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Fig. S1 Results of the pilot RNAi experiments. The Hsp90 gene-targeting efficiency of two siRNA strands was tested by measuring the gene expression levels. qRT-PCR was performed using cDNA from Crassostrea gigas (C. gigas) gill tissue injected with siRNAs after anesthesia with MgCl₂. The horizontal axis represents postinjection time points (6, 12, and 24 h), and the legend indicates the siRNA constructs (Hsp90-742 and Hsp90-2049); both achieved maximal suppression at 24 h.
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Fig. S2 Western blotting-based assessment of oyster nuclear protein extraction efficiency and quality control. The first lane was loaded with the protein molecular-weight marker. The second one was left empty. The third and fourth lanes were loaded with the extracted oyster nuclear and cytoplasmic proteins, respectively. The black arrow represents the position of the nuclear protein marker (Histone H3). The bands were clearer in the nuclear protein group than in the cytoplasmic protein group, indicating a high-quality extraction of nuclear proteins.
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Fig. S3 Silver-stained gels indicating the results of DNA pull-down experiments. The first and second lanes were loaded with the protein molecular-weight markers. The third lane was loaded with the nuclear extracts. Lanes 4–11 were loaded with the nuclear extract–unmutated probe and the nuclear extract–mutated probe interaction complexes for each mutated promoter site.

[image: ]
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]Fig. S4. Differential regulation patterns of the transcription factor PURB, during the constitutive and plastic expression of Hsp90 under short-term heat stress in C. gigas and C. angulata. (A) Venn plots of the mass spectrometry (MS) analysis of the promoter-binding proteins identified via DNA pull-down. Gray, blue, and orange represent the proteins pulled down by the control, C. gigas allele probe labeled, and C. angulata allele probe labeled beads, respectively. (B) Electrophoretic mobility shift assay indicating the interaction between the CgHsp90 promoter and CgPurb. g.-2291T and g.-2291G represented the probes carrying the mutated C. gigas and C. angulata HSP90 alleles, respectively. The unlabeled probes were utilized at a tenfold excess to verify the specificity of DNA–protein interactions (lanes 3 and 7). The flag represents the total protein content of HEK293T cells post-pCMV-N-Flag transfection, verifying the specific binding of CgPurb to the probe (lanes 4 and 8). (C) The relative DLR values of cells co-transfected with pCMV-CgPurb, pGL3-CgHsp90-2291T (C. gigas allele), or pGL3-CgHsp90-g.-2291G (C. angulata allele) (n = 3). The error bars represent the SE. Statistically significant inter-group differences were indicated by *P < 0.05 and **P < 0.01. (D) Relative expression levels of Hsp90 in C. gigas and C. angulata (n = 3) under short-term heat stress. The error bars represent the SE, and the statistical significance of the inter-group variation was indicated by *P < 0.05 and **P < 0.01.

Supplementary Table
Table S1. SiRNA sequences for the RNA interference assays.
	Name
	Sense (5′-3′)
	Antisense (5′-3′)

	[bookmark: _Hlk161357846]Hsp90-742
	[bookmark: _Hlk161357916]GGAGAAGGAAGAAGAUAAATT
	[bookmark: _Hlk161357936]UUUAUCUUCUUCCUUCUCCTT

	Hsp90-2049
	[bookmark: _Hlk161357989]GCCGAAUCCACAGAAUGAUTT
	[bookmark: _Hlk161358001]AUCAUUCUGUGGAUUCGGCTT



Table S2. Primer sequences for plasmid construction and high-throughput sequencing.
	Primer ID
	Sequence of primers (5′-3′)
	Region 
	Purpose

	F1
	CTGTACAAGGGATCCAAGCTTATGCCTGAACCCGAACACATG
	Hsp90 CDS
	Gene overexpression

	R1
	ATCGAATTCCTGCAGAAGCTTATCAACTTCTTCCATTCGGGATG
	
	

	F2
	TAACTGAATGGAATTGCCCC
	Hsp90 promoter
	High-throughput sequencing

	R2
	TTCAACTTCACCTTCCTCCATGT
	
	

	F3
	CTGTACAAGGGATCCAAGCTTTAACTGAATGGAATTGCCCCC
	Hsp90 promoter
	Luciferase reporter assay

	R3
	ATCGAATTCCTGCAGAAGCTTTTCAACTTCACCTTCCTCCATGT
	
	



Table S3. Primer sequences for qRT-PCR.
	Abbreviation
	Sequence of primers (5′-3′)

	Hsp90-F
	TGGAGGAGCCAGGAACACAC

	Hsp90-R
	TTCTGTGACGGGTTCTTGCG

	Ef-1α-F (C. gigas)
	AGTCACCAAGGCTGCACAGAAAG

	Ef-1α-R (C. gigas)
	TCCGACGTATTTCTTTGCGATGT

	Ef-1α-F (C. angulata)
	TTCCCAGCAAGCCTATGT

	Ef-1α-R (C. angulata)
	GCTCAGCCTTCTCAACCTC



Table S4. Primer sequences for single-nucleotide mutations.
	Purpose
	Primer sequence (5′-3′)

	g.-2291 G > T-F
	TACGCTAGTTGTAGGTGTTTAATTTTAATTTTTTAAAAA

	g.-2291 G > T-R
	CACCTACAACTAGCGTAATTTTAAGTATATATATGAATATATCATTA

	g.-1936 CAGGAACAAAAATT > C-F
	GGAAGTGGGAAAAATCCAAGTCAAATTTTAACATTGAATAATATTTCA

	g.-1936 CAGGAACAAAAATT > C-R
	GGATTTTTCCCACTTCCCCTCCTTTTGTAGAG

	g.-1736 T > A-F
	GTGATCAACCTGTAAGGTTTGTATATACATGTTCGTTTTCG

	g.-1736 T > A-R
	CCTTACAGGTTGATCACATTCCGTACGCTGGA

	g.-1577 C > T-F
	GGTTGGAATTTAGTGTTAATCTAGATTTTATATCTATACTTTTCAAGTCATT

	g.-1577 C > T-R
	AACACTAAATTCCAACCAATTTTCAACAATAC

	g.-1511 A > ATT-F
	CCCATTTAATTTACAAAAATGCAATGGATAACAAT

	g.-1511 A > ATT-R
	TTTGTAAATTAAATGGGTTAATAATATAAATAGCATTGG

	g.-1284 C > CG-F
	CTGATAGCAAGGCTACAAAAAAAATATGTATTTAATTATGTATTGATATGA

	g.-1284 C > CG-R
	TGTAGCCTTGCTATCAGCTCAACACTATATAC

	g.-821 T > C-F
	AAATGAATTGAAAACCCATTAAAATATTTTTTGC

	g.-821 T > C-R
	GGGTTTTCAATTCATTTACGATATACCCTCTCTCAAA

	g.-508 C > A-F
	CACGAGTCCGGTTATTAATTTTTCTTTAGCAATCTAAGAAGAGATG

	g.-508 C > A-R
	AAATAACCGGACTCGTGTTCATACACGCCTAT

	g.-32 G > T-F
	CTCTGTCATTTAGGAAGTAAATGACCAATCTTTCTTTG

	g.-32 G > T-R
	CTTCCTAAATGACAGAGTTTCAATTAAAACCATGT



Table S5. Probe sequences for DNA pull-down assays. “Biotin” represents the probes labeled with biotin at their 5′ ends.
	Name
	Probe sequence (5′-3′)

	g.-2291T-F
	Biotin-AATTACGCTATTTGTAGGTGT

	g.-2291T-R
	ACACCTACAAATAGCGTAATT

	g.-2291G-F
	Biotin-AATTACGCTAGTTGTAGGTGT

	g.-2291G-R
	ACACCTACAACTAGCGTAATT

	g.-1736A-F
	Biotin-GATCAACCTGAAAGGTTTGTA

	g.-1736A-R
	TACAAACCTTTCAGGTTGATC

	g.-1736T-F
	Biotin-GATCAACCTGTAAGGTTTGTA

	g.-1736T-R
	TACAAACCTTACAGGTTGATC

	g.-1511ATT-F
	Biotin-AACCCATTTAATTTTTACAAAAA

	g.-1511ATT-R
	TTTTTGTAAAAATTAAATGGGTT

	g.-1511A-F
	Biotin-AACCCATTTAATTTACAAAAA

	g.-1511A-R
	TTTTTGTAAATTAAATGGGTT

	g.-821C-F
	Biotin-CGTAAATGAACTGAAAACCCA

	g.-821C-R
	TGGGTTTTCAGTTCATTTACG

	g.-821T-F
	Biotin-CGTAAATGAATTGAAAACCCA

	g.-821T-R
	TGGGTTTTCAATTCATTTACG



Table S7. Statistical analysis of the mixed-pool target amplicon sequencing data.
	Sample
	Clean Reads
	Clean Base (G)
	Q30 (%)
	GC Content (%)
	Average Depth
	Covered Ratio (%)

	Ca
	15309447
	4.49
	94.36
	32.47
	6370X
	100%

	Cg
	14387163
	4.21
	94.13
	31.74
	6405X
	100%



Table S8. Genotype frequency statistics by mixed-pool target AMP.
	[bookmark: _Hlk164797594]Name
	Position
	Ref
	Alt
	Cg
	
	Ca
	P value

	
	
	
	
	Ref
	Alt
	
	Ref
	Alt
	

	Site1
	g.-2291T > G
	T
	G
	4949
	918
	
	0
	98
	<0.0001

	Site2
	g.1936CAGGAACAAAAATT > C
	AGGAACAAAAATT
	C
	6500
	0
	
	2556
	3636
	<0.0001

	Site3
	g.-1736A > T
	A
	T
	3911
	2822
	
	0
	6240
	<0.0001

	Site4
	g.-1577C > A
	C
	A
	6629
	0
	
	28
	6781
	<0.0001

	Site5
	g.-1511ATT > A
	ATT
	A
	5351
	1735
	
	0
	6512
	<0.0001

	Site6
	g.-1284CG > C
	CG
	C
	5669
	1157
	
	0
	6069
	<0.0001

	Site7
	g.-821C > T
	C
	T
	5730
	1038
	
	0
	6882
	<0.0001

	Site8
	g.-508C > A
	C
	A
	6651
	0
	
	784
	6041
	<0.0001

	Site9
	g.-32G > T
	G
	T
	3607
	0
	
	916
	5141
	<0.0001


Note. Cg, Crassostrea gigas: Ca, Crassostrea angulata.

Table S9. Statistical analysis of Genotype Frequency assessed via Amplicon Sequencing.
	[bookmark: _Hlk148548298]Name
	Position
	Ref
	Alt
	Cg
	
	Ca
	2 value
	P value

	
	
	
	
	0/0
	0/1
	1/1
	
	0/0
	0/1
	1/1
	
	

	Site1
	g.-2291G > T
	T
	G
	33
	29
	24
	
	1
	1
	95
	98.31
	<0.0001

	Site2
	g.1936CAGGAACAAAAATT > C
	AGGAACAAAAATT
	C
	76
	10
	10
	
	36
	36
	26
	36.08
	<0.0001

	Site3
	g.-1736A > T
	A
	T
	10
	15
	71
	
	0
	1
	96
	25.99
	<0.0001

	Site4
	g.-1577C > A
	C
	A
	95
	1
	0
	
	15
	27
	54
	136.33
	<0.0001

	Site5
	g.-1511ATT > A
	ATT
	A
	35
	22
	39
	
	1
	0
	96
	78.17
	<00.001

	Site6
	g.-1284C > CG
	CG
	C
	32
	34
	30
	
	15
	27
	54
	13.81
	<0.0001

	Site7
	g.-821T > C
	C
	T
	39
	31
	26
	
	0
	3
	95
	101.40
	<0.0001

	Site8
	g.-508C > A
	C
	A
	95
	1
	0
	
	15
	21
	61
	137.36
	<0.0001

	Site9
	g.-32G > T
	G
	T
	95
	1
	0
	
	13
	24
	59
	142.42
	<0.0001


[bookmark: _Hlk143029657]Note. Cg, Crassostrea gigas: Ca, Crassostrea angulata.

Table S10. Heritability of each locus under different heat shock times (0, 6, 12, and 24 h).
	[bookmark: _Hlk148469946]Name
	position
	0 h
	
	6 h
	
	12 h
	
	24 h

	
	
	R2
	p value
	
	R2
	p value
	
	R2
	p value
	
	R2
	 value

	Site1
	g.-2291G > T
	0.089
	0.002
	
	0.006
	0.424
	
	0.006
	0.424
	
	0.017
	0.211

	Site3
	g.-1736A > T
	0.001
	0.682
	
	0.003
	0.534
	
	0.003
	0.534
	
	1.78e-04
	0.899

	Site5
	g.-1511ATT > A
	0.003
	0.557
	
	0.003
	0.561
	
	0.003
	0.561
	
	4.85e-06
	0.983

	Site7
	g.-821T > C
	0.023
	0.126
	
	3.58e-04
	0.851
	
	3.58e-04
	0.851
	
	6.98e-04
	0.802



Table S11. Coastal sea temperatures near Qingdao and Xiamen were measured in 2020.
	Month
	Qingdao
Mean temperature (°C)
	Xiamen
Mean temperature (°C)

	January
	17.3
	7.0

	February
	16.3
	5.7

	March
	18.1
	7.7

	April
	20.7
	11.7

	May
	23.5
	16.4

	June
	26.2
	21.9

	July
	29.0
	26.7

	August
	28.9
	28.0

	September
	28.2
	24.2

	October
	25.8
	20.3

	November
	22.3
	16.9

	December
	19.7
	11.9



Table S12. Statistical analysis of the changes in water temperatures off the coasts of Qingdao and Xiamen during 2020.
	Region
	Mean temperature (°C)
	Temperature variance (°C)

	Qingdao
	16.5
	7.4

	Xiamen
	23.0
	4.4



[bookmark: _Hlk133138614]Supplementary Text
Text S1. Sample Preparation
For mutation screening experiments, two congeneric oyster species—Crassostrea angulata and Crassostrea gigas—were selected. They were sampled (n = 30 each) from their habitats in Qingdao (35°44′N, Shandong Province, China) and Xiamen (24°33′N, Fujian Province, China), respectively, for next-generation sequencing. The validation of mutations via amplicon sequencing involved populations of C. gigas and C. angulata (n = 96 and 98, respectively) native to Tangshan (39°43′N, Hebei Province, China) and Ouanzhou (24°22′N, Fujian Province, China).
Spawning was conducted by applying the protocol developed in our prior research (unpublished paper). We sourced C. gigas and C. angulata specimens from their respective natural habitats in Qingdao (35°44′ N) and Xiamen (24°33′ N). For each C. gigas and C. angulata population, we collected 30 eggs from mature females of each species and distributed them separately into 30 beakers per species. Subsequently, sperm from each of 30 mature males were collected independently for cross-fertilization. For the C. angulata ♀ × C. gigas ♂ (AG) population, we pooled eggs from 30 mature female C. angulata individuals and then allocated them to 30 beakers. Each batch of eggs was individually fertilized with sperm obtained from 30 mature male C. gigas individuals. Following 4 months of cultivation, the F1 progeny from each cross was transferred to the sea near Muping city (37°39′ N, Shandong Province, China) for further growth. After 2 months, the C. gigas and C. angulata populations were subjected to RNAi and heat stress experiments. After 1 year, the AG population, consisting of 30 males and 30 females, was mated using the method used to generate the F1 population, establishing the F2 self-population (AG × AG F2).

Text S2. RNAi experiments
Small interfering RNAs (siRNAs) were synthesized by GenePharma (Shanghai, China); their sequences are shown in Supplementary Table S1. Based on our previous research [1], C. gigas were acclimated in a 500 L tank for 1 week before the commencement of experiments. Following the protocol outlined in a previous study [2], a solution of 500 g MgCl2 dissolved in 5 L seawater and 5 L freshwater was utilized to anesthetize the individuals. Subsequently, they were divided into three groups: siRNA (n = 10), negative control (n = 10), and diethyl pyrocarbonate (DEPC)-treated water (n = 10). Then, each individual was injected with 100 μL of 10 μg/100 μL siRNA (siRNA group), 10 μg/100 μL negative control (NC group), or DEPC-treated water (Water group). The most effective siRNA was identified, and the duration of RNAi treatment was optimized during the preliminary experimentation phase. Based on the outcomes of the pilot experiments (supplementary Fig. S1), Hsp90-742 was recognized as the most efficacious siRNA and subsequently administered to these three groups (each consisting of 100 individuals) at equal doses. After 24 h, all three groups were transferred to seawater maintained at 42 ± 0.7 °C and incubated for 15 h; oyster mortality was recorded hourly. The estimated survival rates were analyzed using the Wilcoxon rank-sum test with the product–limit (Kaplan-Meier) method for more factors with right-censored data. When factors varied markedly from a homogeneous distribution, paired tests were performed on the preordered means.

Text S3. Short-Term Heat Stress Experiments
[bookmark: _Hlk147659455]C. gigas and C. angulata (n = 60, each) were cleaned and reared in a 500 L tank filled with sand-filtered and aerated seawater for one week to minimize potential interference with subsequent experiments by environmental factors [3]. After the acclimation period, the oysters were placed in seawater maintained at a sublethal temperature (37 ℃) for 0, 6, 12, and 24 h. The water temperature was controlled using a variable frequency heating rod. The oyster gills were sampled, frozen in liquid nitrogen, and stored at −80 ℃ for further experiments. The same protocol was applied to the F2 populations; 400 oysters were reared in seawater at a sublethal temperature (37 ℃) for 0, 6, 12, and 24 h. 

Text S4. Overexpression experiments
Total RNA of C. gigas was extracted using the Total RNA Extraction Reagent (Vazyme Biotech) and reverse transcribed to first-strand cDNA using the HiScript III 1st Strand cDNA Synthesis Kit (Vazyme Biotech) after ensuring its quality with a NanoDrop2000. The open reading frames (ORFs) of Hsp90s were identified by screening the oyster genome with the probe sequence (GenBank accession no. GCA_011032805.1) [4]. Forward and reverse primers (Supplementary Table S2) containing the HindIII (New England Biolabs, USA) restriction sites were designed to amplify the target ORF fragments. The amplicons were purified using the FastPure Gel DNA Extraction Mini Kit (Vazyme Biotech) and ligated into the pCMV-mCherry-p62 vector (Beyotime Biotechnology) employing the ClonExpress II One-Step Cloning Kit (Vazyme Biotech). The pCMV-Hsp90 construct was used to transform DH5α cells (Tsingke Biotechnology), and recombinants containing fragments inserted in the correct orientation were selected through DNA sequencing (Tsingke Biotechnology). The identified pCMV-Hsp90 vector was purified using the SPARKeasy Endofree Midi Plasmid Kit (Shandong Sparkjade Biotechnology, China). HEK293 cells were cultured in 6-well plates at 37 °C, under 5% CO2, in 1 mL of DEEM Medium (Viva Cell Biosciences) containing 10% FBS (Biological Industries). The pCMV-Hsp90 vector was employed at 2500 ng per well to transfect 293-T cells using Lipofectamine 3000 (Invitrogen) when they reached ~80% confluence, 1 day after seeding. The heat stress group was cultured at 42 °C for 1 h before the experiment.
[bookmark: _Hlk161346211]For apoptosis experiments, the cells were treated with 0.25% trypsin, followed by DMEM to terminate trypsin activity, and washed twice with cold PBS after 1 h of heat stress. The cells incubated with only the medium served as the control group. Apoptosis was determined using an Annexin V-FITC Apoptosis Detection Kit (Solarbio Life Sciences), following the manufacturer’s instructions. The apoptosis and necrosis ratios were determined with a CytoFLEX flow cytometer (Beckman Coulter, CA). Data were analyzed using FlowJo software.
For subcellular localization experiments, HeLa cells were grown in 35 mm wide imaging chamber plates at 37 °C, under 5% CO2, and supplied with 1 mL RPMI 1640 medium (Viva Cell Biosciences) containing 10% FBS (Biological Industries). The cells were initially rinsed twice with PBS (pH 7.5) and fixed using the Immunol Staining Fix Solution (Beyotime Biotechnology) for 10 min. Then, the cells were washed twice with PBS and stained with a 5 μM DiO solution (Beyotime Biotechnology) for 10 min. Subsequently, the nuclei were stained with 1× Hoechst 33342 (Beyotime Biotechnology) after two PBS washes. Cell images were acquired with a confocal laser scanning microscope (Carl Zeiss) and processed utilizing the LSM Software ZEN 2012.

Text S5. qRT-PCR experiments
Gill tissues were collected from C. gigas and C. angulata individuals (n = 15), and total RNA was extracted using TRIzol reagent (Vazyme Biotech). Subsequently, the first-strand cDNA was synthesized using the HiScript III RT SuperMix for qPCR Kit (Vazyme Biotech). The primers were designed using Primer 5 software and synthesized by RuiBiotech, as outlined in Supplementary Table S3 (Supplementary Material online). Each experimental group, comprising three biological replicates, was prepared from an equimolar mixture of cDNA derived from five oysters. This process was subsequently subjected to three technical replicates. Ef-1α was employed as the reference gene. The quantitative polymerase chain reaction (qPCR) assay was conducted utilizing the TaqPro Universal SYBR qPCR Master Mix (Vazyme Biotech). The relative gene expression levels were calculated by employing the 2-ΔΔCT method [5].

[bookmark: _Hlk147658879]Text S6. Western blotting
HEK293T transformants were harvested by centrifugation and resuspended in M-PER™ Mammalian Protein Extraction Reagent supplemented with a protease inhibitor cocktail (Thermo Fisher Scientific, USA); the procedure was performed at ambient temperature for 20 min. The protein-containing supernatant was centrifuged, collected, and then 4X protein loading buffer (GenScript Biotech, China) was added. The proteins were denatured by incubating at 100 °C for 10 min. They were resolved by 12% SDS-PAGE and transferred to polyvinylidene fluoride membranes (0.45 nm pore size; Millipore, USA) using the eBlot™ L1 wet transfer system (GenScript Biotech). The membranes were blocked, incubated with an anti-Flag antibody (ABclonal, China), followed by a secondary antibody (goat antimouse; ABclonal); the process was facilitated by the eZwest Lite Automated Western Device (GenScript Biotech). The membranes were incubated with an ECL Western blotting substrate (Solarbio), and the protein bands were detected on a Molecular Imager® Gel Doc™ XR System (Bio-Rad, USA).

Text S7. Luciferase reporter assay
The cis-regulatory regions of Hsp90 from C. gigas and C. angulata were obtained through PCR and subsequently cloned into the pGL3-basic vector (MiaoLing Plasmid Platform) using the ClonExpress II One-Step Cloning Kit (Vazyme Biotech). The selection of the HindIII restriction site was followed by vector construction employing the respective restriction endonuclease (New England Biolabs). HEK293 cells were cultured following established protocols.
For assessing the transcriptional activity of Hsp90 promoters and identifying G × E effects of genetic variations, 480 ng per well of plasmids containing the cis-regulatory region of Hsp90s from C. gigas and C. angulata, or the mutant allele from C. gigas, were added. Then 20 ng per well of the pRL-TK Renilla luciferase plasmid was added, and the cells were co-transfected using Lipofectamine 3000 (Invitrogen). After 12 h, the heat-stress-treatment groups were transferred to a separate incubator and exposed to 42 °C for 1 h.
For the functional analysis of PURB, the control group was transfected with 240 ng of pCMV-N-Flag (Beyotime Biotechnology), 240 ng of pGL3-basic, and 20 ng of pRL-TK Renilla luciferase plasmid per well. The treatment group was transfected with 240 ng of pCMV-CgPurb, 240 ng of pGL3-CgHsp90-g.-2290T or pGL3-CgHsp90-g.-2290G, and 20 ng of the pRL-TK Renilla luciferase plasmid per well, to evaluate the effects of PURB on transcriptional activity. Additionally, another set of treatment group cells was transfected with 240 ng of pCMV-N-Flag, 240 ng of pGL3-CgHsp90-g.-2290T or pGL3-CgHsp90-g.-2290G, and 20 ng of the pRL-TK Renilla luciferase plasmid per well to evaluate the effects of pCMV-N-Flag on transcriptional activity.
Luciferase was assayed using the Dual-Luciferase Reporter Assay System (Promega, USA) and quantified with the Varioskan Flash multimode reader (Thermo Fisher Scientific). All experiments were conducted in triplicate, and the firefly luciferase activity was normalized to the Renilla luciferase activity for each sample.

Text S8. Screening of promoter variations
To investigate the sequence variations within the Hsp90 promoters of C. gigas and C. angulata, we employed mixed-pool target amplicon sequencing to screen mutations between these two populations. We collected wild individuals of C. gigas and C. angulata (n = 30), and their genomic DNA was extracted using the TIANamp Marine Animals DNA Kit according to the manufacturer’s instructions. The quality and quantity of DNA were assessed by spectrophotometry using a NanoDrop 2000 (Thermo Fisher). The Hsp90 promoter was amplified using the PhantaMax Super-Fidelity DNA Polymerase Kit (Vazyme Biotech). This was followed by confirmation of amplification and separation of the PCR products using 1% agarose gel electrophoresis, and purification with the FastPure Gel DNA Extraction Mini Kit (Vazyme Biotech). Primers specific to the target region were designed using Primer 5 and synthesized by RuiBiotech (Supplementary Table S2). Each amplicon was then quantified with a NanoDrop 2000, and 100 ng of DNA from each group (C. gigas or C. angulate) was combined to obtain sample-specific pools, each containing 30 DNA samples. The two amplicon pools were subsequently sequenced on an Illumina platform by Tsingke Biotechnology. Briefly, the DNA was fragmented, end-polished, A-tailed, ligated with adapters, and PCR-amplified. The libraries were assessed with the Agilent 2100 Bioanalyzer and quantified by RT-PCR (>3 nM) before sequencing on an Illumina Novaseq 6000 platform. The raw data were subjected to quality control measures, including the removal of reads containing >10% unknown nucleotides and >40% low-quality bases [6], before use for reference sequence mapping. To identify potential SNPs and Indels, the HaplotypeCaller (GATK) was employed for variant calling [7]. The differences between the two groups were analyzed for statistical significance using a χ2 test based on site sequencing depth. To further validate the genotype variations identified among these two species, 96 wild C. gigas and 98 wild C. angulata individuals from different habitats were sampled for DNA extraction. After PCR amplification, the products were sequenced at Tsingke Biotechnology. In summary, the amplicon quality was verified through 1% agarose gel electrophoresis, and a library was constructed following transposase-mediated DNA fragmentation. After library assessment, the PCR products were paired-end sequenced on an Illumina MiSeq machine via PE150. The raw data were deep filtered with an adaptor and a low-quality sequence for assembly. The genotype with the target mutation was analyzed employing GATK statistics. Linkage disequilibrium and heritability analysis (R2 value) were performed using SHEsis [8].

Text S9. Functional analysis of mutations
Every target site was mutated using the pGL3-Hsp90 plasmid and employing the Mut Express® II Fast Mutagenesis Kit V2 (Vazyme Biotech). The primers were synthesized by RuiBiotech (supplementary table S4). The 50 μl reaction volume included 2 μl of pGL3-CgHsp90 as a template, 1 μl of PhantaMax Super-Fidelity DNA Polymerase, 4 μl of primers, 1 μl of dNTP Mix, 25 μl of 2× Max Buffer, and 17 μl of H2O. The program included the following steps: 30 s of denaturation at 95 °C, followed by 35 cycles of amplification (95 °C for 15 s, 60 °C for 15 s, and 72 °C for 8 min) and a final extension of 5 min at 72 °C. After confirming the size of the PCR products by agarose gel electrophoresis to match the expected value, 1 μl of DpnI was added to the purified amplicons and incubated for 2 h at 37 °C. Finally, the plasmids were restructured employing the following reaction mix: 4 μl of 5× CE II buffer, 2 μl of Exnase II, 6 μl of PCR products, and 8 μl of H2O. The mixture was incubated for 30 min at 37 °C. Then, the single-site mutation-bearing plasmids were used to transform DH5α cells (Tsingke Biotechnology) to confirm the occurrence of the desired mutation via DNA sequencing. The luciferase reporter assay procedure was the same as that described above.

Text S10. DNA pull-down assay
The DNA pull-down assay was conducted according to a protocol described in a previous study, with minor adaptations [9]. Nuclear extracts were meticulously prepared from C. gigas gill tissues using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Nuclear protein extraction was validated through Western blotting by employing an antihistone H3 (Abcam) antibody (Supplementary Fig. S2). The biotin-labeled probe was precisely designed by adding 10 bp to both ends of selected SNPs and was synthesized by RuiBiotech (as detailed in Supplementary Table S5). Subsequently, double-stranded probes were generated by annealing single-stranded complementary oligonucleotides. These probes were then immobilized onto streptavidin-coated magnetic beads (Thermo Fisher Scientific) using a DNA-binding buffer containing 10 mM Tris-HCl, 1 mM EDTA, and 2 M NaCl (pH 7.5). The control group comprised vacant magnetic beads. The subsequent step involved resuspending the beads in a protein-binding buffer—comprising 20 mM Tris-HCl, 4.5 mM EDTA, 60 mM NaCl, 10 mM HEPES, 5 mM CaCl2, 50 mM KCl, 9% sucrose (w/v), and 12% glycerol; pH adjusted to 7.5. The solution obtained was then added to the nuclear protein extracts and incubated for 15 min at room temperature. Subsequently, the magnetic particles were thoroughly washed in protein-binding buffer, and the entrapped proteins were released using an elution buffer containing 25 mM Tris-HCl and 200 mM NaCl (pH 7.5). The eluted proteins were then separated via SDS-PAGE and silver-stained (Supplementary Fig. S3). The proteins from each lane were identified via mass spectrometry (MS) at Oebiotech. The original MS/MS files were submitted to ProteinPilot (https://sciex.com.cn/products/software/proteinpilot-software, version 4.5; AB Sciex) for data analysis. The Paragon algorithm within ProteinPilot was employed for protein identification by querying the C. gigas protein database [4]. The parameters were configured as follows: the instrument used was a TripleTOF 5600 system, cysteine residues were modified with iodoacetamide, and biological modification was selected as the identification focus. The identified proteins were filtered by applying specific criteria: peptides with an unused score >1.3 (corresponding to a credibility level >95%) were considered credible, and proteins containing at least one unique peptide were retained. Potentially regulatory proteins interacting with the mutated sites were identified through a comparative analysis of the two probe groups and the control group.

Text S11. Electrophoretic mobility shift assay
The open reading frames (ORFs) of PURB were identified via sequence comparison with the oyster genome and subsequently amplified by PCR. The amplicons were cloned into the pCMV-N-Flag vector (Beyotime Biotechnology), using the EcoRI site. Cells were cultured in 100 mm cell culture dishes, and 12,500 ng of plasmids containing the PURB ORF were added, and the cells were transfected using Lipofectamine 3000. The M-PER™ Mammalian Protein Extraction Reagent was employed to extract the supernatant protein fraction, followed by Western blotting to detect the PURB protein. The collected supernatant protein was used to functionally characterize the selected SNP and to evaluate its potential impact on DNA–protein interactions via EMSA. DNA probes labeled with a 5′ biotin tag were synthesized by RuiBiotech. Both the biotinylated and unlabeled probes were used: for the labeled probe, sequence F was 5′-AATTACGCTATTTGTAGGTGT-3′; for the mutated probe, it was 5′-AATTACGCTAGTTGTAGGTGT-3′. Double-stranded probes were generated by annealing complementary single-stranded oligonucleotides. EMSA experiments were conducted employing the LightShift® Chemiluminescent EMSA Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Binding reactions were performed in 20 μl mixes containing 2μl of binding buffer, 1 μl of poly(dI:dC), and 2 μl of labeled probes (at 1 pmol/μl). Then, 4 μl of the supernatant protein fraction was added. The cold competition group included an additional 2 μl of unlabeled probes, 10 pmol/μl. After incubation for 30 min at 25 °C, the DNA–protein complexes were separated via electrophoresis on a 6% non-denaturing polyacrylamide gel at 120 V for 40 min using cold 0.5X Tris-Borate-EDTA (TBE) running buffer. The separated complexes were subsequently transferred to a nylon membrane (Millipore) for 1 h at 100 V in cold 0.5X TBE. The DNA–protein complexes were crosslinked using a UV transilluminator. Membranes were blocked and then visualized with the reagents provided in the LightShift Kit. Biotinylated probes were detected utilizing the Molecular Imager Gel Doc XR System (Bio-Rad).

[bookmark: _Hlk147659365]Text S12. Coimmunoprecipitation
Coimmunoprecipitation was performed as previously described, with some modifications [10]. Fresh gill tissue was homogenized and fragmented in lysis buffer containing a 10× protease inhibitor solution (Beyotime Biotechnology). The samples were then centrifuged for 10 min at 16,000 rpm  and 4 °C. The supernatants were collected and used for coimmunoprecipitation. Protein G Plus Magnetic Beads (Beyotime Biotechnology) were washed three times with 1X TBS, and then incubated with either anti-HSP90 or Mouse IgG control antibody (Beyotime Biotechnology) on a rotator for 1 h at 4 °C. After removing the beads with a magnetic stand, the supernatants were incubated with anti-HSP90 or Mouse IgG beads overnight at 4 °C. Then, the samples were washed in lysis buffer three times and added to 4× protein loading buffer (GenScript Biotech, China); the mixture was denatured at 100 °C for 10 min. The samples—supernatants, anti-HSP90, and Mouse IgG—were run on a short-gradient SDS-PAGE gel for 15–30 min, and the proteins in each lane were identified by mass spectrometry (MS) at Applied Protein Technology.

Text S13. Data Collection and Statistics Analysis
Before analyzing the G × E effects for significance, the data were assessed for normality using the Shapiro-Wilk test, and homogeneity of variances was confirmed with the Bartlett test (GraphPad Prism version 8.0.2 for Windows). One-factor ANOVA (GraphPad Prism) in conjunction with Tukey’s post-hoc test was performed to determine the statistical significance and assess the G effects of the loci. The significant changes in constitutive expression (in the absence of environmental factors) were considered G effects. For the dual-luciferase reporter assay data, a two-factor ANOVA (GraphPad Prism) was used to assess whether temperature and genotype affect changes in gene expression patterns, and to subsequently evaluate the G × E effects of the loci. However, during the analysis of the association between Hsp90 expression levels and genotypes within the hybrid F2 population, a two-factor ANOVA could not be used due to missing data for certain loci. Therefore, we employed the generalized linear model (SPSS version 27) and included temperature and genotype as interaction terms to conduct a significance analysis and assess the G × E effects of the loci. In this study, a two-tailed unpaired Student’s t-test was employed for inter-group comparisons, whereas three or more groups were compared using one-factor ANOVA in conjunction with Tukey’s post-hoc test to determine statistical significance. Loci interpretability assessment and linkage disequilibrium block analysis used SHEsisPlus (http://shesisplus.bio-x.cn/). Statistically significant inter-group variations were designated with *P < 0.05 and **P < 0.01.

Text S14. Coastal Sea Temperatures in Qingdao (Shandong province) and Xiamen (Fujian province), China.
The mean temperature of the coastal waters near Qingdao (16.5 °C) was ≤6.5 °C lower than that near Xiamen (23 °C), whereas the temperature variance was higher in Qingdao (7.4) than that in Xiamen (4.4) (Table S11, S12). In Qingdao, the mean monthly coastal water temperature rose sharply (4.9-fold) from 5.7 °C (cold) to 28 °C (warm), from February to July, and then dropped sharply to 11.9 °C (2.4-fold) in December. However, the water off the Xiamen coast remained warm throughout the year, starting at 16.3 °C in February and gradually increasing to 29.0 °C (1.8-fold) in July, followed by a gradual decline to 19.7 °C in December (1.5-fold) (Fig. 3A). The maximum sea water temperatures near Qingdao and Xiamen were comparable, with only a 1 °C gap. However, during the coldest month, they exhibited a substantial gap of 10.6 °C.
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