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Whole Genome Methylation Patterns in Mungbean 

 

AHRA BAE 

 

ABSTRACT 

 

Methylome analysis which includes DNA methylation 

information in whole genome level gives lots of inheritable epigenetic 

information. Whole genome DNA methylation analysis in plants have 

been conducted in Arabidopsis Thaliana, Oryza sativa (rice), Populus 

trichocarpa (poplar) and Glycine max (soybean). Among these, only 

rice and soybean are edible crops so it is needed to study various 

plants’ methylome. In this reason, we conducted DNA methylome 

analysis of mungbean which is an important legume crop widely 

cultivated in Asia. And we established the foundation of epigenetic 

study of mungbean. For this, we selected two mungbean cultivars- 

VC1973A (Seonhwanogdu), V2984 (Kyung-Ki Jaerae#5) and 

conducted BS-seq with Sodium Bisulfite treatment. And also, we did 

transcriptome analysis to see methylation information and correlation 

of gene expression level and methylation. In the result, The VC1973A 



 

ii 

methylome contains 107,313,781 methylated CGs (mCG- 54.1% of all 

CGs), 116,306,461 mCHG (44.3% of all CHGs) and 95,774,535 

mCHH (5.5% of all CHHs) which represents a greater proportion of 

methylated cytosines compared with DNA methylome for Arabidopsis 

thaliana, but it is similar with soybean’s 

Detailed methylation status of VC1973A and V2984, data over 

90 percent of methylation level with supporting depth over 10, shows 

methylcytosines of VC1973A and V2984 were distributed by similar 

patterns overall but ratio of mCG, mCHG and mCHH was slightly 

different as 57.16%, 42.03%, 0.81% in VC1973A and 56.10%, 

43.25%, 0.65% in V2984. Based this result, we made methylation 

map combined with each methylation level and gene density. It 

revealed that sites having higher density of methylcytosines show low 

gene density of each chromosome compared with the bulk 

methylcytosines regions.  

In comparison of two cultivars, among total 1,244,837 

methylation sites, 1,226,791 sites were conserved between two 

cultivars. It means 98.6% of methylation between two cultivars is 

conserved and we considered the rest 18,046 sites (1.4%) as 

epiallelic sites. We did gene annotation and ontology analysis with 
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these epialleic sites. In the results of gene ontology analysis, these 

epiallelic genes are involved in various organelle, DNA polymerase 

activity or biological processes like vitamin metabolic process etc.  

To see relation between duplicated genes and methylation, we 

compared methylation level distribution in two paralogs. 2,917 

identified duplicated gene pairs show dispersed shape regardless of 

methylation context. In all methylation contexts, dots are distributed 

along the axis. We assume that this pattern results from character of 

mungbenan genome which has only one time of ancient duplication 

event and after that methylation of duplicated genes has been divided 

depending on its use.  
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INTRODUCTION 

 

Mungbean [Vigna radiate (L.)] is an important legume crop 

widely cultivated in Asia serving its roles as a cash crop and as 

nutrition sources. The mungbean can be used in several ways, where 

seed, sprout and young pods are consumed as sources of protein, 

amino acids, vitamins and minerals, and its by-products are used as 

green manure and feed. It is an important protein source for people 

who rely on the cereal-based diets, especially the developing Aisan 

countries. (Somta and Srinives 2007; Tangphatsornruang et al. 2010; 

Lambrides and Godwin 2007) Mungbean is rich in highly digestible 

protein and mungbean sprouts which are considered high in vitamins 

and minerals are popular in Asian cuisine. In these reasons, the main 

focus of the mungbean studies has been set on seed traits such as 

size, shape, color, sprouting quality and quantity or biotic & abiotic 

stress resistances, which are directly related with yields. (Van et al. 

2013) Mungbean is a self-polinated diploid plant with 2n=22 

chormomosomes and taxanomically belongs to the tribe Phaseoleae 

and family Fabaceae. 
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Epigenetics is the study beyond genetics which deals with 

changes in the underlying DNA sequence. Nowadays, there are trials 

to define genes which are not found within genetics with epigenetic 

aspects. Before define genes underlying DNA sequence, we need to 

understand epigenetic characters of specific organism. Among 

epigenetic modifications, DNA methylation involving the addition of a 

methyl group to 5’ carbon of the cytosine has an important role as an 

epigenetic mark and also DNA methylation is considered good source 

to study heritable epigenetic traits. Especially, Whole genome DNA 

methylation includes abundant epigenetic information because it is 

found across whole genome and conserved between generations. For 

these reasons, profiling DNA methylation across the genome is vital 

to understanding the influence of epigenetics. Nevertheless, whole 

genome DNA methylation analysis in plants have been conducted in 

Arabidopsis Thaliana, Oryza sativa (rice), Populus trichocarpa (poplar) 

and Glycine max (soybean) . Among these, only rice and soybean are 

edible crops so it is needed to study various plants’ methylome. 

In this paper, we constructed whole genome DNA methylation 

map of mungbean and compared methylome of two mungbean 

cultivars. We found epiallelic sites from this data and did gene 
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annotation and gene ontology analysis to understand these epiallelic 

regions between two cultivars. Furthermore, we researched relation of 

duplicated gene and methylation. A series of these studies will give 

insights to study mungbean and other plants with epigenetics 

perspective. 
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LITERATURE REVIEW 

 

Epigenetics and Epigenome  

 

Epigenetics is the study beyond genetics which deals with 

changes in the underlying DNA sequence. In other words, epigenetics 

is the study of mitotically and/or meiotically heritable changes in gene 

function that arise independent of genetic variation. (Riggs et al. 1996) 

In epigenetics, some heritable changes have been proved and these 

changes are considered to come from such as modifications including 

chromatin packaging, DNA methylation and histone modification. The 

epigenome refers to the complete description of these potentially 

heritable changes across the genome. (Bernstein et al. 2007) In 

contrast to the genome, which is identical in all cell types throughout 

life, the epigenome is influenced significantly during development by 

environmental factors.(He et al. 2011) Studies on environment factors 

which impact the epigenetic state establish epigenetics as an 

important interface between the environment and the genome. High-

resolution maps of eukaryote epigenomes have been obtained 

through high-throughput sequencing-based approaches. In plants, 
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epigenome of Arabidopsis was posted in Nature and Cell in 2008 and 

from now on, Oryza sativa (rice), Populus trichocarpa (poplar) and 

Glycine max (soybean)’s epigenome have been identified. (Feng et al. 

2010; Schmitz et al. 2013) 

 

DNA methylation  

Among epigenetic modifications, DNA methylation involving the 

addition of a methyl group to 5’ carbon of the cytosine has an 

important role as an epigenetic mark. DNA methylation at the carbon-

5 position of cytosine is catalyzed by DNA methyltransferases and 

reverse process can be catalyzed by DNA demethylases. In plants, 

the cytosine can be methylated at CpG, CpHpG, and CpHpH sites, 

where H represents any nucleotide but guanine. DNA methylation can 

be detected by various methods depending on chemical treatment 

and analysis methods. - Methylation-Specific PCR (MSP), Whole 

genome bisulfite sequencing, ChIP-on-chip etc. DNA methylation is a 

major form of epigenetic control over gene expression and one of the 

most highly studied topics in epigenetics.(Flusberg et al. 2010; 

Bernstein et al. 2007) For example, DNA methylation can stably 
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change the expression of genes in cells. For these reasons, DNA 

methylation is considered good source to study heritable epigenetic 

traits. Especially, Whole genome DNA methylation includes abundant 

epigenetic information because it is found across whole genome and 

conserved between generations.  

 

Epiallele 

 

Epiallele, epigenetic allele, is a heritable variant of an allele 

that is not reflected by a change in its DNA sequence, but has an 

effect on gene expression. In other word, identical genes that have 

differences only in their epigenetic state are called epialleles. 

Epialleles are classified into three categories based on their 

dependence on genotype: The first class called obligate epialleles are 

completely dependent on genetic variation, whereas the second class 

called facilitated epialleles can be generated from the presence of a 

genetic variant, but their maintenance is not necessarily dependent 

on this variant. In this reason, facilitated epigenetic variation 

represents a breakdown in the strict link between genetic and 
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epigenetic variation. (Richards 2006) The third class, pure epialleles, 

forms independent of any genetic variation. The epialleles far 

identified in Arabidopsis are either obligate epialleles or are facilitated 

epialleles because their formation has been induced using mutations 

required for maintenance of DNA methylation or they were recovered 

from mutagenesis experiments. Mitotically pure epialleles exist, but 

until recently the identification of naturally occurring meiotically pure 

epialleles has remained indefinable. (Schmitz and Ecker 2012; Lauria 

and Rossi 2011) From now on, only few of epialleles have been 

figured out in plants and ecologically important genes with methylated 

epialleles have been found to affect floral shape, vegetative and seed 

pigmentation, pathogen resistance and development in plants.(Kalisz 

and Purugganan 2004)  
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Gene duplication 

 

Gene duplication is an important mechanism for acquiring new 

genetic material and creating genetic novelty in organisms. It can be 

defined as any duplication of a region of DNA that contains a gene. 

(Magadum et al. 2013) Gene duplication can result from unequal 

crossing-over, retroposition, replication slippage or chromosomal 

(genome) duplication. Firstly, unequal crossing-over occurs during 

meiosis between misaligned homologous chromosomes and this 

crossing-over makes ectopic recombination mediated by sequence 

similarity at the duplicate breakpoints. Unequal crossing-over usually 

generates tandem gene duplication; that is, duplicated genes are 

linked in a chromosome. (Zhang 2003) Secondly, duplication through 

retroposition occurs when a message RNA (mRNA) is 

retrotranscribed to complementary DNA (cDNA) and then inserted 

into the genome. Gene duplication can be made through an error in 

DNA replication, replication slippage, which can produce duplications 

of short genetic sequences. Polyploidization is the fourth major 

mechanism of formation of duplicate genes. Polyploidy is an 

evolutionary process whereby two or more genomes are brought 
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together into the same nucleus, usually by hybridization followed by 

chromosome doubling, which results in additional copies of the entire 

genome.(Magadum et al. 2013) The fate of duplicated gene is 

categorized depending on gene function. There are four 

consequences of duplicated genes. -Peudogenization, Conservation 

of gene function, Subfunctionalization and Neofunctionalization. 

Basically, duplication of a gene produces functional redundancy and it 

is generally not advantageous for species to carry two identical genes. 

In this reason, through peudogenization, the process by which a 

functional gene becomes a pseudogene, usually occurs in the first 

few million years after duplication if the duplicated gene is not under 

any selection. The presence of duplicated genes is sometimes 

beneficial simply because extra amounts of protein or RNA products 

are provided. In that case, paralogous genes maintain the same 

function after duplication by gene conversion. Another possible fate 

for duplicate genes is that after duplication, both copies are 

maintained in the genome for a period of time during which they 

differentiate in some aspects of their functions. This mechanism is 

subfunctionalization, in which each daughter gene adopts part of the 

functions of their parental gene.(Magadum et al. 2013) The last fate of 
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duplicated gene is neofunctionalization. Neofunctionalization is the 

process by which a gene acquires a new function after a gene 

duplication event. It means one of the gene copies must mutate to 

develop a function that was not present in the ancestral gene. 

Neofunctionalization, as an adaptive process where one copy 

mutates into a function that was not present in the pre-duplication 

gene, is one mechanism that can lead to the retention of both 

copies.(Magadum et al. 2013) 
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MATERIALS AND METHODS 

 
Whole Genome Bisulfite Sequencing 

 

For identification of the methylated genomic regions, we 

implemented bisulfite sequencing. We collected young leaves of 

VC1973A and V2984 at the growth stage of third triplet. With those 

leaves sample, we extracted DNA using cetyltrimethyl ammonium 

bromide method (Gelvin and Schilperoot 1995). Bisulfite treatment 

and sequencing parts, DNA sequencing libraries for VC1973A and 

V2984 were constructed according to the manufacturer’s instructions. 

Input gDNA (5 μg) is fragmented by Covaris shearing. {Covaris S2 

series from Covaris Inc. (Woburn, MA, USA)} The fragments are 

blunt‐ended and phosphorylated, and a single ‘A’ nucleotide is added 

to the 3’ ends of the fragments in preparation for ligation to a 

methylated adapter that has a single‐base ‘T’ overhang using Truseq 

DNA library preparation kit provided by Illumina (Illumina, San Diego, 

CA, USA). The ligation products are purified and size‐selected by 

agarose gel electrophoresis. Size‐selected DNA is subsequently 

bisulfite‐treated twice and purified. The procedures were adapted 

from the EpiTect Bisulfite Kit (Qiagen, Valencia, CA). The bisulfite-
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treated DNA is PCR‐amplified to enrich for fragments that have 

adapters on both ends. The final purified product is then quantified 

using qPCR according to the qPCR Quantification Protocol Guide and 

qualified using the Agilent Technologies 2100 Bioanalyzer. (Agilent 

technologies,Palo Alto CA, USA). MethylC-seq libraries were 

sequenced using the HiSeq™ 2000 platform (Illumina,San Diego, CA 

USA). {MethylC-seq libraries were sequenced for 101 cycles.  

 

RNA sequencing  

 

To address the correlation between level of methylations of 

genic regions and the gene expression patterns, we additionally 

sequenced the transcriptome of VC1973A and V2984 at the same 

growth stage for the three replicates [We extracted respective DNA 

and RNA in each sample. After that RNA samples were validated with 

2100 bioanalyzer RNA 6000 NANO chip and DNA samples were 

validated with Picogreen (Invitrogen, cat. #P7589). We selected high 

quality of DNA and RNA pairs for each cultivar in triplicates. RNA-seq 

libraries were constructed using the Illumina TruSeq Kit (Illumina, San 

Diego, CA) following the manufacturer’s guidelines. 
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 Figure 1.  Work flow of BS-seq and methylation map 
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Sequencing analysis 

 

The sodium bisulfite non-conversion rate was calculated as 

percentage of methylcytosines aligned with unmethylated chloroplast 

genome} (Mungbean chloroplast reference (KPS1=VC1973A 

doi:10.1093/dnares/dsp025)]. Produced reads of Bisulfite sequencing 

were supplied to software Bismark {ref} with options; [to build pre-

converted forms of the reference, bismark_genome_preparation 

module was used with bowtie 0.12.7 and after that we aligned read 

files to the prepared reference genome with bismark module under 

the default option ]. Among the genomic sites that were extracted 

using bismark_methylation_extractor, we collected the sites that 

showed over 90 percent of methylation level with supporting depth 

over 10 to ensure the reliability. 
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Methylation Circos  

 

Methylation Circos of VC1973A and v2984 were computed with 

Circos Software 0.64 version. Gene density data were from whole 

genome sequencing data of Mungbean and trimmed by handmade 

python code.  

 

Identification of duplicated genes and paralogs  

 

With data over 90 percent of methylation level with supporting 

depth over 10, paralog genes were identified based on peptide 

homology using the NCBI blastp program (E-value <= 1e-5). After that, 

those paralog gene pairs were clustered using MCScanX 
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RESULTS 

 

Bisulfite Sequencing of the Mungbean Genome 

 

To generate a DNA methylation map at single base resolution 

across the Mungbean genome,  whole genome bisulfite sequencing 

(MethylC-seq)(Lister et al. 2008) was performed on DNA isolated from 

leaves of the VC1973A and V2984, respectively. We adopted the 

Illumina Hiseq and obtained >209 million 101 bp reads from VC1973A 

and >179 million from V2984. (Table 1) The VC1973A methylome 

contains 107,313,781 methylated CGs (mCG- 54.1% of all CGs), 

116,306,461 mCHG (44.3% of all CHGs) and 95,774,535 mCHH (5.5% 

of all CHHs) (Table 3) which represents a greater proportion of 

methylated cytosines compared with DNA methylome for Arabidopsis 

thaliana(Lister et al. 2008), but it is similar with soybean’s (Schmitz et 

al. 2013)      

In mungbean and soybean, there are almost equal numbers of 

mCG (nearly 50%) and mCHG (nearly 40%), which contrasts to the 



 

17 

Arabidopsis thaliana methylome (22% of mCG, 11% of mCHG) But, in 

case of mCHH, they show similar level as 5%. (Fig. 2)   
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Table 1.  BS-Seq information of VC1973A and V2984 

Purpose Acc no Name Platform Library Total reads Sequencing depth* 

Bisulfite 

sequencing 

VC1973A 
Seonhwanogdu Illumina 

Hiseq 
paired-end 209,103,160 38.5 

V2984 
Kyung-Ki Jaerae#5 Illumina 

Hiseq 
paired-end 179,540,698 33.1 

* Sequencing depth were determined using estimate genome size using kmer analysis 
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Table 2. Summary of RNA seq result using Illumina Hiseq in paired end library 

Purpose Cultivar Tissue Total reads Total produced base 

Validation of  

epialleles  

VC1937A Leaf – Rep1 65,254,568 6,590,711,368  

  Leaf – Rep2 99,968,084 10,096,776,484  

  Leaf – Rep3 74,902,964 7,565,199,364 

V2984 Leaf – Rep1 76,758,830 7,752,641,830          

  Leaf – Rep2 82,690,052 8,351,695,252 

  Leaf – Rep3 55,831,990 5,639,030,990 
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Table 3. Bismark methylation raw data  

  VC1973A V2984 

Sequence pairs analysed  104551580 89770349 

Mapping efficiency 74.10% 65.80% 

Total c analysed  2189874117 1739218275 

mCpG 107313781 81527806 

mCHG 116306461 87313121 

mCHH 95774535 63221509 

C to T CpG 90990936 81923051 

C to T CHG 146309856 123877007 

C to T CHH 1633178548 1301355781 

methylC in CpG 54.10% 49.90% 

methylC in CHG 44.30% 41.30% 

methylC in CHH 5.50% 4.60% 
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 Figure 2. Comparison of DNA methylation portion among Arabidopis, soybean and mungbean 
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As raw data, The V2984 methylome contains 76,541,733 

methylated CGs (mCG- 50.7 % of all CGs), 83,493,401 mCHG (41.5 % 

of all CHGs) and 61,949,647 mCHH (4.7 % of all CHHs). It shows 

slightly different methylation portion with VC1973A. Detailed 

methylation status of VC1973A and V2984, data over 90 percent of 

methylation level with supporting depth over 10, shows 

methylcytosines of VC1973A and V2984 were distributed by similar 

patterns overall but ratio of mCG, mCHG and mCHH was slightly 

different as 57.16%, 42.03%, 0.81% in VC1973A and 56.10%, 

43.25%, 0.65% in V2984. (Table 4) CG methylation was the biggest 

part followed by mCHG, mCHH in both cultivars. By gene regions, 

intergenic region which is over 92% at CG and CHG and over 83% at 

CHH takes the largest parts. Meanwhile, gene body methylation 

which includes 1_kb_upstream, five_prime_UTR, CDS, Intron, 

three_prime_UTR takes about 7% of total methylation. We 

recognized methylated genes as genes having methylation at their 

position. Number of methylated genes is almost 4~7% of total 

methylation. Multiple types of methylation could affect on a gene, so 

the total number of genes of each methylation types exceeds total 

number of methylated genes.  
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Table 4. Methylation status of VC1973A and V2984   

  VC1973A % V2984 % 

CG 57.16% 56.10% 

Intergenic 1,744,528 92.39% 1,159,755 92.672% 

1_kb_upstream 45,898 2.43% 29,989 2.396% 

five_prime_UTR 742 0.04% 442 0.035% 

CDS 13,085 0.69% 8,075 0.645% 

Intron 83,392 4.42% 52,789 4.218% 

three_prime_UTR 628 0.03% 407 0.033% 

Total 1,888,273 100.00% 1,251,457 100.000% 

Number of methylated 
genesa,b 7,691 0.41% 6,503 0.520% 

CHG 42.03% 43.25% 

Intergenic 1,283,022 92.39% 895,846 92.855% 

1_kb_upstream 30,006 2.16% 20,030 2.076% 

five_prime_UTR 462 0.03% 323 0.033% 

CDS 9,501 0.68% 5,929 0.615% 

Intron 65,257 4.70% 42,370 4.392% 

three_prime_UTR 423 0.03% 284 0.029% 

Total 1,388,671 100.00% 964,782 100.000% 

Number of methylated 
genes 6,206 0.45% 5,226 0.542% 

CHH 0.81% 0.65% 

Intergenic 22,369 83.42% 12,168 84.418% 

1_kb_upstream 2,342 8.73% 1,163 8.069% 

five_prime_UTR 15 0.06% 7 0.049% 

CDS 94 0.35% 61 0.423% 

Intron 1,980 7.38% 1,010 7.007% 

three_prime_UTR 15 0.06% 5 0.035% 

Total 26,815 100.00% 14,414 100.000% 
Number of methylated 
genes 1,823 6.80% 1,114 7.729% 

a. Multiple types of methylation could affect on a gene, and the total number of 
genes of each methylation types exceed total number of methylated genes 

b. We regarded 1kb upstream, UTR, CDS, Intron methylation as gene 
methylation 
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Distribution of methylation on chromosomes 

 

The distribution of mCG, mCHG and mCHH sites were found in 

genome-wide and it revealed that sites having higher density of 

methylcytosines show low gene density of each chromosome 

compared with the bulk methylcytosines regions. (Fig. 3) Overall, 

each chromosome shows these general methylcytosine patterns. But, 

they have different shape in whole genome methylation pattern. For 

example, Chromosome 6 and 7 show even distribution in center of 

chromosome and methylation density decreases at the both end of 

chromosome. This type of chromosome has balanced methycytosine 

distribution. On the other hand, some chromosomes have biased 

distribution of methylcytosine like chromosome 10 and 11 and 

chromosome 5 has fluctuated methylation pattern.
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 Figure 3.  Methylation map of VC1973A 
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Epiallelic map between VC1973A and V2984 

 

To address methylation difference between two mungbean 

cultivars, we conducted methylation comparison in whole genome 

level. We made methylation circos from each methylation map. From 

this circos, we can see several differences between two cultivars. Sky 

blue and green stand for V2984 and VC19783A methylation level. 

(Fig.4) Comparing two lines, they have similarity in methylation 

patterns genome widely, but they show different peak size and density 

in some parts. For example, V2984 shows more fluctuated 

methylation patterns in Vr01 and Vr02. Meanwhile, VC1973A shows 

more dense and even distribution in these regions. VC1073A and 

V2984 share methylation patterns contrary to gene density (pink). 

Black line means synteny blocks in mungbean and it shows 

duplicated block within VC1973A.  

To see difference in details, we filtered status of methylation 

between VC1973A and V2984 by sites with mapping depth and 

methylation level over cutoff. (Table 5) Among total 1,244,837 

methylation sites, 1,226,791 sites were conserved between two 
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cultivars. It means 98.6% of methylation between two cultivars is 

conserved and we considered the rest sites are epiallelic sites. 

18,046 sites, 1.4% of total methylation sites, are epiallelic sites 

between two cultivars. Among these epiallelic sites, CG Methylation 

takes up the biggest parts with 6,792 sites (0.5%) followed by 4,069 

(0.3%) mCHG and 37 (near 0%) mCHH. Methylation type ratio 

(VC1973A/V2984) represents effect of SNP on methylation context. 

For example, mCG site in VC1973A can be changed into mCHG in 

V2984 by SNP and ratio of like this change is 25 sites. CG/CHH ratio 

is the biggest part and CHH/CG part is 0.  

We made epiallelic map of two cultivar based on methylation 

status to see genome wide difference of them. In epiallelic map of 

VC1973A and V2984 (Fig. 5), overall patterns are similar but, peaks 

are more sharp compared with methylation map of VC1973A (Fig. 3)  



 

28 

  

 

 Figure 4.  Methylation Circos of VC1973A and V2984 
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Table .5 Status of methylation between VC1973A and V2984 

Status of methylation  Number Ratio 

Conserved sites 1,226,791 0.986 

Epiallelic sites 18,046 0.014 

  Methylation level 10,898 0.009 

    CG 6,792 0.005 

    CHG 4,069 0.003 

    CHH 37 0 

  Methylation type (VC1973A/V2984) 7,148 0.006 

    CG/CHG 25 0 

    CG/CHH 4,217 0.003 

    CHG/CG 16 0 

    CHG/CHH 2,889 0.002 

    CHH/CG 0 0 

    CHH/CHG 1 0 

Total methylation sitesa 1,244,837 

a. Sites with mapping depth and methylation level over cutoff  
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 Figure 5.  Epiallelic map of VC1973A and V2984 



 

31 

Gene annotation and ontology analysis of epiallele sites  

 

We did gene annotation with epiallelic sites and after that did 

gene ontology analysis based on annotation data. Among total 3,078 

annotated genes, only 1,131 genes excluding duplicated genes were 

analyzed with Cytoscape The Biological Networks Gene Ontology tool 

(BiNGO). In the full set BiNGO data, GO-ID over 0.4 corr p-value are 

involved in various organelle, DNA polymerase activity and biological 

processes like vitamin metabolic process.(Table 6) Some parts of 

biological process in gene ontology of epialleic genes is represented 

in Figure 6. The deeper color, it means the parts are the more 

strongly involved function. In this GO term, nucleobase, nucleoside, 

nucleotide and nucleic acid metabolic process, cellular nitrogen 

compound metabolic process and RNA metabolic process which are 

shown in orange color are strongly involved.  
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Table 6. Gene ontology of epialleic genes  

GO-ID p-value corr p-value x* n* Description 

4386 3.84E-11 4.79E-08 33 157 helicase activity 

90304 1.7E-09 1.06E-06 70 585 nucleic acid metabolic process 

16817 6.69E-09 2.79E-06 79 717
hydrolase activity, acting on acid 
anhydrides 

16818 1.29E-08 3.31E-06 77 702

hydrolase activity, acting on acid 
anhydrides,  
in phosphorus-containing 
anhydrides 

16462 1.43E-08 3.31E-06 76 691 pyrophosphatase activity 

17111 1.59E-08 3.31E-06 75 680
nucleoside-triphosphatase 
activity 

6139 1.95E-08 3.48E-06 89 865

nucleobase, nucleoside, 
nucleotide  
and nucleic acid metabolic 
process 

34641 2.3E-07 3.58E-05 105 1134
cellular nitrogen compound 
metabolic process 

6807 3.77E-07 5.23E-05 108 1188
nitrogen compound metabolic 
process 

70035 8.92E-07 0.000101 20 102
purine NTP-dependent helicase 
activity 

8026 8.92E-07 0.000101 20 102 ATP-dependent helicase activity 

44428 1.23E-06 0.000128 20 104 nuclear part 

16070 1.98E-06 0.00019 46 392 RNA metabolic process 

6350 1.21E-05 0.001008 21 130 transcription 

6351 1.21E-05 0.001008 21 130 transcription, DNA-dependent 

32774 1.54E-05 0.001203 21 132 RNA biosynthetic process 

16779 1.68E-05 0.001234 22 143 nucleotidyltransferase activity 

44422 3.42E-05 0.002245 49 476 organelle part 

44446 3.42E-05 0.002245 49 476 intracellular organelle part 

5488 5.3E-05 0.003308 557 8947 binding 

34062 6.57E-05 0.003908 12 57 RNA polymerase activity 

16787 0.000118 0.006672 164 2221 hydrolase activity 

3899 0.000126 0.006831 11 52
DNA-directed RNA polymerase 
activity 

43234 0.000146 0.007574 57 614 protein complex 

44451 0.000316 0.015156 9 40 nucleoplasm part 

5654 0.000316 0.015156 9 40 nucleoplasm 

42623 0.000367 0.016386 25 211 ATPase activity, coupled 
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Table 6. Continued  

GO-ID p-value corr p-value x n Description 

5643 0.00046 0.019153 6 19 nuclear pore 

5634 0.000507 0.02043 58 659 nucleus 

4518 0.000559 0.021811 14 91 nuclease activity 

32549 0.000591 0.022356 4 8 ribonucleoside binding 

16887 0.000676 0.024397 29 270 ATPase activity 

6741 0.00069 0.024397 3 4 NADP biosynthetic process 

5524 0.000703 0.024397 121 1620 ATP binding 

1882 0.001005 0.033934 134 1841 nucleoside binding 

43566 0.001094 0.034149 6 22 structure-specific DNA binding 

5635 0.001094 0.034149 6 22 nuclear envelope 

3887 0.001094 0.034149 6 22
DNA-directed DNA polymerase 
activity 

3774 0.00115 0.03504 13 87 motor activity 

5856 0.001268 0.037699 18 144 cytoskeleton 

16459 0.001476 0.042865 5 16 myosin complex 

19363 0.001617 0.044892 4 10
pyridine nucleotide biosynthetic 
process 

19359 0.001617 0.044892 4 10
nicotinamide nucleotide 
biosynthetic process 

31981 0.001743 0.046293 9 50 nuclear lumen 

4221 0.001744 0.046293 7 32 ubiquitin thiolesterase activity 

32559 0.001779 0.046293 124 1709 adenyl ribonucleotide binding 

43231 0.001958 0.047859 73 921
intracellular membrane-bounded 
organelle 

43227 0.001958 0.047859 73 921 membrane-bounded organelle 

43229 0.002044 0.047859 101 1353 intracellular organelle 

43226 0.002044 0.047859 101 1353 organelle 

9110 0.002108 0.047859 7 33 vitamin biosynthetic process 

6766 0.002108 0.047859 7 33 vitamin metabolic process 

34061 0.002108 0.047859 7 33 DNA polymerase activity 

* Total X=800 N=14,152 
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 Figure 6.  Biological process in gene ontology of epialleic genes 
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Pairwise methylation levels between duplicated genes in 

VC1973A 

 

To see relation between duplicated gene and methylation, we 

conducted pairwise methylation analysis with VC1973A methylation 

data. First, we found duplicated gene in VC1973A based on peptide 

homology using the NCBI blastp program (E-value <= 1e-5). After that, 

those paralog gene pairs were clustered using MCScanX. 2,917 

identified duplicated gene pairs were dotted in 2D graph. Figure 7 

shows pairwise patterns by each methylation type. Overall, dotted 

duplicated gene pair show dispersed shape regardless of methylation 

context. Color tiles in the graph represent density of paralog dots. For 

example, deep red tile means that there are more than 10 dots in that 

area and on the other hand, light yellow tile means area where less 

than 2 dots. mCG graph shows the most abundant paralog pairs. In 

all methylation contexts, dots are distributed along the axis. Especially, 

paralog pairs are concentrated near (0, 0) point.     
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 Figure 7.  Pairwise methylation levels of mungbean (A.mCG) 
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 Figure 7.  Pairwise methylation levels of mungbean (B.mCHG) 
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 Figure 7.  Pairwise methylation levels of mungbean (C.mCHH) 
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DISCUSSION 

 

Although methylation at the fifth position of cytosine (5mC) is 

not present in all eukaryotic species, cytosine methylation is an 

ancient mechanism that has been lost relatively recently in some 

eukaryotes, but plants have abundant methylation. (Bird and Macleod 

2004) Plant genomes have different types of methylation that occurs 

not only in the CG context, but also in CHG and CHH contexts 

controlled by different genetic pathways. (Cokus et al. 2008; Lister et 

al. 2008) But, detailed status of these pathways is not revealed and 

also there are limitations that only few of plants’ epigenome are 

studied. To this end, we constructed whole genome methylome in 

mungbean. Overall, the methylation data was similar to Arabidopsis or 

Soybean’s. Especially, methylation distribution patterns which are 

contrast to gene density correspond with the earlier studies.(Lister et 

al. 2008; Schmitz et al. 2013) From this result, we assume that DNA 

methylation patterns are stably conserved among plant species and 

mungbean also don’t get out of these general patterns. But, there are 

differences among arabidopsis, soybean and mungbean in 
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methylation portion. (Fig. 2) In case of arabisopsis in the family 

Brassicaceae has similar portion in mCHH but has half of mCG and 

mCHG compared with soybean and mungbean. On the other hand, 

methylation portion of mungbean which is in the family Fabaceae 

shows similar patterns with soybean which is in the same family. 

According to soybean methylome paper, it could indicate that RdDM 

targets a greater proportion of the soybean genome of the detected 

methylcytosines,(Schmitz et al. 2013) From this, we can guess that 

whole genome methylation portion patterns are conversed depending 

on closeness of phylogenetic relationship. And this opinion will be 

strengthened as other plants’ methylome revealed.    

In the comparison of methylome of VC1973A and V2984, 

among total 1,244,837 methylation sites, 1,226,791 sites were 

conserved between two cultivars. It means 98.6% of methylation 

between two cultivars is conserved. When we compared these two 

cultivars’ methylation status, we excluded SNP between them and 

also applied cutoff over 90 percent of methylation level with 

supporting depth over 10. So, we regarded rest 18,046 sites (1.4%) 

as epiallelic sites and narrowed down with these epiallelic parts. 

Epiallelic data give out basic information between two cultivars. But, 
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this is not enough information to define specific epiallele of mungbean. 

To narrow down for specific epiallele of mungbean, we need 

accorded various phenotypic data. When methylome data combined 

with specific phenotypic data, epiallele can be found.    

If we know specific function of epiallelic genes, we can use this 

data to define epiallele by approaching reverse genetics. In the result 

from gene ontology of epliallelic genes, epiallelic genes are involved 

in nucleobase, nucleoside, nucleotide and nucleic acid metabolic 

process, cellular nitrogen compound metabolic process and RNA 

metabolic process and so on. These functions are essential to almost 

of eukaryotes so from this, we recognize that methylation is involved 

in basic function. We could use this data also, but for that there are 

limitations because this data is too general to narrow down to specific 

function.  

The fate of duplicated gene is various depending on necessity 

of that gene. Basically, duplication of a gene produces functional 

redundancy and it is generally not useful for species to carry two 

identical genes. In this reason, through peudogenization, the process 

by which a functional gene becomes a pseudogene but when 

duplicated gene can be useful, duplicated genes are maintained 
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through subfunctionalization or neofunctionalization. We thought that 

methylation might involve in when mungbean genome decide the fate 

of duplicated genes. So, we conducted pairwise methylation analysis 

with VC1973A methylation data. To conclude, duplicated gene and 

methylation in mungbean show low/high or high/low pattern as 

paralog pairs were distributed along the axis. Dots positioned at X 

axis means that paralog A has 0 methylation level and on the other 

hand, dots at Y axis have 0 methylation level in paralog B. (Fig. 7) 

This pattern can be understood as methylation level divided into one 

of paralogs. We guess that methylation division can be understood 

like separation of gene function during subfunctionalization or 

neofunctionalization process. And we assume that these patterns can 

result from character of mungbenan genome which has only one time 

of ancient duplication event. Namely, there has been enough time to 

divide methylation of duplicated genes depending on its use.  

 

 

 

 



 

43 

REFERENCE 

 

Bernstein BE, Meissner A, Lander ES. 2007. The mammalian epigenome. Cell 
128: 669–81. http://www.ncbi.nlm.nih.gov/pubmed/17320505 
(Accessed October 19, 2013). 

Bird a, Macleod D. 2004. Reading the DNA methylation signal. Cold Spring 
Harb Symp Quant Biol 69: 113–8. 
http://www.ncbi.nlm.nih.gov/pubmed/16117639 (Accessed January 12, 
2014). 

Cokus SJ, Feng S, Zhang X, Chen Z, Merriman B, Haudenschild CD, Pradhan S, 
Nelson SF, Pellegrini M, Jacobsen SE. 2008. Shotgun bisulphite 
sequencing of the Arabidopsis genome reveals DNA methylation 
patterning. Nature 452: 215–9. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2377394
&tool=pmcentrez&rendertype=abstract (Accessed May 29, 2013). 

Feng S, Cokus SJ, Zhang X, Chen P-Y, Bostick M, Goll MG, Hetzel J, Jain J, 
Strauss SH, Halpern ME, et al. 2010. Conservation and divergence of 
methylation patterning in plants and animals. Proc Natl Acad Sci U S A 
107: 8689–94. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2889301
&tool=pmcentrez&rendertype=abstract (Accessed May 21, 2013). 

Flusberg B a, Webster DR, Lee JH, Travers KJ, Olivares EC, Clark T a, Korlach J, 
Turner SW. 2010. Direct detection of DNA methylation during single-
molecule, real-time sequencing. Nat Methods 7: 461–5. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2879396
&tool=pmcentrez&rendertype=abstract (Accessed May 22, 2013). 

He G, Elling A a, Deng XW. 2011. The epigenome and plant development. 
Annu Rev Plant Biol 62: 411–35. 
http://www.ncbi.nlm.nih.gov/pubmed/21438682 (Accessed May 29, 
2013). 



 

44 

Kalisz S, Purugganan MD. 2004. Epialleles via DNA methylation: 
consequences for plant evolution. Trends Ecol Evol 19: 309–14. 
http://www.ncbi.nlm.nih.gov/pubmed/16701276 (Accessed May 22, 
2013). 

Lauria M, Rossi V. 2011. Epigenetic control of gene regulation in plants. 
Biochim Biophys Acta 1809: 369–78. 
http://dx.doi.org/10.1016/j.bbagrm.2011.03.002 (Accessed May 26, 
2013). 

Lister R, O’Malley RC, Tonti-Filippini J, Gregory BD, Berry CC, Millar a H, 
Ecker JR. 2008. Highly integrated single-base resolution maps of the 
epigenome in Arabidopsis. Cell 133: 523–36. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2723732
&tool=pmcentrez&rendertype=abstract (Accessed May 23, 2013). 

Magadum S, Banerjee U, Murugan P, Gangapur D, Ravikesavan R. 2013. 
Gene duplication as a major force in evolution. J Genet 92: 155–61. 
http://www.ncbi.nlm.nih.gov/pubmed/23640422. 

Richards EJ. 2006. Inherited epigenetic variation--revisiting soft inheritance. 
Nat Rev Genet 7: 395–401. 
http://www.ncbi.nlm.nih.gov/pubmed/16534512. 

Schmitz RJ, Ecker JR. 2012. Epigenetic and epigenomic variation in 
Arabidopsis thaliana. Trends Plant Sci 17: 149–54. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3645451
&tool=pmcentrez&rendertype=abstract (Accessed May 29, 2013). 

Schmitz RJ, He Y, Valdés-López O, Khan SM, Joshi T, Urich MA, Nery JR, Diers 
B, Xu D, Stacey G, et al. 2013. Epigenome-wide inheritance of cytosine 
methylation variants in a recombinant inbred population. Genome Res 
23: 1663–74. http://www.ncbi.nlm.nih.gov/pubmed/23739894 
(Accessed December 12, 2013). 

Somta P, Srinives P. 2007. Genome Research in Mungbean [ V igna radiata 
( L .) Wilczek ] and Blackgram [ V . mungo ( L .) Hepper ]. 1: 69–74. 



 

45 

Tangphatsornruang S, Sangsrakru D, Chanprasert J, Uthaipaisanwong P, 
Yoocha T, Jomchai N, Tragoonrung S. 2010. The chloroplast genome 
sequence of mungbean (Vigna radiata) determined by high-throughput 
pyrosequencing: structural organization and phylogenetic relationships. 
DNA Res 17: 11–22. 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2818187
&tool=pmcentrez&rendertype=abstract. 

Van K, Kang YJ, Han K-S, Lee Y-H, Gwag J-G, Moon J-K, Lee S-H. 2013. 
Genome-wide SNP discovery in mungbean by Illumina HiSeq. Theor 
Appl Genet 126: 2017–27. 
http://www.ncbi.nlm.nih.gov/pubmed/23674132 (Accessed January 16, 
2014). 

Zhang J. 2003. Evolution by gene duplication: an update. Trends Ecol Evol 18: 
292–298. 
http://linkinghub.elsevier.com/retrieve/pii/S0169534703000338 
(Accessed January 10, 2014). 

 



 

46 

초록 

 

유전제 전체에서의 DNA 메틸레이션을 집적한 methylome분

석은 유전가능한 후성유전체에 대한 정보를 제공해 준다. 식물에서

의 전장 유전체 DNA 메틸레이션 분석은 2013년 현재 애기장대, 

벼, 포풀러, 콩 에서 이뤄졌으며, 이 중 식용작물은 벼, 콩에 그친

다는 한계를 지니고 있다. 따라서 이 논문에서는 아시아 지역의 주

요한 단백질 제공원이자 비타민 섭취에 중요한 역할을 하고 있는 

녹두의 DNA methylome 분석을 통해 녹두의 후성유전학적 연구의 

기틀을 마련하고자 했다. 이를 위해 선화녹두인 VC1973A 와 경기

재래인 V2984를 재료로 하여 각각 Sodium Bisulfite 처리에 의한 

BS-seq을 수행했으며 유전자 지역의 메틸레이션 정보와 유전자 발

현의 상관관계를 알아보기 위해 Transcriptome 분석도 병행했다. 

DNA methylome 분석 결과, VC1973A에서 총 319,394,777개의 메

틸레이션을 발견했으며 타입별로는 CG 컨텍스트 중 54.1%가 메틸

레이션이 되어있었고 CHG는 44.3%, CHH는 5.5%로 나타나 녹두

는 애기장대보다는 메틸레이션이 많았지만, 콩과는 비슷한 분포를 
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보였다. 

 Raw data를 10depth, 90% 이상 메틸레이션 레벨을 cutoff로 

지정한 결과 전체적인 패턴은 비슷했으나 mCG, mCHG, mCHH의 

비율이 VC1973A는 57.1%, 42.0%, 0.8%, V2984는 56.1%, 43.2%, 

0.6%로 두 품종간 다소 차이를 보였다. 이를 바탕으로 mCG, 

mCHG, mCHH 메틸레이션 레벨과 유전자 밀도를 함께 메틸레이션 

맵으로 나타내본 결과 유전체 전체에서 메틸레이션이 레벨이 높은 

부분은 유전자 밀도가 낮고 반대로 메틸레이션 레벨이 낮은 부분

에서는 유전자 밀도가 높게 나타나는 관계를 보였다. 두 품종 간 

메틸레이션을 비교해 보니 98.6%에 해당하는 1,226,791개 자리가 

보존되어 있었고, 나머지 1.4%에 해당하는 18,046개의 자리의 메

틸레이션이 달라 이를 Epiallelic 자리로 보고 gene annotation, gene 

ontology 분석을 수행했다. 그 결과 다양한 organelle, DNA 

polymerase activity, biological processes 등에 epiallelic gene이 관여

하는 것으로 나타났다. 또한 중복된 녹두 유전자와 메틸레이션과의 

상관관계를 살펴본 결과, 전체적으로 두 파라로그가 메틸레이션 레

벨에 따라 퍼져있는 것을 확인할 수 있었다. 또한 X축과 Y축 위에 

점들이 분포하는 것을 보아 이는 ancient duplication 한 차례만 있
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었던 녹두 유전체의 특성으로 인해 두 파라로그 간의 메틸레이션

의 분화가 양 극단으로 잘 나눠진 것으로 볼 수 있다.  
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