Aquaculture 579 (2024) 740200

Contents lists available at ScienceDirect

Aquaculture

journal homepage: www.elsevier.com/locate/aquaculture

ELSEVIER

Check for

Integration of transcriptome and metabolome reveals molecular e
mechanisms responsive to cold stress in gynogenetic mrigal carp
(Cirrhinus mrigala)

Hongqing Li*', Wuhui Li ™", Jisen Su™', Zexun Zhou ¢, Yan Miao ¢, Xuelei Tian 4. Min Tao ™,
Chun Zhang ¢, Yi Zhou ¢, Qinbo Qin "¢, Huirong Yang >* ", Shaojun Liu®>®"

& College of Marine Sciences, South China Agricultural University, Guangzhou 510642, China

® Guangdong Laboratory for Lingnan Modern Agriculture, Guangzhou 510642, China

¢ State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Sciences, Hunan Normal University, Changsha 410081, China
94 Guangzhou Chengyi Aquaculture Co., Ltd, Guangzhou 510642, China

€ Zhongshan Innovation Center of South China Agricultural University, Zhongshan 528400, China

ARTICLE INFO ABSTRACT

Keywords:
Gynogenetic mrigal carp
Cold stress

Cold stress is a major environmental stimulus affecting the physiological and metabolic activities of farmed fish.
In our previous study, we obtained gynogenetic mrigal carp (Cirrhinus mrigala, GMC) with significantly improved
cold tolerance compared with the wild individuals. To gain a comprehensive and unbiased understanding of the

Transcriptomes molecular mechanism of cold tolerance in GMC, transcriptomes and metabolomics of liver tissues were
Metabolomics X 3 ‘
Pathways comparatively analysed. After cold treatment at 14 °C for 48 h, histology analysis revealed that the hepatocyte

nucleus was shifted, blurred and disintegrated; the terminus of the gill filament was enlarged; and the number of
mucus cells and their secretions were increased. A total of 4844 differentially expressed genes (DEGs), including
2420 upregulated and 2424 downregulated genes, were identified. The upregulated KEGG pathways were mainly
involved in oxidative phosphorylation, the proteasome and the citrate cycle, while the downregulated pathways
were involved in staphylococcus aureus infection, systemic lupus erythematosus and leishmaniasis. A total of 160
differential metabolites (DMs) were identified, including 39 increased and 121 reduced metabolites. The KEGG
pathway analysis revealed significant enrichment in retinol metabolism and folate biosynthesis. KEGG function
analysis showed that the DEGs and DMs were both highly enriched in purine metabolism, neuroactive
ligand-receptor interaction and galactose metabolism. Correlation analysis between DEGs and DMs revealed that
multiple pathways were active and strongly related to immunity and disease, metabolism and growth under cold
stress. This study can facilitate our understanding of the molecular mechanisms of fish response to cold stress and
provide insight into the application of gynogenesis in farmed fish.

1. Introduction

Water temperature is a crucial environmental factor that profoundly
influences aquatic organisms' life activities, including their survival,
growth, behavioural and physiological responses (Islam et al., 2022;
Little et al., 2020). As ectotherms, fishes can cape with natural tem-
perature changes within species-specific thermal tolerance ranges.
However, when the temperature changes below the tolerance capability
of fish, cold stress activates a cascade of events that may lead to loss of
balance and even coma, ultimately leading to death (Panase et al.,

2018). For instance, tilapia (Oreochromis niloticus) and mrigal carp
(Cirrhinus mrigala, MC) are not able to survive at water temperatures
lower than 10 °C (Atwood et al., 2003; Yu et al., 2019). It has been
shown that some cold-water fish species have evolved adaptive mech-
anisms, including transcriptomic and genomic evolution to cope with
cold stress to protect them against damage (Chen et al., 2008). Mean-
while, several fish species, such as goldfish (Carassius auratus) and
zebrafish (Danio rerio), survive and adapt to cold stress by remodeling
the structure of their gills and heart (Johnson et al., 2014; Mitrovic and
Perry, 2009).
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The effects of cold stress on fish individuals and cells have been well
documented in recent decades. Acute or chronic exposure to low tem-
peratures can slow the rate of fish growth, impair the immunity and
disease defense ability and compromise the overall health of fish (Abram
et al., 2017; Yang et al., 2016). The liver is a significant organ for fish to
adapt to temperature changes; many studies have reported that cold
stress has caused hepatocyte degeneration, metabolic disorders, DNA
damage, and altered liver gene expression (Reid et al., 2022; Sun et al.,
2019a). The gills of fish are sensitive to environmental changes and
exhibit significant morphological plasticity in response to temperature
changes (Wen et al., 2018). To gain a comprehensive understanding of
the changes in the organisms, transcriptomics and metabolomics have
been widely used to investigate the molecular mechanism of cold stress.
For example, in tiger barb (Puntius tetrazona) (Liu et al., 2020), common
carp (Cyprinus carpio) (Ge et al., 2020), tilapia (Oreochromis niloticus)
(Nitzan et al., 2019) and taimen (Hucho taimen) (Liu et al., 2021),
transcriptomics analysis revealed that changes in global gene expression
were associated with energy metabolism, immune functions, oxidative
damage and cell apoptosis. Metabolomics analysis revealed that cold
stress has different effects on energy metabolism, methionine cycling,
glutathione metabolism, lipid catabolism and antioxidant defense in
different tissues (Ghisaura et al., 2019; Schleger et al., 2022; Wen et al.,
2019). In addition, multi omics analysis was developed to explore the
regulatory mechanisms between gene expression and metabolites (Jiang
et al., 2023; Liu et al., 2022; Wen et al., 2019). There have been several
studies of cold resistance in fish. However, the knowledge regarding the
mechanisms underlying fish responses to cold stress, precisely how and
to what extent organisms adapt to cold stress at various molecular and
physiological levels, still needs to be improved.

Artificial gynogenesis, an induced developmental process in which
the maternal genome is activated by genetically inactivated sperm, is an
important method to accelerate the selective breeding of varieties and
populations (Manan et al., 2022; Xu et al., 2015). In many farmed fishes,
artificial gynogenetic offspring have been reported to exhibit superior
traits such as fast growth rates, hypoxia tolerance and strong resistance
to diseases (Li et al., 2015; Wu et al., 2021; Xiao et al., 2011). Never-
theless, the molecular mechanisms of those superior traits in artificial
gynogenetic fish have yet to be well studied. In our previous study,
gynogenetic mrigal carp (GMC, 2n = 50) was successfully established,
and this population showed a higher cold tolerance for surviving over
winter at temperatures below 10 °C. Moreover, lower critical thermal
minimum (CTMin) and lethal temperature (Typso) values were detected
in GMC than in MC fish (Li et al., 2023). Herein, to gain a comprehensive
and unbiased molecular understanding of cold tolerance in GMC, GMC
fish were firstly cooled from 26 °C to 14 °C at 36 h and then treated at
14 °C for 48 h, the transcriptomes and metabolomics of liver tissues were
comparatively analysed between GMC and MC fish. The results of this
study can facilitate our understanding of the molecular mechanisms of
fish responses to cold stress and provide insight into the application of
gynogenetic methods to farmed fish.

2. Materials and methods
2.1. Ethics approval and consent to participate

Animal experimenters were certified via a professional training
course for laboratory animal practitioners by South China Agricultural
University. The fish were treated humanely following the regulations of
the Administration of Affairs Concerning Experimental Animals for the
Science and Technology Bureau of China.

2.2. Source of samples
Broodstock mrigal carp and common carp (Cyprinus carpio, CC) were

obtained from the State Key Laboratory of Developmental Biology of
Freshwater Fish, Human Normal University. During the breeding
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season, self-crossing and gynogenesis were performed as described in a
previous study (Li et al., 2023). GMC was obtained through gynogenesis,
and the mature eggs of MC were activated by UV-irradiated sperm of CC.
Then, MC and GMC larval fish were carefully reared in two ponds under
the same conditions. All the experimental fish were exposed to ambient
light concentrations and were fed commercial feed routinely two times a
day. The water temperature was 26 + 2.0 °C and dissolved oxygen was
>6.0 mg/L, water pHwas 7.0-7.5 and ammonia nitrogen content was
0.02 + 0.01 mg /L, the nitrite content was 0.02 + 0.01 mg /L. All the
fish were healthy before collection.

2.3. Low-temperature treatments and sampling

For cold stress experiments, the water temperature was set at 14 °C
based on our previous study because the critical thermal minimum
(CTMin) was detected at 11.65 + 0.25 °C (Li et al., 2023). Thirty MC and
thirty GMC (23.78 + 4.49 g, 10.82 + 1.82 cm) were randomly selected
and transferred into two tanks of the same size with a temperature-
adjustable continuous flow system (Ningbo Jiangnan Instrument Fac-
tory, Ningbo, China). The experimental fish were reared at room tem-
perature (26 °C) for 1 week and fed commercial pelleted feed twice a
day. After 1 week of acclimation, samples from the MC group (control
group, named the CG) were collected. Then, the water temperature of
the GMC group started to decline from 26 °C to 14 °C over 36 h at a rate
of 0.3 °C/ h. Test Group 1 (TG1) was sampled at this temperature point.
Test Group 2 (TG2) was sampled after the fish were maintained at 14 °C
for 48 h to explore the effect of longtime low temperature (in 48 h) on
GMC fish, if the physiological functions and the genes level were
normalized or continue changed. A flowchart of the cold treatments is
presented in Fig. S1.

The experimental fish were euthanized with 0.3 mg/L MS-222 before
tissue collection, when the fish were out of balance and unconscious,
they were transferred into clean dish and wiped off the solution for
dissection. In each group (CG, TG1 and TG2), a piece of liver tissue and
gill tissue from three individuals was placed into Bouin's fixative for
histological analysis. Three liver tissues in each group were collected
and soaked in RNAlater at 4 °C for 24 h before storage at —70 °C for
RNA-Seq and qPCR. Another 5 liver tissues in each group were collected
and temporarily stored in liquid nitrogen and transferred to —70 °C
freezer for subsequent metabolome analysis.

2.4. RNA extraction, library construction and sequencing

Total RNA was extracted from liver tissues using the standardized
protocol as described in the TRIzol Reagent Kit (Invitrogen). RNA
degradation and contamination were determined by 1.0% agarose gel
electrophoresis. Total amounts and the integrity of the RNA were
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). The RNAs were purified by
using Agencourt RNAClean XP Beads from Beckman Coulter. Approxi-
mately 2 pg of total RNA from each sample was used to construct a cDNA
library with the VAHTS Universal V6 RNA-seq Library Prep Kit ac-
cording to the manufacturer's instructions. Both first and second strand
cDNA were synthesized by PCR amplification. Double strand cDNAs
were purified using the Agencourt AMPure XP from Beckman Coulter
and ligated to adaptors of the NEBNext Multiplex Oligos for Illumina.
Finally, Q5 Hot Start HiFi PCR Master Mix (NEB) was used for PCR
enrichment of the adaptor-ligated DNA. The concentration and quality
of the libraries were measured by using the Agilent High Sensitivity DNA
Kit and a Bioanalyzer 2100 from Agilent Technologies. The libraries
were sequenced using an [llumina HiSeq 4000 according to the standard
[llumina protocols. All libraries were sequenced for 150 nt at both ends.

2.5. Differentially expressed gene identification and functional annotation

Quantification of gene expression levels was calculated by fragments
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per kilobase of transcript per million mapped reads (FPKM) (Trapnell
et al., 2010). The expression values of three biological replicates were
screened with threshold (mean + 2 standard deviation) in each gene to
avoid interference from expression noise (Dillies et al., 2013). Differ-
ential expression analysis between two groups was performed using
DESeq2 (version 2.13) (Love et al., 2014). The resulting p values were
adjusted using Benjamini and Hochberg's approach for controlling the
false discovery rate (FDR). Genes with an adjusted p values <0.05 and a
threshold normalized absolute log 2-fold change >2 were assigned as
differentially expressed genes (DEGs).

Gene function was annotated based on seven public databases,
namely, NCBI non-redundant protein sequences (Nr), NCBI nonredun-
dant nucleotide sequences (Nt), Protein family (Pfam), Clusters of
Orthologous Groups of proteins (COG), Swiss-Prot, KEGG Orthologue
database (http://www.genome.jp/kegg/) and Gene Ontology (GO)
(http://www.geneontology.org/).

2.6. LC-MS analysis

For metabolite extraction, 100 mg of each liver sample was weighted
and homogenized, and the supernatant (250 pL per sample) was
collected for LC-MS analysis as previously described (Wen et al., 2019).
LC-MS /MS analyses were performed using an ExionLC™ AD system
(SCIEX) coupled with a QTRAP® 6500+ mass spectrometer (SCIEX) at
Novogene Co., Ltd. (Beijing, China). The supernatant was injected onto
an Xselect HSS T3 column (2.1 x 150 mm, 2.5 pm) using a 20-min linear
gradient at a flow rate of 0.4 mL/min for the positive/negative polarity
mode. The eluents were eluent A (0.1% formic acid-water) and eluent B
(0.1% formic acid-acetonitrile) (Luo et al., 2015). The solvent gradient
was set as follows: 2% B, 2 min; 2-100% B, 15 min; 100% B, 17 min;
100-2% B, 17.1 min; and 2% B, 20 min. The QTRAP® 6500+ mass
spectrometer was operated in positive polarity mode with a curtain gas
of 35 psi, collision gas of medium, ion spray voltage of 5500 V, tem-
perature of 550 °C, ion source gas of 1:60, and ion source gas of 2:60.

2.7. Identification of differential metabolites and metabolic pathway
analysis

The raw data were processed by SCIEX OS V1.4 software for peak
extraction, peak alignment, and other data processing operations. The
MS/MS spectra matching score was calculated using the dot-product
algorithm taking fragments and intensities into account. The matching
score cut-off was set as 0.8. All extracted ion peak areas of the data were
normalized, and the data were subjected to Pareto-scaling processing in
SICMA-P 14.1 software (Umetrics, Umea, Sweden). Multivariate statis-
tical analysis of metabolites, including principal component analysis
(PCA) and partial least squares discriminant analysis (PLS-DA), was
carried out to reveal the differences in metabolic patterns in different
groups. Hierarchical clustering analysis (HCA) and metabolite correla-
tion analysis were used to reveal the relationship between samples and
between metabolites. The variable important for the projection (VIP),
fold change (FC) and P value were calculated to reveal the metabolite
expression patterns for identification and classification. The threshold
value was set as VIP value >1.0, FC value >1.5 or FC value <0.667 and P
value <0.05 to determine the significantly different metabolites be-
tween the pairwise comparison groups (Li et al., 2019a). These metab-
olites were annotated using the KEGG database (http://www.genome.
jp/kegg/) and HMDB database (http://www.hmdb.ca/).

2.8. Integration analysis of the transcriptome and metabolome

Transcriptome and metabolome analyses were combined to identify
the regulatory pathways involving differentially expressed genes and
metabolites. The relationships among significantly different genes and
metabolites were mapped into an interaction network by Cytoscape
software to provide rich and comprehensive information for revealing
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the molecular mechanisms of the response to low-temperature stress at
different levels.

2.9. Validation of significant DEGs by RT-qPCR

Total RNA was isolated from liver tissues using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions. First-strand
cDNA was synthesized using a PrimeScript RT Reagent Kit (RR047A,
TAKARA) with PrimeScript RT Enzyme at 37 °C for 15 min and at 85 °C
for 5 s after genomic DNA removal with DNA eraser. gPCR was per-
formed on triplicate technical replicates, and the ACTN gene (accession
no. GU471241) was used as the internal control for normalization of
gene expression. qQPCR was performed on a LightCycler® 96 (Roche,
Switzerland) and the amplification conditions were as follows: 50 °C for
5 min, 95 °C for 10 min, and 40 cycles at 95 °C for 15 s and 60 °C for 60 s.
Then, relative quantification was performed, and melting curve analysis
was used to verify the generation of a single product at the end of the
assay. The average cycle threshold (Ct) was calculated for each sample
using the 2"24Ct method. The sequences of the primers used are given in
Table S1.

3. Results
3.1. Histological study of the gill and liver

The gill filament structure of the CG was neatly arranged, completed
and compacted (Fig. 1A). After cold stress in the TG1, the terminus of
part of the gill filament was enlarged, and mucus cells and their secre-
tions were increased (Fig. 1B). After 48 h of cold acclimation in the TG2,
the terminus of the gill filament was significantly enlarged, and there
was a further increase in mucus cells and their secretions (Fig. 1C). The
hepatocytes of the CG presented normal liver parenchyma that was
evenly distributed with complete structure and clear boundaries
(Fig. 1D). After cold stress in the TG1, part of the hepatocyte nucleus of
GMC was shifted, blurred and disintegrated; the cells became swollen,
and vacuoles appeared (Fig. 1E). After 48 h of cold acclimation in the
TG2, the number of degenerative hepatocytes was increased (Fig. 1F).

3.2. DEG identification and functional enrichment

A total of 1.9 x 108 clean reads (57.44 Gb) was obtained from 12
liver transcriptomes. Approximately 77.94% of these clean reads were
mapped to the reference genomes. Basic information on the tran-
scriptome is presented in Table S2. The complete clean reads were
uploaded to the NCBI Sequence Read Archive (SRA) website under
accession number PRJINA895734.

Based on the mapped reads and FPKM, DEGs between the control
group (CG) and cold stress groups (TG1 and TG2) were identified. A total
of 23,378 genes were co-expressed in the CG and TG1, among which
6267 genes were DEGs, including 3118 that were upregulated and 3149
that were downregulated in the TG1 compared with the CG. In contrast,
a total of 24,994 genes were co-expressed in the CG and TG2, among
which 8338 genes were DEGs, including 4107 that were upregulated
and 4231 that were downregulated in the TG2 compared with the CG. In
addition, 1691 DEGs were detected between the TG1 and TG2, including
1129 upregulated and 562 downregulated DEGs (Fig. 2A). The top 10
DEGs in the two cold stress groups are presented in Table 1. Interest-
ingly, several upregulated genes including MHC1, AURKA, and SCD, and
several downregulated genes including ANG, JDP2, NTNG2, and
COL21A were detected in the two cold stress groups of fish.

To better understand the differences between the TG1 and TG2 fish
in cold stress, the shared DEGs were identified, and the tendency was
analysed. A total of 4867 DEGs were identified in TG1 and TG2, among
which 2420 DEGs were upregulated and 2424 DEGs were down-
regulated (Fig. 2B and C). The shared DEGs were assigned to GO func-
tion analysis, with the top 3 upregulated DEG clusters were metabolic
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Fig. 1. Microstructure of gill and liver tissues in GMC and MC fish after cold stress. CG group: gill (A) and liver (D) tissues; TG1 group: gill (B) and liver (E) tissues;

TG2 group: gill (C) and liver (F) tissues.

process, catalytic activity and organic substance metabolic process,
while the top 3 downregulated DEG clusters were extracellular region,
extracellular region part and extracellular space (Fig. S2 and Table S3).
In the KEGG database, the shared DEGs were classified into 5 major
categories with 14 subclasses, and the top 3 subclasses were oxidative
phosphorylation (8.95%), proteasome (5.65%) and Parkinson's disease
(8.54%). The shared upregulated genes were highly enriched in oxida-
tive phosphorylation, proteasome, and the citrate cycle (TCA cycle)
(Fig. 2D), while the downregulated genes were mainly enriched in
Staphylococcus aureus infection, systemic lupus erythematosus, and
leishmaniasis. (Fig. 2E). The expression trend of the shared DEGs can be
divided into 7 patterns, and most DEGs were categorized into two
expression patterns: gradually increasing (1933 genes) and gradually
decreasing (1830 genes) (Fig. 3).

3.3. Metabolite identification and functional enrichment

To better understand the effects of cold stress on liver metabolism,
metabolites were detected between CG and TG2 fish. The PCA results
showed that the CG and TG2 fish were completely separated, which was
the basis for subsequent screening of differential metabolites (Fig. 4A).
Based on the three parameters of the VIP, FC, and P value, 767 metab-
olites were identified in the CG and TG2, among which 160 metabolites
were DMs, including 39 that were increased and 121 that were reduced
(Fig. 4B). The top 20 DMs are listed in Table 2. HMDB classification
revealed that the DMs were mainly classed into lipids and lipid-like
molecules, organic acids and derivatives and organoheterocyclic com-
pounds (Table S4). Correlation analysis of DMs between the CG and TG2
showed that most of the top 20 DMs were positively correlated (Fig. 4C).

KEGG pathway annotation revealed that the largest pathways with
>50 metabolites were amino acid metabolism, carbohydrate meta-
bolism, metabolism of cofactors and vitamins, and nucleotide meta-
bolism (Fig. S3). The identified DMs were mainly enriched in retinol
metabolism, folate biosynthesis, and histidine metabolism pathways
(Fig. 5).

3.4. Co-analysis of DMs and DEGs

To determine the shared pathway between all DMs and DEGs, they
were mapped to the KEGG pathway database, and the result is shown in
Fig. 6. The top 5 common pathways were oxidative phosphorylation (2
Meta, 78 Tran), purine metabolism (8 Meta, 71 Tran), neuroactive
ligand-receptor interaction (4 Meta, 36 Tran), galactose metabolism (5
Meta, 11 Tran) and histidine metabolism (6 Meta, 9 Tran) (Fig. 6A). For
insight into the relationship between DMs and DEGs in common path-
ways, we conducted a correlation analysis on DMs and DEGs. GMP in
purine metabolism was positively correlated with 4 DEGs (C3, ALDH,
MHC2 and CFB) and had no relation with the other 4 DEGs, guanine and
inosine were positively correlated with 6 DEGs, and the other DMs were
negatively correlated with most DEGs (Fig. 6B). For retinol metabolism
and folate biosynthesis, Prpp was negatively correlated with all DEGs,
and Sepiapterin, 4-Ab, atRAL and 4-oxoROL were all positively corre-
lated (Fig. 6C).

3.5. Validation of the main DEGs by qPCR

To validate the quality of the RNA-seq data, we randomly chose 8
DEGs involved in metabolism and growth (cold-inducible RNA-binding
protein (CIRBP), nuclear respiratory factor 1 (NRF1), stearoyl-CoA
desaturase (SCD), elongation of very long chain fatty acids protein 2
(ELOVL2), hydroxymethylglutaryl-CoA reductase (NADPH) (HMGCR),
fibulin 7 (FBLN7), angiogenin (ANG), and fibroblast growth factor
(FGF)) to perform qPCR. The relative expression levels of the 8 DEGs are
presented in Fig. 7. The trends of the expression levels of these genes
detected by qPCR were the same as those obtained by RNA-seq data
analysis. These results indicated the reliability of the RNA-seq data for
the analysis of differentially expressed genes in this study.

4. Discussion

Fish acclimation to cold stress is accompanied by changes in
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Fig. 2. Identification and function enrichment of the DEGs in the two cold stress group fish. (A), the number of DEGs in the three groups of fish, red represents the
upregulated genes, green represents the downregulated genes; blue represents the total DEGs. (B) Veen showed the upregulated DEGs that shared in the two cold
stress group fish. (C) Veen showed the downregulated DEGs that shared in the two cold stress group fish. (D) KEGG enrichment analysis of the upregulated DEGs in
two comparison groups. (E) KEGG enrichment of the downregulated DEGs in two comparison groups. Three comparison groups include TG1 vs CG, TG2 vs CG, TG1
vs TG2, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

apparatus and tissue structure. The apoptotic cells in the gill were
significantly increased at 1-3 h in zebrafish after cold shock at 12 °C,
while the liver cells appeared slightly apoptotic at 3 h and increased to a
higher level at 6 h (Wu et al., 2015). In Nibea albiflora, after cold stress at
13 °C for 24 h, the gill tissue showed shrinkage membrane contraction
and even fracture, while severe fatty degeneration and cavitation were
induced in the hepatocytes (Song et al., 2019). Similar results were
observed in this study. After cold stress, the gill filament was enlarged,
and the nuclei of hepatocytes were shifted and disintegrated. Interest-
ingly, no break in gill filaments was observed, but mucus secretion was
significantly increased (Fig. 1), suggesting that the increase in mucus

may be a compensatory mechanism for adapting to cold stress.

Energy balance plays a vital role in the ability of fish to make
physiological adjustments to the cold environment, particularly the
pathways associated with energy (Nitzan et al., 2019). Oxidative phos-
phorylation is the main pathway for ATP production, which was
significantly active in Larimichthy crocea treated at 9 °C for 12 h (Qian
and Xue, 2016). In Takifugu obscurus, the DEGs in oxidative phosphor-
ylation were significantly increased after a linear cooling scheme at
16 °C (Han et al., 2022). The citrate cycle (TCA cycle) provides the
substrate for oxidative phosphorylation, and it plays a crucial role in
energy metabolism, which has been proven to be associated with cold
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Table 1
Top 10 DEGs in TG1 and TG2 compared with CG groups fish.
TG1 vs TG2 vs
CG CG
KO Gene Log2 (fold KO Gene Log2 (fold
change) change)
K06751 MHC1 10.119 K00489 CYP7A1 10.259
K11481 AURKA 9.5724 K15261 PARP10 10.139
K13703 ABHD11 8.1125 K06751 MHC1 9.4913
K15728 LPIN 8.0826 K00507 SCD 8.6662
K00507 SCD 8.0351 K00485 FMO 8.6338
K00626 atoB 7.8098 K11481 AURKA 8.4829
K00671 NMT 7.6244 K12009 TRIM27 8.383
K17442 FOG2 7.5595 K02996 MRPS9 8.2611
K13649 FOLR 7.481 K10661 DOA10 8.1548
K14282 TACC2 7.454 K14012 SHP1 7.9483
K16631 ANG —9.3608 K17342 FBLN7 —10.934
K09033 JDP2 —8.6254 K16631 ANG —9.8477
K15103 UCP2 —8.6233 K09033 JDP2 —9.1124
K13863 SLC7A1 —8.6178 K16359 NTNG2 —8.8936
K12474 LDLRAP1 —8.2677 K02184 FMN2 —8.1934
KO05736 PAK7 —7.9532 K12474 LDLRAP1 —7.7924
K04360 NTRK2 —7.6833 K16629 COL21A —7.7923
K15261 PARP10 —7.47 K09029 FOSB —7.7808
K16359 NTNG2 —7.4451 K12837 U2AF2 —7.6674
K16629 COL21A —7.3056 K19930 SRCIN1 —7.5189
A [0 i 2 3 4 5/\ 6/_ 7/
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Fig. 3. Analysis on the trend of shared DEGs in CG, TG1 and TG2 groups of fish.
(A), seven expression patterns of the DEGs; (B), distribution of the seven
expression patterns. Profile 0-7 represents seven expression patterns of DEGs.

adaptation and development in Schizothorax prenanti (Li et al., 2019b).
In Nibea albiflora, the TCA cycle pathway was significantly enriched
after cold stress at 12.7 °C for 5 h (Song et al., 2019). The DEGs enriched
in oxidative phosphorylation and TCA cycle were also upregulated in
our study (Fig. 2). These results suggested that high energy levels are
required for GMC survival under cold stress. Moreover, other repre-
sentative pathways involved in energy, immunity and disease, such as
proteasome and FoxO signalling pathway, were also upregulated in
GMC (Fig. 2). The proteasome is crucial for maintaining protein ho-
meostasis, has proven to be one of the most representative pathways for
resistance to cold acclimation in zebrafish (Todgham et al., 2017). The
FoxO signalling pathway is involved in apoptosis, oxidative stress
resistance and immune regulation in several fishes (Hu et al., 2016;
Wang et al., 2023). Interestingly, the number of DEGs during the cooling
period (TG1 vs. CG) was greater than the cryogenic maintenance period
(TG2 vs. TG1), suggesting the transcription was rapidly activated in
response to cold stress, and then the GMC could gradually recover, and
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the transcriptome response gradually tend to normalize (Fig. 3).

Cold stress causes a severe reduction in immune defense and disease
resistance, and these effects are significantly reflected in genes and
pathways (Abram et al., 2017). In Nibea albiflora, after cold stimulation
at 13 °C for 1 h, staphylococcus aureus infection and leishmaniasis
pathways were identified, demonstrating the adverse effects of cold
stress on immunity and disease (Song et al., 2019). Similarly, systemic
lupus erythematosus and pertussis were identified in Trachinotus ovatus
and Epinephelus coioides under cold conditions (Han et al., 2021; Sun
et al., 2019b). These pathways were also downregulated in GMC (Fig. 2),
indicating that immune defense and disease resistance were obviously
decreased to cope with cold stress. Furthermore, many DEGs associated
with immunity and disease were also identified (Table 1). MHC1 (major
histocompatibility complex —I) plays a vital role in the initiation and
regulation of the immune response, and AURKA (aurora a kinase) is
related to inflammation and tumorigenesis. The upregulated of MHC1
and AURKA indicated the occurrence of inflammation and the response
of immune mechanisms (Robledo et al., 2014; Su et al., 2019). Down-
regulated genes, such as ANG (angiopoietin), JDP2 (jun dimerization
protein 2) and COL21A (collagen type XXI alpha 1 chain), in GMC are
involved in maintaining a normal physiological state, and resisting
inflammation and diseases (Mansour et al., 2018; Matsumoto et al.,
2012).

Metabolomics has been suggested to be an effective tool for detecting
metabolite fluctuations in response to environmental stressors (Chen
et al., 2021). The liver is the central organ of energy metabolism and is
most responsive to energy changes (Robledo et al., 2014). In this study,
the DMs associated with carbohydrate, fat and amino acid metabolism
were evidently reduced (Tables 2 and S4), suggesting that energy
expenditure or turnover was increased and energy was rapidly depleted
in GMC during cold stress (Wen et al., 2018). Meanwhile, phospholipids
were significantly reduced, revealing that GMC adapts to the cold
environment by reducing membrane fluidity and diluting material ex-
change between cells (Liu et al., 2022). Moreover, there were three
pathways significantly enriched in our study (Fig. 5). Folate biosynthesis
has essential effects on fish growth and reproduction, which is also
detected as an effective pathway to activating the immune system in
Macrobrachium nipponense (Xu et al., 2016; Zhu et al., 2020). Histidine
metabolism is sensitive to cold reactions and may have critical roles in
regulating adversity development, which was significantly increased in
Dicentrarchus labrax after hypothermia maintenance, indicating its
crucial role in compensatory growth (Brosnan and Brosnan, 2020; Zhang
et al., 2021). Retinol metabolism dysfunction might contribute to the
lower visual ability in Siniperca chuatsi and be involved in the immune
and antioxidant systems in Takifugu fasciatus after cold stress at 12 °C for
24 h. (He et al., 2021; Wen et al., 2019). In this study, the significant
enrichment of these pathways indicates that they may be the key
pathways in GMC during cold tolerance. However, the functions of these
metabolites need further investigation.

Correlation analysis of the metabolome and transcriptome can pro-
vide an overall understanding of the effect of cold stimulation on fish.
Oxidative phosphorylation is a multistep process of mitochondrial en-
ergy generation involving several integrated reactions influenced by
temperature and is an essential way for fish to resist cold stress (Baris
et al., 2016). Purine metabolism has been found to be highly involved in
the metabolic response to cold stress, and purines play a protective role
after stress or injury, potentially regulating immune responses (Jiao
et al., 2020; Kuo et al., 2022). The dynamic remodeling of the actin
cytoskeleton is a critical part of most cellular activities, and it has
important effects on the activities of fish cells, and malfunction of
cytoskeletal proteins results in various diseases (Adam et al., 2019).
Moreover, many shared pathways in the transcriptome and metabolism
were identified (Fig. 6). These pathways are closely related to the in-
dividual's immunity, metabolism and growth, further confirming that
the impact of cold on fish is multifaceted. However, the function of these
DEGs and DMs requires further investigation.
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Fig. 4. Identification and correlation analysis of DMs in the two cold stress groups of fish. A: PLS-DA score scatter chart and sequence verification chart. B: Cluster
thermogram of grouping difference metabolites, the vertical is the clustering of samples, and the horizontal is the clustering of metabolites. C: Correlation diagram of
top 20 DM, red indicates full positive correlation, blue indicates full negative correlation, and the part without color indicates P value>0.05. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

and most transcriptomic changes were related to energy metabolism,
immunity and disease, and cell homeostasis. The metabolomics results

This study suggests that cold stress resulted in marked changes in the suggested that energy metabolism was the most affected, and GMC
transcriptome and metabolome of GMC livers. Under cold stress, the adapted to a low water temperature environment by reducing energy
transcriptome of the GMC liver was significantly active at first and then consumption. In addition, fat metabolism, histidine metabolism and
was modified, suggesting that the GMC entered a state of hypothermia, some immune-related pathways were also affected. Overall, the results

5. Conclusion
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Table 2
Top 20 DMs between CM and GMC groups fish under cold stress.
Name Class VIP FC P value Regulation
Xylitol Sugar alcohols 1.96 0.009 0.0000000001 reduce
Ribitol Sugar alcohols 1.96 0.008 0.000000001 reduce
Cytarabine Nucleotide and its derivates 1.95 0.007 0.000000003 reduce
Monobuty 1 phthalate Organic acid and its derivatives 1.95 188.639 0.000000003 increase
Tetraethylammonium fluoride dihydrate Nucleotide and its derivates 1.95 0.008 0.00000002 reduce
L-Malate Tca cycle 1.92 0.015 0.000001 reduce
Glycodeoxycholic acid Bile acids 1.91 6.106 0.000002 increase
Sulfoacetic acid Organic acid and its derivatives 1.91 0.174 0.000003 reduce
Cytidine Nucleotide and its derivates 1.94 0.008 0.000004 reduce
Pyrrole-2-carboxylate Organoheterocyclic compounds 1.94 0.066 0.000004 reduce
Lysopc 17:0 Phospholipid 1.88 0.043 0.00001 reduce
Sepiapterin Organoheterocyclic compounds 1.87 0.611 0.00001 reduce
Thymidine 5-diphosphate Nucleotide and its derivates 1.87 0.379 0.00003 reduce
3-Hydroxy-3-Methylpentane-1,5-Dioic Acid Fatty acyls 1.85 0.589 0.00005 reduce
Glycoursodeoxycholic acid Bile acids 1.84 7.154 0.00007 increase
1-Carnitine Carnitine 1.84 0.584 0.0001 reduce
O-Acetyl-L-homoserine Amino acid and Its derivatives 1.81 0.587 0.0001 reduce
5-Ox0-ETE Fatty acyls 1.81 0.137 0.0001 reduce
Fumaric acid TCA cycle 1.84 0.033 0.0001 reduce
Methyltestosterone Hormones 1.81 0.256 0.0002 reduce
Histidine metabolism -
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Fig. 5. KEGG enrichment of DMs in CG and TG2 groups fish. The color of the point represents the P-value of the hypergeometric test, and the size of the point

represents the number of differential metabolites in the corresponding pathway.
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of transcriptomics and metabolomics provided insights into the physi-
ological regulation in response to cold stress.
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