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ABSTRACT

Ambient temperature is an especially important factor associated with the development and survival of
ectotherms. To minimize the effect of temperature variation, ectotherms have developed specific physiological
and biochemical adaptations. Heat shock proteins and other molecular chaperones play specific physiological
roles in such thermal adaptation. Here, we analyzed heat shock protein 70 (Hsp70) expression in six lizard
species to investigate the variation in Hsp70 response contributing to thermal adaptation. At first, we collected
three lizard species of the genus Takydromus from different geographical locations. We found that either the
constitutive expression pattern in different organs or the inducible expression pattern under higher ambient
temperature were the same. The expression of Hsp70 was higher in the muscles. In liver, Hsp70 expression
significantly increased after 38°C heat shock. We then collected other three lizard species, Plestiodon
chinensis, Sphenomorphus indicus, and Scincella modesta, from geographical locations near each other, but
with different microhabitats. We observed considerable variation in Hsp70 expression; the constitutive Hsp70
expression varied between organs and between species under heat shock. P. chinensis began to express Hsp70
significantly at 39°C and with the maximum expression at 41°C. S. indicus and S. modesta began to express
Hsp70 significantly at 35°C, and a temperature above 37°C resulted in fatality for some individuals. Taken
together, these results indicated that both microhabitat and active temperature range contributed to the
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differences in Hsp70 expression in lizards at normal and elevated ambient temperatures.

INTRODUCTION

Environmental temperatures have extensive biological
significance forallorganisms. Ectothermsaredependent
on the environment to adjust their body temperature, unlike
endotherms, giving ambient temperature a fundamental
influence on their life histories. Thus, the distribution of
ectotherm species is greatly influenced by environmental
temperatures (Huey and Berrigan, 2001; Knies and
Kingsolver, 2010; Tian et al., 2017). Empirical studies
have illustrated that temperatures affect embryonic energy
use (Nord and Nilsson, 2011), hatchling phenotypes
(Schottner et al., 2011; Knapp and Nedved, 2013) and even
immunity (Gradil et al., 2014). Furthermore, the effects
of variation in environmental temperatures may induce
changes in physiology and behavior of animals (Dowd
and Somero, 2013; Esquerre et al., 2014). The capacity
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for thermal adaptation developed in ectotherms to cope
with the challenges of temporal variation in environmental
temperature, and ectotherms from differing climates
possess specific suitable temperature ranges (Sunday et
al., 2014).

The processes of thermal adaptation involve
phenotypic plasticity (Breckels and Neff, 2013; Foray et
al., 2013), and both genetic (Logan and Somero, 2010)
and epigenetic adaptation (Furusawa and Kaneko, 2013).
Phenotypic plasticity is the ability of an organism to change
its phenotype in response to changes in the environment
(Gvozdik, 2012; Price et al., 2003). Regarding genetic
adaptation, some genetic factors, such as metabolic
enzymes (Sun et al., 2015) and molecular chaperones
(Ulmasov et al., 1992; Zatsepina et al., 2000; Narum et al.,
2013) have been identified and related to thermal tolerance.
Here, we focused on the alteration in expression of one
molecular chaperone during thermal tolerance to extreme
temperature. Epigenetic adaptation, which involves
changes in DNA methylation, microRNA expression, and
histone modification, has received extensive attention in
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mammals such as humans (Davidsson, 2014; Fernandez et
al., 2014), than in ectotherms.

Heat shock proteins (HSPs), which act as molecular
chaperones in cells, are sensitive to temperature variation
during the development of organisms (Burdon, 1987;
Mizrahi et al., 2012). Transcription of HSPs is also induced
in response to other stresses such as mechanical damage
(Sajjadi et al., 2013), heavy metal exposure (Elran et al.,
2014), oxidative stress (Lee et al., 2013), and infection
(Dang et al., 2010). Hsp70 (heat shock protein 70), which
is central to the chaperone system, is capable of interacting
with almost all unfolded or partially unfolded proteins and
assists in protein folding, transportation across membranes,
and directing some unfolded proteins for degradation
(Hartl, 1991). Structurally, Hsp70 contains an N-terminal
nucleotide binding domain (NBD) that has weak ATPase
activity. The hydrophobic amino acid residues of the
substrate can bind to a C-terminal substrate binding
domain (SBD) . The diverse activities of Hsp70 are feasible
due to their ATPase activity. Hsp70 releases substrate
proteins after undergoing conformational changes over the
course of its ATPase cycle (Qi et al., 2013; Alderson et
al., 2014). But Hsp70 does not work individully during
the process that alters the conformations of substrate
proteins. According to the client proteins, Hsp70 need
to work together with Hsp40, Hsp90 or other cofactors
as a heterocomplex (Pratt and Toft, 2003). Meanwhile,
Hsp70 is regulated during the signal transduction. Hsp70-
interacting protein interfere with the ATP-dependent
reaction cycle to modulate the activity of Hsp70 (Li et al.,
2013). Heat shock factors, which interact with members of
the ATF1/CREB family, bind to the promoter region of the
Hsp70 gene for expression regulation (Takii e al., 2015).

Data from the Inter-governmental Panel on Climate
Change (IPCC) in 2013 showed that global warming is
an undeniable fact (IPCC, 2013), and many species have
become extinct over the last few decades (Pounds et al.,
2006). There may be considerable variation in the levels
of thermal resistance even in the same species where
populations inhabit different environments with different
temperature ranges (Gaitan-Espitia et al., 2013). Hsp70,
which is important in coping with extreme temperatures,
has been frequently studied in the context of thermal
adaptation. Studies of some species have illustrated that
levels of Hsp70 are directly correlated with the level
of thermal resistance (Narum et al., 2013; Ulmasov et
al., 1992; Zatsepina et al., 2000). Both the constitutive
expression level and the inducible expression level of
Hsp70 can be different among populations of the same
species from various environments.

We used lizards as an animal model for research
about thermal adaptation and acclimation of ectotherms.
In this study, we obtained the partial sequence of an

Hsp70 homolog from Takydromus and analyzed Hsp70
expression in Takydromus sexlineatus, Takydromus
wolteri, Takydromus septentrionalis and three other
species, Plestiodon chinensis, Sphenomorphus indicus, and
Scincella modesta. We confirmed that the difference in
Hsp70 expression can be attributed to microhabitats and
the active temperature range.

MATERIALS AND METHODS

Lizards

Our experimental procedures complied with the
current laws on animal welfare and research in China,
and were specifically approved by the animal welfare
and ethics committee of Hangzhou Normal University
(HZNU-201106-003). All the lizards collected were
males and adults. In early May 2011, 10 individuals of
the species 7. sexlineatus were collected from Zhaoqing
(23°3°N, 112°28°’12”E), Guangzhou, in southeast China,
and 10 those of T. wolteri were collected from Chuzhou
(32°18’N, 118°18’E), Anhui, in central China. 10 T
septentrionalis individuals were collected from Zhoushan
(30°N, 112°12°E), Zhejiang, in the East China Sea. In
early May 2012, 35 P. chinensis individuals were collected
from Lishui (28°27°N, 119°55°12”E), Zhejiang, in East
China. 35 Sp. indicus individuals were collected form
Hangzhou (30°16°48”N, 120°9’E) Zhejiang, in East
China. 35 Sc. modesta individuals were collected from
Hangzhou (30°16°48”N, 120°11’E) Zhejiang, in East
China. These lizards were distributed into cages (60 cm x
30 cm x 30 cm) containing sand at a depth of 10 cm and
using rocks and pieces of clay tiles as shelter. The cages,
which contained 5 lizards each, were placed in a room at
an ambient temperature of 24°C and a 12 light (L):12 dark
(D) photoperiod before experiments.

Tissue collection and cDNA synthesis

In order to examine the constitutive expression levels
of Hsp70, brain, heart, kidney, liver, and muscle samples
were taken aseptically from five lizards of each species
of Takydromus; brain, heart, kidney, liver, muscle, and
lung samples were taken aseptically from three lizards of
each species of the other three species. We set an extreme
temperature of 38°C for three species of Takydromus and
35°C for the other three species. The temperatures were
designed according to the temperatue range published or
the unpublished results that we collected. After 2 h and 24
h of heat exposure, lizards were sacrificed to collect tissue
samples.

After the analysis of Hsp70 expression under the
extrem temperatures, we designed temperature gradient for
P, chinensis, Sp. indicus and Sc. modesta. The temperature
gradient beginning at 33°C with 2°C increase in each test
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was used to examine Hsp70 expression in liver after 2 h of
heat exposure.

All the tissues were frozen using a liquid nitrogen
flash freezer, and stored at -80°C for subsequent total
RNA extraction and cDNA synthesis. Total RNA was
isolated with TRIzol (Invitrogen, Carlsbad, USA). One
microgram of total RNA was used for cDNA synthesis
with a PrimeScript™ RT Reagent Kit with gDNA eraser
(Perfect Real Time) (TaKaRa, Dalian, China).

Gene fragment of Hsp70 and p-actin from Takydromus

We used the NCBI GenBank to identify Hsp70
and f-actin gene sequences in species that have close
phylogenetic relationships with lizards. Primers were
designed according to the sequence alignment result in the
conserved domain of Hsp70. In Takydromus, fragments
of Hsp70 and f-actin were obtained by PCR and rapid
amplification of cDNA ends (RACE) using the SMART
RACE c¢DNA Amplification Kit (Clontech, San Francisco,
USA).

Quantitative Real Time Reverse Transcriptase PCR (gRT-
PCR) analysis of Hsp70 expression in lizard tissues

Primers were designed according to the
sequences obtained above. The primers used to
amplify the pf-actin gene were Actin RTF1 (5'-
TGAACCCCAAAGCCAACAGA -3') and Actin RTR1
(5'- GGGCGTAGCCTTCGTAGATG -3'); the primers
used to amplify Hsp70 in all three species were Hsp70
RTF1 (5'- GCAAGGAACTCAACAAAAGCA -3') and
Hsp70 RTR1 (5'- CTCGATCCCCAGCGACAG -3"). We
run PCR using the cDNA collected from the six lizards to
confirm the primers were suitable to perform qRT-PCR.
The PCR products were sequenced and aligned. gqRT-PCR
were performed by using a C1000TM thermal cycler (Bio-
Rad, Hercules, CA, USA) with an iTaq Universal SYBR
Green Supermix kit (Bio-Rad, Hercules, CA, USA) as
described previously (Dang et al., 2015). Each assay was
performed in triplicate with S-actin mRNA as the control.
The products of qRT-PCR were run on a gel to confirm
that single bands were observed. All data were given in
terms of relative mRNA and expressed as the mean plus or
minus standard errors of the mean (SE). The constitutive
expression levels were detected using cDNA from tissues
collected under normal temperature as templates, and the
inducible levels were detected using cDNA from tissues
collected under high temperatures.

Statistical analysis

Hsp70 expression levels were analyzed using the
24T method (Livak and Schmittgen, 2001). Organs with
the lowest expression of Hsp70 under normal conditions
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were chosen as controls for the relative constitutive
expression levels, and untreated lizards under room
temperature were used as controls to calculate the relative
inducible expression level. Analysis of variance (ANOVA)
in the STATISTICA 6.0 package was used to analyze the
differences in gene expression levels. In all cases, the
significance level was defined as P < 0.05.
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Fig. 1. Hsp70 expression in different tissues of the six
lizards species detected by quantitative real time reverse
transcriptase PCR. Hsp70 expression levels in different
organs were normalized to that of B-actin mRNA. For
Takydromus, the normalized Hsp70 mRNA level in liver
was set as 1. For P. chinensis, Sp. indicus and Sc. modesta,
the normalized Hsp70 mRNA level in lung was set as 1.
Vertical bars represent means+SE (n=5).

RESULTS

Gene

In this study, we identified partial sequence of
Hsp70 homolog (Genebank No. KY172638) and the open
reading frame of S-actin (Genebank No. KY172639) from
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T. septentrionalis. The obtained partial sequences of the
Hsp70 gene contains the C-terminal substrate binding
domain. We also used genomic DNA as a template to
confirm the absence of intron in the obtained partial
sequence. We designed primers to examine the Hsp70
expression level at the transcriptional level based on the
conserved sequence. The sequence obtained from these six
lizards by the primers had more than 98% similarity. The
products of qRT-PCR were run on a gel, and single bands
were observed.

Constitutive expression of Hsp70 in the six lizard species
qRT-PCR was carried out to examine the expression
profile of Hsp70 in different organs of the six lizard species.
In the three related species, T. sexlineatus, T. wolteri and T.
septentrionalis, Hsp70 was expressed in a similar pattern
in different organs at the normal experimental temperature
of 24°C. Hsp70 expression in all three species of
Takydromus was highest in muscle tissue. In 7. sexlineatus
and 7. septentrionalis, Hsp70 expression was lowest in
liver tissue. However, in 7. wolteri, Hsp70 expression was
lowest in kidney samples, and second lowest in the liver.
The other tissues showed moderate Hsp7.0 expression (Fig.
1A). In contrast, Hsp70 expression patterns were different
at 24°C in the other three species, P. chinensis, Sp. indicus
and Sc. modesta. For P. chinensis, Hsp70 expression was
the highest in the lung and the lowest in the liver. In Sp.
indicus, Hsp70 expression was highest in muscle and
lowest in the lung. In Sc. modesta, Hsp70 expression was
highest in the heart and lowest in the lung (Fig. 1B).

Expression of Hsp70 in response to high temperature

To examine the effect of high temperature on Hsp70
expression in different species, lizards were incubated in a
high temperature environment. The temperatures were set
by referring to the critical thermal maximum. For the three
species of Takydromus, the high temperature was set at
38°C, and for the other three species, the high temperature
was set at 35°C. Hsp70 expression in liver was analyzed
by qRT-PCR at 2 h and 24 h. The results showed that
Hsp70 expression changed significantly after the 2 h
incubation with a 92.4-fold increase in 7. sexlineatus, a
16-fold increase in 7. wolteri and a 79-fold increase in 7.
septentrionalis. The expression levels in 7. sex/ineatus and
T wolteri returned to normal after 24 h of heat exposure,
whereas 7. septentrionalis maintained a significantly
high expression level, with an 89.1-fold increase over
the control (Fig. 2A). For P. chinensis, Hsp70 expression
did not significantly change during the heat exposure.
Hsp70 expression in both Sp. indicus and Sc. modesta was
significantly affected by ambient temperature, with a 50-
fold and 9.6-fold increase respectively after 2 h of heat

exposure. The Hsp70 expression in Sp.indicus and Sc.
modesta decreased, but was maintained at a significantly
high level after 24 h of heat exposure (Fig. 2B).

120 I Takydromus sexlineatus
" [ Takydromus wolteri
i I Takydromus septentrionalis

100 *
©
b
2
% 80 4
DEC x
£
o 60
&5
=
o
)
£ 40
©
o]
S
w

20 4

0 = — L
24 2h post-exposure  24h post-exposure

@ 38

Temperature (°C)

I Plestiodon chinensis
[ Sphenomorphus indicus
I Scincella modesta

Fold difference in mRNA level

*

) Ti "

24 2h post-exposure  24h post-exposure

:

Temperature (°C)

Fig. 2. Hsp70 Expression of six lizards species in response
to heat shock. Hsp70 expression in liver was determined
by quantitative real time reverse transcriptase PCR at
various times post-exposure. The mRNA level of Hsp70
was normalized to that of B-actin mRNA. Values are
shown as means =+ SE (n = 5). Significances between room
temperature lizards and heat post-exposure lizards are
indicated with asterisks. *P < 0.05.

The critical thermal maximum of P. chinensis, Sp.
indicus and Sc. modesta are significantly different. We
supposed that may contribute to the HSP70 expression
difference under 35°C. So we set a temperature gradient
for P. chinensis, Sp. indicus and Sc. modesta to examine
Hsp70 expression after 2 h of heat exposure. For P
chinensis, Sp. indicus and Sc. modesta, expression peaked
at 41°C, 35°C, and 37°C separately. For P. chinensis and
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Sp. indicus, expression declined at higher temperatures
(Fig. 3). Measurements above 37°C for Sp. indicus and
Sc. modesta were omitted because the temperature would
have resulted in mortality for some individuals.
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Fig. 3. Hsp70 expression of P. chinensis, Sp. indicus and Sc.
modesta in response to different temperature in short time.
Hsp70 expression in liver was determined by quantitative
real time reverse transcriptase PCR at various times post-
exposure. The mRNA level of Hsp70 was normalized to
that of B-actin mRNA. Values are shown as means + SE
(n = 5). Significances between room temperature lizards
and heat post-exposure lizards are indicated with asterisks.
*P < 0.05.

DISCUSSION

Hsp70 is sensitive to temperature variation. We
chose different Hsp70 induction temperatures for the
two groups of lizards, because the habitats, temperature
range, and critical thermal maxima (CTM) are different.
The microhabitats mainly contributed to temperature
range and CTM of species (Huey, 1991). Although these
three species of Takydromus were captured from locations
far from each other’s, the microhabitats temperatures of
Takydromus were similar when they were obtained in grass
or low bushes. T. sexlineatus has a temperature preference
of 31.5°C and an upper lethal temperature of 42.2°C (Chen
et al.,2003; Zhang and Ji, 2004). T wolteri has a preferred
temperature of 30°C for optimal locomotion (Chen ef al.,
2003), but the CTM is unknown. 7. septentrionalis has a
preferred temperature of 30°C and a CTM of 42.3°C (Ji et
al., 1996). The three species P. chinensis, Sp. indicus and
Sc. modesta were sympatric species, and collected from
locations in close proximity. However, the microhabitats
occupied by these three species were significantly
different. Compared with Sp. indicus and Sc. modesta, P.
chinensis occupies a microhabitat with fewer trees, more

rocks, and higher ambient temperatures (Du et al., 2006;
Luetal., 2006). P. chinensis has a preferred temperature of
31.2°C and a CTM of 42.3°C (Ji, 1995). Sp. indicus has a
preferred temperature of 25.7°C and a CTM of 37.6°C (Ji
et al., 1996). Sc. modesta has a preferred temperature of
23.9°C and a CTM of 36.2°C.

When we analyzed the constitutive Hsp70 expression
in different organs, we found that the expression patterns
of the three species from the genus Takydromus were
similar, but the expression patterns of the other species
were different. Although the microhabitats of Sp. indicus
and Sc. modesta were similar, but the expression patterns
were still different. So we came to the conclusion that
the same genus and similar microhabitats contributed to
the similar consititutive Hsp70 expression patterns of the
three species from the genus Takydromus. In the three
species from the genus Takydromus, Hsp70 expression
significantly increased at the high temperature of 38°C. At
35°C, Hsp70 expression significantly increased after a few
hours in Sp. indicus and Sc. modesta, but there were no
significant changes in expression in P. chinensis. McMillan
et al. (2011) also reported no effect of heat exposure on
Hsp70 expression in lizards from southern collection sites
in contrast with lizards from northern sites. Therefore, we
set a temperature gradient for P. chinensis, Sp. indicus and
Sc. modesta, to determine whether Hsp70 expression was
related with the induction temperature.

In P. chinensis, significantly high Hsp70 expression
began at 39°C, which was higher than in Sp. indicus
and Sc. modesta. Ulmasov et al. (1992) found the same
phenomenon in some thermophilic lizards. The putative
explanation was that the constitutive expression level at
normal physiological temperature was higher than in the
other two species. At the same time, our results were
consistent with the results by Zatsepina et al. (2000) who
reported that induction of Hsp70 expression in desert
lizards starts and finishes at a temperature 3-7°C higher
than that in the non-desert species. Studies in other
species, such as fishes and fruit flies, have also indicated
that Hsp70 induction may be more dependent upon the
relative increase in environmental temperature than upon
the absolute temperature experienced (Krebs, 1999;
Narum et al., 2013).

Additionally, we found that the Hsp70 expression
decreased at 43°C and 35°C in P. chinensis and Sp.
indicus separately. The highest expression levels did
not apear at the highest temperature that lizards could
tolerate. The same phenomenon was also found in other
studies (Ulmasov et al., 1992; Gao et al., 2014). We
might arribute the decrease of Hsp70 expression under
critical temperature to the balance of Hsp70 expression
and the costs of stress resistance. Serensen et al. (2003)
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pointed out that there is a trade-off between the benefit of
increased stress resistance and the physiological costs of
producing HSPs, such as high energy demands, impaired
growth, and reduced fitness. We also induced embryonic
overexpression of Hsp70 in Pelodiscus sinensis. Thermal
tolerance of the embryos and hatching success under a high
incubation temperature increased significantly, whereas
thermal tolerance of hatchlings decreased due to the costs
of prolonged Hsp70 overexpression (Gao et al., 2014). But
for Sc. modesta we did not found the decrease at 37°C. The
set of our temperature interval after 37°C may be too large
to get the limit point.

Hsp70 is an important factor associated with
temperature acclimation. Research into the regulation
of Hsp70 expression has also demonstrated that heat
shock factor (HSF) expression changes according to the
ambient temperature. The active (trimeric) form can bind
to the promoter of the Hsp gene (Zatsepina et al., 2000).
Expression of other HSPs family members, such as Hsp47,
Hsc70, Hsp90 was also reported to be related to thermal
adaptation of ectotherms (Holsinger et al., 1996; Narum
et al., 2013; Podrabsky and Somero, 2004). To maintain
individual homeostasis, the alteration of specific enzyme
activities is also an important way to acclimate. Lactate
dehydrogenase and cytochrome-c oxidase, which are
associated with energy metabolism, were found to have
differential expression in animals from temperature areas
with different heritable evolutionary adaptation (Crawford
and Powers, 1992; Hardewig et al., 1999; Seebacher et
al., 2003; Sun et al., 2015). As sequencing technology
has developed, more genes have been reported as having
an association with thermal adaptation. The complex
networks of thermal adaptation mechanisms will become
clearer after the identification and characterization of
specific functional genes.

CONCLUSION

The results of this study demonstrated that Hsp70
constitutive expression varied between species and that
Hsp70 expression was modulated by ambient temperature
in lizards. The microhabitat and active temperature range
were more important for the thermal adaptation to higher
ambient temperature in lizards than were their relative
geographic locations.
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