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Abstract

This study investigates the molecular mechanisms underlying thermal resilience in the Cynops orientalis (Chinese
fire-bellied newt) through functional characterization of CoHsp70, a cytosolic heat shock protein 70 homolog.
Comparative genomic analysis revealed conserved structural domains (ATPase, substrate-binding domain, and EEVD
motif) and >80% sequence identity with amphibian orthologs. Tissue-specific profiling identified fat tissue as the
predominant site of CoHsp/0 expression. Temperature-dependent transcriptional regulation exhibited bidirectional
dynamics: rapid induction under acute heat stress versus progressive suppression during chronic cold exposure.
CoHsp70 overexpression enhanced hyperthermic survival while reducing metabolic expenditure (SMR, REE) and
oxygen consumption rate (OCR). Taken together, these results suggest that CoHsp/0 is a critical modulator of
amphibian temperature resilience, balancing proteostatic fidelity with energy conservation under thermal extremes.
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Introduction

Climate change, characterized by rising thermal extremes
and altering hydrological cycles, imposes multidimen-
sional pressures on amphibian populations globally
[1]. These perturbations destabilize amphibian habitats
while disrupting their physiological equilibrium, ulti-
mately manifesting as behavioral modifications, repro-
ductive impairments, and elevated mortality thresholds
[2-4]. Prolonged thermal stress activates conserved
molecular defenses, particularly through heat shock pro-
tein (HSP) cascades, which mitigate proteotoxic damage
during cellular denaturation [5-7]. Amphibians' con-
strained thermal tolerance thresholds amplify vulnerabil-
ity to metabolic dysfunction, developmental anomalies,
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and population declines in climate-sensitive ecosystems
[8-11].

Heat shock proteins (HSPs) are a phylogenetically
conserved class of molecular chaperones that are tran-
scriptionally upregulated under diverse stress conditions
beyond thermal exposure, including cold shock, hypoxia,
and pathogenic invasion [12—14]. The HSP superfamily is
categorized by molecular weight into subgroups such as
HSP100, HSP90, HSP70, HSP60, HSP40, and small heat
shock proteins (sHSPs), each exhibiting specialized roles
in cellular stress adaptation [15]. The HSP70 chaperone
family includes major members like the stress-inducible
HSP70 (HSP72), constitutive HSC70 (HSPAS), endoplas-
mic reticulum GRP78 (BiP/HSPA5), and mitochondrial
GRP75 (mtHSP70/HSPA9), which are critical for basal
protein folding, transport, and stress protection [15-17].
Empirical studies on amphibians revealed conserved
HSP70 induction patterns during hyperthermic chal-
lenges. In Xenopus laevis A6 kidney epithelial cells, pro-
teasome inhibitors triggered HSF1 activation and dose/
time-dependent HSP70 induction, with HSP70 acting
as a critical chaperone to maintain client protein folding
capacity during stress [18, 19]. Rana temporaria tadpoles
showed increased HSP70 levels during late develop-
mental stages (Gosner 39-42), with northern popula-
tions exhibiting higher constitutive expression at 13 °C
compared to southern counterparts, highlighting tem-
perature-dependent adaptation [20]. In Rana lessonae,
Hsp70 was strictly heat-inducible (33 °C), contrasting
with constitutive Hsc70 expression, and both localized to
neuroectoderm and the somite region during organogen-
esis, suggesting dual roles in stress response and devel-
opmental regulation [21]. These results demonstrate that
the evolutionarily conserved HSP70 chaperone coordi-
nates amphibian thermotolerance and developmental
fidelity through heat-shock-responsive mechanisms.
While HSP70’s role in mitigating proteotoxic stress is
well-established, its functional integration with energy
metabolism—particularly through mitochondrial path-
ways—provides a plausible link to respiratory adaptation
under thermal stress. This connection is further modu-
lated by species-specific ecological adaptations, leading
to divergent responses in bidirectional thermal regula-
tion (e.g., heat and cold acclimation). Thus, future studies
should prioritize in vivo models that resolve how HSP70
activity intersects with organism-wide metabolic out-
comes across diverse climatic niches.

In ectotherms, energy budget allocation efficiency is a
central metric for evaluating climatic adaptation. Rest-
ing energy expenditure (REE), quantified through gas
exchange rates (V,/V(p ), directly reflects the basal
metabolic load of organisms under quiescent conditions
and their energy economy during stress [22]. Standard
metabolic rate (SMR) characterizes the baseline energy
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demand required for fundamental processes such as
cellular homeostasis under minimized environmental
interference [23], while oxygen consumption rate (OCR)
reveals mitochondrial respiratory chain activity and oxi-
dative phosphorylation efficiency via oxygen utilization
per unit time [24]. These three metabolic phenotypes
collectively establish an analytical framework for bioen-
ergetic budgeting: SMR defines survival thresholds, REE
captures stress-induced metabolic trajectories, and OCR
deciphers mitochondrial functional plasticity. Recent
studies indicate that energy expenditure influences the
efficiency of Hsp70 chaperones in correctly refolding
misfolded proteins [25]. However, empirical research
directly linking HSP70 activity to metabolic phenotypes
such as SMR, REE, and OCR remains scarce, particularly
in non-model amphibians facing climate-driven thermal
oscillations. This knowledge gap severely constrains a
comprehensive understanding of the ecological adaptive
value of HSP70.

The Chinese fire-bellied newt, Cynops orientalis
(Hypselotriton orientalis), is a species of amphibian
(Class: Amphibia, Order: Caudata, Family: Salamandri-
dae, Genera: Cynops/Hypselotriton) endemic to China's
freshwater systems. It is naturally distributed across mul-
tiple provinces in central to southeastern China, includ-
ing Henan, Hubei, Anhui, Jiangsu, Zhejiang, Jiangxi,
Hunan, and Fujian. This species is characterized by a
black dorsum and flanks, often exhibiting a waxy luster,
with most individuals showing no distinct patterning
on the back. The ventral side is vermilion or orange-
red, adorned with scattered black spots (Fig. 1A and B).
In the wild, C. orientalis typically inhabits mountainous
regions at elevations ranging from 30 to 1000 m above
sea level, occurring in ecologically variable habitats
such as muddy swamps with aquatic vegetation, stag-
nant ponds, spring-fed pools, paddy fields, and adjacent
ditches, which demonstrates considerable adaptability to
microenvironmental heterogeneity [26, 27]. The species
exhibits exceptional thermal resilience, tolerating natural
fluctuations from 5 °C to 35 °C as well as transient expo-
sure to>40 °C in thermally buffered microhabitats dur-
ing summer stratification [28, 29]. To date, research on C.
orientalis has predominantly focused on its toxic secre-
tions and remarkable regenerative capabilities [30—34],
whereas its physiological adaptations to thermal stress—
particularly the role of HSP70 in mediating thermotoler-
ance and the potential interplay between heat stress, the
HSP70 response, and respiratory metabolism—remain
poorly understood. Elucidating this regulatory network is
essential for a comprehensive understanding of the spe-
cies' adaptive potential under ongoing climate change.

Functioning as an evolutionarily conserved molecular
chaperone, HSP70 coordinates thermal stress adaptation
with systemic metabolic regulation in animal organisms.
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Fig. 1 Dorsal and ventral views of the Oriental fire-bellied newt, Cynops orientalis. A Dorsal view, showing the black coloration with a waxy luster and
absence of distinct patterning. B Ventral view, exhibiting the vermilion or orange-red background with scattered black spots

In this study, we reported the molecular cloning and
stress-inducible expression profiling of CoHsp70, a heat
shock protein 70 homolog from C. orientalis. Tissue-
specific expression analysis revealed differential CoHsp70
mRNA abundance across organ systems, exhibiting tem-
perature-dependent expression dynamics. Transgenic
overexpression of CoHsp70 conferred enhanced thermo-
tolerance in newts during thermal challenge. Mechanistic
investigation demonstrated time—temperature superpo-
sition effects on metabolic remodeling, as was evidenced
by significant alterations in SMR, REE and OCR profiles.
Our findings bridged molecular chaperone biology with
conservation physiology, demonstrating how CoHsp70
balanced proteostatic resilience with energy economy—a
framework critical for predicting ectotherm adaptability
to anthropogenic thermal shifts.

Materials and methods

Animal acquisition and controlled housing conditions

All experimental procedures involving animals were
conducted in strict compliance with the ethical guide-
lines and regulations governing animal welfare and sci-
entific research in China. The protocol was reviewed
and approved by the Animal Research Ethical Commit-
tee of Hangzhou Normal University (Approval Num-
ber: 2023049). Adult newts (n=300) were procured
from Shengsheng Hatchery (Hangzhou, China), with
a mean (+SD) body weight of 3.83+0.88 g and a body
length of 6.37+0.65 cm (Fig. SIA and B). They were
acclimated in standardized polypropylene contain-
ers (100x 100x 80 mm) with ventilation holes. Precise
mass determination (+1 mg) was performed using a
calibrated electronic balance (AB135-S; Mettler Toledo,
Switzerland) prior to housing. Each container contained
a peat-moss substrate and filtered water (40 mm depth,
pH 5.1 £0.2) to simulate natural microhabitat conditions.
Specimens were maintained in temperature-controlled

incubators (Panasonic, Higashi, Japan) at 18.0+0.5 °C
under a 12 h:12 h light—dark cycle with automated illumi-
nation (06:00 - 18:00). The newts were fed at 48-h inter-
vals using thawed Limmnodrilus spp. earthworms, with
residual food particles and fecal matter systematically
removed via sterile forceps within 30 min post-feeding.

Molecular cloning and structural characterization of
CoHsp70

A partial sequence of CoHsp70 sequence was obtained
by PCR from newt liver DNA using the primers CAU70-
F1 and CAU70-R1 (Table S1), which were designed
based on conserved regions of homologous sequences
from Pleurodeles waltl, Ambystoma mexicanum, Rana
amurensis and Rana lessonae (GenBank accession nos.
X71951, AY029210, MZ736885, MZ736884). Partial
genomic sequences were obtained using the Genome
Walking Kit (Takara, Beijing, China), followed by acquisi-
tion of the complete open reading frame (ORF) sequence
via the SMARTer RACE 5’/3’ Kit (Takara, Beijing, China).
The ORF sequence was submitted to GenBank under
accession number PQ323562. Sequence homology was
verified using NCBI BLAST, while physicochemical prop-
erties were analyzed via ExPASy ProtParam. Secondary
structure prediction employed SOPMA (NPS@ server),
and domain architecture was resolved using SMART
v4.0. The tertiary structure was predicted via homology
modeling using SWISS-MODEL.

Phylogenetic analysis

To construct a meaningful phylogenetic tree, NCBI
was used to search for 6 classes of CoHsp70 homolo-
gous proteins in Chordata: Mammalia, Aves, Reptilia,
Amphibia, Chondrichthyes, and Osteichthyes. For each
class, ten protein sequences exhibiting>80% homology
to CoHSP70 were retrieved, resulting in a final dataset
comprising 60 homologs from various species. Multiple
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sequence alignment was performed using MUSCLE v3.8
with default gap penalties. Phylogenetic analysis was per-
formed using MEGA11 with neighbor-joining method
[35-37].

Constitutive CoHsp70 expression in newt tissues

Tissues or organs from newts (m=5) were collected,
flash-frozen in liquid nitrogen, and stored at-80 °C for
subsequent experiments. The tissues collected included
liver, fat, lung, heart, kidney, stomach, muscle, and intes-
tine. Total RNA was extracted by using an RNA extrac-
tion kit (Takara, Beijing, China). One microgram of total
RNA was treated with a gDNA Eraser Kit (Takara, Bei-
jing, China) and used for cDNA synthesis with a Prime-
Script™ RT Reagent Kit (Perfect Real Time) (Takara,
Beijing, China). Quantitative real-time reverse transcrip-
tion-PCR (qRT-PCR) was performed using a C1000™
thermal cycler (Bio-Rad, Hercules, CA, USA) with an
iTaq Universal SYBR Green Supermix Kit (Bio-Rad, Her-
cules, CA, USA). Each assay was performed in triplicate
and programmed as follows: 95 °C for 30 s, followed by
40 cycles of 95 °C for 5 s and 60 °C for 30 s for 30 s, finally
95 °C for 10 s. A negative control without template was
included in each assay. Melt curve analysis of amplifica-
tion products was performed at the end of each PCR to
confirm amplification specificity. The housekeeping gene
was amplified using primers GAPDH-FI and GAPDH-
R1, which were designed according published newt
sequence. The primers, RT70-FI and RT70-R1 (Table S1),
used to amplify CoHsp70 were designed according to the
sequence obtained in our study (GenBank accession no.
PQ323562).

CoHsp70 expression in response to temperature challenges
Adult newts (n=60) were divided into two groups (30
specimens/group) and acclimated at 4 °C (hypothermic
stress) or 32 °C (hyperthermic stress). Hepatic tissues
were harvested at defined intervals: 4 °C-exposed speci-
mens at 0, 8, 24, 48, 72, and 96 h; 32 °C-exposed speci-
mens at 0, 2, 8, 16, 24, and 48 h. All excised tissues were
immediately flash-frozen in liquid nitrogen and stored
at - 80 °C until RNA extraction. The procedures for RNA
extraction, cDNA synthesis, and qRT-PCR were con-
ducted as described in the previous section.

CoHsp70 overexpression and metabolic phenotyping
Plasmid construction

The open reading frame of CoHsp70 was amplified by
PCR using primers IRES70-FI1 and IRES70-R1 (Table S1).
To express EGFP-tagged CoHSP70 protein in newts, we
constructed the recombinant plasmid pIRES2-CoHsp70.
The pIRES2-EGFP empty vector (Clontech, Mountain
View, CA, USA) was first linearized by digestion with the
EcoR I restriction enzyme. The linearized vector fragment
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was subsequently isolated and purified via agarose gel
electrophoresis. The 1941-bp CoHsp70 coding sequence
fragment, obtained by PCR amplification, was then
ligated with the purified linearized vector using a one-
step cloning kit (Novoprotein, Shanghai, China) based on
homologous recombination. The correct assembly of the
recombinant plasmid was verified by DNA sequencing.

Thermal stress response in CoHsp70-overexpressed newts
Adult newts (n=80) were randomly divided into two
groups (40 newts per group) for intramuscular plasmid
injection. Twenty newts from each group received an
intramuscular injection in the caudal musculature with
60 pL of PBS containing 600 ng of pIRES2-EGFP, while
the remaining twenty newts in each group were injected
with 60 pL of PBS containing 600 ng of pIRES2-CoHsp70.
A dose of 600 ng was selected based on preliminary
dose-response experiments (testing 200, 400, 600, and
800 ng), as it yielded the highest transfection efficiency.
Post-injection, cohorts were acclimated in controlled
thermal environments programmed for gradual thermal
shifts: one group was warmed from 18 °C to 36 °C over
8 days (+2.25 °C/day), while the other was cooled from
18 °C to 2 °C over the same period (-2 °C/day). Each ther-
mal cohort consisted of 20 pIRES2-EGEP-injected newts
and 20 pIRESPs-CoHsp70-injected counterparts (Fig. 2).
Newts were monitored daily during the 10-day exposure
at stabilized extreme temperature (36 °C or 2 °C). Mortal-
ity was defined by cessation of opercular movement and
righting reflex loss.

Detection of plasmid expression in newt tissues

After 28 days of culture, muscle and liver tissues were
harvested from the newts for subsequent DNA and
RNA extraction, as well as Western blot analysis. cDNA
synthesis was conducted following the methodologies
outlined in the preceding section. The primer pair RT70-
FI1/IRG-R1 were used to detect pIRES2-CoHsp70, while
IRG-FI1/IRG-RI1 amplified pIRES2-EGFP (Table S1).
Amplification products were electrophoresed on 2% aga-
rose gels using SYBR Safe DNA Gel Stain (Thermo Fisher,
Waltham, United States), confirming target-specific
bands.

Specific protein expression levels were detected by
Western blot analysis. Approximately 30 mg of liver tis-
sue was homogenized in ice-cold RIPA lysis buffer con-
taining 1 mM PMSF and lysed on ice for 30 min. The
homogenate was centrifuged at 12,000 x g for 30 min at
4 °C to collect the supernatant. Total protein concen-
tration was determined using a BCA assay kit (Takara,
Dalian, China), and all samples were adjusted to 4 pg/
pL, mixed with 5xSDS loading buffer, and denatured
by boiling at 100 °C for 10 min. Each sample containing
15 pg of protein was separated by SDS-PAGE and then
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Fig. 2 Experimental design of plasmid injection and thermal stress in newts. Newts (n=80) were divided into warming and cooling cohorts, each further
receiving an intramuscular injection of either pIRES2-EGFP or pIRES2-CoHsp70 plasmid (600 ng/dose). Post-injection, newts underwent an 8-day gradual
temperature shift (18 °C to 36 °C or 18 °C to 2 °C) followed by a 10-day thermal stress phase

transferred onto a polyvinylidene fluoride (PVDF) mem-
brane. The membrane was blocked with 5% non-fat milk
for 1 h at room temperature, followed by incubation
with a primary mouse anti-EGFP monoclonal antibody
(Takara, Beijing, China) at 4 °C overnight. After washing
with TBST, the membrane was incubated with an HRP-
conjugated goat anti-mouse secondary antibody (Takara,
Beijing, China) for 1 h at room temperature. Immunore-
active bands were visualized using an ECL detection kit
(Takara, Beijing, China).

Respirometric measurement of SMR and OCR in newts
Ninety adult newts were allocated to three thermal regi-
mens (30 newts/group), each comprising 15 pIRES2-
EGFP-injected and 15 pIRES2-CoHsp70-injected
individuals: (1) hypothermic adaptation (18 °C to
4 °C,-2 °C/day), (2) hyperthermic acclimation (18 °C
to 32 °C,+2 °C/day), and (3) isothermal maintenance at
18 °C. The key experimental parameters, including the
600 ng plasmid injection dose and the range and rate
of thermal stress, were determined based on systematic
preliminary dose-response and temperature gradient
experiments. All cohorts were stabilized at their respec-
tive target temperatures for 21 days prior to metabolic
evaluation (Fig. 3).

Metabolic profiling utilized an FMS portable respi-
rometry system (Ecotech, Beijing, China) with eight
RMS8-switched microchambers (30 mL/min standardized
airflow). Standard Metabolic Rate (SMR, mL O, g™* h™!)
was quantified after 10 min of dark acclimation in par-
tially vented chambers, followed by 30 min of continuous
Vo,/Vco, monitoring via ExpeData software (baseline-
corrected against channel 1 blanks) [23]. Measurements
were repeated five times (Days 0, 7, 14, 21, 28) under

low-light conditions (12:00-22:00), preceded by 24 h
fasting and mass recording.

OCR (mg g™! h™') was measured under identical tem-
perature acclimation conditions as SMR, with matching
time points, sample sizes, and temperature parameters.
OCR measurements were conducted at five intervals
(Days 0, 7, 14, 21, 28) using 250 mL glass respirometry
chambers containing 24-h aerated water. Initial dissolved
oxygen (DO,, mg L') was measured with a JPBJ-610L
meter (Leici, Wuxi, China) at+0.3 mg L™! accuracy. After
1 h incubation, final dissolved oxygen (DO,; mg L) was
recorded, followed by blot-drying and volumetric dis-
placement-based mass (M; g) determination. OCR was
calculated as [(DO, - DO;) x (chamber volume — newt vol-
ume)]/(M x t) [38], with chamber volume =250 mL and
t=1h. All protocols aligned with ectotherm respirometry
methodologies for minimizing handling stress and ensur-
ing thermal consistency.

To ensure reproducible results, the following measures
were implemented: all experimental individuals were
sourced from the same reared population with standard-
ized body weight and length to minimize inter-individ-
ual variation; all procedures, including animal handling,
injections, and respirometry, adhered to detailed Stan-
dard Operating Procedures (SOPs) and were performed
by the same experienced technician; the respirometry
system was calibrated with standard gases before each
measurement session; and all measurements were con-
ducted under strictly controlled environmental condi-
tions. This protocol complies with established standards
for ectotherm metabolic research to minimize environ-
mental stress and ensure data reproducibility.



Liu et al. BMC Genomics (2026) 27:127

(15) (pIRESZ-EGFP

Page 6 of 16

. =iy [ E
| ] J ql ””.flf
WM ST+ C!day) | 1,
S\\\ 15 32°C %,
g v
(15)&’  pIRESZ2-EGFP
¥ 7 Days § Z‘li 21 SMR
18°C J 'E. Days REE
18°C (15)_ " pIRES2-CoHsp70 i OCR
E 4
%, &
’r,,; (15)« ( pIRES2-EGFP &
7 Days | N
iy » ||n|||||y|||> ey
- 2°Clday
(16). PIRES2-CoHsp70 ' S

¥

Fig.3 Schematic of the thermal stress experiment. Adult newts (n=90) initially held at 18 °C were allocated to three thermal regimens for 7 days: warm-
ing to 32 °C (red), maintenance at 18 °C (yellow), and cooling to 4 °C (blue). Each regimen comprised newts injected with pIRES2-EGFP or pIRES2-CoHsp70
(n=15 per plasmid). All groups were stabilized for 21 days before measuring SMR, REE, and OCR

Data analyses

The expression levels of CoHsp70 were analyzed using
the 2724CT method, with relative mRNA levels expressed
as mean = SE [39]. Chi-square test was performed using
Graphpad Prism 9.5 software to assess the differences in
mortality. SMR in newts was quantified via closed-cham-
ber respirometry with ExpeData software (Sable Systems
International), applying automated MACRO routines to
exclude activity-associated oxygen consumption. REE
(kcal g! h') was calculated using the Weir equation [40]:
REE=3.941x Vy +1.106 x Vo, where V, and V, rep-
resent mass-specific oxygen and carbon dioxide exchange
rates, respectively. The within-subject effects were ana-
lyzed using repeated-measures ANOVA in SPSS 26 soft-
ware, with the significance level (a) set at 0.05. Significant
differences among treatment groups were determined
using Duncan's multiple range test in SPSS 26 software
(p<0.05).

Results

Molecular characterization and phylogenetic analysis of
CoHsp70

The ORF sequence of CoHsp70 comprises 1,941 nucleo-
tides encoding a 646-residue polypeptide with a predicted
molecular mass of 71.05 kDa (Fig. S2A and B). Amino
acid composition analysis revealed alanine (8.2%) and
lysine (8.0%) as predominant residues (Fig. 4A). Compu-
tational analysis using ExPASy identified CoHsp70 as a
hydrophilic acidic protein (pI 5.52) with high structural
stability (stability index 33.48), exhibiting an aliphatic

index of 84.24 and average hydrophilicity of-0.431
(Fig. 4B). Secondary structure prediction via SOPMA
demonstrated a-helices (42.41%) as the dominant confor-
mation, followed by random coils (39.01%) and extended
strands (18.58%) (Fig. S2C). Three conserved HSP70 fam-
ily signatures were identified through ProSite analysis:
signature 1 (11-18 aa, IDLGTTYS), signature 2 (200-213
aa, IFDLGGGTFDVSIL), and signature 3 (337-351 aa,
VVLVGGSTRIPKIQK) (Fig. S2B). Domain architecture
analysis revealed an actin-like ATPase domain spanning
residues 7-189 and 194-385, a peptide-binding domain
(388—-546 aa), and a C-terminal subdomain (541-620 aa).
Tertiary structural modeling confirmed the presence of
these functional domains (Fig. 4C).

A large-scale phylogenetic analysis was conducted to
determine the evolutionary placement of the CoHSP70
from the C. orientalis. The dataset comprised 61 ver-
tebrate HSP70 homologous sequences retrieved from
NCBI (Fig. 5). The resulting phylogenetic tree demon-
strated that vertebrate HSP70 sequences clustered in
accordance with traditional taxonomic relationships.
Specifically, amphibian HSP70s formed a distinct and
highly supported clade, within which CoHSP70 showed
the closest relationship to the sequence from another
caudate amphibian, the Iberian ribbed newt (Pleurodeles
waltl). This result strongly confirms the sequence identity
of CoHSP70 and provides a robust evolutionary frame-
work for its comparative functional evolutionary studies
within amphibians.
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Constitutive expression of CoHsp70 in tissues

Quantitative reverse transcription-PCR (qRT-PCR) anal-
ysis of CoHsp70 expression across eight tissues revealed
a highly significant and distinct hierarchical pattern
when normalized to hepatic expression levels (Fig. 6).
Specifically, fat tissue exhibited the highest basal expres-
sion, with CoHsp70 transcript abundance approximately
9.36 times that of the liver reference value (F, 4,=1075,
p<0.0001). Expression in lung tissue ranked second,
showing about a 5.71-fold increase relative to the liver,
followed by stomach (3.46-fold) and kidney (3.10-fold)
tissues. Notably, CoHsp70 levels in the heart (1.40-fold)
and skeletal muscle (0.85-fold) were not significantly dif-
ferent from hepatic levels (F, ,,=1075, heart: p=0.0784;
muscle: p=0.9394). In stark contrast, its expression in
intestinal tissue was significantly the lowest, register-
ing only 11% of the hepatic reference value. This tissue-
specific hierarchy (fat>lung>stomach >kidney >heart ~

liver ~ muscle > intestine) was observed under physiolog-
ical steady-state conditions.

Divergent transcriptional responses of CoHsp70 to heat
and cold stress

Quantitative analysis of hepatic CoHsp70 transcript lev-
els under thermal stress demonstrated temperature-spe-
cific regulatory patterns. Exposure of the newts to 4 °C
elicited a dynamic pattern of rapid transcriptional sup-
pression of CoHsp70 expression (Fig. 7A). Compared to
the 0 h control group, the relative expression of CoHsp70
declined sharply within 8 h, dropping to approximately
0.11 and reaching the lowest point during the entire
observation period (Fj 30=160.0, p<0.0001). A partial
recovery was observed at 24 h, with expression increas-
ing to approximately 0.28. Subsequently, the expres-
sion level stabilized at this significantly reduced plateau
(approximately 0.3) from 48 to 96 h. This stabilization
indicated that gene expression had entered a new steady
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Rhinatrema bivitlatum XP 029441075.1
499|E Microcaecilia unicolor XP 030051018.1
61 m Geotrypetes seraphini XP 0337717921
Atractosteus spatula MBN3321787.1
Polypterus senegalus XP 039623363.1
Sardina pilchardus XP 062401791.1
53 Channa striata UVC58028.1
74 493|£ Seriola quinqueradiata BAG82850.1
Mothobranchius furzeri XP 015797521.2
& Clarias batrachus BAQ00457.1
v Labeo rohita RXN12850.1
% Ctenopharyngodon idella XP 0517422581
85 Pseudorasbora parva XP 067270438.1
95 Dromiciops gliroides XP 043857292.1
100 E Trichosurus vulpecula XP 0366222291
Gracilinanus agilis XP 0445298251
. Suncus etruscus XP 049621089.1
Jaculus jaculus XP 004671914.2
100 ————— Echinops telfairi XP 004711771.1
T Rhinolophus ferrumequinum XP 032954600.1
Loxodonta africana XP 003422314.1
_ﬂE Sus scrofa NP 998931.1
100 Phacochoerus africanus XP 047650670.1
Platysternon megacephalum TFK16002.1
Terrapene triunguis XP 0240501821
Chelonia mydas XP 027685851.2
5 Caretta caretta XP 048709563.1
0 Dermochelys coriacea XP 038262867 .1
Trachemys scripta elegans XP 034623819.1
Gopherus evgoodei XP 0304144451
—sal: Mauremys reevesii XP 039392100.1
Emydura macquarii macquarii XP 067411031.1
—5-=|: Pelodiscus sinensis NP 001274490.1
o Hirundo rustica rustica RMB92035.1
J'E Anomalospiza imberbis XP 088028366.1
Ficedula albicollis XP 005058815.1
Sterrhoptilus dennistouni NX120853.1
» Chioropsis hardwickii NWH41029.1
Bombyecilla garrulus NXN81453.1
. Dicaeum eximium NXH37669.1
100 Nesospiza acunhae NWZ99488.1
Crotophaga sulcirostris NWS73080.1
lladopsis cleaveri NXM53158.1
p go—— Carcharodon carcharias XP 0410301651
L Amblyraja radiata XP 032905789.1
e Callerhinchus milii AFM90934.1
7s— Leucoraja erinacea XP 055516631.1
% — Seyliorhinus canicula XP 038634609.1
P 4@: Hypanus sabinus XP 0598142931
Mobula hypostoma XP 062894199.1

75 Stegostoma tigrinum XP 048418087 .1
E Chiloscyllium plagiosum XP 043532634.1
8 Hemiscyllium ocellatum XP 060702965.1
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Fig. 5 A maximum-likelihood phylogenetic tree was constructed using 61 vertebrate HSP70 homologous sequences. The CoHSP70 sequence from
Cynops orientalisis highlighted in red. Bootstrap values greater than 50% are shown at the nodes. Selected taxonomic classes are indicated by colored arcs
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in liver was set as 1. The vertical bars represent the means + SE (n=6)

state after 24 h. All time points during this period showed
extremely significant differences compared to the 0-h
control (Fj 3,=160.0, p<0.0001). In contrast, the acute
32 °C challenge elicited a characteristic rapid induction of
CoHsp70 (Fig. 7B). Compared to the control, the expres-
sion level peaked at 2 h (3.08-fold), which was signifi-
cantly different from all other time points (F; 3,=223.9,
p<0.0001). Subsequently, the expression rapidly
declined, returning to a level statistically indistinguish-
able from the 0 h control by 8 h (F; 3,=223.9, p=0.9752).
Critically, during the later stages of heat stress (8 to 48 h),
the expression level did not remain stable but fluctuated
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before significantly decreasing to 59% of the control
level at 48 h (F; 3,=223.9, p=0.0006), indicating that
prolonged heat stress ultimately led to transcriptional
suppression.

Multilevel validation of the CoHsp70 overexpression
system and its temperature-responsive protein expression
To validate the efficacy of the CoHsp70 overexpression
system, analyses were performed at the DNA, mRNA,
and protein levels. PCR gel electrophoresis (Fig. 8A and
B) detected specific bands of the expected size for both
the empty vector (pIRES2-EGFP) and the recombinant
vector (pIRES2-CoHsp70) in newt tissues, confirming
successful vector introduction and normal transcrip-
tion. Western blot analysis (Fig. 8C) further verified that
a specific band at approximately 98 kDa, corresponding
to the EGFP-CoHSP70 fusion protein, was present only
in experimental groups injected with pIRES2-CoHsp70
(lanes 2, 4), while control groups receiving the empty vec-
tor (lanes 1, 3) exhibited a signal solely at 27 kDa (EGFP
tag). Significantly, the expression level of the fusion pro-
tein under high-temperature stress (lane 2) was signifi-
cantly higher than under low-temperature conditions
(lane 4), indicating a positive regulatory effect of temper-
ature on CoHSP70 protein expression.

A thermo-protective role of CoHsp70 in the newt

Survival analysis of newts subjected to thermal
extremes revealed plasmid-dependent viability pat-
terns (Fig. 8D). Following intramuscular injection with
either pIRES2-EGFP (n=20) or pIRES2-CoHsp70 (n=20),
newts were acclimated to thermal challenges (36 °C vs.
2 °C) over 10 days. Under hyper (36 °C), the pIRES2-
CoHsp70 cohort exhibited 40% survival, significantly
surpassing the 10% viability in pIRES2-EGFP-injected
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Fig. 7 Expression of CoHsp70in newts under different incubation temperatures determined by quantitative real time reverse transcriptase PCR at various
times. The mRNA level of CoHsp70 was normalized to that of GADPH. The vertical bars represent the means + SE (n=6). Different letters indicate significant
differences (p < 0.05,a>b > c). A CoHsp70 expression levels in newts incubated at 4 °C for different times. B CoHsp70 expression levels in newts incubated

at 32 °C for different times
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Fig. 8 Multilevel validation of the CoHsp70 overexpression system and its thermoprotective effect. A Agarose gel electrophoresis of PCR products am-
plified from genomic DNA, confirming the presence of the injected plasmids. Lanes 1, 3: pIRES2-EGFP control; Lanes 2, 4: pIRES2-CoHsp7/0. Lanes 1-2:
samples from 36 °C challenge; Lanes 3-4: samples from 2 °C challenge. B Agarose gel electrophoresis of PCR products amplified from cDNA, verifying the
transcription of the plasmid-encoded gene. The lane assignments are identical to those in (A). C Western blot analysis using an anti-GFP antibody. Lanes
1 and 3 (p/RES2-EGFP control) show a specific band at 27 kDa (EGFP). Lanes 2 and 4 (pIRES2-CoHsp70) show a specific band at 98 kDa (EGFP-CoHSP70 fu-
sion protein). Lanes 1-2: samples from 36 °C challenge; Lanes 3-4: samples from 2 °C challenge. D Kaplan-Meier survival curves of newts under thermal
stress. Survival distributions between the p/RES2-EGFP and pIRES2-CoHsp70 groups at 36 °C were compared using the Log-rank (Mantel-Cox) test, which
showed a statistically significant difference (’=5.562, df=1, p=0.018). No significant difference was observed between the two groups at 2 °C. The un-
cropped original images for (A) and (B) are shown in Fig. S3; the image for (C) is shown in Fig. S4

counterparts (df=1, y’=5.562>5.024, p=0.01836). Mor-
tality in the pIRES2-EGFP group commenced at 72 h
post-induction, escalating linearly through day 10. In
contrast, hypothermia (2 °C) elicited 100% survival in
both groups, demonstrating temperature-specific plas-
mid effects.

Modulation of whole-body energy homeostasis by
CoHsp70 overexpression

The repeated-measures ANOVA (Table S2) indicated
no significant effects of Time (F, 3,3=1.438, p=0.227,
partial n>=0.016), Temperature (F, g,=0.203, p=0.816,
partial n?=0.005), or Time x Temperature interaction
(Fg, 345=0.322, p=0.944, partial n?=0.007) on body mass
trajectories. To investigate the role of CoHsp70 overex-
pression in regulating energy metabolism, we system-
atically measured the SMR and REE of the newt under
different temperature stresses (4 °C, 18 °C, 32 °C). As

shown in Fig. 9 A, B, D, and E, no significant differences
in SMR or REE were observed between newts injected
with pIRES2-CoHsp70 and the pIRES2-EGFP at day 0
prior to thermal acclimation (p>0.05), establishing a
comparable metabolic baseline. Distinct temperature-
and time-dependent metabolic patterns emerged upon
thermal challenge. Under 32 °C heat stress, SMR and REE
in both groups increased sharply, peaking between days 7
and 14, significantly higher than levels at 18 °C and 4 °C
(p<0.05), reflecting typical heat-induced thermogen-
esis. A key finding was the consistent plasmid-specific
effect observed from day 14 onwards across all tempera-
ture regimes: the pIRES2-CoHsp70 overexpression group
exhibited significantly lower SMR and REE compared to
the pIRES2-EGFP control group. Under 32 °C heat stress,
this suppressive effect emerged at day 14 (SMR was
96.0% of control, p=0.0137; REE was 96.0% of control,
»=0.0193) and persisted until day 28 (SMR was 97.0% of
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Fig. 9 Effects of temperature and plasmid injection on metabolic rates in the newt. SMR (A), REE (B), and OCR (C) in newts injected with pIRES2-EGFP or
PIRES2-CoHsp70, measured at five time points over 28 days under 4 °C, 18 °C (control), or 32 °C. Temporal profiles of SMR (D), REE (E), and OCR (F) across
the different temperature regimens and plasmid treatments. Data are presented as means + SE (n=15). Different lowercase letters indicate significant dif-
ferences (p <0.05) among groups at the same time point (A-C) or across time points within the same group (D-F), following the ordera>b>c>d>e>f

control, p=0.0141; REE was 96.0% of control, p =0.0012).
A similar significant difference appeared and was main-
tained from day 14 under 18 °C conditions (SMR was
96.0% of control, p=0.0274; REE was 96.0% of control,
p=0.0102). Notably, under 4 °C cold stress, the effect
was delayed until day 21 but manifested a more substan-
tial suppression (SMR was 76% of control, p=0.0360;
REE was 76.0% of control, p=0.0180). CoHsp70

overexpression significantly reduced energy expenditure
across temperature stresses, providing key evidence for
HSP70's role in stress-related energy homeostasis.

Regulation of respiratory metabolism by CoHsp70
overexpression

The repeated-measures ANOVA (Table S3) indicated
no significant effects of Time (F, 3,3=1263, p=0.093,
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partial n*=0.023), Temperature (F, g,=0.448, p=0.499,
partial n?=0.016), or Time x Temperature interaction
(Fg, 345=0.613, p=0.866, partial n*=0.011) on volum tra-
jectories. Prior to thermal acclimation under standard
conditions (18 °C, Day 0), newts injected with either
PIRES2-CoHsp70 or the pIRES2-EGFP control plas-
mid showed no significant difference in OCR (p>0.05;
Fig. 9C). Distinct temperature- and time-dependent OCR
response patterns emerged following acclimation to 4 °C,
18 °C, and 32 °C over the 28-day period (Fig. 9C and F).
Under 32 °C heat stress, OCR in both groups peaked
on day 7 before gradually declining, yet remained con-
sistently higher than in groups at lower temperatures,
indicative of increased metabolic demand under hyper-
thermia. Consistent with the patterns observed for SMR
and REE, OCR measurements revealed that pIRES2-
CoHsp70 overexpression significantly suppressed the
oxygen consumption rate. This inhibitory effect was evi-
dent at day 14 under both 18 °C (OCR reduced to 92% of
the control, p=0.0355) and 32 °C (OCR reduced to 95%
of the control, p=0.0074) conditions. Although delayed
until day 21 under 4 °C cold stress, the effect was most
substantial, with OCR decreasing to 88% of the control
value (p=0.0348). The cross-temperature OCR sup-
pression pattern revealed in this study indicates that
CoHsp70 overexpression enhances metabolic plasticity.
This universal energy-regulating mechanism may provide
a significant adaptive advantage for animals confronting
fluctuating environments.

Discussion

HSP70 is one of the most evolutionarily conserved and
widely studied members of the heat shock protein family
[41-43]. It is expressed in both prokaryotes and eukary-
otes, with amino acid sequences exhibiting high simi-
larity across diverse biological sources [16, 44—47]. For
instance, goat HSP70-1 shares 96-99% sequence similar-
ity with sheep (partial), cattle, and buffalo, while amino
acid-level similarity ranges from 95 to 100% [48]. Simi-
larly, murine and human HSP70 display 95% amino acid
homology and 91% nucleotide homology [49], suggest-
ing conserved biological roles across species. Although
multiple Hsp70 family members have been identified in
animals and plants, amphibian studies remain limited to
a few model species, including Xenopus laevis, X. tropi-
calis, and Rana lessonae [18, 21, 50]. This study provides
a new case for understanding the evolution and func-
tion of HSP70 by reporting its first successful cloning
and functional characterization in the C. orientalis. A
recognized limitation is that this work examines a single
member (HSP70) of the multifaceted heat shock protein
family. While this focused approach has allowed for a
detailed investigation of HSP70's role in thermal adapta-
tion, it precludes a comprehensive understanding of the
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potential synergistic or antagonistic interactions with
other chaperones, such as HSP90 or small HSPs, which
may also be critical in the stress response network.
Future studies should aim to characterize the expression
profiles and functional interplay of multiple HSP family
members in C. orientalisto build a more integrated model
of proteostasis under climatic stress. Nevertheless, the
integrated research path from gene cloning to phenotypic
analysis, validated herein, serves as a practical exemplar
for similar studies in other non-model organisms. This
work lays the groundwork for future comparative stud-
ies across a wider range of species to elucidate the evolu-
tionary dynamics of different members within the HSP70
family.

Structural basis of CoHsp70 functional plasticity

Sequence analysis confirms that CoHsp70 exhibits the
canonical eukaryotic HSP70 architecture, characterized
by three signature motifs and three conserved functional
domains. The N-terminal region contains two highly
conserved sequences (41 kDa) encompassing the ATPase
active site, which drives ATP hydrolysis to facilitate sub-
strate protein folding and translocation. Adjacent to this
lies a conserved 17.4 kDa substrate-binding domain that
recognizes hydrophobic client peptides. The C-terminal
region (9.4 kDa) displays structural variability and ter-
minates with the cytoplasmic-specific EEVD motif, a
hallmark of cytosolic HSP70 isoforms that mediates
co-chaperone interactions [51-54]. Phylogenetic com-
parisons reveal striking conservation of these structural
features across diverse taxa, including Macrobrachium
rosenbergii, Pleurodeles waltl, and Xenopus laevis [18, 55,
56], underscoring the evolutionary constraint on HSP70
core machinery. Notably, the acidic isoelectric point (pI
5.52) of CoHsp70 closely resembles that of mammalian
HSPA1A (pI 5.3-5.8). However, its lower hydrophobicity
(GRAVY: - 0.431) compared to human HSPA8 (GRAVY:
— 0.38) suggests a potential mechanism for stabiliz-
ing higher-molecular-weight client protein complexes
through enhanced surface charge distribution [57]. These
structural features collectively underpin the functional
plasticity of CoHsp70 in adapting to amphibian ecological
pressures.

Fat CoHsp70 drives stress adaptation

Our study reveals that the baseline expression of
CoHsp70 in fat is 9.36-fold higher than in the liver, chal-
lenging the conventional liver/spleen-centric understand-
ing of Hsp70 expression [58, 59]. This pattern may reflect
the heavy reliance of newts on fat as a major energy res-
ervoir during hibernation [60], where elevated free fatty
acids could induce endoplasmic reticulum stress (ERS)
and mitochondrial lipid peroxidation [61]. The sustained
high-level expression of CoHsp70 likely helps maintain
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adipocyte homeostasis through two potential mecha-
nisms: cooperative refolding of misfolded fatty acid
synthases with HSP40 co-chaperones [62], and suppres-
sion of the IRE1a—XBP1 signaling pathway to attenuate
ERS-driven lipolysis [63]. In contrast, the low intestinal
CoHsp70 expression (only 11% of liver levels) suggests a
risk-minimization strategy, possibly to avoid the accumu-
lation of misfolded proteins and premature activation of
the unfolded protein response [64]. The observed tissue
hierarchy (fat>lung>stomach>kidney>heart =~ liver ~
muscle > intestine) indicates a spatially reprogrammed
Hsp70 expression pattern that balances organ-specific
stress defense with metabolic economy in this species.

Thermal bidirectionality of CoHsp70 stress adaptation
CoHsp70 demonstrated distinct asymmetric dynamics
when exposed to different thermal challenges: acute heat
stress at 32 °C induced a rapid but self-limiting transcrip-
tional activation that peaked at 2 h, returned to baseline
levels within 8 h, before declining further to 59% of the
baseline at 48 h. In contrast, chronic exposure to 4 °C
cold resulted in progressively stronger transcriptional
suppression that persisted throughout the 96-h obser-
vation period, with expression retaining only 30% of
baseline levels. This differential response appears to orig-
inate from distinct temperature-sensing pathways. Heat
stress primarily activates the Hsp70 promoter through
HSF1 trimerization [65], while cold stress suppresses
mTORC1-S6K signaling, thereby reducing translational
elongation efficiency and creating negative feedback reg-
ulation [66]. The partial recovery of CoHsp70 expression
observed at 24 h of cold exposure may involve the activ-
ity of cold shock proteins [67]. Functional assays reveal
that CoHsp70 overexpression enhances hyperthermic
survival (36 °C; 40% vs. 10% controls) but not cold sur-
vival (2 °C). This temperature-dependent survival trade-
off implies different protective mechanisms. During heat
stress, CoHsp70 likely stabilizes thermosensitive kinases
to maintain energy sensing capacity [68]. Under cold
stress, however, its ATP-dependent chaperone activity
may exacerbate cellular energy deficits, ultimately pro-
moting metabolic suppression [69]. Collectively, these
findings emphasize that the adaptive value of Hsp70 is
strongly influenced by the amplitude of environmental
thermal fluctuations.

CoHsp70 acts as a systemic energy budget optimizer under
thermal stress

Conventional models suggest that HSP70 overexpres-
sion increases cellular energy expenditure [70]; however,
our findings reveal that CoHsp70 overexpression sig-
nificantly reduces both the SMR and REE under hyper-
thermia (32 °C). This reduction may be attributed to
decreased energy waste in protein repair processes and
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enhanced mitochondrial energy efficiency. These obser-
vations support the chaperone efficiency hypothesis:
CoHSP70 improves substrate recognition accuracy (e.g.,
by strengthening HSP40 co-chaperone affinity), thereby
minimizing ATP consumption in futile folding cycles
[71], while simultaneously suppressing energy-intensive
non-selective autophagy through disruption of p62-LC3
interactions [72]. In cold-adapted groups, CoHsp70-
induced decline in OCR likely results from stabilized
mitochondrial respiratory complexes (e.g., I-III,-IV,)
[73], which improve electron transfer efficiency. These
findings redefine Hsp70 metabolic role — not merely as
a stress defense executor but as a systemic energy budget
optimizer, reconciling proteostatic demands with bioen-
ergetic constraints under thermal extremes.

Conclusion

This study provides the first comprehensive functional
characterization of CoHsp70 in the Chinese fire-bellied
newt (Cynops orientalis), demonstrating its role as a ther-
mal stress-responsive molecular chaperone that systemi-
cally optimizes energy homeostasis. We confirmed the
evolutionary conservation of CoHsp70 among amphib-
ians and revealed a distinct tissue-specific expression
profile, with the highest baseline level in fat tissue, chal-
lenging the conventional liver-centric model of HSP70
biology. Under thermal stress, CoHsp70 exhibited bidi-
rectional transcriptional dynamics: rapid but self-limited
activation during acute heat stress and progressive sup-
pression during prolonged cold exposure. Functional
assays via overexpression demonstrated that CoHsp70
enhances hyperthermic survival by reducing whole-
organism energy expenditure (SMR and REE) and cel-
lular respiratory activity (OCR), supporting its role as a
metabolic optimizer rather than merely a stress-response
factor. These findings advance the understanding of
HSP70 family proteins in ectotherms, highlighting their
capacity to balance proteostatic requirements with bio-
energetic efficiency under thermal extremes. This work
establishes a foundational framework for further explo-
ration of HSP70-mediated adaptive mechanisms in non-
model vertebrates.

Abbreviations

ATPase Adenosine triphosphatase

CoHsp70 Cynops orientalis Heat shock protein 70

DO Dissolved oxygen

DO, Initial dissolved oxygen

DO Final dissolved oxygen

EEVD Glutamate-glutamate-valine-aspartate (C-terminal motif of
cytosolic HSP70)

EGFP Enhanced green fluorescent protein

ERS Endoplasmic reticulum stress

GAPDH Glyceraldehyde-3-phosphate dehydrogenase (housekeeping
gene)

Hsc70 Heat shock cognate 70 (constitutive isoform)

HSP Heat shock protein

HSP40 Heat shock protein 40 (co-chaperone)
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HSP70 Heat shock protein 70

HSP90 Heat shock protein 90

HSPATA Heat shock protein family A member 1A (inducible Hsp70)

HSPAS Heat shock protein family A member 8 (constitutive Hsc70)

HSF1 Heat shock factor 1

IRETa Inositol-requiring enzyme 1a (ERS sensor)

mTORC1 Mechanistic target of rapamycin complex 1

OCR Oxygen consumption rate

ORF Open reading frame

pIRES2 Plasmid with internal ribosome entry site

PBS Phosphate-Buffered Saline

PVDF Polyvinylidene fluoride

gRT-PCR Quantitative real-time reverse transcription polymerase chain
reaction

REE Resting energy expenditure

S6K Ribosomal protein S6 kinase

SDS-PAGE  Sodium dodecy! sulfate-polyacrylamide gel electrophoresis

SHSPs Small heat shock proteins

SMR Standard metabolic rate

UPR Unfolded protein response

VO, Oxygen consumption rate

VCo, Carbon dioxide production rate

XBP1 X-box binding protein 1 (UPR transcription factor)
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