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Abstract
Background

Mutualistic symbioses between invertebrate animals and chemosynthetic bacteria are at the basis of Life
in hydrothermal vent ecosystems. The shrimp Rimicaris exoculata, which dominates animal fauna along
the Mid Atlantic Ridge, houses in its cephalothorax a complex bacterial community
including Campylobacteria, Gamma- Delta- and some recently discovered iron oxyhydroxides-coated
Zetaproteobacteria. This epibiotic consortium uses iron, sul�de, methane and hydrogen as energy
sources. Here, we used a DNA extraction procedure adapted to recalcitrant embedded bacteria and
generated shotgun metagenomes from Rimicaris exoculata cephalothoracic epibiotic community. We
aimed reconstructing symbiotic genomes from specimen collected in three geochemically contrasted
vent �elds, TAG, Rainbow and Snake Pit to unravel the speci�city, variability and adaptation of host-
microbes associations.

Results

Using these data we were able to reconstruct 49 high quality metagenome-assembled genomes (MAGs)
from TAG and Rainbow vents �elds. Most critically, two MAGs in our collection were a�liated to
Zetaproteobacteria and had no close relatives (ANI < 77% from the closest relative Ghiorsea bivora
isolated from TAG and <88% between each other), suggesting potential novel species. Genes for CBB
carbon �xation, iron and sulfur oxidation, as well as nitrate reduction, occurred in both MAGs. However,
genes for hydrogen oxidation and quorum sensing as well as multicopper oxidases occurred in one MAG
only, suggesting shared and speci�c potential functions for these two novel Zetaproteobacteria symbiotic
lineages. Overall, we observed highly similar symbionts that co-exist in a single shrimp at both basaltic
TAG and ultrama�c Rainbow vent sites. Nevertheless, further insights into the seemingly functional
redundancy between those epibionts revealed important differences. 

Conclusion

These data highlight microniche partitioning in the Rimicaris holobiont and con�rm recent works that
show functional diversity enables multiple symbiont strains to coexist in animals from hydrothermal
vents.

Background
Life in deep-sea hydrothermal vent ecosystems is based on chemosynthetic primary production, mainly
sustained by symbiotic associations with chemosynthetic bacteria (Dubilier 2008). The shrimp Rimicaris
exoculata dominates the fauna of hydrothermal sites along the Mid Atlantic Ridge [1, 2]. The species lives
in dense aggregates at a warm part of the hydrothermal environment, 3–25 °C [3]. Adults harbor a
complex bacterial community, one located in their hypertrophied cephalothoracic cavity and a second in
the digestive system where long microbial �laments are identi�ed but their role is still enigmatic [4–6].
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The cephalothoracic cavity microbiote was �rst described as a single sulfoxidizing �lamentous
epsilonproteobacterial lineage [7]-(Epsilonproteobacteria being renamed Campylobacteria, [8, 9]. It
nevertheless proved to be much more diverse including Alpha and Gammaproteobacteria- [10–13],
Deltaproteobacteria [10, 14, 15] and more recently discovered, Zetaproteobacteria [16]. In vivo
experiments provide evidence for direct nutritional transfers from bacteria to the host directly across the
cephalothoracic chamber integument and therefore indicate a true mutualistic trophic association [17]. In
addition, in silico analyses show four potential metabolic pathways (iron, sul�de, methane and hydrogen
oxidation) may co-occur within this community [10, 16]. This diversity of metabolisms suggests the
epibiotic community associated with R. exoculata is highly plastic, providing a potential adaptive
advantage for the shrimp thriving in highly dynamic hydrothermal mixing zones that could explain the
clear success of the holobiont (i.e., the animal in interaction with its symbiotic counterparts) in colonizing
geochemically contrasted hydrothermal vents all along the Mid-Atlantic Ridge. However, although
previous metagenomic work identi�ed diverse microbial populations, authors focused on dominant
metabolisms and community members. Brie�y, Jan and colleagues [16] focused on carbon �xation
pathways (rTCA and CBB cycles for Campylobacteria and Gamma/Zetaproteobacteria respectively),
sulfur, hydrogen and nitrogen cycles, stress response and interaction with host. They identi�ed taxobins
as submetagenomes but did not undergo genome reconstruction. Recently, Jian et al. [15] focused on
Deltaproteobacteria and described an abundant and novel Candidatus Desulfobulbus rimicarensis
species with speci�c symbiotic traits. However, the functional capacities and evolutionary relationships
of the remaining epibionts, and notably the Zetaproteobacteria in comparison to their free-living
counterparts still remain unknown.

The iron-oxidizing Zetaproteobacteria Mariprofundus ferrooxydans PV-1 and JV-1 isolates were �rst
described from the Loihi hydrothermal systems in Hawaii [18, 19]. Zetaproteobacteria have since then
been described from very distinct habitats showing high ferrous iron concentrations including coastal
sediments, steel corrosion bio�lms, saline terrestrial springs [20, 21]. They are also reported at the studied
TAG, Rainbow and Snake Pit hydrothermal sites where they dominate iron rich mat microbial
communities [22]. These specialized yet diverse bacteria are well adapted to microaerobic growth on
Fe(II) and play an important role in the biogeochemical iron cycle within these diverse ecosystems, where
abiotic iron oxidation was �rst supposed to be the rule [23, 24]. Zetaproteobacteria have been described
and cultivated as strict microaerophilic chemoautotrophic bacteria [19, 25], but genomic data suggest
possible mixotrophy [24, 26]. Some free-living Fe(II)-oxidizing Zetaproteobacteria cells form sheaths or
stalks, controlling Fe mineral growth near the surface of the cell [21]. Biotic iron oxidation reactions are
well documented in the Rimicaris cephalothoracic cavity through observations of iron oxyhydroxide
particles embedding microbial cells, giving them a rusty color at the end of their moult cycle [27, 28].
Since, it is possible these coating with iron oxyhydroxides tightly attached to iron substrates [27, 28]
increase the di�culty to extract genomic DNA from these epibionts. The functional characteristics of the
supposedly �rst reported host-associated Zetaproteobacteria therefore remain undetermined due to low
DNA recovery [16].
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Apart from these, reconstructing and separating highly similar genomes from metagenomes, notably
from complex host-associated microbial communities, remained until recently, a challenge. The presence
of closely related strains can increase assembly breaks, resulting in short orphan contigs that cannot be
grouped together nor further analyzed. In addition, unlike for symbionts that are constrained in a speci�c
organ such as tubeworm trophosomes [29], and despite precautious DNA extraction protocols, host
contamination is unavoidable and can end up in a high number of host-associated contiguous
sequences. Therefore, efforts to understand the epibiont community functioning are in its infancy. In
particular, it remains unknown whether the highly diverse Rimicaris epibiont community is composed of
specialists adapted to microniches that possibly complement or interact with each other through
syntrophy, or rather of generalists able to perform a wide range of functions depending on the
environmental conditions.

Here, we used a directed DNA extraction procedure adapted to maximize iron-embedded bacteria DNA
recovery (including Zetaproteobacteria) followed by shotgun metagenomics and advanced binning
strategies to reconstruct novel Rimicaris exoculata symbiotic genomes. We collected specimen from
three geochemically contrasted hydrothermal vent along the MAR, and attempted to unravel their
microbial metabolic potential. Snake Pit and TAG are two basaltic hydrothermal based systems located
at 3460 m depth and Rainbow, an ultrama�c-hosted hydrothermal vents is located at 2400 m depth.
Brie�y, basaltic-hosted sites have �uids mainly enriched in sulfur and minerals while ultramaphic ones
present �uids relatively depleted in sulfur but enriched in methane, hydrogen and ferrous iron [30]. We
here investigated functional diversity and assess potential niche differentiation at the level of genomes
within and between sites in order to decipher the functioning of the Rimicaris epibiont community as a
whole and to better understand animal-epibiont interactions at �ne genomic scale.

Methods

Sample collection
We collected Rimicaris exoculata specimens using a suction sampler manipulated by the Remote
Operated Vehicle (ROV) Victor 6000 on board on the research vessel Pourquoi pas?. Samples were taken
from three hydrothermal sites on the Mid Atlantic Ridge (Fig. 1): Rainbow (36°13.760' N − 33°54.170' W,
2292 m depth) during the MoMAR (Leg2, August 25 to September 15, 2008,
https://doi.org/10.17600/8010140) and the Biobaz cruise (August 02 to 21, 2013,
http://dx.doi.org/10.17600/13030030), TAG (26° 8.237' N − 44° 49.563' W, 3625 m depth) and Snake Pit
(23°22.140' N − 44°57.054' W, 3495 m depth) during the BICOSE cruise (January 11 – February 10 2014,
http://dx.doi.org/10.17600/14000100), respectively. We rapidly froze Biobaz and BICOSE samples at
-80 °C on board for downstream genomic DNA extraction. We dissected branchiostegite and
scaphognatite of MoMAR specimen directly onboard under sterile conditions, �xed them for three hours
in 3% formaldehyde seawater solution and stored them frozen in PBS/Ethanol 1:1 until further use for
FISH experiments.
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DNA extraction and estimation of Zetaproteobacteria
proportion using qPCR
We performed sterile dissections in the lab on thawed samples before total genomic DNA extraction of
the six Rimicaris cephalothoracic appendages (2 branchiostegites + 2 scaphognathites + 2 exopodites).
We used the DNA extraction kit Nucleospin Soil (Macherey-Nagel) following manufacturer’s instructions,
and a preliminary vortex step of 5 min. As noted, Zetaproteobacteria have been previously found
embedded in iron particles, which impair DNA extraction. To maximize DNA recovery, we aseptically
crushed each sample in a mortar in iced lysis buffer before extraction. Then, we veri�ed
Zetaproteobacteria DNA presence and relative abundance in our Rimicaris DNA extracted samples. We
ampli�ed the 16S rRNA encoding gene of Zetaproteobacteria and bacteria using speci�c 672F (5’-
CGGAATTCCGTGTGTAGCAGT-3’) and 837R (5’-GCCACWGYAGGGGTCGATACC-3’) Mariprofundus
ferrooxydans primers [31] and universal primers 1369F (5’-CGGTGAATACGTTCYCGG-3’) and 1492R (5’-
GGWTACCTTGTTACGACTT-3’) [32] respectively. We performed qPCR reactions in a �nal volume of 25 µl
using PerfeCTa SYBR Green SuperMix ROX on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems), 1 ng of DNA template and 900 nM primers. 41 cycles were performed including one hot-
start polymerase activation cycle (95 °C, 10 min) and 40 cycles of denaturation (95 °C, 15 s) followed by
a hybridization and elongation step (60 °C, 60 s). We obtained standard curves from 10-fold serial
dilutions (20-2.108 copies per microliter) of plasmids containing 16S rRNA genes of Mariprofundus
ferroxidans DSM23021 and Vibrio diabolicus HE800, respectively. Each reaction was run in triplicates. We
assessed the quality of qPCR runs based on melting curves and measured e�ciencies; the R of standard
curves generated by qPCR and e�ciency of the reaction were above 0.998 and 90%, respectively. We
checked those estimates were roughly equivalent for both Zetaproteobacteria and total bacteria. qPCR
results were expressed in copy number per DNA ng. The Zetaproteobacteria 16S rRNA results were
expressed as percent of bacteria 16S rDNA.

Microbial community DNA preparation and sequencing
We analyzed six Rimicaris individuals (hereafter referred to as RE5, RE6 from TAG site; RE12, RE13, from
Rainbow site and RE3, RE7 from Snake Pit) for shotgun sequencing of total community DNA. We
quanti�ed DNA using the Nanodrop 1000. We sheared DNA to 175 bp using a Covaris S-series sonicator
and completed metagenomic library construction using the Ovation Ultralow Library DR multiplex system
(Nugen) following manufacturer’s instructions. We performed metagenomic sequencing on an Illumina
HiSeq 1000 and a NextSeq at the W.M. Keck sequencing facility at the Marine Biological Laboratory. All
libraries were paired-end, with a 30 bp overlap, resulting in an average merged read length of 170 bp.

Metagenomic analysis
We trimmed adaptors using bbduk from bbmap 38.22 [33] after which we processed reads using a
snakemake [34] work�ow implemented in anvi’o v5 (http://merenlab.org/2018/07/09/anvio-snakemake-
work�ows/) [35]. Brie�y, we relied upon illumina-utils v1.4 [36] with the ‘iu-�lter-quality-minoche’ program
with default parameters for sequence quality �ltering.
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We co-assembled two metagenomic datasets per site using Megahit 1.1.3 [37] and the --metasensitive
mode, discarding contigs smaller than 1000 bp. We generated an anvi’o contigs database from
assembled contigs for each of the three co-assemblies, using the anvi-gen-contigs-database program that
uses Prodigal v2.6.3 [38] to identify ORFs and compute tetranucleotide frequency values in each contig.
We realized an HMM pro�ling on resulting contigs databases using the program ‘anvi-run-hmms’ and
assigned gene functions using the program ‘anvi-run-ncbi-cogs’ as well as KEGG function with
kofamscan [39]. We then used FeGenie to identify canonical iron genes [40].We assigned taxonomy
determined by the Genome Taxonomy Database (GTDB) using the anvi-run-scg-taxonomy program. We
performed read recruitment analyses with Bowtie v2.3.4 [41]. Brie�y, we pro�led the short reads from each
of the six individual metagenomes recruited onto the contigs from the three co-assemblies using the
program ‘anvi-pro�le’. We used the option “all-against-all’ to map reads from each individual sample onto
each of the 3 co-assemblies. We then merged resulting anvi’o pro�le databases for each sample using the
program ‘anvi-merge’. We realized an automatic binning using CONCOCT v1.1.0 through the program
‘anvi-cluster-with-concoct (using half of the estimated genome number found with the single-copy core
genes) followed by manual re�nement for each co-assembly. Since our study was based on single
assemblies for each site, rather than on a co-assembly of all data together, we afforded a dereplication of
metagenome-assembled genomes (MAGs) from the different studied sites with the aim to remove very
closely related genomes and avoid multiple high quality alignment during subsequent sequencing reads
mapping steps. We dereplicated MAGs with drep v 2.3.2 using a coverage threshold ranging from 0.10 to
0.75 for comparison and an ANI > 98%. We performed a �nal mapping of all metagenomes on the
dereplicated MAGs to calculate their mean coverage and detection. A scheme of the bioinformatics
pipeline is provided in Additional File 1.

For phylogenomic analyses we searched and aligned 120 bacterial marker genes of the MAGs using the
identity and align commands of GTDB-Tk v1.1.0 [42]. We �ltered closely related GTDB taxa identi�ed with
the classify_wf work�ow with the taxa-�lter option during the alignment step. We trimmed multiple
sequence alignment using trimAl v1.4.1 [43] with the setting ‘-gt 0.5’ to remove positions with gaps in
more than 50% of sequences. We reconstructed a Maximum Likelihood (ML) phylogenetic tree using IQ-
TREE v1.6.12 [44] with the ‘WAG’ general matrix model [45] and 1000 bootstrap replicates that we
visualized using anvi’o and FigTree (v1.4.4). Finally, we afforded a �ner GTDB reference taxa �ltration
after a �rst vizualisation to best represent our MAGs genera. For that purpose, we removed references
from distant families and added some from closest genera or families in a supervised manner.

We calculated Average Nucleotide Identity (ANI) online using the ANI calculator
(https://www.ezbiocloud.net/tools/ani) [46] As for functional analyses, we extracted KO assignations
from anvi’o database for each MAGs and used KEGG-Decoder
(www.github.com/bjtully/BioData/tree/master/KEGGDecoder) [47] to determine the completeness of
various metabolic pathways. In addition, we used the RAST platform to infer functions of contigs from
bins identi�ed as Zetaproteobacteria for a �ner scale analysis. The metagenome raw reads are available
at DOI (10.12770/4186eeef-32b1-4ffb-9a40-61a02a3852b7) and in the European Nucleotide Archive
under Bioproject Accession Number PRJEB37577.
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Fluorescence In Situ hybridization procedures
We realized FISH procedures as described by Durand et al. 2010. Brie�y, we hybridized 0.6 µm transverse
sections using Zeta123-Cy5 probe (5’- ACTGATGGGCAGGTAACCACG-3’, [23]) directed toward
Zetaproteobacteria, and EPSI549-Cy3 probe (5’-CAGTGATTCCGAGTAACG-3’, [48]) directed toward
Campylobacteria, together with DAPI staining for cell nucleus observation. Hybridization procedures were
�xed at 35 °C and 55% formamide as in [16]. Non-sense probes were tested and gave no signal. We used
an Apotome AxioImager Z2 equiped with the COLIBRI led system (Zeiss, Göttingen) for observations.

Results

A highly diverse epibiont community in Rimicaris
We yielded 22–119 million paired-end sequences from shotgun sequencing of total community DNA
recovered from the cephalothorax of six R. exoculata individuals (RE3, RE5, RE6, RE7, RE12, RE13).
Metagenomic assembly of each site yielded 34K–64K contigs longer than 1 kbp, which recruited 14–92%
of the raw sequencing reads. Additional File 2 reports statistics for the raw number of reads, quality
trimming, �ltering, assembly and recruitment results for each sample.

We clustered contigs with respect to their sequence composition signatures and differential coverage
patterns across the 6 Rimicaris specimens. This binning approach allowed the metagenomic assembly to
e�ciently segregate into 29 genome bins for Rainbow and 21 for TAG; we retained bins with more than 2
Mbp or more than 60% completion and less than 10% contamination based on the single occurrence of
139 single-copy core genes (SCG) from the collection of [49] implemented in anvi’o [35].

Dereplication (an alignment fraction between genomes of both 0.10 or 0.75) generated a single cluster
containing TAG_MAG_00006 and RB_MAG_00023 Desulfocapsa (Desulfocapsaceae), with lower scores
for the latter that was then excluded, resulting in a �nal collection of 49 MAGs further analyzed (Fig. 2).
We nevertheless note that the 49 MAGs reconstructed and described herein represent part of the Rimicaris
cephalothorax diversity only, and that some remaining groups might be misrepresented given the fact
strain diversity can result in assembly breaks and therefore impair binning and recruitment analyses.

Of note, we were unable to reconstruct bacterial MAG (Metagenome-Assembled genome) for Snake Pit
using these criteria, due to a much lower sequencing depth for shrimp samples from this site in
comparison to Rainbow and TAG ones. MAG collections for TAG and Rainbow, with estimates of
completion and redundancy, total bin length, and taxonomic a�liation determined by GTDB are provided
in Additional File 3.

We used read mapping against those newly reconstructed genomes to estimate symbiont relative
abundance. The actual numbers of reads obtained for each site, that is 75 to 105 million and 111 to 119
millions at TAG and Rainbow, respectively, were homogeneous, allowing for site coverage comparison.
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Highly similar symbionts co-exist in single host individuals
at both sites
Taking into account the semi quantitative nature of our data, we focused our distribution analyses
according to vent origin on the 10 most abundant genome bins. We compared the relative abundance of
the four most abundant MAGs at Rainbow (> 100X in at least one Rainbow shrimp) and the six most
abundant MAGs at TAG (> 200X in one or both TAG shrimps).

We observed few speci�c symbionts taking over at distinct hydrothermal vent sites. RB_MAG_00015,
Sulfurovaceae, was highly abundant at Rainbow (> 295X) while at relatively low coverage at TAG (25X at
max). Similarly, we observed RB_MAG_00011, Sulfurimonadaceae, was in high abundance at shrimps
from Rainbow (104-114X) and with low coverage values at TAG (0.4X maximum). TAG_MAG_00007
(Candidatus Patescibacteria phylum, Paceibacteria class, from the candidate phyla radiation CPR, Hug et
al. 2016) was in high abundance at TAG (205X-361X) but was almost absent at Rainbow (0.5X).
TAG_MAG_00018, from the same phylum (Gracilibacteria class) was in high abundance at TAG (273X)
while in low abundance at Rainbow (max 10X; Additional File 4). The predominance of these groups in
the Rimicaris holobiont, associated with small genome size for both TAG_MAG_00007 and
TAG_MAG_00018 (1,201735 and 841,694 bp, respectively) adds to recent studies showing widespread
CPR organisms often in association with abundant autotrophic taxa involved in nitrogen, sulfur and iron
cycling [51, 52].

On the other hand, we observed several MAGs abundant at both sites. TAG_MAG_00006, Desulfocapsa
(Desulfocapsaceae) was in great abundance at both Rainbow (167-268X) and TAG (114-242X). Similarly,
RB_MAG_00001, assigned to Flavobacteriaceae was highly abundant in shrimps from both Rainbow (> 
156X) and TAG (18-64X). TAG_MAG_00015, Alphaproteobacteria Marinosulfonomonas sp.
(Rhodobacteraceae family) was the most abundant of all MAGs; it was in extremely high abundance at
TAG (180-1273X) while it was also present at Rainbow (10-33X). Interestingly, another
Marinosulfonomonas sp, RB_MAG_00014, was in high abundance at TAG (69-453X) and was present but
in less abundance at Rainbow (19-63X).

Similarly, RB_MAG_00025 (Thiotrichaceae) was highly abundant at both Rainbow (551-858X) and TAG
(261-321X). TAG_MAG_00019 from the same family was also in high abundance in both TAG (489-598X)
and Rainbow (276-426X) shrimps. These data provide further evidence for the occurrence of similar
genomes in each host individuals.

A high diversity of metabolic potential among Rimicaris
epibionts
Based on the 49 obtained MAGs, we identi�ed the following capabilities in the shrimp microbiome.
Figure 3 illustrates this potential metabolic plasticity among symbiotic lineages.
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Autotrophic Carbon Fixation
Eight MAGs belonging to Gamma, Zeta and Alphaproteobacteria showed the capacity to �x carbon
though the CBB cycle at both sites (Fig. 3). In contrast, only the two Campylobacteria Sulfurovaceae
MAGs from Rainbow and TAG harbored the complete set of genes for the rTCA cycle. The
Deltaproteobacteria Desulfocapsaceae MAGS were the only ones harboring the Wood-Ljungdahl pathway
genes for carbon assimilation at both TAG and Rainbow.

Glycolysis, Tca Cycle And Heterotrophy
Almost all MAGs had the capacity for glycolysis and 43 showed the potential for the TCA cycle. We noted
the potential for carbon degradation and heterotrophic capacities in 35 MAGs from both sites using
glucoamylase (1MAG), D-galacturonate epimerase (20 MAGs), D-galacturonate isomerase (4 MAGs),
chitinase (5 MAGs), beta-N-acetylhexosaminidase (22 MAGs), beta-glucosidase (1 MAG) and pullulanase
enzymes (6 MAGs). Of note, chitinases could be used to graze on chitin degrading shrimp molts under
heterotrophic metabolisms but bacteria can also secrete them during pathogenesis and symbiosis for cell
adhesion [53].

Mixed Acid Fermentation
An important diversity of MAGs from both TAG and Rainbow sites may have the capacity for mixed acid
fermentation (conversion of pyruvate to fermentation products) including pyruvate to lactate (1 MAG),
pyruvate to formate + Acetyl-CoA (20 MAGs), formate to CO2 & H2 (18 MAGs), to acetate (8MAGs,
including Flavobacteriaceae), to ethanol (2 MAGs) and phosphoenolpyruvate (PEP) to succinate via
oxaloacetic acid

(OAA), malate & fumarate (41 MAGs including Sulfurovaceae). Of note, many of these pathways were
nevertheless incomplete.

Sulfur Metabolism
Dissimilatory sulfate reduction. The sat genes for ATP sulfurylase were identi�ed in 12 MAGs from both
sites while the aprAB genes for adenosine phosphosulfate reductase and the dsr genes for dissimilatory
sul�te reductase were found in 4 and 9 of those, respectively.

SOX system. 12 MAGS from both TAG and Rainbow were observed as capable of thiosulfate oxidation
(using sox genes). The capacity for alternative thiosulfate oxidation (tsdA genes) was found in
Sulfurocaceae MAGS from both sites. Thiosulfate polysul�de reductase (reverse), possibly converting
thiosulfate into sul�te and hydrogen sul�de was identi�ed in 10 MAGs. We also identi�ed the sor genes in
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10 MAGs and the soe genes in 8 MAGs. The capacity for sul�de oxidation using sqr genes was found in
25 MAGS. The dms genes (for DMSO reductase) were identi�ed in 9 MAGs.

Hydrogen Metabolism
The hox genes for NAD-reducing hydrogenase were identi�ed in 6 MAGs from both sites and a total of 18
MAGs encoded the hyd genes for the NiFe hydrogenase.

Nitrogen Metabolism
Denitri�cation. The potential for dissimilatory nitrate reduction using nar or nap genes were identi�ed 15
MAGS from both sites. In addition, the capacity for the denitri�cation step of nitrite reduction requiring nir
genes was observed in 14 MAGs, the one of nitric oxide reduction requiring nor genes in 19 and the one of
nitrous-oxide reduction requiring nos genes in 18 similar and additional MAGs.

DNRA. Dissimilatory nitrate reduction to ammonium (DNRA) requiring nir or nrf genes were retrieved in 6
MAGs.

Nitri�cation. The key enzyme for nitrite oxidation, nitrite oxidoreductase (NXR) was identi�ed in 6 MAGs.
In addition, nitrogen �xation (using nif genes) were retrieved in the two Desulfocapsaceae MAGs only,
congruent with the recent study of Jiang et al. 2020.

Oxygen Sensing
Genes for Cytochrome.c.oxidase (cox), ubiquinol.cytochrome.c.reductase (pet;fbc),
Cytochrome.c.oxidase.cbb3.type (cco) and Cytochrome.bd.complex (cyd), which show different a�nities
for oxygen, were respectively found in 18, 12, 29 and 22 MAGs from both sites.

Symbiont-host Colonization
The capacity for bio�lm exopolysaccharide PGA synthesis was identi�ed in one Desulfocapsaceae MAG
only and the potential for sulfolipid biosynthesis was identi�ed in one MAG from the Trueperaceae
family. In addition, we observed an enrichment of genes coding for secretion systems from Type I within
11 MAGs from the Rhodobacteraceae, Flavobacteriaceae, and Marinicellaceae families. Type II encoding
pili-related proteins were also observed in 18 MAGS. Overall, Type I and Type II mediate the secretion of a
large variety of protein substrates (unfolded and folded) often associated with virulence [54, 55] that
could be used by symbionts to colonize hosts. Virulence factors such as hemolysins and chitinases
exported by type II secretion system have been shown to be critical for initial establishment of symbiont
Aeromonas veronii in the leech gut [56] or in the active invasion of the rice fungus Rhizopus microsporus
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by its endosymbionts Burkholderia rhizoxinica [57]. Type III secretion systems was possibly identi�ed in
one Mariprofundaceae MAG only, yet not all genes subunits were retrieved. These secretion systems are
usually found in pathogenic bacteria, promoting the transfer of bacterial effector proteins to eukaryotic
cells and promoting bacterial invasion and colonization [54, 55]. Type IV secretion systems, possibly
involved in the dissemination of mobile genetic elements in addition to effector molecules were solely
found in Rhodobacteraceae (4 MAGs) and Flavobacteriaceae (1 MAG) at both TAG and Rainbow. These
secretion systems also encode pili that enable directional crawling (twitching motility), bio�lm formation
and adhesion at the initial colonization steps. Type VI secretion systems were observed in the same
Rhodobacteraceae MAGs as Type IV. These secretion systems are reported to transfer toxic effector
proteins into eukaryotic and prokaryotic target cells and having important role in pathogenesis and to
defend bacteria against competing organisms [53]. Noteworthy, twin Arginine Targeting (Tat) systems,
other bacterial secretion systems documented to transport fully folded protein substrates and being vital
to bacteria [58], were identi�ed in 36 MAGs.

Detoxi�cation
Cobalt transporters (cbi and cor genes) were identi�ed in 5 and 4 MAGs, respectively belonging to
Desulfocapsaceae and Sulfurimonadaceae. Copper transporters and ferrous iron transporters were found
in 15 and 27 MAGS, respectively. Striking, a total of 41 MAGs showed the potential for arsenic reduction.

Vitamins, Amino Acids Biosynthesis And Transporters
A total of 48 MAGs showed the capacity to encode some of the genes required for thiamin biosynthesis
and 37 could synthesize ribo�avin and cobalamin, suggesting the importance of vitamin synthesis for
the epibiont community. In addition, the presence of thiamin transporters in 9 MAGS con�rmed the
capacity to export newly synthesized vitamins. Input substrates like AcetylcoA and pyruvate for the
biosynthetis of essential amino acids such as Lysine and Isoleucine [59] were found in at least 41 MAGS.
In addition, the presence of genes coding for phosphate transporters in 24 MAGs across more than 6
families suggest the capacity and importance of phosphate uptake in the Rimicaris holobiont.

Flagellum & Chemotaxis
Flagellum biosynthesis was identi�ed in 13 MAGs belonging to Rhodobacteraceae Desulfocapsaceae,
Melioribacteraceae, Sulfurimonadaceae and Mariprofundaceae.The capacity for chemotaxis was
identi�ed in 19 MAGs belonging to the same families.

A high diversity of novel lineages that lack representative
genomes
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To infer how symbiotic genomes reconstructed in this study are distributed relative to known taxa, we
afforded a phylogenomic analysis using our 49 MAGs as well as 600 closely related genomes from
GTDB (Fig. 4A). The ML tree based on concatenated marker proteins showed 49 MAGs spanning 9
divergent phyla, that is, an important phylogenetic diversity. Nevertheless, MAGs covered only 10 known
genera while the majority are family-level branches, showing the importance of lineages lacking
representatives and important epibiont diversi�cation.

Two newly reconstructed Zetaproteobacteria MAGs co-
occur at both sites
We estimated that Zetaproteobacteria lineage represented between 0.1–0.3% of total bacteria in our
Rimicaris DNA extracted samples using qPCR, suggesting that our DNA extraction protocol was well
suited for some of the most cumbersome symbionts.

One Zetaproteobacteria MAG (hereafter, referred to as RB_MAG_00008, 168 splits; 1,853,475 bp; 92.96%
complete and 2.82% contamination) had a low coverage at both sites (maximum 29X and 17 X at
Rainbow and TAG, respectively) while another one (hereafter TAG_MAG_00014, 204 splits contigs;
1,625,457 bp, 94.37.1% complete and 2.82% contamination) was more represented at TAG (19-155X)
than at Rainbow (max 2.5X). Using FISH procedures, we could observe cells as small rods, curved and
closely attached to the host cuticule, usually under the long �lamentous Campylobacteria symbionts
(Fig. 5). This observation is in agreement with TEM observations done [28]. Unfortunately, MAGs data did
not allow recovering 16S rDNA genes to design speci�c probes for each symbiont, nor did previous
studies leading to a single lineage sequence [12, 16] and unpublished data. We therefore could not yet
fully describe the distribution of both recovered Zetaproteobacteria related MAGs. Both RB-MAG-00008
and TAG-MAG-00014 were found as divergent, yet close relatives to Ghiorsea bivora isolated from TAG
(Fig. 4B) [25].

As KEGG decoder predicts the completeness of pathways based on the presence of a set of key genes, we
attempted validating these �ndings and a more detailed analysis of the different Zetaproteobacteria
genomes (from this study and their free-living counterparts) using RAST and FeGenie. Regarding carbon
cycle, although both MAGs were incomplete, the presence of key enzyme for the CBB cycle (i.e., Rubisco:
ribulose bisphosphate carboxylase) in both Zetaproteobacteria MAGs con�rmed the possibility of
autotrophic carbon assimilation in these host-associated lineages (Fig. 3). Both have the FormII Rubisco
(cbbl gene), which is in agreement with their symbiotic life under external seawater �ow with relatively
low oxygen and high carbon dioxide content [10]. In addition, even if fully described as autotrophic
bacteria under culturing approaches, Zetaproteobacteria also share genes of the TCA cycle, suggesting
possible mixotrophy [24, 26]. Here, the potential for carbon degradation using beta-N-
acetylhexosaminidase enzyme retrieved in both MAGs and genes for mix acid acetate production found
in RB_MAG_00008 suggests a putative heterotrophic behavior.
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Both strains seem capable of using several electron donors. A sul�de:quinone oxidoreductase sqr in both
bins and of adenylyltransferase sat in RB_MAG_00008 (Table 1) suggest they are capable of sulfur
oxidation. In addition, the presence of NiFe-hydrogenase I cytochrome b subunit as well as Hox and Hyp
genes in RB_MAG_00008 suggests hydrogen could also potentially sustain this symbiosis, like for their
closest relative Ghiorsea bivora [25]. As for iron oxidation, Cyc2 genes were retrieved in both MAGs using
FeGenie, con�rming they have the potential to oxidize Fe (II) [25, 60] (See additional File 5). Cbb3-type
cytochrome c oxidase encoding genes, involved in oxygen sensing and detoxication [26] but also in the
process of aerobic, neutrophilic Fe oxidation and highly expressed in cultivated Mariprofundus
ferrooxydans PV-1 were also found in both bins [60]. Further, genes coding for multicopper oxidase
(MCO), potentially also involved in Fe(II)-oxidation [61] were found in RB_MAG_00008 (data not shown).

Both MAGs show genes implied in dissimilatory nitrate reduction to ammonium (DNRA) suggesting
ability of nitrogen acquisition, like their closest relative [25]. Glutamine synthetase and glutamate
synthase enzyme were also encoded in both bins, suggesting that ammonia could be incorporated into
amino acids, may it come from nitrate reduction or environmental uptake, and that the symbionts may
then have the potential to recycle ammonium host’s waste. We also identi�ed genes coding for ABC
transporter ATP binding proteins, ABC transporter, substrate-binding protein, and ABC transporters
permeases (data not shown), used for the transport of amino acids after biosynthesis in both MAGs. The
presence of genes for thiamin, ribo�avin and cobalamin biosynthesis also indicate both MAGs probably
have the ability to vitamins synthesis.

Numerous genes usually implied in host symbiont interactions are present. Occurrence of genes coding
for arsenical resistance proteins suggest the symbionts have the genetic potential for arsenic
detoxi�cation that might bene�t the shrimps. We observed Type II secretion systems, as well as
phosphate and copper transporters in each MAG suggesting they can transport proteins (including
potential bacterial toxins and degradative enzymes such as proteases and lipases), ions and metals. In
addition, the presence of exopolyphosphatases and polyphosphate kinase in both MAGs, suggest they
are capable of producing polyphosphate, in agreement with previous observations [10, 16, 26]. The
presence of transcriptional regulator from the LuxR family in RB_MAG_00008 suggests a link with
Quorum Sensing (QS), which might allow bacteria to communicate and play a crucial role in symbiosis,
such as sustaining bio�lm on the host [62]. Both MAGs also contained the two-component transcriptional
response regulator, OmpR family, reported to play important role in bacterial infection in other deep-sea
symbiosis [53]. Finally, genes encoding �agella and chemotaxis were encoded in both symbiotic MAGs. In
particular, we observed that numerous �agella biosynthesis encoding genes including hook-associated
Flg (BCGIJK) genes, possibly from the same operon [63], as well as �agellar rotation genes mot (AB) were
present in both bins.

Overall, the lack of hydrogen oxidation as well as QS genes in TAG_MAG_00014 suggests not random
gene gain and loss between both MAGs and a putative signature of divergent niche and functions. ANI
values of 88.74% between both Zetaproteobacteria MAGS, and of less than 77% between
RB_MAG_00008 or TAG_MAG_00014 and their closest relative, Ghiorsea bivora from TAG site, con�rmed
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the presence of distinct Rimicaris-associated Zetaproteobacteria species, divergent from their free-living
counterparts.

Discussion
In this study, we used metagenomic data of Rimicaris exoculata shrimps epibiont communities from
three contrasting hydrothermal sites along the Mid-Atlantic Ridge to reconstruct genomes and examine
functional potential at the genome-resolved scale. We recovered 49 high-quality MAGs from TAG and
Rainbow sites. Although no MAG was reconstructed from the chemically contrasting site Snake Pit, it
proved informative, providing differential coverage values that improved the binning strategy.

Possible synthrophy among metabolically diversi�ed Rimicaris epibionts

Overall, we observed Rimicaris symbionts have genomes with considerable functional diversity. The
potential for autotrophic growth was observed in 10 out of the 49 MAGs. Eight of those ten MAGs,
belonging to Gamma, Zeta and Alphaproteobacteria contained the complete set of genes for the CBB
cycles, and our data con�rmed that the Sulfurovaceae MAGs were the sole capable of mediating
chemoautotrophy through the rTCA cycle. The presence of both rTCA and CBB cycles in Rimicaris
epibiont community was already reported [12, 16], suggesting it might allow the consortium to switch
cycle depending on environmental conditions with balanced level of oxygen and carbon dioxide. The
rTCA cycle, harboring oxygen-sentivive enzymes, is supposedly more adapted to more anoxic conditions
together with higher temperatures, and is energetically more favorable than the CBB cycle [14, 64]. This
property might partly explains the Campylobacteria success in these environments. In addition, the
Deltaproteobacteria Desulfocapsaceae MAGs from both Rainbow and TAG sites were shown to possess
genes for the Wood-Ljungdahl pathway, allowing the use of hydrogen as electron donor and carbon
dioxide as both electron acceptor and for biosynthesis, con�rming the recent �ndings of [15].

Our data also unravel the complexity of this symbiotic consortium with heterotrophic capabilities in 35
MAGs (including the Rhodobacteraceae, Desulfocapsaceae, Flavobacteriaceae, Melioribacteraceae,
Sulfurimonadaceae and Sulfurovaceae families Fig. 3). Among those MAGs, a high number then showed
the capacity to perform mixed acid fermentation. In addition, some actually featured genes for both
heterotrophic and autotrophic behaviors, like the Sulfurovaceae family. A mixotrophophic mode of
Campylobacteria (formerly Epsilonproteobacteria) was previously suggested as a way for symbionts to
potentially cooperate with heterotroph [17]. Not only fueling their host, bacterial lineages may also
undergo syntrophic relationships. Campylobacteria have been shown to produce exopolysaccharide mats
through autotrophic pathway [65], thus providing an attachment surface as well as a source of organic
matter that can offer a new niche to heterotrophic bacteria such as Bacteroidetes. As a response,
heterotrophic Bacteroidetes are able to produce organic matter including acetate. The latter can then be
utilized back as a carbon source by Campylobacteria [17], as they also have potential to grow
heterotrophically by incorporating acetate with an Acetyl CoA synthetase [66]. Although current data are
based on the presence of genes and therefore indicate potential functions only, expression analyses of
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the newly reconstructed MAGs in controlled conditions would allow validating a synthophy hypothesis
between Rimicaris epibionts. These results however add to previous work suggesting a high metabolic
plasticity that might confer an adaptive advantage for these epibionts in the highly dynamic
hydrothermal gradients they thrive in. In return, it may provide an obvious advantage for their host, which
could explain its observed success in colonizing vent �uids that vary in composition and concentration.

We further investigated which energy sources potentially powered those symbioses, and observed that 32
MAGs (that is, more than half of the population) showed genes related to sulfur metabolism through a
diversity of genes (including sat, apr, dsr, sox, and sqr). 17 MAGs showed the potential for hydrogen
oxidation, con�rming the importance of H2 as an electron donor for the Rimicaris symbiosis, probably
participating to its success at Rainbow where sul�de is lower. Finally, two Zetaproteobacteria MAGs may
oxidize iron, as further developed below. We observed 29 MAGs encoding the cbb3-type cytochrome c
oxidase enzyme, used for sensing and respiration with oxygen as electron acceptor but also for
protection against oxidative stress. Four MAGs (belonging to Rhodobacteraceae and Marinicellaceae
families) showed possible use of an alternative electron acceptor than oxygen such as nitrate, which
encoded all the genes required for the complete reduction of nitrate to dinitrogen. Although the gene
coding for nitrate reductase was lacking in Campylobacteria, possibly due to incomplete genome bins,
the presence of three other denitri�cation genes suggest it could also potentially use nitrate, as described
by [16]. Apart from these, 30 additional MAGs encoded some of the enzymes involved in nitrogen
metabolism. Members of families like Rhodobacteraceae seemed to possess the capacity for
denitri�cation, DNRA, and nitri�cation, which may provide them with some more metabolic �exibility as
compared to more specialist taxa.

An Arsenal Of Genes For Host-symbiont Colonization And
Interaction
In addition, because the episymbionts have the potential to synthesize and transport vitamins, such as
thiamin, ribo�avin and cobalamin, the nutritional advantages for the host may go beyond a rich source of
carbon and energy. The presence of genes for the biosynthesis of energy storage compounds, like
polyphosphate, supports previous results showing polyphosphate- granules in the R. exoculata holobiont
as well as in M. ferrooxydans cells [10, 26] and the genomic potential for their synthesis [16]. It was
suggested the polyphosphate granules serve as phosphorus and energy storage that may help the
shrimps, thriving around the vent �uid emission to cope with varying environmental conditions [16].
Further, a total of 41 MAGS did show genes involved in arsenic reduction, which suggested a potential
role of detoxi�cation, useful for the holobiont (the host, its associated microbes and their interactions).
The presence of high concentration of Arsenic, highly correlated with Zinc, was reported along the Mid-
Atlantic Ridge [67].

Finally, each ten days, adults undergo molt even, which necessitate permanent and controlled microbiote
colonization processes. Among them, secretion systems and bio�lm formation are considered as central
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in host symbiont recognition. In line with this, the majority of MAGs (43) share characteristics of
pathogens and bene�cial microbes through genes encoding secretion systems (the general type I-VI and
a striking number of Twin targeting system or Tat) and bio�lm formation that might facilitate their
success while colonizing the host.

Dual Zetaproteobacteria symbiosis in Rimicaris: candidatus Ghiorsea rimicarensis and Candidatus
Ghiorsea crypta

Two distinct highly complete Zetaproteobacteria symbiotic genomes, of 1.6 to 1.8 Mbp, were for the �rst
time recovered at both TAG and Rainbow sites. Previously sampled Rainbow R. exoculata individuals
showed Zetaproteobacteria using Fluorescence In Situ Hybridization [16] (Fig. 2), yet their genomic
potential and a potential microdiversity remained hidden. Here, we con�rmed these �ndings using a
similar FISH procedure (Fig. 5) and show both lineages are closely related to Ghiorsea bivora [25] isolated
from TAG vent site, although they differ between each other.

The genetic possibility that these epibionts oxidize iron as suggested by several authors [3, 4, 10, 16, 27,
28] was reinforced herein for the �rst time using canonical cyc2 iron oxidizing genes. Of note, cyc2 genes
showed a slightly different average coverage as compared to the remaining Zetaproteobacteria genes
(data not shown). These data could imply environmental populations with high level of strain
heterogeneity, as described in [68]. In line with this, it is possible that these genes are present on
extrachromosomal elements, which were not reconstructed herein and in previous studies, and explaining
the reported di�culty to retrieve those genes in Fe(II) oxydizers [40]. The presence of a plasmid in the
Wolbachia endosymbiont from Culex pipiens mosquitoes was �rst identi�ed following similar distinct
coverage signature as compared to bacterial genes in ovaries metagenomes [69].

Further, as their closest cultivated counterpart G. bivora, both MAGs had the complete set of genes to �x
carbon though the CBB cycle. The presence of genes for heterotrophic behavior also suggest they may be
able of mixotrophy, as proposed before by Singer and colleagues [26] for M. profundus PV1. Still,
mixotrophic growth was not con�rmed through cultural approaches [19, 25]. The ability to use sulfur (for
example using sqr genes), in addition to H2 and Fe(II) as shown for G. bivora further expend the
metabolic repertoire of the Zetaproteobacteria. Nevertheless, we observed striking differences between
both MAGs, such as the capacity for hydrogen oxidation and sulfur oxidation using additional
adenylyltransferase sat genes retrieved in RB_MAG_00008 only. This may contribute to niche partitioning
between both symbionts, giving them more �exibility according to environmental condition variations and
avoiding possible competition. In line with this, the presence of LuxR family transcription factors in
RB_MAG_00008 suggests molecular conversations within the Rimicaris hobiont via Quorum Sensing.
These data adds to previous work highlighting QS mechanisms controlling the regulation of the Rimicaris
Campylobacterial and Gammaproteobacterial symbionts growth and proliferation as well as the bacterial
selection from the microbial environmental pool [62]. Regarding additional host-Zetaproteobacterial
symbiont recognition and colonization, suggested to occur each ten days along molt cycle, the presence
of �agellar and chemotaxis genes in both MAGs also suggest they are able to actively move toward
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favorable environments, including host sensing signals. The squid-vibrio symbiosis show distinct
�agellar functions ranging from swimming capacity to chemotaxis and host signaling and
communication, which suggest essential and constitutive roles for these structures [70]. It is possible
�agella identi�ed in free-living closest relative G. bivora [25] is also used here for host symbiont
colonization. Further, the Zetaproteobacteria MAG RB-MAG-0008 showed genes coding for multicopper
oxidase (MCO) which were shown as potential homologs for iron oxidation in several other taxa oxidizing
iron [61]. Fragmentation due to the co-assembly of closely related bacterial strains in these diverse
environments and incomplete genomes could explain that some pangenomic traits are absent from some
metagenomic bins. Yet, the lack of random patterns, that is the absence of several genes coding for
hydrogen oxidation together with QS in RB_MAG_00008, suggest some distinct lifestyles for each MAG
allowing them to select different niches.

The two Zetaproteobacteria MAGs showed substrates for amino acids synthesis and their transport
adding to previous data showing Rimicaris epibionts can synthesize and transport amino acids. The
recently reconstructed Candidatus Desulfobulbus rimicarensis (Deltaproteobacterial) from Rimicaris,
proved capable of synthesizing all 20 amino acids, with all the genes essential for amino acid
biosynthesis present in the genome and expressed [15]. These results stress the important rate and role
of transfers within the Rimicaris holobiont. Overall, these data contrast with other symbiotic system like
Bathymodiolus thermophiles of the vent mussel, Riftia pachyptila or Calyptogena magni�ca, where host
lysis of its symbionts plays a more important role in the nutrition of the hosts, as highlighted by
signi�cant protein-degrading activity [71].

RB_MAG_00008, estimated with a genome size of 1,853,475 bp and 92.96% completion based on the
presence of single copy core genes [49], suggests an actual genome of around 2 Mb. On the contrary, a
reconstructed genome size of ca. 1,625,457 bb and 94.37% completion for TAG_MAG_00014 suggests an
actual genome size of ca. 1, 7 Mbp, that is, a slightly reduced and presumably streamlined genome.
Nevertheless, this is to our knowledge the �rst study to report symbiotic Zetaproteobacteria genomes.
Based on Average Nucleotide Identity (ANI) values of 89.74% between two newly reconstructed
Zetaproteobacteria MAGs and less than 77% with their closest relatives Ghiorsea bivora from TAG, we
propose they belong to potential novel species [72]. We suggest the names of Candidatus Ghiorsea
rimicarensis for RB_MAG_00008 and Candidatus Ghiorsea crypta for TAG_MAG_00014. Differential
average coverage for the two lineages could then suggest that speci�c Zetaproteobacteria lineages take
over, at distinct or within a single hydrothermal vent site, depending on the environmental conditions.
Surprisingly, the number of Zetaproteobacteria was higher at TAG, where G. bivora was also isolated [25]
than at the iron richer site Rainbow. This may be due to some more robust iron incrustations for Rainbow
specimens, despite the use of a thorough DNA extraction protocol herein.

Niche partitioning in the Rimicaris holobiont

As for Zetaproteobacteria, two highly similar MAGs (Thiotrichaceae RB_MAG_00025 and
TAG_MAG_00019) were found at both Rainbow and TAG, and two Marinosulfonomonas MAGs



Page 18/31

(TAG_MAG_00015 and RB_MAG_00014) were found in varying abundance at both sites. Genes for the
glycolyse, dissimilatory nitrate reduction and thiosulfate oxidation were present in both Thiotrichaceae
symbiont populations. Nevertheless, enzymes for nitric oxide reduction, NiFe hydrogenase Hyd-1 and
dissimilatory sulfate reduction were encoded only in TAG_MAG_00019 while the ones for dissimilatory
sul�te reduction and sul�de oxidation was solely encoded in RB_MAG_00025. The observed functional
differences between the closely related Thiotrichaceae MAGs could suggest some complementary rather
than competitive strains and may explain their co-occurence. It is also possible one Thiotrichaceae strain
performs some of the dissimilatory sulfate metabolic steps and that the other covers the remaining ones.
Likewise, both Marinosulfonomonas sp MAGs RB_MAG_00014 and TAG_MAG_00015 have the potential
for the glycolyse, the �xation of carbon using the CBB cycle, partial to complete reduction of nitrate to
dinitrogen (N2), respectively, as well as sul�de and hydrogen oxidation (Fig. 3). Nevertheless, only
TAG_MAG_00015 showed genes for both the complete oxidation of nitrate to N2, and DNRA genes,
among others. On the other hand, no Marinosulfonomonas sp seemed able to utilize CH4, suggesting
strains with different metabolic pathways than the ones described by Holmes et al. [73], putatively
constrained by their association with animal hosts. Overall, we observed behind an apparent functional
redundancy, an important symbiont strain diversity that possibly have great implications for the
functioning of the complex Rimicaris symbiosis. These data are congruent with recent studies showing
genomic heterogeneity in vent mussel symbiont population that either possess or lack a key gene cluster,
suggesting specialized rather than generalist symbionts [74, 75]. The diversity of Rimicaris MAGs capable
of sulfur oxidation is in agreement with previous work describing more than 16 different sulfur oxidizer
strains in four Bathymodiolus species from the Mid-Atlantic Ridge and showing an important adaptability
to the holobiont in vents [74]. These seemingly closely related strains were suggested to differ in key
functions including the use of energy and nutrient sources, viral defense genes and electron acceptors.
Authors suggest that some animals may have a higher tolerance than previously thought to maintain
“less e�cient” strains among “more e�cient” ones as the cost for their maintenance is limited [74]. In
other words, these different studies posit the costs for the maintenance of such symbiont diversity may
be counterbalanced by the plasticity it offers, that is, a larger adaptability and resilience, especially in
these unstable environments. In addition to obvious functional differences, it is likely more subtle
phenetic differences such as a better adaptation to temperature or pressure, allowing each of these
strains to occupy and be adapted to different micro-niches. High levels of strain variability and numerous
ortholog key proteins in vent-associated polychaete worm Alvinella pompejana were hypothesized as
being each optimally adapted to thermal �uctuations within the worm habitat [76]. Similarly, Alcaide and
colleagues [77] suggested diverse carboxyl esterases of the gill-associated microbiota form Rimicaris
may re�ect distinct habitat-speci�c adaptations. Although it was not possible to determine whether
geochemical or thermal �uctuations impose selection pressures on the epibiont community, this study
adds to previous work that symbiont genetic diversity is more widespread than currently appreciated and
that it might underpin ecosystem functioning and resilience in the highly dynamic hydrothermal vents.

Conclusions
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These data unravel a much more complex microbial consortium associated within R. exoculata than
previously appreciated and highlight some generalized niche partitioning between symbionts. It stresses
the apparent functional redundancy at the genome-wide level between co-existing strains hides
differences that may re�ect distinct history traits. This may be the key of this holobiont success along the
Mid Atlantic Ridge, encountering contrasted habitats and able of large connectivity [78]. Two
Zetaproteobacterial symbionts add to the metabolic catalogue shared by the Rimicaris holobiont and to
the repertoire of metabolic diversity and Lifestyle of the Zetaproteobacteria. Taken together, our results
reveal highly complex symbioses giving new insights into deep-sea ecosystems functioning and
resilience, may they be threatened by anthropogenic or natural issues.
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Figure 1

Geographic locations of Mid-Atlantic Ridge hydrothermal vent sites Rainbow, TAG and Snake Pit where
Rimicaris specimen were sampled.
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Figure 2

Static image from the anvi’o interactive display for the Rimicaris datasets with the 49 genome bins
retained for this study. From inner to outer layers: phylogenomic tree based on concatenated marker
proteins according to the GTDB-Tk genome phylogeny as described below (see Figure 4), length layer
(shows the actual length of a given split), auxiliary layer with information about contigs stored in the
contig database (GC-content), 4 view layers with information about MAGs across samples stored in the
pro�le database (mean coverage), completion, redundancy and bacterial genome bin layers. The
horizontal layers show genome bins taxonomy based on GTDB_TK for the ten most abundant families,
total number of reads for each sample, total number of reads mapping and corresponding mapping
percent of reads. Relative abundances of families are noted as the percent of reads recruited to the bins
for each sample.
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Figure 3

Decodder output; MAGs and predicted metabolic function.



Page 29/31

Figure 4

A.Maximum-likelihood tree based on concatenated marker proteins according to the GTDB-Tk genome
phylogeny visualized using anvi’o. Tree includes 600 genomes from GTDB and 49 MAGs covering mostly
unknown genera, highlighting the importance of lineages lacking representatives. A single Firmicutes was
used to root the tree. The bars in the innermost circular layer show the phylum a�liation of each genome.
The second layer represents the family a�liation. The third layer marks genomes as either MAGs from
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our study (49, black) or genomes from GTDB (grey). The outermost layer shows the genera a�liation (10)
and the lack thereof (19) of our MAGS. Only the families and genera observed in the MAGs are shown. B.
Zoom inset of the Zetaproteobacteria phylogenetic relationships visualized using FigTree. Nodes
represented by a dot indicate a bootstrap value of 100; lower values are given.

Figure 5
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FISH observation of a Rainbow R. exoculata branchiostegite with epibionts. All cells are labelled with
DAPI (blue). Zetaproteobacteria are hybridized with the Zeta123 probe (red) [23]. Campylobacteria are
hybridized with the EPSI 549 probe (orange) [48].
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