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A B S T R A C T   

Global temperature is increasing due to anthropogenic activities and the effects of elevated temperature on DNA 
lesions are not well documented in marine organisms. The American oyster (Crassostrea virginica, an edible and 
commercially important marine mollusk) is an ideal shellfish species to study oxidative DNA lesions during heat 
stress. In this study, we examined the effects of elevated temperatures (24, 28, and 32 ◦C for one-week exposure) 
on heat shock protein-70 (HSP70, a biomarker of heat stress), 8‑hydroxy-2′-deoxyguanosine (8-OHdG, a 
biomarker of pro-mutagenic DNA lesion), double-stranded DNA (dsDNA), γ-histone family member X (γH2AX, a 
molecular biomarker of DNA damage), caspase-3 (CAS-3, a key enzyme of apoptotic pathway) and Bcl-2- 
associated X (BAX, an apoptosis regulator) protein and/or mRNA expressions in the gills of American oysters. 
Immunohistochemical and qRT-PCR results showed that HSP70, 8-OHdG, dsDNA, and γH2AX expressions in gills 
were significantly increased at high temperatures (28 and 32 ◦C) compared with control (24◦C). In situ TUNEL 
analysis showed that the apoptotic cells in gill tissues were increased in heat-exposed oysters. Interestingly, the 
enhanced apoptotic cells were associated with increased CAS-3 and BAX mRNA and/or protein expressions, 
along with 8-OHdG levels in gills after heat exposure. Moreover, the extrapallial (EP) fluid (i.e., extracellular 
body fluid) protein concentrations were lower; however, the EP glucose levels were higher in heat-exposed 
oysters. Taken together, these results suggest that heat shock-driven oxidative stress alters extracellular body 
fluid conditions and induces cellular apoptosis and DNA damage, which may lead to increased 8-OHdG levels in 
cells/tissues in oysters.   

1. Introduction 

Anthropogenic greenhouse gas emissions are causing a rise in global 
temperature, which has an impact on marine and coastal biota [1]. 
Rising temperatures in the coastal and oceanic environments may pose 
more harmful effects when compared with the terrestrial environment 
[2]. The increased sea surface water temperature has documented ef-
fects on growth, reproduction, and development in marine organisms (e. 
g., mussels, clams, corals, oysters, snails, fishes, etc.) [3]. For example, 
global warming is increasingly and profoundly threatening teleost 
fishes, resulting in an uncertain future for both fish diversity and global 

fisheries [4]. Notably, climate-driven warming reduces growth and 
impairs reproductive functions (i.e., gametogenesis to spawning) of 
teleost species over large spatial scales [4,5]. Similarly, high tempera-
ture leads to decreased gamete production in marine invertebrates such 
as the American oyster, Crassostrea virginica [6,7], and Atlantic Sea ur-
chin, Arbacia punctulata [2], along with other species. In addition, high 
temperature increases the oxygen consumption rate in zebra mussel, 
Dreissena polymorpha [8], and crayfish (Orconectes immunis) [9]. There-
fore, it is predicted that heat stress directly influences the many life 
stages (i.e., larvae, juvenile, young, and adult) and the physiological 
functions of marine organisms [10–12]. 
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In addition to alteration in physiological functions, heat stress also 
causes up- and/or down-regulation of numerous genes and proteins 
related to various molecular and signaling pathways in terrestrial and 
aquatic organisms [13–15]. Recent genome-wide studies identified 
various heat shock proteins (HSPs) and transcription factors under heat 
stress in marine invertebrates including marine bivalve mollusks [13, 
16]. HSPs are chaperon proteins those help in stabilizing protein folding 
by binding with non-native proteins [17,18]. Remarkably, HSPs are a 
superfamily of genes and respond to a wide variety of environmental 
stressors such as cold shock, hypoxia (low dissolved oxygen, DO <2.0 
mg/L), heat stress, etc. [19]. Chaperon proteins such as HSP20, HSP60, 
HSP70, HSP90, and HSP110 are the best studied HSPs in terrestrial and 
aquatic organisms [16,17,20]. Among them, HSP70 is the most promi-
nent and highly characterized stress protein in animals [21–23]. In 
addition, heat shock cognate protein-70 (HSC70) is a constitutively 
expressed molecular chaperone that belongs to the HSP70 family [24]. 
Notably, HSC70 shares some structural similarities with HSP70, but it 
has different functional properties compared with HSP70 and other 
HSPs [25]. Especially, HSP70 is found to be environmentally inducible 
in cells and tissues of all organisms [23,25]. Moreover, HSP70 protects 
the animal body from various environmental stressors like high tem-
peratures, toxicants, infections, etc. [26–28]. It can also induce wound 
healing in human tissues by upregulating protein [29]. Thus, HSP70 is 
considered a potential molecular chaperone biomarker in terrestrial and 
aquatic organisms exposed to environmental stress [12,30,31]. 

Environmental stressors like heat stress can lead to drastically 
increased reactive oxygen and reactive nitrogen species (ROS/RNS) that 
can attack proteins, lipids, RNA, and DNA [32,33]. The molecular and 
biochemical responses to heat stress have been studied extensively in 
terrestrial and aquatic organisms [34–36]; however, the effects of high 
temperatures on DNA strand breaks (i.e., single-stranded breaks [SSBs] 
and double-stranded breaks [DSBs]) are not well documented in oysters. 
It has been shown that heat stress increases single-stranded and 
double-stranded DNA breaks in hemocytes (i.e., free cells of mussel 
hemolymph that play fundamental roles in transport nutrients, detoxi-
fication of toxic compounds, as well as an immune defense; [37,38]) of 
invasive and native marine mussels (Mytilus galloprovincialis and Mytilus 
californianus) [39], thus DNA SSBs and DSBs can be used as specific 
molecular biomarkers in marine mollusks during heat stress. 

8‑hydroxy-2′-deoxyguanosine (8-OHdG) is the modified base of DNA 
and is considered one of the best-characterized molecular biomarkers in 
vertebrates [40,41]. 8-OHdG is the result of oxidative DNA damage 
when deoxyguanosine, a component of DNA, is oxidized [41–43]. 
Notably, out of 20 different oxidative products that have been charac-
terized, 8-OHdG is considered the major element of oxidative DNA 
damage [43]. Numerous studies in recent years have analyzed levels of 
8-OHdG in fish and shellfish DNA in relation to environmental pollut-
ants, hypoxia, transport stress, as well as thermal stress [43–47]. For 
example, Gleason et al. [45] reported that thermal stress increases 
8-OHdG formation in rocky intertidal mussel (M. californianus) when 
collected from field sites. Therefore, it is very important to understand 
the potential molecular mechanisms and/or signaling pathways of 
8-OHdG regulation and oxidative DNA damage in marine organisms 
during heat stress. 

γH2AX is a subfamily of the H2A histone protein family which is 
central to nucleosome chromatin and DNA structure, and it represents a 
2–25% component of the H2A complement in vertebrates [48]. High 
temperature causes the formation of nuclear foci and phosphorylation of 
histone γH2AX at serine 139 in human HeLa cells [49]. γH2AX forma-
tion is a quick and highly sensitive cellular response (e. g, 
double-stranded DNA breakage) to radiation [48]. Tumminello and 
Fuller-Espie [50] reported that heat stress decreases viability and in-
creases ROS production as well as H2AX phosphorylation in coelomo-
cytes of European nightcrawler (Eisenia hortensis, an earthworm). 
Therefore, γH2AX is considered a molecular biomarker for DNA damage 
of apoptotic cells and/or tissues in animals [51–53]. 

Apoptosis is a form of programmed cell death or controlled autodi-
gestion cell death induced by acute cellular impairment [54]. Activation 
of apoptosis in cells and tissues involves mainly two mechanisms: (i) 
intrinsic or mitochondria-mediated, and (ii) extrinsic or death 
receptor-mediated pathways [55]. In response to various environmental 
stimuli, mitochondria releases cytochrome c and Smac/DIABLO 
(pro-apoptogenic factors) resulting in the activation of cellular apoptosis 
and caspase (CAS) activity in cells and tissues of organisms [55]. CASs 
are a large family (e.g., CAS-2, − 3, − 4, − 5, − 6, − 7, − 8, − 9, − 10, etc.) of 
cysteine proteases and are known as key mediators of apoptotic pathway 
[56]. Among them, CAS-3 plays a key role in apoptotic DNA fragmen-
tation [54,57]. CAS-3 is also able to regulate non-apoptotic function in 
many cells including keratinocytes and lens epithelium [58,59]. 

In addition to CAS-3, the Bcl-2 family proteins such as Bcl-2- 
associated X (BAX), also play a key role in regulating cellular 
apoptosis at the level of mitochondrial cytochrome c release [60]. BAX 
triggers multimerization and affects the permeabilization of the mito-
chondrial outer membrane [61]. Mitochondrial outer membrane per-
meabilization mediates the release of pro-apoptotic proteins (i.e., 
cytochrome c, Smac/DIABLO) during apoptosis [55]. Keep et al. [55] 
found cytochrome c is released even in the absence of BAX during Ngo- 
and cisplatin-induced apoptosis. In addition to this, cytochrome c 
release itself cannot drive the cell towards apoptosis and may require the 
formation of other pro-apoptotic factors from the mitochondria [55]. 
Therefore, BAX protein is considered as a pro-apoptotic protein member 
under the Bcl-2 family and performs a key role in cellular apoptosis 
during environmental stress [62,63]. 

High temperatures due to seasonal temperature fluctuations and/or 
long-term effects of global climate change challenge marine ectothermic 
organisms such as shellfish from different physiological aspects. Rising 
seawater temperatures may even pose additional threats to their sur-
vival due to their susceptibility to hypoxia, pollution, and pathogens 
under extreme temperature conditions [64]. For example, the effects of 
high temperature and a combination of cadmium-like pollutants were 
previously studied in mitochondrial functions and cellular apoptosis and 
necrosis in oysters [64–67]. Moreover, few studies have also addressed 
the effects of high temperature on gene and/or protein expressions, and 
physiological functions in oysters [7,68]. Currently, there is no available 
information on the effects of elevated temperature on cellular oxidative 
DNA damage and the potential molecular mechanisms and/or signaling 
pathways of 8-OHdG, γH2AX, CAS-3, and BAX regulations by heat stress 
in marine oysters. 

The American oyster (Bivalvia: Ostreidae) is an economically and 
commercially important marine shellfish species in the United States 
and is found along the Atlantic and Gulf coasts of North America [69]. 
The American oyster is an ectotherm (i.e., body temperature rises and 
falls along with the surrounding environmental temperature), inhabits 
shallow coastal waters and estuaries, and is frequently exposed to a 
variety of environmental stressors such as hypoxia, pollution, ocean 
acidification, temperature fluctuations, etc. [67,70,71]. Notably, 
extreme temperature conditions (i.e., heat waves) force them to use their 
stored energy to compensate for biochemical demands, ultimately 
decreasing their survival rate as well as increasing mortality during the 
post-spawning period [7,72]. 

Oysters are suspension feeders that filter suspended minute particles 
through their gills [73]. The oyster gills, being directly exposed to 
seawater, are extremely susceptible to environmental stress [74,75]; 
therefore, the aim of this study was to test the hypothesis that high 
temperature may induce the overproduction of reactive free radicals (i. 
e., ROS, RNS) that causes DNA strand breaks and induces apoptosis, 
consequently increasing the expression of γH2AX, BAX, and CAS-3, 
which may promote 8-OHdG levels in the gills of oysters. The main 
goals of this research were three-fold: (i) to determine the effects of high 
temperatures on morphological changes of gills in the American oyster, 
(ii) to determine the effects of high temperatures on 8-OHdG, γH2AX, 
HSP70, CAS-3, BAX expressions, DNA damage, cellular apoptosis and 
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Table 1 
Primer sequences used in real-time quantitative RT-PCR for mRNA levels analyses in the American oyster.  

Candidate gene Length (bp) Accession no Sense primer (5′ - 3′) Anti-sense primer (5′ - 3′) 

HSP70 233 AJ271444 CACATCTGGGAGGTGAGGAT CTCAAATCTGGCTCGTGTGA 
CAS-3 245 XM_022464608 AATGACCCATCCAAACAGGA GCGACATGCTTGAACAAAGA 
EF-1α 200 JX117894 AGGCTGACTGTGCTGTGTTG TTCAGCCTTGATTTCGTTGA 

HSP70, heat shock protein 70; CAS-3, caspase-3; EF-1α, elongation factor-1α. 

Fig. 1. Effects of one-week heat exposure on 8-hydroxy-2′-deoxyguanosine (8-OHdG) expression in gills of American oyster. (A-C) Histological appearance of 
representative photographs of gills collected from oysters exposed to control (CTL: 24 ◦C), medium temperature (MT: 28 ◦C), and high temperature (HT: 32 ◦C). 
Arrows indicate mucocyte (M) and mucus (Mu). (D-F) 8-OHdG expression in representative photographs of gills collected from oysters exposed to CTL, MT, and HT. 
Arrow indicates a higher 8-OHdG expression. (G) Negative control of 8-OHdG in gills of oyster. Scale bar = 100 µm. (H) Immunoreactive (IR) intensity of 8-OHdG in 
gills of oysters exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum and maximum values for each data set. The 
center line within the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by Tukey’s multiple comparison test. Different 
letters indicate significant differences (P<0.05) between experimental treatments (MT and HT) and the CTL. 
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signaling pathways in gills, and (iii) to determine the effects of high 
temperatures on extrapallial fluid (also called extracellular fluid or body 
fluid that performs a variety of physiological functions including 
transport of oxygen and nutrients, as well as immune defense, shell 
repair, digestion, and excretion [76]) conditions of oysters. 

2. Materials and methods 

2.1. Collection of oysters 

Young American oysters (Crassostrea virginica, average age: ~2–3 

years, average shell size: 8.48 ± 0.42 cm length, 4.29 ± 0.1 cm width, 
and meat weight: 7.87 ± 0.88 g) were randomly collected during low 
tide from oyster beds on the bay side of South Padre Island (geographical 
location: 26◦04′30′’N, 97◦09′59′’W) in Texas, USA. The collection site is 
adjacent to the recreational fishing area. The physio-chemical parame-
ters such as salinity (32 ppt), pH (7.9) and water temperature (22 ◦C) 
were measured using a YSI probe (YSI Professional Plus 1020 Multip-
robe System, Ywellow Springs, OH, USA) during oyster collection. After 
collection, oysters were kept in buckets (5–8 gallon capacity) and then 
quickly transported with aerated seawater to a laboratory at the Uni-
versity of Texas Rio Grande Valley (UTRGV) Brownsville campus. 

2.2. Ethical approval 

Oysters were collected under an approved scientific permit for 
research from Texas Parks & Wildlife Department (no. SPR-1018–274). 
The UTRGV Institutional Animal Care and Use Committee (IACUC) does 
not require any animal protocol for aquatic invertebrates including 
oysters. All oysters, however, were handled and cared according to the 
Guide for the Care and Use of Animals for research by the National 
Research Council Committee of the United States (https://grants.nih. 
gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals. 
pdf). 

2.3. Laboratory heat exposure experiment 

For the laboratory heat exposure experiment, oysters were randomly 
selected and placed in six glass aquariums (12 oysters/aquarium; ca-
pacity: 20 gallons; Tetra, Blacksburg, VI, USA). Each aquarium was 
equipped with recirculating seawater flow-through system with a bio-
logical filter. Oysters were then acclimatized under controlled labora-
tory conditions (22 ± 0.5 ◦C; light/dark cycle 12:12 h) for 5 days. Two 
aquariums were set up for each of the three different treatment groups 
(control: 24 ◦C, medium temperature: 28 ◦C, and high temperature: 
32 ◦C). Temperatures were gradually increased (~1 ◦C/day) from 22 to 
24 ◦C, 28 ◦C, or 32 ◦C within a 3- to 5-day period using a digital water 
heater (Top Fin, Franklin, WI, USA) and were maintained throughout 
the experiment. During the experimental period, temperature, pH, 
salinity, and dissolved oxygen were recorded with a YSI probe three 
times daily (morning, afternoon, and evening). There were no major 
changes in the physiochemical parameters. Oysters were fed frozen 
Marine Cuisine (San Francisco Bay Brand, San Francisco, CA, USA) once 
every other day during the experimental period. After a week of heat 
exposure, oysters were collected (12 oysters/aquarium) for analysis. 
Notably, the experimental temperatures (i.e., environmentally relevant 
temperatures: 24, 28, and 32 ◦C) and short-term (one-week) exposure 
period used in this study were based on previous publications in the 
American oysters [7,67,75,77-79]. No mortality occurred in control 
(24 ◦C) and medium- and high-temperature groups. 

2.4. Sample collection and fixation 

Oysters were cracked open using protective gloves and an oyster 
knife, and extrapallial (EP) fluid was carefully collected and pipetted in 
a 1.5 ml sterile microcentrifuge tube. For histological and immunohis-
tochemical analyses, gill samples were collected and placed on an 
embedding plastic cassette (Fisher Scientific, Hampton, NH, USA), and 
kept in a polyethylene plastic container with 4% paraformaldehyde 
solution (Acros Organics, Morris, NJ, USA) for 6–7 days at 4 ◦C. For 
molecular analysis, gill samples were collected and placed in a 1.5 ml 
RNase-DNase free tube and stored at − 80 ◦C for later analysis. 

2.5. Dehydration and embedding of tissue samples 

After a week of fixation in paraformaldehyde solution, gill samples 
were dehydrated with a series of ethanol dilutions (50%, 75%, 95%, and 

Fig. 2. Effects of one-week heat exposure on 8-hydroxy-2′-deoxyguanosine (8- 
OHdG) levels in gills of American oyster. (A) A representative photograph of 8- 
well assay strips containing serial dilutions of 8-OHdG standards and negative 
control (NC). (B) Standard curve of 8-OHdG. Each value represents the mean of 
duplicate determinations. (C) 8-OHdG levels. Each value represents the mean ±
SEM. Whiskers indicate the minimum and maximum values for each data set. 
Center line within the whisker box indicates mean value. Asterisks indicate 
significant difference (Student t-test). Data were analyzed with one-way 
ANOVA followed by Tukey’s multiple comparion test. Different letters indi-
cate significant differences (P<0.05). CTL, control (24 ◦C); MT, medium tem-
perature (28 ◦C), HT, high temperature (32 ◦C). 
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100% 2x) for 30 min each. Tissue samples were immediately cleared by 
a common clearing agent, xylene (Fisher Scientific) for 30 min each (3 
times). Samples were then incubated with a mixture of xylene and 
melted paraffin (1:1) overnight. Following this, samples were infiltrated 
with paraffin (1 h each for 3 times) and finally embedded in liquid 
paraffin (Paraplast Plus, Fisher Scientific) using an embedding cassette. 
The paraffin-embedded tissue blocks were sectioned at 7 µm using a 
rotary microtome machine (Leica, Wetzlar, Germany) and transferred 
on a positively charged glass slide (Superfrost Plus, Thermo Fisher, 
Waltham, MA, USA). Slides were then incubated on a slide warmer 
(35–40 ◦C for 24 h) to dry and remove extra water. 

2.6. Histological staining of tissue samples 

For histological analysis, gill tissue samples were stained according 
to routine histology procedures described by Haberkorn et al. [80] and 
Khondee et al. [81]. Briefly, paraffin-embedded tissue slides were 
deparaffinized in xylene (3 times, 5 min each). Slides were then rehy-
drated with a series of ethanol dilutions (100% 2x, 95%, 75%, and 50%) 
and incubated with hematoxylin stain (Millipore Sigma, Burlington, MA, 
USA) for 3–5 min. Following this, the slides were washed with deionized 
(DI) water until their deep blue color disappeared. Slides were stained 
with eosin solution (Millipore Sigma) for 30 min. Slides were then 
washed and dehydrated through an increasing concentration of ethanol 
dilutions (50%, 75%, 95%, and 100% 2x). Slides were cleared in xylene 
and mounted by using a mounting medium (Cytoseal XYL, 

Richard-Allan Scientific, MI, USA) and coverslip (Fisher Scientific). 
Slides were then kept dry at room temperature for 30 min prior to 
microscopic observation. Histological pictures were taken with a 
photometric Cool-SNAP camera (Nikon Eclipse E600, Nikon, Japan) 
using a light microscope (Photometrics, Tucson, AZ, USA). 

2.7. Immunohistochemical analysis for protein expression 

For immunohistochemical analysis, gill tissue sections from the same 
blocks were deparaffinized in xylene (3x, 5 min each). The slides were 
dehydrated with a series of ethanol dilutions and washed with 1x 
phosphate buffer saline (PBS, Fisher Scientific) solution for 3 times (10 
min each). Slides were then incubated with 1% bovine serum albumin 
(BSA, Fisher Scientific) blocking solution for 1 h at room temperature to 
avoid non-specific binding. Following this, slides were washed again 
with 1x PBS solution and incubated with different primary antibodies 
(diluted 1:100 with 1x PBS solution); mouse anti-HSP70 (Milli-
poreSigma), mouse anti-8-OHdG (Japan Institute for the Control of 
Aging, Shizuoka, Japan), mouse anti-double-stranded DNA (anti- 
dsDNA; MilliporeSigma), rabbit anti-CAS-3 (Cell Signaling Technology, 
Danvers, MA, USA), rabbit anti-BAX (Cell Signaling), or rabbit anti- 
γH2AX (Novus Biologicals, Centennial, CO, USA) at 4 ◦C for 48 h. The 
negative tissue slides were incubated with 1x PBS instead of the primary 
antibody. The HSP70, 8-OHdG, and dsDNA antibodies have been vali-
dated in oyster tissues previously [7,75,79,82]. Slides (including nega-
tive control) were then washed with 1x PBS solution (3x, 10 min each). 

Fig. 3. Effects of one-week heat exposure on double-stranded DNA (dsDNA) expression in gills of American oyster. (A-C) dsDNA expression in representative 
photographs of gills collected from oysters exposed to control (CTL: 24 ◦C), medium temperature (MT: 28 ◦C), and high temperature (HT: 32 ◦C). Arrow indicates 
higher dsDNA expression. (D) Negative control of dsDNA expression in gills of oysters. Scale bar = 100 µm. (E) Immunoreactive (IR) intensity of dsDNA in gills of 
oysters exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum and maximum values for each data set. The center line 
within the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by Tukey’s multiple comparion test. Different letters indicate 
significant differences (P<0.05). 
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After washing, tissue slides were incubated with either anti-mouse (Cell 
Signaling Technology) or anti-rabbit secondary antibodies (Southern 
Biotech, Birmingham, AL, USA) (diluted 1:100 with 1x PBS solution) for 
1 h at room temperature. Slides were washed again with 1x PBS solution 
for 3 times (10 min each). Then, 3,3,’-diaminobenzidine (DAB) peroxi-
dase substrate (diluted 1 drop substrate with 1000 ml with DAB solu-
tion) (Vector Laboratories Inc., Burlingame, CA, USA) was added 
according to manufacturer’s guidelines and incubated for an appro-
priate time until the color development to detect the immunoreactivity 
of HSP70, 8-OHdG, dsDNA, CAS-3, BAX, and γH2AX proteins in tissue 
sections. Afterward, slides were washed with DI water for 5 min to 
prevent the formation of deep background. Slides were then dehydrated 
in another series of ethanol dilutions, cleared in xylene, and mounted 
with Cytoseal. The immunoreactive (IR) signals of HSP70, 8-OHdG, 
dsDNA, γH2AX, BAX, and CAS-3 were captured by a Cool-SNAP cam-
era (Photometrics). The IR intensities of protein expression were esti-
mated by measuring the optical density (OD) of staining (N = 311–2634 
measurements of OD per treatment) using ImageJ software described by 
Schneider et al. [83]. 

2.8. Quantitative real-time PCR analysis for mRNA level 

Total RNA was extracted from gill tissues using TRI reagent (Milli-
poreSigma) and treated with DNase-I (Promega, Madison, WI, USA) 
according to the instructions provided. Quantitative real-time PCR 
(qRT-PCR) analysis was performed using a one-step 2x SYBR Green qRT- 

PCR master mix (Promega) and gene-specific primers by the CFX Con-
nect Real-Time PCR System (Bio-Rad, Hercules, CA, USA) according to 
Rahman et al. [84]. The assay was performed in duplicate (N = 7–8 
samples per treatment group), and the oyster elongation factor-1α (EF1) 
was used as an internal reference gene for the calculation of the relative 
expression level. Gene-specific primers of HSP70 and CAS-3 were 
designed using Primer3 software according to Untergasser et al. [85]. 
The primer sets of HSP70 and CAS-3 have been validated in oyster tis-
sues previously [6,7,75,79] and were shown in Table 1. To determine 
the specificity of primers, the amplification and melting curves of the 
qRT-PCR cycle were analyzed (Supplementary Fig. 1). The qRT-PCR 
products of each gene were electrophoresed on agarose gel (1%) 
stained with ethidium bromide to ensure a single PCR amplicon of ex-
pected length (Supplementary Fig. 2). The relative mRNA levels of 
HSP70 and CAS-3 were calculated using the 2− ΔΔCt method [86]. 

2.9. In situ TUNEL assay for cellular apoptosis 

Apoptotic cells in gills were detected using terminal deoxy-
nucleotidyl transferase (TdT) dUTP Nick-End labeling (TUNEL) detec-
tion kit (Dead End Colorimetric TUNEL system, Promega) according to 
Lacy et al. [84]. Briefly, paraffin-embedded gills were sectioned, 
deparaffinized with xylene, rehydrated with a series of ethanol di-
lutions, washed with 0.85% NaCl at room temperature for 5 min, and 
rinsed with PBS. Slides were then incubated with protease K (20 mg/ml) 
for 15 min at room temperature and rinsed with PBS. Endogenous 

Fig. 4. Effects of one-week heat exposure on γ-histone family member X (γ-H2AX) protein expression in gills of American oyster. (A-C) γ-H2AX expression in 
representative photographs of gills collected from oysters exposed to control (CTL: 24 ◦C), medium temperature (MT: 28 ◦C), and high temperature (HT: 32 ◦C). 
Darker brown color (arrow) indicates higher γ-H2AX expression. (D) Negative control of γ-H2AX expression in gills of oysters. Scale bar = 100 µm. (E) Immuno-
reactive (IR) intensity of γ-H2AX in gills of oysters exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum and 
maximum values for each data set. The center line within the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by Tukey’s 
multiple comparion test. Different letters indicate significant differences (P<0.05). 
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peroxidase was quenched by treatment with 3% H2O2 in PBS for 5 min at 
room temperature. Sections were then incubated with TdT enzyme mix 
(equilibrium buffer: biotinylated nucleotide mix: rTdT enzyme, 98:1:1) 
in a humidified chamber at 37 ◦C for 1 h. Slides were then rinsed in PBS 
and incubated with SSC buffer for 15 min at room temperature, rinsed in 
PBS, incubated with streptavidin HRP solution (1:500 in PBS), and 
stained with DAB substrate for 5 min in dark conditions. Sections were 
then rinsed in DI water, incubated with 1% methylene green for 5 min, 
dehydrated with a series of ethanol dilutions, sequenced with xylene, 
and mounted with Cytoseal under a glass coverslip. The in situ TUNEL 
intensity of apoptotic nuclei was estimated by measuring the OD of 
staining (N = 484–1008 measurements of OD per treatment) using 
ImageJ software described by Lacy et al. [87]. 

2.10. DNA damage assay for 8-OHdG 

DNA was extracted from gill tissues using nuclei lysis and protease K 
solutions, then treated with RNase A according to the manufacturer’s 
protocol (Promega). To investigate whether DNA damage in the gill 
tissues was associated with oxidative stress, the 8-OHdG levels from 
DNA samples (duplicate samples: 100 ng DNA per sample) were 
measured by a competitive enzyme-linked immunosorbent assay 
(ELISA) according to the manufacturer’s protocol (EpigenTek Group 
Inc., Farmingdale, NY, USA). To quantify the absolute amount of 8- 
OHdG, a standard curve was generated (5, 10, 20, 50, 100, and 200 
pg/µl) and recorded the absorbance at 450 nm by a microplate reader 
(Multiskan SkyHigh, Thermo Fisher Scientific). The absorbances were 
then plotted (standard vs. samples), and the 8-OHdG level was deter-
mined (N = 8 samples per treatment group) and expressed as pg/µl. 

2.11. Bradford assay for EP fluid protein concentration 

EP fluid protein concentration was measured using the technique 
developed by Bradford [88]. Briefly, 5 µl of extrapallial fluid was 
pipetted into a 5 ml protein assay solution (Bio-Rad, Hercules, CA, USA) 
and incubated at room temperature for 5 min. A Nanodrop (Thermo 
Fisher Scientific) was used for protein measurement. A standard curve 

was made of BSA solution (0, 0.0625, 0.125, 0.25, 0.5, and 1 mg/ml) 
and absorbance was read at 595 nm. The absorbances (standard vs. 
samples) were plotted and the protein concentration was determined (N 
= 10–12 samples per treatment group) and expressed as mg/ml. 

2.12. Microcuvette assay for EP fluid glucose level 

EP fluid glucose level was measured using HemoCue Glucose 201 
analyzer (Angel Holm, Sweden) and glucose microcuvette according to 
the manufacturer’s protocol. Briefly, a drop of EP fluid from the 
experimental sample was taken and then loaded into a microcuvette. 
The microcuvette was placed in the HemoCue Glucose analyzer and the 
data was recorded (N = 10–12 samples per treatment group). 

2.13. Statistical analysis 

Prior to analysis, data values two times higher or lower (plus or 
minus) than the standard mean values were considered outliers and 
withdrawn from analysis [89]. All OD data were checked for normality 
using Shapiro-Wilk’s test. One-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison tests was conducted on all 
experimental data. A Student’s t-test was also performed to compare the 
unpaired means. The mean ± standard error of the mean (SEM) was 
reported for all data. A P value of <0.05 was considered statistically 
significant. All statistical analyses were performed using GraphPad 
Prism version 9.0 (GraphPad San Diego, CA, USA). 

3. Result 

3.1. Effects of short-term heat stress on morphology of gills 

Histological observations showed that high temperature markedly 
changed the structure of gills (i.e., gill lamellae, hemocyte infiltration, 
gill epithelium, mucocyte, etc.) in oysters (Fig. 1A-C). The number of 
branchial lesions increased in medium and high temperatures (28 and 
32 ◦C) compared with the control (24 ◦C). The number of mucocytes 
increased in gill filaments in 28 and 32 ◦C treatments compared with the 
control (Fig. 1B, C). Mucus was more robustly distributed at the base of 
demibranches in both medium- (28 ◦C) and high-temperature (32 ◦C) 
groups. The hemocyte infiltration within the intracellular space of the 
gill filaments was not prominent in all experimental samples (Fig. 1A-C). 

3.2. Effects of short-term heat stress on 8-OHdG expression and level 

Immunohistochemistry (IHC) results showed that there was an 
increased 8-OHdG expression in gills from different treatment groups 
(Fig. 1D-F). 8-OHdG expression appeared to be denser in both medium- 
(28 ◦C, Fig. 1E) and high-temperature (32 ◦C, Fig. 1F) groups compared 
with the control (24 ◦C, Fig. 1D). No IR signal of 8-OHdG expression was 
observed in the negative control (Fig. 1G). 

The immunoreactive (IR) integrated optical density (OD) of 8-OHdG 
expression in gills was obtained through ImageJ software. There was a 
significant increase (P<0.05, one-way ANOVA, Tukey’s test) of 8-OHdG 
expression in gills in both medium- (28 ◦C) and high- (32 ◦C) tempera-
ture groups compared with the control (Fig. 1H). The IR intensity of 8- 
OHdG increased ~1.2-fold and ~1.1-fold in medium- and high- 
temperature exposure groups, respectively, compared with the con-
trol, indicating more base modifications in response to heat stress. 

Colorimetric analysis showed there was a marked increase in 8- 
OHdG levels in both medium- and high-temperature groups compared 
with the control (Fig. 2). The 8-OHdG levels increased significantly 
around 4.2-fold (P<0.05, Student t-test).) in medium temperature, and 
~7.8-fold (P<0.05, Tukey’s test) in high-temperature groups compared 
with the control. 

Fig. 5. Effects of one-week heat exposure on heat shock protein 70 (HSP70) 
mRNA levels in gills of American oyster. Each value represents the mean ±
SEM. Whiskers indicate the minimum and maximum values for each data set. 
Center line within the whisker box indicates mean value. Data were analyzed 
with one-way ANOVA followed by Tukey’s multiple comparion test. Different 
letters indicate significant differences (P<0.05). Asterisks indicate significant 
difference (Student t-test). CTL, control (24 ◦C); MT, medium temperature (28 
◦C), HT, high temperature (32 ◦C). 
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3.3. Effects of short-term heat stress on dsDNA expression 

Oysters exposed to high temperatures (28 and 32 ◦C for 1 week) 
showed an increase in dsDNA expression in the gills of different exper-
imental groups (Fig. 3A-C). A dense IR signal of dsDNA was found in 
both medium- (28 ◦C, Fig. 3B) and high-temperature (32 ◦C, Fig. 3C) 
groups compared with the control (24 ◦C, Fig. 3A). However, negative 
control tissues demonstrated no IR signal of dsDNA (Fig. 3D). 

The measured integrated OD of dsDNA from ImageJ analysis showed 

there was a marked increase in dsDNA IR intensity in both medium- and 
high-temperature groups compared with the control (Fig. 3E). The IR 
intensity of dsDNA increased significantly (P<0.05, Tukey’s test) around 
1.3-fold in medium temperature, and ~1.3-fold in high-temperature 
groups compared with the control. 

3.4. Effects of short-term heat stress on γH2AX expression 

Oysters exposed to high temperatures (28 and 32 ◦C for 1 week) 

Fig. 6. Effects of one-week heat exposure on heat shock protein-70 (HSP70) expression and apoptotic cells in gills of American oyster stained with immunohis-
tochemistry and in situ TUNEL assay, respectively. (A-C) HSP70 expression in representative photographs of gills collected from oysters exposed to (A) control 
temperature (CTL: 24 ◦C), (B) medium temperature (MT: 28 ◦C), and (C) high temperature (HT: 32 ◦C). Arrow indicates higher HSP70 expression. (D-F) The presence 
of apoptotic nuclei shown as dark brown staining (arrow). (G) Negative control of HSP70 expression in gills of oysters. Scale bar = 100 µm. (H, I) Immunoreactive 
(IR) intensity of HSP70 and apoptotic nuclei in gills of oysters exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum 
and maximum values for each data set. The center line within the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by 
Tukey’s multiple comparion test. Different letters indicate significant differences (P<0.05). 
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showed an increase in γH2AX expression in their gills (Fig. 4A-C). 
γH2AX expression appeared to be stronger in both medium- (28 ◦C) and 
high-temperature (32 ◦C) groups (Fig. 4B, C) compared with the control 
(Fig. 4A). No IR of γH2AX was found in negative control slides (Fig. 4D). 

The integrated IR signal of γH2AX was significantly (P<0.05, 
Tukey’s test) increased around 1.2-fold in medium temperature groups 
compared with control groups (Fig. 4E). Similarly, the IR intensity of 
γH2AX was also significantly (P<0.05) escalated ~1.3-fold in high- 
temperature groups compared with the control (Fig. 4E). 

3.5. Effects of short-term heat stress on HSP70 expression and cellular 
apoptosis 

The monitoring of HSP70 expression is a key tool for detecting stress 
tolerance. Therefore, we examined the effects of high temperatures on 
HSP70 mRNA levels and protein expression in the gills of oysters by 
qRT-PCR and IHC techniques, respectively. Oysters exposed to high 
temperatures showed significantly increased HSP70 mRNA levels 
(~11.8-fold at 28 ◦C, and ~38.8-fold at 32 ◦C) in gills compared with the 
control (24 ◦C, Fig. 5). Similarly, HSP70 protein expression appeared to 
be high in medium- (28 ◦C) and high-temperature (32 ◦C) groups 
compared with the control (Fig. 6A-C). No IR signal of HSP70 was 
detected in gill tissues of negative control (Fig. 6G). The measured in-
tegrated OD values obtained by ImageJ software demonstrated that the 
integrated IR signal of HSP70 increased significantly (P<0.05, Tukey’s 
test) around 1.3-fold in the medium temperature group and ~1.4-fold in 
a high-temperature group compared with the control (Fig. 6H), which 

indicates the synthesis of a higher amount of HSP70 expression in 
response to rising seawater temperature. 

In addition to HSP70 regulation during heat stress, an increase in 
cellular temperature incurs protein denaturation and interrupts critical 
cellular functions, resulting in apoptosis and/or cell death in terrestrials 
and aquatic organisms including shellfish species [7]. Thus, after heat 
stress, apoptotic cells in oyster gills were measured by in situ TUNEL 
assay using colorimetric staining. Oysters experienced high tempera-
tures (28 and 32 ◦C) and showed an increase in the number of apoptotic 
cells in the gills in medium- and high-temperature groups compared 
with the control (Fig. 6D-F). ImageJ analysis showed that there was a 
significant increase (P<0.05, Tukey’s test) in the integrated OD of 
apoptotic cells in both medium- (~1.5-fold) and high-temperature 
(~1.6-fold) groups compared with the control (Fig. 6I). 

3.6. Effects of short-term heat stress on BAX expression 

Oysters exposed to high temperatures (28 and 32 ◦C for 1 week) 
showed an increase in BAX expression in their gills (Fig. 7A-C). BAX 
expression appeared to be higher in both medium- (28 ◦C) and high- 
temperature (32 ◦C) groups compared with the control (24 ◦C). No IR 
signal of BAX was observed in the negative control (Fig. 7D). 

The measured integrated OD of BAX significantly (P<0.05, Tukey’s 
test) increased in medium- and high-temperature groups (Fig. 7E). The 
IR intensity of BAX increased ~1.5-fold in medium temperature, and 
~1.7-fold in high-temperature groups compared with the control, 
indicating an increased rate of apoptosis with high-temperature 

Fig. 7. Effects of one-week heat exposure on Bcl-2-associated-X (BAX) protein expression in gills of American oyster. (A-C) BAX protein expression in representative 
photographs of gills collected from oysters exposed to control (CTL: 24 ◦C), medium temperature (MT: 28 ◦C), and high temperature (HT: 32 ◦C). Arrow indicates 
higher BAX expression. (D) Negative control of BAX expression in gills of oyster. Scale bar = 100 µm. (E) Immunoreactive (IR) intensity of BAX in gills of oysters 
exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum and maximum values for each data set. The center line within 
the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by Tukey’s multiple comparion test. Different letters indicate sig-
nificant differences (P<0.05). 
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exposure. 

3.7. Effects of short-term heat stress on CAS-3 expression 

Oysters exposed to high temperatures (28 and 32 ◦C for 1 week) 
showed an increase in CAS-3 mRNA levels in gills (~6.7- and ~42.1-fold 
at medium- and high-temperature, respectively, Fig. 8). Similarly, the 
expression of CAS-3 protein showed to be high in medium- (28 ◦C) and 
high-temperature (32 ◦C) groups compared with the control (Fig. 9A-C). 
No IR signal of CAS-3 was detected in gill tissues of negative control 
(Fig. 9D). 

The integrated OD of CAS-3 after ImageJ analysis showed a marked 
increase (P<0.05, Tukey’s test) of IR intensity in both medium- (~1.2- 
fold) and high-temperature (~1.04-fold) groups (Fig. 8E), indicating a 
higher rate of apoptosis activity in gills exposed to high temperatures. 

3.8. Effects of short-term heat stress on EP fluid conditions 

Oysters exposed to high temperatures (28 and 32 ◦C for 1 week) 
significantly increased (~1.5-fold, P<0.05, Tukey’s test) in EP fluid 
glucose levels compared with the control (Fig. 10A). Contrarily, EP fluid 
protein concentrations tended to decrease (~0.5–0.7-fold, P<0.05) in 
both medium- and high-temperature groups of oysters compared with 
the control (Fig. 10B). 

4. Discussion 

Molecular and biochemical responses to heat stress have previously 
been investigated in oysters, particularly in their gonads [6,7] and gills 
[75,79]. A few studies have reported heat stress and DNA damage in 
mussels, with very little information about its effects on DNA strand 
breaks [39,45,90]. However, none of the above studies have clearly 
described the oxidative DNA lesions and signaling pathways in marine 
oysters. In this study, we demonstrated that rising seawater tempera-
tures (28 and 32 ◦C) increase the mRNA and protein expressions of 
HSP70, 8-OHdG, γH2AX, and dsDNA in the gills of oysters. Interestingly, 
BAX and CAS-3 protein expressions also increased in relation to 

increased apoptotic cells in gills, which distinctly indicate DNA damage 
in the tissues of oysters. We also demonstrated that elevated tempera-
ture changes the composition of EP fluid (i.e., EF glucose and protein 
concentrations) in oysters. Together, these results imply that rising 
seawater temperature drastically induces oxidative DNA damage and 
cellular apoptosis in oyster tissues (Fig. 11). 

4.1. Effects of heat stress in morphology of gills in oysters 

An anticipated finding of this study is that elevated temperatures 
from 28 to 32 ◦C cause a change in gill structure and increase branchial 
lesions and mucus secretion. One of the roles of mucus is associated with 
host (oyster) defense against physical, chemical, and biological in-
vasions from surrounding water [79,91]. This characteristic is gained by 
the organism due to the presence of bioactive molecules (i.e., HSPs, 
CASs, etc.) embedded in their matrix that counteracts diverse stressors 
the host tissue faces. Increasing mucus secretions in gills thus pose a 
threat to the host body’s immune system by counteracting the defense 
system against rising temperature. Histological observation in the gills 
of oysters also revealed an increase in branchial lesions found at the 
periphery of the gills possibly due to the exposure to seawater proximity, 
although apoptotic cells were not clearly visible under the microscope 
within the lesions in all treatment groups. Da Silva et al. [92] observed 
extreme branchial lesions with abundant apoptotic cells in the gills of 
flat oyster, Ostrea edulis, a close relative species to the American oyster, 
after they were exposed to increased temperature (25 ◦C). However, we 
were able to show apoptotic cells in different treatment groups of higher 
temperatures after in situ TUNEL analysis. Since the gills, an important 
organ of bivalve respiration, acts as a vital organ in gaseous exchange 
[93], the high temperature could limit its functional capacity from 
different aspects. Also, Kennedy and Mihursky [93] showed that high 
temperature (30 ◦C) decreases the respiratory metabolism in soft-shell 
clam, Mya arenaria, and dwarf-surf clam, Mulinaia lateralis. Overall, 
these results indicate that elevated temperatures cause changes in the 
morphology of gills and reduce their functions to a certain level. 

4.2. Effects of heat stress on 8-OHdG expression in oysters 

An important finding of this study is that elevated temperatures (28 
and 32 ◦C for 1-week exposure) increase the expression of 8-OHdG in the 
gills of oysters. 8-OHdG is one of the most prevalent types of oxidative 
DNA damage that occur in a wide range of organisms [94]. Notably, the 
hydroxyl radical (HO•), is one of the most important oxygen-free radi-
cals that attacks and damages DNA strands [41]. The interaction of this 
hydroxyl radical with the nucleobase guanine results in the formation of 
C8-hydroxyguanine or 8-OHdG [41]. Recently, Gleason et al. [45] 
demonstrated that exposure to high temperatures (35.7 ◦C for 23 days) 
caused an increase in 8-OHdG expression in the gills of California 
mussels. Remarkably, increased expression of 8-OHdG is not only 
associated with heat stress and linked to other environmental stressors. 
For example, Canova et al. [95] observed a significant increase of 
8-OHdG levels in the gills and digestive glands of Mediterranean blue 
mussel, Mytilus galloprovincialis, after a 2 to 3-day exposure to benzo[a] 
pyrene (BaP). In addition, Torres et al. [96] detected higher levels of 
8-OHdG in the digestive glands of the mangrove mussel, Mytella guya-
nensis, collected from a polluted mangrove area contaminated with trace 
metals (i.e., Hg, Pb, Cr, and Cd). However, Akcha et al. [97] observed 
BaP contamination (3–28 days exposure) does not make any difference 
in the levels of 8-OHdG in the gills of Mediterranean blue mussels. In 
addition to shellfish, a significant increase in 8-OHdG levels was found 
in the livers of English sole (Parophrys vetulus, a marine flatfish) 
collected from polluted areas [98]. Collectively, these results in 
conjunction with the present study suggest that elevated temperature, 
like other environmental stressors (i.e., pollutants), induces oxidative 
DNA damage in both fish and shellfish species. It is also envisaged that 
DNA damage in an organism may not occur solely from a single stressor 

Fig. 8. Effects of one-week heat exposure on caspase-3 (CAS-3) mRNA levels in 
gills of American oyster. Each value represents the mean ± SEM. Whiskers 
indicate the minimum and maximum values for each data set. Center line 
within the whisker box indicates mean value. Data were analyzed with one-way 
ANOVA followed by Tukey’s multiple comparion test. Different letters indicate 
significant differences (P<0.05). Asterisks indicate significant difference (Stu-
dent t-test). CTL, control (24 ◦C); MT, medium temperature (28 ◦C), HT, high 
temperature (32 ◦C). 
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and could be linked to other environmental factors. 

4.3. Effects of heat stress on DNA damage in oysters 

Heat shock acts as a noxious agent causing DNA damage and 
inhibiting the DNA excision repair system that consists of base excision 
repair and nucleotide excision repair [87]. DNA strand breaks (i.e., 
single-strand breaks [SSBs]; and double-strand breaks [DSBs]) are the 
most frequent type of DNA damage and are often repaired without any 
mistakes [99]. Importantly, DNA DSBs form through the inhibition of 
DNA topoisomerase II (top2), introducing temporary DSB fragments into 
DNA [100]. DNA DSBs are also correlated with DNA inhibition of both 
replication and transcription processes [101]. The results of the present 
study showed that the expression of DSBs increased around 1.32-fold at 
28 ◦C and ~1.26-fold at 32 ◦C in the gills of oysters after 1-week 
exposure compared to control. Similarly, short-term heat stress (32 ◦C 
for 8-h) drastically increases (~44-fold) DSBs in the hemocytes of Cal-
ifornia mussels [39]. Moreover, it has been reported that high temper-
ature (30 ◦C) induces p38 MAPK phosphorylation, a biomarker of DNA 
damage, which increases around 2.18-fold within 15 min in the mantle 
tissues of Mediterranean blue mussels [102]. Together, our findings 
imply that DNA DSBs are more common during heat stress and that if 
they occur, they are unrepairable, causing cellular apoptosis and so 
posing a higher threat to cellular integrity in marine mollusks. 

4.4. Effects of heat stress on γ-H2AX expression in oysters 

γ-H2AX is a novel biomarker of DNA DSBs which is induced by 
various environmental stressors such as heat, UV radiation, chemical 
exposure, etc. [51,52,103,104]. Notably, DSBs lead to phosphorylation 
of histone H2AX, a variant of the H2A protein family (i.e., a component 
of the histone octamer in nucleosomes) [51]. The newly phosphorylated 
proteins, γ-H2AX foci, subsequently recruit and localize DNA repair 
proteins, some of which are directly attached to γ-H2AX, while others 
are associated with the binding of proteins [51]. In the present study, 
IHC analysis of gill tissues showed a significant increase in γ-H2AX 
protein expression, concomitant with high temperature (28 and 32 ◦C) 
exposure, indicating DSBs in the gills of oysters. It has been demon-
strated that short-term heat stress (45.5 ◦C for 20-min exposure) in-
creases γ-H2AX foci formation in human H1299 cells in vitro [105]. In 
addition to heat stress, γ-H2AX was found to be upregulated from other 
environmental stressors. Gonzalez-Romero et al. [106] demonstrated 
that γ-H2AX mRNA levels were increased in the gills of oysters 
(C. virginica) exposed to red tides on the Florida coast. Recently, Vernon 
et al. [107] investigated the interactive effects of 32P and Cu on marine 
(M. galloprovincialis) and freshwater (Dreissena polymorpha) mussels 
using a multi-biomarker approach. They have shown that γ-H2AX foci 
were significantly higher in the gill cells following 10-day exposure to 
32P and Cu in mussels. Sayed et al. [108] reported increasing degrees of 
γ-H2AX expression in the blood cells of Japanese medaka (Oryzias lat-
ipes, a freshwater fish) exposed to γ-irradiation for 24 h. Taken together, 
our results support the concept that heat stress induces oxidative stress, 

Fig. 9. Effects of one-week heat exposure on caspase-3 (CAS-3) protein expression in gills of American oyster. (A-C) CAS-3 protein expression in representative 
photographs of gills collected from oysters exposed to control (CTL: 24 ◦C), medium temperature (MT: 28 ◦C), and high temperature (HT: 32 ◦C). Arrow indicates 
higher HSP70 expression. (D) Negative control of CAS-3 expression in gills of oyster. Scale bar = 100 µm. (E) Immunoreactive (IR) intensity of CAS-3 in gills of 
oysters exposed to CTL, MT, and HT. Each value represents the mean ± SEM. Whiskers indicate the minimum and maximum values for each data set. The center line 
within the whisker box indicates the mean value. Data were analyzed with one-way ANOVA followed by Tukey’s multiple comparion test. Different letters indicate 
significant differences (P<0.05). 
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which leads to increased DNA DSBs and γ-H2AX expressions in oyster 
tissues that could negatively affect genetic characteristics in marine 
mollusks, particularly when they are chronically exposed to heat stress 
and/or heat waves. 

4.5. Effects of heat stress on HSP70 expression and cellular apoptosis in 
oysters 

HSP70 is one of the key chaperon proteins because it plays a central 
role in folding and unfolding peptides and protecting cells and tissues 
during environmental stress [109]. In the present study, we observed 
that short-term exposure to high temperatures (28 and 32◦C) increased 
HSP70 mRNA levels (~25-fold) and protein expression (~1.3-fold) in 
the gills of oysters. A similar trend of HSP70 gene and protein expres-
sions was also observed in the gills, digestive glands, and gonads of 
oysters exposed to short-term high temperatures (28 and 32◦C for 1 
week), which support our findings [7,75]. Similarly, Kefaloyianni et al. 
[102] demonstrated that short-term exposure to high temperature (30 
◦C for 120 min) induced HSP70 protein expression around 4.2-fold in the 

gills of blue mussels. Ivanina et al. [110] reported that long-term 
exposure to high temperatures (20, 24, 28, and 32 ◦C for 45–50 days) 
resulted in significantly elevated (~9–18 fold) HSP69, an inducible 
isoform of the HSP70 family, expression in the gills of American oyster. 
Additionally, Piano et al. [111] found that high temperature (35 ◦C for 1 
h) induced HSP69 mRNA transcript in the gills of flat oysters (O. edulis). 
Similarly, acute heat stress (37 ◦C for 6-h exposure) increased HSP70 
mRNA levels in the gills of Hong Kong oyster, C. hongkongensis [112]. 
Moreover, Tomanek and Zuzow [112] investigated multiple HSP70 
isoforms and have shown that HSP70 (11) isoform expression was 
higher at 28 ◦C, but HSP70 (14), HSP70 (15), and HSP70 (16) isoforms 
expressions were higher at 32 ◦C in the gills of Mediterranean blue 
mussels after 1-h heat stress. It is worth noting that HSP70 expression 
varies among isoforms in oysters after exposure to sublethal and lethal 
heat stress [113,114]. However, the temperature at which the responses 
occur varies from species to species compared to their natural envi-
ronment [115]. Since HSP70 is a bioactive molecule that is housed in the 
tissues of mollusks [109], it may protect cells against environmental 
stress; however, excessive heat stress and/or heat waves can overwhelm 
and cause severe tissue damage including apoptosis induction in cells 
and tissues of oysters [7,79]. 

The apoptotic cell death process is a defense mechanism that is 
adopted by organisms against any environmental stressors as they 
eliminate dead or infected cells [116]. An important finding of this study 
is that short-term exposure to high temperatures (28 and 32◦C for 1 
week) increased the apoptotic cells in the gills of oysters. Yang et al. 
[117] found acute heat stress (25 ◦C) for 36 d and 60 h significantly 
increased the apoptosis rate of hemocytes in the Pacific oysters. Cher-
kasov et al. [118] demonstrated that high temperature (28 ◦C) signifi-
cantly increases the apoptosis in hemocytes of American oysters. High 
temperature also induces the increased apoptotic cell in other marine 
invertebrates. Johnstone et al. [2] found that high temperature (32 ◦C) 
induced the apoptotic cells around 3-fold in the testicular tissues and 
~1.4-fold in the ova of Atlantic Sea urchin, and increased protein 
carbonyl, a biomarker of ROS, contents in gonads. Several studies have 
also shown high-temperature induced cellular apoptosis in tissues of 
teleost species [119–121]. For example, Sleadd et al. [122] found that 
sub-lethal heat stress induces apoptosis in hepatocytes of common 
Antarctic fish (Trematomus bernacchii). Since apoptosis is considered an 
integral aspect of the development and homeostasis process in aquatic 
organisms [116], increasing apoptosis in cells and tissues may jeopar-
dize their lives and limits their survival capacity in the warming coastal 
and/or marine ecosystems. 

4.6. Effects of heat stress on BAX expression in oysters 

BAX is considered a novel pro-apoptotic regulator protein [10]. 
Arguably, there is little information regarding how heat stress affects 
BAX regulation in terrestrial and aquatic organisms. A few in vitro and in 
vivo studies have been done in mice and rats. Bleicken et al. [123] found 
that elevated temperatures (from 20 to 37 ◦C) increased the activation of 
BAX in BL21 (DE3) RIPL cells in vitro. Luo et al. [124] observed that high 
temperatures (40 and 43 ◦C) increased BAX mRNA levels in granulosa 
cells in mice in vitro. It has also been shown that high temperature (43 
◦C) induced cytochrome c release (by BAX) in mouse liver from the 
mitochondrial outer membrane, thus indicating the role of BAX in 
apoptosis [125]. Thus, cytochrome c released from the mitochondria 
through ion channels combines with apoptotic protease-activating fac-
tor, leading to active CAS-3, a key effector enzyme in inducing cellular 
apoptosis [124]. Likewise, Topal et al. [126] recently showed that 
short-term exposure to high temperatures (20 and 25 ◦C for 8 h) 
increased BAX mRNA levels around 1.5-fold in the brain of rainbow 
trout (Oncorhynchus mykiss). Moreover, Wang et al. [127] demonstrated 
that short-term heat stress (37 ◦C for 24 h) induced BAX mRNA levels 
(~4-fold) and apoptosis in the gills of razor clam (Sinonovacula con-
stricta). Similarly, we found that high temperatures (28 and 32 ◦C) 

Fig. 10. Effects of one-week heat exposure on extrapallial (EP) fluid glucose 
levels and protein concentrations of American oyster. Each value represents the 
mean ± SEM. Whiskers indicate the minimum and maximum values for each 
data set. The center line within the whisker box indicates mean value. Data 
were analyzed with one-way ANOVA followed by Tukey’s multiple comparion 
test. Different letters indicate significant differences (P<0.05). CTL, control (24 
◦C); MT, medium temperature (28 ◦C), HT, high temperature (32 ◦C). 

M.F. Rahman et al.                                                                                                                                                                                                                             



Fish and Shellfish Immunology Reports 4 (2023) 100079

13

increased BAX expression (~1.7-fold) in the gills of oysters. These 
findings complying with our results suggest that elevated temperature 
acts as an environmental stressor that stimulates BAX to induce cellular 
apoptosis in terrestrial and aquatic organisms. 

4.7. Effects of heat stress on CAS-3 expression in oysters 

Similar to BAX, CAS-3, a family of cysteine protease, is a key 
biomarker in signaling pathways of DNA damage and programmed cell 
death (apoptosis) in bivalve mollusks [128]. Steinert [42] and Sokolova 
et al. [65] showed that DNA damage was induced due to the induction of 
apoptosis and the level of necrosis in somatic and germ cells in mussels, 
and hemocytes in oysters exposed to high temperatures and pollutants. 
In this study, we have shown that the number of apoptotic cells, and BAX 
and CAS-3 proteins, were increased in a similar fashion (~1.5–1.9-fold), 
indicating their similar roles during heat stress in the gills of oysters. 
Recently, our research groups have shown that short-term exposure to 

high temperatures (28 and 32 ◦C for 1 week) induced CAS-3/7 activity 
(around 4-fold) and cellular apoptosis in the testes and ovaries of oysters 
[6,7]. Similarly, Chang et al. [129] showed that CAS-3 mRNA expres-
sion, CAS-3 activity, and apoptosis rate were significantly increased in 
hemocytes of white shrimp, Litopenaeus vannamei, exposed to 22 ◦C for 1 
week. Kefaloyianni et al. [102] found that acute thermal stress (30 ◦C) 
increased CAS-3 activity in the gills of Mediterranean blue mussels. 
These findings, in conjunction with our results, suggest that 
high-temperature triggers and activates CAS-3 in the cells and tissues 
which causes cellular apoptosis and DNA damage, leading to physio-
logical function deviation in marine mollusks. 

4.8. Effects of heat stress on EP fluid conditions in oysters 

EP fluid is an important body fluid as it maintains osmoregulatory 
processes, body temperature, and various physiological functions in 
oysters [7,75]. EP fluid shows functional similarity to the hemolymphs 

Fig. 11. A representative summary of the results of current study. Schematic diagram of heat stress and oxidative DNA damage and cellular apoptosis in gills of 
American oysters. Synthesis of 8-hydroxy-2′-deoxyguanosine (8-OHdG) and γ-histone family member X (γ-H2AX) proteins, and DNA double-stranded break (DSBs). 
Oligomerization of heat shock protein-70 (HSP70) and synthesis of apoptotic proteins (e.g., Bcl-2-associated-X (BAX), caspase-3, etc.) in gills of oysters. 
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of lower invertebrates, and blood of vertebrates [7]. Importantly, EP 
fluid contains proteins, carbohydrates, lipids, amino acids, glucose, etc., 
in mollusks [130]. In aquatic organisms, the water temperature greatly 
influences the blood/EP fluid glucose and protein levels, which can be 
used as bioindicators in fish and shellfish species. In the present study, 
we have shown that high temperatures (28 and 32 ◦C for 1 week) 
increased EP fluid glucose levels (~1.9-fold) in oysters. Similarly, Billah 
and Rahman [64] demonstrated that EP fluid glucose levels in oysters 
were upregulated in elevated seawater temperatures (~1.02-fold at 28 
◦C and ~1.18-fold at 32 ◦C) suggesting increased metabolism during 
heat stress. Caldari-Torres et al. [130] recorded significantly higher 
hemolymph glucose levels (~1.5-fold; 45 ± 14.3 mg/dL) in stressed 
crayfish (genus Orconestes). In addition, Nash et al. [7] showed that 
short-term exposure to elevated temperatures (28 and 32 ◦C for 1 week) 
causes decreased EP fluid protein concentrations in oysters. In the pre-
sent study, we also demonstrated that high temperatures markedly 
decreased EP fluid protein concentrations in oysters. Since the EP fluid 
protein binds to Ca2+ and may act as a precursor of the soluble organic 
matrix in the shell [131], a reduction of EP fluid protein concentrations 
may inhibit the growth and development of oysters. Moreover, the 
biomolecular components of EP fluid are involved in shell formation 
[132], defense, and regulatory processes [75]; therefore, an increase or 
decrease in any of its components may negatively affect the physiolog-
ical functions and cellular integrity (i.e., DNA lesions) in oysters during 
heat stress. 

5. Conclusion 

The present study provides, to the best of our knowledge, the first 
conclusive evidence and potential pathways of oxidative DNA damage, 
cellular apoptosis, DNA DSBs, and 8-OHdG regulation in the gills of 
American oysters during heat stress. Notably, the American oyster 
habitat includes the coastal environment of a wide fluctuation of tem-
perature (from 4 to 5 ◦C during winter to 30–31 ◦C in summer months) 
[109]. Importantly, this species may represent an ideal model species to 
monitor the thermal impacts on marine invertebrates as well as the 
overall health of the environment in the Gulf of Mexico and along the 
Atlantic coast. Also, the American oyster is an important marine bivalve 
species, both ecologically and economically, and it is vital to conserve 
this species in its proper habitat. The study of heat stress on oysters 
contributes to the body of knowledge on the effects of global warming 
and /or heat waves on multiple scales, ranging from molecular to 
cellular, and biochemical to physiological levels in oysters. Our results 
showed that high water temperature leads to morphological changes in 
the oyster gills by causing an increase in expression levels of BAX, CAS-3, 
8-OHdG, dsDNA, γ-H2AX, and apoptosis, and a decrease in EP fluid 
protein concentrations. Future studies may explore the prospects of DNA 
repairs in the cells and/or tissues to identify potential genes involved in 
the repair mechanisms in the tissues of oysters. 
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[37] V. Parrino, G. Costa, C. Cannavà, E. Fazio, M. Bonsignore, S. Concetta, 
G. Piccione, F. Fazio, Flow cytometry and micro-Raman spectroscopy: 
identification of hemocyte populations in the mussel Mytilus galloprovincialis 
(Bivalvia: mytilidae) from Faro Lake and Tyrrhenian Sea (Sicily, Italy), Fish 
Shellfish Immunol. 87 (2019) 1–8, https://doi.org/10.1016/j.fsi.2018.12.067. 

[38] V. Parrino, G. Costa, A. Giannetto, G. De Marco, G. Cammilleri, Ü. Acar, 
G. Piccione, F. Fazio, Trace elements (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) in 
Mytilus galloprovincialis and Tapes decussatus from Faro and Ganzirri Lakes (Sicily, 
Italy): flow cytometry applied for hemocytes analysis, J. Trace Elem. Med. Biol. 
68 (2021), 126870, https://doi.org/10.1016/j.jtemb.2021.126870. 

[39] C.L. Yao, G.N. Somero, The impact of acute temperature stress on hemocytes of 
invasive and native mussels (Mytilus galloprovincialis and Mytilus californianus): 
DNA damage, membrane integrity, apoptosis and signaling pathways, J. Exp. 
Biol. 215 (24) (2012) 4267–4277, https://doi.org/10.1242/jeb.073577. 

[40] K.S. Min, T. Horie, N. Tetsutchikawahara, S. Onosaka, Metallothionein suppresses 
the formation of 8-hydroxy-2’-deoxyguanosine in DNA induced by ferric 
nitrilotriacetate in vitro, J. Health Sc. 51 (4) (2005) 497–503, https://doi.org/ 
10.1248/jhs.51.497. 

[41] A. Valavanidis, T. Vlachogianni, C. Fiotakis, 8-hydroxy-2’-deoxyguanosine (8- 
OHdG): a critical biomarker of oxidative stress and carcinogenesis, J. Environ. 
Sci. Health. Part C. 27 (2) (2009) 120–139, https://doi.org/10.1080/ 
10590500902885684. 

[42] S.A. Steinert, DNA damage as a bivalve biomarker, Biomarkers 4 (6) (1999) 
492–496, https://doi.org/10.1080/135475099230651. 

[43] A.M. Domijan, M. Peraica, Determination of 8-hydroxy-2’deoxyguanosine in 
urine using HPLC with electrochemical detection, Arch. Ind. Hygiene Toxicol. 59 
(4) (2008) 277–282, https://doi.org/10.2478/10004-1254-59-2008-1879. 

[44] C. Michel, F. Vincent-Hubert, DNA oxidation and DNA repair in gills of zebra 
mussels exposed to cadmium and benzo(a)pyrene, Ecotoxicology 24 (9) (2015) 
2009–2016, https://doi.org/10.1007/s10646-015-1536-3. 

[45] L.U. Gleason, L.P. Miller, J.R. Winnikoff, G.N. Somero, P.H. Yancey, D. Bratz, W. 
W. Dowd, Thermal history and gape of individual Mytilus californianus correlate 
with oxidative damage and thermoprotective osmolytes, J. Exp. Biol. 220 (2017) 
4292–4304, https://doi.org/10.1242/jeb.168450. 

[46] M. Bortoletti, L. Maccatrozzo, G. Radaelli, S. Caberlotto, D. Bertotto, Muscle 
cortisol levels, expression of glucocorticoid receptor and oxidative stress markers 
in the teleost fish Argyrosomus regius exposed to transport stress, Animals 11 (4) 
(2021) 1160, https://doi.org/10.3390/ani11041160. 

[47] S.Y. Luo, C. Liu, J. Ding, X.M. Gao, J.Q. Wang, Y.B. Zhang, C. Du, C.C. Hou, J. 
Q. Zhu, B. Lou, X.F. Wu, Scavenging reactive oxygen species is a potential strategy 
to protect Larimichthys crocea against environmental hypoxia by mitigating 
oxidative stress, Zool. Res. 42 (5) (2021) 592, https://doi.org/10.24272/j. 
issn.2095-8137.2021.079. 

[48] E.P. Rogakou, D.R. Pilch, A.H. Orr, V.S. Ivanova, W.M. Bonner, DNA double- 
stranded breaks induce histone H2AX phosphorylation on serine 139*, J. Biol. 
Chem. 273 (10) (1998) 5858–5868, https://doi.org/10.1074/jbc.273.10.5858. 

[49] M. Tuul, H. Kitao, M. Limori, K. Matsuoka, S. Kiyonari, H. Saeki, E. Oki, 
M. Morita, Y. Maehara, Rad9, Rad17, TopBP1 and claspin play essential roles in 
heat-induced activation of ATP kinase and heat tolerance, PLoS One 8 (2) (2013) 
1–12, https://doi.org/10.1371/journal.pone.0055361. 

[50] R.A. Tumminello, S.L. Fuller-Espie, Heat stress induces ROS production and 
histone phosphorylation in celomocytes of Eisenia hortensis, Invert. Sur. J. 10 (1) 
(2013) 50–57. 

[51] L.J. Kuo, L.X. Yang, γH2AX- a novel biomarker for DNA double-strand breaks, In 
Vivo 22 (3) (2008) 305–309, https://doi.org/10.1016/j.ecoenv.2014.03.035. 

[52] L.J. Mah, A. El-Osta, T.C. Karagiannis, γh2AX: a sensitive molecular marker of 
DNA damage and repair, Leukemia 24 (2010) 679–686, https://doi.org/10.1038/ 
leu.2010.6. 

[53] K. Whittemore, E. Martinez-Nevado, M.A. Blasco, Slower rates of accumulation of 
DNA damage in leukocytes correlet with longer lifespans across several species of 
birds and mammals, Aging 11 (21) (2019) 9829–9845, https://doi.org/ 
10.18632/aging.102430. 

[54] C.B. Thompson, Apoptosis in the pathogenesis and treatment of disease, Science 
267 (5403) (1995) 1456–1462, https://doi.org/10.1126/science.7878464. 

[55] O. Kepp, K. Rajalingam, S. Kimmig, T. Rubel, Bak and Bax are non-redundant 
during infection-and DNA damage-induced apoptosis, EMBO J. 26 (2007) 
825–834, https://doi.org/10.1038/sj.emboj.7601533. 

[56] D.W. Nicholas, N.A. Thornberry, Caspases: killer proteases, Trends Biomed. Sci. 
22 (8) (1997) 299–306, https://doi.org/10.1016/s0968-0004(97)01085-2. 

[57] B.B. Wolf, M. Schuler, F. Echeverri, D.R. Green, Casepase-3 is the primary 
activator of cpoptotic DNA fragmentation via DNA fragmentation factor-45/ 
inhibitor of caspase-activated DNase inactivation, J. Biol. Chem. 274 (43) (1999) 
30651–30656, https://doi.org/10.1074/jbc.274.43.30651. 

[58] Y. Ishizaki, M.D. Jacobson, M.C. Raff, A role for caspases in lens fiber 
differentiation, J. Cell Biol. 140 (1) (1998) 153–158, https://doi.org/10.1083/ 
jcb.140.1.153. 

[59] M. Weil, M.C. Raff, V.M. Braga, Caspase activation in the terminal differentiation 
of human epidermal keratinocytes, Curr. Biol. 9 (7) (1999) 361–364, https://doi. 
org/10.1016/s0960-9822(99)80162-6. 

[60] N.K. Danial, S.J. Korsmeyer, Cell death: critical control points, Cell 116 (2) 
(2004) 205–219, https://doi.org/10.1016/s0092-867(04)00046-7. 

[61] S.J. Korsmeyer, M.C. Wei, M. Saito, S. Weiler, K.J. Oh, P.H. Schlesinger, Pro- 
apoptotic cascade activates BID, which oligomerizes BAK or BAX into pores that 

M.F. Rahman et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.marpolbul.2020.110970
https://doi.org/10.1016/j.brainres.2012.03.067
https://doi.org/10.1016/j.brainres.2012.03.067
https://doi.org/10.1111/jpn.12379
https://doi.org/10.1126/sciadv.aay3423
https://doi.org/10.1126/sciadv.aay3423
https://doi.org/10.3389/fphys.2018.01043
https://doi.org/10.3389/fphys.2018.01043
https://doi.org/10.1007/s00414-017-1566-x
https://doi.org/10.1158/0008-5472.CAN-06-1567
https://doi.org/10.1152/japplphysiol.00795.2002
https://doi.org/10.1152/japplphysiol.00795.2002
https://doi.org/10.1038/s41598-020-67650-x
https://doi.org/10.1016/s0300-483x(00)00304-8
https://doi.org/10.1016/s0300-483x(00)00304-8
https://doi.org/10.1016/j.taap.2009.10.016
https://doi.org/10.1016/j.taap.2009.10.016
https://doi.org/10.1038/nature11413
https://doi.org/10.2174/0929866511320050014
https://doi.org/10.2174/0929866511320050014
https://doi.org/10.1021/jm100054f
https://doi.org/10.1021/jm100054f
https://doi.org/10.1007/s12192-008-0014-8
https://doi.org/10.1007/s12192-008-0014-8
https://doi.org/10.1016/j.margen.2009.03.003
https://doi.org/10.1016/j.aninu.2019.06.005
https://doi.org/10.1006/bbrc.1995.2386
https://doi.org/10.1016/s0300-483x(00)00145-1
https://doi.org/10.1016/s0300-483x(00)00145-1
https://doi.org/10.1002/jat.1332
https://doi.org/10.1002/jat.1332
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.3389/fchem.2015.00035
https://doi.org/10.3109/10408449309104074
https://doi.org/10.3109/10408449309104074
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.21608/ejabf.2021.187702
https://doi.org/10.1016/j.fsi.2018.12.067
https://doi.org/10.1016/j.jtemb.2021.126870
https://doi.org/10.1242/jeb.073577
https://doi.org/10.1248/jhs.51.497
https://doi.org/10.1248/jhs.51.497
https://doi.org/10.1080/10590500902885684
https://doi.org/10.1080/10590500902885684
https://doi.org/10.1080/135475099230651
https://doi.org/10.2478/10004-1254-59-2008-1879
https://doi.org/10.1007/s10646-015-1536-3
https://doi.org/10.1242/jeb.168450
https://doi.org/10.3390/ani11041160
https://doi.org/10.24272/j.issn.2095-8137.2021.079
https://doi.org/10.24272/j.issn.2095-8137.2021.079
https://doi.org/10.1074/jbc.273.10.5858
https://doi.org/10.1371/journal.pone.0055361
http://refhub.elsevier.com/S2667-0119(22)00029-9/sbref0050
http://refhub.elsevier.com/S2667-0119(22)00029-9/sbref0050
http://refhub.elsevier.com/S2667-0119(22)00029-9/sbref0050
https://doi.org/10.1016/j.ecoenv.2014.03.035
https://doi.org/10.1038/leu.2010.6
https://doi.org/10.1038/leu.2010.6
https://doi.org/10.18632/aging.102430
https://doi.org/10.18632/aging.102430
https://doi.org/10.1126/science.7878464
https://doi.org/10.1038/sj.emboj.7601533
https://doi.org/10.1016/s0968-0004(97)01085-2
https://doi.org/10.1074/jbc.274.43.30651
https://doi.org/10.1083/jcb.140.1.153
https://doi.org/10.1083/jcb.140.1.153
https://doi.org/10.1016/s0960-9822(99)80162-6
https://doi.org/10.1016/s0960-9822(99)80162-6
https://doi.org/10.1016/s0092-867(04)00046-7


Fish and Shellfish Immunology Reports 4 (2023) 100079

16

result in the release of cytochrome c, Cell Death Diff. 7 (2000) 1166–1173, 
https://doi.org/10.1038/sj.cdd.4400783. 

[62] G.A. MacGibbon, P.A. Lawlor, E.S. Sirimanne, M.R. Walton, B. Connor, D. Young, 
C. Williams, P. Gluckman, R.L.M. Faull, P. Hughes, M. Dragunow, Bax expression 
in mammalian neurons undergoing apoptosis, and in Alzheimer’s disease 
hippocampus, Brain Res. 750 (1–2) (1997) 223–234, https://doi.org/10.1016/ 
s0006-8993(96)01351-0. 

[63] M.C. Wei, W.-.X. Zong, E.H.Y. Cheng, T. Lindsten, V. Panoutsakopoulou, A. 
J. Ross, K.A. Roth, G.R. MacGregor, C.B. Thompson, S.J. Korsmeyer, Pro- 
apoptotic BAX and BAK: a requisite gateway to mitochondrial dysfunction and 
death, Science 292 (5517) (2001) 727–730, https://doi.org/10.1126/ 
science.1059108. 

[64] M.M. Billah, M.S. Rahman, Impacts of anthropogenic contaminants and elevated 
temperature on prevalence and proliferation of Escherichia coli in the wild-caught 
American oyster, Crassostrea virginica in the southern Gulf of Mexico coast, Mar. 
Biol. Res. 17 (9–10) (2021) 775–793, https://doi.org/10.1080/ 
17451000.2022.2053161. 

[65] I.M. Sokolova, Cadmium effects on mitochondrial function are enhanced by 
elevated temperatures in a marine poikilotherm, Crassostrea virginica Gmelin 
(Bivalvia: ostreidae), J. Exp. Biol. 207 (15) (2004) 2639–2648, https://doi.org/ 
10.1242/jeb.01054. 

[66] I.M. Sokolova, S. Evans, F.M. Hughes, Cadmium-induced apoptosis in oyster 
hemocytes involves disturbance of cellular energy balance but not mitochondrial 
permeability transition, J. Exp. Biol. 207 (19) (2004) 3369–3380, https://doi. 
org/10.1242/jeb.01152. 

[67] G. Lannig, J.F. Flores, I.M. Sokolova, Temperature-dependent stress response in 
oysters, Crassostrea virginica: pollution reduces temperature tolerance in oysters, 
Aquat. Toxicol. 79 (2006) 278–287, https://doi.org/10.1016/j. 
aquatox.2006.06.017. 

[68] H.R. Jones, K.M. Johnson, M.W. Kelly, Synergistic effects of temperature and 
salinity on the gene expression and physiology of Crassostrea virginica, Integ. 
Comp. Biol. 59 (2019) 306–319. http://doi.org/10.1093/icb/icz035. 

[69] C.L. MacKenzie Jr, V.G. Burrell Jr, A. Rosenfield, W.L. Hobart, The History, 
Present Condition, and Future of the Molluscan Fisheries of North and Central 
America and Europe, 1997, p. 234. A Technical Report of the Fishery Bulletin, Vol 
1, Atlantic and Gulf Coasts. U.S. Dept. Commer., NOAA Tech. Rep. 127, https 
://spo.nmfs.noaa.gov/sites/default/files/tr127opt.pdf. 

[70] S.E. Shumway, Natural environmental factors, in: V.S. Kennedy, R.I.E. Newell, A. 
F. Eble (Eds.), The Eastern Oyster Crassostrea virginica, Maryland Sea Grant 
College, College Park, 1996, pp. 467–513. 

[71] D.A. Marshall, N.C. Coxe, M.K. La Peyre, W.C. Walton, F.S. Rikard, J.B. Pollack, 
M.W. Kelly, J.F. La Peyre, Tolerance of northern Gulf of Mexico eastern oysters to 
chronic warming at extreme salinities, J. Thermal. Biol. 100 (2021), 103072, 
https://doi.org/10.1016/j.jtherbio.2021.103072. 

[72] Y. Li, J.G. Qin, C.A. Abbott, X. Li, K. Benkendorff, Synergistic impacts of heat 
shock and spawning on the physiology and immune health of Crassostrea gigas: an 
explanation for summer mortality in Pacific oysters, Amer. J. Physiol. Reg. Integr. 
Comp. Physiol. 293 (6) (2007) R2353–R2362, https://doi.org/10.1152/ 
ajpregu.00463.2007. 

[73] D.S. Haven, R. Morales-Alamo, Filtration of particles from suspension by the 
American oyster Crassostrea virginica, Biol. Bull. 139 (2) (1970) 248–264, https:// 
doi.org/10.2307/1540081. 

[74] C.B. Jørgensen, P.S. Larsen, H.U. Riisgård, Effects of temperature on the mussel 
pump, Mar. Ecol. Prog. Series (1990) 89–97. 

[75] M.S. Rahman, M.S. Rahman, Elevated seasonal temperature disrupts prooxidant- 
antioxidant homeostasis and promotes cellular apoptosis in the American oyster, 
Crassostrea virginica, in the Gulf of Mexico: a field study, Cell Stress Chapr. 26 
(2021) 917–936, https://doi.org/10.1007/s12192-021-01232-2. 

[76] B. Allam, C. Paillard, Defense factors in clam extrapallial fluids, Dis. Aquat. Org. 
33 (1998) 123–128, https://doi.org/10.3354/dao033123. 

[77] M.R. Lowe, T. Sehlinger, T.M. Soniat, M.K. La Peyre, Interactive effects of water 
temperature and salinity on growth and mortality of eastern oysters, Crassostrea 
virginica: a meta-analysis using 40 years of monitoring data, J. Shellfish Res. 36 
(2017) 683–697, https://doi.org/10.2983/035.036.0318. 

[78] S.M. Casas, R. Filgueira, R. Lavaud, L.A. Comeau, M.K. La Peyre, J.F. La Peyere, 
Combined effects of temperature and salinity on the physiology of two 
geographically distant Eastern oyster populations, J. Exper. Mar. Biol. Ecol. 506 
(2018) 82–90, https://doi.org/10.1016/j.jembe.2018.06.001. 

[79] M.S. Rahman, M.S. Rahman, Effects of elevated temperature on prooxidant- 
antioxidant homeostasis and redox status in the American oyster: signaling 
pathways of celllular apoptosis during heat stress, Environ. Res. 196 (2021), 
110428, https://doi.org/10.1016/j.envres.2020.110428. 

[80] H. Haberkorn, C. Lambert, N. Le Goïc, J. Moal, M. Suquet, M. Guéguen, I. Sunila, 
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