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Abstract

Phenotypic plasticity and symbiosis are two keydeinfluencing the evolution
and adaptation. However, knowledge of how symbicgits and organs evolve under
and adapt to emerging environmental changes Issetifce. Herein, we assessed the
long-term phenotypic changes of gill in aposymliateep-sea mussels induced by
methane deprivation to clarify the physiologicakisathat facilitates evolution and
adaptation of mussels. We showed that aposymbiotissels managed a long
survival by digesting symbionts and remodeling gf@bal metabolism to conserve
energy. The mussels also replaced bacteriocytds aifiited cells to support filter-

feeding, and retained robust generation of news ctll dynamically respond to
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environmental changes. These phenotypic changes regulated by sterol-related
signaling pathway of host and influenced by sten@tabolism of symbiont. The
robust plasticity of gill advantages the evoluteomd adaptation of deep-sea mussels,
and highlights the interaction between environmemd symbiosis in the complex

evolution of holobionts.

I ntroduction

Phenotypic plasticity, which allows organisms toterl their physiology,
development, morphology, or behavior in responseeriwironmental signals, is
implicated as a major factor influencing the evioltof eukaryote’s Symbiosis is
suggested to be a direct outcome of phenotypidiplgsand a source of phenotypic
polymorphism that has substantially expanded tlodogizal ranges of organisms via
the mutualistic interaction with symbiofAtsWhile the breadth and importance of
symbiosis and phenotypic plasticity are well redpgd, the interaction between
phenotypic plasticity and symbiosis, including hglasticity has facilitated the
acquisition of symbiotic traits and how symbiot&saciations reciprocally influence
phenotypes, are yet to be fully eluciddtewith a growing body of information
obtained from model holobionts, such as the Hawababtail squid Euprymna
scolopes) and hemimetabolous aphids, the formation and matidun processes of
symbiotic cells and organs, as the core trait ofilsipsis, are now becoming cléar
Research has shown that the acquisition of symbio#ills and organs can be
facilitated by a set of conserved molecules andutateld by symbionts’. However,
knowledge of how hosts maintain the proper funcdod development of symbiotic
cells and organs under emerging environmental adsaramd how the symbionts
influence these processes remained to be elucidathath further hinders the
understanding of evolution and adaptation of sysibio

The Mollusca phylum is the second most speciesgigfium, with a wide range of
habitats including fresh water, intertidal regioasd even the deep sea. In addition to
their vast diversity of body plans, mollusks arsocaknown to possess diverse and

intimate symbiotic associations with microbes tadw them to obtain nutritidh
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Studies have further shown that the symbiotic aations between mollusks and
microbes can vary with regard to the location ofmbionts and their type and
transmission mode Moreover, the mollusk holobionts have benefitedagy from
the diverse symbiotic associations by expanding treitats and biomass in almost
all marine ecosystems, from shallow-water seagbasis to deep-sea hydrothermal
vents and cold seeps. It has been estimated thatthbiotic association in mollusks
was established only a few hundred million years, agfter which the mollusk
holobionts have evolved multiple times to adapbés environment§* Symbiotic
associations may even have been lost in some @égepisssels during periods when
organic matter was more accessibl@he diverse and dynamic changes of symbiotic
traits therefore make bivalves promising modelsttier investigation of the evolution
and adaptation of symbiotic associations.

As endemic species in deep-sea cold seeps andthgdral vents, deep-sea
mussels are known to harbor methanotrophs andtrdaphs in their specialized qgill
epithelial cells (bacteriocytes) as their majorrseuof nutritioff. Deep-sea mussels
can obtain these symbionts horizontally from theiremment throughout their life
span$® Biogeography research has shown that deep-seaeftausre usually
distributed in patches close to fluid flows or s@ggs with high concentrations of
methane or sulfides to maximize the fitness of sptitbassociatiofi. Nevertheless,
some deep-sea mussels are also found in regionsnsiifficient methane or sulfides,
and can regain their symbiotic association evenmnvthe symbionts are completely
lost due to the deprivation of these chemiCalproviding a unique opportunity to
investigate the environmental influence on symbiassociations and the phenotypic
changes of symbiotic traits in relation to differesymbiotic states. Therefore, this
study conducted a long-term methane deprivatioayass the methanotrophic deep-
sea musselGigantidas platifrons) to assess the dynamic changes of symbiotic cells
and organs during methane deprivation and symhieptetion. Using multi-omics
analysis, the molecular basis underlying the dyeamiienotypic changes was
decoded. Finally, by comparing data obtained fropmisotic and decolonized

mussels, this study addressed the possible infiseat symbionts in the phenotypic
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changes of symbiotic cells and organs.
Results
Phenotypic changes of symbiotic organs under methane deprivation

To assess the phenotypic changes of the symbielis and organs of deep-sea
mussels under long-term methane deprivation, ardabiy recirculating system was
set up to cultivate the methanotropficplatifrons mussels in an environment similar
to that of a cold seep (including temperature aadohity), but deprived of methane.
Although G. platifrons mussel mortality was continuously observed durthg
cultivation period, dozens of mussels survivedh@a system for nearly 1 year. Using
this system, mussels in different stress stages weccessfully collected, including
freshly collected mussels (InS) and mussels deprofanethane for 7 days (G7D), 4
weeks (G4W), 3 months (G3M) and 1 year (G1Y) (Hi4). Quantitative real-time
PCR (gqRT-PCR), fluorescencesitu hybridization (FISH), and transmission electron
microscope (TEM) analysis showed that both the itlerad overall number of
symbionts decreased continuously under methanevdépn, and could no longer be
detected after the third month (Fig. 1B, C, FigAp1The robust decline of the
symbiont population confirmed the substantial ieflae of methane deprivation,
which compromised the stability of symbiotic asations. Accompanied by the
decolonization of symbionts, it was also noticeatiiat the relative volume of
secondary lysosomes in bacteriocytes increasediadihs in the G7D and G4W
groups in comparison with normal mussels (InS grdéy. 1C). The bacteriocytes
disappeared gradually in the gill tissue aftertthied month, and were replaced with
ciliated cells. These results revealed the drastamges in the phenotype of symbiotic
traits under methane deprivation and implied thdluemces of symbiont
decolonization on the function and developmentyaitsiotic cells and organs.

To address the phenotypic changes at the moldewal; this study then conducted
both proteomic and metabolic analyses using giiue samples obtained from both
the normal and decolonized mussels. Consequerttiyabof 7821 host proteins were
identified in the proteome, occupying 22.58% oat@ncoding genes i@. platifrons

(Table S1). Principal component analysis (PCA) &whrson correlation analysis
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demonstrated good consistency among samples obédahe group, verifying the
repeatability and reliability of the proteomic daféig. S1B, C). In addition, by
screening the differentially expressed proteingadh group in comparison with the
InS group, it was found that the expression atladeke decolonized groups (G7D,
G4Ww, G3M, and G1Y groups) were distinctly differérdm those of normal mussels
(InS group), while the G7D and G4W groups were lyigtimilar to each other,
sharing the majority of differentially expressedteins (Fig. S1D). The distinct
expression atlases demonstrated the vigorous mate@sponse of deep-sea mussels
against methane deprivation and indicated that itbsts might adopt different
strategies during the early-stage (the G7D and @&4fdMps), middle-stage (the G3M
group), and long-term (the G1Y group) stress. lppsut of this speculation,
functional enrichment analysis of the differentiaixpressed proteins also showed
that the hosts employed distinct biological proessm different stage of methane
deprivation, ranging from cell metabolism to cytelskon/organelle rearrangement
and cell proliferation/differentiation (Fig. S2,g-iS3, and Table S2). In accordance
with the proteomic results, metabolomics analyss® ahowed distinct metabolic
patterns between groups (Fig. S4, Table S3, ankg B4). The dynamic modulations
of the cell metabolism, cytoskeleton/organelle n@@gement, and cell
proliferation/differentiation were consistent witie morphological changes observed
in the FISH and TEM assays, and provided valuatftermation to on the influence
of symbionts during the methane deprivation pracess
Lysosome-mediated digestion promoted symbiont depletion at the early stage of
methane deprivation

Among the morphological changes of bacteriocytest thccurred shortly after
methane deprivation, the depletion of symbionts whgreat importance as the
symbionts served as the major nutrition sourcetheif hosts. With high-resolution
TEM images of bacteriocytes, methanotroph debris wlaserved in the lysosome,
indicating the participation of lysosome-mediatégedtion in the symbiont depletion
(Fig. 2A). In support of this speculation, it wasted that the majority (11/13) of the

differentially expressed proteins involved in thigdsome were up-regulated (Fig. 2B).
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Accompanied by the enhancement of lysosome actidgveral key enzymes
involved in thef-oxidation of fatty acids of the peroxisome, incghgl acyl-CoA
oxidase (ACOX1), enoyl-CoA hydratase 2 (ECH2), tara O-palmitoyltransferase
1 (CPT1A), and (3R)-3-hydroxyacyl-CoA dehydrogengs&D17B4}°, were also
found to be promoted (Fig. 2C), resulting in thewmulation of some intermediates
of fatty acid oxidation such as lysophosphatidylotey
lysophosphatidylethanolamine, and carnitine (Fi@®).2The rapid promotion of
lysosome and peroxisome activity confirmed theipigdtion of lysosome-mediated
digestion in symbiont depletion, which is an essénvay for the host to obtain
nutrition when symbionts became infertile aftemigeileprived of methane.

It was also noteworthy that the continuous digestid symbionts further led to
eutrophication in the gill cells, as evidenced e trobust promotion of host
gluconeogenesis and glycerol synthesis--relatedtejm® In detail, three
phosphoenolpyruvate carboxykinase (PCK) proteirste-limiting enzymes in
gluconeogenesi§ were dramatically up-regulated in the G7D grotig( 2E).
Several gluconeogenesis-related carbohydrates,udimg) glucose, glucose 6-
phosphate, fructose 6-phosphate, pyruvic acid,onadid, and citric acid, were also
significantly accumulated in the metabolome of @i#D group (Fig. 2F). Similarly,
aldehyde reductase (AKR1B) protein, a key enzymelird in glycerol synthesi
was also found to be up-regulated in the G7D gf&igp 2G), accompanied by newly
synthesized lipid droplets in bacteriocytes (Fiy).2ZI'hese findings suggested that the
mussel host could further store extra nutritionaoit#d from the lysosome-mediated
digestion of symbionts shortly after methane degirdn. These nutrients were crucial
under prolonged methane deprivation.

Apoptosis of bacteriocytes highlighted the developmental changes of the gill after
symbiont depletion

As methane deprivation and symbiont depletion oomtil, the morphology and
population atlas of gill cells began to change aeatbly. In particular, most of the
bacteriocytes were replaced by ciliated cells dir gglls with microvilli, and few

bacteriocytes were retained (Fig. 3A), suggesthag the mussel host adjusted the
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development of gill tissue in response to prolongexthane deprivation. This study
then examined the proteomics data of the G3M gtougcreen possible genes and
processes guiding these developmental changeseQaosstly, two caspase proteins
(caspase 2 and caspase 7) were found to be sagilficup-regulated in the G3M
group in comparison with mussels during the eathgs of methane deprivation
(G7D group), implying the participation of cell ggosis in the abolition of
bacteriocytes (Fig. 3B). In support of this spetafg some of the remaining
bacteriocytes were found to undergo apoptosis é@3M group (Fig. 3C), with
shrunken cellular size, irregular cell nuclei, censled chromatin, and phagocyte-
mediated phagocytosts In addition, diverse proteins involved in celblifieration
and differentiation, including neurofibromin 1 (Nflepidermal growth factor
receptor (EGFR), dual specificity protein phosplata DUSP1 and DUSP3),
cytosolic phospholipase A2 (PLA2G4), sphingosineke (SPHK), serine/threonine-
protein phosphatase 2B catalytic subunit (PPP3@), @ostaglandin-endoperoxide
synthase 2 (PTGS2)* were also significantly up-regulated in the G3kbup in
comparison with the G7D or InS group (Fig. 3D), ethpossibly contributed to the
proliferation of ciliated cells and collectively nied the developmental changes of
gill tissue.

With the depletion of symbionts and apoptosis afté@ocytes, the mussels could
no longer obtain nutrition from symbionts. Thisdytuhen sought to determine how
the mussel hosts adjusted their metabolism to the@t nutritional needs. While the
host down-regulated the symbiont-digestion procéssyas found that proteins
involved in the turnover and transition of essdmtatabolites, especially sterols and
amino acids, were robustly promoted. For exammainal cholesterol ester hydrolase
1 (NCEH1) protein, a key enzyme involved in hydeihg cholesterol ester into
cholesterd!, was significantly up-regulated in the G3M grotig( 3E). In addition,
host genes involved in protein digestion and aligmrpsuch as collagen and solute
carrier family members (SLC3A1 and SLC7A8), as vesllamino acid cycling, such
as the aminoacyl-tRNA synthetases, were also sigmifly up-regulated?® (Fig. 3E).

The up-regulation of these proteins suggested that host was promoting the
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turnover process of essential metabolites to gatisfutritional needs in the absence
of symbionts. In accordance with the proteomicsltesobust increases of cholesterol,
lanosterol, epicholestanol, cholecalciferol, andeot sterol intermediates were
observed in the G3M group, in comparison with missaethe early stage of methane
deprivation (Fig. 3F). Similarly, concentrationssaime essential amino acids, such as
arginine, proline, glycine, valine, ornithine, aradanine, and some proteolytic
intermediates, such as Pro-Leu and Gly-Phe, weie falind to be increased in the
G3M group (Fig. 3G). The promotion of the turnowaerd transition of essential
metabolites was consistent with the finding thatssell hosts stored extra nutrition
obtained from the lysosome-mediated digestion oftsgnts. These responses are
also widely observed in other holobionts when tlsgmbiotic associations collapse
due to environmental stress.
Enhanced filter-feeding function facilitated long-term survival without symbionts

As mentioned above, the methanotrophic deep-seaaisusianaged to survive for
almost one year under methane deprivation. Thidirfjnraised the question of how
the mussel hosts adjusted the metabolism and @amofigill tissue after the abolition
of bacteriocytes and replenishment of ciliatedscefithough it was speculated that
the mussels could continue down-regulate their ggreonsuming processes to
conserve nutrition, functional enrichment analyd&snonstrated robust increases in
the glucose metabolism and amino acid metabolisrthéngill tissue of the G1Y
group. Noticeably, the comprehensive promotion lg€aglysis, the TCA cycle, and
oxidation phosphorylation were observed in muskels the G1Y group, and were
evidenced by the up-regulation of key enzymes, saschldose 1-epimerase (galM),
glucose-6-phosphate 1-epimerase, 6-phosphofruets&inl (pfkA), fructose-
bisphosphate aldolase (ALDO), pyruvate carboxylé®€), citrate synthase (CS),
aconitate hydratase (ACO), 2-oxoglutarate dehydrage (OGDH), succinyl-CoA
synthetase beta subunit LSC1/2, succinate dehydasge fumarate hydratase (fumA),
malate dehydrogenase (MDH1), NADH dehydrogenaséquuinl-cytochrome c
reductase CYC/QCR?7, and cytochrome c oxitl&8éFig. 4A, B). NCEH1 was found

to be continuously up-regulated in the G1Y groumfitming that mussels were still
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using stored nutrition via fatty acid oxidation gFiS4D). In addition to the up-
regulation of fatty acid oxidation, proteins invetV in the oxidation of amino acids
were also up-regulated and confirmed by the shagpedise of glutamine, glutamate,
alanine, and ornithine in the metabolomics analysig. 4B). These amino acids
could serve as supplementary sources of energy lomgterm methane deprivation
and symbiont depletiéh Four mitophagy-related enzymes, including TBCindim
family member 15 (TBC1D15), serine/threonine-pnotgihosphatase (PGAMS),
optineurin (OPTN) and Ras-related protein M-Ras @8R were also found to be
promoted in the G1Y group (Fig. 4C), promoting themeostasis of cellular
metabolism and sheltering the cell from oxidatiaencgé®.

Accompanied by the robust promotion of energy peotida, it was noted that
proteins involved in cytoskeleton rearrangement aidm movement were also
robustly up-regulated in the G1Y group in comparisoth the G3M group (Fig. 4D).
The enhancement of cilium movement was consistéifit tve observation that the
host replaced bacteriocytes with ciliated cells) Bmplied the promotion of the filter-
feeding function of the gill, which could help tHeost obtain nutrition from
surrounding environment and therefore enable timg-term survival of the host
under methane deprivatith In addition to the enhancement of cilium movement
signs of proliferating cells were also observethia gill tissue of the G1Y group (Fig.
4E). While cell proliferation consumes massive ggethis process guarantees a
continuous supply of new cells, including ciliateslls and probably bacteriocytes, in
order to mount a rapid and dynamic response terefifolonged methane deprivation
or the rejuvenation of methane seepage. In suppiothis speculation, a more
intensive signal of cell proliferation was observedthe G1Y mussels that were
returned and transplanted to the seepage regitire dow-methane region of the cold
seep, showing that the host altered gill develogrfmnthe rejuvenation of methane
(Fig. 4E). Consistent with this finding, researchdérave reported the successful
reestablishment of symbiotic associations in detpkrl deep-sea mussels after
resupplying the mussels with methane or suffideonfirming the speculation in the

present study that the mussels could regain bactgés after losing them.
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Sterol-related signaling pathway triggered the phenotypic changes of gill tissue

To further reveal the modulatory networks guiditg tdynamic changes of gill
tissue, weighted gene co-expression network amalfdiIGCNA) was conducted
using the proteome data, with a focus on hub prstand signal transducers for each
stage of methane deprivation. It was hypothesiaatithe proteins responsible for the
phenotypic changes could share a coordinated esiprepattern across samples,
while the transcription factors or signal transdaagith high interconnectivity could
play crucial roles in modulating the phenotypic rfpas. Consequently, a total of 18
co-expression modules were obtained for the progeoindleep-sea mussels, while the
blue, green, turquoise, purple, and brown modulesevof particular interest and
contained the majority of differentially expressaateins in the G7D/G4W, G3M,
and G1Y groups in comparison with the InS group€bbreen, and purple modules),
the G7D group (turquoise module), or the G3M grdupwn module), respectively
(Fig. S5). About 42 differentially expressed progeifrom the G7D/G4W group (in
comparison with the InS group) were found to behlyignterconnected within the
blue module, and were involved in cell metabolissignal transduction, and
transcription regulation. Among these proteins, giroteins, including nuclear
receptor-binding factor 2 (NRBF2) and ATP-dependeMA helicase A (DHX9),
were annotated as transcription regulators (Fig. T particular, NRBF2 protein, a
crucial regulator in starvation-induced autophagy showed the highest
interconnectivity degree with the remaining diffetially expressed proteins
(connecting 33 of these proteins), which might seas the hub regulators at the early
stage of methane deprivation. In addition to theBRR protein, HSD17B4 was also
found to have a high interconnectivity degree wille differentially expressed
proteins of the blue module (Fig. 5A), suggestihg participation of sterol and
steroid hormone metabolism in regulating methanm@dation-induced phenotypic
change¥. In accordance with these findings, two additiostairol-related signaling
pathway proteins (24-hydroxycholesterol 7 alpharbyglasé* and nuclear receptor
coactivator &) were also found to be differentially expressedtia G7D group,

accompanied by the drastic alterations of stedated metabolites in gill tissue.


https://doi.org/10.1101/2022.08.11.503589
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.11.503589; this version posted August 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

These results collectively suggest that the stedaked signaling pathway may play a
crucial role in initiating the metabolic and dey@ieental changes of gill tissue shortly
after methane deprivatith (Fig. 5B). It was also noteworthy that the sterol
metabolism of the host was highly coordinated wgiymbionts’, which implied the
potential influence of symbiont depletion in initiey the phenotypic changes of
symbiotic cells and organs via the sterol-relaigdaing pathway.

Similarly, a total of 14 transcription regulatorancluding endothelial
differentiation-related factor 1 (EDF1), chromatimget of PRMT1 protein (CHTOP),
RNA polymerase-associated protein RTF1 homolog (BTlprotein ecdysoneless
homolog (ECD), zinc finger protein 260 (ZNF260)dadBGFR, were identified in the
green and turquoise modules, modulating cell mdthp development, and
differentiation processes during middle-stage mmethdeprivation (Fig. S6A). It was
interesting to note that the cholesterol 24-hydiasgy (CYP46Al) protein, another
gene involved in sterol turnover and the biosyrithe$ steroid hormor& was also
up-regulated in the G3M group and exhibited thénegg interconnectivity with other
proteins, verifying the ongoing contribution of teierol-related signaling pathway in
response to methane deprivation (Fig. 5B). Compeist four transcription
regulators, including ELKS/Rab6-interacting/CASTnily member 1 (ERC1), host
cell factor 1 (HCFC1), protein split ends (SPEN)ddranslation regulators speckle
targeted PIP5K1A-regulated poly(A) polymerase (TWYTivere found to be
differentially expressed in the G1Y group, potditiafluencing the expression of 59
proteins that were involved in cell metabolism agiium movement, therefore
constituting the core modulatory netwarkder long-term methane deprivation (Fig.
5B and Fig. S6B, C).

Discussion

Symbiotic cells and organs provide mutualist s&wito their host via the intimate
interaction with symbionts, and are implicated ay fraits of symbiosfs However,
how these symbiotic traits evolve under and adaptterging environmental changes
and how symbiotic associations influence the phgmotchanges of symbiotic cells

and organs remain less investigdt&din this study, the phenotypic changes of gill
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tissue from methanotrophic deep-sea mussels dioirgyterm methane deprivation
and symbiont depletion were thoroughly assesseedbas the integrated data from
proteome and metabolome analyses. The results shtve¢ the hosts vigorously
remodeled the metabolism, development, and funatiogill tissue in response to
methane deprivation and to sustain long-term satwisthout symbionts, which were
guided by a set of transcription factors and steglaited signaling pathway and
influenced by the symbiont sterol metabolism. Thespnt study has uncovered the
robust phenotypic plasticity of symbiotic organglgep-sea mussels, which facilitates
the evolution and adaptation of deep-sea musselssacrucial in understanding and
protecting the biodiversity of marine fauna frome thlgrowing influence of
anthropogenic activities, such as deep-sea mining.

Obtaining sufficient nutrition is the top priorifpr deep-sea organisms living in
extreme environments with limited organic carbonhil/ deep-sea mussels can
harvest nutrition from their chemosynthetic endosimts under normal conditions
via either “milking” way or “farming” way*®*', homeostasis can be compromised
instantly once the surrounding reduced componergsdacreased and symbionts
became infertile. In the present study, the metabmlocesses of methanotrophic
hosts were found to be robustly altered soon afiethane deprivation. The deep-sea
mussels sacrificed their infertile symbionts rapidind massively to meet their
nutritional needs via a lysosome-mediated digegtimeess. It is noteworthy that the
lysosome-mediated digestion of symbionts is a comeiwice for almost all hosts
under nutritional limitation, although this processn compromise and even destroy
the symbiotic associatioffs” Nevertheless, symbiotic associations can recover
gradually once methane or sulfide becomes avatfailemaking the sacrifice of
symbionts affordable. It was also noted that thessalihost reallocated energy to
sustain the proliferation of ciliated cells and ante the filter-feeding function of the
gill. These phenotypic changes were believed tefiethe harvest of environmental
particulate organic matter (POM) as a supplementaay to meet the nutritional
needs of the ho$t The local environments of cold seeps and hydrothkvents can

fluctuate rapidly and vigorously due to geologiaativities, resulting in the aperiodic
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decrease and/or increase of reduced componentsefdtee phenotypic changes in
symbiotic cells and organs can occur frequenthpamt or in whole for deep-sea
mussels regarding to the intensity of environmertlddnge and serve as key
indicators of deep-sea mining or other anthropagentivities. Besides, the deep-sea
mussel could survive even much longer than one iyeaatural condition since our
experimental condition is much hatsf® While the phenotypic changes of the
digestion system remain unexplored, the long-tetrvigal of deep-sea mussels
under methane deprivation might also endow thenm Wwinsgenerational effects,
allowing for a permanent transition from chemoawjohy (a symbiotic association
with thiotrophs) or chemoheterotrophy (a symbiatssociation with methanotrophs)
to strict heterotrophy (filter-feeding). In suppoitthe speculation, some studies have
reported the loss or reduction of symbiosis in thehymodiolin musseljdas
argenteus, which can be induced by nutrient-rich environrs€ntCollectively, these
findings verify the robust plasticity of symbiotargans in deep-sea mussels, which
makes them one of the most successful holobiordsép-sea.

While deep-sea mussels are known to harbor hundrett®ousands of symbionts
inside a single bacteriocyfe knowledge on how symbionts influence the
development of symbiotic cells and organs is stlirce. It is noteworthy that the
early development of gill tissue in deep-sea mssselquite similar to that in
nonsymbiotic mussels, while the epithelial cells ¢eecome hypertrophic and lose
microvilli and cilia once colonized by symbiofftsin addition, the newly formed
bacteriocytes of adult mussels also lose microwdflier being colonized by the
symbionts of adjacent bacteriocytesThese morphological changes indicate that
symbionts substantially influence the function alevelopment of gill cells. In line
with these findings, it was also observed that g¢gdlsue underwent dramatic
phenotypic changes during the decolonization pmycesggesting that the loss of
symbionts could reshape the function and developwiesymbiotic cells and organs.
While the formation and maintenance processesmabgyic cells are similar across
different species and phyfd’ the characterization of the host signaling pagfsva

and symbiont-deprived signal transducers that etgulthe process remains
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challengind®>° Here, the findings suggested that the sterotedlaignaling pathway
could play important roles in reshaping the metabgl function, and development of
gill tissue once the symbionts were depleted. Maeeahe differential expression of
the sterol-related signaling pathway under methdemivation might be a cascade
reaction triggered by the shortage of symbiont-ivepr sterol intermediatés In
support of this speculation, data from the singlk-transcriptome analysis also
suggested that the methanotrophic symbionts caifldence the differentiation and
maturation processes of bacteriocytes via the Istelated signaling pathway It is
also noticeable that majority of animal hosts hdwemed coordinated sterol
metabolism with their symbionts, highlighting thespible role of sterol-related
signaling pathway in the phenotypic plasticity ghiotic cells and organs across
different holobionts.

In summary, this study comprehensively depictedrdirist phenotypic plasticity
of gill tissue in response to methane deprivatiod symbiont depletion based on the
integrated multi-omics data. In addition, the dymamemodeling of the cell
metabolism, development, and function of gill tsdacilitated the long-term survival
of deep-sea mussels even the loss of all symbiwatiish could support the range and
persistence of mussels in the extreme environménhe deep sea and help the
mussels to adapt to and evolve in emerging enviemtah changes. The robust
phenotypic plasticity of gill tissue also implieldet outstanding resilience ability the
deep-sea mussel community, making deep-sea mugselmising models in
evaluating the ecological influences of deep-seaingi However, there were still
some limitations in the current study. For examgile,long-term methane deprivation
assay was conducted situ instead ofn situ, which could have caused disturbance to
the deep-sea muss¥ldn addition, the exact mechanism and target céltbe sterol-
related signaling pathway need to be further \etifn vivo in future studies to fully
understand the phenotypic plasticity of gill tissMghile these limitations remain a
common challenge for studies on deep-sea organishes, present study has
nevertheless shed new light on understanding thmabisyic interaction and

environmental adaptation of deep-sea mollusks.
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Materials and methods
Mussel collection and methane-deprivation assay

G. platifrons mussels were collected from a cold seep (2BF0619°17E) in the
South China Sea using the “Faxian,” a remotely aiger vehicle, during a research
cruise in 2017. The mussels were transferred taléok for less than 1 h using an
isobaric and/or isothermal biobox that could shetbem from depressurization and
elevated temperature during recovérpnce aboard, the gill tissues from six mussels
were collected to indicate the situ state (the InS group, containing isobaric and
isothermal samples). The remaining mussels (isothkesamples) were transferred to
the onboard recirculating system (atmospheric pre$gor acclimation. To mimic the
in situ environment, the system was supplied with surésavater from the cold seep
and kept at 3.5 + 0.5°C and 34.5 % 0.5%. salinityhvaalf of the water replaced every
day. After the cruise, the mussels were transfeimtm a recirculating system inside
the laboratory with same environmental parametesithough the particulate organic
carbon concentration was elevated from 1.6M4to 20-60 uM>>° To completely
deplete the symbiotic methanotrophs, a final cotmaéon of 50 mg/Lampicillin and
kanamycin was added to the seawater for the fimtimafter recovery, while no
methane was added to the recirculating system gitin@ whole assay. At days 7, 28,
84, and 288 post mussel recovery, six mussels vem@omly collected to represent
different stress stages (designated as the G7D,,338¥, and G1Y groups,
respectively). For all sampled mussels, a portithe gill filaments was fixed with 4%
paraformaldehyde or a mixture of paraformaldehydé glutaraldehyde (2%/2.5%)
for the subsequent FISH and TEM assays. The rengagiils were frozen with liquid
nitrogen and stored at —80°C for symbiont quardtfan, proteome analysis (only
gills from three mussels were used), and metabolanadysis (the G4W group was
excluded from the analysis). At day 309 after musseovery, another 18 live
mussels were injected with 5-ethynytd2oxyuridine (EdU, 5x18 mol/individual)
in the adductor muscle to label the newly genergi#ccells. Among the injected

mussels, six were continuously cultured in the roedating system, while the
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remaining mussels were returned to the seepaganregia low-methane region of the
cold seep using the isothermal biobox. The EdUkanussels were collected 5
days later for gill tissue sampling and fixed witharaformaldehyde or
paraformaldehyde/glutaraldehyde for EAU stainind &BM analysis.

Proteome analysis

Proteome analysis was conducted with assistancBTdy Biolabs (Hangzhou,
China). The proteome analysis methods are descnibddtail in the supplementary
material. In brief, gill proteins were extracteddasigested by trypsin. The peptides
obtained by trypsin digestion were subsequentlglid as directed by the tandem
mass tag (TMT) kit (PTM Biolabs). The labeling pdps were then fractionated by
high pH reverse-phase high-performance liquid clatoigraphy and further subjected
to liquid chromatography with tandem mass specttom&C-MS/MS) analysis. LC-
MS/MS spectra were searched against @elatifrons genome data concatenated
with the reverse decoy database.

Gene Ontology (GO) and KEGG annotations of @eplatifrons proteome were
derived from the integrated analysis by non-redabgeotein sequences of the NCBI,
the KEGG database, UniProt, Pfam, and InterProScan.

Metabolome analysis

The detailed metabolome analysis methods are tescin the supplementary
material. In brief, gill tissues were treated wi8®% methanol to release all
metabolites. After centrifugation at 12,000 g afdQ for 15 min, the supernatants
were divided into four parts and subjected to higuchromatography—mass
spectrometry (LC-MS), gas chromatography/mass speetry (GC-MS), and the
corresponding quality control analysis.

The raw spectra obtained by LC-MS and GC-MS wepoded by MetaboAnalyst
(https://www.metaboanalyst.ca/MetaboAnalyst/Modude¥xhtml), and all identified
metabolites were annotated with Human Metabolom&li2se (HMDB), PubChem,
and the KEGG database. For the identification dfedintial metabolites, a PCA
analysis was first conducted to validate the coescy of parallel samples within the

same group and exclude outlier samples. Then,iffeeedhtially abundant metabolites
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were screened by both OPLS-DA and the Wilcoxon samk test.
WGCNA

WGCNA is conducted to identify proteins with coateld expression patterns in
all groups. Co-expression networks were construcsidg the WGCNA package
(v1.47) in the R software after incorporating thietpin abundance (power = 6). The
correlation coefficients of samples were then dated based on the module
eigengenes. The intramodular connectivity and nmeddrrelation degree of each
gene was also calculated by the R package of WG@&N#etermine the hub genes.
Finally, the networks were visualized using Cytq@scé/3.8.2).
Symbiont quantification, TEM imaging, FI SH, and EdU staining

Changes in symbiont abundance during the methapeivdgéon assay were
monitored by quantitative real-time PCR (gqRT-PCR)ng previously described
methodg®. Briefly, the methane monooxygenase subunit A ggn®A), a marker
gene in methanotrophic symbionts, was used to aelithe symbiont abundance,
while the mussel actin gene was used as an inteom&iol. The genomic DNA of gill
tissues was extracted using a mollusk DNA extrackib (Omega Bio-tek, Norcross,
GA, USA) for the template. The primers and qRT-P@Bgrams used were the same
as described in previous reports.

TEM of the gills was conducted following the methddscribed in a previous
study’’. In brief, gill samples fixed by paraformaldehygletaraldehyde were treated
with 1.0% osmium tetroxide (OsPfor staining and then dehydrated with alcohol.
After infiltration with acrylic resin, the samplegere finally embedded and sectioned
with a thickness of 70 nm using an ultramicroto@®l (UC7, Leica,Vienna, Austria).
After staining by uranyl acetate and lead citrdte,gill cell ultrastructure was imaged
with a transmission electron microscope (HT770@a¢hi, Tokyo, Japan).

The FISH assay of symbionts was conducted usindilginent samples from the
InS, G7D, G3M, and G1Y groups according to the mettlescribed by Halary et al.
(53). In brief, gill samples fixed by paraformalgele were first dehydrated and
embedded in paraffin. After they were cross-seetibto 7um in thickness, the qill

tissues were incubated with a Cy3-labeled methapbtspecific probepfnoB gene,
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5'CGAGATATTATCCTCGCCTG3") for hybridization. Afterstaining the nucleic
acids with 4 6-diamidino-2-phenylindole (DAPI), gill sectiongere imaged with a
fluorescence microscope (Nikon ECLIPSE Ni, Tokyapah) to demonstrate the
spatial distribution of symbiotic methanotrophs.

EdU staining was also conducted with the paraffictisns. In brief, after treatment
with 4% paraformaldehyde and dehydration with etha&dU-labeled gills were
embedded in paraffin and sectioned using a micretfimica, Heidelberg, Germany)
to a thickness of im. The EdU staining was conducted using the Clickius EdU
Imaging Kit (Thermo Fisher, Waltham, MA, USA) anguwalized with a fluorescence
microscope (Nikon ECLIPSE Ni, Tokyo, Japan) afteeparaffinization and
rehydration.

Statistical analyses

For the identification of differentially expressgdoteins, the expression values
across all samples were first quantified and tharmalues of each group were used
for subsequent comparison. Proteins were considerd differentially expressed
only when the fold changes between two given groupse greater than 1.2-fold,
with a p value less than 0.05 (two-tailetest). For the GO enrichment analysis, the
differentially expressed proteins were classifiedioi three categories (biological
process, cellular component, and molecular fungtiamd subjected to two-tailed
Fisher’s exact test (adjustpelvalue < 0.05) to determine the significance adaatis
identified proteins. For KEGG enrichment analy$ie two-tailed Fisher’s exact test
was also used, and the results were further maggp#te pathways using the online
KEGG mapper service tool. For the gRT-PCR assaypmilogical replicates were
employed for each group, and the relative abundamsecalculated using thé”2“'
method and given as the mean + s.d. A Kruskal-8vadist followed by Dunn’s
multiple comparison was employed to determine theificant differences between

groups.
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Figure 1. Phenotypic changes of gill tissue under methane deprivation.
(A) A schematic drawing of the experimental workfloMie deep-sea mussels were
subjected to a long-term methane deprivation assag laboratory recirculating

system and sampled at days 0, 7, 28, 84, and B88Ir{S, G7D, G4W, G3M, and
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G1Y groups, respectively) for proteome and metabel@nalyses. Mussels from the
G1Y group were also subjected to a 5-ethyriydeébxyuridine (EdU)-labeling assay
under laboratory conditions or after being transiad back to the cold seep.

(B) Fluorescencen situ hybridization (FISH) assay of mussel gills. The3dgbelled
symbiont-specific probe (designed based omtheB gene) was employed to indicate
endosymbiotic methanotrophs (in red), while nuckere stained using’4 6-
diamidino-2-phenylindole (DAPI, in blue). The resushowed that symbionts were
depleted rapidly under the methane deprivationyassa

(C) Transmission electron microscope (TEM) analydisross-sectioned gill tissues.
TEM images revealed the robust morphological changfe gills under methane
deprivation, including depletion of symbionts aratteriocytes and replenishment of

ciliated cells.

Figure 2. Metabolic remodeing of gill tissue at the early stage of methane
deprivation.

(A) Magnified transmission electron microscope (TEMage of bacteriocytes in the
InS (A1) and G7D (A) groups. Methanotrophic endosymbionts were foumde
greatly reduced under methane deprivation, whiteesdigested debris was observed
in the augmented lysosomessfALarge volumes of lipid droplets were also observ
in the bacteriocytes shortly after methane deponafAs).

(B) Heatmap of differentially expressed proteins imedl in lysosome-mediated
digestion in the G7D group in comparison with th& igroup. Up-regulated proteins
are labeled in red, while down-regulated protenaslabeled in blue.

(C) Heatmap of differentially expressed proteins thavolved in fatty acid
metabolism in the G7D group in comparison withItif® group.

(D) Alterations in the relative abundances of lysophasidylcholine (LPC),
lysophosphatidylethanolamine (LPE), and carnitinghe InS and G7D groups as
detected by liquid chromatography—mass spectronfe€yMS) (data given as mean
+ SD).

(E) Expression patterns of three phosphoenolpyruvatgogykinases (PCKs)
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homologous in the G7D and InS groups as revealethdéyroteome (data given as
the mean + SD).

(F) Fold changes of the relative abundances of cadvakss in the G7D group

compared to the InS group as detected by gas chognaphy—mass spectrometry
(GC-MS).

(G) Expression pattern of aldehyde reductase (AKRIB)em in the G7D group in

comparison with the InS group.

Figure 3. Developmental and metabolic changes of gill tissue at the middle stage
of methane deprivation.

(A) Transmission electron microscope (TEM) imagesilbtigsue in the G3M group.
Few bacteriocytes were retained while most weréacepl by ciliated cells at this
stage.

(B) Expression patterns of two caspases (caspase2aaspase 7) in the G3M and
G7D groups as revealed by the proteome (data gis¢he mean + SD).

(C) TEM imaging revealed the apoptosis of bactericcyteh distinct morphological
features, including cell shrinkage 1§Cirregular morphology of the nucleus 2C
condensed crescent-shaped chromatig), (Bnd phagocyte-mediated phagocytosis
(Ca).

(D) Heatmap of differentially expressed proteins imedl in cell proliferation and
differentiation in the InS group and the G3M group.

(E) Heatmap of differentially expressed proteins inedhin the oxidation of lipids
and amino acids in the G3M group compared to tBegiroup.

(F) Fold changes of the relative content of steroidalaites in the G3M group
compared to the InS group as identified by the gasomatography—mass
spectrometry (GC-MS) metabolome.

(G) Fold changes of the relative abundance of amindsam the G3M group
compared to the InS group as revealed by the ligehdomatography—mass

spectrometry (LC-MS) metabolome.
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Figure 4. Phenotypic changes of gill tissue under long-term methane deprivation.
(A) Fold changes of the differentially expressed enzynmyolved in glycolysis,
tricarboxylic acid (TCA) cycle, and oxidation phbgpylation in the G1Y group
compared to the InS group.

(B) Overview of glycolysis, the TCA cycle, and amincidametabolism under the
methane deprivation assay. Metabolites identifiedhie metabolome are shown in
bold font. Changes in the relative abundances ofabodites and proteins are
illustrated in the heatmap. Columns in the heatffim left to right) represent the
relative abundances in the InS, G7D, G3M, and Gfodgs. Asterisks represent the
significant differences in the G1Y group in compani with the InS group. Triangles
represent the significant differences in the G1¥ugrin comparison with the G3M
group.

(C) Box plot showing the four up-regulated enzymesived in mitophagy in the
G3M group compared to the InS group.

(D) Gene Ontology (GO) enrichment analysis of difféiedly expressed proteins in
G1Y group compared to the G3M group. The top eigbst significant GO terms
involved in the biological process, cellular compo and molecular function are
shown.

(E) 5-ethynyl 2-deoxyuridine (EdU)-labeling assay of gill tissueder long-term
methane deprivation. Mussels in the G1Y group veetgected to EAU treatment to
label newly generated cells under eitkesitu (in laboratory recirculating system) or
in situ conditions (transplanted back to the cold seepwli synthesized DNA was
incorporated with EAU and visualized in green fasmence. Cell nuclei were stained

by DAPI (in blue).

Figure 5. Regulatory networ ks of deep-sea mussels under methane deprivation.

(A) Regulatory networks of gill tissue under methanpridation constructed using
weighted gene co-expression network analysis (WGCMbout 42 differentially
expressed proteins in the G7D/G4W groups in coraparwith the InS group were

found to be interconnected in the blue modulg),(Aonstructing the hub regulatory
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networks at the early stage of methane deprivat®milarly, a total of 22
differentially expressed proteins in the G3M gramgomparison with the InS group
were interconnected in the green module)(Aconstructing the hub regulatory
networks at the middle stage of methane deprivation

(B) Schematic map showing the phenotypic changes Bt&age (B), middle-stage
(B2), and long-term (B methane deprivation. Purple boxes indicate tndptson
regulators. Yellow boxes indicate enzymes. Bluedsoxdicate metabolic processes.
Solid lines or arrows show the reactions cataljmgedifferentially expressed proteins
identified by the proteome. Dotted lines or arrsi®w the reactions catalyzed by
non-significantly differentially expressed proteidentified by the proteome.
Abbreviations: NRBF2: nuclear receptor binding @act2; HSD17B4: (3R)-3-
hydroxyacyl-CoA dehydrogenase; CYP39Al: 24-hydriwojesterol 7alpha-
hydroxylase; NCOAG: nuclear receptor coactivatof GA: tricarboxylic acid cycle,
ATP: adenosine triphosphate; CE: cholesterol esfEG: triglyceride; PC:
phosphatidylcholine; PE: phosphatidylethanolamiis®;,C family: solute carrier
family; NCEH1: neutral cholesterol ester hydroladseCYP46A1: cholesterol 24-
hydroxylase; NR1F4: nuclear receptor subfamily bugr F member 4; NR1IN:
nuclear receptor subfamily 1 group |; COL6A: codagtype VI alpha; ARS:
aminoacyl-tRNA synthetase; EDF1: endothelial déferation-related factor 1;
CHTOP: chromatin target of PRMT1 protein; RTF1: RaAlymerase-associated
protein RTF1 homolog; ECD: protein ecdysoneless dlogy ZNF260: zinc finger
protein 260; EGFR: epidermal growth factor recepWGF: vascular endothelial
growth factor signaling pathway; MAPK: mitogen-aetied protein kinase signaling
pathway; pfkA: 6-phosphofructokinase 1; ALDO: frose-bisphosphate aldolase;
ENO: enolase; pdhB: pyruvate dehydrogenase E1 coempdoeta subunit; MDH1.:
malate dehydrogenase; fumA: fumarate hydratase; ABBHB: succinate
dehydrogenase (ubiquinone); LSC1/2: succinyl-Cortisgtase beta subunit; OGDH:
2-oxoglutarate dehydrogenase; IDH: isocitrate detyehase; ACO: aconitate
hydratase; CS: citrate synthase; GOT1: aspartaieoc&ansferase; ALT: alanine

transaminase; PC: pyruvate carboxylase; OAT: amethoxo-acid transaminase;
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PCD: 1-pyrroline-5-carboxylate dehydrogenase; GGT_5 gamma-

glutamyltranspeptidase; GPT: glutathione S-traasker GLUD1_2: glutamate
dehydrogenase; NADH: nicotinamide adenine dinudeot reduced; NAD

nicotinamide adenine dinucleotide, oxidized; FADIHavin adenosine dinucleotide,
reduced; FAD: flavin adenosine dinucleotide, oxédiz TBC1D15: TBC1 domain
family member 15; LC3: GABA (A) receptor-associatawtein; OPTN: optineurin;
ERC1: ELKS/Rab6-interacting/CAST family member ICIHC1: host cell factor 1;
SPEN: protein split ends; TUT1: translation reguistspeckle targeted PIP5K1A-

regulated poly(A) polymerase.

Fig. S1. Overview of gill proteome under methane deprivation.

(A) The relative abundance of theoA gene in the InS, G7D, G3M, and G1Y groups.
(B) Principal component analysis (PCA) of proteome diaiall groups.

(C) Pearson correlation analysis of the proteome lirgralups (red indicates high
correlation, white indicates low correlation).

(D) Venn diagram of differentially expressed proteimghe G7D and G4W groups

compared to the InS group.

Fig. S2. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of differentially expressed proteins.

The significantly enriched KEGG pathways of up-fated and down-regulated
differentially expressed proteins in the G7D gr¢Ap, G4W group (B), G3M group
(C), and G1Y group (D) compared to the InS groupiléustrated.

Fig. S3. Gene Ontology (GO) enrichment analysis of differentially expressed
proteinsin the G7D, G4W, G3M, and G1Y groups compared to thelnS group.

The top 20 most significant GO terms of the diffgraly expressed proteins of the
G7D group (A), G4W group (B), G3M group (C), andYcdroup (D) compared to
the InS group are illustrated. The circles fromeoub inner indicate the classification

of GO terms (yellow indicates biological proceskiebindicates molecular function,
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and green indicates cellular component), the nurobéackground proteins in each
classification (longer indicates more proteins)poed is used to indicate tipevalue

(red indicates greater significance), the numbénsperegulated (intense purple) and
down-regulated proteins (light purple), and thé rfiactor value of each classification

(each compartment represents 0.1).

Fig. $4. Overview of metabolome analysis in the InS, G7D, G3M, and G1Y
groups.

(A) Principal component analysis (PCA)of metabolitgsniified in the InS, G7D,
G3M, and G1Y groups by liquid chromatography—maexgometry (LC-MS).

(B) PCA analysis of metabolites identified in the 1&5,D, G3M, and G1Y groups by
gas chromatography—mass spectrometry (GC-MS).

(C) UpSet diagram of the differentially expressed @r# in the G7D, G3M, and
G1Y groups compared to the InS group. The horizdrztes show the total number of
differentially abundant metabolites in each methae@rivation treatment group
compared to the InS group. The vertical bars st@shared number of differentially
abundant metabolites between the given groups. €xed dots refer to the groups
involved in each intersection.

(D) Expression pattern of neutral cholesterol estairdigse 1 (NCEH1) during

methane deprivation (data given as the mean * SD).

Fig. Sb. Venn diagrams of differentially expressed proteinsidentified in the G7D,
G4W, G3M, and G1Y groups and by weighted gene co-expression network
analysis (WGCNA) analysis.

(A) Venn diagram of differentially expressed proteimghe G7D group and in the
blue module.

(B) Venn diagram of differentially expressed proteimghe G4W group and in the
blue module.

(C) Venn diagram of differentially expressed protaimshe green module, turquoise

module, and in the G3M group.
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(D) Venn diagram of differentially expressed proteimghe purple module, brown

module, and in the G1Y group.

Fig. S6. Weighted gene co-expression network analysis (WGCNA) of regulatory
networks in the turquoise, brown, and purple modules.
The protein regulatory networkis the turquoise (A), brown (B), and purple (C)

modules constructed by WGCNA are illustrated.

Supplementary Table S1. List of identified proteins in the proteome of G.
platifrons gills.

Supplementary Table S2. Differentially expressed proteins identified in different
groups.

Supplementary Table S3. ldentified metabolites in the metabolome of G.
platifrons gills.

Supplementary Table $4. Differential metabolitesidentified in different groups.
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