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Abstract

Background: Hoplobatrachus rugulosus (Anura: Dicroglossidae) is distributed in China and Thailand and the former
can survive substantially lower temperatures than the latter. The mitochondrial genomes of the two subspecies also
differ: Chinese tiger frogs (CT frogs) display two identical ND5 genes whereas Thai tiger frogs (TT frogs) have two
different ND5 genes. Metabolism of ectotherms is very sensitive to temperature change and different organs have
different demands on energy metabolism at low temperatures. Therefore, we conducted studies to understand: (1)
the differences in mitochondrial gene expression of tiger frogs from China (CT frogs) versus Thailand (TT frogs); (2)
the differences in mitochondrial gene expression of tiger frogs (CT and TT frogs) under short term 24 h hypothermia
exposure at 25 °C and 8 °C; (3) the differences in mitochondrial gene expression in three organs (brain, liver and kid-
ney) of CT and TT frogs.

Results: Utilizing RT-gPCR and comparing control groups at 25 °C with low temperature groups at 8 °C, we came to
the following results. (1) At the same temperature, mitochondrial gene expression was significantly different in two
subspecies. The transcript levels of two identical ND5 of CT frogs were observed to decrease significantly at low tem-
peratures (P<0.05) whereas the two different copies of ND5 in TT frogs were not. (2) Under low temperature stress,
most of the genes in the brain, liver and kidney were down-regulated (except for COl and ATP6 measured in brain and
COI'measured in liver of CT frogs). (3) For both CT and TT frogs, the changes in overall pattern of mitochondrial gene
expression in different organs under low temperature and normal temperature was brain > liver > kidney.

Conclusions: We mainly drew the following conclusions: (1) The differences in the structure and expression of the
ND5 gene between CT and TT frogs could result in the different tolerances to low temperature stress. (2) At low
temperatures, the transcript levels of most of mitochondrial protein-encoding genes were down-regulated, which
could have a significant effect in reducing metabolic rate and supporting long term survival at low temperatures. (3)
The expression pattern of mitochondrial genes in different organs was related to mitochondrial activity and mtDNA
replication in different organs.
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Background

Owing to a poikilotherm characteristic of being highly
sensitive to temperature changes [1], when amphibians
are subjected to low-temperature stress, they regulate
their metabolism and initiate a series of cold-resistance
mechanisms. In order to reduce damage to their bodies,
the expression of cold resistance-related genes can be
activated and regulated along with the synthesis of anti-
stress-related substances [2, 3]. For instance, the tran-
scription level of an antifreeze gene, fr10, in wood frogs
(Rana sylvatica) can be regulated. FR10 and other related
antifreeze proteins are synthesized to avoid damage to
the organism under low-temperature stress [2]. Moreo-
ver, both NFATS5 transcription factor and aldose reduc-
tases were up-regulated in the liver of wood frogs at low
temperatures [4] and multiple other genes were also
cold-responsive in frogs [5]. Increasingly, the impor-
tance of differential gene expression in the adaptation of
amphibians to low temperature stress has been demon-
strated [2—4].

Due to the inherently high levels of organizational
complexity, gene transcripts of amphibians can demon-
strate tissue-specific patterns in response to low-tem-
perature conditions. For example, when wood frogs were
subjected to low temperature freezing stress, miRNA-16
transcription level was significantly increased by a factor
of 1.5 in the liver of frogs after freezing, but decreased by
50% in skeletal muscle [6]. Another study on wood frogs
showed that tissue specific responses were observed dur-
ing freezing, with phospho-Smad3 levels increased differ-
ently in brain, heart and liver [7]. For frogs, proper brain
functions and adaptations to low temperature play a cru-
cial role in coordinating stress responses [8]. In addition,
liver is an important digestive gland and also the larg-
est organ of amphibians, with the status of a metabolic
center [9]. Kidney is also a very important organ that uses
a lot of energy for ion regulation and excretion of water
and waste products [10]. Hence, gene expression in these
three organs (brain, liver and kidney) may have different
responses and adaptations of metabolism to low temper-
ature stress.

Although previous studies have focused mainly on
changes in nuclear gene expression in amphibians under
low temperature stress [5], the adaptation of mitochon-
drial gene expression changes to a low temperature
environment has gradually received attention [11-14].
Mitochondria are the center of aerobic ATP produc-
tion, housing both the citric acid cycle and the electron
transport chain that ends in oxidative phosphorylation
(OXPHOS) to produce ATP [15]. Mitochondria can play
significant roles in the adaptation of organisms to envi-
ronmental temperature changes [16]. A growing body
of research suggest that temperature change can lead to
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changes in the expression of protein-coding genes in dif-
ferent mitochondrial complexes [13, 17-22], which could
be a considerable benefit for reorganizing metabolism
to adapt to changing environmental temperature [17].
Indeed, transcripts of the mitochondrial genes ATP6/8,
ND4 and 16 S RNA in wood frogs were strongly up-reg-
ulated in the liver and brain during whole body freez-
ing (24 h at -2.5 °C) [14]. By contrast, in a study of the
response of Dryophytes versicolor mitochondrial pro-
tein-coding gene under freezing stress, it was observed
that the relative transcription levels of the COI gene
decreased [13]. In cold storage conditions, a down-reg-
ulation of gene clusters composed of ND4, ND5, ND6,
and COIII genes was also found in embryos of Coturnix
chinensis, which suggested a slow-down of metabolic rate
[23]. Low temperature inhibits metabolic rate, reducing
the need for ATP and the consumption of endogenous
fuel reserves, and thus can prolong animal survival in
harsh environments [24-31].

The tiger frog (Hoplobatrachus rugulosus) belongs to
the anuran family Dicroglossidae. There are two distinct
populations of tiger frogs in China. One is imported
from Thailand and shows a fast growth rate and high-
temperature resistance, and is called the Thai tiger frog
(TT frog). The other is native to China, has a slower
growth rate and greater low-temperature resistance,
and is called the Chinese tiger frog (CT frog). CT frogs
can endure temperatures as low as -2 °C, whereas TT
frogs die below 4 °C. Both are edible frogs and are widely
farmed in southeast Asia and sold in markets. CT frogs
induce immunosuppression and increase the demand for
antioxidant substances at low temperatures, resulting in
a slower growth rate than that of TT frogs [32]. Due to
this slower growth rate, not many farms are willing to
raise CT frogs, but many farmers have to heat their farm’s
facilities in the winter to prevent TT frogs from dying
due to cold or freezing. Furthermore, due to low ambi-
ent temperatures in winter, TT frogs cannot be bred in
vast areas of northern Zhejiang, China. Although there is
little difference in morphological characteristics between
CT and TT frogs, the genetic distance in the mitochon-
drial genome can reach up to 14% between them [33, 34].
In particular, two identical ND5 genes were found in CT
frogs [33], whereas two different ND5 genes (84.1% simi-
lar sequence) were found in TT frogs [34]. These facts led
us to wonder whether CT and TT frogs have differences
in mitochondrial gene expression under low-tempera-
ture stress, which may provide an opportunity for a new
research direction to breed a new strain of tiger frogs
that exhibit both fast growth rate and low temperature
resistance.

In this study, we analyzed the differential mito-
chondrial gene expression of the 13 mitochondrial
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protein-coding genes (PCGs) in brain, liver and kidney of
CT and TT frogs, comparing frogs held at 25 °C as the
control group with frogs at 8 °C as the low-temperature
group. The research aimed to answer three questions: (1)
Is there a difference in mitochondrial gene expression of
the 13 PCGs, especially the NDS gene, between CT and
TT frogs? (2) Do CT and TT frogs exhibit different mito-
chondrial gene expression profiles under low-temper-
ature stress? (3) Are there differences in mitochondrial
gene expression in different organs of CT and TT frogs?

Results

Differential gene expression in chinese and thai tiger frog
under the same temperature conditions

We identified differential gene expression in the three
organs tested from CT and TT frogs held under identical
temperature conditions. Mean values for gene expression
in TT frogs were standardized to 1.0 SEM and values
for CT frogs were expressed relative to TT frogs. For
mitochondrial gene expression in the brain, some genes
showed higher expression in CT frogs compared with
TT frogs (Fig. 1A-B). In the brain of frogs held at 25 °C,
we found that mitochondrial gene transcript levels of
ND1, ND4L and NDS5 among CT frogs were 2.39+0.34,
1.66+£0.17, and 5.7040.71 times higher, respectively,
as compared to values in TT frogs (P<0.05) (Fig. 1A).
Transcripts of NDI and NDS5 in the brain of CT frogs
after 8 °C low-temperature stress were also higher by
2.03+0.12 and 2.1940.29 fold compared with those in
TT frogs, and COII transcripts were also elevated by 1.64
+ 0.06 fold in the cold (Fig. 1B). Oppositely, transcript
levels of some genes were reduced in CT frogs compared
with TT frogs. Under 25 °C normal conditions, the mito-
chondrial gene expression of COI, COIIl, ATP6, ND2,
ND3, ND3, and Cytb genes in the brain of CT frogs were
significantly reduced to values of 0.27 +0.06, 0.03 +0.01,
0.43+£0.04, 0.16+0.01, 0.824+0.02, and 0.68+0.06,
respectively, as compared with those in brain of TT
frogs (P<0.05) (Fig. 1A). Analysis of the low-tempera-
ture exposure groups also showed significant differences
in mitochondrial gene transcript levels of COI, COIIl,
ND2 and ND3 which were just 0.57£0.05, 0.03+0.003,
0.11+£0.003, and 0.86+0.03, respectively, as compared
with those in brains of TT frogs (P<0.05) (Fig. 1B).

Liver also showed significant changes in mitochondrial
gene expression both between species and in response to
cold exposure (Fig. 1C-D). When comparing mitochon-
drial gene expression at normal temperature (25 °C) in
the liver, we found that transcript levels of ATP8, ND4L
and NDS5 genes in CT frogs were 1.69+£0.17, 1.74+0.17
and 1.62£0.09 times higher, respectively, than in TT
frogs (P<0.05) (Fig. 1C). However, only COII transcript
levels were increased significantly by 3.06+0.57 fold
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in CT frogs held at low 8 °C temperature, as compared
with TT frogs (P<0.05) (Fig. 1D). By contrast, COI,
COIll, ATP6, and ND2 gene transcripts were signifi-
cantly reduced in liver of CT frogs under both normal
and low temperatures. Transcript levels of COI, COIII,
ATP6, ND2 in CT frogs were just 0.48+0.12, 0.0240.00,
0.63+0.07, and 0.11+0.02, respectively, relative to TT
frogs held at 25 °C, and were 0.57£0.06, 0.01+0.01,
0.42+0.14, 0.07+0.04 relative to TT frogs at 8 °C,
respectively (Fig. 1C-D). Hence, under both 25 °C and
8 °C conditions, COI, COIIl, ATP6 and ND2 showed the
same pattern with transcript levels of all four significantly
lower in CT frogs compared to TT frogs (P <0.05).

In the case of kidney, transcript level of ND4, NDS5,
ND6 genes in kidney of CT frogs under normal con-
ditions were 2.67+0.44, 515+1.59, 3.19£0.6 times
higher than those in TT frogs, respectively, (P<0.05)
(Fig. 1E). Under low temperature exposure, however,
relative transcript levels changed substantially with only
COII transcripts being significantly higher in CT frogs
(by 3.06+0.62 fold) as compared with TT frogs (P<0.05)
(Fig. 1F). By contrast, the relative expression of COII
and ND2 genes in the kidney of CT frogs was signifi-
cantly lower under normal conditions than in TT frogs,
with values of 0.05+0.00 and 0.25+0.01 compared with
TT frogs (P<0.05). At 8 °C, kidney mitochondrial gene
transcript levels of COIII and ND2 in CT frogs showed
the same pattern as at 22 °C with levels of 0.01+0.00
and 0.09£0.01 compared with TT frogs. In addition,
Cytb transcripts were also reduced in kidney of CT frogs
after low-temperature exposure 0.41 £ 0.06 relative to TT
frogs (P<0.05).

It is remarkable that in liver, kidney and brain of CT
frogs, the ND5 gene with two identical copies showed
significant differences under low temperature stress.
In addition, what surprised us was a highly significant
difference found in liver. In the three organs of TT
frogs, the transcript levels of the two different copies
of ND5 genes were both detected, and the total ND5
gene expression in TT frogs was approximately the
sum of two different ND5 gene expressions. By com-
parison, there was no significant differences in the
transcript level of two different ND5 genes and the
total NDS gene after low-temperature stress in the
three organs of TT frogs (Fig. 2). Given the above, for
TT and CT frogs, only the ND5 gene expression dif-
ference is peculiar to CT frogs after low-temperature
stress in the three organs.

Effects of low-temperature stress on gene expression

of two types of tiger frog

Figure 2 show the relative changes in mRNA transcript
expression of mitochondrial genes after cold exposure of
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Fig. 1 Relative mRNA expression levels of protein-coding mitochondrial genes in brain, liver and kidney of normal temperature 25 °C (A, C, E)

and low temperature 8 °C (B, D, F) exposed H. rugulosus (TT frogs) and H. rugulosus (CT frogs). Relative mRNA levels were determined by RT-qPCR
with n=4 independent biological replicates and results are shown as mean £ SE. Mean values for TT frogs were set to 1.0 and values for CT frogs
are expressed relative to TT frogs. Relative transcript levels were standardized against S-actin transcript levels as the reference gene. For each
sample, the average B-actin Ct value was subtracted from the average target Ct value, obtaining a ACt value. Data are shown as relative expression,
calculated as 2744t Statistical significance was assessed with a two-tailed Student's t-test, asterisks indicate significantly different expression (¥,
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CT and TT frogs. After 24 h of low temperature exposure
at 8 °C, transcript levels of the 13 mitochondrial protein-
coding genes (PCGs) of CT and TT frogs in all three
organs examined (brain, liver, kidney) were either sig-
nificantly reduced or unchanged compared with values in

frogs that held at 25 °C (Fig. 2). However, COI and ATP6
measured in brain of CT frogs and COI measured in kid-
ney of TT frogs showed an upward trend in cold-exposed
frogs, but the values were not significantly different from
the controls (Fig. 2). Oppositely, PCG transcript levels
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in kidney of TT frogs all showed downward trends com-
pared with the controls but also very large SEM values
such that no significant differences occurred.

In the brain of CT frogs, after low-temperature treat-
ment at 8 °C, the transcript levels of seven PCGs
decreased significantly with relative decreases in tran-
script levels of COIIl, ND1, ND2, ND3, ND4L, ND5S
and Cytb genes to 0.59+0.06, 0.47£0.03, 0.4440.01,
0.724+0.03, 0.59+0.15, 0.34+0.05, 0.61+0.05, respec-
tively, as compared with controls (P<0.05) (Fig. 2A). In
addition, COI and ATP6 gene expression showed an
upward trend but this was not significant. By compari-
son, in brain of TT frogs, 11 out of 13 PCGs’ transcript
levels and the total and respective protein coding gene
transcript level of ND5-1 and ND5-2 showed a significant
decrease at low temperature. Transcript levels of COI,
COII COIlIl, ATPS8, ATP6, ND1, ND2, ND3, ND4, ND4L
and Cytb genes were reduced to 0.66 40.09, 0.60 & 0.04,
0.711+0.03, 0.454+0.07, 0.45%+0.09, 0.55+0.07,
0.66+0.05, 0.69+0.04, 0.48+0.11, 0.60+0.18 and
0.65+£0.16, respectively, under low temperature expo-
sure as compared to controls (P<0.05) (Fig. 2B). The
common ground between TT and CT frogs responses in
brain was the significant decreases in transcript levels of
COlIII, ND1, ND2, ND3, ND4L and Cytb (P<0.05) in the
cold. However, COI, COII, ATP8, ATP6 and ND4 were
down-regulated significantly only in TT frogs, whereas
NDS5 was down-regulated significantly only in CT frogs
(P<0.05) (Fig. 2A-B). As mentioned earlier, the mitog-
enome of TT frogs contains two ND5 additional, but two
different ND5 genes (84.1% similar sequence) (Fig. 3)
were found in TT frogs [34]. The total and respective
expression of two different ND5 genes (ND5-1 and ND5-
2) in TT frogs were unaffected by temperature change
(Fig. 2).

In the liver of CT frogs, transcript levels of 8 of the 13
PCGs decreased in response to 24 h low temperature
exposure. Significant differences in the transcript levels
of COIIl, ATP8, ATP6, NDI1, ND2, ND4, ND4L, and ND5
genes lead to levels of 0.48 £0.22, 0.52+£0.07, 0.56 +0.19,
0.55+0.09, 0.38+0.20, 0.26+0.08, 0.36+0.15 and
0.38£0.08, respectively, as compared to respective con-
trols (P<0.05) (Fig. 2C). However, in liver of TT frogs,
fewer PCGs showed decreased expression under low-
temperature stress; transcript levels of COIl, ND1, ND2,
ND3, ND4L and Cytb genes were reduced to 0.3610.09,
0.454+0.09, 0.56+0.07, 0.63+0.04, 0.68+0.07 and
0.41+£0.11, respectively, as compared to the controls
(P<0.05) (Fig. 2D). Gene transcript levels of ND1, ND2
and ND4L in liver were significantly reduced in both CT
and TT frogs in response to cold.

As for kidney, the transcript levels of COIIl, ATPS,
ND2, ND3, ND4, NDS, ND6, and Cytb genes in CT frogs
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decreased strongly in response to 8 °C exposure with val-
ues only 0.35£0.02, 0.40£0.00, 0.33+0.02, 0.56+0.10,
0.43+0.12, 0.32+0.12, 0.254+0.08 and 0.5340.07,
respectively, as compared to the control group (P< 0.05)
(Fig. 2E). However, among TT frogs, unlike liver and
brain, expression of genes tended to be downward, but
there were no significant differences between control and
low-temperature treatments, largely due to high variance
among individuals (Fig. 2F).

Effects of low-temperature stress on gene expression

in different organs

At 25 °C, mitochondrial gene expression of brain genes
in CT samples were significantly higher overall than in
kidney (except for COI, COIl, ATP6 and ND4) and also
higher than in liver (except for COIl, ND3, ND4L and
Cytb) (Fig. 4A). Furthermore, except for COI, COIII,
ATP6 and ND6 genes, levels of other mt gene transcripts
were also higher in liver of CT frogs than in kidney at
25 °C and ND#4 gene reached a significant level (P<0.05)
(Fig. 4A). When comparing mitochondrial gene tran-
script levels of the three organs under low-temperature
stress (8 °C), the transcript levels in brain of all CT frogs
also showed significantly higher levels (P<0.05) than in
kidney except for ND6, and mitochondrial gene expres-
sion was also higher in brain than in liver (except for
ND3 gene, which was higher in liver and ATP8, NDI,
NDe6, Cytb that did not reach a significant level) (Fig. 4B).
Under low-temperature stress, except for COI COIII,
ATP6 and ND6 genes, expression of other mitochondrial
genes in the liver of CT frogs was higher than those in
the kidney but only ND5 and Cytb reached a significant
level (Fig. 4B).

Similar results were found for TT frogs. At 25 °C,
mitochondrial gene transcript levels in brain of TT
frogs were significantly higher than those in kidney
for all genes (P<0.05), except ND4. Transcript levels
in brain were also significantly higher than 9 genes in
liver, but not for NDI, ND2, ND4, ND5, ND5-1 and
ND6 (Fig. 4C). Furthermore, mitochondrial transcript
levels of liver genes in all TT frogs were significantly
higher than those in the kidney at 25 °C (P<0.05),
except for the 3 COX genes as well as NDI, ND5-1 and
ND6 genes (Fig. 4C). When comparing the gene expres-
sion of the three organs in frogs exposed to 8 °C for
24 h, it was clear that mitochondrial gene expression
in brain after low-temperature stress was also signifi-
cantly higher than in kidney (except for ND1I). Expres-
sion in brain was also higher than most genes in liver
(except for ATP8, ATP6, ND4, ND4L, ND5 and ND6 not
reached a significant level) (Fig. 4D). Under low-tem-
perature stress, except for COIIl, NDI and Cytb genes,
mitochondrial gene transcript level of other genes in
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Fig. 3 Alignment of the amino acid sequences and their structures of domain of ND5 genes in CT frogs and ND5-7 and ND5-2 genes in TT frogs.
Different shaded colors represent different amino acid. The symbol “*"indicates that at this site, the amino acid of ND5 gene of CT frogs is the same

as that of ND5-1 and ND5-2 genes of TT frogs

the liver of TT frogs were higher than those in the kid-
ney and ATP8, ND2, ND4, ND4L and ND5-2 reached
a significant level (P<0.05) (Fig. 4D). In conclusion,
under normal and low temperature, the expression of
genes in three organs of TT and CT frogs was roughly
as follows: brain > liver > kidney.

Discussion

Different mt gene expression between chinese and thai
tiger frog

The tolerance of CT frogs to low temperatures is greater
from that of TT frogs. CT frogs can tolerate tempera-
tures as low as —2 °C, whereas the TT frogs will die
below 4 °C. The differences observed between CT and
TT frogs in the expression of mitochondrial protein-cod-
ing genes under either normal or low-temperature condi-
tions were generally unambiguous. Significant differences
in gene transcript levels within the same species living in

different regions suggest adaptation to prevailing temper-
ature ranges occurring in each region. Similar responses
have been reported for other ectothermic species. For
example, cold (4 °C) and warm (10 °C) acclimated Gadus
morhua from cod populations of the North Sea and the
Barents Sea show a strong difference in gene expression
at 4 °C, which may reflect the stable separation of both
populations [35]. Differential transcriptional responses of
common carp (Cyprinus carpio) subjected to a progres-
sive cooling regime also suggested that ectothermic ani-
mals might experience complex transcriptional changes
in the process of temperature adaptation, and that the
low growth rate of populations adapted to low tempera-
tures is one of the costs of low temperature adaptation
[36]. Indeed, the smaller body sizes of CT frogs may
be due to their lower metabolic rate imposed by lower
ambient temperatures. It can be a long evolutionary
process for amphibians to adapt to a lower temperature
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environment. When an organism is subjected to low-
temperature stress, it will regulate its metabolism and
initiate a series of cold-resistant mechanisms [2]. One
way that amphibians can adapt to changing environmen-
tal temperatures is by regulating the transcript levels of
mitochondrial protein-coding genes and synthesizing
other stress-resistance related substances [14, 37]. The
temperature-adaptive transformation of gene expression
is the basis of physiological adaptation [38]. In our study,
significant differences in mitochondrial gene expression
between frogs from two regions reflected a mitochon-
drial bioenergy adaptation to low temperature. However,
the specific significance of these changes in gene tran-
script levels in the process of low temperature adaptation
remains unclear.

In the two populations of tiger frogs, two identical
copies of the NDS5 gene were found in CT frogs [33],

whereas two additional and different ND5 genes (ND5-
1, ND5-2) were found in TT frogs (Fig. 3) [34]. The ND5
gene with two identical copies in CT frogs showed sig-
nificant differences in expression under low-tempera-
ture stress, especially in the liver, whereas there were no
significant differences in the transcript levels of the two
different ND5 genes and the total NDS gene content in
TT frogs (Fig. 2). The ND5 gene expression difference
in the three organs was peculiar to CT frogs after low-
temperature stress. The ability to regulate gene expres-
sion requires open DNA structures that appear to be
closely regulated in homeostasis and cyclic heat states.
Being able to regulate the transcriptional capacity of
mitochondrial DNA in the face of changing tempera-
tures in order to ensure the necessary changes in gene
expression may be a basic requirement for temperature
adaptation [38]. Hence, a different DNA structure of the



Jin et al. BMC Zoology (2022) 7:24

NDS gene may also be an important reason for the dif-
ference in low temperature tolerance between CT and
TT frogs. Indeed, mutations in the NDS5 gene are con-
sidered to be a common cause of oxidative phosphoryl-
ation disease [39]. Studies have shown that mutations
in ND5 may cause changes in the activity of NADH
dehydrogenase (complex I of the respiratory chain) and
affect other enzymes of the respiratory chain [40]. In
addition, ND5 gene mutation may lead to a decrease in
mitochondrial complex I activity [41], and is suggested
to be associated with assembly defects of the whole
respiratory system complex [42]. Thus, mutations in
NDS may lead to decreases in membrane potential dif-
ference and result in reduced ATP production [43, 44].
288 variable sites in a total of 1848 aligned nucleotide
sites and 131 variable sites in amino acid sequence over
a total of 616 alignment amino acid sites were found
comparing the two NDS genes in TT frogs (Fig. 3).
According to three-dimensional structure analysis of
the NDS proteins, the two ND5 genes in CT frogs both
contain two f3-sheets and 22 a-helices, and their struc-
tures are highly similar. Correspondingly, ND5-1 in TT
frogs contains two S-layers and 22 a-helices, and ND5-
2 contains two S-layers and 23 a-helices [34]. Studies
showed that the membrane protein completed a single
or multiple transmembrane by a-helix [45]. The mito-
chondrial ND5 subunit of TT frogs had more a-helix
than in CT frogs, which enlarges the region of trans-
membrane protein and could enhance the coupling
degree of the mitochondrial ND5 subunit to a certain
extent in the oxidative phosphorylation of TT frogs.
Combined with the differences in NDS expression and
gene structure, NDS gene transcript levels in CT frogs
decreased significantly in tissues including liver, brain
and kidney under low-temperature stress, potentially
leading to less coupling of oxidative phosphorylation
(i.e. more proton leakage) and resulting in less harm-
ful reactive oxygen species and more heat, which could
help to combat a cold environment [46—48].

Low-temperature stress on mt gene expression

In this study, we sought to determine if environmen-
tal temperature might influence the transcript levels
of mitochondrial protein-coding genes in three organs
(brain, liver and kidney) of CT and TT frogs. Our results
showed that low-temperature stress decreased the tran-
script levels of mitochondrial protein-coding genes
in all three tissues of tiger frogs examined (Fig. 2). In
brain, the significant decreases in transcript levels of
COlll, ND1, ND2, ND3, ND4L and Cytb (P<0.05) were
found in the cold of CT and TT frogs. Gene transcript
levels of ND1, ND2 and ND4L in liver were significantly
reduced in both CT and TT frogs in response to cold.
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In kidney, most genes showed significant downregula-
tion in CT frogs, but in TT frogs, only downward trend
was detected, but no significant difference was found.
Several previous studies have also demonstrated similar
relationships between mitochondria and low-tempera-
ture exposure. For example, Colinet et al. [49] found that
both mitochondrial respiration and ATP synthesis rate
of Drosophila melanogaster would temporarily decrease
under exposure to low temperature. Cold exposure also
led to an extreme reduction of the resting metabolic rate
of Bufo marinus, which showed an adaptation of mito-
chondrial bioenergetics [50]. Similar results were also
observed at the gene expression level, COI transcript
level was decreased with exposure to freezing in D. ver-
sicolor, as part of the modulation of mitochondrial pro-
tein-coding gene expression in the molecular response
to freezing [13]. Mitochondrial respiration rate is closely
related to the metabolic regulation of cells [51]. Oxida-
tive phosphorylation is the metabolic pathway in which
ATP is produced through a series of biochemical reac-
tions in mitochondria. It has been shown that ectotherms
inhibit their metabolic rate, reducing the impact of ATP
demand on endogenous fuel reserves, and thus extend-
ing their survival time in harsh environments, including
cold climates [28-31, 52]. For ectotherms like tiger frogs,
that are sensitive to temperature [53], low temperature
stress resulted in down-regulation of mitochondrial gene
expression and inhibition of metabolic rate, which pro-
longed survival at low temperatures.

In addition, under low temperature stress, the number
of down-regulated genes (11 genes) in brain of TT frogs
was higher than that in CT frogs (7 genes), whereas in
kidney, eight genes were significantly down-regulated in
CT frogs (P<0.05), but no significantly down-regulated
genes were found in TT frogs. Studies have suggested
that gene expression in the brain is more complex than in
other parts of an organism to reflect the diverse functions
of neurons and glia [54]. In addition, neurons showed
other forms of “activations” in brains of frozen wood
frogs including changes in protein kinase C phospho-
rylation status, and changes in acidic ribosomal phos-
phoprotein PO and the large ribosomal subunit protein 7
[55-57]. Normal brain function and adaptation to envi-
ronmental stimuli play crucial roles in coordinating the
stress response [8]. Under low temperature stress, tran-
script levels of a large number of mitochondrial genes
were significantly down regulated in the brain of TT
frogs, which may be one of the important reasons for its
intolerance to low temperature. The kidney is an impor-
tant osmotic regulating organ of great significance for
maintaining ion balance in organisms [58]. In addition,
studies have shown that under low temperature stress,
kidneys may not be able to excrete salt absorbed through



Jin et al. BMC Zoology (2022) 7:24

frog skin, leading to an accumulation of water and salt in
their bodies [59]. Therefore, we speculated that in a low
temperature environment, compared with TT frogs, the
CT frogs show greater downregulation of mitochondrial
gene expression in the kidney, which can reduce meta-
bolic rate faster and increase its tolerance to low tem-
peratures on the premise of reducing the damage to the
body.

Tissue heterogeneity in mt gene expression

Under low-temperature stress, expression of almost all
genes were reduced compared to normal temperatures in
brain, kidney and liver of both CT and TT frogs. How-
ever, there were significant differences among the gene
transcript levels of the three different tissues, the changes
in gene expression of the three organs of TT and CT frogs
being roughly as follows: brain > liver > kidney. Mitochon-
dria from different cell types are functionally unique and
diverse in appearance [60, 61], likely to suit the needs of
different cells and tissues that perform different meta-
bolic functions and have different energy requirements.
In general, in the present study, gene expression rates
were higher in the brain than in liver and kidney. Studies
have shown that mitochondrial activity and mitochon-
drial mass in brain are significantly higher than those in
liver and kidney [62], which may lead to higher mtDNA
copy numbers in the brain. That is consistent with our
results that showed that mitochondrial gene expression
in the brain was higher than that in the kidney and liver.
In addition, Veltri et al. [63] analyzed the stereology of
thin tissue sections in mice and found that the mitochon-
drial density in the kidney was slightly higher than that in
the liver. However, a determination of mtDNA quantifi-
cation revealed that the relative mtDNA content in liver
was higher than that in kidney [63], which was consistent
with our findings of mitochondrial gene expression that
was roughly higher in liver than kidney. This may indicate
that differences in mtDNA replication are indicators of
the metabolic function of an organ, an idea supported by
Herbers et al. [64]

Conclusions

In our study, we found that tiger frogs from Chinese
(CT frogs) versus Thai (TT frogs) populations showed
significant differences in mitochondrial gene expres-
sion at different temperatures (25 °C versus 8 °C), which
reflects prolonged adaptation of mitochondrial bioener-
getics in these two subspecies to the prevailing environ-
mental temperature conditions. Under low temperature
stress, especially in the liver, the ND5 gene of CT frogs
with two identical copies showed significant differences,
whereas in TT frogs, the expression of two different ND5
genes and the total ND5 gene expression did not differ
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significantly. The differences in the structure and expres-
sion of the ND5 gene between CT and TT frogs could
result in the different tolerances to low temperature
stress of CT and TT frogs. In addition, under low tem-
perature conditions, we found that the majority of mito-
chondrial genes showed down-regulation in the three
organs. This reduction in mitochondrial protein-encod-
ing gene transcript levels in response to lower tempera-
tures could have a significant effect in reducing metabolic
rate and supporting long term survival at low tempera-
tures. In addition, compared with TT frogs, CT frogs
showed more gene down-regulation in the kidney at low
temperature, but gene down-regulation in the brain was
the opposite. This may be because CT frogs can minimize
metabolism while maintaining the important function of
the brain. This may be one of the important reasons why
CT frogs are more resistant to low temperatures than
TT frogs. Furthermore, when comparing the expres-
sion differences between the three organs, we found that
their expression showed the following general pattern:
brain > liver > kidney, which is related to mitochondrial
activity and mtDNA replication in different organs.

Materials and methods

Animal sources and cold stress treatment

H. rugulosus including CT and TT frogs were collected
from a farm in Jinhua, Zhejiang province, China on 20
June 2018. All tiger frogs are adult females for one year
with similar size. All animals were washed in a tetracy-
cline bath and were fed in a plastic incubator at 25 °C
for one week. Four CT frogs and four TT frogs from the
25 °C temperature groups were randomly selected and
placed in a plastic box under a wet towel for 24 h at 25 °C
as the control group. At the same time, four CT and TT
frogs were exposed to low-temperature stress for 24 h at
8 °C as the low-temperature stress group. Subsequently,
tiger frogs from both control and low-temperature
groups were euthanized by pithing followed by rapid dis-
section of liver, brain and kidney and freezing in liquid
nitrogen. Thereafter, organ samples were stored in an
ultra-low temperature freezer at — 80 °C until use.

RNA extraction and cDNA synthesis

Frozen samples (50—100 mg) of brain, liver and kidney
from CT and TT frogs were used for RNA extraction
using a TaKaRa MiniBEST Universal RNA Extraction
Kit (Takara, Japan), according to manufacturer’s instruc-
tions. Samples were then subjected to electrophoresis on
a 1% agarose gel and run at 135 V and 120 mA for 15 min
followed by staining with Goldview. RNA integrity was
verified by the presence of sharp bands for 28 S and 18 S
ribosomal RNA [65]. RNA was then stored at -80 °C
until use. Following the instructions of a PrimeScript
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Table 1 RT-qPCR primers of H. rugulosus (TT frogs) and H. rugulosus (CT frogs)
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Gene Forward primers (5'-3’) Reverse primers (5'-3')
TT-COl CGGCTTCGGAATCATCTC TTAGGTCGGTCGTGAATATG
CT-COl CTCCTTGGTGGGGGTTAT GGCTTCTTCAAATGTGTGG
TT-COIN(TT-COII2) CAACCGCATAGTAACT(C)CC GGTGAGCAGTAATAAAAGCAG
CT-Coll CTGCTTTTATTACTGCCCA TTAGTCAGGAGAGGAAGTTG
TT-COlll GACGAGATGTTGTCCGAG ATTGTAGAATGCCCAGAAG
CT-Coill CTCCACAGTCCTTGTATTTG AGAGGATTATGCCAAAGC
TT-ATP8 TGGTACATGGTCCTTCTCT GTTCAGTGTCAGATGTTAGTC
CT-ATP81(CT-ATP82) CCCTGGTACTCG(Q)ATTCTTC CGCTGCTTTGAGAAGTG(A)G
TT-ATP6 CTGTCATCCTTAGTGGTCTT ATGAGAACGGTGGCTAAC
CT-ATP61(CT-ATP62) ACTTTC(T)TACCAGAGGGCAC AGGTGGATAAGCAGGTGAC
TT-ND1 GCTCTAATGTGATTCGTATCC TTCGGCAAGGAAGAATAGG
CT-ND1 CAACTCCAAATACGCTCTC TGGGCGTAGGTGAAGTTA
TT-ND2 TGACTACTCGCTTGAATCG GTTGCTGAGAATAGGATAAGTG
CT-ND2 ATTCTCAGCGACCATAAAC TTACTTCGGGCATTCAGA
TI-ND3 GTGCTCATATTCCTATCAGTC CCGCATTCGTATGGAGATA
CT-ND3 CTACCCTTCTGGTCATCG CAGGAAAAATCGTATTGAGTA
TT-ND4 AACAATCATCACCGTCCAA GTCAGCAGGTTAGCAGAAT
CT-ND41(CT-ND42) AAGGCTTCTTTATT(C)GCTGA GGAA(G)TAGCCAGCAGGTTA
TT-NDA4L GGCATGATACTTACCATCTTC GCTGTGGCAATCATTAAGG
CT-ND4L1(CT-ND4L2) TCAACTGAAC(T)TCAACCACTC AGAAGATTTAGCGTTTTGAG
TT-ND5 TACCTGTCCACTCCTTCG TCTGGTAGTGTCGCTTCT
CT-ND5 TTTACAGTGTTTGCGGTC ATAAGGACGAACAGTGGG
TT-ND5-1 AAGACACCCAAGACATTCG TCCTTAGAGTAGAATGCGATG
TT-ND5-2 CCTCCTCCTCACTCTTGC GTTTTTACGACTTGTGGTTC
TT-ND6 AATATAAGCCGCTAGGTAGAC GGGTATAATGGTGGTATTTGC
CT-ND6 CCAACCCGTCAAACAACA TTGCTTATAGTGCTGCTCTT
TT-Cytb GGCGTTGTCCTTCTCTTC AGGTTGGTGATGACTGTTG
CT-Cytb GCTTTCGTGGGCTATGTC AGTTAGCGTGGCGTTGTC
Actin GATCTGGCATCACACTTTCT TGGGTGACACCATCACCAGA

RT Master Mix kit (Takara, Japan), sample volumes con-
taining 500 ng of RNA were gently mixed for reverse
transcription. Reaction conditions were as below: 37 °C,
reverse transcription for 15 min; inactivation of the
reverse transcriptase at 85 °C for 5 s.

RT-qPCR primer design

Specific primers for reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) were designed
according to the gene sequences of H. rugulosus [33, 34]
downloaded from the NCBI website and using MegAlign
(DNASTAR) and Primer Premier 5.0 software [66]. Prim-
ers were synthesized by related biotechnology companies
and are listed in Table 1. The length of amplicons varied
from 120 to 150 bp, melting temperatures were designed
between 48 °C and 52 °C and the primer lengths were
between 18 and 22 bp.

Relative mRNA quantification

Transcript levels of the 13 mitochondrial protein-coding
genes from TT and CT frogs were quantified in a StepO-
nePlus™ Real-Time PCR System (Life Technologies). For
real-time fluorescence quantification, S-actin was used
as the reference gene (upstream primer: 5-GATCTG
GCATCACACTTTCT-3/, downstream primer: 5'-TGG
GTGACACCATCACCAGA-3') [43, 44]. Quantitative
primers and S-actin primers are shown in Table 1. Serial
dilutions of pooled cDNA from control and low-temper-
ature exposed frogs were exploited to establish standard
curves and testing of primers for gene quantification. For
RT-qPCR, each sample was combined with 10 uL SYBR
Premix Ex Taq 11 (2x), 0.4 uL. ROX Reference Dye (50%),
0.8 pL each of forward and reverse primers (10 uM), 6 pL
ddH,O and 2 pL RT reactants (cDNA). Three technical
replicates were run for each gene corresponding to each
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primer. Reactions were carried out under the following
conditions: initial denaturation at 95 °C for 30 s, and then
40 cycles of 95 °C for 5 s, 60 °C for 30 s. Relative mRNA
quantification was done by calculating the ratio of the
starting quantity of the target gene to the starting quan-
tity of the reference gene for each sample.

Data analysis

Data are expressed as mean expression=+SE for each
experimental condition, and four independent biological
replicates for each gene were analyzed for the two experi-
mental groups. The relative transcript levels of mRNA
in organs at specific stages were analyzed by the 2744t
method and standardized to the S-actin gene. All data
were analyzed using Statistical Program for Social Sci-
ences 21.0 software (SPSS, Inc., Chicago, IL, USA). Gene
transcript levels in frog tissues from the control and low-
temperature groups were compared using the Student’s
t-TEST function, and P<0.05 was considered statistically
significant [67]. Data are presented graphically using Ori-
gin 8.0 software (Origin Lab).

Abbreviations

mt DNA: Mitochondrial DNA; OXPHOS: oxidative phosphorylation; PCGs:
Protein-coding genes; PCR: Polymerase chain reaction; RT-qPCR: Reverse
transcription-quantitative polymerase chain reaction; NCBI: National Center
for Biotechnology Information; bp: Base pair; CT frogs: Chinese tiger frogs; TT
frogs: Thai tiger frogs; SE: Standard error; P: P-value.

Acknowledgements
We are grateful to Yin-Yin Cai, Yu-Ting Cai, Zi-Yi Zhang for their help in the
experiment and English writing.

Authors’ contributions

Wan-Ting Jin and Jia-Yin Guan conceived and designed the experiments,
performed the experiments, analyzed the data, contributed reagents/materi-
als/analysis tools, prepared figures and/or tables, wrote the original draft
preparation, reviewed and edited drafts of the paper. Xin-Yi Dai, Gong-Ji Wu
and Le-Ping Zhang analyzed the data, contributed reagents/materials/analysis
tools, prepared figures and/or tables, reviewed and edited the paper. Kenneth
B. Storey contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper. Jia-Yong Zhang and Rong-Quan Zheng conceived and
designed the experiments, analyzed the data, contributed reagents/materials/
analysis tools, reviewed and edited drafts of the paper. Dan-Na Yu conceived
and designed the experiments, analyzed the data, contributed reagents/
materials/analysis tools, reviewed drafts of the paper, approved the final draft.
All the authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(31801963 and 31772482), Key Projects of Zhejiang Natural Science Fund
(LZ17C030001), the College Students'Innovation and Entrepreneurship Project
of China (202110345014 and 202110345013) and the College Students'Inno-
vation and Entrepreneurship Project of Zhejiang Province (202010345R119).
The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Availability of data and materials
Raw supplementary data to this article can be found online at https://cloud.
zjnu.edu.cn/share/20727a71878dcfc027191f09e4.

Page 12 of 14

Declarations

Ethics approval and consent to participate

All the samples of frogs were collected on public land and all frog samples
were permitted under the scientific research in China. We have the permission
of Zhejiang Normal University to collect the frogs and conducted in compli-
ance with the Chinese law. The submission of the proposal to the above-men-
tioned ethical committee is waived at Zhejiang Normal University for research
conducted on vertebrates according to permit no. D0072020. All methods of
our work were carried out in accordance with relevant guidelines and regula-
tions. The study was carried out in compliance with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'College of Chemistry and Life Science, Zhejiang Normal University, Jinhua,
Zhejiang Province, China. 2Departmem of Biology, Carleton University, Ottawa,
Canada. *Key Lab of Wildlife Biotechnology, Conservation and Utilization

of Zhejiang Province, Zhejiang Normal University, Jinhua, Zhejiang Province,
China. *Xingzhi College, Zhejiang Normal University, Jinhua, China.

Received: 29 October 2021 Accepted: 29 April 2022
Published online: 19 May 2022

References

1. Weinbach A, Cayuela H, Grolet O, Besnard A, Joly P. Resilience to climate
variation in a spatially structured amphibian population. Sci Rep.
2018;8:1-9.

2. Sullivan KJ, Biggar KK, Storey KB. Transcript expression of the freeze
responsive gene fr10in Rana sylvatica during freezing, anoxia, dehydra-
tion, and development. Mol Cell Biochem. 2015;399:17-25.

3. Higgins SA, Swanson DL. Urea is not a universal cryoprotectant among
hibernating anurans: Evidence from the freeze-tolerant boreal chorus
frog (Pseudacris maculata). Comp Biochem Physiol Part A Mol Integr
Physiol. 2013;164:344-350.

4. Zhang YC, Al-Attar R, Storey KB. TonEBP/NFAT5 regulates downstream
osmoregulatory proteins during freeze-thaw stress in the wood frog.
Cryobiology. 2017;79:43-49.

5. Storey KB, Storey JM. Molecular Physiology of Freeze Tolerance in Verte-
brates. Physiol Rev. 2017;97:623-665.

6. Biggar KK, Dubuc A, Storey K. MicroRNA regulation below zero: Differen-
tial expression of mMiRNA-21 and miRNA-16 during freezing in wood frogs.
Cryobiology. 2009;59:317-321.

7. Aguilar OA, Hadj-Moussa H, Storey KB. Regulation of SMAD transcription
factors during freezing in the freeze tolerant wood frog, Rana sylvatica.
Comp Biochem Physiol Part B Biochem Mol Biol. 2016,201:64-71.

8. Hadj-Moussa H, Storey KB. Micromanaging freeze tolerance: the biogen-
esis and regulation of neuroprotective microRNAs in frozen brains. Cell
Mol Life Sci. 2018;75:3635-3647.

9. Zang XY, Guo JL, Geng XF, Li PF, Sun JY, Wang QW, et al. Proteome analysis
of the liver in the Chinese fire-bellied newt Cynops orientalis. Genet Mol
Res. 2016;15:gmr.15037993.

10. Forbes JM. Mitochondria—power players in kidney function? Trends
Endocrinol Metab. 2016,27:441-442.

11. Cai Q, Storey KB. Anoxia-Induced gene expression in turtle heart:
upregulation of mitochondrial genes for NADH-Ubiquinone Oxidore-
ductase subunit 5 and Cytochrome ¢ oxidase subunit 1. Eur J Biochem.
1996;241:83-92.

12. Willmore WG, English TE, Storey KB. Mitochondrial gene responses to low
oxygen stress in turtle organs. Copeia. 2001,2001:628-637.

13. Zhang JY, Luu BE, Yu DN, Zhang LP, Al-Attar R, Storey KB. The complete
mitochondrial genome of Dryophytes versicolor: Phylogenetic relationship


https://cloud.zjnu.edu.cn/share/20727a71878dcfc027191f09e4
https://cloud.zjnu.edu.cn/share/20727a71878dcfc027191f09e4

Jin et al. BMC Zoology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

(2022) 7:24

among Hylidae and mitochondrial protein-coding gene expression in
response to freezing and anoxia. Int J Biol Macromol. 2019;132:461-469.
Storey JM, Wu S, Storey KB. Mitochondria and the frozen frog. Antioxi-
dants. 2021;10:543.

Chong RA, Mueller RL. Low metabolic rates in salamanders are correlated
with weak selective constraints on mitochondrial genes. Evolution.
2013;67:894-899.

Chung DJ, Sparagna GC, Chicco AJ, Schulte PM. Patterns of mitochondrial
membrane remodeling parallel functional adaptations to thermal stress. J
Exp Biol. 2018;221:jeb174458.

Baker EP, Peris D, Moriarty RV, Li XC, Fay JC, Hittinger CT. Mitochondrial
DNA and temperature tolerance in lager yeasts. Sci Adv. 2019;5:eaav1869.
Camus MF, Wolff JN, Sgrdé CM, Dowling DK. Experimental support that
natural selection has shaped the latitudinal distribution of mitochon-
drial haplotypes in Australian Drosophila melanogaster. Mol Biol Evol.
2017;34:2600-2612.

Mishmar D, Ruiz-Pesini E, Golik P, Macaulay V, Clark AG, Hosseini S, et al.
Natural selection shaped regional mtDNA variation in humans. Proc Natl
Acad Sci U S A.2003;100:171-176.

Pichaud N, Ballard JWO, Tanguay RM, Blier PU. Mitochondrial haplotype
divergences affect specific temperature sensitivity of mitochondrial
respiration. J Bioenerg Biomembr. 2013;45:25-35.

Willett CS. The nature of interactions that contribute to postzygotic
reproductive isolation in hybrid copepods. Genetica. 2011;139:575-588.
Dingley SD, Polyak E, Ostrovsky J, Srinivasan S, Lee |, Rosenfeld AB, et al.
Mitochondrial DNA variant in COXT subunit significantly alters energy
metabolism of geographically divergent wild isolates in Caenorhabditis
elegans. J Mol Biol. 2014;426:2199-2216.

Cai JH, Yeh TF, Wei HW, Liu IH. Temperature-induced embryonic diapause
in blue-breasted quail (Coturnix chinensis) correlates with decreased
mitochondrial-respiratory network and increased stress-response net-
work. Poult Sci. 2019;98:2977-2988.

Luu BE, Wijenayake S, Zhang J, Tessier SN, Quintero—-Galvis JF, Gaitdn—
Espitia JD, et al. Strategies of biochemical adaptation for hibernation in

a South American marsupial, Dromiciops gliroides: 2. Control of the Akt
pathway and protein translation machinery. Comp Biochem Physiol Part
B Biochem Mol Biol. 2018;224:19-25.

Villarin JJ, Schaeffer PJ, Markle RA, Lindstedt SL. Chronic cold exposure
increases liver oxidative capacity in the marsupial Monodelphis domestica.
Comp Biochem Physiol, Part A: Mol Integr Physiol. 2003;136:621-630.
Ste-Marie E, Watanabe YY, Semmens JM, Marcoux M, Hussey NE. A first
look at the metabolic rate of Greenland sharks (Somniosus microcephalus)
in the Canadian Arctic. Sci Rep. 2020;10:19297.

Speers—Roesch B, Norin T, Driedzic WR. The benefit of being still:

energy savings during winter dormancy in fish come from inactiv-

ity and the cold, not from metabolic rate depression. Proc R Soc B.
2018;285:20181593.

Guppy M, Withers P. Metabolic depression in animals: physiological
perspectives and biochemical generalizations. Biol Rev. 1999;74:1-40.
Storey KB. Turning down the fires of life: metabolic regulation of hiberna-
tion and estivation. Comp Biochem Physiol Part B Biochem Mol Biol.
2000;126:590.

Hand SC, Hardewig I. Downregulation of cellular metabolism during
environmental stress: mechanisms and implications. Annu Rev Physiol.
1996;58:539-563.

Storey KB, Storey JM. Tribute to PL Lutz: putting life onpause’-molecular
regulation of hypometabolism. J Exp Biol. 2007;210:1700-1714.

Wang N, Shao C, Xie Z, Ling Y, Cheng D. Viability and changes of physi-
ological functions in the tiger frog (Hoplobatrachus rugulosus) exposed to
cold stress. Acta Ecol Sinica. 2012;32:3538-3545.

Yu DN, Zhang JY, Zheng RQ, Shao C. The complete mitochondrial
genome of Hoplobatrachus rugulosus (Anura: Dicroglossidae). Mitochon-
drial DNA. 2012,23:336-337.

Yu DN, Zhang JY, Li B, Zheng RQ, Shao C. Do cryptic species exist in Hoplo-
batrachus rugulosus? An examination using four nuclear genes, the Cyt b
gene and the complete MT genome. PLoS ONE. 2015;10:e0124825.
Lucassen M, Koschnick N, Eckerle LG, Portner HO. Mitochondrial mecha-
nisms of cold adaptation in cod (Gadus morhua L) populations from
different climatic zones. J Exp Biol. 2006;209:2462-2471.

Gracey AY, Fraser EJ, LiWZ, Fang YX, Taylor RR, Rogers J, et al.

Coping with cold: An integrative, multitissue analysis of the

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 13 of 14

transcriptome of a poikilothermic vertebrate. Proc Natl Acad Sci U S A.
2004;101:16970-16975.

Hittel DS, Storey KB. Differential expression of mitochondria-encoded
genes in a hibernating mammal. J Exp Biol. 2002;205:1625-1631.
Somero GN. Linking biogeography to physiology: Evolutionary and
acclimatory adjustments of thermal limits. Front Zool. 2005;2:1.

Blok MJ, Spruijt L, de Coo IFM, Schoonderwoerd K, Hendrickx A, Smeets
HJ. Mutations in the ND5 subunit of complex | of the mitochondrial DNA
are a frequent cause of oxidative phosphorylation disease. J Med Genet.
2007;44:e74.

Bao HG, Zhao CJ, Li JY, Wu C. Association of MT-ND5 gene variation with
mitochondrial respiratory control ratio and NADH dehydrogenase activity
in Tibet chicken embryos. Anim Genet. 2007;38:514-516.

Singh RK, Saini S, Verma D, Kalaiarasan P, Bamezai RNK. Mitochondrial
ND5 mutation mediated elevated ROS regulates apoptotic pathway
epigenetically in a P53 dependent manner for generating pro-cancerous
phenotypes. Mitochondrion. 2017;35:35-43.

Li HZ, Shen LX, Hu PQ, Huang R, Cao Y, Deng J, et al. Aging-associated
mitochondrial DNA mutations alter oxidative phosphorylation machinery
and cause mitochondrial dysfunctions. Biochim Biophys Acta Mol Basis
Dis. 2017;1863:2266-2273.

Zhang C, Qin L, Dou DG, Li XN, Ge J, Li JL. Atrazine induced oxidative
stress and mitochondrial dysfunction in quail (Coturnix C. coturnix) kidney
via modulating Nrf2 signaling pathway. Chemosphere. 2018;212:974-982.
Zhang JJ, JiYC, Lu YY, Fu RN, Xu M, Liu XL, et al. Leber’s hereditary optic
neuropathy (LHON)-associated ND5 12338T > C mutation altered the
assembly and function of complex |, apoptosis and mitophagy. Hum Mol
Genet. 2018;27:1999-2011.

Carswell CL, Hénault CM, Murlidaran S, Therien JPD, Juranka PF, Surujballi
JA, et al. Role of the fourth transmembrane a helix in the allosteric
modulation of pentameric ligand-gated ion channels. Structure.
2015;23:1655-1664.

Portner HO, Hardewig |, Sartoris FJ, Van Dijk PLM. Cold Ocean Physiology.
In: Portner HO, Playle R, editors. Energetic aspects of cold adaptation:
critical temperatures in metabolic, ionic and acid-base regulation. Cam-
bridge: Cambridge University Press; 1998. p. 88-120.

Brand MD. Uncoupling to survive? The role of mitochondrial inefficiency
in ageing. Exp Gerontol. 2000;35:811-820.

Stier A, Massemin S, Criscuolo F. Chronic mitochondrial uncoupling
treatment prevents acute cold-induced oxidative stress in birds. J Comp
Physiol B. 2014;184:1021-1029.

Colinet H, Renault D, Roussel D. Cold acclimation allows Drosophila flies
to maintain mitochondrial functioning under cold stress. Insect Biochem
Mol Biol. 2017;80:52-60.

Trzcionka M, Withers KW, Klingenspor M, Jastroch M. The effects of fasting
and cold exposure on metabolic rate and mitochondrial proton leak in
liver and skeletal muscle of an amphibian, the cane toad Bufo marinus. J
Exp Biol. 2008,211:1911-1918.

Muleme HM, Walpole AC, Staples JF. Mitochondrial metabolism in
hibernation: metabolic suppression, temperature effects, and substrate
preferences. Physiol Biochem Zool. 2006;79:474-483.

Guppy M, Fuery CJ, Flanigan JE. Biochemical principles of metabolic
depression. Comp Biochem Physiol B. 1994;109:175-189.

Niu YG, Cao WG, Storey KB, He J, Wang JZ, Zhang T, et al. Metabolic char-
acteristics of overwintering by the high-altitude dwelling Xizang plateau
frog, Nanorana parkeri. J Comp Physiol B. 2020;190:433-444.

Colantuoni C, Purcell AE, Bouton CML, Pevsner J. High throughput analy-
sis of gene expression in the human brain. J Neurosci Res. 2000;59:1-10.
Wu S, De Croos JN, Storey KB. Cold acclimation-induced up-regulation
of the ribosomal protein L7 gene in the freeze tolerant wood frog, Rana
sylvatica. Gene. 2008;424:48-55.

Wu S, Storey KB. Up-regulation of acidic ribosomal phosphoprotein PO

in response to freezing or anoxia in the freeze tolerant wood frog, Rana
sylvatica. Cryobiology. 2005;50:71-82.

Dieni CA, Storey KB. Protein kinase C in the wood frog, Rana sylvatica:
reassessing the tissue-specific regulation of PKC isozymes during freez-
ing. PeerJ. 2014;2:€558.

Uchiyama M, Murakami T, Wakasugi C, Yoshizawa H. Structure of

the kidney in the crab-eating frog, Rana cancrivora. ) Morphol.
1990;204:147-156.



Jin et al. BMC Zoology

59.

60.

61.

62.

63.

64.

65.

66.

67.

(2022) 7:24

Jorgensen CB. Osmotic regulation in the frog, Rana esculenta (L.), at low
temperatures. Acta Physiol Scand. 1950;20:46-55.

Lee H, Yoon Y. Mitochondrial fission: regulation and ER connection. Mol
Cells. 2014;37:89-94.

Wilkins HM, Carl SM, Swerdlow RH. Cytoplasmic hybrid (cybrid) cell lines
as a practical model for mitochondriopathies. Redox Biol. 2014;2:619-631.
D’Erchia AM, Atlante A, Gadaleta G, Pavesi G, Chiara M, De Virgilio C, et al.
Tissue-specific mtDNA abundance from exome data and its correlation
with mitochondrial transcription, mass and respiratory activity. Mitochon-
drion. 2015;20:13-21.

Veltri KL, Espiritu M, Singh G. Distinct genomic copy number

in mitochondria of different mammalian organs. J Cell Physiol.
1990;143:160-164.

Herbers E, Kekélainen NJ, Hangas A, Pohjoisméki JL, Goffart S. Tissue
specific differences in mitochondrial DNA maintenance and expression.
Mitochondrion. 2019;44:85-92.

Aguilar OA, Hadj—-Moussa H, Storey KB. Freeze-responsive regulation of
MEF2 proteins and downstream gene networks in muscles of the wood
frog, Rana sylvatica. ) Therm Biol. 2017,67:1-8.

Lalitha S. Primer Premier 5. Biotech Software & Internet Report.
2000;1:270-2.

Du CC, Li XY, Wang HX, Liang K, Wang HY, Zhang YH. Identification of
thyroid hormone receptors a and 3 genes and their expression profiles
during metamorphosis in Rana chensinensis. Turk J Zool. 2017;41:454-463.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Mitochondrial gene expression in different organs of Hoplobatrachus rugulosus from China and Thailand under low-temperature stress
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Differential gene expression in chinese and thai tiger frog under the same temperature conditions
	Effects of low-temperature stress on gene expression of two types of tiger frog
	Effects of low-temperature stress on gene expression in different organs

	Discussion
	Different mt gene expression between chinese and thai tiger frog
	Low-temperature stress on mt gene expression
	Tissue heterogeneity in mt gene expression

	Conclusions
	Materials and methods
	Animal sources and cold stress treatment
	RNA extraction and cDNA synthesis
	RT-qPCR primer design
	Relative mRNA quantification
	Data analysis

	Acknowledgements
	References


