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Abstract 

Background: SCNT (somatic cell nuclear transfer) is of great significance to biological research and also to the 
livestock breeding. However, the survival rate of the SCNT cloned animals is relatively low compared to other trans-
genic methods. This indicates the potential epigenetic variations between them. DNA methylation is a key marker of 
mammalian epigenetics and its alterations will lead to phenotypic differences. In this study, ASMT (acetylserotonin-O-
methyltransferase) ovarian overexpression transgenic goat was produced by using SCNT. To investigate whether there 
are epigenetic differences between cloned and WT (wild type) goats, WGBS (whole-genome bisulfite sequencing) 
was used to measure the whole-genome methylation of these animals.

Results: It is observed that the different mCpG sites are mainly present in the intergenic and intronic regions 
between cloned and WT animals, and their CG-type methylation sites are strongly correlated. DMR (differentially 
methylated region) lengths are located around 1000 bp, mainly distributed in the exonic, intergenic and intronic 
functional domains. A total of 56 and 36 DMGs (differentially methylated genes) were identified by GO and KEGG 
databases, respectively. Functional annotation showed that DMGs were enriched in biological-process, cellular-
component, molecular-function and other signaling pathways. A total of 10 identical genes related to growth and 
development were identified in GO and KEGG databases.

Conclusion: The differences in methylation genes among the tested animals have been identified. A total of 10 
DMGs associated with growth and development were identified between cloned and WT animals. The results indicate 
that the differential patterns of DNA methylation between the cloned and WT goats are probably caused by the SCNT. 
These novel observations will help us to further identify the unveiled mechanisms of somatic cell cloning technology, 
particularly in goats.
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Introduction
Sheep is one of the most important commercial livestock 
among others. Currently, it also serves as a biomedi-
cal animal model to produce antibodies and other bio-
substances which are beneficial for human health [1]. In 
addition, sheep is also used as the pathological models 
to mimic the rare human diseases. For example, the Cln6 
sheep model is used to simulate the human Batten dis-
ease [2]. Currently, much attention has been given to the 
genomics of this species with the advance of the meth-
odologies [3]. Gene editing can be used to edit sheep 
genome to improve their traits and production perfor-
mance [4]. Since the birth of Dolly, the SCNT technology 
has been continuously optimized and has been applied 
to different fields including the medicine and agricul-
ture [5]. For example, Deng et al. have successfully con-
structed a cloned sheep of TLR4 overexpression by using 
SCNT to create a novel disease-resistant animal model 
[6]. Tao et  al. have developed AANAT  (aralkylamine 
N-acetyltransferase) cloned goats with elevated endog-
enous melatonin level and anti-inflammatory capacity 
[7]. In 2018, the successful cloning of Macaca fascicula-
ris was a landmark achievement of SNCT technology in 
the clone of high rank of species including primates [8]. 
Although the application of SCNT technology has made 
great achievements as mentioned above, several short-
comings still need to be addressed. These include its 
relatively high cost and low success rate. Trauma during 
micromanipulation, inadequate reprogramming ability of 
oocytes, resistance to reprogramming of the used donor 
nuclei, and abnormalities caused by in  vitro culture of 
reconstructed SCNT embryos can all lead to cloning fail-
ure [9]. However, the main cause of low SCNT efficiency 
in mammals is an incomplete reprogramming of tran-
scriptional activity for donor cell-descended genes [10]. 
Incomplete or incorrect epigenetic reprogramming of 
epigenetic memory was found to be one of the main fac-
tors which decrease the efficiency of somatic cell cloning 
in goat [11]. The relatively low reprogramming efficiency 
of SCNT embryo often leads to the jeopardized fetal 
development and growth defects of the embryos [12]. 
Methods to improving the reprogramming efficiency 
of cloned embryos associated with SCNT have mainly 
focused on the drug intervention and genetic modifica-
tion, however, few breakthroughs have been achieved 
[13]. As the best knowledge of ours, the reprogramming 
efficiency of cloned embryos is mainly regulated by the 
epigenetics. DNA methylation is the most important 

epigenetic modification. Also, DNA methylation can 
alter the mammalian phenotype by targeting non-coding 
elements of introns and action of DNA proteins [14]. 
For example, DNA methylation regulates gene expres-
sion by recruiting proteins involved in gene suppression 
or by inhibiting the binding of transcription factors to 
DNA [15]. Thus, investigation of the alterations of DNA 
methylation is a key step to understand the epigenet-
ics of embryo development [16]. SCNT embryos need 
to be reprogrammed to restore totipotency. Abnormal 
DNA methylation reduces reprogramming efficiency and 
leads to gene expression errors [17]. Eliminating abnor-
mal DNA methylation can improve the development of 
embryos for somatic cell nuclear transfer and improve the 
cloning efficiency [18]. By use of the genome-wide meth-
ylation analysis, it is found that in the cloned or in vitro 
fertilization pig embryos, the abnormal reprogramming 
events are mainly due to insufficient DNA demethyla-
tion [19]. The methylation level and the expression of 
imprinted genes (IGF2R, PEG3, and ZFP64), and zygotic 
genes (DUXA, IGF2BP1, WT1, and ZIM3) are associ-
ated which suggests that DNA methylation is in the tight 
control of ZGA (zygotic genome activation) by regulat-
ing the expression of the critical genes [20]. In this study, 
we will generate the ASMT overexpressed dairy goats by 
using CRISPR/Cas9 at the FGF5 site. ASMT is the rate-
limiting enzyme of melatonin synthesis and its overex-
pression increases the endogenous melatonin production 
in goats [21]. The genome-wide methylation analysis will 
be performed to both the ASMT overexpressed and WT 
dairy goats. The purpose is to uncover the characteris-
tics of epigenetic differences caused by cloning technol-
ogy. The results will provide some insights for the cloning 
mechanisms.

Materials and methods
Animals
A total of 158 dairy goats were used in this study, includ-
ing 107 donors and 51 recipients. Donor and recipient 
dairy goats weighed 55–60 kg and were healthy without 
the reproductive disorders.

Expression vector construction of the ASMT gene
The eukaryotic expression vector of GDF9-ASMT 
was obtained from Dr. He Changjiu (Laboratory of 
Huazhong Agricultural University, Wuhan,  China) 
(Fig. S1). The vector sequence 5-HA was synthesized 
and 5′ (AatII) and 5’UTR (KpnI) and 3’UTR ([]) and 
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3′ (MluI) loci were added to both ends of the 5-HA 
sequence. 5-HA was cloned into vector GDF9-ASMT 
by 5′ AatII and 3′ MluI. The vector sequence 3-HA was 
synthesized and 5′ (PciI) and 5’UTR ([]) and 3’UTR 
(KpnI) and 3′ (PciI) loci were added to both ends of the 
5-HA sequence. 3-HA was cloned into vector 5-HA in 
GDF9-ASMT by 5′ PciI and 3′ PciI to construct vector 
3-HA-GDF9-ASMT-5-HA.

Donor cell preparation
Male primary fetal fibroblast cell lines of dairy goats 
(Capra aegagrus hircus) were selected for the studies. 
The cells with normal growth status were collected for 
electrotransformation. Cas9-sgRNA and 3-HA-GDF9-
ASMT-5-HA vectors were electrically transfected into 
cells using an electrotransferring apparatus (Nucleofec-
tor II, Lonza, Koln, Germany). Single cell sorting was 
performed on a BD ARIA3 cell sorter (Becton Dickinson, 
San Jose, CA, USA) 48 h after electrotransferring. Single 
cell clones with normal growth status were selected after 
about 2–3 weeks. One-third of the single-cell clones were 
left in the original pore and two-thirds were digested for 
extracting genomic DNA. High-fidelity enzyme (GXL-
R051A, TAKARA, Beijing, China) was used for identi-
fication of the genotypes. The primers were shown in 
Table 1.

Concurrent estrus and superovulation
The healthy donors and recipients of the ewes were 
treated with simultaneous ovulation and timing insemi-
nation. The donors and recipients were implanted 
with CIDR (Eazi-Breed® CIDR® Sheep and Goat 
Device Pfizer Animal Health, New Zealand) for 16 d 
in advance. From 84 h before the withdrawal of the 
CIDR, 240 IU FSH (Ningbo Hormone Products Co., 
Ltd., Ningbo,  China,  110044648) was injected every 
12 h according to body weight. 38 h after withdrawal of 
CIDR, 100 IU LH was injected (Ningbo Hormone Prod-
ucts Co.,  Ltd., 110044634). The CIDR was removed 
from donors and recipients at the same time. The 250 IU 
PMSG (Ningbo Hormone Products Co., Ltd.,110044564) 
was injected into the recipients. 12 h after the withdrawal 
of CIDR, donor and recipient ewes were subjected to a 

test with a test ram. Feeding was stopped 12 h before sur-
gery and ovulation and luteal conditions were checked 
about 60 h after CIDR withdrawal. The oocytes were 
rushed out from the fallopian tubes and the high-quality 
oocytes were selected and recorded under stereoscope.

SCNT and pregnancy diagnosis
Mature oocytes were incubated in TCM199 (Earle salts; 
Gibco/Life Technologies Inc., New York, USA,  12340) 
with 5 μg/mL CB (Sigma-Aldrich,  St. Louis, MO, USA, 
C6762) and 5 μg/mL Hochest 33,342 (Sigma-Aldrich, 
14533) for 5–10 min. The oocytes (OLYMPUS, ON3, 
Tokyo, Japan) were denucleated with a micromanipu-
lator and the donor cells were injected into the denu-
cleated oocytes. After half an hour, electric fusion was 
performed. The fusion was first balanced in the fusion 
solution for 3–5 min and then placed into a fusion tank 
covered with the fusion solution (BTX Inc., San Diego, 
CA, USA). The oocyte pole body was adjusted parallel to 
the electrode and a DC pulse was applied 2 direct current 
pulses of 2.0 kV/cm for 25 μs using an ECM2001 Electro-
cell Manipulator (BTX Inc., SanDiego, CA, USA). 30 min 
later, the unfused eggs were undergoing a second fusion. 
The reconstructed embryos were incubated in TCM199 
containing 10 μg/mL of actinomycetes CHX (Sigma-
Aldrich, C7698) and 5 μg/mL of CB for 4–5 h. Wash with 
developmental solution for 3–5 times, the embryos were 
transferred to the developmental solution for overnight 
culture and transplanted at the next day. The pregnancy 
of the recipient ewes was examined about 60 d after 
embryo transplanted.

Genome‑wide methylation analysis
DNA methylation sequencing by Illumina
DNA methylation sequencing by Illumina HiSeq Next 
generation sequencing library preparations was con-
structed following the manufacturer’s protocol. For each 
sample, 1 μg genomic DNA was randomly fragmented 
to < 500 bp by sonication (Covaris S220). The fragments 
were treated with End Prep enzyme mix for end repair-
ing, 5’-Phosphorylation and dA-tailing in one reaction, 
followed by a T-A ligation to add methylated adaptors 
to both ends. Size selection of adaptor ligated DNA was 
then performed using beads, and fragments of  ~ 410 bp 
(with the approximate insert size of 350 bp) were recov-
ered. Then bisulfite conversion was performed using the 
related kit. Each sample was then amplified by PCR using 
P5 and P7 primers, with both primers carrying sequences 
which can anneal with flow cell to perform bridge PCR 
and P7 primer carrying index allowing for multiplex-
ing. The PCR products were cleaned up using beads, 
validated using an Qsep100 (Bioptic, Taiwan, China), and 

Table 1 GDF9-ASMT primers

Primer Sequence (5′ to 3′) Length, bp TM, °C

ASMT-3HA-F TTC CTT GAC CCT GGA AGG TG 1487 58

ASMT-5HA-R AGT TTC CAT GTC ACA TAG CCA 1487 58

ASMT-5HA-F AAC CTC TCA TCA CCT GAT CAC 1500 59

ASMT-5HA-R AAG GAG GTA CAG CTG AGA CTAA 1500 57
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quantified by Qubit 3.0 Fluorometer (lnvitrogen, Carls-
bad, CA, USA).

Then libraries with different indices were multiplexed 
and loaded on an Illumina HiSeq/Novaseq instrument 
according to manufacturer’s instructions (Illumina, San 
Diego, CA, USA) or a MGl2000 instrument accord-
ing to manufacturer’s instructions (MGI, Shenzhen, 
China). Sequencing was carried out using a 2 × 150 
paired-end (PE) configuration; image analysis and base 
calling were conducted by the HiSeq Control Software 
(HCS) + OLB + GAPipeline-1.6 (Illumina) on the HiSeq 
instrument, image analysis and base calling were con-
ducted by the NovaSeq Control Software (NCS) + OLB+ 
GAPipeline-1.6 (Illumina) on the NovaSeq instrument, 
image analysis and base calling were conducted by the 
Zebeacall on the MGl2000 instrument.

Biological information analysis

① The bcf2fastq  (Version 2.17.1.14) was used 
for image Base calling to obtain the original Data 
(Pass Filter Data, PF) of the sequencing samples. 
Sequencing data was stored in FASTQ format.
② Cutadapt (Version 1.9.1) was used to remove 
connectors and low-quality sequences from the 
raw Pass Filter Data to obtain Clean Data for sub-
sequent information analysis.
③ Bismark (Version 0.7.12) was used to alignment 
clean data to reference genome sequence [Capra hircus 
ARS1]  (https:// www. ncbi. nlm. nih. gov/ genom e/? term= 
goat). The reference sequence reads, genome coverage 
and average depth were statistically compared.
④ Bismark (Version 0.7.12) was used to compare 
the methylation sites. The average methylation 
rate of methylation sites within a specific win-
dow length was calculated by windowing and the 
genome-wide distribution map was drawn.
⑤ According to the results of genome-wide meth-
ylation sites, all mCpG type sites were extracted. 
The coverage of each locus and the methylation 
rate of different genes were calculated and the 
depth distribution map was drawn.
⑥ Based on the methylation rate information of mCpG 
sites, Pearson correlation test was conducted among all 
samples to evaluate the correlation of each sample.
⑦ Functional annotations were performed for the 
differential mCpG sites, and the number of differ-
ential methylation sites in each functional region 
was counted and the distribution map was drawn.
⑧ SwDMR software was used for regional iden-
tification of DMR between samples. The soft-
ware uses a window method with size of 1000 bp 
to make statistics of methylation regions between 

samples or between groups and to identify meth-
ylation regions with significant differences. The 
length distribution of DMR region was calculated 
and the density distribution map was drawn.
⑨ ClusterProfiler (R Package, Version:3.8.1) was 
used for GO term/KEGG pathway enrichment 
analysis of differential DMR genes.

Database and software
The database and software used in this study are shown 
in Table 2.

Statistical analysis
Data were expressed as mean ± standard error. One-
way analysis of  variance was performed followed by 
Duncan’s test with SPSS software, Version 25.0 (IBM 
SPSS Statistics, Armonk, NY, USA). P < 0.05 was con-
sidered statistically significant.

Result
GDF9‑ASMT vector construction and target strategy
The third exon of goat FGF5 was used as the target 
site (Fig.  1A). FGF5-sgRNA sequence were donated 
from the laboratory of Professor Lian (Laboratory of 
China Agricultural University, Beijing, China). FGF5-
sgRNA was connected with the unintegrated vec-
tor PX458 to form the target vector of Cas9-sgRNA 
(Fig.  1B). The sequence of goat 5’ homologous arm 
is located between the 20,006 and 21,065 bases of 
FGF5 gene on chromosome 6, with a total length of 

Table 2 Analyze software models

addresses

• GO DataBase: http:// geneo ntolo gy. org/

• KEGG DataBase: http:// www. genome. jp/ kegg/ kegg1. html

• Bismark: http:// www. bioin forma tics. babra ham. ac. uk/ proje cts/ bisma rk/

• MethylKit: https:// github. com/ al2na/ methy lKit

• swDMR: https:// sourc eforge. net/ proje cts/ swdmr/

Analysis Software or database Version

Data QC Cutadapt [22] Version 1.9.1

Mapping Bismark [23] Version 0.7.12

Differeantial mCpG sites MethylKit [24] Version 3 0.7.12

Detection and annotaion Samtools [25] Version1.6

Annovar [26] Version 21 Feb 2013

DMR swDMR [27] Version 1.0.7

Annovar [26] Version 21 Feb 2013

Enrichment analysis GO Database [28, 29]

KEGG Database [30, 31] Version 03/21/2011

https://www.ncbi.nlm.nih.gov/genome/?term=goat
https://www.ncbi.nlm.nih.gov/genome/?term=goat
http://geneontology.org/
http://www.genome.jp/kegg/kegg1.html
http://www.bioinformatics.babraham.ac.uk/projects/bismark/
https://github.com/al2na/methylKit
https://sourceforge.net/projects/swdmr/
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1055 bp. The sequence of the 3’ homologous arm was 
located between the bases 21,109 and 22,166, with 
a full length of 1058 bp (Fig.  1C). Cas9 vector is tar-
geted to cut under the guidance of sgRNA and the 
homologous recombination occurs in the presence of 
homologous repair template to realize the exogenous 
gene knock in.

Generation of the ASMT overexpressed goats
Goat fetal fibroblasts were transfected with Cas9 vector 
and GDF9-ASMT donor vector using A033 transfection 
procedure and the cell growth status was observed 48 h 
after transfection (Fig.  2A-B). The cells after transfec-
tion were sorted by flow cytometry analyzer and positive 
cells were screened for somatic cell nuclear transfer. The 
positive cells were identified by sequencing comparison 
(Fig. 2F). A total of 1008 eggs were obtained after supero-
vulation of 107 donor ewes and 522 embryos were suc-
cessfully reconstructed. 5 of the 51 transplant recipients 
were pregnant, and 1 of the 2 lambs was positive. The 
information is shown in Table 3.

Raw data analysis of genome‑wide methylation 
sequencing
The cloned goats K2020, K03 and WT goat S2 were 
selected for whole-genome methylation sequencing. 
Clean data about 320 GB were obtained by bisulfite 
genome sequencing of the three samples. Q30 values 
were all greater than 87.82% (Table  4). The percentage 
of Clean Bases in PF Bases reached 98.82%. The quality 
control data were compared with the reference genome. 
The average comparison rate was 86.34%, the average 
coverage rate was greater than 107.14%, and the average 
coverage depth was greater than 31.98× (Table 5). These 
results indicate that the sequencing data is of high quality 
and conducive to bioinformatics analysis.

Detection of different types of methylation 
in the whole‑genome
The C-base sites of the whole-genome were detected 
and the methylation patterns of CG, CHG and CHH 
(H = A, T, or C) were systemically analyzed. The meth-
ylation ratios of the three samples were similar. Most 
of the methylations were CG types indicating that CG 

Fig. 1 Construction of FGF5 target system. A Goat FGF5 site targeting strategy; B FGF5-sgRNA-Cas9 vector; C GDF9-ASMT vector
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methylation is the dominant one among others (Fig.  3). 
When genes or transcripts was classified as functional 
regions, the methylation sites were mainly distributed 
in the promoter, exon and intron. The mean methylation 

rate of gene functional region was no significant differ-
ence (Fig.  4), nor did the methylation density (Fig. S3) 
among the three samples. The sequence characteristics of 
the base in the range of 9 bp upstream and downstream 

Fig. 2 ASMT overexpressed goat production. A Cell transfection (bright field); B Cell transfection (fluorescence); C Flow cytometry sorting; D PCR 
identification; E Cloned goats; F Sequencing comparison

Table 3 General table of somatic cell nuclear transfer in dairy goats

Donor goats Oocytes Usable oocytes Oocytes enucleated, % Donor cells Reconstructed 
embryos

Recipients Pregnancy Lambing 
number

30 199 181 94.46% (171/181) GDF9-ASMT/control 131 13 2 1

77 809 709 92.95% (659/709) GDF9-ASMT 391 38 3 1
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Table 4 Genome-wide DNA methylation quality control data

(1) Sample: Name of sequencing sample

(2) PF Reads: The number of original Reads

(3) Clean Reads: The number of Reads after QC

(4) Ratio of Reads: The percentage of Clean Reads in PF Reads

(5) PF Bases: The number of Bases of the original data

(6) Clean Bases: The number of Bases after QC

(7) Ratio of Bases: The percentage of Clean Bases in PF Bases

(8) Q30: Calculate the percentage of bases with Phred value greater than 30 in the total base

Sample PF Reads Clean Reads Ratio of 
Reads, %

PF Bases Clean Bases Ratio of Bases, % Q30, %

K2020 920,251,338 917,384,276 99.69 138,037,700,700 136,576,198,940 98.94 89.63

S2 602,531,784 6,002,777,190 99.63 90,379,767,600 89,270,005,346 98.77 89.81

K03 643,364,184 640,837,624 99.61 96,504,627,600 95,292,503,626 98.74 87.82

Table 5 Comparison results of reference genomic data

(1) Sample: Name of sequencing sample

(2) Total Reads: The number of all sequenced Reads

(3) Reads mapped to genome: Number of Reads mapped to the reference genome

(4) Mapped Reads ratio: The proportion of Reads Mapped against the reference genome

(5) Coverage: Covered Bases/Genome Bases × 100%

(6) Mean depth: The average depth of covering bases

(7) Bisulfite conversion rate: Cytosine conversion rate of Bisulfite treatment (Unmethylated/Total Cytosine*100%)

Sample Total Reads Reads mapped to 
genome

Mapped Reads 
ratio, %

Coverage, % Mean depth Bisulfite 
conversion 
rate, %

K2020 917,384,276 840,319,806 91.60 107.38 43.59 99.41

S2 566,928,456 434,321,980 76.61 107.26 22.23 99.42

K03 643,364,184 581,957,164 90.81 107.14 30.11 99.41

Fig. 3 Distribution of methylation rate of the whole genome. A CG type; B the CHG type; C CHH type
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of the methylation site were counted, and the sequence 
characteristics of CG, CHG and CHH were significantly 
different between ASMT cloned goat and others. And the 
sequence characteristics of CHG and CHH among dif-
ferent samples were significantly different. In K2020, two 
side sequence of the CHH extend position site 1 and 9, 
respectively. The base at sites 1 and 9 is T. Also, in K2020, 
the middle site of CHG was A, T, C in sequence. But 
in K03 and S2, the middle site of CHG was A, C, T in 
sequence. Two side sequence of the CHG were also dif-
ferent (Fig. 5).

Genome‑wide analysis of mCpG sites
CpG methylation site is the main type of methyla-
tion in the genome, and it can reflect the status of the 
genome. All mCpG sites were extracted for further 
analysis based on the results of genome-wide methyla-
tion sites. The genome-wide depth of mCpG loci was 
mainly around 20× (Fig. S4). The methylation rate of 
mCpG sites in the three samples was more than 90% 
in the whole-genome (Fig. S5). There was no signifi-
cant difference in the proportion of mCpG to all CpG 
sites on each chromosome (Fig.  6). The methylation 
rate distribution of mCpG on each chromosome was 
analyzed and the methylation rates of NC-030834.1 
and NW-017189518.1 were significantly different from 
other chromosomes (Fig. 7).

Differential mCpG loci detection and annotation
Based on the methylation site information, Pearson test 
was performed on the three samples. The CG type was 
more correlated than CHH and CHG type (Fig. 8). Func-
tional region annotation was performed for the mCpG 
loci between samples and the differences among the three 

samples were concentrated in the intergenic and intronic. 
The difference between K03 and S2 is mainly located in 
intronic 40,751,9126 and intergenic 60,894,7062. The 
difference between K2020 and S2 is mainly located in 
intronic 40,865,3456 and intergenic 61,052,8405. The 
difference between K03 and K2020 is mainly located in 
intronic 40,822,7729 and intergenic 60,986,1613 (Fig. 9).

Differential DMR detection and annotation
DMR differential methylation, which is an important 
epigenetic difference, is involved in the regulation of 
differential gene expression under variable treatments 
and conditions. Genome-wide assessments were made 
of differentially methylated regions. The length of DMR 
region is mainly around 1000 bp (Fig. S6). After func-
tional annotations, we found that the DMR functional 
regions of the samples were mainly concentrated in the 
exonic, intergenic and intronic domains. Differences 
between K2020, K03 and S2 are mainly present in the 
intergenic functional domain (Fig.  10). GO enrichment 
analysis was performed in differential DMR regions, 
mainly focusing on biological-process, cellular-com-
ponent and molecular-function processes. The DMR 
regions with differences between K03 and S2 mainly 
focus on GTPase activity and structural constituent of 
cytoskeleton pathway, and 29 differential genes were 
identified (Fig.  11). The DMR regions with differences 
between K2020 and S2 focus on GTP binding, GTPase 
activity and structural constituent of cytoskeleton path-
way, and 33 differential genes are identified (Fig. 12). Dif-
ferential DMR between K2020 and K03 mainly focused 
on adult walking behavior pathway, and 20 differen-
tial genes were identified (Fig.  13). At the same time, 
KEGG analysis of the three samples was enriched in 

Fig. 4 Average methylation rate of gene functional region. A ASMT transgenic cloned goat (K2020); B nontransgenic cloned goat (K03); C control 
goat (S2). Note: The abscissa is the classification of functional areas, and the ordinate is the mean methylation rate
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Fig. 5 Sequence characterization of methylcytosine. A ASMT transgenic cloned goat (K2020); B nontransgenic cloned goat (K03); C control goat 
(S2). Note: The X axis represents the location of the functional areas, the coordinate position of site C is 5, and the Y axis represents the degree of 
base enrichment. Different colors represent different base types. In the order of top to bottom, the Weblogo diagram of CG methylation site, CHG 
methylation site and CHH methylation site is shown

Fig. 6 Proportional distribution of mCpG on chromosome. A ASMT transgenic cloned goat (K2020); B nontransgenic cloned goat (K03); C 
control goat (S2). Note: The abscissa represents each chromosome; The vertical axis represents the proportion of mCpG to total CpG loci in the 
chromosome
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cellular processes, environmental information process-
ing, genetic information processing and human disease, 
metabolism, organismal systems biological processes. 
K03 and S2 mainly focused on the digestive system, sig-
nal transduction, and cellular community pathways, and 
16 different genes were identified (Fig. 11). K2020 and S2 
mainly focused on infectious diseases: bacterial, trans-
port and catabolism, and cellular community pathway, 
and identified 23 differential genes (Fig.  12). K03 and 
K2020 mainly focus on infectious diseases: viral, sig-
nal transduction pathway, and 12 genes were identified 
(Fig. 13). The 10 common genes related to growth, devel-
opment and metabolism were found in GO and KEGG 
enrichment analysis of clone goats and controls. The 
methylation expression levels of these 10 genes were sig-
nificantly different between cloned and WT goats, and 

the expression levels of NLGN4X and LOC1021175427 
in cloned goats were significantly higher than that in 
WT goats. (Fig. 14A). The pathways/terms related to 10 
genes were extracted and most notably structural con-
stituent of cytoskeleton (Fig. 14B). The most significant 
in KEGG enrichment analysis was the infectious dis-
eases bacterial pathway (Fig.  14C). A specific descrip-
tion of the 10 differentially methylated genes is shown 
in Fig.  15. BAG4, NLGN4X and PDE2A were enriched 
in environmental information processing. IGF2R, 
LOC102180117 and TUBA1C were enriched in Cellu-
lar Processes. TUBB and VIM were enriched in Human 
Diseases. LOC1021175427 was enriched into Genetic 
Information processing. LOC102176799 was enriched 
in Metabolism. IGF2R is an imprinted gene and plays an 
important role in DNA epigenetic modification.

Fig. 7 Proportional distribution of mCpG on chromosome. A ASMT transgenic cloned goat (K2020); B nontransgenic cloned goat (K03); C 
control goat (S2). Note: The abscissa represents each chromosome; The vertical axis represents the proportion of mCpG to total CpG loci in the 
chromosome

Fig. 8 Sample correlation heat map analysis. A CG type; B CHG type; C CHH type. Note: the heat map between the horizontal and vertical 
coordinates of each two points shows the correlation between two samples
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Discussion
In the current study, to identify the potentially epigenetic 
variations between the transgenic goats and their wild 
type made by the SCNT and ASMT overexpressed goats 
with the help of this technology were generated. ASMT 
is the rate limiting enzyme of melatonin synthesis. Mel-
atonin is an important reproductive regulator which 
promotes the development of mammalian oocytes and 
embryos [32], thus we select this gene to avoid any obvi-
ous shortcoming to influence the embryo development 
which would mask the side effects of SCNT on embryo. 
Melatonin can be synthesized in the mitochondria 

of oocytes and this locally produced melatonin has 
the capacity to protect DNA from oxidative damage 
and improves oocyte quality [33]. Previous study has 
reported that the ovulation efficiency and lambing rate 
were improved in the progeny of AANAT (another rate 
limiting enzyme of melatonin synthesis) overexpressed 
sheep [34]. Thus, we believe that ASMT overexpressed 
goats would have high melatonin level in their ova-
ries to improve their fecundity. As we know that GDF9 
is expressed in oocytes, and its SNP polymorphism is 
significantly correlated with fertility [35]. Therefore, 
in this study, GDF9-ASMT vector was constructed to 

Fig. 9 Distribution of functional regions of different methylation sites. A nontransgenic cloned goat (K03) vs. control goat (S2); B ASMT transgenic 
cloned goat (K2020) vs. control goat (S2); C nontransgenic cloned goat (K03) vs. ASMT transgenic cloned goat (K2020). Note: Pie map reflects the 
distribution proportion of functional regions on the genome, and different colors represent different functional regions of the genome

Fig. 10 Functional distribution of differential DMR regions. A nontransgenic cloned goat (K03) vs. control goat (S2); B ASMT transgenic cloned goat 
(K2020) vs. control goat (S2); C nontransgenic cloned goat (K03) vs. ASMT transgenic cloned goat (K2020). Note: Pie map reflects the distribution 
proportion of functional regions on the genome, and different colors represent different functional regions of the genome
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Fig. 11 GO/KEGG enrichment analysis of differentially methylated genes in nontransgenic cloned goat (K03) and control goat (S2). A GO 
enrichment analysis; B KEGG enrichment analysis; C The same genes of GO/KEGG enrichment analysis

Fig. 12 GO/KEGG enrichment analysis of differentially methylated genes in ASMT transgenic cloned goat (K2020) and control goat (S2). A Go 
enrichment analysis; B KEGG enrichment analysis; C The same genes of GO/KEGG enrichment analysis

Fig. 13 GO/KEGG enrichment analysis of differentially methylated genes in in ASMT transgenic cloned goat (K2020) and nontransgenic cloned goat 
(K03). A Go enrichment analysis; B KEGG enrichment analysis; C The same genes of GO/KEGG enrichment analysis
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promote ASMT overexpression in oocytes. In addition, 
to increase the successful rate, the CRISPR/Cas9 method 
is also used in the study, due to its simple operation and 
high target efficiency [36]. It has been reported that use 
of CRISPR/Cas9 to edit MSTN gene in Bamaxiang pigs 
promotes their growth rate and muscle fiber prolifera-
tion [37]. Application of CRISPR/cas9 system to knock 
out FGF5 in Duper sheep increases their hair follicle 

density [38], in cashmere goats, improves the cashmere 
yield and fiber length [39]. Thus, in the current study, 
FGF5 was also used as the target to produce ASMT gene 
knock-in dairy goats.

It is well documented that DNA methylation is a 
common epigenetic modification in mammals that 
affects oocyte meiotic maturation and embryonic 
development [40]. During embryonic development, 

Fig. 14 Comparative analysis of differential methylation between cloned goat (ASMT transgenic cloned goat (K2020) and nontransgenic cloned 
goat (K03)) and control goat (S2). A Heat map analysis between cloned goat (K2020 and K03) and control goat (S2); B Go enrichment analysis 
between cloned goat (K2020 and K03) and control goat (S2); C KEGG enrichment analysis between cloned goat (K2020 and K03) and control goat 
(S2). Note: There is a scale of 0–0.8 on the heat map. The closer it is to the brown color, the lower the methylation expression level; the closer it is to 
the blue color, the higher the methylation expression level

Fig. 15 Schematic diagram comparing the results of genome-wide methylation analysis between ASMT transgenic cloned goat (K2020), 
nontransgenic cloned goat (K03) and control goat (S2)
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DNA methylation will undergo dynamic changes of 
demethylation and re-methylation [41]. Majority of 
the cloned embryos stop to development at different 
stages due to activation failure associated with abnor-
mal methylation [42]. DNA methylation, imprint-
ing and X chromosome inactivation during SCNT 
embryo reprogramming have drawn a great attention 
of researchers [43]. The abnormal DNA methylation 
including elevation of 5-MC, H3K4Me3 and H3K9Me3 
may result in reprogramming failure of goat cloned 
embryos during ZGA [44]. In the current study, we 
have not found any significant difference at the level 
of methylation on the chromosome level between 
cloned and WT animals, which indicates that there 
were no significant epigenetic modifications between 
the normally born cloned and WT goats. However, the 
sequence characteristics of CHG and CHH among the 
tested goats were significantly different. For instances, 
in K2020, two side sequence of the CHH extended 
position site 1 and 9, respectively and the base at sites 
1 and 9 was T and the middle site of CHG was A, T, 
C in sequence. While in K03 and S2, the middle site 
of CHG was A, C, T in sequence. The results are in 
consistent with Wang et  al. who reported the similar 
result in the blood and ear tissues of donor and cloned 
pigs [45]. In addition, the methylation rate of mCpG 
among different chromosomes also showed some vari-
ations. The results of global DNA methylation patterns 
of fetal and adult muscle development in Hu sheep 
showed that the methylation levels in the CG context 
were higher than those in the CHG and CHH contexts 
[46]. This result is in agreement with our observation. 
The introns occupy a large proportion of the genes, 
which affect gene expression by regulating transcrip-
tion rate and stability [47]. Results of genome-wide 
methylation in adolescent goats showed that DNA 
methylation of the promoter was negatively correlated 
with lncRNA during puberty onset, and methylation 
regulated the initiation of puberty via lncRNA [48]. In 
this study, we have observed that the different mCpG 
loci are mainly present in the intergenic and intronic 
locations between the cloned and WT animals. Differ-
ential methylation regions (DMRs) are involved in the 
regulation of differential gene expression [49]. Study 
on genome-wide methylation of Tan sheep  show that 
their DMGs, KRT71 and CD44 were highly methylated 
in mon1, and ROR2 and ZDHHC13 were highly meth-
ylated in mon48 [50].

In this study, we also analyzed the regional differen-
tial genes of DMR. GO enrichment analysis showed 
that the differential genes were mainly associated to in 
GTPase activity and structural constituent of cytoskel-
eton. Furthermore, genes in GO enrichment and KEGG 

enrichment pathways have identified 10 differentially 
methylated genes between cloned and WT dairy goats. 
They belong to different pathways. Among them IGF2R 
is an imprinted gene widely present in mammals [51]. 
Meng et al. evaluated DNA methylation of living and dead 
cloned goats and found that DMRs methylation states of 
H19 and IGF2R were different between each other [52]. 
In this study, the variations of IGF2R gene methylation 
were found between cloned and WT goats. CNV varia-
tion of BAG4 gene is significantly correlated with sheep 
growth traits and is an important marker for molecular 
breeding [53]. VIM is involved in the regulation of hair 
follicle growth cycle by affecting the outer root sheath 
[54]. PDE2A [55], TUBB [56] and TUBA1C [57] are 
household genes of mammalian cell structure and metab-
olism, which affect body development and disease condi-
tions. We observed all these genes have the significantly 
increased DNA methylation patterns in cloned goats 
compared to the WT. The expression levels of NLGN4X 
and LOC1021175427 in cloned goat were significantly 
higher than that in WT goats. But the expression levels 
of VIM and TUBB in WT goats were significantly higher 
than that in cloned goats. These differences may be related 
to the somatic cell nuclear transfer technology which 
impacts the growth and development of cloned animals. 
Revealing the differential methylation of DNA is of great 
significance for studying the epigenetic modification of 
cloned animals which created by different methodologies.

Conclusion
In this study, we successfully produced ASMT ovar-
ian overexpression transgenic goats with the help of 
SCNT. Whole-genome methylation shows that the 
differential mCpG sites are mainly present in the 
intergenic and intronic regions, and the differen-
tial DMR length is located around 1000 bp. 56 and 
36 DMGs were identified by GO and KEGG analysis 
in differential DMR, respectively. 10 genes related to 
growth and development were identified by GO and 
KEGG enrichment analysis between cloned and WT 
goats. The significant variations of the differential 
methylated genes between the cloned and WT ani-
mals may be made by the SCNT and these variations 
may also be response to the relatively low survival rate 
of the cloned animals compared to their WT controls. 
The other biological significances of this differentia-
tion warrant further research.
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