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DNA methylation modification can regulate gene expression without changing

the genome sequence, which helps organisms to rapidly adapt to new

environments. However, few studies have been reported in non-model

mammals. Giant panda (Ailuropoda melanoleuca) is a flagship species for

global biodiversity conservation. Wildness and reintroduction of giant pandas

are the important content of giant pandas’ protection. However, it is unclear

how wildness training affects the epigenetics of giant pandas, and we lack the

means to assess the adaptive capacity of wildness training giant pandas. We

comparatively analyzed genome-level methylation differences in captive giant

pandas with and without wildness training to determine whether methylation

modification played a role in the adaptive response of wildness training pandas.

The whole genome DNAmethylation sequencing results showed that genomic

cytosinemethylation ratio of all samples was 5.35%–5.49%, and themethylation

ratio of the CpG site was the highest. Differential methylation analysis identified

544 differentially methylated genes (DMGs). The results of KEGG pathway

enrichment of DMGs showed that VAV3, PLCG2, TEC and PTPRC

participated in multiple immune-related pathways, and may participate in

the immune response of wildness training giant pandas by regulating

adaptive immune cells. A large number of DMGs enriched in GO terms may

also be related to the regulation of immune activation during wildness training

of giant pandas. Promoter differentially methylation analysis identified

1,199 genes with differential methylation at promoter regions. Genes with

low methylation level at promoter regions and high expression such as,

CCL5, P2Y13, GZMA, ANP32A, VWF, MYOZ1, NME7, MRPS31 and TPM1 were

important in environmental adaptation for wildness training giant pandas. The

methylation and expression patterns of these genes indicated that wildness

training giant pandas have strong immunity, blood coagulation, athletic abilities

and disease resistance. The adaptive response of giant pandas undergoing
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wildness training may be regulated by their negatively related promoter

methylation. We are the first to describe the DNA methylation profile of

giant panda blood tissue and our results indicated methylation modification

is involved in the adaptation of captive giant pandas when undergoing wildness

training. Our study also provided potential monitoring indicators for the

successful reintroduction of valuable and threatened animals to the wild.

KEYWORDS

giant panda, wildness training, whole genome bisulfite sequencing, adaptive response,
immunity

1 Introduction

External factor changes leads to epigenetic modification of

organisms, and this will mediate the interaction between the

environment and genes, which is conducive to the adaptation

of organisms to a new environment (Tammen et al., 2013).

DNA methylation can regulate gene expression without

changing the genome (Goldberg et al., 2007). It is the most

important epigenetic modification of organisms, and it plays

an important role in the rapid environmental adaptation of

organisms (Waterland, 2006; Anderson et al., 2012; Liu, 2013;

Huang et al., 2017; Thiebaut et al., 2019). For example,

methylation modification can affect the phenotypic

variation of worker bees and the cold stress and heat

response of fish, thereby increasing population adaptability

(Shi et al., 2011; Han et al., 2016; Anastasiadi et al., 2017).

Marbled Crayfish, Anolis Lizards, and other species can

rapidly respond to acute environmental changes through

DNA methylation modifications (Huang et al., 2017; Hu

et al., 2019; Tönges et al., 2021). Prenatal exposures to air

pollutants in the first trimester could influence placental

adaptation by DNA methylation (Maghbooli et al., 2018).

DNA methylation has also an important role in the

response of three-spined stickleback fish to parasitic

infection (Sagonas et al., 2020). Despite the certain

understanding of the methylation patterns in the above

animals, there is a paucity of studies on methylation

modifications in non-model mammals, such as giant pandas.

The giant panda is the “national treasure” of China, a first-

grade state protected animal and IUCN Vulnerable Animal with

a global reputation. The giant panda is seriously threatened due

to habitat fragmentation, human population growth and climate

change. Recent conservation efforts in China have focused on

minimizing threats and thus there have been moderate

improvements in the wild giant panda population, which has

been alongside a successful captive breeding program to ensure a

reserve genetically diverse population (Wei et al., 2015; Xiaoping

et al., 2015; Martin-Wintle et al., 2019). However, several of the

33 local wild giant panda populations are significantly threatened

with extinction and conservation efforts have been unsuccessful

(State Forestry Administration, 2015). Wildness and

reintroduction of giant pandas are the important content of

giant panda conservation at present and in the future (Zhang

et al., 2006). The captive and wild environments significantly

differ. The living conditions of captive giant pandas are small,

confined, their diet is closely monitored and the pens are

disinfected, but they are safe from threats, have few stressors

and live longer than wild conspecifics. Wild giant pandas can

move relatively freely in their diverse habitat and their diet can be

varied, yet they are not protected from threats and thus they

generally have increased stressors and injuries and shortened

lifespans. Consequently, it is often difficult for released

individuals to adapt to the wild environment, causing

reintroduction efforts to fail (Allard et al., 2019). The released

individuals must gradually establish an adaptive mechanism to

cope with changes from captivity to the wild. Therefore, it is

necessary to conduct wildness training for giant pandas to

improve their ability to adapt to the wild before they are

finally released. However, it is unclear how wildness training

affects the epigenetics of giant pandas, and we lack the means to

assess the effectiveness of wildlife training in giant pandas.

DNA methylation is the most important epigenetic

modification in organisms, and changes in it often lead to

alterations in gene expression. In addition, combined analysis

of DNA methylation and gene expression has been extensively

used to provide an in-depth understanding of growth and

development, disease occurrence, and environmental

adaptation processes (Shi et al., 2020). Therefore, the study of

DNA methylation before and after wildlife training of giant

pandas can be helpful in providing some insights into the

establishment of indicators for assessing the effectiveness of

wildlife training of giant pandas. Bisulfite sequencing can

obtain biological single-base-resolution DNA methylation

profiles, and is currently the most accurate and efficient

method for depicting genome-wide DNA methylation profiles.

In this study, Whole Genome Bisulfite Sequencing (WGBS) was

used to analyze genomic methylation differences between captive

giant pandas with (“wildness training” group) and without

(“captive” group) wildness training to understand the

characteristics of DNA methylation modifications from their

wild training. We also aimed to clarify the regulatory role of

DNA methylation modifications in the environmental

adaptation of giant pandas in combination with

transcriptome data.
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2 Materials and methods

2.1 Collection and processing of blood
samples from giant pandas

Giant panda blood samples were provided by Chengdu

Research Base of Giant Panda Breeding in Chengdu and

China Research and Conservation Center for the Giant

Panda at Dujiangyan, Sichuan Province, China, and were

collected by veterinarians during routine examinations of

giant pandas (Supplementary Table S1). The sample

collection was approved by the ethics committee of the

College of Life Sciences, Sichuan University (Grant No:

20190506001), and the experimental procedures were in

accordance with Chinese regulations on animal welfare

and related laws. Six WGBS samples and twelve

transcriptome sequencing (RNA-seq) samples were

obtained from fifteen giant pandas (seven in the wild

training group and eight in the captive group). Twelve

RNA-seq samples have been described in our previous

study (Yang et al., 2022).

2.2 Library preparation and sequencing

Library preparation, sequencing and data analysis of RNA-

seq samples have been described in our previous study (Yang

et al., 2022). All RNA-seq data have been submitted to NCBI

Sequence Read Archive with BioProject numbers

PRJNA878951.

The library preparation and sequencing process for WGBS

samples is as follows. The DNeasy Blood & Tissue Kit

(TIANGEN, Beijing, China) was used to extract genomic

DNA from giant panda blood tissues according to the

instructions. After checking the DNA purity and

concentration, WGBS was performed. The sequencing was

performed by Novogene Bioinformatics Institute (Beijing,

China) for PE150 sequencing. The sequencing platform was

Illumina NovaSeq 6000 (Illumina, Inc., San Diego, CA,

United States). We used EZ DNA Methylation-GOLDTM Kit

(ZYMO-RESEARCH, CA, United States) for bisulfite conversion

of whole genome DNA. In this process, bisulfite converted the

cytosine in the DNA sequence into uracil, while methylated

cytosine was not affected. After base conversion, PCR

amplification was performed to obtain the final DNA

methylation sequencing library. In this step, due to PCR

amplification, uracil continued to be converted to thymine,

thereby completing the conversion process. After the library

was constructed, Qubit 2.0, Agilent 2100 and quantitative

PCR were used to perform accurate quantification and

integrity detection of the constructed library. After the library

was qualified, the Illumina NovaSeq sequencing was performed

to obtain the sequence information for the subsequent analysis.

All WGBS data have been submitted to NCBI Sequence Read

Archive with BioProject numbers PRJNA857106.

2.3 WGBS sequencing data analysis

Clean reads of WGBS sequencing data were applied to the

reference genome of the giant panda with Bismark software

(Krueger and Andrews, 2011) (version 0.22.3). The reference

genome and annotation files were downloaded from the

Ensembl database (http://asia.ensembl.org/index.html). In

the process of methylation sequencing, the C base

(unmethylated) is converted to T base due to the treatment

of bisulfite. Therefore, in the process of using Bismark

software for comparison, it was also necessary to convert all

C bases of reads to T bases (the positive chain was converted

from C bases to T bases, and the reverse chain was converted

from G bases to A bases), and then we judged whether the

position had undergone methylation modification according

to the comparison result. We used the bismark_genome_

preparation function to construct the index after

transforming the same reference genome, and then we

called bowtie2 to compare the reads to the reference

genome. The comparison parameters were set to: N 1 -L

20 --score_min L, 0,-0.2 --bowtie2.

2.4 Methylation site extraction

Since repetitive sequences were generated during the PCR

amplification process, the data was deduplicated before the

methylation sites extracted. We used the deduplicate_bismark

function of Bismark software to delete the duplicate data. After

deduplication, we used the bismark_methylation_extractor

function of Bismark software to extract methylation sites.

Bismark extraction results contained the methylation site

information in three sequence environments. After

subsequently counting the cytosine methylation sites, we

mainly focused on the methylation sites in the CG sequence

environment.

2.5 Differential methylation analysis

The DSS software package (Feng et al., 2014) (version

2.34.0) in R software (version 3.6.1) was used to extract

differentially methylated regions (DMRs). DMRs refer to

the methylation level of genomic regions with statistically

significant differences between the wildness training group

and the captive group. DSS calculated the average methylation

level and dispersion degree of all CpG sites, and performed the

Wald test to find DMRs based on the β-negative binomial

distribution model. We set the parameters of DSS to:
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p. threshold = 0.05, delta = 0.1, smoothing = TRUE, and other

parameters were set as default. We used the findOverlaps

function of the GenomicRanges software package (Lawrence

et al., 2013) (version 1.38.0) in the R software to annotate the

obtained DMRs. DMRs were annotated to the part of genes

ranging from 1 kb upstream of the TSS to 1 kb downstream of

the TTS were define as DMGs.

2.6 GO and KEGG enrichment analysis of
DMGs

GO and KEGG enrichment analyses were performed using

g:Profiler (http://biit.cs.ut.ee/gprofiler/gost) and KOBAS

(http://kobas.cbi.pku.edu.cn/kobas3) online software,

respectively. The giant panda genome was selected as the

background gene set. Pathways with more than two

enriched genes and p less than 0.05 were identified as

significantly enriched pathways.

2.7 Differentially methylated promoter
identification

A promoter is an important sequence that can regulate

gene expression, and the methylation modification of the

promoter usually leads to gene transcription silencing,

thereby negatively regulating gene expression (Deaton and

Bird, 2011; Moore et al., 2013). We calculated the promoter

methylation levels of all genes in six samples (only analyzed

the methylation levels in the CG sequence environment) to

determine whether there was a difference in the methylation

modification of the promoter region between the wildness

training and captive groups. Among them, we defined the 1 kb

range upstream of the TSS as the promoter region of the gene,

and it needed to contain more than two methylation sites. The

Wilcoxon rank sum test of one-tailed was used, and the

significance threshold was set to 0.05.

2.8 Correlation analysis of differentially
methylated promoter and gene
expression

After identifying a set of genes undergoing methylation

changes in promoter region between the wildness training and

captive groups, we combined RNA-seq data from wildness

training and captive pandas to assess the associated changes

in gene expression and promoter methylation levels (Yang et al.,

2022). We investigated the correlation between changes in

methylation levels of promoter region and gene expression

levels by Spearman rank correlation analysis with a two-tailed

t-test.

3 Results

3.1 Whole genome methylation
sequencing

Whole genome methylation sequencing obtained 349.72G

WGBS data in the wildness training group and 369.86G in the

captive group. The bisulfite conversion rate (the ratio of bisulfite

converting C bases to T bases) of all samples was greater than

99%. After removing the adapters and low-quality sequences, the

remaining clean reads was: wildness training group 341.74G,

captive group 358.02G (Table 1).

3.2 Distribution and statistics of cytosine
methylation

By comparing the methylation data of six giant panda blood

samples with the reference genome, about 60%–70% of clean

reads were mapped to the giant panda reference genome

(Table 1), and the data matching rate is relatively high (Ren

et al., 2019). After comparing the results and extracting the

statistics of methylation site information, we found that the

total cytosine methylation ratio of all samples was between

5.35% and 5.49%. Consistent with other organisms, DNA

cytosine methylation was present in three sequence

environments: CG, CHG and CHH. Among the three

sequence environments, the methylation ratio of the CG

sequence was the highest, and the methylation ratios of the

CHG and CHH sequences were far less than the CG sequence

(Table 2, Figure 1). This suggests that the DNA methylation of

giant panda occurs mainly at CpG dinucleotides, consistent with

the methylation pattern of the mammalian C site (Head, 2014).

Therefore, the subsequent analysis was performed mainly for the

methylation sites in the CG sequence environment.

3.3 Screening and identification of DMGs

Differential methylation analysis was performed using the

DSS software package between the wild training group and the

captive group, followed by extraction of differentially methylated

regions. A total of 3,004 DMRs in the CG sequence environment

were identified (Supplementsary Table S2). The length

distribution ranged from 51bp to 2,433bp, with most being

between 51 and 500bp, and the number of DMRs above

1,000bp was relatively small (Figure 2). Then, 3,004 DMRs

were annotated to the giant panda reference genome using

GenomicRanges software package. It was found that there

were 34 promoters, 50 exons and 550 introns overlapping

with DMRs (Supplementary Table S3). During the annotation

process, we obtained 544 DMRs-related DMGs which included

21 genes related to the immune system, 12 genes related to
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carbohydrate metabolism, 10 genes related to lipid metabolism,

15 genes related to amino acid metabolism, 33 genes related to

the metabolism of other substances, 28 genes involved in genetic

information processes such as transcription, translation,

replication and repair, 83 genes involved in environmental

information processes such as membrane transport, signal

transduction, signaling molecules and interaction, and

37 genes involved in cellular processes (Figure 3).

3.4 GO functional enrichment analysis of
DMGs

We performed GO function enrichment analysis on DMGs

with a significance threshold set at 0.05. DMGs were

significantly enriched in 75 GO entries, including 31 cell

component (CC) entries and 44 molecular function (MF)

entries (Supplementary Table S4 and Figure 4). The entries

that are enriched in the cell component mainly included

presynaptic membrane (GO:0042734), postsynaptic

membrane (GO:0045211), postsynaptic density membrane

(GO:0098839), synapse components such as postsynaptic

specialization membrane (GO:0099634), and plasma

membrane (GO:0005886), exocyst (GO:0000145), ion

channel complex (GO: 0034702) and other components.

The entries that are significantly enriched in molecular

function mainly include ATP binding (GO:0005524), NAD

+ kinase activity (GO:0003951) and other energy utilization

related entries, as well as diacylglycerol kinase activity (GO:

0004143), phosphate hydrolase activity (GO:0042578),

carbohydrate derivative binding (GO: 0097367) and other

metabolism-related entries.

TABLE 1 The methylation sequencing quality and genome coverage of WGBS samples in this study.

Sample ID Sex Group Raw base(G) Clean base(G) BS Conversion
Rate (%)

Mapping Rate
(%)

QX Female Wildness training 120.8 119.72 99.21 72.20

XHT Female Wildness training 117.26 116.00 99.14 71.70

RR Male Wildness training 111.66 106.02 99.11 66.95

PQ Female Captive 123.34 121.42 99.27 73.70

LL Female Captive 123.16 120.78 99.28 72.80

QL Male Captive 123.36 115.82 99.14 59.67

TABLE 2 Ratio statistics of genome cytosine methylation.

Sample Qx Xht RR PQ LL QL

Methylated C sites 667687248 687588186 594658757 671660061 650231100 582135310

Un-methylated C sites 11700079887 11846212052 10516549807 11757370201 11423526334 10126339596

Total C sites 12367767135 12533800238 11111208564 12429030262 12073757434 10708474906

Methylation ratio of C site 5.40% 5.49% 5.35% 5.40% 5.39% 5.44%

Methylated C sites in CG sequence 567751324 578483523 495273204 575718815 557911216 489209942

Un-methylated C sites in CG sequence 134356783 142470661 129100238 141419196 128842436 115048656

Total C sites in CG sequence 702108107 720954184 624373442 717138011 686753652 604258598

Methylation ratio of C site in CG sequence 80.86% 80.24% 79.32% 80.28% 81.24% 80.96%

Methylated C sites in CHG sequence 23148873 25521700 22715735 22043857 21004923 21299853

Un-methylated C sites in CHG sequence 2590704419 2644643902 2332157801 2625110648 2539644080 2260233698

Total C sites in CHG sequence 2613853292 2670165602 2354873536 2647154505 2560649003 2281533551

Methylation ratio of C site in CHG sequence 0.89% 0.96% 0.96% 0.83% 0.82% 0.93%

Methylated C sites in CHH sequence 76787051 83582963 76669818 73897389 71314961 71625515

Un-methylated C sites in CHH sequence 8975018685 9059097489 8055291768 8990840357 8755039818 7751057242

Total C sites in CHH sequence 9051805736 9142680452 8131961586 9064737746 8826354779 7822682757

Methylation ratio of C site in CHH sequence 0.85% 0.91% 0.94% 0.82% 0.81% 0.92%

Methylation ratio (%) = the number of methylation C sites in specific sequence environment/the total number of C sites * 100% 2 H represents A base or T base or C base
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3.5 KEGG pathway enrichment analysis of
DMGs

KEGG pathway enrichment analysis was performed with p

value less than 0.05 as the statistical threshold, DMGs were

enriched in a total of 243 pathways (Supplementary Table S5).

Twelve of these pathways were significantly enriched, mainly

including signaling pathways such as Phosphatidylinositol

signaling system (aml04070), Hedgehog signaling pathway

(aml04340); and metabolic pathways such as N-Glycan

biosynthesis (aml00510), Purine metabolism (aml00230)

(Figure 5). In the KEGG enrichment results, we also found

some immune-related pathways, such as FcγR-mediated

phagocytosis (aml04666), C-type lectin receptor signaling

(aml04625), natural killer Mediated cytotoxicity (aml04650),

chemokine signaling pathway (aml04062), Th17 cell

differentiation (aml04659), Th1 and Th2 cell differentiation

(aml04658) and so on. Immune-related DMGs VAV3,

PLCG2, TEC, and PTPRC participated in multiple immune

pathways. The DMGs involved in immune pathways and are

shown in Table 3.

3.6 Differentially methylated promoter
analysis and the correlation analysis of
differentially methylated promoter and
gene expression

Promoter plays a key role in gene expression regulation

(Deaton and Bird, 2011; Moore et al., 2013). We analyzed the

promoter methylation levels of all genes between the two

groups of giant pandas to understand whether there were

differences in promoter methylation levels between wildness

training giant pandas and captive giant pandas. With a p-value

of 0.05 as the statistical threshold, a total of 1,199 differentially

methylated promoters were identified. There were 325 hyper-

methylated promoter genes and 874 hypo-methylated

promoter genes in wildness training giant pandas compared

to captive giant pandas. Among the differentially methylated

promoters mentioned above, 65 genes were associated with the

immune system, 29 genes with carbohydrate metabolism,

27 genes with lipid metabolism, 24 genes with amino

acid metabolism, 61 genes with the metabolism of

other substances, 80 genes involved in transcription,

translation, replication and repair and other genetic

information processes, 188 genes are involved in

environmental information processes such as membrane

transport, signal transduction, signaling molecules and

interaction, and 100 genes are involved in cellular processes

(Figure 6).

Since DNA methylation modifications in the promoter

regions usually negatively regulate gene expression, we

concentrate on genes with negative correlations between

changes in methylation levels of promoter region and gene

expression levels. We combined the promoter differential

methylation data of 1,199 differentially methylated promoters

with their transcriptome data. By calculating the Pearson

correlation coefficient, we found a significant negative

correlation between DNA methylation levels in promoters and

gene expression levels (r = -0.05001, p < 0.05) (Figure 7). We

found that there was an overlap between differentially

methylated promoters and transcriptome differentially

expressed genes (DEGs), and we extracted these genes. The

hypo promoter methylation with up-regulated gene: CCL5,

ANP32A, MYOZ1, P2Y13, NME7, MRPS31, VWF, TPM1,

PRKRIP1, GZMA.

FIGURE 1
Frequency statistics of three sequence environments
methylated cytosine. Different color of the bar represents the
sequence environment of methylated cytosine.

FIGURE 2
Distribution of DMRs in wildness training giant pandas
compared with captive giant pandas. X axis indicates the counts of
DMRs.
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FIGURE 3
A bar plot of the functional annotation results of DMGs. The X-axis represents the biological process on the annotation. The Y-axis represents
the number of DMGs for a biological process on the annotation. We extracted only the immune system, carbohydratemetabolism, lipid metabolism,
amino acid metabolism, metabolism of other substances, genetic information processes, environmental information processes and cellular
processes for our presentations.

FIGURE 4
GO enrichment results of DMGs. Orange entries belong to molecular function, blue entries belong to cellular component. X axis indicates the
number of genes involved in the GO enriched items, Y axis indicates the name of the item.
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4 Discussion

Although epigenetic modification does not affect the

change of a genome sequence, it can cause differences in

phenotypes of organisms (D’Urso and Brickner, 2014).

Increasing evidences suggest that DNA methylation is

stable and heritable for the regulation of many life

activities, such as the adaptation of organisms to their

environment and the immune response of organisms

(Huang et al., 2017; Rodriguez et al., 2017). Therefore, the

construction of a genome-wide methylation map of giant

panda can help to elucidate the methylation regulatory

information of some important biological processes.

For the first time, we studied the differences in methylation

of captive giant pandas with wildness training and without.

The promoter is the core regulatory region for gene

expression, and the methylation modification of the

promoter region usually inhibits gene expression (Moore

et al., 2013). We identified 1,199 differentially methylated

promoters in differentially methylated promoter analysis.

We found that CCL5, P2Y13, GZMA, ANP32A, VWF,

MYOZ1, NME7, MRPS31, TPM1 and PRKRIP1 were up-

regulated by hypomethylation of the promoter and these

may play an important role in the environmental

adaptation of giant pandas during wildness training. CCL5

is an important immune-related gene and was one of the

potential immunoassay markers in transcriptome analysis. It

was also found in the DNA methylation expression patterns of

peripheral monocytes of eight obese children with asthma and

that the decrease in promoter methylation of CCL5 was related

to the occurrence of non-specific inflammation (Rastogi et al.,

2013). CCL5 plays an important role in innate immunity. Up-

regulation of CCL5 may help to enhance the innate immunity

of giant pandas, which is important in the immune adaptation

of pandas when undergoing wildness training. P2Y receptors

are G protein-coupled receptors that act on purine and

pyrimidine nucleotides. P2Y13’s endogenous ligand is ADP,

and can be upregulated by type I interferon. Studies have

shown that the ADP-mediated P2Y12/P2Y13 signaling

pathway protects the host against bacterial infections

FIGURE 5
KEGG enrichment results of DMGs. X axis indicates the -log10(Padj) of KEGG enriched pathways, Y axis indicates the name of the pathway. The
size of the circle represents the number of genes, and the color of the circle represents the p-value significance.
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through ERK signaling (Zhang et al., 2018), and P2Y13 and its

ligand ADP can be released from infected cells as a signal

during viral infection, limiting replication of DNA and RNA

viruses (Zhang et al., 2019), having the potential as antiviral

targets. GZMA encodes granzyme A. Granzyme and perforin

can be released into the infected cells by natural killer cells and

cytotoxic T lymphocytes to make them lyse, thereby

eliminating pathogens when the body is infected (Dotiwala

et al., 2016). ANP32A, also known as pp32, participates in the

transcription of interferon-stimulated genes (ISG) induced by

type I interferon (IFN) and contributes to the antiviral activity

of cells (Kadota and Nagata, 2011). The up-regulation of these

genes will help wildness training giant pandas to resist

pathogen invasion, eliminate pathogen infection and

enhance innate immune function. VWF is mainly derived

from endothelial cells and is essential for the coagulation

process (Kanaji et al., 2012). The coagulation of blood

contributes to the healing of damaged wounds and is also

an important immune defense barrier for the body to resist

pathogen invasion in innate immunity (Esmon, 2004). The

specific expression pattern of VWF in the wildness training

giant panda may be caused by the increase in the probability of

body damage when the body was exposed to branches, rocks,

or even fighting with wild giant pandas or other animals in the

wild environment. It may be the adaptation change to protect

their health and stability. Myozenin (MYOZ1 and MYOZ3)

plays an important role in muscle fiber maturation. With the

progress of muscle regeneration, the expression of MYOZ1

gradually increases in mice (Yoshimoto et al., 2020). There

were no artificial feeding conditions during the wildness

training period, thus the training pandas needed to forage

and find suitable food on a larger scale. The scope of their

activities was significantly larger than captive giant pandas.

Therefore, the high expression of MYOZ1 assisted with

TABLE 3 Immune pathways and the enriched DMGs in KEGG pathway enrichment results.

Pathway Gene id Gene

Fc gamma R-mediated phagocytosis ENSAMEG00000014051 PLCG2

ENSAMEG00000001012 VAV3

ENSAMEG00000012707 PTPRC

C-type lectin receptor signaling pathway ENSAMEG00000011767 ITPR2

ENSAMEG00000014051 PLCG2

ENSAMEG00000003514 MAPK10

Leukocyte transendothelial migration ENSAMEG00000000703 CLDN1

ENSAMEG00000001012 VAV3

ENSAMEG00000014051 PLCG2

B cell receptor signaling pathway ENSAMEG00000001012 VAV3

ENSAMEG00000014051 PLCG2

Natural killer cell mediated cytotoxicity ENSAMEG00000001012 VAV3

ENSAMEG00000014051 PLCG2

T cell receptor signaling pathway ENSAMEG00000001012 VAV3

ENSAMEG00000003081 TEC

ENSAMEG00000012707 PTPRC

ENSAMEG00000003514 MAPK10

NOD-like receptor signaling pathway ENSAMEG00000011767 ITPR2

ENSAMEG00000012726 LOC100465205

ENSAMEG00000003514 MAPK10

Chemokine signaling pathway ENSAMEG00000001012 VAV3

ENSAMEG00000017944 GRK3

Th17 cell differentiation ENSAMEG00000002899 SMAD4

ENSAMEG00000003514 MAPK10

Cytosolic DNA-sensing pathway ENSAMEG00000016022 POLR3B

RIG-I-like receptor signaling pathway ENSAMEG00000003514 MAPK10

Th1 and Th2 cell differentiation ENSAMEG00000003514 MAPK10

Toll-like receptor signaling pathway ENSAMEG00000003514 MAPK10

IL-17 signaling pathway ENSAMEG00000003514 MAPK10

The italic values in Table refer to the gene symbols corresponding to the gene ID.
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increased exercise and ability to move through the wild habitat

of giant pandas during wildness training. The expression

trends of these genes indicated that giant pandas had

strong immunity, exercise and blood coagulation abilities

during wildness training. This may regulate the expression

of corresponding genes through their negatively related

promoter methylation to adapt to the wildness training

process. NME7 gene knockdown causes primary ciliary

dyskinesia (Šedová et al., 2021), MRPS31 gene deletion

causes mitochondrial deregulation and the aggression of

hepatocellular carcinoma (Min et al., 2021), and TPM1

gene knockdown causes early embryonic death (Ma et al.,

2021). The deletion or low expression of these genes above can

cause disease development. All of these genes show a trend of

low methylation and high expression during the wild training

of giant pandas, which may be an adaptive strategy taken by

giant pandas in the wild environment to counteract related

diseases.

In addition to genes with differential methylation at

promoter regions, we identified 544 DMGs from 1 kb

upstream of the TSS to 1 kb downstream of the TTS. We

conducted enrichment analysis of DMGs to better understand

the physiological functions of differentially methylated

modification. After GO functional enrichment, we found

several items related to metabolism and synthesis processes

such as ion channel activity and calcium ion binding. When

environmental conditions change dramatically, organisms will

develop a mechanism for selective accumulation and

utilization of metal ions by changing the content of metal

ions inside and outside the cell to adapt to the environment

(Zambelli et al., 2012). Intracellular calcium is an important

FIGURE 6
A bar plot of the functional annotation results of differentially methylated promoters. The X-axis represents the biological process on the
annotation. The Y-axis represents the number of DMGs for a biological process on the annotation. We extracted only the immune system,
carbohydrate metabolism, lipid metabolism, amino acid metabolism, metabolism of other substances, genetic information processes,
environmental information processes and cellular processes for our presentations.

FIGURE 7
Conjoint analysis of promoter methylation level and gene
expression level. Each dot represents a gene, red indicates that the
promoter methylation level is negatively correlated with gene
expression level, and blue indicates that the promoter
methylation is positively correlated with gene expression level.
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factor related to immune response and gene transcription (Li

et al., 2013). For example, in immune cells, divalent cations

such as calcium ions act as second messengers to regulate

intracellular signaling pathways and immune responses (Feske

et al., 2015). Additionally, calcium ions activate TCR-induced

cell activation is also one of the keys to immune regulation.

Stronger conditions are conducive to Th1 differentiation,

while weaker Ca2+ signals are more biased towards Th2-

type immunity (Hasso-Agopsowicz et al., 2018). At the

same time, the calcium signal in lymphocytes regulate the

activation and inhibition of T cells and B cells, and cellular

immunity is mediated by cytotoxic T lymphocytes (Feske,

2007). Studies have shown that eukaryotic cells can sense

metal ions at the pre-transcriptional level (Zambelli et al.,

2012). Enrichment of a large number of DMGs into items such

as ion channel activity and calcium ion binding may be related

to the regulation of cellular immune activation during the

wildness training of giant pandas. In the DNA methylation

analysis of peripheral blood mononuclear cells of human

infants with BCG vaccination, it was found that different

DNA methylation patterns were also enriched in several

immune pathways that directly or indirectly affect the

immune response (Hasso-Agopsowicz et al., 2018). Similar

to our conclusions and in addition to immune pathways,

intracellular metabolism and synthesis process pathways

such as potassium and calcium channels, and G protein-

coupled receptors can drive vaccine-induced immune

responses (Hasso-Agopsowicz et al., 2018). The results of

KEGG pathway enrichment of DMGs demonstrated that

the significantly enriched pathways of DMGs were related

to synthesis and metabolism, such as glycan biosynthesis:

N-glycan biosynthesis. Glycans, glycan-binding proteins

and glycosylation play an important role in the body’s

recognition of pathogens and resistance to pathogenic

microorganisms from entering cells (Baum and Cobb,

2017). Wildness training giant pandas were exposed to

more inflammatory factors and pathogenic microorganisms

during the training process, and need activate stronger innate

immunity to resist the invasion of pathogens. The enrichment

of DMGs into the glycan synthesis pathway may be related to

the regulation of pathogen recognition. At the same time,

immune-related DMGs, such as VAV3, PLCG2, TEC and

PTPRC participated in multiple immune pathways (Miller

and Berg, 2002; Tybulewicz, 2005; Saunders et al., 2014;

Magno et al., 2019). Most of these genes act on adaptive

immunity and are involved in the development and

activation of T cells, which may be related to the stronger

cellular immunity of the wildness training pandas mentioned

in transcriptome analysis.

In summary, we found that a large number of key genes

involved in adaptive immunity and immune activation were

significantly differentially methylated after wild training in giant

pandas, which may play an important role in the wild adaptation of

giant pandas. Moreover, the expression of CCL5, P2Y13, GZMA,

ANP32A, VWF, MYOZ1, NME7, MRPS31 and TPM1 genes could

be promoted by hypomethylation of their promoter regions during

wild training, which in turn could enhance the immunity,

hemagglutination, motility and disease resistance of wild training

giant pandas. We are the first to describe the DNA methylation

profile of giant panda blood tissue and our results indicated

methylation modification is involved in the adaptation of captive

giant pandas when undergoing wildness training. Our study also

provided potential monitoring indicators for the successful

reintroduction of valuable and threatened animals to the wild.
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