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 Functional modules of DEMETER  

5-methylcytosine DNA glycosylase necessary  

for seed development in Arabidopsis 

 

HYUN JUNG RIM 

 

DEPARTMENT OF PLANT SCIENCE 

THE GRADUATE SCHOOL OF SEOUL NATIONAL UNIVERSITY 

 

ABSTRACT 

 

 DNA methylation is a key epigenetic mark that regulates gene expression. 

In Arabidopsis, DEMETER (DME) DNA glycosylase specifically removes 5-

methylcytosine (5mC) from DNA and induces gene imprinting in endosperm. In 

heterozygous dme mutants, 50% of seeds are aborted due to a maternal parent-of-

origin effect. There are three other DME-like genes such as ROS1, DML2, and 

DML3 in the Arabidopsis genome, and all DME family proteins share the similar 

domain structures. Besides the central DNA glycosylase domain, two additional 

domains (domains A and B) exist and all these are required to excise 5mC. These 

three domains are interspersed with the interdomain regions (IDRs) which are 

highly variable in sequence and length among the family members. To identify the 

minimal fragment necessary for 5mC excision, the DMEΔ(149-677)ΔIDR1::lnk, 

where the domains are cut and pasted, were engineered. The modified DME 

fragment still retains biochemical activity. This indicates that the three domains are 
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enough for DME function in vitro.  

In the first chapter, DMEΔ(149-677) and DMEΔ(149-677)ΔIDR1::lnk 

which have DNA glycosylase activity were expressed in the central cell using 

DME promoter. The modified DME can rescue seed abortion in dme mutants. This 

demonstrates that the three conserved domains are functional modules which are 

necessary and sufficient for both in vivo and in vitro functions of DME. In addition, 

DMEΔ(149-677) could maintain the DME function stably in the next generation. 

Homozygous dme mutants with lethal phenotype were recovered and abnormal 

seed and flower phenotype were observed in T2 DMEΔ(149-677)ΔIDR1::lnk 

population. The results implies that DMEΔ(149-677)ΔIDR1::lnk might be able to 

have hyperactivity function of DME and that DNA methylation and floral 

morphology are related in Arabidopsis. 

In the second chapter, a novel DNA methylome analysis tool using DME 

was proposed. After DME DNA glycosylase reaction in which DME recognizes 

and removes mC in Arabidopsis genome, radioactively labeled cytosines were 

refilled in the vacant position by BER pathway. Here, dot-blot analysis was 

conducted and DNA methylation pattern was visualized for the specific regions of 

genome. The result suggests that DME treatment differentiates between hyper- and 

hypo-methylated genome fragments. If the method would be applied to fluorescent 

labeling system and tiling array, DME-chip could become the easy and fast DNA 

methlyome analysis tool through the single tube DME reaction.  

 

Key Words: DEMETER, DNA demethylation, seed development, functional 

modules, DNA methylome, Arabidopsis 

Student number: 2010-23393 
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LITERATURE REVIEWS 

 

1. DNA methylation and demethylation in plants 

DNA methylation is an abundant epigenetic modification in animals 

and plants (Klose and Bird 2006; Law and Jacobsen 2010). DNA methylation 

regulates gene imprinting, X-chromosome inactivation, and silences transposons 

and retrotransposons. Aberrant promoter DNA methylation is associated with 

gene silencing and plays a critical role in disease and cancer development (Baylin 

and Ohm, 2006). 

The de novo DNA methyltransferases (DNMTs), DNMT3a and 

DNMT3b methylate cytosine at previously unmethylated sites. Patterns of 

symmetric CpG methylation are maintained after DNA replication by the 

maintenance of DNMT1 activity, which methylates cytosine in the newly 

synthesized DNA strands. In mammals, the DNA methylation marks are erased 

and reset each generation during gametogenesis and embryogenesis (Reik, 2007; 

Wu and Zhang, 2010). DNA methylation prevents the gene transcription by 

multiple mechanisms: blocking the access of transcription factors to DNA, 

recruiting methyl-CpG binding proteins, which form complexes with histone 

deacetylases, histone methyltransferases, or chromatin-remodeling proteins, and 

promote repressive chromatin structure. 

In Arabidopsis, orthologs of DNMT1 and DNMT3 DNA 

methyltransferases, MET1 and DOMAINS REARRANGED 

METHYLTRANSFERASE (DRM) family enzymes, maintain and establish de 

novo DNA methylation, respectively. However, several properties of plant DNA 

methylation are distinct. In addition to methylation in the CpG sequence context, 
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plant DNA methylation is present at CHG and CHH (H = A, C or T) sequence 

contexts that are maintained, in part, by plant-specific DNA methyltransferases 

including CHROMOMETHYLASE 3 (CMT3). Also, to a great extent, small 

RNAs generated by RNA-interference pathways guide the placement of non-

CpG DNA methylation in plants, which is known as an RNA-directed DNA 

methylation (RdDM) pathway (Law and Jacobsen, 2010).  

When the maintenance DNA methylation is absent during DNA 

replication, 5methylcytosine (5mC) could be changed to C. Thus, in a 

replication-dependent matter, DNA demethylation passively occurs. At the same 

time, active DNA demthylation takes place through enzymatic mechanisms (Wu 

and Zhang, 2010). In Arabidopsis, 5mC at any sequence contexts is directly 

excised by DME DNA glycosylase family proteins and then unmethylated 

cytosine through the BER pathway (Gehring et al., 2006; Agius et al., 2006; 

Morales-Ruiz et al., 2006). There are additional DME family members in 

Arabidopsis - ROS1, DML2, and DML3 (Gong et al., 2002; Choi et al., 2002). 

All DME family enzymes were shown to have bifunctional DNA 

glycosylase/lyase activity in vitro (Gehring et al., 2006; Agius et al., 2006; 

Morales-Ruiz et al., 2006; Zhu et al., 2007). Both DML2 and DML3 appear to 

have functional redundancy as ros1/dml2/dml3 triple mutants do not display any 

significant abnormalities in phenotype (Penterman et al., 2007).  

DME is required for gene imprinting and seed development by 

demethylating at the hypermethylated region of MEA (Choi et al., 2002; Gehring 

et al., 2006).  An aspartic acid and lysine in the DNA glycosylase domain of 

DME are conserved (Choi et al., 2002; Gehring et al., 2006; Mok et al., 2010). 

The invariant aspartic acid is necessary for gene imprinting at MEA and 
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exogenous DME could complement dme seed abortion phenotype in vivo (Choi 

et al., 2004). Three functional domains including DNA glycosylase domain, 

domain A, and domain B are common in the DME family (Mok et al., 2010). 

DME orthologs are present in monocots and dicots, but not in mammals. In 

animals, active DNA demethylation may occur indirectly through deamination of 

5mC to T by AID/APOBECs or 5hmC by ten-eleven translocation (TET) family 

proteins followed by DNA repair pathway (Cortellino et al., 2011; Guo et al., 

2011). A recent study reported that 5hmC might be present in the Arabidopsis 

genome (Yao et al., 2012), even though the level of 5hmC was estimated to be 

extremely low. In addition, no putative homologs of the mammalian TET 

proteins or the 5mC hydroxylation activity have been identified in plants, 

suggesting that DNA demethylation via the conversion of 5mC to 5hmC is still 

elusive. Also, it might facilitate passive DNA demethylation because 5hmC are 

not recognized well by the maintenance DNA methyltransferases. Previous 

studies reported that DME and ROS1 were active for both 5mC and thymine that 

were paired with guanine even though the former was preferred (Agius et al., 

2006; Gehring et al., 2006; Morales-Ruiz et al., 2006). Therefore, it is 

conceivable that, as proposed in mammals, thymine which has been converted 

from 5mC via oxidative deamination can be removed by DME family proteins or 

by authentic thymine DNA glycosylases present in plants. 

 

2. Genomic imprinting in angiosperms 

 Endosperm of seeds, like the placenta of mammals, provides nutrients 

to the developing embryo and a major site of gene imprinting. Genomic 

imprinting is a genetic phenomenon in which maternal and paternal alleles at the 
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same locus are differentially expressed in a parent dependent manner (Haig and 

Westoby, 1989). The different transcription level of imprinted genes is associated 

with epigenetic mechanisms including DNA methylation and histone 

modification (Huh et al., 2008). 

In animals, Polycomb group (PcG) repressive complexes including 

PRC1, PRC2, and PhoRC are involved in gene silencing by histone H3 lysine 

modification. Flowering plants have three other PRC2-like complexes which act 

at different developmental stages. The complexes consist of the EMF complex 

(i.e. CLF/SWN, EMF2, FIE and MSI1) during the vegetative growth, the VRN 

complex (i.e. CLF/SWN, VRN2, FIE and MSI1) after vernalization and for 

flowering, and the FIS complex (i.e. MEA/SWN, FIS2, FIE and MSI1) for seed 

development (Hennig and Derkacheva, 2009).FIS complex-specific core 

components MEA and FIS2 are well-known imprinted genes in Arabidopsis 

endosperm, MEA is a homolog of E(z) in Drosophila which contains a SET 

domain involved in the H3K27 methylation (Grossniklaus et al., 1998). FIS2 is 

homologous to Drosophila Su(z)12, a zinc-finger transcription factor (Luo et al., 

1999). 

Imprinting of MEA andFIS2 involves MET1-mediated DNA 

methylation (Jullien et al., 2006b; Xiao et al., 2003). A recent study on the 

physical interaction of MET1 with MEA in vitro also reveals a mechanistic link 

between histone and DNA methylation (Schmidt et al., 2012).Analyses on DNA 

methylation level in specific region of MEA and FIS2 reported the difference 

between maternal and paternal alleles (Gehring et al., 2006; Jullien et al., 2006a). 

Only the maternal MEA allele is hypomethylated by DME and expressed in the 

central cell, which means active DNA demethylation induces maternal specific 
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expression of MEA in endosperm. In addition to MEA and FIS2, FLOWERING 

WAGENINGEN (FWA) is maternally expressed in endosperm and a 

demethylation target of DME (Gehring et al., 2006; Jullien et al., 2006a; 

Kinoshita et al., 2004). Unlike above genes, PHERES1 (PHE1) is paternally 

expressed by FIS PcG-mediated histone modification rather than DNA 

methylation (Kohler et al., 2005). 

Genome-wide DNA methylation analysis revealed that the endosperm 

genome is relatively hypomethylated than in the embryo and that DME is likely 

responsible for endosperm hypomethylation because the dme mutant endosperm 

displayed a higher level of DNA methylation (Gehring et al., 2009; Hsieh et al., 

2009). Interestingly, many imprinted genes in endosperm were differentially 

methylated between the embryo and endosperm (Gehring et al., 2009). Although 

DNA methylation is one important mechanism responsible for gene imprinting, 

DNA methylation alone is not sufficient for all imprinted gene expression. 

Recent studies revealed a collection of imprinted genes – imprintome – in the 

endosperm by genome-wide transcriptome analysis (Hsieh et al., 2011; Wolff et 

al., 2011). In these studies, F1 hybrid seeds were generated by reciprocal crosses 

between two different ecotypes and subjected to deep sequencing for endosperm 

RNAs. Using single nucleotide polymorphisms (SNPs) to measure allele-specific 

expression levels, novel imprinted genes could be identified for maternal or 

paternal-specific expression. Consistent with the current model of gene 

imprinting based on differential DNA methylation, many of new imprinted genes 

are likely regulated by allele-specific DNA demethylation (Gehring et al., 2009; 

Hsieh et al., 2011).  

 However, a few imprinted genes are likely regulated by unknown 
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mechanisms because their monoallelic expression in endosperm was not affect by 

met1, dme, or fie mutation (Hsieh et al., 2011). Even though a number of novel 

imprinted genes were identified recently, there could be more yet to be identified 

due partly to insufficient SNPs available between the parents or to different 

genetic backgrounds used in the previous studies (Hsieh et al., 2011; Wolff et al., 

2011). So far, approximately 50 imprinted genes have been identified in 

Arabidopsis and maize (Gehring et al., 2009; Hsieh et al., 2011; Wolff et al., 2011; 

Raissig et al., 2011; Table 1). In maize, most of genes are maternally expressed 

except for Peg1. Also, genome-wide analysis for imprinted genes in rice 

identified more than 250 candidates, most of which were expressed in endosperm 

(Luo et al., 2011).  
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Table 1. List of imprinted genes in Arabidopsis. 

M/P
a  

Gene GeneID Product  Function References 

M 
FERTILIZATION-INDEPENDENT 

SEED2 
FIS2 AT2G35670 Zinc-finger transcription factor PcG silencing 

Chaudhury et al., 1997;  

Jullien et al., 2006a 

M MEDEA MEA AT1G02580 PcG SET-domain protein 
PcG silencing/H3K27 

methylation 

Grossniklaus et al., 1998;  

Kinoshita et al., 1999 

M FLOWERING WAGENINGEN FWA AT4G25530 HD-ZIP transcription factor Unknown Jullien et al., 2006a 

M FORMIN HOMOLOGY 5 FH5 AT5G54650 Formin homolog Endosperm cellularization Ingouff et al., 2005 

M 
MATERNALLY EXPRESSED PAB  

C-TERMINAL 
MPC AT3G19350 

Poly(A) binding C-terminal 

domain 
Unknown Tiwari et al.,2008 

M 
SUPPRESSOR OF DRM1 DRM2 

CMT3 
SDC AT2G17690 

F-box domain containing 

protein 
Unknown 

Gehring et al.,2009;  

Hs ieh et al., 2011 

M 
MATERNAL EFFECT EMBRYO  

ARREST 27 
MEE27 AT2G34880 JmjC domain protein 

Embryo development ending 

in seed dormancy 

Gehring et al.,2009;  

Hs ieh et al., 2011 

M JAGGED LATERAL ORGANS JLO AT4G00220 
Lateral organ boundary domain 

protein 
Auxin transport 

Gehring et al., 2009;  

Hs ieh et al., 2011 

M 

ETHYLENE-RESPONSIVE 

ELEMENT  

BINDING FACTOR/APETALA2 

ERF/AP2 AT4G31060 ERF/AP2 transcription factor DNA binding 
Gehring et al., 2009;  

Hs ieh et al., 2011 

M ETHYLENE INSENSITIVE 2 EIN2 AT5G03280 Membrane protein Ethylene signal transduction 
Gehring et al., 2009;  

Hs ieh et al., 2011 

M MTO 1 RESPONDING UP 1 MRU1 AT5G35490 Unknown Unknown 
Gehring et al., 2009;  

Hs ieh et al., 2011 

M 
C-MYB-LIKE TRANSCRIPTION  

FACTOR 3R-2 
MYB3R2 AT4G00540 MYB transcription factor Unknown Gehring et al., 2009 

M HOMEODOMAIN GLABROUS 3 HDG3 AT2G32370 HD-ZIP transcription factor Unknown Gehring et al., 2009 

M HOMEODOMAIN GLABROUS 8 HDG8 AT3G03260 HD-ZIP transcription factor Unknown Gehring et al.,2009 

M HOMEODOMAIN GLABROUS 9 HDG9 AT5G17320 HD-ZIP transcription factor Unknown Gehring et al., 2009 

M DSRNA-BINDING PROTEIN 2 DRB2 AT2G28380 Hyl1-like protein Double stranded RNA binding Hsieh et al., 2011 

M 

B LYMPHOMA MO-MLV 

INSERTION  

REGION 1C 

BMI1C AT3G23060 PRC1-like complex component H2A monoubiquitination 
Bratzel et al., 2012; 

Wolff et al.,2011 
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a 
Allellic expression according to the parent of origin. M, maternally expressed genes; P, paternally expressed genes. 

M SKP1-LIKE 8 SK8 AT3G21830 E3 ligase component 
Ubiquitin-mediated 

proteolys is 
Wolff et al.,2011 

M AGAMOUS-LIKE 36 AGL36 AT5G26650 MADS-box transcription factor Unknown Wolff et al.,2011 

P PHERES1 PHE1 AT1G65330 MADS-box transcription factor Unknown Kohler et al.,2003, 2005 

P SU(VAR)3-9 HOMOLOG 7 SUVH7 AT1G17770 SET domain protein H3K9 methylation 
Gehring et al.,2009;  

Hs ieh et al.,2011 

P YUCCA 10 YUC10  AT1G48910 Flavinmonooxygenase Auxin biogenesis  
Gehring et al.,2009;  

Hs ieh et al.,2011 

P VARIANT IN METHYLATION 5 VIM5 AT1G57800 Zinc-finger transcription factor MET1 cofactor 
Gehring et al.,2009;  

Hs ieh et al.,2011 

P HOMEODOMAIN GLABROUS 3 HDG3 AT2G32370 HD-ZIP transcription factor Cotyledon development 
Gehring et al.,2009;  

Hs ieh et al.,2011 

P AGAMOUS-LIKE 92 AGL92 AT1G31640 MADS-box transcription factor Endosperm cellularization Hsieh et al.,2011 

P DUO1-ACTIVATED F-BOX 1 DAF1 AT3G62230 
Male germ line-specific 

transcription factor 

Pollen sperm cell 

differentiation 
Wolff et al.,2011 

P PICKLE RELATED 2 PKR2 AT4G31900 Chromo domain protein 
Chromatin assembly or 

disassembly 
Wolff et al.,2011 

P 
NUCLEAR FACTOR Y, SUBUNIT 

C7 
NF-YC7 AT5G50470 

Transcription factor CBF/NF-

Y/archaeal histone 
Histone folding Wolff et al.,2011 

P - - AT5G62110 Homeodomain-like protein Unknown Gehring et al.,2009 

P - - AT1G60410 F-box domain protein Unknown 
Gehring et al.,2009; 

Hs ieh et al.,2011 

P - - AT2G21930 
F-box associated domain 

protein 
Unknown Hsieh et al.,2011 

P - - AT1G60400 
F-box/RNI-like superfamily 

protein 
Unknown Wolff et al.,2011 

P - - AT3G50720 
Protein kinase superfamily 

protein 
Unknown Wolff et al.,2011 

P - - AT2G36560 Unknown Unknown Hsieh et al.,2011 

P - - AT1G49290 Unknown Unknown Wolff et al.,2011 

P - - AT3G49770 Unknown Unknown Wolff et al.,2011 

P - - AT5G54350 Unknown Unknown Wolff et al.,2011 
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3. Principles of genome-wide DNA methylation analysis 

 Techniques of DNA methylome analysis are classified according to the 

principles of 5mC recognition. Principles of DNA methylation profiling have 

been developed using the differential reactivity of C and 5mC against the 

treatment of methylation-sensitive restriction enzyme (MSRE) or sodium 

bisulfite (BS) reagent. Also, the differential affinity to 5mC-specific antibody is 

utilized which is known as methylated DNA immunoprecipitation (MeDIP). All 

the techniques have been combined with gel electrophoresis, microarray, and 

next generation sequencing (NGS) for analyzing the level of 5mC (Liard, 2010).  

Since the late 1970s, the MSRE analysis using either HpaII and its 

isoschizomer MspI or SmaI with its neoschizomer XbaI was used to figure out 

the location of 5mC by comparing the restriction-length of fragments (Desrosiers 

et al., 1979). These enzymes could only recognize the specific sequences such as 

5mCCGG or CCGG by HpaII or MspI, respectively. There is the study on 

Arabidopsis DNA methylation pattern by microarray hybridization with 5mC-

specific restriction endonucleases (Tompa et al., 2002). However, MSRE based 

on the methylome analysis can only detect 5mC on specific restriction sequences.  

 Whereas 5mC is not able to react with BS, cytosine is converted to a 

uracil upon the treatment with BS (Wang et al., 1980). The BS conversion 

provides researchers with single-base resolution DNA methylation profiles for 

genes of interest. BS sequencing has a great advantage in that the results are 

relatively unbiased and sensitive (Lister et al., 2008). Since two complementary 

strands have not the same DNA methylation profiles in plants, BS-seq is suitable 

for the plant DNA methylome analysis. However, DNA became unstable in the 

process of BS conversion. The reannealing step, sulphonation, and the next 
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depurination step are performed under acidic condition. After purification, alkali-

desulphonation is followed (Hayatsu, 2008). The radical change in pH might 

result in DNA damage, and stability of sodium BS buffer affects the efficiency of 

BS reaction. Also, the BS treatment causes reduction in sequence complexity 

since a copious amount of cytosines are converted to uracils after BS reaction.  

 MeDIP has been developed using the antibody against 5mC combined 

with chromatin immunoprecipitation (ChIP) (Weber et al., 2005). The first 

genome-wide DNA methylome was reported using the tiling array and MeDIP 

(Zhang et al, 2006). Like other IP experiments, the washing step is critical during 

which considerable loss of gDNA occurs. Moreover, the resolution is lower than 

BS-seq and the affinity is affected by the CpG contexts. Therefore, MeDIP-seq 

which is the combination of MeDIP and the NGS system using Illumina 454 or 

Biosystems SoLiD might be used as an ulternative to BS-seq (Down et al., 2008). 

The MeDIP-seq provides a higher resolution than MeDIP-chip (Lister and Ecker, 

2009).  
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CHAPTER I 

 

Genetic analysis of functional modules of  

DEMETER 5-methylcytosine DNA glycosylase necessary 

for seed development in Arabidopsis 

 

ABSTRACT 

 

 DNA methylation is a key epigenetic mark that regulates gene 

expression. In Arabidopsis, DEMETER (DME) DNA glycosylase specifically 

removes 5-methylcytosine (5mC) from DNA and induces gene imprinting in 

endosperm. In heterozygous dme mutants, 50% of seeds are aborted due to a 

maternal parent-of-origin effect. There are three other DME-like genes such as 

ROS1, DML2, and DML3 in the Arabidopsis genome, and all DME family 

proteins share the similar domain structures. Besides the central DNA 

glycosylase domain, two additional domains (domains A and B) exist and all 

these are required to excise 5mC. These three domains are interspersed with the 

interdomain regions (IDRs) which are highly variable in sequence and length 

among the family members. To identify the minimal fragment necessary for 5mC 

excision, the DMEΔ(149-677)ΔIDR1::lnk, where the domains are cut and pasted,  

were engineered. The small DME fragment still retains biochemical activity. This 

indicates that the three domains are enough for DME function in vitro. 

DMEΔ(149-677) and DMEΔ(149-677)ΔIDR1::lnk expressed in the central cell 

can rescue seed abortion in dme mutants. This demonstrates that the three 

conserved domains are functional modules which are necessary and sufficient for 
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both in vivo and in vitro functions of DME. DMEΔ(149-677) could also 

complement seed abortion phenotype in T2 generation while DMEΔ(149-

677)ΔIDR1::lnk does not rescue aborted seeds as expected. Interestingly, 

abnormal flower development was observed in T2 DMEΔ(149-677)ΔIDR1::lnk 

transgenic plants in the homozygous dme mutant background. This implies that 

IDR1 has some important in vivo DME function for seed and flower development.  
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INTRODUCTION 

 

In angiosperm, a seed consists of the embryo, endosperm and pericarp. 

Through double fertilization, two sperm cells fertilize the egg and central cells to 

form the diploid embryo and triploid endosperm, respectively (Friedman, 2001). 

Endosperm supplies nutrients to the embryo and is also an important site of 

genomic imprinting in angiosperm. Imprinted genes are expressed differently  

between the maternal and paternal alleles according to the parent of origin (Huh 

et al., 2008). The distinctive mechanisms of gene imprinting in the endosperm 

involve epigenetic marks such as DNA demethylation and histone modifications. 

Changes in DNA methylation level and chromatin structure prior to fertilization 

of the central cell differently regulate gene expression between the two parental 

alleles. 

DNA methylation induces gene silencing that can be maintained over 

cell divisions. 5mC is a simple and common form of DNA methylation which is 

one of the crucial epigenetic modifications implicated in diverse biological 

processes including gene imprinting, X chromosome inactivation and transposon 

silencing (Gehring and Henikoff, 2007). In particular, extensive studies on the 

mechanisms of gene imprinting in mammals and plants have revealed the 

molecular basis of DNA demethylation (Kohler et al., 2012). Especially the 

central cell is well known site in which active DNA demethylation is initiated 

and established by a plant-specific DNA demethylase, DEMETER (DME) in 

Arabidopsis (Choi et al., 2002; Gehring et al., 2006). Maternal-specific 

expression of MEDEA (MEA), FERTILIZATION-INDEPENDENT SEED2 (FIS2),  

and FLOWERING WAGENINGEN (FWA) in the endosperm is initiated and 



 

２１ 

established by DME while the paternal alleles remain methylated and silenced. 

The methylation state of each allele is likely to persist via epigenetic mechanisms 

throughout nuclear divisions during early endosperm development. The on/off 

switch of DNA methylation is sufficient for the establishment and maintenance of 

both FIS2 and FWA imprinting (Jullien et al., 2006a). By contrast, MEA 

imprinting requires an additional autoregulatory mechanism.DME has a 

bifunctional 5mC-specific DNA glycosylase/lyase activity, which induces DNA 

demethylation through the base excision repair (BER) pathway (Gehring et al., 

2006). MEA is an imprinted polycomb group gene, a homolog of Drosophila 

E(z)which contains a SET domain involved in H3K27 methylation (Grossniklaus 

et al., 1998). MEA is antagonistically regulated by METHYLTRANSFERASE 1 

(MET1) and DME in the central cell (Jullien et al., 2006b; Gehring et al., 2006). 

MET1 maintains DNA methylation at the MEA locus, while DME reduces the 

methylation level of maternal MEA allele in the central cell by removing 5mC 

(Gehring et al., 2006).  

Homozygous dme mutants are lethal, whereas DME/dme-1 or 

DME/dme-2 heterozygotes display 50% of seed abortion phenotype due to a 

defect in MEA imprinting in endosperm (Choi et al., 2002), suggesting that DME 

is required for Arabidopsis seed development by inducing MEA gene imprinting 

in endosperm. The invariant aspartic acid at position 1,304 in the DNA 

glycosylase domain of DME is critical for catalytic activity in vitro (Gehring et 

al., 2006), and a substitution (D>N) mutant DME does not rescue seed abortion 

of dme mutants in plants (Choi et al., 2004), suggesting that DME excises 5mC 

by conventional reaction mechanisms that most DNA glycosylases have. There 

are three more members of DME family proteins in Arabidopsis. REPRESSOR 
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OF SILENCING 1 (ROS1), DEMETER-LIKE 2 (DML2), and DEMETER-LIKE 

3 (DML3) (Gong et al., 2002; Choi et al., 2002) have a modular structure that 

consists of three conserved domains: DNA glycosylase domain and flanking 

domains A and B (Mok et al., 2010). It was previously shown that an engineered 

DME fragment where the N-terminal 677 amino acids and the first interdomain 

region (IDR) between Domain A and the glycosylase domain were removed still 

retained essential biochemical activity for 5mC excision in vitro (Mok et al., 

2010). However, in vivo activities of modified DME with the three conserved 

domains especially for endosperm development is still elusive. 

Findings led to investigate whether such a small DME fragment that 

consists only with the three conserved domains is sufficient for Arabidopsis seed 

development. Previous study has shown that full-length DME could complement 

dme seed abortion phenotype in vivo (Choi et al., 2004). Here, an experiment of 

complementation test was designed to see if the engineered DME could restore 

seed viability in a DME/dme heterozygote. The engineered DME is able to 

complement dme seed abortion as does the full-length WT DME in vivo as well 

as in vitro. This result demonstrates that the three conserved domains are 

necessary and sufficient for biochemical and developmental functions of DME. 

This study also suggests that DME has a conserved modular structure to remove 

5mC at the targets and that the variable sequences such as the N-terminus and 

IDR1 are unnecessary at least for endosperm development in Arabidopsis. 

 To verify whether the functional module could keep the stable activity 

through the next generation, T2 generation study was conducted. While DME 

without N-terminus functions as the expected way in T2, DMEΔ(149-

677)ΔIDR1::lnk induces the rescue of dme-2 homozygous mutant and 



 

２３ 

unexpected severe seed and flower development. The results demonstrate that 

IDR1 is important for normal DME function in plants and functional modules 

could act as a DNA glycosylase in T2 generation in vivo as well as in vitro. 
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MATERIALS AND METHODS 

 

Manipulation of pBI101 binary vector 

 The pBI101.1 (Clontech, Mountain View, CA, USA) binary vector 

contains promoterless 1.87-kb beta-glucuronidase (GUS) cassette and HindIII, 

SphI, PstI, SalI, XbaI, and BamHI sites in the multiple cloning site (MCS). As 

HindIII, SphI, PstI, and BamHI sites are in the DME native promoter and DME 

sequences, only SalI and XbaI sites could be used. The MCS was manipulated by 

replacing SphI-PstI with SpeI-KpnI between HindIII and SalI using oligomers: 

Modi_pBI101_F and Modi_pBI101_R (Table 2). The construct for Arabidopsis 

transformation, pBI101-pDME:5’-UTR:NLS:DME∆(149-677):GUS, was made 

using KpnI, SalI, and XbaI in this modified vector (Figure 1A).  

 

Molecular cloning of DME fragments 

 The DME sequence with the promoter (approximately 2.3-kb upstream 

of the transcription start site), 5’-untranslated region (5’-UTR) and the coding 

region including the nuclear localization signal (NLS) was isolated from the  

construct of pBI101-ATR::GUS (from Dr. Yeonhee Choi, Seoul National Univ., 

Korea) by PCR using the primers with KpnI, SalI enzyme site for subsequent 

cloning (Choi et al., 2002). PCR amplification was performed with 30 cycles of 

95°C for 1 min, 63°C for 1 min and 72°C for 4 min using primers: Pro_DME_F 

and Pro_DME_R (Table 2). The PCR product was introduced into the 

pBluescript II KS (-) (Genbank ID: X52329) vector. After sequence analysis, the 

fragment was inserted into the pBI101 at KpnI and SalI sites to produce the 

pBI101-pDME:5’-UTR:NLS construct (Figure 1B).  



 

２５ 

 Four manipulated fragments, DME∆(149-677), DME(D>N)∆(149-677), 

DME∆(149-677)∆IDR1::lnk and DME(D>N)∆(149-677)∆IDR1::lnk were 

generated (Mok et al., 2010) (Figure 2C). PCR amplification was performed with 

10 cycles of 95°C for 1 min, 56°C for 1 min and 72°C for 2 min, and 25 cycles of 

95°C for 1 min, 62°C for 1 min and 72°C for 2 min with the primers designed to 

contain SalI and XbaI sites: Engi_DME_F and Engi_DME_R (Table 2). Each 

restricted fragment was ligated to pBI101-pDME:5’-UTR:NLS at corresponding 

restriction sites, respectively.  

 At the same time, to minimize the negative effect of GUS protein, the 

GUS fragment between XbaI and SacI was replaced with the human influenza 

hemagglutinin (HA) epitope tag sequence. A double-stranded HA oligomer 

containing a stop codon at the C-terminus was prepared by annealing 

oligonucleotides HA_F and HA_R (Table 2), digested with XbaI and SacI and 

cloned into the pBS vector. The small DME fragments were inserted to the 

pBS:HA plasmid at SalI and XbaI, respectively. As DME fragments have two 

SacI restriction sites, the SalI-digested pBS:DME:HA plasmid was partially 

digested with SacI and cloned to generate pBI101-pDME:5’-UTR:NLS, in which 

GUS between SalI and SacI was removed and the engineered DME was added 

(Figure 2B).  
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Figure 1. Gene constructs showing cloning of the engineered DME in pBI101. 

(A) Modification of restrict enzyme sequences at MCS of pBI101 binary vector. (B) Gene constructs showing cloning of the 

engineered DME with native promoter, 5’-UTR and NLS sequences in pBI101. (C) Schematic diagrams of full-length DME 

with three conserved domains and DMEΔN677 with 677 amino acids truncated from the N-terminus. (D) NLS fused to 

DMEΔ(149-677):GUS to check cellular localization. D1304N mutant is catalytically inactive.
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Figure 2. Constructs of the engineered DME with a HA tag.  

(A) Relative sizes of full-length DME, DMEΔN677 and DMEΔN677ΔIDR1::lnk. 

(B) Constructs with an HA tag instead of GUS CDS located at the T-DNA region 

in pBI101 for complementation assay. (C) Four different engineered DME 

constructs with NLS sequences and an HA. lnk, linker sequences.  
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Plant materials and growth conditions  

 Arabidopsis thaliana ecotype Columbia-0 (Col-0) and glaburous 

mutant (Col-gl) were used in this study. The heterozygous DME/dme-2 lines 

(Choi et al., 2002) were subjected to Agrobacterium-mediated transformation. 

Seeds were sterilized by 30% bleach solution and plated on a 0.5x MS nutrient 

medium with 1% sucrose and 0.8% agar, and stratified at 4°C for 2 days. 

Germinated seedlings were transferred to soil and grown in the growth room 

under 16 hours of light and 8 hours of dark cycles at 23°C.  

 

Agrobacterium mediated Arabidopsis transformation 

Agrobacterium GV3101 strain was prepared for electroporation 

transformation. Electroporation was done with Gene Pulser II (Bio-Rad, 

Richmond, CA, USA) with precooled cuvettes at 1.8 kV for 4.95 msec. Cells 

were incubated in LB liquid media for 2 hours at 30°C and then on LB solid 

media with 50 µg ml-1 of kanamycin, 25 µg ml-1 of rifampicin, and 25 µg ml-1 of 

gentamycin at 30°C for 2 days. Transformants were confirmed by colony PCR 

using primers: ∆(149-677)_F. and ∆(149-677)_R for detecting the DME∆(149-

677) and its D>N mutant, Linker_F and Linker_R for identifying DME∆(149-

677)∆IDR1::lnk and its D>N version (Table 2).  

A floral dipping method was performed for Agrobacterium-mediated 

infiltration on 4-6 week-old plants. Suspension was prepared in 1L of LB 

medium with 50 µg ml-1 of kanamycin, 25 µg ml-1 of rifampicin, and 25 µg ml-1 

of gentamycin at 30°C for 12-16 hours, until OD600 reaches 0.8-1.5. The cells 

were pelleted by centrifugation at 7,000 rpm at 4°C for 10 min (GYROZEN, 

1580 MGR, Korea), and resuspended in infiltration media (0.5x MS salts, 5% 
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sucrose, 0.25 ml L-1 Silwet77, pH 5.0). Plants were dipped in Agrobacterium 

suspension for 1 min, kept from the light overnight and grown under normal 

conditions (Clough and Bent, 1998).  

 

Genomic DNA (gDNA) extraction and genotyping of transgenic lines 

T1 seeds were germinated on an MS medium with 50 µg ml-1 of 

kanamycin. Total gDNA was extracted from rosette leaves using the Cetyl-

trimethylammonium bromide (CTAB) extraction method (Doyle and Doyle, 

1987). The presence of NEOMYCIN PHOSPHOTRANSFERASE II (NPTII) 

gene from the transgene and BAR gene from the T-DNA in heterozygous 

DME/dme-2 mutants was confirmed by PCR with 30 cycles of 95°C for 30 sec, 

56°C for 30 sec and 72C for 30 sec using primer sets: Km_F and Km_R for 

NPTII, and Basta_F and Basta_R for BAR, respectively (Table 2). 

 

RNA isolation and gene expression analysis 

Total RNA was isolated from the floral buds of four- or five-week-old 

plants using TRIzol (Ambion, Austin, TX, USA). The first-strand cDNA was 

synthesized using Oligo12-18 (dT) and SuperScript II reverse transcriptase 

(Invitrogen, Carlsbad, CA, USA). The expression level of transgene was 

examined by reverse transcription PCR (RT-PCR) using gene specific primers: 

∆(149-677)_F. and ∆(149-677)_R for expression of DME∆(149-677) and its 

D>N mutant and Linker_F and Linker_R for DME∆(149-677)∆IDR1::lnk and its 

D>N version (Table 2). To distinguish between endogenous and DME transgene 

expression, the forward and reverse primers derived from the NLS and upstream 

of Domain A were used respectively. Expression of DME∆(149-677)∆IDR1::lnk 
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transgene was verified using the forward primer containing the linker sequence 

between Domain A and the glycosylase domain. As a control experiment, two 

different actin-specific primers were used (Table 2).  
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Table 2. Oligonucleotides used in this study. 

Name Sequence (5’→3’) Use 

Engi_DME_F AATTGTCGACTACAAAGGAGATGGTGCAC PCR 

Engi_DME_R 
AATTTCTAGAACCTCCACCTCCACCTCCGGTT

TTGTTGTTCTTCAATTTGC 
PCR 

Pro_DME_F TCCAGAACAAAATCATAAGAGAAGC PCR 

Pro_DME_R AATTGTCGACCAGACTCAGAGTCACCTTGCC PCR 

Modi_pBI101_F AATTAAGCTTACTAGTGGTACCGTCGACAATT Oligomer 

Modi_pBI101_R AATTGTCGACGGTACCACTAGTAAGCTTAATT Oligomer 

HA_F AATTAAGCTTACTAGTGGTACCGTCGACAATT Oligomer 

HA_R AATTGTCGACGGTACCACTAGTAAGCTTAATT Oligomer 

Basta_F ATCTACCATGAGCCCAGAAC Genotyping 

Basta_R GTCATCAGATCTCGGTGACG Genotyping 

Km_F GACAATCGGCTGCTCTGATGC Genotyping 

Km_R GATATTCGGCAAGCAGGCATCG Genotyping 

ACT2_F AACTTTCAACACTCCTGCCATG RT-PCR 

ACT2_R CTGCAAGGTCCAAACGCAGA RT-PCR 

ACT11_F AACTTTCAACACTCCTGCCATG RT-PCR 

ACT11_R CTGCAAGGTCCAAACGCAGA RT-PCR 

DME1987_ F AATTGTCGACATGAATTCGAGGGCTGATCCG RT-PCR 

DME_PstI_ R  AATTCTGCAGGTTTGCGTGGCTTT RT-PCR 

∆(149-677)_F AATTGGTACCATGCAGAGCATTATGGACTC RT-PCR 

∆(149-677)_R CAGCCCTTCCTCGGAAGACTC RT-PCR 

Linker_F CCTGCAGGATCAAGTGGTAATG RT-PCR 

Linker_R CAGTGTTCGTTGATCGAGTTTGC RT-PCR 
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Histological GUS assay 

Histochemical localization of GUS expression in the ovules was 

examined. Developing siliques were longitudinally excised and incubated at 

37°C overnight in the staining solution (50 mM sodium phosphate buffer, pH 7.0, 

10 mM potassium ferricyamide, 10 mM potassium ferrocyanide (Sigma-Aldrich, 

St Louis, MO, USA), and 1 mM 5‐bromo‐4‐chloro‐3‐indolyl glucuronid (X‐Gluc, 

Duchefa, Haarlem, The Netherlands), and 0.2% Triton X-100) (Yadegari et al., 

2000). The specimen was analyzed using Axio Imager A1 microscope (Carl Zeiss, 

Wetzlar, Germany).  

 

Observation of seed phenotype and statistical analysis 

 Siliques were dissected 14-16 days after self-pollination using a 

stereoscopic microscope (SteREO Discovery.V12, Carl Zeiss, Wetzlar, Germany). 

Numbers of viable and aborted seeds in transgenic lines were and statistically 

analyzed for a χ2 test. Probability that deviates from a 1:1 or 3:1 segregation 

ratio for viable and aborted seeds by chance was also calculated. 
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  RESULTS 

 

Existence of two DME splicing variants   

 DME is known to produce two alternative splicing variants 

AT5G04560.1 and AT5G04560.2 utilizing two different translation start sites 

(Choi et al., 2002; Morales-Ruit et al., 2006) (Figure 3A). The coding region of 

AT5G04560.1 is shorter than that of AT5G04560.2 with a longer 5’-UTR. The 

constructs used in this study include 5’-UTR and DME(1-148) sequences (Figure 

1 and 2). The existence of two DME splicing variants was tested by RT-PCR. The 

expected fragment size of PCR using gDNA is 111 nt longer than that of RT-PCR 

if the form of DME is AT5G04560.2. The total RNA isolated from floral buds of 

Arabidopsis ecotype Col-0 converted into cDNA by the reverse transcriptase. In 

the result of RT-PCR, two different bands displayed. The major one is 

approximately 111 nt longer than the other one whose size is same as the 

fragment from gDNA (Figure 3B). It was identified that the longer one was 

aligned with AT5G04560.2 through the sequence analysis. The result 

demonstrates a larger DME (1,987 aa) transcript is dominant in WT plants.   
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Figure 3. Two other alternative splicing variants of DME.  

(A) Schematic diagrams of splicing variants of DME. Primer F, forward primer 

from the translational start site of AT5G04560.2 (DME); Primer R, reverse 

primer from the point of 1,078 nt far from TSS. (B) Transcript levels of DME N-

terminus in Col-0 using total RNA from floral buds. gDNA, WT (Col-0) gDNA 

from rosette leaves; +/–RT, cDNA synthesis with/without RNA transcriptase;  

ACT2 as an RT-PCR control.  
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Expression of pDME:DMEΔ(149-677):GUS in the transgenic lines 

 In order to verify whether the N-terminal region of DME is necessary 

for in vivo function, the complementation test was carried out with modified 

DME. T1 transgenic plants were generated and used to further analysis. The 

truncated DME fragment, DMEΔ(149-677) and its D1304N mutant version were 

expressed from the pBI101-pDME:GUS (Figure 1B). The RT-PCR using total 

RNA from floral buds revealed that the transgene properly expressed in each 

transgenic lines (Figure 4A). The levels of transgene expression were various in 

independent transgenic lines. Also, expression of GUS was visualized by 

histological staining of ovules. The GUS signal was primarily observed in the 

central cell (Figure 4B) as previously reported (Choi et al., 2004). Occasionally 

the GUS signals were also detected around the synergid cells as well (Figure 4B). 

The frequency of GUS positive ovule was very low (<1%). About 50% of seed 

abortion in all DMEΔ(149-677):GUS T1 plants suggests that DMEΔ(149-

677):GUS did not complement dme seed abortion phenotype (Table 3). This 

indicates that the variable region, N-terminus seems to be required to endosperm 

development and MEA imprinting or DME protein was inactivated by the C-

terminal GUS fusion. 
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Figure 4. Expression of DMEΔ(149-677):GUS in the central cell.  

(A) Transcript levels of DMEΔ(149-677):GUS in T1 floral buds. ACT2 as an RT-

PCR control. (B) Histological GUS staining of transgenic ovule expressing 

DMEΔ(149-677):GUS. CZE, chalazal end of the embryo sac; MI, micropylar end 

of the embryo sac; Fu, funiculus; SC, synergid cell; CCN, central cell nucleus.  
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Table 3. The ratio of the viable and aborted seeds in DMEΔ(149-677):GUS transgenic plants.  

Genotype n
*
 %

†
 SD χ

2
 for 1:1 P for 1:1

‡
 

DME/dme-2 606 53.00  8.62  1.29  0.52  

DME/dme-2; pDME:DME∆(149-677):GUS-1 409 53.39  10.41  1.08  0.58  

DME/dme-2; pDME:DME∆(149-677):GUS-2 480 56.63  10.69  8.01  0.02  

DME/dme-2; pDME:DME∆(149-677):GUS-3 122 39.98  8.43  4.72  0.09  

DME/dme-2; pDME:DME(D>N)∆(149-677):GUS-1 366 51.96  10.42  2.80  0.25  

*
 Total number of viable and aborted seeds counted. 

†
 Percentage of viable seeds. 

‡
 Probability that deviation from a 1:1 segregation of viable and aborted seeds is due to chance. 
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DMEΔ(149-677) and DMEΔ(149-677)ΔIDR1::lnk complement dme seed 

abortion 

 A relatively large GUS protein might interrupt stable folding of Domain 

B of DME or interfere with the active site for catalysis function. As the structure 

of domain B might have been compromised by the GUS fusion, the GUS reporter 

gene was replaced with a small HA tag to minimize the negative effect on the 

engineered DME structure (Figure 2B). The smaller DME containing exclusively 

three conserved functional domains in which IDR1 was replaced with the linker 

oligonucleotides (Figure 2A) maintains biochemical activity in vitro (Mok et al., 

2010). DMEΔ(149-677)ΔIDR1::lnk:HA was additionally generated to test in vivo 

activity of the smaller DME (Figure 2C). The expression of truncated DME was 

confirmed by RT-PCR (Figure 5).  

 Five independent lines with either a DMEΔ(149-677) or 

DME(D>N)Δ(149-677) gene were selected by genotyping. Also, eleven lines of 

either pDME:DMEΔ(149-677)ΔIDR1::lnk:HA or its D>N mutant version were 

experimented for the complementation assay (Table 4). All T1 plants were grown 

normally at the vegetative growth stage, but the effect of the small DME started 

to be displayed at the seed developmental stage. Heterozygous dme-2 mutants 

have 52.06 (  0.54)% of viable seeds as reported (51% (n=762), Choi et al., 

2002). However, 74.30 (  2.33)% of seeds were produced in the transgenic lines 

with DMEΔ(149-677):HA driven under the native DME promoter as does 

exogenous transgene of full-length DME (Choi et al., 2004). In the DMEΔ(149-

677)ΔIDR1::lnk:HA T1 plants, 76.05 ( 5.51)% of seeds were viable in average 

(Figure 6G). The same DMEs but mutated at the catalytic residue D1304 could 

not complement dme-2 mutants phenotype. The ratios of viable seeds are 50.15 
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( 2.77)% in DME(D>N)Δ(149-677):HA T1 plants and 52.28 ( 2.91)% in 

DME(D>N)Δ(149-677)ΔIDR1::lnk: HA T1 plants, respectively (Figure 6G).  

 Catalytically active but truncated DME transgenes were able to 

complement the dme seed abortion phenotype as does the endogenous full-length 

DME. This result implies that wild type and engineered DME could function 

similarly in vivo and proves that the GUS protein may prevent DMEΔ(149-677) 

from acting properly. Consequently the only three conserved domains are 

necessary and sufficient for both in vitro and in vivo functions of DME. This 

suggests that DME has a modular structure to remove DNA methylation at the 

targets and that the variable sequences at the N-terminus and IDR1 are 

unnecessary at least for seed development in Arabidopsis. 
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Figure 5. Expression of the engineered DME fused with a HA tag at the C terminus. 

Transgene expression in T1 DME/dme-2 floral buds. ACT11 as an RT-PCR 

control. dme/+, DME/dme-2 plants as a negative control. (A) Δ(149-677), 

DMEΔ(149-677):HA gene; D>N, DME(D>N)Δ(149-677):HA gene as a control 

without the biochemical activity. (B) Δ(149-677)ΔIDR1:HA, DMEΔ(149-

677)ΔIDR1::lnk:HA gene; D>N, DME(D>N)Δ(149-677):ΔIDR1::lnk:HA gene as 

a control with no catalytic activity. 
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Table 4. Complementation analysis for the dme seed abortion phenotype. 

Genotype n
*
 %

†
 

χ2 

 for 1:1 

χ2  

for 3:1 

P
‡
  

for 1:1 

P
‡
  

for 3:1 

DME/dme-2 490  52.5  1.1755  - 0.6753  - 

DME/dme-2, pDME:DMEΔ(149-677)-1 150  76.0  - 0.0800  - 0.7773  

DME/dme-2, pDME:DMEΔ(149-677)-2 617  76.2  - 0.4543  - 0.5003  

DME/dme-2, pDME:DMEΔ(149-677)-3 621  73.8  - 0.5158  - 0.4726  

DME/dme-2, pDME:DMEΔ(149-677)-4 431  71.2  - 3.2676  - 0.0709  

DME/dme-2, pDME:DMEΔ(149-677)-5 276  31.5  - 278.2609  - <0.0001 

DME/dme-2, pDME:DME(D>N)Δ(149-677)-1 359  50.1  0.0028  - 0.9578  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)-2 386  49.0  0.1658  - 0.6839  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)-3 421  47.5  1.0475  - 0.3061  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)-4 452  54.0  2.8673  - 0.0904  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)-5 323  29.1  56.4241  - <0.0001 - 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1 589  76.6  - 1.3144  - 0.2526  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2 607  73.8  - 0.4618  - 0.4968  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-3 97  74.2  - 0.0309  - 0.8605  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-4 99  77.8  - 0.4074  - 0.5233  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-5 150  78.0  - 0.7200  - 0.3961  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-6 254  68.9  - 5.0446  - 0.0247  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-7 98  88.8  - 9.9184  - 0.0016  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-8 359  86.4  - 24.6695  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-9 472  58.5  - 68.7458  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-10 224  56.7  - 40.0238  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-11 115  11.3  - 248.8377  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-12
§
 310  75.8  - 0.1075  - 0.7430  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-13 374  76.7  - 0.3025  - 0.4376  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-14 189  81.0  - 3.5714  - 0.0588  
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DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-15 72  63.9  - 4.7407  - 0.0295  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-16 162  82.7  - 5.1440  - 0.0233  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-17 202  83.2  - 7.1881  - 0.0073  

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-18 401  60.1  - 47.4821  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-19 369  56.6  - 66.3424  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-20 379  44.6  - 186.9138  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-21 167  38.3  - 119.8104  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-22 225  35.6  - 186.7037  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-23 377  28.9  - 427.0778  - <0.0001 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-24 262  26.7  - 325.7455  - <0.0001 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-1 533  49.9  0.0019  - 0.9652  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-2 546  49.5  0.0659  - 0.7974  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-3 550  48.7  0.3564  - 0.5505  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-4 169  52.7  0.4793  - 0.4887  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-5 464  52.6  1.2414  - 0.2652  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-6 283  53.4  1.2756  - 0.2587  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-7 473  53.9  2.8943  - 0.0889  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-8 137  57.7  3.2190  - 0.0728  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-9 215  40.0  8.6000  - 0.0034  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-10 273  60.8  12.7509  - 0.0004  - 

DME/dme-2, pDME:DME(D>N)Δ(149-677)ΔIDR1::lnk-11 336  69.0  48.7619  - <0.0001 - 

*
 Total number of viable and aborted seeds counted. 

†
 Percentage of viable seeds. 

‡
 Probability that deviation from a 1:1 or 3:1 segregation of viable and aborted seeds is due to chance. 

§
Independent experiment was performed to verify the reproducibility from pDME:DMEΔ(149-677)ΔIDR1::lnk-12 to -24. 
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Figure 6. Complementation of the dme seed abortion phenotype with catalytically active but truncated DME transgenes.  

(A-F) Siliques were dissected 14-16 days after self-pollination. Scale bars = 0.5 mm. (A) Wild-type (Col-gl). (B) Heterozygous DME/dme-

2. (C-F) T1 transgenic siliques that are heterozygous DME/dme-2 and hemizygous for each transgene. Error bar indicates SD. (C) 

pDME:DMEΔ(149-677)-2. (D) pDME:DME(D>N)Δ(149-677)-2. (E) pDME:DMEΔ(149-677)ΔIDR1::lnk-1. (F) pDME:DME(D>N) 

Δ(149-677)ΔIDR1::lnk-3. (G) Percentage of viable seeds in T1 transgenic siliques. Except WT, all transgenic lines are in the DME/dme 

background that is expected to have 50% seed viability. The each p value of selected transgenic lines is above 0.005. Note that both 

DMEΔ(149-677) and DMEΔ(149-677)ΔIDR1::lnk can complement the dme seed abortion phenotype (75% seed viability).  
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DMEΔ(149-677) maintaining of aborted seed rescue in T2 generation  

To verify that the truncated DME could function stably in the next 

generation, T2 plants whose parent line displayed approximately 75% of seed 

viability was analyzed. By sowing the T2 seeds on a medium containing 

kanamycin and basta reagents, plants with dme-2 T-DNA and containing at least 

one copy transgene were selected. As all plants were basta resistance dme-2 T-

DNA, they would be heterozygous or homozygous for dme-2 alleles which have 

a half of viable seeds or lethal phenotypes, respectively. If the transgene 

functions as an endogenous DME, the expected ratio of viable seeds would be 75% 

and 50%. This is because 75% of seeds would be viable such as T1 plants in 

heterozygous dme-2 background or 50% of seeds could be developed by acting 

of the transgenic DME in homozygous dme-2 background. Also, in case of 

containing more than one copy of active transgene, the trangenes could 

complement the role of endogenous DME and every seeds in a silique could be 

developed in the heterozygous or homozygous mutants. The dme-2 genotypes of 

all the T2 lines were heterozygous (Table 5). The seed development pattern in T2 

population with DMEΔ(149-677) transgene was followed to the expected results 

(Figure 7). If the P value for 3:1 is above 0.005, the line contains one or more 

tansgene(s) on just one haploid through the ratio of T3 polulation on kanamycin 

MS media. In other words, the genotypes of T2 lines containing 95.23 (±5.47)% 

(Figure 7A) and 93.92 (±4.51)% (Figure 7B) of seeds are homozygous for the 

transgene. 
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Table 5. DME without N-terminus keeps complementation of dme seed 

abortion in T2 generation. 

Genotype n
*
 %

†
 

χ2  

for 3:1 

P  

for 3:1
‡
 

T3 

Ratio
§
 

DME/dme-2, pDME:DMEΔ(149-677)-2 617  76.2  0.454  0.500  - 

DME/dme-2, pDME:DMEΔ(149-677)-2-1 280  65.0  10.880  <0.005 30:7 

DME/dme-2, pDME:DMEΔ(149-677)-2-2 246  73.2  0.439  0.508  47:6 

DME/dme-2, pDME:DMEΔ(149-677)-2-3 254  73.2  0.374  0.541  214:55 

DME/dme-2, pDME:DMEΔ(149-677)-2-4 212  78.0  1.181  0.277  139:20 

DME/dme-2, pDME:DMEΔ(149-677)-2-5 234  79.8  2.631  0.105  48:4 

DME/dme-2, pDME:DMEΔ(149-677)-2-6 220  84.6  11.539  <0.005 54:1 

DME/dme-2, pDME:DMEΔ(149-677)-2-7 251  92.9  36.327  <0.005 149:0 

DME/dme-2, pDME:DMEΔ(149-677)-2-8 206  93.2  49.543  <0.005 36:1 

DME/dme-2, pDME:DMEΔ(149-677)-2-9 228  98.0  70.865  <0.005 47:0 

DME/dme-2, pDME:DMEΔ(149-677)-2-10 281  98.6  65.552  <0.005 37:0 

DME/dme-2, pDME:DMEΔ(149-677)-2-11 231  99.6  74.356  <0.005 108:0 

DME/dme-2, pDME:DMEΔ(149-677)-2-12 213  99.6  91.019  <0.005 190:0 

DME/dme-2, pDME:DMEΔ(149-677)-3 621  73.8  0.516  0.473  - 

DME/dme-2, pDME:DMEΔ(149-677)-3-1 283  73.1  0.410  0.522  42:7 

DME/dme-2, pDME:DMEΔ(149-677)-3-2 234  73.9  0.145  0.704  112:29 

DME/dme-2, pDME:DMEΔ(149-677)-3-3 258  76.0  0.124  0.724  27:6 

DME/dme-2, pDME:DMEΔ(149-677)-3-4 225  76.8  0.356  0.551  78:10 

DME/dme-2, pDME:DMEΔ(149-677)-3-5 253  77.1  0.625  0.429  77:13 

DME/dme-2, pDME:DMEΔ(149-677)-3-6 211  87.6  18.250  <0.005 52:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-7 230  88.3  19.983  <0.005 57:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-8 204  89.6  25.100  <0.005 60:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-9 208  89.7  27.128  <0.005 38:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-10 221  92.9  38.402  <0.005 43:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-11 217  94.9  53.229  <0.005 36:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-12 271  96.0  52.271  <0.005 63:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-13 213  97.8  75.042  <0.005 63:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-14 217  97.9  79.012  <0.005 50:3 

DME/dme-2, pDME:DMEΔ(149-677)-3-15 223  99.0  62.771  <0.005 190:0 

DME/dme-2, pDME:DMEΔ(149-677)-3-16 223  99.6  71.691  <0.005 154:0 

*
 Total number of viable and aborted seeds counted. 

†
 Percentage of viable seeds. 

‡
 Probability that deviation from a 3:1 segregation of viable and aborted seeds is due to 

chance. 

§
Alive : dead T3 lines on kanamycin MS media. 
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Figure 7. Maintenance of seed viable phenotype in T2 plants with a 

DMEΔ(149-677):HA gene. 

According to Table 5, T2 transgenic lines are classified by P value for 3:1, 0.005.  

Standard bar = SD. (A) DME/dme-2, pDME:DMEΔ(149-677):HA-2 in T1 

generation. (B) T1, pDME:DMEΔ(149-677):HA-3.  
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Unstable seed viability and abnormal seed and flower phenotypes in T2 

plants with pDME:DMEΔ(149-677)ΔIDR1::lnk:HA gene 

 T2 plants with DMEΔ(149-677)ΔIDR1::lnk:HA had a distinct 

difference at the seed developmental stage and the results did not follow the 

expectation. Even if approximately 75% of seeds were developed in T1 plants, 

most lines of T2 could produce less than 50% of seeds (Table 6). Two 

independent transgenic lines of pDME:DMEΔ(149-677)-1-3 and 

pDME:DMEΔ(149-677)-1-4 displayed the lethal phenotype. Substantial portions 

of seeds were aborted, especially from early development of the ovule. 

Interestingly, one T1 line which is DME/dme-2, pDME:DMEΔ(149-

677)ΔIDR1::lnk-11 displayed that 11.30% of seeds were viable (Table 4). This 

result only seems to be similar to the results of T2 analysis. This suggests that the 

trangene without IDR1 sequence could not complement the seed abortion, or a 

cumulative effect by the transgene was revealed at the T2 generation.  

 In addition to the unexpected seed phenotype, abnormal flower 

phenotypes were observed in some terminal flowers of 10 or 11 week-old plants 

with pDME:DMEΔ(149-677)ΔIDR1::lnk:HA. Absence of petals (Figure 8A), 

exposed ovules within the carpelloid sepal (Figure 8B), the formation of 

numerous carpelloid sepals (Figure 8C, 9D and 9F), and bicarpellary pistils 

(Figure 8D) were commonly observed in several T2 lines descendent from the 

same ancestor line. This implies that the transgene could negatively affect some 

floral organ identity genes such as AGAMOUS (AG), APETELA 1, 2, 3 (AP1, 

AP2, AP3) and PISTILATA (PI) in plants.  
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Table 6. Abnormal seed development in second generation of 

pDME:DMEΔ(149-677)ΔIDR1::lnk:HA transgenic lines.  

Genotype n
*
 %

†
 T3 Ratio

§
 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1 589  76.58  - 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-1 175  28.57  35:5 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-2 198  26.26  64:(1) 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-3 111  0.90  - 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-4 120  0.83  19:2 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-5 150  51.33  52:9 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-6 127  49.61  25:8 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-7 212  36.79  32:2 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-8 132  31.06  47:4 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-9 198  20.71  39:5 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-1-10 124  9.68  41:0 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2 607  73.81  - 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-1 190  66.32  86:18 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-2 170  50.59  71:2 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-3 216  43.98  118:59 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-4 162  37.04  66:2 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-5 198  32.83  37:0 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-6 165  26.67  52:3 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-7 141  21.28  70:1 

DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-8 202  19.80  80:0 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-9 173  45.09  80:0 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-10 200  43.00  87:0 

dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk-2-11 106  16.04  88:0 

*
 Total number of viable and aborted seeds counted. 

†
 Percentage of viable seeds. 

§
Alive : dead T3 lines on kanamycin MS media. 
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Figure 8. Terminal flower morphology in T2 DMEΔ(149-677)ΔIDR1::lnk:HA.   

(A-F) Abnormal terminal flowers of T2 plants were displayed in 10-11 weeks old 

T2 plants. BP, bicarpellary pistil; CS, carpelloid sepal; OV, ovule; PE, petal; SE, 

sepal, ST; stamen. (A-B) DME/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk:HA-

2-1. (C) dme-2/dme-2, pDME:DMEΔ(149-677)ΔIDR1::lnk:HA-2-9. (D-F) dme-

2/dme-2, pDME: DMEΔ(149-677)ΔIDR1::lnk:HA-2-11. (F) Enlarged picture 

which is in a box at (E).  
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DISCUSSION 

 

The results of GUS assay verified the expression of engineered DME 

with GUS fused at the C-terminus in the central cell (Figure 4) similar to DME 

promoter derived GUS reporter expression (Choi et al., 2002). However, proper 

GUS signal in the central cell was observed with low frequency. Moreover, 

DMEΔ(149-677):GUS could not complement the dme seed abortion phenotype 

(Table 3). Previous mutagenesis studies revealed that the domain B of DME at 

the C terminal region is very critical for the biochemical activity (Mok et al., 

2010), suggesting that stable folding of DME at the C-terminus might be 

important and critical for biochemical function. Even if the linker containing six 

glycines between DMEΔ(149-677) and GUS, the large size of GUS protein, 

approximately a half size of DMEΔ(149-677), could inhibit proper folding of 

DME. Thus, GUS protein may exert a negative effect on the function of truncated 

DME in vivo. Coincidently the replacement of GUS with the small HA tag, the 

manipulated DME has the in vivo function of DME for endosperm development 

(Figure 6). This result supported the importance of C-terminus for maintaining 

the stable structure through the study in Arabidopsis. 

 The three domains (A, B, and glycosylase domain) of DME are 

conserved in monocots and dicots not in animals (Choi et al., 2002). The sizes 

and sequence contexts of the other regions such as N-terminus and IDR1 among 

DME family genes are various and not similar to one another in Arabidopsis. The 

crucial in vivo function of DME is DNA demethylation through following BER 

pathway at the hypermethylated sites at the promoter of imprinted genes such as 

MEA, FIS2 and FWA (Gehring et al., 2006), which functions for normal 
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development of the endosperm. Through the complementation test of seed 

development in the T1 transgenic lines, the truncated DMEs could be generated 

and activated in the central cell (Figure 4 and 5). This study has shown that the 

three domains as a functional module are necessary and sufficient for both 

biochemical and biological functions in plants (Figure 6 and Table 4).  

Furthermore, DMEΔ(149-677) can continuously complement dme seed 

abortion phenotype in the next generation (Table 5 and Figure 7). The result 

demonstrates that N-terminus of DME was not required for seed development 

and formation of the stable structure in vivo as well as in vitro. However, when 

the IDR1 was removed, the unexpected ratio of seed viability was observed in T2 

generation (Table 6). The lethal homozygous dme mutant phenotype was 

reproduced by DMEΔ(149-677)ΔIDR1::lnk but the T2 lines in homozygous dme 

mutant background could not develop T3 seeds normally despite of containing 

more than two copies of transgenes (Table 6). The results imply that the absence 

of endogenous DME induces critically negative effect on genome so that 

transgenes could not replace the original pattern of DNA methylome. Also, it is 

possible that DMEΔ(149-677)ΔIDR1::lnk may cause severe effect on the seed 

development. Most of the pDME:DMEΔ(149-677)ΔIDR1::lnk T2 lines (10 out 

of 12) showed less than 50% seed productivity even though they were containing 

one copy of endogeneous DME. The results of quantitative RT-PCR from other 

DMEΔ(149-677) T2 lines were shown that endogenous DME expressed much 

lower than those of WT and the heterozygous DME mutant (Data not shown), 

supporting the possibility of transgene interruption to endogenous DME.  

 There remains a question whether the truncated DME could work at the 

right targeting sites as does the endogenous DME. To verify the changes of DNA 



 

５２ 

methylation pattern at the targets in the central cell, bisulfite sequencing 

experiment was considered using gDNA from the dissected endosperm tissues in 

the transgenic plants. This idea had a few problems that the methylation level of 

the target regions in the heterozygous mutants could not display a half level of 

the WT unlike the proportion of viable seeds. As the DNA methylation patterns 

were not directly proportional to genotype of DME, the quantitative estimate in 

transgenic plants seems to be impossible. If homozygous dme mutants containing 

hemizygous transgene could be generated, this problem would be solved. The 

unstable T2 seed might be caused by genotype of dme locus and transgene 

stability. Some dme homozygote might survive with transgenic truncated DME. 

The genotype of dme in T2 lines is required and maintenance of MEA imprinting 

could be verified by bisulfite sequencing of the hypermethylated DME target 

sites using gDNA from floral buds.  

Terminal flowers with abnormal organ structures were observed in T2 

generation (Figure 8). Distinct features include: no petals, carpelloid sepals, and 

bicarpellary pistils (Figure 8). By the effect of pDME:DMEΔ(149-

677)ΔIDR1::lnk:HA, the system of floral organ identity genes in the ABC model 

seems to be broadly interrupted. This flower morphology was similar to 

RELATIVE OF EARLY FLOWERING 6 (REF6) overexpression plants (Lu et al.,  

2011). REF6 is the homolog of metazoan KDM4 proteins which have 

H3K27me2/3 demethylase activity, namely the repression of gene silencing (Lu 

et al., 2008). In Arabidopsis, REF6 promotes flowering and when REF6 is 

ectopically expressed, floral integrator genes such as FLOWERING LOCUS T 

(FT) and SUPRESSOR OF CO OVEREXPRESSION 1 (SOC1) are activated 

compared to WT (Noh et al., 2004). This demonstrates that histone modification 
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leads to promotion of flowering. Also, dme-1 homozygous mutants have shown 

the similar flower morphology (Choi et al., 2002) (Figure 8). The common 

phenotypes between oxREF6, dme-1 homozygote and t-DME (DMEΔ(149-

677)ΔIDR1::lnk) suggests that DNA methylation as well as histone 

demethylation involes in the mechanisms of flowering. Also, as the normal 

flowering in wild type plants with full-length DME, the existence of IDR1 might 

be required to hinder the random targeting of DME.  

Recently the interacting DME protein was reported that histone H1.2 

physically interacts with DME∆N677 and that MEA, FWA and FIS2 imprinting 

required histone H1 for DME regulation (Rea et al., 2012). This suggests that 

histone H1 is involved in DME-mediated DNA demethylation and gene 

regulation at imprinted loci. Considering histone H1 is a linker histone present 

between nucleosomes, it is possible that H1 allows DNA binding proteins 

including DME to access their target regions by modifying the chromatin 

structure.  

Also, the DNA methyltransferase MEA and the Polycomb group protein 

MET1 interact directly, which is relevant for the repression of seed development 

in the absence of fertilization. (Schmidt et al., 2012). This suggests that histone 

modification and DNA methylation are closely linked by physical interaction. 

Further researches on the function and mechanisms of DMEΔ(149-

677)ΔIDR1::lnk in plants would be offer a clue about the interaction of DNA 

demethylation and histone modification. In conclusion, the variable regions at the 

N-terminus and IDR1 are not required for seed development, but it is possible 

that IDR1 has unrevealed function for DME activity in plants such as proper 

target recognition (Table 6 and Figure 8).  
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CHAPTER II 

 

DNA methylation profiling by functional modules  

of DEMETER in Arabidopsis 

 

ABSTRACT 

 

 Epigenetic regulation systematically occurs in many eukaryotic 

organisms, where DNA methylation is stably maintained in genome. By 

analyzing DNA methylome, the distribution of histone modification and small 

RNAs could be predicted. Thus the epigenome analysis is extremely helpful in 

understanding the biological processes such as differentiation, development, and 

disease development. With development of genome-wide DNA methylation 

analysis technology, it is possible that comparative DNA methylome analysis can 

be applied to disease-diagnosis in the future. Bisulfite sequencing (BS-seq), 

methylated DNA immunoprecipitation sequencing (MeDIP-seq) or microarray 

chip (MeDIP-chip) are commonly used these days. Here, a new analysis tool 

using DEMETER (DME), which is a plant-specific 5-methylcytosine (5mC) 

DNA glycosylase, was designed to complement some drawbacks of 

immunoprecipitation or NGS sequencing-based techniques. The novel technique 

was combined with hybridization, which I here refer to as DME-chip. The DME-

chip could be a cost-efficient and fast tool for understanding the pattern of 

genome-wide DNA methylation. A simple dot-blot analysis demonstrates that 

55mC-specific labeling of DNA by DME and visualization of the relative DNA 

methylation level on the Arabidopsis genome fragments were realizable.  
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INTRODUCTION 

 

Cytosine methylation is important for epigenetic gene regulation and 

transposon silencing. DNA methylation is related to several biological processes 

such as diseases, aging, differentiation and development in mammals and plants. 

DNA methylation is the most stable epigenetic mark and 5mC is prevalent in 

many eukaryotic organisms. Epigenetic factors including histone modification 

and chromatin remodeling as well as DNA methylation affect genome-wide 

chromatin structure and systematically function (Law and Jacobson, 2010). 

Histone modification or small RNA distribution throughout the genome could be 

inferred from DNA methlylome. Genome-wide DNA methylation research would 

provide a blueprint for understanding key epigenetic modifications in certain 

disease and biological process. (Lister et al., 2009).  

DNA methylation analysis technology has been revolutionarily 

developed in the past decade. Previous methods were restricted to specific loci 

using methylation-sensitive restriction enzyme (MSRE) digestion or PCR 

amplification following the sodium bisulfite (BS) treatment. As the BS and 

methylated DNA immunoprecipitation (MeDIP) principles were combined with 

microarray and NGS techniques, genome-scale analyses could be performed 

(Laird, 2010). Every technologies such as BS-seq, MeDIP-seq and MeDIP-chip 

have advantages and disadvantages. Single base resolution mapping could be 

possible through the BS-seq. However, ligation-mediated PCR (LM-PCR) 

amplification step before Illumina sequencing could cause negative effects by 

PCR errors. Moreover, severe damage to gDNA and reduction in sequence 

complexity after BS treatment make sequencing analysis difficult. MeDIP-seq 
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and MeDIP-chip have common drawbacks including requirement of large 

amount of gDNA as well as high cost and labor for immunoprecipitation. In 

addition, the 5mC-specific antibody has biased affinity according to GC contents 

(Laird, 2010).  

DME is a plant-specific 5mC DNA glycosylase while directly 

recognizing and removing 5mC through the base excision repair pathway 

(Gehring et al., 2006). All Arabidopsis DME family proteins – DME, ROS1, 

DML2, and DML3 - share the similar domain structures. Besides the central 

DNA glycosylase domain, two additional conserved domains (domains A and B) 

exist and all the three domains are necessary and sufficient for the DME function 

in vitro (Mok et al., 2010). These results suggest that modified DME could detect 

5mC specifically in the genome.  

Here, a novel DNA methylation detection tool based on 5mC-specific 

recognition property of DME protein was proposed. In this study, the dot-blot 

analysis elucidates that 5mC-specific labeling by DME on the Arabidopsis 

genome could visualize the relative level of DNA methylation. By applying to 

microarray system, DME-chip may have several advantages over previous 

methods such as MeDIP and BS-seq (Figure 9). Despite the lower resolution 

(from 35 to 50 bp), the reaction for DME-chip could be performed in a single 

tube. This method would become a cost-friendly and fast analysis tool for 

analyzing DNA methylome.  
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MATERIALS AND METHODS 

 

Plant materials 

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was grown in the 

growth room under 16 hours of light and 8 hours of dark cycles at 23°C. 

Seedlings on a 0.5x MS medium were transferred to soil on 7-10 days after 

sowing. Genomic DNAs (gDNA) were extracted from aerial part of three-week-

old plants. 

 

Preparation of samples with Arabidopsis gDNA  

 To make constructs containing hypermethylated or hypomethylated 

region of Arabidopsis genome, gDNA were partially digested with EcoRI 

restriction enzyme. The fragments of gDNA were cloned into pBluescript II KS 

(-) (Genbank ID: X52329, pBS) vector. To select colonies containing longer than 

3 kb of Arabidopsis gDNA, Colony PCR amplification was performed with 27 

cycles of 95°C for 1 min, 54°C for 1 min and 72°C for 5 min for 76 colonies 

using primers: M13F(-20) and M13R(-20) (Table 7). 

 

Table 7. Oligonucleotides used in this study. 

Name Sequence (5’→3’) Use 

M13F(-20) GTAAAACGACGGCCAGT PCR 

M13R(-20) GCGGATAACAATTTCACACAGG PCR 
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DME reaction and probe preparation 

 Three kinds of radioactively labeled probes were prepared: DME-

treated and 5mC-specifically labeled gDNA, random-labeled gDNA, and 

random-labeled pBS vector plasmids. First, Arabidopsis gDNA was mechanically 

sheared into small fragments that ranged in size from 300 to 800 bp using a 

Bioruptor (Diagenode, Liege, Belgium) and 20 μg of sonicated gDNA was 

subjected to DME treatment. Sonicated gDNA was incubated with 430 ng of 

DMEΔN677Δ IDR1::lnk (Mok et al., 2010) in 20 μl of DME reaction buffer (10 

mM Tris, pH 7.4, 50 mM NaCl) for 2 hours at 37C and for additional 15 min at 

65C. After DME treatment, endonuclease IV (Nfo) was added to cleave the 

phosphodiester bond 5' to the lesion generating a hydroxyl group at the 3' -

terminus in 30 μl of reaction buffer (10 mM Tris, pH 7.4, 100 mM NaCl) for 2 

hours at 37C and for 15 min at 65C. To fill the gap with radioactively labeled 

cytosine. DME and Nfo-treated gDNA was labeled with 30 μCi of [α-P] dCTP 

(6000 Ci/mmol, Bio-Medical Science, Korea) using 20 units of Klenow (NEB, 

Beverly, MA) in the final reaction buffer (10 mM Tris, pH 7.4, 50 mM NaCl, 10 

mM MgCl2, 1 mM DTT) for 2 hours at 37C and for 15 min at 65C.  

As a control experiment, 20 μg of gDNA was randomly labeled with 18 

μCi of [α-P] dCTP using 10 units of Klenow in 50 μl of NEB restriction enzyme 

buffer 2 (100 mM dATP, dTTP, and dGTP, 10 pmole of hexamer primer 

(Invitrogen, Carlsbad, CA)) at the room temperature for 1 hour. As a loading 

control, 10 ng of pBS vector was randomly labeled as described above. 

All the labeled probes were purified using a DNA purification kit 

(Takara, Tokyo, Japan) as described by the manufacturer. The probes were boiled 

for 10 min and then cooled on ice.  
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Dot-blot assay 

Using the dot-blot apparatus (Bio-Rad, Hercules, CA), 100 ng of each 

DNA was loaded (Dilution factor: 2) onto the 0.45 μm positively charged nylon 

transfer membrane (GE Healthcare, UK). The membrane and Whatman 3MM 

chromatography papers were equilibrated in 2xSSC (30 mM Sodium Citrate, pH 

7.0 and 0.3 M NaCl). For denaturation of DNA, the samples were boiled for 10 

minutes, then quickly chilled in ice, an equal volume of 1 M NaOH was added 

and incubated at the room temperature for 20 minutes. The DNA solution was 

transferred using vacuum as described by the manufacturer. After the DNA 

blotting, the membrane was incubated in 100 ml of neutralizing solution (1 mM 

EDTA, 1.5 M NaCl, 0.5 M Tris, pH 7.2) at the room temperature for 30 minutes 

and stored in the storing buffer (6x SSC) at 4C until use. 

Three membranes were separately prehybridized in a hybridization 

buffer (20x SSC, 10% SDS, 1000 μg μl-1 salmon sperm DNA (ssDNA, Sigma, 

D1626)) with 50x Denhardt’s solution (1% ficoll, 1% polyvinylpyrrolidone, and 

1% bovine serum albumin) at 65C for 2 hours to blocking. Then the 

prehybridization buffer was changed to hybridization buffer. Probes were added 

to each labeled bottle and rotated at 65C for 16 hours. The membrane was 

washed five times with the buffer sequentially as following; 2x SSC, 0.5% SDS 

at room temperature for 5 min; 2x SSC, 0.1% SDS at the room temperature for 

15 min; 0.1x SSC, 0.5% SDS at 37C for 30 min twice; 0.1x SSC at the room 

temperature. The membranes were exposed to an X-ray film at −80°C.  
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RESULTS AND DISCUSSION 

 

DME is a plant-specific 5mC DNA glycosylase which can recognize 

5mC and directly remove it. To figure out whether DME could detect 5mC and 

differentiate the level of DNA methylation in the Arabidopsis genome, reverse-

southern dot blot analysis was employed. Randomly selected fragments from the 

Arabidopsis genome were placed on the membrane, whose sequence information 

and DNA methylation pattern were already known. When DME-treated and 

radioactively labeled gDNA was used as a probe, different signals were obtained 

for hyper- and hypo-methylated samples.  

Genomic DNA fragments digested by EcoRI were cloned into pBS 

vector. Seventeen plasmids with 3 kb or larger inserts were selected. After 

sequence analysis, six samples were chosen (Table 8). Each sample contains two 

or three coding sequences. GC contents of each fragment range from 35.74 to 

50.99. Arabidopsis genome has 36.02% of GC contents on average and four 

fragments were suitable for the test since samples #45 and #72 have relatively 

high GC contents. To verify the results of dot-blot assay, the DNA methylome 

database including BS-seq and MeDIP-chip (Lister et al., 2008; Zilberman et al., 

2007) was evaluated. Samples #8 and #64 are the most hyper- and hypo-

methylated, respectively (Figure 10).  

DME has a function to remove 5mC directly, so if 5mC is substituted 

with radioactively or fluorescently labeled cytosine with the aid of DME in a 

single tube reaction, the level of DNA methylation could be easily visualized. 

Dot blot analysis was adapted to test whether DME treated gDNA was differently 

hybridized to highly and less methylated DNA fragments. As expected, the signal 



 

６４ 

onto hypermethylated Chr5A (#08) was stronger than that of hypomethylated 

Chr2B (#64) on the right side of Figure 11. When radioactively labeled pBS 

vector plasmid and mock gDNA were hybridized as a control, all the signals for 

pBS, Chr5A, and Chr2B were similar regardless of the level of DNA methylation. 

It successfully proves the concept of DME-chip (Figure 9), which could be 

scaled-up using custom arrays instead of dot blotted membrane.  

However, there are several things to be further optimized for the 

microarray-based system. For example, since array platforms are composed 

oligonucleotides from 50 to 100 nt, customizing the length of gDNA fragments is 

necessary. Also, Cy3 and Cy5 florescent labeling system may be suitable for 

automated array-based analysis.   
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Figure 9. Schemes of existing DNA methylome analysis tools and DME-chip. 

From left, BS-seq, MeDIP-chip, MeDIP-seq and DME-chip. All the process of DME-chip occurs in one tube. 
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Table 8. List of samples used for this work. 

No. Region Gene Information Length (nt) GC (%) Copies 

08  Chr5A 1775887 – 1779490 

 

AT5G05920  
deoxyhypusine synthase 

AT5G05900  
UDP-Glycosyltransferase superfamily 
 

3,595 38.33 4 

45 Chr2A 3297908 - 3302635 

AT2G07683  

transposable element gene 
AT2G07772  
unknown protein 
 

4,728 44.18 4 

49 Chr4A 17031716 - 17035899 

AT4G35985  
Senescence/dehydration-associated protein 
AT4G35987  
S-adenosyl-L-methionine-dependent methyltransferases 
superfamily protein 
 

4,184 36.69 2 

64 Chr2B 7320874 - 7325400 

AT2G16890  
UDP-Glycosyltransferase superfamily 
AT2G16880  
Pentatricopeptide repeat (PPR) super family protein 
 

4,527 35.74 4 

72 Chr5B 6342267 - 6344794 

AT5G19000  
BTB-POZ and MATH domain 1 
AT5G19010  

member of MAP (MITOGEN-ACTIVATED PROTEIN) 
Kinase 
 

2,826 50.99 5 

76 Chr2C 18923583 - 18928440 

AT2G45990  

unknown protein 
AT2G46000  
molecular function unknown 
 

4,858 37.96 2 
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Figure 10. Hypermethylated and hypomethylated regions of Arabidopsis gDNA.  

From up, gene model and loci distribution from TAIR 8, Col-0 DNA methylation 

pattern by BS-seq (Lister et al., 2008), MeDIP-chip results from raw data (Zilberman 

et al., 2007). In the BS-seq data, the length of bars means possibility of DNA 

methylation at CG, CHG, and CHH contexts and direction of the bars shows on which 

strand 5mC is located. At the graph based on the raw data of MeDIP-chip, x axis is 

location of the chromosome and y axis is the value of log2(5mC/C). If the value of y is 

above 0, it means 5mC exists more than C in the bin. (A) Ch5A: hypermethylated 

region. (B) Ch2B : hypomethylated region.   
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Figure 11. Preliminary test for DME-chip using dot blot. 

From left and top, the probe for the southern hybridization, pBS control, pBS vector; 

gDNA control, mok gDNA; DME reaction, DME treated and RI-labeled gDNA. Each 

of randomly labeled pBS plasmid and gDNA was also utilized in the same way as the 

control. pBS, pBS plasmid; Chr5A, hypermethylated region; Chr2B, hypomethylated 

region. 100 ng of each DNA plasmid was loaded (Dilution factor: 2)  
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초 록 

 

DNA 메틸화는 유전자 발현을 조절하는 대표적인 후생유전적 

요소이다. 애기장대에 존재하는 DEMETER(DME)는 DNA 글리코실라제의 

일종으로 5-메틸시토신을 특이적으로 제거하여, 식물특이적인 DNA 

탈메틸화를 담당한다. 애기장대에는 세 개의 DME 상동유전자 - ROS1, 

DML2 와 DML3 - 가 존재한다. DME family 유전자 모두는 DNA 

글리코실라제 도메인과 메틸시토신의 제거에 필수적인 두 개의 도메인 A, 

도메인 B 로 이루어져 있다. 보존되지 않은 염기서열과 다양한 길이로 

이루어진 N-말단과 도메인 사이의 부분이 제거되어, 도메인만으로 구성된 

약 40% 크기의 DME - DMEΔ(149-677)ΔIDR1::lnk - 는 시험관 내에서 

생화학적인 메틸시토신 제거 기능을 유지한다. 중심세포 특이적으로 

발현하는 DME 는 유전자 각인현상에 관여하여 모계의 영향을 받아 

유전되며, 배유의 발달에 필수적이다. 이러한 속성으로 DME 의 이형접합 

돌연변이체는 약 50%의 종자만을 정상적으로 형성한다.  

제 1 장에서는 생화학적으로 메틸시토신 DNA 글리코실라제 

기능을 보존하고 있는 DMEΔ(149-677)과 DMEΔ(149-677)ΔIDR1::lnk 가 

식물체 내에서도 DME 의 역할을 지속하는지 확인하기 위하여, DME 

프로모터를 이용하여 이형접합 돌연변이체에서 발현시켰다. 상보성 검사 

결과, 조작된 DME 도 정상적인 배유의 발달에 관여하는 WT DME 의 

기능을 대신할 수 있음을 확인하였다. 본 연구를 통해 DME 의 기능모듈이 

종자 발달에 필요충분조건임을 확인하였다. 뿐만 아니라 DMEΔ(149-677)는 

다음 세대에서도 안정적으로 돌연변이체를 회복시킬 수 있었다. 

DMEΔ(149-677)ΔIDR1::lnk 의 경우, T2 세대에서 치사 표현형을 보이는 
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동형접합 돌연변이체의 번식이 가능하였으나, 불안정한 종자 발달과 

비정상적인 화기구조가 관찰되었다. 이 결과는 DMEΔ(149-

677)ΔIDR1::lnk 가 비정상적이거나 과도한 탈메틸화 작용을 할 수 있는 

가능성을 암시하고 DNA 메틸화와 화기구조 또한 상관성이 존재함을 

시사한다. 

제 2 장에서는 유전체 상의 메틸시토신 패턴을 알 수 있는 새로운 

DNA 메틸롬 분석 기술을 DME 의 기능을 이용하여 개발하고자 하였다. 

실제로 DME DNA 글리코실라제의 기능 모듈이 메틸시토신을 특이적으로 

인지하여 제거한 다음, 그 자리에 방사능으로 표지된 시토신을 채워 넣는 

방법으로, DNA 메틸화 정도를 Dot-blot 실험을 통해 시각적으로 

확인하였다. 형광표지체계와 마이크로어레이 기술을 접목한다면, 

DME 효소반응을 통해 유전체 전체의 메틸화 패턴을 간단하고 빠르게 

확인할 수 있는 새로운 방법을 창출할 수 있을 것으로 기대한다.  

 

주요단어: DEMETER, DNA 메틸화, 종자 발달, 기능성 모듈, DNA 메틸롬, 

애기장대 
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