
ABSTRACT 

HUNG, YU HUNG. Conserved Domains Required for DEMETER 5-Methylcytosine DNA 

Glycosylase/lyase Function in planta. (Under the direction of Tzung-Fu Hsieh and Robert 

Franks). 

 

DNA methylation is a key epigenetic mark that regulates chromatin structure, gene 

expression, transposable element silencing, and gene imprinting in mammals and flowering 

plants. In Arabidopsis, DEMETER (DME) encodes a 5-mathylcytosine DNA 

glycosylase/lyase that actively removes DNA methylation in central cell to establish gene 

imprinting in endosperm and is essential for seed viability. In addition to establishing gene 

imprinting, DME also targets many discrete loci, including small, gene-flanking transposable 

elements (TEs), and longer, heterochromatic TEs. Although decades of studies have 

uncovered that DME is the master regulator of gene imprinting establishment during seed 

development, the comprehensive regulatory and targeting mechanisms of DME-mediated 

DNA demethylation are still largely unknown. 

In this dissertation, I used genetic analysis combined with endosperm methylome 

profiling to dissect the regulatory and catalytic function of N-terminal and C-terminal regions 

of DME and to study the impact of linker histone mutants on DME-mediated demethylation 

and gene imprinting regulation. The nuclear localized DME C-terminal catalytic core region 

is sufficient to rescue dme associated developmental defects and to ameliorate dme 

hypermethylation in most canonical DME targets, although the processing of 

heterochromatic demethylation is impaired. The full length DME is less efficient in DNA 

demethylation compared to truncated DME C-terminal region, most likely due to a dominant 

negative interference by the DME N-terminal truncated polypeptides expressed in the dme-2 

background. The results support a bipartite organization of DME and suggest that N-terminal 



of DME is required for robust demethylation and effective processing of nucleosome-rich 

heterochromatic regions, presumably to facilitate demethylation through nucleosomal 

templates by recruitment of the chromatin remodeling FACT complex. 
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Introduction 
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 Gene imprinting is an epigenetic phenomenon when two alleles of a gene express at 

different levels depending on their parent-of-origin. Gene imprinting has been documented in 

mammals and flowering plants. In the 1980s, biologists’ attention to imprinting has greatly 

increased due to the recognition of its importance during mammalian development (Monk, 

1988). Imprinted genes regulate cell growth, cell signaling, cell cycle regulation (Feinberg et 

al., 2006), and influence nutrient acquisition and fetus growth (Bartolomei and Ferguson-

Smith, 2011; Haig, 2010). In mammals, many imprinted genes are found in the placenta and 

brain, which is consistent with growth and neurodevelopmental defects observed in human 

imprinting disorders (Coan et al., 2005; Wilkinson et al., 2007). 

 In addition to mammals, gene imprinting is also found in flowering plants. The link 

between the two distant genera is that the embryo is connected to and nourished by the 

mother during embryonic development. Over one hundred imprinted genes were identified in 

Arabidopsis endosperm (Gehring et al., 2006, 2011; Hsieh et al., 2011; Jullien, 2006; 

Kinoshita et al., 2004; Klosinska et al., 2016; Tiwari et al., 2008; Wolff et al., 2011; Xiao et 

al., 2003). Several imprinted genes discovered in Arabidopsis are critical for seed 

development, which is not only necessary for the continuation of a species but also an 

indispensable food source in human life (Chaudhury et al., 1997; Gehring et al., 2006; 

Kiyosue et al., 1999; Ohad et al., 1996). 

 DEMETER (DME)-mediated DNA demethylation is a critical mechanism that 

establishes gene imprinting in Arabidopsis. In the past decades, technological advances have 

provided great opportunities for scientists to study epigenetic regulation and gene expression. 

Further exploring the molecular mechanism of DME-mediated DNA demethylation during 

seed development in Arabidopsis could enable improvement in seed production in the future. 
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Sexual reproduction in flowering plants 

 The angiosperms (flowering plants) are the most diverse group of land plants, with 

over 250,000 species (Christenhusz and Byng, 2016). Double fertilization is a unique feature 

distinguishing angiosperms from the other seed-plant clade (gymnosperms). This feature 

might have provided angiosperms an evolutionary advantage to become the dominant form 

of land plant life, although the selection force for this process is poorly understood. 

 In Arabidopsis, during gametogenesis, the haploid functional megaspore is subjected 

to three rounds of mitosis to produce a syncytial female gametophyte (embryo sac) with eight 

nuclei. Following nuclei migration and cellularization, the seven cells are differentiated in 

mature female gametophyte. The haploid egg cell and two synergid cells forming the egg 

apparatus are located at the micropylar pole. The homodiploid central cell containing the two 

fused nuclei can be found in the central part of the embryo sac. The three antipodal cells are 

located at the chalazal pole opposite to the egg apparatus (Drews and Koltunow, 2011). 

Conversely, each microspore undergoes an asymmetrical cell division to generate a larger 

vegetative cell and a smaller generative cell. The generative cell is encased by the vegetative 

cell, and then undergoes once more mitosis to create two virtually identical sperm cells. As a 

result, the mature pollen is a tricellular male gametophyte which shows a unique cell within 

cell structure (Berger and Twell, 2011). 

 The seed development is triggered by the process of double fertilization that leads to 

the differentiation of three genetically distinct components: embryo, endosperm and seed coat. 

The sperm cells of angiosperms are immotile. The major task of vegetative cell is to deliver 

the two sperm cells to the female gametophyte. Upon landing on the tip of a stigma, the pollen 

grain rehydrates and receives signals from female sporophytic tissue that stimulate pollen 
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germination and pollen tube growth (Higashiyama and Takeuchi, 2015). The vegetative cell 

elongates to form the pollen tube and acts as a vehicle to transport the two sperm cells to the 

mature female gametophyte. During this process, two sperm cells are connected to each other 

to ensure both gametes are delivered to the female gametophyte simultaneously (McCue et al., 

2011). The success of fertilization also depends on signals secreted by the female gametophyte 

to guide the pollen tube through the transmitting tracts— signals which also contribute to a 

barrier to prevent unfavored fertilization such as hybridization between incompatible 

interspecies. Synergids are specialized cells that play a critical role in pollen tube attraction 

and reception (Dresselhaus et al., 2016; Higashiyama, 2002). Both synergid cells secret 

species-specific attractant peptides, such as LUREs or ZmEA1. (Higashiyama and Yang, 

2017). Upon arriving at the micropylar opening of the ovule, the pollen tube enters female 

gametophyte through filiform apparatus (an elaborated structure in synergid cells at micropylar 

end). Soon after contacting with synergid cells, the pollen tube stops growing, bursts and 

discharges the two sperm cells. Signals from the two female gametes, egg cell and central cell, 

are also critical in regulating pollen tube attraction and cell fate of synergid cells (Higashiyama 

and Yang, 2017). One synergid cell degenerates either shortly before or after the pollen tube 

arrival (Drews and Koltunow, 2011; Higashiyama and Takeuchi, 2015). After arriving at the 

boundary region between egg cell and central cell, the sperm cell is activated by female 

gamete-secreted protein, and fuses with the female gamete (Sprunck et al., 2012). One sperm 

cell fertilizes the egg cell to become diploid zygote which initiate a new sporophytic generation 

with the development of embryo. The other sperm cell fuses with the homodiploid central cell 

to generate a triploid embryo-nourishing tissue, the endosperm (Bleckmann et al., 2014). 
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Gene imprinting in endosperm 

 Endosperm development consists of three major phases: syncytial development, 

cellularization and maturation. Once fertilized by the sperm cell, the Arabidopsis central cell 

undergoes eight mitotic cycles without cell division, resulting in a multinucleated syncytial 

endosperm.  After the syncytial phase ends, the endosperm begins the cellularization and 

differentiation of different cell types. Endosperm cellularization is important for embryo 

development. Concomitant with the transition from endosperm syncytial phase to 

cellularization phase, the embryo begins to take up sucrose directly from surrounding 

endosperm instead of gaining nutrient through suspensor (the connection between embryo 

proper and surrounding maternal tissue and endosperm). The endosperm is a terminally 

differentiated tissue which provides a critical role in nourishing embryo during early seed 

development, which is analogous to mammalian placenta. Endosperm cellularization is 

important for embryo viability and is regulated by FERTILIZATION INDEPENDENT 

SEED POLYCOMB REPRESSIVE COMPLEX 2 (FIS-PRC2). Polycomb group proteins are 

evolutionarily conserved in animals and plants. The PRC2 is a repressive complex that 

represses gene expression by establishing a compacted chromatin state at its target loci 

through depositing histone trimethylation marks at histone H3 lysine 27 (H3K27me3) 

(Simon and Kingston, 2013). In plants, different PRC2 complexes repress unique subsets of 

target genes at different developmental stages. The Arabidopsis FIS-PRC2 is specifically 

expressed in central cell and endosperm and consists of MEDEA (MEA), FIS2, 

FERTILIZATION INDEPENDENT ENDOSPERM (FIE), and MULTICOPY 

SUPPRESSOR OF IRA 1 (MSI1) (Mozgova and Hennig, 2015). In seeds with FIS-PRC2 

mutations, when maternally inherited, the endosperm over-proliferate and fail to undergo 
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proper cellularization and the embryo arrest, leading ultimately to seed abortion (Chaudhury 

et al., 1997, 2001; Hehenberger et al., 2012; Ohad et al., 1996; Ueli Grossniklaus, 1998). 

 Endosperm is a relatively complicated and highly specialized tissue. It is the product 

of the second fertilization event unique to the flowering plants. Although the selection force 

for this feature is still unclear, double fertilization has been suggested as an advantage 

leading to the dominance of angiosperm. Endosperm genome is triploid, it inherited one dose 

of paternal genome and two doses of maternal genome. Although it does not directly 

contribute its genetic material to the next generation, several studies in different species have 

reported that the failure of endosperm cellularization is one major reason for interspecific 

hybrid seed lethality. Embryo rescue technique has been used by breeders to obtain new 

interspecific hybrids which bypasses the endosperm failure, suggesting that the endosperm is 

one barrier to interspecific hybridization (Shen et al., 2011). Besides, genome-wide 

methylation studies have shown that endosperm methylome is distinct from the methylome 

of embryo and vegetative tissues (Gehring et al., 2009; Hsieh et al., 2009; Zemach et al., 

2010). Generally, endosperm DNA is globally less methylated than embryo and has a more 

decondensed chromatin structure. Within endosperm, the maternal genome is 

hypomethylated compared to the paternal genome, and the hypomethylation is found 

enriched in discrete loci near coding genes (Ibarra et al., 2012). A recent study shows that the 

endosperm DNA demethylation pattern is initiated from central cell, which requires 

DEMETER DNA demethylase in Arabidopsis (Park et al., 2016). 

 Endosperm is also the major site of imprinted gene expression. Hundreds of genes are 

found either maternally expressed (MEGs) or paternally expressed (PEGs) in endosperm in 

several flowering plant species (Gehring et al., 2011; Hatorangan et al., 2016; Hsieh et al., 
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2011; Klosinska et al., 2016; Luo et al., 2009; Waters et al., 2013; Wolff et al., 2011; Xu et 

al., 2014; Zhang et al., 2011). Almost all the imprinted genes are confined in endosperm, 

with only a few exceptions in the very early developing stage of embryo (Jahnke and 

Scholten, 2009; Nodine and Bartel, 2012; Raissig et al., 2013) and other tissue (Zhang and 

Borevitz, 2009). 

 

Epigenetic mechanisms regulating gene imprinting 

Histone modification 

 Histone modification is one of the epigenetic regulations that greatly affect chromatin 

structure.  There are several kinds of reversible chemical modification on histone tails, 

including acetylation, methylation, deacetylation, phosphorylation, etc. These modifications 

can recruit different chromatin reader complexes to change chromatin structure and affect 

gene expression. Histone H3 lysine methylation is the most well studied histone modification 

in plants. Several lysine residues on histone H3 tail can be methylated. These methylations 

can be associated with either active or repressive gene expression, depending on the position 

and the number of methyl groups added to the lysine residue. For example, trimethylation of 

histone H3 lysine 4 and lysine 36 are generally linked to active gene expression, while 

dimethylation of lysine 9 (H3K9me2) and trimethylation of lysine 27 (H3K27me3) are 

associated with gene repression (Bannister and Kouzarides, 2011; Berger, 2007; Margueron 

and Reinberg, 2011). The H3K27me3 is deposited by an evolutionary conserved Polycomb 

group (PcG) protein complex called POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) 

(Margueron and Reinberg, 2011). Plants need to undergo several developmental transitions 

during their life cycle. PcGs are chromatin modifiers that control many of these important 
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developmental processes by regulating gene expression (Bemer and Grossniklaus, 2012). In 

Arabidopsis, FIS-PRC2 was found to be critical during early seed development. FIS-PRC2 

repress central cell proliferation before fertilization. After fertilization, FIS-PRC2 regulates 

the transition from syncytial development to cellularization. Seeds deficient in FIS-PRC2 

function fail to undergo proper endosperm cellularization and the embryo arrests, leading 

ultimately to seed abortion (Chaudhury et al., 1997, 2001; Hehenberger et al., 2012; Ohad et 

al., 1996; Ueli Grossniklaus, 1998). 

DNA methylation 

 DNA methylation is another important epigenetic mechanism that regulates gene 

expression. The majority of DNA methylation at cytosine (5-methylcytosine) is found in 

repetitive sequences and transposable elements (TEs), which are enriched in heterochromatic 

regions including centromeres, pericentromeres, and telomeres. DNA methylation is crucial 

for the repression of TE expression and transposition, thus to maintain genome stability. In 

plants, DNA methylation is found in three contexts: CG, CHG and CHH (where H represents 

A, C or T). The maintenance of DNA methylation is necessary to preserve DNA methylation 

after every cellular DNA replication cycle. Without DNA methyltransferase, the replication 

machinery itself would produce daughter strands that are unmethylated and, over time, lead 

to passive demethylation. The symmetry of CG and CHG sequences allows the 

methyltransferase to copy the methylation pattern from the template strand to the new 

unmethylated daughter strand. The maintenance of CG methylation is catalyzed by 

METHYLTRANSFERASE 1 (MET1). The CHG methylation is maintained by the 

CHROMOMETHYLASE 3 (CMT3) through a reinforcement loop between CMT3 and 
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dimethylation of histone H3 lysine 9 (H3K9me2) (Law and Jacobsen, 2010; Lindroth et al., 

2001). 

 Due to its asymmetric nature, methylation of CHH sites must be constantly 

established de novo after each round of DNA replication. The CHH methylation is catalyzed 

by DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) through plant-

specific RNA-directed DNA methylation (RdDM) pathway (Henderson and Jacobsen, 2007). 

In addition to DRM2, CHH methylation is also maintained by a homolog of CMT3, 

CHROMOMETHYLASE 2 (CMT2), independent of RdDM. DRM2-mediated CHH 

methylation mainly takes place in more euchromatic regions, including short TEs and the 

edge of long TEs in pericentromeric regions. On the other hand, CHH methylation catalyzed 

by CMT2 is found in more heterochromatic regions, such as the bodies of long TEs. CMT2-

mediated CHH methylation is facilitated by a nucleosome remodeler DECREASE IN DNA 

METHYLATION 1 (DDM1) which remodels heterochromatic, H1-binding nucleosomes to 

allow access for CMT2 to heterochromatic TEs (Law and Jacobsen, 2010; Zemach et al., 

2013). 

 RNA Polymerase IV and V (Pol IV and Pol V) are plant-specific homologs of RNA 

Polymerase II with specialized function in small RNA production that is required for RdDM 

(Huang et al., 2009; Lahmy et al., 2009; Ream et al., 2009). Pol IV is responsible for the 

biogenesis of most 24-nucleotide siRNAs, which guide methylation in the canonical RdDM 

pathway (Ream et al., 2009). Pol IV transcribes single-stranded RNAs (ssRNAs) at its target

 loci, which are primarily transposons and other repeat sequences. The ssRNA is copied 

into double-stranded RNA (dsRNA) by RNA-DEPENDENT RNA POLYMERASE 

(RDR2). DICER-LIKE 3 (DCL3) processes dsRNA to 24-nt small interfering RNA (siRNA). 
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The 24-nt siRNAs are then loaded onto ARGONAUTE 4 (AGO4). AGO4-bound siRNA is 

believed to base-pair with Pol V transcript and recruits DRM2, a DNA methyltransferase, to 

catalyze de novo DNA methylation at both CG and non-CG contexts at the homologous 

genomic sites (Matzke and Mosher, 2014). In Arabidopsis, a subset of Pol IV-dependent 

(p4)-siRNAs are present only in flowers and young siliques. Further investigation shows that 

the floral-specific p4-siRNA accumulation is initiated in female gametophyte and continue in 

developing seeds. Interestingly, these p4-siRNAs are imprinted and accumulated specifically 

from maternal genomes in endosperm (Mosher et al., 2009). 

DNA demethylation by DEMETER 

 The major role of DNA methylation is to suppress transposable elements. However, if 

the DNA methylation in the TEs extends to the nearby genes, it might alter gene expression 

and negatively affect normal development. Therefore, plants need to counteract this scenario 

and protect the spread of DNA methylation from TEs close to genes.  

 DNA demethylation can occur passively or actively. Passive DNA demethylation 

occurs when there is a loss of DNA methyltransferase activity, which leads to failure in 

maintenance of DNA methylation. Active DNA demethylation requires an enzyme that 

recognizes and removes methylated cytosines. In Arabidopsis, active DNA demethylation is 

accomplished by a group of enzymes in DEMETER (DME) DNA glycosylase/lyase family, 

including DME, REPRESSOR OF SILENCING 1 (ROS1), DEMETER-LIKE 2 (DML2) and 

DML3. DME is a bifunctional DNA glycosylase/lyase, which works with base excision 

repair pathway to remove 5-methylcytosine and replace it with unmethylated cytosine (Agius 

et al., 2006; Gehring et al., 2006). Unlike the other members of this DNA glycosylase/lyase 

family that are expressed in vegetative tissues, DME is primarily expressed in reproductive 
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organs, particularly central cell in ovule and vegetative cell in pollen. In ovule, the 

expression of DME is detected in homodiploid polar nuclei in central cell, and quickly 

disappears after fertilization (Choi et al., 2002). DME activity in central cell is critical for 

seed development after fertilization because several genes in FIS-PRC2, including FIS2 and 

MEDEA (MEA), are activated by DME demethylation activity in central cell. When there is a 

maternal dme allele mutant, the FIS-PRC2 is deregulated, resulting in failure of proper 

endosperm cellularization and embryo development arrest, leading to seed abortion (Choi et 

al., 2002; Gehring et al., 2006). 

 

DME regulatory and targeting mechanisms 

 In Arabidopsis, DME-mediated DNA demethylation is targeted to many discrete, 

small TEs that flank coding genes. Therefore, DME most likely requires regulatory and 

targeting mechanisms for precise demethylation without altering the methylation status of 

non-target regions. However, the regulatory and targeting mechanism of DME is still largely 

unknown.  

 Previous studies have uncovered that ROS1 target sites are likely marked by IDM1-

dependent histone H3 acetylation (Qian et al., 2012). The histone modification alters the 

chromatin structure to make the DNA more accessible for ROS1 demethylation. The 

chromatin remodeling activity of FACT (facilitates chromatin transactions) complex have 

been shown to associate with DME DNA demethylation and facilitate DNA demethylation at 

DME targets (Frost et al., 2018). Linker histone H1 was also reported to interact with DME 

in yeast two-hybrid screen and in vitro pull-down assay (Rea et al., 2012). Mutations in H1 

genes affect the DME-mediated demethylation and alter the imprinted expression at DME 
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target genes including MEA and FWA. These studies reveal the importance of chromatin 

structure and remodeling for DNA demethylation in Arabidopsis. 

 

Imprinting as a by-product of DME demethylation? 

 Since the first identification of plant imprinted gene in maize, which demonstrates the 

alleles of R pigmentation gene are inherited and expressed inequivalently from paternal and 

maternal genome in the endosperm (Kermicle, 1970), many imprinted genes have been 

studied in great detail in Arabidopsis. In the past few years genome-wide imprinting studies 

has discovered many more imprinted genes in Arabidopsis endosperm and provided us a 

clearer picture on how gene imprinting is regulated by various epigenetic mechanisms. 

However, why did gene imprinting emerged and what is the evolutionary force that select for 

gene imprinting have long been debated. 

 Imprinted genes usually are expressed from only one allele. Generally, monoallelic 

expression of a gene in diploid organism can potentially reduce the fitness of the organism. 

Particularly if deleterious mutation occurs in the expressed imprinted alleles, the non-

expressed alleles in the same nucleus cannot complement their loss in function. Indeed, 

several imprinted genes have been shown to be indispensable for both mammalian and plant 

development. Why would mammals and plants surrender the benefit of bi-allelic expression 

and choose to rely on only one functional allele in imprinted genes? 

 Considering that mammals and plants shared a common ancestor over a billion years 

ago, the fact that both taxa contain a synonymous embryo-nourishing organ (placenta and 

endosperm) which both imprint genes, supports the theory that gene imprinting evolved in 

both taxa due to competition of parental genomes over the resource for offspring. Among all 
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the theories proposed to explain the evolutionary origin of gene imprinting, parental conflict 

theory is the most widely accepted. According to the theory, the father will attempt to direct 

maximum of the resource to his own offspring, ensuring the continuance of his genes. On the 

other hand, the mother, possibly bearing the offspring of multiple fathers, will attempt to 

contribute resources to all of her equally-related offspring, ensuring as many successful 

offspring as possible. This parental conflict will drive the paternal expressed genes (PEGs) to 

promote resource allocation, and the maternal expressed genes (MEGs) to restrict resource 

allocation from the mother to the embryo. The endosperm and placenta, as nutrient acquiring 

tissue/organ, are as expected the battleground for such conflict. Supporting this theory, 

several imprinted genes are involved in nutrient allocation (Pignatta et al., 2014). In addition, 

increasing the paternal genome dosage by crossing Arabidopsis plants with different ploidy 

plants results in larger seeds while excess maternal genome dosage results in smaller seed 

(Lu et al., 2012). This observation also supports the parental conflict theory.  

 However, the parental conflict theory cannot explain all the imprinting features 

observed in Arabidopsis. First of all, why gene imprinting exists in a self-fertilizing species 

like Arabidopsis? According to the theory, the imprinting arises from the conflict of the two 

parents, however, in Arabidopsis the maternal and paternal parent are usually the same plant, 

thus there should be no parental conflict of interest. One possible explanation is that 

Arabidopsis might have once been an outcrossing species and the imprinted expression 

resulting from the complicated regulatory network would need a longer time to wear off 

(Charlesworth and Vekemans, 2005; Durvasula et al., 2017). 

 In Arabidopsis, genome wide DNA methylation is lower in endosperm compared to 

embryo, and that methylation is increased in dme mutant endosperm (Gehring et al., 2009; 
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Hsieh et al., 2009). Since DME is a demethylase, and the footprints of DME activity in the 

central cells are faithfully inherited in the endosperm, it is expected that the DNA 

methylation would increase in dme mutant endosperm, which is observed at CG sites. These 

DME target sites are enriched in small, AT-rich euchromatic transposable elements (TEs). 

Many of those sites are located in the flanking region of genes. A major biological role of 

DNA methylation is to silence the TEs expression (Slotkin and Martienssen, 2007). When 

TEs insert near a gene promoter, the DNA methylation of the TEs could silence that gene’s 

expression. In central cell, DME demethylates the maternal alleles and activates the gene 

expression. Since DME is not expressed in sperm cell, the paternal allele remains methylated 

and silenced. After fertilization, the endosperm inherited hypomethylated maternal alleles 

and hypermethylated paternal allele, which results in the establishment of gene imprinting. 

Because many imprinted genes are associated with differential DNA methylation in TEs, and 

DME is not only targeted to imprinted genes, the primary function of DME is likely not 

solely to establish gene imprinting (Ibarra et al., 2012).  

 Why would DME-mediated genome-wide demethylation in central cell, which might 

reactivate TEs and reduce genome integrity, be beneficial evolutionarily? One explanation is 

that DME demethylation is required for gene imprinting in endosperm and is critical for seed 

development. However, imprinted genes are not the only targets of DME. DME 

demethylation is genome-wide, in addition to euchromatic TEs, DME also demethylates 

heterochromatin and intergenic regions. The global demethylation by DME in central cell 

could result in widespread TE reactivation and remobilization in endosperm, which could 

lead to destabilization of the genome. However, since endosperm is a terminal tissue, 
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reactivation of TEs by DME is not transmitted to the next generation and would not have 

much evolutionary impact. 

 Interestingly, unlike CG methylation, which is increased in dme endosperm as 

expected in a DNA demethylase mutant, the non-CG methylation level is further reduced in 

dme endosperm. Many of the non-CG hypomethylated sites in dme are also known target 

sites for siRNAs/RdDM (Hsieh et al., 2009). In plants, non-CG methylation is directed by 

RdDM pathway. It was hypothesized that DME demethylation activity in central cell 

activates TEs, resulting in siRNA production, which in turn mediates de novo non-CG 

methylation by RdDM. In dme mutant, CG methylation is increased, siRNA production is 

repressed, which results in a reduction in both RdDM and non-CG methylation. Supporting 

this idea, a large population of p4-siRNA accumulation is found in developing seed, and is 

primarily expressed from the maternal genome in endosperm (Mosher et al., 2009). 

Removing CG methylation to trigger non-CG methylation in endosperm seems to be an 

unnecessary move. However, previous study showed that endosperm demethylation is 

accompanied by CHH hypermethylation of embryo TEs (Hsieh et al., 2009). All these 

information raises an intriguing hypothesis: DME-mediated genome-wide demethylation in 

central cell activates expression of TEs and other siRNAs loci, and the newly created siRNAs 

can travel to egg cell to reinforce TE silencing. This model implies a positive selection of 

siRNA production during evolution, which would benefit the next generation by reinforcing 

TE silencing and ensuring genome stability in embryo, while confining the possible 

problematic TE reactivation to the terminal tissue. However, the causal relationship between 

DME activity and the maternal-origin siRNA production in the endosperm has not been 

established. Furthermore, anecdotal evidence suggested that some of the imprinted siRNAs 
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might be regulated by unknown epigenetic mechanisms independent of MET1, DME, or 

PRC2 (Mosher et al., 2011). Since DME triggers the formation of a PRC2 complex in the 

central cell and initiates a cascade of epigenetic regulation to ensure proper gene imprinting 

and reproductive success, transcriptional perturbation in the endosperm caused by dme might 

be indirect due to failure in the formation of PRC2 complex (Gehring et al., 2006; Hsieh et 

al., 2011) Therefore, elucidating how DME is recruited to specific target sites in the genome 

is particularly critical for understanding the function of DME demethylation in the central 

cell. 

 

Unanswered questions and perspectives 

 DNA methylation and demethylation are widely accepted as indispensable players in 

regulating gene expression and maintaining genome integrity during development. Numerous 

studies have also shown that gene imprinting is critical for seed development in flowering 

plants. Although decades of studies have uncovered that DME is one of the several key 

players in gene imprinting establishment during seed development, the comprehensive 

molecular mechanisms of DME-mediated regulation during seed development remain 

obscure. The long-term goal of my research interest is to understand the regulation and 

function of DME-mediated active DNA demethylation, and to elucidate how DME is 

targeted to specific location for demethylation. In particular, the following questions have not 

been addressed: How are certain regions of the genome targeted by DME for demethylation? 

Does DME-mediated DNA demethylation have other function in addition to establishing 

gene imprinting? Is the accumulation of imprinted siRNAs in endosperm the consequence of 

DME-mediated demethylation? Did imprinting evolve from mechanisms originally targeted 
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to TEs? To pave the way toward answering these questions, it is necessary to understand how 

DME is recruited to its target sites and how DME is regulated. DME encodes a large 

polypeptide with multiple conserved domains. However, except for the well-defined 

glycosylase domain, the function of the other conserved domains remains unclear. 

Furthermore, due to the lack of DME crystal structure information and the restricted 

expression in gamete companion cells, the molecular mechanisms of how DME recognize 

and excise 5mC, and how DME is recruited to target sites, is largely unknown. In this 

dissertation, I used genetic analysis combined with endosperm methylome profiling to dissect 

the regulatory and catalytic function of N-terminal and C-terminal regions of DME, as well 

as to study the impact of linker histone mutant on DME-mediated demethylation and gene 

imprinting regulation. 
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CHAPTER 2 

A Bipartite Model for DEMETER-Mediated Active DNA Demethylation in Arabidopsis 
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ABSTRACT 

 DNA methylation is a key epigenetic mark that regulates chromatin structure, gene 

expression, transposon silencing, and gene imprinting in mammals and in flowering plants. 

The Arabidopsis DEMETER (DME) DNA glycosylase removes 5-methylcytosine (5mC) 

from target genes in central cell DNA to establish gene imprinting in endosperm and is 

essential for seed viability. DME is a large, multi-domain DNA glycosylase but the role of 

these conserved domains in catalytic function and target site recognition in vivo remains 

elusive due to DME's restricted expression to the gamete companion cells (the sperm and 

central cells) that prohibits biochemical interrogations. By contrast, genetic analysis 

combined with endosperm methylome profiling has been instrumental in our understanding 

of DME targets and chromatin factors involved in this process, including the elucidation of 

the FACT (Facilitate Chromatin Transaction/Transcription) complex required for DME-

mediated demethylation at all heterochromatin and at the majority of euchromatic target 

sites. Here we show that the C-terminal catalytic core of DME is recruited to most 

endogenous target sites for demethylation and can rescue dme mutant associated 

developmental and molecular phenotypes, indicating that genome targeting information is 

coded within this region. However, processing of heterochromatin demethylation by the 

enzymatic core is significantly impeded and demethylation at euchromatic FACT-dependent 

loci is crippled, suggesting effective heterochromatin demethylation requires DME NTD-

mediated recruitment of a chromatin modifying activity that resembles FACT complex's role 

in facilitating transcription through nucleosome templates. Without DME NTD, the catalytic 

region induces prevalent ectopic demethylation sites primarily in the genic sequences, 

indicating that NTD also restricts DME from being mis-guided to open chromatin regions 
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through unknown mechanism. We show that the NTD conserved domains were acquired late 

during land plant evolution and are restricted to the angiosperm linage, suggesting a mode of 

demethylation regulation specific to the flowering plants, possibly to ensure complete 

demethylation through nucleosome templates and robust gene imprinting establishment. Our 

results support a bipartite organization of DME and suggest that the NTD is required for 

effective processing of nucleosome-rich targets, presumably through recruitment of the 

FACT complex. 
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INTRODUCTION 

 Double fertilization during sexual reproduction in flowering-plants is a unique 

process that underlies the distinctive epigenetic reprogramming of plant gene imprinting. In 

the ovule, a haploid megaspore undergoes three rounds of mitoses to produce a 7-celled, 8 

nuclei embryo sac that consists of egg, central, and accessory cells (Yang et al., 2010). 

During fertilization the pollen grain elongates and delivers two sperm nuclei to the female 

gametophyte to fertilize the egg cell and the central cell. The fertilized egg cell forms the 

embryo that marks the beginning of the subsequent generation. Fertilization of the central 

cell initiates the development of endosperm that accumulates starch, lipids, and storage 

proteins and serves as a nutrient reservoir for the developing embryo (Gehring, 2013; Köhler 

et al., 2012). Endosperm is the major tissue where gene imprinting takes place in plant. 

Genomic imprinting is the differential expression of the two parental alleles of a gene 

depending on their parent-of-origin and is the quintessential example of differential 

epigenetic state inheritance. In Arabidopsis, MET1-mediated DNA methylation and DME 

demethylation are two modes of epigenetic regulation critical for imprinted expression of 

many genes (Gehring et al., 2006; Jullien, 2006; Kinoshita et al., 2004; Tiwari et al., 2008; 

Xiao et al., 2003). For example, DEMETER (DME) is required for the expression of MEA, 

FIS2, and FWA in the central cell and in the endosperm while MET1 is responsible for the 

silencing of FIS2 and FWA paternal alleles (Jullien, 2006; Kinoshita et al., 2004). Gene 

imprinting is essential for reproduction in Arabidopsis, and seeds that inherit a maternal dme 

allele abort due to failure to activate MEA and FIS2, essential components of the endosperm 

PRC2 complex required for seed viability, in the central cell (Choi et al., 2002; Jullien, 

2006).  
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 DME encodes a bifunctional 5mC DNA glycosylase/lyase required for active DNA 

demethylation in the central cell and the establishment of endosperm gene imprinting in 

Arabidopsis (Gehring et al., 2006). Additionally, paralogs of DME, REPRESSOR OF 

SILENCING 1 (ROS1), DML2, and DML3 function to counteract the spread of DNA 

methylation mediated by the RNA-directed DNA methylation (RdDM) machinery into 

nearby coding genes (Lister et al., 2008; Penterman et al., 2007). The three regions in the C-

terminal half of DME protein (referred to as the DMECTD, containing the A, Glycosylase, and 

B domains) are conserved among the DME/ROS1 DNA glycosylase clade and are required 

for DME 5mC excision activity in vitro. Thus, the DMECTD comprises the minimal catalytic 

core for the enzymatic function, catalyzing direct excision of 5mC from DNA and initiating 

active DNA demethylation (Choi et al., 2002; Gehring et al., 2006; Gong et al., 2002). 

 In Arabidopsis, DME-mediated DNA demethylation is preferentially targeted to 

small, AT-rich, and nucleosome-poor euchromatic transposons that flank coding genes 

(Ibarra et al., 2012). These demethylation in the central cell influences expression of adjacent 

genes only in the maternal genome and is the fundamental paradigm of plant gene imprinting 

mechanism (Gehring et al., 2006; Hsieh et al., 2009, 2011; Ibarra et al., 2012). In addition to 

small TEs near coding sequences, DME also targets intergenic and heterochromatin regions 

for demethylation (Ibarra et al., 2012). How DME can be recruited to target sites with 

different chromatin structures and whether other chromatin factors are needed is not fully 

understood, particularly when targeting DME to the densely packed H1-associated 

heterochromatin regions. A recent study showed that the chromatin remodeling ATPase 

DDM1 facilitating access of DNA methyltransferases to and is required for methylation of 

the H1-associated heterochromatins (Zemach et al., 2013). Similarly, the Arabidopsis FACT 
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(Facilitates chromatin transaction) histone chaperone complex is required for DME 

demethylation at heterochromatic targets and at many euchromatin sites and imprinted loci 

(Frost et al., 2018; Ikeda et al., 2011). These studies highlight the importance of chromatin 

remodeling complexes in facilitating the access of DNA modifying enzymes to the 

compacted chromatins and in the case of DNA methylation naked DNA is thought to be the 

preferred templates for several DNA methyltransferases (Lyons and Zilberman, 2017). 

 In the euchromatin regions, loss of linker histone H1 affects the imprinted expression 

of MEA and FWA in Arabidopsis endosperm, and impairs demethylation of their maternal 

alleles. Linker histone H1 interacts with DME in yeast two-hybrid assay and in vitro pull-

down assay, suggesting a possible physical interaction in vivo that might be needed for DME 

activity at least in selected imprinted loci (Rea et al., 2012). Based on these results, it is likely 

multiple mechanisms are involved to recruit DME to various target loci that are associated 

with different chromatin states. Supporting such notion, a novel histone acetylase IDM1 that 

preferentially modifies H3K18 and H3K23 in vitro is required for demethylation at a small 

subset of ROS1 target loci enriched for H3K18 and K23 acetylation marks in vivo (Qian et 

al., 2012). 

 DME/ROS1-like DNA glycosylases contain a catalytic core region with multiple 

conserved globular domains, and except for the well-characterized glycosylase domain, very 

little is known about the function of the other domains. Here we show that expressing a 

nuclear-localized DMECTD controlled by a native DME promoter rescues dme seed abortion 

and pollen germination defects, and partially rescues DNA hypermethylation phenotype in 

endosperm. Whole genome methylation profiling of mutant endosperm complemented by the 

nDMECTD revealed that DMECTD can be guided to the majority of canonical DME target 
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sites, indicating sufficient targeting and recruitment information is coded in this enzymatic 

core region. However, we also found that without the N-terminal half, the degree of 

demethylation is reduced across all target sites, demethylation in heterochromatin targets is 

significantly impeded, and ectopic demethylation sites are observed preferentially in the 

genic region. These observations imply that the N-terminal region is needed for full breadth 

and depth of demethylation and to restrict demethylation in genic regions. We provide 

evidence showing that the N-terminal conserved domains were acquired late during land 

plant evolution and are specific to the angiosperm linage, likely to assist DNA binding for 

robust demethylation and to enhance the processivity of demethylation in heavily methylated 

genomic regions.  
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RESULTS 

I. Domain architecture of angiosperm DEMETER proteins. 

 DME is a bifunctional 5mC DNA glycosylase that can excise 5mC, 5hmC, and 

thymine in vitro (Brooks et al., 2014; Hong et al., 2014; Jang et al., 2014) and is required for 

active DNA demethylation in the central cell and establishing gene imprinting in the 

endosperm (Gehring et al., 2006; Morales-Ruiz et al., 2006) DME encodes at least two 

alternatively spliced variants, DME.1 and DME.2, producing polypeptides of 1,729 and 1,987 

amino acids in length, respectively (Choi et al., 2002; Morales-Ruiz et al., 2006). Positions of 

specific amino acids denoted in this study correspond to DME.2, which is the longer and 

predominant isoform expressed in floral tissues (Park et al., 2017)(Park, Frost et al. 2017). 

The N-terminal half of the DME consists of a large portion of unstructured, low complexity 

sequences (residues 364-947, referred to as the N-terminal variable region, Figure 2.1A), a 

stretch of basic amino acid-rich repeats (basic stretch, residues 291-363), and a 120 amino-

acid N-terminal domain (DemeN) of unknown function that is only present among the 

angiosperm DME/ROS1-like proteins. Within the DemeN domain is a sWIPxTPxKs motif 

that is highly conserved (see Figure S2.1 for sequence alignment) but is absent in the shorter 

DME.1 isoform. This motif has a hydrophobic core and we predict it could contribute to 

protein-protein interaction or post-translational modification by phosphorylation or 

methylation at the lysine residue. The basic stretch region was previously shown to serve as a 

nuclear localization signal (NLS) (Choi et al., 2002). The basic stretch region is highly 

conserved among the angiosperm DME-like proteins and is reminiscent of the AT-hook 

motifs that can bind DNA in a non-sequence specific manner (Ponferrada-Marin et al., 2010), 
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suggesting the basic stretch might also bind DNA in addition to directing DME to the 

nucleus. 

 Using deletion analysis, we have previously determined the C-terminal half of DME 

(aa 936-1987, hereinafter the DMECTD) constitutes the catalytic core for 5mC excision in 

vitro (Gehring et al., 2006; Mok et al., 2010). The core comprises the catalytic glycosylase 

domain of the HhH (helix-hairpin-helix) motif followed by the FCL ([4Fe-4S] cluster loop) 

motif and a divergent version of an RRM (RNA Recognition Motif) fold domain (Figure 

2.1A) (Iyer et al., 2011). The DNA glycosylase and FCL domains span the AD and GD, 

whereas the RRM fold motif corresponds to the BD of angiosperm DME homologs. In 

addition, a permuted divergent version of the unmethylated CpG recognizing CXXC domain 

(containing only one of two structural repeats of the classical CXXC domain) is present 

between the FCL and RRM domains among angiosperm DME-like proteins (Iyer et al., 

2011). 

 

II. Nuclear-localized DME catalytic core region rescues dme-2 associated 

developmental defects. 

 The presence of a permuted CXXC motif and an RRM domain raises a possibility 

that the DME enzymatic core might contain intrinsic targeting information. To investigate 

this possibility, we tested whether DMECTD can rescue dme seed abortion phenotype. To 

ensure DMECTD is properly nuclear localized, we fused a classical SV40 NLS (PKKKPKV) 

to the DMECTD (hereinafter the nDMECTD), placed it under the control of a native DME 

promoter (referred to as nDMECTD, Figure 2.1A) and introduced the transgene into 

DME/dme-2 heterozygous plants. The self-pollinated DME/dme-2 plants produce 50% of 
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normal seed that inherited wild type DME maternal allele, and the other 50% of aborted seed 

that inherited mutant dme-2 maternal allele. In self-pollinated T2 transgenic plants we 

observed approximately 25% aborted seeds among independent transgenic lines, indicating 

that nDMECTD complements dme-2 seed abortion phenotype (Figure 2.1 C, Table S2.1). We 

also transformed nDMECTD into dme-2/dme-2 homozygous plants (see Materials and 

Methods for isolation and characterization of dme-2/dme-2 homozygous lines in Col-gl), and 

the resulting T1 transgenic plants displayed an expected 50% seed abortion rate (Figure 2.1B, 

C, Table S2.1). These results indicate that nDMECTD can complement dme-2 seed abortion 

phenotype. 

 Seed abortion caused by dme mutations is in part due to defects in activating 

imprinted PRC2 subunit genes required for endosperm development (Choi et al., 2002; 

Gehring et al., 2006; Grossniklaus et al., 1998; Köhler et al., 2003; Luo et al., 2000). We 

used qRT-PCR to examine if nDMECTD can restores DME target gene expression in the 

complemented endosperm. As expected, the expression of FIS2 and FWA was restored in the 

complemented lines (Figure 2.1D). Thus, nDMECTD can substitute for the endogenous DME 

activity needed for seed viability, by activating DME target genes expression. 

 In addition to maternal effects on seed viability (Choi et al., 2002), mutations in DME 

also affect pollen function in Col-0. When DME/dme-2 heterozygous plants were self-

pollinated, only about 20-30% of the viable F1 progeny were dme heterozygous (Figure 

2.1E), due to a decreased dme mutant pollen germination rate (Schoft et al., 2011). To test 

whether DMECTD can rescue dme pollen phenotype, we pollinated wild type Col-0 with 

pollen derived from transgenic lines that are homozygous for the dme-2 allele and carry a 

single locus of the DMECTD transgene (dme-2/dme-2; nDMECTD/~). If nDMECTD does not 
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complement dme-2 pollen germination defects, we expect roughly half of the F1 progeny will 

carry the nDMECTD transgene (hygromycin resistant) because mutant pollen with or without 

the transgene would germinate at equal frequency. Instead, we observed 65% - 90% of the F1 

progeny were hygromycin resistant (Figure 2.1F), indicating that DMECTD can rescue dme-2 

pollen germination defect. These results show that controlled expression of nDMECTD by a 

native DME promoter in dme-2 is sufficient to rescue dme visible phenotypes in planta, 

indicating that the function of DME N-terminal region, other than guiding DME protein for 

nuclear localization, might be subtle with respect to visible phenotypic defects. These 

observations also suggest that sufficient DME targeting and recruitment information is coded 

within the C-terminal region of the polypeptide. 

 

III. Nuclear-localized DMECTD partially rescues dme-2 CG hypermethylation 

phenotype in the endosperm. 

 In Arabidopsis, seed viability depends on the DME activity in the central cell to 

activate the MES/FIS2/MSI1/FIE PRC2 complex required for endosperm development (Choi 

et al., 2002; Gehring et al., 2006; Grossniklaus et al., 1998; Köhler et al., 2003; Luo et al., 

2000). DME is also required to demethylate multiple maternally (MEGs) or paternally 

expressed imprinted genes (PEGs) to establish their parent-of-origin-specific expression 

patterns in the endosperm (Ibarra et al., 2012). Thus, in dme mutant endosperm, discrete 

genomic loci targeted by DME for demethylation are hypermethylated (Ibarra et al., 2012). 

Since nDMECTD complements dme seed abortion and activates DME target gene expression 

(Figure 2.1), it likely does so by demethylating the central cell genome and activating PRC2 

genes essential for endosperm development. To test this hypothesis, and to examine the 
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extent of nDMECTD demethylation activity in vivo, we isolated nDMECTD-complemented 

endosperm (dme-2/dme-2;nDMECTD/nDMECTD), determined the DNA methylation profile by 

whole genome bisulfite sequencing, and compared the methylomes of complemented 

endosperm to those of wild-type and dme-2 endosperm. Methylomes from three independent 

lines were generated (see Materials and Methods). Whole genome average methylation of 

three independent lines closely match each other (Figure S2.2A); Pearson correlation 

coefficients between the independent lines ranged from 0.93 to 0.94 (Figure S2.2B), 

indicating great concordance with each other. We found that although the differentially 

methylated regions (DMRs, relative to dme-2 mutant endosperm) between each line do not 

completely overlap, the DMRs unique to each line are also moderately demethylated in other 

two lines (Figure S2.3A, S2.3B), suggesting that the number of overlapped DMRs was 

underestimated due to the cutoff criteria used in defining DMRs. This is similar to what was 

observed in a recent report of two CRISPR-induced SlDML2 knockout lines in tomato 

sharing partially overlapping DMRs (Lang et al., 2017). We therefore used the combined 

reads from the three independent lines for subsequent analyses so that all comparisons were 

confined to the same cutoff criteria (see Materials and Methods). As expected, several DME 

regulated MEGs and PEGs are demethylated compared to dme-2 endosperm, indicating that 

nDMECTD correctly targets these loci for demethylation (Figure 2.2A). We focused our 

analysis on previously determined differentially methylated sites between dme-2 and wild-

type endosperm (DME canonical targets) (Hsieh et al., 2009; Ibarra et al., 2012). The 

Pearson correlation coefficients between combined independent lines and our previous 

published wild-type and dme-2 endosperm data (Ibarra et al., 2012), excluding all DME and 

nDMECTD targets, ranged between 0.92 and 0.94, indicating great concordance between 
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methylomes used in this study and is consistent with the whole genome average methylation 

plot analysis (Figure S2.2C). Overall, the CG methylation levels in these canonical DME 

target sites are reduced in the complemented endosperm, suggesting that nDMECTD is 

directed to these DME canonical targets for demethylation. However, compared with wide-

type endosperm, these dme hyper-DMRs are demethylated to a lesser degree by the 

nDMECTD (Figure S2.3C, D). The DME DMRs (dme-2 vs wild-type) and nDMECTD DMRs 

(dme-2 vs nDMECTD-complemented endosperm) partially overlap (Figure 2.2B), but for the 

DMRs unique to DME, the same regions are also demethylated by nDMECTD (Figure 2.2C, 

black trace), albeit at a reduced degree that no longer meets the DMR cutoff. The shared 

DMR regions are also demethylated to a slightly lesser degree in nDMECTD-complemented 

endosperm compared to wild-type endosperm (Figure 2.2D), indicating that nDMECTD does 

not fully rescue dme-associated endosperm CG hypermethylation phenotype. Thus, 

nDMECTD appears to partially demethylate the majority of the loci targeted by the 

endogenous DME. Consistent with this notion, we observed a reduced degree of 

demethylation by nDMECTD regardless of target length (Figure S2.3E), indicating that the 

NTD region is needed for robust demethylation in all the target sites. 

 In addition to demethylating the canonical DME target sites, nDMECTD appears to 

also target new sites for demethylation. For the DMR regions unique to nDMECTD, the CG 

methylation difference between dme-2 and wild-type endosperm is minimal. This is reflected 

in a kernel density trace centered close to zero (Figure 2.2C, orange trace, Figure S2.4), 

indicating that without the NTD region nDMECTD is mis-guided to ectopic loci primarily not 

targeted by the endogenous DME. To determine whether specific chromatin features dictate 

preferential recruitment of nDMECTD, we correlated nDMECTD-unique, DME-unique, or 
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shared target sites with previously defined genomic regions corresponding to nine chromatin 

states based on specific histone marks (Sequeira-Mendes et al., 2014). Consistent with earlier 

reports, nDMECTD-DME shared targets were enriched in heterochromatic state 8 (Ibarra et 

al., 2012; Sequeira-Mendes et al., 2014). However, DME-unique target sites that are poorly 

demethylated by nDMECTD are further enriched in heterochromatic state 8 and 9. By contrast, 

nDMECTD-unique targets were highly enriched in euchromatic states 1-7 (Figure 2.2E). Thus, 

nDMECTD demethylates poorly at heterochromatic loci and ectopically targets euchromatin 

sites. 

 

IV. DME N-terminal region is required for full breadth of DME heterochromatin 

demethylation. 

 In addition to reduced degree of target demethylation, we also observed reduced 

processivity of demethylation by the nDMECTD. Although DME preferentially targets smaller 

euchromatic transposons that flank coding genes, it also targets gene-poor heterochromatin 

regions for demethylation (Ibarra et al., 2012). These heterochromatin target sites are densely 

methylated, and demethylation by DME results in longer DMRs between dme-2 and wide-

type endosperm. Interestingly, the number of longer DMRs is significantly reduced between 

dme-2 and nDMECTD-complemented endosperm (Figure 2.3A). The reduction in number of 

longer DMRs is not due to relocating nDMECTD away from heterochromatin targets because 

we found many wild-type DMRs that are longer than 1.5 kb are also nDMECTD's DMRs but 

are shorter in length (Figure S2.5). Among the canonical DMR targets, there are 250 DMRs 

that are longer than 1.5 kb (median = 1.9kb) and cover a total region of around 500kb. Out of 

the 250 long DMRs, 165 of them are also DMRs of nDMECTD, but are much shorter in length 
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(median = 400bp) and cover around 100kb in total length (Figure 2.3B-C). Thus, removal of 

NTD reduces the processivity of demethylation in long target sites. 

 The Arabidopsis histone chaperon FACT complex was recently shown to be required 

for about 60% of DME targets, particularly in longer TEs reside in heterochromatin regions 

(Frost et al., 2018). FACT is also required for many euchromatin targets that regulate gene 

imprinting in the endosperm (Frost et al., 2018; Ikeda et al., 2011). Since one well-

established function the FACT complex is to facilitate transcription through nucleosome 

templates, FACT might also assist DME demethylation in targets that are associated with 

nucleosomes. DME has been shown to physically interact with SPT16 (the smaller subunit of 

the Arabidopsis FACT) in an in vivo bimolecular fluorescence complementation assay, 

providing a possible mode of action for recruiting FACT to the nucleosome rich target loci 

(Frost et al., 2018). We found that of the 250 WT long DMRs, 87% of them requires FACT 

activity (data not shown), raising the possibility that nDMECTD might lack the capability to 

recruit FACT. We examined how nDMECTD demethylates FACT-dependent vs independent 

loci compared with endogenous DME. In WT endosperm, these two groups of target loci are 

demethylated to a similar degree presumably due to presence of the FACT activity (Figure. 

2.3D). In nDMECTD complemented endosperm, FACT-independent loci are demethylated to 

a slightly lesser degree then in wide-type endosperm, consistent with the notion that 

nDMECTD does not fully rescue dme-2 endosperm hypermethylation. By contrast, 

demethylation at FACT-dependent loci (with higher nucleosome density compared to FACT-

independent loci, Figure S2.6) is further reduced in nDMECTD-complemented endosperm, 

indicating that FACT loci demethylation is impaired by nDMECTD. Thus, DME NTD region 
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is required for full demethylation at the FACT-dependent loci and complete processing of 

heterochromatin target sites, presumably by recruiting the FACT complex. 

 

V. Ectopic gene body demethylation by the nDMECTD. 

 We characterized the 8,939 DMRs of nDMECTD-complemented endosperm relative to 

dme-2 mutant and found that while canonical DME DMRs are enriched in TEs franking the 

coding genes, nDMECTD unique DMRs are specifically enriched in the coding sequences 

(Figure 2.3E). This result shows that nDMECTD has a preference of demethylating coding 

regions. We plotted the methylation status of nDMECTD-unique loci in wildtype endosperm 

to understand how these loci are demethylated by the endogenous DME. This comparison 

resulted in positive peaks for shorter (<500bp, red trace) or longer TEs (>=500bp, blue trace), 

and for intergenic region (green trace), showing that these loci are also demethylated by the 

endogenous DME but enough to reach the DMR cutoff criteria. By contrast, for coding 

sequences within the nDMECTD-unique loci, a good majority of loci are not demethylated by 

DME, resulting in a peak centered close to zero (orange trace, Figure 2.3F). This suggests 

that one function of NTD region is to prevent DME from being recruited to coding sequences 

that are not the canonical DME targets. 

 

VI. Evolutionary history and late acquisition of the N-terminal region of DME-like 

proteins. 

 We show that nDMECTD is sufficient to complement dme mutant developmental 

phenotypes and can be recruited to most of the DME target loci. We suspect that nDMECTD 

likely contains intrinsic targeting information and might resemble an ancestral type of 5mC 
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glycosylase. To search for evolutionary evidence for such hypothesis, and to gain insights 

from the evolution of the conserved domains in DME, we conducted sequence searches of 

the NR database with various homologs as query. The catalytic core of the DME-like protein 

comprises the HhH glycosylase domain and the FLC iron sulfur cluster loop, spanning across 

the A and the Glycosylase domains, followed by the RRM motif (Figure 2.4). A diversity of 

domains associate with the basic DME core can be found across various clades. Land plants 

and charophytes (Streptophyta) possess a permuted divergent version of the unmethylated 

CpG recognizing CXXC domain (containing only one of two structural repeats of the 

classical CXXC domain) between the FCL and RRM domains.  By contrast, one or more 

copies of the CXXC domain can be found in chlorophyte and stramenopile algae at distinct 

positions.  Some algal DME homologs (from Chlorophyte and stramenopile) that also 

possess other chromatin-modification reader (Tudor and PHD domains), DNA binding (AT-

hook motif), and the chaperone Hsp70 interacting DnaJ domain (Iyer et al., 2011; Walsh et 

al., 2004). These accessory domains suggest a potential role for regulating the associated 

DNA glycosylase activity according to the DNA methylation (via CXXC) or chromatin states 

(via PHD, Tudor) of the cells in which they are expressed. 

 The N-terminal half of the DME consists of a large portion of unstructured, low 

complexity and variable sequences, AT-Hook like basic stretch region, and a 120 amino-acid 

N-terminal domain (DemeN) of unknown function characterized by the highly conserved 

sWIPxTPxKs motif (Figure S2.1). The DemeN domain and AT-Hook like region are 

restricted to the angiosperm lineage and appears to be a late acquisition during land plant 

evolution. 
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DISCUSSION 

 DNA methylation is a key epigenetic mark that regulates chromatin structure and 

gene expression in many eukaryotes. DNA methylation can be stably inherited but can also 

be actively removed by different mechanisms in many organisms. In mammals, the TET 

family of 5mC hydroxylases oxidation of 5mC and the subsequent thymine DNA 

glycosylases (TDG)-mediated base excision repair pathway (Pastor et al., 2013; Wu and 

Zhang, 2017). In Arabidopsis, the DEMETER (DME) DNA glycosylase specifically removes 

5-methylcytosine (5mC) from central cell DNA to establish gene imprinting in endosperm 

and is essential for seed viability. Three additional Arabidopsis members, ROS1, DML2 and 

DML3, share similar domain structures but perform distinct functions at different 

developmental stages. The DME/ROS1 family proteins are large, multi-domain DNA 

glycosylases with variable sequences between conserved domains, however, the contribution 

of these structural components to the regulation of catalytic activity and guidance to target 

sequences are largely unknown. 

 We show for the first time that the catalytic core of the DME protein containing the 

DNA glycosylase, FCL, permuted CXXC and the divergent RRM domains is sufficient to 

rescue dme seed abortion phenotype and complement the pollen germination defects caused 

by dme mutation (Figure 2.1). Furthermore, we present evidence that nDMECTD can be 

recruited to most of the canonical DME target sites. We reason the DME C-terminal region 

most likely contains sufficient intrinsic information for targeting and recruitment. In addition, 

in vitro studies of ROS1 suggest that the BD region containing the CXXC and RRM motifs is 

essential for the glycosylase and lyase activities and might participate in recognizing the 

modified DNA bases (Hong et al., 2014). The role of the divergent RNA-recognition motif 
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(RRM) domain is not fully understood, but mutagenesis screens for residues required for 

demethylation activity in bacteria identified multiple amino acid residues within the RRM 

domain (Mok et al., 2010). Although the involvement of RNA species in the active DNA 

demethylation process has not been firmly established, an RRM protein ROS3 required for 

ROS1 demethylation suggests a potential role of non-coding RNAs in the active DNA 

demethylation pathway in Arabidopsis (Zheng et al., 2008). While it is tempting to speculate 

a role for RNA-binding, the DME RRM might also bind single-stranded DNA with 

methylated bases to facilitate base excision by the glycosylase domain. 

 During the course of this study we also included full length DME.2 cDNA transgene 

as a control, for complementation assays and methylome analyses. For reasons that will be 

presented in Chapter 3, full length cDNA transgene constantly suffered from interference in 

the dme-2 mutant background caused by T-DNA insertion-induced production of N-terminal 

truncated DME polypeptide and exhibited significantly reduced activity compared to 

nDMECTD or to the endogenous DME protein. To avoid confounding the interpretation, we 

decided to exclude full length cDNA results here and only focus on methylome comparison 

between wild-type and nDMECTD -complemented endosperm. Although we cannot 

completely rule out the effect of dme-2 genetic background on nDMECTD, there are two 

reasons we believe the effect is minimal, if any, and should not affect our conclusions. First, 

within the shared DMRs between nDMECTD and DME, the degree of demethylation is not 

dramatically different (Figure 2.2D); and secondly, nDMECTD induces two thousand plus 

significant ectopic DMRs in the gene body regions with the degree of demethylation 

comparable to DME endogenous target loci (Figure 2.2B). Thus, we suspect the DME N-

terminal region is required for full and robust demethylation activity probably to ensure that 
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the imprinting network is properly activated and maintained (e.g., by subsequent PRC2 

activity). To achieve this, the DME NTD might function to assist the glycosylase enzyme by 

tightly binding to DNA template to encourage complete and thorough demethylation. 

Supporting such model, in vitro study of ROS1 activity on 5mC excision revealed that the 

basic stretch/AT-hook region binds strongly to DNA template in a non-sequence-specific 

manner, and removal of NTD region impairs the sliding capacity of ROS1 on DNA template 

(Ponferrada-Marin et al., 2012), and significantly reduced ROS1 5mC excision activity 

(Ponferrada-Marin et al., 2010). We observed a reduced degree of demethylation by 

nDMECTD regardless of target length (Figure S2.3E), indicating that the N-terminal region is 

needed for complete demethylation in all the target sites.  

 Although DME preferentially targets smaller euchromatic transposons that flank 

coding genes, it also targets gene-poor heterochromatin regions for demethylation (Ibarra et 

al., 2012). The biological significance of heterochromatin demethylation by DME is not 

known but was speculated to involve reinforcing DNA methylation in egg cell and 

subsequently in the embryo (Ibarra et al., 2012). These heterochromatin target sites are 

densely methylated, and demethylation by DME results in longer DMRs between dme-2 and 

wild-type endosperm. Interestingly, the number of longer DMRs (> 1.5kb) is significantly 

reduced between dme-2 and nDMECTD-complemented endosperm, suggesting that removal of 

N-terminal region also reduces the processivity of demethylation in long target sites (Fig. 

3A). Since heterochromatin regions are compacted, demethylation in these regions requires 

substantial chromatin remodeling such as eviction of nucleosomes for DME to gain access to 

the genomic targets. This is similar to the situation where the chromatin remodeling ATPase 

DDM1 is required for cytosine methylation at linker histone H1-associated heterochromatin, 
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facilitating access of the methyltransferases MET1, CMT2, and CMT3 (Zemach et al., 2013). 

It is tempting to speculate that the conserved motif in the DemeN domain might involve in 

recruiting such factor(s) via protein interaction to remodel local chromatins and permit access 

by DME.  

 One potential candidate is the FACT (facilitates chromatin transactions) complex. 

The Structure Specific Recognition Protein1 (SSRP1), the small FACT subunit, was 

previously shown to be involved in DME-mediated DNA demethylation at selected 

imprinted genes in Arabidopsis (Ikeda, Kinoshita et al. 2011), and mutations in SSRP1 or 

SPT16 (SUPRESSOR of TY16, larger subunit of FACT) impede DME demethylation 

primarily at heterochromatin targets (Frost et al., 2018). We found that majority of the 250 

longer DME DMRs (87%) requires FACT activity for demethylation, raising a possibility 

that the FACT complex might be the remodeler recruited by the DME N-terminal region. 

SPT16, but not SSRP1, has been shown to interact with DME in an in vivo bimolecular 

fluorescence complementation assay, albeit less frequent or stable than the interaction 

between SSPR1 and SPT16 in similar experimental settings (Frost et al., 2018) suggesting 

that interaction between DME and FACT might be dynamic or might require additional 

factors. Future investigation is needed to experimentally determine if the DME N-terminal 

region does recruit FACT to the heterochromatic target sites. Another possible candidate is 

the linker histone H1 that has previously been shown to interact with DME in yeast two 

hybrid and in vitro pulldown assays (Rea et al., 2012). Loss of histone H1 impairs DME-

mediated DNA demethylation and reduced the imprinted expression of MEA, FWA, and 

FIS2. H1 is also shown to mediate the requirement of FACT at a subset of DME-target loci.  
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 We envision a possible model where the C-terminal catalytic region is sufficient for 

directing DME to target loci while N-terminal region is required for interacting with local 

chromatin environment, stabilizing binding to chromosomal templates, and assisting 

demethylation of flanking sequences. In the absence of NTD, nDMECTD can still demethylate 

the majority of target sites, but in a less-efficient manner, likely due to lack of non-specific 

DNA-binding by the basic stretch/AT-hook motifs. Consistent with this model, we found that 

the wild-type DMRs that are longer than 1.5 kb are also nDMECTD's DMRs but are 

significantly shorter in length (Figure S2.5 and Figure 2.3C).  

 The reason why nDMECTD induces new demethylation sites in coding sequences is 

not known. Genic (gene body) methylation is evolutionarily conserved and around 20-30% 

of all Arabidopsis genes contain gene body CG methylation (Feng, Cokus et al. 2010, 

Zemach, McDaniel et al. 2010, Takuno and Gaut 2012, Bewick, Ji et al. 2016, Takuno, 

Seymour et al. 2017). These gene body CG methylations are preferentially found in 

moderately and constitutively expressed housekeeping genes (Zilberman et al., 2007), raising 

a possibility that these genic methylated genes reside in open chromatin regions easily 

accessible by chromatin modifying enzymes with relaxed regulation, such as nDMECTD due 

to removal of the NTD region. This possibility is consistent with previous findings that 

expressing the nDMECTD induces random DNA demethylation and double strand breaks in E. 

coli, and by a recent study that expressing DME C-terminal enzymatically active polypeptide 

fragment in human HEK-293T cells can induce direct 5mC excision (Mok et al., 2017). 

 To our knowledge, the evolutionary history of the DME domains can be traced as 

follows: bacterial versions of the HhH-FCL pair from a cyanobacterial source fused to an 

RRM-fold domain and further acquired an insert in the glycosylase domain to give the 
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ancestral form in the plant lineage. This was likely then transferred to the stramenopiles from 

a secondary chlorophyte endosymbiont of this lineage. Finally, at the base of the streptophyte 

radiation, DME acquired a permuted CXXC, and later the DemeN domain and the associated 

charged repeats were acquired in the angiosperm lineage, possibly to facilitate and ensure a 

robust and thorough demethylation. Thus, the adoption of a DME-based demethylation 

system for DNA base modification appears to occur early in the plant lineage. The presence 

of several accessory domains in addition to the conserved core suggests adjustments to the 

chromatin and methylation environment by specific lineages. The presence of additional 

domains such as the DemeN and basic stretch/AT-hook motifs in angiosperms and the 

permuted CXXC domain in streptophyta lineage might reflect the adjustment to the unique 

methylation and chromatin environment of the larger Streptophyta and land plant genomes. 
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MATERIALS AND METHODS 

Construction of transgenes used in this Study 

 All general molecular manipulations followed standard procedures (Sambrook et al. 

1989). Q5 High Fidelity DNA polymerase (NEB, Ipswich MA, USA) was used for PCR 

amplifications. PCR products were purified using AMPure XP beads (Beckman Coulter, 

Indianapolis IN, USA). The sequences of all plasmid constructs were confirmed by 

sequencing (Eton, Research Triangle Park NC, USA). All PCR primers and double-stranded 

DNA fragments were synthesized by Integrated DNA Technologies (Coralville IA, USA) 

(Table S2.2). 

 A binary plasmid vector, pFGAMh, was modified to facilitate the generation of 

plasmid constructs using the Gibson assembly method. In brief, the replication origins and T-

DNA borders originated from pFGC5941 (GenBank Accession: AY310901). A hygromycin 

resistance gene (HPTII) under the control of the mannopine synthase promoter was installed 

for selection of transgenic seedlings. A Gateway attR cassette (rfa, Invitrogen, Carlsbad CA, 

USA), flanked with unique restriction sites XhoI and XbaI-SpeI was placed upstream 

octopine synthase polyadenylation signal (OCS3’). Plasmid pFGAMh, digested with 

restriction enzymes XhoI and XbaI, was used to generate plasmids pDME:AGB, 

pDME:SV40NLS::AGB and pDME:GFP::AGB using the Gibson assembly method. The 

DME.2 upstream regulatory sequence (DMEpro; 2895 bp upstream of DME.2 translation 

start codon ATG) was PCR-amplified using primer pair VeDME/P3R and Col-0 gDNA as 

template. The coding sequence of linker-AGB (with a 6-Ala linker to its N-terminus; 3174 

bp), was PCR-amplified using primer pair lnAGBF/CTDVeR and Col-0 cDNA as template. 

To bridge these two fragments (DMEpro and linker-AGB), one of the following three DNA 
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fragments was used in the assembly reactions. For pDME:AGB, a 50-bp fragment was 

generated by annealing DNA oligos ATGF and ATGR. For pDME:SV40NLS::AGB, a 71-bp 

fragment was generated by annealing DNA oligos S40F and S40R followed by two rounds of 

PCR reactions. For pDME:GFP::AGB, a 761-bp fragment was PCR-amplified using primer 

pair p3GFPF/dmGFPR and plasmid DNA pGFP-JS (Jen Sheen, Massachusetts General 

Hospital, Boston MA, USA) as template. 

Plant Materials and seed phenotype analysis 

 The heterozygous DME/dme-2 lines in the Col-gl background 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, 0.8% agar and 50 µg/ml kanamycin, 

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. Siliques from T1 

transgenic plants were dissected 14-16 days after self-pollination using a stereoscopic 

microscope (SteREO Discovery.V12, Carl Zeiss, Wetzlar, Germany). The numbers of viable 

and aborted seeds in transgenic lines were statistically analyzed with a χ2 test. The 

probability that deviates from a 1:1 or 3:1 segregation ratio for viable and aborted seeds was 

also calculated. 

 We found we can easily obtained dme-2/dme-2 Col-gl plants from DME/dme-2 

heterozygotes if we rescued seeds prior to desiccation on MS sucrose plates. This is 

consistent with the report that fis endosperm cellularization defect and embryo arrest can be 

rescued by culturing the developing seeds in sucrose media because fis seeds have reduced 

hexose level (Hehenberger et al., 2012). Using this method we generated multiple 

homozygous lines, and we did not detect any difference between individuals in terms of 
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normal seed rate or visible phenotype. The adult dme-2/dme-2 plants are morphologically 

indistinguishable from wild-type Col-gl plants but produce ~0.1% viable mature seeds. These 

dme-2/dme-2 plants are not due to genetic mutation or heritable aberrant epigenetic effects 

that escape requirement of DME activity during gametogenesis because their subsequent 

progeny are phenotypically normal and produces same level (~0.1%) of normal seeds. For 

complementation assays in dme-2/dme-2 homozygous plants, seeds were harvested from 

dipped T0 plants. Transgenic plants were identified by germinating normal T1 seeds on MS 

plates containing hygromycin. T1 plants carrying a single locus of complementing transgene 

in dme-2/dme-2 transgenic plants produced siliques with 50% seed abortion rate. By contrast, 

when transforming dme-2/dme-2 plants, a non-complementing transgene does not produce 

any transgenic plant. 

Whole-Genome Bisulfite Sequencing and DNA Methylome Analysis 

 Genomic DNA were isolated from hand dissected, 7-9 DAP dme-2 endosperm that 

has been complemented by nDMECTD (dme-2/dme-2; nDMECTD / nDMECTD). Whole genome 

bisulfite sequencing libraries were constructed as described before with modifications (22, 

61). Approximately 20-50 ng of purified genomic DNA was spiked with 0.5ng of 

unmethylated cl857 Sam7 Lambda DNA (Promega, Madison, WI) and sheared to about 

300bp using Covaris M220 (Covaris Inc., Woburn, Massachusetts) under the following 

settings: target BP, 300; peak incident power, 75 W; duty factor, 10%; cycles per burst, 200; 

treatment time, 90 second; sample volume 50µl. The sheared DNA was cleaned up and 

recovered by 1.2x AMPure XP beads then followed by end repaired and A-tailing (NEBNext 

Ultra II DNA Library Prep Kit for Illumina, NEB) before ligated to the NEBNext methylated 

multiplex adaptors (NEBNext Multiplex Oligos for Illumina, NEB) according to the 
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manufacturer’s instructions. Adaptor-ligated DNA was cleaned up with 1x AMPure XP 

beads. The purified adaptor-ligated DNA was spiked with 50ng of unmethylated cl857 Sam7 

Lambda DNA and subjected to one round of sodium bisulfite conversion using the EZ DNA 

Methylation-Lightning Kit (Zymo Research Corporation, Irvine, CA) as outlined in the 

manufacturer’s instruction with 80 min of conversion time. Half of the bisulfite-converted 

DNA molecules was PCR amplified with the following condition: 2.5 U of ExTaq DNA 

polymerase (Takara), 5 ul of 10 x Extaq reaction buffer, 25 µM dNTPs, 1 ul of universal and 

index primers (10 uM) in 50 uL reaction. The thermocyling condition was as follows: 95 °C 

for 2 min and then 10 cycles each of 95 °C for 30 s, 65 °C for 30 s, and 72 °C for 60 s. The 

enriched libraries were purified twice with 0.8x (v/v) AMPure XP beads to remove adaptor 

dimers. High throughput sequencing was performed by Novogene Corporation (USA). 

Sequencing reads from three individual transgenic lines were used in the analysis. Sequenced 

reads were mapped to the TAIR10 reference genomes and DNA methylation analyses were 

performed as previously described (Ibarra et al., 2012). Fractional CG methylation in 50-bp 

windows across the genome was compared between dme, wild-type (GSE38935, (Ibarra et 

al., 2012)), and nDMECTD -complemented endosperm. Windows with a fractional CG 

methylation difference of at least 0.3 in the endosperm comparison (Fisher’s exact test p-

value < 0.001) were merged to generate larger differentially methylated regions (DMRs) if 

they occurred within 300 bp. DMRs were retained for further analysis if the fractional CG 

methylation across the merged DMR was 0.3 greater in dme endosperm than in wild-type or 

in  nDMECTD-complemented endosperm (Fisher’s exact test p-value < 10-10), and if the DMR 

is at least 100-bp long. The dme and wild-type endosperm data used in this study were 

derived from crossed between Col-0 (female parent) and Ler (male parent) (GSE38935, 
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(Ibarra et al., 2012)). To avoid potential ecotype-specific methylation difference, Ler hyper-

DMRs relative to Col-0 endosperms were identified using the same criteria as described 

above and excluded from further analyses. For making the Venn diagram, merged DMR 

regions were converted into 50-bp windows. Only windows with methylation scores in all 

samples were retained for comparison in Venn diagram and boxplot analysis. 

RNA extraction, cDNA synthesis and quantitative PCR analysis 

 Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, USA) and 

treated with TURBO DNase (Ambion, Austin TX, USA) according to the manufacturers’ 

instructions. For cDNA synthesis, 5 mg of total RNA was reverse-transcribed using 

Superscript III Reverse Transcriptase and oligo(dT) primer (Invitrogen). The cDNA was 

treated with RNase H (Invitrogen) at 37 ˚C for 20 min and diluted tenfold with H2O. For each 

15-µl qPCR reaction, 1 µl of diluted cDNA was used. The quantitative PCR was run on ABI 

7500 Fast Real-Time PCR System (http://www.appliedbiosystems.com) using FastStart 

Universal SYBR Green Master Mix (Roche, http://www.roche.com). The quantitative PCR 

primers are listed in Table S2.2. The Ct values were normalized against ACT2 (AT3G18780) 

mRNA or UBC (AT5G25760) mRNA. The abundance of mRNAs was expressed as relative 

to controls, with control values set to 1. The error bars represent the standard deviation of 4 

biological replicates. 

Protein domain analysis and phylogenetic inference 

 We utilized a domain-centric computational strategy to study DME and its related 

proteins. Specifically, we identify DME homologs by using the iterative profile searches with 

PSI-BLAST (Altschul, Madden et al. 1997) from the protein non-redundant (NR) database at 

National Center for Biotechnology Information (NCBI). Multiple sequence alignments were 
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built by the Promals (Pei and Grishin 2007) program, followed by careful manual 

adjustments. Consensus secondary structures were predicted using the PSIPRED (Buchan, 

Minneci et al. 2013) JPred program (Cuff, Clamp et al. 1998). Conserved domains were 

further characterized based on the comparison to available domain models from pfam (Finn, 

Coggill et al. 2016) and sequence/structural features. The PhyML program (Guindon, 

Dufayard et al. 2010) was used to determine the maximum-likelihood tree using the Jones–

Taylor–Thornton (JTT) model for amino acids substitution with a discrete gamma model 

(four categories with gamma shape parameter: 1.096). The tree was rendered using MEGA 

Tree Explorer (Tamura, Dudley et al. 2007). 
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FIGURES 

Figure 2.1 Nuclear-localized C-terminal DME rescues dme-2 developmental defects. (A)  

Diagrams of DME protein structure. DME isoforms, domain architecture, and the positions 

of conserved domains along DME protein. Numbers represent amino acid position relative to 

the translation start sites. DME.1 is shorter than DME.2 by 258 amino acids due to 

alternative splicing, missing the very N-terminal DemeN domain. DemeN is a domain of 

unknown function conserved among angiosperm DME-like protein. The Basic stretech/AT-

hook region is the stretch of basic rich amino acid direct repeats, resembling AT-hook motifs, 

and serves as a nuclear localization signal; per-CXXC is the permuted CXXC zinc finger 

motif; RRM is the RNA recognition motif; FCL is a [Fe4S4] cluster loop following the HhH 

module. The dme-2 allele harbors a T-DNA insertion in domain A at amino acid position 

1012. ID1 and ID2 are variable, low complexity sequences between the glycosylase domain 

and the conserved B region. (B) Complementation of dme-2 phenotypes by the nDMECTD 

transgene. Siliques were dissected and photographed 14 days after self-pollination. In dme-

2/dme-2 silique greater than 99% of seeds are aborted. A single copy of the nDMECTD 

transgene reduces seed abortion rate to 50%; and in the dme-2/dme-2; nDMECTD/nDMECTD 

siliques, all the dme-2 seeds are rescued and developed normally. Scale bar = 0.5 mm. (C) 

The percentages of viable seeds in DME/dme-2 heterozygous or in dme-2/dme-2 

homozygous plants that were complemented by a full length DME.2 cDNA (DMEFL) or by 

the truncated nDMECTD transgenes. Error bars represent standard deviations. (D) The 

nDMECTD transgene restores DME target genes FWA and FIS2 expression. WT: Col-0; 

nDMECTD: dme-2/dme-2; nDMECTD/nDMECTD; dme-2: dme-2/dme-2. Total RNA was 

isolated from stage F1 to F12 floral buds. (D) Transmission of dme-2 allele through Col-gl 

pollen is reduced. (E) Complementation of dme-2 pollen transmission by the nDMECTD 

transgene. 
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Figure 2.2 Endosperm methylome analysis. (A) Genome browser snapshots of CG DNA 

methylation at selected imprinted gene loci. Top two tracks are coding genes (magenta) and 

TEs (orange) with Tair10 chromosome coordinates. For the bottom seven tracks, each track 

represents fractional CG methylation levels for different genotype: black track, dme-2 

endosperm; dark green track, WT endosperm; dark purple track, nDMECTD-complemented 

endosperm; light green track, WT endosperm subtracted from dme-2 mutant endosperm; light 

purple track, nDMECTD-complemented endosperm subtracted form dme-2 endosperm. dme-

induced CG hypermethylation at selected maternally expressed (FIS2 and SDC) and 

paternally expressed (SUV7, YUC10, and PHE1) imprinted genes is restored in nDMECTD-

complemented endosperm. (B) Venn diagram depicting the overlap between DMRs of at 

least 100-bp long of wild-type vs dme-2 endosperm, and nDMECTD-complemented vs dme-2 

endosperm. (C) Black trace: kernel density plot of CG methylation differences between dme-

2 and nDMECTD-complemented endosperm genomes, for WT DME unique DMRs. Orange 

trace: kernel density plot of CG methylation differences between dme-2 and WT endosperm 

genomes, for nDMECTD unique DMRs. (D) Black trace: kernel density plot of CG 

methylation differences between dme-2 and nDMECTD-complemented endosperm genomes, 

for WT and nDMECTD shared DMRs. Orange trace: kernel density plot of CG methylation 

differences between dme-2 and WT endosperm genomes, for WT and nDMECTD shared 

DMRs. (E) Bar chart displaying the distribution of chromatin states 1 to 9 occupied by 

nDMECTD-unique, nDMECTD-DME shared, or DME-unique DMRs; states 1 to 7 represent 

euchromatin and states 8 to 9 represent heterochromatin as defined by (Sequeira-Mendes, 

Araguez et al. 2014). 
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Figure 2.3 Characteristics of nDMECTD vs DME canonical DMRs. (A) Distribution of 

DMR lengths and the total base pairs they cover. (B) The number of canonical DMRs that 

are longer than 1.5 kb, and the portion overlaps with DMRs of nDMECTD. (C) Boxplot 

showing length distribution of DME longer DMRs that are unique to WT (white) or overlap 

with nDMECTD DMRs (grey), and the length of nDMECTD DMRs overlap with longer DME 

DMRs. (D) FACT dependency of DME target sites demethylated by the endogenous DME 

(FACT-dependent, dark green trace; FACT-independent, light green trace) or by nDMECTD 

(FACT-dependent, red trace; FACT-independent, orange trace). (E) Distribution of DMRs 

with respect to coding genes. Genes were aligned at the 5' end or the 3' and the proportion of 

DMRs in each 100-bp interval is plotted. DMR distribution is shown with respect to all DME 

DMRs (dark green trace), DME-unique DMRs (light green trace), all nDMECTD DMRs (red 

trace), and nDMECTD-unique DMRs (orange trace). (F) Kernel density plot of CG 

methylation differences between dme and wild-type endosperm, for nDMECTD-unique loci 

that reside in short (< 500bp, red trace), longer (>= 500bp, blue trace) TEs, intergenic regions 

(green trace), or genic sequences (orange trace). 
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Figure 2.4 Evolution of plant DME-like proteins. A phylogenetic tree was reconstructed 

using the PhyML program. Only node supporting values >0.80 from ML bootstrap analyses 

are shown. The representative domain architectures of DME homologs in major plant clades 

are shown along the tree, demonstrating domain fusions during evolution. Domain 

abbreviations: DemeN, N-terminal domain of DEME-like proteins in angiosperms; DnaJ, 

DnaJ molecular chaperone homology domain (Pfam: PF00226); FCL, [Fe4S4] cluster loop 

motif (also called Iron-sulfur binding domain of endonuclease III; Pfam: PF10576); HhH-

GL, HhH-GPD superfamily base excision DNA repair protein (Pfam: PF00730); PHD, PHD 

finger (Pfam: PF00628); RRM, RNA recognition motif (Pfam: PF00076); Tudor, Tudor 

domain (Pfam: PF00567). 
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Figure 2.5 A bipartite model for DME-mediated active demethylation through 

nucleosomal templates. 
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Figure S2.1 Alignment of angiosperm DME-like proteins showing the conserved DemeN 

domain and the basic stretch region. Bioinformatics analysis using available DME-like 

sequences identified a ~ 120-amino-acid-long conserved region at the very N-termini among 

DME-like proteins in angiosperms. This sequence is characterized by a highly conserved 

WxPxTPxK motif that might function in protein-protein interactions. Further toward the C-

terminus is a stretch of basic amino acids rich region that serves as a nuclear localization 

signal. This sequence consists of direct repeats reminiscent of the AT-hook motifs that may 

bind DNA. Numbers flanking each sequence represent amino acid residue positions. 

Numbers between alignment blocks reflect residue gaps nut shown in the alignment. 
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Figure S2.2 (A) Whole genome CG, CHG, CHH methylation average plots of three 

independent nDMECTD-complemented lines, dme-2 mutant, and wild-type endosperm. (B) 

Pair-wise Pearson correlation coefficients of three individual lines of nDMECTD-

complemented endosperm CG methylomes. (C)  Pair-wise Pearson correlation coefficients of 

endosperm CG methylomes used in this study. 
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Figure S2.3 DNA methylomes of three independent nDMECTD-complemented 

endosperms. (A) Venn diagram showing partial overlap of DMRs of each nDMECTD-

complemented endosperm relative to dme-2 mutant endosperm (nDMECTD-1 to nDMECTD-3). 

(B) Boxplot of CG methylation levels of dme-2 mutant (black), nDMECTD-1 (yellow), 

nDMECTD-2 (green), or nDMECTD-3 (magenta) endosperm, showing that the combined (union 

of all) DMRs are more or less hypomethylated in each independent line compared to dme-2 

endosperm. (C) Boxplot of CG methylation levels among canonical DME target sites in dme-

2 mutant (grey), wild-type (white), or nDMECTD- (red) complemented endosperm. (D) Kernel 

density plot of CG methylation differences between dme and nDMECTD-complemented 

endosperm, for loci demethylated by DME. Green trace shows these DME target sites are 

hypermethylated in the dme endosperm. Red trace shows for these same DME target sites, 

they are partially demethylated by nDMECTD. (E) Boxplot of CG methylation levels within 

canonical DME target sites grouped by DMR length, in dme-2 mutant (black), wild-type 

(white), or nDMECTD-complemented (red) endosperm. 
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Figure S2.4 Genome Browser snapshots of genic loci demethylated by nDMECTD but not by 

the endogenous DME. Top two tracks are TEs (orange) and coding genes (magenta) with 

Tair10 chromosome coordinates. Purple track shows the ectopic nDMECTD targets in genes. 

For the bottom five tracks, each track represents fractional CG methylation levels for 

different genotype: dark blue track, dme-2 endosperm; green track, WT endosperm; red 

track, nDMECTD-complemented endosperm; light blue track, WT endosperm subtracted from 

dme-2 mutant endosperm; light purple track, nDMECTD-complemented endosperm subtracted 

form dme-2 endosperm. 
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Figure S2.5 Genome Browser snapshots of long wild-type canonical DMRs. Tracks are as 

labeled. The DMR regions are indicated as horizontal bars according to their length in each 

sample (bottom two tracks). Even though nDMECTD-complemented endosperm has reduced 

number of longer DMRs, many long canonical DME DMRs are also DMRs of nDMECTD, but 

are shorter in length. 
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Figure S2.6 Boxplot of relative nucleosome abundance in FACT-independent or -dependent 

DME DMRs, using genome coordinates of most well-positioned nucleosomes that overlap 

with DME DMRs. 
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Figure S2.7 Genome browser alignments of DNA methylation with genes, TEs, DMRs, and 

nucleosome position (Lyons and Zilberman, 2017) annotations at selected longer DME target 

loci showing the presence of nucleosomes likely impedes nDMECTD demethylation. 
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TABLES 

 

Table S2.1 Seed abortion ratio of dme-2 complemented by the nDMECTD. 

 

 

Genotype 
No. of total 

seeds* 

No. of viable 

seeds 

Proportion of 

viable seeds (%) p for 1:1
†
 p for 3:1

†
 

DME/dme-2; pDME:nDMECTD-2 347 287 83 3.7E-34 9.1E-04 

DME/dme-2; pDME:nDMECTD-1 444 372 84 5.4E-46 1.9E-05 

DME/dme-2; pDME:nDMECTD-3 171 119 70 3.0E-07 0.10 

DME/dme-2; pDME:nDMECTD-4 124 80 65 1.2E-03 0.01 

DME/dme-2; pDME:nDMECTD-45 282 213 76 9.9E-18 0.84 

DME/dme-2; pDME:nDMECTD-5 363 221 61 3.4E-05 5.2E-10 

dme-2/dme-2; pDME:nDMECTD-6 221 166 75 8.2E-14 0.97 

dme-2/dme-2; pDME:nDMECTD-8 284 206 73 3.1E-14 0.34 

dme-2/dme-2; pDME:nDMECTD-4 221 155 70 2.1E-09 0.09 

dme-2/dme-2; pDME:nDMECTD-11 413 269 65 7.7E-10 3.6E-06 

dme-2/dme-2; pDME:nDMECTD-3 351 206 59 1.1E-03 1.7E-12 

dme-2/dme-2; pDME:nDMECTD-16 229 131 57 0.03 5.0E-10 

dme-2/dme-2; pDME:nDMECTD15 413 208 50 0.88 6.4E-31 

dme-2/dme-2; pDME:nDMECTD-1 298 150 50 0.91 8.1E-23 

dme-2/dme-2; pDME:nDMECTD-10 300 151 50 0.91 5.8E-23 
* Total number of viable and aborted seed counted. 
† Probability that the deviation from the indicated segregation ratio of viable: aborted seeds is due to chance. 
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Table S2.2 DNA oligos used in this study. 

 
Primers used for plasmid constructions: 

VeDME  AGT GGA GAC GGA CGT CCT GAC GCC CTC AAA AAT GTC TTC TTA GGA TCA CAA AAT C 

P3R CAC CAT TGT TAA CAC ACT TGA TGA ATC ACT CCC CCT TC 

lnAGBF GCT GCC GCA GCG GCT GCC TAC AAA GGA GAT GGT GCA CTT GTT 

CTDVeR AGG ACT CTA GGG ACT AGT CCC GGG TTT AGG TTT TGT TGT TCT TCA ATT TGC TCG CAG 

ATGF TTC ATC AAG TGT GTT AAC AAT GGT GGC TGC CGC AGC GGC TGC CTA CAA AG 

ATGR CTT TGT AGG CAG CCG CTG CGG CAG CCA CCA TTG TTA ACA CAC TTG ATG AA 

S40F TTC ATC AAG TGT GTT AAC AAT GGT GCC AAA GAA GAA GAG AAA GGT C 

S40R CTT TGT AGG CAG CCG CTG CGG CAG CGA CCT TTC TCT TCT TCT TTG G 

p3GFPF TTC ATC AAG TGT GTT AAC AAT GGT GAG CAA GGG CGA GGA GCT GTT CA 

dmGFPR CTT TGT AGG CAG CCG CTG CGG CAG CCT TGT ACA GCT CGT CCA TGC 

Primers for qRT-PCR analysis: 

qFIS2F TCGATTGGTGGTGGAGAATG  

qFIS2R AGTTACTGAGGAGGATGGTAGT  

qFWAF CGCCTTCTTCTTCCTCTAATCC  

qFWAR AGTCCACTTCTCCCAATGTAATC  

ACT2F GACCTTTAACTCTCCCGCTATG 

ACT2R GAGACACACCATCACCAGAAT 

uUBCF CTGCGACTCAGGGAATCTTCTAA 

uUBCR TTGTGCCATTGAATTGAACCC  
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Demethylation 
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ABSTRACT 

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

(5mCs) from central cell DNA to establish gene imprinting in endosperm and is essential for 

seed viability. DME is a large protein containing several conserved domains. However, the 

function of most of these conserved domain remains largely unknown. In the previous 

chapter, we showed that the nuclear-localized catalytic core region of DME (nDMECTD) is 

sufficient to complement dme-2 associated developmental defects, and to ameliorate dme-2 

hypermethylation. Here, we show that full-length DME (DMEFL) transgene is very 

inefficient in complementing dme-2 seed abortion phenotype during transformation. 

Furthermore, full-length DME is less active in DNA demethylation compared to the 

truncated DME C-terminal region. We provide evidence showing that the inefficiency of 

DMEFL is due to a dominant negative interference by the DME N-terminal truncated 

polypeptides expressed in the dme-2 background. Our results suggest that DME N-terminal 

region provides regulatory function for DME-mediated DNA demethylation. 
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INTRODUCTION 

 In flowering plants, seed development is triggered by the process of double 

fertilization, which is a unique process distinguishing angiosperms from the other seed-

plants. During double fertilization, one sperm cell fertilizes the egg cell and becomes diploid 

zygote which initiates the next generation with the developing embryo. The other sperm cell 

fuses with the homodiploid central cell to generate a triploid endosperm, which plays a 

critical role in nourishing embryo during early seed development (Bleckmann et al., 2014). 

Endosperm is essential for seed viability and is also the major tissue where gene imprinting 

takes place. 

 In Arabidopsis, DEMETER (DME) encodes a 5mC DNA glycosylase required for 

active DNA demethylation in the central cell. DME-mediated DNA demethylation is 

required for the imprinted expression of MEA, FIS2, and FWA in the central cell and 

endosperm. The imprinted expression of genes in PRC2, including MEA and FIS2 is critical 

for endosperm development and seed viability in Arabidopsis. Seeds that inherit a maternal 

dme allele fail to activate the expression of MEA and FIS2 in central cell, leading to 

endosperm development failure and seed abortion (Choi et al., 2002; Jullien, 2006). 

 Many of the DME targeted loci are small, gene-flanking transposable elements 

(Ibarra et al., 2012). Consequently, demethylation in the central cell influences expression of 

adjacent genes only in the maternal genome, and is a primary mechanism of gene imprinting 

in plant (Gehring et al., 2006; Hsieh et al., 2009, 2011; Ibarra et al., 2012). In addition to 

small TEs near gene coding sequences, DME also targets gene-poor heterochromatin regions 

for demethylation (Ibarra et al., 2012). 
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 DME is a large protein containing several conserved domains. The three regions in 

the C-terminal half of DME protein (region A, Glycosylase, and region B) are conserved 

among DME-family DNA glycosylases, and are required for in vitro 5mC excision activity 

(Gehring et al., 2006). The N-terminal half of DME contains a conserved domain with 

unknown function, a stretch of basic amino acids that can serve as a nuclear localization 

signal and might bind non-specifically to DNA, and a long unstructured sequence. 

 In previous chapter, we demonstrated that the nuclear localized DME C-terminal 

catalytic core region (nDMECTD) is sufficient to rescue dme-2 mutant associated 

developmental defects. The nDMECTD can also ameliorate dme-2 hypermethylation, although 

the processing of heterochromatic demethylation is impaired. Since the C-terminal half of 

DME alone is sufficient for demethylation in most target sites, what is the function of the N-

terminal half of DME? Previous studies have shown that the N-terminal region of the 

mammalian methyltransferase DNMT3A interacts with its C-terminal catalytic region and 

inhibits the enzyme activity by blocking its DNA-binding affinity (Li et al., 2011; Zhang et 

al., 2010). When the N-terminal region is bound by unmethylated H3 tail, DNMT3A 

undergoes a conformational change from an autoinhibitory form to an active form (Guo et 

al., 2014). These studies revealed a novel regulatory paradigm of a large multi-domain 

protein containing a catalytic C-terminal domain and an N-terminal region with regulatory 

function. Studying the difference between DMEFL and C-terminal regions of DME will help 

elucidating whether the N-terminal region of DME exerts a regulatory function on DME-

mediated DNA demethylation. 
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 Here we reported that the DMEFL is less efficient than the truncated DME CTD in 

complementing dme-2 seed abortion during transformation. Whole genome methylation 

profiling of dme-2 mutant endosperm complemented by the DMEFL also revealed that the 

DMEFL is less efficient for DNA demethylation in the canonical DME target sites compared 

to nDMECTD. We present evidence showing that DME N-terminal region can affect 

endogenous DME activity in a dominant negative manner when ectopically expressed in the 

wild type central cells. Our results suggest that the DME NTD region has a regulatory 

function in DME-mediated DNA demethylation, supporting our model of a bipartite 

organization of DME. 
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RESULTS 

I. nDMECTD complement dme-2 ovule more efficiently than DMEFL during 

transformation 

 An earlier study (Choi et al., 2002) reported the isolation of dme-1, a weak allele that 

allows for formation of homozygous dme-1 plants. Homozygous dme-1 adult plants are 

phenotypically normal but produce silique with up to 95% aborted seeds. By contrast, 

attempts to generate dme-2 (a previously assumed null allele) homozygous plants through 

classic genetic propagation have been unsuccessful. 

 We screened through a large pool of self-pollinated DME/dme-2 seeds and identified 

one plant that produced near 100% aborted seeds. The homozygous plants, designated as 

dgh1 for dme-2 Col-gl homozygous F1, produced about 0.05% - 0.1% seed survival rate. To 

circumvent the extremely low female transmission of dme-2 allele, we found that when dgh 

seeds were harvested prior to desiccation and rescued on sucrose-containing MS plates, about 

30%-40% seeds could germinate, indicating that at least some dme-2 embryo can be rescued 

if provided sucrose. We have since isolated multiple dme-2 homozygous lines (from 

heterozygous parents) that exhibit similar low seed survival rates (~0.05% - 0.1%). The low 

normal seed rates in dgh lines are not due to epigenetic mutations that escape the requirement 

of DME demethylation because subsequent generation of dgh (dgh2, dgh3, etc.) all exhibit 

comparable (0.05% - 0.1%) low seed survival rates. 

 These dme-2 homozygous lines facilitate complementation assay by two generations. 

We directly transformed DME constructs into dgh lines via Agrobacterium-mediated floral 

dipping method and assessed normal seed rates among T1 seeds. In floral dipping, 

transformation occurs during female gametogenesis inside the ovules (Bechtold et al., 2000; 
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Bent, 2000; Desfeux et al., 2000; Ye et al., 1999). Since dme-2 homozygous plants have very 

low seed survival rate (~0.1%), if we recovered more normal T1 seeds (> 0.1%) than 

background upon transformation, complementation must have occurred. Indeed, we 

recovered about 0.6% normal seed from dgh1 plants dipped with the nDMECTD construct 

(Figure 3.2A). Unexpectedly, we consistently recovered much fewer normal seeds when full 

length DME.2 cDNA (designated as DMEFL) is transformed directedly into dgh plants 

(Figure 3.2A, around 0.05-0.1%, close to background level), indicating that DMEFL has low 

efficiency in complementing dme-2 ovule during transformation. 

 The difference in seed survival rate is not due to transformation efficiency as both 

constructs have comparable efficiency when transformed into wild type Col-0 plants (1.6% 

for nDMECTD and 1.3% for DMEFL). The observation seems to contradict with previous 

finding that DMEFL cDNA fully complements dme-2 seed abortion phenotype in DME/dme-2 

heterozygous plants (Choi et al., 2002, 2004). However, in traditional complementation 

assays, constructs were either transformed into WT and then crossed into DME/dme-2 

background, or transformed directly into DME/dme-2, selected for DME/dme-2; T/~ (T = 

transgene) plants and assessed abortion rates among T2 seeds (Figure 3.2B, 25% seed 

abortion rates). As a result, the transgenes are stably integrated in the genome for at least one 

generation before being assessed for their ability to complement dme-2 ovules. By contrast, 

the dgh homozygous plants likely represent a “sensitized” genetic background for 

complementation assays, as we are assessing the capability of transgenes to insert, integrate, 

express, and complement dme-2 ovules, all within a very short window of time (1-2 cell 

mitotic divisions). 
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 If this is a correct assumption, then when transformed directly into DME/dme-2 

plants, DMEFL is expected to complement dme-2 ovules much less efficiently than nDMECTD 

during transformation— in other words, we expect much fewer DMEFL T1 transgenic plants 

that are DME/dme-2 where dme-2 is inherited maternally. To test this hypothesis, we 

genotyped all of the T1 transgenic plants derived from nDMECTD- and DMEFL -transformed 

DME/dme-2 seeds. Among the transformants that are DME/dme-2, we could not distinguish 

whether the dme-2 allele is derived maternally (from the dme-2 ovule, i.e., complemented by 

the transgene) or paternally (dme-2 inherited from pollen) (see Figure 3.2C). We could, 

however, use the number of transformants that are DME/DME (transgene integrated into 

DME ovules) versus dme-2/dme-2 (transgene integrated into dme-2 ovules) to gauge the 

efficiency in complementing dme-2 ovules during transformation. As expected, DMEFL is 

very inefficient (Figure 3.2D, about 9 times less efficient) in complementing dme-2 ovule 

during transformation compared to nDMECTD. This observation substantiates the dgh 

complementation result and supports our hypothesis that full-length DME cDNA is much 

less efficient in complementing dme-2 ovules during transformation. 

 

II. Transforming dgh with nDMECTD revealed T-DNA insertion window during 

gametogenesis 

 In floral dipping plant transformation procedure, transformation occurs during female 

gametogenesis inside the ovules (Bechtold et al., 2000; Bent, 2000; Desfeux et al., 2000; Ye 

et al., 1999). However, the exact timing when T-DNA insertion occurred is still unclear. 

When we perform complementation assay in dgh plants, we directly transformed nDMECTD 

construct into dgh lines via Agrobacterium-mediated floral dipping method and assessed 
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normal seed rate among T1 seeds. If the nDMECTD T-DNA insert into central cell or the cell 

lineage giving rise to central cell, the nDMECTD will complement dme function in central 

cell, and rescue the endosperm and embryo development thus resulting in normal seed. 

However, only when nDMECTD (carrying hygromycin selection marker) is present in both 

central cell and egg cell, the seed will be not only normal-looking but also resistant to 

hygromycin selection (true transgenic seed). Among all the normal T1 seeds complemented 

by nDMECTD, close to 50% of seeds are hygromycin resistant (Table 3.1), suggesting that the 

T-DNA insertion likely occurs in 2- or 4-cells state before the third mitosis during female 

gametophyte development. 

 

III. DMEFL is less efficient in rescuing dme-2 CG hypermethylation compared to 

nDMECTD 

 We next examined the methylome of dme-2 endosperm complemented by DMEFL. 

We first check the methylation level around several DME-targeted imprinted genes, the 

imprinted genes we examined are demethylated in DMEFL-complemented endosperm, 

although the demethylation level is slightly lower than in wild-type endosperm (Figure 

3.3A). Based on the number of DMRs between dme-2 and DMEFL-complemented endosperm 

and the level of CG methylation within the DMRs (Figure 3.3B), DMEFL appears to be less 

active compared to endogenous DME, or to nDMECTD, albeit it being able to complement 

dme seed abortion (Figure 3.2B) (Choi et al., 2002; Luo et al., 2000). Since the DMEFL 

transgene differs from nDMECTD by the NTD region, reduced activity of DMEFL compared to 

DMECTD cannot be attributed only to the lack of introns or 3’ flanking sequences that might 

be needed for robust DME protein production. Indeed, by examining the transgene 
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expression levels in DMEFL- and nDMECTD-complemented dme-2 mutant floral buds, we 

found comparable levels of transgene expression in two of the three lines used for methylome 

study (Figure 3.4), indicating lower activity of DMEFL compared to DMECTD is not due to 

differential transcript abundance of the two transgenes. Nevertheless, comparison of CG 

methylation levels in DMR regions unique to DMEFL, nDMECTD, or endogenous DME also 

reveals that these unique DMR regions are more or less hypomethylated in WT or in 

complemented endosperm relative to dme endosperm. Thus, the methylome difference 

between WT, DMEFL-, and nDMECTD-complemented endosperm appears to be more in the 

degree of demethylation (e.g., enzyme activity). 

 

IV. Expressing DME NTD in central cell induced seed abortion phenotype 

 The dme-2 allele is caused by an activation-tagging T-DNA insertion in the middle of 

the A region (Figure 3.1) (Choi et al., 2002). We found that in floral buds of dme-2/dme-2 

plants, the endogenous DME transcripts downstream of T-DNA insertion site is greatly 

reduced compared to wild-type Col-0 plants, but the level of DME transcripts upstream of 

the T-DNA insertion site is relatively high and of heterogeneous abundance (Figure 3.5). We 

suspected these transcripts have the capability to produce truncated form of DME proteins 

that might interfere with the DMEFL transgene activity. To test this hypothesis, we 

transformed wild-type Col-0 plants with an engineered GFP-tagged DME NTD (using the 

genomic DNA sequence upstream of T-DNA insertion site, encoding residues 1-1022, 

designated as gDMENTD-GFP) transgene mimicking the dme-2 T-DNA insertion. Clear GFP 

signal are easily visible in the central cell nuclei of transgenic lines (data not shown). We 
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also observed about one third of transgenic lines showing apparent dme-2 like seed abortion 

phenotype, with abortion rate ranging from 10% to ~40% (Table 3.2, 3.3) in T1 plants. 

 To minimize the possibility and the degree of transgene induced sense co-

suppression, we reverse translated DMENTD protein sequence into cDNA sequence using the 

human codon usage table. As a result, the re-engineered “humanized” version of NTD 

(mDMENTD) codes for the identical protein sequence but with no significant nucleotide 

sequence similarity to the original cDNA sequence to induce co-suppression. In addition, a 

GFP tag was added to the C-terminus (mDMENTD-GFP) to monitor its expression (Figure 

3.6A). We generated 28 independent transgenic lines, and among them 16 lines showed seed 

abortion rates of 5% to 52% (Table 3.2, 3.4). The aborted seeds resemble dme mutant seeds 

with abnormal endosperm, arrested embryo, and shriveled brown seeds (Figure 3.6B-C). We 

selected four lines with high, medium, or no seed abortion rate (Figure 3.6D) and assessed 

the endogenous DME transcript abundance. As shown in Figure 3.6E and 3.6F, lines with 

different seed abortion rates have very similar endogenous DME expression levels compared 

to vector control line, indicating the severity of seed abortion phenotype is not due to 

interference of endogenous DME transcripts. We next tested whether expression of nDMECTD 

or DMEFL in WT Col-0 can also induce seed abortion phenotype. We examined seed abortion 

rates in over 25 independent transgenic lines for each construct, and none of them resulted in 

any seed abortion phenotype (Table 3.2). Thus, the dominant negative effect appears to be 

specific to the DME NTD region. 

 Why ectopic expression of DME NTD region causes dominant negative (DN) effects 

on endogenous protein? Classical examples of dominant negative mutation often involve 

protein-protein interactions that are disrupted by mutated or truncated form of one particular 
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partner or subunit. Although we do not have any evidence to suggest DME might 

homodimerize to become active, any weak physical interaction caused by ectopic NTD 

expression might induce conformational change that renders DME non-functional. 

Unfortunately, our attempt to assess whether the NTD of DME can interact with each other 

was confounded by the self-activating activity of DME.2 NTD in the yeast two-hybrid assay 

when fused to the GAL4 DNA binding domain (Figure 3.7). Their possible interaction will 

need to be assessed by alternative strategies. Another possibility is that NTD binds and 

titrates out an important interacting partner required to activate DME through conformational 

change (allosteric interaction). By removing NTD, the CTD region is liberated from such 

conformational constrain and can demethylate its target sites. It is also possible that the non-

specific DNA binding activity of NTD competes with DME for target sites, thereby reducing 

the overall efficiency of DME. The molecular underpinning of how NTD induces DN effect 

remains to be elucidated. 
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DISCUSSION 

 In this study, we found that the full length DMEFL cDNA transgene is less efficient 

than truncated nDMECTD transgene in complementing dme-2 seed abortion during 

transformation. Although dme-2 was previously assumed as a null mutation allele, we found 

it can produce truncated N-terminal DME transcripts upstream of T-DNA insertion site. So, 

we suspect that the low efficiency of DMEFL transgene is likely due to the interference of the 

truncated N-terminal protein in dme-2 background. To test this hypothesis, we ectopically 

express DME N-terminal region in wild type to see if this truncated protein would interfere 

endogenous DME function. Indeed, we observed seed abortion phenotype induced by the 

DME NTD transgene, indicating dme-2 is not a null allele; and the truncated DME NTD 

might interfere the full length DME transgene function. However, the mechanism of this 

interference by the DME NTD is still unclear. DME might mediate DNA demethylation by 

forming a protein complex with other partners. The ectopically expressed DME NTD might 

interfere with the formation of the DME complex. Alternatively, DME might need an 

interaction partner for its fully function. When we ectopically express a DME NTD, this 

protein might compete and titrate away this interaction partner, resulting in seed abortion. 

Further investigation is needed to fully understand the mechanism. In Arabidopsis, the 

histone chaperone FACT complex is one of the few factors that was reported to be involved 

in DME-mediated DNA demethylation (Frost et al., 2018; Ikeda et al., 2011). SSRP1, the 

small subunit of FACT complex, is required for demethylation and activation of a DME 

target, FWA, in endosperm (Ikeda et al., 2011). A recent paper reported that SSRP1 is 

required for DNA demethylation in over half of DME targets, primarily in heterochromatic 

regions (Frost et al., 2018). The bimolecular fluorescence complementation assay showed 
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that SSRP1 N-terminus interacts with SPT16 (the larger subunit of FACT complex) C-

terminus, and SPT16 C-terminus interacts with full-length DME (Frost et al., 2018). In 

previous chapter we demonstrated that without NTD, nDMECTD has reduced processivity of 

DNA demethylation in heterochromatic regions that are enriched in nucleosomes. Since 

FACT complex is known to facilitate transcription through nucleosome templates, FACT 

might assist DME DNA demethylation in the targets that are associated with nucleosomes. 

We hypothesize that DME recruits FACT complex via NTD to assist processing through a 

nucleosome. To test whether DME NTD confers the interaction between DME and FACT, 

we will use co-immunoprecipitation assay to test the interaction between GFP-tagged DME-

NTD and SPT16. 

 We showed that DME N-terminal truncated transcripts are present in dme-2 mutant 

ovule, likely due to the activation-tagging T-DNA insertion in the middle of DME. We also 

demonstrated that the N-terminal truncated transcripts can be translated into truncated 

polypeptide and interfere with the endogenous DME-mediated DNA demethylation. 

Consequently, when we express DMEFL transgene in dme-2 ovule, the truncated DME NTD 

might also interfere the full length DMEFL transgene, resulting in the lower complementation 

efficiency we observed. Due to the presence of the truncated DME NTD in dme-2 

background, we cannot investigate the difference between full-length DME and DMECTD by 

comparing the efficiency and characteristics of the two transgenes in this mutant background. 

One alternative strategy is to introduce the two transgenes into a different dme allele mutant 

background, such as dme-1. However, dme-1 mutant also harbors the same activation-tagging 

T-DNA insertion near the N-terminal basic-rich region, it is possible that truncated N-

terminal transcript might also be present in the dme-1 mutant. By contrast, targeted genome 
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editing using a sequence-specific nuclease, such as transcription activator-like effector 

nucleases (TALENs), zinc finger nucleases (ZFNs), and, most recently, RNA-guided DNA 

endonuclease Cas9 from the bacterial defense system CRISPR (clustered regularly 

interspaced short palindromic repeats) can be used to generate new mutants with targeted 

genomic deletion or gene replacement, which will greatly facilitate our characterization of 

DME functional domains (Belhaj et al., 2013; Hsu et al., 2014; Pennisi, 2013; Segal, 2013; 

Voytas, 2013). 

 CRISPR/Cas9 system uses engineered single guide RNAs (sgRNAs) containing 20-

nucleotide sequence complementary to the targeting genomic sites. The sgRNAs are bound 

to the nuclease Cas9 and will guide the sgRNA/Cas9 complex to the complementary DNA 

sequence. The cleavage of Cas9 creates a double strand break (DSB), which activates the 

DNA repair system in the host cells. The repair of the DSB is through either nonhomologous 

end-joining (NHEJ) or, in the presence of a homologous repair donor, homology-directed 

repair (HDR). 

 In order to generate a “clean” dme mutant with complete knockout of the endogenous 

DME, we applied two sgRNAs targeting upstream and downstream of DME to delete the 

entire 9.3kb DME locus. Since the simultaneous processing and sealing of the two distant 

DSB ends are required for long fragment deletion, it is critical to design the two sgRNAs 

with comparable targeting efficiency so that such deletion events occur at a reasonable 

frequency. To improve the efficiency of generating the deletion mutants, egg cell-specific 

promoter (EC1.1p and EC1.2p) can be used to drive the expression of sgRNA and Cas9 in 

Arabidopsis. The specific expression of Cas9 in egg cell and early embryo stage has been 
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demonstrated to significantly increase the efficiency of CRISPR/Cas9-mediated gene editing 

in Arabidopsis (Wang et al., 2015).  

 Alternatively, if a donor template with homology to the targeted locus is supplied, the 

CRISPR/Cas9 system can be used to allow precise DNA knock-in and gene replacement by 

repairing the DSB via homology-directed repair (HDR). A recently published paper reported 

a sequential transformation method for heritable gene targeting in Arabidopsis (Miki et al., 

2018). First, they created Arabidopsis plants expressing Cas9 driven by egg cell and early 

embryo-specific DD45 promoter. Next, they used the Cas9-expressing plants as parental 

lines for a second transformation with a construct containing HDR donor sequence and 

sgRNAs targeting a genomic locus of interest. This report showed that this method can 

generate seamless in-frame gene knock-ins and amino acid substitutions in Arabidopsis. 

Using this strategy, we can replace the endogenous full length DME sequence with DME 

CTD sequence. Instead of comparing the full length DME and DMECTD transgenes in dme-2 

T-DNA mutant plants, direct comparison of the efficiency and methylomes of the 

endogenous DME and “modified” DME will give us more clean and direct insights on the 

difference between DME with and without NTD. 
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MATERIALS AND METHODS 

Molecular Cloning of Constructs Used in this Study 

 All general molecular manipulations followed standard procedures (Sambrook et al. 

1989). Q5 High Fidelity DNA polymerase (NEB, Ipswich MA, USA) was used for PCR 

amplifications. PCR products were purified using AMPure XP beads (Beckman Coulter, 

Indianapolis IN, USA). The sequences of all plasmid constructs were confirmed by 

sequencing (Eton, Research Triangle Park NC, USA). All PCR primers and double-stranded 

DNA fragments were synthesized by Integrated DNA Technologies (Coralville IA, USA), 

and sequences are listed in Table S3.1. 

 An intermediate plasmid vector, DME-P3-attR-AGB, was generated by digesting 

plasmid pDME:SV40NLS::AGB (described in previous chapter) with restriction enzymes 

AflII and NcoI, and re-assembled with a 2800-bp fragment, which was produced through 

overlap PCR with 3 primer pairs, upAflII/P3attR, P3attF/attAGBR and attAGBF/dnNcoI, 

and Col-0 gDNA, attR cassette and Col-0 cDNA as templates. The resulting plasmid DME-

P3-attR-AGB bears (1) the same 2895-bp regulatory sequence as the above constructs, (2) an 

attR cassette flanked by unique restrict sites XbaI and BglII, and (3) AGB coding sequence 

(3156 bp). To generate pDME:DMEFL, plasmid DME-P3-attR-AGB was digested with XbaI 

and BglII, and assembled with a 2985-bp sequence, which was generated through overlap 

PCR using primer pairs S1-5e/IN3R and IN3F/S1-5R, and Col-0 gDNA as template. The 

resulting plasmid pDME:DMEFL carries the complete DME.2 coding sequence and intron 2 

sequence (6075 bp) immediately downstream of the 2895-bp regulatory sequence with no 

additional sequences.  
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 The intermediate plasmid vector DME-P3-attR-AGB was digested with restriction 

enzymes BglII and SpeI (to completely remove the AGB coding sequence), and re-assembled 

with a 786-bp sequence, which included the coding sequence of GFP (with its start codon 

ATG changed to TTG) and was PCR-amplified using primers ttGFPF and SpeGFPR and 

plasmid DNA pGFP-JS as template. The resulting plasmid DME-P3-attR-GFP was used as 

an intermediate plasmid vector to generate constructs pDME: DMENTD::GFP and 

pDME:mDMENTD::GFP. Plasmid DME-P3-attR-GFP was digested with XbaI and BglII, and 

assembled with two DNA fragments: a 3289-bp sequence was PCR-amplified using primers 

S1-5F and dme2tR2 and Col-0 gDNA as template and a 158-bp synthetic DNA fragment 

(FragQ20) (Integrated DNA Technologies, Coralville IA, USA). The resulting construct 

pDME:NTD::GFP included the 2895-bp upstream regulatory sequence, the 3332-bp 

sequence downstream of translation start codon ATG, the coding sequence of 6-Ala linker, 

and the coding sequence of GFP. Note the NTD coding sequence included the first 86 bp of 

intron 4 of gene DME.2, and it was designed to mimic dme-2 T-DNA insertion. To generate 

pDME: mDMENTD::GFP, the sequence of the first 1012 amnio acid residues of DME.2 

protein was converted to DNA sequence using program EMBOSS Backtranseq 

(http://www.ebi.ac.uk/Tools/st/emboss_backtranseq/) and the Homo sapiens codon usage 

table. The sequence was then analyzed using online programs SoftBerry FSPLICE 

(http://linux1.softberry.com/berry.phtml?topic=fsplice&group=programs&subgroup=gfind) 

and NetPlantGene2 (http://www.cbs.dtu.dk/services/NetPGene/), and manually edited to 

disrupt potential splicing donor sites or acceptor sites. The mDMENTD sequence (3036 bp) 

and upstream- and downstream-overlapping sequence are broken into 4 fragments (dme2F1-

F4, Table S3.1), and synthesized by Integrated DNA Technologies (Coralville IA, USA). The 
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4 DNA fragments were assembled with plasmid DME-P3-attR-GFP digested with XbaI and 

BglII, resulting construct pDME: mDMENTD::GFP. 

Plant Materials and Complementation Assays 

 The DME/dme-2 heterozygous or dme-2/dme-2 homozygous lines in Col-gl 

background were subjected to Agrobacterium-mediated floral dipping transformation 

procedures 28. Seeds were sterilized by 30% bleach solution and screened for T1 transgenic 

plants on a 0.5x MS nutrient medium with 1% sucrose, 0.8% agar and 40 µg/ml hygromycin. 

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. Siliques from T1 transgenic plants were dissected 

14-16 days after self-pollination using a stereoscopic microscope (SteREO Discovery.V12, 

Carl Zeiss, Wetzlar, Germany). The numbers of viable and aborted seeds in transgenic lines 

were statistically analyzed with the χ2 test. The probability that deviates from a 1:1 or 3:1 

segregation ratio for viable and aborted seeds was also calculated. 

Whole-Genome Bisulfite Sequencing and DNA Methylome Analysis 

 Genomic DNA were isolated from hand dissected, 7-9 DAP dme-2 endosperm that 

has been complemented by DMEFL. Whole-genome bisulfite sequencing library was 

constructed as described in previous chapter. DNA methylome was also analyzed as 

described in previous chapter. 
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FIGURES 

 

 

Figure 3.1 Diagrams of DME protein structure and transgene constructs. The positions 

of conserved domains along DME protein. Numbers represent amino acid position relative to 

the translation start sites. SV40NLS: PKKKRKV. A polypeptide linker comprising 6 alanine 

residues is placed between any protein fragment fusions. 
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Figure 3.2 DMEFL complements dme-2 ovules less efficiently than nDMECTD during 

transformation. (A) When transformed directly into dgh, the frequency of normal T1 seeds 

indicated that DMEFL is much less efficient than nDMECTD in complementing dme-2 ovule. 

(B) When transformed into DME/dme-2 plants, the abortion rates in T3 seeds showed that 

DMEFL and nDMECTD both complemented dme-2 seed abortion phenotype. (C) Punnett 

square of expected dme-2 allele frequency among transgenic lines. (D) Genotyping results 

showing skewed dme-2/dme-2 seeds among DMEFL transgenic lines compared to nDMECTD 

lines. 
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Figure 3.3 Endosperm methylome analysis. (A) Genome browser snapshots of CG DNA 

methylation at selected imprinted gene loci. Top two tracks are coding genes (magenta) and 

TEs (orange) with Tair10 chromosome coordinates. For the bottom seven tracks, each track 

represents fractional CG methylation levels for different genotype: black trace, dme-2 

endosperm; dark green trace, WT endosperm; dark blue trace; DMEFL-complemented 

endosperm; dark purple trace; nDMECTD-complemented endosperm; light green trace, WT 

endosperm subtracted from dme-2 mutant endosperm; light blue trace; DMEFL-

complemented endosperm subtracted from dme-2 endosperm; light purple trace; nDMECTD-

complemented endosperm subtracted form dme-2 endosperm. DNA CG hypomethylation at 

selected maternally expressed (FIS2 and SDC) and paternally expressed (SUV7, YUC10, and 

PHE1) imprinted genes is restored in DMEFL- and nDMECTD-complemented endosperm. (B) 

Venn Diagram (top panel) of CG hyper-DMRs in 50-bp windows between dme-2 endosperm 

relative to WT, DMEFL-complemented or nDMECTD-complemented endosperm. Boxplot 

(bottom panel) of CG methylation levels in dme-2 mutant (grey), WT (white), DMEFL- (blue) 

or nDMECTD- (red) complemented endosperm in WT only (left panel), DMEFL endoperm 

only, or nDMECTD endosperm only (right panel) DMRs. 
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Figure 3.4 DMEFL and nDMECTD transgenes are expressed at comparable levels among 

independent complementation lines. DMEFL and nDMECTD expression levels are 

comparable between the four of the six complementation lines used in the methylome study. 

Total RNA was isolated from stage F1 to F12 floral buds. The results show that there is no 

significant difference in expression level between these two transgenes(t-test, p > 0.4). 
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Figure 3.5 The effects of T-DNA insertion on endogenous DME transcript abundance in 

dme-2/dme-2 plants. Total RNA was isolated from stage F1 to F12 floral buds. Equal 

amount of total RNA from WT and dme-2/dme-2 were used for reverse transcription and 

quantitative PCR. Six pairs of primers (PN1-PN6) correspond to the N-terminal region 

before the T-DNA insertion site, and three pairs of C-terminal region primers (PC1-PC3) 

were used to assess endogenous DME transcript level in dme-2/dme-2 mutant plants. The 

position of each primer pair is indicated in the DME diagram where T-DNA insertion site is 

shown. 
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Figure 3.6 Expression of DME NTD region in wild type central cell induces dme-like 

seed abortion phenotype. (A) Confocal microscopy image of ovule in F12 floral bud shows 

the expression of mDMENTD-GFP in the central cell. (B-C) Ectopic expression of DMENTD in 

WT central cell induces dme-2 like seed abortion phenotype in silique (B) and in developing 

seeds (C). Total RNA was isolated from stage F1 to F12 floral buds from independent lines 

with different seed abortion ratios (D) to assess transgene and endogenous DME expression. 

(E) Endogenous DME transcript levels in independent transgenic lines are comparable to the 

control line, but the transgene expression level varies among these independent lines with 

different seed abortion rates. Error bars indicate SD. NS, p >0.2 (Ctrl vs 23), p > 0.5 (Ctrl vs 

15), p > 0.3 (Ctrl vs 25), p > 0.4 (Ctrl vs 8), not significant (two-tailed t test). (F) Correlation 

analysis shows that the transcript abundance of the transgene, but that of the endogenous 

DME transcripts, correlates with seed abortion rates (by linear regression). 
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Figure 3.7 Self-activating activity of DME.2 NTD in yeast two hybrid assay. DME.2 

NTD (947 a.a.) showed self-activation in yeast two hybrid when fused to GAL4 DNA 

binding domain (BD-DME NTD). When DME.2 NTD fused with GAL4 activation domain 

(AD-DME NTD), there is no intermolecular interaction between DME NTD and DME CTD 

(936-1987 a.a.) in yeast tow hybrid assay. Positive control, interaction between murine p53 

(BD-P53) and SV40 large T-antigen (AD-T); negative control, lamin (BD-Lam) and large T-

antigen (AD-T). 
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TABLES 

 

Table 3.1 Proportion of true transgenic plants in normal T1 seeds complemented by 

DMEFL or nDMECTD 

Genotype 
No. of total 

seeds* 

No. of resistant 

seeds† 

Proportion of resistant 

seeds (%) 

dme-2/dme-2; DMEFL 150 19 12.7 

dme-2/dme-2; nDMECTD 540 230 42.6 

* Total number of normal seeds stratified. 
† The embryos of the T1 seeds carry the transgene with hygromycin selection marker. 
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Table 3.2 Ectopic expression of various DME constructs in WT central cell, and the 

their effects on seed viability. 

 

Background Transgene n* SA line † SA line % ¶ SA % § 

Col-0 

pDME::DMENTD 55 6 11 7-25 

pDME::gDMENTD -GFP 40 15 38 6-42 

pDME::mDMENTD-GFP 28 16 57 5-52 

pDME::DMEFL 30 0 0 0 

pDME::nDMECTD 27 0 0 0 

p35S::GFP (vector ctrl) 10 0 0 0 
* Number of independent lines examined . 
† Number of independent lines with >5% seed abortion rate. 
¶ Percentage of independent lines with >5% seed abortion rate. 
§ Range of seed abortion rate. 
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Table 3.3 Independent transgenic lines expressing gDMENTD-GFP, and their seed 

abortion rates. 

DME/DME; gDMENTD-GFP/~ No. of total seeds* No. of aborted seeds 
Proportion of aborted seeds 

(%) 

Plant 6 50 21 42 

Plant 20 139 58 42 

Plant 16 126 48 38 

Plant 26 93 32 34 

Plant 14 73 25 34 

Plant 10 68 18 26 

Plant 7 133 31 23 

Plant 2 90 20 22 

Plant 35 85 16 19 

Plant 30 107 20 19 

Plant 21 162 22 14 

Plant 19 132 15 11 

Plant 46 112 12 11 

Plant 4 65 6 9 

Plant 23 172 11 6 

Plant 43 110 4 4 

Plant 33 157 5 3 

Plant 18 99 3 3 

Plant 25 51 1 2 

Plant 15 172 3 2 

Plant 31 138 1 1 

Plant 44 149 1 1 

Plant 34 153 1 1 

Plant 5 172 1 1 

Plant 3 77 0 0 

Plant 8 119 0 0 

Plant 11 166 0 0 

Plant 12 150 0 0 

Plant 13 118 0 0 

Plant 17 89 0 0 

Plant 22 141 0 0 

Plant 27 170 0 0 

Plant 29 134 0 0 

Plant 32 160 0 0 

Plant 36 53 0 0 

Plant 37 56 0 0 

Plant 38 105 0 0 

Plant 39 138 0 0 

Plant 45 157 0 0 

Plant 49 125 0 0 
* Total number of viable and aborted seeds counted. 
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Table 3.4 Independent transgenic lines expressing mDMENTD-GFP, and their seed 

abortion rates. 

DME/DME; mDMENTD-GFP/~ No. of total seeds* 
No. of aborted 

seeds 
Proportion of aborted seeds (%) 

Plant 23 187 98 52 

Plant 27 97 40 41 

Plant 32 206 70 34 

Plant 16 143 45 31 

Plant 30 240 75 31 

Plant 29 249 73 29 

Plant 09 218 63 29 

Plant 21 261 71 27 

Plant 15 246 66 27 

Plant 6 185 42 23 

Plant 19 256 52 20 

Plant 26 170 26 15 

Plant 07 197 30 15 

Plant 18 145 19 13 

Plant 11 229 20 9 

Plant 31 63 3 5 

Plant 10 252 6 2 

Plant 14 242 3 1 

Plant 2 247 2 1 

Plant 24 247 2 1 

Plant 20 269 2 1 

Plant 28 173 1 1 

Plant 13 220 1 0 

Plant 3 227 1 0 

Plant 5 240 1 0 

Plant 17 246 1 0 

Plant 8 235 0 0 

Plant 25 243 0 0 
* Total number of viable and aborted seeds counted. 
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Table S3.1 DNA oligos and double-stranded DNA fragments used in this study 

 
Primers used for plasmid constructions: 

upAflII CTT GCA AAC TAA ACC ATT TTA ATA GGA CT 

P3attR CAG CTT TTT TGT ACA AAC TTG TGA TTC TAG AAC ACA CTT GAT GAA TCA CTC C 

P3attF GGA GTG ATT CAT CAA GTG TGT TCT AGA ATC ACA AGT TTG TAC AAA AAA GCT G 

attAGBR CAA GTG CAC CAT CTC CTT TGT AGA TCT ATC ACC ACT TTG TAC AAG AAA GC 

attAGBF GCT TTC TTG TAC AAA GTG GTG ATA GAT CTA CAA AGG AGA TGG TGC ACT TG 

dnNcoI AGG AAA ACT CCA ATG ACC GAA TCA AC 

S1-5e AGG TTT GAA GGG GGA GTG ATT CAT CAA GTG TGT TAT GAA TTC GAG GGC TGA TCC G 

IN3R TGA CAC AGA AGT TCT CCT GAT GGA CCT CTT GCT TTT CCT GAA TCT TGT ATG 

IN3F CAT ACA AGA TTC AGG AAA AGC AAG AGG TCC ATC AGG AGA ACT TCT GTG TCA 

S1-5R CTC TCA TAG GGA ACA AGT GCA CCA T 

S1-5F AGG TTT GAA GGG GGA GTG ATT CAT 

F83R GGC AGC CGC TGC GGC AGC GAC CTT T 

ttGFPF AGC TTT CTT GTA CAA AGT GGT GAT AGA TCT TGG TGA GCA AGG GCG AGG A 

SpeGFPR TCT CAT TAA AGC AGG ACT CTA GGG ACT AGT CCC GGG TTT ACT TGT ACA GCT CGT CCA TG 

dme2tR2 GAT CTT CAC CTT GTA CCA GGT GCA T 

Primers for qRT-PCR analysis: 

DMEe1F1 GACTCGCCTGAGAATCAGAAAG 

EMEe2R1 CAAAGCAACATGGACGAACAC 

qDME2F CGGAGAGTTAGGTGAGTGTTATTT 

qDME2R GGATCAGCCCTCGAATTCATAA 

qDME24F GGTTTCCAGGTGGTGAATTTG 

qDME24R TGTGATCCCGCTAAGCTATTG 

qDMEn1F TGGACTCGTCTGCTGTTAATG  

qDMEn1R GGGTTTCTGCTGAGGAGTTT  

qDMEn2F GGCTCCTGCATACGATTCTT  

qDMEn2R CGCTTTCTTGCACCCATTAC  

qDMEn3F CTACTCCTCCAAAGACACCTTTATC  

qDMEn3R AGTTCTCCTGATGGACCTCTT  

qDMEc4F GTGGTTGATCCGCTCAGTAA  

qDMEc4R CGTCCCTTTCATCTCTCGTAAA  

qDMEc5F GAGGAGAGGAGCTTAACAAGTG  

qDMEc5R TCTCCAACGGAAGAGGTAGT  

qDMEc6F CATCGTCTCCTTGATGGTATGG  

qDMEc6R CTTTCCCTCCACACTTCTGTT  

ACT2F GACCTTTAACTCTCCCGCTATG 
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Table S3.1 Continued 

 
ACT2R GAGACACACCATCACCAGAAT 

uUBCF CTGCGACTCAGGGAATCTTCTAA 

uUBCR TTGTGCCATTGAATTGAACCC  

Double-stranded DNA sequences (gBlock Gene Fragments) 

>FragQ20 

CATCGCTCGCATGCACCTGGTACAAGGTGAAGATCCACTTCTCTTCTCAACTCCATTTTTATTCACACAAATTAGTAGAAT

ACTCAAAAATGATGTTTTGTTTGCAAAATTTGCTGCCGCAGCGGCTGCCTTGGTGAGCA AGGGCGAGGAGCTGTTCA 

>dme2F1 
GGGGGAGTGATTCATCAAGTGTGTTAACAATGGCTATGAATAGTCGTGCCGACCCCGGCGACAGGTACTTCAGGGTGCCC

CTGGAGAACCAGACCCAGCAGGAGTTCATGGGCAGCTGGATCCCCTTCACCCCCAAGAAGCCCAGGAGCAGCCTGATGG

TGGACGAGAGGGTGATCAACCAGGACCTGAACGGCTTCCCCGGCGGCGAGTTCGTGGACAGGGGCTTCTGCAACACCGG

CGTGGACCACAACGGCGTGTTCGACCACGGCGCCCACCAGGGCGTGACCAACCTGAGCATGATGATCAACAGCCTGGCC

GGCAGCCACGCCCAGGCCTGGAGCAACAGCGAGAGGGACCTGCTGGGCAGGAGCGAGGTGACCAGCCCCCTGGCCCCC
GTGATCAGGAACACCACCGGCAACGTGGAGCCCGTGAACGGCAACTTCACCAGCGACGTGGGCATGGTGAACGGCCCCT

TCACCCAGAGCGGCACCAGCCAGGCCGGCTACAACGAGTTCGAGCTGGACGACCTGCTGAACCCCGACCAGATGCCCTT

CAGCTTCACCAGCCTGCTGAGCGGCGGCGACAGCCTGTTCAAGGTGAGGCAGTACGGCCCCCCCGCCTGCAACAAGCCC

CTGTACAACCTGAACAGCCCCATCAGGAGGGAGGCCGTGGGCAGCGTGTGCGAGAGCAGCTTCCAGTACGTGCCCAGCA

CCCCCAGCCTGTTCAGGACCGGCGAGAAGACCGGCTTC 

>dme2F2 

TTCAGGACCGGCGAGAAGACCGGCTTCCTGGAGCAGATCGTGACCACCACCGGCCACGAGATCCCCGAGCCCAAGAGCG

ACAAGAGCATGCAGAGCATCATGGACAGCAGCGCCGTGAACGCCACCGAGGCCACCGAGCAGAACGACGGCAGCAGGC

AGGACGTGCTGGAGTTCGACCTGAACAAGACCCCCCAGCAGAAGCCCAGCAAGCGTAAACGCAAGTTCATGCCTAAAGT

GGTAGTCGAAGGGAAGCCAAAGAGAAAGCCGAGAAAGCCCGCCGAGCTGCCCAAGGTGGTGGTGGAGGGCAAGCCCAA
GCGGAAGCCCAGGAAGGCCGCCACCCAGGAGAAGGTGAAGAGCAAGGAGACCGGCAGCGCCAAGAAGAAGAACCTGA

AGGAGAGCGCCACCAAGAAGCCCGCCAACGTGGGCGACATGAGCAACAAGAGCCCCGAGGTGACCCTGAAGAGCTGCA

GGAAGGCCCTGAACTTCGACCTGGAGAACCCCGGCGACGCCAGGCAGGGCGACAGCGAGAGCGAGATCGTGCAGAACA

GCAGCGGCGCCAACAGCTTCAGCGAGATCAGGGACGCCATCGGCGGCACCAACGGCAGCTTCCTGGACAGCGTGAGCCA

GATCGACAAGACCAACGGCCTGGGCGCCATGAACCAGCCCCTGGAGGTGAGCATGGGCAACCAGCCCGACAAGCTGAGC
ACCGGCGCCAAGCTGGCCAGGGACCAGCAGCCCGACCTGCTG 

>dme2F3 

GCCAGGGACCAGCAGCCCGACCTGCTGACCAGGAACCAGCAGTGCCAGTTCCCCGTGGCCACCCAGAACACCCAGTTCC

CCATGGAGAACCAGCAGGCCTGGCTGCAGATGAAGAACCAGCTGATCGGCTTCCCCTTCGGCAACCAGCAGCCCAGGAT

GACCATCAGGAACCAGCAGCCCTGCCTGGCCATGGGCAACCAGCAGCCCATGTACCTGATCGGCACCCCCAGGCCCGCC
CTGGTGAGCGGCAACCAGCAGCTGGGCGGCCCCCAGGGCAACAAGAGGCCCATCTTCCTGAACCACCAGACCTGCCTGC

CCGCCGGCAACCAGCTGTACGGCAGCCCCACCGACATGCACCAGCTGGTGATGAGCACCGGCGGCCAGCAGCACGGGCT

ACTGATCAAGAACCAACAACCGGGAAGTCTAATAAGAGGACAGCAACCGTGTGTACCACTCATTGACCAGCAGCCCGCC

ACCCCCAAGGGCTTCACCCACCTGAACCAGATGGTGGCCACCAGCATGAGCAGCCCCGGCCTGAGGCCCCACAGCCAGA
GCCAGGTGCCCACCACCTACCTGCACGTGGAGAGCGTGAGCAGGATCCTGAACGGCACCACCGGCACCTGCCAGAGGAG

CAGGGCCCCCGCCTACGACAGCCTGCAGCAGGACATCCACCAGGGCAACAAGTACATCCTGAGCCACGAGATCAGCAAC

GGCAACGGCTGCAAGAAGGCCCTGCCCCAGAACAGC 

>dme2F4 

TGCAAGAAGGCCCTGCCCCAGAACAGCAGCCTGCCCACCCCCATCATGGCCAAGCTGGAGGAGGCCAGGGGCAGCAAG
AGGCAGTACCACAGGGCCATGGGCCAGACCGAGAAGCACGACCTGAACCTGGCCCAGCAGATCGCCCAGAGCCAGGAC

GTGGAGAGGCACAACAGCAGCACCTGCGTGGAGTACCTGGACGCCGCCAAGAAGACCAAGATCCAGAAGGTGGTGCAG

GAGAACCTGCACGGCATGCCCCCCGAGGTGATCGAGATCGAGGACGACCCCACCGACGGCGCCAGGAAGGGCAAGAAC

ACCGCCAGCATCAGCAAGGGCGCCAGCAAGGGCAACAGCAGCCCCGTGAAGAAGACCGCCGAGAAGGAGAAGTGCATC

GTGCCCAAGACCCCCGCCAAGAAGGGCAGGGCCGGCAGGAAGAAGAGCGTGCCACCTCCAGCCCACGCCAGCGAGATC
CAGCTGTGGCAGCCCACCCCCCCCAAGACCCCCCTGAGCAGGAGCAAGCCCAAGGGCAAGGGCAGGAAGAGCATCCAG

GACAGCGGCAAGGCCAGGGGCCCCAGCGGCGAGCTGCTGTGCCAGGACAGCATCGCCGAGATCATCTACAGGATGCAGA

ACCTGTACCTGGGCGACAAGGAGAGGGAGCAGGAGCAGAACGCCATGGTGCTGTACAAGGGCGACGGCGCCCTGGTGC

CCTACGAGAGCAAGAAGAGGAAGCCCAGGCCCAAGGTGGACATCGACGACGAGACCACCAGGATCTGGAATCTCCTTAT

GGGGAAAGGTGATGAAAAGGAAGGGGATGAAGAGAAAGACAAAAAGAAAGAAAAGTGGTGGGAGGAGGAGAGGAGG
GTGTTCAGGGGCAGGGCCGACAGCTTCATCGCCAGGATGCACCTGGTGCAGGCTGCCGCAGCGGCTGCCTTGGTGAGCA

AGGGCGAGGAGCTGTTCA 
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CHAPTER 4 

Effect of Linker Histone H1 Mutation on DME-Mediated DNA Demethylation and 

Imprinting 
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ABSTRACT 

In Arabidopsis, DNA glycosylase DEMETER (DME) mediates active DNA 

demethylation in central cell and establishes gene imprinting in endosperm. However, it is 

unclear whether other protein(s) might be involved in DME-mediated demethylation and 

gene imprinting regulation. A previous study reported linker histone H1 as a DME-

interacting protein. Genetic analysis showed that H1 maternal alleles are required for DME-

mediated demethylation at MEA, FWA and FIS2 loci, as well as their imprinted expression in 

endosperm. Here, we generated whole genome DNA methylation profile of h1 mutant 

endosperm and showed that h1 mutation affects DNA demethylation at DME target sites. 

Allele-specific transcriptome also showed that h1 mutation impaired the imprinted 

expression of a subset of imprinted genes in endosperm. These results agree with the 

previous report and suggests that linker histone H1 is involved in DME-mediated DNA 

demethylation. 
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INTRODUCTION 

In eukaryotes, the nucleus is a complex organelle containing DNA, proteins and 

RNA, which all together coordinate numerous essential cell activities. The huge genomic 

DNA is densely packed into chromatin to fit into the tiny nucleus. The basic unit of 

chromatin is the nucleosome, consisting of about 147 bp of DNA wrapped around an octamer 

of core histone proteins H2A, H2B, H3 and H4 (two sets of each) (Khorasanizadeh, 2004; 

Luger et al., 1997). About 20 bp of linker DNA stretches between nucleosomes and can be 

bound by linker histone H1. Linker histone is similarly abundant as the core histones, with 

about one linker histone per nucleosome on average (Van Holde, 2012). The chromatin can 

be packed into higher order chromatin structure; and the degree of compaction is influenced 

by various components such as DNA methylation, histone modifications, histone variants, 

high mobility proteins and linker histone H1 (Arya and Schlick, 2009; Woodcock and Ghosh, 

2010), which will impact the accessibility of DNA (Woodcock and Ghosh, 2010). Unlike 

core histones, which are stably associated with chromatin, fluorescence recovery after 

photobleaching (FRAP) experiments have shown that linker histone H1 is dynamically 

shuffled between chromatin binding sites (Lever et al., 2000; Misteli et al., 2000; Phair and 

Misteli, 2000). The mobility of H1 can be affected by chromatin remodelers (Bustin et al., 

2005; Catez et al., 2006). The competition of high mobility group (HMG) proteins can also 

affect H1 mobility. HMG proteins are small proteins that can compete with H1 for DNA 

binding sites and help cellular processes such as DNA repair, replication and transcription 

(Antosch et al., 2012; Pedersen et al., 2011). 

Linker histones consist of three domains: a central globular domain (GD), a short N-

terminal domain (NTD) and a long C-terminal domain (CTD). Linker histones are more 
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variable between species, while core histones are highly conserved across eukaryotes. In 

linker histone H1, the globular domain is more conserved, whereas NTD and CTD are more 

divergent (Jerzmanowski et al., 2000). The basic CTD binds to linker DNA on either sides of 

nucleosome, and facilitate chromatin compaction (Schlick et al., 2012). Both plants and 

animals have multiple linker histone variants. In Arabidopsis, there are three histone H1 

variants, H1.1, H1.2 and H1.3, encoded by AT1G06760, AT2G30620 and AT2G18050, 

respectively (Ascenzi and Gantt, 1999; Fan et al., 2005; Gantt and Lenvik, 1991; Wierzbicki 

and Jerzmanowski, 2005). H1.1 and H1.2 are more similar in length and share about 85% of 

nucleotide sequence similarity in globular domain. By contrast, H1.3 is much shorter than the 

other two H1 variants, and also shares less homology. In addition, H1.3 has a distinct 

expression pattern and is inducible by drought and abscisic acid (Ascenzi and Gantt, 1997, 

1999; Rutowicz et al., 2015). 

 Studies have shown that reduction in linker histone H1 can result in stochastic local 

DNA hyper- or hypomethylation at various genomic regions; lack of H1 leads to 

hypermethylation in heterochromatic TEs, whereas H1 reduction results in hypomethylation 

in euchromatic genes and TEs (Wierzbicki and Jerzmanowski, 2005; Zemach et al., 2013). In 

Arabidopsis, DDM1 is a chromatin remodeler that is required for DNA methylation 

(Jeddeloh et al., 1999). In ddm1 mutant, the DNA methylation is strongly reduced. However, 

the reduction of DNA methylation (especially established by RNA-directed DNA 

methylation pathway) in ddm1 mutant can be partially restored by H1 knockdown (Zemach 

et al., 2013). In other words, if there is no H1 in the chromatin, DDM1 is less critically 

required for DNA methylation. This study suggests that DDM1 functions to remove linker 
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histone H1 and nucleosome to create a chromatin environment that is accessible to DNA 

methylation machinery, especially in heterochromatic regions. 

DME targets many small TEs near coding genes as well as many heterochromatic 

regions (Ibarra et al., 2012). However, whether other component(s) are involved in DME-

mediated demethylation is largely unknown. Limited information suggested that chromatin 

structure is important for DME function. For example, the HMG-domain chromatin 

remodeling protein, SSRP1, a component of the FACT histone chaperon complex, is required 

for DME demethylation at over half of its target sites, especially those in heterochromatic 

region (Duroux et al., 2004; Frost et al., 2018; Ikeda et al., 2011; Ransom et al., 2010). 

Proteins that interact with DME might participate in the regulation or recruitment of DME 

protein. A previous study found linker histone H1.2 as a positive clone in a yeast two-hybrid 

screen for DME-interacting protein, and in an in vitro pull-down assay (Rea et al., 2012). 

H1.1 and H1.3 were also tested positive as DME-interacting proteins by the yeast two-hybrid 

assay. Genetic analysis showed that the maternal H1 allele is required for the maternal allele 

expression of DME target genes, MEA and FWA, in Arabidopsis endosperm (Rea et al., 

2012). Furthermore, DNA methylation at maternal alleles of MEA and FWA was increased 

significantly at CG sites in the h1 mutant (h1.1;h1.2;h1.3 triple mutant) compared with wild 

type endosperm, while the paternal alleles were not affected by the h1 mutation (Rea et al., 

2012). These results suggest that linker histone H1 is involved in DME-mediated DNA 

demethylation and imprinted gene regulation. To further investigate the role of H1 in DME 

demethylation, we profiled whole genome DNA methylation pattern of embryo and 

endosperm derived from h1 triple mutant (Col-0) pollinated with WT Ler pollen. We also 
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examine the effect of h1 mutation on imprinted gene expression in endosperm by allele-

specific transcriptome analysis. 
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RESULTS 

I. Methylome analysis of DME-mediated active DNA demethylation in h1 mutant 

 To investigate the effect of h1 mutation on DME demethylation, we determined the 

CG methylation level of h1xLer endosperm (hereinafter h1 endosperm) in the canonical 

DME target sites. We found that in the DME target sites, the CG demethylation in h1 

endosperm is reduced compared to that in ColxLer endosperm (hereinafter wild-type 

endosperm) (Figure 4.1, Figure 4.2). By contrast, the CG demethylation is comparable 

between h1 endosperm and wild-type endosperm in non-DME target sites (Figure 4.2A). 

Similarly, the CG methylation difference between wild-type and h1 embryo maternal allele is 

close to zero (figure 4.2B). These results suggest that the DME-mediated demethylation is 

incomplete in the absence of H1. Previous studies have shown that lack of H1 leads to CG 

hypomethylation in euchromatic regions (Zemach et al., 2013). To check whether the 

reduced demethylation in DME target sites we observed in h1 endosperm is due to the 

reduced methylation rather than incomplete DME demethylation, we examined the CG 

methylation level at these DME target sites in h1 homozygous root and seedling where DME 

is not expressed. We found that the CG methylation levels at the DME target sites in h1 

mutant root and seedling is comparable to the CG methylation level in wild-type (Figure 4.3), 

suggesting that the reduced demethylation in h1 endosperm most likely can be attributed to 

the effect of h1 mutant on DME-mediated demethylation. DME preferentially target small 

transposable elements, therefore, we also check the CG methylation level at TEs in h1 

endosperm. Overall, the TEs are demethylated in h1 mutant endosperm, although not as 

much as in wild-type endosperm (Figure 4.4). 
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 DME demethylates the maternal alleles of many imprinted genes in central cell. To 

examine whether these loci are still demethylated in h1 endosperm, we compared the 

maternal allele methylation level of h1 embryo and endosperm at the previously identified 

imprinted loci (Hsieh et al., 2011). We found that most of these loci are hypomethylated in 

endosperm compared with embryo (Figure 4.5), however, the demethylation level is less in 

h1 endosperm compared to wild-type endosperm. These results suggest that the DME-

mediated demethylation is impaired in the absence of H1, which is consistent with previous 

observation (Rea et al., 2012). 

 

II. Allele-specific transcriptome analysis of h1 endosperm 

 Endosperm is the major tissue where gene imprinting takes place. DME is the master 

regulator in the establishment of gene imprinting in Arabidopsis. For example, DME is 

responsible for the hypomethylation and activation of the MEA maternal allele in endosperm. 

In central cell, DME remove 5mC to activate the MEA expression. After fertilization, the 

maternal allele of MEA is expressed while the paternal allele remains hypermethylated and 

silenced. Previous study has shown that h1 maternal allele is required for MEA imprinted 

expression, suggesting that H1 is involved in the DME-mediated MEA imprinting 

establishment (Rea et al., 2012). In addition to MEA, there were many other imprinted genes 

identified in Arabidopsis endosperm (Hsieh et al., 2011). In order to study how the h1 

mutation affect other imprinted genes, we also examined the effect of h1 mutation on 

imprinted gene expression in endosperms by determining the allele-specific transcription 

levels of previously identified imprinting genes (Figure 4.6A). Among all the previously 

identified imprinted genes, due to insufficient sequencing depth in our data, we will only 
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focus on the genes with enough reads to determine the imprinted status (Figure 4.6B). 

Among the 30 maternal expressed genes (MEGs) in wild-type endosperm, 20 of them remain 

maternal expressed in h1 endosperm (figure 4.6C, Table 4.1). Similarly, among the 6 paternal 

expressed genes (PEGs) in wild-type endosperm, 4 of them remain paternal expressed in h1 

endosperm (Figure 4.6C; Table 4.2). Thus, about one third of analyzed imprinted genes lost 

imprinted expression in h1 endosperm. However, when we examine the DNA methylation 

pattern around these genes, there is either no DNA methylation or no differential DNA 

methylation between h1 and wild-type endosperm. 
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DISCUSSION 

 DME demethylates many loci in central cell and establishes gene imprinting in 

endosperm. However, little is known about additional components involved in DME-

mediated demethylation. A previous study showed the interaction between linker histone H1 

and DME in a yeast two-hybrid and an in vitro pull down assay (Rea et al., 2012). In 

addition, mutations in histone H1 result in increased DNA methylation in the maternal allele 

of MEA and FWA in endosperm and affect their imprinted expression (Rea et al., 2012). 

These results suggest that H1 might be involve in DME demethylation. To investigate 

whether H1 mutation affects DME demethylation and global gene imprinting network, we 

profiled methylome and allele-specific transcriptome of endosperm and embryo derived from 

h1.1; h1.2; h1.3 triple mutant (in Col) pollinated with wild-type Ler pollen. We found 

increased DNA methylation in h1 endosperm at canonical DME target sites (Figure 4.1). 

Since linker histone H1 interacts with DME, we speculate that H1 might allosterically 

activate DME activity, as a result, reduction of H1 leads to reduced DNA demethylation in 

DME target sites. Alternatively, H1 might recruit DME to some of its target sites for 

demethylation. 

 The allele-specific transcriptome analysis showed that among the imprinted genes we 

analyzed, one third of them lost imprinted expression in the absence of H1 (Figure 4.6C). 

Although we could not find the correlation between the allele-specific expression results with 

DNA methylation data, loss of imprinted expression in those genes might due to some 

unknown regulatory function of H1 on gene imprinting, which might be directly or indirectly 

involved in DME demethylation. We plan to perform more sequencing to obtain deeper 

depth of coverage and analyze all the imprinted gene to get a more comprehensive view of 
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how gene imprinting network is affected by the h1 mutation. Overall, our data is consistent 

with the previous report, suggesting that H1 is involved in DME-mediated DNA 

demethylation. However, in our data, the DME-mediated demethylation is not entirely 

disrupted in h1 triple mutant. The h1 triple mutant used in our analysis, the h1.1 is a 

knockout allele, but the h1.2 and h1.3 have the T-DNA insertions in the promoter region and 

thus are knockdown alleles. The remaining expression of H1.2 and H1.3 might be enough to 

fuel partial DME demethylation. Alternatively, H1 might only be needed in a subset of DME 

targets while other DME target sites are regulated in a H1-independent manner. 
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MATERIALS AND METHODS 

Bisulfite Sequencing and allele-specific DNA methylome analysis 

Genomic DNA were isolated from hand dissected, 7-9 DAP h1.1-1; h1.2-2; h1.3-1 ⨯ Ler 

embryo and endosperm, which was performed in Dr. Wenyan Xiao lab (Rea, the plant journal 

2012). Whole genome bisulfite sequencing library was constructed as described before (Hsieh, 

2015; Ibarra et al., 2012). Approximately 100 ng of purified genomic DNA was spiked with 

0.5 ng of unmethylated cl857 Sam7 Lambda DNA (Promega, Madison, WI) and sheared to 

about 300bp using Covaris M220 (Covaris Inc., Woburn, Massachusetts) under the following 

settings: target BP, 300; peak incident power, 75 W; duty factor, 10%; cycles per burst, 200; 

treatment time, 90 seconds; sample volume 50 µl. The sheared DNA was cleaned up and 

recovered by 1.2x (v/v) AMPure XP beads then followed by end repaired and A-tailing 

(NEBNext Ultra II DNA Library Prep Kit for Illumina, NEB) before ligation to NEBNext 

methylated multiplex adapters (NEBNext Multiplex Oligos for Illumina, NET) according to 

the manufacturer’s instructions. Adaptor-ligated DNA was cleaned up with 1x (v/v) AMPure 

XP Beads. The purified adaptor-ligated DNA was spiked with 50 ng of unmethylated cl857 

Sam7 Lambda DNA and subjected to one round of sodium bisulfite conversion using the EZ 

DNA Methylation-Lightning Kit (Zymo Research Corporation, Irvine, CA) as outlined in the 

manufacturer’s instructions with 80 min of incubation time. Half of the bisulfite-converted 

DNA molecules was PCR amplified with the following condition: 2.5 U of ExTaq DNA 

polymerase (Takara), 5 µl of 10x ExTaq reaction buffer, 25 µM dNTPs, 1 µl of Universal 

Primer, 1 µl of Universal primer (10 µM), 1 µl of index Primers (10 µM) in a 50 µl reaction. 

The thermocycling condition was as follow: 95 ˚C for 2 min and then 10 cycles each of 95 ˚C 

for 30s, 65 ˚C for 30s, and 72 ˚C for 60s. The enriched libraries were purified twice with 0.8x 
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(v/v) AMPure XP beads to remove any adapter dimers. High throughput sequencing was 

performed by Novogene Corporation (USA). Sequencing reads from three replicate libraries 

were combined. Sequencing reads were mapped to the TAIR8 Col-0 reference genome and 

Ler pseudogenome (Ler SNPs were substituted in TAIR8 reference genome). Reads that 

aligned to either Col or Ler with fewer mismatches were assigned to that ecotype, and the 

cytosine methylation within sorted reads was calculated as previously described (Hsieh et al., 

2009, 2011; Ibarra et al., 2012). Canonical DME target sites were identified as described before 

(Ibarra et al., 2012). Fractional CG methylation in 50-bp windows across the genome was 

compared between dme-2⨯Ler and ColxLer endosperms (Ibarra et al., 2012). Windows with 

a fractional CG methylation difference of at least 0.3 in the endosperm comparison (Fisher’s 

exact test p-value < 0.001) were merged to generate larger differentially methylated regions 

(DMRs) if they occurred within 300bp. DMRs were retained for further analysis if the 

fractional CG methylation across the whole DMR was 0.3 greater in dme-2⨯Ler endosperm 

than in Col⨯Ler endosperm (Fisher’s exact test p-value < 10-10), and if the DMR is at least 

100-bp long. The wild type and h1 mutant root and seedling BS-seq data are from GSE41302. 

RNA sequencing and identification of imprinted genes 

Total RNA were extracted from hand dissected, 7-9 DAP h1.1-1; h1.2-2; h1.3-1xLer and 

Lerxh1.1-1; h1.2-2; h1.3-1 embryo and endosperm, which was performed in Dr. Wenyan Xiao 

lab (Rea et al., 2012). Total RNA was converted to cDNA, which was then amplified using 

SPIA amplification with Ovation RNA-Seq System V2 (NuGen Technologies) following 

manufacturer’s instruction.  Amplified cDNA was purified by 1.8x (v/v) AMPure XP beads 

and then spiked with 0.5 ng of unmethylated cl857 Sam7 Lambda DNA (Promega, Madison, 

WI) and sheared to about 300bp using Covaris M220 (Covaris Inc., Woburn, Massachusetts) 
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under the setting as described in previous section. The sheared cDNA was cleaned up and 

recovered by 1.2x (v/v) AMPure XP beads then followed by end repaired and A-tailing 

(NEBNext Ultra II DNA Library Prep Kit for Illumina, NEB) before ligation to NEBNext 

methylated multiplex adapters (NEBNext Multiplex Oligos for Illumina, NET) according to 

the manufacturer’s instructions. Adaptor-ligated cDNA was cleaned up with 1x (v/v) AMPure 

XP Beads. Half of the adaptor-ligated cDNA molecules was PCR amplified with the following 

condition: 25µl of NEBNext Ultra II Q5 master mix, 1 µl of Universal primer (10 µM), 1 µl 

of index Primer (10 µM) in a 50 µl reaction. The thermocycling condition was as follow: 98 

˚C for 30 sec and then 6 cycles each of 98 ˚C for 30s, 65 ˚C for 75s, and 65 ˚C for 5 min. The 

enriched libraries were purified twice with 0.8x (v/v) AMPure XP beads to remove any adapter 

dimers. High throughput sequencing was performed by Novogene Corporation (USA). 

Sequencing reads were mapped to the TAIR8 Col-0 and Ler cDNA scaffold (TAIR8) using 

Bowtie, accepting up to two mismatches in an alignment. Reads that aligned to either Col or 

Ler with fewer mismatches were assigned to that ecotype. Each gene received Col and Ler 

scores, each equal to the number of reads aligned to the respective ecotype. 
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FIGURES 

 

 

Figure 4.1 Demethylation in h1 endosperm is less than in WT endosperm in canonical 

DME DMRs. The canonical DME DMRs are defined by the CG methylation difference 

between dme-2xLer and ColxLer endosperm maternal allele. We use the embryo maternal 

allele methylation as the proxy for the methylation state prior to DME demethylation and 

determine the demethylation level by comparing CG methylation difference between embryo 

and endosperm maternal allele. 

 

  



 

133 

 

 

Figure 4.2 DME dependent DNA demethylation in endosperm in DME targets and non-

DME targets. (A) Kernel density plots trace the frequency distribution of embryo minus 

endosperm CG methylation differences for 50-bp windows with an informative SNP of DME 

targets or non-DME targets. (B) Kernel density plots trace the frequency distribution of CG 

methylation differences between ColxLer and h1xLer embryo for 50-bp windows with an 

informative SNP of DME targets or non-DME targets. A shift of the peak with respect to 

zero represents CG methylation difference between embryo and endosperm maternal allele. 
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Figure 4.3 DNA CG methylation difference between wild type and h1 root/ seedling in 

canonical DME target sites. Kernel density plots trace the frequency distribution of CG 

methylation differences for 50-bp windows with an informative SNP of DME targets. The 

left panel plots the root CG methylation difference between wild type and h1; the right panel 

plots the seedling CG methylation difference between wild type and h1. In both root and 

seedling, the peak center at very close to zero, indicating that almost no CG methylation 

difference between wild type and h1 mutant in DME target sites in both tissues. 
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Figure 4.4 DNA CG methylation in transposable elements in seeds. Transposons are 

aligned at the 5’ and 3’ ends (dashed lines) and average maternal allele CG methylation 

levels for each 100-bp interval are plotted. 
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Figure 4.5 Genome Browser snapshots of CG DNA methylation at selected imprinted 

gene loci. Top two tracks are coding genes and TEs. For the bottom seven tracks, each track 

represents fractional CG methylation level for different genotype and tissue: black track, 

dme-2xLer endosperm; blue track, ColxLer embryo; light blue track, ColxLer endosperm; 

red track, h1xLer embryo; pink track, h1xLer endosperm; green track, ColxLer endosperm 

subtracted from ColxLer embryo; orange track, h1xLer endosperm subtracted from h1xLer 

embryo. The dme-2 induced CG hypermethylation at selected maternal expressed genes 

(SDC, FWA and DRB2) and paternally expressed gene (YUC10) is reduced in h1xLer 

endosperm, although the demethylation level is less than in ColxLer endosperm. 
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Figure 4.6 Allele-specific mRNA-seq identifies genes with biased expression. (A) 

Proportion of maternal (M) and paternal (P) reads of Col and Ler reciprocal cross in 

endosperm. Red dots represent maternal expressed genes (MEGs); blue dots represent 

paternal expressed genes (PEGs); grey dots represent genes that lack significant biased 

expression. (B) Proportion of maternal (M) and paternal (P) reads of h1 and Ler reciprocal 

cross in endosperm. Purple dots represent wild type MEGs; green dots represent wild type 

PEGs. (C)Proportion of maternal and paternal reads of Col and Ler reciprocal cross and h1 

and Ler reciprocal cross for only MEGs and PEGs identified in wild type endosperm. Red 

and blue dots represent the MEGs and PEGs in wild type endosperm, respectively; purple 

closed triangles represent MEGs remain maternal expressed in h1 and Ler reciprocal cross; 

purple open triangles represent MEGs loss biased expression in h1 and Ler reciprocal cross; 

green closed triangle represents PEGs remain paternal expressed in h1 and Ler reciprocal 

cross; green open triangle represents PEGs loss biased expression in h1 and Ler reciprocal 

cross. 
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TABLES 

Table 4.1 Selected maternal expressed genes 

Gene Annotation ColxLer M/P LerxCol M/P h1xLer M/P Lerxh1 M/P 

AT1G17840 WBC11  2816/355 2747/493 590/104 185/19 

AT1G59930 unknown protein 495/1 465/0 240/0 177/6 

AT1G77960 unknown protein 27/1 104/2 Nov-00 101/0 

AT2G04620 cation efflux family protein 66/14 105/22 90/6 70/1 

AT2G17690 SDC  124/1 119/2 237/0 31/1 
AT3G21830 ASK8  252/1 318/1 48/0 15/0 

AT3G22810 phosphoinositide binding 263/48 328/32 21/1 184/1 

AT4G00220 JLO  666/11 836/15 668/2 408/3 

AT4G00540 ATMYB3R2  100/0 75/2 32/0 32/1 

AT4G16760 ACX1  898/92 645/86 211/8 61/0 
AT4G18150 unknown protein 203/2 871/3 48/4 122/4 

AT4G31060 
AP2 domain-containing transcription 

factor, putative 
719/9 229/7 352/3 211/2 

AT4G39140 protein binding / zinc ion binding 81/10 92/21 50/2 94/4 

AT4G39955 
hydrolase, alpha/beta fold family 
protein 

35/5 145/1 24/0 22/0 

AT5G03280 EIN2  1346/207 1725/169 563/40 516/53 

AT5G15470 GAUT14  134/11 85/21 37/8 15/0 

AT5G17320 HDG9  45/2 208/7 84/3 57/0 

AT5G21150 
PAZ domain-containing protein / 
piwi domain-containing protein 

74/18 76/6 55/10 31/0 

AT5G24460 unknown protein 342/79 278/43 85/12 72/2 

AT5G64440 AtFAAH  61/14 163/13 63/3 150/1 

AT1G07230 hydrolase, acting on ester bonds 218/46 261/62 102/44 163/34 

AT1G08830 CSD1  144/2 117/20 91/15 117/36 
AT1G79520 cation efflux family protein 58/9 57/0 33/41 28/0 

AT2G28380 DRB2  806/198 737/171 188/19 92/59 

AT3G06860 MFP2  113/23 159/30 37/8 9/13 

AT3G51895 SULTR3;1  45/3 41/8 30/1 1/8 

AT5G02970 
hydrolase, alpha/beta fold family 

protein 
334/33 284/71 71/19 1/96 

AT5G33290 XGD1  500/93 587/93 635/85 11/36 

AT5G42235 Expressed protein 2226/160 4438/949 73/7 200/107 

AT5G53870 
plastocyanin-likedomain-containing 
protein 

241/21 222/13 813/6 289/93 

 

A list of selected maternal expressed imprinted genes. Total maternal (M) and paternal (P) 

reads are shown for the indicated genotypes for endosperm. The top 20 genes remain 

maternally expression in h1 and Ler reciprocal cross endosperm, whereas the last 10 genes 

lost biased expression in h1 and Ler reciprocal cross endosperm.  
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Table 4.2 Paternal expressed imprinted genes 

Gene Annotation ColxLer M/P LerxCol M/P h1xLer M/P Lerxh1 M/P 

AT1G31640 AGL92 1/6 1/14 0/6 0/14 

AT1G48910 YUC10 36/70 30/279 1/12 0/21 

AT1G57800 VIM5 249/2818 343/3513 37/401 155/257 

AT2G36560 DNA-binding protein-related 0/55 3/42 0/19 0/9 

AT1G60410 F-box family protein 4/33 6/32 50/11 0/134 

AT2G32370 HDG3 43/126 42/216 58/77 57/90 

 

A list of selected paternal expressed imprinted genes. Total maternal (M) and paternal (P) 

reads are shown for the indicated genotypes for endosperm. The top 4 genes remain 

paternally expression in h1 and Ler reciprocal cross endosperm, whereas the last 2 genes lost 

biased expression in h1 and Ler reciprocal cross endosperm. 
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CHAPTER 5 

Perspectives 
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 The results presented within this dissertation support a bipartite organization of DME 

and suggest that the N-terminal of DME is required for processing of nucleosome-rich 

regions and possibly other regulatory function. Without N-terminal region, the C-terminal 

catalytic core of DME contains the targeting information for almost all the canonical target 

sites including the loci that control seed development. However, we observed reduced 

demethylation level in nDMECTD-complemented endosperm, suggesting that NTD might 

assist DME for more robust demethylation. In addition, we observed ectopic demethylation 

of gene body in nDMECTD-complemented endosperm. DNA methylation are usually 

associated with TEs silencing. The functional consequences of gene body methylation is still 

unclear. How would nDMECTD demethylate genic sequences that were not targeted by DME?  

 It was recently shown that unmethylated H3 binds and stimulates the mammalian de 

novo methyltransferase DNMT3A, and such allosteric regulation is required for DNMT3A 

function in vivo (Li et al., 2011; Zhang et al., 2010). DNMT3A has been shown to exist in an 

auto-inhibitory form, and unmodified H3 tail activates its activity. Without the bound 

histone, the DNMT3A N-terminal region interacts with the C-terminal catalytic domain, 

impedes DNA binding, and inhibits enzyme activity. When the N-terminal region is bound to 

H3 tail, DNMT3A undergoes conformational change that allows DNA to access the catalytic 

site (Guo et al., 2014). The observed possible negative regulation of DME by NTD, inter-

molecular interaction with H1 (Rea et al., 2012), and the requirement of H1 for proper DME 

demethylation in vivo (Rea et al., 2012) suggest a similar mode of regulation for DME. We 

envision a possible scenario for the targeting mechanism of DME: DME target sites are pre-

marked by specific histone modification. DME might be recruited and activated by an 

interacting partner/complex which recognizes these chromatin marks. We hypothesize that 
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DME might interact with this interacting protein through the RRM motif of CTD. Supporting 

this idea, bioinformatic analysis showed that the DEMETER orthologs of chlorophyte algae 

and stramenopiles contain diverse chromatin reader domains, such as PHD fingers or Tudor 

domains. The presence of the chromatin reader domains in these DME orthologs implies that 

histone modification might be a prerequisite for active DNA demethylation.  Intriguingly, 

these chromatin reader domains are notably missing in the angiosperm DME-like proteins. 

The missing Tudor and PHD domains in angiosperm DME raises a possibility that such 

activity might be provided by a separate DME-interacting protein (Enright and Ouzounis, 

2001; Marcotte et al., 1999; Veitia, 2002). The non-DME target sites such as gene body 

methylation sites most certainly do not contain such activating chromatin marks and cannot 

activate the full length DME. However, without NTD, nDMECTD does not need the 

interacting partner for activation. As a consequence, when nDMECTD comes in contact with 

these loci due to yet unknown reason, it can demethylate these sites and result in small 

patches of ectopic demethylation like what's observed in nDMECTD-complemented 

endosperm. Although the reason that these ectopic demethylation sites are enriched in gene 

body is unknown, these methylated genic sequences are likely resided in open chromatin 

regions freely accessible by the nDMECTD. Since genic CG methylation is positively 

correlated with gene transcription, it is also possible that chromatin marks associated with 

active transcription (such as H3K36me3) might function to repel full length DME.  

 Genomic DNA are wrapped around octameric histone cores to form nucleosomes. 

The nucleosomes, the fundamental units of chromatin, together with linker histones and other 

proteins are then packaged into different levels of compaction. DME targets are primarily 

found in small, euchromatic TEs that are around genes. DME also acts on longer, 



 

147 

heterochromatic TEs, which are prevalent in pericentromeric, gene-poor regions (Ibarra et 

al., 2012). However, how DME can access regions of various chromatin structure remains 

unclear. One recent report revealed that histone chaperone FACT complex is required for 

DME-mediated DNA demethylation in half of DME targets (Frost et al., 2018). We envision 

that in the FACT-dependent DME targets, once DME is recruited and activated at these 

target sites, DME NTD will mediate the recruitment of FACT complex to facilitate 

demethylation through nucleosomal DNA. Without NTD, nDMECTD has less processivity in 

the FACT-dependent DME target sites, resulting in shorter DMRs in these nucleosome-rich, 

heterochromatic regions. The other half of DME targets, the FACT-independent targets, also 

contain low density of nucleosomes. Theoretically, DME might also need a chromatin 

modifier to process through the nucleosomes in these FACT-independent targets, which 

include seed development controlling loci, such as FIS2 (Frost et al., 2018). It is possible that 

DME NTD recruits another chromatin remodeler or histone chaperone to facilitate DME-

mediated demethylation through nucleosome in these FACT-independent sites. When we 

express DME NTD in wild type central cell, the NTD likely titrates out this chromatin 

modifier so that the endogenous DME is not able to successfully access these target sites for 

demethylation, resulting in seed abortion phenotype. 
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