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The yellow pond turtle (Mauremys mutica) is widely cultured for food, medicine

and for keeping as pets in China. The high risk of disease outbreaks and mortality

caused by sudden sharp temperature drop events has significant negative effects

on the aquaculture industry of M. mutica. However, the mechanism underlying

the damage caused by cold stress is still unclear. To fill this gap, we performed

transcriptome sequencing ofM.mutica samples collected at three sampling time

points (3h, 24h and 48h) during cold treatment, and at a recovery time point (96 h

after the end of cold stress). The results showed that immunity and metabolism-

related pathways (neuroactive ligand-receptor interactions, cytokine-cytokine

receptor interactions and NOD-like receptor signaling pathways) were

significantly enriched at both 24h and 48h. The expression of immunity and

metabolism-related genes (BS2A1, PIWIL2 and Fads1) significantly decreased at

all-time points compared to the control group. These results suggested that

impaired immunity and depressed metabolism under cold stress may be the

main cause of the massive cold-stress mortality ofM. mutica. This study provides

novel insights into the molecular mechanisms underlying mass disease and

mortality caused by sudden sharp temperature drop events in M. mutica.

KEYWORDS
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1 Introduction

As global climate change becomes increasingly unpredictable, extreme climate events

would increase in frequency and intensity, and may lead to sub-lethal physiological and

behavioral influences on many species (Rahmstorf and Coumou, 2011). Among these

species, aquatic organisms are more vulnerable to extreme climate events, which have been

posing significant challenges to aquaculture industry (Ahmed et al., 2019). Temperature is

one of the most important environmental factors in aquaculture industry, as this factor can
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influence the growth, feeding, metabolism and immune function of

aquaculture organisms (Yang et al., 2016; Liu et al., 2022). Extreme

high or low temperature events can result in illness, death and even

extinction of species in some cases (Bucciarelli et al., 2020). Hence,

it is urgent to explore the mechanisms underlying the damages to

aquaculture organisms, aiming to provide novel insights into the

prevention and control of illness and death of aquaculture species.

Recent studies on aquatic species showed that extreme

temperatures have a significant influence on immune and metabolic

levels, which may be responsible for the illness and even death in

aquaculture species. For heat stress, transcriptome analysis showed that

acute high temperatures significantly reduced the metabolic levels of

Palaemon gravieri (Shi et al., 2022). Another case study on Mauremys

mutica highlighted impaired immunity under heat stress following

observation of down-regulation of all the differently expressed genes in

the immune-related categories of complement and coagulation cascade

pathways (Gao et al., 2021). For cold stress, studies on Oreochromis

niloticus showed that renal metabolism and immune-related genes

were suppressed under cold stress, indicating that differently expressed

genes in immune-related pathways of the phagosome and cell adhesion

molecules were significantly down-regulated at low temperatures

(Zhou et al., 2019). Moreover, ectothermic animals can tolerate low

temperatures, but cold stress has been shown to have a significant

influence on physiological processes, such as circadian rhythms and

steroid and fatty acid biosynthesis in Puntius tetrazona (Liu et al.,

2020). Although the molecular mechanism of response to cold stress

has been investigated in traditional aquaculture organisms such as fish,

the molecular mechanism underlying illness and death in aquaculture

reptiles is still unclear.

The yellow pond turtle (Mauremys mutica), is widely cultured

for food, medicine and for keeping as pets in China (Yuan et al.,

2021). In recent years, the industrial production of M. mutica has

been hampered by high risks of disease outbreak and mortality

caused by extreme temperature events in autumn. A previous study

found that the expression of immune-related genes of transferrin

was down-regulated in M. mutica under heat stress at 32°C(Wei

et al., 2020). Although dysfunction of immune-related complement

and coagulation cascade pathways has been identified as the major

cause of illness outbreak and death rates under heat stress in M.

mutica (Gao et al., 2021), it is possible that the mechanisms of

damage in M. mutica under cold stress are also related to immune-

related genes and pathways, but need to be further explored.

High-throughput sequencing-based transcriptome sequencing

is a useful tool for identification of differently expressed genes

(DEGs), which have potential roles in response to environmental

stress (Wang et al., 2009). In this study, we performed

transcriptome sequencing of M. mutica samples collected at three

sampling time points (3h, 24h and 48h) during the cold treatment

and a recovery time point (96 h after the end of cold stress). The

following questions were addressed (1) identify DEGs between

three cold stress time points, a recovery time point and the

control group, and describe the functional categories of these

DEGs; (2) explore how pathways related to immunity and

metabolism play a regulatory role. The findings of this study
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facilitate reveal the mechanism of physiological damage to M.

mutica caused by cold stress.
2 Materials and methods

2.1 Sample collection

Living samples of M. mutica (body weight = 84 ± 6 g, n = 20)

were purchased from a turtle farm in Guangzhou, China in May

2020. The samples were acclimated at a water temperature of 28°C

for one week, replicating the culture conditions on the farm. During

this period of acclimatization, allM.mutica were fed once daily with

a commercial turtle feed (Shenzhen Inch-Gold Fish Food Co., Ltd.,

Guangdong, China).
2.2 Cold stress

At the end of acclimatization, four individuals were randomly

selected as a control group (28°C). A total of 16 individuals were

randomly selected as the cold stress group (20°C) and the recovery

group. Within half an hour, we reduced the culture temperature to

20°C in an incubator, imitating a sudden temperature drop in

autumn. 20°C is the temperature level, at which M. mutica usually

shows low survival rates in hatchlings and high abnormality rates

based on our previous laboratory observations. At 20°C, M. mutica

were able to feed, but their activity was reduced. The intestine is an

important immune and digestive organ, and easily vulnerable to

environmental turbulence (Zhou et al., 2020). Therefore, intestinal

tissues were collected at 3h, 24h and 48h of treatment and 96 h after

the end of cold stress, intestinal tissues had been removed from the

intestinal contents and rinsed with saline and stored in liquid

nitrogen until RNA extraction.
2.3 Total RNA extraction and
transcriptome sequencing

Total RNA from intestinal tissues was extracted using Trizol

RNA Isolation Reagent (Sangon, Shanghai, China) according to the

manufacturer’s instructions. Genomic DNA contaminants were

removed by digestion of the total RNA samples with RNase-free

DNase I (Sangon, Shanghai, China). Concentration and purity were

assessed using a Nanodrop One spectrophotometer (Nanodrop

Technologies, Wilmington, DE, USA). Qualified RNA samples

were used for the construction of an RNA-seq library. In brief,

mRNA was enriched with magnetic beads with Oligo (dT) and

subsequently randomly fragmented with Fragmentation Buffer. The

first cDNA strand was synthesized by random hexamers using

mRNA as a template. Then the second cDNA strand was

synthesized by adding buffer solution, dNTPs, RNase H and DNA

polymerase I. The cDNA strand was purified using AMPure XP

beads. AMPure XP beads were used for segment size selection.
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Transcriptome sequencing libraries were constructed using Hieff

NGSf MaxUp Dual-mode mRNA Library Prep Kits for Illumina®

(Yeasen, Shanghai, China) and sequenced on an Illumina novaseq

6000 platform with PE 150 bp.
2.4 Data processing and de novo assembly

Raw reads were first quality filtered using Trimmomatic v 0.36

with default parameters to remove adaptors, contaminants and low-

quality reads (average Phred quality score (Q) <20 per read). The

obtained clean reads were de novo assembled using Trinity v 2.4.0

with default settings. After removal of redundant sequences from

the assembled transcripts, the resultant unigenes (transcripts) were

used as reference sequences for subsequent mapping. For functional

annotation, the unigene sequences were annotated by searching

against NR (ftp://ftp.ncbi.nih.gov/blast/db/nr), Swiss-Prot (http://

www.uniprot.org/), GO (http://www.geneontology.org/), COG

(ht tp : / /www.ncb i .n lm.n ih .gov/COG/) , CDD (ht tps : / /

www.ncbi.nlm.nih.gov/cdd/), TrEMBL (http://www.ensembl.org/),

and KEGG (http://www.genome.jp/kegg/) databases using BLASTX

programs, the BLAST parameter E-value is not greater than 1e-5

and the HMMER parameter E-value is not greater than 1e-10.
2.5 The identification of DEGs and
enrichment analysis

Gene expression levels were measured as fragment values per

kilobase transcript per mapped read per million (FPKM). DESeq2

was used to identify the differential expressed genes (DEGs)

between the treatment group and control group. Genes with fold

changes >2 and adjusted p-values (padj) < 0.05 were considered as

DEGs (Wang et al., 2010). These DEGs were annotated by Gene

Ontology (GO) functional enrichment and Kyoto Encyclopaedia of

Genes and Genomes (KEGG) pathway analysis. Multiple
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hypothesis tests were performed on the p-values (≤ 0.05) from

the enrichment analysis.
2.6 Real-time PCR validation of genes

To check the reliability of the RNA-seq, five genes were randomly

selected from DEGs and used for validation using quantitative real-

time RT-PCR (qRT-PCR): Zinc fingers and homeoboxes protein 3

(ZHX3), PREDICTED: pleckstrin homology-like domain family A

member 2 (PHLDA2), Butyrophilin subfamily 2 member A1

(BS2A1), piwi-like protein 2 (PIWIL2), cystathionine beta-

synthase-like (CBSL). b-actin was used as a reference gene. The

primers (Table 1) were designed using Primer Express 3.0 and

synthesized by Sangon Biotech (Shanghai) Co., Ltd. A total of 2 mg
RNA from each sample were reversely transcribed to cDNA using an

RT-PCR kit (PrimeScript™ RT kit, Takara). qPCR was performed in

a CFX96 Touch™ Real Time PCR Detection System. The qPCR

mixture consisted of 0.5 mL of primer (10 mM), 1 mL of first-strand

cDNA as the template, 12.5 mL of Roche FastStart Universal SYBR

Green Master (Rox) and 10.5 mL of water. The qPCR reactions were

exposed to initial denaturation (95°C for 4 min) followed by 35 cycles

(95°C for 30 s, annealing at 57°C for 20 s) and extension at 72°C for

30 s in 25 mL of the reaction mixture. Relative expression ratios of

target genes to b-actin genes were calculated using the 2 - DDCT

method and all data are presented as relative mRNA expression.

3 Results

3.1 Transcriptome sequencing and
de novo assembly

The RNA-seq generated a total of 564,354,538 raw reads (NCBI

BioProject accession:PRJNA949287, SRA accession:SRR24172447-

SRR24172458). After technical filter, we obtained 466,900,447 clean

reads, which generated a total of 100,351 unigenes (Table 2). Of
TABLE 1 Primers of differentially expressed genes and the reference gene in qRT-PCR validation.

Gene name Primer Sequence Reference

ZHX3
ZHX3-F TAAGTTTCCCTACCCTACAA

This study
ZHX3-R TTTCCGTGCATCTTCTAT

PHLDA2
PHLDA2-F CAGCGACAGCCTCTTCCAG

This study
PHLDA2-R CTCCACGCAGTCCACCTTG

BS2A1
BS2A1-F GCAGAAAGCGGAATACGA

This study
BS2A1-R GACAGGACGAGTTCAGGAT

PIWIL2
PIWIL2-F CAGTGTCCCTTCCGTGTA

This study
PIWIL2-R CAGGTCTCGGGATTGTCT

CBSL
CBSL-F AGGCTATCGCTGCATCAT

This study
CBSL-R TCCGAGCAACAGAAACATTA

b-actin
b-actin-F GATGTGGATCAGCAAGCA

Gao et al., 2021
b-actin-R GGGCAAAGTTTACAAGTAA
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these unigenes, a total of 23,879 unigenes were successfully

annotated. When clean reads from each sample were mapped to

the reference transcriptome, the average mapping rate was 73.16%

(17 ,080 ,052) , rang ing f rom 71 .62% (15 ,465 ,566) to

74.73% (15,509,747).
3.2 Differential expressed genes (DEGs)

DESeq2 analysis showed that a total of 151, 2418, 2383 and 827

DEGs were identified at 3 h, 24 h, 48 h and the recovery group,

respectively. With increasing time of cold stress, the number of

DEGs increased rapidly within 24 hours and stabilized within 48

hours. The number of up- and down-regulated DEGs showed a

continuous increase at the first three time points (3 h, 24 h and 48 h)

and then decreased in the recovery group. Of these DEGs, 38, 1050,

915 and 411 genes were up-regulated at 3 h, 24 h, 48 h and in the

recovery group, respectively. In contrast, 118, 1368, 1468 and 416

genes showed down-regulation in the 3 h, 24 h, 48 h and recovery

groups, respectively (Figure 1).
TABLE 2 Summary of sequencing and assembly of the transcriptome data (C01~C04: control groups; L-3-1~L-3-4: 3 h cold stress groups; L-24-1~L-
24-4: 24 h cold stress groups; L-48-1~L-48-4: 48 h cold stress groups; L-R-1~L-R-4: recovery groups).

Samples Clean reads Mapped reads Mapped ratio

C01 v31,895,799 23,406,795 73.39%

C02 23,665,535 17,487,277 73.89%

C03 22,111,944 16,264,899 73.56%

C04 22,855,927 16,657,115 72.88%

L-3-1 28,552,032 21,091,267 73.87%

L-3-2 22,252,502 16,495,217 74.13%

L-3-3 25,092,918 18,468,196 73.60%

L-3-4 23,617,285 17,156,001 72.64%

L-24-1 25,852,313 18,885,124 73.05%

L-24-2 21,232,836 15,675,494 73.83%

L-24-3 21,027,160 15,312,063 72.82%

L-24-4 22,595,251 16,465,756 72.87%

L-48-1 21,968,918 16,294,074 74.17%

L-48-2 20,754,671 15,509,747 74.73%

L-48-3 24,096,139 17,356,875 72.03%

L-48-4 24,453,470 17,652,869 72.19%

L-R-1 21,592,961 15,465,566 71.62%

L-R-2 19,963,667 14,628,293 73.27%

L-R-3 22,262,347 16,045,762 72.08%

L-R-4 21,056,772 15,282,655 72.58%
F
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FIGURE 1

Number of DEGs in the continuous cold stress groups (3 h, 24 h and
48 h) and recovery group (R) compared to the control group.
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3.3 GO annotations

To understand the gene function of these DEGs, we performed

GO annotation analysis: the results revealed a similar pattern of GO

category distribution across the four time points. A large proportion

of DEGs were associated with biological processes, followed by

cellular components and molecular functions (Figure 2). Within the

biological process category, most DEGs were identified as cellular

processes, single organism processes, metabolic processes and

biological regulation. In the cellular components category, cells,

cell parts, cell membranes and organelles were the most

represented. In addition, most of the DEGs associated with

molecular functions were related to catalytic activity, binding,

signal transduction activity, and molecular transduction activity.
3.4 KEGG pathway

To identify the biological pathways that play a key role in the

response to cold stress, we enriched these DEGs against the KEGG

database, but there were no shared KEGG pathways among the four

time points. Neuroactive ligand receptor interactions, cytokine-

cytokine receptor interactions and NOD-like receptor signaling

pathways were shared at 24h and 48 h. Specifically, the

expression of most DEGs in the NOD-like receptor signaling

pathway were down-regulated, two key DEGs (CXCR3 and

CXCL10) showed down-regulated expression in the cytokine-

cytokine receptor interaction pathway (Supplementary Figure 1).

The ether lipid metabolism pathway was shared in the 24 h and

recovery groups. Steroid hormone biosynthesis, biosynthesis of

unsaturated fatty acid, and glycine serine and threonine

metabolism were shared between the 48 h and recovery groups

(Figure 3). Interestingly, most DEGs in steroid hormone

biosynthesis pathways showed down-regulated expression at 48 h,

while most DEGs showed up-regulated expression in the recovery

group (Supplementary Figure 1).
3.5 Validation by real-time PCR

To validate the expression profiles, the relative mRNA

expression levels of five genes with random selection from DEGs

were measured using qPCR. For most time points and genes, the

expression trends determined by RNA-seq and qPCR showed good

consistency (Figure 4).
4 Discussion

Cold stress caused by sudden temperature drops is one of the

most severe threats to aquaculture organisms. Previous studies

highlighted the importance of innate cellular and humoral

parameters (phagocytosis, respiratory burst (RB), IgM levels,

lysozyme and complement activity) in response to cold stress in

tilapia (Chen et al., 2002). Our study revealed that immunity and

metabolism-related pathways (NOD-like receptor signaling
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pathways, cytokine-cytokine receptor interactions and neuroactive

ligand-receptor interactions) were significantly enriched at both

24h and 48h with the down-regulated expression of BS2A1, PIWIL2

and Fads1 at all-time points, indicating that impaired immunity

and depressed metabolism under cold stress may be the main cause

of the massive mortality in M. mutica. The finding was consistent

with previous studies on Nile tilapia following exposure to

hypothermia, which revealed renal dysfunction and down-

regulated gene expression in immune-related pathways (Zhou

et al., 2019).

The NOD-like receptor is an important component of the

immune signaling pathway (NOD-like receptor signaling

pathways), which can protect the host from pathogen invasion

(Zhang et al., 2021). In the present study, the expression of most

DEGs in the NOD-like receptor signaling pathway were down-

regulated, suggesting that cold stress could depress immunity by

impeding this immunity-related pathway. Similar findings were also

found in other aquatic organisms, such as Larimichthys polyactis,

many genes (e.g. NOD2,TRIP6, Nemo, NFKB and JNK) in the

NOD-like receptor signaling pathway are down-regulated following

cold stress (Chu et al., 2020).

Cytokine-cytokine receptor interaction is one of the crucial

pathways in immunity, and plays an important role in the

inflammatory and defense process of the host (Cheng et al.,

2017). In the present study, two key DEGs (CXCR3 and

CXCL10) showed down-regulated expression in the cytokine-

cytokine receptor interaction pathway. CXCR3, a G protein-

coupled receptor of the CXC chemokine receptor family, is

expressed mainly in activated T lymphocytes and NK cells, as

well as some epithelial cells (Karin and Razon, 2018). CXCL10 is

a key driver of chemokines and a potent target for the treatment of

autoimmune diseases such as inflammatory bowel disease, multiple

sclerosis and rheumatoid arthritis (Muller et al., 2010). The down-

regulated expressions of both DEGs suggested that cold stress may

inhibit the expression of both DEGs and further disrupt the

function of the cytokine-cytokine receptor interaction pathway.

Therefore, we inferred that the down-regulated expression of

DEGs caused by cold stress could lead to impaired immunity in

M. mutica. However, our results showed no significant enrichment

of this pathway in the recovery group, indicating that immunity

recovered when the cold stress was removed, which may be a

mechanism of resistance to temperature stress. In summary,

impaired immunity may be an important mechanism leading to

disease and mortality in M. mutica under cold stress.

In addition to the DEGs in the above enriched pathways, we

also identified three key DEGs in the continuous cold stress group

(3 h, 24 h and 48 h) and in the recovery group (R): Butyrophilin

subfamily 2 member A1, PIWIL-like protein 2, and Fatty acid

desaturase 1, these DEGs showed decreased expression at all four

time points. Butyrophilin subfamily 2 member A1 is a cell surface

transmembrane glycoprotein, a member of the lactophilic casein

superfamily, which has been shown to modulate immune function

and polymorphisms in protein-coding sequences associated with

susceptibility to inflammatory diseases (Murakata et al., 2014).

PIWIL2 is a member of the Piwi subfamily and is important in

stem cell development, self-renewal, RNA transcriptional regulatory
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FIGURE 2

Distribution of GO second-level functional annotations. (A) GO classifications of DEGs between the control and 3 h cold stress groups. (B) GO
classifications of DEGs between the control and 24 h cold stress groups. (C) GO classifications of DEGs between the control and 48 h cold stress
groups. (D) GO classifications of DEGs between the control and recovery groups.
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mechanisms and induced silencing (Feng et al., 2021). PIWIL2 can

bind directly to IKK and promote its phosphorylation, leading to

phosphorylation of IkB and subsequent nuclear translocation of

NF-kB to inhibit apoptosis (Zhao et al., 2021). Fatty acid desaturase

is a key enzyme in the synthesis pathway of polyunsaturated fatty

acids (PUFAs), which can mediate the development of related

diseases by regulating the transcriptional levels or expression of

some nuclear and enzymatic genes (Lee et al., 2016). In this study,

the decreased expression of these genes suggested that M. mutica

has a weak ability to regulate immunity under cold stress, thus

potentially leading to an increased risk of infection.

Moreover, three metabolism-related pathways were significantly

enriched in both 48h and recovery groups: steroid hormone
Frontiers in Marine Science 07
biosynthesis, biosynthesis of unsaturated fatty acid, and glycine

serine and threonine metabolism. Previous studies showed that the

expression of key genes encoding proteins in steroid hormone

biosynthesis and lipid metabolism are significantly down-regulated

in fish, indicating a redistribution of lipid reserves and cholesterol

metabolism, highlighting the sensitivity of steroid metabolism to cold

stress in fish (Qian and Xue, 2016). In the present study, most DEGs

in steroid hormone biosynthesis pathways showed down-regulated

expression at 48 h, while most DEGs showed up-regulated expression

in the recovery group, indicating that cold stress inhibited

steroid hormone biosynthesis in M. mutica, but these hormones

could recover to normal levels after the remove of cold stress.

Similarly, lipid metabolism involves lipolysis and synthesis, and it
FIGURE 4

Comparison of the expression profiles of five DEGs determined by RNA-seq and qRT-PCR in the intestine. Each bar indicates the log2 (fold change)
of a gene’s expression compared to that in the control group, and each asterisk represents the values (mean ± SD) that were significantly different
from those in the control group.
FIGURE 3

Venn diagram of enriched KEGG pathways in the continuous cold stress groups (3h, 24 h, 48 h and Recovery).
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has been established that Oreochromis niloticus may alter energy

metabolism through carbohydrate-rich and lipid metabolism to resist

cold stress (Zhou et al., 2019). This phenomenon was similar to our

findings: the biosynthetic pathway of unsaturated fatty acids was

significantly enriched in both the 48 h and recovery groups,

suggesting that M. mutica could produce more unsaturated fatty

acids to resist cold stress. Glycine can be synthesized from choline,

serine, hydroxyproline and threonine, and plays key roles in

maintaining health by inhibiting inflammation and macrophage

activation (Razak et al., 2017). Here, most DEGs in the

glycine, serine and threonine metabolic pathways showed up-

regulated expression at 48 h and in the recovery group, suggesting

that M. mutica may respond to cold stress by increasing metabolic

levels. In general, metabolic imbalance may be another important

mechanism leading to illness and mortality in M. mutica under

cold stress.

In conclusion, our results showed that cold stress has a

significant effect on the expressions of DEGs in immunity and

metabolism-related pathways in M. mutica, indicating that

impaired immunity and imbalanced metabolism caused by cold

stress may be a major cause of high morbidity and mortality in M.

mutica. This study provides novel insights into the molecular

mechanisms underlying mass disease and mortality under cold

stress in M. mutica.
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