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The tiger puffer (Takifugu rubripes) is an important economic fish species in

northern China. However, it is a warm-temperature species, and low winter

temperatures can result in high mortality in aquaculture. Understanding the

mechanisms of cold resistance in tiger puffers will thus provide critical

information to help cope with winter cold. In this study, we performed

transcriptome analysis of livers from puffer fish kept at different temperatures

(18°C, 13°C, and 8°C) to identify the key pathways and genes involved in the

response to low-temperature stress. We also detected serum levels of

proteases, arginine, and proline to obtain further information on the

response to cold adaption. Totals of 51, 942, and 195 differentially expressed

genes were identified in the 18°C vs 13°C, 18°C vs 8°C, and 13°C vs 8°C groups,

respectively. Pathway analysis showed that significantly enriched pathways

were mainly related to digestion, metabolism, and environmental adaptation.

Most genes in the pathways related to digestion and metabolism were down-

regulated, while most genes in the pathways related to environmental

adaptation were up-regulated. Serum levels of proteases were significantly

lower in the low-temperature groups (13°C and 8°C) compared with the

control group (18°C), while arginine and proline levels were significantly

higher in the 8°C group compared with the other two groups. These results

suggest that low temperature caused digestive andmetabolic disorders, as well

as adaptive changes to low temperature in tiger puffers. On this premise, we

found that some up-regulated genes in the pancreatic secretion pathway,

arginine and proline metabolism pathway, and circadian rhythm pathway

played important roles in the survival, growth, and development of tiger
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1069711/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1069711&domain=pdf&date_stamp=2022-11-29
mailto:maaj@ysfri.ac.cn
https://doi.org/10.3389/fmars.2022.1069711
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1069711
https://www.frontiersin.org/journals/marine-science


Liu et al. 10.3389/fmars.2022.1069711

Frontiers in Marine Science
puffers under low-temperature stress. The accumulation of arginine and

proline can maintain metabolism and circulation and resist cold stress. The

circadian rhythm is closely related to digestion and metabolism, which is an

adaptive change and plays a positive role in the resistance to low temperature.

The results of this study provide new insights and a theoretical basis for the

study of cold tolerance in tiger puffers.
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Introduction

Water temperature plays an important role in the survival of

fish by directly affecting their physiology, biochemical state, and

behavior (Beitinger et al., 2000; Zhou L.Y et al., 2019). The tiger

puffer (Takifugu rubripes) is a eurythermal, euryhaline

carnivorous fish that is suitable for cage culture in northern

China, with a growth-temperature range of 16–25°C. However,

lower water temperatures in winter may result in reduced

growth performance or even death. Tiger puffers cultivated in

northern China inevitably experience the process of the land-sea

relay breeding method and the overwintering process, due to the

decrease of winter temperature, which requires heating to raise

the water temperature, which will increase the cost and pressure

of environmental-protection pressures. Economic losses caused

by low temperatures can be reduced by breeding lines with cold-

tolerant traits, and understanding the regulatory mechanisms at

low temperature can provide a strong foundation for

related research.

Recent advancements in sequencing technology mean that

Illumina RNA-seq technology has played an increasingly

important role in analyzing the regulation of economic traits,

including the study of fish under environmental stress. For

example, both low salinity and high temperature were shown

to disrupt lipid metabolism in the liver of turbot (Scophthalmus

maximus), and the corresponding key genes were screened using

transcriptomics technology (Liu et al., 2021; Zhao et al., 2021).

Low temperature also affected renal immune function-related

pathways in Nile tilapia (Oreochromis niloticus) (Zhou T et al.,

2019) and amino acid metabolism-related pathways in European

perch (Dicentrarchus labrax) (Zhang et al., 2021). In addition,

high temperature resulted in immune disorders and metabolic

imbalance in crayfish (Procambarus clarkii) (Luo et al., 2021).

These studies demonstrate the important effects of temperature

on the metabolic responses of fish. The liver is an important

metabolic organ in fish and plays an important role in

environmental adaptation, coping with environmental

disturbance, and homeostasis of the internal environment
02
(Ibarz et al., 2010; Jiao et al., 2020). The liver is thus a suitable

organ in which to analyze the metabolic adaptability of fish to

changes in temperature.

Considering the importance of cold tolerance in tiger puffers

in aquaculture, we studied the transcriptomic changes in livers

from tiger puffers subjected to cold stress. We carried out RNA

sequencing of livers from puffer fish kept at normal temperature

(18°C) and low temperatures (13°C and 8°C) using Illumina

sequencing technology, followed by Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses to

determine the key pathways. We also examined the physiological

responses in the blood to clarify the metabolic effects of

temperature. This study aimed to investigate the adaptive

molecular regulatory mechanisms in tiger puffers maintained

in a long-term low-temperature environment, and identify key

signaling pathways and genes. The results further our

understanding of the molecular consequences of low-

temperature exposure in puffer fish, and lay the foundation for

selective breeding programs aimed at improving cold tolerance

in puffer fish.
Materials and methods

Ethics statement

The study protocol was approved and supervised by the

Institutional Animal Care and Use Committee of the Yellow Sea

Fisheries Research Institute (Qingdao, China).
Experimental design and
sample collection

Tiger puffers were maintained by our research group at an

aquatic farm in Tangshan, China. The fish had no surface

damage and showed active swimming. Fish used in the

experiment was 8 months with a body weight of 106.6 ± 4.9
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(M ± SD) g and body length of 15.0 ± 0.2 (M ± SD) cm. We set

up three groups of fish in constant-temperature recirculating

aquaculture systems, with three experimental barrels (1000 L)

per group. Each experimental barrel included 30 randomly

selected fish, and was kept at 18°C for 1 week before the

experiment. Barrels in the three groups were then set at

temperatures of 18°C (group A), 13°C (group B), and 8°C

(group C), respectively, with 18°C used as the control group

and 13°C and 8°C used as the low-temperature groups. Three

parallel groups were set for each temperature. At the beginning

of the experiment, the water temperatures in the two low-

temperature groups were adjusted to 8°C and 13°C within 12

h, respectively, and the control group was kept at 18°C. The fish

were then stocked at a constant water temperature under natural

light for 4 weeks, with salinity 30 ppt, dissolved oxygen > 8 mg/L

and ammonia nitrogen < 0.2 mg/L. Three fish were randomly

selected from each barrel at the fourth week, anesthetized in 200

mg/L MS-222 (Sigma-Aldrich Corporation, St. Louis, MO,

USA), and immediately dissected on ice. Blood samples were

collected from the caudal vein, transferred into RNase-free tubes,

and stored at 4°C for 6 h. Afterward, the supernatant was

collected by centrifugation at 2000×g for 10 min at 4°C. The

liver was removed from each fish and immediately placed in a

microtube, flash frozen in liquid nitrogen, and then stored at

−80°C prior to RNA extraction.
RNA extraction, cDNA library
construction, and sequencing

RNA from 3 fish in the same barrel was combined into one

sample. Each temperature group had three biological replicates.

Total RNA was extracted from the liver using the TRIzol

(Invitrogen, Carlsbad, CA, USA) method, and its

concentration and purity were detected using a Nanodrop2000

(NanoDrop Technologies, LLC, Wilmington, DE, USA). RNA

integrity was detected by 1% agarose gel electrophoresis. Each

sample was prepared using 1 mg total RNA (Concentration ≥

35ng/mL, OD260/280 ≥ 1.8, OD260/230 ≥ 1.0) for library

construction using an Illumina Truseq™ RNA Sample Prep

Kit. The mRNA was then enriched by the oligo(dT) method,

followed by adding fragmentation buffer, and the RNA was

randomly fractured into small fragments of about 300 bp. First

and second strands of cDNA were synthesized using reverse

transcriptase, random primers, and mRNA templates. The

viscous ends of double-stranded cDNA were filled using End

Repair Mix and an A base was added to the 3’ end. The product

was purified and sorted. Polymerase chain reaction (PCR)

amplification was performed using the sorted product and the

library was obtained after purification. After QuantiFluor®
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dsDNA System quantification, sequencing was performed

using the Illumina platform.
Analysis of differentially expressed genes
and functional enrichment analysis

Expression levels of genes and transcripts were analyzed

quantitatively using the RSEM method (Li and Dewey, 2011)

(fragments per kilobase of exon per million mapped reads).

Differences in expression levels between samples were analyzed

using EdgeR software (Love et al., 2014). Genes with a false

discovery rate < 0.05 and log2 fold-change ≥ 1 were considered

as DEGs. DEGs were further examined for gene function

enrichment using GO (http://www.geneo-ntology.org/) and

KEGG (http://www.genome.jp/kegg/) analyses. DEGs were

significantly enriched when the adjusted P value was ≤ 0.05.
Real-time PCR verification of Illumina
sequencing data

We selected 15 DEGs with roles in pancreatic secretion,

circadian rhythm, and arginine and proline metabolism

pathways for verification by quantitative PCR (qPCR). Primers

were designed using Primer 5 based on the obtained sequences

(Table 1). b-actin was used as an internal reference gene. All

RNA samples were reverse-transcribed to cDNA using a

FastKing RT Kit and the obtained cDNA was subjected to

qPCR using an Applied Biosystems StepOnePlus PCR

instrument. The reaction was performed using the

TOROGreen qPCR Master Mix kit, with a 20 mL reaction

containing Master Mix (10.0 mL), RNase-free water (6.4 mL),
forward and reverse primer (0.8 mL), and first-strand cDNA (2

mL). The reaction procedure included a pre-denaturation at 95°C

for 60 s, followed by 40 cycles of denaturation at 95°C for 10 s

and annealing at 60°C for 30 s in a 20 mL reaction mixture.

Relative gene quantification was calculated by the 2-DDCt method

(Livak and Schmittgen, 2001). Two-way ANOVA was used to

detect the statistical differences between the groups. Differences

were considered statistically significant at P < 0.05. The

consistency between the RNA-seq and qPCR results was

analyzed by correlation scatterplots using GraphPad Prism 6.0.
Detection the proteases, arginine and
proline of serum

Serum levels of proteases, arginine, and proline were

detected at different temperatures using protease enzyme-
frontiersin.org
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linked immunosorbent assay (ELISA), FISH proline ELISA, and

FISH Arg ELISA kits (Shanghai Enzyme-linked Biotechnology

Co., Ltd.). The kit numbers are YJ722032, YJ712912, and

YJ729390, respectively.
Results

Sequencing results and analysis

Nine libraries were sequenced using the Illumina sequencing

platform, and 400,970,296 raw reads were obtained, including

133,649,204 in group A, 124,086,566 in group B, and

143,234,526 in group C. A total of 398,272,128 clean reads

were obtained, including 132,791,888 in group A, 123,305,596
Frontiers in Marine Science 04
in group B, and 142,174,644 in group C. The Q30 base

percentage was 91.84%– 92.91% and the GC content was

51.36%–53.64%. After mapping with the tiger puffer reference

genome, a total of 376,359,666 mapped reads were obtained,

including 338,645,140 multiple mapped reads (Table 2).
Analysis of DEGs

EdgeR identifiedDEGs between the control group (A: 18°C) and

low-temperature groups (B: 13°C, C: 8°C). Comparative analysis

identified 51 DEGs in the 13°C group compared with the control

group (A vs B), including 33 up-regulated genes and 18 down-

regulated genes; 942 DEGs were identified in the 8°C group

compared with the control group (A vs C), including 384 up-
TABLE 2 Results of sequencing data statistics and comparison with the reference genome.

A B C
T18_1 T18_2 T18_3 T13_1 T13_2 T13_3 T8_1 T8_2 T8_3

Raw reads 44516934 44923096 44209174 41413044 43480164 39193358 53768280 44366732 45099514

Total clean reads 44228190 44614704 43948994 41178452 43202774 38924370 53360042 44030338 44784264

Mapped reads 42253525
(95.54%)

42183960
(94.55%)

41801122
(95.11%)

39040497
(94.81%)

40931629
(94.74%)

36896856
(94.79%)

50137719
(93.96%)

41557179
(94.38%)

41557179
(94.38%)

Uniquely mapped 37618901
(85.06%)

37697973
(84.5%)

36760820
(83.64%)

34440495
(83.64%)

35709967
(82.66%)

33019953
(84.83%)

45729970
(85.7%)

38586540
(87.64%)

39080521
(87.26%)

Multiple mapped 4634624
(10.48%)

4485987
(10.05%)

5040302
(11.47%)

4600002
(11.17%)

5221662
(12.09%)

3876903
(9.96%)

4407749
(8.26%)

2970639
(6.75%)

3231891
(7.22%)

GC content
(%)

53.51 52.21 53.64 52.76 53.6 52.91 52.35 51.44 51.36

Q30 (%) 92.79 92.82 92.91 92.79 92.51 92.4 91.84 92.35 92.6
fronti
TABLE 1 List of primers used for this study.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′)

nos1 CGTCCATAGCGGAGTTCACCATTC GGTAATGTAAGGCAAGAGGCAGAGG

odc1 TTCGGCTTACACGCTGGTTGTC TTGGTCCTCTCATCCTCCTCATCAG

prodha CCGCAGTTCCTCCTCCAGTTTTC CCAGCAGCATCATCTCAGACTTCC

arntl1a GAAGACACTGAGAGGTGCTGCTAAC TCACAACCGACCACAAACAGGAAC

clocka GCTGATGCTGGAGGCTTTAGATGG TCAACAGGTTCTGGTCAACAAGGTC

arntl2 TAGAGTGGAAGGTGAGTGGCTGAC GAAGGACAAGAATCGGCAACAAACG

npas2 TGATTGCCACCGTGCGATTAGTC GTATCCGATGATTGGTGAGGCTCTG

atp2a2 TCAAGGAGTACGAGCCCGAGATG TCCAACGGCGACTTCCACAATG

rhoab AATGATGAGCACACACGCAGAGAG CACTTCCCGCACACCATCCTTG

gamt TGACCTACTGTAACCTGACCTCCTG AACCTGCGTCTCCTCAAACATCTTC

cry5 TGAGGAGACTGGAGGAGCACATG CTGGGACTTAGCGAGTTTGGAGATG

cpa5 GCAGAGCCAGGACATCCAACAC GAAACGAGCAGCCGACTCCATC

per2 CGTCAGAGGTCAGAGGTCAGAGG CCGAGTCAGGATTGTGGTGATGC

ela2 GGTGGTCGGTGGAGAGGATGTC GCCGCAGGTGTGGTAGAAGTTG

cpb1 GGAGCAGAGTGGCATGGAATACG TGGAGGTGGAGATGGAGGCAATC

b-actin GAGACCTTCAACACCCCTGC AGAGCGTAGCCCTCGTAGATG
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regulated and 558 down-regulated genes; and 195 DEGs were

identified in the 8°C group compared with the 13°C group (B vs C),

including 54 up-regulated and 141 down-regulated genes (Figure 1).
GO annotation analysis

GO terms can be categorized by biological process (BP),

molecular function (MF), and cellular component (CC). The

most obvious subclassification terms between different

comparison groups are basically the same (Figure 2). DEGs

between the 18°C and 13°C groups were mainly enriched in

membrane part (12 genes), membrane (10 genes), and cell part

(8 genes) in CC, cellular process (17 genes), biological regulation

(15 genes), and metabolic process (13 genes) in BP, and binding

(21 genes) and catalytic activity (17 genes) in MF. Comparing

the 18°C and 8°C groups, DEGs were mainly enriched in
Frontiers in Marine Science 05
membrane part (277 genes), membrane (251 genes), and cell

part (213 genes) in CC, cellular process (326 genes), metabolic

process (298 genes), and biological regulation (208 genes) in BP,

and binding (450 genes), catalytic activity (362 genes), and

transporter activity (48 genes) in MF. DEGs between the 13°C

and 8°C groups were mainly enriched in membrane part (49

genes), membrane (42 genes), and cell part (36 genes) in CC,

cellular process (76 genes), biological regulation (58 genes), and

metabolic process (36 genes) in BP, and binding (84 genes),

catalytic activity (83 genes), and transporter activity (16 genes)

in MF.
KEGG enrichment analysis

We further elucidated the functions of the DEGs in signaling

pathways by detecting significantly abundant pathways in the
B

C

A

FIGURE 1

Volcano plot of differentially expressed genes identified from different temperature groups. (A) 13°C group compared with 18°C group; (B) 8°C
group compared with 18°C group; (C) 8°C group compared with 13°C group. Each dot represents a gene, blue dots representing significantly
down regulated genes, red dots representing significantly up regulated genes, and gray dots representing not significantly different genes.
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KEGG database (Figures 3, 4; Table 3). Six pathways were

significantly enriched in the 13°C group compared with the

18°C group, including circadian rhythm-fly, circadian rhythm,

peroxisome proliferator-activated receptor signaling pathway,

fatty acid biosynthesis, adipocytokine signaling pathway, and
Frontiers in Marine Science 06
transcriptional misregulation in cancer. There were 19 genes in

these pathways, including 11 up-regulated genes and 8 down-

regulated genes. The top three significantly enriched pathways

were circadian rhythm-fly (3 up-regulated genes, 0 down-

regulated genes), circadian rhythm (2 up-regulated genes, 1
B

C

A

FIGURE 2

GO classification statistical histogram. (A) 13°C group compared with 18°C group; (B) 8°C group compared with 18°C group; (C) 8°C group
compared with 13°C group. The Y-axis represents the secondary classification term for GO. The X-axis represents the number of genes. Three
colors represent three categories.
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down-regulated gene), and fatty acid biosynthesis (2 up-

regulated genes, 0 down-regulated genes). Ten pathways were

significantly enriched in the 8°C group compared with the 18°C

group, including pancreatic secretion, protein digestion and

absorption, influenza A, arginine and proline metabolism,

complement and coagulation cascades, circadian rhythm-fly,

circadian rhythm, glycine, serine and threonine metabolism,

glycolysis/gluconeogenesis, and antigen processing and
Frontiers in Marine Science 07
presentation. There were 176 genes in these pathways,

including 33 up-regulated genes and 143 down-regulated

genes. The top three significantly enriched pathways were

circadian rhythm-fly (5 genes up-regulated, 1 down-regulated),

pancreatic secretion (3 genes up-regulated, 36 down-regulated),

and arginine and proline metabolism (3 genes up-regulated, 9

down-regulated). Ten pathways were significantly enriched in

the 8°C group compared with the 13°C group, including
B

C

A

FIGURE 3

KEGG enrichment analysis bubble diagram. (A) 13°C group compared with 18°C group; (B) 8°C group compared with 18°C group; (C) 8°C group
compared with 13°C group. The Y-axis represents the pathway name. The X-axis represents the number of genes. The size of the points
represents the number of genes in the pathway. The colors of the points correspond to different Padjust ranges.
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pancreatic secretion, protein digestion and absorption,

glycerolipid metabolism, influenza A, fat digestion and

absorption, glycolysis/gluconeogenesis, circadian rhythm-fly,

one-carbon pool by folate, steroid biosynthesis, and arginine

and proline metabolism. There were 95 genes in these pathways,

including 6 up-regulated genes and 89 down-regulated genes.

The top three significantly enriched pathways were pancreatic

secretion (0 up-regulated genes, 28 down-regulated genes),

circadian rhythm-fly (3 up-regulated genes, 0 down-regulated

genes), and protein digestion and absorption (1 up-regulated

gene, 23 down-regulated genes). These pathways were mainly

related to digestion, metabolism, the immune system,

environmental adaptation, and the endocrine system, and the

top three significantly enriched pathways were mainly related to

digestion, metabolism, and environmental adaptation.
Frontiers in Marine Science 08
qPCR analysis

The pathways that were significantly enriched in this study

mainly involved digestion, metabolism, and environmental

adaptation. We selected 15 genes with roles in pancreatic

secretion, arginine and proline metabolism, and circadian

rhythm for verification by qPCR. The RNA-seq results

indicated that low temperature resulted in up-regulation of

nitric oxide synthase 1 (nos1), ornithine decarboxylase 1

(odc1), proline dehydrogenase 1 (prodha), aryl hydrocarbon

receptor nuclear translocator-like 1a (arntl1a), clock circadian

regulator a (clocka), aryl hydrocarbon receptor nuclear

translocator-like 2 (arntl2), neuronal PAS domain protein 2

(npas2), ATPase sarcoplasmic/endoplasmic reticulum Ca2+

transporting 2 (atp2a2), ras homolog gene family, member Ab
B

C D

E F

A

FIGURE 4

Up-regulated pathways KEGG enrichment analysis bubble diagram of 13°C group compared with 18°C group (A), 8°C group compared with 18°
C group (C) and 8°C group compared with 13°C group (E). Down-regulated pathways KEGG enrichment analysis bubble diagram of 13°C group
compared with 18°C group (B), 8°C group compared with 18°C group (D) and 8°C group compared with 13°C group (F). The Y-axis represents
the pathway name. The X-axis represents the number of genes. The size of the points represents the number of genes in the pathway. The
colors of the points correspond to different Padjust ranges.
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(rhoab), and period circadian protein homolog 2-like (per2), and

down-regulation of guanidinoacetate N-methyltransferase

(gamt) , cryptochrome circadian regulator 5 (cry5) ,

carboxypeptidase A5 (cpa5) , elastase 2 (ela2) , and

carboxypeptidase B1 (cpb1). We created a histogram of

expression levels based on the qPCR results and combined

these with the RNA-seq results to produce a correlation scatter

plot. The results showed that the expression levels determined by

qPCR were consistent with the RNA-seq results, with a

significant positive correlation (0.7705≤ r ≤0.9985, P<0.05).

This suggested that the RNA-seq results were credible

(Figures 5, 6).
Serum levels of proteases, arginine
and proline

The protease content was significantly higher in the control

group compared to the low-temperature groups (P<0.05), and

increased with increasing temperature. Serum levels of arginine

and proline were significantly higher in the 8°C group compared

to the other two groups (P<0.05), and decreased with increasing

temperature (Figure 7).
Discussion

Water temperature is one of the most common abiotic stress

factors (Long et al., 2013) and has been extensively investigated

in aquatic organisms such as turbot (Ma et al., 2018), Nile tilapia

(Qiang et al., 2013), yellow drum (Nibea albiflora) (Jiao et al.,

2020), and pacific white shrimp (Litopenaeus vannamei) (Wen

et al., 2017). Temperature is also an important factor limiting the

survival, growth, and development of tiger puffers in culture

(Kikuchi et al., 2006; Liu et al., 2022). However, most studies of

the effects of low temperature on tiger puffers to date have

focused on short-term low-temperature stress (Liu et al., 2022),
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and a lack of understanding of the molecular mechanisms

involved in long-term stress has limited progress in breeding

tiger puffers for cold tolerance. In the present study, we carried

out liver transcriptome analysis at different temperatures to

analyze the molecular mechanisms of adaptation under

chronic low-temperature stress. GO functional annotation and

KEGG enrichment were used to analyze the functions and

pathways of DEGs. Fifty-one and 942 DEGs were found in the

13°C and 8°C groups compared with the control group,

respectively, and 195 DEGs were found in the 8°C group

compared with the 13°C group. These results indicated that a

fall in temperature to 13°C had little effect on tiger puffers, while

a temperature of 8°C had a greater impact. KEGG analysis

produced similar results. Ten were significantly enriched in 8°

C group compared with other two groups, while six pathways

were significantly enriched in the 13°C group compared with the

control group. The significantly enriched signaling pathways in

the three comparison groups were related to digestion,

metabolism, and environmental adaptation. Four pathways

were significantly enriched in the 8°C group compared with

the other two groups, including circadian rhythm, pancreatic

secretion, protein digestion and absorption, and arginine and

proline metabolism, while only circadian rhythm was

significantly enriched in the 13°C group compared with the

control group.

Previous studies found that extreme temperature conditions

affected fish metabolism and digestion, while low temperatures

reduced fish growth and metabolic rates (Chang et al., 2006;

Teodósio et al., 2021). And the digestive rate of fish is also

affected at non-adaptive temperature (Yúfera et al., 2019; Xing

et al., 2022). Similarly, change in temperature also affected the

circadian rhythm in fish (Liu et al., 2020; Bernal et al., 2022). In

the present study, most genes in the enriched pathways related to

digestion, metabolism, and environmental adaptation were

down-regulated at low temperature and only a few genes were

up-regulated, suggesting that low temperature inhibited normal

digestion and metabolism in tiger puffers, and changed their
TABLE 3 The number of up-regulated and down-regulated genes in the top three significantly enriched pathways.

group Pathway Number of genes

up-regulated down-regulated

A vs B Circadian rhythm-fly 3 0

Circadian rhythm 2 1

Fatty acid biosynthesis 2 0

A vs C Circadian rhythm-fly 5 1

Pancreatic secretion 3 36

Arginine and proline metabolism 3 9

B vs C Pancreatic secretion 0 28

Circadian rhythm-fly 3 0

Protein digestion and absorption 1 23
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circadian rhythm. These up-regulated genes may play an

important role in response to low-temperature stress.

Genes in the pancreatic secretion pathway were mostly

down-regulated, including cpa1, cpb1, and ela2, which are

associated with proteolysis. cpa1 and cpb1 are biomarkers

related to proteolysis, and their content in plasma were shown

to be higher under normal proteolysis conditions compared with

proteolysis inhibition (Dieden et al., 2021). Deletion of ela2

resulted in the destruction of proteolytic activity (Salipante et al.,

2007). Genes enriched in the protein digestion and absorption
Frontiers in Marine Science 10
pathway were mainly down-regulated with decreased

temperature, suggesting that low temperature may inhibit the

expression of genes related to proteolysis in pancreatic secretion,

leading to disruption of protein digestion and absorption. In

addition, serum protease levels were significantly lower in the

low-temperature groups compared with the control group, thus

confirming the reliability of the study conclusion. Furthermore,

the expression levels of genes related to ATP hydrolysis and cell

processes, including atp2a2 and rhoab, increased at low

temperature. The atp2a2 gene encodes SERCA Ca2+-ATPases,
B C

D E F

G H I

J K L

M N O

A

FIGURE 5

Relative expression of nos1 (A), odc1 (B), prodha (C), arntl1a (D), clocka (E), arntl2 (F), npas2 (G), atp2a2 (H), rhoab (I), per2 (J), gamt (K), cry5 (L),
cpa5 (M), ela2 (N) and cpb1 (O) under different temperature. Data were presented as the mean ± SEM. Different letters indicate significant
differences between groups (P<0.05).
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FIGURE 6

Scatter plot of correlation between RNA-seq and qPCR results of nos1 (A), odc1 (B), prodha (C), arntl1a (D), clocka (E), arntl2 (F), npas2 (G),
atp2a2 (H), rhoab (I), per2 (J), gamt (K), cry5 (L), cpa5 (M), ela2 (N) and cpb1 (O) under different temperature.
B CA

FIGURE 7

Contents of proteases, arginine and proline in serum at different temperature groups. Data were presented as the mean ± SEM. Different letters
indicate significant differences between groups (P<0.05).
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which catalyze the hydrolysis of ATP and the transport of

calcium ions from the cytoplasm to the sarcoplasmic

reticulum lumen (Kabashima et al., 2020; Muslimova et al.,

2020). The rhoab gene was shown to enable Rho GTPase

activity in zebrafish (Salas-Vidal et al., 2007), which plays an

important role in a series of cellular processes, including

proliferation, apoptosis, cell migration, cell polarization,

membrane trafficking, cytoskeleton rearrangements, and

transcriptional regulation. All known Rho GTPases are

involved in normal development in animals (Salas-Vidal et al.,

2005). Low temperature disrupts pancreatic secretion, and

normal metabolism will be affected by inhibition of protein

digestion and absorption (Hou et al., 2015). However, the up-

regulation of genes related to energy expenditure and cell

function at low temperature may be important for improving

the survival, growth, and development of tiger puffers.

Arginine and prolinemetabolismwas significantly enriched in

many metabolomics studies of temperature tolerance in fish (Jiao

et al., 2020; Zhang et al., 2021). Arginine and proline have been

shown to have a protective effect against temperature changes in

some fish species (Zhao et al., 2015; Cheng et al., 2021). In

addition, arginine and proline were shown to improve the cold

resistance of crops and reduce damage caused by freezing (Zhang

et al., 2010; Alvarez et al., 2022). These results suggest that

arginine and proline metabolism may play an important role in

the response of tiger puffers to low temperature. In the present

study, genes involved in the arginine and proline metabolism, and

glycine, serine, and threonine metabolism pathways were

generally down-regulated at low temperatures, suggesting that

low temperature can inhibit amino acid metabolism. However,

prodha, odc1, and nos1 genes involved in arginine and proline

metabolism were up-regulated at low temperature. Proline was

previously shown to accumulate in plants in response to

environmental stress, and was rapidly oxidized by proline

dehydrogenase (ProDH) when the stress was relieved (Cabassa-

Hourton et al., 2016). Not only the accumulation of proline, but

also continuous proline metabolism or turnover was required to

cope with drought in arabidopsis (Arabidopsis thaliana) (Sharma

et al., 2011). This explains why prodha expression increases in

response to cold stress: during cold tolerance, both the continuous

accumulation of proline and the continuous oxidation of proline

by prodha is required to maintain normal metabolism and

turnover in tiger puffers during cold tolerance. Under the action

of arginase, arginine was decomposed into ornithine, and then

ornithine was catalyzed by ornithine decarboxylase to synthesize

putrescine, which has been shown to alleviate cold damage

(Kovács et al., 2010; Zuo et al., 2021). Nitric oxide synthase is a

key enzyme in arginine catabolism, and decomposes nitric oxide

(NO) from arginine (Martıńez, 1995), while low temperature

makes plants accumulate more NO to reduce cold damage

(Plohovska et al., 2019). This also indicates that increased

arginine accumulation is required to supply ornithine and NO

production at low temperatures. Moreover, serum levels of
Frontiers in Marine Science 12
arginine and proline were significantly higher at 8°C than at the

higher temperatures, and increased with decreasing temperature,

further confirming that prodha, odc1, and nos1 in arginine and

proline metabolism were essential components of the response to

cold stress in tiger puffers, even though low temperatures results in

metabolic disorders.

Our current understanding of the molecular mechanism of

the circadian system in fish is mainly based on zebrafish, in which

the interaction of clock gene products is similar to that in

mammals (Cahill, 2002). In the present study, several genes,

including arntl1a, clocka, arntl2, per2, and cry5, were involved

in the circadian rhythm pathway, and all except cry5 increased as

the temperature decreased. Studies of circadian rhythms in

mammals and fish found that these genes formed a

transcription–translation feedback loop: heterodimeric

interactions of clock transcription factors (CLOCK (orthologous

to fish clocka) and BMAL1 (ARNTL)) drive the transcription and

translation of PERIOD1-3 (PER1-3) and CRYPTO-CHROME 1-2

(CRY1-2), which are translated into proteins and form

heterodimers themselves, and are recycled from the cytoplasm

back to the nucleus to inhibit BMAL1 and CLOCK (Cahill, 2002;

Zhdanova and Reebs, 2006; Anea et al., 2018). Global loss of the

BMAL1 or PER genes in this conserved transcription–translation

feedback loop impairs vascular endothelial cell layer function, and

has acute and chronic adverse effects on vascular system

adaptation (Viswambharan et al., 2007; Somanath et al., 2011).

Overexpression of clock components can also prevent the

generation of deleterious vascular phenotypes (Qin and Deng,

2015). Circadian rhythms also regulate metabolism and digestion

primarily via through this feedback loop (Zhong et al., 2018;

Segers and Depoortere, 2021), which controls and drives

metabolism, mainly including neurotransmitters, hormones,

amino acids, and lipids (Han et al., 2022). Meanwhile, the

circadian rhythm and metabolism interact with each other to

maintain normal physiological activities (Reinke and Asher, 2019;

Takahashi, 2019; Sinturel et al., 2020). Previous studies showed

that circadian clock genes caused diurnal fluctuations in the

digestive system by altering the activities of various digestive

enzymes (Maouyo et al., 1993; Espinosa-Chaurand et al., 2017).

Therefore, the circadian rhythm has a complex relationship with

digestion and metabolism, and the regulation of circadian rhythm

can alleviate the damage caused by digestive and metabolic

disorders, which is an adaptive change and plays a positive role

in the resistance to low temperature.
Conclusions

In the present study, we analyzed the effects of long-term cold

stress on the liver transcriptome in tiger puffers. Totals of 942 and

195 DEGs were identified in the 8°C group compared with the 18°

C and 13°C groups, respectively. Further characterization showed

that most DEGs were enriched in pathways related to digestion,
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metabolism, and environmental adaptation, in which arginine and

proline metabolism, pancreatic secretion, and circadian rhythm

were considered to be the primary signaling pathways. Regarding

the effects of low temperature on metabolic and digestive

disorders, genes involved in arginine and proline metabolism

and pancreatic secretion were up-regulated at low temperatures,

which may help to improve cold resistance in tiger puffers. Serum

tests confirmed protease inhibition and the accumulation of

arginine and proline at low temperatures. In addition, low

temperature induced adaptive changes in the circadian rhythm

in tiger puffers, which may also improve their low-temperature

tolerance. To the best of our knowledge, this was the first study to

expose tiger puffers to long-term cold stress, and the results

provide new insights into the mechanism of cold tolerance in

this species. The selected key genes may provide potential

biomarkers for cold response in tiger puffers, to allow the

screening of populations with cold tolerance.
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