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Plant somatic cells can be reprogrammed into a pluripotent 
cell mass, called callus, which can be subsequently used for 
de novo shoot regeneration through a two-step in vitro tissue 
culture method. MET1-dependent CG methylation has been 
implicated in plant regeneration in Arabidopsis, because 
the met1-3 mutant exhibits increased shoot regeneration 
compared with the wild-type. To understand the role of 
MET1 in de novo shoot regeneration, we compared the 
genome-wide DNA methylomes and transcriptomes of wild-
type and met1-3 callus and leaf. The CG methylation patterns 
were largely unchanged during leaf-to-callus transition, 
suggesting that the altered regeneration phenotype of 
met1-3 was caused by the constitutively hypomethylated 
genes, independent of the tissue type. In particular, MET1-
dependent CG methylation was observed at the blue light 
receptor genes, CRYPTOCHROME 1 (CRY1) and CRY2, which 
reduced their expression. Coexpression network analysis 
revealed that the CRY1 gene was closely linked to cytokinin 
signaling genes. Consistently, functional enrichment analysis 
of differentially expressed genes in met1-3 showed that 
gene ontology terms related to light and hormone signaling 
were overrepresented. Overall, our findings indicate that 
MET1-dependent repression of light and cytokinin signaling 
influences plant regeneration capacity and shoot identity 
establishment.

Keywords: Arabidopsis, callus, cryptochrome 1, cytokinin, 
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INTRODUCTION

Plant somatic cells can be reprogrammed to form an unor-

ganized pluripotent cell mass, called callus. Incubation on 

callus-inducing medium (CIM) activates cell proliferation, 

facilitating callus formation. Accumulating evidence shows 

that callus tissue resembles root primordium, regardless of 

the origin of tissue explants (Atta et al., 2009; Sugimoto et 

al., 2010). Consistently, callus formation is initiated from 

pericycle-like cells (Sugimoto et al., 2010). The founder cell 

undergoes asymmetric cell division and then enables the ac-

quisition of root primordium identity (Dubrovsky et al., 2000; 

Sugimoto et al., 2010), with the activation of genes including 

WUSCHEL-RELATED HOMEOBOX 11 (WOX11) (Liu et al., 

2014) and LATERAL ORGAN BOUNDARIES DOMAINs (LBDs) 

(Feng et al., 2012). Then, callus cells establish regeneration 

competence via the expression of root stem cell regulator 

genes, including PLETHORA 1 (PLT1), PLT2, SHORT-ROOT 

(SHR), SCARECROW (SCR), and WOX5 (Kareem et al., 2015; 

Sugimoto et al., 2010). After the acquisition of pluripotency, 

shoot regeneration can be triggered by incubating the callus 

on cytokinin-rich shoot-inducing medium (SIM). The cytoki-
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nin-inducible type-B ARABIDOPSIS RESPONSE REGULATOR 

(ARR)–WUSCHEL (WUS) module plays a crucial role in de 

novo shoot organogenesis from callus (Meng et al., 2017; 

Zhang et al., 2017). Shoot-specific physiological processes, 

including light signaling, also promote de novo shoot regen-

eration (Nameth et al., 2013).

 Chemical modifications of DNA or core histone proteins 

alter chromatin structure, contributing to gene expression 

regulation, independent of the changes in DNA sequence. 

Methylation of the fifth carbon of cytosine residue is the most 

extensively studied epigenetic modification in both plants and 

mammals (Kim et al., 2021; Yoo et al., 2021). DNA methyl-

ation usually represses gene transcription (Chen et al., 2008; 

Jeddeloh et al., 1998; Zilberman et al., 2007), although 

increasing evidence shows that DNA methylation can also 

activate gene expression (Baubec et al., 2013; Brackertz et 

al., 2002; Fujita et al., 2003; Fukushige et al., 2006; Harris et 

al., 2018; Lang et al., 2017; Waterfield et al., 2014; Zemach 

and Grafi, 2003). The Arabidopsis thaliana genome is se-

lectively methylated in CG, CHG, and CHH (H = A, T, or C) 

contexts. DOMAINS REARRANGED METHYLTRANSFERASE 

2 (DRM2) catalyzes de novo methylation of cytosine residues 

in all sequence contexts (CG, CHG, and CHH) through the 

RNA-directed DNA methylation (RdDM) pathway (Cao and 

Jacobsen, 2002a). CG methylation is maintained by METH-

YLTRANSFERASE 1 (MET1) (Zubko et al., 2012), whereas the 

maintenance of CHG methylation requires CHROMOMETH-

YLASE 3 (CMT3) (Bartee et al., 2001; Lindroth et al., 2001). 

Maintenance of asymmetric CHH methylation is ensured by 

CMT2, DRM1, and DRM2 (Cao and Jacobsen, 2002b). In ad-

dition, cytosine methylation can be reversibly removed by the 

DNA glycosylase/lyase mechanism. In Arabidopsis, REPRES-

SOR OF SILENCING 1 (ROS1), DEMETER (DME), DME-LIKE 

2 (DML2), and DML3 proteins facilitate DNA base excision 

repair (BER) as an active demethylation mechanism (Orte-

ga-Galisteo et al., 2008; Penterman et al., 2007).

 DNA methylation is closely associated with plant regen-

eration. For example, MET1-dependent DNA methylation 

negatively controls the expression of core shoot regeneration 

regulator genes, including WUS, and represses de novo shoot 

organogenesis on CIM (Li et al., 2011; Liu et al., 2018). The 

met1 mutant displays enhanced WUS expression and thereby 

higher rates of shoot regeneration without incubation on 

CIM. Moreover, spatiotemporal expression of MET1 is deli-

cately regulated via the dual mode of action of cytokinin on 

SIM. At the early stage of shoot induction, MET1 expression 

in calli is induced by the cytokinin–CYCD3–E2FA module, 

repressing WUS expression. With increasing incubation time 

on SIM, MET1 expression is restricted to the outer cell layers 

of the callus, whereas WUS expression is activated by type-B 

ARRs in cell layers beneath the MET1-expressing regions (Liu 

et al., 2018).

 In this study, we conducted whole-genome bisulfite se-

quencing (BS-seq) of the met1-3 mutant and wild-type, and 

compared the changes in CG methylation landscape between 

the two genotypes during callus formation to understand 

the role of MET1 in plant regeneration. Notably, CG methyl-

ation was largely unchanged during leaf-to-callus transition, 

regardless of genotypes. Thus, the enhanced shoot regener-

ation phenotype of met1-3 was caused by the constitutively 

hypomethylated genes. We particularly focused on MET1-de-

pendent CG methylation at the blue light receptor loci, 

CRYPTOCHROME 1 (CRY1) and CRY2. MET1-dependent 

CG methylation repressed the expression of both CRY genes. 

CRY1 subsequently regulated cytokinin signaling, especially 

type-B ARR genes. Given that shoot regeneration requires cy-

tokinin signaling, enhanced cytokinin signaling possibly led to 

enhanced de novo shoot regeneration in met1-3. Overall, our 

results suggest that MET1-dependent CG methylation neg-

atively regulates light and cytokinin signaling and influences 

plant regeneration.

MATERIALS AND METHODS

Plant materials and growth conditions
Arabidopsis met1-3 (Johnson et al., 2007), cry1-1 (Koornneef 

et al., 1980), and cry2/fha-1 (Koornneef et al., 1991) mu-

tants have been described previously. Seeds were germinated 

on Murashige and Skoog (MS) medium at 22°C-23°C under 

a long-day photoperiod (16 h light/8 h dark) with fluorescent 

light (150 µmol photons/m2s). The third and fourth leaves 

of two-week-old seedlings were used as explants to induce 

callus on CIM (B5 medium supplemented with 0.5 µg/ml 

2,4-dichlorophenoxyacetic acid [2,4-D] and 0.05 µg/ml ki-

netin). The plates were incubated at 22°C under continuous 

dark for 2 weeks (Fan et al., 2012). To induce de novo shoot 

regeneration, leaf explant-derived callus preincubated on 

CIM for 7 days was transferred to SIM (B5 medium supple-

mented with 0.9 µmol/L indole-3-acetic acid and 2.5 µmol/

L 2-isopentenyladenine). The plates were incubated at 25°C 

under continuous light for up to 3 weeks to examine the 

shoot regeneration capacity of the callus.

Whole genome BS-seq
BS-seq libraries were constructed as described previously 

(Shim et al., 2021). Callus samples are heterogeneous and 

exhibit significant variation in gene expression; therefore, a 

large amount of sample (>1 g) was used to perform high-

depth BS-seq (>70× coverage) for single biological replicate. 

The third and fourth leaves of in vitro-cultured 2-week-old 

seedlings were used for immediately harvesting leaf explants 

and for inducing callus on CIM. Using the cetyltrimethylam-

monium bromide (CTAB) method, genomic DNA was ex-

tracted from leaf explants and leaf explant-derived calli incu-

bated on CIM for 2 weeks. Then, 5 µg of each genomic DNA 

sample was fragmented by Covaris shearing (Covaris, USA). 

Blunt-ended and phosphorylated fragments were adenylated 

at the 3'-ends, and ligated to a methylated adapter using the 

TruSeq DNA Library Preparation Kit (Illumina, USA). Then, 

ligation products were separated by agarose gel electropho-

resis, and 275-350 bp products were purified. The purified 

fragments were bisulfite-treated using the EpiTect Bisulfite 

Conversion Kit (Qiagen, Germany), according to the manu-

facturer’s instructions. Bisulfite conversion was performed in 

a thermal cycler under the following conditions: (1) denatur-

ation at 95°C for 5 min, (2) incubation at 60°C for 25 min, 

(3) denaturation at 95°C for 5 min, (4) incubation at 60°C for 

85 min, (5) denaturation at 95°C for 5 min, (6) incubation at 
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60°C for 175 min, and (7) hold at 20°C. Bisulfite-converted 

DNA samples were purified twice using 20 µl of elution buf-

fer included in the EpiTect kit. The bisulfite-treated fragments 

were amplified by polymerase chain reaction (PCR) using a 

primer cocktail included in the TruSeq kit to generate prod-

ucts with adaptors on both ends. The final products were 

used for constructing a BS-seq library, which was sequenced 

on the HiSeq2000 platform (Illumina).

BS-seq data analysis and differentially methylated region 
(DMR) identification
Raw BS-seq reads were analyzed as described previously 

(Smallwood et al., 2014), with slight modifications. Briefly, 

according to the Bismark Bisulfite Mapper guidelines (https://

rawgit.com/FelixKrueger/Bismark/master/Docs/Bismark_

User_Guide.html), the first 8 bp of raw BS-seq reads were 

trimmed using TrimGalore (parameters: --gzip --paired 

--clip_R1 8 --clip_R2 8) to prevent adaptor contamination 

(Krueger and Andrews, 2011). The trimmed reads were 

initially aligned to the TAIR10 version of the Arabidopsis ref-

erence genome sequence (https://www.arabidopsis.org/) 

using Bismark (Krueger and Andrews, 2011) and Bowtie2 

(Langmead and Salzberg, 2012), with default parameters, 

according to the guideline of Bismark Bisulfite Mapper. Then, 

PCR duplicates in initial alignment files were purged using the 

deduplicate_bismark script. Bisulfite treatment was validated 

by calculating the fraction of unmethylated cytosine residues 

(C to T conversion rate > 99.0%) among the total number of 

mapped cytosines in the chloroplast genome. The average 

bisulfite conversion rate was greater than 98.4%, indicating 

successful bisulfite treatment. The mapped read statistics are 

summarized in Supplementary Table S1. Considering the cu-

mulative number of cytosines in all examined samples, indi-

vidual methyl-cytosines with more than five supporting reads 

were selected for further analysis (Supplementary Fig. S1).

 To identify DMRs between met1-3 and wild-type geno-

types, the Bismark output files were converted into bedGraph 

format using the bismark2bedGraph script, with –CX and –
zero_based options. The output bedGraph files of met1-

3 and wild-type leaf and callus samples were used as input 

for DMRfinder (Gaspar and Hart, 2017), and methylated 

regions for each methylation context were defined using 

the following criteria: maximum methylated region length, 

500 bp; minimum number of methylcytosines, 3; maximum 

distance between methylcytosines, 100 bp; and minimum 

total read count > 20. Regions with significant difference in 

methylation levels (P < 0.05), i.e., more than 40%, 20%, and 

10% absolute difference in the methylation of CG, CHG, and 

CHH contexts, respectively, between met1-3 and wild-type 

(for both leaf and callus tissues) were identified as DMRs, as 

reported previously (Bhatia et al., 2018; Chen et al., 2018; 

Liang et al., 2019; Liu et al., 2016; Stassen et al., 2018; Zhou 

et al., 2019).

 To determine whether DMRs overlapped with genic re-

gions (defined as the region encompassing the gene body 

and 1 kb sequence upstream of the transcription start site) 

and transposable element (TE) regions, the BS-seq data were 

investigated using BEDTools (Quinlan and Hall, 2010), based 

on the TAIR10 reference genome annotation. Genome-wide 

patterns of DNA methylation were visualized using Pandas, 

NumPy, SciPy, and pyplot libraries of Python. The cytosine 

conversion rate in genic regions was depicted using deep-

Tools (Ramírez et al., 2014).

Functional enrichment and coexpression network analyses
To analyze the enriched biological functions of differentially 

methylated genes, the MapMan annotation was used for 

comparing the observed ratio of genes of interest (GOIs) in a 

selected gene group with the expected ratio of genes in the 

reference genome for a specific pathway through the hyper-

geometric test using a homemade Python script (Usadel et 

al., 2009). Moreover, to construct a coexpression network, 

the GOIs were inputted as queries into the NetworkDrawer 

implemented in ATTED-II (https://atted.jp) (Obayashi et al., 

2018).

RNA-seq analysis
To analyze the impact of DNA methylation on gene expres-

sion in the wild-type and met1-3 mutant, the RNA-seq data 

of wild-type leaf explants generated previously (Lee et al., 

2016) were used in this study. Additionally, high-depth RNA-

seq analysis of met1-3 was performed in the current study 

using a large amount of leaf explants (>1 g) for single biolog-

ical replicate.

Quantitative real-time reverse transcription PCR (RT-qPCR) 
analysis
Total RNA was extracted from met1-3 and wild-type leaf 

explants and callus tissues using the TRI reagent (TAKARA 

Bio, Japan), according to the manufacturer’s recommenda-

tions, and treated with an RNase-free DNase to eliminate 

genomic DNA contamination. The first-strand cDNA was 

synthesized from 2 µg of total RNA by reverse transcription 

using Moloney Murine Leukemia Virus reverse transcriptase 

(Dr. Protein, Korea) with oligo(dT18) primers. RT-qPCR ex-

periments were performed on the Step-One Plus Real-Time 

PCR System (Applied Biosystems, USA). The comparative CT 

method was used to determine relative gene expression us-

ing the EUKARYOTIC TRANSLATION INITIATION FACTOR 4A1 

(eIF4A) gene (At3g13920) as an internal control. All RT-qPCR 

reactions were performed using three independent replicate 

samples. The specificity of RT-qPCR results was determined 

by melt curve analysis of the amplified products using the 

standard method.

Data availability
Whole genome BS-seq and RNA-seq data are available at 

the National Center for Biotechnology Information (NCBI) 

Sequence Read Archive (SRA) data under the BioProject ac-

cession number PRJNA601842.

RESULTS

Enhanced shoot regeneration in met1-3
MET1 is involved in plant regeneration from root and pistil 

tissues (Li et al., 2011; Liu et al., 2018). To further analyze 

the functional impact of MET1 in plant regeneration, we 

performed the two-step in vitro plant regeneration process 
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using leaf explants. The third and fourth leaves of 2-week-

old seedlings were excised and placed on CIM. Upon callus 

emergence, callus tissues were transferred to SIM in order to 

induce shoot regeneration.

 Plant regeneration capacity was determined by monitoring 

de novo shoot organogenesis from calli on SIM. The met1-3 

mutant calli displayed greater shoot regeneration than wild-

type calli (Fig. 1). These results suggest that MET1 possibly 

regulates de novo shoot organogenesis-related processes 

and affects plant regeneration.

Global changes in DNA methylation in met1-3
To understand the molecular basis of enhanced de novo 

shoot regeneration in met1-3, we conducted whole-ge-

nome BS-seq using met1-3 and wild-type leaf explants and 

leaf explant-derived calli (Fig. 2A, Supplementary Table S1, 

Supplementary Fig. S1). Because MET1 plays a major role 

in maintaining CG methylation in Arabidopsis (Zubko et al., 

2012), we particularly focused on CG methylation in this 

study. The BS-seq results showed that CG methylation was 

extensively diminished in met1-3, regardless of the tissue type 

(Fig. 2B), whereas global CHG and CHH methylation levels 

were rather increased in met1-3 compared with the wild-

Fig. 2. Marginal changes in CG methylation during leaf-to-callus transition. (A) Fractions of methylated and unmethylated cytosines in 

the CG context in wild-type and met1-3. (B) Average CG methylation levels over genic regions in wild-type and met1-3. TSS, transcription 

start site; TTS, transcription termination site. (C) Hierarchical clustering of genome-wide CG methylation patterns. The color bar indicates 

the methylation level. (D) Venn diagram of regions hypomethylated in each tissue of met1-3 relative to that of the wild-type.

Fig. 1. Increased de novo shoot regeneration efficiency in the 

met1-3 mutant. (A) Shoot regeneration phenotypes. (B) Number 

of regenerated shoots. In (A) and (B), calli preincubated for 7 days 

on CIM were transferred to SIM. The number of regenerated shoots 

from calli was measured (n > 30) at 3 weeks after incubation on 

SIM. Error bars indicate the SEM. Statistically significant differences 

between wild-type and mutant calli are indicated by asterisks 

(Student’s t-test, **P < 0.01). Scale bars = 10 mm.



750  Mol. Cells 2021; 44(10): 746-757

Role of MET1 in Plant Regeneration
Sangrea Shim et al.

type (Supplementary Fig. S2). Most DMRs in met1-3 were 

also concentrated in the CG context (Supplementary Fig. 

S2). Furthermore, during leaf-to-callus transition, CHG and 

CHH methylation was significantly changed particularly at 

TE regions in wild type (Supplementary Fig. S2B), consistent 

with a previous study showing that dynamic changes in CHG 

and CHH methylation levels in TE regions affect plant regen-

eration (Shim et al., 2021). However, the changes observed 

in CHG and CHH methylation levels during callus formation 

were maintained in met1-3 mutant (Supplementary Fig. S2), 

suggesting that the role of MET1 in plant regeneration is re-

lated primarily to CG methylation, independent of CHG and 

CHH methylation.

 Notably, the CG methylation level showed a negligible 

change during leaf-to-callus transition both in the wild-

type and met1-3 mutant (Fig. 2B). Hierarchical clustering 

analysis also showed that CG methylation patterns for the 

same genotype were similar in both calli and leaves (Fig. 

2C), consistent with the minor changes in CG methylation 

observed previously during plant growth and development 

(Ingouff et al., 2017; Ito et al., 2019; Saze et al., 2003). Be-

cause CG methylation levels were mostly reduced in met1-3 

(Fig. 2C), we collected CG regions hypomethylated in met1-

3 relative to the wild-type. The results showed that 27,852 

and 30,824 genomic regions were hypomethylated in leaf 

(Supplementary Table S2) and callus (Supplementary Table 

S3) tissues, respectively, in met1-3. Notably, most of these 

regions (27,053) were commonly hypomethylated in both 

leaf (97.1%; 27,053 of 27,852) and callus (87.8%; 27,053 

of 30,824) tissues (Fig. 2D), indicating that CG methylation 

is not dynamically reprogrammed during the course of callus 

formation.

 Given that most of the hypomethylated CG-DMRs were 

found in genic regions (Supplementary Fig. S2), we collect-

ed genes containing hypomethylated CG regions in met1-

3 within genic regions (Supplementary Tables S4 and S5). 

GO enrichment analysis revealed that MET1-dependent CG 

methylation regulates a variety of biological processes, and 

most of these processes were commonly enriched in both 

leaf and callus tissues (Supplementary Tables S6-S8). In par-

ticular, hypomethylated genes in met1-3 were enriched for 

GO terms related to light signaling (external stimuli response 

for red/far-red light [P value = 1.27 × 10
–2 and 2.26 × 10

–2 for 

leaf and callus tissues, respectively]) (Supplementary Table 

S6). Overall, these results suggest that the increased shoot re-

generation efficiency of the met1-3 mutant is attributable to 

its constitutively hypomethylated regions, which are possibly 

associated with light signaling.

MET1-mediated CG methylation at the CRY1 and CRY2 
loci
To further understand the biological processes regulated by 

MET1, we conducted RNA-seq analysis and identified genes 

differentially expressed between met1-3 and the wild-type. 

Because CG methylation levels did not change during callus 

formation in both genotypes, we used only leaf tissues to ex-

amine which genes were misregulated in met1-3 prior to cal-

lus formation. A total of 3,935 differentially expressed genes 

(DEGs) were identified. Among these, 1,769 genes were 

up-regulated and 2,166 genes were down-regulated in the 

met1-3 mutant compared with the wild-type (Supplementary 

Table S9).

 GO enrichment analysis of the DEGs showed that GO 

terms related to light signaling and responses were signifi-

cantly enriched for light signaling and responses (external 

stimuli response for UV-A/blue light [P value = 7.46 × 10
–3] 

and UV-B light [P value = 2.41 × 10
–2]) (Table 1), which is 

consistent with the fact that MET1-dependent CG-DMRs 

were enriched in genes involved in light signaling (Supple-

mentary Table S6). In addition, it was notable that auxin 

(phytohormone action for auxin biosynthesis [P value = 1.41 

× 10
–2]) and cytokinin-related processes (phytohormone ac-

tion for cytokinin perception and signal transduction [P value 

= 9.61 × 10
–3] and cytokinin transport [P value = 2.09 × 10

–2]) 

were also overrepresented (Table 1). These results suggest 

that DNA methylation-dependent regulation of light signal-

ing ultimately affects hormone signaling, which may account 

for the altered plant regeneration phenotype of the met1-3 

mutant (Fig. 1).

 The biological impact of light signaling on plant regenera-

tion remains unknown; therefore, we decided to investigate 

how light signaling regulates de novo shoot regeneration. We 

revisited the hypomethylated regions in met1-3, and found 

that key blue light receptor genes, including CRY1 and CRY2, 

were under the control of MET1-dependent CG methylation 

(Fig. 3A) in both leaf and callus tissues (Supplementary Tables 

S4 and S5). Expression levels of CRY1 and CRY2 were high-

er in met1-3 than in the wild-type (Fig. 3A, Supplementary 

Table S10), suggesting that CG methylation repressed the 

expression of these genes. To validate the transcriptional 

control over photoreceptor genes by MET1, we carried out 

RT-qPCR analysis using met1-3 and wild-type calli. The ex-

pression of CRY genes gradually decreased in the wild-type 

during callus formation, but the reduction was diminished 

in met1-3 (Fig. 3B, Supplementary Fig. S3), indicating that 

light signaling triggered by CRY1 and CRY2 is derepressed in 

met1-3. The contradicting results of CRY expression in leaf 

tissues between RNA-seq and RT-qPCR might be explained 

by the differential sensitivity of the two techniques.

 Next, we investigated whether shoot regeneration efficien-

cy of met1-3 was indeed associated with increased expres-

sion of CRYs. To test this possibility, we employed cry1-1 and 

cry2/fha-1 mutants, and examined their de novo shoot re-

generation capacity. The cry1-1 mutant particularly displayed 

reduced shoot regeneration (Figs. 3C and 3D), while cry2/

fha-1 showed a statistically insignificant increase in shoot 

regeneration efficiency (Supplementary Fig. S3), compared 

with wild type. Given that CRY1 is responsible for sensing 

both low and high intensities of blue light, whereas CRY2 

mainly perceives a low intensity of blue light (Lin et al., 1998; 

Yu et al., 2010), it is reasonable to speculate that CRY1 has a 

broad and greater impact during plant regeneration. Togeth-

er, these data suggest that MET1-dependent CG methylation 

represses CRY1 expression and influences the plant regener-

ation process.

Coexpression of CRY1 and cytokinin signaling genes
To estimate the extent of the biological impact of MET1 
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during plant regeneration, we identified genes both hy-

pomethylated and up-regulated in met1-3 (Supplementary 

Table S10); these genes included CRY1 and CRY2. A total 

of 386 genes were identified, which were then subjected to 

coexpression network analysis. Of the 386 genes, 314 were 

included in a scaled-subnetwork consisting of 3,390 genes 

(Fig. 4A, Supplementary Table S11). To characterize the net-

work, we performed functional enrichment analysis of all 

3,390 genes. The results showed that cytokinin signaling was 

particularly overrepresented (phytohormone action for cyto-

kinin-perception and signal transduction [P value = 3.95 × 

10
–5]) (Table 2). Consistently, core cytokinin signaling genes, 

such as ARR1 and ARR9, were found in the coexpression 

network (Fig. 4A).

 In agreement with the finding that blue light receptor 

genes were included in the coexpression network of genes 

regulated by MET1-dependent CG methylation (Fig. 4A), the 

CRY1 gene was also closely connected to cytokinin signaling. 

Gene regulatory network analysis showed that type-A and 

type-B ARR genes were particularly coexpressed with CRY1 

in a relation of second neighbor (Fig. 4B). Given that photo-

receptors are involved in shoot identity establishment (Ikeuchi 

et al., 2016; Nameth et al., 2013), which requires cytokinin 

biosynthesis and signaling (Meng et al., 2017; Skoog and 

Miller, 1957; Zhang et al., 2017), it is plausible that CRY1 is 

functionally associated with cytokinin signaling.

 Considering that enhanced cytokinin signaling promotes 

de novo shoot organogenesis (Atta et al., 2009; Skoog and 

Miller, 1957; Sugimoto et al., 2010), the functions of MET1 

and CRY1 in shoot regeneration were likely owing to altered 

cytokinin signaling. To test this possibility, we examined 

whether the transcript levels of cytokinin signaling genes 

were affected in met1-3 and cry1-1 mutants. Type-B ARR1 

and ARR10 genes were up-regulated in met1-3 (Fig. 4C) but 

were significantly repressed in cry1-1 (Fig. 4D), as expected. 

These results indicate that MET1-dependent CG methylation 

represses CRY1 and consequently cytokinin signaling, thus 

affecting plant regeneration.

 Taken together, our findings demonstrate that MET1-de-

pendent CG methylation represses CRY1 expression and 

consequently reduces cytokinin signaling. In the met1-3 

mutant, methylation-free contexts at the CRY1 locus activate 

gene expression and enhance cytokinin signaling (Fig. 5). The 

signaling axis encompassing MET1 and CRY1 influences the 

plant regeneration process, which is intrinsically based on the 

balance between auxin and cytokinin signaling.

DISCUSSION

In vitro plant regeneration involves two steps: callus forma-

tion and de novo shoot regeneration. Callus tissue is analo-

gous to the lateral root primordium (Sugimoto et al., 2010); 

therefore, callus formation is initiated by genes involved in 

lateral root formation, including LBDs. Callus cells then estab-

Fig. 3. MET1-dependent CG 

methylation at the CRY loci. (A) 

CG methylation patterns at the 

chromatin of CRY1 and CRY2 

genes. DNA methylation states 

and mRNA levels are depicted. (B) 

Transcript level of CRY1 in met1-

3 determined by RT-qPCR. Three 

independent biological replicates 

were averaged. Asterisks indicate 

significant differences (Student’s 

t -test; *P  < 0.05). DAC, days 

after incubation on CIM. (C and 

D) Shoot regeneration capacity 

of  the cry1-1  mutant .  Ca l l i 

preincubated for 7 days on CIM 

were transferred to SIM. The 

number of regenerated shoots 

from calli was measured (n > 

30) at 3 weeks after incubation 

on SIM. Statistically significant 

differences between wild-type 

and mutant calli are indicated by 

asterisks (Student’s t-test, *P < 

0.05). Scale bars = 10 mm.
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lish the root stem cell niche through the expression of plu-

ripotency regulators, PLTs and WOXs (Kareem et al., 2015; 

Sugimoto et al., 2010). PLT- and WOX-induced root stem cell 

identity is considered as the cellular nature of pluripotency 

(Gaillochet and Lohmann, 2015; Lee and Seo, 2018), facil-

itating consequent tissue regeneration. After pluripotency 

acquisition, de novo shoot organogenesis can be initiated 

on SIM through the activation of type-B ARRs (Meng et al., 

2017) and subsequently WUS, which defines the shoot de-

velopmental program (Zhang et al., 2017).

 Plant regeneration involves substantial changes in the 

epigenetic landscape. Histone H3 modifications, including 

trimethylation of lysine 4 and lysine 36 residues (H3K4me3 

and H3K36me3, respectively) and acetylation, exhibit dynam-

ic changes during leaf-to-callus transition (Kim et al., 2018; 

Lee et al., 2017; Li et al., 2011). Various chromatin modifiers 

and remodelers have been identified as key regulators of cell 

fate transition (He et al., 2012; Ishihara et al., 2019). DNA 

methylation is also altered during the process of plant regen-

eration. In particular, genome-wide CHG and CHH methyla-

tion levels change during callus formation (Shim et al., 2021). 

By contrast, in this study, CG methylation was largely insen-

sitive to cell fate transition, and CG methylation landscapes 

were mostly maintained during leaf-to-callus transition. It is 

plausible that CG methylation evolved to ensure genome in-

tegrity rather than to regulate gene expression.

 Given the stable nature of CG methylation during leaf-

to-callus transition, the altered de novo shoot regeneration 

capacity of met1-3 was attributable to its constitutively hy-

pomethylated genomic regions, independent of the tissue 

type. It has been demonstrated that the WUS gene, a key 

regulator of shoot stem cell formation, is constitutively acti-

vated in met1, which accounts for their enhanced de novo 

shoot regeneration capability (Li et al., 2011). In this study, 

we found additional targets of MET1-dependent CG methyl-

ation. The CG-methylated and MET1-down-regulated genes 

were enriched for light and cytokinin signaling. In particular, 

CRY1, which is CG-methylated by MET1, was linked to cy-

tokinin signaling genes, as suggested previously (Gangappa 

and Botto, 2016; Vandenbussche et al., 2007), although de-

tailed molecular connections need to be elucidated.

Fig. 5. The role of MET1 in de novo shoot regeneration. The 

CRY1 gene is silenced by MET1-dependent DNA methylation 

to ensure homeostasis of light signaling in wild-type leaves. In 

met1-3, the CG methylation-free CRY1 locus is transcriptionally 

activated, which stimulates the expression of cytokinin signaling 

genes, such as type-B ARRs. Increased cytokinin signaling 

promotes de novo shoot regeneration.

Fig. 4. Potential connection of 

CRY1 and cytokinin signaling 

components. (A) Coexpression 

network of genes hypomethylated 

and up-regulated in met1-3 . 

Cytokinin signaling genes are 

indicated by purple nodes. (B) 

Close neighbor genes of CRY1 

in the coexpression subnetwork. 

Cytokinin signaling genes are 

indicated by purple nodes. (C and 

D) Transcript levels of type-B ARR 

genes in met1-3 (C) and cry1-1 

(D) calli determined by RT-qPCR. 

Three independent biological 

replicates were averaged. Asterisks 

indicate significant differences 

(Student’s t-test; *P < 0.05).
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 Each step of the plant regeneration process requires a 

balance between auxin and cytokinin signaling. A high 

auxin-to-cytokinin ratio promotes callus formation (Atta et 

al., 2009; Skoog and Miller, 1957; Sugimoto et al., 2010), 

whereas a low auxin-to-cytokinin ratio promotes de novo 

shoot regeneration (Skoog and Miller, 1957). MET1-de-

pendent CG methylation suppresses the blue light receptor 

gene CRY1, and subsequently inhibits cytokinin signaling 

and shoot identity establishment in calli. The met1-3 mutant 

displayed higher expression of CRY1 and consequently that 

of cytokinin signaling genes. Consistently, shoot regeneration 

was reduced in the cry1-1 mutant, possibly because of atten-

uated cytokinin signaling, but increased in the met1-3 mu-

tant. Overall, our data suggest that MET1 catalyzes CG meth-

ylation and silences light signaling, in part, via the repression 

of CRY1. Light signaling exhibits extensive crosstalk with 

hormone signaling pathways, especially cytokinin signaling. 

In met1-3, enhanced light and cytokinin signaling promotes 

shoot identity establishment and de novo shoot organogene-

sis.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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