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Hibernation is a physiological strategy animals use to survive in hostile environments with extreme temperature challenges and food scarcity. During this state, significant changes occur in metabolism and cellular function, with numerous stress response pathways recalibrated to survive physiological challenges that could otherwise be fatal. Numerous studies were performed to explain the molecular mechanisms of mammalian hibernation, but detailed analyses remain scarce in reptiles. Given the limited understanding of the mechanisms regulating hibernation, we performed a comprehensive analysis of liver gene expression in the Chinese softshell turtle (Pelodiscus sinensis) comparing summer active (SA), hibernation (H), and early arousal (EA) states using RNA-sequencing. A total of 435 million high-quality reads were generated, identifying 3,508, 3,607, and 2,993 differentially expressed genes (DEGs) in the SA vs. H, H vs. EA, and EA vs. SA respectively. Gene ontology analysis revealed a shift in metabolic fuel utilization, with the down-regulation of metabolic and cellular processes during hibernation, reflecting a conserved strategy for energy conservation. The transition from hibernation to early arousal was marked by up-regulation of immune-related genes (e.g., CXCL12, ITGA4, PIGR) and endocrine regulators (e.g., CDKN1A, DLL4, IGF1R), facilitating metabolic recovery and cellular protection. Besides, we observed dynamic changes in carbohydrate and lipid metabolism, with down-regulation of hexokinase 2 (HK2) and glucose transporters during hibernation, and up-regulation of lipid metabolism genes (LSS, GPLD1) to support membrane integrity and signaling. Our findings provide insights into the molecular mechanisms underlying hibernation and arousal in ectotherms, with implications for understanding metabolic adaptations, immune regulation, and stress responses in extreme conditions.
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1 Introduction

Animals living in the wild must adapt to seasonal variations in ambient temperature and photoperiod (day length), which influence food availability. Ectothermic species must undergo significant physiological adaptations to these seasonal fluctuations (Gautier et al., 2018). As winter approaches, ectothermic vertebrates employ strategies of metabolic compensation or metabolic depression to optimize their fitness in low-temperature environments (Heldmaier et al., 2004; Geiser and Turbill, 2009). Hibernation is the most extreme and efficient adaptive survival strategy employed by various animal species, including mammals and reptiles, to cope with seasonal changes. Several mammalian species have shown evidence of metabolic rate depression during hibernation (Geiser, 2004; Storey and Storey, 2004). The organism can decrease physiological activities (like oxygen consumption and heart rate), and decelerate endogenous fuel reserve depletion, allowing them to enter a hypometabolic state to prolong survival time during winter (Ruf and Geiser, 2015). Low temperature inhibits a wide array of biochemical reactions directly in vivo, but it also affects intracellular processes such as fatty acid synthesis, oxidative phosphorylation, and RNA and protein synthesis by down-regulating these processes (Niu et al., 2024). Hibernation helps preserve species and allows them to expand their distribution, which in turn promotes animal diversity and evolution. Hibernation reportedly increases the chances of survival for these animals (Heldmaier et al., 2004).

To date, large-scale genomic techniques have been used widely in mammals to investigate the molecular and genetic basis of hibernation physiology (Yan et al., 2006; Fedorov et al., 2009). Evidence indicates that many metabolism-related genes are differentially expressed during hibernation. For instance, in hibernating squirrels, genes linked to fatty acid, carbohydrate, lipid, cholesterol, amino acid metabolism, detoxification, molecular transport, and xenobiotic processing were down-regulated in the liver (Srere et al., 1992; Williams et al., 2006; Xiao et al., 2015). A comparison of differentially expressed genes in the liver of active versus hibernating bats revealed that they primarily relate to metabolic depression, shifts in energy source utilization, immune function, and stress responses (Xiao et al., 2015). The DEGs in hibernation are important for the homeostasis of metabolism and absorption of nutrients. For example, during hibernation, genes related to the urea cycle and detoxification are down-regulated in the liver of hibernating the greater horseshoe bat (Rhinolophus ferrumequinum). Key genes involved in body metabolism, specifically the metabolism of pyruvate, glucose, and amino acids, are down-regulated during hibernation. Several core clock genes in the Chinese horseshoe bat (Rhinolophus sinicus) regulate hibernation onset and termination in response to seasonal changes. Different seasonal effects on gene expression have been found in R. sinicus, for instance, which appears to be regulated by several clock genes that initiate and terminate hibernation (Wang et al., 2024). In the liver of the American black bear (Ursus americanus), genes associated with protein biosynthesis and fatty acid catabolism are up-regulated, whereas those concerning lipid biosynthesis and carbohydrate catabolism exhibit a coordinated depletion in mRNA transcription (Capraro et al., 2019). Although these studies have furthered our knowledge of mammalian liver physiology, gene expression in the livers of hibernating turtles in situ has not been examined.

The Chinese soft-shelled turtle (Pelodiscus sinensis) is a major commercial aquatic animal species in Southeast Asia, especially in China, and is considered a tonic food with high nutritional and medicinal value (Jia et al., 2005; Wu et al., 2023). The underlying cause for the high mortality rates of P. sinensis during hibernation is unresolved, despite progress having been made. Recent studies on the hibernation of P. sinensis have mainly considered physiological characteristics and antioxidant responses (Zhang et al., 2017; Tang et al., 2021; Lin et al., 2023), while some transcriptomic work has focused on sexual dimorphism and differentiation in adults (Zhang et al., 2007). The species has a period of hibernation from late October or November to March or April of the following year, affected by yearly temperature changes in its distribution range (Zhang et al., 2007; Hu et al., 2016). However, the molecular basis of these adaptations,  especially in liver gene expression regulation during hibernation, is poorly characterized. To fill this gap, this study aimed to examine liver gene expression in P. sinensis in hibernation, with a focus on metabolic adjustments at the molecular level. To investigate the mechanisms of hibernation beginning and organ safety in a facultative hibernator, we conducted unbiased RNA sequencing analysis on the liver of P. sinensis during three phases: summer active (SA), hibernation (H), and early arousal (EA). The current study will provide important insights into the molecular basis of how organisms respond to stress and recover during hibernation.




2 Materials and methods



2.1 Animals

In this study, we captured P. sinensis with an average body weight of 513.04 ± 17.31 g from the wild ponds located in the southeastern area of Weinan city, GPS coordinates: N34°53′33″~34°59′13″, E110°10′23″~110°13′06″, Shanxi province. We particularly sampled six turtles in each physiological state: summer active (SA), mid-July water temperature: 30.7 °C, hibernation (H), mid-January water temperature: 3.9 °C, and early arousal (EA) in mid-March water temperature: 14.8 °C. Before sample collection, we evaluated the turtles’ health and confirmed that they were normal without abnormalities. After anaesthetizing turtles with 100 mg L-1 MS-222 (Sigma, St. Louis, MO, USA) solution, they were euthanized by cervical bleeding. After euthanasia, we collected the liver from each individual, flash-froze it in liquid nitrogen, and stored it at −80 °C until it was needed for RNA extraction. The Experimental Animal Ethics Committee at Hainan Normal University reviewed the handling of the turtles, and they adhered to appropriate guidelines No. HNECEE-2016-005. Our study also attempted to reduce turtle suffering as much as possible.




2.2 RNA extraction and sequencing

Total RNA was extracted using TRIzol® Reagent by the manufacturer’s instructions. RNA quality determination was done on 5300 Bioanalyzer (Agilent) and quantification was completed by using the ND-2000 (NanoDrop Technologies). The library was constructed using the Illumina® Stranded mRNA Prep, Ligation kit from Illumina (San Diego, CA). The cDNA library of samples (n=3) that met quality requirements (Total RNA ≥ 1 μg, concentration ≥ 35 ng/μL, OD260/280 = 1.8~2.2; OD260/230≥2.0) was generated.




2.3 Library preparation and illumina sequencing assembly

RNA purification, reverse transcription (RT), library construction and sequencing of the cDNA library were completed (n=3) at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd (Shanghai, China) according to the manufacturer’s protocol (Illumina, San Diego). The preparation of the Liver RNA-seq transcriptome library was done through the Illumina® Stranded mRNA Prep, Ligation kit from Illumina (San Diego, CA) and 1 μg of total RNA was used. In summary, Messenger RNA was isolated by the polyA selection method with oligo(dT) beads and fragmented by the fragmentation buffer. Double-strand cDNA was synthesized with a random hexamer primer (Illumina) method by using a SuperScript double-stranded cDNA synthesis kit from Invitrogen, CA. A cDNA was generated according to Illumina’s library construction method, which included end-repair, phosphorylation, and the addition of an ‘A’ base. Libraries were made with 2 % Low Range Ultra Agarose and 300 bp cDNA fragments were amplified with Phusion DNA polymerase (NEB), performing 15 PCR cycles. Following the quantitative analysis of the paired-end RNA-seq library by Qubit 4.0, the paired-end library was then sequenced using the NovaSeq X Plus (2 × 150 bp read length). The raw paired-end reads for quality control and mapping were trimmed using default parameters, followed by quality control with Fastp (Chen et al., 2018). HISAT2 (Kim et al., 2019) software was used for aligning clean reads to the reference genome by orientation mode. The mapped reads of each sample for the reference-based model were assembled by StringTie (Pertea et al., 2016).




2.4 Differential expression analysis and functional enrichment

Unigenes were annotated based on the databases of GO, SwissProt, KEGG, COG, NR, and Pfam. Differentially expressed genes (DEGs) were screened by the DESeq2 package for R based on a negative binomial distribution model. To identify the DEGs among two different samples, we calculated the expression level of each transcript, utilizing the output of transcripts per million (TPM) method. Gene abundances were quantified with RSEM  (Li and Dewey, 2011). Differential expression analysis was performed using DESeq2 (Love et al., 2014) R package (1.34.0). DEGs with |Log2Fold Change| ≥ 1 and FDR < 0.05 were considered significantly differentially expressed. Functional enrichment analysis was performed to determine which DEGs were significantly enriched in GO terms (GO and KEGG) with a Bonferroni-corrected p-value < 0.05 in comparison to the whole transcriptome context.




2.5 qRT- PCR

To authenticate our measurements, we conducted qRT-PCR to examine the relative mRNA expression levels of 12 randomly selected genes in the transcriptome sequencing during hibernation, and we used the β-actin gene as the housekeeping gene (Supplementary Table S1). Primers were designed specifically and compared with sequences from different species and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). By the manufacturer’s guidelines, we performed qRT-PCR using the SYBR® PrimeScript™ Kit (Takara, Tokyo, Japan). Briefly, the PCR reactions were executed in triplicate for each sample, in 20 µL each consisting of 0.4 µL of 5× FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL of FastPfu polymerase, and 10 ng of template DNA. Amplification was performed using the following thermal cycler program: 5 min at 95°C; 40 cycles of 30 s at 95°C, 30 s at 55°C, and 35 s at 72°C; followed by a final extension of 8 min at 72°C. Gene relative expression levels in mRNA were evaluated by the 2−ΔΔCt method. All raw sequencing data are deposited to the NCBI Sequence Read Archive (SRA) under the accession number PRJNA1056536.




2.6 Statistical analysis

All experiments were performed in triplicate, the results were presented as the means ± SEM and analyzed using SPSS 24.0 and R software packages. Differential expression analysis was conducted using ANOVA and was visualized as a volcano plot using the “EnhancedVolcano” package (version 1.6.0). The GraphPad Prism 10.0 (GraphPad, San Diego, CA) and Origin Pro 2024b (10.15) software were used for graphing. A Venn diagram and PCoA were performed using the vegan package. GO functional enrichment analysis was performed with Goatools, while KEGG pathway analysis was carried out by employing Python’s SciPy software. A significance level of p < 0.05 was considered statistically significant.





3 Results



3.1 De novo transcriptome assembly

This study examined transcriptional changes in the liver during the hibernation–arousal cycle by employing RNA sequencing analysis of the SA period compared to H and EA. A total of 444.58 million reads and 67.13 billion bases were retrieved from the liver transcriptome of P. sinensis, with 169.33 million reads from SA, 132.94 million from H, and 142.30 million from EA. After filtering out low-quality reads and adapter sequences, we retained 435.01 million clean reads, with 164.07 million from SA, 130.84 million from H, and 140.10 million from EA. The GC contents of the clean reads were 49.44% for SA, 50.49% for H, and 49.57% for EA. The Q30 scores of the reads exceeded 94% across all groups. The data qualities from each sample are shown in Supplementary File S1; Supplementary Table S2.

Among the three groups, the comparisons of DEGs yielded the following results: SA vs. H: 3508 DEGs (1586 up-regulated, 1922 down-regulated). H vs. EA: 3607 DEGs (2283 up-regulated, 1324 down-regulated). EA vs. SA: 2993 DEGs (1836 up-regulated, 1157 down-regulated). Notably, the shift from H to EA was primarily marked by the up-regulation in gene expression during the EA period. A total of 5705 upregulated DEGs were found between SA, H, and EA, and 4119 were up-regulated in the EA stage compared to SA, indicating an overexpression of genes associated with arousal (Figure 1).




Figure 1 | The differential expression of DEGs in the liver of Pelodiscus sinensis.






3.2 Venn diagram of DEGs and principal component analysis of samples

A sum of 13724 genes were obtained from the SA, H, and EA groups, of which 11009 (80.22%) DEGs were shared in all three groups, while 1279 genes were uniquely expressed in the H, SA, and EA groups, and 393 DEGs were shared between H vs. EA, 274 between SA vs. EA, and 769 between H vs. SA (Figure 2A). A principal component analysis (PCA) was used to characterize the compositional relationships among samples, and the results showed that SA, H, and EA were found to overlap with each other, demonstrating a good overall similarity of the biological repeats of the samples. The sum of the variability explained by the first two principal components PCs, PC1 (30.71%) and PC2 (16.59%), reached 47.30%. There were two main factors responsible for influencing P. sinensis liver changes during hibernation. Among them, the SA and EA phases overlapped, which might imply that the P. sinensis turtle shared some similar biological processes in these two phases. Additionally, the points of H and SA were adjacent, and the axis of PC1 mainly separated these two groups (Figure 2B).




Figure 2 | Venn diagram of DEGs and Principal component analysis of samples (A) Venn diagram (B) principal component analysis.






3.3 Gene ontology classification and annotation of DEGs

A GO functional enrichment analysis along with pathway annotation was conducted to comprehend the functions of the differentially expressed genes. We identified 146 statistically significant GO terms, including 1586 up-regulated and 1922 down-regulated DEGs in SA vs. H, 2283 up-regulated and 1324 down-regulated DEGs in H vs. EA, and 1836 up-regulated and 1157 down-regulated) DEGs in EA vs. SA group. Results were categorized into three categories: biological process, molecular function, and cellular component.

In the biological process category, the SA vs. H group showed that the proportion of down-regulated genes in metabolic processes, cellular processes, cellular component organization, and biological regulation was higher than the proportion of up-regulated genes, indicative of a repressed metabolism during hibernation. In addition, response to stimulus, the proportion of down-regulated genes was higher than the up-regulated genes in the SA vs. H group. In the category of cellular component, the proportion of up-regulated genes linked to the membrane part, cell part, and organelle part was also lower than that of down-regulated genes. Furthermore, a high percentage of down-regulated genes in the torpid liver were associated with the “transcription regulator activity” function, suggesting that transcription may be depressed during hibernation. Catalytic activity was the only molecular function category with a higher proportion of up-regulated genes than down-regulated genes (Figure 3A; Supplementary File S2).




Figure 3 | GO categories in the comparison of SA vs. H (A), H vs. EA (B), and EA vs. SA (C). All genes were divided into several functional groups within three categories: cellular component, molecular function, and biological process.



In the H vs. EA and EA vs. SA groups, the proportion of up-regulated genes involved in cellular process, and biological regulation were greater than down-regulated genes in the biological process category. Unlike the cellular process, the proportion of genes down-regulated in the metabolic process was greater than that of up-regulated genes in both the H vs. EA and EA vs. SA groups. Proportions of up-regulated genes associated with the “immune system process” “response to stimulus” “locomotion” and “developmental process” were larger than down-regulated genes during the EA and SA periods. Up-regulated terms related to cellular functions such as “cell part”, “organelle”, and “membrane part” had a higher GO percentage than down-regulated terms. There were higher numbers of differentially expressed genes associated with molecular functions including ‘binding’ and ‘catalytic activity’, as measured by GO percentages. Contrary to this, a large number of genes were down-regulated in the only H vs. EA group associated with the function of ‘binding’ and ‘catalytic activity’ (Figures 3B, C; Supplementary File S2).




3.4 GO enrichment analysis of DEGs

The data from the GO enrichment analysis indicated that in the top GO enrichment pathways among the SA vs. H group, the up-regulated DEGs were mostly enriched with the NADH dehydrogenase (ubiquinone) activity (GO: 0008137), alpha-amino acid metabolic process (GO: 1901605), while the down-regulated DEGs were found to be enriched with the series of metabolic and biosynthetic process such as negative regulation of metabolic process (GO: 0009892), negative regulation of nitrogen compound metabolic process (GO: 0051172), and positive regulation of macromolecule biosynthetic process (GO: 0010557), positive regulation of cellular biosynthetic process (GO: 0031328) (Figures 4A, B; Supplementary File S3).




Figure 4 | GO enrichment terms of differentially expressed genes in SA vs. H (A, B), H vs. EA (C, D), and EA vs. SA (E, F). The x-axis indicates the number of genes, and the y-axis indicates the second-level GO terms. The x-axis shows the ratio of differentially expressed genes in each term relative to the total number of genes in that term. Dot size shows the number of differentially expressed genes in that term and color is the gene set enrichment analysis test statistic with Benjamini–Hochberg adjustment for multiple testing.



In the H vs. EA group, the up-regulated DEGs were functionally linked with cell differentiation and cell development-related pathways, such as regulation of cell adhesion (GO: 0030155), regulation of vasculature development (GO: 1901342), regulation of cytokine production (GO: 0001817), and positive regulation of cell motility (GO: 2000147). The down-regulated DEGs in the H vs. EA group enriched a series of metabolism-related pathways including the cellular amino acid metabolic process (GO: 0006520), organic acid metabolic process (GO: 0006082), and carbohydrate derivative metabolic process (GO: 1901135) (Figures 4C, D; Supplementary File S3). Down-regulation of metabolic and energy derivative pathways, considering an enrichment between these pathways it is clear that metabolic and energy processes are driving the differential expression of genes throughout different stages of hibernation.

In the EA vs. SA, the up-regulated DEGs were functionally classified into immune-related and transportation pathways, including immune response (GO: 0006955), defense response (GO: 0006952), biological adhesion (GO: 0022610), and, regulation of cellular component movement (GO: 0051270), while the down-regulated DEGs mainly involved in pathways related to transport and localization including, localization (GO: 0051179), establishment of localization (GO: 0051234), transport (GO: 0006810) and organic cyclic compound metabolic process (GO: 1901360) (Figures 4E, F; Supplementary File S3). Up-regulation of enriched DEGs related to immune-related and transportation pathways indicating the turtles were prepared to come out of hibernation.




3.5 KEGG pathway enrichment analysis of DEGs and Pearson’s correlation coefficients

The Kyoto Encyclopedia of Genes and Genomes (KEGG pathway analyses) were used to determine the functions of the differentially expressed genes. Three hundred forty-three pathways were identified with a KEGG pathway annotation. The enriched KEGG level 1 pathway analyses were related to genetic information processing, metabolism, cellular processes, organismal systems, human diseases, and environmental information processing. Pathways in environmental information processing (signal transduction), organismal systems (endocrine system, immune system), and metabolism (lipid metabolism, carbohydrate metabolism) were the most significantly enriched KEGG pathways related to hibernation (Figure 5). The enrichment analysis associated with DEGs between specific hibernation stages was performed (Supplementary File S1). Pearson’s correlation coefficients were first used to test for biologically repeated correlations between samples. The generated cluster dendrogram was used to observe the overall correlation of the transcriptomes from the SA vs. H, H vs. EA, and EA vs. SA groups. Three biological replicates of liver samples from each period and the transcriptome data both exhibited good correlation (Supplementary Figure S1).




Figure 5 | KEGG pathway enrichment analysis of differentially expressed genes. Pathways belonging to different classifications, including “Cellular Processes”, “Environmental Information Processing”, “Genetic Information Processing”, “Human Diseases” and “Metabolism”, were listed on the right of the plot.






3.6 qRT-PCR validation

The findings of RNA-seq were confirmed using qRT-PCR analysis of 12 randomly selected genes including SRD5A2, ELOVL6, GPX3, GNPNAT1, PDHA1, CAT, LOC10, MAP3K8, CEBPB, HSPA8, FOS, and SOCS. These genes are involved in the energy production metabolism and immune system metabolism. Consistent with transcriptome sequencing data, qRT-PCR analysis confirmed the precision of RNA-Seq findings (Supplementary Figure S2).




3.7 Expression difference analysis of carbohydrate, lipid, immune and endocrine-metabolism and pathway-related genes

Genes regulated in different metabolisms were examined further and categorized into four subtypes: carbohydrate metabolism, lipid metabolism, endocrine metabolism and immune metabolism (Table 1).


Table 1 | Fold changes of differentially expressed genes regulated in different mediating pathway in the SA vs. H, H vs. EA, and EA vs. SA groups.



The sharpest response of endocrine and immune system pathway-related genes occurred in the H vs. EA and SA vs. EA groups, with the maximum number of up-regulation DEGs. As shown in Table 1. The endocrine system-related responses were most intense during hibernation, with greater up-regulation of cyclin-dependent kinase inhibitor 1A (CDKN1A), delta-like canonical Notch ligand 4 (DLL4), and insulin-like growth factor 1 receptor (IGF1R), while immune-related response includes chemokine ligand 12 (CXCL12), Fas cell surface death receptor (FAS), integrin alpha-4 (ITGA4), polymeric immunoglobulin receptor (PIGR), tumour necrosis factor receptor superfamily member 13C (TNFRSF13C) genes in the H vs. EA, and SA vs. EA group, respectively. Few endocrine and immune system-related genes were differentially expressed in the SA vs. H and H vs. EA groups (Table 1). The CDKN1A, DLL4, and IGF1R are directly involved in key regulatory processes like cell cycle control, metabolic processes, signaling, growth, and stress responses. Like CDKN1A inhibiting cyclin-dependent kinases mediate cell cycle arrest in response to stress, DLL4 is effective in Notch signaling to regulate cell differentiation, and IGF1R plays a pivotal role in growth and development through insulin-like growth factor signaling. All of which are crucial for survival during hibernation. Their up-regulation likely presents the body’s efforts to conserve energy and manage cellular stress during the hibernation period, when metabolism is slowed, and growth processes are minimal.

Moreover, the up-regulation of immunity-related genes such as CXCL12, FAS, ITGA4, PIGR, and TNFRSF13C was also observed during hibernation. The up-regulation of these immunity-related genes during hibernation suggests that, although the metabolic activity was decreased, the immune response was not completely inactive during the hypometabolic state. That is, instead of retreating into torpor, it is actively keeping a lookout for potential threats. This suggests that the organisms had activated functions to make sure their immune system was functional and could respond as soon as hibernation ended, which is essential to survive in an environment where infections or injuries could happen by the end of hibernation, regulating important immune processes such as CXCL12 and ITGA4, and other processes including apoptosis of damaged cells, mucosal defense, and B cell activation. This immune response could help to maintain a balance between energy conservation and the defense against possible threats at a time of prolonged metabolic suppression of the organism.

In the case of carbohydrate-mediated pathway-related genes solute carrier family 2 (LOC102447195), and solute carrier family 2 (LOC102447194), they had their highest response in only the SA vs. H comparison. The hexokinase 2 (HK2) and the carbohydrate-mediated pathway phosphatidylinositol 3-kinase regulatory subunit gamma (LOC102447193), were significantly down-regulated during the SA period. Among SA vs. H group down-regulated genes were, HK2 and LOC102447193. HK2 is an enzyme that phosphorylates glucose to produce glucose-6-phosphate. The down-regulation of hexokinase during hibernation is beneficial because it limits the entry of glucose into glycolysis and reduces energy consumption. This metabolic alteration helps to conserve glucose and other energy reserves, allowing the hibernating animal to maintain a low metabolic rate and survive for extended periods without food. Similarly, SLC2A family members (LOC102447194, LOC102447195) genes encode glucose transporters, and their up-regulation during hibernation suggests an adaptive response to ensure minimal but essential glucose uptake during metabolic slowdown.

In the lipid metabolism pathway, the sharpest response occurred only in LSS (lanosterol synthase) and GPLD1 (glycosylphosphatidylinositol specific phospholipase D1) related genes while ACACA (acetyl-CoA carboxylase 1), and KDELR2 (KDEL endoplasmic reticulum protein retention receptor 2) genes were significantly down-regulated in the EA vs. SA group. The SA vs. H group GPLD1 and LSS genes activity were up-regulated, these genes are associated with lipid metabolism and membrane maintenance. The LSS helps in cholesterol biosynthesis, which could be crucial for maintaining membrane integrity during metabolic suppression, while GPLD1 modulates GPI-anchored proteins, which may aid in cell signaling and stress management during low-energy conditions. Conversely, both ACACA and KDELR2 gene activities were down-regulated during the EA vs. SA period. This down-regulation of ACACA and KDELR2 facilitates the metabolic conservation of energy by limiting fatty acid synthesis and decreasing protein synthesis and cellular maintenance. Such metabolic adaptations promote the efficient utilization of stored fat as an energy source, minimize basal metabolic rate, and survival advantages during extended bouts of limited energy availability.





4 Discussion

Here, using RNA-Seq technology we examined gene expression and its regulation in a facultative hibernator, P. sinensis, an unbiased approach in the liver since its importance in metabolism, detoxification, and endocrinology. Examination of liver tissues shows transcriptomic changes that mimic the adaptive strategy used by the turtle during hibernation across three distinct phases: summer active (SA); hibernation (H); and early arousal (EA). Dynamic functional transitions of gene expression throughout hibernation stages in P. sinensis were observed by gene ontology (GO) analysis. Metabolic, cellular, and regulatory processes were suppressed during hibernation, indicating reduced physiological activity. Conversely, arousal transition was enriched in pathways related to the immune system, cellular process and biological regulation categories indicating higher phenomenon of physiological attentiveness and cellular process activity. The transition from hibernation to activity was further underscored by enrichment analyses that prominently featured the roles of immune function, and cellular differentiation and development.

The liver, a vital metabolic organ, stores surplus energy as triglycerides within lipid droplets and releases free fatty acids when energy is deficient. Analyzing differential RNA expression among the various groups highlights the dynamic nature of the transcriptome in the overwintering liver. The pathways regulated during hibernation cycles (SA vs. H, H vs. EA, and EA vs. SA) involve metabolism and transcription. The pathways described here are compatible with those previously described in seasonal hibernators’ livers using RNA-seq, and targeted metabolomics (Zaias et al., 2006; Kitao et al., 2009; Rossi et al., 2014; Faherty et al., 2018; Wang et al., 2019; Yang et al., 2019) and activity assays in facultative hibernators (Storey and Wu, 2013; Græsli et al., 2015). During hibernation, all hibernating animals shift their fuelling in hibernation (at least partly) from carbohydrates to lipids as their main fuel source (Coussement et al., 2023). Our findings shed light on the dynamics of cold-induced energy production and gene expression patterns in the liver, revealing lipidomic and transcriptional signatures in response to cold exposure. Hibernating mammals mobilize fat to produce energy while concurrently storing more fat to withstand extended periods of cold. They primarily obtain energy from the metabolism of lipids (John, 2005; Mohr et al., 2020). The rate-limiting enzyme CPT1A regulates the oxidation of fatty acids in the liver (Britton et al., 1997). In mammals, up-regulation of lipid-catabolism-linked genes results in significantly higher concentrations of triglycerides and fatty acids during hibernation than during non-hibernation (Kurtz et al., 2021). On the contrary, it has also been documented in ectotherm, wherein the expression of genes associated with glycolysis, lipid metabolism and amino acid metabolism down-regulated in hibernation of Chinese alligator (Alligator sinensis), indicating energy metabolism suppression (Lin et al., 2020). As exhibited in the current research, P. sinensis has a down-regulation of carbohydrate metabolism-associated genes like HK2, illustrating the reduced demand for glucose metabolism during hibernation. Other lipid metabolism-related factors like ACACA are down-regulated in hibernating turtles as well, indicative of a shift away from lipid biosynthesis as the organism switches to an energy conservation mode. Similar results were found in the Tibetan frog (Nanorana parkeri) and Asiatic toad (Bufo gargarizans) (Xie et al., 2023; Niu et al., 2024). Conversely, the energy production-related metabolic pathways were reactivated in the dynamic from H vs. EA. Genes for example, LSS and GPLD1, were markedly up-regulated and have also been implicated in the reinitiation of lipid metabolism in favour of energy production as metabolic processes were enhanced to prepare for the active phase. Our findings are consistent as our data shows that during the SA and EA periods, genes involved in gluconeogenesis and glycogenolysis are up-regulated. These results are parallel with those of Coussement et al. (2023) reported that genes associated with energy metabolism were up-regulated during the EA period in hamsters. Moreover, Xiao et al. (2015) reported that certain differentially expressed genes in the liver of R. ferrumequinum are associated with glycolytic pathways and lipid metabolism, fluctuating between active and inactive states. These results highlight variations in gene expression patterns among mammals, amphibians, and reptiles during hibernation, suggesting that reptiles have distinct molecular regulatory mechanisms. The variation between the groups is likely due to differences in thermoregulatory mechanisms; however, more research is needed to understand these mechanisms in detail.

Cold exposure is recognized for its regulatory influence on the immune system (Reynés et al., 2019) and, consequently, the immune response emerged as the most pronounced process (Table 1) indicating a modulatory effect of cold exposure on the expression of immune-related genes in P. sinensis. According to previous studies, hibernation has a significant impact on the immune system of ectotherms (Maniero and Carey, 1997), it includes the prolongation of both the induction and rejection of immune responses (Lin and Rowlands, 1973), suppression of bone marrow lymphocyte proliferation (Šíma et al., 1981), and dropping the proportion and degree of antibody production (Marchalonis and Cone, 1973). An example of innate immunity can be observed in desert tortoises (Gopherus agassizii) which show lesser plasma bactericidal activity in wintertime (Sandmeier et al., 2016). During hibernation low temperatures do not induce immune responses, possibly owing to the thermal sensitivity of lymphocytes and the reduction in lymphocyte numbers (Wright and Cooper, 1981). Thus, the up-regulation of immune response-associated genes, such as CXCL12, FAS, ITGA4, and TNFRSF13C, in overwintering P. sinensis is a compensatory response to a reduction in lymphatic numbers and sensitivity to cold temperatures in winter. A similar pattern of up-regulation of immune-related genes has been observed in Tibetan frogs (Nanorana parkeri), among which are TNFRSF9 (also known as CD137), TNFAIP8, TNFRSF1A, and LTB (Niu et al., 2024). Chen et al. (2019) reported similar findings in the Asian corn borer (Ostrinia furnacalis), where some immune-linked genes (including PGRPs, SPs, and AMPs) showed an up-regulation in low temperature. Previous studies revealed dynamic shifts in immune-related gene expression similar to those observed in P. sinensis, where genes like CXCL12 and FAS are up-regulated during early arousal and non-hibernation, potentially to prepare for reduced immune surveillance during torpor phases (Chow et al., 2013). However, these changes are reversible during hibernation and arousal phases, suggesting a conserved strategy across taxa to minimize immune function while preserving critical defense mechanisms during metabolic suppression.

Numerous endocrine system-related genes were up-regulated during hibernation, and the early arousal period such as CDKN1A, DDL4 and, IGF1R which showed a significant up-regulation during the H vs. EA comparison. CDKN1A is a key mediator of cell cycle arrest, apoptosis, and DNA damage response driving these events during cellular stress. In P. sinensis, the up-regulation of CDKN1A during hibernation likely reflects an adaptive mechanism to suppress cellular proliferation and prioritize energy conservation. The up-regulation of CDKN1A during hibernation in P. sinensis is likely indicative of an adaptive process to inhibit cellular proliferation and conserve energy. This role aligns with other studies, in which CDKN1A-induced cell cycle arrest promotes genomic stability and guards against oxidative damage in a stress or metabolic suppression context (Kreis et al., 2020). Notch signaling, more particularly the canonical Notch ligand 4 (DLL4), confers a critical function in modulating immune responses through T cell differentiation and immune reprogramming. In P. sinensis, the up-regulation of DLL4 during the pre-hibernation and arousal phases may represent an adaptive strategy to mediate the equilibrium between immune activation and energy saving during hibernation. The vertebrate DLL4 signalling pathway is well known to dictate the fate of immune cells, and its dominant effects in driving pro-inflammatory Th1 and Th17 responses via activation of T-cell signalling pathways have also been reported in mammals (Meng et al., 2016). In fact, in models of autoimmune disease, blocking DLL4 reduces inflammatory responses, indicating that their role is dual in terms of immune activation and regulation (Nakano et al., 2016). Like in P. sinensis modulation of DLL4 may play a role, which may reflect conservation of an immune regulation process between species to prevent unnecessary immune activation during physiological stress states such as hibernation. The increased expression of genes involved in thermogenesis, including IGF1R (insulin-like growth factor 1 receptor), is essential for regulating metabolic processes that respond to temperature fluctuations. The up-regulation of this gene during arousal implies that it is involved in the metabolic reconfigurations that are required to bring the turtle that is withdrawing from hibernation back to normal levels of activity and body temperature. This agrees with observations in mammals in which IGF1R prognosticates cell survival and apoptosis during stress situations like hibernation or fasting (Lara-Diaz et al., 2017). Such variation probably serves the organisms well in coping with immune challenges associated with hibernation, like the threat of infection and inflammation that can occur after a long, low metabolic state. Therefore, our results further confirm the temperature role in modulating metabolic pathways in ectotherms such as P. sinensis.




5 Conclusion

The liver data presented here highlight the critical importance of systemically timed sampling in the examination of differential gene expression associated with the profound physiological changes of hibernation. The findings presented here provide a reference resource, and an approach for future studies to evaluate how the physiological dynamics of hibernation can be harnessed to better understand the molecular mechanisms involved in metabolic suppression and tissue-protective pathways. During hibernation, turtles experience drastic metabolic and physiologic down-regulation to conserve energy, reduce cellular activity, and preserve immune function. It was found that the up-regulation of genes associated with immune system vigilance, cell cycle regulation, and lipid metabolism highlighted a delicate balance between energy conservation and survival under extended phases of low metabolic activity. This would allow better insight into the molecular basis of hibernation, as well as metabolic adaptation among ectotherms and has implications for understanding how other hibernating species may have similar survival strategies.
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Gene Name

Lipid-metabolism

Description

Log2 (Fold Changes)

SAvs H

Hvs EA

ACACA acetyl-CoA carboxylase alpha -2.15
CD74 CD74 molecule 1.35
GPLD1 glycosylphosphatidylinositol specific phospholipase D1 1.59 211
INPP5D inositol polyphosphate-5-phosphatase D 1.38
KDELR2 KDEL endoplasmic reticulum protein retention receptor 2 135
1SS lanosterol synthase 243 175
SERAC1 serine active site containing 1 -2.19
Carbohydrate-metabolism

‘ HK2 hexokinase-2 -3.15
LOC102447193 phosphatidylinositol 3-kinase regulatory subunit gamma -1.32
LOC102447194 solute carrier family 2, facilitated glucose transporter member 5 332
LOC102447195 solute carrier family 2 member 2 [ 4.26
Immune-metabolism
CXCL12 C-X-C motif chemokine ligand 12 435 332
FAS Fas cell surface death receptor 1.92
ITGA4 integrin subunit alpha 4 2.06 246
PIGR polymeric immunoglobulin receptor, transcript variant X2 218 1.68
TNFRSF13C TNF receptor superfamily member 13C -2.87 462
CD28 CD28 molecule -1.68 2.03
ICOSLG inducible T cell costimulator ligand 1.92

‘ Endocrine-metabolism
ADCY6 adenylate cyclase 6 1.03 -1.46
ADCY9 adenylate cyclase 9, transcript variant X1 -1.33 2.03
ATP2B4 ATPase plasma membrane Ca2+ transporting 4, transcript variant X5 | 2.19
CDKNI1A cyclin dependent kinase inhibitor 1A 3.10 2.77
NOTCH3 notch 3 -2.03
082 SOS Ras/Rho guanine nucleotide exchange factor 2 113 119
BAD BCL2 associated agonist of cell death -1L11 -1.07
DLL4 delta like canonical Notch ligand 4 1.62 1.58
GRB2 growth factor receptor bound protein 2, transcript variant X1 1.36
IGFIR insulin like growth factor 1 receptor 268 2,01





