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The gut-liver axis plays a limited role =
in mediating the liver’s heat susceptibility
of Chinese giant salamander

Runliang Zhai'#', Chunlin Zhao?', Liming Chang'#', Jiongyu Liu'#, Tian Zhao®", Jianping Jiang'*" and Wei Zhu'#

Abstract

The Chinese giant salamander (CGS, Andrias davidianus), a flagship amphibian species, is highly vulnerable to high
temperatures, posing a significant threat under future climate change. Previous research linked this susceptibility
to liver energy deficiency, accompanied by shifts in gut microbiota and reduced food conversion rates, raising
questions about the role of the gut-liver axis in mediating heat sensitivity. This study investigated the responses of
Chinese giant salamander larvae to a temperature gradient (10-30 °C), assessing physiological changes alongside
histological, gut metagenomic, and tissue transcriptomic analyses. Temperatures above 20 °C led to mortality,
which resulted in delayed growth. Histological and transcriptomic data revealed metabolic exhaustion and liver
fibrosis in heat-stressed salamanders, underscoring the liver's critical role in heat sensitivity. While heat stress
altered the gut microbiota’s community structure, their functional profiles, especially in nutrient absorption and
transformation, remained stable. Both gut and liver showed temperature-dependent transcriptional changes,
sharing some common variations in actins, heat shock proteins, and genes related to transcription and translation.
However, their energy metabolism exhibited opposite trends: it was downregulated in the liver but upregulated in
the gut, with the gut showing increased activity in the pentose phosphate pathway and oxidative phosphorylation,
potentially countering metabolic exhaustion. Our findings reveal that the liver of the larvae exhibits greater thermal
sensitivity than the gut, and the gut-liver axis plays a limited role in mediating thermal intolerance. This study
enhances mechanistic understanding of CGS heat susceptibility, providing a foundation for targeted conservation
strategies in the face of climate change.
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Introduction

Warming poses a significant threat to the health and pro-
ductivity of animals, especially ectotherms [1, 2]. Among
vertebrates, amphibians are particularly vulnerable to
environmental changes due to their complex life cycles
and highly permeable skin, leading to a global threat to
40.7% of species [3]. Warming is widely recognized as a
major factor driving the ongoing decline of wild amphib-
ian populations [4—6]. Therefore, a thorough understand-
ing of the physiological and biochemical mechanisms
by which heat stress impacts amphibians is essential for
their conservation [7, 8].

The Chinese giant salamander (CGS, Andrias davidi-
anus), one of the largest extant amphibian species, is a
flagship species in amphibian conservation [9, 10]. This
species belongs to a lineage that dates back approxi-
mately 200 million years, making it one of the oldest
surviving amphibian species and earning it the distinc-
tion of a living fossil [11]. Historically, CGS was widely
distributed across central and southern China [12, 13];
however, wild populations have dramatically declined in
recent decades due to habitat degradation, pollution, and
overexploitation [14, 15]. The species is currently clas-
sified as Critically Endangered [16]. Despite successes
in artificial breeding, efforts to restore wild populations
have limited success, even with significant translocation
efforts of farmed individuals into their historical natural
habitats [17]. In this context, advancing research on the
physiological characteristics of CGS larvae could be piv-
otal in overcoming the current conservation challenges.
Temperature has been identified as a key environmental
factor influencing the physiological performance of CGS
[18-21]. While larvae exhibits notable cold tolerance
[22], it is highly susceptible to elevated temperatures,
particularly those exceeding 20 °C. Such temperatures
have been shown to decrease feeding activity, acceler-
ate development, suppress somatic growth, and increase
mortality [18, 23—26]. Future climate warming is likely to
reduce their adult body size and threaten their survival
[14, 27]. This makes CGS an important model for study-
ing how heat stress impacts amphibians.

Heat stress can lead to functional disability, metabolic
exhaustion, oxidative damage, immune suppression, and
accelerated aging in animals [28]. However, different
organs may exhibit varying degrees of responsiveness
and susceptibility to temperature changes [22, 29]. Our
previous research has shown that the liver in larvae is
more severely impacted by heat stress (25 °C, water tem-
perature) compared to other organs, such as the brain,
heart, gills, skin, limbs, and tail. This is characterized
by morphological enlargement, energy deficiency, and
a reduction in protein levels in the liver, along with the
shortening of the tail, an essential fat storage organ [23].
Given the liver’s central role in maintaining whole-body
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metabolic homeostasis and producing plasma proteins,
its energy deficiency is likely a key contributor to the
overall decline in organismal fitness [23]. While impaired
glycogen metabolism contributes to hepatic energy defi-
ciency under heat stress, whether interactions with nutri-
ent-absorbing organs, particularly the gut, play a role in
this metabolic exhaustion remains unclear.

The gut-liver axis plays a critical role in maintaining
overall health, metabolic homeostasis, and immune func-
tion, with the gut microbiota being a key component
of this relationship [30, 31]. The gut microbiota influ-
ences the host’s gut by aiding in nutrient breakdown and
absorption, as well as producing metabolites and signal-
ing molecules that affect metabolism [32-35]. The gut
impacts the liver through the absorption of nutrients,
microbial metabolites, and endotoxins [36]. Understand-
ing the role of this axis in animal thermal sensitivity is
important, as the plasticity and colonization potential of
the gut microbiota present a promising opportunity to
manipulate animals’ thermal physiological performance
[37-39]. Our previous research demonstrated that heat
stress (25 °C, water temperature) significantly altered the
gut microbiota of larvae, reducing their alpha-diversity
and disrupting their community structure [21]. Addi-
tionally, we observed a marked decrease in the food con-
version rate in heat-stressed larvae [23]. This could be
attributed to increased maintenance energy costs (e.g.,
maintaining ion gradients) at elevated temperatures [20,
40]. However, the possibility of impaired gut develop-
ment or reduced gut metabolic activity and function at
higher temperatures cannot be excluded. Based on these
findings, we hypothesize that heat-induced changes in
gut microbiota and gut function may act as upstream
events leading to metabolic exhaustion in the liver via the
gut-liver axis.

In this study, we established a thermal gradient (10, 15,
20, 25, and 30 °C) to investigate the role of the gut-liver
axis in the heat susceptibility of the larvae, with a specific
focus on the Shanxi clade. We employed a combination
of histological analysis, metagenomics, and multi-organ
transcriptomics to investigate whether heat-induced
changes in the gut and its associated microbiota are con-
nected to impaired liver function under heat stress. To
support our hypothesis, we anticipate the following out-
comes in heat-stressed individuals: (1) A significant shift
in gut microbial functions, particularly those related to
nutrient breakdown and absorption; (2) Notable histo-
logical and transcriptional changes in both the gut and
liver; and (3) Parallel trends in metabolic variations, indi-
cating signs of metabolic exhaustion, between the liver
and gut(Fig. 1a).
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Fig. 1 Impact of heat stress on CGS. (a) Study hypothesis. (b) Survival rate of CGS at different acclimation temperatures. (c—d) Variations in body weight
and length at the end of the experiment. Different letters indicate significant differences (p < 0.05) between groups, as determined by one-way ANOVA

followed by the S-N-K post hoc test

Materials and methods

Animals and thermal acclimation

Larvae of the Chinese giant salamander (Shanxi clade,
370 days of age, body weight=16.9+0.54 g) were col-
lected from a semi-natural aquaculture farm (102°10°05”
E, 29 °52’36” N) located in Hongya County, Sichuan Prov-
ince, China, where the water temperature was maintained
between 13 and 17 °C [22]. Through comparative analysis
of the mitochondrial CO1 sequence, we have confirmed
that these individuals belong to the Shanxi clade, one of
the most representative clades of CGS. In the laboratory,
these larvae were kept at 17 + 1.2 °C (air temperature) and
fed red worms (Chironomus sp. larvae). The photoperiod
was set to 12 L: 12D. After a 28-day acclimation to labo-
ratory conditions, the larvae were randomly divided into
five groups (n=15 larvae per group), each acclimated to
different temperature settings: 10/10.8 °C, 15/16.4 °C,
20/22.3 °C, 25/24.1 °C, and 30/28.1 °C (set air/actual
water temperature) in five climate chambers, while other
conditions remained unchanged. The 10 °C and 15 °C
conditions fall within the optimal thermal range, while
the other temperatures are considered stressful to CGS.
Each group was housed in three plastic containers (35 cm
x 25 cm x 15 c¢m, with a water level of 5 cm), represent-
ing three independent replicates. Thermal acclimation

lasted for 60 days, during which the water was changed,
and the larvae were fed sufficient red worms every third
day. Mortality rates were recorded daily, and the body
weight of the larvae was measured at the end of the
experiment. Following the 60-day thermal acclimation
period, the larvae received intraperitoneal injections
of 0.5 mL physiological saline (as a control for another
experiment) and were returned to their respective tem-
perature conditions for three hours. The larvae were
then euthanized using MS-222, and the liver, gut, and
gut contents were collected. All animal protocols in this
study were reviewed and approved by the Animal Ethi-
cal and Welfare Committee of the Chengdu Institute of
Biology, Chinese Academy of Sciences (permit number:
CIBDWLL2023013), in compliance with the ARRIVE
guidelines 2.0 [41] and Guide for the Care and Use of
Laboratory Animals (8th edition) published by National
Research Council (US) Committee for the Update of the
Guide for the Care and Use of Laboratory Animals [42].

Histological section

The tissue samples were stored in 4% paraformaldehyde
until histological analysis. Following dehydration in a
graded series of ethanol and clearing with xylene, the liv-
ers were embedded in paraffin and sectioned into serial
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transverse Sect. (7 pm thick). Hematoxylin and eosin (H
& E) staining was performed to reveal the general histo-
logical characteristics.

Metagenomic analyses

The gut contents of the larvae were collected for metage-
nomic analysis, with a total of 6, 6, 6, and 4 samples ran-
domly selected from the 10, 15, 20, and 25 °C groups,
respectively. Total genomic DNA was extracted using the
Zymo Research BIOMICS DNA Microprep Kit (Zymo
Research Co., U.S.). The nucleic acid concentration was
measured using the Tecan F200 (Tecan Co., Switzer-
land) with the PicoGreen assay. DNA fragmentation was
carried out using the Covaris M220 (Covaris Co., U.S.),
and libraries were prepared with the NEBNext® Ultra™
II DNA Library Prep Kit for Illumina® and NEBNext®
Multiplex Oligos for Illumina® (Dual Index Primers Set
1) (New England Biolabs Co., U.S.). Library quality was
assessed using the Agilent 2100 Bioanalyzer system (Agi-
lent Technologies Inc., U.S.), and library concentration
was determined via qPCR. Sequencing was conducted
on the Illumina NovoSeq 6000 platform (Rhonin Biosci-
ences, China). The raw sequencing data were deposited
in the Genome Sequence Archive (GSA) under the acces-
sion number CRA018593 [43, 44].

Raw sequences were processed with Trimmomatic to
remove low-quality bases and sequencing adapters [45].
Quality assessments were performed on the sequences
before and after trimming using fastQC and MultiQC
[46, 47]. Sequence assembly for each sample was con-
ducted using Megabhit [48], and the assembled sequences
were evaluated for quality using Quast [49]. Gene predic-
tion on the assembled contigs was performed using Prod-
igal [50]. All genes across samples were pooled, and gene
set dereplication was carried out using MMseq2(with
a coverage threshold of 80% and similarity threshold of
90%) [51]. The Burrows-Wheeler Alignment Tool was
used to map the clean reads back to the non-redundant
gene set, enabling the evaluation of sequence counts for
each non-redundant gene in each sample and subsequent
gene quantification [52]. Functional annotation of the
non-redundant gene set was performed using databases
such as NR, EggNOG, KEGG, CAZy, CARD, VFDB, and
Phi [53-59]. Community structure analysis was con-
ducted using Kraken based on the RefSeq database [60,
61].

Transcriptomic analyses

The gut and liver tissues were collected for total RNA
extraction using the TRIzol reagent according to the
manufacturer’s protocol (Life Technologies Corp., Carls-
bad, CA, USA). A total of 5, 5, 5, and 4 liver or gut sam-
ples were collected from the 10, 15, 20, and 25 °C groups,
respectively. Subsequently, 1 pug of RNA from each
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sample was utilized for library construction by employ-
ing the NEBNext°Ultra™ RNA Library Prep Kit for Illu-
mina® (NEB, USA). After cluster generation, the library
preparations were sequenced on an Illumina HiSeq
6000 platform by Biomarker Technologies Co. Ltd., and
paired-end reads were generated. The raw sequencing
data were deposited in the Genome Sequence Archive
(GSA) under the accession number CRA016012. Read
quality was assessed using FastQC v0.11.9 and summa-
rized with MultiQC v1.9. Trimming was performed with
Trimmomatic v0.39, and genome alignment was car-
ried out using FastQ Screen v0.15.2 with Bowtie2 v2.4.1
[62]. De novo transcriptome assembly was conducted
with Trinity v2.11.0 [63]. Clusters and gene-level counts
of the transcriptome were obtained using Corset v1.09
and Salmon v1.3.0 [64, 65]. Assembly quality was evalu-
ated with QUAST v5.1.0rcl and BUSCO v4.1.4 against
the eukaryota_odb10 database [66]. Read representation
was assessed using Bowtie2. The Trinotate v3.2.1 pipeline
was used for biological data annotation, employing three
custom reference sub-databases: Swiss-Prot (all verte-
brates), TTEMBL (all vertebrates), and NR (Amphibia),
for BLAST homology searches using DIAMOND v2.0.15.
Gene expression levels were presented as transcripts per
million (TPM) values, calculated using Salmon.

Statistical analyses

Basic statistical analyses were conducted using IBM SPSS
v21.0 (IBM, Armonk, NY, USA) and R [67]. The Kol-
mogorov-Smirnov and Shapiro-Wilk tests were employed
to assess whether the data significantly deviated from a
normal distribution, and Levene’s tests were conducted
to evaluate homoscedasticity across groups. Intergroup
differences in CGS body traits and gut microbial alpha-
diversity were examined using one-way ANOVA followed
by post hoc S-N-K tests. Bray-Curtis distances were cal-
culated to represent the dissimilarity in microbial com-
munity structure, microbial metagenomes, and tissue
gene expression profiles [68]. Principal coordinates anal-
ysis (PCoA) was used to visualize these dissimilarities,
and PERMANOVA was conducted to test for intergroup
differences in these dissimilarities [68]. LEfSe analy-
sis was performed to identify differential microbial taxa
between thermal groups [69]. For metagenomic analyses,
one-way ANOVA was used to examine intergroup differ-
ences in the relative abundance of microbial functional
genes or pathways. In tissue transcriptomic analyses,
significantly differentially expressed genes (DEGs) across
thermal groups were identified using a stringent criterion
of adjusted p<0.01 after one-way ANOVA with Ben-
jamini and Hochberg’s (BH) correction. TCseq was used
to analyze the temperature-dependent expression pat-
terns of DEGs [70]. Gene enrichment analysis was con-
ducted using the KEGG database via KOBAS-i (http://b
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ioinfo.org/kobas) with an adjusted p<0.001 [71]. Graphs
were generated using GraphPad Prism 5, clusterProfiler
4.0, and ggplot2 [72].

Results

During the acclimation period, mortality was observed at
temperatures as low as 20 °C, with mortality rates pro-
gressively increasing at higher temperatures (Fig. 1b).
Most mortality occurred within the first thirty days of
thermal acclimation. Even in the highest temperature
group, no deaths were observed among surviving indi-
viduals during the last thirty days, highlighting individual
differences in heat tolerance. CGS exposed to heat stress
(20 and 25 °C) showed a declining trend in growth per-
formance compared to those kept within the optimal
temperature range (10 and 15 °C; Fig. 1c—d).

Variations in gut microbiota

We investigated the influence of heat stress on gut micro-
bial diversity and function. The dominant microbial taxa
in the gut of CGS include Bacillota, Pseudomonadota,
Actinomycetota, Verrucomicrobiota, and Bacteroidota
at the phylum level (Fig. 2a), and Akkermansia, Citro-
bacter, Flavonifractor, and Bacteroides at the genus
level (Fig. 2b). Heat stress reduced the microbial Shan-
non index and caused a shift in microbial community
structure, with significant differences observed between
individuals at 10 °C and 25 °C (p<0.05, PERMANOVA;
Fig. 2c—e). Differential analyses revealed that heat stress
led to a decrease in the relative abundance of Actinomy-
cetota, Micrococcaceae, Corynebacterium, Actinomy-
cetaceae, and Cellulomonas (p<0.05 and LDA score>3,
LEfSe; Fig. 2f-g).

We further investigated changes in the gut metage-
nome under heat stress. A total of 1,722,575 unigenes
were identified across the samples, with their functions
annotated by querying public databases (Fig. 3a). Dif-
ferential analyses revealed that heat stress signifi-
cantly altered the unigene profile of the gut microbiota
(Fig. 3b), with a notable difference observed between
the 25 °C group and the 10 °C/15°C groups (p<0.05,
PERMANOVA; Fig. 3c). To enhance functional inter-
pretation, we streamlined the unigene data by merg-
ing unigenes with the same function, based on NR and
KEGG Class 3 annotations. This process produced a
functional gene abundance table and a functional path-
way abundance table, offering a more accurate reflection
of the metagenomes’ functional profile. In contrast to the
unigene profile results, the impact of heat stress on these
functional profiles was less pronounced, with no signifi-
cant differences (p>0.05, PERMANOVA) detected in
pairwise comparisons (Figs. 3d—e). Differential analyses
indicated that heat stress did not affect the abundance of
primary metabolic pathways (KEGG class 3; Fig. 3f), and
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the relative abundance of microbial pathways involved
in nutrient absorption and short-chain fatty acid (SCFA)
production remained comparable across gut metage-
nomes from different groups (p >0.05, one-way ANOVA;
Figs. 3g-h).

Histological changes in the gut and liver under heat stress
Heat stress induced histological changes in the liver but
not in the gut (Fig. 4a). As the temperature increased,
liver tissue exhibited a reduction in hepatocyte size,
which was attributed to fewer and smaller intracellular
vacuoles, representing lipid droplets in H&E sections.
Moreover, hepatocytes in the 25 °C group showed sig-
nificant morphological abnormalities, characterized by a
strip-like, compressed cellular arrangement.

Variations in the gene expression profile in the gut and
liver

Heat stress induced a temperature-dependent shift in
the transcriptional profiles of both gut and liver tissues
(Fig. 4b and S1), with significant pairwise differences con-
sistently observed between the control and heat-stressed
groups (p<0.05, PERMANOVA; Fig. 4c). The differen-
tially expressed genes (DEGs) (adjusted p<0.01, one-way
ANOVA with BH correction) were grouped into six clus-
ters based on distinct temperature-dependent expression
patterns (Fig. 4d). In clusters 1 and 4, DEGs exhibited
increased transcription with rising temperatures, while
those in cluster 3 showed decreased transcription. The
numbers of upregulated and downregulated DEGs under
heat stress were comparable in the gut (down: up =1,277:
1,186); however, in the liver, downregulated DEGs signifi-
cantly outnumbered upregulated ones (down: up =2,075:
348; Fig. 4e). A large proportion of downregulated DEGs
were shared by both the gut and liver, indicating some
common responses to heat stress between these organs
(Fig. 4f). In contrast, only a small proportion of upreg-
ulated DEGs were shared between the gut and liver,
highlighting organ heterogeneity in heat-induced gene
transcriptional activation in CGS.

Metabolic reorganization in the gut and liver under heat
stress

Enrichment analyses were conducted to elucidate the
functions of these DEGs. The gut and liver shared many
of the pathways enriched by their respective upregulated
DEGs, with notably higher enrichment rates observed in
the gut (Fig. 5a). Actins played central roles in the sub-
networks shared by the liver and gut (Figure S2). These
genes were upregulated under heat stress in both organs,
driving the enrichment of multiple cellular processes and
primarily contributing to the convergence of enriched
pathways between the gut and liver. Other upregulated
pathways shared by the liver and gut included several
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key steps of the central dogma, such as RNA transport,
the spliceosome, and the ribosome. From a metabolic
perspective, although thermogenesis, a pathway encom-
passing oxidative phosphorylation (OPP), was enriched
in both organs, this enrichment was driven by the tran-
scriptional upregulation of OPP genes exclusively in
the gut (Figure S2). Additionally, the gut exhibited

transcriptional upregulation of pathways related to car-
bon metabolism, as well as fructose and mannose metab-
olism, under heat stress (Fig. 5a—b).

For the enrichment analyses based on downregulated
DEGs, the pathways shared by both organs included
RNA transport, RNA degradation, mRNA surveillance,
the spliceosome, protein processing in the endoplasmic
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pathways related to nutrient absorption (KEGG class 3 and CAZy modules, g), and metabolic pathways related to SCFA synthesis (KEGG class 3, h)
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reticulum, ubiquitin-mediated proteolysis, tight junc-
tions, and the cell cycle (Figure S3), most of which are
involved in the central dogma. Heat shock proteins
(HSPs) occupied central roles in the sub-networks shared
by the liver and gut. The cellular pathways exclusively
enriched in the liver included thermogenesis, carbon
metabolism, the citrate cycle, propanoate metabolism,
pyruvate metabolism, fatty acid metabolism, fatty acid
elongation, and amino acid degradation (Fig. 5b and S2b).

To more intuitively present the transcriptional regula-
tion of metabolic fluxes in the liver and gut, we mapped

the DEGs onto the primary metabolic pathways (Fig. 5¢c—
d). The results revealed that the gut exhibited upregula-
tion of some critical genes of gluconeogenesis, pentose
phosphate pathway (PPP), and oxidative phosphorylation
(OPP) under heat stress, whereas the liver showed down-
regulation of another groups of genes involved in lipid
degradation, amino acid degradation, the citrate cycle,
and OPP under heat stress (Figure S4-6). These findings
suggest opposing transcriptional adjustments in sub-
strate and energy metabolism between the gut and liver.
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Discussion

Heat stress impaired the somatic growth of CGS and
resulted in significant mortality within 30 days at temper-
atures as low as 20 °C (Fig. 1b-d). These findings under-
scored the extreme heat sensitivity of these animals.
As expected, heat stress affected the liver, gut, and gut
microbiota of CGS. However, the gut microbiota were
functionally more stable in response to heat stress com-
pared to their composition, and the liver and gut showed
remarkable differences in response to elevated tempera-
tures at both histological and transcriptional levels. In
the following discussion, we will explore the physiologi-
cal mechanisms underlying CGS heat sensitivity and the
role of the gut-liver axis in this process.

Liver is a critical organ contributing to the heat
susceptibility of CGS

We previously reported that heat-stressed CGS exhibited
symptoms such as liver enlargement, glycogen accumu-
lation, and energy deficiency [23], which are reminiscent
of human glycogen storage diseases [73]. Under these
conditions, lipid and amino acids were depleted to meet
energy demands, suggesting that a lipid- and protein-rich
diet could mitigate the growth suppression caused by
heat stress. Consistent with these observations, we found
a temperature-dependent decrease in lipid storage within
CGS hepatocytes, indicative of metabolic exhaustion
under heat stress (Fig. 4a). Additionally, the compressed
hepatocytes observed in the livers of the 25 °C group is
a common pathological feature of diseased human livers
[74]. These findings highlight the liver as a heat-sensitive
organ in CGS.

As temperatures rise, ectotherms are likely to experi-
ence increased energy expenditure to maintain cellular
homeostasis. This phenomenon was observed in CGS,
where the oxygen consumption rate increased with tem-
perature within the range of 7-25 °C [20]. Consistent
with this, we demonstrated transcriptional upregulation
of oxidative phosphorylation (OPP) in the brain, skin,
limbs, and gut under heat stress ( [23] and this study). In
contrast, the liver of heat-stressed CGS exhibited down-
regulation of OPP and the upstream substrate catabo-
lism, which contradicts the elevated oxygen consumption
(Fig. 5¢, S4-S6). This paradox suggests that the liver pri-
oritizes energy conservation under heat stress, likely as a
protective strategy in response to nutrient depletion. Fur-
thermore, the observed depletion of hepatic lipids and
histological changes, such as hepatocyte compression,
support the notion of metabolic exhaustion. Compared
to other organs, the liver’s energy metabolism appears
to be more susceptible to heat stress, potentially limiting
the overall heat tolerance of CGS.
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The role of gut microbiota in the heat susceptibility of CGS
Consistent with our previous study [21], heat stress
reduced the alpha-diversity of CGS gut microbiota and
reorganized their community structure (Fig. 2c—e). The
most notable compositional change in the gut microbiota
of heat-stressed groups was the decrease in the relative
abundance of Actinomycetota and several associated
taxa, including Micrococcaceae, Actinomycetaceae, and
Cellulomonas (Fig. 2f-g). Actinomycetota and Actinomy-
cetaceae are known sources of many antibiotics [75, 76],
while members of Cellulomonas are reported to produce
enzymes with cellulolytic, chitinolytic, and cellulolytic
activities [77, 78]. Despite these compositional changes,
microbial function remained relatively stable. It is impor-
tant to note that the significant intergroup differences
in the metagenome at the unigene level likely reflect
differences in microbial composition, as unigenes are
assembled independently for each sample before being
merged into a common unigene pool (Fig. 3b—c). In this
context, orthologous genes from microbes with closer
phylogenetic relationships are more likely to be merged
into a single unigene, contributing to the observed simi-
larity in the metagenome at the unigene level. When
the metagenomes were analyzed at the functional gene
or functional pathway levels, the intergroup differences
were less pronounced, with no significant pairwise dif-
ferences detected (Fig. 3d—e). These results suggest that
changes in gut microbiota were not likely a major driver
of heat susceptibility in CGS (Fig. 6). Distinct differences
in how gut microbial composition and function respond
to environmental changes are common in animals [79,
80]. Multifunctional redundancy is an intrinsic prop-
erty of the gut microbiota [81], which may explain the
functional stability observed in our study. Maintaining
functional redundancy in the gut microbiota could be a
crucial adaptive strategy for CGS to survive in varying
environments. However, despite this functional stabil-
ity, the potential implications of compositional changes
in gut microbiota should not be overlooked, particularly
when shifts in the relative abundance of opportunistic
pathogens occur. Such compositional changes may dis-
rupt the delicate balance between the host’s immune sys-
tem and gut microbes, potentially leading to biological
consequences by altering the host’s immune status [82].

The role of gut in the heat susceptibility of CGS

The gut and liver showed continuous, gradual tran-
scriptomic changes with rising temperatures, exhibit-
ing progressive alterations across the four temperature
conditions (Fig. 4b-c, S1). When focusing on specific
variation patterns and gene functions, the two organs
demonstrated both similarities and notable differences
in their responses to temperature. A significant number
of downregulated genes were shared between the gut and
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Fig. 6 A schematic diagram summarizing the results. The opposing transcriptional changes in energy metabolism between the gut and liver suggest
that the gut-liver axis is unlikely to be a major pathway contributing to energy failure in CGS under heat stress

liver (Fig. 4f). Heat stress is known to trigger the repres-
sion of thousands of genes and the induction of hundreds
across different animal species, with downregulated
genes consistently outnumbering upregulated ones ( [23,
83-85] and this study). Heat stress most significantly
impacted five major cellular processes at the transcrip-
tional level: the heat shock response, cytoskeleton, oxida-
tive stress, RNA processing and protein translation, and
the cell cycle [86]. This is also the case in CGS. Their gut
and liver exhibited similar regulatory patterns for heat
shock proteins (HSPs) and actins, a major component
of the cytoskeleton. HSPs are ubiquitous protein fami-
lies that are transcriptionally activated to maintain cellu-
lar proteostasis and protect cells under various stresses,
such as heat, hypoxia, and endotoxins [87]. Surprisingly,

we observed a downregulation of HSPs in the gut and
liver of heat-stressed individuals. One possible explana-
tion for this is the extended duration of thermal acclima-
tion in this study. While transcription is an important
regulatory mechanism for HSP expression, it is not the
only one [88], and transcriptional upregulation is often
observed at the early stages of stress [86]. It is plausible
that post-transcriptional regulation serves as the primary
mechanism for maintaining HSP levels after prolonged
heat stress in CGS. In contrast to HSPs, actin transcrip-
tion was upregulated in heat-stressed CGS (Figure S2).
Recent studies have highlighted the actin cytoskeleton as
a key mediator of stress responses [89], with transcrip-
tional activation occurring under heat stress [86]. Dur-
ing acute cellular stress, maintaining the integrity of the
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actin cytoskeleton is crucial for the organism’s survival,
potentially facilitating an HSP-independent pathway that
enhances thermotolerance and extends lifespan [90].
Thus, transcriptional activation of actins may be a com-
mon protective strategy across organs in CGS. In addi-
tion to HSPs and actins, transcriptional changes related
to the central dogma were also consistent between the
gut and liver. However, their significance in the response
of CGS to heat stress remains complex and requires fur-
ther investigation.

The transcriptional response to heat stress differs
markedly between the gut and liver. In the liver, down-
regulated genes at high temperatures dominate the dif-
ferentially expressed genes (DEGs), leading to an overall
reduction in metabolic activity, likely reflecting an energy
conservation mechanism. In contrast, the gut exhibits a
more dynamic response, with a relatively higher propor-
tion of upregulated genes under heat stress. This suggests
that the gut actively modulates its metabolic pathways to
sustain physiological functions, whereas the liver shifts
toward energy preservation. Temperature-induced tran-
scriptional changes can result from both proactive regu-
lation and passive effects. Given that RNA transcription
is energy-intensive and energy budget is tighter at higher
temperatures, gene activation is more likely to reflect an
organ’s metabolic demands rather than a universal adap-
tive response. In this context, the gut appears to sus-
tain transcriptional activity in pathways associated with
energy production and cellular homeostasis, while the
liver downregulates key metabolic processes, possibly
as a protective shift toward energy conservation. This
contrast suggests that under heat stress, the gut remains
metabolically active, whereas the liver adopts an energy-
saving strategy, highlighting distinct physiological adjust-
ments beyond a simple proactive-passive classification.
Functionally, the most notable differences between the
two organs were observed in substrate metabolism and
oxidative phosphorylation (OPP). Unlike the liver, the gut
showed transcriptional upregulation of glycolysis/gluco-
neogenesis, the pentose phosphate pathway (PPP), and
OPP (Fig. 5a—b and d, S4-S6). The PPP is crucial for ribo-
nucleotide synthesis and is a major source of NADPH,
playing a key role in helping cells meet their anabolic
demands [91]. Robust PPP and OPP activity are typi-
cally associated with rapid somatic growth and favorable
nutrient conditions in amphibian larvae [92, 93], in the
context of heat stress, this may reflect an effort to main-
tain cellular homeostasis rather than a purely growth-
promoting state. Additionally, the absence of histological
deterioration in the gut suggests that it retains structural
integrity despite metabolic adjustments (Fig. 4a). These
findings indicate that the gut employs a different meta-
bolic strategy than the liver, prioritizing functional resil-
ience rather than energy conservation.
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In summary, our results suggest that the liver is more
passively affected by heat stress compared to the gut
and gut microbiota in CGS. This indicates that thermal
effects on the gut-liver axis are unlikely to be a major
upstream factor in mediating the heat susceptibility of
the liver and the organism as a whole (Fig. 6). As a pri-
mary energy storage organ in amphibian larvae [94], the
liver’s heat intolerance in CGS may be attributed to two
main factors: the thermal properties of organ-specific
glyco-metabolic enzymes [23] and the increased meta-
bolic demands of other organs, which strain the overall
metabolic budget. In this light, maintaining the composi-
tional stability of the gut microbiota may not be a feasible
strategy to improve CGS’s heat tolerance. Instead, opti-
mizing the nutritional composition and bioavailability of
its feed may be a more effective approach to enhancing
CGS’s heat tolerance. Additionally, our study reaffirms
that CGS’s heat sensitivity may be intrinsic, underscoring
the importance of carefully considering both current and
future climate conditions in their conservation efforts.

This study has several limitations. First, we focused
exclusively on the thermal performance of CGS lar-
vae, overlooking potential ontogenetic changes in ther-
mal physiological traits. Specifically, we did not account
for variations in thermal performance related to age
and body weight, which likely influence the individuals’
energy status. As a result, our conclusions are limited to
CGS larvae and cannot be directly extrapolated to adults.
Second, it is important to note that our study is based
solely on the Shanxi clade, and whether the findings can
be generalized to CGS as a whole requires further inves-
tigation. Third, given the high variability of microbiome
data and the influence of individual factors such as body
condition and sex, the current group sample size may be
underpowered to detect reliable patterns. We recognize
this limitation and will address it by including larger sam-
ple sizes and more individual-level data in future studies.

Conclusion

In this study, we investigated the potential role of the
gut-liver axis in influencing the heat susceptibility of
CGS, using a combination of histological analysis, gut
metagenomics, and multi-tissue transcriptomics. Our
findings indicate that hepatic heat susceptibility plays
a central role in CGS’s overall heat intolerance. In con-
trast, the functional profile of the gut microbiota and
metabolic capacity of the gut appeared to be less suscep-
tible to heat stress, suggesting that the gut-liver axis may
not significantly contribute to their heat susceptibility.
Consequently, future research should examine whether
the observed metabolic adaptations to prolonged heat
stress are reversible or represent long-term physiological
adjustments. Additionally, targeted dietary interventions
should be experimentally evaluated for their potential to
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enhance thermal resilience [95, 96]. Furthermore, inves-
tigating the genetic and developmental factors contribut-
ing to individual differences in heat susceptibility could
provide valuable insights for conservation strategies and
captive management. Addressing these aspects would
advance our understanding of thermal adaptation in
ectotherms and support conservation efforts to mitigate
the impacts of climate change on amphibian populations.
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