R.
chacei, with a classic process of collection, crushing, ingestion and digestion, as indicated by
the presence of organic material in the gut (observed in this study and also reported by Casanova et al. [10] and Segonzac et al. [11]). The occurrence of bacterial communities in the R.
chacei cephalothorax, which are even less abundant than in R. exoculata, suggest that the R.
chacei diet could be supplemented by an input of organic carbon from the chemoautotrophic
epibiotic bacteria. Carbon stable isotopes indeed show that R. chacei has an intermediate δ13C
signature (-16.1 to -12.3 ‰, [58]) between R. exoculata, which relies mostly on its epibionts for
its diet [18], and Mirocaris fortunata, which is opportunist and feeds upon mussels, shrimp or
other invertebrates when available [26]. Transcuticular transfer of bacterial byproducts to
shrimp was demonstrated in R. exoculata [9] using in vivo incubations with isotope-labeled
inorganic carbon. The hypothesis of this mode of nutrition arose from several observations: i)
the absence of areas scraped by the animal, or free of bacteria on the inner side of branchiostegites or on scaphognathites [12, 27], refuting the long-argued hypothesis that shrimp feed on
its cephalothoracic symbionts, scraping them on the inner face of the branchiostagite with its
first 2 pairs of pereiopods enclosed within the carapace [18, 20, 59], ii) the thinness of the branchiostegite inner cuticle lining in contact with the bacteria (between 0.5 μm and 5 μm).
Regarding R. chacei, no scraped areas on the inner side of branchiostegites were ever observed
on the samples studied. Furthermore, the thickness of the branchiostegite inner cuticle is of
the same order of magnitude as in R. exoculata (5.1 ± 0.9 μm for R. exoculata, n = 16 and
5.5 ± 2.2 μm for R. chacei, n = 16, data not shown). These morphological features could suggest
that a transcuticular transfer of small organic molecules of bacterial origin also occurs in R.
chacei. In vivo experiments with isotope-labeled inorganic carbon should be carried out to
obtain firm evidence of a transfer of organic material from epibionts to their host and a real
trophic symbiosis between R. chacei and its epibionts.
The conservation of a mixed diet with two potential sources of food would allow switching
between food sources in the case where there is a shortage of one type. Species with a mixotrophic diet based in part on the organic molecules supplied by symbiotic bacteria, combined
with an external contribution have already been described in hydrothermal symbiotic species
such as bathymodiolin mussels or some galatheid crabs [60, 61]. For example, Bathymodiolus
azoricus obtains energy from both a dual endosymbiosis and filter-feeding [62]. Martins et al.
[60] observed a spatial segregation for B. azoricus, with the largest specimens (which strongly
rely on their symbionts) living in the warmest areas where there is a higher concentration of
reduced compounds required by bacteria, and the smaller individuals (which depend strongly
on filter-feeding, [60]) found further away from the vent flow. Such segregation is also
observed for the two Rimicaris species: R. exoculata, which obtains most of its energy from its
epibionts, lives close to the vent emission, while R. chacei, which is presumably mixotrophic
and depends only partly on its symbionts, lives further away from fluid outlets [11], where chemoautotrophic production is lower.

Does mixotrophy in R. chacei result from competition?
R. chacei and R. exoculata live on the same MAR vent sites, on overlapping habitats, the former
being restricted to the areas surrounding the aggregates of the latter [11, 24]. R. exoculata is
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always the most abundant species in these habitats [10], suggesting that its fully symbiotic diet
is able to sustain a greater biomass than the mixotrophic strategy of R. chacei. We can speculate
that this situation is due to competition with R. exoculata, that would maintain R. chacei at a
distance from the nourishing fluid, and thus in a less effective symbiosis, requiring complementary contributions of a mixotrophic diet. Interestingly, recent phylogenetic analyses [21,
63, 64] showed that the closest known relative to R. chacei is the Caribbean species R. hybisae.
Teixeira et al. [62] suggested that they could even be a single species. R. hybisae lives in the
Mid-Cayman Trough on the western Caribbean Sea and presents the same characteristic
enlarged cephalothorax as R. exoculata [22]. Isotopic data showed that it predominantly relies
on its cephalothoracic ectosymbionts for its organic carbon needs [65]. Despite their strong
phylogenetic proximity, R. chacei and R. hybisae exhibit morphological and nutritional differences related to the extent of their symbiotic development. This suggests that R. chacei maintains a mixed strategy due to niche competition with R. exoculata, in contrast with R. hybisae
that has full access to vent fluid to fuel its symbiotic bacteria, lacking any known competitor
on the Mid-Cayman Trough.
In conclusion, these results suggest that the presence of bacterial symbiosis in these vent
shrimps could be considered as an adaptive mechanism leading to the dominance of one species when occurring on the vent site but also as an evolutive driver in the context of the species
colonization on MAR. These hypotheses have to be tested further by phylogenetic approaches.

Supporting information
S1 Fig. Stereomicroscopic view of R. chacei stomachs and midguts. (A) Stomach of an individual from Rainbow; (B) midgut of an individual from TAG; stomach (C) and midgut (D) of
an individual from Snake Pit; and stomach (E) and midgut (F) of an individual from Lucky
Strike sites. Scale bars: A, C, E = 1 mm; B, D, F = 200 μm.
(JPG)
S2 Fig. Rarefaction curves of cephalothoracic clone libraries of R. chacei samples.
(DOCX)
S3 Fig. Rarefaction curves of digestive tract clone libraries of R. chacei samples.
(DOCX)
S4 Fig. Dendogram of all analyzed samples, based on Bray–Curtis beta diversity on the
left, and taxonomy of sequences associated with each sample on the right.
(DOCX)

Acknowledgments
This work was supported by the Ifremer REMIMA program, the European Union Seventh
Framework Program under the MIDAS project [grant agreement n˚603418], and Pierre and
Marie Curie–Sorbonne Universities for V.A.’s PhD thesis grant and functional support. The
authors thank the chief scientists of the MoMARdream-Naut 2007, BioBaz 2013 and BICOSE
2014 (http://dx.doi.org/10.17600/14000100) cuises (F. Gaill, F. Lallier and M.A. CambonBonavita), the captains and crews of the R/V Pourquoi pas?, the ROV Victor 6000 and Nautile
submersible teams for their efficiency. SEM observations were performed at the Electronic
Microscopy Platform of the National Museum of Natural History, Paris, with the help of Caroline Dalle. TEM observations were performed at the electronic microscopy platform of the
Institute of Biology Paris-Seine (IBPS), with the help of G. Toutirais and M. Trichet. X-ray
microanalyses were performed at Ifremer Brest with the help of Nicolas Gayet. We thank

PLOS ONE | https://doi.org/10.1371/journal.pone.0206084 November 2, 2018

18 / 22

Microbial communities associated with the hydrothermal shrimp Rimicaris chacei

Helen McCombie-Boudry of the Bureau de Traduction of Université de Bretagne Occidentale
for revising the English of this paper.

Author Contributions
Conceptualization: Marie-Anne Cambon-Bonavita, Magali Zbinden.
Formal analysis: Vincent Apremont.
Funding acquisition: Marie-Anne Cambon-Bonavita, Magali Zbinden.
Investigation: Marie-Anne Cambon-Bonavita, Magali Zbinden.
Methodology: Vincent Apremont, Valérie Cueff-Gauchard, David François.
Supervision: Marie-Anne Cambon-Bonavita, Magali Zbinden.
Writing – original draft: Vincent Apremont.
Writing – review & editing: Marie-Anne Cambon-Bonavita, Florence Pradillon, Laure Corbari, Magali Zbinden.

References
1.

Desbruyères D, Biscoito M, Caprais J-C, Colaço A, Comtet T, Crassous P, et al. Variations in deep-sea
hydrothermal vent communities on the Mid-Atlantic Ridge near the Azores plateau. Deep-Sea Res Pt 1.
2001; 48(5):1325–46.

2.

Baker M, Ramirez-Llodra E, Tyler P, German C, Boetius A, Cordes E, et al. Biogeography, Ecology, and
Vulnerability of Chemosynthetic Ecosystems in the Deep Sea. In: McIntyre AD, editor. Life in the World’s
Oceans: Diversity, Distribution, and Abundance. Oxford, UK: Wiley-Blackwell; 2010. p. 161–82.

3.

Dubilier N, Bergin C, Lott C. Symbiotic diversity in marine animals: the art of harnessing chemosynthesis. Nat Rev Micro. 2008; 6(10):725–40.

4.

Jannasch H. The chemosynthetic support of life and the microbial diversity at deep-sea hydrothermal
vents. P Roy Soc Lond B Bio. 1985; 225(1240):277–97.

5.

Goffredi S. Indigenous ectosymbiotic bacteria associated with diverse hydrothermal vent invertebrates.
Env Microbiol Rep. 2010; 2(4):479–88.

6.

Durand L, Zbinden M, Cueff-Gauchard V, Duperron S, Roussel EG, Shillito B, et al. Microbial diversity
associated with the hydrothermal shrimp Rimicaris exoculata gut and occurrence of a resident microbial
community. FEMS Microbiol Ecol. 2010; 71(2):291–303. https://doi.org/10.1111/j.1574-6941.2009.
00806.x PMID: 19951370

7.

Zbinden M, Cambon-Bonavita M-A. Occurrence of Deferribacterales and Entomoplasmatales in the
deep-sea Alvinocarid shrimp Rimicaris exoculata gut. FEMS Microbiol Ecol. 2003; 46(1):23–30. https://
doi.org/10.1016/S0168-6496(03)00176-4 PMID: 19719579

8.

Durand L, Roumagnac M, Cueff-Gauchard V, Jan C, Guri M, Tessier C, et al. Biogeographical distribution of Rimicaris exoculata resident gut epibiont communities along the Mid-Atlantic Ridge hydrothermal
vent sites. FEMS Microbiol Ecol. 2015; 91(10).

9.

Ponsard J, Cambon-Bonavita M-A, Zbinden M, Lepoint G, Joassin A, Corbari L, et al. Inorganic carbon
fixation by chemosynthetic ectosymbionts and nutritional transfers to the hydrothermal vent host-shrimp
Rimicaris exoculata. The ISME journal. 2013; 7(1):96–109. https://doi.org/10.1038/ismej.2012.87
PMID: 22914596

10.

Casanova B, Brunet M, Segonzac M. Impact of bacterial epibiosis on functional-morphology of shrimp
associated with the Mid-Atlantic hydrothermal conditions. Cah Biol Mar. 1993; 34(4):573–88.

11.

Segonzac M, de Saint Laurent M, Casanova B. Enigma of the trophic adaptation of the shrimp Alvinocarididae in hydrothermal areas along the Mid-Atlantic Ridge. Cahiers de Biologie Marine. 1993; 34
(4):535–71.

12.

Zbinden M, Le Bris N, Gaill F, Compère P. Distribution of bacteria and associated minerals in the gill
chamber of the vent shrimp Rimicaris exoculata and related biogeochemical processes. Marine Ecology
Progress Series. 2004; 284:237–51.

13.

Zbinden M, Shillito B, Le Bris N, de Montlaur C, Roussel E, Guyot F, et al. New insigths on the metabolic
diversity among the epibiotic microbial communitiy of the hydrothermal shrimp Rimicaris exoculata.
Journal of Experimental Marine Biology and Ecology. 2008; 359(2):131–40.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206084 November 2, 2018

19 / 22

Microbial communities associated with the hydrothermal shrimp Rimicaris chacei

14.

Petersen J, Ramette A, Lott C, Cambon-Bonavita MA, Zbinden M, Dubilier N. Dual symbiosis of the
vent shrimp Rimicaris exoculata with filamentous gamma-and epsilonproteobacteria at four Mid-Atlantic
Ridge hydrothermal vent fields. Environ Microbiol. 2010; 12(8):2204–18. https://doi.org/10.1111/j.14622920.2009.02129.x PMID: 21966914

15.
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