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	ABSTRACT
Marine bivalves — oysters, mussels, clams and scallops are ecologically important and economically valuable. These organisms are increasingly vulnerable as climate-driven thermal stress and marine heatwaves (MHWs) become more frequent.  Not surprisingly, survival is highly dependent on the heat-shock response (HSR). This conserved cellular program is preserved and regulated through heat-shock proteins (HSPs), which promote protein homeostasis during thermal extremes. This review synthesizes existing knowledge of bivalve HSP biology about molecular chaperones, including HSP90, HSP70,    HSP60 and small HSPs. It explores their regulation by heat-shock factor 1 (HSF1) and the intercrossing of these neurons with unfolded protein response (UPR) and antioxidant pathways. Given that bivalves are frequently dealt a hand of simultaneous threats, the interactions between heat stress and other stressors (e.g. ocean acidification, hypoxia, and pollution) are also evaluated. Omics" evidence is used to highlight how these responses differ across various species and tissues. Discussion focuses on physiological plasticity, an epigenetic memory of past thermal background and selective breeding strategies aimed at increasing the resiliency of aquaculture. This study also makes a critical assessment concerning the usefulness of HSPs to act as environmental biomarkers. In examining these issues, the review defines both gaps in current knowledge and strengths of understanding that could be immediately built upon to effectively manage bivalves within a changing ocean.
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1. INTRODUCTION
Both global ocean temperatures, including surface temperatures that have warmed by around 0.13°C per decade since 1901 (Oliver et al., 2021; IPCC, 2023), and the occurrence of marine heatwaves (MHWs) are climbing at unprecedented rates under anthropogenic climate change. MHW days have doubled worldwide since the 1980s and are expected to increase 16–41 times by 2100 under high-emission scenarios, fundamentally transforming the thermal environment of coastal marine ecosystems (Oliver et al., 2018). For sessile marine invertebrates like bivalves, which cannot behaviourally thermoregulate beyond basic gaping responses, such thermal events are existential threats which reveal the physiological limits of cells.
Mass mortality events recorded in Pacific oysters (Crassostrea gigas) along Atlantic European coastlines during the 2003 and 2019 heatwaves, or in mussels (Mytilus spp.) on rocky intertidal shores of the north eastern Pacific after the 2015–2016 “Blob” anomaly, and in Sydney rock oysters (Saccostrea glomerata) in Australian estuaries highlight the catastrophic potential for bivalve populations when thermal extremes are reached (Cox et al., 2023; Sorte et al., 2019; Scanes et al., 2021). These are not isolated events; they are the harbingers of a climate future in which thermal tolerance limits may be routinely breached.
Bivalves play important ecological roles as suspension filter feeders, controlling phytoplankton populations nutrient cyclers habitat engineers and creators of biogenic reefs (e.g. by Mytilidae:) and are trophic links supporting diverse communities of associated organisms (Zhang et al., 2023; Newell, 2004; Richardson et al., 2022; Atkinson et al., 2021). At the same time, they form the basis of a global aquaculture industry worth > US$30 billion per year and largest single category of mariculture production by volume (FAO, 2022). Understanding the underlying molecular mechanisms dictating thermal tolerance in these organisms is therefore of great fundamental significance revealing how life at cellular and molecular levels responds to environmental extremes and is of urgent applied relevance for conserving wild populations and sustaining aquaculture production into a future under climate change.
At cellular level thermal stress is fundamentally a proteotoxic challenge. Higher temperatures bring about greater kinetic energy at the molecular level, weakening hydrophobic contacts that stabilise folded protein states and bias equilibrium between native versus partially unfolded and aggregated protein conformations towards the latter two (Gallardo et al., 2021; Leuenberger et al., 2017; Hartl et al., 2011;).). Dysfunctional inter-molecular interactions sequester essential proteins within aberrant, non-functional complexes disrupting membrane integrity, hampering enzyme catalysis and eventually leading to apoptotic cell death if not repaired (Rodina et al., 2025; González-García & De Simone, 2021), whereby the resultant accumulation of misfolded and aggregated proteins is cytotoxic. To combat these threats, cells mount the heat-shock response an evolutionarily conserved, transcriptional emergency programme that profoundly upregulates molecular chaperone proteins, collectively referred to as heat-shock proteins (HSPs), to trap, refold or degrade damaged polypeptides thereby re-establishing proteostasis ((Ali et al., 2024; Singh et al., 2024 Richter et al., 2010).
The HSR was first characterized in Drosophila polytene chromosomes as a puffing pattern shift upon inadvertent heat exposure and the responsible proteins were isolated later (De Maio, 2012; Kültz & Tomanek, 2024; Mikhailov, 2023). Since these early discoveries, the field has exploded, revealing the HSR to be a multi-branch proteostasis network with profound links to immunity, ageing, development and disease. In marine bivalves, however, the HSR has become ecologically and evolutionarily important: organisms are often found in intertidal zones where ambient temperature is exceedingly variable or exposed to extreme heating (e.g., heat waves), so their respective HSP systems have been sculpted by powerful selection and possess attributes increased gene family sizes, altered activation thresholds, pronounced divergence among species that render them ideal systems to study adaptive responses to thermal habitat (Bonesteve, et al., 2025; Masanja, et al., 2023; Sorte et al., 2019).
This review summarizes, breaks down and synthesizes the molecular architecture of thermal resilience in marine bivalves. It assembles data from bivalve biochemistry, molecular biology, genomics, transcriptomics, proteomics and metabolomics to provide a systems-level perspective of the HSR. It explores how this response is modified across species, tissues, life stages and stressor combinations; how it underlies both the short term physiological plasticity as well as longer term evolutionary adaptation; and how it could be harnessed as a universal biomarker tool and target for selective breeding. Throughout the review, key knowledge gaps and priority research directions are highlighted to guide future investigation.
2. METHODOLOGY
2.1Study Design
This is a narrative review of the existing literature on heat-shock proteins and thermal stress responses in marine bivalves. Narrative reviews summarize qualitative and significant quantitative evidence to give users comprehensive overviews of complex area-related topics, synthesizing information across multiple disciplines and research from 2000 to 2025 period.
2,2 Literature Search Strategy
A systematic search of peer-reviewed literature was conducted using the following databases: PubMed, Google Scholar, Web of Science, and Scopus. Search terms included combinations of the following keywords: "heat-shock proteins," "HSP," "thermal stress," "marine bivalves," "oysters," "mussels," "clams," "scallops," "thermal tolerance," "climate change," "marine heatwaves," "proteostasis," "heat-shock response," "HSF1," "thermal resilience," and "aquaculture." The search was not restricted by publication date to capture foundational concepts and recent advances.
2,3 Inclusion and Exclusion Criteria
Inclusion criteria: Peer-reviewed original research articles, reviews, and meta-analyses, Studies examining thermal stress responses in marine bivalves or related molluscs Peer-reviewed original research articles, reviews, and meta-analyses Studies examining thermal stress responses in marine bivalves or related molluscs, Research on heat-shock proteins, molecular chaperones, and proteostasis Studies on thermal tolerance, adaptation, and acclimation mechanisms, Research on omics approaches (transcriptomics, proteomics, metabolomics) related to thermal stress Studies on epigenetics and heritability of thermal traits, Research on applications of thermal stress biology to aquaculture
Exclusion criteria: Non-English language publications, Gray literature (dissertations, conference abstracts, unpublished reports), Studies exclusively focused on freshwater or terrestrial organisms without relevance to marine bivalves, Opinion pieces without supporting evidence
2.4 Data Extraction and Synthesis
Relevant studies were reviewed and synthesized thematically around the following key topics: (1) thermal stress landscapes and marine heatwaves; (2) structure and function of major HSP families; (3) regulation of the heat-shock response; (4) integration with other stress-response pathways; (5) omics evidence of thermal stress responses; (6) phenotypic plasticity and local adaptation; (7) epigenetic mechanisms; (8) heritability and selective breeding; and (9) applied applications in aquaculture. Information was extracted regarding study species, experimental design, key findings, and mechanistic insights.
2.5 Quality Assessment
The quality and relevance of included studies were assessed based on the following criteria: (1) clarity of research objectives; (2) appropriateness of experimental design; (3) use of standardized or well-established methodologies; (4) statistical rigor; (5) sample size and replication; (6) relevance to the review's scope. While formal quality scoring was not applied, these criteria informed the weight given to different studies in the synthesis.
This review follows a hierarchical framework, beginning with the broader environmental context of thermal stress conditions. It progresses through molecular-level details (including HSP structure and functionality), control mechanisms, omics-based evidence, and evolutionary dimensions such as phenotypic plasticity, adaptive processes, and epigenetic factors, before concluding with practical applications. This layered approach effectively connects molecular-level processes to whole-organism and population-level responses, ultimately linking to real-world uses in aquaculture management and conservation efforts.
2,6 Constraints and Shortcomings
This narrative review has multiple constraints. Firstly, despite attempting to be thorough, the study selection process may be influenced by the authors' preferences in choosing keywords and information sources. Secondly, the synthesis draws from diverse experimental designs, species groups, and methodological approaches, making direct comparisons challenging. Thirdly, emerging research areas, particularly in genomic and epigenetic fields, might not be fully represented. Finally, relying exclusively on peer-reviewed publications means that unpublished data and non-traditional literature sources that could contribute valuable insights may be absent from this review.
3. HSP FAMILIES: MOLECULAR FUNCTIONS AND BIVALVE-SPECIFIC BIOLOGY
3.1 HSP90: Master Regulator of the Cellular Signalling Proteome
Under non-stress conditions, HSP90 is an abundant molecular chaperone that constitutively expressed and stress-inducible (constitutes out 1–2% of total cellular protein), and it was recently reported to increase significantly upon exposure to heat ((Wei et al., 2024;  Deng et al., 2021). HSP90 has a structural homodimer of two monomers; each monomer consisting of an N-terminal ATPase domain, a charged linker, 2nd the middle domain that is responsible for binding client proteins and lastly the C-terminal dimerisation domain (Kirsch et al., 2024; Jahn, et al., 2024). The chaperone is a central master regulator of cellular signalling homeostasis and not simply a heat-responsive chaperone, with an extremely broad client repertoire over 400 confirmed clients including protein kinases, steroid hormone receptors and transcription factors (Tukaj et al., 2025; Wei et al., 2024).




Table 1: Heat-Shock Protein (HSP) Families and Their Functions in Marine Bivalves
	HSP Family
	Key Functions
	Role in Marine Bivalves
	Citations

	HSP90
	Master regulator of cellular signaling, client protein maturation
	Elevated expression in intertidal species, expanded gene repertoire in C. gigas
	Wei et al., 2024
Deng et al., 2021
Jahn, et al., 2024

	HSP70
	Central chaperone in acute HSR, refolding of misfolded proteins
	Remarkable gene family expansion in C. gigas, rapid induction upon heat stress, life-stage specific expression
	Hu et al., 2025
Morris et al., 2013 Kampinga & Craig, 2010

	HSP60
	Mitochondrial protein folding, maintenance of mitochondrial integrity
	Co-regulated with HSP70, preserves mitochondrial function under heat stress
	Comret et al., 2024; Sing et al., 2024)

	sHSPs
	ATP-independent holdases, prevent protein aggregation
	Rapid induction, tissue-specific expression, early responders to heat stress
	Haslbeck & Vierling, 2015
Miller & Reichow, 2025   



In marine bivalves, HSP90 is constitutively overexpressed in intertidal as compared to sub tidal relatives, likely reflecting chronic exposure to thermal variability (Collins et al., 2023; Delorme et al., 2024). In explicating relative thermal tolerance patterns, HSP90 retains activity over a wider range of temperatures in Mytilus californianus compared to its sub tidal counterpart M. trossulus and displays a steeper, narrower thermal induction curve — a pattern interpreted as an artefact of the compressed thermal safety margin associated with being a sub tidal species (Wang et al., 2024; Tomanek, 2010; Buckley et al., 2001). Genome analysis of C. gigas has revealed an expanded HSP90 repertoire including several paralogues that are differentially expressed amongst tissues and developmental stages reflecting subfunctionalisation as an adaptive strategy to cope with the varying thermal selective pressures experienced throughout the lifecycle (Zhao et al., 2021; Zhang et al., 2012).
3.2 HSP70: The Central Chaperone of the Acute Heat-Shock Response
“Of all bivalves, HSP70 is the most widely and perhaps one of the most functionally significant mediators of the acute heat shock response. This family of proteins encompasses both stress-activated types (commonly referred to as HSP70) as well as constitutively expressed forms (HSC70). Shows that despite having similar well-preserved structural designs, consisting of an N-terminal domain for binding nucleotides (44 kDa), a C-terminal domain for binding substrates (25 kDa), connected through an interdomain connector these isoforms manifest considerable differences in regulation of transcription ( Hu et al., 2025; Morris et al., 2013; Kampinga & Craig, 2010). HSP70 exerts its chaperone effect by hydrolysis of ATP-bound state has an open substrate-binding pocket with low-affinity sites for clients, which gets locked in place upon conversion to ADP, preventing the escape of misfolded proteins until their correction happens; exchange-factor proteins (like BAG-1 and HspBP1) accelerate the replacement of nucleotides to restart this cascade (Mas et al., 2025; Mayer & Bukau, 2005).
It is intriguing how these HSP70 gene family could proliferate widely in bivalves. C. gigas contains at least 88 genes belonging to the HSP70/HSC70 family, an expansion without parallel in other molluscan genomes available (Lu et al., 2024; Zhang et al., 2012), likely the result of whole-genome duplication, local gene duplications and possibly horizontal transfer from bacterial symbionts. This expanded gene set may afford greater chaperone reserve capacity, facilitating simultaneous management of diverse misfolded protein clients across distinct cellular locales. In relation to the responded organisms, it is demonstrated by Anestis et al. (2007) that M. galloprovincialis lay a 10–50-fold increase in HSP70 mRNA abundance within 30–60 minutes of heat stress at 30–35°C and response intensity correlates with thermal stress level. Notably, there is developmental stage vulnerability: for instance, larval and juvenile stages more quickly activate the expression of HSP70 to a greater extent than mature individuals but have basal levels of chaperone proteins that are substantially lower than those in adults, showing that cellular susceptibility and protective ability during these crucial developmentally sensitive periods are likewise enhanced (Hu et al., 2022; Clark et al., 2017; Ueda and Boettcher, 2009).
3.3 HSP60 and the Mitochondrial Proteostasis Network
HSP60 (the Gro EL homologue in prokaryotes) is a ~60 kDa chaperonin that operates mainly in the mitochondrial matrix, where it aids with folding of nuclear-encoded proteins translocated into this organelle in a post-translational manner (Comret et al., 2024; Sing et al., 2024). HSP60 forms a double-ring, barrel-shaped complex with its mechanistic co-chaperonin HSP10 (GroES homologue), whose cap closes over the central folding chamber to provide a sequestered, protected environment for iterative folding cycles. As mitochondrial function (including ATP generation, the production of reactive oxygen species (ROS), and apoptosis signalling) is acutely sensitive to thermal perturbation the mitochondrial chaperone network constitutes an important node in the bivalve thermal stress response (Sokolova et al., 2023; Bahr et al., 2022; Torres et al.,2024). In Ruditapes philippinarum, significant functional correlations suggest direct roles in protection of mitochondrial integrity under thermal challenge (Jing et al., 2023; Ding  et al., 2018), with HSP60 being similarly transcriptionally upregulated alongside the more investigated HSP70 under exposure to heat stress.

  3.4 Small HSPs: Rapid-Response Protein Aggregation Suppressors
 	Small HSP (sHSP) family (12–43 kDa) are ATP-independent molecular chaperones that are characterized by a conserved α-crystallin domain, flanked by variable N- and C-terminal regions (Haslbeck & Vierling, 2015). Instead of directly refolding the proteins of their clients, sHSPs perform as molecular “sponges” or “holdases,” binding partially denatured polypeptides and maintaining them in a refoldable condition, thus avoiding irremediable aggregation until ATP-consuming chaperones (HSP70, HSP90) can help proper refolding. This mechanism permits sHSPs to protect cells rapidly and in an energy-conscious manner during the early, resource-intensive stage of thermal destruction when ATP supply may be already becoming limiting (Hu et al., 2022; Miller & Reichow, 2025   ).
In bivalves, groups of sHSPs comprising the HSP22, HSP24 and HSP27 types are quickly upregulated and tissue-specific (highest expression usually in gill (the major thermosensory and gas exchange organ) and mantle tissues, and in haemocytes (immune effector cells)) (Bonesteve et al., 2025; Zhang et al., 2012). For example, HSP22 is one of the first transcriptional responders to heat in Argopecten irradians, with significant upregulation even 15–20 minutes earlier than heat shock cognate (HSC)70, suggesting a potential protective function that acts in time frames characteristic for rapid-deployment (Zhang et al., 2010). C. gigas genome encodes more than 24 members of this sHSP family, many without obvious vertebrate orthologues, indicating extensive lineage-specific functional diversification driven by the unique proteostatic pressures of intertidal existence (Lu et al., 2024; Zhang et al., 2012)
4. REGULATION OF THE HEAT-SHOCK RESPONSE
4.1 The HSF1 Transcriptional Switch: Activation, Attenuation, and Threshold Setting
The heat-shock response is controlled at the transcriptional level by the latent transcription factor heat-shock factor 1 (HSF1), which exists in an inactive and monomeric state in cytoplasm under basal conditions owing to direct interactions with HSP90 and HSP70 (Ciccarelli  & Andréasson, 2024; Gomez-Pastor et al., 2018;  Anckar & Sistonen, 2011). In the chaperone titration (competition) model of HSF1 activation, accumulating misfolded proteins produced from thermal stress act as a "sink" that sequesters HSP70 and HSP90 away from HSF1; freed-up HSF1 then subsequently trimerises and translocates to the nucleus where it becomes hyperphosphorylated before binding to heat-shock elements (HSEs; 5'-nGAAn-3' repeats) in gene promoters of target genes such as those encoding for the family members HSP70, HSP90, and HSP27 (Kmiecik,  & Mayer 2018; Vihervaara et al., 2018; Åkerfelt, et al., 2018). The attenuation of HSR is a negative feedback loop: when newly synthesised HSPs accumulate, they re-displace engaged HSF1 trimers leading to their dissociation and dephosphorylation, allowing the return to the monomeric and inactive pool (Krakowiak et al., 2023; Gomez-Pastor et al., 2018).
Multiple HSF paralogues, including HSF1 (HSF1), HSF2 and HSF4 have been identified in C. gigas with the function of maintaining homeostasis under stress primarily mediated by use of HSF1 as a factor responsive to acute stressors (Liu et al., 2019). Extensive post-translational modification of HSF1 has been described: activatory phosphorylations at Ser230 and Ser326, sumoylation, and acetylation integrate a variety of upstream signals such as heat intensity, oxidative stress and metabolic state to modulate the amplitude and duration of HSR (Ghai et al., 2025; Fujimoto et al., 2023). Importantly, these thresholds differ among species and populations: intertidal bivalves inhabiting thermally variable environments have evolved higher HSF1 activation thresholds than subtidal counterparts—a pattern consistent with their greater upper thermal limits (Liu et al., 2020; Tomanek, 2010; Buckley et al., 2001).
4.2 Crosstalk with the Unfolded Protein Response
The endoplasmic reticulum (ER) is the main site of folding for secreted and membrane proteins, and is exquisitely susceptible to thermal stress. Accumulation of misfolded proteins in the ER lumen results in a form of cellular stress termed endoplasmic reticulum (ER) stress, which activates an evolutionarily-conserved signalling network known as the unfolded protein response (UPR), comprising three parallel branches mediated by three ER transmembrane sensors: the inositol-requiring enzyme 1α (IRE1α), PKR-like ER kinase (PERK) and activating transcription factor 6 (ATF6) (Yuan et al., 2024; Walter & Ron, 2011). The net effect of these branches is increased expression of ER-resident chaperones (BiP/GRP78, GRP94/HSP90β), upregulation of ER associated protein degradation (ERAD), suppression of global protein translation (through PERK-mediated eIF2α phosphorylation) and if the stress cannot be resolved, initiation endogenous apoptosis (Chen et al., 2023).
In the latter, transcriptomic studies of C. gigas exposed to 30°C for 12 hours document strong upregulation (i.e., 5–8-fold) of GRP78/BiP, and moderate upregulation (3–5-fold) of GRP94 and PDI (protein disulfide isomerase; 4–6-fold), accompanied by splicing of XBP1 mRNA—a direct readout of IRE1α activation—consistent with robust engagement of the UPR process (Yang et al., 2017; Boutet et al., 2004). The cytoplasmic HSR and the ER-UPR are functionally integrated: HSP90 stabilizes IRE1α and PERK in their inactive conformations under basal conditions, and in utero liberation from it may enhance UPR activation; conversely, GRP78 and GRP94 exhibit functional overlap with cytoplasmic HSP70 and HSP90 over shared client proteins (Kuzu et al., 2025; Marcu et al., 2002).
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        Figure 1. Heat-Shock Response (HSR) Pathway in Marine Bivalves
4.3 Antioxidant Defence Integration
Heat stress disrupts normal mitochondrial function, causing excess production of reactive oxygen species (ROS), especially superoxide. Higher temperatures also increase metabolic rate, which further raises overall ROS levels. These ROS trigger lipid peroxidation, creating more free radicals that damage cell membranes and membrane proteins. (Belhadj Slimen, et al., 2014). ROS imparts damage on many proteins by carbonylation and forming disulfide bonds that contribute substrates to the chaperone system. Bivalves have a well-developed enzymatic antioxidant arsenal, which together contribute to down-regulating the damaging effects of reactive oxygen species (ROS), composed by superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), thioredoxin reductase (TrxR) and peroxiredoxins, with regulated co-activity during stressors exposure along with HSP induction activities (Ghezzi et al., 2005; Nystrom, 2005). HSP70 helps protect antioxidant enzymes like SOD1 and SOD2 during oxidative stress. HSP90 binds to KEAP1, which normally blocks NRF2. By binding KEAP1, HSP90 allows NRF2 to move into the nucleus and turn on antioxidant genes. (Chen et al., 2022; Zemanovic et al., 2018). In Mytilus galloprovincialis, combined heat and hypoxia stress has been shown to induce HSP70 expression alongside increased activities of antioxidant enzymes such as SOD and CAT. Positive associations between HSP70 levels and antioxidant enzyme activities suggest coordination between molecular chaperone and antioxidant defence systems as part of an integrated stress response. (Anestis et al., 2007).
5. MULTI-STRESSOR INTERACTIONS IN A CHANGING OCEAN
5.1 Thermal Stress and Ocean Acidification
Ocean acidification (OA) from oceanic uptake of anthropogenic CO₂, is projected to lower mean surface ocean pH by 0.3–0.4 units by 2100 under high-emission scenarios (IPCC, 2021; Doney et al., 2020). OA represents a direct physiological challenge to calcifying marine organisms such as bivalves, by hampering shell formation, perturbing acid-base homeostasis and enhancing the energetic cost of ion transport while diminishing immune functioning (Medeiros et al., 2023; Gazeau et al., 2013). Interactions with OA are mostly synergistic–the joint effect is stronger than the individual effects summed, while combined with the thermal stress they showed inhibitory interactions (Krishna et al., 2025). Transcriptomic analyses of C. gigas larvae exposed to combined high temperature (24°C) and pCO₂ levels (1000 µatm) found that more genes were significantly affected, and those involved in protein metabolism, apoptosis, and oxidative stress exhibited larger expression changes than under single exposure conditions (Strader et al., 2020; Dineshram  et al., 2016; Lannig et al., 2010). This implies that the two stressors together exceed the capacity of the cell to maintain proteostasis, pushing cells towards a more severe (or demanding) cellular crisis.
5.2 Thermal Stress and Hypoxia
Coastal and estuarine systems are increasingly impacted by hypoxia (very low dissolved oxygen), with rising frequency, duration, and severity, driven by eutrophication as well as climate change‐driven warming and stratification (Dai et al., 2023; Breitburg et al., 2018). Oxygen limitation intrinsically limits aerobic metabolism, necessitating a switch to the less efficient anaerobic pathways, which lowers ATP available for cellular maintenance—currently including the energetically demanding heat stress response (Hu et al., 2023; Sokolova, 2021). Climate change results in the simultaneous exposure of marine ectothermic invertebrates to increasing temperatures and reduced oxygen ambiences, the interaction of which is often antagonistic or synergistic on an organism's heat shock response (HSR), depending on species, intensity of stressors imposed (e.g. normoxic vs hypoxia at different thermal regimes) and timing between stressors. Under certain conditions, intense hypoxia can inhibit the up-regulation of these proteins presumably because energetic constraints (Feidantsis et al., 2020). In other species, e.g., in M. galloprovincialis, a combination of moderate heat and hypoxia can lead to a synergistic co-induction of HSP70 and antioxidant enzymes consistent with the concept of an integrated response to an integrative threat (Anestis et al., 2010).


Table 2: Multi-Stressor Interactions and Effects on Bivalve Thermal Stress Response
	Stressor
	Primary Effects on Bivalves
	Interaction with Thermal Stress
	Citations

	Ocean Acidification (OA)
	Impaired calcification, disrupted acid-base regulation, compromised immune function
	Synergistic; greater changes in gene expression, increased apoptosis
	Doney et al., 2020
IPCC, 2021

	Hypoxia
	Limited aerobic metabolism, shift to anaerobic pathways, reduced ATP availability
	Complex (antagonistic or synergistic); can suppress or enhance HSP induction
	Dai et al., 2023; Breitburg et al., 2018

	Pollutants
	Proteotoxic damage, oxidative stress, interference with HSR
	Exacerbates thermal stress; can inhibit HSP expression
	Ochoa-Esteso et al., 2023



5.3 Thermal Stress and Pollutants
Coastal and estuarine bivalves are commonly exposed to diverse contaminants, including heavy metals (e.g., copper, cadmium), pesticides, and hydrocarbons from oil spills and urban runoff (Ochoa-Esteso et al., 2023). Pollutants can enhance thermal stress, causing independent proteotoxic damage, oxidative stress, or directly interfering with the HSR (Chahour et al., 2023; Negri et al., 2013; Piano et al., 2004) For instance, HSP70 expression in the blue mussel (M. edulis) is inhibited by exposure to copper, possibly jeopardizing the organism's ability to withstand a subsequent heat stress event (Radlowska et al., 2002; Sanders et all., 1994). PAH exposure can dysregulate the heat shock response and elevate oxidative stress in bivalves, impairing cellular proteostasis under contamination scenarios (Liu et al., 2015; Gan et al., 2021). Understanding of the interactions is essential for proper evaluation of ecological risks posed by climate change in anthropogenically impacted ecosystems.
6. PHYSIOLOGICAL PLASTICITY, EPIGENETICS, AND ADAPTATION
6.1 Acclimation and Phenotypic Plasticity
Bivalves possess a high degree of phenotypic plasticity that facilitates adjusting their physiology to changing environmental conditions. The acclimation to and exposure of non-lethal high temperatures in the short term can elevate the basal levels of HSPs as well as modify the temperature threshold for inductive HSP production, a process called heat hardening (Zhang et al., 2025; Buckley et al., 2001). This conditioned the organism to withstand later, potentially fatal, heat stress better. However, the ability to acclimate is limited, and rapid or severe temperature changes can overwhelm the organism's capacity to adjust, resulting in cellular damage and death.
6.2 Epigenetic Regulation and Thermal Memory
Epigenetic processes, including DNA methylation and histone modifications, are increasingly recognized in their multifactorial role in promoting longer-term acclimatization or potentially even transgenerational transmission of thermotolerance (Murray et al., 2022; Norouzitallab et al., 2014) Studies on the Pacific oyster, C. gigas, indicated that thermal stress exposure resulted in widespread alterations of DNA methylation patterns that can also be inherited by future generations and shape offspring thermal tolerance (Wang et al., 2021; Wang et al., 2023). This suggests that bivalves have a type of "thermal memory," which they can activate to better prepare for future stress events, with important consequences for how these organisms will respond to climate change.
6.3 Selective Breeding for Enhanced Thermotolerance
Selective breeding is being increasingly used by the aquaculture industry as a tool with which to produce bivalve stocks that are more thermotolerant. Since HSPs expression is a heritable trait, this provides a molecular marker to sort and select thermotolerant offspring (Delorme et al., 2024; Ericson et al., 2024; Tan et al., 2020). While this strategy holds promise for increasing the resilience of bivalve aquaculture to climate change, it is by no means short term and comes at the expense of significant investment in research and development.
7. HSPS AS BIOMARKERS OF ENVIRONMENTAL STRESS
The response of inducible heat-shock proteins (HSPs) represents a universally conserved mechanism, which can be used as biomarkers applicable in environmental monitoring. The rationale for this approach is that HSP levels in field-caught organisms can reflect the integrated measure of stress they are being exposed to. The bivalve molluscs serve this role well; they are sedentary, so they cannot escape environmental pressures, and thus provide a reliable indication of environmental health (Jayaseelan et al., 2023; Park et al., 2023; Xu et al., 2022). Still, the HSPs’ use as biomarkers is riddled with complications. The HSR may be modulated by some intrinsic factors, such as age, nutritional state and reproductive status of the organism, or previous exposure to stress (Snyder et al., 2001). One of the HSP confounding factors makes interpretation rather difficult, especially for linking this marker and certain environmental stressors in a cause-effect relationship (Chahouri et al., 2023) Notwithstanding these obstacles, high-throughput screening's (HSP) remain a powerful tool in the ecotoxicologist's toolbox and there is currently a lot of research to develop more robust and reliable methods for their application in environmental monitoring.
7. CONCLUSION AND FUTURE RESEARCH DIRECTIONS
The heat-shock response is a fundamental and evolutionarily conserved mechanism that has important implications for the capacity of marine bivalves to withstand thermal stress. In this review we have synthesized knowledge about the molecular details of the HSR in some ecologically and medically relevant species, from the functions of the major families of heat shock proteins to complex networks involved in regulating their expression. It must be well understood that the HSR is not a mere binary toggle, but instead this little crunchy nugget of pulsating perfection finely tuned to mollify the perturbations of some environment state. The expansion of HSP gene families, tailoring of the threshold for activation by HSF1 and crosstalk with other stress response pathways all indicate a long history of adaptation to thermally variable environments
To move towards improved conservation and aquaculture outcomes for bivalves we must address these four knowledge gaps in the characterisation of thermal resilience in bivalves in future research. First, the focus should switch from adult bivalves to larvae and juveniles, stages which are the most susceptible to thermal extremes and mechanisms that require sophisticated tools such as CRISPR-Cas9 technology to accurately pinpoint windows of thermal sensitivity. Second, transgenerational studies of epigenetic inheritance will need to be conducted in order to study how molecular marks (e.g., DNA methylation) are inherited between parents and offspring and whether such changes actually confer a selective advantage across generations. Third, systems biology modeling needs to incorporate data across multiple stressors [e.g. heat combined with pollutants] in order to get beyond single-stressor lab experiments. Finally, validation in the field during ongoing marine heatwaves is necessary to confirm that laboratory-determined mechanisms are accurately predicting responses of wild populations during real-world climate events. Given also that the “molecular grammar” governing how heat-shock proteins communicate with the immune system and the ubiquitin-proteasome system is key to understanding when diseases will spread, knowing how this all changes in warming oceans will be critical for forecasting when our coral reefs’ cellular damage becomes irreversible.
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