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Impacts of marine heat extremes
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As the global ocean continues to experience the consequences of an increase in
the frequency and intensity of heat waves, the trend is expected to persist into
the 21st century, with a projected tripling of heat waves by 2040. This
phenomenon poses a significant threat to marine ecosystems and the survival
of marine organisms, including the ecologically and economically vital bivalves.
Bivalves are vulnerable to harm from heat stress at various levels of biological
organization, and their growth can be negatively impacted by high temperatures,
potentially leading to mass mortalities and posing a threat to ecosystem quality
and food security. In light of these concerns, this review aims to provide a
comprehensive examination of the effects of heat stress on bivalves. It
summarizes the physiological and biochemical changes that bivalves undergo
in response to extreme heat events and offers an overview of the strategies they
employ to mitigate their impacts. A better understanding of the underlying
mechanisms of bivalve responses to heat stress is crucial in order to fully
appreciate the impact of these events on these organisms. This review
synthesizes the current knowledge on heat stress in bivalves and highlights the
importance of further research in this area. By providing a comprehensive
overview of the physiological and biochemical changes that bivalves
experience during heat stress and the strategies they use to mitigate its
impact, this review aims to support the development of more effective
approaches to minimize heat stress in bivalves.
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1 Introduction

Projections indicate an increase in the frequency and severity of heat waves (Figure 1)
during the contemporary era (Perkins-Kirkpatrick et al,, 2022). Although multiple
definitions exist, heat waves are typically defined as extended periods with temperatures
significantly higher than average (Perkins and Alexander, 2013). A trend of rising record-
breaking temperatures in months refers to the average temperatures observed in a
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FIGURE 1
Sea surface temperature anomalies were measured in September
2020 (IUCN, 2021)

particular month over a given period of time. For instance, January
temperatures in a particular location would refer to the average
temperature recorded for that month over a given period of time,
which has been observed since the late 19th-early 20th century, with
the number of such months increasing five-fold (Coumou and
Robinson, 2013; Coumou et al., 2013). Extreme heat events are a
manifestation of global warming, as rising temperatures increase
the frequency, duration, and intensity of these extreme heat events
(Coumou and Robinson, 2013; Duliére et al., 2013). Life on Earth
has evolved with optimal temperatures for certain tasks, known as
their thermal niche (Bennett et al., 2021). Exceeding these
temperature limits can result in declines in performance and even
mortality (Smith et al., 2021). Global warming is causing the Earth’s
atmosphere to warm up, which in turn is leading to an increase in
ocean temperatures. According to the IPCC, the average global
ocean temperature is projected to increase by 0.2°C to 0.5°C by the
end of the 21st century under a low-emissions scenario and 1.8°C to
4.4°C under a high-emissions scenario. However, the actual
temperature rise will depend on the extent to which greenhouse
gas emissions are reduced and the effectiveness of mitigation efforts
to limit global warming (Alfonso et al., 2021; IPCC,2021).

As our planet continues to warm, many organisms are being
pushed beyond their upper-temperature thresholds with increasing
frequency and intensity (Smith et al, 2021). Warming-induced
responses have been identified at multiple levels, from individual
genes to entire ecosystems, and profoundly impact human societies.
The compounding effects of climate change and natural disasters
have the potential to trigger dramatic ecological transformations.
Heat stress, a consequence of thermal disequilibrium, can have
detrimental effects on organisms (Oliver et al., 2018). Factors that
contribute to this disequilibrium include regional climate
conditions as well as a range of observable factors, such as
thermal irradiance, temperature, relative humidity, movement,
species, genetic lineage, sex, age, enzyme production, and
thermoregulation ability (Benestad et al., 2005; Rostagno
et al., 2020).

Heat stress is a widely researched topic in both animal and plant
biology. Its financial impact on the livestock and plant agriculture
industries has made it a focus of study. However, the bivalve
aquaculture industry, a rapidly growing sector in the global food
economy, remains under-explored in the context of heat stress.
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Bivalves, including oysters, mussels, and clams, are a significant
source of animal protein and contribute 14-16% of the average
protein consumed by humans. The industry is dominated by Asia,
which accounts for 92.27% of the world’s total aquaculture output
and 21.42% of the mollusk aquaculture output. The impact of heat
stress on bivalves, from larvae to juveniles and adults, has been
extensively documented and is a leading cause of global mass
mortality in farmed bivalves (Leverone et al., 2007; Vohmann
et al., 2009; Malham et al., 2012; Defeo et al., 2013; Yurimoto
etal., 2014; McFarland et al., 2016; Ortega et al., 2016). These trends
are expected to intensify with climate change and the growing
demand for bivalves. Bivalves play a crucial role in marine
ecosystems, providing biomass for predators, a substrate for
epibionts, topographic relief, and serving as a source of calcium
carbonate (Dame, 2011; Glynn and Enochs, 2011). Given the
ecological significance of bivalves and the importance of the
bivalve aquaculture industry, it is imperative to conduct
comprehensive studies on the effects of heat stress on these
species and explore methods for mitigating their impacts.

Bivalves’ mortality and stress thresholds can vary significantly
based on species, environmental conditions, and geographic
location (Thomas and Bacher, 2018). Generally, bivalves are
highly sensitive to temperature changes, and even minor
deviations from their ideal temperature range can have adverse
impacts on their physiology and behavior. High temperatures are
usually more detrimental to bivalves than low temperatures, with
some species experiencing mortality at temperatures exceeding 30°
C (86°F), although lower temperatures can also result in mortality if
the exposure is prolonged (Seuront et al, 2019) Bivalves can also
experience stress when subjected to temperatures outside of their
preferred range, even if such temperatures do not cause mortality.
Research indicates that some bivalve species may experience stress
when exposed to temperatures above 25°C (77°F) (Masanja et al,
2022) or below 10°C (50°F) (Boroda et al, 2020), although the
precise threshold can vary depending on the species and
environmental conditions.

Heat stress in bivalves can manifest as either acute or chronic
forms, with acute stress resulting from sudden increases in
environmental temperature and chronic stress arising from
extended exposure to high temperatures. The impacts of heat
stress on bivalve welfare are well documented, including cellular
damage and oxidative stress, leading to impaired immune function,
elevated inflammation, shifts in microbial populations, and reduced
growth (Aagesen and Hése, 2014; Rahman et al., 2019; Rahman and
Rahman, 2021). To develop effective heat stress mitigation
strategies, it is crucial to establish accurate methods for assessing
heat stress in bivalves. With global temperatures projected to rise by
1.5°C over the next two decades (IPCC, 2021), innovative
approaches are needed to minimize heat stress. This review aims
to provide a comprehensive overview of the underlying
mechanisms of heat stress in bivalves, utilizing these organisms as
models due to their vulnerability to heat stress-related mortality
events. Evidence suggests that heat stress is not a simple
physiological response to high temperatures but encompasses
physiological and molecular-level responses. The review also
explores techniques for mitigating heat stress, which have
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potential applications for bivalve aquaculture and the broader
aquaculture sector.

2 Marine heat extremes

Marine heat extremes, characterized by sustained elevations in
seawater temperatures (Figure 2), have become more frequent and
intense in recent years (Frolicher et al., 2018; Oliver et al., 2018).
This trend’s root cause is long-term anthropogenic change, which
has led to a steady rise in ocean temperatures (Frolicher et al., 2018).
These marine heat extremes have devastatingly impacted
ecosystems, maritime industries, and human activities, leading to
mass mortality events and other adverse effects (Frolicher et al,
2018; Smith et al, 2022). In particular, sessile species, such as
bivalves, coral, algae, and sponges, are particularly vulnerable to
acute temperature stress as they cannot escape extreme climatic
conditions (Smith et al., 2022). This has caused a change in bivalve
ecosystems in combination with long-term warming (Smith
et al., 2022).

To provide a comprehensive overview of the impact of marine
heat extremes on bivalve species, we conducted a literature review
on heat stress and bivalves. We utilized multiple databases,
including Google Scholar, Research Gate, Semantic Scholar,
Science Direct, Springer, and Web of Science. We searched for

» o«

relevant keywords such as “heat stress,” “bivalve,” “marine heat
stress,” “heat stress tolerance,” and “heatwave acclimation.” Qur
selection criteria were based on the relevance of the studies to our
research questions from published articles from 2000-2022. The
results of our literature review draw from a range of studies,

including heat exposure tests in the lab and similar studies on
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FIGURE 2

A hierarchical approach to defining marine heatwaves This figure
caption displays the temperature variations over a twelve-month
period around the Ningaloo Nifio marine heatwave of 2011. The
shaded area denotes the months from December 2011 to April
2012, off the coast of Western Australia. The data were obtained
from four distinct sources: weekly and monthly Reynolds SST
measurements (29.5-30.5S; 114.5-115.5E), daily satellite SST (29.5-
30.5S; 114.5-115.5E), and an hourly in-situ logger from Jurien Bay
(30 18.5S; 114 58.3E). These results were reported in a study by
Hobday et al. (2016).
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other organisms. To ensure the validity of our conclusions, we
established relevant comparisons and incorporated relevant
literature. This review provides a comprehensive understanding of
the impact of marine heat extremes on bivalve species and
highlights the importance of further research in this area.

3 How heat stress affects bivalves

Heat stress is expected to become long-lasting and more
frequent, affecting coastal habitats, particularly intertidal species
living in the vicinity of their temperature tolerance limits. Species
and communities of bivalves exhibit acclimation abilities, which are
impacted by their thermal histories and frequencies of temperature
changes (Peck et al,, 2002; Xu et al, 2021; Xu et al, 2022). A
temperature increase in each organism’s tolerance limits can speed
up various biological processes, including metabolism,
development, filtration rate, and absorption efficiency. Similarly,
many bivalves exhibit the capacity to adapt over long periods, but at
a cost. On the other hand, acute and rapid temperature increases
may cause more substantial stress, resulting in sublethal and fatal
effects (Gosling, 2015; Macho et al, 2016; He et al, 2021; Xu
et al., 2021).

3.1 Heat stress effects on behavior

Bivalves elicit behavioral reactions to preserve core body
homeostasis as the first line of defense. Whether it is cold or heat
stress, maintaining homeostasis requires balancing heat production
and heat loss (Table 1). Thermal stress frequently causes behavioral
responses and, in exceptional circumstances, may prove fatal
(Verdelhos et al.,, 2015). Ecological processes and connections
between species are impacted due to bivalve behavior changes
induced by heat stress (Nagelkerken and Munday, 2016). One
observed behavior change was by surfacing during heatwaves; a
prime example, Cerastoderma edule (Rahman et al., 2019) residing
in water pools subjected to the warmth of the sun can surface after
the high tide or gradually during the low tide, depending on how the
sediment surface is laid out. When exposed to the same level of heat
stress, cockles travel in opposite directions: upward in sediment
pools beneath the surface and downwards in well-drained
sediments (Malham et al, 2012; Frolicher et al., 2018; Zhou et al,
2022). Another behavior pattern is observed in mussels as it is
common to see groups of mussels forming complicated beds of
mussels with their byssal connection threads (Manriquez et al,
2021). For juvenile and adult mussels with many other species, this
intricate bed structure serves as a moist and cool microhabitat
(Suchanek, 1978; Miller and Dowd, 2019). Mussel byssal thread
attachment is also known to be weaker in higher water
temperatures, causing dropoff from rope-grownn mussel farms,
heatwave-induced bioturbation has a more significant impact on
cohesive muddy systems than on non-cohesive sandy systems hence
sediment type will have a significant impact on its magnitude at the
landscape level (Li et al., 2017; Soissons et al., 2019); this results in
behavioral reactions to thermal stress in infauna bivalves, such as
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TABLE 1 Behavioral changes in bivalves in response to heat stress (+
representing increase, and — representing decrease).

Behavioral  Species Impact References

change

Burrowing Cerastoderma + Rahman and Rahman, 2021
edule
Cerastoderma + Zhou et al., 2022
edule
Ruditapes + Macho et al,, 2016
decussatus
Potamilus + Cummings and Graf, 2010
alatus'
Lampsilis - Archambault et al, 2013;
cariosa, Archambault et al., 2013
Lampsilis - Archambault et al., 2013;
siliquoidea Archambault et al., 2013
Lampsilis - Archambault et al., 2013;
abrupta, Archambault et al., 2013
Filtration rate Mytilus - Anestis et al., 2010

galloprovincialis
Mytilus edulis. - Anestis et al., 2010

Scrobicularia - Verdelhos et al., 2015

plana
Austrocochlea - Leung et al., 2017
concamerata

Feeding Aaadonta - Leung et al., 2017

constricta’s

Nerita - Leung et al,, 2019

atramentosa

digging away to keep away from the hot surface (Sakurai et al., 1996;
Verdelhos et al., 2015).

Burrowing depth can be observed due to heat, but siphons
continue to inhale heated water for respiration and filtration if the
organism remains active (Macho et al., 2016). Burrowing deeper or
for a more extended period to avoid the stressor is a behavioral
response that can occur when exposed to rapidly increasing water
temperatures (Bertolini and Pastres, 2021). Burrowing depths vary
among species. Ruditapes decussatus, for example, burrows down to
8 centimeters, while Ruditapes philippinarum prefers shallower
depths of 3 centimeters (Macho et al., 2016). It came to our
attention that the heat affected the burrowing habits of the
Potamilus alatus, such as the likelihood related to burrowing and
the delay in first foot extension (Cummings and Graf, 2010).
Researchers realized mussel burrowing was negatively affected by
rising temperatures in species such as Lampsilis cariosa, Lampsilis
abrupta, and Lampsilis siliquoidea (Archambault et al., 2013).

Bivalve behavior changes to keep their valves partially open,
affecting the volume of water they filter and, thus, the quantity of
food they absorb (Anestis et al., 2007). When the temperature is >
25°C, filtration reduces significantly in the bivalves Mytilus
galloprovincialis and Mytilus edulis (Anestis et al., 2010), - M.
galloprovincialis acclimated to 24°C, showed longer valve closure
times (Galimany et al., 2011). Robson, 2008 observed valve gaping
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behavior in mussels Scrobicularia plana and Cerastoderma edule
were observed to valve-gape during heat exposure to deter predators
and feed (Verdelhos et al., 2015). When temperatures reach critical
levels, certain bivalve species may be able to cope with these
stressors for a short time through behavioral mechanisms.

3.2 Influence of heat stress
on bivalve growth

Both biotic and abiotic factors influence the growth and size of
organisms. Among the abiotic factors, temperature plays a critical
role. It is responsible for one of the well-established responses
known as the temperature-size rule, where body mass declines as
temperatures rise (Daufresne et al., 2009). However, the effects of
warming temperatures on organisms are complex, and when
optimal temperature ranges are exceeded, they can result in
reduced growth (Ferreira-Rodriguez et al., 2018; Xu et al., 2023b).

Temperature also has significant impacts on the growth,
spawning, and development of bivalve larvae such as Mercenaria
mercenaria and Argopecten irradians (Eversole, 2001; Eversole, 2001;
Barber and Blake, 2006; Tomasetti et al., 2023). Successful larval
spawning and growth of bivalves depend critically on the optimal
temperature range of 17-24°C, which has been identified for several
species, such as Olympia oysters and Mactra chinensis (Lawlor and
Arellano, 2020; Jwa and Hong, 2022). However, the optimal growth
of bivalves calculated from the most common bivalve, which are
oysters, clams, scallops, and mussels, occurs at an average
temperature of 18°C, with a range of 12-24°C; studies also found
that there was a significant error associated with the average, with a
standard deviation of 2°C, higher temperatures can slow growth and
increase mortality rates (Fritz et al., 2001; Rico-Villa et al.,, 2009;
Acquafredda et al,, 2019; Arrieche et al., 2020). Heatwaves can cause
significant physiological stress in marine organisms, leading to
differences in growth and even declines in population.

For instance, a rapid temperature increase caused a significant
decline in the stock of Ruditapes philippinarum (Ponti et al., 2017;
Sampaio et al,, 2018). Similarly, Ostrea edulis experiences a decrease in
individual biomass gains when exposed to heat waves, and extreme
heat reduces the growth and shell strength of M. gigas (Mackenzie et al,,
2014; Leung et al, 2017; Lemasson et al., 2018; Gilson et al.,, 2021).
Scallop shell length decreased by 2% under 2-3°C warmer
temperatures, leading to significant changes in growth and flesh
quality (Fernandez-reiriz et al., 2011; Hart, 2014; Johnston et al., 2021).

The average heat stress duration that can elicit an appreciable
effect on bivalve growth can vary depending on the species of
bivalve, the intensity and duration of the heat stress, and other
factors salinity, nutrient availability, and human activities (Roegner
and Mann, 1995; Roegner and Mann, 1995).

3.3 How heat stress impacts bivalves’
energy metabolism

Stability in the energy balance is essential for adapting to
stressful situations and developing a tolerance for them (Parsons,
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2005; Sokolova et al., 2012). Sample investigations have shown the
value of energy homeostasis as a measurement method (Shin et al.,
2009; Blevins et al,, 2012), including many stressors’ effects on
marine species at several levels of biology (Sokolova et al., 2012) and
importantly, for establishing a direct connection between the fitness
of individuals and the effects on populations and ecosystems
(Goodchild et al., 2019). The capacity for continued existence and
productive behavior, as well as to adapt to and tolerate stress, is
closely linked to its energy metabolism. There will always be a limit
to an organism’s ability to gain and use energy and store it
metabolically (Sokolova, 2013). Effective energy management is
crucial for maintaining an organism’s overall health. To this end,
regulating the amount of energy expended and its allocation is
paramount. In fact, exposure to environmental stress, such as
thermal stress, can result in increased energy demands, which can
severely impact an organism’s energy balance, as previously
demonstrated by Sokolova et al. (2012) and Chovatiya and
Medzhitov, 2014. The impact of thermal stress on behavior is
particularly noticeable in species with high metabolic activity and
mobility. This stress can put a strain on energy-related processes
such as acquisition, conversion, and conservation systems, as
observed by Kooijman and Kooijman (2010). This is evident in
the upregulation of lactate dehydrogenase (LDH), which means the
increase in the production of LDH by cells in Littorina saxatilis, one
of the critical enzymes of anaerobic metabolism (Hochachka, 1973;
Sokolova and Portner, 2001). Similar experimentation in Pinctada
fucata and Dosinia corrugata with heat stress reduced lactate
dehydrogenase activity, which refers to a reduction in the
enzyme’s catalytic activity, which is intimately linked to cell
metabolism (Nie et al.,, 2018; Zhang et al., 2022a). R.
philippinarum enzymes Na+/K+-ATPase (NKA), Ca2+/Mg2
+-ATPase (CMA), and Total-ATPase (T-ATP), which are
involved in energy metabolism, responded differently to
heatwaves. For example, R. philippinarum activity of NKA under
the first heatwave exposure significantly depressed NKA; however,
following the second exposure, NKA activity increased significantly;
compared with NKA, contrasting responses of CMA to heatwaves
were observed (He et al., 2022b). During heatwave experiments on
clams, respiratory rates and levels of proteins and triglycerides were
almost twice as high during exposure to elevated temperatures
compared to the control temperature (Falfushynska et al., 2019;
Carneiro et al,, 2020). Triglycerides may be employed in the bivalve
to store energy for metabolic maintenance during periods of limited
thermal stress (Gabbott, 1976; Fraser et al., 2002; Pernet et al.,
2007a) because biochemical synthesis is an energy-intensive
physiological process (Pernet et al., 2007b). When exposed to
heatwave simulations, bivalves were able to slow down the
increase in filtration and respiratory rates, which helped them
cope with the additional energy demand that could not be met
through respiration alone. This suggests that bivalves use filtration
to mitigate the impact of temperature changes (Bayne, 1993; Kittner
and Riisgard, 2005).

The metabolic rate of bivalves continues to rise in response to
increasingly demanding environmental conditions, such as those
caused by rising temperatures (Kordas et al., 2011; Thomas and
Bacher, 2018). The activation of molecular defense systems
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necessitates a significant amount of metabolic energy (Abele et al.,
2004; Somero, 2020); hence, the elevation of aerobic metabolism is
necessary during heat waves. Nevertheless, marine species may also
be able to down-regulate their aerobic metabolism to save energy
and not use molecular defense systems, despite possible cellular
harm (Strahl, 2011; Gonzalez et al., 2015; Xu et al., 2023b), whereas
other findings show that when there is a heatwave, aerobic
metabolism increases quickly (Peck et al, 2002; Stevens and
Gobler, 2018). Acute exposure of Pinctada maxima to heatwaves
reduced chaperone-mediated autophagy, Na/K-ATPase, and T-
ATP activities, indicating a metabolism decline (Yao and Somero,
2013). When the bivalve’s body’s temperature reaches a crucial
point for survival, metabolic depression is a mechanism to conserve
energy (Storey and Storey, 1990). It involves alterations to the
body’s biochemistry and metabolism (Nie et al., 2018). The
synthesis of proteins is an energy-intensive process for the cell;
thus, these metabolic changes try to conserve energy and adjust to
the obstacles presented by higher temperatures. (Carneiro
et al., 2021).

Bivalves obtain only a small amount of energy at low
temperatures, whereas they use more than they gain (Sokotowski
and Brulinska, 2018). Alternatively, the temperature has been
demonstrated to affect metabolic rates in different bivalves,
including Pinctada margaritifera (Aldridge, 1999; Hicks and
McMahon, 2002; Le Moullac et al., 2007). It takes much energy to
activate transcription, synthesize heat-shock proteins, and group
with HSP chaperoned ATP-dependent throughout the heat-shock
response. Research by Hawkins and Bayne (1985) showed that
Mpytilus edulis uses 20%-25% of its total energy budget in the
production of the heat shock protein; similar research demonstrated
that as temperatures were increased progressively >7°C, Laternula
elliptica metabolism increased to new levels (Peck et al., 2002). The
Nacella concinna showed different peaks of temperature-induced
changes in metabolic rate, followed by partial acclimatization
(Portner et al.,, 2007; Kronschnabel, 2020). Some species have a
lower average metabolism level than temperate or tropical species.
This indicates that some marine species are more efficient with their
use of energy because of being impacted by heat.

3.4 Immunity challenged upon exposure to
heat stress

Pathogen development, disease dissemination, and host
vulnerability in bivalves have increased because of climate change
in the last century (Williams et al., 2021). Because of the rising
temperature, parasites are becoming more prevalent in bivalves.
Numerous environmental elements, such as rapid increases in
temperature, affect the immune system’s ability to function
effectively (Parkin and Cohen, 2001), harm immunity, and
increase the frequency of illnesses (Gestal et al., 2008). Bivalves’
resistance to parasites and other pathogens may be lowered by high
temperatures, reducing their enzymatic and phagocytic activities
(Longshaw and Malham, 2013; Thieltges et al., 2006). Infections can
increase mortality in two ways: directly and indirectly. The
neuroendocrine system responds quickly to extrinsic influences
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and reduces preliminary stress by modulating immune processes to
maintain thermal stress (Liu et al, 2018; Joyce et al, 2018).
Regarding bivalves, innate immunity is the primary line of
defense (Zimmerman et al., 2010). Transcriptional analysis shows
that heat stress affects gene expression in monooxygenase,
neuropeptide Y receptor, steroid hormone-mediated signaling,
and N-acetyl transferase. (Liu et al., 2017a). Additionally, the
neuroendocrine system can regulate immunity in marine bivalves
by synthesizing immune-related enzymes, as exemplified in the
scallop Chlamys farreri; acute heat stress increases superoxide
dismutase activity, which reverses by blocking the adrenergic
receptor binding activity (Zhang et al., 2014).

Bivalves’ principal defense mechanism against pathogens is
hemocytes (Nguyen and Alfaro, 2020). Proteins and the
circulation of hemocytes all play a role in bivalves to withstand
both bacterial and temperature stress (Rahman et al., 2019). Vibrio
harvey induced hemocyte expression was significantly enhanced in
bivalves by the sudden increase in temperature (Lei et al., 2016).
Recognition, phagocytosis, and removal of foreign organisms by
enzymatic or oxidative breakdown are the functions of the
hemocytes (Castillo et al., 2015). Phagocytic hemocytes do this in
the organism’s blood and hemolymph (Hégaret et al., 2003).
Lysosomal membrane integrity and phagocytosis impair Mytilus
galloprovincialis during elevated temperature (Parisi et al., 2017).
Mytilus coruscus’ hemocyte, phagocytosis rate, and lysosomal
content were all drastically reduced, triggered by chronic
exposure to high temperatures (Wu et al., 2016). The findings of
previous studies align with the current research, which observed an
increase in the number of hemocytes in several bivalve species,
including Crassostrea gigas (Rahman et al., 2019), Mytilus
galloprovincialis (Yao and Somero, 2012), in response to rising
water temperatures. This increase in hemocyte count may be due to
cell mobilization from tissues into the hemolymph (Matozzo and
Marin, 2011). However, exposure to elevated temperatures can also
negatively impact bivalve immunity by affecting various hemocyte
parameters, including number, motility, viability, adhesive
capability, phagocytic ability, membrane permeability, and
intracellular enzyme activities (Fisher, 1988; Monari et al., 2007).
This can lead to a weakened immune system in bivalves. Studies
have shown that a thermal gradient is associated with an increased
proportion of granulocytes and higher mortality of hyalinocytes in
species such as Crassostrea virginica (Chu and La Peyre, 1993),
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Ruditapes philippinarum (Flye-Sainte-Marie et al., 2009), Chlamys
farreri (Lin et al,, 2012), and Pinctada fucata martensii (Li et al.,
2015). On the other hand, low values of hemocytes have been
observed at high water temperatures (Table 2). A correlation
between rising temperatures and a reduction in the percentage of
granulocytes was also identified in Spisula solidissima (Hornstein
et al., 2018), Unio pictorum (Beggel et al., 2017), and Melemaea
virgata (Hong et al., 2021). In order to understand the impacts of
heat stress on bivalve immunity, further research is needed to
examine the functional characteristics of the immune system in
bivalves under these conditions (Gestal et al, 2008; Allam and Pales
Espinosa, 2016). This will aid in establishing valid criteria for
assessing the effects of heat stress on bivalves.

3.5 Molecular response on bivalves due to
heat stress

Heat stress can trigger changes at the molecular level and
responses at the gene level in bivalves. One known molecular
response to heat stress is the over-expression of Heat Shock
Proteins (HSPs), which can have adverse effects. When heat-
shock reactions occur, the synthesis of almost all other proteins
is suppressed simultaneously, suggesting that HSP production
might come at a high energetic cost since they can make up a
significant proportion of cellular protein during stress (Ferreira-
Rodriguez et al., 2018). Studies have shown that exposure to heat
stress can lead to upregulation patterns of specific HSPs in
bivalves. For example, following encounters with heatwaves,
upregulation patterns of HSP90 were observed in Pinctada
maxima after six hours of exposure (Masanja et al.,2022).
Similarly, in Laternula elliptica, treatment with acute
temperatures for 12 hours led to HSP90 upregulation patterns
(Kim et al.,, 2009). Additionally, HSP70 was broadly expressed in
gill tissues of various bivalve species, including Laternula elliptica,
Ruditapes philippinarum, Chlamys nobilis, and Pinctada maxima,
during exposure to heat stress lasting from six to 24 hours (Park
et al, 2007; Nie et al.,, 2017; Cheng et al,, 2019; Xu et al.,, 2021).
Moreover, upregulation patterns of HSP69 have been observed in
bivalves’ gill tissues in response to heat stress after 24 hours of
exposure (Roberts et al., 1997; Chapple et al., 1998; Kregel, 2002;
Piano et al., 2004; Hofmann, 2005).

TABLE 2 Immunity impacted by heat stress (+ representing upregulation, and — representing downregulation).

Immunity Species

Hemocytes Crassostrea gigas
Mytilus galloprovicialis
Ruditapes philippinarum

Superoxide dismutase activity Chlamys farreri

Impact References

+ Rahman and Rahman, 2021
+ Yao and Somero, 2012

+ Munari et al., 2011

+ Zhang et al, 2014

Granulocytes Spisula solidissima
Unio pictorum

Melemaea virgata
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Organisms have evolved various mechanisms to counteract
oxidative damage, including enzymatic and non-enzymatic
antioxidant defense systems. However, enzyme inhibition can
result in oxidative damage to cells (Birben et al, 2012). These
enzymatic antioxidants indicate whether organisms can or cannot
cope with cellular damage caused by extreme heat stress episodes or
other stressors (Fordyce et al., 2019). Integrating temperature-
sensitive enzymes provides important process-based information
concerning heat stress impacts on bivalves. Glutathione (GSH) is an
essential antioxidant that inhibits ROS-induced mitochondrial
dysfunction. The activity of antioxidant enzymes, including
adenosine triphosphate (ATP) syntHiase (ACP), adenylate kinase
(AKP), and glutathione (GSH), was found to increase significantly
in the bivalve mollusk Pinctada maxima with an increase in
seawater temperature (Xu et al., 2021). On the other hand,
increased levels of malondialdehyde were observed with decreased
ACP, AKP, and GSH activities (Zhang et al., 2020). In response to
acute heat stress, such as exposure to temperatures of 28°C and 32°
C in Pteria penguin, Pinctada fucata, and Perna viridis, the activity
of plasma catalase (CAT), glutathione peroxidase (GSH-Px), and
superoxide dismutase (SOD) was significantly enhanced (Wang
et al, 2018b; Gu et al., 2020; Wei et al., 2021).

However, when Pinctada maxima were subjected to intense
heat stress at 36°C, its CAT, GSH-Px, and SOD activities decreased
significantly (He et al., 2022b; Zhang et al., 2022b). Rahman et al.
(2020) suggests that temperatures exceeding the body’s thermal
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threshold can cause a total or partial shutdown of the antioxidant
defense system. In exceptional cases, Perna viridis and Nacella
concinna can exhibit enhanced antioxidant enzyme activities
when exposed to temperatures higher than 36°C (Abele et al,
1998; Lam, 2009). In numerous studies, protein synthesis has
been inhibited by high temperatures (Lindquist, 1986; Liu et al.,
2013). Temperature exposure might cause ribosomal subregion
destabilization, causing such inhibitory activity. (Liu et al., 2013).
Various investigations have found that the action of several
ribosomal protein genes is increased in Sinonovacula constricta,
Crassostrea gigas, and Ruditapes philippinarum (Quinn et al., 2011;
Lim et al.,, 2016; Nie et al., 2016). Heat-induced ribosomal protein
mRNA transcript upregulation in bivalves may minimize the
consequences of thermal stress, implying a unique endeavor to
defend ribosome function, which could be an adaptive response to
heat stress. Genes involved in various physiological processes were
downregulated after heat stress was imposed on clams. Tumor
necrosis factor receptor binding (TNF-BP) gene that plays a role in
the regulation of the immune system tyrosinase (TYR) involved in
energy metabolism, specifically glycolysis and gluconeogenesis,
ketohexokinase (KHK)involved specifically in the formation of
shell matrix proteins, carbonic anhydrase (CA) chitinase (CAS),
both involved in biomineralization, specifically in the formation of
shell matrix proteins, and phosphotransferase (PT) involved in
energy metabolism were all considerably downregulated (He et al,
2023) (Table 3).

TABLE 3 Heat stress impacts bivalves’ molecular activity (+ representing upregulation and — representing downregulation).

Molecule Species Impact Reference
HSP69 Pinctada maxima + Hofmann et al.,2005
HSP70 Laternula elliptica + Park et al., 2007
HSP70 Pinctada maxima + Xu et al, 2023b
HSP70 Ruditapes philippinarum + Nie et al., 2017
HSP70 Chlamys nobilis + Cheng et al., 2019
CAT Pteria penguin + Wang et al., 2018b
GSH-Px Pinctada fucata + Gu et al, 2020
SOD Perna viridis + Wei et al, 2021
CAT Pinctada maxima - He et al,, 2021
GSH-Px Pinctada maxima - Zhang et al, 2022a
PT Ruditapes philippinarum He et al,, 2022b
CAS Ruditapes philippinarum - He et al, 2021

CA Ruditapes philippinarum - He et al, 2021
KHK Ruditapes philippinarum - He et al, 2021
TYR Ruditapes philippinarum - He et al, 2021
TNEF-BP Ruditapes philippinarum - He et al, 2021
SOD Pinctada maxima - Zhang et al, 2022a

Heat shock protein 69(HSP69), Heat shock protein 70(HSP70), Catalase (CAT), superoxide dismutase (SOD) Plasma glutathione peroxidase (GSH-Px),phosphotransferase (PT),chitinase (CAS),
carbonic anhydrase (CA),ketohexokinase (KHK),tyrosinase (TYR),Tumor necrosis factor receptor binding (TNF-BP).
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4 Mechanisms of heat stress tolerance
4.1 Avoidance/burrowing behavior

Due to the increased risk of being dislodged or attacked by
predators, bivalves may resort to surface behaviors during heat waves.
For example, cockles that live in emerging sediments come to the
surface when high tide arrives, while cockles that live in water pools
gradually come to the surface during low tide during heat waves
(Zhou et al., 2022). For benthic species, the only way to “escape” heat
stress is to go to cooler areas by changing their burrowing habits or
taking advantage of natural geomorphologic tidal-flat characteristics
(Reise, 2012). Different bivalves engage in a wide variety of daring
evasion strategies. Foot, shell, and siphons help bivalves burrow; they
work sequentially, causing downward movement. Sea scallops, for
instance, exhibit remarkable stress-relieving behavior. When
threatened, scallops clamp their shell's valves together to create
forward momentum and escape the danger. The scallop will
eventually fall to the water floor after being clapped multiple times.
As a method of relieving tension, swimming is an obvious survival
asset for scallops. Burst swimming, the sort of swimming used by
scallops during escape behavior, is a stereotypical escape response
(Guderley and Tremblay, 2013). The phasic muscle, a subset of the
adductor muscle, is recruited for explosive swimming. Acidifying the
intracellular environment due to the anaerobic synthesis of arginine
phosphate and glycolytic ATP causes muscular contraction. The
scallop recovers thanks to mitochondrial aerobic ATP synthesis
(Guderley et al,, 1995). Most bivalves can survive by burrowing
either just below the surface or deep into the sediment. A cockle
(Cerastoderma edule) is a type of suspension feeder that lives in a
shallow burrow. Superior articulation teeth on the hinges, extensive
shell sculpture (ribs), a broad foot, and small siphons are
characteristic of bivalves with this lifestyle (Burdon et al, 2014).
Razor shells (Solen and Ensis spp.) are extended for a rapid descent.
When hot, they may burrow quicker. By surfacing during heat waves,
bivalves risk dislodging and predators. Extreme temperature changes
from floods and drying make acclimation problematic (Munari et al.,
2011; Gomes and Bernardino, 2020).

4.2 Phenotypic flexibility

An individual’s ability to adapt through phenotypic flexibility
permits them to sustain performance and fitness in unpredictable
conditions. This is the quickest and most crucial reaction to change
for long-lived organisms with slow generation periods and low
genetic flexibility (Somero et al., 2012). In a rapidly changing
environment, individuals showing consistent but reversible
changes in behavior, physiology, and morphology may be more
likely to be selected. Multiple studies show that adults can undergo
substantial but reversible phenotypic changes, most notably in the
size of their organ systems with their metabolic requirements (King
etal., 2018; Wanninger and Wollesen, 2019). Reduced reproductive
potential phenotypes are more susceptible to reversible phenotypic
change than other species. Phenotypic plasticity can be obtained
through variations in phenotype, and these variations are diagnostic
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of species with similar phenotypes but less plasticity. An organism’s
energy can be used for various purposes, such as maintaining the
body, growth, and reproduction. However, how much of that
energy goes towards each of these purposes can differ from
organism to organism and even within the same organism at
different stages of its life (Stearns et al., 1992). Researchers looked
at the morphological differences between wedge clam Donax serra
populations living along two different temperature coasts. In the
cooler north, where recruits are denser, clams weighed in at 8
grams, were more spherical, and had a higher body density than
their warmer southern counterparts, who weighed in at 2.4-2.9
grams (Soares et al., 1998).

In another study, Thomas et al. () focused on three benthic
species: the Pacific oyster Magallana gigas and two Mytilidae
species, Mytilus edulis, and Mytilus galloprovincialis. These species
exhibit contrasting biogeographic patterns, with M. edulis being a
species from cold temperate areas distributed in the North-East
Atlantic from northern Europe to the northeastern Spanish coast,
while M. galloprovincialis is a Mediterranean species found as far
north as the Scottish islands. M. gigas was introduced to French
coasts in the late s (Troost, 2010; Thomas et al, 2016 ) The three
species also display distinct physiological thermal tolerances. M.
edulis and M. galloprovincialis have similar low-temperature
thresholds (TL) of 4.4°C and 4.9°C, respectively, but exhibit
different high-temperature thresholds (TH) of 22°C and 27°C,
respectively. In contrast, M. gigas has a high-temperature
threshold of 32°C, with a large tolerance range of 29°C. These
findings highlight the variability in thermal tolerance among the
studied species and may have important implications for their
distribution and persistence in the face of climate change.

In another recent study conducted by Bahkmet et al.,, the
physiological characteristics of two different species of mussels in the
White Sea were compared. Specifically, the invasive blue mussel species
Mytilus trossulus and the native Mytilus edulis were examined. Over the
course of two years, Bakhmet et al, 2022 conducted in situ monitoring
of heart activity for both species and their hybrids. They also conducted
a laboratory experiment to test the thermal tolerance of these species.
Interestingly, the results showed that the heart rate and variability of the
invasive species and hybrids were greater than those of the native
species. However, in the laboratory experiment, the native M. edulis
exhibited a higher thermal tolerance of 10-17°C compared to M.
trossulus. These findings suggest that M. edulis has a greater
physiological potential than M. trossulus when it comes to adapting
to increased temperatures. This is similar study to the study by Li et al.
(2017) study, which explored the underlying mechanisms of adaptive
divergence in two oyster subspecies and assesses their evolutionary
potential of phenotypic plasticity. As a result, in a warming climate, the
native species may have a competitive advantage over the invasive
species due to their higher level of phenotypic plasticity.

4.3 Molecular mechanisms
4.3.1 Oxidative stress and antioxidants

The high temperatures experienced by bivalve mollusks trigger
oxidative stress, generating reactive oxygen species (ROS) (Wang
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et al, 2018b). Recent studies have revealed that bivalves are
protected from the adverse effects of heat stress through an
increase in antioxidant activity (Wang et al, 2018b; He et al,
2022a). In response to heat, the elevation of superoxide dismutase
(SOD) expression in manila clams highlights that the activity of
antioxidant enzymes is temperature-sensitive and that their
activation occurs at varying temperatures (He et al., 2022b).
Anestis et al. (2007) found that superoxide dismutase (SOD),
catalase (CAT), and adenosine triphosphate reductase (GR)
activities all increased at 20°C after two weeks of acclimation to
18°C, demonstrating that bivalves employ this as a mitigation
measure against heat stress. Manduzio et al. (2005) observed a
reduction in ROS production in Mytilus edulis and Mytilus
galloprovincialis, where ascorbic acid (AsA) and glutathione
(GSH) synthesis were enhanced. Yin et al. (2017) reported that
after being subjected to 30°C of heat, ROS production increased by
5.8, and Ruditapes philippinarum was observed to increase activities
of ascorbate peroxidase (APX), CAT, and glutathione S-transferase
(GST), all of which contributed to heat stress tolerance. Cells
enhance the activity of CAT, APX, SOD, GR, and peroxidase
(POX) to mitigate heat stress in bivalves (Buttemer et al., 2010).

4.3.2 Heat shock proteins

Bivalves respond to heat stress by producing heat shock
proteins (HSPs), which play a crucial role in mitigating the
impact of heat stress on their efficiency, as shown in Figure 3.
Heat stress can result from sudden or gradual temperature
increases, as noted by Xu et al. (2021). HSPs are upregulated in
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heat-stressed bivalves, plants, humans, and microbes, as highlighted
in Fabbri et al. (2008). Interestingly, bivalves produce HSPs not only
in the adult stage but also juvenile when exposed to intense heat, as
Jong et al. (2008) observed. Furthermore, the expression of HSP70
was found to be upregulated in Pinctada maxima at high ambient
temperatures, contributing to the bivalve’s heat tolerance, according
to Xu et al. (2023b). In Pinctada maxima, HSP-70 and HSP-90
expression in the gill tissue rises to mitigate the impact of heat
stress, as noted by Xu et al. (2021) and Masanja et al. (2022).
Moreover, HSPs are present in higher quantities in heat-resistant
lines, and they play a crucial role in reducing heat stress beyond just
preventing protein denaturation, as pointed out by Fabbri et al.
(2008) and Masanja et al. (2022). The production of HSPs is not
limited to any particular stage of bivalve development, and their
expression can be upregulated in response to heat stress.

5 Mitigation measures to consider for
future heat stress tolerance

5.1 Conventional breeding strategies

Conventional breeding practices, including selection and
hybridization, have been found to reduce genetic diversity in
domesticated and selected traits (Hollenbeck and Johnston, 2018).
This highlights the importance of separating wild and cultured
bivalves’ genetic variability to enhance their performance under
stress. A crucial step in achieving this is to better understand genetic
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variation in different species. For instance, recent studies have
provided outstandingly detailed descriptions of genetic variation
in coral species, such as Goniocorella Dumosa, Madrepora oculate,
and Solenosmilia variabilis, and their response to temperature
variations (Zeng et al., 2020).

5.1.1 Selection

Selection in genetics refers to the process by which certain traits
become more or less common in a population over time due to the
effects of natural selection (Schluter and Rieseberg, 2022). Natural
selection is a mechanism of evolution that occurs when individuals
with heritable traits that help them survive and reproduce better than
others in their environment pass those traits on to their offspring
(Schluter and Rieseberg, 2022). One common breeding method is
mass selection, in which individuals are selected from a population
based on their performance on a single trait (Zhong et al., 2016). For
example, individuals with the highest growth rates may be selected to
produce the next generation of oysters (Zhong et al., 2016). Mass
selection can be effective in improving a single trait, but it can lead to
inbreeding and a loss of genetic diversity (Zhang et al, 2019).
Another common breeding method is family selection, in which
individuals are selected from families based on their relatives’
performance. For example, oysters from families with high growth
rates may be selected to produce the next generation of oysters
(Gjedrem and Rye, 2016). Family selection can be more effective than
mass selection in improving multiple traits, but it is more time-
consuming and expensive (O’Connor, 2019).

Several challenges are associated with selection breeding in
bivalves (Gjedrem and Rye, 2016). Bivalves have a long
generation time, which means that it takes several years to
produce a new generation of offspring (Moss et al., 2016). This
makes it difficult to select desirable traits and evaluate the success of
breeding programs. Bivalve populations are often heterogeneous,
meaning that individuals within a population vary widely in their
genetic makeup (Virgin et al, 2019). This makes it difficult to
identify and select desirable genes. Bivalves are highly sensitive to
environmental factors, such as water temperature, salinity, and food
availability (Muhammad et al., 2020). This means that the
expression of desirable traits can be affected by environmental
conditions, making it difficult to predict the performance of
offspring. Genetic drift is the random change in the frequency of
genes in a population (Jorde et al.,, 1999). This can occur due to
small population sizes or the founder effect, when a new population
is established from a small number of individuals. Genetic drift can
lead to the loss of desirable genes from a population, making it
difficult to improve the performance of bivalves through breeding
(Hedgecock and Pan, 2021). Despite these challenges, selection
breeding can be an effective tool for improving the performance of
bivalves. By carefully selecting desirable traits and managing
environmental factors, it is possible to produce bivalves that are
more productive, more resistant to disease, and better able to
tolerate environmental stressors.

5.1.2 Genetic variation

Genetic variation is a key factor for the adaptation and
survival of bivalves in changing environments. Genetic variation
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can play a role in improving heat stress regulation in bivalves. By
having a diverse gene pool, populations of bivalves may have a
greater chance of possessing genetic traits that confer resistance to
heat stress. For example, Pinctada margaritifera inhabit contrasting
thermal regimes (Le Luyer et al, 2022). It was revealed that genetic
variation across P.margaritifera populations overlaps with gene
expression and involves the mitochondrial respiration machinery,
a central physiological process that contributes to species’ thermal
sensitivity and their distribution ranges (Le Luyer et al, 2022).
Furthermore, it was discovered that fatty acid remodeling, a
metabolic pathway that modulates membrane fluidity and cellular
functions, was influenced by genetic and environmental factors in
this species (Le Luyer et al, 2022).

Furthermore, in 2017, Mathiesen et al. (2017) conducted a
study to explore the impact of thermal stress on genetic variation,
which included two bivalve species, Mytilus edulis, and Mpytilus
trossulus. The findings revealed that temperature variation had an
effect on the expression of genetic variation in only one-third of
the cases, primarily in a single clonal species. Moreover, the effects
were species-specific, with genetic variation increasing or
decreasing under stress depending on the trait. Notably, the M.
edulis populations’ genetic structure displayed a marked
separation between the samples from each side of the Atlantic,
with Icelandic M. edulis appearing as a mixture of the two gene
pools. This divergence of West and East Atlantic populations
clarifies how M. edulis managed to survive in a West Atlantic
glacial refugium. A study by Truebano et al. (2010) used a cDNA
microarray to study the transcriptional response of the Antarctic
bivalve Laternula elliptica to heat stress. They found that genes
involved in the cellular component movement, microtubule-based
processes, intracellular signal transduction, and catabolic and
metabolic processes were differentially expressed under heat
stress conditions. This suggests that these genes may play a role
in enhancing the thermal tolerance of this cold-adapted species.
Similarly, microRNAs, which are small noncoding RNAs that
regulate gene expression at the post-transcriptional level, have
been shown to modulate the stress response in various bivalve
species. By manipulating these heat-tolerant genes and
microRNAs, it may be possible to improve the survival and
performance of bivalves under warming seawater temperatures.
However, tolerance levels among species are difficult to quantify,
as field experiments cannot be repeated with the same exactness
due to the variable and unpredictable nature of their surroundings
(Deng et al.,, 2005; Charlesworth and Willis, 2009; Camara and
Symonds, 2014).

5.1.3 Hybridization

Hybridization is another conventional breeding practice that
can produce new varieties of animals and plants with improved
traits and adaptation to environmental stress (Chan et al., 2019).
One of the strategies to enhance the heat tolerance of bivalves is to
use intraspecific hybridization, which is the crossbreeding of
individuals from different populations or lines within the same
species. Intraspecific hybridization can create heterosis or hybrid
vigor, which is the phenomenon of the superior performance of
hybrids compared to their parents. For example, a study by Zheng
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etal. (2022) showed that intraspecific hybridization of noble scallop
Chlamys nobilis, an economically and ecologically important
bivalve species, resulted in higher hatching rate, survival rate,
growth rate, and carotenoid content than inbred scallops under
both ambient and acidified seawater conditions. Carotenoids are
pigments that can protect bivalves from oxidative stress caused by
high temperatures (Borodina, 2018). It is suggested that
hybridization enhanced the expression of genes related to signal
transduction, DNA replication, and post-translational modification,
which may contribute to the heterosis observed in hybrid scallops
(Zheng et al., 2022). Another example of intraspecific hybridization
in bivalves is the crossbreeding of different strains of Pacific oyster
Crassostrea gigas; Meng et al. (2021) reported that hybrid oysters
exhibited higher growth rates, survival rates, shell strength, and
disease resistance than purebred oysters under various
environmental conditions, including high temperatures.
Hybridization also increased oysters’ genetic diversity and
heterozygosity, which may enhance their adaptive potential to
changing environments (Meng et al., 2021). Hybridization is a
promising technique to improve the heat tolerance of bivalve
species, as it can generate hybrids with superior traits and
performance than their parents. However, hybridization also
poses some challenges and risks, such as the loss of local
adaptation, genetic introgression, and outbreeding depression.
Therefore, careful selection of parental stocks, monitoring of
hybrid performance, and evaluation of ecological impacts are
necessary to ensure the success and sustainability of hybridization
programs in bivalve breeding.

Conventional breeding practices in bivalves aim to enhance
genetic diversity, improve the growth rate, disease resistance, and
other desirable traits in cultured populations. Significant progress
has been made in bivalve breeding programs, including the
development of broodstock management, genetic markers, and
selective breeding methods (Nascimento-Schulze et al., 2021).
However, conventional breeding practices in bivalves are facing
several challenges, including limited genetic variation, difficulties
in accurate phenotyping, and the long generation times of
bivalve species. Several strategies have been proposed to
overcome these challenges to enhance the effectiveness of
conventional breeding practices in bivalve species. These
strategies include incorporating genomic selection and high-
throughput phenotyping methods, establishing breeding
programs that integrate hatchery and field-based methods, and
using transgenic technologies to enhance desirable traits in
bivalve species (Robledo et al., 2017).

Tolerance to heat stress also varies greatly between
developmental stages due to the unique demands of each stage.
Therefore, bivalves need to be tested for heat tolerance at every
developmental stage, and different stages of development need to be
analyzed for genetic tolerance variance. Breeding for physiological
traits is essential for creating heat-tolerant cultivars that do not
compromise yield, and for adaptation to heat stress, breeding must
prioritize canopy structure. In conclusion, understanding the
genetic variation in heat tolerance among bivalve species is
crucial for developing effective breeding strategies for creating
heat-tolerant cultivars.
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5.2 Omics approaches in developing heat
stress tolerance

Bivalves exhibit complex responses to heat stress, which are
only beginning to be understood through omics techniques. These
methods have enabled us to identify various heat-stress genes
through gene expression analysis and genetic screening in
different bivalve species. Among the regulators of post-
transcriptional gene expression, microRNAs have been found to
play a crucial role in bivalve heat stress resistance (Chinnusamy
et al., 2007; Abo-Al-Ela and Faggio, 2021). Research has explored
microRNAS’ impact on bivalves’ heat stress tolerance. For instance,
the expression of cgi-miR-1984 was significantly upregulated, while
scaffold631_909 was downregulated in heat-stressed oysters,
suggesting their role as key mediators in maintaining
physiological function during heat stress (Zhou et al.,2014).
Moreover, studies have shown that stress-downregulated
microRNAs contribute to heat tolerance by reducing the
accumulation of targeted RNAs, whereas stress-upregulated
microRNAs fail to target specified RNAs and do not contribute to
tolerance (Bhaskaran and Mohan, 2014; Rosani et al., 2016; Abo-Al-
Ela and Faggio, 2021; Rosani et al., 2021). In oyster hemocytes, this
mechanism was observed when exposure to Vibrio splendidus led to
the upregulation of cgi-miR-1984 and downregulation of
scaffold631_909. The presence of unique miRNAs, such as miR-
1984, in mollusk hemocytes, highlights their essential role in
maintaining physiological function under heat stress conditions
(Zhou et al., 2014; Zhao et al., 2016). The role of microRNAs in
promoting cell tolerance, maintaining transcriptome homeostasis,
and influencing developmental plasticity is increasingly being
recognized. Additionally, microRNAs have been identified as
potential tools for genetic engineering, which could aid in the
creation of heat-stress-tolerant cells, as illustrated in Figure 4.
Recent advances in technology, such as microarray and
transcriptome analysis, have enabled researchers to investigate
gene expression patterns in response to heat stress. Notably, Abo-
Al-Ela et al. (2021) discovered that heat shock proteins (HSPs) are
expressed in conditions beyond heat stress, demonstrating the
complexity of gene regulation under stress.

Transcriptome analysis is a technique that measures the
expression levels of all the genes in a cell or tissue under different
conditions (Lowe et al, 2017). By comparing the transcriptomes of
heat-tolerant and heat-sensitive bivalves or of bivalves exposed to
different temperatures, researchers can discover the genes and
pathways that are responsive to heat stress and confer
thermotolerance. For example, one study compared the
transcriptomes of two oyster species, Crassostrea gigas, and
Crassostrea angulata, which differ in their thermal tolerance
(Ghaffari et al, 2019). The study found that C. angulata had
higher expression levels of genes related to heat shock proteins
(HSPs), antioxidant enzymes, immune response, apoptosis, and
calcium signaling than C. gigas under heat stress. These genes may
help C. angulata cope with heat-induced oxidative damage,
inflammation, cell death, and calcium imbalance (Ghaffari et al,
2019). Transcriptome analysis can also reveal the transcription
factors (TFs) that regulate the expression of heat stress-responsive
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Bivalve mollusks stress-regulate miR-21 and let-7. This information was gathered from mammalian investigations. CAT: catalase; IL6: interleukin 6;
NF-B: nuclear factor kappa light-chain enhancer of activated B cells; PI3K: phosphatidylinositol 3’-kinase; PTEN: phosphatase and TENsin homolog
or phosphatidylinositol-3,4,5-triphosphate. (H.G. Abo-Al-Ela and C. Faggio,2021).

genes in bivalves (Zhou et al, 2019) TFs are proteins that bind to
specific DNA sequences and control gene transcription (Inukai
et al,, 2017). Transcriptome analysis is a powerful tool to develop
heat stress tolerance in bivalves by uncovering the molecular
mechanisms of thermotolerance and providing potential targets
for genetic improvement or biotechnological applications.

6 Knowledge gaps

Elevated temperatures can accelerate various biological processes,
including metabolism, development, filtration rate, and absorption
efficiency, and some bivalves can adapt over long periods, albeit at a
cost (Xu et al,, 2021). Conversely, rapid and acute temperature increases
can cause severe stress and result in sublethal and fatal effects (Gosling,
2015; Macho et al,, 2016; He et al, 2021; Xu et al, 2021). This high
mortality has been observed worldwide in inter-tidal bivalve fishing
beds (He et al, 2021; Xu et al, 2021). Studying heat stress effects on
marine bivalves can help fill the information gaps at various cellular
levels. Hence, it is crucial to understand the extent to which marine
bivalves can adapt to heat stress and the costs involved. In the coming
years, the following points should be taken into consideration:

I. Evaluating the effects of heat stress in marine bivalves is
crucial to understanding the impacts of environmental changes on
this species. To understand heat stress comprehensively, measuring
the stage-specific thermal limit and identifying the most vulnerable
times for heat stress in these organisms is essential. This involves
collecting data at various life history stages and under different
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stressors, as the life cycles of marine bivalves are complex, including
planktonic larval periods and benthic juvenile and adult stages
(Lacroix et al., 2015; Boutet et al., 2022).

II. Exposure to severe heat stress can cause larval dysfunction,
potentially leading to crossover effects on juvenile development and
adult strength and conditioning (Lacroix et al., 2015; Zhao et al,,
2020; Boutet et al., 2022). Determining the persistence and severity
of these carryover effects over time is crucial for understanding the
resilience of marine bivalves to increasing heat stress incidents.

III. Marine bivalves may display resilience to environmental
stressors through trans-generational plasticity, where offspring
display phenotypic changes in response to the stress experienced by
their parents (Moore et al., 2015; Zhao et al., 2020). Further research
is necessary to explore the potential of marine bivalves to adapt to
heat stress through this mechanism. Additionally, more research is
needed to gain a deeper understanding of the physiology of these
organisms, including their ability to adapt to cold extremes (Masanja
et al, 2023)microplastics (Mkuye et al., 2022), the allocation of energy
under different nitrite and ammonia concentrations (Nkuba et al.,
2021), and how their behavior and growth rate may be impacted by
increased frequency and intensity of heat stress.

7 Summary and outlook

The impact of heat stress on the aquaculture industry is
becoming a growing concern worldwide. Bivalves’ development,
appearance(shell), and function can be altered due to exposure to
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high temperatures, resulting in developmental and growth
difficulties. Additionally, heat stress can induce oxidative damage
in these species. Bivalves have evolved physiological, biochemical,
and structural adaptations to cope with elevated temperatures.
However, data from fragmented gene pools may not accurately
reflect the bivalves’ tolerance to heat stress. Hence, evaluating heat-
tolerant wild relatives, accessions, and genetic resources is of utmost
importance. Contemporary methods such as genetic engineering,
molecular markers, genomics, and quantitative trait loci (QTLs) can
aid in a deeper understanding of the complex features of bivalves
and their ability to withstand heat stress.
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