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ABSTRACT

Thermogenic function of brown adipose tissue (BAT) was known to be markedly elevated when animals
were exposed to the cold. In the present study, transcriptome sequencing of BAT in Tupaia belangeri
between control and cold acclimation group were carried out by Illumina novaseq 6000 platform. Then
the pathways and key genes related to lipid metabolism and energy metabolism were screened out by
bioinformatics analysis. The results showed that there were significant differences in the expression of
2879 genes in cold acclimation group compared with that of control group, 1181 were up-regulated and
1698 were down-regulated in cold acclimation group. Pathway analyses showed that the differentially
expressed genes were significantly enriched in oxidative phosphorylation, steroid biosynthesis,
glycerophospholipid and fatty acid metabolism pathways related to energy metabolism and lipid
metabolism. Differentially expressed genes ND3, ND4, ND5, ND6, ND4L, CYTB, ATPS and ATP6 in
oxidative phosphorylation pathway were significantly up-regulated. Key genes related to lipid metabolism
were identified as ELOVL6, ACACA, HSD17B12, SOLE, LSS, DHCR7, DHCR24, CYP5141, HMGCS],
LPL, and ACACA, etc, which were down-regulated in the lipid metabolism pathway. All of the above
results indicated that 7. belangeri could adapt to the cold environment by regulating genes expression in
oxidative phosphorylation, steroid biosynthesis, glycerophospholipid and fatty acid metabolism pathways
in BAT. Among them, expressions of genes in oxidative phosphorylation pathway were up-regulated, and
most of the genes related to the lipid metabolism pathway were down-regulated, which promoted energy
expenditure and thermogenesis.
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INTRODUCTION

old exposure imposes a metabolic challenge to
mammals that must be met by the response of animals’
body tissues to ensure homeothermy. Brown adipose tissue
(BAT) was the main site of cold-induced non-shivering
thermogenesis (NST) (Klingenspor, 2003), which has the
remarkable ability to dissipate excess energy as heat in a
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process known as adaptive thermogenesis. Transcriptome
sequencing technology, as the main method of studying
transcriptomics, has high sensitivity in transcript
identification and the quantification of gene expression
(Conesa et al., 2016). Researchers used transcriptome
sequencing technology to analysis the differences of
BAT and white adipose tissue (WAT) in mice under cold
exposure, the results indicated that the effects of cold
exposure on the gene expression profiles of BAT were
much greater than those of WAT (Watanabe ef al., 2011).
Other study have shown that expression of genes related to
lipid metabolism and oxidative phosphorylation pathways
in BAT of mice or rats significantly changed under cold
exposure (Shore et al., 2013; Rosell et al., 2014).

Tree shrew, Tupaia belangeri (Mammalia: Scandentia:
Tupaiidae), a squirrel-liked lower primate, is a unique
Oriental species. This animal originates from the tropical
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island, in China; and is mainly distributed in Yunnan,
Guizhou and Sichuan (Bremer ef al., 2011). Judging from
the distribution characteristics of existing tree shrews, the
Yunnan-Kweichow Plateau and the southeastern part of
the Qinghai-Tibet Plateau, that is, parts of the Hengduan
Mountains may constitute the northern limit of the
distribution of 7. belangeri, and low temperature may limit
its northward spread. Our group previously used classic
physiological research methods to confirm that cold
acclimation increased the BAT mass, uncoupling protein
1 (UCP1) content, and NST in 7. belangeri to maintain
body temperature, but the proportion of NST in the total
heat production showed a gradual decline (Zhang et al.,
2017). In the present study, we used RNA-seq to analyze
the differential expression of genes in BAT of 7. belangeri
under cold acclimation, providing relevant information
such as genes function and enrichment, and realizing
the analysis of the function of thermogenesis genes and
pathways, thus providing important reference for the study
of the mechanism of cold adaptation heat-producing in
small mammals.

MATERIALS AND METHODS

Animals

T. belangeri were captured (25°25'-26°22'N, 102°13'-
102°57'E, at 1679 m altitude) at the boscage of Luquan
County, Yunnan Province, and maintained at the School
of Life Sciences, Yunnan Normal University, Kunming
(1910 m altitude). Average body mass of all animals was
115.3643.65g, after one month of adaptation at room
temperature; the animals were divided into 2 groups
according to their body mass, with 6 male individuals in
each group: One group was kept at 25 C+1C for 28 days;
these animals comprised the control group. A second
group was kept at 5C+1C for 28 days comprised the
cold acclimatized group. Two groups were healthy adults,
and housed individually in a wire cage (40 cmx40 cmx40
cm), The cage environment was maintained at 12L:12D
(lights on at 08:00), and 65-92% relative humidity. Water
and foods were provided ad libitum. T. belangeri were
fed a food mixture containing 30% corn flour, 20% wheat
flour, 5% fish meal, 6% wheat bran, 3.6% milk powder,
10% sugar, 2% yeast, 3% electrolytic multivitamin, 0.4%
edible salt, and 20% eggs, as well as apples, pears and
other fruits twice weekly. After 28 days of acclimatization
and testing, all animals were anesthetized with ether and
then killed. Samples of BAT was taken from each animal
and immediately frozen in liquid nitrogen followed by
storage at -80 C prior to analysis.

Total RNA extraction and RNA-Seq preparation
Total RNA was extracted from BAT according to

miRNeasy Mini Kit instructions. The integrity, purity
and concentration of total RNA were confirmed using a
Bioanalyzer 2100 (Agilent Technologies). The total RNA
content > 3pg, and the integrity (RIN) > 7.0 was qualified,
which can be used in the next experiment. cDNA synthesis
was done using TruSeq PE Cluster Kit v4-cBot-HS
(Illumia). RNA-seq libraries were constructed according
to the manufacturer’s instructions and sequenced using the
[llumina novaseq 6000 platform.

RNA-Seq data analysis

Raw data (raw reads) of fastq format were firstly
processed through in-house perl scripts. In this step,
clean data (clean reads) were obtained by removing
reads containing adapter, reads containing ploy-N and
low quality reads from raw data. At the same time, Q20,
Q30, GC content and clean data were calculated. All the
downstream analyses were based on clean data with high
quality. These clean reads were then mapped to the tree
shrew reference genome sequence (version tupBell).
Hisat2 tools soft were used to map with reference genome.
Quantification of gene expression levels were estimated by
fragments per kilobase of transcript per million fragments
mapped. The formula is shown as follow:

FPKM= c¢DNA Fragments/ mapped fragments
(millions) x transcript length (kb)

Through PCA principal component analysis of two
groups of data under different conditions, the difference
and distance between groups were reflected on the
coordinate axis. Differential expression analyses of two
groups were performed using the DEseq. The screening
criteria were fold change (FC) > 2 and false discovery
rate (FDR) < 0.01 (Shore et al., 2013), and count of
differentially expressed genes (DEGs) of log, FC >4.
Functional enrichment analysis was performed with
KOBAS using pathways related to metabolism from
the KEGG database annotation (Mao et al., 2005). The
significant enrichment Q-value (Q-value is the P-value
corrected for multiple hypothesis testing) was calculated
to identify the pathways with significant enrichment, and
key genes were screened based on FPKM values and
related literature reports.

Quantitative real time PCR

To verify the reliability of transcriptome sequencing
results, 8 DEGs were selected for RT-PCR quantification
(Table I), and the reference gene primer sequence was

F: GAGAGGGAAATCGTGCGTGAC

R: CATCTGCTGGAAGGTGGACA

The design of DEGs primer and the steps of real-time
quantitative operation are detailed Zhang et al. (2017).
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Table I. Primers of real-time quantitative PCR.

Gene name Gene ID Up or down regulation  Primers 5°—3’
in 28d group
UCPI ENSTBEG00000000042 up F: CGGAATTCCAGCCAAGATGGTGAGT
R: CGGAATTCGTAGGTCCCAGTGTAGCG
uce2 ENSTBEG00000001484 up F: TCTACAATGAGCTGCGTGTG
R: GGTCAGGATCTTCATGAGGT
CYTB ENSTBEG00000021344 up F: GGATCTGACCAAGACCTGTGAC
R: TCCCTCCGTTTCTGGTTTAC
PRDM16 ENSTBEG00000009948 down F: CTGTCACAGCCTGGAGCAGCACAT
R: GGTAGGGTGTCTGTGCACGTTACC
LPL ENSTBEG00000015298 down F: AGCGGGAGCCTGACTCTAAC
R: GAGCGTTCGTGGGAGCATTT
ACACA ENSTBEG00000008501 down F: TTGTTTGGTCGTGACTGCTC
R: TTTGGCAAGTTTCACTGCAC
AKT?2 ENSTBEG00000001484 down F: GCCACGACCCAACACCT
R: TAGCCCGCATCCACTC
SLC244 ENSTBEG00000000866 down F: AACTGGACCTGTAACTTCA

R: AGGAGGACGGCAAAT

Table II. Statistical of each sample output data. the groups were clustered, and the obtained results were
consistent with the expected results (Fig. 1).

Sample Clean reads Clean bases GC %= Q30

(pair end content
reads) (%)
Control 1 24271981 7275479188  50.55  93.62
group 5 23753571 7115963640 5124 9371
3 24884956 7454768158 5122  93.84
4 24024588 7198789296 50.32  93.68
5 23755489 7118049154 5138  93.93
6 25652547 7685405490 51.00  94.15
Cold 1 19329643 5737840076 4624  94.45
acclima- 5 21927530 6534981438  46.55  94.03
tization
group 3 22038282 6549278676 4532 94.33
4 24124587 7178623100 4392  94.72
5 22246352 6614415322 4576  94.74
6 21715515 6469509798  44.86  94.67

RESULTS

Transcriptome data evaluation

All samples were qualified (total RNA content> 3
pg, RIN>7). The proportion of clean data of all samples
with Q30 was more than 9,3'62%’ and the GC .Content Fig. 1. PCA principal component analysis diagram. Note:
were about 50%, the quality of the data obtained by Points with different colors or shapes represent sample
sequencing was reliable (Table IT). The results of principal groups under different environments or conditions. The
component analysis showed that the data composition of scales of horizontal and vertical coordinates are relative
the two groups was significantly different, the samples in distances, which have no practical significance.
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Bioinformatics analysis

Using a significance level of FDR < 0.05, FC > 2,
we found a total of 2,879 DEGs, of which 1,181 and
1,698 genes showed increased and reduced expression
under 28-day cold exposure, respectively, Notably, the
UCPI (log,FC=1.316063) gene encoding UCP1 reported
previously as having increased expression in BAT after
cold exposure. The present study (Tables III) showed
that the expression of 28 genes were significantly up- or
down-regulated more than four folds by cold exposure,
these include ATP8, ATP6, ND3, ND4L, ND4, ND5 and
CYTB genes in oxidative phosphorylation pathway, as
well as ACACA, ELOVL6 and HSDI7B12 genes that
played an inhibitory role in fatty acid metabolism, and
so on. Functional enrichment analyses of the genes with

Table I11. Most differentially expressed genes.

the most pronounced cold-induced expression using
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways revealed a significant enrichment of metabolic
pathways, including oxidative phosphorylation, steroid
biosynthesis, fatty acid metabolism, glycerophospholipid
metabolism (Fig. 2). The most highly enriched pathway
for up-regulated genes were oxidative phosphorylation
pathway, which includes several genes encoding NADH
dehydrogenase (ND3, ND4, ND5, ND6 and NDA4L),
cytochrome c reductase (CY7B) and ATP synthase (47P6,
ATPS). Most genes related to lipid metabolism pathway
were repressed in BAT, including SOLE, LSS, DHCR24,
DHCR7, CYP5141, SCD, ACSL4, ELOVL6, ACACA,
HSDI17B12, GPD2, LPGATI, and SELENOI (Table 1V).

Gene ID Gene name log, FC up/down
ENSTBEG00000021330 ATPS 7.936743241 up
ENSTBEG00000021331 ATP6 4.953971529 up
ENSTBEG00000021334 ND3 6.545693211 up
ENSTBEG00000021336 ND4L 5.016029694 up
ENSTBEG00000021337 ND4 6.017905995 up
ENSTBEG00000021341 NDS5 4.263457202 up
ENSTBEG00000021344 CYTB 4413630364 up
ENSTBEG00000004145 ELOVL6 -4.094294687 down
ENSTBEG00000008501 ACACA -4.208078151 down
ENSTBEGO00000016576 HSDI17B12 -4.154425257 down
ENSTBEG00000003366 ZMYNDI10 4.014191841 up
ENSTBEG00000007999 LRRC34 4.671748042 up
ENSTBEG00000005473 ARL14 4.672650726 up
ENSTBEG00000010081 EPGN 4.122101729 up
ENSTBEG00000005549 ASGR2 4.174722567 up
ENSTBEG00000014737 EMPI -4.707252838 down
ENSTBEG00000001606 CDC42EP3 -4.774003734 down
ENSTBEG00000003839 PLEKHFI -4.251165321 down
ENSTBEG00000004403 DUSP14 -5.196061636 down
ENSTBEG00000005559 ZDHHC23 -4.769844094 down
ENSTBEG00000005948 ZFP36 -6.377754145 down
ENSTBEG00000010112 ENSTBEG00000010112 4.141663745 up
ENSTBEG00000012297 ENSTBEG00000012297 4.911709954 up
ENSTBEG00000001950 ENSTBEG00000001950 4.079109484 up
ENSTBEG00000013693 ENSTBEG00000013693 4.402327939 up
ENSTBEG00000017771 ENSTBEG00000017771 4.134596289 up
ENSTBEG00000007362 ENSTBEG00000007362 -4.547748676 down
ENSTBEG00000001052 ENSTBEG00000001052 -4.163123945 down
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Table IV. KEGG significantly enriched pathway list of
up regulated and down regulated key genes.

Gene ID Gene name log,FC up/

down

Oxidative phosphorylation
ENSTBEG00000021334  ND3
ENSTBEG00000021337  ND4
ENSTBEG00000021341  NDS5
ENSTBEG00000021336  ND4L
ENSTBEG00000021342  ND6
ENSTBEG00000021344 CYTB
ENSTBEG00000021330 ATP8
ENSTBEG00000021331  ATP6
Steroid biosynthesis

6.545693211 up
6.017905995 up
4263457202 up
5.016029694 up
3.206990989 up
4413630364 up
7.936743241 up
4.953971529 up

ENSTBEGO00000000773  CYP5141  -3.452344132 down
ENSTBEG00000003064 SQLE -1.919891924 down
ENSTBEG00000007270 DHCR24  -3.877599142 down
ENSTBEG00000013059  DHCR7 -2.100319058 down

ENSTBEG00000016213 LSS
Fatty acid metabolism
ENSTBEG00000000654  SCD

-2.106663039 down

-2.913797823 down

ENSTBEG00000002831 ACSL4 -2.253983817 down
ENSTBEG00000004145 ELOVL6  -4.094294687 down
ENSTBEG00000008501 ACACA -4.208078151 down
ENSTBEG00000016576 ~ HSD17B12 -4.154425257 down
Glycerophospholipid metabolism

ENSTBEG00000014623  GPD2 -3.515187858 down
ENSTBEG00000013545 LPGATI -2.243027443 down
ENSTBEG00000016576  SELENOI  -2.795006506 down

This study verified 8 DEGs. The comparison results
of Real-time PCR and RNA-Seq were showed in Figure
3. The up and down regulation trends of gene expression
between the two results were consistent, indicating that the
quality of transcriptome sequencing was reliable.

DISCUSSION

Small mammals in the wild maintain body temperature
by increasing thermogenesis when they are exposed to low
temperatures (Wang and Wang, 1990). Studies showed that
there were significant differences in gene expression in BAT
of yak between cold and warm seasons (Zhu et al., 2021).
In the present study, it was found that 2879 genes were
up-regulated or down-regulated in the cold acclimation
group, suggesting that 7 belangeri may adapt to the cold

environment by changing the expression pattern of genes.
Studies suggested that UCP1 was the main substance that
determines the heat production of BAT (Mei et al.,2019). In
our study, expression level of heat-producing gene UCP1
increased after cold acclimation, which was consistent
with the results of previous studies, but the up-regulated
multiple was not significant (log,FC =1.3), indicating the
reason why the proportion of NST in total heat-producing
decreased gradually (Zhang et al., 2017). In the KEGG
enrichment analysis of this study, DEGs were significantly
enriched in oxidative phosphorylation related to energy
metabolism, steroid biosynthesis, fatty acid metabolism,
and glycerolipid metabolism pathways related to lipid
metabolism, suggesting that lipid metabolism pathways in
T. belangeri may play an important role in the mechanism
of cold adaptation. Previous analysis of transcriptome
pathways showed that the genes most significantly induced
in mouse BAT under cold exposure were those involved in
glycerophospholipid synthesis and fatty acid elongation
(Rosell et al., 2014).

Fig. 2. KEGG pathway enrichment bubble diagram of
differentially expressed genes.

Mitochondrial protein-coding genes played a major
role in the oxidative phosphorylation system (Leonard and
Schapira, 2000), and the four enzymes encoded by them
were the driving force for ATP synthesis. Studies showed
that after long-term cold exposure in mice, gene expression
in BAT showed significant changes, and the oxidative
phosphorylation pathway was significantly up-regulated
in BAT (Rosell et al., 2014). In present study, compared
with the control group, mitochondrial protein-coding
genes NADH Dehydrogenase subunit 3(ND3), NADH
dehydrogenase subunit 4 (ND4), NADH dehydrogenase
subunit 5 (ND5), NADH dehydrogenase subunit 6 (ND6),
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NADH dehydrogenase subunit 4L (ND4L), cytochrome
b (CYTB), ATP synthase FO subunit 6 (47P6) and ATP
synthase FO subunit 8 (47P8) were highly expressed in
the oxidative phosphorylation pathway of BAT in the cold
acclimatization group, all of which were unregulated by
more than 4 fold. These results indicated that the synthesis
of ATP was promoted in the response to cold environment,
which provided more energy for animals. Studies have
shown that mitochondrial protein-encoding genes defects
could lead to increased mitochondrial damage and
decreased function, which ultimately leaded to a decrease
in the ability of oxidative phosphorylation (Luoma et al.,
2015). NADH dehydrogenase encoded by ND3, ND4, ND35,
NDG6 and ND4L was one of the largest membrane-bound
enzymes in cells. Studies have shown that the variation
of ND3 could cause a loss of the role of mitochondrial
oxidative phosphorylation. If the mitochondrial oxidative
energy supply was increased, Might cause the expression
level of ND3 to also increase (Hinokio ef al., 1995; Wang
et al., 2013). In this study, ND3 was up-regulated 6 folds,
suggesting that 7" belangeri under cold acclimationthe may
promote mitochondrial oxidative energy supply through
the regulation of this gene. Inhibition of protein synthesis,
transcription, and ion transport can lead to inhibition of
energy expenditure. Among the 13 protein-coding genes,
the structure and function of CY7TB gene has been most
thoroughly studied, it was an important mediator of electron
transfer in oxidative phosphorylation, and could conduct
transcription and protein synthesis in mitochondria itself
(Schoepp et al., 2000). Therefore, our data demonstrate
that 7. belangeri might adapt to the cold environment by
the regulation of this gene to maximize energy expenditure.
ATP6/8 of the genes encoding ATP synthase protein 6/8.
Studies have shown that the expression of ATP6/S in
BAT during hibernation in black-line hamsters into also
up-regulated by 4 folds. If the expression of 4ATP6 gene
was down-regulated, ATP production can reduce, thereby
affecting energy metabolism (Hittel ef al., 2013).

Lipid was the main component of biofilm and
important structure of organism. It not only participates
in energy supply and storage of organism, but also can
be transformed into various derivatives to participate in
metabolic activities. Studies have performed transcriptome
analysis of BAT in mice under cold exposure; they
proposed the response to cold stress involves decreased
gene expression in a range of lipid metabolism in order to
maximize pathways involved in heat production (Shore e?
al., 2013). Our data demonstrate that the general trend was
for a reduction in the expression of a large number of genes
involved in steroid biosynthesis, glycerophospholipid
and fatty acid metabolism pathways related to lipid
metabolism, and far fewer genes were up-regulated by

the cold challenge. This might represent a mechanism for
reducing metabolic reactions so that metabolism could be
focused on the cell thermogenic functions, particularly in
BAT, that are essential to prevent hypothermia.

Fig. 3. Comparison of the RNA-Seq and Real-time PCR
results.

Steroids were mainly composed of cholesterol.
Studies have shown that insufficient cholesterol content
could cause more free fatty acid (FFA) to remain in the
circulatory system of mice to provide energy sources
for other tissues and organs of the animal body (Dugail
et al., 2003). In our study, compared with the control
group, the squalene epoxidase (SQLE), lanosterol synthase
(LSS), 24-dehydrocholesterol reductase (DHCR24),
7-dehydrocholesterol reductase (DHCR?7), and lanosterol
synthase (LSS) genes encoding proteins related to
cholesterol synthesis were significantly down-regulated in
the cold acclimation group. These results suggested that
T. belangeri might reduce the synthesis of cholesterol in
BAT by down-regulating SOLE, LSS, DHCR24, DHCR?7,
and CYP51A1 in cold environments, which leaved more
FFA in the circulatory system to provide energy source for
other tissues and organs of animal body. SOLE and LSS
were located in the endoplasmic reticulum, and squalene
epoxidase encoded by SQLE was one of the key rate-
limiting enzymes that catalyze the conversion of squalene
to squalene 2, 3-epoxides in cholesterol biosynthesis.
Studies have shown that inhibition of SQLE could
effectively reduce cholesterol synthesis (Ferdinandusse et
al., 2017). LSS was a member of the gene super family
OSC (3S-2,3 epoxy-squalene cyclase), and the production
of lanosterol catalyzed by LSS was a key step in the
synthesis of sterols in animals. CYP5/ was one of the most
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widely distributed members of the CYP superfamily of
cytochromases. The CYP5/A41 gene encoding this enzyme
originated from prokaryotes and was widely distributed in
eukaryotes (Lepesheva and Waterman, 2011).
Glycerophospholipid were the most abundant
phospholipids in animals. The metabolism of each
phospholipid formed a complex network and was
regulated by a variety of metabolic enzymes (Liu and
Huang, 2013). Fatty acid metabolism mainly includes de
novo synthesis, oxidation, desaturation and lengthening
of fatty acids (FA) to produce FA with different saturation
degrees and different carbon chain lengths. In our study,
compared with a control group, stearoyl-CoA desaturase
(SCD), acyl-CoA synthetase long-chain family member 4
(ACSL4), ELOVL fatty acid elongase 6 (ELOVLG6), acetyl-
CoA carboxylase alpha (4CACA) and hydroxysteroid
17-beta dehydrogenase 1 (HSD17B12) genes related
to fatty acid metabolism and glycerol-3-phosphate
dehydrogenase 2 (GPD2), lysophosphatidylglycerol
acyltransferase 1 (LPGATI) and selenoprotein I
(SELENOI) involved in the glycerolphospholipid
metabolism pathway were significantly down-regulated
in cold acclimation group. This result was consistent with
previous studies that showed significant changes in genes
involved in glycerolphospholipid synthesis and fatty acid
extension in BAT of cold-stimulated mice (Marcher et
al., 2015). Among them, ACACA was a target gene of
steriod response element binding protein-1 (SREBP-1),
and the enzyme encoded by it was a key rate-limiting
enzyme regulating de novo synthesis of fatty acids. Its
expression was also regulated by a variety of hormones.
Studies have shown that the down-regulation of the
ACACA gene expression leaded to a decrease in fatty acid
de novo synthesis (Knobloch et al., 2013; Bakhtiarizadeh
and Alamouti, 2020). ACSL4 belonged to the long-chain
family of acyl-CoA synthase, which mainly catalyzed
the activation of long-chain fatty acids to synthesize
cell lipids. Down-regulation of ACSL4 reduced the
intracellular triglyceride concentration (Fan et al., 2020).
ELOVL6 belonged to the sixth member of the ultra-
long-chain elongase gene family. It was an important
rate-limiting enzyme for the extension and synthesis of
long-chain fatty acids. Its main function in fatty acid
metabolism was the extension of fatty acids above C16.
Studies have shown that ELOVL6 gene down regulation
of expression inhibited the extension of C16:1 to C18:1
(Corominas et al., 2013; Green et al., 2010). Fatty acid
desaturation index in fat cells of ELOVL6 knockout
mice decreased significantly, and the content of linoleic
acid also decreased significantly (Sunaga et al., 2013).
17B8-SHD12 belonged to the short-chain dehydrogenase/
reductase (SDR) superfamily and has been discovered

relatively late in humans (Peltoketo et al., 1999),
recently, it has been found that HSD17B12 gene regulates
fatty acid synthesis and the elongation of long-chain
fatty acyl-CoA in fatty acid metabolism (Moon and
Horton, 2003). SCD was a key enzyme that catalyzes
the desaturation of saturated fatty acids. Studies have
shown that over expression of SCD can easily lead to
fat accumulation (Nagao ef al., 2019). The above results
in present study suggested that 7. belangeri may adapt
to cold environment by down-regulating SCD, ACSL4,
ELOVL6, ACACA, and HSD17B12 genes to regulate fatty
acid synthesis in BAT.

The GPD2 gene encodes glycerol 3-phosphate
dehydrogenase 2, which was the key enzyme linking
glycolysis and oxidative phosphorylation, and its play an
important role was as part of the glycerophosphate shuttle
(Orr et al., 2014). Studies have shown that the decreased
activity of GPD2 limited the gluconeogenesis of lactic
acid and glycerol, and reduced endogenous glucose
production, and could also inhibit the proliferation of
tumor cells (Madiraju et al., 2014). In our study, GPD2
gene was significantly down-regulated, which could not
only regulate energy balance, but also provided a target for
disease treatment. As aremodeling enzyme, LPGAT] could
reconstitute lysophosphatidylglycerol into PG. Studies
have found that the variation of LPGATI gene played an
important role in the process of weight regulation (Traurig
et al., 2013). Selenoprotein I (SELENOI) was also known
as ethanolaminephosphotransferase 1 (EPT1). Studies have
shown that mutations in the SELENOI gene significantly
reduced the activity of encoding EPT1, leading to impeded
PE synthesis and increased ATP synthesis, which interfered
with the metabolic pathway (Ahmed ez al., 2017; Ma et al.,
2021). In this study, SELENOI gene was down-regulated,
indicating that PE synthesis in BAT of T. belangeri was
reduced under cold acclimation, thus affecting energy
metabolism of the animals.

We measured the adaptive changes of genes in
BAT in T. belangeri under cold acclimation at the
transcriptome level. In summary, cold acclimation
induced a significant up-regulation of genes expression
related to oxidative phosphorylation, and significant
down-regulation of genes expression related to steroid
biosynthesis, glycerophospholipid metabolism, and fatty
acid metabolism, which ultimately promoted energy
expenditure and heat production. In addition, we also found
that the heat-producing gene UCP1 was up-regulated after
cold acclimation, but it was not significantly up-regulated,
which might be the reason why the proportion of NST to
total heat-producing decreased gradually in the process
of cold acclimation and limited its northward spread the
reason.
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