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Abstract

The sable (Martes zibellina) is widely distributed in the northern zone of Eurasia. M. zibellina survival requires a better
ability to regulate its body temperature than southern-distributed marten species. The genetic basis underlying the adaptive
fat mechanism in the sable is unclear. We screened candidate genes related to lipid metabolism and absorption and compared
these with orthologous sequences from other carnivores. Our goal was to determine the molecular mechanism underlying the
thinner fur layer and determine if the cold adaptation of sables is associated with evolutionary changes in these genes. We
found that the PNLIP and ACSS2 genes have received positive selection and the GOT2 gene has undergone rapid evolution.
We performed comparative transcriptome sequencing of the sable adipose tissue and found multiple genes with different
expression levels. GO enrichment analysis on the differentially expressed genes showed that they were significantly enriched
in GO entries, such as lipid metabolism, lipase activity, and glucose metabolism. KEGG enrichment analysis revealed that
these genes were significantly enriched in metabolic pathways and fatty acid metabolism pathways, indicating significant

differences in the metabolic level of adipose tissue in winter and summer.
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Introduction

The sable (Martes zibellina) is widespread in the taiga zones
of Eurasia, mainly in Russia, northern China and Mongolia,
the Korean Peninsula, and the Hokkaido Island of Japan
(Harrison et al. 2004). The sable population has decreased
in Northeast China since the 1950s due to habitat loss and
hunting (Kashtanov et al. 2015), and the sable is now listed
as a national first-class protected animal in China. The sable
is a omnivorous mammal, with a slender body that has a high
surface-to-volume ratio. The sable’s body fat rate remains
at about 8% even during summer and winter (Mustonen and
Nieminen2006), and this seems beneficial for their hunting
activities. However, sable habitats are cold, with an annual
average temperature below 0 °C and minimum temperatures
often below — 30 °C. These temperatures pose a challenge

Handling editor: Allan McDevitt.

< Honghai Zhang
zhanghonghai67 @126.com

School of Life Science, Qufu Normal University, 57
Jingxuan West Road, Qufu, Shandong, China

to survival. Sables have evolved a balanced fat mechanism
to reduce the fat layer and to provide energy for the main-
tenance of body temperature. However, in contrast to the
polar bear (Miller et al. 2012) and cetaceans (Dunkin et al.
2005), the subcutaneous fat of sables may not always provide
adequate thermal insulation for resisting cold temperatures.

Animals have undergone selection pressures to adapt to
food shortages and cold environments. This has driven many
physiological and genetic adaptations (Li et al. 2014). Mam-
mal exposure to cold climates has resulted in physiological
adaptations that can change energy balance. For example,
heat production by non-shivering thermogenesis (NST)
leads to an increase in energy expenditure (Rawls2015).
Pikas have evolved a high NST and resting metabolic rate
(Sheafor 2003). Moreover, the expression of genes encoding
proteins participating in glucose uptake, lipogenesis, and
fatty acid combustion can be elevated, which plays a role in
the adaptive thermogenic processes of cold-exposed mice
(Yu et al. 2002). The Inuit inhabitants of Greenland live
in a frigid Arctic environment and consume a diet rich in
protein and fatty acids. The most prominent allele-frequency
distinction between Inuit and other populations was located
in FADS1, FADS?2, and FADS3, a cluster related to fatty acid
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desaturases, which might contribute to Inuit adaptation to
the cold climate (Fumagalli et al. 2015). Indigenous Siberi-
ans also live in an extremely cold environment. They have
a low serum lipid level and an enhanced basal metabolic
rate, and they have undergone missense mutations in three
genes (ANGPTLS, PLINI, and PLA2G2A) that participate
in lipid metabolism. These changes might aid in adaptation
to the local environment (Hallmark et al. 2019). Similarly, a
polygenic selection scan of Siberians found three gene sets
related to fat metabolism, which is consistent with adapta-
tion to a fat-rich diet (PingHsun et al. 2017). Kumar et al.
(2015) found that fat metabolism might play a role in the
transformation of Arctic foxes (Vulpes lagopus) to freezing
environments.

Animal fat deposition is a complex biological process
involving regulation by many genes and transcriptional
factors (William et al. 2011). There are two types of
adipose tissues, brown adipose tissue (BAT) and white
adipose tissue (WAT), which allow mammals to meet
energy demands. BAT is specialized for heat production
by metabolizing lipids via the adaptive thermogenesis
process. This is an essential part of energy consumption
caused by diet or cold exposure (Himms-Hagen 1990).
WAT is specially engaged in energy storage and satisfies

body energy demands during periods of energy deficit.
This is an adaptive mechanism for food shortage require-
ments (Langin 2010). The essential function of adipose tis-
sue is no longer viewed merely as a passive energy-storing
tissue but is an endocrine organ with a prominent role
in the metabolism of the entire body and energy balance
(Vernon et al. 2001; Wozniak et al. 2009).

We studied the relationship between lipid metabolism
and the body shape and cold adaptation of the sable. Cod-
ing sequences of the candidate genes involved in lipid
metabolism were examined to determine the evolution-
ary patterns and their association with the slim body and
cold adaptations of sables. We also performed comparative
transcriptome sequencing of sable adipose tissue between
winter and summer to evaluate the different expression
levels of lipid metabolism genes. Our results reveal the
molecular mechanisms underlying sable fat layer thinning
during the cold acclimatization process (Table 1).

Table 1 Positive selection sites of lipid metabolism genes identified by using site model in PAML

Gene —LnL M7 —LnL M8 2InAL LRT P-value MBS positively selected sites
(M8 vs M7)
ABHDS5 —2820.679 —2815.731 9.895 0.007* 40,124,290
ACSSI —4182.491 —4175.816 13.351 0.001* 276%%*
DGKE —4874.533 —4870.851 7.364 0.025% 86,103,310,342,529
DGKH —8403.507 —8397.229 12.558 0.002* 399,401,406,431%**
GPAM —8163.024 —8159.759 6.531 0.038* 448*,454,598,656*
GPAT2 —5351.713 —5348.522 6.382 0.041* 308,311,358
GPAT4 —3454.663 —3449.950 9.425 0.009* 396,397%,398,400,402,403*
LIPH —3609.507 —3601.482 16.049 0.000* 34*,80%,112,116,225*
PLCB4 —6590.273 —6586.236 8.073 0.018* 1053
PLCD4 —6745.490 —6741.352 8.277 0.016* 56,242%,307,326
PLINS —4199.649 —4194.724 9.850 0.007* 6%,11,321
SLC27A1 —5438.080 —5434.596 6.966 0.031* 69
SLC27A2 —3960.527 —3955.172 10.710 0.005% 7,191,298,334*
SREBF1 —11717.889 —11710.705 14.369 0.001* 28,78,356,374,384,386,488,493,635,794,925
ABCGS5 -5767.974 -5750.273 35.402 0.000* 32%,36,45%,46%,48,286,357,438,475%,493
ABCGS —5686.049 —5678.060 15978 0.000* 27,159,322,325,463,502,525*
AGPAT2 —1179.028 —1174.393 9.271 0.010* 3%,7,12
APOB -35679.177 —35657.734 42.887 0.000* 483,527,824,1487,1790%,1838,2626,3538,36
34,3679,3682, 3686,3755,3788,3792
DGATI —3334.795 —3331.665 6.261 0.044* 144,145%
PNLIP —4005.495 —3995.788 19.415 0.000? 284*,286,312%,327
PNLIPRP2 —4530.314 —4525.680 9.270 0.010* 90%*,110,116,206*,256

# Means significant level; *means the posterior probabilities of >0.80
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Materials and methods
Gene retrieval and alignments

The list of genes related to the human lipid metabolism
pathway was retrieved from the KEGG (Kyoto Encyclope-
dia of Genes and Genomes) database (https://www.kegg.
jp/). There were 81 orthologous genes associated with
triacylglycerol (TAG) and fat digestion and absorption.
The gene list was used to find the gene IDs and search
annotated coding sequences (CDS) for carnivores in the
NCBI database (Table S1, http://www.ncbi.nlm.nih.gov).
We also used a BLAST search to determine one-to-one
orthologs genes in the genomes of 21 carnivore species to
obtain a carnivore gene set associated with lipid metab-
olism. We sequenced the genome of the sable, and the
genomes of remaining carnivores were downloaded from
the NCBI database. PRANK v.170427, which has low
false-positive rates compared to other alignment programs
like MUSCLE and MAFFT (Fletcher and Yang 2010),
was performed to align the candidate genes’ nucleotide
sequences at the codon level. Codons with any ambiguity
sites in these carnivore species genes were removed from
the following analyses.

Molecular evolution analyses

The impact of natural selection on lipid metabolism-
related genes was evaluated by calculating the ratio of
nonsynonymous (dN) to synonymous (dS) substitutions
(w =dN/dS) with the PAML software package (Yang
2007). Briefly, o> 1, w=1, w <1 correspond to posi-
tive selection, neutral selection, and negative (purifying)
selection, respectively. First, we evaluated the positively
selected sites (PSSs) acting on lipid metabolism-related
genes from carnivores using the site model (M8 vs. M7).
MBS presumes a beta-distribution for the o range from 0 to
1 and permits sites with @ > 1, while M7 tests for neutral
evolution (Swanson et al. 2003). To evaluate whether the
possibility of positive selection was confined to a specific
lineage, we compared the free-ratio model (diverse @ ratio
for each lineage) with the one-ratio model (same o ratio for
all lineages) among the carnivores. We next implemented
the branch model (M2) compared with the one-ratio model
(M1) to study selection along the specific lineage of the
sable. The branch-site model (Ma) assumes sites are under
positive selection along specific foreground lineages with
w > 1, and the null model (Ma0) fixed w =1 was set as the
compared model. Likelihood ratio tests (LRTs) with chi-
squared test were executed on nested likelihood models.
Sites determined by the site model and branch-site model

were evaluated by Bayes empirical Bayes (BEB) analysis,
with posterior probabilities of > 0.80. The species tree of
carnivores downloaded from TimeTree (http://www.timet
ree.org/) was used as the guide tree in all molecular evolu-
tion analyses.

RNA-sequencing of adipose tissues in sables

Since the sable is critically endangered in China, adipose tis-
sue samples were harvested from only two individuals. The
winter adipose tissue sample was obtained from a natural
death individual, while the summer sample was taken from
a dead individual while wearing a collar. Sample collection
was carried out according to the ethical standards of the
Qufu Normal University Animal Care and Use Commit-
tee (Permit Number: QFNU2018-036). The fresh adipose
tissues were placed in RNAprotect Animal Tissue Tubes
(QIAGEN, USA), frozen in liquid nitrogen, and then stored
at— 80 °C, before further extraction procedures. Total RNA
was extracted using the RNAeasy Mini Kit (QIAGEN, USA)
following the manufacturer instructions. An RNA 6000
Nano Assay Kit with the Bioanalyzer 2100 (Agilent Tech-
nologies, USA) and the Nanodrop 2000c (Thermo Scientific,
USA) was applied to determine the integrity and concentra-
tion of RNA, respectively. The Illumina Tru-Seq RAN Low
Sample (LS) protocol was used to generate the transcriptome
libraries. Sequencing of the libraries was done using the
Illumina HiSeq 2000 platform, generating 125-bp paired-
end reads. Adapter sequences and low-quality reads were
removed to retrieve clean transcriptome sequences and then
the quality of the sequences was examined by the FASTQC
program.

Analysis of differentially expressed genes
and functional enrichment

The HTseq package was used to count the reads numbers
mapped to each transcript. The mapped reads were normal-
ized for RNA length to quantify transcripts expression by
using the parameter Fragment Per Kilobase of exon per Mil-
lion fragments mapped (FPKM) based on the mapped tran-
script fragment, length, and sequence depth. Differentially
expressed genes (DEGs) analysis of samples from the two
seasons was implemented using DEseq package (Anders and
Huber 2010), using a negative binomial distribution-based
model to confirm differential expression level in the digital
gene expression data. Genes with a g-value < 0.05 and llog2
(FoldChange) > 1 found by DESeq were considered as dif-
ferentially expressed. Functional Go ontology (GO) enrich-
ment analysis of the DEGs was accomplished by applying
GOseq based on Wallenius non-central hypergeometric dis-
tribution. KEGG pathway enrichment analysis was applied
to detect metabolism pathways significantly enriched in
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DEGs using the KOBAS 2.0 software (Xie et al. 2011). After
adjustment, only the results with corrected p-value <0.05
were determined as significantly enriched in the DEGs.

Results

We retrieved a total of 81 lipid metabolism-related genes
from the genome of 21 carnivore species. For the purpose
of determining the possible roles of positive selection during
the evolution of lipid metabolism-related genes in carnivore
lineages, evolutionary analyses were first performed using
the site model in the PAML program. Site model analysis of
all carnivores showed that the M8 model fit the sequences
significantly better than the M7 model for ABHDS, DGKE,
DGKH, GPAM, GPAT2, GPAT4, PLCB4, PLCD4, PLINS,
PPARD, SLC27A1, SLC27A2, SREBFI, ABCGS5, ABCGS,
ACSS1, AGPAT2, APOB, DGATI, PNLIP, and PNLIPRP2
lipid metabolism-related genes. Several PSSs were found
with significant levels (Table 1). In contrast, no significant
evidence of positive selection was found in the remaining
genes (Table S2). The free-ratio model was used to gain
insight into the positive selection for specific lineages in
carnivores. LRT indicated that the free-ratio model fit-
ted the data better than the one-ratio model at genes (i.e.,
ACSS2, ACSS3, AGPATS, CD36, DGKA, DGKG, DGKI,
FABPS5, GNPAT, GOT2,GPAT4, MOGATI, PDE3B, PLCD3,
PLIN2, PNPLA2, SLC27A2, SLC27A3, SLC27A4, SREBFI,
SREBF2, ABCG5,APOB, DGATI, GAT 2, LIPF, NPCILI,
PLA2GI2A, PLPPI1, and PNLIPRP2). Specifically, evi-
dence of positive selection was defined along the terminal

Fig. 1 Summary of lipid

metabolism-related genes under

positive selection in carviore

lineages. Each gene is indicated 1

branch of Vulpes lagopus and the lineage to the last common
ancestor (LCA) of Leptonychotes weddellii and Neomona-
chus schauinslandi at LIPF. We detected positive selection
evidence along the terminal branch of Ursus maritimus at
APOB and GPAT4. We mapped the signals under positive
selection in the carnivore phylogeny and found that posi-
tively selected signals were spread across a diverse phy-
logenetic tree, from the ancestral to the terminal branches
of carnivores (Fig. 1). To further detect whether sable was
subjected to sable during evolution, we applied the branch
model and branch-site model in the analyses. The branch
model analysis was set as a two-ratio model (M2), which
allows a different o value between the sable (foreground) and
the remaining background lineages. We found that the M2
model fitted the data better than the M1 model at seven genes
(DGKQ, GOT2, GPAT4, PLCB3, PLCD4, AGPAT2, and
PNLIPRP?2). Specifically, the evolutionary rates of GOT2
(w1=0.05023; ©2=0.17427) and ACSS2 (w1 =0.09805;
®2=0.42843) in the sable were almost three times as high
as those of the remaining background lineages (Table 2).
The elevated o estimated for GOT2 and ACSS2 genes rela-
tive to other branches indicates the accelerated evolution
of these two genes in the sable. However, the evolution-
ary rates of DGKQ (n1=0.05324; ®2=0.01867), GPAT4
(01 =0.04913; ©2=0.00010), PLCB3 (01 =0.05415;
®2=0.02571), PLCD4 (1 =0.18010; ®2=0.02529),
AGPAT2 (w1=0.10713; ®2=0.00010), and PNLIPRP2
(w1=0.34899; 2=0.10429) were lower than those of
the background lineages. We further implemented a more
stringent branch-site model to investigate specific sites that
underwent positive selection in sable lineages. Evidence
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Table 2 Selective pressure

- . . Gene —LnL (M2) —LnL (MO) 2AIn L LRT P-value w for branch

analysis of lipid metabolism

genes identified by branch ACSS2 -5064.059  —5072.171 16223  <0.001° ol = 0.09805; @2 = 0.42843

model DGKQ —3371.114  —3373.406  4.585 0.032¢ ol = 0.05324; @2 = 0.01867
GOT?2 -3107.491  —3113284  11.585  0.001° ol = 0.05023; 2 = 0.17427
GPAT4 -3513.383  —3511.300  4.165 0.041° ol = 0.04913; ®2 = 0.00010
PLCB3 —6146317  —6148.714  4.794 0.029° ol = 0.05415; 02 = 0.02571
PLCB4 —6595.855  —6598.925  6.140 0.013 ol = 0.01863; 2 = 0.00010
PLCD4 —6836.018  —6838.858  5.678 0.017 ol = 0.18010; ©2 = 0.02529
AGPAT? ~1191.448  —1198211  13.525  <0.001 ol = 0.10713; 2 = 0.00010
PNLIPRP?  —4592.106  —4594.561  4.910 0.027 ol = 0.34899; 2 = 0.10429

# Means significant level; w1 represents the  of the background; w2 represents the @ of the foreground

(sable)

Table 3 Summary of adipose
tissue transcriptome sequencing

Sample name Raw reads Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC content (%)

results

Fat_1 28914837 27933454  4.19G 0.02 98.46 95.75 51.68
Fat_2 28914837 27933454  4.19G 0.02 96.9 92.66 51.67
Fat_W_1 27135136 26505720  3.98G 0.02 97.94 94.47 50.97
Fat_W_2 27135136 26505720  3.98G 0.04 94.37 86.86 51.15

Fat means the summer sample; Fat_W means the winter sample

for positive selection was detected along the sable lineage
at multiple genes (i.e., ABHDS, AGPATS5, GPAT2, LIPH,
LPL, MOGATI, PDE3B, and PLCD?3), while the LRT tests
of these genes did not reach the level of significance. LRT
tests showed strong positive selection at PNLIP and ACSS2
with several PSSs detected with a posterior probability > 0.8
(Table S3).

To determine the adaptive transcriptomic variation in
sables for life in a cold climate, we sequenced the transcrip-
tomes of the adipose tissue obtained from two seasons. A
total of 55,866,908 and 53,011,440 clean reads were gener-
ated, after quality control, for summer and winter samples,
respectively. The error rates of the two samples were less
than 0.04, and the quality of the base value was Q20> 94%
and Q30> 86% (Table 3), indicating that the data is reli-
able and meets the following analysis requirements. The
error base distribution along the reads in two samples is
shown in Figure S1. Eventually, 78.72% and 86.81% of clean
reads in summer and winter samples, and greater than 77%
of the reads in the two samples were uniquely mapped to
the sable genome (Table 4). The bases content distribution
along the reads in the two adipose tissue samples is shown
in FigureS2.

It is essential to determine the DEGs of adipose tissue
between two different seasons to investigate the molecular
mechanism of lipid metabolism. A total of 3552 DEGs identi-
fied between two groups when llog2 (FoldChange) > 1 and
g-value <0.05 were applied as cut-off values. Of these, 2149
genes were upregulated in summer adipose tissue, and 1403

Table 4 Summary of mapping results to the reference genome

Sample name Fat Fat W

Total reads 55866908 53011440

Total mapped 43980471 (78.72%) 46021035 (86.81%)
Multiple mapped 808070 (1.45%) 1255903 (2.37%)
Uniquely mapped 43172401 (77.28%) 44765132 (84.44%)
Read-1 21893957 (39.19%) 22658186 (42.74%)
Read-2 21278444 (38.09%) 22106946 (41.7%)
Reads map to ’+’ 21558634 (38.59%) 22372456 (42.2%)
Reads map to '’ 21613767 (38.69%) 22392676 (42.24%)
Non-splice reads 25712497 (46.02%) 25563482 (48.22%)
Splice reads 17459904 (31.25%) 19201650 (36.22%)

genes were upregulated in winter adipose tissue (Fig. 2). We
conducted GO classification on DEGs to explore their func-
tional distribution and identified 2601 DEGs enriched in 2754
GO terms categorized into three major groups: biological pro-
cess, molecular function, and cellular component. Several sig-
nificant GO terms were enriched (p-value <0.05). GO terms
such as lipid metabolic process (GO: 0006629), glucose meta-
bolic process (GO: 0006006), glucose catabolic process (GO:
0006007), and glycolysis (GO: 0006096) belonged to BP; ATP
binding (GO: 0005524), lipid binding (GO: 0008289), and
lipase activity (GO: 0016298) belonged to molecular func-
tion (Fig. 3, Table S4). Based on KEGG analyses searching
for metabolic or signal transduction pathways, we identified
the DEGs enriched in 273 pathways, of which 15 pathways
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Figure.2 Volcano plot show-

Fat (Summer) vs Fat (Winter)

ing the number of differential
expressed genes between the
summer and winter samples.
The x-axis corresponds to the
log?2 fold change value, and the
y-axis displays the mean expres-
sion value of log10(g-value).
The red dots represent the up-
regulated genes; the green dots
represent the down-regulated
genes
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up-regulated genes (2149)
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Figure.3 Bar plot of the
enriched Gene ontology (GO)
terms for differential expressed
genes in the adipose of sable.
The x-axis shows the number of
differential expressed genes, and
the y-axis shows the enriched
GO terms. Gene ontology
categories include biological
process (green), cellular com-
ponent (orange) and molecular
function (blue)

GO term

were significantly enriched. We mapped the scatterplot of
the enriched KEGG pathways for upregulated genes in win-
ter (Fig. 4). The metabolic pathway (ko:01100) was most
enriched, while carbon metabolism (ko:01200), fatty acid
metabolism (ko:01212), glycerolipid metabolism (ko:00561),
glycerophospholipid metabolism (ko:00564), glycolysis/glu-
coneogenesis (ko:00010), and citrate cycle (ko:00020) were
also significantly enriched. All genes involved in the enriched
pathways were upregulated in winter (Table S5). These results
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Figure.4 Scatterplot of

Fat (Summer) vs Fat (Winter)

enriched KEGG pathways for
DEGs between the summer and Valine, leucine and isoleucine degradation -
winter samples in sables. The Starch and sucrose metabolism
x-axis corresponds to the rich .
factor (the ratio of the DEG Pyruvate metabolism - ‘
number to the total gene number Propanoate metabolism -
in the pathway), and the y-axis ) .
shows the enciched KEGG Parkinson s disease - °
pathways. The dot size and Oxidative phosphorylation - . g-value
color represent the gene number 1.00
and the range of the g-value Non-alcoholic fatty liver disease (NAFLD) 4« .
: s 0.75
respectively Metabolic pathways - @
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Discussion have undergone adaptive evolution, we initially compared

Researchers have applied comparative genomic analyses
to study the genetic bases underlying distinct adaptations
in many species (Miller et al. 2012; Welch et al. 2014;
Zhou et al. 2014). Although exploration of the molecular
mechanisms underlying cold adaptation has been initiated
in humans (Sazzini et al. 2014), polar bear (Liu et al. 2014),
arctic fox (Kumar et al. 2015), Yakutian horses (Librado
et al. 2015), and woolly mammoth (Schuster 2015), the
adaptation mechanisms of sables have received little atten-
tion. The optimum temperature of the sable ranges from 5 to
10 °C in summer, and —25 to 10 °C in winter (Bakeyev et al.
2003). A lustrous and silky pelage is important for sables’
survival in cold environments. However, the subcutaneous
fat of sables may not provide adequate thermal insulation
with a low amount of body fat (Mustonen et al. 2006), so it
may face more energetic challenges than most other carni-
vores. The evolution of mammals has been associated with
the evolution and metabolism of adipose tissue, which ena-
bles survival in cold climates (MacDougald and Lane 1995).
Therefore, we propose that lipid metabolism has been an
important component of the sable’s adaptation to cold envi-
ronments. To determine if lipid metabolism-related genes

patterns of selection evolution across 81 genes involved in
lipid metabolism among sables and closely related carni-
vores. Selection analysis provided significant evidence for
positive selection at 20 of 81 (24.7%) lipid metabolism-
related genes in the carnivore lineage, including ABHDS,
DGKE, GPAM, GPAT2, GPAT4, PLCB4, PLCD4, PLINS,
PPARD, SLC27A1, SLC27A2, SREBFI, ABCGS5, ABCGS,
ACSS1, AGPAT2, APOB, DGAT1I, PNLIP, and PNLIPRP?2.
The most powerful signal of positive selection came from
APOB, with 15 codons that were determined as robust can-
didate sites that underwent positive selection. APOB, coding
a large amphipathic glycoprotein, has been verified to play
an essential role in human lipoprotein metabolism (Whitfield
et al. 2004). The APOB protein promotes the transport of fat
in lymph and blood plasma and combines with low-density
lipoproteins (LDL), accelerating the movement of choles-
terol into cells (Benn 2009). We also found evidence of
positive selection acting on lipid metabolism-related genes
in diverse carnivore species. This implied broad adaptation
of lipid metabolism in carnivores. Our analyses provide
evidence that several lipid metabolism-related genes have
undergone adaptive evolution in carnivores. Free-model tests
identified different positive selection signals in divergent
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carnivore lineages. These may be the principal driving force
for the evolution of lipid metabolism-related genes to evolve,
enhancing fat storage and digestion in carnivores. This result
is not unexpected but indicates positive selection may be
a major force in the evolution of lipid metabolism-related
genes with respect to different functional dietary habits of
carnivore species during evolution.

Branch and branch-site model analyses comparing the
evolutionary rates of lipid metabolism-related genes in
sables and other carnivores, suggested that PNLIP and
ACSS2 have undergone significant positive selection in
sables. PNLIP, a pancreatic triglyceride lipase (PTL) encod-
ing gene, plays an essential role in dietary lipid absorption
by hydrolyzing triglycerides into diglycerides and then into
monoglycerides and free fatty acids (Mun et al. 2007). The
absence of PTL can reduce absorbance of dietary lipids by
50-60% (Ghishan et al. 1984). PNLIP has also suffered spe-
cific amino acid changes in mammoths. These might have
played essential roles in adapting woolly mammoths to the
cold arctic climate (Schuster 2015). The positive selection
at PNLIP might have a positive impact on the sable’s lipid
absorption and digestion capacity, which satisfy its high
energy demands in cold environments. ACSS2 encodes
a cytosolic enzyme, which plays an essential role in syn-
thesizing acetyl-CoA from acetate for lipid synthesis and
energy generation (Xu et al. 2018). Acetyl-CoA is an essen-
tial intermediate of carbon sou that fuels ATP production
through the TCA cycle and acts as an crucial component
for the synthesis of sterols and fatty acids (Comerford et al.
2014). ACSS2 plays a potential role in the hypoxic adapta-
tion of high-altitude cattle breeds (Zhao et al. 2021). Amino
acid changes in the ACSS2 of woolly mammoths have also
been documented (Schuster 2015). We suspected that the
positive selected signals at ACSS2 in sables might contrib-
ute to their cold adaptation and energy storage lipogenesis
during periods of food scarcity. The evolutionary rate of
GOT2 in sables was about three times greater than other
carnivore relatives, suggesting an accelerating evolution and
a more obvious selective relaxation. GOT2 encodes gluta-
mate oxaloacetate transaminase 2, a mitochondrial enzyme
oxidizing glutamate to generate a-ketoglutarate in tandem
and giving rise to the generation of ATP through the Krebs
cycle (Honorat et al. 2017). The absence of functional GOT2
is probably fatal, as the GOT2 knock-out mouse is an embry-
onic lethal (Borst 2020). GOT2 enzyme, a member of the
malate—aspartate shuttle, performs an essential function in
the intracellular NAD(H) redox balance during glycolysis
(Karnebeek et al. 2019). The relaxation of selective pressure
in sables at GOT2 implies that sables can obtain energy in
a shorter time by the metabolism of lipids or amino acids
and increase their cold adaptation. We also detected that
the evolutionary rates of DGKQ, GPAT4, PLCB3, PLCD4,
AGPAT2, and PNLIPRP? in sables were low compared with
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the background, suggesting that sables had suffered substan-
tial selective pressure constraints at these genes associated
with lipid metabolism. These results indicate that the candi-
date genes above had likely experienced particularly strong
selective pressure related to the higher energetic demands of
living in a cold environment.

Adipose is an endocrine and metabolic tissue that plays
roles in fatty acid synthesis, fat storage, and maintenance
of metabolic homeostasis. It participates in circulating free
fatty acid and organizing lipid metabolism (O"Hea and
Leveille, 1969). RNA-seq, a high-throughput sequencing
innovation, is an effective way of obtaining transcriptome
information to study gene expression (Marguerat and Bahler
2010). However, previous adipose tissue transcriptome stud-
ies have focused on human food animals, such as chickens
(Resnyk et al. 2015), sheep (Yuan et al. 2019), cattle (Song
et al. 2019), and pigs (Tao et al. 2017). In the present study,
we applied high-throughput sequencing to characterize
transcriptomic profiles differences of the adipose tissue in
sables between two seasons and further analyzed how the
transcriptome has coped with the cold environment. It is
possible that the adipose tissue of the sable is better able to
produce heat by enhancing its metabolic level in winter to
resist cold. To obtain a better understanding of the molecu-
lar mechanism behind the seasonal differences of the adi-
pose tissue transcriptomes in sables, we acquired 8.38G and
7.96G clean reads of summer and winter samples, respec-
tively. Transcriptome analyses of sable adipose tissue from
different seasons showed that many DEGs are involved in
metabolism. A total of 3,552 DEGs were detected, of which
2149 were upregulated and 1,403 downregulated in the sum-
mer sample. We annotated the functions of these DEGs and
found that the highly expressed genes were mainly involved
in the Go term “lipid metabolic process,” “glucose metabolic
process,” “lipid binding,” which are metabolic requirements
of adaptation to cold weather. These DEGs may contrib-
ute to the adaptation of sables to cold winter conditions by
adjusting the gene expression levels. Transcriptome analy-
sis of summer and winter sables allowed the recognition
of DEGs and contributed to a better understanding of what
metabolic changes emerged in the adipose tissue of the
sables adapting to a different climate. Enhancement of the
metabolic level resulting from differentially expressed genes
of adipose tissue in the sable might contribute to the increase
in thermogenesis in the sable to prevent hypothermia during
cold conditions. These results indicate that expression-level
changes in genes associated with metabolic heat production
contributed to cold adaption in sables.

In summary, we studied the molecular basis of the cold
adaptation of sables by analysis of the adaptive evolution
of genes involved in lipid metabolism pathways. We also
compared the DEGs of sable adipose tissue between sum-
mer and winter. We found that PNLIP and ACSS2 underwent
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strong positive selection and GOT2 underwent rapid evolu-
tion in the sable lineage. The characterization of the adaptive
evolution of lipid metabolism genes and the transcriptome
profiles of adipose tissue from two seasons in sables reveal
the low body fat mechanism and cold environment adapta-
tions of sables. Based on genomic sequence analyses and
transcriptomic analyses, we found adaptive signatures that
reflect molecular adaptations associated with the cold-cli-
mate environment at the gene and transcriptional levels. In
summary, positive selection and transcriptomic analyses in
sables at the molecular level provided useful insights into
their genetic adaptation to cold climate. This information
enhances our understanding of the complex biological fea-
tures of cold adaptation in sables.
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