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Simple Summary: Global climate change is a growing threat to the lives and ranges of reptile species.
The present study examines three lizard species (Calotes versicolor, Ateuchosaurus chinensis, and
Hemidactylus bowringii) that share a sympatric distribution in the Guangzhou region of Guangdong,
China. Mitochondria act as energy-producing centers, and the present study analyses the effects
of low temperatures in the context of warm winters on lizards, by examining their responses to
low-temperature stress at the level of mitochondrial gene expression. This present study analyses the
effects of low temperatures in the context of warm winters on the mitochondrial gene expression of
lizards and reveals the implications of the distribution within it.

Abstract: Ecological factors related to climate extremes have a significant influence on the adaptability
of organisms, especially for ectotherms such as reptiles that are sensitive to temperature change.
Climate extremes can seriously affect the survival and internal physiology of lizards, sometimes even
resulting in the loss of local populations or even complete extinction. Indeed, studies have shown
that the expression levels of the nuclear genes and mitochondrial genomes of reptiles change under
low-temperature stress. At present, the temperature adaptability of reptiles has rarely been studied at
the mitochondrial genome level. In the present study, the mitochondrial genomes of three species of
lizards, Calotes versicolor, Ateuchosaurus chinensis, and Hemidactylus bowringii, which live in regions of
sympatry, were sequenced. We used RT-qPCR to explore the level of mitochondrial gene expression
under low-temperature stress, as compared to a control temperature. Among the 13 protein-coding
genes (PCGs), the steady-state transcript levels of ND4L, ND1, ATP6, and COII were reduced to
levels of 0.61 £ 0.06, 0.50 & 0.08, 0.44 & 0.16, and 0.41 £ 0.09 in C. versicolor, respectively, compared
with controls. The transcript levels of the ND3 and ND6 genes fell to levels of just 0.72 £ 0.05
and 0.67 £ 0.05 in H. bowringii, compared with controls. However, the transcript levels of ND3,
NDb5, ND6, ATP6, ATPS, Cytb, and COIII genes increased to 1.97 + 0.15, 2.94 4+ 0.43, 1.66 + 0.07,
1.59 + 0.17, 1.46 4+ 0.04, 1.70 + 0.16, and 1.83 + 0.07 in A. chinensis. Therefore, the differences in
mitochondrial gene expression may be internally related to the adaptative strategy of the three species
under low-temperature stress, indicating that low-temperature environments have a greater impact
on A. chinensis, with a small distribution area. In extreme environments, the regulatory trend of
mitochondrial gene expression in reptiles is associated with their ability to adapt to extreme climates,
which means differential mitochondrial genome expression can be used to explore the response of
different lizards in the same region to low temperatures. Our experiment aims to provide one new
research method to evaluate the potential extinction of reptile species in warm winter climates.
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1. Introduction

In recent years, average global temperatures have generally risen, particularly winter
temperatures that are creating a warmer climate. However, extreme cold days within a
warm winter have also occurred more frequently on the Asian continent. Climate cooling
in winter would be more detrimental to the survival of amphibians and reptiles than
climate warming in winter [1]. Against a background of a warm winter climate, if extreme
cold weather episodes persist in the future, this will become the major factor affecting the
structure of subtropical ecological communities. Due to climate warming, the boundary
of species distribution moves northward, and the influence of extreme cold weather on
subtropical communities and ecosystems can become more pronounced, and will exert a
strong natural selection on wild populations [2,3]. With the increasing frequency of extreme
weather, non-seasonal, short-term, and severe temperature changes may seriously interfere
with the survival and population stability of animals, especially leading to a decline of
reptile species diversity [4,5]. Climate change may enhance ectothermic metabolism and
embryonic development, which can reduce survival and life expectancy, thereby increasing
vulnerability to climate change [6] and affecting the fitness of reptile species at different
latitudes for various reasons [7,8]. The existence and advancement of human society depend
heavily on species diversity, which is also crucial to preserving ecological equilibrium. At
present, research on the ecological effects of extreme low-temperature events is insufficient,
and the impact of warm winter climate change is often neglected [3]. Hence, it is necessary
to explore the response of reptiles to extreme weather from multiple perspectives and
provide corresponding scientific strategies for better species protection.

Reptiles are ectotherms. When they enter hibernation, their hearts, brains, livers, and
skeletal muscles adopt a respiratory protection strategy of reverse thermal compensation,
which reduces metabolic rates, enhances the antioxidant activity of tissues, maximizes
energy saving, and reduces heat production requirements with minimal food supply [9,10].
In particular, changes in gene expression levels have attracted much attention. For instance,
under extremely cold conditions, the gene expression levels of carboxylic ester hydrolase
and sodium symporter in the liver of Anolis carolinensis are significantly different, which
is an important reason for the loss of physiological function and individual deaths of A.
carolinensis caused by extreme low temperatures [11]. The transcription factor C/EBPA
increased, whereas numerous transcriptional regulators, including KDM6B and JARID2,
were downregulated when the temperature dropped [12]. The expression of the cold-
induced mRNA binding protein (CIRBP) and HSPA8 mRNA in the lizard liver decreased
significantly under cold stress [13]. Hence, the importance of gene expression differences
in reptile adaptation to low-temperature stress has been increasingly confirmed.

Sympatric species in different distribution areas can show different responses to the
same environmental stress, to separate niches, reduce interspecific competition, and ensure
survival [14]. For example, in a comparison of adaptive responses to temperature by
three lizard species (Eremias argus, Eremias multiocellata, and Phrynocephalus przewalskii) that
are distributed in the same region, it was found that there were different temperatures
and microhabitat preferences, as well as preferred body temperatures, under different
distribution backgrounds [15]. As the sensitivity of reptiles to temperature changes, they
can be used as an ideal model for studying the cold-tolerance mechanisms of different
species in regions of sympatry.

Mitochondria are the main sites of oxidative phosphorylation and ATP formation,
and are responsible for energy conversion, coordinating cell metabolism, development,
and aging, and participating in numerous life activities, including responses to hypother-
mia [16]. Mitochondrial genes also have more applications in studying the phylogenetic
relationships of species, particularly where gene rearrangements are significant [17]. The
mitochondrial structures of the three lizards (Calotes versicolor, Ateuchosaurus chinensis, and
Hemidactylus bowringii) used in this experiment have been characterized and used to resolve
their taxonomic status [18-20]. However, the lack of research on mitochondrial genomic
expression changes is often overlooked. To date, studies of the effects of temperature



Animals 2024, 14, 1158

2 of 15

change on reptile growth and gene expression levels have focused mainly on physiological
responses and differences in nuclear gene expression, but few have examined changes in
mitochondrial genome expression. The mitochondrial genome harbors the genetic code for
13 proteins and forms the core constituents of mitochondrial respiratory complexes I-IV
that are imbedded in the inner mitochondrial membrane [21]. Wood frogs, Rana sylvatica,
are capable of enduring total-body freezing throughout the winter season. One feature of
freezing survival proved to be a strong upregulation of transcripts of the mitochondrial
genes ATP6/8, ND4, and 16S RNA during wood frog freezing (24 h at —2.5 °C) in the
liver and brain [22]. However, the relative transcript level of the COI gene decreased in a
study of the response of Dryophytes versicolor mitochondrial PCG to freezing stress [23]. In
contrast to nuclear genes such as HSPs, which are involved in sensing temperature stress,
no such representative genes have been proposed in the mitochondrial genes of lizards.
Mechanisms for coping with heat or cold stress vary among species. Comprehensive find-
ings may be obtained by conducting experiments using the whole mitochondrial genome.
In a study of killifish, Healy et al. analyzed the expression of the mitochondrial genome
to identify responsive genes, using RNA-seq [24]. A similar attempt was made in frogs to
study cold stress [25].

In the present study, we analyzed changes in the expression of mitochondrial genes in
three common Asiatic lizards. Calotes versicolor (oriental garden lizard) is distributed mainly
in southeastern China, southwestern Asia, and southeastern Asia. Ateuchosaurus chinensis
(Chinese short-limbed skink) is found in southern China and Vietnam. Hemidactylus
bowringii (Oriental leaf-toed gecko) occurs mainly in southern China, Vietnam, and Burma
(Figure 1). These three species are distributed together in Guangzhou, Guangdong Province,
China. Their cold tolerance mechanisms may have both differences and commonalities, and
so we aimed to investigate whether the responses of these species to climate change could
differ among taxonomic, spatial, or environmental properties. Currently, according to a
primitive perspective, the ability of many species to endure global changes in environmental
temperatures is linked to their present level of plasticity for fitness-related traits [26-28].
Therefore, the climatic variability hypothesis (CVH), as a mainstream view, suggests that,
since the range of climatic fluctuations that terrestrial animals experience throughout
a year rises with latitude, individuals at higher latitudes should have a greater range
of thermotolerance plasticity, thus allowing them to respond more readily to fluctuating
environmental conditions, i.e., more seasonal changes in the environment [28,29]. From this,
we speculate that there may be a commonality of regulatory mechanisms that contribute
to cold tolerance in terrestrial ectothermic animals. Factors that affect the level of climate
change in a habitat can be factors that affect the cold tolerance of species. Thus, we
hypothesized the following: (1) reptile species living at low latitudes and low altitudes
are more susceptible to low-temperature stress, and (2) reptiles with a small distribution
range in subtropical regions are more susceptible to low-temperature stress. To simulate
sudden low temperatures in a warm winter climate, we set 25 °C as a normal temperature
simulation of a warm winter climate, whereas a temperature of 4 °C or 8 °C was used
to simulate low temperatures. This study explores the adaptive mechanisms seen in
reptile mitochondrial genomes in different distribution areas and the possible internal
relationships to low-temperature stress. What is more, we explore the impact of low
temperatures on species in the context of a warming winter climate and also consider the
impact of mitochondrial genome expression differences on species diversity.
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Figure 1. Main distribution areas of Calotes versicolor, Ateuchosaurus chinensis, and Hemidactylus
bowringii in southeastern China, southwestern Asia, and southeastern Asia. A. chinensis is found
mainly in southern China and Vietnam; H. bowringii is found mainly in southern China, Vietnam,
Burma, and Japan; and C. versicolor is found widely across Asia.

2. Materials and Methods
2.1. Sample Collection, Acclimatization, and Low-Temperature Stress

Groups of 40 lizards for each species (C. versicolor, A. chinensis, and H. bowringii) were
acquired from Guangzhou, Guangdong Province, China. We made sure that the lizards
were basically the same in terms of form and size, sex, age, health, etc. [30] in order to
guarantee that the samples were as similar as possible. All the lizards were acclimated at
25°Cin 100 cm x 80 cm x 100 cm terrariums for one week, while being fed on mealwormes,
crickets, and cockroaches to ensure a stable survival rate. Lizards were then divided into
ambient control groups (25 °C) and low-temperature groups (4 °C), with 10 animals in each
group. All samples in the ambient control group were held at 25 °C for 24 h, whereas the
low-temperature groups of C. versicolor, A. chinensis, and H. bowringii were held at 4 °C for
24 h [31]. However, the low-temperature groups (4 °C) of A. chinensis and H. bowringii had
a large number of deaths under a 4 °C exposure, with A. chinensis showing a total death
result. To further clarify the mechanisms of cold tolerance in A. chinensis and H. bowringii,
we set up a second low-temperature group (at 8 °C), with 10 samples of the two lizard
species held at 8 °C for 24 h.

2.2. DNA Extraction, PCR Amplification, and Sequencing

Although the mitochondrial genome of the three species involved in this study has
been previously characterized, we sequenced the genomic DNA of the sampled populations
to obtain the whole genomes. This was done to ensure the accuracy of the RT-qPCR data
in subsequent experiments and to eliminate any interference caused by inter-population
differences. Whole genomic DNA was extracted from the 5 mm tip of the tail of the three
species, lysed by proteinase K, and purified using the Ezup Column Animal Genomic
DNA Purification Kit (Sangon Biotech Company, Shanghai, China) [32], to obtain the full
mitochondrial genome sequence. Then the extracted DNA was separated using 1% agarose
gel electrophoresis [33]. Using common primers for lizards designed by Kumazawa [34],
we modified eleven pairs of primers (Table 1) to amplify multiple sub-segments and
designed specific primers to complete the remaining gaps using Primer Premier 5.0 [35].
The mitochondrial genes of the three species of lizards were obtained via PCR amplification
and sequence assembly. The fragment amplified by primer “ND2-CO1L; ND2-CO1H"” was
used for sequencing COX1 [36], ensuring that the haplotype differences in the mitochondrial
genes were under 0.01 [37]. For positioning tRNA genes, we used the MITOS service
(http:/ /mitos.bioinf.uni-leipzig.de/index.py, accessed on 14 Nov 2023) [38]. Using Mega
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7.0, combined with the mitochondrial genome published on the NCBI (Accession No.
KM508815, AB183287, MW327509) and the acquired lizard mitochondrial genome, the
13 PCGs, 2 rRNAs, and the control region [39] were used for manual positioning and
annotated in SnapGene Viewer http://www.snapgene.com/, accessed on 14 November
2023 [40].

Table 1. Modified universal primer details for sequencing the mitochondrial genomes in this
study [34]. Note: W=A/T,R=A/G, K=G/T,Y=C/T,S=G/CM=A/C,B=C/G/T,D=A/G/T,
H=A/C/T,N=A/C/G/T.

No. Primer Name Nucleotide Sequence (5’ to 3') Amplicon Size (bp)
1 xiyi-125-J505 ACAAACTAGGATTAGATACCC 730
xiyi-125-N1225 CANBTTTCCCTTGCGGTACT
5 16SL AACCCYYGTACCTYTTGCATCATG 886
165H TCCACAGGGTCTTYTCGTC
3 ND1-ND2L CGATTTCGCTATGACCAACT 891
ND1-ND2H ATTGATGAGWAKGCTATRATTTTTCG
4 ND2-CO1L GCCCCMYTMCACTTCTGA 1142
ND2-CO1H GTAHAGGGTGCCRATRTCTTT
5 SX-ND5-ND6-] GARCARGACCTYCGACTAATRGG 1067
SX-ND5-ND6-N ATATTAGTAGTGTTTGTSTATAC
6 CO1-CO2L TACTCAGACTACCCAGAYGC 971
CO1-CO2H CCRCARATTTCTGAGCATTG
” ND4-CUNL CCMAAAGCCCAYGTAGAAGC 909
ND4-CUNH CTTHTACTTGGADTTGCACC
8 SX-ND5-GLU-J YTYATTAACGCCTGAGCCTT 805
SX-ND5-GLU-N ATAACAACGAYGGTTTTTC
9 CYTB-ProL TGAGGACAAATATCMTTCTGAGG 861
CYTB-ProH TTAAAATKCTAGTTTTGG
10 Thr-CRL YAAAGCMTTGRTCTTGTAA 1635
Thr-CRH CTCGAKTTTWGGGGTTTGRCGA
1 CR-12SL TCGYCAAACCCCWAAAMCGAG 27
CR-125H TRTAACCGCGGTKGCTGGCAC

2.3. mRNA Extraction and cDNA Synthesis

In the experimentally treated groups of C. versicolor, A. chinensis, and H. bowringii,
10 specimens from six groups, including the ambient control groups (25 °C) and cold-
acclimated groups (4 °C or 8 °C), were placed on a pre-cooled autopsy plate and dissected.
Sample livers were rapidly dissected, their condition recorded, frozen in liquid nitrogen
and held in a —80 °C freezer [13,41-44]. RNA from the liver of four samples for each of
the six groups was extracted and purified using an Animal Tissues Total RNA Extraction
Kit (Forgene Company, Chengdu, Sichuan, China). Then a PrimeScript™ RT Reagent Kit
with gDNA Eraser and a PrimeScript™ RT Master Mix kit (Takara, Dalian, Chin were
used to remove the genomic DNA from the extracted RNA sample, followed by reverse
transcription of RNA into DNA [45], ensuring that only cDNA was detected as a template
for accurate gene expression analyses. The operation of this reaction was conducted on ice
to ensure the accuracy of the system.

2.4. RT-gPCR Primer Design and Reaction

Fluorescent quantitative primers were designed for the 13 PCGs using Primer Premier
5.0 [35], according to the complete sequences of C. versicolor, A. chinensis, and H. bowringii
that were obtained from the routine PCR. The sequence of the B-actin gene [44] served as the
internal reference gene. The primers shown in Table 2 were screened by RT-qPCR reactions.
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The samples in the cold and ambient groups that were ultimately used for quantitative
analyses were confirmed based on the analysis of the genetic divergence of the COI gene.
Referring to the qPCR reaction performed by Cai et al. and Wang et al. [25,46], the reaction
procedure was the following: 95 °C for 30 s, followed by 40 cycles of 55 °C for 5 s and
95 °C for 30 s, with a final hold at 4 °C. Due to the qPCR reaction being quite demanding in
terms of spiking, all systems except the cDNA template were first prepared in EP tubes,
shaken, mixed well, and configured in an amount slightly larger than that required for the
experiment to ensure a sufficient reaction solution.

Table 2. Primer sequences of 13 mitochondrial PCGs and B-actin gene designed for the RT-qPCR
experiment described in this study. Note: “DLLX” means C. versicolor, “DLGX” means A. chinensis,

and “DLXH” means H. bowringii.

Primer Name

Forward Primers (5’ to 3')

Reverse Primers (5’ to 3')

Amplicon Size (bp)

DLLX-B-ACTIN

DLLX-ND1
DLLX-ND2
DLLX-ND3
DLLX-ND4
DLLX-ND4L
DLLX-ND5
DLLX-ND6
DLLX-ATP6
DLLX-ATPS8
DLLX-COI
DLLX-COII
DLLX-COIII
DLLX-CYTB

DLGX-B-ACTIN

DLGX-ND1
DLGX-ND2
DLGX-ND3
DLGX-ND4
DLGX-ND4L
DLGX-ND5
DLGX-ND6
DLGX-ATP6
DLGX-ATPS8
DLGX-COI
DLGX-COII
DLGX-COIII
DLGX-CYTB

DLXH-B-ACTIN

DLXH-ND1
DLXH-ND2
DLXH-ND3
DLXH-ND4
DLXH-ND4L
DLXH-ND5
DLXH-NDé6
DLXH-ATP6
DLXH-ATPS8
DLXH-COI
DLXH-COII
DLXH-COIII
DLXH-CYTB

GCTCTGCTATGTTGCCCTTG
TCCTTCTTAGTAGCCGTAGCA
CCTCATGCCTGCTTCTCCTA
GCCCTACGAATGCGGATTIT
CTAACCAACCTGGCACTTCC
CTAACACTAAATACCCCCCAC
GCCACAGCAGGAAGTCTTCT
CGGTGGCGTGTTATTATTCG
CGCCTGACCGCTAACCTAA
GCAACTTAACCCAAACCCAT
CTTGTGAGCCTTCTTGTACGA
CACGACTACGCCATAACTACC
GCCAATTCTAGCCGCCATATC
TAGCCGCCTCAGTCCTAATC
AAGGAGAAGCTGTGCTATGTG
GACCATCCTCCTCTTCACCAA
CCGAGCAACAGAAGCAACAA
AACCCTCCCAGACACAGAAA
CCTTCTCCGCCACAGACTT
GCTGCCTACCAACACAATGT
CAAGACCGCCTTATCACTCTG
GGACCCGTATCCTGAGACT
TACCAGAAGGCACTCCTACAC
ATGCCACAACTAAATCCCG
GCTCCACGACACTTACTACG
CAGACTACGAGGACCTGTTGT
GGCTTCGCTACGGAATAGTC
CCTTGTCATAGCCACAGCATT
GAGGGAGATTGTGCGGGATAT
TCGCCGTAGCATTCCTGAC
CACCATACCACCAGCACTAAT
TCCCATTCTCAATACGCTTICTT
AGCCTGTATAGCCGCACTAC
AACTATAAGCACCACCACAGC
ATCCGCACCTACCACGATTC
GGGATGCTTGTTGTGTTTGC
ATCGCACAACAGCACTACAG
TATAACTGCTGTCGTCACCTG
CTCGCCGCTACTCTGACTAC
CCGCCTCACCAACCATAGA
GCAAGCGATAGAGTACGGAGA
ACCACCACATATTAAGCCAGAG

ACCTGAACCGCTCATTACCA
TCCGTCTGCCATTGGTTGA
GGTTAGTAGTGTGCTGCCTTG
ACAGTTGGTGTTGGTGCTAG
GGTGGCTGAGGCAATAATTGT
AGAAGAGGTGACGAGGAGTGT
GCTTGGAGTGCGGATGAGT
ACCAGCACCAACAATTAGGAG
TGGATGAGTGCTACGGCTATT
TTGGATTTGTGGTTGTGGTG
TTCCGAAGCCGCCGATTA
TCGGTTAGTACGGTGGTGAA
TGTGCCTTCACGAATGATGTC
CCGCTTGGTTGTCCTCCTA
AGGAAGGAAGGCTGGAAGAG
AGTAGACCGCAGTGCTTGATA
AAGTATCGTACAGGCGTAGGG
GCAAGAATAGGATGGCGACTA
TAGCCGTTCAGCTTGATTACC
GTTCTGTATGTGGTCGGTTCC
TGCTAGTTGTGGTTGGTTGAG
GCACGAATCAACCCAAATC
GCTGTGAGGTTGGCAGTTAG
TTGATTTGGGTTGAGGCTG
GCCTGCGAATATTACTCCGAA
ACGGCTCACGAGTGGAGAA
GTTAATGCCGCTTGGAGGTC
CGCCTCAGATCCACTCTACTA
AGGAAGGACGGCTGGAAGA
GTTGTTGGTCGTGTTGGTTCT
TAAGGCAACCAGGAGTCACC
TGTTGTAAGGTGTAGTGTTGTG
GATGATTCCGTATCCGCCAAG
TTAGGTTGTCCGAGGCGTAT
CGGTTGAAGATTACGGCTTGAA
AACCACCGCCTCCATTACA
GGTGAAGGTATATGGCAGGAG
CTGATTGTGTTGATGGGTTTGG
GCTGAGAAGTGTGGTTGATGTT
GGGCAGCACAGTTCAAATAGT
CCAGGCATACAGTGAGGAATG
GCGACTGATATAAGGAGTGCTA

125
123
182
156
105
102
119
173
155
104
145
101
151
151
164
159
145
113
104
121
166
162
112
104
163
163
134
137
186
151
142
131
142
125
196
175
161
101
158
173
131
105
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2.5. gPCR Data Analyses

A stranded qPCR approach was employed to determine transcript levels for the 13 mi-
tochondrial PCGs in the samples. For the purpose of statistical analyses, StepOne Software
v2.2.2 (Applied Biosystems, Foster City, CA, USA) and the “Comparative Ct (AA Cr)”
program were used. The transcript level was reflected by the RQ value, with each sample
repeated three times. An independent sample t-test was performed to analyze differences
between RQ values using Microsoft Excel, in which a significant difference was expressed
as p < 0.05 and a highly significant difference as p < 0.01 [47]. The determination of low
temperature-sensitive genes was based on a numerical analysis of changes in mitochondrial
gene expression before and after the low-temperature treatment of conspecific lizards. The
degree of significance of gene expression regulation was analyzed by comparing the p
values. Finally, Origin 8.0 software [48] was used for data analyses and chart making.

3. Results
3.1. Quantitative Analyses of Mitochondrial PCGs

After 24 h of exposure to low temperatures (4 °C for C. versicolor, 8 °C for H. bowringii
and A. chinensis), the motility of the three lizard species had declined significantly, which
indicated that acute cold treatment had produced a pronounced physiological response
in the lizards. For the lizards treated for 24 h at room temperature (25 °C) or at low
temperature (4 °C for C. versicolor, 8 °C for H. bowringii and A. chinensis), RT-qPCR was
adopted to identify the steady-state transcript levels of the 13 PCGs in the liver mitogenome
(Figure 2).

- Calotes versicolor

Hemidactylus bowringii

3.0+ - Ateuchosaurus chinensis
""" Control

2.5

3.5 #

ek

2.0 *k %
*% *

1.5 by

Relative mRNA Expression

ND1 ND2 ND3 ND4 ND4L ND5 ND6 ATP8 ATP6 COI CoIl Coll CYTB

Figure 2. The steady-state transcript levels of 13 PCGs in the three lizard species in response to
low-temperature stress. Gene names are displayed on the x-axis and gene steady-state transcript
levels are shown on the y-axis. The dashed line shows controls, standardized to 1.0, dark green
columns show the experimental group for C. versicolor (at 4 °C), light yellow columns show the
experimental group for H. bowringii (at 8 °C), and red columns show the experimental group for
A. chinensis (at 8 °C), all after 24 h exposure to low temperatures. Asterisks indicate significantly
different expressions as compared with controls (¥, p < 0.05) and (**, p < 0.01).

The experimental results for C. versicolor treated to low-temperature exposure showed
that transcript levels of the 13 PCGs declined in response to cold exposure. Using a ¢-
test, the transcript levels of the ND4L, ND1, ATP6, and COII genes showed statistically
significant reductions (p < 0.05) to values of 0.61 £ 0.06, 0.50 £+ 0.08, 0.44 £ 0.16, and
0.41 £ 0.09, respectively, as compared with controls. The experimental results for H.
bowringii treated to low temperatures showed fewer effects of cold exposure on transcript
levels, with significant cold-induced reductions for the ND6 and ND3 genes (p < 0.01) to
levels of 0.67 = 0.05 and 0.72 + 0.05, respectively, as compared with controls. Contrary to
the results for the above two species, the data for A. chinensis exposed to low temperatures
showed a significant upregulation of transcript levels for ND5, Cytb, and ATP6 (p < 0.05),
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with values of 2.94 £ 0.43, 1.70 £ 0.16, and 1.59 £ 0.17 over controls, respectively. The
remaining four PCGs (ND3, ND6, ATP8, and COIII) also showed statistically significant
increases (p < 0.01) in transcript levels, contributing to increased values of 1.97 £ 0.15,
1.66 £ 0.07, 1.46 £ 0.04 and 1.83 £ 0.07, respectively, over controls and showing that those
genes may be the important genes to defend against low temperatures.

3.2. Comparison of Cold Tolerance Plasticity

As a direct result of low-temperature stress in the previous experiments, C. versicolor
showed slow movement but could still tolerate the sudden drop in temperature and the
continuous 4 °C low temperature. However, this was not the case for the other two species
of lizards. After 24 h of exposure to 4 °C, the H. bowringii group showed a large number
of individual deaths, whereas all A. chinensis individuals died. This indicated that 4 °C
of low-temperature stress significantly affected the mobility of C. versicolor and severely
interfered with the normal physiological and biochemical processes of H. bowringii and A.
chinensis, leading to death. However, both H. bowringii and A. chinensis survived at 8 °C
but showed slow movement and stiffness of the trunk, which indicates that they were able
to tolerate the temperature drop from 25 °C to 8 °C and continuous stress at 8 °C for a
reasonable amount of time. Based on the above results, it is clear that 4 °C is a critical
temperature for H. bowringii, but a lethal temperature for A. chinensis. Hence, it can be
inferred that C. versicolor had the strongest cold tolerance plasticity, whereas A. chinensis
showed the worst cold tolerance plasticity among the three lizards.

4. Discussion
4.1. Low-Temperature Stress on Mitochondrial Gene Expression

Mitochondria, as semi-autonomous organelles found in the cytoplasm of eukary-
otic organisms, play an important role in oxidative phosphorylation and ATP synthesis
and are also closely involved in biological signal transmission, cellular differentiation,
metabolism, cell growth, senescence, and apoptosis. However, in comparison to nuclear
genes, mitochondrial genes show a higher sensitivity to environmental coercion [49,50].

By studying the relative mitochondrial gene expression of the lizard C. versicolor, it
was found that this species exhibited lower metabolic activity as compared to the other two
lizard species under low-temperature conditions. Mitochondrial oxidative phosphorylation-
related genes were significantly downregulated in expression, including the ND4L, ND1,
ATP6, and COII genes, all of which are important genes encoding respiratory chain enzyme
complexes [51]. ND1 and ND4 are key components of the highly hydrophobic subunits
within the membrane arm of complex I. These subunits are essential for the early assembly
of this complex and are also involved in the regulation of complex I, including control
over the rate of protein degradation [52]. COII encodes the second subunit of cytochrome ¢
oxidase (complex IV), which is one of the three subunits responsible for the core functional
formation of complex IV [53]. The subunit encoded by the ATP6 gene is the key ingredi-
ent of the proton channel and the subunit of ATP synthase that plays a direct role in the
trans-membrane transport of protons [54]. A decrease in the expression levels of these
genes directly affects the activity of respiratory chain-related enzymes such as cytochrome
c oxidase, blocking electron transportation in mitochondria, and reducing electron transfer
activity, redox-driven activity, and transmembrane transporter protein activity to vary-
ing degrees [55]. A strategy that reduces metabolic activity controlled by mitochondria
moderates oxidative phosphorylation [56] and redox reactions in the respiratory chain,
minimizing energy consumption in order to survive in cold conditions.

Several mitochondrial PCGs were downregulated under low-temperature stress in H.
bowringii, and downregulation of the expression of the ND3 and ND6 genes was particularly
pronounced. The proteins encoded by these two genes are essential components of complex
I within the mitochondrial respiratory chain, enabling NADH dehydrogenase activity
that participates in mitochondrial electron transport by transferring electrons from the
NADH to ubiquinone. The downregulated expression of the ND3 and ND6 genes results
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in lower activity of mitochondrial complex I and may be associated with a defective
assembly of the entire respiratory complex, generating more proton leakage and fewer
oxidative phosphorylation couplings. This can lead to a reduced membrane potential
difference, resulting in less ATP production and less deleterious reactive oxygen species,
which may help some species to combat cold environments [57]. It has been shown that
poikilothermic animals can suppress their metabolic rate, thereby reducing their need for
endogenous fuel reserves and prolonging their survival in harsh environments, including
cold climates [58]. This is similar to the adaptive mechanism of Antarctic fish that live in a
persistently cold climate [59]. The above studies suggest that temperature may enhance
organismal adaptation by reducing the expression of key genes in the respiratory chain
complex and thus decreasing respiration rates.

Exposed to low temperatures, the expression levels of multiple mitochondrial PCGs
in A. chinensis showed a significant upward trend. At low temperatures, reptiles can resist
cold damage by acclimatory adjustments in metabolic efficiency [60]; for instance, the
organism can regulate the activity of the complex in the respiratory chain. A. chinensis
may resist cold damage by increasing the expression of mitochondrial genes to acquire an
intense stress state, instead of decreasing the expression of the mitochondrial genes and
entering into a state of hibernation. Cold acclimation increased oxidative capacity, increased
mitochondrial content, and enhanced the activity of functional enzymes in the oxidative
respiratory chain; however, the mitochondrial decoupling pathway showed no changes [61].
In addition, the expression level of the COIII gene of A. chinensis is significantly elevated
under low-temperature treatment. Related studies have shown that a reduced temperature
limits membrane fluidity, but mitochondria are able to maintain membrane function by
changing the percentage of unsaturated fatty acids in the mitochondrial membrane. That
may result in changes in the activities of COX enzymes, succinate dehydrogenase, and
NADH dehydrogenase, potentially causing an upregulation of crucial genes within the
respiratory chain complex [62]. Membrane remodeling contributes to changes in mito-
chondrial oxidative activity and promotes the activity of membrane-associated metabolic
enzymes. The associated molecular mechanisms may be similar to a known process where
the activity of COX in the muscle of carp rapidly increases during cold acclimation [63].

Referring to the work of Wang [46] on low-temperature gradient stress at 2 °C and
4 °C, in which transcript levels of some mitochondrial genes of a frog (Fejervarya kawamurai)
from Guangzhou, China, were significantly downregulated at 4 °C, it was suggested that
these frogs entered a state of hypometabolic dormancy. Given that PCG expression levels
showed a tendency to increase in response to low temperatures at 2 °C, we hypothesized
that a similar response existed in the lizards. After low-temperature stress, mitochondrial
gene expression was reduced in C. versicolor and H. bowringii and increased in A. chinensis.
This indicated that temperature stress had the greatest effect on A. chinensis.

In the study of adaptation to temperature stress in lizards, the heat shock proteins
(HSPs) family has received a lot of attention. Upregulation of HSP gene expression under
heat stress has been confirmed in numerous studies, and its response to temperature
increase is stable [64—66]. However, under cold stress, there are contradictory results,
showing a downregulation of HSPs gene expression [13] as well as results of an unchanged
expression [67]. The connection between its expression and the response of lizards to low
temperatures remains unclear. The mechanism of lizard adaptation to low temperature
is complex, one in which a variety of genes such as CIRBP (Cold-Inducible RNA Binding
Protein), ROR (RAR-related orphan receptor gamma), and PER (Period Circadian Regulator)
are functioning [13]. Changes in mitochondrial gene expression in lizards under cold stress
may be a new clue to studying the mechanism of cold adaptation.

4.2. Differential Gene Expression of Different Lizards in Regions of Sympatry

Different lizard species in regions of sympatry may have different adaptive mecha-
nisms to the same environmental factors, such as differences in their thermal preferences.
Compared to high thermal preferences, low thermal preference usually has a lower critical
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minimum and occurs in species from colder regions and/or colder seasons [68]. Cold toler-
ance in reptiles has been shown to correlate with their latitudinal and altitudinal ranges,
and cold environments at high latitudes or altitudes can promote greater cold tolerance
among regional poikilothermic vertebrates [8,69]. This is consistent with our speculation
based on the climatic variability hypothesis. Within regions of high latitude, animals show
greater thermal tolerance plasticity because of a more variable seasonal climate. Therefore,
reptiles distributed in low latitudes and altitudes could be more susceptible to acute cold
stress as a result of their poorer cold tolerance plasticity. Of the species analyzed in the
present study, H. bowringii is distributed at the highest latitude, whereas A. chinensis is
found at lower latitudes and C. versicolor has the lowest latitude distribution, living in a
warm and humid environment. If the differences in cold tolerance plasticity are determined
by the latitude of the distribution area, then the potential experimental results should be
that H. bowringii has the strongest cold tolerance plasticity and C. versicolor the weakest.
This is inconsistent with our findings that all A. chinensis specimens were killed during
pre-laboratory treatment at 4 °C, whereas the other two species did not show mass death.
Thus, the differences in cold tolerance plasticity of these lizards were not decided solely by
the latitude of the distribution area.

The key to the climatic variability hypothesis is that strong seasonal temperature
differences in habitats enhance the temperature tolerance plasticity of species. However,
seasonal temperature variations are not only due to differences in latitude but are also
determined by the size of a species range. The larger the distribution range, the higher
the habitat complexity experienced by a species, and this may require a stronger adaptive
capacity to acute change in environmental temperature in diverse habitats. Johannes
et al. demonstrated that species from a wider range have a higher temperature tolerance
plasticity than species from a single hot and humid tropical climate, even under the same
temperatures [70]. Among reptiles, Cowles similarly noted that at low temperatures,
lizards with narrow distribution ranges are less adapted to their environment than other
lizard species with wider territorial ranges [71]. In the present study, the distribution
ranges of C. versicolor were from 10° S to 38° N, 44 to 140° E, whereas A. chinensis ranged
from 13 to 29° N, 100 to 109° E, and H. bowringii was found from 13 to 46° N, 92 to
145° E [72-75]. The different distribution areas had different environmental conditions, and
the variations in ecological factors may lead to some diverse responses to low-temperature
environmental coercion among these species [76], which is mainly focused on metabolic
adaptation. After seasonal low-temperature environmental acclimation in the various
regions, the local populations showed different degrees of cold tolerance plasticity. C.
versicolor had the largest distribution area among the three species, occurring over a wider
range of both latitude and longitude. Its populations were acclimated under complex
low-temperature environmental stress conditions in different microhabitats within the
distribution area, resulting in populations that were more responsive to temperature.
Populations could even adapt to low-temperature stress by lowering their metabolic activity
until they entered a dormant state. Species with larger distribution ranges would also
encounter more habitat extremes and, therefore, the ranges of widespread populations
could lead to a greater tolerance of variable environmental conditions [77]. Due to its
small distribution range with a warm and humid climate and a small seasonal temperature
change, the population of A. chinensis is poorly fitted to deal with substantial changes in
temperature outside of its normal range and is unable or limited in the use of dormancy
to withstand low temperatures. The distribution range of H. bowringii is wider than that
of A. chinensis, and H. bowringii is better acclimated to a cool climate in the mid-latitude
region, so it displays a stronger cold tolerance than A. chinensis. However, compared with
C. versicolor, the habitat of H. bowringii is more homogeneous, and its adaptive ability to
the environment is weaker. Its response mechanism forms an intermediate type, in which
the upregulation and downregulation of the expression of various genes coexisted, but
downregulation is the most significant, which may decrease ATP and reactive oxygen
species production and lower metabolic rates to fight against the cold environment. The
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three sympatric lizards differed significantly in gene expression under low-temperature
stress, differed in cold-tolerance mechanisms, and mostly used a mixed strategy [78] to
survive the winter. This suggests that the three species differed in cold tolerance plasticity
and that sympatric species in the context of different distributions may be able to effectively
mitigate or avoid interspecific competition in the context of limited resources via thermal-
ecological segregation. Different environments pose different selection pressures and
provide opportunities for behavioral and physiological adaptations to different temperature
extremes [79]. Typically, species with long, widely varying environmental ranges show
higher plasticity or tolerance [80]. In summary, C. versicolor has the strongest cold tolerance
plasticity and A. chinensis has the weakest plasticity when exposed to low temperatures
under winter conditions. This is consistent with the fact that all A. chinensis died under
our pre-laboratory 4 °C low-temperature treatment, whereas the other two species did not
show a substantial mortality. Under low temperatures in the context of a warm winter
climate, it is assumed that the reptile species most affected are those with an increased
mitochondrial gene expression under low-temperature stress. By contrast, reptile species
with smaller distribution ranges and monoculture habitats are less cold-tolerant and more
susceptible to the effects of low-temperature stress.

All in all, we can draw a preliminary result about the factors influencing the cold
tolerance of lizards. The second hypothesis is supported by our experimental results:
reptiles with a small distribution range in a subtropical region are more susceptible to
low-temperature stress. Fundamentally, it is the complexity of the habitat that influences
the cold tolerance of lizards, with larger ranges generally representing a wider variety of
climates and microhabitats that can spawn greater cold tolerance plasticity.

Given the impact of climate on the distribution of lizards, it is expected that lizards
would shift their range northward due to global warming. However, the fact is that there are
eastward, westward, and northward shifts in the center of the distribution, and shifts in the
boundaries of the distribution in all four directions [81]. Lizards from different distributions
show different patterns of adaptation to climate change, which are correlated with the
thermal quality of the distributions [82]. It is clear that the influence of the distribution area
on the species makes them show various abilities to adapt to climate change. The thermal
tolerance of similar species from different distributional areas differs [83], which confirms
that the acclimatization to distributional environments can affect the plasticity of species.
Studies on the thermal adaptation in lizards have also concluded that widely distributed
species are more plastic than narrowly distributed species [84,85]. The vulnerability shown
by micro-endemic species in response to climate change has been mentioned in several
articles [86-88]. During the process of species adaptation to climate change, the mechanisms
are specific, such as altering organ size and mitochondrial, proteomic, and metabolomic
regulation [84]. However, the link between the size of a species’ distribution area and its
ability to adapt to climate change is universal.

4.3. Conservation Strategy for Lizards

Most conservation strategies for lizards are based on geographically distinctive species
or isolated populations [89-91], which are characterized by small or fragmented habitats.
Based on this study, this characteristic is one of the most important reasons for their
endangerment: lizards with small ranges are unable to cope with climate change. Taking
together the conservation strategies that have been proposed for lizards [89,91,92], we
propose the following conservation strategies to address this feature: (1) Determine the
current habitat distribution of the study species and assess how the habitat is changing—is
it shrinking, degrading or fragmenting? (2) Conserve habitat. Because of similarities in
general patterns of habitat selection among lizard species [93], habitat shrinkage can be
restored to some extent based on lizard habitat preferences. In a smaller distribution area,
under long-term single microclimate domestication, lizards may go to a more dangerous
situation, and climate variability will be fatal to them. (3) Population replenishment
and habitat expansion. Population densities are uneven within habitats, and, generally
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speaking, population densities are lower in the peripheral areas of habitats and are affected
by the migration of individuals, which will further lead to habitat shrinkage. Population
replenishment—i.e., the transfer of individuals from high-density areas to low-density areas
or areas of reduced habitat—may be able to control this decline, gradually restoring habitat
areas and reducing the loss of genetic variability, which also reduces the likelihood of
extinction of the entire population. (4) Predict the risk of species extinction. Characteristics
of the distribution area can be an important predictor of species extinction risk.

5. Conclusions

Above all, the experimental results have indicated that the association between cold
tolerance plasticity and latitude is not absolute. Because of the different sizes of distribution
areas and the multiplex habitat microclimates experienced, there may be different mech-
anisms for the low-temperature protection of these lizards from different geographical
populations. In addition, their abilities to endure low-temperature stress varied. C. versi-
color, with the largest distribution range, had the strongest cold tolerance plasticity, whereas
A. chinensis, with the smallest distribution range, showed the worst cold tolerance plasticity.
Under extremely low temperatures against a warm winter background, A. chinensis was
unable to adapt well to rapidly changing temperatures and showed a greater likelihood
of extinction. At the biomolecular level, after being subjected to low-temperature stress,
the expression levels of multiple genes encoding subunits of the 13 proteins in the mito-
chondrial genome of C. versicolor and H. bowringii showed significant downward trends,
and A. chinensis showed significant upward trends, compared to the control group. The
above results support the second hypothesis that reptiles with a small distribution range
in subtropical regions are more susceptible to low-temperature stress. Accordingly, the
mitochondrial genes of lizards are more sensitive to environmental low-temperature stress
factors, and their expression trends can be developed as a monitoring tool to determine
whether species are prone to extinction. Therefore, studying the trend of mitochondrial
genome expression changes under low-temperature stress can provide a comprehensive
synthesis of data support for exploring tolerance plasticity and broaden our thinking on rep-
tile diversity protection. However, the response mechanism of lizards to low-temperature
environments in different habitats still needs further exploration.

Author Contributions: Conceptualization, K.B.S., Y.Z. and D.Y.; Methodology, ] H., L.Z., SM., ZW,,
L.G., WW. and D.Y,; Software, L.Z. and Z.W.; Validation, J.H., S.M., Z.W., L.G. and W.W.; Formal
analysis, ] H., L.Z., SM., ZW., L.G., W.W. and K.B.S.; Resources, Y.Z.; Data curation, L.Z.; Writing—
original draft, ] H.; Writing—review and editing, ] H., L.Z.,, SM., ZW.,, L.G., WW,, K.B.S,, Y.Z. and
D.Y,; Visualization, J.H.; Supervision, K.B.S., Y.Z. and D.Y.; Funding acquisition, Y.Z. and D.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(No. 31801963 and 31971419), the Zhejiang Province Natural Science Foundation (LQ16C030001),
and the Provincial Undergraduate Training Program on Innovation and Entrepreneurship (No.
5202310345099). The funders had no role in the study design, data collection, and analysis, the
decision to publish, or the preparation of the manuscript.

Institutional Review Board Statement: All experimental designs and animal handling were approved
by the Animal Research Ethics Committee of Zhejiang Normal University (ZSDW2020007).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are openly available
from the National Center for Biotechnology Information at https://www.ncbi.nlm.nih.gov (accessed
on 20 December 2023). The accession numbers are PP003926, PP003925, and OR991118.

Acknowledgments: The authors are grateful for the contributions to sample acclimation and data
analyses made by Lian Wu and Jiayong Zhang.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.ncbi.nlm.nih.gov

Animals 2024, 14, 1158 12 of 15

References

1. Aradjo, M.B,; Thuiller, W.; Pearson, R.G. Climate warming and the decline of amphibians and reptiles in Europe. J. Biogeogr. 2006,
33, 1712-1728. [CrossRef]

2. Boucek, R.E,; Gaiser, E.E.; Liu, H.; Rehage, ].S. A review of subtropical community resistance and resilience to extreme cold spells.
Ecosphere 2016, 7, €01455. [CrossRef]

3. Osland, M.].; Stevens, PW.; Lamont, M.M.; Brusca, R.C.; Hart, KM.; Waddle, ].H.; Langtimm, C.A.; Williams, C.M.; Keim, B.D;
Terando, A.]. Tropicalization of temperate ecosystems in North America: The northward range expansion of tropical organisms in
response to warming winter temperatures. Glob. Chang. Biol. 2021, 27, 3009-3034. [CrossRef] [PubMed]

4. Bickford, D.; Howard, S.D.; Ng, D.J.; Sheridan, J.A. Impacts of climate change on the amphibians and reptiles of Southeast Asia.
Biodivers. Conserv. 2010, 19, 1043-1062. [CrossRef]

5. Maxwell, S.L.; Butt, N.; Maron, M.; McAlpine, C.A.; Chapman, S.; Ullmann, A.; Segan, D.B.; Watson, J.E. Conservation implications
of ecological responses to extreme weather and climate events. Divers. Distrib. 2019, 25, 613-625. [CrossRef]

6.  Zhang, Q.; Han, X.Z.; Burraco, P; Hao, X.; Teng, L.W.; Liu, Z.S.; Zhang, ES.; Du, W.G. Telomere length, oxidative stress and their
links with growth and survival in a lizard facing climate warming. Sci. Total Environ. 2023, 891, 164424. [CrossRef] [PubMed]

7. Mi, C; Ma, L; Wang, Y,; Wu, D.; Du, W.; Sun, B. Temperate and tropical lizards are vulnerable to climate warming due to
increased water loss and heat stress. Proc. R. Soc. B 2022, 289, 20221074. [CrossRef] [PubMed]

8.  Huang, S.P; Tu, M.C. Cold tolerance and altitudinal distribution of Takydromus lizards in Taiwan. Zool. Stud. 2008, 47, 438—444.

9. Capraro, A.; O’'Meally, D.; Waters, S.A.; Patel, H.R.; Georges, A.; Waters, P.D. Waking the sleeping dragon: Gene expression
profiling reveals adaptive strategies of the hibernating reptile Pogona vitticeps. BMC Genom. 2019, 20, 460. [CrossRef]

10. Sun, BJ,; Li, T; Gao, J.; Ma, L.; Du, W.G. High incubation temperatures enhance mitochondrial energy metabolism in reptile
embryos. Sci. Rep. 2015, 5, 8861. [CrossRef]

11. Campbell-Staton, S.C.; Cheviron, Z.A.; Rochette, N.; Catchen, J.; Losos, ].B.; Edwards, S.V. Winter storms drive rapid phenotypic,
regulatory, and genomic shifts in the green anole lizard. Science 2017, 357, 495-498. [CrossRef] [PubMed]

12.  Yatsu, R,; Miyagawa, S.; Kohno, S.; Parrott, B.B.; Yamaguchi, K.; Ogino, Y.; Miyakawa, H.; Lowers, R.H.; Shigenobu, S.; Guillette,
L.J. RNA-seq analysis of the gonadal transcriptome during Alligator mississippiensis temperature-dependent sex determination
and differentiation. BMC Genom. 2016, 17, 77. [CrossRef] [PubMed]

13. Chang, J.; Pan, Y;; Liu, W,; Xie, Y,; Hao, W.; Xu, P; Wang, Y. Acute temperature adaptation mechanisms in the native reptile
species Eremias argus. Sci. Total Environ. 2022, 818, 151773. [CrossRef] [PubMed]

14. Landman, M.; Schoeman, D.S.; Kerley, G.I. Shift in black rhinoceros diet in the presence of elephant: Evidence for competition?
PLoS ONE 2013, 8, €69771. [CrossRef] [PubMed]

15. Wang, X,; Li, S; Li, L.; Zhang, E; Han, X.; Bi, J.; Sun, B. Thermal-physiological strategies underlying the sympatric occurrence of
three desert lizard species. Asian Herpetol. Res. 2019, 10, 190-196B.

16. Osellame, L.D.; Blacker, T.S.; Duchen, M.R. Cellular and molecular mechanisms of mitochondrial function. Best Pract. Res. Clin.
Endocrinol. Metab. 2012, 26, 711-723. [CrossRef] [PubMed]

17.  Alvanou, M.V,; Apostolidis, A.P,; Lattos, A.; Michaelidis, B.; Giantsis, I.A. The coding mitogenome of the freshwater crayfish
Pontastacus leptodactylus (Decapoda: Astacidea: Astacidae) from Lake Vegoritida, Greece and its taxonomic classification. Genes
2023, 14, 494. [CrossRef]

18.  Amer, S.A.; Kumazawa, Y. The mitochondrial genome of the lizard Calotes versicolor and a novel gene inversion in South Asian
draconine agamids. Mol. Biol. Evol. 2007, 24, 1330-1339. [CrossRef] [PubMed]

19. Zhong, J.J.; Wu, Q.Q.; Wang, Y.M.; Guo, K.; Ding, G.H.; Luo, S.T. The first complete mitochondrial DNA of the Chinese short-
limbed skink (Ateuchosaurus chinensis Gray, 1845) determined by next-generation sequencing. Mitochondrial DNA B Resour. 2021,
6, 995-996. [CrossRef]

20. Lajmi, A.; Giri, V.B.; Karanth, K.P. Molecular data in conjunction with morphology help resolve the Hemidactylus brookii complex
(Squamata: Gekkonidae). Org. Diver. Evol. 2016, 16, 659-677. [CrossRef]

21. Friedman, J.R.; Nunnari, J. Mitochondrial form and function. Nature 2014, 505, 335-343. [CrossRef]

22. Storey, ].M.; Wu, S.; Storey, K.B. Mitochondria and the frozen frog. Antioxidants 2021, 10, 543. [CrossRef]

23. Zhang,].Y;; Luy, B.E; Yu, D.N,; Zhang, L.P; Al-attar, R.; Storey, K.B. The complete mitochondrial genome of Dryophytes versicolor:
Phylogenetic relationship among Hylidae and mitochondrial protein-coding gene expression in response to freezing and anoxia.
Int. J. Biol. Macromol. 2019, 132, 461-469. [CrossRef]

24. Healy, TM.; Bryant, H.].; Schulte, PM. Mitochondrial genotype and phenotypic plasticity of gene expression in response to cold
acclimation in killifish. Mol. Ecol. 2017, 26, 814-830. [CrossRef]

25. Cai, L.N,; Zhang, L.H,; Lin, Y.J.; Wang, ].Y.; Storey, K.B.; Zhang, ].Y.; Yu, D.N. Two-fold ND5 genes, three-fold control regions,
incRNA, and the “missing” ATPS8 found in the mitogenomes of polypedates megacephalus (Rhacophridae: Polypedates). Animals
2023, 13, 2857. [CrossRef] [PubMed]

26. Teplitsky, C.; Mills, J.A.; Alho, ].S.; Yarrall, ] W.; Merild, J. Bergmann’s rule and climate change revisited: Disentangling
environmental and genetic responses in a wild bird population. Proc. Natl. Acad. Sci. USA 2008, 105, 13492-13496. [CrossRef]

27.  Einum, S.; Burton, T. Divergence in rates of phenotypic plasticity among ectotherms. Ecol. Lett. 2023, 26, 147-156. [CrossRef]

[PubMed]


https://doi.org/10.1111/j.1365-2699.2006.01482.x
https://doi.org/10.1002/ecs2.1455
https://doi.org/10.1111/gcb.15563
https://www.ncbi.nlm.nih.gov/pubmed/33605004
https://doi.org/10.1007/s10531-010-9782-4
https://doi.org/10.1111/ddi.12878
https://doi.org/10.1016/j.scitotenv.2023.164424
https://www.ncbi.nlm.nih.gov/pubmed/37236462
https://doi.org/10.1098/rspb.2022.1074
https://www.ncbi.nlm.nih.gov/pubmed/35946157
https://doi.org/10.1186/s12864-019-5750-x
https://doi.org/10.1038/srep08861
https://doi.org/10.1126/science.aam5512
https://www.ncbi.nlm.nih.gov/pubmed/28774927
https://doi.org/10.1186/s12864-016-2396-9
https://www.ncbi.nlm.nih.gov/pubmed/26810479
https://doi.org/10.1016/j.scitotenv.2021.151773
https://www.ncbi.nlm.nih.gov/pubmed/34808164
https://doi.org/10.1371/journal.pone.0069771
https://www.ncbi.nlm.nih.gov/pubmed/23874997
https://doi.org/10.1016/j.beem.2012.05.003
https://www.ncbi.nlm.nih.gov/pubmed/23168274
https://doi.org/10.3390/genes14020494
https://doi.org/10.1093/molbev/msm054
https://www.ncbi.nlm.nih.gov/pubmed/17379622
https://doi.org/10.1080/23802359.2021.1891987
https://doi.org/10.1007/s13127-016-0271-9
https://doi.org/10.1038/nature12985
https://doi.org/10.3390/antiox10040543
https://doi.org/10.1016/j.ijbiomac.2019.03.220
https://doi.org/10.1111/mec.13945
https://doi.org/10.3390/ani13182857
https://www.ncbi.nlm.nih.gov/pubmed/37760257
https://doi.org/10.1073/pnas.0800999105
https://doi.org/10.1111/ele.14147
https://www.ncbi.nlm.nih.gov/pubmed/36450612

Animals 2024, 14, 1158 13 of 15

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.
48.
49.
50.
51.
52.
53.

54.

55.

56.

Aguilar-Kirigin, A.].; Naya, D.E. Latitudinal patterns in phenotypic plasticity: The case of seasonal flexibility in lizards’ fat body
size. Oecologia 2013, 173, 745-752. [CrossRef] [PubMed]

Gutiérrez-Pesquera, L.M.; Tejedo, M.; Olalla-Tarraga, M.; Duarte, H.; Nicieza, A.; Solé, M. Testing the climate variability
hypothesis in thermal tolerance limits of tropical and temperate tadpoles. . Biogeogr. 2016, 43, 1166-1178. [CrossRef]

Pallotta, M.M.; Fogliano, C.; Carotenuto, R. Temperature incubation influences gonadal gene expression during Leopard gecko
development. Animals 2022, 12, 3186. [CrossRef]

Wohlgemuth, R.P,; Haro, D.; Liwanag, H.E. Osmotic and metabolic responses to cold acclimation and acute cold challenge in a
freeze avoidant lizard, Podarcis siculus. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2023, 283, 111471. [CrossRef] [PubMed]
Wang, M.; Jiang, Z.; Wang, ].; Cui, L.; Zhang, M. The complete mitochondrial genome of the blue-crested lizard, Calotes mystaceus
(Squamata, Agamidae) in China. Mitochondrial DNA B Resour. 2020, 5, 3512-3513. [CrossRef] [PubMed]

Zizka, V.M.; Geiger, M.E; Horren, T.; Kirse, A.; Noll, N.W.; Schiffler, L.; Scherges, A.M.; Sorg, M. Repeated subsamples during
DNA extraction reveal increased diversity estimates in DNA metabarcoding of Malaise traps. Ecol. Evol. 2022, 12, e9502.
[CrossRef] [PubMed]

Kumazawa, Y.; Endo, H. Mitochondrial genome of the Komodo dragon: Efficient sequencing method with reptile-oriented
primers and novel gene rearrangements. DNA Res. 2004, 11, 115-125. [CrossRef] [PubMed]

Lalitha, S. Primer premier 5. Biotech Softw. Internet Rep. 2000, 1, 270-272. [CrossRef]

Velo-Antén, G.; Henrique, M.; Liz, A.V.; Martinez-Freiria, F.; Pleguezuelos, ]. M.; Geniez, P.; Crochet, P--A.; Brito, ].C. DNA barcode
reference library for the West Sahara-Sahel reptiles. Sci. Data 2022, 9, 459. [CrossRef] [PubMed]

Chakraborty, S.; Basumatary, P.; Nath, D.; Paul, S.; Uddin, A. Compositional features and pattern of codon usage for mitochondrial
CO genes among reptiles. Mitochondrion 2022, 62, 111-121. [CrossRef]

Sakuma, T.; Takenaga, M.; Kawabe, Y.; Nakamura, T.; Kamihira, M.; Yamamoto, T. Homologous recombination-independent large
gene cassette knock-in in CHO cells using TALEN and MME]-directed donor plasmids. Int. J. Mol. Sci. 2015, 16, 23849-23866.
[CrossRef]

Boore, ].L. Animal mitochondrial genomes. Nucleic Acids Res. 1999, 27, 1767-1780. [CrossRef] [PubMed]

Nassief, A.M. Conventional data science techniques to bioinformatics and utilizing a grid computing approach to computational
medicine. Preprints 2020, 2020010274. [CrossRef]

Smith, L.B.; Anderson, C.V.; Withangage, M.H.H.; Koch, A.; Roberts, T.]J.; Liebl, A.L. Relationship between gene expression
networks and muscle contractile physiology differences in Anolis lizards. J. Comp. Physiol. B 2022, 192, 489—-499. [CrossRef]
Wittmeier, P; Hummel, S. Agarose gel electrophoresis to assess PCR product yield: Comparison with spectrophotometry,
fluorometry and qPCR. Biotechniques 2022, 72, 155-158. [CrossRef]

Booze, M.L.; Eyster, K.M. Extraction of RNA and analysis of estrogen-responsive genes by RT-qPCR. In Estrogen Receptors: Methods
and Protocols; Springer: New York, NY, USA, 2022; pp. 113-127.

Ji, C.; Wang, M.; Wen, X. Cloning of mouse B-actin gene. Anat. Sci. 2018, 1, 298. [CrossRef]

Chang, J.; Pan, Y.; Yang, L.; Xie, Y.; Xu, P.; Wang, H. Environmental relevant concentration of A-cyhalothrin and 3-phenoxybenzoic
acid caused endocrine-disrupting effects on male lizards (Eremias argus). Environ. Pollut. 2020, 265, 115077. [CrossRef]

Wang, ].Y.; Zhang, L.H.; Hong, YH.; Cai, L.N.; Storey, K.B.; Zhang, ].Y.; Zhang, S.S.; Yu, D.N. How does mitochondrial protein-
coding gene expression in Fejervarya kawamurai (Anura: Dicroglossidae) respond to extreme temperatures? Animals 2023, 13, 3015.
[CrossRef]

Moeller, A.H.; Ivey, K.; Cornwall, M.B.; Herr, K.; Rede, J.; Taylor, E.N.; Gunderson, A.R. The lizard gut microbiome changes with
temperature and is associated with heat tolerance. Appl. Environ. Microbiol. 2020, 86, €01181-20. [CrossRef]

May, R.A; Stevenson, K.J. Software review of Origin 8. J. Am. Chem. Soc. 2009, 131, 872. [CrossRef]

Miinch, C. The different axes of the mammalian mitochondrial unfolded protein response. BMC Biol. 2018, 16, 81. [CrossRef]
Montana-Lozano, P; Balaguera-Reina, S.A.; Prada-Quiroga, C.F. Comparative analysis of codon usage of mitochondrial genomes
provides evolutionary insights into reptiles. Gene 2023, 851, 146999. [CrossRef]

James, ].E.; Piganeau, G.; Eyre-Walker, A. The rate of adaptive evolution in animal mitochondria. Mol. Ecol. 2016, 25, 67-78.
[CrossRef]

Formosa, L.E.; Dibley, M.G; Stroud, D.A.; Ryan, M.T. Building a complex complex: Assembly of mitochondrial respiratory chain
complex I. Semin. Cell Dev. Biol. 2018, 76, 154-162. [CrossRef]

Apweiler, R.; Bairoch, A.; Wu, C.H.; Barker, W.C.; Boeckmann, B.; Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.
UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2004, 32, D115-D119. [CrossRef]

Baranowska, E.; Niedzwiecka, K.; Panja, C.; Charles, C.; Dautant, A.; Poznanski, ]J.; di Rago, J.-P; Tribouillard-Tanvier, D.;
Kucharczyk, R. Probing the pathogenicity of patient-derived variants of MT-ATP6 in yeast. Dis. Models Mech. 2023, 16,
dmm049783. [CrossRef]

Okajima, Y.; Kumazawa, Y. Mitochondrial genomes of acrodont lizards: Timing of gene rearrangements and phylogenetic and
biogeographic implications. BMC Evol. Biol. 2010, 10, 141. [CrossRef]

Reinecke, F.; Smeitink, J.A.; van Der Westhuizen, FH. OXPHOS gene expression and control in mitochondrial disorders. Biochim.
Biophys. Acta. Mol. Basis. Dis. 2009, 1792, 1113-1121. [CrossRef]


https://doi.org/10.1007/s00442-013-2682-z
https://www.ncbi.nlm.nih.gov/pubmed/23653070
https://doi.org/10.1111/jbi.12700
https://doi.org/10.3390/ani12223186
https://doi.org/10.1016/j.cbpa.2023.111471
https://www.ncbi.nlm.nih.gov/pubmed/37390889
https://doi.org/10.1080/23802359.2020.1822219
https://www.ncbi.nlm.nih.gov/pubmed/33458223
https://doi.org/10.1002/ece3.9502
https://www.ncbi.nlm.nih.gov/pubmed/36447594
https://doi.org/10.1093/dnares/11.2.115
https://www.ncbi.nlm.nih.gov/pubmed/15449544
https://doi.org/10.1089/152791600459894
https://doi.org/10.1038/s41597-022-01582-1
https://www.ncbi.nlm.nih.gov/pubmed/35915106
https://doi.org/10.1016/j.mito.2021.11.004
https://doi.org/10.3390/ijms161023849
https://doi.org/10.1093/nar/27.8.1767
https://www.ncbi.nlm.nih.gov/pubmed/10101183
https://doi.org/10.20944/preprints202001.0274.v1
https://doi.org/10.1007/s00360-022-01441-w
https://doi.org/10.2144/btn-2021-0094
https://doi.org/10.24294/as.v1i1.298
https://doi.org/10.1016/j.envpol.2020.115077
https://doi.org/10.3390/ani13193015
https://doi.org/10.1128/AEM.01181-20
https://doi.org/10.1021/ja809638x
https://doi.org/10.1186/s12915-018-0548-x
https://doi.org/10.1016/j.gene.2022.146999
https://doi.org/10.1111/mec.13475
https://doi.org/10.1016/j.semcdb.2017.08.011
https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1242/dmm.049783
https://doi.org/10.1186/1471-2148-10-141
https://doi.org/10.1016/j.bbadis.2009.04.003

Animals 2024, 14, 1158 14 of 15

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.
74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

Jin, W.T.; Guan, ].Y,; Dai, X.Y.; Wu, G.J.; Zhang, L.P,; Storey, K.B.; Zhang, J.Y.; Zheng, R.Q.; Yu, D.N. Mitochondrial gene expression
in different organs of Hoplobatrachus rugulosus from China and Thailand under low-temperature stress. BMC Zool. 2022, 7, 24.
[CrossRef]

Guppy, M.; Fuery, C.; Flanigan, J. Biochemical principles of metabolic depression. Comp. Biochem. Physiol. B Biochem. Mol. Biol.
1994, 109, 175-189. [CrossRef]

Mark, F.C.; Lucassen, M.; Strobel, A.; Barrera-Oro, E.; Koschnick, N.; Zane, L.; Patarnello, T.; Portner, H.O.; Papetti, C. Mitochon-
drial function in Antarctic nototheniids with ND6 translocation. PLoS ONE 2012, 7, e31860. [CrossRef]

Guderley, H.; Seebacher, F. Thermal acclimation, mitochondrial capacities and organ metabolic profiles in a reptile (Alligator
mississippiensis). ]. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2011, 181, 53—64. [CrossRef]

Dos Santos, R.S.; Galina, A.; Da-Silva, W.S. Cold acclimation increases mitochondrial oxidative capacity without inducing
mitochondrial uncoupling in goldfish white skeletal muscle. Biol. Open 2012, 2, 82-87. [CrossRef]

O’Brien, K.M. Mitochondrial biogenesis in cold-bodied fishes. J. Exp. Biol. 2011, 214, 275-285. [CrossRef]

Wodtke, E. Temperature adaptation of biological membranes. Compensation of the molar activity of cytochrome ¢ oxidase in the
mitochondrial energy-transducing membrane during thermal acclimation of the carp (Cyprinus carpio L.). Biochim. Biophys. Acta.
Biomembr. 1981, 640, 710-720. [CrossRef]

El-Banna, A.; Al-Johany, A. Effect of cold and hot temperature on behavioral and selected physiological measures of Uromastyx
aegyptius (Agamidae). Sultan Qaboos Univ. |. Sci. 2003, 8, 1-10. [CrossRef]

Ulmasov, K.A.; Shammakov, S.; Karaev, K.; Evgen’ev, M.B. Heat shock proteins and thermoresistance in lizards. Proc. Natl. Acad.
Sci. USA 1992, 89, 1666—1670. [CrossRef] [PubMed]

Feiner, N.; Rago, A.; While, G.M.; Uller, T. Developmental plasticity in reptiles: Insights from temperature-dependent gene
expression in wall lizard embryos. J. Exp. Zool. Part A 2018, 329, 351-361. [CrossRef] [PubMed]

Scudiero, R.; Verderame, M.; Motta, C.M.; Migliaccio, V.; Simoniello, P. HSP70 localization in Podarcis siculus embryos under
natural thermal regime and following a non-lethal cold shock. Comptes Rendus Biol. 2019, 342, 299-308. [CrossRef] [PubMed]
Brattstrom, B.H. Body temperatures of reptiles. Am. Midl. Nat. 1965, 73, 376—422. [CrossRef]

Lin, T.E.; Chen, T.Y.; Wei, H.L.; Richard, R.; Huang, S.P. Low cold tolerance of the invasive lizard Eutropis multifasciata constrains
its potential elevation distribution in Taiwan. |. Therm. Biol. 2019, 82, 115-122. [CrossRef]

Overgaard, J.; Kristensen, T.N.; Mitchell, K.A.; Hoffmann, A.A. Thermal tolerance in widespread and tropical Drosophila species:
Does phenotypic plasticity increase with latitude? Am. Nat. 2011, 178, S80-S96. [CrossRef]

Cowles, R.B.; Bogert, C.M. Preliminary study of the thermal requirements of desert reptiles. Bull. Am. Mus. Nat. Hist. 2006, 13,
53-60.

McMahan, C.D.; Zug, G.R. Burmese Hemidactylus (Reptilia, Squamata, Gekkonidae): Geographic variation in the morphology of
Hemidactylus bowringii in Myanmar and Yunnan. Proc. Calif. Acad. Sci. 2007, 58, 485-509.

Lazell, J.; Kolby, J.; Lin, YM.; Zhuang, D.H.; Lu, W. Reptiles and amphibians from Nan Ao island, China. Postilla 1999, 217, 3-18.
Guo, C.; Zhong, M.; Wang, X; Yang, S.; Tang, K,; Jia, L.; Zhang, C.; Hu, J. An updated species checklist of amphibians and reptiles
in Fujian Province, China. Biodivers. Sci. 2022, 30, 22090. [CrossRef]

Gawor, A.; Nguyen, T.Q.; Nguyen, T.T.; Schmitz, A.; Ziegler, T. The herpetofauna of the Bai Tu Long National Park, northeastern
Vietnam. Salamandra 2016, 52, 23-41.

Mazzotti, FJ.; Cherkiss, M.S.; Parry, M.; Beauchamp, J.; Rochford, M.; Smith, B.; Hart, K.; Brandt, L.A. Large reptiles and cold
temperatures: Do extreme cold spells set distributional limits for tropical reptiles in Florida? Ecosphere 2016, 7, e01439. [CrossRef]
Huang, S.-P; Hsu, Y.; Tu, M.-C. Thermal tolerance and altitudinal distribution of two Sphenomorphus lizards in Taiwan. J. Therm.
Biol. 2006, 31, 378-385. [CrossRef]

Storey, K.B. Reptile freeze tolerance: Metabolism and gene expression. Cryobiology 2006, 52, 1-16. [CrossRef]

Munoz, M.M.; Stimola, M.A; Algar, A.C.; Conover, A.; Rodriguez, A ].; Landestoy, M.A.; Bakken, G.S.; Losos, ].B. Evolutionary
stasis and lability in thermal physiology in a group of tropical lizards. Proc. R. Soc. B 2014, 281, 20132433. [CrossRef] [PubMed]
Schmid, M.; Dallo, R.; Guillaume, F. Species’ range dynamics affect the evolution of spatial variation in plasticity under
environmental change. Am. Nat. 2019, 193, 798-813. [CrossRef]

Wu, J. Can changes in the distribution of lizard species over the past 50 years be attributed to climate change? Theor. Appl. Climato.
2016, 125, 785-798. [CrossRef]

Cosendey, B.N.; Rocha, C.ED.; Menezes, V.A. Climate change, lizard populations, and species vulnerability / persistence: Trends
in ecological and predictive climate studies. Environ. Dev. Sustain. 2023, 25, 8929-8950. [CrossRef]

Caldwell, A.J.; While, G.M.; Beeton, N.J.; Wapstra, E. Potential for thermal tolerance to mediate climate change effects on three
members of a cool temperate lizard genus, Niveoscincus. J. Therm. Biol. 2015, 52, 14-23. [CrossRef] [PubMed]

Sun, B.; Williams, C.M.; Li, T.; Speakman, J.R; Jin, Z.; Lu, H.; Luo, L.; Du, W. Higher metabolic plasticity in temperate compared
to tropical lizards suggests increased resilience to climate change. Ecol. Monogr. 2022, 92, e1512. [CrossRef]

Bonino, M.E; Azécar, D.L.M.; Schulte II, J.A.; Abdala, C.S.; Cruz, FB. Thermal sensitivity of cold climate lizards and the
importance of distributional ranges. Zoology 2015, 118, 281-290. [CrossRef] [PubMed]

Vicenzi, N.; Corbalan, V.; Miles, D.; Sinervo, B.; Ibargliengoytia, N. Range increment or range detriment? Predicting potential
changes in distribution caused by climate change for the endemic high-Andean lizard Phymaturus palluma. Biol. Conserv. 2017,
206, 151-160. [CrossRef]


https://doi.org/10.1186/s40850-022-00128-7
https://doi.org/10.1016/0305-0491(94)90001-9
https://doi.org/10.1371/journal.pone.0031860
https://doi.org/10.1007/s00360-010-0499-1
https://doi.org/10.1242/bio.20122295
https://doi.org/10.1242/jeb.046854
https://doi.org/10.1016/0005-2736(81)90101-2
https://doi.org/10.24200/squjs.vol8iss1pp1-10
https://doi.org/10.1073/pnas.89.5.1666
https://www.ncbi.nlm.nih.gov/pubmed/1542659
https://doi.org/10.1002/jez.2175
https://www.ncbi.nlm.nih.gov/pubmed/29781253
https://doi.org/10.1016/j.crvi.2019.10.001
https://www.ncbi.nlm.nih.gov/pubmed/31734081
https://doi.org/10.2307/2423461
https://doi.org/10.1016/j.jtherbio.2019.03.015
https://doi.org/10.1086/661780
https://doi.org/10.17520/biods.2022090
https://doi.org/10.1002/ecs2.1439
https://doi.org/10.1016/j.jtherbio.2005.11.032
https://doi.org/10.1016/j.cryobiol.2005.09.005
https://doi.org/10.1098/rspb.2013.2433
https://www.ncbi.nlm.nih.gov/pubmed/24430845
https://doi.org/10.1086/703171
https://doi.org/10.1007/s00704-015-1553-4
https://doi.org/10.1007/s10668-022-02427-y
https://doi.org/10.1016/j.jtherbio.2015.05.002
https://www.ncbi.nlm.nih.gov/pubmed/26267494
https://doi.org/10.1002/ecm.1512
https://doi.org/10.1016/j.zool.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/26066005
https://doi.org/10.1016/j.biocon.2016.12.030

Animals 2024, 14, 1158 15 of 15

87.

88.

89.

90.

91.

92.

93.

Laspiur, A.; Santos, J.; Medina, S.M.; Pizarro, J.E.; Sanabria, E.A.; Sinervo, B.; Ibargiiengoytia, N. Vulnerability to climate change
of a microendemic lizard species from the central Andes. Sci. Rep. 2021, 11, 11653. [CrossRef] [PubMed]

Mufioz-Nolasco, FJ.; Arenas-Moreno, D.M.; Gandarilla-Aizpuro, E]J.; Bautista-del Moral, A.; Santos-Bibiano, R.; Miles, D.B.;
Méndez-de la Cruz, ER. Physiological ecology and vulnerability to climate change of a microendemic, habitat-specialist lizard in
a tropical dry forest of Mexico. Clim. Chang. Ecol. 2023, 5, 100066. [CrossRef]

Fordham, D.A.; Watts, M.].; Delean, S.; Brook, B.W.; Heard, L.M.; Bull, C. Managed relocation as an adaptation strategy for
mitigating climate change threats to the persistence of an endangered lizard. Glob. Chang. Biol. 2012, 18, 2743-2755. [CrossRef]
Huang, C.; Yu, H.; Wu, Z,; Li, Y,; Wei, E; Gong, M. Population and conservation strategies for the Chinese crocodile lizard
(Shinisaurus crocodilurus) in China. Anim. Biodiv. Conserv. 2008, 31, 63-70. [CrossRef]

Kacoliris, EP; Velasco, M.A.; Kass, C.; Kass, N.; Simoy, V.; Grilli, P.G.; Aguirre, T.M.; Di Pietro, D.O.; Williams, ].D.; Berkunsky,
I. A management strategy for the long-term conservation of the Endangered sand-dune lizard Liolaemus multimaculatus in the
Pampean coastal dunes of Argentina. Oryx 2019, 53, 561-569. [CrossRef]

Brito, ].C.; Godinho, R.; Luis, C.; Paulo, O.S.; Crespo, E.G. Management strategies for conservation of the lizard Lacerta schreiberi
in Portugal. Biol. Conserv. 1999, 89, 311-319. [CrossRef]

Martin, J.; Lopez, P. The effect of Mediterranean dehesa management on lizard distribution and conservation. Biol. Conserv. 2002,
108, 213-219. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-021-91058-w
https://www.ncbi.nlm.nih.gov/pubmed/34079000
https://doi.org/10.1016/j.ecochg.2023.100066
https://doi.org/10.1111/j.1365-2486.2012.02742.x
https://doi.org/10.32800/abc.2008.31.2.0063
https://doi.org/10.1017/S0030605317000849
https://doi.org/10.1016/S0006-3207(99)00002-6
https://doi.org/10.1016/S0006-3207(02)00107-6

	Introduction 
	Materials and Methods 
	Sample Collection, Acclimatization, and Low-Temperature Stress 
	DNA Extraction, PCR Amplification, and Sequencing 
	mRNA Extraction and cDNA Synthesis 
	RT-qPCR Primer Design and Reaction 
	qPCR Data Analyses 

	Results 
	Quantitative Analyses of Mitochondrial PCGs 
	Comparison of Cold Tolerance Plasticity 

	Discussion 
	Low-Temperature Stress on Mitochondrial Gene Expression 
	Differential Gene Expression of Different Lizards in Regions of Sympatry 
	Conservation Strategy for Lizards 

	Conclusions 
	References

