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Abstract

Plant tissue culture is an essential tool in biotechnology. However, tissue-cultured plants often exhibit variations that are either
genetic or epigenetic in origin, termed somaclonal variations. Among these variations, DNA methylation is an important
heritable epigenetic modification that plays a role in a wide variety of biological processes, including gene expression. In
this study, we performed bisulfite sequencing of regenerated Chinese cabbage (Brassica rapa ssp. pekinensis) lines to iden-
tify DNA alterations induced by tissue culture. Sequencing data from each regenerated line were compared with reference
genome sequences, and common differentially methylated regions (DMRs) were detected in the regenerants. To determine
changes in expression levels of DMR-containing genes, we performed quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) of the target genes and PCR amplification with bisulfite-converted DNA. We identified DMRs between
a non-regenerant line and regenerant lines and selected 10 DMR-associated genes that presented annotation information in
Arabidopsis or Brassica rapa. Their expression levels were verified by qRT-PCR to determine the relation between methyla-
tion state and gene expression. We observed that genes positioned in DMRs significantly correlated with differential gene
expression. We also observed similar methylation patterns in the selected DMRs by PCR-based methylation analysis. The
results of this study are a valuable resource for the epigenetic analysis of regenerated lines, especially for Chinese cabbage.
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1 Introduction of secondary metabolites and genetic transformation for crop

improvement. Plant cells are cultured under sterile condi-

Plant tissue culture is a fundamental tool of plant biotechnol-
ogy that allows the production of large numbers of geneti-
cally identical plantlets. This in vitro technology is widely
used in various research fields such as the mass production
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tions and some of them undergo dedifferentiation based on
the plant’s power of regeneration, called totipotency. The
stability of regenerated plant production and gene expression
are the most important issues regarding this technique. How-
ever, in vitro culture and regeneration often lead to genetic
and epigenetic changes, which are referred to as somaclonal
variations. Variations derived from tissue cultures have been
reported in various crops (Larkin and Scowcroft 1981; Bajaj
1990) and are manifested as changes in chromosome num-
bers or structures, nucleotide sequence, gene expression,
transposon activation, and phenotype (Kaeppler and Phillips
1993; Miguel and Marum 2011). These undesired variations
of in vitro-grown plants may compromise the objectives of
tissue culture. Therefore, it is necessary to determine the epi-
genetic variations that can potentially occur in in vitro-cul-
tured plants to study the potential long-term consequences
of this phenomenon.
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DNA methylation is an essential epigenetic modification
that involves a variety of biological processes (Niederhuth
and Schmitz 2014; Seymour and Becker 2017). It has been
described as being involved in gene regulatory mechanisms
(Zilberman and Henikoff 2007; Teixeira and Colot 2009;
Maunakea et al. 2010; Bucher et al. 2012; Xing et al. 2015;
Seymour and Becker 2017), morphological development
(Jacobsen and Meyerowitz 1997; Cubas et al. 1999; Soppe
et al. 2000; Manning et al. 2006; Hsieh et al. 2009), and
agronomic trait formation (Manning et al. 2006; Miura et al.
2009; Quadrana et al. 2014). Changes in DNA methylation
patterns are frequently observed in regenerated plants and
have been suggested to cause phenotypic variation through
the modulation of gene expression (Kubis et al. 2003).
Although epigenetic changes are often temporary and may
be easily reverted to their normal status, epigenetic inherit-
ance has also been reported in plants (Iglesias and Cerdan
2016). For these reasons, increasingly more studies are now
focusing on the epigenetic aspects of somaclonal variation
(Kaeppler et al. 2000; Miguel and Marum 2011).

There are three types of DNA methylation according to
the sequence context. A cytosine can be methylated when it
is located in the following sequences: CG, CHG, and CHH
(H can be A, C, or T) (Feng et al. 2010; Law and Jacobsen
2010). Various studies have been carried out to locate CpG
loci considered essential for gene regulation, and changes in
DNA methylation in promoter and gene body regions affect
gene expression and phenotype (Miguel and Marum 2011;
Yang et al. 2014; Taiko et al. 2015). Therefore, profiling
DNA methylation across the genome is vital to understand
the impact of epigenetics (Laird 2010). The hypomethyla-
tion within a promoter region allows transcription factors
to bind to the DNA strand and transcription to occur, while
hypermethylation results in an opposite effect. Epigenetic
variations have been assessed by various methods, including
restriction fragment length polymorphism (RFLP), meth-
ylation-sensitive amplification polymorphism (MSAP), and
methylation-specific polymerase chain reaction (MSP) (Miil-
ler et al. 1990; Smulders and De Klerk 2011; Coronel et al.
2018). Diverse computational tools and resources for the
analysis of DNA methylation have been developed, includ-
ing next-generation sequencing (NGS) (Bock and Lengauer
2008). These tools and resources enable characterization of
genome-wide DNA methylation and methylation statuses at
a single-base resolution.

Among the computational analysis techniques, NGS is
a powerful tool applied in epigenetic research as well as
in genetic analyses due to its high sensitivity, specificity,
and scalability. The characterization of genome-wide DNA
methylation on a large scale and single-base resolution has
been enabled by NGS technology, including whole-genome
bisulfite sequencing (WGBS), small RNA sequencing, and
chromatin immunoprecipitation sequencing (ChIP-seq)
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(Laird 2010). Whole-genome DNA methylation analyses
have been conducted in plants such as Arabidopsis thali-
ana, Oryza sativa (rice), Populus trichocarpa (poplar), and
Glycine max (soybean) (Feng et al. 2010; Schmitz et al.
2013). These techniques have contributed not only to the
obtainment of information about differentially methylated
regions (DMRs), but also to the study of gene regulation
mechanisms at the epigenetic level. In addition, the time
required to obtain and characterize DNA methylomes has
been reduced, while their accuracy has been improved in
comparison to previous methods.

Chinese cabbage (Brassica rapa ssp. pekinensis) is one
of the most important vegetables worldwide. The B. rapa
reference genome (variety ‘Chiifu-401-42") was published
in 2011 (Brassica rapa Genome Sequencing Project Consor-
tium 2011) and our group has constructed a pseudomolecule
genome of B. rapa ‘CT001’ for precise genome research
(Park et al. 2019).

In this work, we performed WGBS in a comparative man-
ner between non-regenerant (control) and regenerant lines.
DMRs were selected from R, R, and R, lines of R,C22 and
RyC31 and compared to those from a non-regenerant plant;
those that were present in the same regions were selected
and considered to be regenerant-specific DMR candidates.
As DNA methylation in gene body and promoter is know-
ingly associated with gene expression levels, DMRs located
1-kb upstream of a gene and in its exons were selected for
analysis. Our study provides an overview of the DNA methy-
lome patterns in regenerated lines and highlights the impor-
tance of an epigenetic perspective on somaclonal variation.

2 Materials and methods
2.1 Plant materials and genomic DNA extraction

Regenerated lines of the Chinese cabbage inbred line
‘CTO001’, which is widely used for tissue culture and plant
transformation, were produced as follows. The seeds of
‘CT001” were sterilized and germinated in MS (Murashige
and Skoog 1962) basal medium. The upper part of each
seedling was used as a non-regenerated control line and the
hypocotyls were used to induce calluses and shoots. The
regenerated lines RyC22 and R,C31 were self-pollinated to
generate progeny lines. The regenerated lines R,C22 and
RyC31 and their progenies (R;C22, R,C22, R,C31, and
R,C31) had their genomes sequenced.

Total genomic DNA of the non-regenerant and regener-
ants was extracted from young leaves using sodium dodecyl
sulfate lysis buffer following a modified method described
by Dellaporta et al. (1983). The integrity and quality of DNA
were evaluated using the Trinean DropSense instrument
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(Trinean, Belgium) and the PicoGreen assay (Molecular
Probes, USA).

2.2 Bisulfite sequencing and mapping

Genomic DNAs of a non-regenerant line, two R, regener-
ants (RyC22 and RyC31), and their progeny lines (R;C22,
R,C31, R,C22, and R,C31) were fragmented to 200-300-
bp sizes and bisulfite-converted using the EZ-DNA Meth-
ylation-Gold Kit (Zymo Research, Orange, USA) following
the manufacturer’s instructions. Bisulfite-converted librar-
ies were constructed using the Nextflex bisulfite-seq kit
(Illumina, USA). Fragments were ligated to adaptors with a
unique index sequence. The ligated products, with a length
of approximately 550 bp, were used as templates for PCR
amplification. Quality control (QC) was performed using a
Bioanalyzer (Agilent, Santa Clara, USA) instrument and the
library was subjected to sequencing using NextSeq 500™
(Illumina, USA).

The raw reads were cleaned by removing adaptor
sequences, while reads with more than 10% of unknown
bases and low-quality reads were removed using Trim-
momatic software (Bolger et al. 2014). High-quality reads
with a maximum of 2-bp mismatches were mapped to the
‘CTO01” pseudomolecule reference sequences (Park et al.
2019) using Bismark (Krueger and Andrews 2011), which
employs a three-letter mapping algorithm for bisulfite read
mapping with Bowtie2 (Langmead and Salzberg 2012) for
recovered read mapping. The outputs were converted into
sequence alignment map (SAM)/binary alignment map
(BAM) formats and imported to genome browsers to be vis-
ualized and directly explored. Using the bisulfite sequencing
data, we calculated DNA methylation with sequences that
were mapped to a reference sequence with 95% mapping
coverage levels. In addition, we only analyzed cytosines that
were mapped with a depth of more than nine reads to iden-
tify the methylated cytosine among the mapped sites.

2.3 Data analysis

We determined the ™C density and average methylation level
of each line. The ™C density refers to the number of cyto-
sine methylation in each sequence context of the aligned
reads. We calculated each type of cytosine methylation in
the regenerated lines. Average cytosine methylation level
was calculated based on the ratio between the number of
methylated cytosines and total cytosines within a mapped
read. Methylation density was determined using the percent-
age of methylated cytosines in relation to the total analyzed
cytosines. The average methylation level of all cytosines was
calculated based on the methylated cytosines in relation to
the total cytosines present in the ‘CT001’ pseudomolecule.

In addition, the percentage of methylation was measured.
For instance, the percentage of methylation per CpG site
was calculated by dividing the number of methylated CpG
sites by the total number of CpG sites in the CT001 genome.

2.4 Identification of differentially methylated
regions (DMRs)

The DSS package (http://bioconductor.org/packages/release/
bioc/html/DSS.html) (Park and Wu 2016) was used to detect
DMRs between the non-regenerant and the regenerants,
and we selected a raw p value threshold of 0.05. Cytosines
within methylation loci that presented an average fivefold
coverage were used to calculate methylation levels. The
regions where methylation levels differed by more than 10%
between the non-regenerant and regenerants were defined as
DMRs. DMR calling was performed with each regenerant
line. We analyzed the progeny set of R,C22 (R,C22, R,C22,
and R,C22) and R,C31 (R,C31, R,C31, and R,C31) with
the callDMR function using a P-value threshold of 0.05,
a delta of 0.1, and otherwise default parameters. Overlap-
ping DMRs from the two sets were selected and analyzed.
In addition, DMRs overlapping among R, regenerated lines
were investigated using an in-house script.

Genes associated with DMRs of RyC22 and RC31 were
sorted individually. Regarding the functional annotation
of the genes, enriched terms of their corresponding Arabi-
dopsis genes, such as GO terms and UniProtKB keywords,
were assigned using the DAVID functional gene clustering
tool (Huang et al. 2009) and enrichment p values were cor-
rected using the Benjamini-Hochberg method. In addition,
expression analyses were performed with The Arabidopsis
Information Resource (TAIR) ID of the methylation-related
genes using the eFP browser (http://bar.utoronto.ca/efp/cgi-
bin/efpWeb.cgi). A homology search was performed using
the basic local alignment search tool (BLAST) software.

2.5 Gene expression analysis

Gene expression analyses were performed to analyze a
possible correlation between DNA methylation status and
expression of genes within the candidate DMRs. The rela-
tionship between methylation and gene expression levels
in DMRs was investigated in the regenerated lines (R,C22,
R,C31, R,C22, R,C31, R,C22, and R,C31). We selected
10 DMRs located in the exonic or 1-kb upstream regions
of annotated genes with different methylation levels in both
regenerant lines: RyC22 and R C31 (Table 5).

Total RNA was isolated from the non-regenerant and
the regenerants using the plant total RNA extraction kit
(TaKaRa, Otsu, Japan) according to the manufacturer’s
instructions. cDNA was synthesized in 20-pL reaction mix-
tures with cDNA synthesis premix (iNtRON Biotechnology,
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Seongnam, Korea) and under the following conditions:
50 °C for 60 min and 95 °C for 5 min for reverse tran-
scriptase (RTase) inactivation. Flanking sequences of the
selected genes within DMRs were identified in the ‘CT001°
pseudomolecule reference genome sequences, and prim-
ers were designed using Vector NTI software (Invitrogen

Table 1 List of primer sets for qRT-PCR analysis

Name Primer Sequence (5'—3’) Expected
product size
(bp)
RCDl F* GAG CGA GAT ACATTACGA 136
GG
R CGA ACT AGG TAT GTC CAC
AC
RCD2 F CAA GAC GGG AAG TGA GTA 120
CG
R GGC ACT GGA GAACAGCGGT
RCD3 F GCT AGA CGC AGT TTG AGT 123
TTC
R CCT CAT CTT GTT CAT CTC C
RCD4 F GAT CTT AGC AGC AAACTCG 111
R ACC ATC CTC TCC ACC TCT CT
RCD5 F CCT TGA TTT GAA GCG GGT C 104
R TTG CTG TGC ATT TAT GTG G
RCD6 F GAG GTT AGG CTG TTG AAG G 127
R CAT CAT TCG TCG TCT GTT GG
RCD7 F CCA AGA CGA TCA CGG ACA 136
AG
R CTG CTG TAG CCA CCA GAG C
RCD8 F GAA GAC ATT CGG GTC GGG 150
R CTT GGG TTG GTC ATC AGG G
RCD9 F GAC GATA ACA CCACCACCG 121
R CGA GGA GAA TCT GTT GCG G
RCD10 F CCA TCA CCT ATT ATT GTC 129
TCC
R CCC ATC TTC ATC ATCCTG C

ZE, forward primer; R, reverse primer

Carlsbad, CA, USA). The primers used for quantitative
reverse transcription-PCR (qRT-PCR) are listed in Table 1.
RT-PCR analysis was performed using Maxime™
i-Star-Taq PCR Pre-Mix (iNtRON Biotechnology, Seong-
nam, Korea) to evaluate the expression level of genes
within DMRs. The qRT-PCR assay was performed using
TransStart® Top Green gPCR SuperMix (TransGen Biotech,
Beijing, China) with a Rotor-Gene 6000 (Corbett Robotics,
Brisbane, Australia) according to the manufacturer’s rec-
ommended protocol. PCR conditions were as follows: pre-
incubation for 10 min at 95 °C, followed by 40 cycles of 10 s
at 95 °C and 30 s at 60 °C. The melting curve analysis of
PCR products was performed by increasing the temperature
from 60 to 95 °C. Fluorescence intensity data were collected
at the end of each cycle and analyzed using the instrument
software. The cycle threshold (C,) value of each sample was
used for calculating relative gene expression levels by the
AAC, method (Livak and Schmittgen 2001). Actin was used
as the endogenous housekeeping gene for normalization.

2.6 PCR-based methylation analysis

To investigate the methylation state of the selected genes,
genomic DNA (1 pg) of each line was treated with bisulfite
using the EZ DNA Methylation-Gold™ Kit (Zymo research,
CA, USA) in accordance with the manufacturer’s instructions.
PCR was then performed in 20-pL reaction mixtures using hot-
start Taq (Maxime™ i-Star-Taq PCR Pre-Mix; iNtRON Bio-
technology, Seongnam, Korea). The bisulfite-converted DNAs
of the control plant ‘CT001’, non-regenerated line R,CO, R,
regenerated lines (RyC21, R,C22, R,C24, and R,C31), R,
and R, progeny lines of R,C22 and R,C31 were used as tem-
plate. Primers were designed using MethPrimer 2.0 (http://
www.urogene.org/methprimer2/) (Li and Dahiya 2002). The
primer sequences and amplicon lengths are shown in Table 2.
An overview of the methylation-specific PCR (MSP) approach
is presented in Fig. S2. PCR conditions were as follows: 5 min
at 95 °C, 40 cycles at 95 °C for 30 s, 60 °C for 30 s, 72 °C for

Table 2 List of primer sets

for methylation-specific PCR Name Primer Sequence (5" —3') Expected
analysis p.roduct
size
RCD1 MF1% GTA AAT ATA GTC GAA GAG ATG ACG TA 195
MRI1 TAA ATA AAC CGA AAA CTA TCC CGT
UF1 AAA GTA AAT ATA GTT GAA GAG ATG ATG TAT 200
URI1 TTT AAA TAA ACC AAA AAC TAT CCC ATCT
RCD10 MF1 GCG TTT TTG TAA TTA TCG ATT AAT AAT ATC 134
MRI1 CAA TAA AAA CTA ACA CTA AACTCGTT
UF1 TGT TTT TGT AAT TAT TGA TTA ATA ATA TTG 132
URI AAT AAA AAC TAA CACTAA ACTCATT

ZMF, forward primer for methylation; MR, reverse primer for methylation; UF, forward primer for unmeth-
ylation; UR, reverse primer for unmethylation
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30 s, and final extension at 72 °C for 10 min. PCR amplicons
were loaded onto 1% agarose gel and then visualized under
ultraviolet light.

3 Results and discussion

3.1 DNA methylation profiling in the regenerated
lines

We conducted WGBS of the genomic DNA of non-regen-
erant and regenerant lines to analyze the patterns of epi-
genetic regulation associated with the unintended variation
produced by regeneration. On average, 6 Gb of raw WGBS
data was generated for each genome (Table S1). The high-
quality reads with two allowed mismatches were mapped to
the ‘CT001” pseudomolecule reference genome with Bis-
mark, using Bowtie 2 as the aligner for methylation analysis.
Approximately 90% of clean reads could be independently
mapped to the reference genome (Table S2). The ambigu-
ously mapped or duplicate reads were removed, and only
uniquely mapped reads were retained for further analyses.
As aresult, an average of 8 million properly mapped paired
reads were retained, covering more than 90% of the ‘CT001’
reference genome with an average depth of 10x. Regarding
genome coverage, approximately 96% of cytosines was cov-
ered by at least one uniquely mapped read.

DMRs of each regenerated plant were categorized in the
CpG, CHG, and CHH contexts (where H corresponds to A,
T, or C). The levels of DNA methylation in these three con-
texts were determined for each region of each regenerated
line and compared to the control line R,CO. DMR calling in
regenerated lines resulted in the identification of an average
of 36,682,978 methylated CGs ("CG) (53.9% of all CGs),
13,590,933 ™CHGs (19.4% of all CHGs), and 11,678,796
MCHHs (26.7% of all CHHs) (Fig. 1). The proportion of
methylated cytosines was similar to those in studies on soy-
beans (Shen et al. 2018). For example, CG methylation was
the most predominant followed by CHG and CHH methyla-
tion (Lister et al. 2008; Schmitz et al. 2013).

DNA methylome profiles of the non-regenerated and
regenerated lines are shown in Fig. S1. The methylation
percentage of CpG sites in every line was higher than those
of CHG and CHH sites. Each percentage was similar among
the analyzed lines. In addition, as observed in prior stud-
ies in rice and maize, hypomethylation was more common
than hypermethylation in regenerants (Stroud et al. 2013b;
Stelpflug et al. 2014).

3.2 DNA methylation patterns in the regenerated
lines

The chromosomal distributions of DMRs of the regenerants
were analyzed (Table S3). The number of DMRs present on

the chromosome was generally similar for every R, regen-
erated line. Subsequent analysis was performed mainly on
the DMRs present in the exon and 1-kb upstream of the
gene, which was expected to be directly related to the phe-
notype. DMRs overlapped among R, regenerated lines were
identified using an in-house script, and their distributions
are shown in Table S3. The number of overlapping DMRs
in four subjects was significantly lower than the number of
DMRs identified in individual subjects.

The methylation changes in tissue culture were frequent,
and these changes were often inherited by self-pollinated
progenies (Stelpflug et al. 2014). Based on DMR data of
the regenerants, the genome-wide DNA methylation of each
progeny line was investigated. We identified DMRs in the
regenerants of two progeny lines of RyC22 and RyC31. In the
RyC22 lines (R(C22, R,C22, and R,C22), we identified 440
DMRs, including 142 DMRs in the CG context, 97 DMRs in
CHG, and 201 DMRs in CHH. In the R,C31 progeny lines
(RyC31, R,C31, and R,C31), 453 DMRs were identified,
with 140 DMRs in the CG, 102 DMRs in the CHG, and 211
DMRs in the CHH context.

The changes in the methylation patterns of both groups
were analyzed to verify if they were related to the regenera-
tion process. The proportion of methylated cytosine resi-
dues in the CG context was bigger than 40% across all lines.
The average DMR length in the RyC22 progeny line was
285.52 bp for CG, 223.75 bp for CHG, and 300.99 bp for
CHH. The average DMR length in the R,C31 progeny lines
was 286.36 bp for CG, 224.63 bp for CHG, and 331.55 bp
for CHH. In both progeny lines, DMR length was the longest
in the CHH sequence context.

3.3 Analysis of differentially methylated genes

To investigate the relationship between genes with differ-
ences in methylation patterns in the regenerated lines, we
clustered genes according to DMRs using their correspond-
ing TAIR IDs from the DAVID Bioinformatics resource
(https://david.ncifcrf.gov/), adopting the Benjamini—-Hoch-
berg method for correction. Table 3 shows results of each
gene clustering in both progeny groups of the regenerated
Chinese cabbage lines, RyC22 and R,C31, including lists
of enriched terms and keywords. As a result, we observed
that the DMR-associated genes of the R,C22 lines were
mainly related to nucleus, transcription regulation, and
sequence-specific DNA binding activity. Functional anno-
tation enriched for DMR-associated genes of the RyC31 lines
showed that they were mainly associated with the endoplas-
mic reticulum and RNA-directed DNA polymerase activity.
However, as the results were not statistically significant, we
inferred that genes whose methylation patterns changed dur-
ing the regeneration process did not have any correlation
with each other.
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Fig.1 In silico analysis of the methylation patterns of the regener-
ant-conserved DMRs (RCDs) in the regenerated lines of the R, R,
and R, generations. Black arrows indicate lengths and directions of

Among the DMRs identified in both R,C22 and R,C31
lines, 10 were located at the 1-kb upstream region of
known genes, within a promoter region, and 11 were
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the genes. The green boxes indicate hypomethylated DMRs, and the
orange boxes indicate hypermethylated DMRs in the regenerated lines

located at exonic regions. The genes that overlapped with
the promoter and exonic regions of methylated DMRs
were related to the secretory protein, zinc finger CCCH
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Table 3 Functional annotation clustering of DMR-related genes in the regenerated Chinese cabbage lines of R,C22 and R,C31 (cluster enrich-

ment score> 1)

Cluster number Cluster Category” Description Count p value Benjamini-Hochberg
enrichment
score
R,C22 lines 2.32 UP_KEYWORDS Nucleus 50 496E—-04 8.59E-02
UP_KEYWORDS Transcription 31 3.70E-03 2.00E-01
UP_KEYWORDS DNA-binding 28 5.23E-03 2.11E-01
UP_KEYWORDS Transcription regulation 31 2.62E-03 2.12E-01
GOTERM_MF (G0:0003700) Transcription factor activity, 29 6.02E-03 4.68E—01
sequence-specific DNA binding
GOTERM_MF (G0:0043565) Sequence-specific DNA binding 16 3.20E-03 4.88E-01
GOTERM_BP (GO:0006355) Regulation of transcription, 34 4.22E-03 7.74E-01
DNA-templated
GOTERM_BP (GO:0006351) Transcription, DNA-templated 30 8.76E—-03 7.87E-01
GOTERM_MF (GO:0003677) DNA binding 28 7.83E-02 9.67E-01
R,C31 lines 1.83 GOTERM_CC (GO:0005789) endoplasmic reticulum mem- 10 1.49E-02 4.00E-01
brane
UP_KEYWORDS Endoplasmic reticulum 11 1.70E-02 4.78E—01
GOTERM_CC (G0:0005783) endoplasmic reticulum 14 1.31E-02 4.90E-01
1.72 INTERPRO IPR026960: Reverse transcriptase zinc-binding 4 1.00E-03 3.47E-01
domain
UP_KEYWORDS RNA-directed DNA polymerase 1.83E-02 4.43E-01
GOTERM_MF (GO:0003964) RNA-directed DNA polymerase 2.83E-02 8.86E—-01
activity
UP_KEYWORDS Nucleotidyltransferase 3 2.64E-01 7.67E—-01

ZQriginal database or resource where the terms come from. UP_KEYWORDS, keywords from UniProtKB; GOTERM_MF, Gene ontology term
of molecular function; GOTERM_BP, Gene ontology term for the description of biological process; GOTERM_CC, Gene ontology term for cel-

lular component; INTERPRO, terms from InterPro protein database

domain-containing protein, serine/threonine-protein
phosphatase, receptor-like protein kinase, nudix hydro-
lase, and the trihelix transcription factor.

We focused our analyses on regions with coverage
of at least three reads and with consistent methylation
levels among the regenerated lines. A total of 36 DMRs
were observed in both the C22 and C31 lines; these were
designated as “regenerant-conserved” DMRs (RCD)
(Table 4). Among them, CT001_A10358000 has DMRs
both in CG and CHH contexts in its intron sequence,
while CT001_A06227680 and CT001_A07241390 have
DMRs in the CHG and CHH contexts in the intron and
1-kb upstream regions, respectively. Briefly, we identified
33 DMR-associated genes in both groups of RyC22 and
R,C31 progeny lines and expected that the methylation
levels of these DMRs might be related to the regeneration
process, affecting subsequent gene expression. The DNA
sequence of the selected DMRs and their adjacent regions
were obtained from the ‘CT001’ pseudomolecule genome.

3.4 Validation of the selected DMRs

We selected 10 DMRs between the non-regenerant line
and the regenerant lines that were located at the exonic or
1-kb upstream regions of fully annotated genes. In silico
analysis of the selected DMRs was performed using the
‘CT001° pseudomolecule genome browser, which included
the bisulfite sequencing data of regenerated lines. We
loaded the BAM file of the R (R,CO, R(C22, and RyC31),
R, (R,C22 and R,C31), and R, (R,C22 and R,C31) gen-
erations of regenerated lines on the genome browser and
compared the methylation status of the selected RCD
genes. The CG, CHG, and CHH methylation patterns of
each line were compared (Fig. 1). In some cases, the dif-
ferences in methylation patterns were also identified in
contexts other than those expected. For example, RCD1
was expected to bear CG DMRs, but the analysis also
showed DMRs in CHG and CHH contexts (Fig. 2). The
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Table 4 List of genes within DMRs commonly identified in both progeny groups of R;C22 and RyC31 regenerated lines

CG CHG CHH

Gene Location Gene Location Gene Location
CTO001 A02057490 1 kb upstream CTO001 A01003500 Exon CTO001 A02061980 1 kb upstream
CT001 A02068540 Exon CTO001 A02057460 Intron CTO001 A03095550 1 kb upstream
CT001 A03108110 Exon CTO001 A02068580 1 kb downstream CTO001 A04144140 Exon

CT001 A05174100 1 kb upstream CTO001 A03094670 Exon CTO001 A04406000 Exon

CT001 A05179070
CT001 A06220060
CT001 A07234270
CT001 A08286520
CT001 A09432250
CT001 A09433360
CT001 A10358000

Exon

1 kb upstream

1 kb downstream
Intron

Exon

Exon

Intron

CTO001 A04148480
CTO001 A05411190
CTO001 A06208390
CTO001 A06227680
CTO001 A07241390
CTO001 A08280360
CTO001 A08284050

1 kb downstream
Exon

1 kb downstream
Intron

1 kb downstream
Exon

1 kb upstream

CTO001 A06213370
CTO001 A06227680
CTO001 A08284050
CTO001 A09332120
CTO001 A09351750
CTO001 A10358000
CTO001 A10372760

1 kb downstream
Intron

1 kb upstream
Intron

1 kb upstream
Intron

Intron

CTO001 A09312880
CTO001 A09330720
CTO001 A10369640

1 kb upstream
1 kb downstream
1 kb upstream

RCD 1

A02: 19439135-19439754

R e e

CcG CHG CHH

Fig.2 The hypomethylation in gene CT001_A02068540. The pattern
of the selected DMRs can be visualized through hierarchical cluster-
ing of methylation levels for all lines. For each line track, bar height
represents the percentage of methylation. The blue arrow and boxes
represent the genes. The yellow, purple, and red bars indicate CG,
CHG, and CHH methylations, respectively
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methylation statuses of 9 out of 10 DMR-associated genes
were lower in regenerated lines than in the control lines.

3.5 Correlation between DMR and gene expression

We analyzed whether the expression of DMR-associated
genes changed according to the methylation patterns of
regenerated lines. We selected 10 DMRs conserved in
RyC22 and RyC31 and their progeny lines and investigated
their DNA methylation levels and gene expression patterns.
As mentioned above, gene expression levels were positively
correlated with the methylation levels within the transcribed
regions (Fig. 3). The expression of genes associated with
hypomethylated DMRs in the regenerated lines was gener-
ally upregulated. In contrast, the expression of genes associ-
ated with hypermethylated DMRs in the regenerated indi-
viduals was generally downregulated. The DMRs located at
the 1-kb upstream and exonic regions of the selected genes
were also analyzed. The annotated genes associated with
DMRs included those involved in transcriptional regulation,
DNA polymerase activity, and signal transduction functions.
In addition, we performed in silico analyses of the differ-
ences in gene expression during the regeneration process
using TAIR IDs and the Arabidopsis eFP browser (http://
bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Six out of ten
genes could be analyzed with the eFP browser. The expres-
sion levels of the genes tended to increase by 2—4 times
during the callus induction process, therefore these genes
were considered to be related to this process. In particular,
the expression level of A. thaliana subtilase family protein
SBT3.3 (AT1G32960) was increased by 16 times after callus
induction and this was probably associated with the regener-
ation process. When compared with ‘CT001’, the genes were


http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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Fig.3 Gene expression analysis of 10 selected genes within regen-
erant-conserved DMRs (RCDs) in the regenerated lines. Expression
levels of each DMR gene in R, R;, and R, generations of R,C22 and
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bars on the graph indicate the SE of the means (n=3)
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hypomethylated, suggesting that they were more expressed
during regeneration.

For validation of the identified changes in methylation,
RT-PCR of the 10 selected DMR-associated genes was con-
ducted using cDNA synthesized from total RNA extracted
from each regenerated line and primer sets for the selected
DMRs. The amplicon with the expected product size was
identified (Fig. S1), and gene expression was examined in
non-regenerant and regenerant lines by qRT-PCR using the
same primer sets used for RT-PCR (Fig. 3). This analysis
revealed that alterations in DNA methylation, either hyper-
or hypo-methylation, regulated gene expression levels. Most
results indicated that regenerated lines exhibited increased
gene expression along with a lower methylation level, while
a decrease in the methylation status resulted in increased
gene expression.

Among the selected genes, RCDI, RCD2, and RCD3 were
expected to be associated with stress response (Table 5).
As shown in Fig. 3, the expression of RCD/ in regener-
ants was higher than that in the non-regenerant, indicat-
ing that CG hypomethylation in the promoter region and
extensive CHG and CHH hypomethylation in the exonic
and promoter regions effectively upregulated RCDI gene
expression. RCDI was matched with AT3G07460, encod-
ing a putative transmembrane protein containing the
DUF538 domain, and has been reported to respond to
various biotic and abiotic stresses in plants (Gholizadeh
2011). AT3G21910 matched with RCD2 and encodes a
putative cysteine-rich repeat secretory protein, DUF26, that
exists in three forms in plants: cysteine-rich receptor-like
secreted proteins (CRRSPs), cysteine-rich receptor-like

protein kinases (CRKs), and plasmodesmata-localized pro-
teins (PDLPs). The expression of genes corresponding to
CRRSPs and CRKs increased when exposed to biotic and
abiotic stress (Vaattovaara et al. 2019). RCD3 is matched
with AT2G40140, a zinc finger (CCCH-type) family pro-
tein that is known to be associated with tolerance to salin-
ity stress and osmotic stress in plants (Han et al. 2014). In
Arabidopsis, the expression of the corresponding gene,
AtSZF2, rapidly increases under salinity stress (Sun et al.
2007). Therefore, the increased expression of those genes
as a result of hypomethylation was expected in response
to various environmental stresses, which occurred during
the regeneration process, such as stresses caused by culture
media, plant hormones, and reagents used for tissue culture.

In addition, RCD4 matched with the AT4G17250 gene
(Table 5), whose expression increased after 37 °C heat
treatment in Arabidopsis (Lim et al. 2006). AT2G20440
matched with RCDS5, which encodes the gyplp superfam-
ily protein (Table 5). Its expression changes in relation to
meiosis in Arabidopsis, but the exact function of the gene
has not been revealed (Libeau et al. 2011). RCD6 matched
with AT5G59160 (Table 5), which is a protein phosphatase
(TOPP) family gene, also known as protein phosphatase
1 (PPI). Genes of the TOPP family have been reported,
to be regulators of plant immunity, but the detailed func-
tions in plants have not been revealed (Liu et al. 2020). The
AT2G42070 gene matched RCDS8 and is described as Arabi-
dopsis nudix hydrolase (AtNUDX23) (Table 5). It has been
reported to be involved in flavin homeostasis of plant cells
(Maruta et al., 2012). RCD9 matched with AT1G13450,
which encodes transcription factor GT-1 (Table 5). GT-1 has

Table 5 List of the selected DMR-associated genes identified in the regenerated lines

Context Methylation CTO001 ID Location Brassica ID TAIR ID TAIR ID description
pattern in R,

RCD1 CG Hypo” CT001_A02068540 Exon Bra020698 AT3G07460 Transmembrane protein, putative (Protein of
unknown function, DUF538)

RCD2 CG Hypo CTO001_A05179070 Exon Bra031316 AT3G21910 Cysteine-rich repeat secretory protein, puta-
tive (DUF26)

RCD3 CHG  Hypo CT001_A03094670 Exon Bra000170 AT2G40140 Zinc finger (CCCH-type) family protein

RCD 4 CHG Hypo CT001_A08280360 Exon Bra021060 AT4G17250 Transmembrane protein

RCD5 CHG  Hypo CT001_A09312880 1 kb upstream Bra036677 AT2G20440 Ypt/Rab-GAP domain of gyplp superfamily
protein

RCD6 CHG Hypo CT001_A10369640 1 kb upstream Bra002590 AT5G59160 Encodes the catalytic subunit of a Type 1
phosphoprotein Ser/Thr phosphatase

RCD7 CHH  Hyper CT001_A02061980 1 kb upstream Bra033176 AT4G10390 Protein kinase superfamily protein

RCD8 CHH  Hypo CT001_A03095550 1 kb upstream Bra000253 AT2G42070 Encodes a plastid-localized Nudix hydrolase

RCD9 CHH  Hypo CT001_A09351750 1 kb upstream Bra026903 AT1G13450 Encodes GT-1, a plant transcription factor
that binds to one of the cis-acting elements,
BoxII

RCD 10 CHH  Hypo CTO001_A08284050 1 kb upstream Bra016340 -

ZHypo, hypomethylation; Hyper, hypermethylation
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been reported to affect gene expression by binding to BoxII,
a cis-acting element present in the upstream promoter region
of light-responsive genes (Nagata et al. 2010). As the meth-
ylation patterns and the expression of these genes changed
in regenerated lines, an association between the genes and
the tissue culture process adopted is expected, but further
studies are required.

Unlike other RCD genes, hypermethylation and decreased
expression of RCD7 were shown in regenerated plants
(Fig. 3; Table 5). This showed that DNA hypermethylation
was associated with repressed gene expression. Typically, the
presence of methylated cytosines within a promoter region
reduces gene expression (Taiko et al. 2015). AT4G10390,
which matched with RCD7, encodes a kinase superfamily
protein that is known to be related to plant growth and devel-
opment. In Arabidopsis, its expression decreased threefold
after treatment with melatonin which is related to plant stress
defense (Weeda et al., 2014). Therefore, it can be assumed
that the AT4G10390 gene is associated with a decrease in
expression related to plant stress defense. It was predicted
that the decrease in gene expression of RCD7, due to hyper-
methylation, was intended to defend against stress created
during the regeneration process. In conclusion, the results
of this analysis indicated that the regeneration process might
affect DNA methylation in the regenerated lines and subse-
quently affect their gene expression.

Furthermore, the methylation status of the selected RCDs
was maintained in DMRs in the progeny lines obtained by
self-pollination. This study shows that epigenetic signals,
such as DNA methylation and histone modifications, caused
by environmental stress in the previous generation are also
conserved in the progeny line; this is known as “transgenera-
tional epigenetic inheritance (TEI)”. In general, epigenetic
signatures are known to be removed from progeny by ger-
mline reprogramming in mammals (Heard and Martienssen
2014). However, in plants, epigenetic signatures have been
reported to be stably inherited for several generations in vari-
ous organisms (Hauser et al. 2011).

In Arabidopsis, genes involved in methylation in CG,
CHG, and CHH sequence contexts have been reported
(Stroud et al. 2013a; Zhang et al. 2018). CG methylation
is regulated by methyltransferase 1 (MET1) and the plant
homolog of mammalian DNA (cytosine-5)-methyltrans-
ferase 1 (DNMT1) (Kankel et al. 2003). Chromomethylase 3
(CMT3) is known to regulate CHG methylation and domains
rearranged methyltransferases (DRM1 and 2) and plant
homologs of mammalian DNMT3 maintain CHH methyla-
tion through the RNA-directed DNA methylation (RdADM)
pathway (Xie et al. 2004). In addition, it was reported
that DNA methylation is regulated by multiple pathways
based on studies of mutants of methylation-related genes in
Arabidopsis (Stroud et al. 2013a). Since Chinese cabbage
belongs to Brassicaceae, like Arabidopsis, it is expected

that DMRs of Chinese cabbage may have been regulated by
similar DNA methylation-related genes as in Arabidopsis.
Therefore, the results obtained in this study can be utilized
to study the interplay of genes involved in regulating DNA
methylation in Chinese cabbage.

Although the change in methylation pattern between non-
regenerants and regenerant was confirmed, the difference
in phenotype was not observed. In previous studies in rice
(Stroud et al. 2013b) and maize (Stelpflug et al. 2014), most
phenotypic variations were observed only in a subset of
plants regenerated from tissue culture. Thus, we considered
that variation of methylation patterns in the regenerants in
this study might not critically affect the phenotype. In a pre-
vious study, a significant portion of hypomethylated DMRs
identified in tissue-cultured plants was found to be hypo-
methylated even in the natural state (Stelpflug et al. 2014).
Plants display alteration of DNA methylation in response to
diverse environmental stress in nature. Accordingly, it was
suggested that these DMRs are sensitive to environmental
changes, rather than specifically arising because of the tissue
culture process.

3.6 Methylation-specific PCR

Different methylation patterns of RCD1 and RCD10 were
detected among regenerated lines using methylation-specific
PCR (MSP) in which bisulfite-treated DNA was used as a
template. For each selected DMR, we designed two primer
sets specific to methylated (M pair) and unmethylated DNA
(U pair).

MSP data of RCD1 showed that methylated PCR products
were observed in ‘CT001” and non-regenerated plant R,CO,
while unmethylated PCR products were not (Fig. 4a). On the
contrary, the unmethylation of RCD1 was detected from the
R, regenerated lines and from their progenies. These results
showed that RCD1 was methylated in the general condition
of B. rapa plants, but it was unmethylated in regenerated
lines and the altered methylation status was maintained in R,
and R, generation. In addition, it was revealed that RCD10
was methylated in ‘CT001” and R,CO, as well as regenerated
lines, while partially demethylated in the R, progeny line of
RyC31 (Fig. 4b). This result also showed that methylation
status can be visualized by MSP. The difference in meth-
ylation status of RCD10 was not clearly shown, which is
expected to be due to the slight change in methylation level
in regenerated lines.

MSP is a simple and sensitive PCR-based technique
to distinguish unmethylated and methylated DNA (Her-
man et al. 1996). The methylated primers amplify sodium
bisulfite-converted methylated DNA, while the unmethylated
primers amplify unmethylated DNA. The MSP method has
been performed in diverse organisms to distinguish methyla-
tion status in the genome (Khraiwesh et al. 2010; Uthup et al.
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Fig.4 Analysis of methylation-specific PCR products amplified by
primer sets of RCD1 (a) and RCD10 (b). CT001, inbred line; R,CO,
non-regenerated plant; R,, R, regenerated lines including R,C21,

2011; Mihara et al. 2017). Identification of epigenetic mark-
ers can be further used for screening methylation changes in
the genome of regenerated lines. In conclusion, these MSP
results indicate that the alteration in methylation status might
be induced during regeneration or tissue culture, and it can
be specifically evaluated by PCR-based methods.

4 Conclusion

Genetic and epigenetic instabilities were often observed
in in vitro-cultured and regenerated lines. These phenom-
ena can affect the practical applications of plant tissue
culture in various research areas. The epigenetic instabil-
ity of DNA has been especially suggested to be involved
in gene expression control. In this study, we performed
WGBS on regenerated lines of the B. rapa ssp. pekinensis
inbred line ‘CT001’ to uncover DNA methylation changes
resulting from the regeneration process in Chinese cab-
bage. We identified epigenetic mutations in regenerated
lines that could have been induced by tissue culture and
could be inherited by progeny lines, and expression levels
of gene were positively correlated with the methylation
levels within the transcribed regions. We also developed
epigenetic markers to be used for screening methylation
changes in genome of regenerated lines. In this study,
we identified the DMRs consistently observed in the

@ Springer

R,C22, RyC24, and R,C31; R, and R,, progeny lines of R,C22 and
R,C31. M, methylated PCR products; U, unmethylated PCR products

regenerants and confirmed the variation in methylation
patterns of the selected DMRs and the expression of the
genes containing the DMRs. Further research is needed
on the causes of these epigenetic changes in regenerants
and their progenies, as well as the consequences that may
affect metabolic processes or phenotypes. In conclusion,
our findings will contribute to the understanding of epige-
netic aspects of somaclonal variation in regenerated lines.
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