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Abstract

Background

In deep-sea hydrothermal vents ecosystems, most animals harbor symbiotic communities supporting their nutrition. This is the
case of both shrimps Rimicaris exoculata and Rimicaris chaceij, two endemic species of the Mid-Atlantic Ridge (MAR), housing
three distinct bacterial symbiotic communities playing a major role in their nutrition and scaling up their immune systems. One
is located in the cephalothoracic cavity, the second in the foregut and the last one in the midgut, mostly represented by
Candidatus Microvillispirillaceae. However, recent metabarcoding and metagenomics studies reported for the first time the
presence of another abundant potential digestive symbiont representing a novel family of Lachnospirales. To date, their role
and structuration in the holobiont remain unknown. We combined Fluorescent in situ Hybridization, metabarcoding and
genome-resolved metagenomics data to reveal a part of their evolution, contribution to the holobiont functioning and their
metabolic potential. For this, we used the raw reads of a recent metabarcoding analysis and Metagenome-Assembled Genomes
(MAGS) obtained in a previous study.

Results

We studied two MAGs reconstructed from TAG and Snake Pit sites (MAR) revealing a novel digestive Lachnospirales family in
the midgut. This novel symbiont showed the capacity to degrade host’s chitin, to fix carbon dioxide thanks to secondary
pathways, to use oxygen and to encode for flagellar genes implied in host-symbiont recognition. In addition, they harbor
CRISPR/cas genes that may be involved in the holobiont defense. Lachnospiralesseemed to colonize the ectoperitrophic space,
were submitted to elongation without dividing themselves and are acquired post-installation of the juveniles on active sites.
Consequently, they share many commonalities with Candidatus Microvillispirillaceae, which they co-occur with.

Conclusion

Our data suggest that the Lachnospiraleswould be mixotrophic and would live in syntrophy with Candidatus
Microvillispirillaceae. Indeed, they could degrade chitin, allowing Ca. Microvillispirillaceae to use degradation products for their
metabolism. As Ca. Microvillispirillaceae, they are acquired post-installation during metamorphosis. Consequently, both
symbionts may strongly contribute to the holobiont fitness.

Background

In deep-sea hydrothermal vents, life is sustained by microbial primary production [1], metazoans relying on chemosynthetic
microorganismes for their nutrition. In many cases, microbial communities are symbiotic, living in intimate associations with
metazoans. Host with its associated symbionts is called holobiont [2]. Holobionts dominate these extreme ecosystems [1, 3]
and are considered as a single entity according to their long-term association, involving the emergence of new structures and
metabolisms [2, 4-6]. In deep-sea hydrothermal vents, species such as Riftia tubeworms, Bathymodiolus mussels or
Alviniconcha gastropods [7-9] have developed symbiotic relationships in specialized organs or cells. This is also the case for
two alvinocaridid shrimp species co-occurring at the active vents of the Mid-Atlantic ridge. Rimicaris exoculata and Rimicaris
chacei[10] harbor both three diversified symbiotic bacterial communities they rely on [11].

A first symbiotic community is established in their cephalothorax playing a major trophic role for R. exoculata (trans-cuticular
absorption of nutrients) [12—-14], contrary to R. chacei, showing a mixotrophic diet based on symbiotic relationship,
bacteriotrophy, predation and scratching [15, 16]. Even if this symbiotic relationship provides most nutrients (up to 80% of
carbon source for R. exoculata[17]), two other distinct bacterial communities colonize the digestive system [16, 18-21]
composed of the foregut (esophagus and stomach), the midgut (hepatopancreas and midgut tube) and the hindgut. Although
the digestive system of Rimicaris spp. is usually full of minerals and can contain cuticle particles, it is functional with an active
alimentary bolus transit [19]. After 72 hours of starvation or after molting, symbiotic bacteria are still present [20] reinforcing the
hypothesis of their implication in immunity, nutrition and nutrients absorption [19].
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The foregut digestive symbiotic community is mainly composed of Candidatus Foregutplasma rimicarensis and Candidatus
BG2_rimicarensis [19]. These symbionts are attached to the setae of the pyloric chamber (stomach) and esophagus [18] and
submitted to molt (ectodermic origin). They seem to be involved in the host defense and could metabolize intermediate
products of chitin degradation [18]. The midgut symbiotic community is mostly composed of Candidatus Microvillispirillaceae
[18, 19]. Like Ca. Foregutplasma rimicarensis and Ca. BG2_rimicarensis. These symbionts seem to be involved in host's
immunity, in complex polymers degradations and vitamins synthetization. Moreover, they have numerous genes involved in
motility and chemotaxis [19]. A surprising fact about Ca. Microvillispirillaceae is their location and morphology within the
midgut tube. They are long and thin bacterial cells inserted between microvilli of the intestinal epithelium in the ectoperitrophic
space [18, 20, 21]. For decapods, this space is protected and separated from the alimentary bolus by the peritrophic membrane,
keeping this zone sterile [22]. This could strengthen the hypothesis of the defensive role of these symbionts for the holobiont.
Another intriguing point is that they exhibit no cell division while having the genes encoding chromosome replication and cell
division, suggesting they would be under host control [16, 18—21]. Moreover, Ca. Microvillispirillaceae are heterotrophic
symbionts relying on their host or other symbiotic bacteria [19]. According to recent studies, a potential candidate for bacterial
syntrophy could be Lachnospirales (Clostridia class). Indeed, two MAGs (Metagenome-Assembled Genomes) affiliated to
Clostridia have been identified in a previous metagenomic analysis of the digestive system of R. exoculata with a higher
abundance in the midgut tube (Aubé et al., 2022 [19]). However, this bacterial class is usually considered as ubiquist, so full
identification and analysis were not undertaken. In 2024, a metabarcoding analysis was published in Guéganton et al., 2024 [23]
study. These Clostridia were retrieved at different life stages and have been affiliated to Lachnospirales. They were limited to
the midgut tube samples, suggesting a possible symbiotic relationship between this lineage, Ca. Microvillispirillaceae and the
host. Another study dealing with host sex, habitat and vent fields potential effect on microbial diversity (free-living and
symbiotic communities), showed that Lachnospirales were only recovered in the midgut tube, reinforcing the hypothesis of a
symbiotic relationship at juvenile stages [23], and adult stages. The presence of Lachnospirales in the midgut tube of both R.
exoculata and R. chacei specimens has been demonstrated, but they still have never been observed and their functions for the
Rimicaris holobiont are still unknown.

Lachnospirales (Bacteria, phylum Bacillota-A, class Clostridia — according to GTDB) may play a major role in holobiont fitness
both in terms of nutrition and immunity. This order is retrieved in many hosts, both terrestrial and aquatic. Lachnospiraceae
(Lachnospirales order — according to GTDB) takes part of the intestinal microbiota of mammals like zokors, mice, chinchillas
and humans [24-27]. For these host species, Lachnospirales are a major actor of the holobiont fitness. They can degrade
complex carbohydrates like cellulose and other sugars, producing fatty acids necessary for intestinal epithelium cell nutrition
[24]. Some Lachnospirales (Lachnospiraceae_NK4A136_group genus) are fiber-degrading bacteria leading to the production of
butyrate, a fatty acid playing as an intestinal barrier (decrease of inflammation, anti-tumor effects) [27]. They can also help
fighting obesity [25]. However, although most Lachnospirales are candidates for holobiont immunity, according to their
abundance and the taxa represented, they can lead to intra- and extra intestinal diseases [27]. Lachnospirales are also part of
the digestive microbiome of mesopelagic animals. For example, for Cyclothone species and Vampyroteuthis infernalis, the
Lachnospiraceae family is significantly represented among their digestive bacterial communities [28]. The omnipresence of
Lachnospirales in different host digestive systems would highlight the importance of such symbionts along evolution and
particularly here in Rimicaris spp.

Regarding R. chacei and R. exoculata species, recent studies focused on juvenile stages [14, 23]. R. chaceijuveniles live in
nurseries separated from the adults whereas R. exoculata juveniles gather in patches near adult R. exoculata aggregates [29,
30]. Juveniles are recognizable from adults due to their red/orange lipid storage color [14, 31] and an entire revision of their
taxonomy has been established avoiding potential misidentifications at early stages [14]. On sites, three juvenile stages have
been identified for R. exoculata (A, B and subadult) against two for R. chacei (A and subadult) [14]. Combining taxonomic
identification, i.e COl — cytochrome oxidase | — sequencing and 16S rRNA metabarcoding approaches on R. exoculata and R.
chacei juvenile specimens from TAG and Snake Pit, a first comprehensive dataset of symbiotic communities colonizing each
symbiotic organ has been provided [23]. This study shed light on hypotheses regarding the transmission and acquisition of
major symbionts in the digestive system. To ensure the maintenance of symbiotic relationships, symbionts can be transmitted
either horizontally — from the environment — or vertically — from the parents [7, 8, 32, 33]. Furthermore, this study proposed that
Ca. Foregutplasma rimicarensis, Candidatus BG2_rimicarensis and Ca. Microvillispirillaceae would be acquired post-settlement
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on site suggesting a mixed transmission (release of symbionts from adults in the environment before juvenile colonization)
[23]. With the recent discovery of Lachnospirales midgut colonization, the question of their acquisition and transmission is

entirely open. Because they co-occur in the midgut tube with Ca. Microvillispirillaceae, it seems essential to understand the
relationship between both and understand their potential co-evolution within the holobiont.

To study the potential function and acquisition of the Lachnospirales in the digestive system of both R. exoculata and R. chacei
species, we combined three molecular approaches: Fluorescent in situ Hybridization, metagenomic and metabarcoding, using
MAGSs and raw data from two previous studies [19, 23]. We focused on specimens from two hydrothermal vents, TAG and Snake
Pit (MAR), presenting contrasted geochemical environments [34]. First, we focused on the identification of the symbionts using
Fluorescent in situ Hybridization (FISH) microscopy. We developed and optimized a new specific probe to both combine
symbiotic cell visualization and identification along the midgut tubes. Then, functional analyses of MAGs allowed us to
investigate the potential role of a novel family of Lachnospirales from R. exoculata adult specimens, while metabarcoding
allowed us to gain insights into the questions of acquisition, transmission and installation of the symbiont for both species at
each life stage. To perform metabarcoding analysis, we used raw reads from Guéganton et al., 2024 [23] combined with new
ones obtained from adults. For metagenomics analysis, we annotated and investigated two Lachnospirales MAGs obtained in
Aubé et al., 2022 [19]. The combination of FISH, metagenomic and metabarcoding approaches was used to answer the
following questions: 1) What is the distribution and abundance of Lachnospirales in the digestive system of both Rimicaris
species from stage A to adult stages? 2) What is the dynamic of the symbiont colonization throughout juvenile development? 3)
What are the potential roles of the symbiont in the holobiont fitness? We present the results of these investigations, discuss the
potential role of Lachnospirales in the holobiont and suggest a syntrophy between co-occurring symbionts.

Methods

Sample Collections

Samples were collected at two vent fields along the Mid-Atlantic Ridge (MAR): TAG (26°08' N—44°49' W, 3660 m depth) and
Snake Pit (23°23' N—44°58' W, 3480 m depth) during the BICOSE2014 cruise (January 2014,
https://doi.org/10.17600/14000100) for metagenomic and metabarcoding analyses, the BICOSE2 cruise (February 2018
https://doi.org/10.17600/18000 004) for fluorescent microscopy and metabarcoding and the HERMINE cruise (16 March to 27
April 2017, https://doi.org/10.17600/17000200) for metabarcoding analyses (Supplementary Table 1). Specimens were
collected in shrimp aggregations or nurseries (depending on the stage) using the suction sampler of the ROV Victor 6000
(Remotely operated Vehicle), or the HOV Nautile (Human Occupied Vehicle), operated from the Research Vessel “Pourquoi
pas?”. For FISH studies, some shrimps were immediately dissected under sterile conditions and tissues were fixed in a 3%
formalin seawater solution for 3 hours to keep cell integrity. Then, they were rinsed with a phosphate-buffered saline solution
(PBS) and stored in a PBS/ethanol (1:1) solution at -20°C [19]. Adult shrimp for metabarcoding study were dissected under
sterile conditions, quickly passed through liquid nitrogen and dry-conditioned at -80°C. Other specimens were fixed frozen at
-80°C for later dissections at the laboratory for DNA extraction (juvenile samples for metabarcoding and adult samples for
metagenomics) or fixation for FISH. The detail of specimens treated for metabarcoding (juveniles), and metagenomic analyses
can be retrieved respectively in Guéganton et al., 2024 [23] (Supplementary Material 1) and Aubé et al., 2022 [19]
(Supplementary Material 4).

DNA extraction, amplification and sequencing

In this study, we focused on midgut tube samples. For juvenile midgut tube samples (Supplementary Table 1, Supplementary
Material 1), we reanalyzed the raw reads obtained in Guéganton et al., 2024 [23]. For complete details on DNA extraction from
muscle for COl sequencing (Omega BIO-TEK E.Z.N.A Tissue DNA® kit) and from symbionts (Macherey-Nagel NucleoSpin Soil®
kit), amplification (primers Cari-COI-1F/Cari-COI-1R for COIl, Whoi341/Whoi785 and E8F/907R for bacterial 16S rRNA gene)
sequencing (Sanger Sequencing for COI and Illumina Miseq for bacterial 16S rRNA gene) please refer to the Materials and
Methods from Guéganton et al., 2024 [23] (Supplementary Material 1). To complete our study, we used midgut tube samples of
Rimicaris exoculata adult specimens from TAG and Snake Pit (BICOSE2 cruise, Supplementary Table 1), some of which were

Page 4/27



collected from dense aggregations and others were scattered individuals. Specimens were aseptically dissected, and midgut
tube samples were extracted with the Macherey-Nagel NucleoSpin® Soil Kit following the manufacturer instruction and using
SL2 buffer for the chemical lysis. To ensure the mechanical lysis, we used the Bead-Beater FastPrep® 1120 (MP Biomedicals)
for 30s with an intensity of 5.5 m/sec. To finish, elution was carried out with 60 pL of pre-warmed SE buffer. As for juvenile
samples, direct amplification of the bacterial 16S rRNA gene was performed using universal primers Whoi341 and Whoi785 [35]
with adaptors. Direct amplifications were performed as described in Supplementary Material 2. Then the PCR products were
purified using Macherey-Nagel NucleoSpin® and PCR clean-up kit before they were carried out using the Genotoul GeT PlaGe
platform (INRAE, Castanet-Tolosan, France) as for juvenile samples. Samples were sequenced using an Illumina MiSeq
platform with a paired-end read length of 2x250 bp with chemistry V3. To complete and confirm the data analyses, we also
used midgut tube samples of Rimicaris exoculata and Rimicaris chacei adult specimens from TAG and Snake Pit obtained
during BICOSE2014 cruise (Supplementary Material 3).

For the metagenomic analyses, the two MAGs we focused on were obtained from specimens analyzed in Aubé et al., 2022 [19]
(Supplementary Material 4).

Metagenomics Analyses

We analyzed two MAGs (M_TAG_MAG_00001 and M_SnakePit_MAG_00001) obtained in a recent study by Aubé et al., 2022
[19], affiliated to Clostridia but never further analyzed. The entire process to reconstruct the MAGs that were analyzed are
described in the Metagenomic analysis of the Methods part of Aubé et al., 2022 [19] (Supplementary Material 4). In this study,
we first reassessed the MAGs completeness and redundancy using CheckM2 v1.0.1 [36]. The Average Nucleotide Identity (ANI)
between both MAGs was calculated with FastANI. v1.3 [37]. Then, to build the phylogenomic tree, the 120 marker genes were
identified in the MAGs with the gtdb-tk v2.4.0 [38] “identify” command and aligned to the marker genes of all representative
Lachnospirales genomes from GTDB with the “align” command. The position presenting gaps in at least 50% of the sequences
in the resulting Multiple Sequence Alignment were trimmed using TrimAl v1.4.1 [39]. Lutisporales were used as an outgroup.
The Maximum Likelihood tree was finally reconstructed with 1Q-Tree v2.0.3 [40] (1000 bootstrap, WAG model). It was then
visualized with ggtreeExtra package from RStudio. Annotation of the MAGs was done with Prokka v1.14.6 [41] and the KEGG-
Kofam before using KEGG module completeness was investigated using the “anvi-estimate-metabolism” program from Anvi'o
v8 [42]. We also used the EGGNog annotation results from the MicroScope Microbial Genome Annotation and Analysis Platform
(MaGe; https://mage.genoscope.cns.fr/) [43]. The carbohydrate-active enzyme (CAZyme) encoding genes were identified using
dbCAN3 v3.0.4 [44]. Finally, genes involved in the CRISPR-Cas system were found using CRISPRCasFinder online version. Only
hits showing at least an evidence level of 4 were considered. Schematic representations of the predicted metabolic potential
pathways were constructed using Inkscape.

Metabarcoding Analyses

In this study, a 16S DNA metabarcoding analysis was performed first using both raw data from juvenile midgut tube specimens
obtained in Guéganton et al., 2024 [23] and adult midgut tube specimens obtained during the BICOSE2 cruise (Supplementary
Material 5). To confirm and complete the results, a second analysis was performed on R. exoculata and R. chacei adult midgut
tube specimens from TAG and Snake Pit obtained during the BICOSE2014 cruise independently (Supplementary Material 6).

Metabarcoding data analysis was processed using SAMBA v4 (Standardized and Automated Metabarcoding Analyses,
https://gitlab.ifremer.fr/bioinfo/workflows/samba), an open-source workflow developed at Ifremer (SEBIMER). It uses a
NextFlow workflow manager [45] that automates and standardizes the analysis of metabarcoding data through a suite of
“standard” sequence treatment software. SAMBA is based on the QIIME 2 v2022.11 pipeline [46] and first consists of checking
the raw data integrity and metadata. Then these data are formatted to create a QIIME 2 object. Data are cleaned and filtered to
remove sequencing primers and barcodes from adapter using Cutadapt v.4.2 [47]. Then, the FIGARO tool [48] was used to
optimize quality filters and minimize errors during ASV clustering using DADA2 v.1.26 [49]. Then the dbOTU3 v.1.5.3 algorithm
[50] was executed to refine clustering ASV (sequence similarity and abundance profile) to consider the overestimation of
diversity produced by DADA2. MicroDecon v.1.0.2 [51] was also used to decontaminate samples by comparing them to
sequenced negative controls for the first analysis (extractions, PCR and purification blank) (Supplementary Material 5). The
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taxonomic assignment was achieved using the SILVA 138.2 reference database [52] and 16S_V3-V4_341F-785R or 16S_V3-
V5_357F-926R (receptively Supplementary Material 5 and 6). subcollection was used for bacteria. An additional and optional
tool ANCOM-BC (ANalysis of COmposition of Microbiomes with Bias Correction) [53] was used to perform microbiome
composition analysis.

The final step of SAMBA consists in statistical analysis of a-diversity and B-diversity. We used Chao1 index (estimate the
expected richness) and Shannon index (number of ASVs, abundance and distribution) to estimate the species richness and
diversity within each sample based on ASVs dataset (a-diversity). ANOVA (Analysis of the Variance) tests were performed to
compare the a-diversity between species, sites and stages with both indexes. SAMBA also takes into account the interspecific
diversity of communities (B-diversity). In this study, diversity analyses were achieved by ordination method using Principal
Coordinates Analysis (PCoA) based on Unifrac (presence/absence of ASVs) and Weighted Unifrac (W-Unifrac — abundance of
ASVs) - both based on taxonomic proximity of the ASVs detected - calculated on a normalized ASVs dataset DESeq?2 [54]. The
script includes a multivariate analysis of variance by permutations (PerMANOVA) using the Adonis2 function of the Vegan
package to assess the influence of site, species and life stage on bacterial community. The R © software v. 4.4.2 (R Core Team,
2024) was used to perform statistical analyses and produce data visualizations. For better graphic representation, we focused
on barplot showing the main lineages retrieved in the midgut tube at the Order level.

In silico design and validation of a new FISH specific probe Clostri-Lachno109

We developed a new probe specially targeting the Lachnospirales symbiont lineage. We used 16S rDNA sequences obtained by
PCR cloning approaches [16, 20, 21] and metabarcoding analysis from Guéganton et al., 2024 [23] to design in silico the probe.
Then we used the MUSCLE (MUItiple Sequence Comparison by Log- Expectation) algorithm [55] in Geneious software v9 [56],
literature data [57, 58], Geneious Primer Design tool and the Oligo Calc [59] and BLAST [60] with the Silva138 database (test
probes v3.0) to validate the probe as described in the Material and Methods of Guéganton et al., 2022 [18].

Fluorescent in situ Hybridization and optimal hybridization conditions for the new Clostri-Lachno109 probe

To ensure the specificity of the probe Clostri-Lachno109, the samples were prepared according to the protocol from Guéganton
et al., 2022 [18]. Samples were dehydrated in PBS/ethanol series at temperature room, then immersed into ethanol/resin at
40°C (Polyethylene glycoldistearate-1-hexadecanol (9:1), Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), before being
embedded into the PEG resin. Resin blocks were stocked at -20°C after polymerization and were trimmed into 8 ym transversal
tissues sections with a RM 2255 microtome (Leica Biosystems, Nussloch, germany) and placed on slides (Menzel-Glaser
Superfrost Plus, USA). Resin was removed with three ethanol baths (96%) before the tissues were partially rehydrated in an
ethanol bath (70%). Optimal probe hybridization conditions were determined using host tissues known to lack (e.g.
cephalothorax mouthparts, foregut) or harbor (e.g. midgut tube) these target symbiont lineages. GAM42a [61] and Epsy549 [62]
targeting respectively Gammaproteobacteria and Campylobacteria, Def1229 targeting Ca. Microvillispirillaceae and Myco1-378
targeting Hepatoplasmataceae [18] were used respectively as positive controls on cephalothorax mouthparts, on midgut tube
and foregut. The universal probe Eub338-I targeting most Eubacteria [63] was used as a general positive co-hybridization
control (Table 1). All probes were synthesized by Eurofins Genomics (Ebersberg, Germany) and were labelled with either
ATTO0488, Cyanine 3 or Cyanine 5 dyes (Table 1).
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Table 1
Probes used for this study.

Target Probe Sequence (5'-3") Dye Location  Optimal References
(rRNA Formamide
gene) %
Bacteria Eub338 GCTGCCTCCCGTAGGAGT ATTO488 ?13688) 30 [63]
Candidatus Def1229 GCCCTCTGTATAGTCCATTG cy5 1229 30 [17]
Microvillispirillaceae (16S)
Hepatoplasmataceae  Myco378-1 GTGGAAAATTCCCTACTGCTG cy5 1(378 | 45 [17]
16S
Lachnopsirales Clostri- GGCAGGTTACTCACGCGTTA cy3 109 30 This study
Lachno109 (16S)
Gammaproteo- GAMA42a GCCTTCCCACATCGTTT cy5 1027 30 [61]
bacteria (239)
Campylobacteria Epsy549 CAGTGATTCCGAGTAACG ATTO488 (549 | 30 [62]
16S

Optimal stringency conditions were determined using different combinations of formamide concentrations in the hybridization
buffer and both hybridization and washing temperatures. Sections were labeled in reaction mix containing probes (each at
0.5uM final concentration) in a hybridization buffer [0.9M NaCl, 0.02M Tris-HCI [pH 7.5], 0.01% [w/v] sodium dodecyl sulphate
(SDS), 20%, 30%, 45% deionized formamide], incubated for 3 hours at 46°C or 48°C (Table 2). After hybridization, sections were
briefly pre-rinsed and were then washed for 15 min in a rotary oven at 48°C or 50°C (Table 2), in a washing buffer [0.215M,
0.102M, 0.03M NaCl respectively for 20%, 30%, 45% formamide, 0.02M Tris-HCI [pH 7.5], 0.005M EDTA [pH 8] and 0.01% [w/V]
SDS]. Sections were then briefly rinsed with distilled water, first at washing temperature (48°C or 50°C), then at room
temperature. Sections were mounted on slides with SlowFade™ Gold antifade reagent with DAPI (Invitrogen). Observations on
hybridized tissues were made using a Zeiss Imager.Z2 microscope equipped with the Apotome.2® sliding module and Colibri.7
light technology (Zeiss, Oberkochen, Germany). The micrographs were analyzed using the Zen software (Zeiss). Differential
Interference contrast (DIC) was used to better visualize the host tissues and bacteria.

Table 2
Hybridization and washing conditions tested.
Conditions/Samples Subadult Cephalothorax Mouthparts ~ Adult Midgut tube  Adult Foregut
Formamide (hybridization buffer) 30% 20% - 30% 30% - 45%
Hybridization temperature 46°C 46°C and 48°C 46°C
Washing temperature 48°C 48°C and 50°C 48°C

Chromosomes visualization

To visualize bacterial chromosomes in Lachnospirales cells, we used a highly DNA-specific dye: YOYO™-1dye (Invitrogen).
Slides from hybridized sections were removed and the sections were rinsed abundantly with water at room temperature. Once
dry, the sections were labeled in a 30pl aqueous solution containing 10-2mM YOYO™-1 dye for 15 min at room temperature and
then washed with water. Then sections were mounted on slides with Citifluor AF1 antifade solution (Electron Microscopy
Sciences, Hatfield, PA, USA). We performed observations using a LSM 780 confocal microscope (Zeiss) to reveal the
fluorescence and analyze/quantify it as a spectrum. Micrographs were done with Zen software (Zeiss).

Code and data availability

The metagenomes raw reads used for this study are available in the European Nucleotide Archive under Bioproject Accession
Number PRJEB50056 Aubé et al., 2022 [19], The URL https://gitlab.ifremer.fr/rimicaris/rimicaris-exoculata-gut-epibionts-
metagenomes provides access to a detailed reproducible bioinformatics workflow for the reconstruction of the MAGs. FASTA
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files for individual metagenomic assemblies, FASTA files for the MAGs, and Anvi'o merged profile databases of the dereplicated
MAGs are available with this URL https://doi.org/10.12770/437f34c4-aba3-4962-9f6f-4c469defc483. The analyses performed
for the metabolic investigations of this paper are described here: https://gitlab.ifremer.fr/rimicaris/novel-digestive-symbiont-
lineage-of-lachnospirales-within-2-rimicaris-species

The raw reads of the metabarcoding dataset are available in the European Nucleotide Archive under Bioproject Accession
Number PRJEB71821 (https://www.ebi.ac.uk/ena/browser/view/PRJEB71821) Guéganton et al., 2024 [22], PRJEB97771
(https://www.ebi.ac.uk/ena/browser/view/PRJEB97771) and PRJEB97765
(https://www.ebi.ac.uk/ena/browser/view/PRJEB97765). The configuration files for the process’s options used in SAMBA are
available in the Supplementary Material 4. The COI sequences of juveniles are available on NCBI under accession numbers
PP916018-PP916042 (Supplementary Table 1).

Results

Symbiotic communities of the midgut tube

The metabarcoding analyses were conducted to compare the presence or absence and the relative abundance of digestive
symbionts according to the life stage, the site and the species (Supplementary Table 2). The main analysis on juvenile and adult
specimens showed no significant variation in bacterial richness and abundance with life stages, species or site (Supplementary
Fig. 1). However, B-diversity with PCoA plots showed a difference between vent sites (Supplementary Fig. 2A, B) for both
Unifrac and W-Unifrac distances, whereas PCoA plots for life stages are less marked and overlapped largely within each
species for W-Unifrac and Unifrac distances (Supplementary Fig. 2D-F). The same tendency was confirmed by the results of the
second metabarcoding analysis on R. exoculata and R. chacei adult specimens from BICOSE2014 cruise (Supplementary

Figs. 3 and 4, Supplementary Table 4). A PERMANOVA from the main analysis confirmed that the site (p = 0.001 for Unifrac and
W-Unifrac distances, Adonis2) and the life stage (p = 0.001, p = 0.002 for W-Unifrac and Unifrac distance, Adonis2) significantly
influenced bacterial communities midgut tube whereas species only had a significant influence on bacterial communities with
Unifrac distance (p = 0.006, Adonis2) (Supplementary Table 3). Similar results were observed with the second metabarcoding
analysis on R. exoculata and R. chacei adult specimens from BICOSE2014 cruise (Supplementary Table 4).

Within the midgut tube, we focused on Lachnospirales identified in several studies in the digestive communities, only along the
life stages of Rimicaris spp. [19, 23]. Moreover, Lachnospirales did not seem to colonize other symbiotic organs of Rimicaris
spp. [19, 63], which suggest a specific role in the midgut tube. As shown in the barplot of Fig. 1 — displaying relative abundance
of bacterial orders in each sample — Lachnospirales (here in pink) can represent between 0.08% to 51.98% of the relative
abundance with 16 ASVs out of 833 (Table 3). Among all these ASVs, three being more represented: ASV72, ASV703 and
ASV397 (Supplementary Table 2). Even if not quantitative, the metabarcoding results indicate Lachnospirales presence in
almost all specimens, and this lineage seemed to be the third most represented lineages together with Ca. Microvillispirillaceae
(in light blue, mostly in subadults and adults) and Campylobacterales (in grey, mostly in juveniles) (Fig. 1, Table 3).
Lachnospirales were almost not detected in R. chacei stage A juveniles, except in two out of five specimens from TAG (0.08%
and 14.1% of the relative abundance) and one out of five from Snake Pit (7.4%). The results were more contrasted for R.
exoculata stage A specimens. At Snake Pit (Table 3), two out of five R. exoculata stage A specimens were already colonized by
Lachnospirales, up to 56% of the relative abundance for one specimen and 21% for the other, explaining the 15% average in
Table 3. At TAG, Lachnospirales were not retrieved in only one out of five R. exoculata stage A specimens (but represented 6.6%,
0.02%, 6.6% and 1.2% for the others, Table 3). Some differences were also visible for older specimens (Fig. 1, Table 3). Indeed,
only one out of five R. chacei subadult specimen from Snake Pit had Lachnospirales (0.4%), whereas four out of five subadult
specimens from TAG harbored this bacterial lineage (38.2% for one specimen and the three others showing less than 1.5% of
Lachnospirales). For R. exoculata older juveniles, Lachnospirales were present in almost all specimens. At TAG only one out of
five stage B specimen (6.9%, 41.4%, 25.6% and 0.6% for other specimens), and one out of five subadult specimen (2.3%, 0.003%,
0.9% and 40.9% for other specimens) did not reveal Lachnospirales against 3 out of five stage B specimens from Snake Pit
(Table 3). According to Fig. 1 and Table 3, R. exoculata adult specimens seemed to harbor more Lachnospirales living in dense
aggregations while shrimps retrieved at the periphery seemed to be less colonized. In dense aggregations from Snake Pit, R.
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exoculata were less colonized by Lachnospirales (four out of six specimens at Snake Pit against five out 6 specimens at TAG),
leading to a more drastic decrease between specimens from dense aggregations and scattered individuals at TAG than Snake
Pit (Fig. 1, Table 3). The second metabarcoding analysis focusing on adults, showed confirmed that R. exoculata from TAG were
colonized by Lachnospirales like R. chacei specimens. However, the percentage of Lachnospirales within R. chacei adult midgut
tube samples was very low, even close to 0% (Supplementary Fig. 5, Supplementary Table 4). Moreover, some differences were
noticed between R. exoculata adult and Rimicaris spp juvenile specimens. Of note, the ASV397 (the third most abundant in
samples, Supplementary Table 2) dominated mostly adult specimens. This was confirmed by ANCOM-BC (Supplementary
Table 5) which showed that this ASV was less abundant in stage A juveniles (Ifc=-2.33, padj = 0.032*), stage B juveniles (Ifc =
-2.29, padj = 0.040%) and subadult specimens (Ifc = -2.48, padj = 0.012*) than in R. exoculata adult specimens. ASV17 from the
metabarcoding analysis on R. exoculata and R. chacei adult specimens from BICOSE2014 cruise also highlighted differences
between R. exoculata and R. chacei adult specimens. Of note, the ASV17 dominated R. exoculata specimens. This was
confirmed by ANCOM-BC (Ifc = 5.03, padj = 9.93e-05***) (Supplementary Table 4). According to the barplot observations (Fig. 1,
Supplementary Fig. 5), a trend emerged between some lineages. Along the shrimp metamorphoses from juvenile A to adult
stages, ASV related to Campylobacteria (Campylobacterales order) were less represented while those related to Ca.
Microvillispirillaceae and Lachnospirales were more represented.

Table 3

Proportion of the main ASVs obtained and affiliated to Lachnospirales of the total of bacterial communities in the midgut tube
samples of Rimicaris spp. specimens at different life stages (average + standard deviation).

R. chacei R. chacei R. R. R. R. exoculata adult
stage A subadult exoculata exoculata exoculata
stage A stage B subadult dense scattered
aggregation individuals
TAG
Lachnospirales 2.83+6.28 8.18 + 291+3.44 1491+ 8.73 + 34.48+2994 0.07+0.06
(% relative 16.81 18.10 17.78
abundance) Per Per Per Per
individual: Per individual: Per Per individual: individual:
0%, 0.08%, individual: individual: individual:
14.07%, 0%, 6.64%, 0%, 20.94%, 0%, 0.12%,
0% 38.24%, 0.02%, 6.88%, 0%, 2.27%, 60.74%, 0.10%
1.43%, 6.64%, 41.44%, 0.003%, 73.99%, 0%,
0.85%, 0%, 1.24% 25.63%, 0.88%, 44.35%,
0.40% 0.59%, 0% 40.48% 6.88%
Snake Pit
Lachnospirales 1.48 +3.30 0.08+0.18 1527+ 12.37 27.39 11.98+13.80 7.43+
(% relative 24.25 17.28 21.03 12.31
abundance) Per Per Per
individual: individual: Per Per Per individual: Per
individual: individual: individual: individual:
0%, 0%, 0%, 0%, 0.41%, 0%, 2.16%,
0%, 7.38% 0%, 0%, 0% 55.56%, 0%, 0%, 37.04%, 0%, 33.06%, 21.64%,
0%, 0%, 35.76%, 19.66%, 23.00%, 0%, 0.66%
20.77%,0%  26.09%,0%  18.42%, 13.66%
58.41%,
3.43%

Probe specificity and optimal hybridization

To complete the metabarcoding analyses and to show the distribution and representativeness of Lachnospirales in the midgut
tube of adult and juvenile specimens, Fluorescent in situ Hybridization was done. First, we had to identify the Lachnospirales
lineage within shrimp species through life stages by designing and optimizing a new specific probe.

To ensure the specificity of the new probe targeting Lachnospirales, Clostri-Lachno109, stringency tests (Table 2) were
performed in the foregut and the midgut tube (Supplementary Fig. 6). Moreover, we used the cephalothorax of a R. exoculata
subadult specimen as a negative control because Lachnospirales were never detected when using metabarcoding approaches
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[23, 64]. According to the different tests, no hybridization was visible neither in the cephalothorax nor in the foregut and Ca.
Microvillispirillaceae were not labelled with the new probe (Supplementary Fig. 6A, B). The optimal conditions to ensure the best
specificity are a hybridization at 46°C for 3 hours with a buffer hybridization containing 30% formamide and a washing at 48°C
for 15 minutes.

Distribution of Lachnospirales in the midgut tube

Based on previous studies [19, 23], Lachnospirales were expected to be localized in the midgut tube of both R. chaceiand R.
exoculata specimens. The use of the Clostri-Lachno109 specific probe confirmed their presence and restricted localization to
the midgut tube of some specimens. Similar to Ca. Microvillispirillaceae, Lachnospirales were observed in the ectoperitrophic
space, separated from the alimentary bolus by the peritrophic membrane. However, in contrast to Ca. Microvillispirillaceae,
which are inserted between the epithelial microvilli [18], Lachnospirales were observed along the epithelium and without
apparent integration between the microvilli (Fig. 2). Observations suggest they colonize the surface of the Ca.
Microvillispirillaceae biofilm (or mixed with them) and the epithelium (Fig. 2B, D, E). According to the specimen and its midgut
tube sections, two distinct morphotypes of Lachnospirales were observed. The first one comprised long and thin cells (about
0,5 um in diameter vs for only 0,2 um for Ca. Microvillispirillaceae), predominantly observed in stage B, subadult and adult R.
exoculata specimens (Fig. 2B, C, D, F), with lower abundance in subadult and adult R. chacei specimens. The second consisted
of coccobacilli, more frequently observed in R. chacei specimens (adults and subadults) and R. exoculata juveniles (Fig. 2A, E).
FISH microscopy highlighted the fact that according to the specimen and the section hybridized, the abundance of
Lachnospirales and Ca. Microvillispirillaceae varied. Indeed, in some sections, only one lineage was detected, whereas in
others, both were present in different proportions (Fig. 2). These observations were in accordance with the patterns observed in
the metabarcoding analyses. Indeed, Lachnospirales were observed from stage B to adult specimens of both species with
limited detection in stage A (R. exoculata, one section among three individuals). Overall, substantial inter-individual and intra-
gut variability in the relative abundance of both lineages was observed.

Metagenomic analyses

A novel symbiotic Lachnospirales family in the Rimicaris midgut tube

The two high-quality Metagenome-Assembled Genomes (MAGs) reconstructed from the midgut of adult R. exoculata
specimens and collected from TAG (M_TAG_MAG_00001, 97.78% completeness & 0.1% redundancy) and Snake Pit
(M_SnakePit_MAG_00001, 95.82% completeness & 0.14% redundancy) were affiliated with the order Lachnospirales [19]. These
MAGs were closely related, sharing 97,28% ANI, consistent with assignment to the same species. Taxonomic classification
using GTDB-Tk was limited to the order level (Lachnospirales) and both genomes were ultimately assigned to the CAMZNUOQ1
family upon submission to GTDB. Both MAGs exhibited a relatively weak G + C content (from 28.52% to 28.56%) and a reduced
genome size (about 1,5Mbp) compared to other Lachnospirales representatives. The order Lachnospirales clusters several
families including the well described Lachnospiraceae family. This family comprises species with a genome G + C content
ranging from 35% to 50% and a genome size between from 2,6 Mbp and 7,2 Mbp [65]. Two extremophiles Lachnospiraceae
species - Natranaerovirga pectinivora and N. hydrolytica - isolated from hypersaline soda lakes, showed for example a G+ C
content about 32,27% and a genome size about 2,9 Mbp [66].

In the present study, the closest relatives to these new MAGs belong to the CAMVHYQ1 family harboring MAGs from sheep and
mouse gut microbiota (Fig. 3) [67-69]. CAMVHYO01 family showed similarities with both Snake Pit and TAG MAGs with a
reduced genome size between 1,3 and 1,7Mbp, and a G + C content between 28.87% and 29.45%.

Energy and carbon metabolism of Lachnospirales

Both Lachnospirales MAGs harbor genes for the complete glycolysis pathway (EMP — Embden-Meyerhof-Parnas) similar to Ca.
Microvillisprillaceae [19]. The main difference is that the phosphorylation of fructose-6-phosphate (F-6-P) to fructose-1,6-
bisphosphate (F-1,6-BP), carried by PFK9 (K24182) in the latter, is carried by pfkA (K00850) in the Lachnospirales MAGs. A non-
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oxidative pentose phosphate pathway was also identified in both MAGs with the addition of a transaldolase/glucose-6-
phosphate isomerase (E.C.2.2.1.2, K13810) which is absent from Ca. Microvillisprillaceae (Fig. 4, Supplementary Tables 6-8).
No complete Tricarboxylic acid (TCA) cycle was retrieved as only a-ketoglutarate dehydrogenase and fumarase were identified.
However, the tripartite tricarboxylate transporter TctABC was detected, and could compensate for the level of lacking TCA cycle
intermediates such as citrate, cis-aconitate or isocitrate [70]. We also focused on chitin degradation as in deep-sea
environments, one of the most abundant sources of carbon is chitin [71]. The identification of carbohydrate-active enzyme
(CAZyme) encoding genes revealed that both Lachnospirales MAGs harbor the chiA gene, encoding for chitinase. Chitinase
would be exported out of the cell thanks to SecYEG system and SecA [72] (Fig. 4, Supplementary Tables 6, 10-12,14). In
addition to chitinase secretion, our MAGs also harbored Phosphotransferase System (PTS) machinery and NagE transporter
allowing the entrance of GIcNAc into the cell and the NgcEFG transporter which could be involved in chitobiose import [73]. As
Ca. Micovillispirillaceae, both MAGs encoded genes involved in chitobiose and GIcNAc-6P degradation (respectively nagZ and
nagA). The GlcNac-6P contributes to the bacterial wall cell synthesis. It must be deacetylated to participate in the
peptidoglycan layer formation (several genes involved in this process have been retrieved, Supplementary Tables 6, 9-12,14)
[74]. Therefore, both Lachnospirales MAGs harbor all the genetic material necessary for chitin degradation and recycling as well
as synthesis of the bacterial cell wall. Both MAGs showed genes coding for another PTS associated transporter: murP and crr
encode for translocation of N-acetyl-muramic acid (MurNAc) which is also a component of peptidoglycan. Surprisingly, no other
sugar transporter was found except for xylose.

In deep-sea hydrothermal vents, many microorganisms, moreover symbiotic ones, rely on autotrophic chemosynthesis to
ensure primary carbon organic synthesis. However, none of the two MAGs harbors genes for a complete CBB cycle and key
genes coding the RuBisCo for example are absent (Fig. 4). Interestingly, even if these MAGs could not fix CO, using the CBB
cycle, they could be able to fix CO, in two secondary pathways. First, they could perform an anapleurotic reaction transforming
pyruvate into oxaloacetate and fixing CO, using a pyruvate carboxylase (encoded by pycB gene, K01960) [75]. Secondly, the
gene por (K03737) coding for a Pyruvate:ferredoxin oxidoreductase [76] is also involved in the carboxylation of acetyl-CoA into
pyruvate, which requires a molecule of CO, (Fig. 4, Supplementary Tables 6—8). In contrast to Ca. Microvillispirillaceae, both
MAGs seemed to harbor a basic aerobic respiratory chain where the proton pumping NADH:ubiquinone oxidoreductase
respiratory complex | is encoded by ndh and the cytochrome bd ubiquinol oxidase SU | & Il (encoded by cydA and cydB genes)
is using O, as the terminal electron acceptor of the respiratory chain. However, in M_SnakePit_MAG_00001, a second source of
energy might come from the oxidation of dihydroorotate, which could be carried by the dihydroorotate dehydrogenase (DODH)
encoded by pyrD (class 1) which is located in the membrane [77]. This enzyme can subsequently reduce quinones from the
respiratory chain. The presence of this mechanism could be useful to counteract the lack of NADH production since the TCA
cycle is incomplete. Furthermore, we also detected the presence of pyrD (class 1) and pyrK, suggesting the subsequent
oxidation of dihydroorotate and reduction of NAD + into NADH, H+. In the same way, 3 out of the 4 genes encoding for the Hnd
dehydrogenase could also be involved in NADH replenishment while oxidizing H, [78, 79] (Fig. 4, Supplementary Tables 6, 9—
12).

Amino acid and vitamin synthesis and transporters

Only two amino acid biosynthesis pathways were identified in both Lachnospirales MAGs. While the lysine biosynthesis
pathway (module M00527) was present, the key gene encoding for LL-diaminopimelate aminotransferase (K10206) was absent
(Supplementary Tables 6—8). Glutamate could also be synthesized by degrading histidine (M00045), but no transporter involved
in histidine intake nor pathway for histidine synthesis was detected. Furthermore, polyamine biosynthesis such as putrescine
and spermidine were retrieved. These components, known to be involved in biofilm formation and oxidative stress resistance,
might have a role in the colonization of the ectoperitrophic space [80-82]. The small number of complete amino acid
biosynthesis pathways could be compensated by the entrance of oligopeptides and dipeptide through ABC transporters such
as Opp (oppD & oppF) and Dpp (dppB) respectively. No complete vitamin biosynthesis pathways were found (Supplementary
Tables 6—12). The vitamin intake may come from the outside, like biotin. The presence of biotin ABC transporters genes
suggests the intake of this vitamin, but no other vitamin transporter was detected (Supplementary Table 6—12).
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Mobility, chemotaxis and secretion systems

Genes involved in flagellum biosynthesis were also investigated. Indeed, the flagella is involved in host recognition and
colonization by its symbionts [83]. It allows the cell to move towards host organs before infestation and attachment. Both
MAGs showed about thirty genes coding for flagellum biosynthesis (Supplementary Tables 6, 9-12). In addition to core flagellar
components, genes encoding for Type IV pili were also detected (pilB, pilC, pilT), suggesting a potential for twitching mobility
and in adhesion/fixation to eukaryotic surface.

Chemotaxis-related genes were then examined in relation to flagellar mobility, which are considered essential for attraction and
host adaptation. Chemotaxis consists in molecular signal detection, which, depending on their nature (attractants or repellents)
sends a message to the flagellum and acts on its rotary direction. Unlike Ca. Microvillispirillaceae which encodes a complete
chemotaxis pathway [19], both Lachnospirales MAGs only harbor the CheY protein. They also had only two genes encoding for
a type Il secretion system. These chemotaxis and type |l secretion genes could have been lost during assembly. Furthermore,
we observed genes encoded for a SecYEG system but no Tat system.

Immunity system

In this study, both Lachnospirales MAGs harbor genes encoding for the immune system. Especially, CRISPR-Cas system genes
were identified in 3 contigs (M_ SnakePit_MAG_00001_000000059859, M_ SnakePit_MAG_00001_000000041930, M_
SnakePit_MAG_00001_000000031594) containing respectively 23, 14 and 6 spacers for M_SnakePit_MAG_00001, and in 2
contigs (M_TAG_MAG_00001_000000006514 and M_TAG_MAG_00001_000000007976) with both 8 spacers for
M_TAG_MAG_00001. In addition, several cas genes were detected in M_ SnakePit_MAG_00001 on contig M_
SnakePit_MAG_00001_000000041930: cas7 Type ll, cas2 Type |, Il and Ill and cas3 Type | [84] (Supplementary Table 6, 9-13).

Cell division and morphology

In this study, two distinct morphotypes of Lachnospirales cells were observed: coccobacilli shape and long filamentous cells
(Fig. 2). When in filamentous form, Lachnospirales closely resembled Ca. Microvillispirillaceae previously described as long
single-cell filamentous bacteria [18, 20, 21]. Aubé et al., 2022 [19] also demonstrated that Ca. Microvillispirillaceae harbor all the
cell division machinery without dividing themselves. Lachnospirales morphology suggested a similar non-dividing lifestyle. To
investigate it, chromosome staining was performed using YOYO™-1 dye (Fig. 5). Fluorescence microscopy revealed that
filamentous cells did not undergo septation despite exhibiting multiple replicated chromosome copies within a single cell

(Fig. 5B, C, D.). These observations remind those of Aubé et al., 2022 [19], which led us to focus on genes involved in cell cycle
processes. Both MAGs contained the genes for DNA replication, those for Z-ring formation and protease, suggesting ability for
replication and division.

Discussion

Acquisition and transmission of Lachnospirales

This study revealed that Lachnospirales were mostly detected in the midgut tube of later juvenile stages (Stage B and subadult)
of both Rimicaris species and R. exoculata adults, particularly in adult individuals from dense aggregations (Fig. 1, Table 3). In
contrast, only a few stage A juveniles from both species from Snake Pit exhibited colonization (more contrasted at TAG),
suggesting a symbiotic acquisition post-installation on site. The sporadic detection of Lachnospirales in some stage A
individuals may be explained by the continuous development of the host. Rimicaris juveniles undergo metamorphosis until they
reach adult size but the molts number required for complete metamorphosis remains unknown. Therefore, individuals classified
morphologically as stage A may, in some cases, be developmentally closer to stage B, potentially accounting for the presence
of more established symbiotic populations [23]. As in the case of Ca. Microvillispirillaceae, the transmission of this lineage
remains unclear [19]. Indeed, during the BICOSE2 cruise, environmental water samples were collected and analyzed. Analyses
revealed that almost neither Lachnospirales nor Ca. Microvillispirillaceae were detectable in the surrounding environment [85,
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86] rejecting the hypothesis of a strict horizontal transmission. Yet, the lack of Lachnospirales in almost all early-stage A is also
in disfavor of a strict vertical transmission hypothesis. Here we rather suggest a mixed horizontal transmission as hypothesized
in Guéganton et al., 2024 [23]. Symbionts may be evacuated by older specimen’s feces and then inoculate juveniles in the close
environment. This hypothesis may also explain the lack of Lachnospirales in almost all R. chaceijuvenile and adult specimens.
Because R. chaceijuveniles live in nurseries isolated from adult aggregations [29, 31], the symbionts acquisition may then
become hazardous depending on acquisition of bacteria being scattered by the water current.

Metabarcoding analyses also revealed that scattered individuals were less or not colonized by Lachnospirales (Fig. 1, Table 3).
These results suggest that Lachnospirales tend to decrease when the host resides in a more oxygenated microhabitat. Yet, to
confirm this hypothesis, further research and experimentation should be carried out (host exposure time, physico-chemical
conditions...).

Chitin degradation

Lachnospirales may assist their host to degrade and recycle chitin, producing nutrients for the host and improving its fitness,
but may also be involved in bacterial syntrophy. Arthropods like R. exoculata and R. chaceij are encased in an exoskeleton
mostly composed of chitin, a complex polymer. They are submitted to molt and must synthetize de novo their cuticle. During
the molt process, the host secretes a chitinase that allows the old cuticle lysis while synthesizing the new one [87]. For R.
exoculata, this molt cycle duration is about 10 days, leading to an important cost of energy and nutrients requirements [88].
This short cycle may suggest the presence of an exterior partner to help the shrimp during this energy requirement period.
Chitin is a complex insoluble polymer (31,4-linked N-acetylglucosamine- GIcNAc) that cannot enter microbial cells for
degradation. First, a secreted chitinase (such as endochitinase or exochitinase) must degrade chitin in smaller polymers that
can then enter microbial cells [89]. Aubé et al., 2022 [19] showed in their study that Ca. Micovillispirillaceae had several
Phosphotransferase System transporters such as chbB,C,A and nagE. These transporters may allow final chitin recycling by
importing chitobiose (a dimer of N-acetyl-D-glucosamine resulting from chitin degradation) and N-acetyl-D-glucosamine
(GIcNAc, final sub-unit of chitobiose) into the bacterial cells. However, only chitinase from family 19 Glycoside Hydrolase
(GH19) was found, suggesting another lineage would help the host chitinase to degrade chitin during molt. In fact, chitinases
from family GH19 are less retrieved in bacteria and their function remains unclear, suggesting they are not capable degrading
completely crystalline chitin [90]. On the contrary, the presence of chitinase from family GH18— majority found in bacteria and
characterized as essential for chitin degradation [91] - land its secretion related genes in the bacterial Lachnospirales cell
genome suggest a potential support to the host to degrade its chitin quickly and to reduce its energetic cost. Ca.
Microvillispirillaceae was hypothesized to use GIcNAc to produce F6P and synthesize cell wall since they possess the genes
involved in these pathways together with those for chitobiose and GIcNAc transport into the cell [19]. They may then rely on
Lachnospirales chitinase activity to ensure their full metabolic functioning. This bacterial syntrophy may also be involved in
amino acids and vitamins exchange. Indeed, Lachnospirales could not synthesize vitamins and produce different amino acids
than Ca. Microvillispirillaceae. Consequently, each lineage could provide to the other the metabolic products they rely on.

Metabolism

Contrary to main symbiotic lineages from the cephalothorax cavity harboring CBB cycle or rTCA cycle to synthetize primary
organic compounds [63, 92], Lachnospirales are devoid of those. Mainly heterotrophic, they rely on their host and other
microorganisms to ensure their nutrition. However, in this study, two secondary CO, fixation pathways were identified.
Consequently, Lachnospirales symbionts of R. exoculata may be able of mixotrophy, even if the heterotrophic pathway may still
dominate.

A particularly intriguing finding from this study is the stable co-occurrence of two bacterial lineages in the midgut of Rimicaris:
the anaerobic Ca. Microvillispirillaceae and the presumably microaerophilic Lachnospirales. Indeed, Ca. Microvillispirillaceae
are inserted between the microvilli of the epithelial cells within the ectoperitrophic space, a usually sterile zone for decapods
[19, 22], whereas in this study, Lachnospirales appeared to colonize the epithelial surface without penetrating between the
microvilli (Fig. 1). Consequently, Lachnospirales mostly cover the epithelium as their co-occurring bacteria, suggesting they
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could pick up O, leading to its decrease in the microvilli area. Therefore, Ca. Microvillispirillaceae would not be in contact with
0, explaining their co-occurrence with Lachnospirales.

A potential host control

As observed for Ca. Microvillispirillaceae, Lachnospirales symbionts appear not to undergo cell division, harboring long cells
shape morphology [19] and both symbionts are located in a zone described as “sterile” for decapods. This long cell shape
morphology had been retrieved in Candidatus Arthromitus, members of Lachnospiraceae, found in arthropods guts [91] but still
undergo cell division. Consequently, a potential explanation for Rimicaris’' case is that the host prevents and controls its
symbiont'’s cell division, but not their chromosomal replication, resulting to long and thin multichromosomic filamentous
symbionts. Further investigation should be conducted to understand the mechanisms involved in this control. Cell division is
regulated by the protein FtsZ within the Z-ring. The inhibition of this protein may lead to the apparition of long and single
filamentous bacteria. This can be caused by small molecules playing as antibiotics or having antimicrobial activities (Berberine,
cinnamaldehyde...) [94-96]. In some trypanosomatid protozoa regulating their endosymbiont cycle, it has been shown that a
perturbation in the host metabolism by specific proteins cause a bacterial cell elongation and cell division arrest [97].
Consequently, we could suppose that Rimicaris spp. may produce some specific molecules in their digestive system, such as
AMPs (Anti-Microbial Peptides), as the one retrieved in their cephalothorax [98].

According to the metagenomic analyses, Lachnospirales lack genes encoding chemotaxis. The presence of flagellum and Type
IV Pili would also facilitate their recognition and adhesion, but additional mechanisms may be implied in host and together with
other recognition molecules.

Immunity system: a key point along the sea-land continuum

A previous study reported a striking imbalance between the number of juveniles and adults Rimicaris chacei, with high juvenile
abundance but markedly fewer adults, suggesting a population collapse during initial metamorphosis [31]. This collapse may be
also explained by the low colonization of Lachnospirales in juveniles. In fact, because Lachnospirales cover the epithelium and
Ca. Microvillispirillaceae cells, they may play a protective barrier role separating the epithelium and Candidatus
Microvillispirillaceae from the peritrophic membrane and the alimentary bolus.

Their putative defensive role may be also reinforced by the presence of a CRISPRs/cas complex usually involved in immunity
whereas Candidatus Microvillispirillaceae only harbor CRISPRs suggesting an incomplete immune system [19]. With this
“barrier” role and their immunity genes, Lachnospirales might have a significant role in the holobiont protection. Their immune
potential may be similar to other Lachnospirales ones found in humans and rodents [26, 27]. These symbiotic bacteria can
degrade complex carbohydrates like cellulose acting as an intestinal barrier [27]. A study showed that Lachnospiraceae
produce butyric acid, involved in human host digestive system protection from colon cancer [99, 100]. Lachnospiraceae
symbionts have been detected as great potential candidates for intestinal therapeutics. For example, Lachnospiraceae
bacterium MA2020 harbors Cas72a ortholog that has been mutated, increasing its cleavage efficiency [101, 102]. Without these
symbionts, the digestive microbiota of the host may be more exposed to potential threats such as bacteria or viruses, leading to
intestinal dysbiosis.

Another stinking point of this study is that Lachnospirales and Ca. Microvillispirillaceae (Deferribacteres order) closest relatives
are both retrieved in the digestive system of terrestrial mammals. In fact, the CAMVHY01 family (closest relative to
Lachnospirales MAGs of this study) [68, 69] and Mucispirillum sp. [103, 104] (closest relative to Ca. Microvillispirillaceae) are
found in murine gut microbiota. Mucispirillum schaedleri, that colonize the murine gut mucus, protect the epithelium cells from
pathogens (like Salmonella enterica serovar Typhimurium colitis that can cause severe host diseases [105]) and are a
protective barrier against the alimentary bolus content. Their implication in the immune system of the host seems similar to the
one of Ca. Microvillispirillaceae as described in Guéganton, et al., 2022 and Aubé et al., 2022 [18, 19]. For both hosts, they are
inserted between the microvilli of the midgut tube epithelium cells and share the presence of CRISPRs. CAMVHY01 family and
Lachnospiraceae colonize as well murine gut microbiota [68, 69] and may be implied in the host immunity [26, 27, 99, 100].
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Therefore, Lachnospirales and Deferribacteres being retrieved into the same ecological niches of different hosts reinforces the
hypothesis they may be syntrophic lineages.

Moreover, for Lachnospirales, some relatives have been found in mammals like cattle, rodents like mice and chinchillas or
human digestive system. This lineage can thus colonize aquatic and terrestrial hosts, supporting the importance of the
eukaryotic evolution along the land-sea continuum. To go further in the comprehension of the evolution of Lachnospirales
between aquatic and terrestrial hosts, it could be interesting to detail and compare the metabolism of CAMVHY01 family
located in mouse and cattle gut.

New candidate names

According to our MAG functional and phylogenomic analyses as well as cell observations, we propose new candidate names
for this novel Lachnospirales family. We propose here a new fam. nov., gen. nov. and genus sp. nov. for the novel family
represented by these MAGs. We propose the new family Candidatus Syntrospirillaceae, named this way because they are long
and thin bacteria since they do not seem to divide themselves. Then, we propose the new genus Candidatus Rimicarisintestine,
according to its location in the Rimicaris spp. midgut tube. Then the species name proposed is Candidatus Rimicarisintestine
chitinovorans due to their potential in chitin degradation.

Conclusion

The discovery of a novel symbiotic relationship in the midgut tube of Rimicaris shrimp with key enzymes for complex polymer
degradation and immune functional genes suggests complex interactions within the holobiont. Moreover, these interactions
open the way to new questions regarding syntrophy between symbionts. Indeed, Lachnospirales and Candidatus
Microvillispirillaceae may communicate, first to avoid competition and then to complement their nutritional requirements. It
also reveals that the holobiont can adapt itself to environmental conditions, suggesting a regulation of its symbiotic
communities. It could be interesting to take our research a step further, by analyzing the host genome or using metabolomic
approaches that would help us to understand the overall functioning of the holobiont. Even if our research progresses, there's
still a long way to go before we fully understand the full extent of this holobiont's functioning and interactions. Indeed,
according to Aubé et al., 2022 [19], no MAG of Lachnospirales was retrieved in specimen’s midgut tube from Rainbow (36°13' N
—33°54' W, 2300 m depth), suggesting the non-universality of this symbiont. Consequently, the question of universality remains
open, suggesting depth (Rainbow and Puy des Folles being shallower) or geochemical environments (Rainbow and HYDRA
fluids being enriched in hydrogen and methane) may have an impact on the holobiont composition. Further studies on R.
exoculata specimens from Rainbow, Puy des Folles (20°30' N—45°38' W, 2000 m depth) and Hydra (24°96' N—45°57' W, 3700 m
depth) sites should be carried to answer this question.
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Bacterial composition at the order-level in the midgut tube samples of shrimp at different life stages, species and sites.
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Figure 2

Observation of Lachnospirales and CandidatusMicrovillispirillaceae in different midgut tube sections of Rimicaris specimens.
Lachnospiraleswere hybridized with the specific probe Clostri-Lachno109-Cy3 (white in C, otherwise yellow) and
Ca.Microvillispirillaceae were hybridized with the specific probe Def1229-Cy5 (red in B-D). Tissue cell nuclei are labeled with
DAPI (blue). (A) Represents section through the midgut tube of R. chacei adult specimen. (B-D) Represent sections through the
midgut tube of R. exoculata adult specimens. (E-F)Represent sections through the midgut tube of R. exoculata subadult
specimens. All the pictures were taken with the Apotome® slider. DIC was used for B. Scale bar = 10 mm (A-F).

Page 23/27



100 73_/”/| ————— Lachnospiraceae

100 JAQSXRO1
100 DSM-24629

0w____ ;
100 Vallitaleaceae
100 "] Bianqueaceae

100
100 — Vallitaleaceae A

" 100 //_I Cellulosilyticaceae

30 1 Defluviitaleaceae
100 % CALKRZ01
JAAYNZO1

0o | WQUNOT

o3 o 10— WRAAD1

o 21 —— JAISERO1
89) = JAISYEO1
BNUF01

a8 84 08 ] WRAXO01

83y JAITVMO1
' WRBFO1

100<| —— CAMVHYO1
95

84 100~ ——  M_TAG_MAG_00001
L M_SnakePit_MAG_00001
95 ) UBA5962

56 |

100

100]

100 CAG-274

100

Anaerotignaceae

100

10 100 ] UBA12420

100 JAKSVVO1
JAOARLO1

9 ] Lutisporaceae

Figure 3

Maximum likelihood phylogenetic tree using IQ-TREE v2.0.3 with the “WAG” general matrix model and 1000 bootstrap replicates
visualized using ggtreeExtra package for Lachnospirales.
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Schematic representation of the predicted metabolic potentials within the two LachnospiralesMAGs. In grey are represented

the pathways not retrieved in the MAGs.
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Figure 5

Chromosome observation of Lachnospirales using YOYO™-1dye labeling. (A) Represents section through the midgut tube of R.
exoculata adult specimen (taken with Apotome and DIC). Lachnospirales were hybridized with the specific probe Clostri-
Lachno109-Cy3 (yellow) and Ca.Microvillispirillaceae were hybridized with the specific probe Def1229-Cy5 (red). Tissue cell

nuclei are labeled with DAPI (blue). The green square is image B and D with a closer view. Scale bar = 20 mm. (B) YOYO™-1dye
labeling reveals several bacterial chromosomes per cell (green balls pointed by white arrows). Cells are non-segmented. Scale
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bar = 2 mm. (C) represents the fluorescence intensity profile within the bacterial cell (D) highlighting that chromosomes are
regularly spaced between 0.6 to 0.8 mm.
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