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ABSTRACT

Rising ocean temperatures due to global warming pose severe threats to marine
organism survival. Membrane proteins perform important biological functions and
serve as sensitive environmental stress sensors. However, the characterization of
membrane protein content in response to temperature adaptation remains poorly
understood in marine organisms. Here, we performed reciprocal “transplantation
experiments between the northern/cold and southern/warm natural’ habitatsiof“two
allopatric but closely related oyster species, Crassostrea gigas-and C=angulata.
Comparative membrane proteomics combined with transctiptomie’analysis revealed
ABC transporters, Notch signaling, biosynthesis of ‘unsaturated fatty acids, and
aquaporins as key molecular components of temperature adaptation in oysters. ABC
transporters and key endoplasmic reticulum. enzymes..for unsaturated fatty acid
synthesis (SCD, FADS2, and ELQVL4) exhibited consistently higher protein
abundance in northern environments, indicating their involvement in cold adaptation.
The Notch signaling pathway'smay serve as .4 crucial mechanism for sensing
temperature fluctuations=and coordinating regulation of antioxidant defense and
apoptosis. Additionally; we identified that aquaporins function as both key heat- and
cold-adapted pfoteins,, suggesting their crucial role in temperature fluctuation
responses. ‘A ‘'nonsynonymous mutation identified in the AQUAPORIN-8 coding
regiommay“meodulate tetrameric water channel formation, thereby altering transport
efficiency and potentially contributing to differential temperature tolerance between
the two”oyster species. This study is the first to characterize dynamic changes of
membrane protein in oysters, which reveals its critical role in ambient temperature
adaptation and provides new insights into predicting the adaptability of marine

organisms to future climate changes.
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INTRODUCTION

In the context of global warming, oceans have absorbed most of the excess heat
from anthropogenic warming, driving a persistent upward trajectory in sea
temperatures (Mcculloch et al., 2024; Oh et al., 2024). Global ocean surfaces warmed
exceptionally during 2023-2024, averaging 0.25 ‘C above the 2015-2016 peak, which
is a 1-in-512-year extreme climatic event (Terhaar et al., 2025). Temp€rature, governs
core physiological processes including enzyme kinetics (Wang and Swartz;, 2024),
immune competence (Karl et al., 2011), and reproductive performance(Munns and
Millar, 2023), which are critical determinants of organismal development and growth.
The persistently rising ambient temperatures pose severe threats t0 madrine organisms,
a phenomenon that has received mounting attention(De Luzinais et al., 2024). For
instance, during the 2023 marine heatwaves (MHWs), New-Zealand experienced peak
temperatures 4.4 “C above historical averages, resulting in >50% mortality of sponge
at sampled sites (Bell et al., 2024). Studies have._shown that Atlantic coral cover
exhibited a fourfold decline [from 41977 jto 2020 due to increasing intensity and
frequency of MHWs (Walker et ‘al5=2024). Annually during summer months, mass
mortality events_occur in farmed large yellow croaker populations due to heat stress
and secondary”diseases, resulting in substantial economic losses across China’s
aquaculture. industry (Wu et al., 2022). Therefore, rising sea temperatures and
increasing frequency of extreme climatic events have caused substantial impacts on
maring ecosystems and aquaculture industries (Masanja et al., 2024; Monteiro et al.,
2023). /Understanding the molecular basis of temperature adaptation in marine
organisms has become crucial for enhancing their resilience to elevated temperatures.

Biological membranes serve as both a natural cellular barrier and a sensitive
environmental stress sensor (Ernst et al., 2016). Their critical functions, including
energy conversion, selective molecular transport and signal transduction, are
predominantly mediated by proteins embedded within the lipid bilayer (Jafurulla et al.,

2019; Sych et al., 2022; Zhang et al., 2015). Therefore, dynamic remodeling of
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membrane protein composition is a sensitive mechanism for perceiving and adapting
to ambient temperature variations (Permyakov et al., 2016; Xu et al., 2025). Due to
the hydrophobic nature of the lipid bilayer, most hydrophilic solutes require
specialized transport mechanisms to cross cell membranes, a process mediated by
transmembrane transport proteins (Ozkan et al., 2024; Stieger et al., 2021). Transport
membrane proteins can be divided into channel proteins, carrier proteinsyand ATP-
powered pumps based on their transport mechanisms and energy requircments,
enabling the transport of various substances to maintain internal, homeostasis
(Mazhab-Jafari et al., 2016; Nishiguchi et al., 2023;" Fhompson, 2022). By
maintaining ion homeostasis and osmoregulation, transport protegins.play a crucial role
in regulating stress response mechanisms, suchyas témperature stress (Kamal et al.,
2020; Vishwakarma et al., 2019). Biological.membranes ‘also/Serve as attachment sites
for enzymes that catalyze essential reactions, exemplified by: lipid-synthesizing and
glycogen-metabolizing enzymes on-the, smooth endoplasmic reticulum (Zibrin et al.,
2005), electron transport chain/ cemplexes on the inner mitochondrial membrane
(Kiihlbrandt, 2015), .and fatty ‘acid.beta-oxidation enzymes on peroxisomal
membranes (Visser et al., 2007). /Additionally, membrane proteins function as signal
receptors, senSing ambient temperature changes and initiating downstream signaling
cascades, such as the /GPCR pathway, MAPK pathway and NF-kB pathway, to
activateeellular.defénse mechanisms against temperature damage (Ren et al., 2023;
Traylor-Knowles et al., 2017, Wang et al., 2024c). However, the extraction of
membrane proteins remains challenging owing to their low abundance and
hydrophobicity, leading to limited studies on their abundance characterization (Jiang
et al,, 2024; Young, 2023). The advances in detergent and mass spectrometry
technologies have significantly improved membrane protein extraction and
identification, which has laid the groundwork for investigating the adaptive
mechanisms underlying changes in membrane protein composition during

temperature adaptation (Chan et al., 2022; Ehsan et al., 2018).
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Oysters inhabit the highly heterogeneous intertidal zone, experiencing drastic
ambient temperature fluctuations, making them sentinels for sensing ocean
temperature changes (Judge et al., 2018; Zhang et al., 2012). The extreme selective
pressures of habitat drive oysters to develop high phenotypic plasticity, making them
as ideal model for studying marine biotic responses to temperature change (Li et al.,
2021; Wang et al., 2023a). Additionally, oysters are the largest cultivated marine
organism globally, holding significant economic and ecological value (Duet-al.,2024;
Longmire et al., 2021; Wang et al., 2024b). However, mass summerimortality” has
emerged as a major constraint on global oyster aquaculture productivity, with well-
documented cases causing substantial economic damage in, major.producing nations
including China(Yang et al., 2021), the U.S. (Ashtonset al., 2020) and Japan (Ventilla,
1984). Existing research indicates that high.temperaturés‘act as a key abiotic factor,
which can significantly amplify the effeetsjof other factors on physiological processes
in oysters (Bozinovic et al., 20ld3=Liu ‘et al.,.2023b). Therefore, given the high
economic value and significant €celogical role,of .Oysters, elucidating the molecular
mechanisms underlyingrtemperatur€-adaptation is crucial and urgent in the context of
global warming.

Crassostrea. gigasw-and.~C. angulata are dominant cultured oyster species,
naturally inhabiting the relative-cold northern and relative-warm southern coastal
regions of China.(Wang et al., 2024a; Wang et al., 2010). Habitat-specific temperature
has. driven jthe”divergence of temperature tolerances in these allopatric but closely
relatéd Crassostrea oysters, which have undergone 2.7 million years of divergence
(Ren et al., 2010). Therefore, these closely related oyster species can serve as an ideal
model for investigating the molecular mechanisms of temperature adaptation in
marine organisms (Du et al., 2025; Wang et al., 2023b). Previous studies revealed
divergent and complex molecular mechanisms underlying temperature adaptation
between two oyster species through proteomic and protein phosphorylation analyses

of short-term heat stress responses (Wang et al., 2023a). However, there is a lack of
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comprehensive characterization of membrane proteins in oysters that are more
sensitive to temperature perception. Additionally, most studies on temperature
responses focused on laboratory-based temperature stress experiments, which
primarily reflected short-term acclimation (Liu et al., 2021; Poirier et al., 2014). In
contrast, comparative studies of long-term temperature adaptation at ecological scales
would better reveal the physiological mechanisms underlying organismalsadaptation
(Fuchs et al., 2025).

In this study, we conducted a comparative proteomic analysis ‘of membrane
proteins between C. gigas and C. angulata through reciprocal’ transplantation
experiments in their northern and southern natural habitats. This_study presents the
first comprehensive characterization of the oyster m¢mbrane-proteome and identifies
key pathways and membrane proteins involved-in tempeérature adaptation, which will
provide novel insights into molecular mechanisms underlying dynamic reorganization
of membrane proteins and prediction-of the adaptive potential for marine organisms

under global warming.

MATERIALS AND METHODS

Oysters collection and'experimental design

Wild adult“oystets, of C. gigas were collected from intertidal habitats along the
northern coast, of China (Qingdao, 35°44" N, 120°24" E), and C. angulata were
collected frem- the southern coast (Xiamen, 24°33" N, 118°43’ E) to serve as
broadstock “for subsequent experimental procedures. The broodstock oysters were
transported to Qingdao for a one-generation common garden experiment to minimize
the influence of environmental variability. Artificial breeding procedures, including
broodstock maturation induction, fertilization, and larval culture, were carried out in a
hatchery at 22-26 “C using sand-filtered seawater with a salinity of 31£1%.. The
spawning protocol followed our established methodology (Li et al., 2021). For each
species, gametes from 30 males and 30 females were used to generate Fi progeny. To

ensure equal genetic representation, we pooled eggs from all females and distributed
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them equally among 30 fertilization chambers, each containing sperm from a single
male. Oyster larvae were reared in 70-liter plastic tanks and fed different microalgae
at each developmental stage: Isochrysis galbana (D-stage), Nitzschia closterium
(umbo stage), and Platymonas subcordiformis (metamorphosis). Eight-month-old
oysters were divided into two groups and transported to northern (Qingdao) and
southern (Xiamen) sites for subsequent cultivation. After experiencing two months
(From February to March) of maximal temperature differential between.sites, Oysters
were sampled for subsequent experiments. To validate the coding'region yasiants,
wild C. gigas and C. angulata were sourced from coastalsWaters near Tangshan
(Hebei Province, 39°43" N, 118°17" E) and Quanzheu (Fujian Province, 24°22'N,
118°67" E), representing their natural distribution ranges im=northern and southern
China, respectively.

Membrane proteins extraction and identification

Gill tissue membrane protein extraetion:

Membrane proteins were extractéd 'from“the gill tissues of four oyster sample
types (northern/southern” C.“\gigas~and/C. angulata) using the Mem-PER™ Plus
Membrane Protein Extraction Kit (Thermo Scientific, USA). There were four
experimental:groups: Nerth Crgigas (NG) and C. angulata (NA) cultured in Qingdao,
and South C.\gigas (SQ) and C. angulata (SA) cultured in Xiamen. In this study, we
systematically=.compared membrane protein abundance variations (i) between
environmental<Conditions for each species (NG vs. SG for C. gigas; NA vs. SA for C.
angulata), and (ii) between species under identical environments (NG vs. NA in
northern; SG vs. SA in southern). Gill tissues (0.2-0.3 g) were vortexed in cell wash
solution, then minced with micro-scissors and transferred to a 2 mL Kimble™
Kontes™ Dounce homogenizer (Thermo Scientific, USA) containing 1 mL
permeabilization buffer. Tissues were homogenized until a uniform suspension was
obtained. An additional 1 mL of permeabilization buffer was added, followed by

continuous mixing and incubation at 4 C for 10 minutes. The sample was centrifuged
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at 16,000 xg (4 C, 15 min) to remove the supernatant containing cytoplasmic
proteins. The pellet was resuspended in 1 mL solubilization buffer and incubated at
4 °C, for 30 min with continuous mixing. Membrane proteins were obtained in the
supernatant after centrifugation at 16,000 xg for 15 min at 4 C.

Then, the samples were immediately processed using Pierce™ Detergent
Removal Spin Columns (Thermo Scientific, USA) to eliminate detergentssthat could
interfere with subsequent mass spectrometric analysis. The spin columm, Storage
solution was removed by centrifugation at 1,000 xg for 2 minutes, followed by two
washing steps with equilibration buffer under identical centfifugation’ conditions. The
membrane protein solution was gently layered onto the, top.of the.eompact resin bed
and incubated at room temperature for 2 minutesi The detergent-free membrane
protein fraction was collected by centrifugatien-at 1,000 *g for 2 minutes.

Membrane protein trypsin digestion:

The mass spectrometry identification analysis of membrane proteins was
completed by Applied Protein [Technology (Shanghai, China). The membrane proteins
were digested with trypsin, using theé filter-aided sample preparation (FASP)
methodology as refetenced in (Wisniewski et al., 2009). The resulting peptides were
desalted using C18 ecartridgess1yophilized, and reconstituted in 40 pL of 0.1% formic
acid solution supplemented with appropriate iRT peptide standards.

Mass spectrometry analysis:

The resulting membrane peptides were separated via nanoscale chromatography
using:a Vanquish Neo system (Thermo Scientific) and subsequently analyzed with an
Astral high-resolution mass spectrometer (Thermo Scientific). Full-scan MS1 spectra
(380-980 m/z) were acquired at 240,000 resolution (at 200 m/z) with a normalized
AGC target of 500% and maximum injection time of 5 ms. For data-independent
acquisition (DIA), MS2 spectra were collected using 299 variable windows (2 m/z
isolation width) with 25 eV HCD collision energy, 500% normalized AGC target, and

3 ms maximum injection time. DIA data were processed using DIA-NN software with
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the following parameters: enzyme specificity set to trypsin (maximum | missed
cleavage), fixed modification of Carbamidomethyln (C), and variable modifications
including Oxidation (M) and Acetyl (Protein N-term). Protein identification required
passing a 1% false discovery rate (FDR) threshold. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange  Consortium
(http://proteomecentral.proteomexchange.org) via the iProX partner repository with
the dataset identifier PXD065552.

Protein annotation and membrane quantification:

Raw data were analyzed using DIA-NN v1.8.1 based jon‘the available genomes
of C. gigas as references (BioProject Accession: PRINAS598006) (Qi'et/al., 2021). The
software parameters are set as follows: the maximum missed-¢leavages was 1, and at
least one unique peptide per identified proten-during the database search. Proteins
identified by database searches must pass the set filter parameter FDR < 1%. Protein
identification was performed using-the.annotated non-redundant (NR) and Swiss-Prot
(SP) databases from the reference’genome (Qi et“al., 2021). Proteins meeting the
criteria of fold change >1.5 and\.P-value’< 0.05 (t-test) were defined as differentially
expressed. Functional annotation/was performed using Blast2GO software (v.2.8.0+)
for Gene Ontology (GO).classification, while KEGG pathway analysis was conducted
with KOBAS software (v.3.0). Enrichment significance was calculated using Fisher’s
Exact Test, with..P-values converted to -logio scale for statistical interpretation. The
caleulation; of " protein molecular weight, isoelectric point, and other related
information was performed using ProtParam (https://web.expasy.org/protparam/).
Transmembrane domain prediction for membrane proteins was performed using
TMHMM v.2.0 (https://services.healthtech.dtu.dk/servicess TMHMM-2.0/).
Phylogenetic and transcriptome data analysis

All human protein sequences used in this analysis were retrieved from the NCBI
Reference Sequence Database (https://www.ncbi.nlm.nih.gov/). The phylogenetic tree

was constructed using the maximum likelihood method implemented in PhyloSuite
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v1.2.2 (Zhang et al., 2020). Protein sequence evolution was modeled using the
LG+I+G4 substitution matrix, identified as optimal by ModelFinder through Bayesian
Information Criterion comparison. Phylogenetic node confidence was evaluated with
5,000 conventional bootstrap iterations. Protein domain architecture was analyzed
using NCBI’s Conserved Domains Database, while functional motifs were identified
through MEME Suite (https://meme-suite.org/meme/) with the following parameters:
maximum motif width = 200 aa, minimum sites = 10, and E-valug' <+1%10%, The
phylogenetic tree was visualized and annotated using the Interactive, Tree of Life
(https://itol.embl.de/). Protein domains and motifs were wvisdalized .using TBtools
software (version 2.310).

Raw transcriptome sequencing data from oysters under different tissue types and
temperature stress conditions were obtained-frem the.NEBLSequence Read Archive
(accessions: SRP014559 and SRP019967). Sequéncing data was aligned to the
reference genome using the established.pipeline described in previous research (Wang
et al, 2024c). Heatmap| jwas / generated ~using the OmicShare tools
(https://www.omicshare:€om/).

Screening and validation of variant sites in the AQUAPORIN-8 coding region

The resequencing data for C. gigas and C. angulata were obtained from previous
studies (Qi et al., 2023). Variant sites within AQUAPORIN-8 coding region were
extracted-using-bcftools (version 1.19), followed by functional annotation with snpEff
(version4.3). .Genetic variants identified through whole-genome resequencing were
subséquently validated using Sanger sequencing. Total genomic DNA was isolated
from wild C. gigas and C. angulata specimens employing the TIANamp Marine
Animals DNA Kit (TTANGEN BIOTECH, Beijing). Nucleic acid integrity was
assessed via NanoDrop 2000 spectrophotometer, where samples demonstrating
260/280 nm absorbance ratios of 1.8-2.0 were considered protein-free. The variant
regions were amplified using the Phanta Max Super-Fidelity DNA Polymerase Kit

(Vazyme Biotech, China). Then, the PCR amplicons were subjected to Sanger
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sequencing at Tsingke Biotechnology, followed by genotyping analysis based on
sequencing chromatograms. The primers were listed in Supplementary Table S1.
AQUAPORIN-8 RNAi experiment

siRNA injection in oysters:

Small interfering RNA (siRNA) was synthesized by GenePharma (Shanghai,
China). The target sequences were provided in Supplementary Table,Sh, C. gigas
were cultured in a 500-L tank for a one-week acclimation period to mitigatespotential
environmental effects before the experiments commenced. Then, “oysters jwere
anesthetized by immersion in a solution containing 500 g of MgCl dissolved in a 1:1
mixture of seawater and freshwater (total volume: 10 L), for’ 12<h, as previously
described (Du et al., 2025). Following anesthesia-induced valve gape, 200 uL of
siRNA or negative control (1 OD, dissolved.in-DEPCxtreated‘water) was injected into
the adductor muscle. The gills of the=oysters were sampled and placed in liquid
nitrogen, and stored in a -80 C freezer.

Semi-lethal heat stress assay:

C. gigas injected with SiRNA“Or négative control were placed into semi-lethal
temperature (42 ‘C) seawater for. 1 h, which was maintained by a variable frequency
heating rod (Ghaffari etal., 2019). Subsequently, oysters were transferred back to the
500 L acclimation tank after heat stress. The water temperature was maintained at 15
+ 2,.C under "eontintous aeration. To assess cumulative mortality, dead oysters were
removed promptly upon discovery, and survival was recorded daily over a 15-day
period. Gill tissues were immediately collected from live oysters following heat stress
for subsequent histological staining.
qRT-PCR analysis:

Total RNA was extracted from oyster gill tissue using TRIzol reagent (Vazyme
Biotech). First-strand cDNA synthesis was performed with the HiScript III RT
SuperMix for qPCR kit (Vazyme Biotech). Each individual was repeated three times,

and finally the average was taken as the final expression amount of the individual.
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309 The elongation factor-1 alpha (Ef-la) gene served as the internal control for
310  normalization. The sequences of all qRT- PCR primers used in this study were
311  presented in Supplementary Table S1. Quantitative real-time PCR was carried out on
312  an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, USA) with Taq Pro
313  Universal SYBR qPCR Master Mix (Vazyme Biotech). Gene expression

2°24CT method, and al comprehensive

314  quantification was conducted via the
315  comparative analysis between the two species has been described (Li et al;2019).

316  Tissue section staining and analysis:

317 Gill tissues from oysters subjected to semi-lethal temperature treatment,
318  including four experimental groups (negative control and sitAQW-8.under both indoor
319  temperature and heat stress, n=5), were analyzed/ using hematoxylin-eosin (HE)
320  staining and TdT-mediated dUTP nick end-labeling (FUNEL) assays to evaluate
321  histological morphology and apoptosis.sThe tissué sections were fixed for 15 minutes
322  using a universal tissue fixative~(Seryicebio, China), followed by preparation of
323  paraffin-embedded sections. Subsequently, the'tissues were stained with hematoxylin
324  and eosin using an H&E High-Definition Staining Kit (Servicebio), following the
325  manufacturer’s protocol. The stained sections were mounted with neutral balsam and
326  then imaged-using ‘an*upright optical microscope (Nikon ECLIPSE E100, Japan).
327  Apoptosis in'gill tissues was detected using a TUNEL assay kit (Servicebio, China).
328  Briefly,fixed tissue-Sections were treated with proteinase K for antigen retrieval. The
329  sectionsswere then incubated with a reaction mixture containing TdT enzyme, dUTP,
330  and buffer from the kit at 37 °C for 1 hour. After incubation, the samples were washed
331 three times with PBS (pH 7.4) for 5 minutes each. Following PBS removal, DAPI
332 staining solution was applied to the sections, which were incubated at room
333  temperature for 10 minutes in the dark. Finally, the sections were mounted with an
334  Anti-fluorescence quenching tablets (Servicebio) and imaged under a fluorescence
335  microscope (Nikon ECLIPSE CI1, Japan). The Aipathwell software (Servicebio, China)

336 was employed to calculate integrated optical density (IOD) measurements, where
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apoptotic cells are distinctly identified by red coloration.
Validation of AQUAPORIN-8 function in HEK293T cells
Cell overexpression:

HEK293T cells were cultured in 6 well plates at 37 'C, 5% CO>, using Iml
DEEM Medium (Viva Cell Biosciences, China) supplemented with 10% FBS
(Biological Industries, israel). The details of plasmid construction were described in
the previous study (Wang et al., 2023b). Briefly, the open reading frames(ORFEs) of
CgAQUS were cloned into the pCMV-N-Flag vector (Beyotime, Biotechnglogy,
China). The site mutant plasmids were constructed using/Mut Express II Fast
Mutagenesis Kit V2 (Vazyme Biotech). Primer=, sequences. were listed in
Supplementary Table S1. The pCMV-CgAQUS ¢plasmid= was transfected into
HEK293T cells using Lipofectamine 3000.(Fhermo+Fisher Scientific). Transfection
was performed one day after seedimg,/at which point the cells had reached
approximately 80% confluence, using-2500,ng of plasmid per well.

Cell apoptosis and viability detection®

The heat stress group was exposed. 16 a culture temperature of 42 C and 5% CO»
for 1 hour before the experiments. Apoptotic and necrotic cell death were assessed
with an Annexin V-FITE/propidium iodide (PI) apoptosis detection kit (Solarbio Life
Sciences, China). Cell staining and measurement were performed on a FACSAria II
flow. cytemeter.(Becton Dickinson, USA), and resulting data were processed with
FlowJo,/software (Version 10.8.1). Cell Counting Kit-8 (CCK-8) Assay was
performed using the Enhanced Cell Counting Kit-8 (Beyotime Biotechnology)
following the manufacturer’s protocol. Absorbance was measured at 450 nm with a
Varioskan Flash multimode reader (Thermo Fisher Scientific).

Western blotting:

The transfected HEK293T cells were lysed with Western and IP-compatible cell

lysis buffer supplemented with protease inhibitors (Beyotime Biotechnology). After

centrifugation, the supernatant proteins were denatured by heating at 95 ‘C for 5
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minutes in the presence of 4X protein loading buffer (GenScript Biotech, China).
Subsequently, the protein samples were electrotransferred onto a polyvinylidene
fluoride (PVDF) membrane featuring 0.45 nm pores (Millipore, USA) utilizing an
eBlot™ L1 wet transfer system (GenScript Biotech). The membrane was blocked for
10 minutes using QuickBlock™ Western Blocking Buffer (Beyotime Biotechnology),
followed by an overnight incubation with the primary antibody diluted,in«I BST and
incubated with a secondary antibody for 2 hours at room temperature. Protein“bands
were visualized using the Omni-ECL™ Femto Light Chemiluminescence™ Kit
(Epizyme, China) and imaged with the Molecular Imager® @el-Doc™ XR System
(Bio-Rad, USA). The antibodies used were as follows: Flag-tag (ZENBIO, 390002),
beta Actin (ZENBIO, 200068-8F10), Anti-Mouse/Rabbit lgG(H + L) (Epizyme,
LF102).
Molecular docking

The AQUAPORIN-8 protein.sequence was submitted to AlphaFold3 software for
structural prediction of its tétrameri¢ ¢omplex conformation. Then, the obtained
protein-protein complex‘was‘also manually subjected to optimization operations such
as dewatering and hydrogenation using AutoDockTools-1.5.7. Finally, pymol was
used to predi€t protein=protein interactions and generate protein-protein interaction
maps. The! tetramer binding energy was predicted using PDBePISA
(https://www.ebi.acaik/pdbe/pisa/).
Statistieal analyses

Multiple group comparisons were performed using analysis of variance
(ANOVA) in GraphPad Prism 9 (version 9.4.1). Prior to parametric analysis, data
normality was assessed using the Shapiro-Wilk test (0=0.05). For non-normally
distributed datasets, non-parametric comparison was conducted via the Mann-
Whitney U test. Significant differences between groups were marked with “*” for P <

0.05, “**” for P <0.01, “***” for P <0.001, “**** for P <0.0001.
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Overview of membrane proteomic data

The experimental design for reciprocal transplantation was schematically
presented in Figure 1A. Proteomic analysis identified 10,499 unique proteins
corresponding to 186,799 peptide spectra across all samples. Complete protein
identification and quantification results for all experimental samples were provided in
Supplementary Table S2. The iRT retention time, average full width at halfmaximum
(FWHM), and peptide length distribution all confirmed that our results~have, high
reliability and meet quality control requirements (Supplementaryy Figure "S1).
Additionally, the distribution of protein quantification values within samples indicated
better quantitative reproducibility (Supplementary Figure 'S2)./Principal component
analysis revealed clear separation of four expesimental groups, with PC1 and PC2
explaining 35.95% and 30.95% of the total.warianceprespectively (Figure 1B). High
reproducibility was confirmed by Pearsof corrélation coefficients (Supplementary
Figure S3). Protein identification—eyerlaps between experimental groups were
visualized using a Venn plot (Supplementary Eigure S4), revealing both shared and
group-specific protein profiles.

Differentially abundant membrane proteins across all comparison groups were
visually summarized in“Eigure’1C, with complete datasets provided in Supplementary
Table S3. In'the NG vs. SG comparison group, a total of 1,009 showed increased
abundanee,_while 14128 proteins demonstrated decreased levels. In the NA vs. SA
comparison group, there were 1,117 proteins that showed increased abundance, while
1,323, proteins demonstrated decreased levels. In the NG vs. NA comparison group,
910 proteins showed increased abundance while 844 proteins demonstrated decreased
levels. In the SG vs. SA comparison group, 888 proteins showed increased abundance
while 787 proteins demonstrated decreased levels.

Gene ontology and KEGG pathway enrichment analyses of differentially
abundant membrane proteins

To elucidate the functional mechanisms underlying temperature adaptation
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mediated by differential membrane proteins, we performed enrichment analysis of
significantly regulated proteins across all comparison groups.

In the GO enrichment analysis, both environmental comparisons (SG vs. NG and
SA vs. NA) showed significant enrichment in molecular function (MF) categories
including transporter activity, ATP-dependent activity, and molecular transducer
activity (Figure 2A, B, Supplementary Table S4). Few biological processes (BP) or
cellular components (CC) showed statistically significant enrichment/in.ouranalysis.
In species comparisons (NA vs. NG and SA vs. SG), ATP-dependent_actiyity and
molecular transducer activity were significantly enriched'in”beth-centrasts, while
transporter activity showed enrichment only in the SAws. SG cemparison (Figure 2C,
D, Supplementary Table S4). Analysis of CC reviealed no oveslapping enriched terms
across the four comparison groups. Subsequently, “‘wec focused our functional
interpretation primarily on BP categories./In the;environmental comparison SG vs.
NG group, significant enrichment=was obsetrved’ for ribosome biogenesis, cellular
component  biogenesis, and 1on | transport/homeostasis-related  processes
(Supplementary Figure.85). In the SA vs! NA group, anion transport and ion transport
were similarly enriched. In the species comparison under northern conditions (NA vs.
NG), signifieant. enrichment.-was observed for transition metal ion transport and
homeostasis processes (Supplementary Figure S5). The southern species comparison
(SA.ys:SG) showed no significant enrichment of ion transport pathways. Instead,
DNA replication, animal organ development, and DNA metabolic processes were
prominently enriched.

KEGG pathway analysis identified ATP-binding cassette (ABC) transporters as
the most significantly enriched pathway in both environmental comparisons (SG vs.
NG and SA vs. NA, Figure 3A, B; Supplementary Table S5). In species comparisons,
ABC transporters pathway was exclusively enriched in the NA vs. NG group, while
steroid hormone biosynthesis was the most significantly enriched pathway (Figure

3C). Similar to GO enrichment results, the SA vs. SG group exhibited distinct
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pathway enrichments including nitrogen metabolism, base excision repair, and two-
component system, which were not observed in other comparisons (Figure 3D).
Therefore, the ABC transporters pathway may be a key pathway for temperature
adaptation in oysters. Additionallyy, KEGG enrichment analysis also revealed
significant overrepresentation of metabolic pathways, particularly those related to
lipid metabolism including: steroid hormone biosynthesis, biosynthesis of unsaturated
fatty acids, and fatty acid biosynthesis (Figure 3A-D). Genes invelved in the
biosynthesis of unsaturated fatty acids, including stearoyl-CoA desaturase;(SCD),
fatty acid desaturase 2 (FADS2), and elongation of very long-¢hain fatty acids protein
4 (ELOVL4), exhibited significantly higher protein “abundance’ in northern
environments in both oyster species (SupplementaryFigure S6). We found significant
enrichment of the critical cell signaling pathways.the Noteh signaling pathway, in both
comparison groups: SA vs. NA and SAwvs. SG.
Key pathway for temperature adaptation: ABCtransporters

Combining GO and KEGG~analyses, the .ATP-dependent transporter ABC
transporter family may~ tepresént an important pathway in temperature adaptation.
Enrichment analysis fidentified| 29 genes in ABC transporters pathway, with
comprehensive physicoehemieal characterization (molecular weights, theoretical pl,
and instability index) detailed in Supplementary Table S6. To better characterize
funetional,_ divergence among the 29 ABC transporter genes, we constructed a
maximum-likelihood phylogenetic tree using their full-length protein sequences with
human orthologs as evolutionary anchors (Figure 4A). Phylogenetic analysis coupled
with motif and domain prediction classified the 29 ABC transporter genes into five
subfamilies: ABCA (7 genes), ABCB (7 genes), ABCC (9 genes), ABCD (3 genes),
and ABCG (3 genes, Fig. 4B). The classification details of each ABC transporters
subfamily were presented in Supplementary Table S7.

We observed significantly higher ABC transporters protein abundance in oysters

cultured under northern environmental conditions compared to southern counterparts,
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with the exception of specific proteins including CgABCAI1-1, CgABCA1-7,
CgABCCl1/2-like-3, CgABCC1/2-like-9, and CgABCG1/2-like-2 (Figure 4C). The
overall trend suggested that relatively cold northern environments may require higher
ABC transporters protein abundance. Transcriptomic analysis revealed no consistent
tissue-specific expression pattern across ABC transporters family genes, with
individual members showing distinct expression profiles among different tissues
(Figure 4D). Under controlled short-term temperature stress, ABCA,~ABCB, and
ABCD subfamilies exhibited a clear increase trend at lower temperatures (5-15" C,
Figure 4E). These findings aligned with the long-term tempgratiire adaptation patterns
observed in field populations, confirming the crucial rele ABC.transporters played in
cold adaptation across oyster species. However, ABCC subfamily members responded
to high temperature (25-35 C), while ABCG=transportets_ showed no temperature-
dependent expression changes (Figure 4E).
Identification of heat and cold adaptation membrane proteins

We considered membrane protein$ that were present in higher content under the
warm southern environment ‘in*both oyster species (SG > NG, SA > NA) and were
also more abundant inlthe relatively heat tolerant C. angulata compared to C. gigas
(NA > NG, SA > SG) as_heat'adapted membrane proteins, while conversely as cold
adapted membrane proteins. The information of the screened heat and cold adapted
membrane,_ proteins’ was presented in Supplementary Table S8. Through
transmembrane domain prediction to verify membrane localization and remove false
positivesy we ultimately identified 5 heat and 6 cold adapted membrane proteins
(Figure 5A). We observed that AQUAPORIN family members were represented in
both heat-adapted (CgAQUAPORIN-8) and cold-adapted (CgAQUAPORIN-11)
membrane protein group. Subsequently, a phylogenetic tree was constructed based on
human orthologs, and combined with motif and domain prediction results, the
functional classification of aquaporins was determined (Figure 5B). The protein

content of CgAQUAPORIN-8 and CgAQUAPORIN-11, as mentioned above,
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exhibited significant differences across different environments and species
comparisons (Figure 5C). Transcriptomic analysis showed both CgQAQUAPORIN-8
and CgAQUAPORIN-11 were highly expressed in gills, which were sensitive to
environmental changes (Figure 5D). CgAQUAPORIN-11 also showed specifically
high expression in labial palps. However, CCAQUAPORIN-8 and CgAQUAPORIN-
11 did not respond to short-term temperature stress (Figure 5D). The eéxpression levels
were higher under non-stressful temperatures (15-25 ‘C), but decreased when.exposed
to temperature stress.

To validate the critical role of the AQUAPORIN family~in temperature
adaptation, RNA interference (RNAI) targeting CgAQUAPORIN-8-was performed in
oysters. In pilot experiments, both siRNAs%“siAQUS8-37’ and “siAQUS8-167”,
effectively suppressed the expression level-of, CgAQUAPORIN-8. Based on the
observed alterations in gene expressionythe “siAQU8-167" was identified as the more
effective siRNA and an interferenee~duration of 24 hours was determined to be
optimal (Supplementary Figureé S7)s Subsequently, we conducted a semi-lethal
temperature (42 ‘C) heat stress ‘experiment to compare the morphological changes of
oyster tissues between hegative control and CgAQUAPORIN interference group. HE
staining indiedated that elevated temperatures induced significant structural alterations
in the gill tissues of gysters. However, no notable differences were observed between
theycontrel group.and the siAQU-8 group (Supplementary Figure S8). Additionally,
suryival‘Curvesanalysis revealed that oysters in the siAQU-8 group exhibited a higher
mortality.rate after heat stress compared to the control group (Figure 6A), along with
an increased apoptosis rate in the gill tissues (Figure 6B, C).

Genetic variations of AQUAPORIN mediate alterations in transport channels to
adapt to temperature changes

To investigate the potential link between AQUAPORIN family genes and
temperature adaptation, we employed genetic approaches to identify protein variants

between two oyster species with divergent temperature tolerance. Comparative
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resequencing data uncovered a conserved nonsynonymous variant Vall83Ile in the
AQUAPORIN-8 coding sequence between 108 C. gigas and 47 C. angulata (Table 1).
To validate the accuracy and conservation of this variant, we performed Sanger
sequencing on 44 wild C. gigas and 48 C. angulata (Table 1). The nonsynonymous
mutation Vall83Ile was evolutionarily conserved between C. gigas and C. angulata
and located in the fifth transmembrane domain, with the dominant genotype being Ile
in C. gigas and Val in C. angulata (Figure 7A, B). Through literature*review and
structural prediction, we confirmed that AQUAPORIN-8 forms transport channels as
a tetramer, with the variant site Vall83lIle located inside the” channel, (Figure 7C).
Structural analyses revealed that the protein mutation.significantly altered tetramer
stabilization. The dominant C. angulata genotype exhibited stronger binding affinity
(-34.8 kcal/mol) compared to C. gigas (-3 1.3-keal/mol, Fig.. 7D, E). Additionally, we
constructed mutant plasmids for C. gigas/lle and C. angulata/Val and validated the
association between the variation—sites and temperature sensitivity in the cellular
model. The results demonsttated that the €. angulata AQUAPORIN-8 mutant
exhibited enhanced cell*viability (Figure 8A) and reduced apoptosis (Figure 8B, C,

Supplementary Figure §9) after heat stress, indicating its stronger heat tolerance.

DISCUSSION

The sustained ris€ in ocean temperatures poses significant threats to marine
otganisms’ “survival, compelling investigation into their molecular mechanisms of
temperature-adaptation under global warming (Mcculloch et al., 2024; Starko et al.,
2024). .However, the abundance characterization of membrane proteins remains
poorly understood, which function as sensitive temperature sensors (Jafurulla et al.,
2019; Wu et al., 2023). In this study, we conducted a comparative study on the
changes in membrane protein content of C. gigas and C. angulata with divergent
temperature tolerances due to long-term adaptation to different ambient temperatures
in southern and northern regions. Our results revealed that ATP-dependent

transporters, Notch signaling pathway, lipid metabolism-related pathways and
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aquaporins may serve as membrane protein targets for further studies on temperature
adaptation. Previous proteomic and phosphoproteomic analyses of oyster’s gill tissue
under acute thermal stress identified significantly enriched pathways in signal
transduction, energy metabolism, protein synthesis, and cell survival/apoptosis, which
primarily involved intracellular proteins rather than membrane-associated proteins
(Wang et al., 2023a). However, the limitation of this study is that each,experimental
group only has three biological replicates.
ABC transporters family

GO and KEGG analyses revealed significant enrichment of ABC transporters
pathway in both environmental and species comparisons, strongly suggesting their
critical role in oyster temperature adaptation. ABC transportess are one of the largest
protein families discovered in organisms, whieh-utilize energy from ATP hydrolysis to
transport diverse compounds across .membranes land regulate vital physiological
activities (Davidson et al., 2008; TFheedoulou and'Kerr, 2015). ABC transporters are
classified into eight major subfamilies (A-H)j each specialized for transmembrane
transport of distinct substrates (Brochan.€t al., 2013; Singh et al., 2024). In this study,
we identified ABC transporter members belonging to five subfamilies: ABCA, ABCB,
ABCC, ABCD,_and ABCG.~ABCA subfamily transporters mediated cellular lipid
transport and'played essential roles in lipoprotein biogenesis in mammals (Wenzel et
al. 2007, However'their functional characterization remained limited in invertebrate
systems:s’ABCB subfamily transporters participate in porphyrin transport and reactive
oxygen species (ROS) regulation, mediating crucial cellular detoxification processes
(Zutz et al., 2009). The ABCB family member P-glycoprotein (ABCB1) was found to
be actively involved in the transport of inorganic mercury in sea urchins (Bosnjak et
al., 2009). ABCC subfamily transporters demonstrated significant functional diversity,
including transport of organic anions, translocation of cyclic nucleotides and cell
signal transduction via sulfonylurea receptors (Deeley et al., 2006). ABCD subfamily

transporters executed the ATP-dependent translocation of fatty acids and fatty acyl-
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CoAs into peroxisomes (Morita and Imanaka, 2012). Most members of the ABCG
subfamily mediated mammalian lipid homeostasis by transporting internally
synthesized and dietary lipids, such as cellular cholesterol efflux (Kusuhara and
Sugiyama, 2007). The functional diversity and complexity of ABC transporters
underscored their fundamental roles in biological processes, consistently suggesting
their equally critical involvement in environmental adaptation mechanisms:

A majority of identified ABC transporter pathway genes consistently=exhibited
higher protein abundance in northern environments both in C. gigas and C. angulata,
suggesting their potential involvement in cold adaptation. ;Shert-teem cold stress
experiments further supported ABCA, ABCB and ABED transporters’ fesponsiveness
to low temperatures. ABC transporters was exténsively demenstrated to play crucial
roles in plant responses to cold stress, including.maize (Yang et al., 2024), tea plants
(Shen and Li, 2023), and Pyropia yezgensis |(Tian et al., 2024). Additionally,
temperature-responsive regulatory-elements were.widely identified upstream of ABC
transporter genes in bacteria, jproviding| ditect .€vidence for their temperature-
dependent expression changes (Tong et al., 2024). Studies on temperature-responsive
ABC transporters in marine animals were notably lacking, whereas their involvement
in acclimatization to salinity stress (Honorato et al., 2017; Shi et al., 2023) and heavy
metal exposure (Contreras et al., 2010; Morcillo et al., 2018) was documented.
Therefote,, this-study is the first to report in marine organisms that the important
membrane protein ABC transporter family is associated with temperature adaptation
and actively responds to low temperatures by increasing protein content. Gene family
analysis revealed significant expansion of ABC transporter genes in bivalves, with 64,
67, and 58 members identified in P. yessoensis, C. farreri, and C. gigas respectively,
compared to only 48 in humans (Wang et al., 2021). The expansion of the ABC
transporter family in bivalves also indicated its important function, enhancing the

organism’s adaptability to better cope with environmental changes (Sandve and
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617  Notch signaling pathway

618 Temperature variations can activate cell-surface thermoreceptors, initiating
619  downstream signaling cascades that orchestrate adaptive responses to environmental
620 changes (Sharma et al., 2024). Our study identified Notch signaling pathway as
621  playing a critical role in oyster temperature adaptation, which was a highly conserved
622  intercellular communication mechanism fundamental to most organisms (Cai et al.,
623  2016). In vertebrates, Notch signaling was demonstrated to participate, in_key
624  biological processes, including inflammatory responses (Cai and Dai, 2025), oxidative
625  stress regulation (Chiappara et al., 2024), and cell apoptosis (Zeng et‘al,, 2016). High
626  temperatures induce inflammatory responses and oxidative stres§ in-marine organisms,
627  posing significant threats to their physiological hemeostasis, such as coral (Tang et al.,
628  2024), shrimp (Guo et al., 2020) and sea_cueumber, (Ji-ct.al., 2008). Additionally,
629  previous studies documented that high'temperatures induced apoptosis in oysters,
630 accompanied by increased oxidativesstréss markers malondialdehyde (MDA) and
631  reactive oxygen species (ROS) (Wang'et al., 2023a). Therefore, oxidative stress and
632  cell apoptosis were key mechanisms of‘thermal-induced cellular damage in marine
633  organisms (Tang et al.j 2024).; Thermal stress-activated Notch signaling may confer
634  heat resistane€ in oysters, through coordinated regulation of antioxidant defenses and
635  apoptotic pathways (Ishio et al., 2015; Nomura et al., 2022). However, mechanistic
636 exploratiens of.the“Notch signaling pathway and its potential role in temperature
637  adaptation remained scarce in marine organisms. We can only speculate about its role
638  under high temperatures based on its functions in vertebrates, and further research is
639  still needed.

640  Biosynthesis of unsaturated fatty acids

641 The fluid nature of biological membranes underpins their dual role as both
642  structural barriers and functional platforms for vital cellular processes (Raj et al.,
643  2023). Fluctuations in ambient temperature can sensitively affect the physical

644  properties of membranes (fluidity), disrupt the ordered arrangement of membrane
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lipids, and result in membrane dysfunction (Wu et al., 2023). The double bonds in
unsaturated fatty acids can cause loose packing of lipid molecules and enhance
membrane fluidity, which is an important mechanism for organisms to maintain
membrane homeostasis, also known as homeoviscous adaptation (Wu et al., 2023).
Our study identified three key membrane proteins involved in unsaturated fatty acid
biosynthesis: SCD, FASD2 and ELOVL4. These three proteins are, endoplasmic
reticulum membrane-bound proteins, which serve as the primary intracellular site for
the biosynthesis of lipids, carbohydrates, and proteins (Miyazaki and, Ntambi, 2003).
SCD and FADS2 served as key rate-limiting enzymes in fatty acid, desaturation,
catalyzing the biosynthesis of oleic acid and polyunsaturated fatty acids (PUFAs) that
modulated membrane fluidity of oysters during ¢eld @daptation in previous studies (Li
et al., 2024; Wang et al., 2023b). ELOVLs were-enzymes-inyolved in very long-chain
fatty acid (VLCFA) biosynthesis and.responded t@ environmental stress in oysters
(Liu et al., 2023a). The regulation~ef umsaturated fatty acid content to maintain
membrane fluidity homeostasis répresented “a central research focus in marine
organism temperature .adaptation studies (Holm et al., 2022; Miliou et al., 20006).
Global plankton lipidome suryeys revealed that fatty acid unsaturation was
fundamentally” constrained_by" temperature, with cold-region organisms exhibiting
three-fold higher unsaturated fatty acid content compared to warm-water counterparts
(Holm etal., 2022).4In this study, we observed significantly higher expression of these
proteinsin morthern cold-adapted versus southern warm-adapted populations of both
oyster species, suggesting their potential role in maintaining membrane fluidity via
unsaturated fatty acid biosynthesis under cold conditions. Lipid metabolism serves as
a fundamental biological process, and these three key lipid metabolic genes were also
attracted significant research attention in other marine organisms (Dong et al., 2016;
Monroig et al., 2012). As the primary site of membrane lipid synthesis, the
temperature response and molecular regulatory mechanisms of the endoplasmic

reticulum and its membrane-associated lipid metabolic genes still require further
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investigation (Fagone and Jackowski, 2009).
Key temperature adaptation membrane protein: AQUAPORIN

Combining the conditions of environmental comparison and species comparison,
the more reliable heat and cold adaptive proteins were identified. AQUAPORIN-8 as
a heat-adaptive protein and AQUAPORIN-11 as a cold-adaptive protein showed
significant differences in protein content among different treatment groups, which
demonstrated the importance of functions in long-term temperature~adaptation.
Additionally, AQUAPORINSs showed tissue-specific overexpression in gills and labial
palps of oysters, which are known to be highly sensitive to gnyitonmental temperature
fluctuations. The AQUAPORIN family represents a-diversesgroups of membrane
channel proteins that facilitate passive transpotrt of water and small solutes (urea,
glycerol, H>O,, NH3, and CO) driven by=esmotic “gradients across biological
membranes (Finn and Cerda, 2015; Sansom and [Law, 2001). Many studies have
established AQUAPORIN-8 as a~dwal-function .channel mediating both water and
ammonia transport, with patticularly | high-water permeability observed in
mitochondrial membran€s (Calamita“et al., 2005; Geyer et al., 2013). AQUAPORIN-
11 belongs to the supetaquaporin group based on sequence divergence from classical
aquaporins, rétaining ‘water..transport capability despite its atypical NPA motifs
(Yakata et al.j 2008)./As essential water channel proteins, AQUAPORINs have been
demonstrated “to..be” important targets of temperature adaptation in plants. Low
temperature réduced water mobility, AQUAPORINs maintained plant water
homeostasis and participated in cellular tolerance mechanisms by regulating
transmembrane water flux under cold stress (Dong et al, 2022). Elevated
AQUAPORIN expression represented an adaptive response to high-temperature stress
by mitigating evaporative water loss, a major cause of cellular damage under heat
conditions (Yooyongwech et al., 2008). In this study, we found functionally
specialized AQUAPORINs evolved divergent expression pattern for temperature

adaptation in oysters under ambient temperature selection pressures. RNAi

= ZR

Zoological
Research



701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728

experiments demonstrated that AQUAPORIN-8 played a functional role in resisting
heat damage. However, the role of AQUAPORINS in temperature adaptation remains
poorly understood in marine organisms, with limited studies of how these channels
mediated temperature responses at the molecular level.

In addition to differential protein abundance, genetic variations were identified
within the coding region of AQUAPORIN-8. The nonsynonymous mutation, Val183Ile
exhibited conserved differentiation, being present in the two wild pepulatiens.of. C.
gigas and C. angulata. During long-term thermal adaptation, the two elosely-related
oyster species accumulated numerous environmentally selected*variants-in non-coding
regions, including promoter polymorphisms of lipid metabolism’ genes'(SCD, ATGL,
SREBP) that correlate with their differential exptession patteras (Du et al., 2025; Li et
al., 2021; Wang et al., 2023b). The nonsynenymous mutations in coding regions,
which alter the amino acid sequence of proteins, may exert more direct structural
impacts on their functional performance™(Farhana et al., 2022). In this study, the
Vall83lle variation was located #vithin the YAQUAPORIN-8 tetrameric channel,
potentially affecting theStability, of t€trameric protein assembly and the formation of
the transport channel, thereby regulating the translocation of water and other small
molecules tosadapt to ambient temperature. We demonstrated that the Vall83lle site
directly affected cell apoptosis and viability after heat stress at the cellular level. The
identified. genetic.variants could be utilized in oyster breeding programs to enhance
stress reSistanee traits. Compared to cytoplasmic proteins that maintain intracellular
homeostasis, membrane proteins—exposed to more dynamic and selective
extracellular environments—evolve faster and harbor more variant sites (Sojo et al.,
2016). Therefore, taking AQUAPORIN-S§ in this study as an example, we proposed
that coding-region variations in membrane proteins may serve as potential targets for
investigating temperature adaptation in marine animals. A schematic of molecular

mechanisms underlying membrane protein-mediated temperature adaptation in C.
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gigas and C. angulata was shown in Fig. 8.
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CONCLUSION

In conclusion, we conducted the first proteomic characterization of membrane
protein composition changes during long-term temperature adaptation in two
congeneric oyster species. Our analysis identified several key pathways associated
with oyster temperature adaptation, including ABC transporters, Notch signaling,
biosynthesis of unsaturated fatty acids, and aquaporins. ABC transpotters, a gene
family responsible for transmembrane transport of diverse compouinds, ‘showed
consistently higher protein abundance in northern environmentsy. suggesting' their
involvement in cold adaptation. The Notch signaling pathway'mady serve as a key
membrane protein pathway that sensed temperature fluctuations and coordinating
regulation of antioxidant defense and apoptosis ‘mechanisms. The rate-limiting
enzymes for unsaturated fatty acid biosynthesis in, the*endoplasmic reticulum (SCD,
FADS2, and ELOVL4) showed higher expression in northern environment,
potentially maintaining membrane. fluidity“through, increased unsaturated fatty acid
production. Aquaporins were membrane channelproteins that mediated osmotically
driven transport of water“and Small*Solutes, serving as key temperature adapted
membrane proteins, with AQUAPORIN-8 functioning as a heat-adapted protein and
AQUAPORIN-1T™as .a cold-adapted protein. Nonsynonymous mutations in the
AQUAPORIN:S8 coding region may modulate tetrameric water channel assembly,
thereby,.altering transport efficiency and potentially driving divergent temperature
tolerance between the two oyster species. This study provides the first
charactetization of membrane proteome dynamics under temperature adaptation in
oysters, identifying key temperature-responsive pathways and candidate targets for
future research, which offers novel insights for predicting adaptive potential in marine
organisms and establish a genetic foundation for precision molecular breeding in

aquaculture.
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Figure 1 Characterization of the oyster; membrane proteome during long-term
temperature adaptation in naturalnorthern and southern habitats. A: The details
of reciprocal transplantation jexperiment design. B: Principal component analysis
(PCA) of four treatment groupsy(Notth €. gigas, North C. angulata, South C. gigas,
South C. angulata) with three biological repetitions (n=3). C: Number of
differentially €xpressedsmembrane proteins in environmental comparison (NG vs. SG

and NA vs./[SA) and species comparison (NG vs. NA and SG vs. SA).
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Figure 2 GO enrichment of differentially abundant membrane proteins. A,B: GO

enrichment analysis“of differentially expressed proteins identified in north and south

comparison. (A) South C. gigas vs. North C. gigas, (B) South C. angulata vs. North C.

angulatas C,D: GO enrichment analysis of differentially expressed proteins identified

in C. gigas and C. angulata comparison. (C) North C. angulata vs. North C. gigas, (D)

South C. angulata vs. South C. gigas. The

red modules

represented molecular

functions (MF), the blue modules represented cellular components (CC), and the

green modules represented biological processes (BP). The size of the horizontal axis

corresponded to the -logio (p-value).
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Figure 3 KEGG pathway enrichment of differentially abundant membrane
proteins.. A ,B:. KEGG pathway enrichment analysis of differentially expressed
proteins“identified in north and south comparison. (A) South C. gigas vs. North C.
gigasy (B) South C. angulata vs. North C. angulata. C,D: KEGG pathway enrichment
analysis of differentially expressed proteins identified in C. gigas and C. angulata
comparison. (C) North C. angulata vs. North C. gigas, (D) South C. angulata vs.
South C. gigas. Color corresponded to the rich factor, size represented gene counts,

and the length of the horizontal axis corresponded to the -logio (p-value).
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1178
1179  Figure 4 Phylogenetic ana]{ysis and ,‘expre‘ssion changes of key pathway for

1180  temperature adaptation‘ABC transporters. A: Phylogenetic tree of identified ABC
1181  transporters. The tret:e was constructed with the maximum likelihood (ML). Hm,
1182  Homo sapiens;‘ Cg | Crassostrea gigas. B: The motif and domain prediction of
1183  identified ABC transf)orters. The right section represented domain information, while
1184 the middle section.represented motifs. C: The protein content of ABC transporters in
1185  four group: North C. gigas (NG); South C. gigas (SG); North C. angulata (NA);
1186 SoufP C..angulata (SA). The color corresponded to the variation in content levels. D:
1187  The gene expression profiles of ABC transporters in different tissues. Amu, Adductor;
1188  Dgl, Digestive gland; Fgo, Female gonad; Mgo, Male gonad; Man, Mantle; Gil, Gill;
1189  Lpa, Labial palp. The color corresponded to the variation in expression levels. E: The
1190  gene expression profiles of ABC transporters under different temperature stress. The

1191  color corresponded to the variation in expression levels.
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Figure 5 Identification of key heat and cold adapted membrane proteins
AQUAPORIN. A:sStatistics of heat and cold adapted membrane proteins. B:
Phylogenetie.tree of AQUAPORINs. The tree was constructed with the maximum
likelihood (ML). Hm, Homo sapiens; Cg, Crassostrea gigas. C: The protein content
of AQUAPORINS in four group. North C. gigas (NG); South C. gigas (SG); North C.
angulata (NA); South C. angulata (SA). The color corresponded to the variation in
content levels. D: The gene expression profiles of ABC transporters in different
tissues and temperature stress treatment. Amu, Adductor; Dgl, Digestive gland; Fgo,
Female gonad; Mgo, Male gonad; Man, Mantle; Gil, Gill; Lpa, Labial palp. The color

corresponded to the variation in expression levels.
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1206  Figure 6 Functional validation of the key heat adapted .membrane protein
1207 AQUAPORIN-8 in oysters. A: Kaplan—Meier survival curves=of oysters in heat-
1208  lethal experiments after AQUAPORIN-8 RNA interference experiments. B: The cell
1209  apoptosis rate results of gill tissues inj control, and siAQU-8 group under indoor
1210  temperature and heat stress. C: Effects“of heat.stress on cellular death in gill tissues
1211  (TUNEL analysis) between control and s1tAQU-8group.
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Figure 7 Genetic variations of AQUAPORIN-8 mediated structural changes in

water channel _tetramer conformation. A: The nonsynonymous mutation of

AQUAPORIN#8 in C. gigas and C. angulata. The upper section represented protein

structure prediction, with blue indicating transmembrane regions. The lower section

showed the CDS sequence and amino acid variations in C. gigas and C. angulata. B:

The protein structure of AQUAPORIN-8. The location of the nonsynonymous

mutation was shown in the figure. C: The tetrameric structure of AQUAPORIN-S8.

The location of the nonsynonymous mutation was shown in the figure. D,E: The

schematic of nonsynonymous mutations affecting AQUAPORIN-8 tetramerization in

C. gigas (D) and C. angulata (E).
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Figure 8 Genetic variations of AQUAPORIN-8 ‘influence cellular thermal
resistance. A: The CCK-8 assay for' the cell yiability (n=6). HEK293T cells
transfected with Flag-AQUS-183lle~and 183Val.iinder control and heat stress. The
error bars represent SE. AQUAPORIN-8 protein expression was confirmed by
western blotting. B-Actifi seryed as™a leading control. B: The cell apoptosis rate of
HEK293T cells under (control jand heat stress (n=6). C: The cell apoptosis chart in

each group. Each grouprdisplayed overlaid data from six biological replicates.
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Figure 9 The molecular mechanismsrof key membrane protein for temperature
adaptation in oysters. ABC transporters, utilized energy from ATP hydrolysis to
transport various compounds lacross membranes. Aquaporins facilitated the passive
transport of water and~Small, selutes (utea, glycerol, H>O2, NH3, and CO>) across
biological membranes, along /osmotic gradients. The Notch signaling pathway
participated i inflamniatory résponses, oxidative stress regulation, and cell apoptosis
to help oysters cope;with high-temperature stress. The endoplasmic reticulum
membrane. proteins*SCD, FADS2, and ELOVL4 were key enzymes in unsaturated
fatty "acid biosynthesis, which maintained membrane fluidity and normal membrane

function,
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