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Abstract 

Phenotypic plasticity and symbiosis are two key factors influencing the evolution 

and adaptation. However, knowledge of how symbiotic cells and organs evolve under 

and adapt to emerging environmental changes is still scarce. Herein, we assessed the 

long-term phenotypic changes of gill in aposymbiotic deep-sea mussels induced by 

methane deprivation to clarify the physiological basis that facilitates evolution and 

adaptation of mussels. We showed that aposymbiotic mussels managed a long 

survival by digesting symbionts and remodeling the global metabolism to conserve 

energy. The mussels also replaced bacteriocytes with ciliated cells to support filter-

feeding, and retained robust generation of new cells to dynamically respond to 
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environmental changes. These phenotypic changes were regulated by sterol-related 

signaling pathway of host and influenced by sterol metabolism of symbiont. The 

robust plasticity of gill advantages the evolution and adaptation of deep-sea mussels, 

and highlights the interaction between environment and symbiosis in the complex 

evolution of holobionts.  

 

Introduction 

Phenotypic plasticity, which allows organisms to alter their physiology, 

development, morphology, or behavior in response to environmental signals, is 

implicated as a major factor influencing the evolution of eukaryotes1. Symbiosis is 

suggested to be a direct outcome of phenotypic plasticity and a source of phenotypic 

polymorphism that has substantially expanded the ecological ranges of organisms via 

the mutualistic interaction with symbionts2. While the breadth and importance of 

symbiosis and phenotypic plasticity are well recognized, the interaction between 

phenotypic plasticity and symbiosis, including how plasticity has facilitated the 

acquisition of symbiotic traits and how symbiotic associations reciprocally influence 

phenotypes, are yet to be fully elucidated3. With a growing body of information 

obtained from model holobionts, such as the Hawaiian bobtail squid (Euprymna 

scolopes) and hemimetabolous aphids, the formation and maturation processes of 

symbiotic cells and organs, as the core trait of symbiosis, are now becoming clear4. 

Research has shown that the acquisition of symbiotic cells and organs can be 

facilitated by a set of conserved molecules and modulated by symbionts5–7. However, 

knowledge of how hosts maintain the proper function and development of symbiotic 

cells and organs under emerging environmental changes and how the symbionts 

influence these processes remained to be elucidated, which further hinders the 

understanding of evolution and adaptation of symbiosis.  

The Mollusca phylum is the second most species-rich phylum, with a wide range of 

habitats including fresh water, intertidal regions, and even the deep sea. In addition to 

their vast diversity of body plans, mollusks are also known to possess diverse and 

intimate symbiotic associations with microbes that allow them to obtain nutrition8. 
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Studies have further shown that the symbiotic associations between mollusks and 

microbes can vary with regard to the location of symbionts and their type and 

transmission mode9. Moreover, the mollusk holobionts have benefited greatly from 

the diverse symbiotic associations by expanding their habitats and biomass in almost 

all marine ecosystems, from shallow-water seagrass beds to deep-sea hydrothermal 

vents and cold seeps. It has been estimated that the symbiotic association in mollusks 

was established only a few hundred million years ago, after which the mollusk 

holobionts have evolved multiple times to adapt to new environments10,11. Symbiotic 

associations may even have been lost in some deep-sea mussels during periods when 

organic matter was more accessible12. The diverse and dynamic changes of symbiotic 

traits therefore make bivalves promising models for the investigation of the evolution 

and adaptation of symbiotic associations.  

As endemic species in deep-sea cold seeps and hydrothermal vents, deep-sea 

mussels are known to harbor methanotrophs and/or thiotrophs in their specialized gill 

epithelial cells (bacteriocytes) as their major source of nutrition8. Deep-sea mussels 

can obtain these symbionts horizontally from the environment throughout their life 

spans13. Biogeography research has shown that deep-sea mussels are usually 

distributed in patches close to fluid flows or seepages with high concentrations of 

methane or sulfides to maximize the fitness of symbiotic association14. Nevertheless, 

some deep-sea mussels are also found in regions with insufficient methane or sulfides, 

and can regain their symbiotic association even when the symbionts are completely 

lost due to the deprivation of these chemicals15, providing a unique opportunity to 

investigate the environmental influence on symbiotic associations and the phenotypic 

changes of symbiotic traits in relation to different symbiotic states. Therefore, this 

study conducted a long-term methane deprivation assay on the methanotrophic deep-

sea mussel (Gigantidas platifrons) to assess the dynamic changes of symbiotic cells 

and organs during methane deprivation and symbiont depletion. Using multi-omics 

analysis, the molecular basis underlying the dynamic phenotypic changes was 

decoded. Finally, by comparing data obtained from symbiotic and decolonized 

mussels, this study addressed the possible influences of 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 symbiotic cells and organs of deep-sea 

mussels under long-term methane deprivation, a laboratory recirculating system was 

set up to cultivate the methanotrophic G. platifrons mussels in an environment similar 

to that of a cold seep (including temperature and salinity), but deprived of methane. 

Although G. platifrons mussel mortality was continuously observed during the 

cultivation period, dozens of mussels survived in the system for nearly 1 year. Using 

this system, mussels in different stress stages were successfully collected, including 

freshly collected mussels (InS) and mussels deprived of methane for 7 days (G7D), 4 

weeks (G4W), 3 months (G3M) and 1 year (G1Y) (Fig. 1A). Quantitative real-time 

PCR (qRT-PCR), fluorescence in situ hybridization (FISH), and transmission electron 

microscope (TEM) analysis showed that both the density and overall number of 

symbionts decreased continuously under methane deprivation, and could no longer be 

detected after the third month (Fig. 1B, C, Fig. S1A). The robust decline of the 

symbiont population confirmed the substantial influence of methane deprivation, 

which compromised the stability of symbiotic associations. Accompanied by the 

decolonization of symbionts, it was also noticeable that the relative volume of 

secondary lysosomes in bacteriocytes increased drastically in the G7D and G4W 

groups in comparison with normal mussels (InS group) (Fig. 1C). The bacteriocytes 

disappeared gradually in the gill tissue after the third month, and were replaced with 

ciliated cells. These results revealed the drastic changes in the phenotype of symbiotic 

traits under methane deprivation and implied the influences of symbiont 

decolonization on the function and development of symbiotic cells and organs. 

To address the phenotypic changes at the molecular level, this study then conducted 

both proteomic and metabolic analyses using gill tissue samples obtained from both 

the normal and decolonized mussels. Consequently, a total of 7821 host proteins were 

identified in the proteome, occupying 22.58% of total encoding genes in G. platifrons 

(Table S1). Principal component analysis (PCA) and Pearson correlation analysis 
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demonstrated good consistency among samples of the same group, verifying the 

repeatability and reliability of the proteomic data (Fig. S1B, C). In addition, by 

screening the differentially expressed proteins of each group in comparison with the 

InS group, it was found that the expression atlases of the decolonized groups (G7D, 

G4W, G3M, and G1Y groups) were distinctly different from those of normal mussels 

(InS group), while the G7D and G4W groups were highly similar to each other, 

sharing the majority of differentially expressed proteins (Fig. S1D). The distinct 

expression atlases demonstrated the vigorous molecular response of deep-sea mussels 

against methane deprivation and indicated that the hosts might adopt different 

strategies during the early-stage (the G7D and G4W groups), middle-stage (the G3M 

group), and long-term (the G1Y group) stress. In support of this speculation, 

functional enrichment analysis of the differentially expressed proteins also showed 

that the hosts employed distinct biological processes in different stage of methane 

deprivation, ranging from cell metabolism to cytoskeleton/organelle rearrangement 

and cell proliferation/differentiation (Fig. S2, Fig. S3, and Table S2). In accordance 

with the proteomic results, metabolomics analysis also showed distinct metabolic 

patterns between groups (Fig. S4, Table S3, and Table S4). The dynamic modulations 

of the cell metabolism, cytoskeleton/organelle rearrangement, and cell 

proliferation/differentiation were consistent with the morphological changes observed 

in the FISH and TEM assays, and provided valuable information to on the influence 

of symbionts during the methane deprivation process. 

Lysosome-mediated digestion promoted symbiont depletion at the early stage of 

methane deprivation 

Among the morphological changes of bacteriocytes that occurred shortly after 

methane deprivation, the depletion of symbionts was of great importance as the 

symbionts served as the major nutrition sources of their hosts. With high-resolution 

TEM images of bacteriocytes, methanotroph debris was observed in the lysosome, 

indicating the participation of lysosome-mediated digestion in the symbiont depletion 

(Fig. 2A). In support of this speculation, it was noted that the majority (11/13) of the 

differentially expressed proteins involved in the lysosome were up-regulated (Fig. 2B). 
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Accompanied by the enhancement of lysosome activity, several key enzymes 

involved in the β-oxidation of fatty acids of the peroxisome, including acyl-CoA 

oxidase (ACOX1), enoyl-CoA hydratase 2 (ECH2), carnitine O-palmitoyltransferase 

1 (CPT1A), and (3R)-3-hydroxyacyl-CoA dehydrogenase (HSD17B4)16, were also 

found to be promoted (Fig. 2C), resulting in the accumulation of some intermediates 

of fatty acid oxidation such as lysophosphatidylcholine, 

lysophosphatidylethanolamine, and carnitine (Fig. 2D). The rapid promotion of 

lysosome and peroxisome activity confirmed the participation of lysosome-mediated 

digestion in symbiont depletion, which is an essential way for the host to obtain 

nutrition when symbionts became infertile after being deprived of methane. 

It was also noteworthy that the continuous digestion of symbionts further led to 

eutrophication in the gill cells, as evidenced by the robust promotion of host 

gluconeogenesis and glycerol synthesis--related proteins. In detail, three 

phosphoenolpyruvate carboxykinase (PCK) proteins, rate-limiting enzymes in 

gluconeogenesis17, were dramatically up-regulated in the G7D group (Fig. 2E). 

Several gluconeogenesis-related carbohydrates, including glucose, glucose 6-

phosphate, fructose 6-phosphate, pyruvic acid, malic acid, and citric acid, were also 

significantly accumulated in the metabolome of the G7D group (Fig. 2F). Similarly, 

aldehyde reductase (AKR1B) protein, a key enzyme involved in glycerol synthesis18, 

was also found to be up-regulated in the G7D group (Fig. 2G), accompanied by newly 

synthesized lipid droplets in bacteriocytes (Fig. 2A). These findings suggested that the 

mussel host could further store extra nutrition obtained from the lysosome-mediated 

digestion of symbionts shortly after methane deprivation. 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 continued, the morphology and 

population atlas of gill cells began to change noticeably. In particular, most of the 

bacteriocytes were replaced by ciliated cells or gill cells with microvilli, and few 

bacteriocytes were retained (Fig. 3A), suggesting that the mussel host adjusted the 
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development of gill tissue in response to prolonged methane deprivation. This study 

then examined the proteomics data of the G3M group to screen possible genes and 

processes guiding these developmental changes. Consequently, two caspase proteins 

(caspase 2 and caspase 7) were found to be significantly up-regulated in the G3M 

group in comparison with mussels during the early stage of methane deprivation 

(G7D group), implying the participation of cell apoptosis in the abolition of 

bacteriocytes (Fig. 3B). In support of this speculation, some of the remaining 

bacteriocytes were found to undergo apoptosis in the G3M group (Fig. 3C), with 

shrunken cellular size, irregular cell nuclei, condensed chromatin, and phagocyte-

mediated phagocytosis19. In addition, diverse proteins involved in cell proliferation 

and differentiation, including neurofibromin 1 (NF1), epidermal growth factor 

receptor (EGFR), dual specificity protein phosphatase (DUSP1 and DUSP3), 

cytosolic phospholipase A2 (PLA2G4), sphingosine kinase (SPHK), serine/threonine-

protein phosphatase 2B catalytic subunit (PPP3C), and prostaglandin-endoperoxide 

synthase 2 (PTGS2)20–23, were also significantly up-regulated in the G3M group in 

comparison with the G7D or InS group (Fig. 3D), which possibly contributed to the 

proliferation of ciliated cells and collectively verified the developmental changes of 

gill tissue. 

With the depletion of symbionts and apoptosis of bacteriocytes, the mussels could 

no longer obtain nutrition from symbionts. This study then sought to determine how 

the mussel hosts adjusted their metabolism to meet their nutritional needs. While the 

host down-regulated the symbiont-digestion process, it was found that proteins 

involved in the turnover and transition of essential metabolites, especially sterols and 

amino acids, were robustly promoted. For example, neutral cholesterol ester hydrolase 

1 (NCEH1) protein, a key enzyme involved in hydrolyzing cholesterol ester into 

cholesterol24, was significantly up-regulated in the G3M group (Fig. 3E). In addition, 

host genes involved in protein digestion and absorption, such as collagen and solute 

carrier family members (SLC3A1 and SLC7A8), as well as amino acid cycling, such 

as the aminoacyl-tRNA synthetases, were also significantly up-regulated25,26 (Fig. 3E). 

The up-regulation of these proteins suggested that the host was promoting the 
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turnover process of essential metabolites to satisfy its nutritional needs in the absence 

of symbionts. In accordance with the proteomics result, robust increases of cholesterol, 

lanosterol, epicholestanol, cholecalciferol, and other sterol intermediates were 

observed in the G3M group, in comparison with mussels at the early stage of methane 

deprivation (Fig. 3F). Similarly, concentrations of some essential amino acids, such as 

arginine, proline, glycine, valine, ornithine, and alanine, and some proteolytic 

intermediates, such as Pro-Leu and Gly-Phe, were also found to be increased in the 

G3M group (Fig. 3G). The promotion of the turnover and transition of essential 

metabolites was consistent with the finding that mussel hosts stored extra nutrition 

obtained from the lysosome-mediated digestion of symbionts. These responses are 

also widely observed in other holobionts when their symbiotic associations collapse 

due to environmental stress. 

Enhanced filter-feeding function facilitated long-term survival without symbionts 

As mentioned above, the methanotrophic deep-sea mussels managed to survive for 

almost one year under methane deprivation. This finding raised the question of how 

the mussel hosts adjusted the metabolism and function of gill tissue after the abolition 

of bacteriocytes and replenishment of ciliated cells. Although it was speculated that 

the mussels could continue down-regulate their energy-consuming processes to 

conserve nutrition, functional enrichment analysis demonstrated robust increases in 

the glucose metabolism and amino acid metabolism in the gill tissue of the G1Y 

group. Noticeably, the comprehensive promotion of glycolysis, the TCA cycle, and 

oxidation phosphorylation were observed in mussels from the G1Y group, and were 

evidenced by the up-regulation of key enzymes, such as aldose 1-epimerase (galM), 

glucose-6-phosphate 1-epimerase, 6-phosphofructokinase 1 (pfkA), fructose-

bisphosphate aldolase (ALDO), pyruvate carboxylase (PC), citrate synthase (CS), 

aconitate hydratase (ACO), 2-oxoglutarate dehydrogenase (OGDH), succinyl-CoA 

synthetase beta subunit LSC1/2, succinate dehydrogenase, fumarate hydratase (fumA), 

malate dehydrogenase (MDH1), NADH dehydrogenase, ubiquinol-cytochrome c 

reductase CYC/QCR7, and cytochrome c oxidase27,28 (Fig. 4A, B). NCEH1 was found 

to be continuously up-regulated in the G1Y group, confirming that mussels were still 
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using stored nutrition via fatty acid oxidation (Fig. S4D). In addition to the up-

regulation of fatty acid oxidation, proteins involved in the oxidation of amino acids 

were also up-regulated and confirmed by the sharp decrease of glutamine, glutamate, 

alanine, and ornithine in the metabolomics analysis (Fig. 4B). These amino acids 

could serve as supplementary sources of energy under long-term methane deprivation 

and symbiont depletion27. Four mitophagy-related enzymes, including TBC1 domain 

family member 15 (TBC1D15), serine/threonine-protein phosphatase (PGAM5), 

optineurin (OPTN) and Ras-related protein M-Ras (MRAS) were also found to be 

promoted in the G1Y group (Fig. 4C), promoting the homeostasis of cellular 

metabolism and sheltering the cell from oxidative damage29. 

Accompanied by the robust promotion of energy production, it was noted that 

proteins involved in cytoskeleton rearrangement and cilium movement were also 

robustly up-regulated in the G1Y group in comparison with the G3M group (Fig. 4D). 

The enhancement of cilium movement was consistent with the observation that the 

host replaced bacteriocytes with ciliated cells, and implied the promotion of the filter-

feeding function of the gill, which could help the host obtain nutrition from 

surrounding environment and therefore enable the long-term survival of the host 

under methane deprivation30. In addition to the enhancement of cilium movement, 

signs of proliferating cells were also observed in the gill tissue of the G1Y group (Fig. 

4E). While cell proliferation consumes massive energy, this process guarantees a 

continuous supply of new cells, including ciliated cells and probably bacteriocytes, in 

order to mount a rapid and dynamic response to either prolonged methane deprivation 

or the rejuvenation of methane seepage. In support of this speculation, a more 

intensive signal of cell proliferation was observed in the G1Y mussels that were 

returned and transplanted to the seepage region or the low-methane region of the cold 

seep, showing that the host altered gill development for the rejuvenation of methane 

(Fig. 4E). Consistent with this finding, researchers have reported the successful 

reestablishment of symbiotic associations in decolonized deep-sea mussels after 

resupplying the mussels with methane or sulfide31, confirming the speculation in the 

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

To further reveal the modulatory networks guiding the dynamic changes of gill 

tissue, weighted gene co-expression network analysis (WGCNA) was conducted 

using the proteome data, with a focus on hub proteins and signal transducers for each 

stage of methane deprivation. It was hypothesized that the proteins responsible for the 

phenotypic changes could share a coordinated expression pattern across samples, 

while the transcription factors or signal transducers with high interconnectivity could 

play crucial roles in modulating the phenotypic changes. Consequently, a total of 18 

co-expression modules were obtained for the proteome of deep-sea mussels, while the 

blue, green, turquoise, purple, and brown modules were of particular interest and 

contained the majority of differentially expressed proteins in the G7D/G4W, G3M, 

and G1Y groups in comparison with the InS group (blue, green, and purple modules), 

the G7D group (turquoise module), or the G3M group (brown module), respectively 

(Fig. S5). About 42 differentially expressed proteins from the G7D/G4W group (in 

comparison with the InS group) were found to be highly interconnected within the 

blue module, and were involved in cell metabolism, signal transduction, and 

transcription regulation. Among these proteins, six proteins, including nuclear 

receptor-binding factor 2 (NRBF2) and ATP-dependent RNA helicase A (DHX9), 

were annotated as transcription regulators (Fig. 5A). In particular, NRBF2 protein, a 

crucial regulator in starvation-induced autophagy32, showed the highest 

interconnectivity degree with the remaining differentially expressed proteins 

(connecting 33 of these proteins), which might serve as the hub regulators at the early 

stage of methane deprivation. In addition to the NRBF2 protein, HSD17B4 was also 

found to have a high interconnectivity degree with the differentially expressed 

proteins of the blue module (Fig. 5A), suggesting the participation of sterol and 

steroid hormone metabolism in regulating methane-deprivation-induced phenotypic 

changes33. In accordance with these findings, two additional sterol-related signaling 

pathway proteins (24-hydroxycholesterol 7 alpha-hydroxylase34 and nuclear receptor 

coactivator 635) were also found to be differentially expressed in the G7D group, 

accompanied by the drastic alterations of sterol-related metabolites in gill tissue. 
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These results collectively suggest that the sterol-related signaling pathway may play a 

crucial role in initiating the metabolic and developmental changes of gill tissue shortly 

after methane deprivation36 (Fig. 5B). It was also noteworthy that the sterol 

metabolism of the host was highly coordinated with symbionts37, which implied the 

potential influence of symbiont depletion in initiating the phenotypic changes of 

symbiotic cells and organs via the sterol-related signaling pathway. 

Similarly, a total of 14 transcription regulators, including endothelial 

differentiation-related factor 1 (EDF1), chromatin target of PRMT1 protein (CHTOP), 

RNA polymerase-associated protein RTF1 homolog (RTF1), protein ecdysoneless 

homolog (ECD), zinc finger protein 260 (ZNF260), and EGFR, were identified in the 

green and turquoise modules, modulating cell metabolism, development, and 

differentiation processes during middle-stage methane deprivation (Fig. S6A). It was 

interesting to note that the cholesterol 24-hydroxylase (CYP46A1) protein, another 

gene involved in sterol turnover and the biosynthesis of steroid hormone38, was also 

up-regulated in the G3M group and exhibited the highest interconnectivity with other 

proteins, verifying the ongoing contribution of the sterol-related signaling pathway in 

response to methane deprivation (Fig. 5B). Comparatively, four transcription 

regulators, including ELKS/Rab6-interacting/CAST family member 1 (ERC1), host 

cell factor 1 (HCFC1), protein split ends (SPEN), and translation regulators speckle 

targeted PIP5K1A-regulated poly(A) polymerase (TUT1), were found to be 

differentially expressed in the G1Y group, potentially influencing the expression of 59 

proteins that were involved in cell metabolism and cilium movement, therefore 

constituting the core modulatory network under long-term methane deprivation (Fig. 

5B and Fig. S6B, C).  

Discussion 

Symbiotic cells and organs provide mutualist services to their host via the intimate 

interaction with symbionts, and are implicated as key traits of symbiosis4. However, 

how these symbiotic traits evolve under and adapt to emerging environmental changes 

and how symbiotic associations influence the phenotypic changes of symbiotic cells 

and organs remain less investigated3,39. In this study, the phenotypic changes of gill 
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tissue from methanotrophic deep-sea mussels during long-term methane deprivation 

and symbiont depletion were thoroughly assessed based on the integrated data from 

proteome and metabolome analyses. The results showed that the hosts vigorously 

remodeled the metabolism, development, and function of gill tissue in response to 

methane deprivation and to sustain long-term survival without symbionts, which were 

guided by a set of transcription factors and sterol-related signaling pathway and 

influenced by the symbiont sterol metabolism. The present study has uncovered the 

robust phenotypic plasticity of symbiotic organs in deep-sea mussels, which facilitates 

the evolution and adaptation of deep-sea mussels and is crucial in understanding and 

protecting the biodiversity of marine fauna from the growing influence of 

anthropogenic activities, such as deep-sea mining. 

Obtaining sufficient nutrition is the top priority for deep-sea organisms living in 

extreme environments with limited organic carbon. While deep-sea mussels can 

harvest nutrition from their chemosynthetic endosymbionts under normal conditions 

via either “milking” way or “farming” way 40,41, homeostasis can be compromised 

instantly once the surrounding reduced components are decreased and symbionts 

became infertile. In the present study, the metabolic processes of methanotrophic 

hosts were found to be robustly altered soon after methane deprivation. The deep-sea 

mussels sacrificed their infertile symbionts rapidly and massively to meet their 

nutritional needs via a lysosome-mediated digestion process. It is noteworthy that the 

lysosome-mediated digestion of symbionts is a common choice for almost all hosts 

under nutritional limitation, although this process can compromise and even destroy 

the symbiotic associations41,42. Nevertheless, symbiotic associations can recover 

gradually once methane or sulfide becomes available15,31, making the sacrifice of 

symbionts affordable. It was also noted that the mussel host reallocated energy to 

sustain the proliferation of ciliated cells and enhance the filter-feeding function of the 

gill. These phenotypic changes were believed to benefit the harvest of environmental 

particulate organic matter (POM) as a supplementary way to meet the nutritional 

needs of the host30. The local environments of cold seeps and hydrothermal vents can 

fluctuate rapidly and vigorously due to geological activities, resulting in the aperiodic 
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decrease and/or increase of reduced components. Therefore, phenotypic changes in 

symbiotic cells and organs can occur frequently in part or in whole for deep-sea 

mussels regarding to the intensity of environmental change and serve as key 

indicators of deep-sea mining or other anthropogenic activities. Besides, the deep-sea 

mussel could survive even much longer than one year in natural condition since our 

experimental condition is much harsh31,43. While the phenotypic changes of the 

digestion system remain unexplored, the long-term survival of deep-sea mussels 

under methane deprivation might also endow them with transgenerational effects, 

allowing for a permanent transition from chemoautotrophy (a symbiotic association 

with thiotrophs) or chemoheterotrophy (a symbiotic association with methanotrophs) 

to strict heterotrophy (filter-feeding). In support of the speculation, some studies have 

reported the loss or reduction of symbiosis in the bathymodiolin mussel, Idas 

argenteus, which can be induced by nutrient-rich environments12. Collectively, these 

findings verify the robust plasticity of symbiotic organs in deep-sea mussels, which 

makes them one of the most successful holobionts in deep-sea. 

While deep-sea mussels are known to harbor hundreds or thousands of symbionts 

inside a single bacteriocyte44, knowledge on how symbionts influence the 

development of symbiotic cells and organs is still scarce. It is noteworthy that the 

early development of gill tissue in deep-sea mussels is quite similar to that in 

nonsymbiotic mussels, while the epithelial cells can become hypertrophic and lose 

microvilli and cilia once colonized by symbionts45. In addition, the newly formed 

bacteriocytes of adult mussels also lose microvilli after being colonized by the 

symbionts of adjacent bacteriocytes13. These morphological changes indicate that 

symbionts substantially influence the function and development of gill cells. In line 

with these findings, it was also observed that gill tissue underwent dramatic 

phenotypic changes during the decolonization process, suggesting that the loss of 

symbionts could reshape the function and development of symbiotic cells and organs. 

While the formation and maintenance processes of symbiotic cells are similar across 

different species and phyla46,47, the characterization of the host signaling pathways 

and symbiont-deprived signal transducers that regulate the process remains 
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challenging48–50. Here, the findings suggested that the sterol-related signaling pathway 

could play important roles in reshaping the metabolism, function, and development of 

gill tissue once the symbionts were depleted. Moreover, the differential expression of 

the sterol-related signaling pathway under methane deprivation might be a cascade 

reaction triggered by the shortage of symbiont-deprived sterol intermediates37. In 

support of this speculation, data from the single-cell transcriptome analysis also 

suggested that the methanotrophic symbionts could influence the differentiation and 

maturation processes of bacteriocytes via the sterol-related signaling pathway43. It is 

also noticeable that majority of animal hosts have formed coordinated sterol 

metabolism with their symbionts, highlighting the possible role of sterol-related 

signaling pathway in the phenotypic plasticity of symbiotic cells and organs across 

different holobionts. 

In summary, this study comprehensively depicted the robust phenotypic plasticity 

of gill tissue in response to methane deprivation and symbiont depletion based on the 

integrated multi-omics data. In addition, the dynamic remodeling of the cell 

metabolism, development, and function of gill tissue facilitated the long-term survival 

of deep-sea mussels even the loss of all symbionts, which could support the range and 

persistence of mussels in the extreme environment of the deep sea and help the 

mussels to adapt to and evolve in emerging environmental changes. The robust 

phenotypic plasticity of gill tissue also implied the outstanding resilience ability the 

deep-sea mussel community, making deep-sea mussels promising models in 

evaluating the ecological influences of deep-sea mining. However, there were still 

some limitations in the current study. For example, the long-term methane deprivation 

assay was conducted ex situ instead of in situ, which could have caused disturbance to 

the deep-sea mussels51. In addition, the exact mechanism and target cells of the sterol-

related signaling pathway need to be further verified in vivo in future studies to fully 

understand the phenotypic plasticity of gill tissue. While these limitations remain a 

common challenge for studies on deep-sea organisms, the present study has 

nevertheless shed new light on understanding the symbiotic 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 (22°06′N, 119°17′E) in the 

South China Sea using the “Faxian,” a remotely operated vehicle, during a research 

cruise in 2017. The mussels were transferred to the deck for less than 1 h using an 

isobaric and/or isothermal biobox that could shelter them from depressurization and 

elevated temperature during recovery51. Once aboard, the gill tissues from six mussels 

were collected to indicate the in situ state (the InS group, containing isobaric and 

isothermal samples). The remaining mussels (isothermal samples) were transferred to 

the onboard recirculating system (atmospheric pressure) for acclimation. To mimic the 

in situ environment, the system was supplied with surface seawater from the cold seep 

and kept at 3.5 ± 0.5°C and 34.5 ± 0.5‰ salinity, with half of the water replaced every 

day. After the cruise, the mussels were transferred into a recirculating system inside 

the laboratory with same environmental parameters52, although the particulate organic 

carbon concentration was elevated from 1.6–4 μM to 20–60 µM53–55. To completely 

deplete the symbiotic methanotrophs, a final concentration of 50 mg/L ampicillin and 

kanamycin was added to the seawater for the first month after recovery, while no 

methane was added to the recirculating system during the whole assay. At days 7, 28, 

84, and 288 post mussel recovery, six mussels were randomly collected to represent 

different stress stages (designated as the G7D, G4W, G3M, and G1Y groups, 

respectively). For all sampled mussels, a portion of the gill filaments was fixed with 4% 

paraformaldehyde or a mixture of paraformaldehyde and glutaraldehyde (2%/2.5%) 

for the subsequent FISH and TEM assays. The remaining gills were frozen with liquid 

nitrogen and stored at −80°C for symbiont quantification, proteome analysis (only 

gills from three mussels were used), and metabolome analysis (the G4W group was 

excluded from the analysis). At day 309 after mussel recovery, another 18 live 

mussels were injected with 5-ethynyl 2′-deoxyuridine (EdU, 5×10−9 mol/individual) 

in the adductor muscle to label the newly generated gill cells. Among the injected 

mussels, six were continuously cultured in the recirculating system, while the 
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remaining mussels were returned to the seepage region or a low-methane region of the 

cold seep using the isothermal biobox. The EdU-treated mussels were collected 5 

days later for gill tissue sampling and fixed with paraformaldehyde or 

paraformaldehyde/glutaraldehyde for EdU staining and TEM analysis. 

Proteome analysis 

 Proteome analysis was conducted with assistance by PTM Biolabs (Hangzhou, 

China). The proteome analysis methods are described in detail in the supplementary 

material. In brief, gill proteins were extracted and digested by trypsin. The peptides 

obtained by trypsin digestion were subsequently labeled as directed by the tandem 

mass tag (TMT) kit (PTM Biolabs). The labeling peptides were then fractionated by 

high pH reverse-phase high-performance liquid chromatography and further subjected 

to liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis. LC-

MS/MS spectra were searched against the G. platifrons genome data concatenated 

with the reverse decoy database. 

Gene Ontology (GO) and KEGG annotations of the G. platifrons proteome were 

derived from the integrated analysis by non-redundant protein sequences of the NCBI, 

the KEGG database, UniProt, Pfam, and InterProScan. 

Metabolome analysis 

The detailed metabolome analysis methods are described in the supplementary 

material. In brief, gill tissues were treated with 80% methanol to release all 

metabolites. After centrifugation at 12,000 g and 10°C for 15 min, the supernatants 

were divided into four parts and subjected to liquid chromatography–mass 

spectrometry (LC-MS), gas chromatography/mass spectrometry (GC–MS), and the 

corresponding quality control analysis. 

The raw spectra obtained by LC-MS and GC-MS were decoded by MetaboAnalyst 

(https://www.metaboanalyst.ca/MetaboAnalyst/ModuleView.xhtml), and all identified 

metabolites were annotated with Human Metabolome Database (HMDB), PubChem, 

and the KEGG database. For the identification of differential metabolites, a PCA 

analysis was first conducted to validate the consistency of parallel samples within the 

same group and exclude outlier samples. Then, the differentially abundant metabolites 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 12, 2022. ; https://doi.org/10.1101/2022.08.11.503589doi: bioRxiv preprint 

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


 

 

were screened by both OPLS-DA and the Wilcoxon rank sum test. 

 WGCNA 

WGCNA is conducted to identify proteins with correlated expression patterns in 

all groups. Co-expression networks were constructed using the WGCNA package 

(v1.47) in the R software after incorporating the protein abundance (power = 6). The 

correlation coefficients of samples were then calculated based on the module 

eigengenes. The intramodular connectivity and module correlation degree of each 

gene was also calculated by the R package of WGCNA to determine the hub genes. 

Finally, the networks were visualized using Cytoscape (v3.8.2). 

Symbiont quantification, TEM imaging, FISH, and EdU staining 

Changes in symbiont abundance during the methane deprivation assay were 

monitored by quantitative real-time PCR (qRT-PCR) using previously described 

methods56. Briefly, the methane monooxygenase subunit A gene (pmoA), a marker 

gene in methanotrophic symbionts, was used to indicate the symbiont abundance, 

while the mussel actin gene was used as an internal control. The genomic DNA of gill 

tissues was extracted using a mollusk DNA extraction kit (Omega Bio-tek, Norcross, 

GA, USA) for the template. The primers and qRT-PCR programs used were the same 

as described in previous reports. 

TEM of the gills was conducted following the method described in a previous 

study57. In brief, gill samples fixed by paraformaldehyde-glutaraldehyde were treated 

with 1.0% osmium tetroxide (OsO4) for staining and then dehydrated with alcohol. 

After infiltration with acrylic resin, the samples were finally embedded and sectioned 

with a thickness of 70 nm using an ultramicrotome (EM UC7, Leica, Vienna, Austria). 

After staining by uranyl acetate and lead citrate, the gill cell ultrastructure was imaged 

with a transmission electron microscope (HT7700, Hitachi, Tokyo, Japan). 

The FISH assay of symbionts was conducted using gill filament samples from the 

InS, G7D, G3M, and G1Y groups according to the method described by Halary et al. 

(53). In brief, gill samples fixed by paraformaldehyde were first dehydrated and 

embedded in paraffin. After they were cross-sectioned to 7 μm in thickness, the gill 

tissues were incubated with a Cy3-labeled methanotroph-specific probe (pmoB gene, 
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5’CGAGATATTATCCTCGCCTG3’) for hybridization. After staining the nucleic 

acids with 4′, 6-diamidino-2-phenylindole (DAPI), gill sections were imaged with a 

fluorescence microscope (Nikon ECLIPSE Ni, Tokyo, Japan) to demonstrate the 

spatial distribution of symbiotic methanotrophs. 

EdU staining was also conducted with the paraffin sections. In brief, after treatment 

with 4% paraformaldehyde and dehydration with ethanol, EdU-labeled gills were 

embedded in paraffin and sectioned using a microtome (Leica, Heidelberg, Germany) 

to a thickness of 7 μm. The EdU staining was conducted using the Click-iT Plus EdU 

Imaging Kit (Thermo Fisher, Waltham, MA, USA) and visualized with a fluorescence 

microscope (Nikon ECLIPSE Ni, Tokyo, Japan) after deparaffinization and 

rehydration. 

Statistical analyses 

For the identification of differentially expressed proteins, the expression values 

across all samples were first quantified and the mean values of each group were used 

for subsequent comparison. Proteins were considered to be differentially expressed 

only when the fold changes between two given groups were greater than 1.2-fold, 

with a p value less than 0.05 (two-tailed t-test). For the GO enrichment analysis, the 

differentially expressed proteins were classified into three categories (biological 

process, cellular component, and molecular function) and subjected to two-tailed 

Fisher’s exact test (adjusted p-value < 0.05) to determine the significance against all 

identified proteins. For KEGG enrichment analysis, the two-tailed Fisher’s exact test 

was also used, and the results were further mapped to the pathways using the online 

KEGG mapper service tool. For the qRT-PCR assay, six biological replicates were 

employed for each group, and the relative abundance was calculated using the 2−ΔΔCt 

method and given as the mean ± s.d. A Kruskal–Wallis test followed by Dunn’s 

multiple comparison was employed to determine the significant differences between 

groups. 
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Figure 1. Phenotypic changes of gill tissue under methane deprivation. 

(A) A schematic drawing of the experimental workflow. The deep-sea mussels were 

subjected to a long-term methane deprivation assay in a laboratory recirculating 

system and sampled at days 0, 7, 28, 84, and 288 (the InS, G7D, G4W, G3M, and 
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G1Y groups, respectively) for proteome and metabolome analyses. Mussels from the 

G1Y group were also subjected to a 5-ethynyl 2′-deoxyuridine (EdU)-labeling assay 

under laboratory conditions or after being transplanted back to the cold seep. 

(B) Fluorescence in situ hybridization (FISH) assay of mussel gills. The Cy3-labelled 

symbiont-specific probe (designed based on the pmoB gene) was employed to indicate 

endosymbiotic methanotrophs (in red), while nuclei were stained using 4′, 6-

diamidino-2-phenylindole (DAPI, in blue). The results showed that symbionts were 

depleted rapidly under the methane deprivation assay. 

(C) Transmission electron microscope (TEM) analysis of cross-sectioned gill tissues. 

TEM images revealed the robust morphological changes of gills under methane 

deprivation, including depletion of symbionts and bacteriocytes and replenishment of 

ciliated cells. 

 

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

deprivation. 

(A) Magnified transmission electron microscope (TEM) image of bacteriocytes in the 

InS (A1) and G7D (A2) groups. Methanotrophic endosymbionts were found to be 

greatly reduced under methane deprivation, while some digested debris was observed 

in the augmented lysosomes (A3). Large volumes of lipid droplets were also observed 

in the bacteriocytes shortly after methane deprivation (A4). 

(B) Heatmap of differentially expressed proteins involved in lysosome-mediated 

digestion in the G7D group in comparison with the InS group. Up-regulated proteins 

are labeled in red, while down-regulated proteins are labeled in blue. 

(C) Heatmap of differentially expressed proteins that involved in fatty acid 

metabolism in the G7D group in comparison with the InS group. 

(D) Alterations in the relative abundances of lysophosphatidylcholine (LPC), 

lysophosphatidylethanolamine (LPE), and carnitine in the InS and G7D groups as 

detected by liquid chromatography–mass spectrometry (LC-MS) (data given as mean 

± SD). 

(E) Expression patterns of three phosphoenolpyruvate carboxykinases (PCKs) 
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homologous in the G7D and InS groups as revealed by the proteome (data given as 

the mean ± SD). 

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

compared to the InS group as detected by gas chromatography–mass spectrometry 

(GC-MS). 

(G) Expression pattern of aldehyde reductase (AKR1B) protein 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) images of gill tissue in the G3M group. 

Few bacteriocytes were retained while most were replaced by ciliated cells at this 

stage. 

(B) Expression patterns of two caspases (caspase2 and caspase 7) in the G3M and 

G7D groups as revealed by the proteome (data given as the mean ± SD). 

(C) TEM imaging revealed the apoptosis of bacteriocytes with distinct morphological 

features, including cell shrinkage (C1), irregular morphology of the nucleus (C2), 

condensed crescent-shaped chromatin (C3), and phagocyte-mediated phagocytosis 

(C4). 

(D) Heatmap of differentially expressed proteins involved in cell proliferation and 

differentiation in the InS group and the G3M group. 

(E) Heatmap of differentially expressed proteins involved in the oxidation of lipids 

and amino acids in the G3M group compared to the InS group. 

(F) Fold changes of the relative content of steroid metabolites in the G3M group 

compared to the InS group as identified by the gas chromatography–mass 

spectrometry (GC-MS) metabolome. 

(G) Fold changes of the relative abundance of amino acids in the G3M group 

compared to the InS group as revealed by the liquid chromatography–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 enzymes involved in glycolysis, 

tricarboxylic acid (TCA) cycle, and oxidation phosphorylation in the G1Y group  

compared to the InS group. 

(B) Overview of glycolysis, the TCA cycle, and amino acid metabolism under the 

methane deprivation assay. Metabolites identified in the metabolome are shown in 

bold font. Changes in the relative abundances of metabolites and proteins are 

illustrated in the heatmap. Columns in the heatmap (from left to right) represent the 

relative abundances in the InS, G7D, G3M, and G1Y groups. Asterisks represent the 

significant differences in the G1Y group in comparison with the InS group. Triangles 

represent the significant differences in the G1Y group in comparison with the G3M 

group. 

(C) Box plot showing the four up-regulated enzymes involved in mitophagy in the 

G3M group compared to the InS group. 

(D) Gene Ontology (GO) enrichment analysis of differentially expressed proteins in 

G1Y group compared to the G3M group. The top eight most significant GO terms 

involved in the biological process, cellular component, and molecular function are 

shown. 

(E) 5-ethynyl 2′-deoxyuridine (EdU)-labeling assay of gill tissue under long-term 

methane deprivation. Mussels in the G1Y group were subjected to EdU treatment to 

label newly generated cells under either ex situ (in laboratory recirculating system) or 

in situ conditions (transplanted back to the cold seep). Newly synthesized DNA was 

incorporated with EdU and visualized in green fluorescence. Cell nuclei were stained 

by DAPI (in blue). 

 

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

(A) Regulatory networks of gill tissue under methane deprivation constructed using 

weighted gene co-expression network analysis (WGCNA). About 42 differentially 

expressed proteins in the G7D/G4W groups in comparison with the InS group were 

found to be interconnected in the blue module (A1), constructing the hub regulatory 
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networks at the early stage of methane deprivation. Similarly, a total of 22 

differentially expressed proteins in the G3M group in comparison with the InS group 

were interconnected in the green module (A2), constructing the hub regulatory 

networks at the middle stage of methane deprivation. 

(B) Schematic map showing the phenotypic changes at early-stage (B1), middle-stage 

(B2), and long-term (B3) methane deprivation. Purple boxes indicate transcription 

regulators. Yellow boxes indicate enzymes. Blue boxes indicate metabolic processes. 

Solid lines or arrows show the reactions catalyzed by differentially expressed proteins 

identified by the proteome. Dotted lines or arrows show the reactions catalyzed by 

non-significantly differentially expressed proteins identified by the proteome. 

Abbreviations: NRBF2: nuclear receptor binding factor 2; HSD17B4: (3R)-3-

hydroxyacyl-CoA dehydrogenase; CYP39A1: 24-hydroxycholesterol 7alpha-

hydroxylase; NCOA6: nuclear receptor coactivator 6; TCA: tricarboxylic acid cycle, 

ATP: adenosine triphosphate; CE: cholesterol ester; TG: triglyceride; PC: 

phosphatidylcholine; PE: phosphatidylethanolamine; SLC family: solute carrier 

family; NCEH1: neutral cholesterol ester hydrolase 1; CYP46A1: cholesterol 24-

hydroxylase; NR1F4: nuclear receptor subfamily 1 group F member 4; NR1IN: 

nuclear receptor subfamily 1 group I; COL6A: collagen type VI alpha; ARS: 

aminoacyl-tRNA synthetase; EDF1: endothelial differentiation-related factor 1; 

CHTOP: chromatin target of PRMT1 protein; RTF1: RNA polymerase-associated 

protein RTF1 homolog; ECD: protein ecdysoneless homolog; ZNF260: zinc finger 

protein 260; EGFR: epidermal growth factor receptor; VEGF: vascular endothelial 

growth factor signaling pathway; MAPK: mitogen-activated protein kinase signaling 

pathway; pfkA: 6-phosphofructokinase 1; ALDO: fructose-bisphosphate aldolase; 

ENO: enolase; pdhB: pyruvate dehydrogenase E1 component beta subunit; MDH1: 

malate dehydrogenase; fumA: fumarate hydratase; SDHA/SDHB: succinate 

dehydrogenase (ubiquinone); LSC1/2: succinyl-CoA synthetase beta subunit; OGDH: 

2-oxoglutarate dehydrogenase; IDH: isocitrate dehydrogenase; ACO: aconitate 

hydratase; CS: citrate synthase; GOT1: aspartate aminotransferase; ALT: alanine 

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

glutamyltranspeptidase; GPT: glutathione S-transferase; GLUD1_2: glutamate 

dehydrogenase; NADH: nicotinamide adenine dinucleotide, reduced; NAD+: 

nicotinamide adenine dinucleotide, oxidized; FADH2: flavin adenosine dinucleotide, 

reduced; FAD: flavin adenosine dinucleotide, oxidized; TBC1D15: TBC1 domain 

family member 15; LC3: GABA (A) receptor-associated protein; OPTN: optineurin; 

ERC1: ELKS/Rab6-interacting/CAST family member 1; HCFC1: host cell factor 1; 

SPEN: protein split ends; TUT1: translation regulators speckle targeted PIP5K1A-

regulated poly(A) polymerase. 

 

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

(A) The relative abundance of the pmoA gene in the InS, G7D, G3M, and G1Y groups. 

(B) Principal component analysis (PCA) of proteome data in all groups. 

(C) Pearson correlation analysis of the proteome in all groups (red indicates high 

correlation, white indicates low correlation). 

(D) Venn diagram of differentially expressed proteins in the 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-regulated and down-regulated 

differentially expressed proteins in the G7D group (A), G4W group (B), G3M group 

(C), and G1Y group (D) compared to the InS group are illustrated. 

 

Fig. S3. Gene Ontology (GO) enrichment analysis of differentially expressed 

proteins in the G7D, G4W, G3M, and G1Y groups compared to the InS group. 

The top 20 most significant GO terms of the differentially expressed proteins of the 

G7D group (A), G4W group (B), G3M group (C), and G1Y group (D) compared to 

the InS group are illustrated. The circles from outer to inner indicate the classification 

of GO terms (yellow indicates biological process, blue indicates molecular function, 
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and green indicates cellular component), the number of background proteins in each 

classification (longer indicates more proteins), colored is used to indicate the p-value 

(red indicates greater significance), the numbers of up-regulated (intense purple) and 

down-regulated proteins (light purple), and the rich factor value of each classification 

(each compartment represents 0.1). 

 

Fig. S4. Overview of metabolome analysis in the InS, G7D, G3M, and G1Y 

groups. 

(A) Principal component analysis (PCA)of metabolites identified in the InS, G7D, 

G3M, and G1Y groups by liquid chromatography–mass spectrometry (LC-MS). 

(B) PCA analysis of metabolites identified in the InS, G7D, G3M, and G1Y groups by 

gas chromatography–mass spectrometry (GC-MS). 

(C) UpSet diagram of the differentially expressed proteins in the G7D, G3M, and 

G1Y groups compared to the InS group. The horizontal bars show the total number of 

differentially abundant metabolites in each methane deprivation treatment group 

compared to the InS group. The vertical bars show the shared number of differentially 

abundant metabolites between the given groups. Connected dots refer to the groups 

involved in each intersection. 

(D) Expression pattern of neutral cholesterol ester hydrolase 1 (NCEH1) during 

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

 

Fig. S5. Venn diagrams of differentially expressed proteins identified in the G7D, 

G4W, G3M, and G1Y groups and by weighted gene co-expression network 

analysis (WGCNA) analysis. 

(A) Venn diagram of differentially expressed proteins in the G7D group and in the 

blue module. 

(B) Venn diagram of differentially expressed proteins in the G4W group and in the 

blue module. 

(C) Venn diagram of differentially expressed proteins in the green module, turquoise 

module, and in the G3M group. 
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(D) Venn diagram of differentially expressed proteins in the 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 networks in 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. Identified metabolites in the metabolome of G. 

platifrons gills. 

Supplementary Table S4. Differential metabolites identified in different groups. 
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