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Abstract

Many animals inhabiting deep-sea vents are enegadgtdependent on chemosynthetic
endosymbionts, but how such symbiont communityraatis with host, and whether other
nutritional sources are available to such animedsain unclear. To reveal the genomic basis of
symbiosis in the vent snallviniconcha marisindica, we sequenced high-quality genomes of the
host and gill campylobacterial endosymbionts, aéagemetagenome of the gut microbiome.
The gill endosymbiont has a streamlined genomeffaient chemoautotrophy, but also shows
metabolic heterogeneity among populations. Inted-iatra-host variabilities among
endosymbiont populations indicate the host posgsé&lection on gill endosymbionts. Virulence
factors and genomic plasticity of the endosymbpmovide advantages for cooperating with host
immunity to maintain mutualism and thriving in clgamy environments. In addition to
endosymbiosis, the gut and its microbiome expaadtiobiont's utilisation of energy sources.
Host-microbiota mutualism contributes to a highéxible holobiont that can excel in various

extreme environments.
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I ntroduction
Since the discovery of deep-sea hydrothermal vart877, many intricate symbioses have been
reported between vent-endemic animals and chemtoapitic microbes. While some
crustaceans such as the shriRipicaris exoculata (Durand et al., 2015; Petersen et al., 2010)
and the squat lobst&hinkaia crosnieri (Watsuiji et al., 2015) rely on ectosymbionts liviomg

their gills or their chaetae for nutrients, annelid the family Siboglinidae (Dubilier et al., 2008
and molluscs in several families such as Vesicoas/ignd Mytilidae (Dubilier et al., 2008) host
endosymbiotic microbes in their bacteriocytes. Butheir intimate relationships with
endosymbionts, it is generally accepted that irosyichbiosis the host relies entirely on
symbionts for nutrition (Childress and Girguis, 20Dubilier et al., 2008).

Alviniconcha is a genus of chemosymbiotic provannid vent snaikh five species distributed in
the Pacific Ocean and one in the Indian Ocean &lwhat al., 2015). Among genera in the
superfamily Abyssochrysoidea and those currensigagsd to family Provannidae, only
Alviniconcha and its sister genufremeria that live in hydrothermal vents harbour
endosymbionts in the gill epithelia (Beinart et 2019). Five species @&iviniconcha have been
reported — four from the Pacific Ocean and one filoenindian Ocean (Johnson et al., 2015).
The Alviniconcha species from the South Pacific are known to harboth chemoautotrophic
Gammaproteobacteria and Campylobacteria in its @Beinart et al., 2019), with the
endosymbiont type and relative abundance varyinly differences in vent fluid geochemistry
(Beinart et al., 2012; Sanders et al., 2013). mrest,A. marisindica from vent fields on the
Central Indian Ridge (CIR) hosts a single ribotgb€ampylobacterota endosymbionts
(Miyazaki et al., 2020). Campylobacterota are alamb¢h vent habitats and also live as
ectosymbionts on polychaete worms, molluscs, anstaceans (Assié et al., 2016; Campbell et
al., 2006; Goffredi, 2010; Watsuji et al., 2015t do not commonly assume the role of
intracellular symbionts. Campylobacterota are ckgpaboxidising sulfur, formate, and
hydrogen to produce energy (Beinart et al., 201§akhki et al., 2020; Takai et al., 2005), and
mostly rely on the reductive tricarboxylic acid ¢ TCA) for carbon fixation with the
exception of a bathymodiolin mussel epibiont posisgsa complete Calvin—-Benson—-Bassham
(CBB) cycle (Assié et al., 2020). Depending ondbandance of hydrogen and hydrogen sulfide,
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the Campylobacterota endosymbionfomarisindica is capable of shifting between these

reduced compounds as its main energy source (Miyatal., 2020).

Unlike siboglinid tubeworms and claBolemya reidi that have lost their gut (Dubilier et al.,
2008),Alviniconcha species retained theirs, albeit a much reduceq\Waeén and Bouchet,
1993). Dissection revealed soft biogenic substaandsmineral grains inside the snail gut,
indicating it is functionally active (Suzuki et ,a2005). AsAlviniconcha hosts endosymbionts in
the gill and has a previously overlooked functiomat, it serves as a good model system to tease
out the complex host-microbiota interactions thatlkey to our understanding of the adaptations
of these animals to the extreme environments idésp ocean (McFall-Ngai et al., 2013). Here,
we report comprehensive analyses of the holobibAtvoniconcha marisindica from a newly
discovered northern Indian Ocean population (Zhal.e2019). Through analysing the
symbiont genome and transcriptome, we aim to uhtheechemoautotrophic metabolism of the
symbionts and their machinery for interaction witist, whether such symbiont populations
contain streamlined and heterogeneous genomesthyaénable them to utilise diverse
substrates effectively, and how genomic plastiaftguch populations provide advantages for
thriving in their deep-sea habitat and interactaiign host to establish symbiosis. Through
analysing the host genome and transcriptome, weaimderstand how the host cooperates
with symbionts to maintain mutualism and how thetlsannate immunity has been remodelled
to support the symbiosis. We also test the hypdtlikeat the gut and its microbiome are likely to
provide nutrients that supplement the nutritionvpded by the endosymbionts. Through
dissecting the complex relations among the holbergilosymbiont and gut microbiome, our
study refine the holobiont concept in chemosymbietiosystems which have enabled many

animals to thrive in the extreme hydrothermal \@amtironments.

Results

Hologenome assembly and characterisation

The genome of the snalviniconcha marisindica, sequenced using a hybrid approach, is 829.61
Mb in length (N50 = 727 .6kb, genome completeness 96.5%) (Supplementary Bdbénd S2)
with 21,456 predicted gene models (79.5% comparigtannotated) (Supplementary Figure

S1). Comparative analyses among available lophiob@zan genomes (n = 26; Figure 1A)
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reveal a lack of obvious gene family expansiorh@&. marisindica genome. Thé.

marisindica genome encodes 737 unique gene families (6.8%ré&bB) when compared with
the genomes of a freshwater snail, a vent-endeng@mosymbiont hosting snail in a distant
clade, and a scallop. Analyses of these uniquesg@awveal an enrichment of genes related to
oxidoreductases, hydrolases, endocytosis, traresppend signal transduction (Supplementary
Figure S2 A and B). Among the annotated genesetim®Ilved in immune response, substrate
transportation, macromolecular digestion, and gdigmr are highly expressed in the intestinal
tissue (Supplementary Figure S2C), indicating adtimctioning of thé\. marisindica gut.

Sequencing a bacterial 16S rRNA gene clone libirary the gill tissue revealed over 99%
sequence similarity among the clones, confirmirggdiesence of a single endosymbiont
phylotype in the bacteriocytes. The campylobactémedosymbiont genome is 1.47 Mb in
length, located in two scaffolds (98.16% comple$sn®.82% contamination) with 1,429
predicted genes, among which 92.65% were succisafulotated (Figure 2A, Supplementary
Figure S3A). The campylobacterotal endosymbionbges here namegulfurovum
alviniconcha CR, possesses fewer coding sequences than otiktde whole genomes within
the phylum (Figure 3), but has the highest codieigstty (97.0%, Table 1) and minimal loss-of-
function mutations (Figure 4A), and similar averégegths in coding regions (Supplementary
Figure S4A). There are almost no flagellar or chi@xis genes in this endosymbiont genome.
When compared with its four Campylobacterota clesatives (Table 1)Qulfurovum
alviniconcha CR lacks many cell envelope biogenesis and noenréiat metabolic genes. For
example, genes involved in capsular polysacchabaegenesisdgps), and genes involved in
partial Citrate cyclegce andDLAT) which is one of the optional from pyruvate toyamA are
missing.Sulfurovum alviniconcha CR and its pathogenic relatives lack many DNA-neganes
(Supplementary Figure S5) that will lead to fregquggme loss, mutation, and recombination
(Kang and Blaser, 2006; Monack et al., 2004). Niaabess Sulfurovum alviniconcha CR
genome contains 180 unique orthologues when compdtk its four Campylobacterota close
relatives (Table 1, Figure 4B), including thosedlved in cell wall/membrane/envelope
biogenesis that modify the bacterial surface fanume evasion (e.gptA), enzymes related to
oxidoreductases and translocases that promoteyepeyduction and conversion in the
endosymbiont (e.gqoutA), and extracellular proteases secretion enhar@nterial virulence
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factors that associated with symbiotic interacti@g.aprE andpul D) (Supplementary Figure

S4 B and C). In additiorsulfurovum alviniconcha CR shares many virulence genes with its non-
pathogenic Qulfurovum species) and pathogenldd|icobacter andCampylobacter species)
Campylobacterota relatives, such as bacterialemeg factors haemolysin and MviN/MurJ,

intracellular invasion CiaB, and N-linked glycosydsm (NLG) with vital roles in infectivity.

In contrast to harbouring only one dominant phypetyf endosymbiont in the gill, the
marisindica gut contains diverse microbiota. Analyses of duis three snail individuals reveal
169 microbial genera from 38 phyla, with a diffdareamposition and relative abundance
compared to those in gastropods that do not redygetically on endosymbionts (Aronson et al.,
2016; Li et al., 2019). For example, the dominaerius in gut microbes & marisindica is
Sulfurovum (Supplementary Figure S3B) — a genus of chemaaptoic Campylobacterota.
Sulfurovumis a minor community in the gut of deep-sea baxtéig snailRubyspira osteovora
(Aronson et al., 2016) and it is rare in the gulresh-water polyphagous sn&bmacea
canaliculata (Li et al., 2019). The multi-taxa associationgaf microbiome iPA. marisindica
exhibit a significant non-random co-occurrencegrat{Figure 2B), indicating the effects of the
intestinal microenvironment in shaping microbiahcaunity composition. Especially, lactic
acid bacteria, vital for maintaining the gut ecatad balance (Koleva et al., 2014), account for at
least ~2.7% of gut microbes A marisindica, also shows that the gut microbiome is not
contaminants even if they are in low density (2%%%%) inA. marisindica (Supplementary
Figure S6).

Diverdgity and metabolism of the gill endosymbiont

Sequencing 23 isolates from 13 host snails (Tapbte\&als &8ulfurovum alviniconcha CR core-
campylobacterotal genome with 1,001 shared gen#i¢an(61.8—73.0% of the predicted
orthologues per isolate genome). Thiosulfate oledabxygen reduction, and key reverse TCA
cycle genes are present in the core-genome. Ealelteisepresents a subpopulation, the pan-
genome of 23 subpopulations contains 2,783 orthuasgof which 1,475 are isolate-specific,
and exhibit high metabolic flexibility, especialljong the chemoautotrophic pathways of sulfur
metabolism, hydrogen oxidation, and carbon fixa{®applementary Figure S7). For example,

the pan-genome contains hydrogen oxidation genye\BCDE gene cluster), nitrate reduction
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genes japA andnapD), and genes involved in hydrogen sulfide utilisatimetZ, catalyses the
formation of L-homocysteine from O-succinyl-L-homeogsie and hydrogen sulfide). Principal
component and phylogenomic analyses on 941 sharglé-sopy orthologues of 23 isolates
show thatSulfurovum alviniconcha CR are not clustered by their host individuals
(Supplementary Figure S8). Among 23 isolates, salg@0 isolates from the anterior and
posterior gills of 10 host snails (Table 2),20furovum alviniconcha CR genomes are obtained
with a total of 190 genomic average nucleotide tithe{ANI) values ranging from 98.5% to 99.7%
(Figure 4C). Nevertheless, these isolates belotigec@ame phylotype but have 28,448 single-
nucleotide polymorphisms (SNPs) among them, ingliged high genetic diversity. Based on the
results of genomic ANI and phylogenomic analysiSNPs, the 20 endosymbiont isolates are
classified into five types (Figure 4C) in a panmtictate among the 10 snails, showing that each

snail hosts genetically diverse endosymbionts aitiul different types.

Analysis of the core metabolic genesaffurovum alviniconcha CR genome reveals its
chemolithoautotroph capability, especially in adé oxidation of thiosulfatesx genes), but
it lacks the sulfide oxidation pathway as indicabgdhe lack of genes in thisr AB complex.
The sox multi-enzyme system allows generation efgynfrom thiosulfate oxidation, arsdxX-
SoXY-soxZ-SoxA-soxB genes are highly expressed (among the top 15Rj)farovum
alviniconcha CR (Supplementary Figure S9A). The absence offatslihiosulfate transporter in
Sulfurovum alviniconcha CR genome indicates that it can only use thioseifimm endogenous
organic sulfur compounds (Figure 5). A previougigtahows the gill tissue &. marisindica
from the Kairei hydrothermal site actively consuneedironmental sulfide (Miyazaki et al.,
2020), which is consistent witlgr (25th in transcriptome, Supplementary Figure S&JcysK
genes in th&ulfurovum alviniconcha CR genome involving in the conversion of sulfide t
polysulfides. In additionSulfurovum alviniconcha CR lacks the sulfur globule protein genes
(sgp) for intracellular sulfur storage, indicating t@edosymbiont might dependent on

intracellular polysulfides for sulfur storage.

Host-microbe syntrophic interactions
The tripartiteA. marisindica holobiont is supported by their tight metaboliecngdementarity

(Figure 5). Botisulfurovum alviniconcha CR and the gut microbiome of the Wooan
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marisindica possess typical metabolic pathways for synthegisambohydrates, amino acids, and
vitamins/cofactors and transporters for supplylmese to the hosBulfurovum alviniconcha CR
uses the rTCA cycle to fix carbon and synthesi€earino acids and 4 vitamins/cofactors
(Supplementary Figure S10A). The gut microbioma agole possess biosynthetic pathways
for 10 amino acids and 4 vitamins (Supplementagyfé S10A), among them all of the 10
amino acids and 2 of the vitamins are shared &itfurovum alviniconcha CR, but the vitamins
thiamine and nicotinate (and its derivative nicatimde) are unique to the gut microbiome. Four
amino acids and eight vitamins/cofactors cannayin¢hesisede novo by either the symbiont
system alone (Supplementary Figure S10B) and pineduction requires the complementary
metabolic pathways of the host and symbionts tlalbotate. For example, on8ulfurovum
alviniconcha CR is capable of synthesising tryptophan yetdk$agenes for tryptophan
metabolism, whereas the host genome contains lhteyfptophan metabolic pathway from
tryptophan to quinolinate. The host is further ableise quinolinate as a principal precursor to
synthesise nicotinate and nicotinamide (vitamin @3Qure 5). Neither the host n8ulfurovum
alviniconcha CR alone can synthesise thiamine (vitamin B1),thechost lacks the thiamine
transporter THTR) for absorbing thiamine extracellularly. Howevaulfurovum alviniconcha

CR can produce the thiamine phosphate precursopasslit to the host. Thiamine is then
synthesised as indicated by the highly expre®s#@ that catalysing the conversion of thiamine
phosphate to thiamine in the gill (Figure 5 and@amentary Figure S9B). Similarly, the host
cannot synthesise pantothenate but can obtaionit &ilfurovum alviniconcha CR in order to
synthesise coenzyme A (Figure 5). Fatty acids (léds)essential nutrients required by most
animals (Pranal et al., 1996). Holo-[carboxylages{/es as a biotin carrier protein and is essential
in the biosynthesis of fatty acidsAnmarisindica. Since onlySulfurovum alviniconcha CR can
synthesise biotin (Supplementary Figure S1@®Aarisindica likely uses biotin derived from

its endosymbiontSulfurovum alviniconcha CR. AlthoughSulfurovum alviniconcha CR only
possess biosynthetic pathways for saturated FAupsecs (Figure 5), they may provide these
precursors to the host, which can continue the iB8yimthesis by using the gend€H and

fasN, both of which are highly expressed in the giligy(re 5 and Supplementary Figure S9B).

NeitherSulfurovum alviniconcha CR nor gut microbiome alone are able to geneflateizients
needed by the host (Supplementary Figure S10B)ekample, the host expresses highly active
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pathways of pancreatic secretion and bile secratiaaldition to metabolic pathways of folate
and octadecanoic acid (Figure 5 and Supplementguyd-S9B), among other nutrients that
cannot be synthesised by the host or endosymihlomherous genes responsible for key
hydrolases that are responsible for breaking do@waramolecules, and specialised transport
proteins are highly expressed and enriched inrtestine (Supplementary Figure S2C, S11A
and S12A). In addition, the gut microbial enzymedude hydrolases (30.6—34.7%) (Dataset
S1), transferases (26.7-28.2%), and oxidoreducf{@s®sl7.4%). Large amounts of multi-
exohydrolase complexes in gut microbiome may prenttue host’s intestinal nutrient digestion
(Supplementary Figure S9C, Table S3). For exantgudéic acid bacteria (LAB) in the gut are
found to possess a major facilitator, sugar trartsppand enzymes for utilising large
carbohydrate molecules. The gut microbiome eveodgr additional enzymes such as
oligoendopeptidase pépF1) and alginate lyasalL) that can enhance digestion. Importantly,
Campylobacterota in the gut are chemoautotrophddamnd to encode the Sox system and
[NiFe]-hydrogenases, and fix carbon with a compi&@A cycle (Figure 5).

Strategies of symbiosis maintenance

Sulfurovum alviniconcha CR lacks genes to assemble surface layer prdi8ldas) or capsular
polysaccharides (CPs). Nevertheleagfurovum alviniconcha CR encodes and actively
expresses transmembrane signalling receptors,Aigidd its modification (Supplementary
Figure S11B)Sulfurovumalviniconcha CR does not encode putative virulence-relateceprst
(pag) for Cationic antimicrobial peptides (CAMPS) rearsce, but its genome harbours &tA
gene (Supplementary Figure S11Byolving in bacterial surface charge modification.
addition, genes encoding various proteases (ebglisin-like serine proteases) and the type |
secretion system (T2SS) are highly express&ilinrovum alviniconcha CR (Supplementary
Figure S11B), along with Sec and Tat secretoryways. On the other hand, genes involved in
the assembly of bacterial cloaks (CP, SLP), lippgatcharide (LPS), and other surface-
associated antigens responsible for bacterial amthé&s the intestinal epithelium and activating
the complement system (Sara and Sleytr, 2000; FaH¢otoch, 2016) are found in the gut
microbiome. Surface-layer glycoprotein variatiorthe gut microbiome is evident from the
differential expression of S-layer genes, a typardigenic variation responding to the lytic
activity of the host immune system (Supplementagyife S11B). In the gut microbiome Af
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marisindica, genes encoding for sialate O-acetylesterase (Sd#dhighly expressed
(Supplementary Figure S9C), which indicate thefivacsialic acid degradation in the gut.

The host immune system responds differentl@uiéurovum alviniconcha CR and the gut
microbiome. The gills harbour a much higher abundasf bacteria than the gut (Supplementary
Figure S6), but with weaker host immune responsSiggi(e 6A). Pattern recognition receptors
(PRRs) are essential in the host’s innate immuetsy. They can be divided into membrane-
bound PRRs and cytoplasmic PRRs. Genes encodindgpraraibound C-type lectin receptors
(CLRs) and cytoplasmic RIG-I-like receptors (RLRs® more active in the intestine than in the
gills of host invertebrates (Figure 6A). Toll-likeceptors (TLRs) recognise structurally
conserved molecules derived from microbes and @etivnmune responses. Genes encoding an
endosomal TLR13 are highly expressed in the g#iue, similar to the finding in the symbiont-
hosting gills of the vent mussBathymodiolus platifrons (Sun et al., 2017). In the gut, however,
membrane-bound TLR2 and TLR6 are more active (Eigdy). Once the host recognises the
symbionts, the gut and gills take different apphescto deal with the invading symbionts. In the
gut tissue ofA. marisindica, the component cascade is activated as indicatéuethighly
expressed complement component 1 compldy &nd complement CX) (Figure 6A and

6B). In the gill tissue, genes encoding the sigeptessor NReB1 (NFKB1), negative regulators
(NF-B inhibitor zeta NFKBIZ)), and TNFAIP3-interacting protein INIP1) of NF«B

response, all of which involved in attenuation ¢#kB, are highly expressed (Figure 6A).
Genes encoding four members of the GIMAP gene faané also highly expressed in the gill
tissue (Figure 6A). In addition, genes involved MF signalling, the MyD88-independent TLR
signalling pathway, and leukocyte differentiatiarich related to antimicrobial activity, are

enriched in the gills (Supplementary Figure S12B).

Discussion

Sulfurovum alviniconcha CR has a relatively compact (1.47-Mbp) and stresedlgenome. As
maintaining the symbionts involves costs (Douglad Smith, 1983; Meyer and Weis, 2012), the
host may prefer a cellularly economised symbiomiogee for energetic efficiency (Nicks and
Rahn-Lee, 2017). A small endosymbiont genome m&y ethhance growth efficiency and

intracellular competitiveness (Moran, 200)Ifurovum alviniconcha CR lacks most flagellar or
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chemotaxis genes like its Campylobacterota clds¢ives from deep-sea sediments (Inagaki et
al., 2004) and mounds (Nakagawa et al., 2007), egsethe Campylobacterota endosymbionts of
Alviniconcha boucheti from Kilo Moana vent field at the Eastern Lau $olieg Centre has
complete flagellar genes but no genes for the chetio signaling system (Beinart et al., 2019).
The Campylobacterota endosymbiontg\biiniconcha boucheti are thought to be motile at free-
living stage and such motility machinery could Isedifor finding a host. In this case, the non-
motile Sulfurovum alviniconcha CR has a different machinery for adhesion to taraction with
Alviniconcha marisindica. Several symbioses have shown that motility arehaitaxis are not
indispensable for recruiting symbionts from theissment, for example, some non-motile
sulfate-reducing bacteria and methane-producinigeaa in marine sediments use adhesins to
colonise their host (Orphan et al., 2001; Raina.eR019). In addition, low-fidelity repair in the
Sulfurovum alviniconcha CR genome increase its mutagenic potential, aol ganomic

plasticity has been found in human/animal pathag@&aimpylobacterota (Kang and Blaser,
2006; Monack et al., 2004) and deep-sea vent Cabpgterota (Nakagawa et al., 2007),
leading to micro-diversity increasement that canBecompetitive advantages enabling bacteria
persist in infections (Kang and Blaser, 2006; Mdneical., 2004) or thriving in ever-changing
environments such as deep-sea vents (Nakagawa 20@%; Nakagawa et al., 2007). The
Sulfurovum alviniconcha CR genome has the core of virulence for imporgéanial pathogens,
indicating its infectivity. Even if th&uilfurovumalviniconcha CR genome lacks many genes, it
shows the ability to face with a changing environmafect the animal host and survive

intracellularly.

The host selectivity of endosymbiontsAtviniconcha snails is low when compared to other
chemosymbiotic animals such as tubeworms (Beitait,€2012; Beinart et al., 2019; Yang et
al., 2020) which may harbour a high diversity (ewauntiple classes) of endosymbionts with
different types of metabolism within a single h@@e¢inart et al., 2012). This probably reflects
the combined effect of environment selectivity ba available phylotypes and differences in
vent fluid chemistry (Wang et al., 2017). A rardigcussed anatomical characteristic of the gill
endosymbionts in thalviniconcha species is that these endosymbionts residingansid
bacteriocytes are present in a state betweenitrcellular and extracellular (Endow and Ohta,

1989). Electron microscopy revealed that the vaauwi bacteriocytes housing the
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311 endosymbionts are exposed to the ambient seavabergh duct-like openings (Endow and

312 Ohnta, 1989). Considering the aggregated distributfosymbionts near the more exposed, outer
313 surface of the bacteriocytes, tAkviniconcha gill symbionts are in a ‘semi-endosymbiotic’

314 condition (Windoffer and Giere, 1997), which likgdyovidesAlviniconcha snails with the

315 ability to exchange or reacquire gill symbionts@ding to the local habitat and environment
316 selectivity through the endocytosis of free-livingcteria. Such ‘semi-endosymbiotic’ condition
317 provides gill endosymbiont populations with hetemogous genomes regarding metabolic genes
318 along the chemoautotrophic pathways that may ernhbblatilisation of diverse substrates.

319 Sulfurovumalviniconcha CR is capable of anaerobically oxidising thiostdfand hydrogen. The
320 environmental sulfide is conversed to polysulfideSulfurovum alviniconcha CR and then

321 Dbacterial organic polysulfides such as sulfur-cmmig amino acids are degraded to produce
322 intracellular thiosulfate for oxidation to producellular energy (Figure 5). This method of

323 sulfide utilisation and storage is different fronose seen in many deep-sea holobionts such as in
324 siboglinid tubeworms, where the host haemoglobmibito and transports the sulfides to

325 endosymbionts for direct oxidation or storage intbaal sulfur globule proteins (Yang et al.,
326 2020), and irBathymodiolus mussels, where the host oxidise sulfides and geoaireservoir of
327 thiosulfate for the endosymbionts’ oxidation (Podurai et al., 2020). We supposed that the
328 storage of environmental sulfidesSalfurovum alviniconcha CR’s polysulfides and the

329 utilisation of thiosulfate degraded from theseangdlular sulfur compounds, is more efficient
330 than those symbionts which use thiosulfate provioedxtracellular host tissues.

331

332 The synergistic biosynthesis of nutrientAimmarisindica gives the holobiont a capability of

333 nutrient production that is controlled by mutuagbgly of intermediates between the host and the
334 endosymbionts. Although the semi-endosymbiotic nafdeousing the gill endosymbiont

335 providesAlviniconcha with the ability to utilise a rather wide arraylzdcteria as gill

336 endosymbiont (Beinart et al., 2019), it comes @bst in that some symbiont phylotypes may
337 lack genes for certain syntrophic interactionshgiigh the digestive tract is substantially

338 reduced in the adult snail (Waren and Bouchet, 1 993narisindica has a functioning gut

339 which contains faecal-like black substances sugggttat this snail ingests food by either

340 grazing or filter-feeding liké. hesseri from the Mariana Back Arc Basin (Warén and Bouchet
341 1993) andA. marisindica from the Central Indian Ridge (Suzuki et al., 20@y supplying
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342 genes and functions that are missin@utfurovum alviniconcha CR and the host, the gut

343 microbiome help ensures the nutritional viabilifytlee holobiont as a whole. For example,

344 pepFl andalgL genes in the gut microbiome that enhance digestiettacking in the host snalil
345 and thus provide direct evidence that the gut rbiota has the potential to fulfil the nutritional
346 demands of the holobiont. Overall, the results sti@tthe gut microbiome has the potential to
347 provide nutrition benefits to th&viniconcha snail, an aspect of symbiosis that has been

348 neglected in previous studies of many deep-seasgndmotic holobionts. As thalviniconcha

349 species has a semi-endosymbiotic model of gill sgsib, the endosymbionts have flexible

350 symbiotic associations with the host, which magiraes impose nutritional limits on the

351 holobiont system. In such situations, the gut Yikentributes to keep the holobiont functionally
352 versatile, ensuring its thriving in vent fields fieang different geochemical environments and
353 available energy sources.

354

355  Sulfurovumalviniconcha CR lacks two common bacterial physical “cloaksSEPs and CPs that
356 protect intracellular bacteria from host defenagisdiso being recognised by the host as

357 immunodominant antigens (Zamze et al., 2002; SadaSkeytr, 2000). The absence of CPs
358 likely helpsSulfurovum alviniconcha CR enter host cells (Deghmane et al., 2002) athalces

359 the risk of polysaccharide recognition by the hiwshune system (Zamze et al., 2002). In

360 addition, lipid A modification enzymes and surfaignal receptors help bacterial pathogens to
361 avoid detection by TLRs (Thakur et al., 2019), thisy also apply t&ulfurovum alviniconcha

362 CR. CAMPs are key components of the host’s inmataune response (Le et al., 2017; Noore et
363 al., 2013). The presence of tq@A gene (Supplementary Figure S11B) involved in s@rfa

364 charge modification implies th&ulfurovum alviniconcha CR increases its surface positive

365 charge to repel CAMPs. T2SS enables the transpwedrimus cytoplasmic proteins into

366 extracellular milieu, including bacterial toxinscadegradative enzymes such as proteases and
367 lipases. Previous study of tubeworm endosymbidmdsvs that the endosymbiont may use serine
368 proteases to modulate the host’'s immune responderbigishing the function of host signal

369 proteins (Yang et al., 202@ulfurovum alviniconcha CR may use a similar strategy. Surface
370 antigenic molecules @ulfurovum alviniconcha CR are distinct from the gut microbiome,

371 indicating its host-specific imnmune-evasion mechans. In gut tissues, the mucus layer is the

372 interface between the gut flora and the host, &lit sicids are prominent carbohydrates of the

12
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intestinal mucus layer (Schroeder, 2019). Thuscszalid breakdown of the gut microbiome
indicates the way of intestinal bacterial encroaehiand survival. Such differences in
interaction with the host can lead to the estabiesht of different animal-microbe associations
(Koropatnick et al., 2004).

Accordingly, theA. marisindica host has distinct recognition profiles fad furovum

alviniconcha CR and the gut microbiome (Figure 6A). After beregognised by the host, the
invading symbionts will be controlled by the hostiferent corresponding strategies. The
component cascade is activated in the gut whictlathe microbe's cell membrane and
eliminate microbes to control bacterial infectigdaneway et al., 2001) (Figure 6B). In the qills,
potential attenuation of NkB are important as they grant the invaded cellstiati@l protection
(Burns et al., 2017; Best et al., 2019), and foamhers of the GIMAP gene family play critical
roles in constraining and compartmentalising pagimsgvithin cells (Weiss et al., 2013; Hunn et
al., 2011). In addition, genes responsible forrttagority of antimicrobial activity are enriched in
the gills (Supplementary Figure S12B). In this ¢aéise gill tissue shows a strong potential to
constrain the intracellular symbionts and resisirenmental invasion, which also indicate the
ability of Sulfurovum alviniconcha CR to evade these host antimicrobial activitiethatfree-

living stage. The weak host immune responses igitise(Figure 6A) indicaté&ulfurovum
alviniconcha CR are more adept at evading recognition by tts inamune system or inhibiting
activation of the host immune system. Overall,rigilts show tha®ulfurovum alviniconcha

CR may have evolved an immunomodulation mecharisinthey modulate the cell’s outermost
layer and release proteins enabling them to effelgtievade recognition by the host immune
system. In addition, the semi-intracellular positaf Sulfurovum alviniconcha CR may allow it

to avoid areas of high lysosomal activity in hasltscthat are part of the host self-defence
mechanism (Endow and Ohta, 1989). The balance battte host’'s immune activity and
bacterial counter-defence contributes to the coxiglef the persistent symbioses.

We show, through hologenomic and holotranscriptamnialyses, that th@viniconcha
marisindica holobiont is more complex than previously recogdjeing a tripartite system with
the host snail and gill endosymbiont additionallpgorted by functional gut microbiome. The

relative importance of each partnetAnmarisindica may fluctuate depending on the immediate
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availability of resources impacting the interplahstream, as has been shown for other
invertebrate symbioses (Morris et al., 2019; Bedtal., 1993). We unravel complex interactions
among symbiotic parties in te marisindica holobiont, which deepen our understanding of the
adaptation of many dominant chemosymbiotic holotsidimat rely on gill endosymbionts for
nutrition and also retain a functional gut, suck\lasniconcha’s sister genufremeria

(Windoffer and Giere, 1997), peltospirid snails é@Glet al., 2018), anBathymodiolus mussels
(Page et al., 1991).

Materialsand Methods

Sample collection and nucleic acid preparation

Alviniconcha marisindica individuals were collected from a water depth &1® m at the
Wocan vent site on the Carlsberg Ridge (CR) ohtbrthwestern Indian Ocean (60.53°E,
6.36°N) (Supplementary Figure S13). Sampling walaoted using the human occupied
vehicle (HOV)Jiaolong onboard the research vehidmngyanghong 9 on March 19, 2017.
Snails were placed into an insulated bio-box withhased lid using a manipulator to minimise
changes in water temperatudeaol ong took approximately 2.5 hours to return to deck. ©tine
snails were onboard the research vessel, all spesinvere immediately flash-frozen in liquid
nitrogen and then transferred to a°@dreezer for storage. The morphological observadiod

molecular taxonomy of snail samples were showrupp&mentary Note 1.

The frozen snails were thawed in RNAlater® (Invgea, USA) on ice, dissected with different
tissues fixed separately in RNAlater®, and therpared for nucleic acid extraction. A single
specimen oflviniconcha marisindica from Wocan was used for the holobiont genome aslem
The foot and neck muscles were used for host genbiHA extraction, and the endosymbiont-
harbouring gills were used for endosymbiont DNAragtion. A total of three snail individuals,
including the one used for identifying the host@®ae, were dissected into 7—10 tissue types
each with RNA extraction performed on the differesgues. The gills of 10 other individuals
were divided into anterior and posterior parts, tiedDNA of these 20 parts were extracted
separately for metagenome sequencing. The intestinthe three individuals were dissected for
total DNA and RNA extraction for the gut microbionaand the gills of these individuals were
also dissected for total RNA extraction (SuppleragniNote 1). Genomic DNA (gDNA) was
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extracted using the E.Z.N.A.® Mollusc DNA Kit (Onee@io-tek, Georgia, USA) and then
purified using Genomic DNA Clean & Concentratbt10 Kit (Zymo Research, CA, USA)
according to the manufacturer’s protocol. Total DbiAhe gills and that of the intestines were
extracted using the same protocol. Total RNA wdgaeted using Trizol (Invitrogen, USA)

from different tissues following the manufacturgsi®tocol and prepared for RNA-Seq. Nucleic
acid quality was evaluated using agarose gel elgletresis and a BioDrop ULITE (BioDrop,
Holliston, MA, US), and nucleic acid concentratiavere quantified using a Qubit fluorometer

v3.0 (Thermo Fisher Scientific, Singapore).

Library construction and sequencing

Genomic DNA was aliquoted and submitted to thregiercing platforms: lllumina, PacBio
Sequel, and Oxford Nanopore Technologies (ONT)bsaty with a 350Q1bp insert size was
constructed from gDNA following the standard pratiogrovided by lllumina (San Diego, CA,
USA). After paired-end sequencing of the library\Natvogene (Bging, China), approximately
50 Gb of lllumina NovaSeq reads with a read lerfth50 bp were generated. lllumina
sequencing of total DNA from the gills and thatatll DNA from the intestines were conducted
similarly, with approximately 50 Gb of reads gerniedafrom each gill sample for endosymbiont
genome assembly, approximately 6—8 Gb of readsgtukfrom each of 20 gill filaments for
symbiont genetic diversity analysis, and approxetyai2 Gb of reads generated from each of
three intestine specimens for metagenome analesesdverview of sequencing data in

Supplementary Note 2).

For preparation of the single-molecule real-timIE) DNA template for PacBio sequencing,
the gDNA was sheared into large fragments (i on average) using a Covaris® g-TUBE®
device and then concentrated using AMPure® PB bé&xda repair and purification were
carried out according to the manufacturer’s instams (Pacific Biosciences). The blunt adapter
ligation reaction was conducted on purified encarePNA, and after purification DNA
sequencing polymerases became bound to SMRTbhegllases. Finally, the library was
guantified using a Qubit fluorometer v3.0. Aftegaencing with the PacBio Sequel System at
the Hong Kong University of Science and Technol@gl{UST) and Novogene, approximately

72_Gb of long reads were generated, with reads less4tkb in length discarded.
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466

467 For ONT sequencing, a total of 34§ of gDNA were used for the construction of eabinalry
468 following the ‘1D gDNA selecting for long reads (BRQ.SK109)’ protocol from ONT. Briefly,
469 gDNA was repaired and end-prepped as per standaracpl, before it was cleaned up with a
470 0.4x volume of AMPure XP beads. Adapter ligatiod alean-up of the cleaned-repaired DNA
471 were performed as per the standard protocol anduhfed-ligated DNA was eluted using

472 elution buffer. The DNA library was mixed with seqcing buffer and loading beads before it
473 was loaded onto the SpotON sample port. Finallyusacing was performed following the

474  manufacturer’s guidelines using the FLO-MIN106 Rftodv cell coupled to the MinlOR!

475 platform (ONT, Oxford, UK). Raw reads were basdethhccording to the protocol in

476  MInKNOW and written into fastq files, and 9.&b of long reads were generated with reads less
477 than 4Kb discarded. MinlON sequencing of total Df¥@m one gill specimen was conducted
478 using the same procedures, generating 3.5 Gb d$ fea endosymbiont genome scaffolding
479 (see details of PacBio and ONT library constructroSupplementary Note 2). lllumina reads
480 from gDNA were used for the genome survey of theesvid\lviniconcha marisindica, and

481 PacBio and ONT reads were used for the genome ags€Bupplementary Note 3).

482

483 For eukaryotic transcriptome sequencing of diffetessues, a 250-300 bp insert cDNA library
484  of each tissue was constructed after removing tbkegpyotic RNA and sequenced on the

485 lllumina NovaSeq platform at Novogene to produce tp paired-end reads. Since the RNA of
486 (gills includes the sequences from both the hostla@dymbiont, another 250-300 bp insert
487 strand-specific library of each gill specimen waastructed using Ribo-Zero™ Magnetic Kit to
488 sequence both eukaryotic and microbial RNA. Theeeftwo sets of transcript sequencing data
489 were produced for the gills, one for both the faoat the symbiont, and the other for only the
490 host. The meta-transcriptome sequencing of thetinlewas conducted using the same methods.
491  Approximately 5-10 Gb of reads were generated fach tissue.

492

493 de novohybrid assembly of the host genome

494  Trimmomatic v0.39 (Bolger et al., 2014) was usettita the lllumina adapters and low-quality
495 Dbases (base quality20). The genome size Af marisindica was estimated to be 809.Mb

496 using the 17-mer histogram generated (Supplemenatg 3) and the genome heterozygosity
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was evaluated as 0.88% using GenomeScope (Vuttate 2017). Several genome assembly
pipelines were applied to assemble the genomeRatBio and ONT reads, including PacBio-
only approaches (e.g. minimp2+miniasm (Li, 2016) eidbg2 (Ruan and Li, 2019)) and
PacBio-ONT hybrid approaches (e.g. MaSuRCA ver8i@m® (Zimin et al., 2013), FMLRC
(Wang et al., 2018) + smartdenovo (Ruan, 2018)FMHORC (Wang et al., 2018) +wtdbg2
(Ruan and Li, 2019)). The detailed settings of ezsdembly pipeline are shown in
Supplementary Note 3.

A comparison of the assembly statistics of diffeq@pelines (Supplementary Note 3) showed
that the FMLRC+wtdbg2 assembly was the best anefibre this assembly was used in the
downstream analyses. The assembly was carriedsdatl@awvs: the ONT reads were
concatenated with PacBio reads and error correeitédllumina reads using FMLRC (Wang et
al., 2018). This hybrid error correction method wakected based on previous benchmarking
analysis on the available tools using lllumina eefut correction of PacBio/ONT long reads (Fu
et al., 2019). The corrected long reads were tksambled using wtdbg2 using the setting “-x
preset2” (Ruan and Li, 2019). Bacterial contamoratvas removed from the assembly using a
genome binning method in MetaBAT 2 (Kang et al120and MaxBin 2.0 (Wu et al., 2016)
(Supplementary Note 3). The lllumina reads werepedo the clean assembly with Bowtie2
(Langmead and Salzberg, 2012), and only uniquelyp®d reads were retained. The resultant
sorted .bam file was used to correct errors iragsmbly using Pilon v1.13 (Walker et al.,
2014). Two rounds of error correction were perfatnfeedundant genomic assembled contigs
from highly heterozygous regions were then remaw&@dg Redundans (Pryszcz and Gabaldén,
2016) with the settings of “--identity 0.8 --minLgth 5000".

Quality check of the assembled host genome

We monitored the genome assembly completenessednddancy using the metazoan
Benchmarking Universal Single-Copy Orthologs (BUSE®.0.6 pipeline against the
Metazoan dataset (Simao et al., 2015). A totaldf Qut of the 954 searched BUSCO groups
(96.5%) were complete in the assembled genomepmalgd®.3% BUSCOs were missing,
suggesting a high level of completeness ofdésovo assembly (Supplementary Table S1).
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527 QUAST v5.0.2 (Gurevich et al., 2013) was used &cklgenome assembly quality with PacBio
528 and ONT reads (Supplementary Table S2).

529

530 Annotation of the host genome

531 The WocarAlviniconcha host genome annotation pipeline generally followgureviously

532 published proceduré&(n et al., 2017 Briefly, the repeat content and the transposeleiments
533 were predicted and classified using the RepeatMasgeline (Smit and Hubley, 2010) which
534 searched against the known repeat library in Rephad also the species-specific repeat library
535 constructed by RepeatModeler (Supplementary Note 4)

536

537 Two versions of transcriptome assembly, i.e.dbaovo assembled version and the genome-
538 guided version, were independently assembled usingy v2.8.5 (Grabherr et al., 2011) and
539 concatenated. Sequences with similarity over 0.8/@wlustered with cd-hit-est (Li and Godzik,
540 2006). Maker v3.0 (Cantarel et al., 2008) was usexhnotate the genome. In the first round of
541 Maker annotation, only the transcriptomic evidewes used, and only a gene model with an
542 annotation edit distance (AED) score less than (Bdipplementary Figure S1) and predicted
543 protein length over 200 amino acids was reportée. fEsultant genome annotatigff file was
544  used to train anothele novo gene predictor, Augustus v3.3 (Stanke and Morgens2005).

545 The gene model with only one exon with an incongtgien reading frame and inter-genic
546 sequences less than 3 Kb was removed. The rdst lodria-fide gene models were used to train
547 Augustus. In the second round of Maker, evidenam fthree different sources, i.e. the

548 transcriptome, proteins from the Swiss-Prot dat@apaisd Augustus, were merged using

549 EvidenceModer (Haas et al., 2008). The mergedwasaalso integrated using Maker.

550

551 Gene functions were determined by using BLASTplignahe candidate sequences with NCBI
552 non-redundant (NR) and Swiss-Prot protein databagbghe settings of “-evalue 1e-5 -

553 word_size 3 -num_alignments 20 -max_hsps 20”. B@&F (Gotz et al., 2008) together with
554 EggNOG mapper (Huerta-Cepas et al., 2017) waseapmi assign Gene Ontology (GO) terms
555 and clusters of orthologous groups (COGS) to tlagepr sequences via GO and EggNOG

556 databases. The Kyoto Encyclopedia of Genes andraen(EGG) Automatic Annotation

557 Server (KAAS) (Kanehisa and Goto, 2000) was usembiwluct the KEGG pathway annotation
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analysis via the bidirectional best hit method. Pfi@n database was searched using profile
hidden Markov models (profile HMMs) (with an e-valaf 0.001) to classify the gene families
(El-Gebali et al., 2019).

Host gene family identification and phylogenomic analysis

A total of 26 lophotrochozoan genomes were analj@edues to the gene family evolution
(Supplementary Note 4). Orthologs among all spesare deduced via the OrthoMCL pipeline
(Li et al., 2003) with the BLASTp threshold setlte-5. Only single-copy genes in at least two-
thirds of the taxon sampled (i.e. in at least 18css) were used in the phylogenetic tree analysis,
resulting in 492 orthologous groups. Protein seqgasnvithin each orthologue was aligned using
MUSCLE with the default settings; spurious sequsrara poorly aligned sequences were
trimmed using TrimAL v1.4 (Capella-Gutiérrez et 2009). The final alignment of each
orthologue was concatenated with partition infoiorator the phylogenetic analysis using
RaxML v8.2.11 (Stamatakis et al., 2005) with theRGAT model. The MCMCTree v4.7 (Reis
and Yang, 2011) was used for tree dating. Theaaliration point was set to 590 Ma in
MCMCTree, and the LGFmodel of evolution was selected. Time frame camsts imposed to
calibrate the topology tree generated from RAXMé& sinown in Supplementary Note 4. The
MCMCTree was run for 1.0 x 1@enerations, sampling every 1.0 ¥ #8d discarding 20% of
the samples as burn-in. Gene family expansion/aotitn analysis was performed using CAFE
v3.1 (Han et al., 2013). Only a family level wi0.01 and”<0.01 deduced by the Viterbi
method was considered to be expanded or contracted.

Microbial metagenome assembly, annotation, and functional analysis

For microbial metagenome assembly of the gill, Tnomatic v0.39 (Bolger et al., 2014) and
FastUnig (Xu et al., 2012) were used to trim thenina reads and remove duplicates. The
bacterial abundance of gill metagenomic sequenessdeduced using Kaiju (Menzel et al.,
2016) based on the subset of the NCBI BLA® Tatabase containing all proteins belonging to
Archaea, Bacteria, and Viruses. The clean reads assembled using metaSPAdes v3.13.1
(Bankevich et al., 2012) with k-mer sizes of 21,38, 77, 99, and 127 bp, and the products
were pooled. Contigs potentially belonging to thenpylobacterotal endosymbiont genome were

separated from its host genome using a genomenginmethod as described in previous studies
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(Albertsen et al., 2013; Yang et al., 2020) (Supetary Note 5). A genome of presumably
parasitic Mollicutes was removed (Supplementaryf@dgs3A). Contigs of the endosymbiont
genome were further determined using MetaBAT 2 (Keinal., 2015) and MaxBin 2.0 (Wu et
al., 2016), assessed using CheckM v1.1.2 (Pardis, @015), and further scaffolded using
SSPACE-LongRead v1.1 (Boetzer and Pirovano, 20ddhpScarf (Cao et al., 2017) by adding
ONT long reads. The newly assembled scaffolds Wweneed again using the above pipeline.
GapFiller v1.10 (Boetzer and Pirovano, 2012) and2S&q v3.1 (Salmela et al., 2016) were
used to fill the gaps in the binned endosymbiomiogee. CheckM v1.1.2 (Parks et al., 2015) was
used to estimate the completeness and potentitdroamation of the binned genome. Coding
sequences (CDS) in the genomehafAlviniconcha endosymbiont were predicted and translated
using Prodigal v2.6.3 (Hyatt et al., 2010). Genecfion annotation of the predicted protein
sequences followed the same pipeline as that thescabove for the host snail (Supplementary
Note 5). The protein sequences were annotated loaséd, EggNOG, KEGG and Pfam
databases.

For the gut metagenome assembly, reads were trirametduplicates removed as described
above. The host’s interference in the analysisigstinal content was minimised by removing
reads that were aligned with the host genome WBavgie2 (Langmead and Salzberg, 2012)
before the assembly. The remaining reads were &ésg¢msing metaSPAdes v3.13.1
(Bankevich et al., 2012) with the same settingalams/e. The abundance and systematic
classification of intestinal metagenomic microlsatjuences were carried out using Kaiju
(Menzel et al., 2016) (Supplementary Figure 3B @BY Network analysis of intestinal
microbes was conducted based on their relativeddnge. To reduce the complexity of the
datasets, relative abundances higher than 0.01®netxined for the construction of the
network. All pairwise Spearman’s rank correlatiorese calculated in the R package “picante”.
Only robust >0.8 orr<-0.8) and statistically significant correlatio®(Q.01) are shown in the
network. Network visualisation and modular analysgse conducted in Gephi v0.9.2. Prodigal
v2.6.3 (Hyatt et al., 2010) was used to predicttaadislate the coding sequences in the intestinal
metagenome, and BLASTp was then used to alignahdidate sequences with the NCBI NR
protein database. The systematic assignment offgatéin was imported to MEGAN v5.7.0

(Huson et al., 2011) using the lowest common anc€sCA) method with the parameters of
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Min Score 50, Max Expected 0.01, Top Percent 5,l4328 Percent 100. Based on the
systematic results, the microbial protein sequensge selected for further gene functional
analysis, following the gene annotation pipelinsalded above. Blast2GO® (Go6tz et al., 2008)
and EggNOG mapper (Huerta-Cepas et al., 2017) aygsked to assign GO and COG terms to
the intestinal prokaryotic protein sequences. KAK8nehisa and Goto, 2000) was used to
annotate the KEGG meta-pathway of intestinal fleseng the single-directional best hit (SBH)
method. All the annotated information of intestiflafta was in Dataset S2; the potential function

and interaction of gut microbiome were shown in@ementary Note 6.

Phylogenomic analysis and genomic comparison of the endosymbiont

A total of 120 single-copy orthologous genes foumdll genomes of nine Deltaproteobacteria
(outgroup) and 111 campylobacterotal represenwbyeaProteinortho6 (Lechner et al., 2011)
(BLAST threshold E = 1 x 1) were retained for phylogenomic analysis. Sequenteach
orthologue were aligned using MUSCLE and trimmedg3rimAL (Capella-Gutiérrez et al.,
2009). The final alignment of each orthologue waiscatenated with partition information for
the phylogenetic analysis using RaxML v8.2.11 (Sttakis et al., 2005) with the GTRI+

model. The gill endosymbiont of the WocAlviniconcha marisindica was compared with the
endosymbiont oLamellibrachia tubeworm (Patra et al., 2016), the epibiont ofglzet
tubewormRiftia pachyptila (Giovannelli et al., 2016), and two free-living Caytobacterota
(Giovannelli et al., 2016; Nakagawa et al., 200@)T deep-sea hot vents (Table 1), which were
clustered within the same clade (Figure 3). Whaeegne ANI of orthologous gene pairs shared
between two microbial genomes was calculated usistdAN| (Jain et al., 2018) with the default
settings. A Venn web tool (http://bioinformaticdpsgent.be/webtools/Venn/) was used to
illustrate the shared and unique orthologous gamemg the five Campylobacterota
representatives (Figure 4b). Orthologous genesmnelyent in the Wocaf. marisindica
endosymbiont were classified as its unique gengbho@gous genes that were present in all the
other four reference genomes but not in the endbsym of Alviniconcha were classified as
reduced genes (Supplementary Note 7). In addigioriMM-based approach delta-bitscore
(Wheeler et al., 2016) was used to identify los§dotction mutations in shared orthologous
genes of the five Campylobacterota (Dataset S3I8mentary Note 7).
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651 In addition to the above genomic comparisons,a tit23 metagenome sequences were

652 obtained from 13 Wocaf. marisindica snails. A genome binning method was used following
653 the pipeline described in previous sections torabeand extract another 22 endosymbiont
654 genomes and the ANI among these 23 endosymbioohgesiwas calculated (Jain et al., 2018)
655 (Table 2 and Supplementary Note 8). The core gerstraeed across all 23 endosymbiont

656 genomes was obtained using Proteinortho6 (Lechiredr,011) (BLAST threshold E =1 x10
657 9. The pan genome including isolate-specific gemer® also detected. In addition, we also

658 captured genome-wide variation of endosymbiontsdygparing variations present in two parts
659 of the gills (anterior and posterior) in each sialividual, across multiple snails

660 (Supplementary Note 8). Selecting from the abovgé&®mes, SNPs among 20 endosymbiotic
661 isolates of the anterior and posterior gills frohshail individuals were called by aligning clean
662 high-quality lllumina reads from each gill sampléhna complete reference genome using the
663 novel high-accuracy pipeline BactSNP (Yoshimuralgt2019), in a single step. Pseudo

664 genomes of input isolates were obtained. For esalhte, all contigs in the pseudo genome were
665 concatenated into one sequence and submitted togamy analysis using RaxML v8.2.11

666 (Stamatakis et al., 2005) under the GTR + CAT model

667

668  Quantification of gene expression level

669 For host transcriptome sequencing data, the raslsrebeach tissue were trimmed with

670 Trimmomatic v0.39 (Bolger et al., 2014), the gerpression level in each tissue was expressed
671 in transcripts per million (TPM) with Salmon (Pagbal., 2017), and the number of read counts
672 for genes was also included in the quantificatesults. For meta-transcriptome sequencing data
673 of the symbionts, the same pipeline was followeith & Salmon index built for the transcripts of
674 symbionts obtained and translated from their gendata. The trimmed reads were then

675 quantified directly against this index and exprdsseTPM using Salmon (Patro et al., 2017). In
676 addition, using this quantification method, the gerpression levels of the gills were produced
677 from two sets of RNA sequencing data of the giisgis a meta-transcriptome dataset including
678 both the host and symbionts, and the other is argakic transcriptome including only host

679 transcripts). The consistency of gene expressiiddor the gills from these two sets of

680 sequencing data also confirmed the accuracy ofranscript-level quantification in the host and
681 its symbionts.
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Differentially expressed genes were determined B$&n2 using the normalisation method of
Loess, a minimum read count of 10, and a pairdadnes5). A gene was considered specifically
expressed in a particular tissue based on its sgiore levels compared across all other tissue
types (paired-test method). Genes overexpressadowdr twofold changes and false discovery
rate (FDR) < 0.05 when compared with other tisypes were considered to be highly expressed
(Dataset S4). WEGO (http://wego.genomics.org.crbigiwego/index.pl) was used to plot GO
annotations of highly expressed genes in the éiffieselected tissues. Statistically
overrepresented GO terms in the different tissusre waentified through topGO package in R
session (Alexa and Rahnenfuihrer, 2009). The GQ@lement network is visualised using the
Cytoscape application (Shannon et al., 2003). Biffgally expressed genes of different tissues

were shown in Supplementary Note 9.

Data availability

All raw sequencing data generated in the presadysire available from NCBI via the
accession numbers SRR11781614-SRR11781681, andrBpd&accessions SAMN 14881 2—
SAMN14907827. The data generated in the presedy $tave been deposited in the NCBI
database as BioProject PRINA632343. All softwarmmands used in the host genome
assembly are given in the Supplementary Informaifitve assembled transcriptome, predicted

transcripts, and proteins are openly available fimyad (DOI: XXX).
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1172 FigurelLegends

1173 Figurel. Genomic comparisons and gene family analyses acr oss L ophotrochozoa. (A)

1174 Genome-based phylogeny of selected taxa showingasiéon ofAlviniconcha marisindica

1175 among lophotrochozoans and divergence times amatigsoan lineages. Error bars indicate 95%
1176 confidence levelsB) Venn diagram depicting unique and shared gendiésnamong four

1177 lophotrochozoan genomes.

1178

1179 Figure 2. Gill endosymbiontsand intestinal microbiome of Alviniconcha marisindica from

1180 theWocan vent field. (A) Circle diagram showing an overview of genome rimfation of the
1181 binned endosymbiont based on COG annotat®nCprrelation-based network of intestinal
1182 bacteria genera (relative abundard®5%) from threé\. marisindica individuals. The network
1183 analysis displays the intra-associations withirhead-community and inter-associations

1184 between sub-communities. Node size is proportitmdle number of connections (i.e. degree of
1185 connectivity). Connection between nodes represgrmsg (Spearman correlation

1186 efficiency >0.8 (yellow) or <-0.8 (blue)) and sijoant (p-value <0.01) correlation. The same
1187 colour of nodes shows their highly modularisedgtdted) property within the network.

1188

1189 Figure 3. Genome-based phylogeny of campylobacter otal representatives. The position of
1190 theAlviniconcha marisindica endosymbiont among Campylobacterota belongs téathdy

1191 Sulfurovaceae and marked in red. Nine deltaprotgehal species are used to root the tree.
1192 Different lifestyles of the selected taxa are iatiel by squares of different colours (purple: free-
1193 living, red: endosymbiont, yellow: epibiont, anagn: pathogen/other). The right histogram
1194 indicates the size of each genome. The colourcolamn represents the size range (grey: >2.0
1195 Mb, dark blue: <2.0 ang1.5 Mb, red: <1.5 Mb). The line chart in orangeigades the number
1196 of coding sequences (CDS) of each genome. Cirtlddferent colours are used to indicate
1197 different ranges of GC content in % (re®8.0, yellow:>33.0 and <38.0, greer28.0 and

1198 <33.0, black: <28.0). The genome size of Ahenarisindica endosymbiont is the smallest among
1199 whole genomes within the phylum, and its GC coniestightly lower than those of the four
1200 closest relatives in the same clade.

1201
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1202 Figure4. Genomic comparisonsand gene family analyses of the Wocan Alviniconcha

1203 marisindica endosymbiont and four closely related members of Campylobacterota. (A) The
1204 loss-of-function genes of thee marisindica endosymbiont shown in different COG categories
1205 obtained via pairwise comparison with genomes efatiner four Campylobacterota members.
1206 The histogram on the left presents the result ofgaring theA. marisindica endosymbiont with
1207 the other four campylobacterotal bacteria. Ahanarisindica endosymbiont has significantly
1208 fewer mutated genes than do the referen&)své€nn diagram depicting unique and shared gene
1209 families among the five campylobacterotal genor{@s SNP-based phylogeny on the whole-
1210 genome level of 20 endosymbiotic isolates fromAlfarisindica individuals showing the inter-
1211 and intra-individual relationships 8f marisindica endosymbionts. The genomic ANIs among
1212 these 20 isolates obtained via pairwise compariaomshown in the heat map. The number in
1213 the name of each isolate represents the host thdiljiand the capital A and B represent the
1214 anterior and posterior parts of the gills, respetyi

1215

1216 Figureb. Overview of metabolic pathways of the Alviniconcha marisindica holobiont from
1217 the Wocan vent field. Metabolic pathways of different organisms inclugthe gill

1218 endosymbiont, intestinal microbiome, and fhenarisindica host are presented in different
1219 colours (blue: gill endosymbiont, refl: marisindica host, orange: intestinal microbiome, and
1220 grey: missing genes/pathways). Similarly, metabslitom different sources are also shown in
1221 different colours (blue: from gill endosymbiontdrdrom A. marisindica itself, and orange: from
1222 intestinal food or microbiome). The compensatiortinagism is revealed by the host’s

1223 collaborating with its symbionts to synthesise s or their mutually using important

1224 metabolic intermediates. The combination of endogsrand exogenous energy sources is
1225 shown here to explain the adaptive mechanism oéieeA. marisindica holobiont.

1226

1227 Figure 6. Symbiosis constraints of the Alviniconcha marisindica holobiont. (A) Heat map of
1228 the transcriptional activity of genes involved ioshinnate immunity in the foot, neck, mantle,
1229 intestine, and gill tissues showing distinct immax@ression profiles regulated by the two types
1230 of symbionts in thé\. marisindica snail. Each grid in the heat map represents artifai gene.
1231 The colour represents the gene expression leveéfban normalised TPM values of the selected
1232 tissues). The annotated gene names and theirdaattlassifications are listed on the top side.
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(B) Symbiosis model of thA. marisindica holobiont with two different symbiotic constraints
and interactions with the external environment.pattern recognition receptors (PRRs) and
pathogen-associated molecular patterns (PAMPSs) isthene are identified from the genome and
transcriptome data. SLPs, surface layer proteiRS§, lipopolysaccharide; CPS, capsular
polysaccharides; SIAE, sialate O-acetylesteras® B peptidoglycan recognition proteins;
TLRs, toll-like receptors; C1qg, complement compdriaq T2SS, type Il secretion system.
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1240 Table 1. Comparison of general genomic featureSdfurovum alviniconcha CR and references.

Name Lamellibrachia Sulfurovum Sulfurovum riftiae Sulfurovum sp. Sulfurovum
satsuma lithotrophicum NBC37-1 alviniconcha CR

INSDC JQIX00000000.1 CP011308.1 LNKT00000000.1 AP009179.1 —
Size (M b) 2.00 2.22 2.37 2.56 1.47
GC (%) 39.7 44.3 45.6 43.9 37.1
Protein 1,852 2,148 2,317 2,481 1,386
tRNA 37 44 45 44 40
Gene 2,019 2,227 2,432 2,583 1,429
Per centage

; 91.7 96.5 95.3 96.1 97.0
coding (%)
Pseudogene 126 23 62 46 —
Habitat Trophosome Sediments Tube Sulfide mound Gills
Depth (m) ~112 1,033 2,500 1,000 2,919

1241 Genome data —Sulfurovum alviniconcha CR: this study; the endosymbiontlcdmel librachia
1242 satsuma: Patra AK et al., 201&ulfurovum lithotrophicum: Inagaki F et al., 20048ulfurovum
1243 riftiae: Giovanneli et al., 201&ulfurovum sp. NBC37-1Nakagawa et al., 2007

1244
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1245 Table 2. General genomic features of the binned endosynmfiAlviniconcha marisindica

1246 extracted from 23 metagenome datasets of gill flais.

. Sample : Genome Contig GC Completeness Contaminatior
Individual No. Gill part size (Mb) No. (%) CDS (%) (%)
38I-DV129-2 1 random 1.47 2 37.09 1,386 98.16 0.82
381-DV129-3 2 random 1.31 153 37.49 1,396 96.11 3.89
381-DV129-16 3 random 1.33 77 3741 1,384 96.31 1.43

4-B posterior 1.76 298 37.77 1,734 99.18 2.25
381-DV129-14-1 .

4-A anterior 1.75 291 37.49 1,745 99.18 2.66

5-B posterior 1.55 126 37.71 1524 98.36 2.05
38-DV129-14-2 i

5-A anterior 1.85 257 37.44 1,816 99.59 3.69

6-B posterior 1.75 306 37.82 1,722 99.18 1.30
38/-DV129-19-1 )

6-A anterior 1.39 62 37.25 1,394 98.77 1.43

7-B posterior 1.72 149 37.66 1,676 99.18 1.23
381-DV129-19-2 )

7-A anterior 1.76 288 37.67 1,759 98.77 0.82

8-B posterior 1.55 172 3792 1525 97.95 2.46
381-DV129-20 i

8-A anterior 1.60 207 37.64 1,612 98.57 2.87

9-B posterior 1.46 176 37.79 1,493 98.36 1.23
38/-DV131-1 .

9-A anterior 1.58 143 37.76 1,540 97.95 2.05

10-B posterior 1.43 134 37.59 1,445 97.95 2.05
381-DV131-3 .

10-A anterior 1.55 138 37.77 1528 98.77 2.05

11-B posterior 1.45 109 37.45 1541 97.54 2.46
381-DV131-8 i

11-A anterior 1.53 117 37.83 1,484 98.77 1.64

12-B posterior 1.38 59 37.25 1,409 97.95 0.61
381-DV131-9-1 )

12-A anterior 1.55 143 38.00 1,499 97.13 1.23

13-B posterior 1.39 68 37.81 1,430 98.16 1.02
381-DV131-9-2 )

13-A anterior 1.43 154 37.31 1,438 97.54 2.25

1247
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Genome information
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COG functional categories
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B Translation, ribosomal structure and biogenesis
Transcription
DNA replication, recombination and repair
Cellular processes
W Cell division and chromosome partitioning
B Posttranslational modification, protein turnover, chaperones
Cell envelope biogenesis, outer membrane
W Cell motility and secretion
Inorganic ion transport and metabolism
B Signal transduction mechanisms
Metabolism
B Energy production and conversion
B Carbohydrate transport and metabolism
B Amino acid transport and metabolism
Nucleotide transport and metabolism
Coenzyme metabolism
' Lipid metabolism
B Secondary metabolites biosynthesis, transport and
catabolism
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General function prediction only
Function unknown
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