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Heat wave induces oxidative
damage in the Chinese pond
turtle (Mauremys reevesii) from
low latitudes
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Introduction: Global warming has led to frequent heat waves, causing global
organisms to face severe survival challenges. However, the way in which heat
waves threaten the fitness and survival of animals remains largely unclear.
Oxidative damage and immunity are widely considered the link between heat
waves and threats to animals.

Methods: To evaluate the oxidative damage caused by heat waves and to
reveal the physiological resistance to heat waves by the antioxidant defense of
animals from different latitudes, we exposed both high-latitude (Zhejiang) and
low-latitude (Hainan) populations of Chinese pond turtle (Mauremys reevesii)
to simulate heat waves and a moderate thermal environment for 1 week,
respectively. Next, we compared the oxidative damage by malondialdehyde
(MDA) and antioxidant capacity by superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and total antioxidant capacity (T-AOC)
in the liver tissues and evaluated the innate immunity by serum complement
protein levels (C3, C4) and lysozyme activity in plasma of turtles.

Results and discussion: We found that heat waves significantly increased the
content of MDA and the activity of CAT, whereas it decreased the activity of
SOD, T-AOC, and GSH/GSSG in turtles from low latitudes. Furthermore, heat
waves increased CAT activity but decreased GSH/GSSG in turtles from high
latitudes. Although the turtles from high latitudes had higher levels of innate
immunity, the heat waves did not affect the innate immunity of C3, C4, or
lysozyme in either population. These results indicate that the low-latitude
population suffered higher oxidative damage with lower antioxidant capacities.
Therefore, we predict that Chinese pond turtles from low latitudes may be
more vulnerable to heat waves caused by climate warming. This study reveals
the physiological and biochemical resistance to heat waves in Chinese pond
turtles from different latitudes and highlights the importance of integrative
determination of fitness-related responses in evaluating the vulnerability of
ectotherms from different latitudes to climate warming.
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climate warming, heat waves, oxidative stress, antioxidant defense, innate immunity,
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Introduction

A serious consequence of climate warming is the occurrence
of more frequent and extreme heat waves. In recent years, the
warmest summers and continuous heat events have been recorded,
even in polar areas (Hansen et al., 2012; Witze, 2022). Therefore,
understanding the effects of heat waves on species has been more
critical and urgent than ever (Stillman, 2019). Heat events (e.g.,
summer heat waves) make summer a terrible season for animals,
during which they face the challenges of stressful heat (Burggren,
2018; Vinagre et al., 2018). Both terrestrial and marine ecosystems
experience biodiversity loss due to heat waves (Rogers-Bennett and
Catton, 2019). Heat waves can have disastrous effects on animals,
including direct mortality, depressing population growth, and
declining individual fitness (see details in Stillman, 2019). For
example, mortality has been widely observed in individuals or
populations that are unable to escape or resist heat waves (Morignat
etal, 2018). Some birds cannot maintain their body temperatures
under heat waves by cool evaporating, and thus die of dehydration
(McKechnie and Wolf, 2010; Xie et al., 2017). Furthermore, heat
waves are associated with functional decline and infectious disease
outbreaks in some species, leading to large-scale population
collapse (Harvell et al., 2019; Rogers-Bennett and Catton, 2019).
For instance, the innate immunity of common musk turtles
(Sternotherus odoratus) is modified by heat events, thus modulating
their resistance to heat waves (Goessling et al., 2019). Extremely
high air temperatures can also cause a decline in cognitive and
locomotor performance and decreased fitness (Danner et al,
2021). However, the mechanism by which animals resist heat
waves is largely unclear (Stillman, 2019; Logan and Cox, 2020).

The antioxidant defense may be the most important physiological
adjustment when animals are exposed to heat waves (Troschinski
etal, 2014; Baker et al,, 2020). Extremely high temperatures would
seriously increase the metabolic rates and synchronously produce
reactive oxygen species (ROS; Ben Ameur et al., 2012), which would
react with the molecular components of cells, such as lipids, proteins,
and nucleic acids, leading to oxidative damage in cell machinery,
indicated by the content of malondialdehyde (MDA), carbonylated
protein, and DNA injury (Li et al, 2021). The accumulation of
oxidative damage then induces the collapse of functions such as
immunity, and even leads to mortality of the individuals; hence,
depressed immunity can serve as a proxy for oxidative damage. For
instance, a simulated heat wave induced oxidative damage in the corn
snake (Pantherophis guttatus) and depressed its innate immunity
(Stahlschmidt et al., 2017). Heat waves also decrease body mass,
lysozyme activity, and individual fitness in tropical butterflies
(Bicyclus anynana; Fischer et al., 2014). In animals, the antioxidant
defense can eliminate ROS production through a series of reactions
catalyzed by antioxidant enzymes, including superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx; Munro and
Treberg, 2017). In summary, heat waves induce oxidative damage
(e.g, MDA) and affect immunity; however, individuals can enhance
their antioxidant defense to reduce the potential threat of heat waves
(Speakman and Garratt, 2014). For example, our previous study
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demonstrated that when yellow pond turtles (Mauremys mutica)
faced heat waves, enhanced GPx facilitated antioxidant defense and
plausibly reduced the production of MDA (i.e., oxidative damage),
thereby sustaining innate immunity, including increased lysozyme
activity and serum complement C4 levels (Li et al., 2021).

Although the latitudinal vulnerability of animals to heat waves
under climate warming is largely unclear, heat waves are predicted
to increase toward low latitudes (IPCC, 2021), indicating that
species from these areas would face more challenges. Nonetheless,
heat tolerance increases toward low latitudes (i.e., tropical areas) in
insects, fish, turtles, and birds (Sunday et al., 2011, 2012). The
latitudinal vulnerability of animals to heat waves is determined by
the interaction between heat waves and how local animals
physiologically resist them (Hall and Sun, 2021). Therefore,
revealing the physiological resistance to heat waves across latitudes
is critical for understanding the thermal adaptation to environments
and for evaluating the vulnerability of animals to climate warming
geographically (Carlo et al., 2018; Dahlke et al., 2020; Li et al., 2021).

As ectotherms, the physiological functions and fitness of
turtles are significantly affected by their thermal environment
(Ackerman, 1981; Attaway et al., 1998; Binckley et al., 1998;
Ashmore and Janzen, 2003; Bostrom et al., 2010). Turtles are
becoming increasingly vulnerable to ongoing climate warming
(Taylor et al, 2020). The Chinese three-keeled pond turtle
(Mauremys reevesii) is an endangered and unique species that is
widespread in mainland China (IUCN, 2022). The species biology
has been widely investigated, including life-history cycle, sex
determination, and thermal biological traits (Du et al., 2009; Ye
et al,, 2009; Zhang et al.,, 2019; Wu et al., 2022), making it an
appropriate system to study physiological resistance to heat waves.

In this study, we used M. reevesii from low latitudes (Hainan)
and high latitudes (Zhejiang) as the study system. We first exposed
the two populations of turtles to a simulated heat wave and then
determined oxidative damage with MDA; anti-oxidant ability with
the activity of SOD, CAT, GPx; and total antioxidant capacity
(T-AOC) in the liver. We also evaluated the functional damage by
determining the innate immunity of serum complement protein
levels (C3, C4) and lysozyme activity in plasma. By comparing the
traits of each population between the control and heat treatments,
we aimed to reveal the effects of heat waves on the antioxidant
responses and innate immune function of M. reevesii across
latitudes. Based on the heat tolerance pattern in turtles across
latitudes (Sunday et al., 2011), we predicted that heat waves would
induce oxidative stress and depress immune function in M. reevesii
at high latitudes rather than at low latitudes.

Materials and methods
Ethics statement
We experimented with animals under the supervision of the

Animal Ethical and Welfare Committee of Wenzhou University
(Approval No. WZU-049).
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Experimental design

We used 16 yearling turtles for each population, which were
purchased from the turtle farm in Jiaxing, Zhejiang Province
(120°53E, 30°46'N) for the high-latitude population and from
Haikou, Hainan province (110°19’E, 20°2'N) for the low-latitude
population in 2019. The phylogenetic relationship of these two
populations with CytB indicated that they were from one species
without differentiation (Supplementary Figure S1). The turtles
were transferred to the laboratory at Wenzhou University by train
in 2days, where they were reared in individual terraria
(length x width x height =45 x 35x 10 cm) temperature-
controlled incubators (KB400, Binder GmbH, Tuttlingen,
Germany). The temperature was modified daily, mimicking the

in

field thermal environment of July and August in in Jiaxing and
Haikou (28 +4°C, Supplementary Figure S2; China Meteorological
Data Service Center, http://data.cma.cn). After 1 week, we used a
2x2 experimental design to acclimate the turtles: population
origin (high latitude vs. low latitude) x thermal treatment (control
vs. heat waves). Accordingly, turtles from each population were
randomly and evenly assigned to two treatments: control and heat
wave. Animals under the control treatment were reared at 28 +4°C
continuously, and their counterparts under the heat wave
treatment were reared under a fluctuating thermal regime of
35+4°C, which mimicked the heat waves of Jiaxing in July and
August from 2011 to 2017 (China Meteorological Data Service
Center, http://data.cma.cn; Figure 1). Accordingly, we acclimated
eight turtles to each treatment for each population. During
acclimation, we provided commercial food to the turtles daily. The
light cycle inside the incubator was set at 14h light:10h dark
(6a.m.-8 p.m.) using fluorescent lamps. The water was changed
daily when the light was turned off.

Oxidative damage, antioxidant defense,
and immunity indices

After 1 week of acclimation, the turtles were used to determine
oxidative damage, antioxidant ability, and innate immunity.
Following an established method (Li et al., 2021), we sampled the
liver tissues for oxidative damage and antioxidant ability
determination, and the blood for innate immunity determination.
Eight turtles from each population in each treatment were used in
this study. In brief, the turtles were first sacrificed by decapitation,
followed by pithing using heavy shears according to the AVMA
Guidelines for the Euthanasia of Animals (2013 Edition). Then,
we collected the liver tissue on ice. Blood-free livers were weighed
immediately (£0.0001 g) and frozen in liquid nitrogen. Blood was
collected from the carotid artery and centrifuged at 3,000 rpm for
15min (Fresco 21, Thermo Fisher Scientific, Waltham, MA,
United States) to obtain serum and plasma.

Following the protocols of commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and our previously
established methods, we determined the MDA content and the
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activity of the antioxidant enzymes SOD, CAT, GPx, and T-AOC
in the liver tissue (Li et al., 2021). In brief, the MDA content was
determined by measuring the absorbance of the compound
produced by MDA and thiobarbituric acid at 532nm. SOD
activity was then determined at 550 nm in the xanthine-xanthine
oxidase system, and the rate of cytochrome ¢ reduction by
superoxide ions was monitored and calculated. CAT activity was
estimated at 405 nm by monitoring the consumption of H,0,. The
GSH consumption rate at 412nm was used to determine GPx.
Total antioxidant capacity (T-AOC) was measured based on the
absorbance of the Fe?*-o-phenanthroline complex at 520 nm.
Similar to oxidative damage and antioxidant defense,
followed established methods and enzyme-linked
immunosorbent assay (ELISA) kits (Shanghai MLBIO
Biotechnology Co., LTD, Shanghai, China) to determine the
concentrations of serum C3, C4, and plasma lysozyme, as part of

we

innate immunity (Li et al., 2021). Samples were incubated with
anti-fish horseradish peroxidase-linked antibodies and after
thorough washing, and color was developed using
3,3',5,5 -tetramethylbenzidine. Sulfuric acid was added to

terminate the reaction and absorbance was measured at 450 nm.

Statistical analysis

Data were analyzed using Statistica 6.0. Before the analysis,
the residuals of the variance were checked for normality and
homogeneity using Shapiro- Wilk and Levene’s tests, respectively.
Data were normalized by exponential or Ln-transformation if
necessary. Two-way ANOVAs were used to test the differences
between treatments and populations in MDA, SOD, CAT, GPx,
T-AOC, C3, C4, and lysozyme levels, followed by the post hoc
Tukey’s HSD test. Data were expressed as the mean+SE. The
significance level was set at a=0.05.

Results

Oxidative damage and antioxidant
defense

The MDA content was significantly higher in the turtles from
low latitudes than in those from high latitudes (F, ,3=32.307,
p<0.001), and was higher in animals exposed to heat waves than
in the controls (F, ,;=25.541, p=0.002). However, there was no
interaction in determining the MDA content between the
population origin and thermal treatments (F, ,3=2.728, p=0.110;
Figure 2A).

The activity of SOD was affected by population origin (F),
1,3 =40.330, p<0.001) and the interaction between population
origin and thermal treatment (F, ,;=10.960, p=0.003). Thermal
treatment did not affect the SOD activity (F, ,=2.010,
p=0.168). The turtles from low latitudes had higher SOD
activity than those from high latitudes, mainly induced by the
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FIGURE 1
Thermal treatments for turtles under control and heat waves, respectively. The red and light green lines indicate the air temperatures under heat
waves and control treatments, while orange and dark green lines indicate the water temperatures under heat waves and control treatments,
respectively.

significantly higher activity of SOD in turtles under the control
treatment. However, SOD activity in turtles from different
populations did not differ under the heat wave treatment
(Figure 2B).

CAT activity was enhanced by heat waves in both
(F. 5=7.354, p=0.011).
population origin (F, ,=0.058, p=0.812) nor the interaction
between population origin and thermal treatment (F, ,3=0.121,
p=0.730) affected CAT activity (Figure 2C). Similarly, neither
population origin (F, ,=0.127, p=0.724) nor the interaction
between population and treatment (F, ,3=0.244, p=0.625)
affected the GSH/GSSG; however, the turtles from both
populations had lower GSH/GSSG if they were under heat wave
treatment (F, ,,=12.953, p=0.001; Figure 2D). The total
antioxidant capacity (T-AOC) was affected by population origin

populations However, neither

(F) 23=13.305, p=0.001) and the interaction between population
origin and thermal treatment (F, ,;=5.555, p=0.026). However,
heat waves did not affect the T-AOC (F, 5 =2.791, p=0.106).
Turtles from low latitudes had higher T-AOC than those from
high latitudes, mainly induced by significantly higher T-AOC
under the control treatment. Interestingly, the T-AOC of the two
populations did not differ under the heat-wave treatment
(Figure 2E).

Innate immunity responses

Levels of C3 (F, ,5=13.683, p<0.001) and C4 (F, ,;=5.324,
p=0.029) were significantly higher in turtles from high
latitudes than in turtles from low latitudes. However, neither
the thermal treatment (C3: F, ,=0.260, p=0.614; C4: F,
,3=1.443, p=0.240) nor the interaction between population
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origin and thermal treatment (C3: F, ,,=2.354, p=0.136; C4:
F, ,3=4.008, p=0.056) affected the C3 or C4 levels
(Figures 3A,B).

In contrast, lysozyme activity was not affected by population
origin (F, »3=0.155, p=0.697), thermal treatment (F, ,;=0.243,
p=0.626), or their interactions (F,, ,3 =470, p=0.499; Figure 3C).

Discussion

Summer heatwaves caused by climate warming have been
demonstrated to impose increasing threats to animals (Stillman, 2019;
Witze, 2022). However, how heat waves affect animals is still largely
unknown, especially at the physiological and biochemical levels
(Somero, 2011; Campbell-Staton et al, 2020). This study
demonstrated that the effects of simulated heat waves on the
biochemistry and physiology of the Chinese pond turtle, M. reevesii,
were complex and varied across latitudes. We found that 1-week heat
waves caused significant damage at the cellular level by increasing
MDA levels, together with a depressed antioxidant defense in turtles
from low latitudes, but not affecting the turtles from high latitudes
(Figure 2). Although innate immunity-related traits were not
depressed by heat waves, the lower daily level of immunity combined
with higher oxidative damage may still predict vulnerability to climate
warming in turtles from low latitudes.

Higher oxidative damage by heat waves
in low-latitude turtles

When ROS are not quenched by antioxidant defenses, they
cause oxidative damage such as lipid peroxidation, protein
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FIGURE 2
The content of MDA (A), and the activity of SOD (B), CAT (C), GPx (D), and T-AOC (E) in liver tissues of the turtles from low and high latitudes. The
red spots and green diamonds indicate the turtles from low and high latitudes, respectively. Each dot indicates an individual, and the error bars
indicate the mean+SE. Red asterisks indicate significant differences between latitudes under the same treatment. Lowercases indicate significant
differences between treatments in turtles from low latitude.

carbonylation, and DNA damage (Ben Ameur et al,, 2012). As one
of the final products of lipid peroxidation, MDA content reflects
the degree of oxidative damage suffered by important
biomacromolecules, including phospholipids, glycolipids, and
cholesterol (Parrish, 2013; Ayala et al., 2014). This damage leads to
functional loss and disruption of homeostasis (Dong et al., 2021).
In this study, we found that the MDA content in the liver of
turtles from low latitudes (tropical areas) increased significantly
after 1 week of exposure to heat waves (Figure 2A), indicating
significant negative effects. Heat waves could be increasing the
metabolism by which ROS are produced, and consequently,
oxidative damage (e.g., MDA) would accumulate (Jena et al.,
2013). This result is similar to the adverse effects observed on a
lizard (Eremias multiocellata; Han et al., 2020). However, heat
waves did not induce significant oxidative damage in the Chinese
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soft-shell turtle (Pelodiscus sinensis; Zhang et al., 2019), or the
yellow pond turtle (Mauremys mutica; Li et al., 2021). This
discrepancy may be due to the population origin of the studied
individuals. Previous studies on P. sinensis (Hebei, 39°58'N) and
M. mutica (Zhejiang, 30°46'N) have been conducted on turtles
from high latitudes (Zhang et al., 2019; Li et al., 2021). As it may
be that high-latitude reptiles live at temperatures lower than their
physiological optimum (Hao et al., 2020; Liu et al., 2022), higher
environmental temperatures would be beneficial for their
functions (Huey et al., 2009), and heat waves may not lead to
significant oxidative damage. Similarly, in the present study, the
MDA content of high latitude specimens did not increase after
exposure to heat waves.

Alternatively, the MDA content is also regulated by the
balance between oxidative stress and antioxidant defense
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The concentration of serum C3 (A), C4 (B), and lysozyme (C) in plasma of the turtles from low and high latitudes. The red spots and green
diamonds indicate the turtles from low and high latitudes, respectively. Each dot indicates an individual, and the error bars indicate the mean+SE.
Red asterisks indicate significant differences between latitudes under the same treatment. Lowercases indicate significant differences between
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(Halliwell, 2007). In this study, all the antioxidant defense-
related traits, except CAT, were downregulated (i.e., SOD,
GSH/GSSG, and T-AOC) in turtles from low latitudes after
being exposed to heat waves (Figure 2). Widely depressed
antioxidant defenses (i.e., SOD, GPx, and T-AOC) in
low-latitude turtles may limit their ability to eliminate ROS
and prevent oxidative damage, such as the production of
MDA (Dosenovic¢ et al., 2021; Pinya et al., 2021). The effects
of SOD, CAT, and GPx activity on the elimination of MDA
have been widely demonstrated in vertebrates, including
fishes (Fakhereddin and Dogan, 2021), reptiles (Han et al.,
2020; Kou et al., 2021; Pinya et al., 2021), birds (Altan et al.,
2003), and mammals (Wei et al., 2016). For instance, oxidative
damage (i.e., MDA content) caused by seawater in rats is
higher in individuals with lower SOD activity (Wei et al,,
2016). In this study, the high-latitude population of pond
turtles showed conflicting ability in antioxidant defense,
exhibiting decreased GSH/GSSG but increased CAT after
exposure to heat waves (Figures 2C,D).

Another important finding in this study was that under the
control treatment, the MDA content, and the activity of SOD and
T-AOC, in low-latitude turtles were higher than those in their
counterparts from high latitudes (Figures 2A,B,E). The MDA
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content can be increased by chronic warming as reported in the
mussel Mytilus coruscus (Khan et al., 2021), and the octocoral
Veretillum cynomorium (Lopes et al., 2018). As the low-latitude
population of pond turtles in this study experienced higher
ambient temperatures than the high-latitude population, the
higher MDA content may reflect a chronic accumulation of
oxidative damage induced by average warmer temperatures
similar to other reptiles (Reguera et al., 2014). Accordingly, the
higher activities of SOD and T-AOC may also reflect that the
antioxidant defense was chronically triggered by oxidative stress
in low-latitude pond turtles.

Heat waves did not depress innate
immunity

As an initial response to pathogens, innate immunity is
nonspecific and essential for individuals to survive in stressful
surroundings (Lafferty, 2009). In addition, the immune response of
organisms relies on the production of pro-oxidant substances and is
regulated by oxidative stress (Espelid et al., 1996; Sorci and Faivre,
2009). Therefore, innate immunity is a robust index for evaluating the
fitness consequences of oxidative damage caused by heat waves (Han
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et al., 2020). Innate immunity, universal to reptiles, has been
demonstrated to be thermally sensitive in turtles (Zimmerman
etal, 2017).

In this study, the concentrations of C3, C4, and lysozyme did not
differ among thermal treatments in either high- or low-latitude
turtles, implying that innate immunity was not adjusted by heat
waves. These results contradict our assumption that oxidative
damage would induce decreased immunity. Although innate
immunity is widely demonstrated to be inhibited by heat waves in
ectotherms, including snails (Leicht et al., 2013), fish (Dittmar et al.,
2014), and reptiles (Stahlschmidt et al., 2017), it was also found to
be enhanced (Adamo and Lovett, 2011; Li et al., 2021), or unaltered
(Zimmerman et al., 2017). This study provides further evidence that
the effects of heat waves on innate immunity are complex in
ectotherms. Although we did not find decreased C3, C4, or lysozyme
levels, heat waves might decline some other traits of innate
immunity. For example, heat waves induce oxidative stress and
depress innate immunity by low IgM and white blood cells (WBC)
in racerunners (Eremias multiocellata; Han et al., 2020).

Interestingly, this study found higher concentrations of C3 and
C4 in high-latitude pond turtles under the control treatment,
indicating a higher ability to kill bacteria or digest pathogens than
those in low-latitude turtles under moderate temperatures (Baker
et al, 2019). Although heat waves did not depress the innate
immunity of turtles from low latitudes, their lower C3 and C4
concentrations under moderate temperatures may imply
weaker immunity.

In summary, this study revealed oxidative damage in the liver
of low-latitude pond turtles (M. reeviesii) after experiencing
1-week heat waves, relative to their high-latitude counterparts.
The innate immunity of C3, C4, and lysozyme were not affected
in either latitudinal population; however, we found lower daily
C3 and C4 levels in the low-latitude turtles. By integrating the
above physiological and biochemical responses, we predicted that
pond turtles would be more vulnerable to climate warming.
Nonetheless, it is notable that in this study, we only focused on
oxidative damage and related immunity at physiological and
biochemical levels. As the frequency of heat waves has increased
in recent years (Stillman, 2019; Witze, 2022), the consequences
on fitness-related traits of individuals and populations, including
reproduction, survival, and population dynamics, should
be given more attention (Deutsch et al., 2008; Stahlschmidt et al.,
2017; Sun et al., 2021). In addition, oxidative stress, damage, and
antioxidative defense are complex networks, and before we can
draw a comprehensive picture, more indices should be added in
future research, such as carbonylated protein, 8-hydroxy-2-deoxy
Guanosine (8-OH-dG), IgA, IgM, and WBC, to evaluate the
damage to biomacromolecules and immunities (Espelid et al.,
1996; Zimmerman et al., 2010, 2017). Furthermore, most current
studies have evaluated the effects of heat waves under climate
warming by immediate or short-term responses of the species, as
in this study. Aging and longevity should be included in future
research to provide a chronic and long-lasting view for
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investigating the effects of climate warming on animals (Zhang
etal, 2018; Zhu et al,, 2019; Dupoué et al., 2022).
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