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ABSTRACT 

 

In multicellular eukaryotes, transposable elements (TE) make up a large part of the genomic 

content. These “selfish” genetic elements can propagate and expand the genome through their 

ability to replicate. However, this poses a significant risk to the stability of gene structure and 

overall genomic integrity which can lead to aberrant gene expression or products. To combat this 

threat, highly specific gene silencing mechanisms are utilized by the host to keep TEs in a 

constantly repressed state. In plants, transcriptional gene silencing is conducted through the RNA-

directed DNA methylation (RdDM) pathway. The combined action of short interfering RNA 

(siRNA) and long non-coding RNA (lncRNA) direct deposition of DNA methylation at target TE 

regions. Subsequently, DNA methylation together with other repressive chromatin modifications 

turns the TE regions into a silenced state and prevent them from becoming active again. Although 

our understanding of the processes that lead up to the deposition of DNA methylation has been 

well-studied, the specific role and function of DNA methylation in gene silencing remains poorly 

understood. It is unclear how the presence of DNA methylation can affect the ability of 

transcription machinery from working at silenced regions. In contrast, DNA methylation does not 

hinder the transcriptional gene silencing machinery which suggests that DNA methylation plays a 

central role for distinguishing between different types of transcriptional activity in the DNA. 



xi 
 

 In the first story, we determined how DNA methylation interacts with nucleosomes in the 

context of transcriptional silencing. DNA compaction and packaging in the nucleus entirely 

revolves around its interaction with nucleosomes. This interaction has numerous implications for 

regulation of gene expression through changes in accessibility of DNA to factors involved in 

transcription. Here we show that RdDM can direct both DNA methylation and nucleosome 

positioning. Nucleosomes established by RdDM have no detectable impact on DNA methylation. 

Instead, DNA methylation affects nucleosome positioning. This applies not only to CHH 

methylation established by RdDM but also to DNA methylation in CG and CHG contexts, which 

is maintained by MET1 and CMT3. We propose a model where DNA methylation serves as one 

of the determinants of nucleosome positioning. 

 In the second story, we wanted to investigate the relationship between Pol V transcription 

and DNA methylation as a potential feedback mechanism where DNA methylation reinforces 

recruitment of Pol V transcription at silenced regions. Pol V transcribes in a pervasive manner 

throughout the genome implying that it does not require pre-existing chromatin marks such as 

DNA methylation to initiate transcription. However, previous studies have claimed that factors 

upstream of Pol V transcription that are able to bind to DNA methylation are required for the 

recruitment and initiation of Pol V transcription. Hence, the impact of DNA methylation on Pol V 

transcription remained unresolved. We found that loss of DNA methylation leads to a strong 

reduction of Pol V transcription. This occurs when DNA methylation is lost in all sequence 

contexts, which may happen not only in mutants defective in RdDM but also in mutants lacking 

maintenance DNA methyltransferases. Our results support a model where RdDM is maintained by 

a mutual reinforcement of DNA methylation and Pol V transcription with a strong crosstalk with 

other silencing pathways. 
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CHAPTER I 

 

Introduction 

 

1.0.1 Transposable Elements  

Genetic information is encoded in deoxyribonucleic acid (DNA) where the order of nitrogenous 

bases determines the building blocks of life itself [1]. Genes form the basic unit of heredity in 

living organisms and the complete genetic sequence of an organism is known as a genome [2]. 

Since the advent of high-throughput DNA sequencing techniques, increasing amounts of 

information about genomes have been uncovered. Remarkably, only a small portion of a genome 

encodes for protein-coding genes while the majority are non-coding regions [3], [4]. For example, 

about 1% of the human genome is protein-coding while the rest of the genome is non-coding and 

sometimes perceived as non-essential to the point of being labeled as “junk DNA” [3], [4].  

Some of the most prevalent components in eukaryotic genomes are transposable elements 

(TE). In multicellular eukaryotes they can comprise as much as 27% - 66% of the genome in 

mammals and up to 89% of the genome in plants [5]. Transposons were initially discovered in 

maize when Barbara McClintock observed that kernel color would be affected whenever a mobile 

DNA element, the Ac/Ds transposon, inserted itself into the gene responsible for pigmentation [6]. 

Transposons have been found to be present in every organism that has been studied from 
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Prokaryotes to Eukaryotes, making it a source for variation in genomes which helped shape the 

evolutionary process in every species [7].  

Transposons can be categorized into two major classes, class I and class II transposons [8], 

[9].  Class I transposons are RNA transposons or retrotransposons which when transcribed will 

produced RNA transcripts that are reverse transcribed back into DNA and later reinserted into the 

genome in a random region. This method of transposition is described as the “copy-and-paste” 

method where the original retrotransposon does not move. Instead, new copies that are made from 

the original retrotransposon will be inserted into the genome, leading to a significant increase in 

the population of the retrotransposon [9], [10]. Within class I, retrotransposons are further divided 

into long terminal repeat (LTR) retrotransposons and non-LTR retrotransposons [long interspersed 

elements (LINE) and short interspersed elements (SINE)].  

Class II transposons are DNA transposons that can excise themselves out of the genome 

and reinsert into the genome again in a new yet random position. This method of transposition is 

described as the “cut-and-paste” method where the transposon does not typically make new copies 

of itself and moves around randomly in the genome [9], [10]. In class II, transposons are divided 

into terminal inverted repeat (TIR) transposons and Helitron/Rolling circle (RC) transposons. Both 

classes of transposons contain multiple families of transposons which are further categorized by 

their sequence structure and ability to transpose autonomously or by utilizing components from 

autonomous transposons [9], [10].  

The impact of transposons on genomes have been associated with both positive and 

negative effects [11]. As genomes evolved through time with the presence of transposons, there 

have been numerous points where exaptation or domestication of wild transposons have occurred. 
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A common way that transposons affect gene expression is by insertion into genes which breaks 

the structure of the gene [12]. This can lead to null mutations and has been utilized as a tool to 

create mutants for genetic studies [13], [14]. Another way transposons affect gene expression is 

by rewiring the way genes are expressed. This can occur when a transposon inserts itself into 

regulatory elements such as enhancers and repressors. In maize, Vgt1 is a conserved non-coding 

sequence (CNS) that regulates flowering time and is found approximately 70kb upstream of the 

AP2 gene, a transcription factor that functions as a negative regulator for flowering time [15]. 

Interestingly, insertion of a type of transposon known as miniature inverted repeat transposable 

element (MITE) in Vgt1 has been strongly associated with flowering time [15]. In a different a 

study examining the potential origins of miRNA genes, Made1 which is also a MITE, likely 

contributed to the unique structure of the miRNA gene has-mir-548 in humans [16].  The structure 

of Made1 contains inverted repeats with a palindromic feature and has been suggested to contribute 

to the formation of the unique miRNA stem-loop structure formed by has-mir-548 [16].  

Another example of transposon exaptation is the evolution of light-sensing in higher plants. 

To detect changes in the level of light in the environment, plants evolved to develop special 

photoreceptors [17]. The main photoreceptors in plants are known as phytochromes, where once 

they become photoactivated, leads to a cascade of events that are involved in light response [17]. 

In the example of phytochrome A (phyA), the active form is imported from the cytoplasm into the 

nucleus where it activates transcription factors responsible for light-mediated responses [18]. Two 

proteins, FHY1 and FHL were shown to be required for phyA to accumulate in the nucleus and 

these proteins are regulated by two other transcription factors, FHY3 and FAR1 [18], [19]. 

Evolutionary studies on FHY3 and FAR1 revealed that these genes were likely derived from a type 

of DNA transposon known as Mutator-like elements (MULEs) [20]–[22]. Coding-sequence 
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exaptation of the transposase proteins from the transposons formed the binding sites used by the 

transcription factors to carry out their functions [20].  This also indicates that the domestication of 

the MULE transposon probably occurred near the rise of angiosperm evolution [19]. Hence, 

through numerous serendipitous events, transposons have contributed to evolutionary 

developments in organisms. 

Transposition events also pose a risk for genomes as it could lead to disadvantageous 

mutations or significant aberrations to genomic structure and integrity. In the case of humans for 

example, this can lead to the development of genetic diseases and cancer [23]. A common way 

that rampant transposition events can occur is when the transposons become deregulated or 

reactivated within the cell and quickly spread throughout the genome. In one type of colorectal 

cancer, it was discovered that an active human LINE-1 (L1) retrotransposon had inserted itself into 

the tumor suppressor gene APC,  leading to the disruption of its function [24]. Another study that 

looked at the prevalence of L1 insertions within human populations, suggested that active somatic 

L1 retrotransposons can lead to a higher risk of cancer initiation within affected individuals [25]. 

Insertions by transposons can also lead to the formation of cryptic splice site within genes. In a 

study examining retinoblastoma in a patient, they discovered L1 insertions in the RB1 gene [21]. 

This lead to the formation of various aberrant transcripts that range from exon skipping to the 

introduction of new cryptic exons between exon 13 and exon 17 [26]. Despite the many examples 

of transposon insertions causing serious problems in the genome, these are rare events and most 

of the population do not suffer from it. This alludes to the fact that many organisms have evolved 

efficient silencing mechanisms that reduce or completely abolish the negative effects of 

transposable elements (TE) extant in the genome. 

1.0.2 Gene Silencing 
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In the early 90s, Napoli et al. carried out experiments to enhance the colors of the petunia flower 

by introducing a chimeric Chalcone synthetase (Chs) gene into the plant genome [27]. 

Surprisingly, they observed the opposite effect where the color appeared to be faded or absent in 

certain parts of the flower which led them to propose the phenomenon as co-suppression [27], [28]. 

In an earlier study, it was demonstrated that introducing antisense RNA transcripts that are 

complementary to a gene in plants could lead to the inhibition of gene expression [29]. These 

initial findings instigated the notion that another layer of gene regulation potentially existed post-

transcriptionally in living organisms [30].  

 Subsequent studies focused on the aspect of antisense RNA working as a suppression factor 

by binding to complementary mRNA transcripts [31]–[33]. However, a surprising finding by Fire 

et al. revealed the true mechanism of gene silencing which lead them to coin the term RNA 

interference (RNAi) [34]. In their work using Caenorhabditis elegans, they observed that the 

strongest down-regulation of the target RNA was by a negative control used in their experiments, 

a double-stranded RNA (dsRNA)  that had both sense and antisense strands, while single strands 

of either sense or antisense had modest effects [34]. Further studies showed that RNA degradation 

is mediated by short interfering RNAs (siRNAs) which range from 21-23 nucleotides (nt) that are 

generated by the cleavage of long double-stranded RNA by ribonuclease III or otherwise known 

as Dicer [35]–[37]. The siRNAs are subsequently taken up by another nuclease known as 

Argonaute (Ago), which forms the RNA-induced silencing complex (RISC) that finds 

complementary mRNA targets to degrade [38].  

 With the elucidation of the RNAi mechanism, the function and roles of other types of small 

RNAs became better understood as well. An example of another type of small RNA that is 

involved in RNAi are microRNAs [39], [40].  Early work on a gene known as lin-4 in C. elegans 
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showed that it was strongly associated with developmental timing defects which lead to severe 

phenotypes in the morphology of the animal [41], [42]. Unexpectedly, it was later discovered that 

lin-4 did not code for any protein and seemed to exist as a noncoding RNA, which indicated that 

the main mechanism may come from a RNA-based interaction [43]. When the suppressor mutation 

to lin-4 was found, known as lin-14, researchers quickly connected that the lin-4 RNA strand had 

a strong complementarity to the 3’ untranslated region (UTR) of the lin-14 mRNA strand [44]. In 

the same study, they demonstrated that negative regulation occurred at the posttranscriptional level 

where LIN-14 protein levels were drastically reduced while RNA levels remained fairly similar 

between wildtype and lin-4 mutant [44]. These foundational studies established miRNA as a subset 

of RNAi mechanisms that that are involved in gene regulation.  

A major difference between siRNA and miRNAs is that in most cases for miRNAs, the 

target mRNA is not sliced by the RISC complex [45]. Instead, miRNAs promote the repression of 

translational machinery as well as the removal of the polyadenylated tail (poly-A) from the mRNA, 

which later leads to the degradation of the RNA transcript by exonucleases [46]–[48]. This 

difference in mechanism has been suggested to be due to the level of complementarity between 

miRNA and its target sequence [49], [50]. In animals, miRNAs have a seed sequence which 

provides most of the complementarity and flanking sequences that partially match to their target 

sequence [51], [52]. However, for AGOs to carry out slicing, it has been shown that high 

complementarity is needed where the active site of the binding pocket can catalyze the cutting 

activity [53]–[55].  In plants, however, miRNA functions similarly to siRNA because most plant 

miRNAs target coding regions and have high complementarity to their targets [56], [57]. 

Another variable aspect in posttranscriptional silencing are the biological roles that they 

serve in certain organisms. RNAi carried out by siRNA has been shown to be driven by an 
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immunological purpose where foreign RNA that originate from sources such as viruses and TEs, 

are identified by the structure of a dsRNA and processed by DICER and AGO for immediate 

degradation by the RISC machinery [58]–[60]. This defense mechanism has been shown to be 

conserved in both plants and animals to prevent unwanted viral infections and aberrations caused 

by TEs [59]. siRNAs have also been artificially synthesized for the purposes of research and 

potential therapies [61]. miRNAs are encoded in the genome and are involved in regulation of 

endogenous genes. miRNAs have been shown to be critical factors that help coordinate changes 

in gene regulation of development and differentiation of cells and tissues in many organisms [39]. 

However, in the case of TEs, they are usually integrated into the host genome and will be 

constantly inherited from generation to generation. Therefore, due to the immense importance of 

genome defense, it is performed by multiple parallel pathways at the posttranscriptional and 

chromatin level.  

1.0.3 Chromatin modifications 

DNA strands are tightly packaged inside the nuclei by wrapping around spool-like structures 

known as nucleosomes [62]. Nucleosomes are formed from a histone octamer structure composed 

of 2 copies each of histone H2A, H2B, H3, and H4 [63]. This structure which is composed of DNA 

and proteins form the molecule known as chromatin, a term initially coined by Walther Flemming 

in 1879 due to its ability to take up aniline dyes [64], [65]. Our understanding of chromatin has 

seen an astronomical leap since then due to improved biochemical techniques as well as the 

invention of high throughput sequencing technology which have uncovered its highly complex 

characteristic and biological functions that extend beyond packaging [66]–[69]. A major feature 

that has been a focus of study are the chemical modifications that can exist in the chromatin that 

play crucial roles in chromatin accessibility, gene regulation and chromatin looping events [69], 
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[70]. These modifications can be present on the DNA strand or on histones, specifically 

posttranslational modifications on the tail which extrudes from the nucleosome structure [71], [72]. 

 There have been a large and diverse number of histone tail modifications identified in 

eukaryotes and it used to be proposed that the information stored in these modifications could be 

recognized as the histone code [73]. The most commonly studied posttranslational modifications 

are the addition of either methylation or acetylation on specific amino acids present on the histone 

tail of H3 and H4 [72]. These histone modifications are placed by proteins known as writers such 

as histone methyltranferases or removed by proteins known as erasers such as histone 

demethylases. Furthermore, each of these modification is strongly correlated with either a 

repressive or an active chromatin state in regards to gene expression [72]. For example, histone 

methylation such as H3K9me2 or H3K27me3 are associated with gene silencing and usually 

present in pericentromeric and heterochromatic regions in the chromosome [74]–[76]. 

Alternatively, histone acetylation such as H4K16Ac and H3K23Ac are strongly correlated with 

active gene expression and highly enriched at transcription start sites (TSS) of genes [77]. The key 

to regulation by histone modifications are the histone modification readers that are able to affect 

accessibility for transcription or actively recruit transcription factors [70]. In addition, histone 

modifications have also been shown to be involved in DNA methylation pathways which adds to 

the complexity of chromatin regulation [78]. 

 DNA modifications were identified soon after the discovery of its role as the genetic 

material when methylated cytosine (5-meC) was found in calf thymus DNA [79]. Initially, there 

was not an immediately obvious biological function to this modification but the level of ubiquity 

in the genome suggested that it had the potential to have one [80], [81]. The addition of DNA 

methylation is catalyzed by writers which are DNA methyltransferases and can be actively 
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removed by DNA demethylases through a process involving glycosylation or passively after 

multiple rounds of DNA replication [82, p. 2], [83], [84]. Later studies started to report a strong 

correlation between cytosine DNA methylation and gene silencing in mammals and plants [85], 

[86]. In addition, DNA methylation in plants serves as an epigenetic mark as it could be passed on 

from generation to generation [87]. In mammals however, the genome undergoes a global 

demethylation step in germ cells which suggests that DNA methylation may not be a heritable 

chromatin mark in this case [88]. Besides writers and erasers for DNA methylation and histone 

modifications, there are many readers of these marks which process the information in different 

ways to elicit a specific effect to the chromatin.   

 Proteins that can recognize and bind to DNA methylation through protein binding domains 

such as SET- AND RING-ASSOCIATED (SRA) domains [89], [90]. In plants, for example, 

SUVH4, SUVH5 and SUVH6 which have SRA domains, can bind DNA methylation which leads 

to the placement of H3K9me2 within the same region [91], [92]. There are also readers for histone 

modifications such as CMT3 who possess BAH and chromo domains, allowing it to bind to 

H3K9me2 marks leading to the deposition of DNA methylation, forming a positive feedback loop 

for the pathway [91], [93]. This crosstalk between different chromatin modifications facilitate the 

formation of stable heterochromatin, a repressed chromatin state, particularly in TEs which will 

be passed on trans generationally [78]. However, for de novo silencing to occur on newly inserted 

TEs in the genome, another pathway known as transcriptional gene silencing performs this role at 

the chromatin level. 

1.0.4 Transcriptional Gene Silencing 
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A study by Verdel et al. reported a variant of the RNAi mechanism in Schizosaccaromyces pombe 

that could lead to the formation of heterochromatin at regions targeted for silencing [94]. Utilizing 

similar components of the PTGS pathway such as DICER and AGOs, siRNAs generated from the 

pathway could target specific genomic regions and direct the RNA-induced transcriptional 

silencing (RITS) machinery to silence them through chromatin modification like histone H3 lysine 

9 methylation (H3K9me) [94]. This mechanism was described as transcriptional gene silencing 

(TGS) and broadened the repertoire of pathways driven by small RNAs involved in gene 

regulation.  

The first evidence for RNA affecting the chromatin state was shown in plants where potato 

spindle viroid genes that were artificially introduced into the genome were quickly silenced and 

marked with a DNA modification known as DNA methylation [95]. In another study by Mette et 

al., they carried out an experiment to determine if expressing the promoter of a gene would lead 

to the silencing of an unlinked gene that shared sequence homology [96]. In one of their transgenic 

plants, an unexpected error led to the formation of aberrant transcripts that had inverted repeats, 

allowing a stem-loop structure to form [96]. This lead to the deposition of DNA methylation at the 

transgene and the homologous gene causing silencing, which suggested that a dsRNA intermediate 

structure was crucial for the process [96].  

In Drosophila, introduction of multiple tandem copies of transgenes was shown to cause 

the silencing of the transgenes as well as the endogenous gene [97]. Interestingly, the silencing 

effect was shown to require the Polycomb Complex, which is known to be involved the formation 

of heterochromatin and regulation of homeotic genes [98]. Further studies showed that repetitive 

sequences in fly and mouse germline cells can induce silencing through the Piwi protein which 

associates with piwi-interacting RNAs (piRNAs) [99]–[101]. In addition, piRNAs have been 
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proposed to function as a defense mechanism against aberrant TE activity and has been shown to 

function upstream of DNA methyltransferases at transposons targeted for silencing via DNA 

methylation [102], [103].  

However, the best studied TGS pathway in terms of mechanistic insights has been in plants 

due to its genetic robustness where key mutants in silencing pathways remain viable in comparison 

to other model organisms [104]. Current models of TGS pathways involve the presence of long 

noncoding RNA (lncRNA) which is produced by DNA-dependent RNA polymerase II (Pol II) in 

many organisms [94], [105]. Plants evolved to have two specialized RNA polymerases, DNA-

dependent RNA polymerase IV (Pol IV) and DNA-dependent RNA polymerase V (Pol V) which 

specifically produce noncoding RNA in TGS [106], [107]. In addition, null mutations in these 

specialized polymerases do not affect the viability of the organism unlike Pol II which typically 

leads to severe defects or even lethality [108]–[111]. This gives plants a significant advantage as 

a genetic model for TGS and allows interrogation of the pathway at a genome-wide scale. 

1.0.5 RNA-directed DNA methylation 

In plants, TGS is established through a pathway known as the RNA-directed DNA Methylation 

(RdDM) pathway [104]. It mostly targets TEs and repetitive elements for silencing through the 

placement of repressive chromatin modifications such as DNA methylation, H3K9me2 and 

nucleosome positioning [Figure 1.1] [104], [112], [113]. This is thought to help prevent TE 

mobility from occurring which could harm the integrity of the genome and lead to aberrations in 

gene products or expression levels. DNA methylation in plants can occur in three different 

sequence contexts, CG, CHG, and CHH (H = A/T/G) [87]. In addition, there are three major 

pathways that are responsible for DNA methylation in plants which are mainly distinguished by 
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methylation sequence context and whether it is involved in maintenance of DNA methylation or 

initiating de novo DNA methylation [87], [112], [114]. In the first pathway, symmetrical CG 

methylation is maintained through the action of DNA METHYLTRANSFERASE 1 (MET1) 

during DNA replication, where in coordination with VARIANT IN METHYLATION (VIM1), 

immediately deposits DNA methylation onto the newly synthesized DNA strand, preserving the 

epigenetic mark between generations [115], [116].  

  

Figure 1.1: Simplified workflow for transcriptional gene silencing mechanism in plants. 

In the second pathway, symmetrical CHG methylation is maintained by a different DNA 

methyltransferase known as CHROMOMETHYLASE 3 (CMT3). CMT3 possesses a H3K9me2 

binding domain and will bind to regions that are enriched with H3K9me2 such as heterochromatic 

and centromeric regions [91]. When CMT is bound to the H3K9me2 marks and is within proximity 

to the DNA, it will deposit DNA methylation within the bound region [91]. Additionally, another 

DNA methyltransferase protein known as CHROMOMETHYLASE 2 (CMT2) can also bind to 

H3K9me2 marks, however, it will deposit DNA methylation asymmetrically in the CHH sequence 

context [112], [117]. The CMT pathway has been shown to be closely associated with the activity 

Transcriptional Gene Silencing 

DNA methylation H3K9me2 Nucleosome positioning 

Repress gene expression 
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of histone methyltransferases such as SU(VAR)3-9 HOMOLOGUES 4 (SUVH4), SU(VAR)3-9 

HOMOLOGUES 5 (SUVH5), and SU(VAR)3-9 HOMOLOGUES 6 (SUVH6) [92], [118], [119]. 

These histone methyltransferases possess SRA domains which can bind to DNA methylation 

marks [92], [93], [119], [120]. This leads to a positive feedback loop situation where once either 

DNA methylation or H3K9me2 marks are present in a region, the actions of CMT proteins and 

SUVH proteins will reinforce each other until the regions turns into highly repressive state [78]. 

The final pathway is RdDM which methylates DNA in any sequence context 

(CG/CHG/CHH) in asymmetrical fashion due to its ability to carry out de novo methylation [117]. 

It is thought to be the pathway that can target new TE insertions for silencing and involved in most 

of the transgene silencing events observed previously [121]–[123]. RdDM occurs in two major 

steps, siRNA biogenesis and de novo DNA methylation [104], [124]. In the first step, Pol IV is 

recruited to target regions through SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) 

which can bind to H3K9me2 marks [83], [84], [85]. Next, POL IV will transcribe a noncoding 

RNA that is subsequently converted into a dsRNA by RNA-DEPENDENT RNA POLYMERASE 

2 (RDR2) [107], [127]. The dsRNA is then taken up by DICER-LIKE3 (DCL3) which cleaves 

into 24 nt siRNA [127], [128]. These siRNA are modified at the 3’ ends by HUA ENCHANCER 

1 (HEN1), subsequently loaded into ARGONAUTE 4 (AGO4) and transported back into the 

nucleus [129]–[131].  

From this point, the pathway moves into the second step. At the same target regions, Pol 

V will transcribe lncRNAs with the help of upstream factors DEFECTIVE IN RNA-DIRECTED 

DNA METHYLATION (DRD1), DEFECTIVE IN MERISTEM SILENCING 3 (DMS3) and 

RNA-DIRECTED DNA METHYLATION 1 (RDM1) [132], [133]. Pol V transcripts are then 

believed to act as a scaffold for other downstream factors to bind for de novo DNA methylation 
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process. Pol V and SUPRESSOR OF TY INSERTION 5 - LIKE (SPT5L) / KOW DOMAIN-

CONTAINING TRANSCRIPTION FACTOR 1 (KTF1), a transcription elongation factor, will 

recruit AGO4 to the regions using their AGO-hook domain and subsequently the lncRNA is 

thought to base-pair with siRNA [111], [134]–[136]. Next, IDN2, an RNA binding protein, will 

interact with Pol V transcript and finally DRM2, a de novo DNA methyltransferase will be 

recruited to deposit DNA methylation marks to the target sites which are recognized as RdDM 

regions [101], [102], [103].  

 

Figure 1.2: Current model for the POLV-mediated de novo DNA methylation pathway. 

Currently, most studies in the de novo DNA methylation step have focused on the 

mechanism by which the pathway deposits DNA methylation at regions targeted for silencing. A 

major gap still exists in our understanding of how silencing is achieved once DNA methylation 

has been placed. Genomic regions where gene expression is strongly repressed are characterized 

by the presence of repressive chromatin marks and compact packaging of DNA that causes the 

region to become inaccessible to transcription factors [139]. However, in the context of RdDM, 

this becomes more complicated as most of the regions that it targets are not located in the 
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pericentromeric or large heterochromatic domains. Instead, RdDM factors such as Pol V and 

AGO4 are strongly enriched in TEs that are present in the intergenic regions in euchromatic 

domains [133], [135]. This observation implies that RdDM must use a mechanism that allows it to 

silence regions in a precise manner without causing inadvertent silencing of adjacent genes.  

In addition to DNA methylation, other types of chromatin modifications have been reported 

to be strongly associated with RdDM regions. Histone methyltransferases such as SUVH4 possess 

SRA domains that allow them to bind to methylated DNA and RdDM regions are typically 

enriched for H3K9me2 marks [78], [135]. Recent work has also shown that SILENZIO, a 

molecular chaperone J-domain protein is recruited to methylated regions through its interaction 

with MBD5 and MBD6, a class of methyl readers, and acts as transcriptional repressor [140]. 

These findings suggests that DNA methylation serves as a point of reference for repressive factors 

to localize and exert their effect once the regions are marked with DNA methylation. Another type 

of chromatin modification that was previously reported is nucleosome positioning [113], [141]. 

This finding came from the discovery that IDN2 was able to interact with a subunit of the SWI/SNF 

chromatin remodeling complex called SWI3B [113]. In the same study, it was shown that 

SWI/SNF had a strong correlation with gene silencing effects in RdDM regions which suggested 

that the pathway may be using nucleosome positioning as a silencing mechanism [113].  

Nucleosomes present a physical barrier to transcription factors from accessing sequence 

motifs that are important for activation of gene expression [142]. Work by Chodavarapu et al. 

found that at the genome-wide level, DNA methylation is enriched within the nucleosomal region 

[143]. This finding implies that DNA methylation is strongly correlated with the presence of 

nucleosomes and that there could be a potential function for this relationship. In another study 

using a genome-wide approach in mammalian cells, they showed that highly methylated CpG 
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regions are enriched with nucleosomes adding more evidence for a potential relationship between 

nucleosomes and DNA methylation [144]. However, in vitro studies looking at the biochemical 

effect of DNA methylation in relation to nucleosome binding demonstrated that the DNA 

modification led to reduced flexibility of the DNA strand making it less favorable to binding 

nucleosomes [145]. Indeed, work by Lyons and Zilberman looking at the mechanistic relationship 

between DNA methylation and nucleosome reported that DNA methylation is generally enriched 

in linker regions between nucleosomes [146]. They determine that nucleosome bound DNA is 

inaccessible to DNA methyltransferases and that chromatin remodelers such as DECREASED 

DNA METHYLATION 1 (DDM1) and Lsh are required for DNA methylation to be enriched 

within nucleosomal regions [146]. These findings show that in in vivo conditions, through the 

action of chromatin remodelers, conditions which make DNA methylation unfavorable for 

nucleosome binding in vitro can be overcome and cause nucleosomal DNA to be enriched with 

DNA methylation. In addition, this provides a potential clue for the presence of chromatin 

remodelers downstream of Pol V transcription which might be to facilitate DNA methylation 

deposition. 

In the current model for RdDM, the exact process for nucleosome positioning to occur 

downstream of Pol V transcription is still poorly understood [Figure 1.2]. Previous work did not 

conclusively determine how DNA methylation and nucleosome positioning function in relation to 

each other to establish gene silencing [113]. Hence, this opens two possible scenarios for the 

presence of the SWI/SNF chromatin remodeling complex in RdDM. Either it is needed to facilitate 

DNA methylation deposition by remodeling the chromatin to provide DRM2 access to 

nucleosomal DNA, which implies an indirect role in terms of gene silencing, or that the deposition 

of DNA methylation via RdDM affects where nucleosomes are positioned by SWI/SNF to 
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potentially inhibit active transcription by Pol II, which suggests an active role for nucleosome 

positioning in relation to gene silencing. In Chapter II, we investigated the relationship between 

DNA methylation and nucleosome positioning in the context of transcriptional gene silencing. 

Another aspect of the de novo DNA methylation step that has not been fully explored are 

the events occurring upstream of Pol V transcription. We still do not fully understand how Pol V 

initiates transcription, especially in the scenario where a new transposon has inserted into the 

genome [121]. Recent work has shown that Pol V is able to transcribe pervasively throughout the 

genome as a surveillance mechanism [147]. This provides some insight that Pol V can transcribe 

in most regions but does not explain how Pol V is able to initiate transcription in a highly non-

specific manner. Upstream factors required for Pol V transcription have been identified such as 

the DDR complex, but these factors do not provide any mechanistic insight besides opening up the 

DNA ahead of Pol V to facilitate transcription [132].  

In a study by Johnson et al. which focused on factors upstream of Pol V transcription, they 

identified SU(VAR)3-9 HOMOLOGUES 2 (SUVH2) and SU(VAR)3-9 HOMOLOGUES 9 

(SUVH9), two catalytically dead histone methyltransferase with SRA domains that are required 

for Pol V transcription [90]. This finding led them to propose that Pol V can be recruited to target 

regions by pre-existing DNA methylation marks and feed back into the pathway to reinforce 

silencing [90]. An important implication of the positive feedback hypothesis is that it predicts that 

Pol V transcript levels would be substantially reduced in mutants downstream of Pol V 

transcription. Instead, other studies that tested Pol V transcription levels in mutants downstream 

of Pol V do not observe a reduction in these mutants which contradicts the positive feedback 

mechanism implied by the function of SUVH2 and SUVH9 [111], [136], [148], [149].  
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However, findings from the Pol V surveillance study indicates that Pol V transcribes 

regions in varying levels from very low at the surveillance stage to high transcription at established 

RdDM regions [147]. This suggests that Pol V can transition from surveillance to maintenance in 

a yet to be identified mechanism and that the positive feedback hypothesis may still be plausible 

at the maintenance stage where Pol V transcription is higher. Hence, the mechanism for the 

maintenance stage needs to be better understood and the potential positive feedback mechanism 

conclusively established to gain more insight into the dynamic nature of Pol V transcription 

initiation. In Chapter III, we investigated the role of DNA methylation in reinforcing noncoding 

RNA transcription through a positive feedback mechanism to establish maintenance of gene 

silencing.  
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CHAPTER II 

 

DNA Methylation Affects Nucleosome Positioning in Transcriptional 

Silencing 

 

The contents of this chapter have been submitted for publication and is currently in the review 

process. Shriya Sethuraman conducted data analysis and generated plots shown in Figure 2.5B, 

2.5C, 2.6C, 2.6D, 2.8A, 2.8B, 2.9 and 2.10. Jakob Dolata prepared MNase H3-ChIP and whole 

genome bisulfite samples for sequencing. Alan Boyle provided guidance and consultation in 

bioinformatic analysis. I performed all other experiments and data analysis shown in this chapter. 

 

2.1 Abstract  

Repressive chromatin modifications are instrumental in regulation of gene expression and 

transposon silencing. In Arabidopsis thaliana, transcriptional silencing is performed by the RNA-

directed DNA methylation (RdDM) pathway. In this process, two specialized RNA polymerases, 

Pol IV and Pol V, produce non-coding RNAs, which recruit several RNA-binding proteins and 

lead to the establishment of repressive chromatin marks. An important feature of chromatin is 

nucleosome positioning, which has also been implicated in RdDM. We show that RdDM is able 

to direct both DNA methylation and nucleosome positioning. Nucleosomes established by RdDM 

have no detectable impact on DNA methylation. Instead, DNA methylation affects nucleosome 
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positioning. This applies not only to CHH methylation established by RdDM but also to DNA 

methylation in CG and CHG contexts, which is maintained by MET1 and CMT3. We propose a 

model where DNA methylation serves as one of the determinants of nucleosome positioning.  

2.2 Introduction 

Transcriptional gene silencing (TGS) pathways play an important role in maintaining genomic 

integrity in eukaryotes. They rely on repressive chromatin modifications, which are specifically 

targeted to silence transposable elements (TE) present in the genome. TGS pathways are conserved 

in fungi, animal and plant kingdoms, denoting their importance in the control of genome stability 

[78]. In plants, TGS is established and partially maintained through RNA-directed DNA 

methylation (RdDM), which consists of two major steps, biogenesis of short interfering RNA 

(siRNA) and de novo DNA methylation [104]. 

In the first step, RNA polymerase IV (Pol IV) binds to loci targeted for silencing and 

produces noncoding RNA, which is then converted into a double-stranded form (dsRNA) by RNA-

dependent RNA polymerase 2 (RDR2) and cleaved into 24-nucleotide siRNA by DICER-LIKE 3 

(DCL3) [96], [126]–[128], [150]. siRNAs are then incorporated into ARGONAUTE 4 (AGO4) 

and other related AGOs, forming AGO-siRNA complexes [131]. In the second step, RNA 

polymerase V (Pol V) produces long noncoding RNA (lncRNA) that acts as a scaffold or otherwise 

helps recruit downstream effectors [111], [136], [151]. The AGO4-siRNA complex is recruited to 

Pol V-transcribed loci leading to stepwise binding of INVOLVED IN DE NOVO 2 (IDN2) and 

DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) which deposits DNA 

methylation [82], [136], [137], [148], [152].  However, the mechanisms by which DNA 

methylation and other repressive features of chromatin contribute to transcriptional gene silencing 

are not fully understood. 
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RNA-directed DNA methylation is functionally intertwined with nucleosome 

modifications and positioning. This includes the involvement of pre-existing histone modifications 

and putative chromatin remodelers in recruitment of both Pol IV and Pol V [90], [126], as well as 

the establishment of repressive histone modifications and nucleosome positioning in the second 

step of RdDM [111], [113], [117], [141], [153]. The involvement of active chromatin remodeling 

in transcriptional silencing by RdDM was suggested by an interaction of IDN2 with SWITCH 3B 

(SWI3B), a subunit of the Switch/Sucrose Non Fermenting (SWI/SNF) chromatin remodeling 

complex [113]. Subunits of this complex also interact with other silencing factors, including 

HISTONE DEACETYLASE 6 (HDA6) and MICRORCHIDIA 6 (MORC6), which indicates that 

SWI/SNF may be involved in various aspects of gene silencing [141], [153, p. 6]. This is consistent 

with SWI/SNF being multifunctional and affecting not only gene silencing but also various other 

aspects of plant gene regulation [154]–[160]. 

There are several indications that nucleosome positioning and DNA methylation are 

somehow connected throughout plant genomes [143], [146], [161]. However, the exact nature of 

this connection varies depending on species and genomic regions tested [146], [161]. In 

Arabidopsis, nucleosomes determined by MNase digestion protections have been reported to 

generally correlate with DNA methylation [143]. However, the opposite correlation exists on a 

subset of Arabidopsis nucleosomes and throughout genomes of certain other species [146], [161]. 

This difference may be explained by the DNA binding of linker histones, which prevent 

methylation of linker DNA, and by the activity of DDM1, which facilitates methylation of 

nucleosomal DNA [146], [162]. In Arabidopsis these two proteins counteract the general 

preference to methylate linker DNA [146].  
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The involvement of linker histones, DDM1 and SWI/SNF in determining the pattern of 

DNA methylation indicates that the observed connection between nucleosomes and DNA 

methylation is primarily determined by nucleosomes being inaccessible to DNA 

methyltransferases. This is supported by in vitro data indicating preferential methylation of linker 

DNA [163]. However, the opposite relationship has been observed on a few individual loci, where 

nucleosomes were affected by the drm2 mutation [113]. This indicates that DNA methylation may 

affect nucleosome positioning. This alternative causality is also supported by some in vitro data 

[164]. Therefore, the relationship between nucleosomes and DNA methylation remains only 

partially resolved. 

Here, we explore the mechanism by which RdDM affects nucleosome positioning in 

Arabidopsis thaliana. We demonstrate that Pol V and more broadly RdDM establish both DNA 

methylation and nucleosome positioning. The SWI/SNF complex is not required for DNA 

methylation on positioned nucleosomes. Instead, DNA methylation is needed for nucleosome 

positioning on differentially methylated regions. We propose a model where DNA methylation 

serves as one of the determinants of nucleosome positioning. 

2.3 Results 

2.3.1 Pol V affects a subset of nucleosomes 

Pol V has been previously shown to affect protection to MNase digestion of certain genomic 

regions [113]. To conclusively attribute these protections to nucleosome positioning, we expanded 

this experiment by combining MNase digestion with immunoprecipitation using an anti-H3 

antibody (MNase H3 ChIP-seq) in two biological replicates of Col-0 wildtype and nrpe1, a mutant 

of the largest subunit of Pol V [Figure 2.1A]. We identified 690 nucleosomes stabilized by Pol V, 

where signal was at least 2-fold higher in Col-0 compared to nrpe1 with a false discovery rate 
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(FDR) of less than 0.05 [Figure 2.1B]. We also identified 3082 Pol V destabilized nucleosomes, 

where signal was at least 2-fold higher in nrpe1 compared to Col-0 with an FDR of less than 0.05 

[Figure 2.2A].  

 

 

Figure 2.1: Pol V affects a subset of nucleosomes: A. Genome browser screenshot showing a Pol 

V stabilized nucleosome (indicated by red vertical lines). Shown data include TAIR10 genome 

annotations, previously identified annotated Pol V transcripts [165], Pol V stabilized nucleosomes, 

CHH methylation [112] and MNase H3 ChIP datasets from two biological replicates. B. 

Comparison of MNase H3 ChIP-seq signal in Col-0 and nrpe1 on Pol V stabilized nucleosomes. 
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Average signal levels from two biological replicates are shown. C. Overlap between Pol V 

stabilized nucleosomes and previously published annotated Pol V transcribed regions [165]. D. 

Enrichment of Pol V stabilized nucleosomes on previously published Pol V bound regions 

identified using ChIP [166] and Pol V transcribed regions identified using RIP [165].  p < 0.001, 

random permutation test, 1000 iterations. E. Pol V RNA immunoprecipitation signal [165] on Pol 

V stabilized nucleosomes and random nucleosomes. The nucleosomal regions are indicated with 

vertical dashed lines. Ribbons indicate bootstrap confidence intervals with p < 0.05. 

 

To test if Pol V stabilized and destabilized nucleosomes are located within  genomic 

regions with high levels of Pol V transcription, we overlapped identified nucleosomes with 

previously published Pol V-transcribed regions [165] that represent RdDM Pol V transcription 

[167]. Pol V stabilized nucleosomes showed a limited overlap with annotated Pol V-transcribed 

regions [Figure 2.1C], which was still significantly more than expected by chance [Figure 2.1D]. 

Consistently, the average level of Pol V transcription on Pol V stabilized nucleosomes was strongly 

enriched compared to adjacent regions or random sequences [Figure 2.1E]. Furthermore, like Pol 

V transcription, Pol V stabilized nucleosomes are enriched in intergenic and promoter regions 

[Figure 2.2B-C]. On the other hand, overlaps between Pol V destabilized nucleosomes and 

annotated Pol V-transcribed regions were less likely than expected by chance [Figure 2.2D-E]. 

This indicates that Pol V stabilized nucleosomes may be present within regions subject to high 

levels of RdDM Pol V transcription but also within regions with low Pol V transcription. We 

conclude that previously demonstrated impact of Pol V on MNase protections [113] may be 

conclusively attributed to Pol V affecting a pool of nucleosomes. 
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Figure 2.2: Pol V affects a subset of nucleosomes. A. MNase H3-ChIP seq signal on Pol V 

destabilized nucleosomes. B. Enrichment of Pol V stabilized nucleosomes on various genomic 

regions (random permutation test; 1000 iterations; stars indicate p-values < 0.001). C. Enrichment 

of Pol V stabilized nucleosomes on annotated transposable element regions (random permutation 

test; 1000 iterations; stars indicate p-value < 0.001). D. Overlap between Pol V destabilized 

nucleosomes and annotated Pol V transcribed regions. E. Enrichment of Pol V destabilized 

nucleosomes on annotated Pol V transcribed or bound regions (random permutation test; 1000 

iterations; stars indicate p-value < 0.001).  

 

2.3.2 AGO4 and IDN2 affect nucleosome positioning 

Impact of Pol V on nucleosomes may be explained by the interaction between a lncRNA-binding 

protein IDN2 and a subunit of the SWI/SNF chromatin remodeling complex SWI3B [113]. 

Because IDN2 is recruited to Pol V transcripts downstream of AGO4 [148], this predicts that 

events occurring downstream of Pol V transcription should also affect nucleosome positioning. To 

test this prediction, we performed MNase-H3 ChIP followed by qPCR in Col-0 wild type, nrpe1, 

ago4-1 and idn2-1 mutants. We detected a substantial decrease of the nucleosome signals in all 

three tested mutants compared to wildtype at Pol V stabilized nucleosomes [Figure 2.3A-G]. While 
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nrpe1, as expected, strongly affected all tested nucleosomes, ago4 and idn2 had more variable 

effects [Figure 2.3A-G]. These findings indicate that AGO4 and IDN2 both contribute to Pol V-

mediated nucleosome positioning. This suggests that events occurring downstream of Pol V 

transcription are involved in Pol V-mediated nucleosome positioning. 

 

 

Figure 2.3: AGO4 and IDN2 affect nucleosome positioning: A.–G. Locus-specific analysis of 

MNase H3-ChIP qPCR levels on Pol V stabilized nucleosomes in Col-0, nrpe1, ago4-1 and idn2-

1. Significance tested using t-test (n.s. = not significant, ** = p-value < 0.01,*** = p-value < 

0.001). ChIP signal values were normalized to ACTIN2 and Col-0 wild-type. Error bars show 

standard deviations from three biological replicates. 

 

2.3.3 Pol V stabilized nucleosomes are enriched in DNA methylation 

The impact of the RdDM pathway on nucleosome positioning suggests that RdDM may establish 

both DNA methylation and nucleosome positioning on a pool of the same loci. To test this 

prediction, we determined genome-wide levels of DNA methylation using whole-genome bisulfite 

sequencing in Col-0 wildtype and nrpe1 in two biological replicates. We plotted DNA methylation 

in the CHH context at Pol V stabilized nucleosomes and 500 bp adjacent regions [Figure 2.4A]. 

CHH DNA methylation was significantly enriched on Pol V stabilized nucleosomes compared to 

both the adjacent regions and the nrpe1 mutant [Figure 2.4A]. To test if this enrichment is also 
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dependent on AGO4 and IDN2, we used previously published whole-genome bisulfite sequencing 

datasets [112]. Likewise, we detected a reduction in the average DNA methylation levels in both 

ago4-1 and idn2-1 [Figure 2.5A]. These findings indicate that at a subset of its targets, Pol V 

affects nucleosome positioning in parallel with establishing DNA methylation and therefore, 

nucleosome positioning is linked to RdDM.  

 

Figure 2.4: Pol V stabilized nucleosomes are enriched with DNA methylation: A. Average 

profile of DNA methylation levels (CHH context) on Pol V stabilized nucleosomes. B–G. Locus-

specific analysis of H3K9me2 levels on ACTIN2, IGN22 and Pol V stabilized nucleosomes in Col-

0, nrpe1, ago4 and idn2-1. Significance tested using t-test (n.s. = not significant, * = p < 0.05, ** 

= p< 0.01,*** = p< 0.001). H3K9me2 ChIP signal values were normalized to H3 and Col-0 wild-

type. Error bars show standard deviations from three biological replicates. 
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Enrichment of DNA methylation on Pol V stabilized nucleosomes is inconsistent with the 

reported preference of DNA methylation towards linker regions [146]. To determine if this 

inconsistency is a general property of our datasets, we identified all nucleosome positions genome-

wide (n=650,610) and measured the average CHH methylation levels at nucleosomes and 500 bp 

adjacent regions. We observed that CHH methylation was enriched on linker regions and depleted 

on nucleosomes [Figure 2.5BC]. Although this enrichment was significant on the genome-wide 

scale, the difference in average DNA methylation levels between nucleosomes and linkers was 

still relatively small [Figure 2.5B]. We conclude that nucleosome positioning by RdDM 

overcomes the weak general preference to methylate linker DNA. 

We further tested if Pol V-dependent nucleosome positioning is linked to the establishment 

of repressive chromatin marks by RdDM by assaying the levels of H3K9me2 on Pol V stabilized 

nucleosomes. MNase ChIP-qPCR using anti-H3K9me2 antibody in wildtype, nrpe1, ago4-1 and 

idn2-1 revealed that the levels of H3K9me2 were significantly reduced on the tested Pol V 

stabilized nucleosomes in nrpe1 and ago4 [Figure 2.4B-G]. At the same time, H3K9me2 was 

unchanged on a negative control locus [Figure 2.4B] and reduced on a positive control RdDM 

locus [Figure 2.4C]. The idn2 mutant showed a locus-specific effect, which is consistent with 

partial redundancy of IDN2 and its paralogs [168], [169]. This indicates that at least at the tested 

loci, Pol V affects nucleosome positioning in parallel with establishing H3K9me2. Together, these 

results indicate that Pol V stabilized nucleosomes are enriched in CHH methylation and H3K9me2. 

This suggests that nucleosome positioning is linked to the entire RdDM pathway and repressive 

chromatin marks established by this process.  
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Figure 2.5: Pol V stabilized nucleosomes are enriched in DNA methylation: A. Average levels 

of CHH methylation on and around Pol V stabilized nucleosomes in Col-0, nrpe1, ago4 and idn2 

using datasets from Stroud et al (2013). B. Average levels of CHH methylation on and around all 

annotated nucleosomes genome wide. Dark grey shading indicates the annotated nucleosome and 

four neighboring nucleosomes. Ribbon indicates bootstrap confidence intervals with p < 0.05. 

Heatmap on the bottom shows average MNase H3 ChIP signal levels at and around annotated 

nucleosomes (X axis) plotted by sequenced fragment length (y axis). C. Average levels of CHH 

methylation at random nucleosome-sized regions. Ribbon indicates bootstrap confidence intervals 

with p < 0.05. 

 

2.3.4 SWI/SNF complex is not required for DNA methylation on positioned nucleosomes 

Establishment of both nucleosome positioning and DNA methylation by the RdDM pathway 

suggests that nucleosome positioning and DNA methylation may be established in parallel. 

Alternatively, DNA methylation may affect nucleosome positioning or nucleosomes may affect 

the pattern of DNA methylation. We tested the latter possibility by manipulating nucleosome 

positioning and testing the levels of CHH methylation. Nucleosome positioning was partially 

disrupted by mutating SWI3B, which has previously been shown to be involved in Pol V-mediated 

nucleosome positioning [113]. Although swi3b null mutants are embryo lethal [156], we took 
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advantage of the well documented observation that SWI3B is haploinsufficient [113], [156], [170] 

and used the swi3b/+ heterozygous plants. As expected, the MNase-H3 ChIP signal on Pol V 

stabilized nucleosomes was slightly but significantly reduced in swi3b/+ [Figure 2.6A], which was 

confirmed using locus-specific assays [Figure 2.7A]. Despite this impact on nucleosomes, CHH 

methylation was not significantly changed in swi3b/+ [Figure 2.6B]. This indicates that a minor 

disruption of nucleosome positioning has no detectable direct impact on DNA methylation in the 

CHH context. 

To further test if nucleosomes have an impact on CHH methylation, we looked genome-

wide and identified SWI3B stabilized nucleosomes, which are defined as nucleosomes that have a 

higher MNase H3 ChIP-seq signal level in wildtype compared to swi3b/+ with FDR of less than 

0.05. In total, we identified 4089 SWI3B stabilized nucleosomes, where the average nucleosome 

signal was significantly and reproducibly decreased in swi3b/+ [Figure 2.6C]. CHH methylation 

was unaffected in swi3b/+ on SWI3B stabilized nucleosomes [Figure 2.6D]. This further supports 

our conclusion that reduction of nucleosome positioning in swi3b/+ had no detectable direct 

impact on DNA methylation in the CHH context. Although the impacts of more substantial 

disruptions of nucleosomes on DNA methylation remain unknown, our findings are consistent 

with DNA methylation and nucleosome positioning being established in parallel or DNA 

methylation working upstream of nucleosome positioning. 
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Figure 2.6: SWI/SNF complex is not required for DNA methylation on positioned 

nucleosomes: A. Average levels of MNase H3 ChIP-seq signal on Pol V stabilized nucleosomes 

in Col-0, nrpe1 and swi3b/+. Ribbons indicate bootstrap confidence intervals with p < 0.05. B. 

Average levels of CHH methylation on and around Pol V stabilized nucleosomes. X axis indicates 

position (bp). Ribbons indicate bootstrap confidence intervals with p < 0.05. C. Average levels of 

MNase H3 ChIP of Col-0, nrpe1 and swi3b/+ at and around SWI3B stabilized nucleosomes. 

Ribbons indicate bootstrap confidence intervals with p < 0.05. D. Average levels of CHH 

methylation on and around SWI3B stabilized nucleosomes. X axis indicates position (bp). Ribbons 

indicate bootstrap confidence intervals with p < 0.05. 
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Figure 2.7: SWI/SNF complex is not required for DNA methylation on positioned 

nucleosomes: A. Locus-specific validation of Pol V stabilized nucleosomes by MNase H3 ChIP 

followed by qPCR. Significance tested using t-test (n.s. = not significant, * = p-value < 0.05, ** = 

p-value < 0.01,*** = p-value < 0.001). ChIP signal values were normalized to ACTIN2 and Col-

0 wild-type. Error bars indicate standard deviations from three biological replicates. 

 

2.3.5 CHH methylation affects nucleosome positioning 

To determine if CHH methylation and nucleosome positioning are established in parallel or CHH 

methylation affects the pattern of nucleosome positioning, we manipulated the levels of CHH 

methylation and determined the pattern of nucleosome positioning. We first used previously 

published datasets [112] to identify differentially methylated regions (DMRs), where CHH 

methylation is reduced in the drm2 mutant. We then assayed nucleosome positioning by MNase 

H3 ChIP-seq in two biological replicates of Col-0 wildtype and drm2 mutant. At DRM2 DMRs 
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[Figure 2.8A], the nucleosome signal was generally enriched in Col-0 wild type relative to 

neighboring regions [Figure 2.8B]. This is consistent with Pol V stabilized nucleosomes being 

enriched in CHH methylation [Figure 3A]. In the drm2 mutant, the nucleosome signal was 

significantly reduced [Figure 2.8B]. This indicates that CHH methylation established by DRM2 

affects nucleosome positioning. 

 

Figure 2.8: CHH methylation affects nucleosome positioning: A. Average levels of CHH 

methylation at and around regions that lose CHH methylation in the drm2 mutant (DRM2 DMRs). 

Ribbons indicate bootstrap confidence intervals with p < 0.05. B. Average levels of MNase H3 

ChIP signal at and around DRM2 DMRs. Ribbons indicate bootstrap confidence intervals with p 
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< 0.05. C. CHH DNA methylation levels on regions where CHH methylation was increased in the 

met1 mutant (MET1 hyper-DMRs). D. MNase H3 ChIP signal levels on MET1 hyper-DMRs.  

 

DMRs are not expected to exactly match lengths and positions of nucleosomes genome-

wide. To increase the resolution of this analysis we took the list of all nucleosomes identified by 

MNase-H3 ChIP and looked only at nucleosomes that overlap DRM2 DMRs. These nucleosomes 

had the expected loss of CHH methylation in drm2 [Figure 2.9A]. They also had a significant 

reduction of the nucleosome signal in drm2 [Figure 2.9B]. This further confirms that CHH 

methylation established by DRM2 affects nucleosome positioning. 

The levels of CHH methylation are greatly variable between silenced loci. To determine if 

the level of CHH methylation is associated with the loss of nucleosome signal, we split DRM2 

DMRs into five groups based on the difference in CHH methylation between Col-0 wild type and 

drm2. Loci with the highest loss of CHH methylation in drm2 also had the greatest reduction of 

the nucleosome signal in drm2 [Figure 2.9C]. This indicates that there is a quantitative relationship 

between reduction of CHH methylation and reduction of nucleosome positioning. 

Reduction of the nucleosome signal upon reduction of CHH methylation in drm2 suggests 

increase of CHH methylation should cause an increase in the nucleosome signal. To test this 

possibility, we used the met1 mutant, which is defective in the maintenance of CG methylation 

and has compensatory hypermethylation in other contexts  [171]. Using previously published 

datasets [112] we identified loci, where CHH methylation was increased in the met1 mutant 

[Figure 2.8C]. We then assayed nucleosome positioning by MNase H3 ChIP-seq in two biological 

replicates of Col-0 wildtype and met1 mutant. Despite the complexity of interactions between 

DNA methylation in various sequence contexts, the nucleosome signal was increased on loci with 
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CHH hypermethylation [Figure 2.8D]. This indicates that the increase of CHH methylation leads 

to the increase of nucleosome positioning. 

Overall, these results are inconsistent with CHH methylation and nucleosome positioning 

being established in parallel. Instead, they suggest that DNA methylation established by RdDM 

may be a direct or indirect determinant of nucleosome positioning. 

 

 

Figure 2.9: CHH methylation affects nucleosome positioning: A. Average levels of CHH 

methylation at and around annotated nucleosomes that overlap DRM2 DMRs. Ribbons indicate 

bootstrap confidence intervals with p < 0.05. B. Average levels of MNase H3 ChIP signal at 

nucleosomes overlapping DRM2 DMRs. Ribbons indicate bootstrap confidence intervals with p < 
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0.05. C. Levels of MNase H3 ChIP signal at DRM2 DMRs split into five groups based on the 

difference in CHH methylation between Col-0 wild type and drm2 with Group 1 having the highest 

difference and Group 5 having the lowest difference.  

 

2.3.6 CG and CHG methylation affect nucleosome positioning 

Impact of DNA methylation on the pattern of nucleosome positioning may be a specific property 

of the RdDM pathway. Alternatively, it may be a more general property of DNA methylation 

established by one or more other silencing pathways. To distinguish between these possibilities, 

we used the met1 mutant, which loses most CG methylation and is at least partially independent 

of RdDM [112], [171]. MET1 CG DMRs had the expected strong reduction of CG methylation 

[Figure 2.10A]. MNase-H3 ChIP performed in Col-0 wild type revealed a significant enrichment 

of the nucleosome signal on the DMRs [Figure 2.10B], which suggests that CG methylation 

maintained by MET1 also counteracts the general weak enrichment of DNA methylation on 

linkers. MNase-H3 ChIP in the met1 mutant showed a significant reduction of the nucleosome 

signal on MET1 DMRs [Figure 2.10B]. This indicates that CG methylation maintained by MET1 

affects nucleosome positioning. 

To determine if CHG methylation also affects nucleosome positioning we used the cmt3 

mutant. CMT3 is responsible for maintaining CHG methylation and is also at least partially 

independent of RdDM [172]. CMT3 DMRs identified using previously published datasets in the 

CHG context [112] had the expected strong reduction of CHG methylation [Figure 2.10C]. 

MNase-H3 ChIP performed in the cmt3 mutant revealed a significant reduction of the nucleosome 

signal on CMT3 DRMs [Figure 2.10D]. This indicates that CHG methylation maintained by CMT3 

also affects nucleosome positioning. 
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Overall, these results indicate that the impact of DNA methylation on the pattern of 

nucleosome positioning is not a unique property of RdDM. Instead, DNA methylation maintained 

by MET1 and CMT3 pathways also has an impact on nucleosome positioning.  

 

 

 

Figure 2.10: SWI/SNF complex is not required for DNA methylation on SWI3B stabilized 

nucleosomes: A. Average levels of CG methylation at and around regions that lose CG 

methylation in the met1 mutant (MET1 DMRs). Ribbons indicate bootstrap confidence intervals 

with p < 0.05. B. Average levels of MNase H3 ChIP signal at and around MET1 DMRs. Ribbons 

indicate bootstrap confidence intervals with p < 0.05. C. Average levels of CHG methylation at 

and around regions that lose CHG methylation in the cmt3 mutant (CMT3 DMRs). Ribbons 
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indicate bootstrap confidence intervals with p < 0.05. D. Average levels of MNase H3 ChIP signal 

at and around CMT3 DMRs. Ribbons indicate bootstrap confidence intervals with p < 0.05. 

 

2.4 Discussion 

We propose a model where DNA methylation is a determinant of nucleosome positioning in 

RdDM. In this model, non-coding transcription by both Pol IV and Pol V leads to the recruitment 

of AGO4 and IDN2. IDN2 interacts with a subunit of SWI/SNF but there is little effect on 

nucleosome positioning from this interaction alone. Instead, the subsequent recruitment of DRM2 

and establishment of DNA methylation activates chromatin remodelers and leads to changes in 

nucleosome positioning. Coordinated establishment of various chromatin marks leads to 

repression of Pol II promoters within the silenced region of the genome. 

There are several possibilities as for how DNA methylation affects nucleosome 

positioning. First, this effect may be explained by distinct intrinsic properties of DNA containing 

5-methylcytosines, as suggested by [164]. Alternatively, DNA methylation may facilitate the 

recruitment or activation of SWI/SNF, either directly or by the involvement of other proteins that 

are sensitive to the presence of 5-methylcytosines. Yet another possibility is that DNA methylation 

may affect nucleosome positioning by changing the pattern of posttranslational histone 

modifications. This includes H3K9me2, which may recruit proteins that modulate the activity of 

chromatin remodelers. This also includes histone deacetylation, which may affect physical 

properties of the nucleosomes [153], [173]. Finally, it also remains possible that the impact of 

DNA methylation on nucleosome positioning may be much more indirect with loss of DNA 

methylation causing transcriptional activation or other major functional changes within chromatin, 

which then affect the placement of nucleosomes. 
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The importance of DNA methylation for nucleosome positioning has a significant impact 

on our understanding of the RdDM pathway. It argues against the pathway being branched after 

IDN2 recruitment [113]. Instead, it supports the notion that events occurring co-transcriptionally 

at the sites of Pol V transcription are organized in a stepwise genetic pathway [148]. Although 

when studied genetically, this pathway appears linear, various steps of the pathway are likely to 

rely on the cooperative recruitment or activation of subsequent factors. One example of such a 

connection is the requirement of both IDN2-SWI3B interaction and DNA methylation for 

nucleosome positioning. Other examples include the recruitment of AGO4, which has been 

proposed to rely on the interaction of AGO4 with the NRPE1 C-terminal domain and with Pol V 

transcripts [136], [174]. Similarly, there is evidence of DRM2 being recruited by interactions with 

AGO4 and other RdDM factors [175], [176]. 

Our model is consistent with the notion that events in the late stages of RdDM lead to a 

concerted establishment of DNA methylation, posttranslational histone modifications and 

nucleosome positioning, which together form a repressive chromatin structure. This explains the 

robustness of transcriptional silencing, where coordinated establishment of various repressive 

chromatin marks leads to efficient repression of Pol II transcription. It is also consistent with the 

general difficulty to experimentally tease apart various repressive chromatin modifications 

established by this pathway. 

SWI/SNF and nucleosome positioning act in maintenance of RdDM, where transcription 

of heterochromatic regions by Pol IV and Pol V may involve the removal or repositioning of 

previously positioned nucleosomes. This is supported by the involvement of putative chromatin 

remodelers in initiation and/or elongation of transcription by both of those polymerases [111], 

[177, p. 1], [178], [179]. Nucleosome positioning established as an outcome of RdDM may serve 
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to re-create the pattern of nucleosomes disrupted by Pol IV and Pol V. De novo RdDM in newly 

inserted TEs is a distinct scenario, since Pol V is expected to transcribe at very low surveillance 

levels [167] and no pre-existing repressive chromatin modifications are expected to exist. The role 

of nucleosome positioning in this de novo process remains unexplored. 

The involvement of DNA methylation in determining the pattern of nucleosomes extends 

beyond RdDM targets. The impact of CG and CHG methylation maintained by MET1 and CMT3 

silencing pathways on stabilizing nucleosomes indicates that DNA methylation may affect 

nucleosome patterns beyond RdDM. This is consistent with findings in other eukaryotes [144], 

[164]. Such an effect of DNA methylation on nucleosome positioning counteracts the overall 

preference to methylate linkers and contributes to local correlations between nucleosomes and 

DNA methylation. This property of nucleosomes is consistent with previous reports [143] and may 

involve the activity of DDM1 [146]. It may also be explained by an indirect mechanism, where 

the loss of DNA methylation leads to activation of transcription, which then affects the pattern of 

nucleosomes. 

Existing evidence does not support the view that DNA methylation is the primary 

determinant of the nucleosome pattern. This role remains reserved for a combination of intrinsic 

factors and active chromatin remodeling. The role of DNA methylation is more limited and 

probabilistic, clearly visible in meta-analysis of large pools of sequences. Therefore, opposite 

behaviors of individual loci are expected. Moreover, global losses of DNA methylation in RdDM 

and DNA methyltransferase mutants may affect the patterns of nucleosomes by a combination of 

cis- and trans-acting factors, which could only be distinguished using tools targeting DNA 

methylation to specific loci.  
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2.5 Materials and Methods 

2.5.1 Plant material 

Col-0 ecotype wildtype, nrpe1/nrpd1b-11 [110], ago4-1 (introgressed into the Col-0 background 

[136]), idn2-1 [137], drm2-2 (SAIL_70_E12, [111],  swi3b-2 (GABI_302G08, [156]), cmt3-11 

(SALK_148381) and met1-3 [180] were grown at 22ºC under white LED light in 16h/8h day/night 

cycle. 

2.5.2 Antibodies 

Rabbit polyclonal anti-histone H3 antibody (ab1791) and mouse monoclonal anti-H3K9me2 

antibody (ab1220) were obtained from Abcam. 

2.5.3 MNase H3 ChIP-seq 

2g of approximately 3.5-week old Arabidopsis thaliana mature leaf tissue, which was crosslinked 

with 0.5% formaldehyde, was ground in liquid nitrogen. MNase H3 ChIP of Col-0, met1, cmt3 

and drm2 was carried out as described previously [113].  MNase H3 ChIP of Col-0, nrpe1 and 

swi3b was carried out using the following protocol. Cold nuclei isolation buffer I (10 mM Tris 

HCl pH8, 10mM MgCl2, 0.4 M sucrose, 0.035% β-mercaptoethanol, 1mM phenylmethylsulfonyl 

fluoride (PMSF)) was added. Tissue was resuspended by vigorous vortexing and shaking. Sample 

was filtered using Miracloth into new 50 ml tube on ice. Miracloth was washed with 10 ml of 

nuclei isolation buffer I. Sample was centrifuged 15 min, 4000 g, 4˚C.  

Supernatant was discarded and nuclei pellet was resuspended using 1 ml of cold nuclei 

isolation buffer II (10 mM Tris HCl pH8, 10 mM MgCl2, 0.4 M sucrose, 1% Triton X-100, 0.035% 

β-mercaptoethanol, 1mM phenylmethylsulfonyl fluoride (PMSF), 0.02 tab/ml cOmplete EDTA-

free, 0.004 mg/ml Pepstatin A). Sample was transferred to 1.5 ml tube and centrifuged for 5 min, 
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2000 g, 4˚C. This step was repeated two more times. Pellet was resuspended using 300 µl of cold 

Nuclei isolation buffer II and layered on top of cold 900 ml Nuclei isolation buffer III ( 10 mM 

Tris HCl pH8, 2 mM MgCl2, 1.7 M sucrose, 0.15% Triton X-100, 0.035% β-mercaptoethanol, 1 

mM phenylmethylsulfonyl fluoride (PMSF), 0.02 tab/ml cOmplete EDTA-free, 0.004 mg/ml 

Pepstatin A) in 1.5 ml tube. Sample was centrifuged for 30 min, 16000 g, 4˚C and supernatant was 

discarded.  

Isolated nuclei were washed twice with Micrococcal Nuclease (MNase) reaction buffer (10 

mM Tris HCl pH8, 15 mM NaCl, 60 µM KCl, 1mM CaCl2) and resuspended in the same buffer. 

MNase enzyme (NEB; 200 Kunitz unit/µl) was added and samples were mixed by vortexing. 

Samples were digested for 10 minutes at 30℃. 1 volume of MNase stop buffer (30 mM Tris HCl 

pH8, 225 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA), 10 mM egtazic acid 

(EGTA), 0.2% sodium dodecyl sulphate (SDS), 2% Tween 20) was then added to stop the reaction. 

To release the chromatin from the nuclei, the sample was vortexed vigorously 5 times and 

centrifuged for 10 min, 14000 g. The supernatant was then transferred to a new tube. Samples for 

H3 ChIP were then diluted in 1 volume ChIP dilution buffer (16.7 mM Tris HCl pH8, 1.2 mM 

ethylenediaminetetraacetic acid (EDTA), 167 mM NaCl, 1.1% Triton X-100, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 0.02 tab/ml cOmplete EDTA-free, 0.004 mg/ml Pepstatin 

A). H3 antibody was added and sample was incubated 12-16 hours, 4˚C with rotation. 

Protein A magnetic beads (PierceTM) were washed three times with IP buffer (50 mM 

HEPES pH7.5, 150 mM NaCl, 10 µM ZnSO4, 1% Triton X-100, 0.05% sodium dodecyl sulphate 

(SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.02 tab/ml cOmplete EDTA-free, 0.004 

mg/ml Pepstatin A) and resuspended in 50 µl IP buffer. Beads were added to IP sample and 

incubated for 1 hour, 4˚C with rotation. Immunoprecipitated chromatin bound to magnetic beads 
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was collected using magnetic separator. Beads were washed 5 min with cold buffers: two times 

with low salt buffer (20 mM Tris HCl pH8, 2 mM ethylenediaminetetraacetic acid (EDTA), 150 

mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulphate (SDS)), once with high salt buffer 

(20 mM Tris HCl pH8, 2 mM ethylenediaminetetraacetic acid (EDTA), 0.5 M NaCl, 1% Triton 

X-100, 0.1% sodium dodecyl sulphate (SDS)), once with LiCl buffer (20 mM Tris HCl pH8, 2 

mM ethylenediaminetetraacetic acid (EDTA), 250 mM LiCl, 1% NP-100, 1% sodium 

deoxycholate)) and twice with TE buffer (10 mM Tris HCl pH8, 1 mM ethylenediaminetetraacetic 

acid (EDTA)). After the last wash, samples were transferred into new a tube and beads were 

collected using a magnetic separator. 

For library preparation, magnetic beads were incubated with 100 µl Elution buffer (10 mM 

Tris HCl pH8, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulphate 

(SDS)) in a thermomixer (65˚C, 1400 rpm, 30 min). Beads were collected using magnetic separator 

and supernatant was transferred into new tube. Step was repeated and both supernatants combined. 

IP samples were de-crosslinked by Proteinase K treatment (5 µl, 65˚C, 12 h). Samples were 

purified using QIAquick® PCR Purification Kit (35 µl of EB buffer were used). Library for 

Illumina sequencing was prepared using either MicroPlex Library PreparationTM Kit (Diagenode) 

according manufacturer instruction, using in-house library preparation based on Bowman et al 

[181], or  prepared by the University of Michigan Advanced Genomics Core. MNase ChIP-seq 

experiments were performed in two biological replicates and sequenced by either 50 bp or 150 bp 

paired-end sequencing at the University of Michigan Advanced Genomics Core. 

2.5.4 MNase H3 & H3K9me2 ChIP-qPCR 

Nuclei were extracted from 2g of approximately 3.5-week old Arabidopsis thaliana mature leaf 

tissue which was crosslinked with formaldehyde [0.5%] as described previously[113] and were 
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digested with Micrococcal Nuclease (MNase ; NEB) for 10 minutes at 30℃. MNase-digested 

chromatin was immunoprecipitated with anti-histone H3 antibody or anti-H3K9me2 antibody. 

DNA was purified and used for qPCR analysis. MNase ChIP-qPCR experiments were performed 

in three biological replicates with region-specific primers listed in Table 2.1. 

2.5.5 Whole genome bisulfite-seq 

Genomic DNA was isolated from approximately 3.5-week old Arabidopsis thaliana mature leaf 

tissue of Col-0 wild type, swi3b/+ and nrpe1 using DNeasy Plant Mini Kit (QIAGEN). DNA was 

processed for bisulfite treatment and library generation at the University of Michigan Advanced 

Genomics Core. 

2.5.6 Bioinformatic data analysis 

MNase H3 ChIP-seq paired-end reads from two independent biological replicates were aligned 

and processed to the Arabidopsis TAIR10 genome with Bowtie2 [182]. Mapped reads were 

deduplicated using PICARD tools (http://broadinstitute.github.io/picard) and filtered by fragment 

length between 120-170 bp and MAPQ value of >=2. Differential nucleosomes were identified 

using DANPOS2 [183] by filtering nucleosomes with more than 2 fold enrichment in either in 

Col-0 for PolV stabilized nucleosomes or in nrpe1 for PolV destabilized nucleosomes and FDR< 

0.05. Nucleosomes were then filtered using the negative binomial test with reads from biological 

replicates using the NBPseq R package [184]. For subsequent analysis we selected nucleosomes 

which showed more than 2 fold-change and FDR < 0.05. We further refined the nucleosome 

positions for well-positioned nucleosomes by filtering for main peak nucleosomes using iNPS 

[185]. Nucleosome data was (RPM) normalized and visualized on heatmaps and profiles by 

calculating the number of reads using BEDTools 2.15.0 at nucleosome dyads [186]. Overlap 

analyses with nucleosomes were performed with 1000 permutated genomic regions to obtain 
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expected numbers and p values. SWI3B-stabilized nucleosomes were filtered for higher read 

counts in Col-0 than the swi3b mutant and an FDR<0.05. These nucleosomes were then further 

filtered using the negative binomial test with reads from biological duplicates using NBPseq and 

the nucleosomes with FDR<0.01 were selected for further analysis.  

The sequencing reads from whole genome bisulfite-seq datasets were mapped to the 

TAIR10 genome using the Bismark software allowing no mismatches [187]. DNA methylation 

levels were calculated by the ratio of #C/(#C+#T) after selecting for Cs with at least 5 sequenced 

reads. Differentially Methylated Regions (DMRs) were identified using methylKit package in R 

[188]. The bin sizes used were 100bp bins with a step-size of 50bps. 10 minimum bases were 

required in each tile. A 25% (hypo-DMRs) or 20% (hyper-DMRs) minimum methylation 

differences were selected for in each of the tiles and an FDR value of 0.01 was used. The number 

of MNase-H3 ChIP-seq reads overlapping these DMRs were then plotted as a profile. 

 

Locus Name Sequence  (5’-3’) Application 

 

Nucleosome validation 

PSN1 MH487 caggttgtgagttcgaatcgt ChIP-qPCR 

MH488 catctccgttagccaccttt 

PSN2 MH489 tgagattttaccgggtccac ChIP-qPCR 

MH490 cccttatacgtaatttccatcaca 

PSN3 MH491 ggagtgggatgtagactcgaa ChIP-qPCR 

MH492 ctagtggtaccgcagggttt 

PSN4 MH493 cgatcggttcgatctcctta ChIP-qPCR 

MH494 taacggttcaacccgagaaa 

PSN5 MH495 tctcccccacaatttctgtc ChIP-qPCR 

MH496 aaatggacccctcattgtca 

PSN6 MH501 acagatagcgctgtacagatttta ChIP-qPCR 

MH502 tcatttgatatgcgttttgttt 

ACTIN2 Actin2-A118 gagagattcagatgcccagaagtc ChIP-qPCR  

[111] Actin2-A119 tggattccagcagcttcca 

HSP70 A512 ctcttcctcacacaatcataaaca ChIP-qPCR 

[189] A513 cagaattgttcgccggaaag 
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H3K9me2 validation 

IGN22 MH537 cgggtccttggactcctgat ChIP-qPCR 

[135] MH538 tcgtgaccggaataattaaatgg 

ACTIN2 Actin2-A118 gagagattcagatgcccagaagtc ChIP-qPCR 

[111] Actin2-A119 tggattccagcagcttcca 

PSN1 MH487 caggttgtgagttcgaatcgt ChIP-qPCR 

MH488 catctccgttagccaccttt 

PSN3 MH491 ggagtgggatgtagactcgaa ChIP-qPCR 
MH492 ctagtggtaccgcagggttt 

 

Table 2.1: Oligonucleotides used in this study, Related to the Experimental Procedures 

 

2.5.7 Other datasets used in this study 

Arabidopsis genome annotations (TAIR10) were obtained from TAIR (www.arabidopsis.org). Pol 

V ChIP-seq data (SRA054962) and peak list and Pol V RIP-seq data (GSE70290) and annotated 

regions were published previously [165], [190]. DNA methylation data from idn2, ago4, drm2, 

met1 and cmt3 mutants as well as corresponding Col-0 and nrpe1 controls were obtained from 

GSE39901 [112]. 
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CHAPTER III 

 

Reinforcement of Transcriptional Silencing by a Positive Feedback 

 Between DNA Methylation and Non-Coding Transcription  

 

The contents of this chapter have been submitted for publication and is currently in the review 

process. Masayuki Tsuzuki prepared Pol V IPARE samples for sequencing. Shriya Sethuraman 

optimized the sequencing read mapping protocol. Andrzej T. Wierzbicki conducted data analysis 

and generated plots shown in Figure 3.3C, 3.3D, 3.4C, 3.5, 3.6, 3.7D, 3.7E, 3.9 and 3.10. I 

performed all other experiments and data analysis shown in this chapter. 

 

3.1 Abstract 

Non-coding transcription is an important determinant of heterochromatin formation. In 

Arabidopsis thaliana a specialized RNA polymerase V (Pol V) transcribes pervasively and 

produces long non-coding RNAs. These transcripts work with small interfering RNA to facilitate 

locus-specific establishment of RNA-directed DNA methylation (RdDM). Subsequent 

maintenance of RdDM is associated with elevated levels of Pol V transcription. However, the 

impact of DNA methylation on Pol V transcription remained unresolved. We found that DNA 
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methylation strongly enhances Pol V transcription. The level of Pol V transcription is reduced in 

mutants defective in RdDM components working downstream of Pol V, indicating that RdDM is 

maintained by a mutual reinforcement of DNA methylation and Pol V transcription. Pol V 

transcription is affected only on loci that lose DNA methylation in all sequence contexts in a 

particular mutant, including mutants lacking maintenance DNA methyltransferases, which 

suggests that RdDM works in a complex crosstalk with other silencing pathways. 

3.2 Introduction 

RNA-directed DNA methylation (RdDM) is a plant transcriptional silencing pathway which 

targets transposable elements (TE), transgenes and repetitive sequences [191]. These loci are then 

turned off by the establishment of repressive chromatin marks, including posttranslational histone 

modifications, nucleosome positioning and DNA methylation [192], [193]. RdDM is determined 

by two classes of non-coding RNA [194], [195]. The first is small interfering RNA (siRNA), which 

is produced by the activities of RNA-dependent RNA polymerases and Dicer-like proteins [196]. 

siRNA incorporates into Argonaute proteins and gives them sequence-specificity towards loci 

complementary to siRNA [197], [198]. The second class of non-coding RNA involved in RdDM 

is produced by a specialized RNA polymerase, Pol V [166], [167], [199]–[201]. Pol V transcribes 

long non-coding RNA (lncRNA) and lncRNA is required for recognition of target loci by siRNA-

Argonaute complexes, which has been proposed to occur via siRNA-lncRNA base-pairing [198], 

[200], [202], [203]. The consequence of this recognition is recruitment of chromatin modifiers and 

heterochromatin formation [204]–[206]. 

The most important property of RdDM is its locus specificity, which assures that TEs are 

recognized and silenced, but essential protein-coding genes are not targeted. This specificity is 
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achieved when a TE is newly integrated or activated. As a TE becomes transcribed by Pol II, it 

produces aberrant transcripts, which are the preferred substrates for RNA-dependent RNA 

polymerases and give rise to primary siRNAs [196], [207]. Pol V has been recently shown to 

transcribe broadly and surveil the genome to make it competent to receive the silencing signal 

from primary siRNA [167]. Therefore, Pol V contributes little or no sequence-specificity to the 

initiation of RdDM.  

Once initiated, silencing is often not maintained epigenetically and has to be reinforced by 

a continuous activity of the RdDM pathway. This process involves another specialized RNA 

polymerase, Pol IV, which produces substrates for RDR2 and DCL3 and leads to relatively high 

accumulation of 24nt siRNA [208], [209]. It also involves Pol V, which transitions from a very 

low level of surveillance transcription to a more efficient production of lncRNAs on silenced loci 

[167]. Both events are caused by the presence of repressive chromatin marks. H3K9me2 is 

recognized by the SHH1 protein, which recruits Pol IV [210], [211]. Methylated DNA is bound 

by SUVH2 and SUVH9 proteins, which facilitate Pol V transcription [212], [213]. Consistently, 

Pol V association with chromatin is often reduced in the met1 mutant [212]. This strongly suggests 

that RdDM is a self-reinforcing mechanism, where DNA methylation and H3K9me2 enhance Pol 

IV and Pol V transcription, which leads to further establishment of repressive chromatin marks. 

The presence of a self-reinforcing feedback loop between elevated Pol V transcription and 

DNA methylation has one important implication. It suggests that disruption of RdDM factors that 

work downstream of Pol V should lead to loss of DNA methylation and subsequently reduction of 

Pol V transcription. Surprisingly, it is not the case and Pol V transcripts still accumulate in those 

mutants, including spt5l, ago4 and drm2 [167], [198], [200], [201], [204], [214]. This 
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inconsistency indicates that the relationship between Pol V transcription and DNA methylation 

remains unresolved.  

One possible explanation for the inability to disrupt the RdDM feedback loop is the 

presence of multiple overlapping silencing pathways [172], [212], [215]–[217]. In this scenario, 

maintenance of silencing on a subset of RdDM loci may be performed not only by RdDM but also 

by MET1 and/or CMT3. In this study we tested this possibility by performing genome-wide 

identification of Pol V transcription in mutants defective in downstream RdDM components and 

DNA methyltransferases. We found that loci transcribed by Pol V are indeed targeted by multiple 

overlapping and partially redundant silencing pathways. This confounds the ability to detect the 

self-reinforcing properties of RdDM. When effects of other pathways are eliminated, the positive 

feedback of Pol V transcription and DNA methylation becomes clearly detectable. 

3.3 Results 

3.3.1 RdDM loci are targeted by multiple silencing pathways 

RdDM has been proposed to work as a self-reinforcing feedback loop [212], which predicts that 

mutants in components acting downstream of Pol V should affect the accumulation of Pol V 

transcripts. Several studies indicated that this is not the case and Pol V transcripts accumulate in 

spt5l, ago4 and drm2 mutants [167], [198], [200], [201], [204], [214]. To resolve these conflicting 

results, we performed Pol V IPARE in the drm2 mutant, and reanalyzed previously published 

comparable Pol V IPARE  datasets in Col-0, ago4 and spt5l [167]. As expected, the overall 

accumulation of Pol V transcripts on all known RdDM Pol V-transcribed regions [167] was only 

slightly reduced in spt5l, ago4 or drm2 mutants. This reduction was much smaller than observed 

in nrpe1, a mutant in the largest subunit of Pol V (Fig. 3.1A, Fig. 3.2AB).  
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One potential explanation of this observation is that not all DNA methylation is lost in the 

studied mutants [216]. To test this hypothesis, we reanalyzed previously published whole genome 

bisulfite sequencing datasets [218] and determined the levels of DNA methylation in all three 

contexts on the same known RdDM Pol V-transcribed regions [167]. We found that while CHH 

methylation was substantially reduced, the levels of CG methylation remained high in spt5l, ago4 

and drm1/2 mutants (Fig. 3.1B). The remaining CG methylation may explain why these mutants 

only have minor effects on Pol V transcription. 

 

Figure 3.1: RdDM loci are targeted by multiple silencing pathways: A. Small effects of mutants 

in downstream components of RdDM on Pol V transcription throughout the genome. Pol V IPARE 

signal levels were plotted on previously identified Pol V RdDM regions [167] in Col-0, nrpe1, 

spt5l, ago4, and drm2. Individual biological replicates are shown in Fig. 3.2AB. B. Presence of 

symmetric DNA methylation in RdDM mutants. DNA methylation levels [218] were plotted on 

previously identified Pol V RdDM regions [167] in CG, CHG and CHH contexts in Col-0, nrpe1, 

spt5l, ago4, and drm1/2. C. Residual DNA methylation in DNA methyltransferase mutants. DNA 

methylation levels [218] were plotted on previously identified Pol V RdDM regions [167] in CG, 

CHG and CHH contexts in Col-0, met1, cmt3, and drm1/2.  

 

High levels of residual DNA methylation in RdDM mutants are consistent with previous 

observations that RdDM loci are commonly targeted by several silencing pathways [172], [212], 

[217]. To provide further support for this conclusion, we determined the levels of DNA 

methylation on RdDM Pol V-transcribed regions [167] in DNA methyltransferase mutants, which 

disrupt various silencing pathways. The cmt3 mutant had a strong reduction of CHG methylation 
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only (Fig. 3.1C). drm1/2 had reduced levels of CHH and to a smaller extent CHG methylation but 

no major change in CG methylation (Fig. 3.1C). met1 had an almost complete loss of CG 

methylation but only partial reductions of CHH and CHG methylation (Fig. 3.1C). This indicates 

that as expected, RdDM Pol V-transcribed loci are targeted not only by RdDM but also by variable 

contributions of CMT3 and MET1. Together, these results indicate that RdDM loci are targeted 

by multiple overlapping silencing pathways. 

 

Figure 3.2: Individual biological replicates of datasets showing minimal effects of mutants in 

downstream components of RdDM on Pol V transcription: Pol V IPARE signal levels were 

plotted on previously identified Pol V RdDM regions [167] in Col-0, nrpe1 and spt5l (A) and Col-

0, ago4, and drm2 (B).  

 

3.3.2 Maintenance of RdDM requires DNA methylation by DRM2 

Presence of multiple silencing pathways on RdDM loci may confound the ability to test the role 

of DNA methylation for Pol V transcription. To overcome this limitation, we took advantage of 

the fact that each particular locus may be targeted by any combination of silencing pathways and 

relative contributions of various pathways at least partially depend on the frequency of cytosines 

in particular contexts [172]. This means that some loci may be primarily silenced by just one 

pathway and therefore a subset of loci is expected to have no DNA methylation in drm2 in all 
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contexts. To identify these loci, we found differentially methylated regions (DMRs) that lose CHH 

methylation in drm1/2 (drm1/2 DMRs) and are transcribed by Pol V. We then split these DMRs 

into two categories based on the presence or absence of CG and CHG methylation in drm1/2. The 

control group had CG and CHG methylation detectable in drm1/2 (Fig. 3.3A, “Both CG and CHG 

present”). The second group had no CHG and no CG methylation detectable in drm1/2 (Fig. 3.3A, 

“Neither CG nor CHG present”). We then calculated the abundance of Pol V transcription in those 

groups in Col-0 wild type and drm2 mutant. While the control group had only a small reduction 

of Pol V transcription in drm2 (Fig. 3.3B), the group with no CHG and no CG methylation had a 

substantially greater reduction of Pol V transcription in drm2 (Fig. 3.3B, Fig. 3.4C). The level of 

Pol V transcription in drm2 on loci with no CHG and no CG methylation in drm2 was significantly 

lower than on control loci (p < 10-16, Wilcoxon test). This indicates that loss of DNA methylation 

in all contexts in drm2 leads to a substantial reduction of Pol V transcription.  

To further confirm the role of all DNA methylation contexts for maintaining high levels of 

Pol V transcription, we performed a reciprocal analysis. We identified Pol V-transcribed genomic 

regions, where Pol V IPARE signal was significantly reduced in drm2 and control loci where no 

difference in Pol V IPARE signal was detected in drm2 (Fig. 3.3C, Fig. 3.4C). We then assayed 

DNA methylation in Col-0 wild type, drm1/2 and nrpe1. Loci where Pol V transcription was 

DRM2-independent showed strong reductions of CHG and CHH methylation but mostly 

maintained relatively high levels of CG DNA methylation in drm1/2 (Fig. 3.3D). In contrast, loci 

that lost Pol V transcription in drm2 also lost DNA methylation in all sequence contexts, including 

CG (Fig. 3.3D). Levels of CG methylation in drm2 on loci that lost Pol V transcription in drm2 

were significantly lower than at loci where Pol V transcription was DRM2-independent (p < 10-

179, Wilcoxon test). This indicates that residual CG methylation allows maintaining high levels of 
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Pol V transcription and the reduction of Pol V transcription in drm2 is associated with the loss of 

DNA methylation in all sequence contexts. Levels of DNA methylation in all contexts were similar 

in drm1/2 and nrpe1 on both categories of loci (Fig. 3.4D), which is consistent with Pol V being 

generally required for DNA methylation by DRM2. 

Together, these results indicate that RdDM Pol V transcription requires DNA methylation 

in at least one sequence context. This is consistent with RdDM operating as a self-reinforcing 

feedback loop and enhanced Pol V transcription on silenced loci playing an important role in this 

feedback.  

 

Figure 3.3: Maintenance of RdDM requires DNA methylation by DRM2 at loci not targeted 

by other silencing pathways: A. Control plot showing drm1/2 DMRs split by the presence or 

absence of symmetric methylation in drm1/2. DNA methylation levels [218] were plotted on Pol 

V-transcribed drm1/2 CHH DMRs split by the levels of CG and CHG methylation. There were 
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3113 DMRs with both CG and CHG present in both Col-0 and drm2 as well as 276 DMRs with 

CG and CHG present in Col-0 but absent in drm2. DMRs were identified by difference between 

the whole genome bisulfite sequencing (WGBS) CHH signal of Col-0 and drm1/2 > 0.2 and FDR 

< 0.01. Presence of DNA methylation was defined as WGBS signal > 0.2 (CG) or > 0.1 (CHG). 

Absence of DNA methylation was defined as WGBS signal of 0. B. Substantial reduction of Pol 

V transcription in drm2 on loci that lose DNA methylation in all contexts. Pol V IPARE signal 

was plotted on two categories of Pol V-transcribed drm1/2 DMRs in Col-0, nrpe1, and drm2. 

Individual biological replicates are shown in Fig. 3.4AB. C. Control plot showing genomic Pol V-

transcribed bins split by the impact of DRM2 on Pol V transcription. Pol V IPARE signal was 

plotted on Pol V-transcribed regions with either Pol V IPARE reduced (1246 bins) or unchanged 

(8945 bins) in drm2. Bins were identified as Pol V-transcribed by IPARE signal being significantly 

greater in Col-0 compared to nrpe1 (FDR < 0.05 [184]). IPARE signal was defined as reduced in 

drm2 by FDR < 0.05, and as unchanged in drm2 by FDR > 0.9 and fold change smaller than 2. 

Individual biological replicates are shown in Fig. 3.4C. D. Substantial reduction of DNA 

methylation in drm2 in all contexts on genomic bins with DRM2-dependent Pol V transcription. 

DNA methylation levels [218] in CG, CHG and CHH contexts were plotted on Pol V-transcribed 

regions with Pol V IPARE signal reduced or unchanged in drm2. Corresponding data for nrpe1 

and total levels of DNA methylation in all contexts are shown in Fig. 3.4D. 

 

 

Figure 3.4: Maintenance of RdDM requires DNA methylation by DRM2 at loci not targeted 

by other silencing pathways: A. Individual biological replicates of data showing a substantial 

reduction of Pol V IPARE signal in nrpe1 on loci that lose DNA methylation in all contexts shown 

in Fig. 3.3B. Pol V IPARE signal was plotted on two categories of Pol V-transcribed drm1/2 DMR 

in Col-0 and nrpe1. B. Individual biological replicates of data showing a substantial reduction of 

Pol V IPARE in drm2 on loci that lose DNA methylation in all contexts shown in Fig. 3.3B. Pol 
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V IPARE signal was plotted on two categories of Pol V-transcribed drm1/2 DMRs in Col-0 and 

drm2. C. Individual biological replicates of control data showing genomic bins split by the 

presence or absence of DRM2-dependent Pol V transcription shown in Fig. 3.3C. Pol V IPARE 

signal was plotted on regions with either Pol V IPARE reduced or unchanged in drm2. D. 

Substantial reduction of DNA methylation in drm1/2 and nrpe1 in all contexts on genomic bins 

with DRM2-dependent Pol V transcription. DNA methylation levels [218] in CG, CHG and CHH 

contexts as well as total DNA methylation levels were plotted on Pol V-transcribed regions with 

Pol V IPARE signal reduced or unchanged in drm2. 

 

3.3.3 Downstream components are required for maintenance of RdDM 

The self-reinforcing loop between Pol V transcription and DNA methylation is expected to be 

disrupted not only in the drm2 mutant but also in mutants defective in other downstream RdDM 

components, including spt5l and ago4. To test this prediction, we analyzed Pol V IPARE from the 

spt5l mutant [167] and identified Pol V-transcribed genomic regions that had no changes of Pol V 

transcription in spt5l (Fig. 3.5A, Fig. 3.6A). These regions had strong reductions of CHG and CHH 

methylation but retained high levels of CG methylation in spt5l (Fig. 3.5B). In contrast, regions 

with significant reductions of Pol V transcription in spt5l (Fig. 3.5A, Fig. 3.6A) had substantial 

reductions of DNA methylation in all sequence contexts, including CG (Fig. 3.5B). Levels of CG 

methylation in spt5l at loci that lost Pol V transcription in spt5l were significantly lower than at 

loci where Pol V transcription was SPT5L-independent (p < 10-250, Wilcoxon test). This indicates 

that residual CG methylation allows maintaining high levels of Pol V transcription and a subset of 

loci where the level of Pol V transcription is dependent on SPT5L also loses DNA methylation in 

all sequence contexts in spt5l.  

We further tested the contribution of AGO4 to the self-reinforcement of RdDM by 

analyzing Pol V IPARE in the ago4 mutant. Pol V-transcribed genomic regions with no reductions 

of Pol V transcription in ago4 (Fig. 3.5C) had strong reductions of CHG and CHH methylation 
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but retained high levels of CG methylation in ago4 (Fig. 3.5D). Regions that lost Pol V 

transcription in ago4 (Fig. 3.5C, Fig. 3.6B) also showed substantial reduction of DNA methylation 

in ago4 in all sequence contexts, including CG (Fig. 3.5D). Levels of CG methylation in ago4 at 

loci that lost Pol V transcription in ago4 were significantly lower than at loci where Pol V 

transcription was AGO4-independent (p < 10-51, Wilcoxon test). This further demonstrates the role 

of residual CG methylation in maintaining Pol V transcription and shows that a subset of loci 

where Pol V transcription is dependent on AGO4 also loses DNA methylation in ago4 in all 

sequence contexts. 

Together, these results demonstrate that Pol V transcription is enhanced by DNA 

methylation and confirm that RdDM is controlled by a self-reinforcing feedback loop between the 

level of Pol V transcription and DNA methylation. This feedback loop may be disrupted by 

mutating SPT5L or AGO4 and is only detectable on loci with no confounding activity of other 

silencing pathways. 
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Figure 3.5: Downstream components are required for maintenance of RdDM at loci where 

they are needed for DNA methylation in all contexts: A. Control plot showing Pol V-transcribed 

genomic bins split by the impact of SPT5L on Pol V transcription. Pol V IPARE signal was plotted 

on Pol V transcribed regions with either Pol V IPARE reduced (1304 bins) or unchanged (13115 

bins) in spt5l. Bins were identified as Pol V-transcribed by IPARE signal being significantly 

greater in Col-0 compared to nrpe1 (FDR < 0.05 [184]). IPARE signal was defined as reduced in 

spt5l by FDR < 0.05, and as unchanged in spt5l by FDR > 0.9 and fold change smaller than 2. 

Individual biological replicates are shown in Fig. 3.6A. B. Substantial reduction of DNA 

methylation in spt5l in all contexts on genomic bins with SPT5L-dependent Pol V transcription. 

DNA methylation levels [218] in CG, CHG and CHH contexts was plotted on regions with Pol V 

IPARE signal reduced or unchanged in spt5l. C. Control plot showing genomic bins split by the 

presence or absence of AGO4-dependent Pol V transcription. Pol V IPARE signal was plotted on 

regions with either Pol V IPARE reduced (1048 bins) or unchanged (9181 bins) in ago4. Bins were 

identified as Pol V-transcribed by IPARE signal being significantly greater in Col-0 compared to 

nrpe1 (FDR < 0.05 [184]). IPARE signal was defined as reduced in ago4 by FDR < 0.05, and as 

unchanged in ago4 by FDR > 0.9 and fold change smaller than 2. Individual biological replicates 

are shown in Fig. 3.6B. D. Substantial reduction of DNA methylation in ago4 in all contexts on 
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genomic bins with AGO4-dependent Pol V transcription. DNA methylation levels [218] in CG, 

CHG and CHH contexts were plotted on Pol V-transcribed regions with Pol V IPARE signal 

reduced or unchanged in ago4. 

 

 

Figure 3.6: Downstream components are required for maintenance of RdDM at loci where 

they are needed for DNA methylation in all contexts: A. Individual biological replicates of 

control data showing genomic bins split by the presence or absence of SPT5L-dependent Pol V 

transcription. Pol V IPARE signal was plotted on regions with either Pol V IPARE reduced or 

unchanged in spt5l. B. Individual biological replicates of control data showing genomic bins split 

by the presence or absence of AGO4-dependent Pol V transcription. Pol V IPARE signal was 

plotted on regions with either Pol V IPARE reduced or unchanged in ago4.  

 

3.3.4 MET1 is needed for maintenance of RdDM 

The most prominent silencing pathway that overlaps RdDM is maintenance of CG methylation by 

MET1 [212]. Disruption of this process by mutating MET1 affects the levels of CHH methylation 

and has an impact on Pol V binding to chromatin [212]. This pathway is likely to be responsible 

for high levels of CG methylation remaining in nrpe1 and downstream mutants on RdDM Pol V-

transcribed loci (Fig. 1B). To test the impact of MET1 on Pol V transcription, we performed Pol 

V IPARE in the met1 mutant. The overall accumulation of Pol V transcripts on all known RdDM 

Pol V-transcribed regions [167] was reduced in met1 to a greater extent than in drm2 or cmt3 but 
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was still strongly enriched over the background level observed in nrpe1 (Fig. 1A, Fig. 3.7A). This 

indicates that maintenance of CG methylation by MET1 is important but not absolutely required 

for Pol V transcription. 

Our findings that loss of DNA methylation in all contexts in downstream RdDM mutants 

leads to reduction of Pol V transcription suggest a similar relationship in met1. To test this 

possibility, we found DMRs that lose CG methylation in met1 (met1 DMRs) and are transcribed 

by Pol V. We then split these DMRs into categories based on the presence or absence of CHG and 

CHH methylation in met1 (Fig. 3.7B) and calculated the abundance of Pol V transcription in those 

groups in Col-0 wild type and met1 mutant (Fig. 3.7C). Regions with no CHG and no CHH 

methylation in met1 had a substantially greater reduction of Pol V transcription in met1 than 

regions that retain CHG and CHH methylation in met1 (Fig. 3.7C). The level of Pol V transcription 

in met1 on loci with no CHG and no CHH methylation in met1 was significantly lower than on 

control loci (p < 10-16, Wilcoxon test). This indicates that loss of DNA methylation in all contexts 

in met1 leads to a substantial reduction of Pol V transcription.  

To further confirm the role of all DNA methylation contexts for maintaining high levels of 

Pol V transcription, we performed a reciprocal analysis. We identified Pol V-transcribed loci 

where Pol V transcription was unchanged in met1 (Fig. 3.7D). These loci lost CG methylation but 

retained substantial levels of CHG and CHH methylation in met1 (Fig. 3.7E). In contrast, loci with 

significantly reduced Pol V transcription in met1 (Fig. 3.7D) had strong reductions of DNA 

methylation in all sequence contexts, including CHG and CHH (Fig. 3.7E). Levels of CHG and 

CHH methylation in met1 at loci that lost Pol V transcription in met1 were significantly lower than 

at loci where Pol V transcription was MET1-independent (p < 10-199 and p < 10-291 respectively, 

Wilcoxon test). This indicates that remaining CHG and CHH methylation allows maintaining Pol 
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V transcription in met1. Reduction of Pol V transcription in met1 at a subset of loci is associated 

with the loss of DNA methylation in all sequence contexts. 

These results demonstrate that at a subset of loci, disruption of CG methylation 

maintenance in the met1 mutant leads to loss of DNA methylation in all sequence contexts. This 

negatively affects the level of Pol V transcription and disrupts the maintenance of RdDM. This 

indicates that MET1 is involved in determining the level of Pol V transcription and therefore 

contributes to the maintenance of RdDM. 

 

Figure 3.7: MET1 is needed for maintenance of RdDM at loci where it affects DNA 

methylation in all contexts: A. Effects of DNA methyltransferase mutants on Pol V transcription. 

Pol V IPARE signal levels were plotted on previously identified Pol V RdDM regions [167] in 

Col-0, nrpe1, met1 and cmt3. Individual biological replicates are shown in Fig. 3.8. B. Control plot 

showing met1 DMRs split by the presence or absence of non-CG methylation in met1. DNA 

methylation levels [218] were plotted on Pol V-transcribed met1 CG DMRs split by the level of 

CHG and CHH methylation in met1. There were 1819 DMRs with both CHG and CHH present in 

both Col-0 and met1 as well as 995 DMRs with CHG and CHH present in Col-0 but absent in 

met1. DMRs were identified by difference between the WGBS CG signal of Col-0 and met1 > 

0.55 and FDR < 0.01. Presence of DNA methylation was defined as WGBS signal > 0.1 (CHG) or 

> 0.05 (CHH). Absence of DNA methylation was defined as WGBS signal of 0. C. Substantial 

reduction of Pol V transcription in met1 on loci that lose DNA methylation in all contexts in met1. 
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Pol V IPARE signal was plotted on two categories of Pol V-transcribed met1 DMRs in Col-0, 

nrpe1, and met1. D. Control plot showing Pol V-transcribed genomic bins split by the presence or 

absence of MET1-dependent Pol V transcription. Pol V IPARE signal was plotted on regions with 

either Pol V IPARE reduced (2231 bins) or unchanged (5755 bins) in met1. Bins were identified 

as Pol V-transcribed by IPARE signal being significantly greater in Col-0 compared to nrpe1 (FDR 

< 0.05 [184]). IPARE signal was defined as reduced in met1 by p < 0.01 at 2-fold change or greater 

calculated using GFOLD [219], and as unchanged in met1 by GFOLD p < 0.01 at 0.1-fold change 

or smaller and fold change smaller than 2. E. Substantial reduction of DNA methylation in met1 

in all contexts on genomic bins with MET1-dependent Pol V transcription. DNA methylation 

levels [218] in CG, CHG and CHH contexts were plotted on regions with Pol V IPARE signal 

reduced or unchanged in met1. 

 

 

Figure 3.8: Individual biological replicates of datasets showing minimal effects of mutants in 

DNA methyltransferase CMT3 on Pol V transcription: Pol V IPARE signal levels were plotted 

on previously identified Pol V RdDM regions [167] in Col-0 and cmt3. 

 

3.3.5 CMT3 affects RdDM maintenance at a subset of loci 

Although RdDM loci are also often targeted by CMT3 ([217] and Fig. 1C), DNA methylated in 

CHG contexts is not preferentially bound by SUVH2 or SUVH9 in vitro [220]. This predicts that 

CMT3 should not contribute to the maintenance of RdDM and mutating CMT3 should not lead to 

the loss of RdDM Pol V transcription. To test this prediction, we identified Pol V-transcribed 
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regions that had significant reductions of Pol V transcription in cmt3 (Fig. 3.9A, Fig. 3.10A). These 

sequences only partially overlapped loci with Pol V transcription dependent on AGO4, DRM2 or 

MET1 (Fig. 3.10B). We then compared them to regions with no change of Pol V transcription in 

cmt3 (Fig. 3.9A, Fig. 3.10A). Regions where Pol V transcription was unchanged in cmt3 had a 

partial reduction of CHG methylation but retained high levels of CG and CHH methylation in cmt3 

(Fig. 3.9B), higher than in nrpe1 (Fig. 3.10C). In contrast, regions where Pol V transcription was 

significantly reduced in cmt3 also had substantial reductions of DNA methylation in cmt3 in all 

sequence contexts (Fig. 3.9B), greater than in nrpe1 (Fig. 3.10C). Levels of CG, CHG and CHH 

methylation in cmt3 at loci that lost Pol V transcription in cmt3 were significantly lower than at 

loci where Pol V transcription was CMT3-independent (p < 10-142 for CG, p < 10-116 for CHG, and 

p < 10-234 for CHH, Wilcoxon test). This indicates that CMT3 contributes to the maintenance of 

RdDM. At a subset of loci, disruption of CHG methylation maintenance in the cmt3 mutant leads 

to loss of DNA methylation in all contexts, which disrupts the maintenance of RdDM. 

 

Figure 3.9: CMT3 affects RdDM maintenance at loci where it is needed for DNA methylation 

in all contexts: A. Control plot showing Pol V-transcribed genomic bins split by the presence or 

absence of CMT3-dependent Pol V transcription. Pol V IPARE signal was plotted on regions with 

either Pol V IPARE reduced (912 bins) or unchanged (8735 bins) in cmt3. Bins were identified as 

Pol V-transcribed by IPARE signal being significantly greater in Col-0 compared to nrpe1 (FDR 
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< 0.05 [184]). IPARE signal was defined as reduced in cmt3 by FDR < 0.05, and as unchanged in 

cmt3 by FDR > 0.9 and fold change smaller than 2. Individual biological replicates are shown in 

Fig. 3.10A. B. Substantial reduction of DNA methylation in cmt3 in all contexts on genomic bins 

with CMT3-dependent Pol V transcription. DNA methylation levels [218] in CG, CHG and CHH 

contexts were plotted on regions with Pol V IPARE signal reduced or unchanged in cmt3. 

 

 

Figure 3.10: CMT3 affects RdDM maintenance at loci where it is needed for DNA 

methylation in all contexts A. Individual biological replicates showing control data with genomic 

bins split by the presence or absence of CMT3-dependent Pol V transcription presented in Fig. 

3.9A. Pol V IPARE signal was plotted on regions with either Pol V IPARE reduced or unchanged 

in cmt3. B. Overlaps of genomic bins with Pol V transcription reduced in nrpe1, met1, cmt3 and 

ago4. C. Substantial reduction of DNA methylation in cmt3 and nrpe1 in all contexts on genomic 

bins with CMT3-dependent Pol V transcription. DNA methylation levels [218] in CG, CHG and 

CHH contexts as well as total DNA methylation levels were plotted on Pol V-transcribed regions 

with Pol V IPARE signal reduced or unchanged in cmt3. 

 

3.3.6 RdDM feedback is enriched on TE edges  

Edges of long TEs are known to be preferentially targeted by DRM2-dependent CHH methylation 

[217], [218], [221] and Pol V transcription, which has been proposed to act as a determinant of 

heterochromatin/euchromatin boundaries [199]. In contrast, regions inside long TEs are primarily 

silenced by epigenetically maintained CHG and CG methylation [217], [218], [221]. This suggests 

that edges of long TEs are likely to be targeted by stable silencing by the positive feedback of 

RdDM. To test this prediction, we identified genomic bins, where significant reduction of Pol V 

transcription in the drm2 mutant indicates the presence of positive feedback by RdDM. We then 
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overlapped these regions with genes and TEs. Distribution of loci with RdDM feedback resembled 

the overall pattern of Pol V transcription [199] in being enriched on intergenic regions and depleted 

on LTR TEs (Fig. 3.11A). Importantly, it was more strongly enriched on edges of long TEs than 

on the inner regions of long TEs (Fig. 3.11A). To further confirm that TE edges are preferential 

targets of the RdDM feedback, we plotted DRM2-dependent Pol V transcription on RdDM-

targeted TEs [123], [222]. Average levels of DRM2-dependent Pol V transcription were enriched 

on edges of studied TEs (Fig. 3.11B, Fig. 3.12AB), which is consistent with relatively low amounts 

of DNA methylation remaining on those regions in drm2 (Fig. 3.11C-E). This indicates that RdDM 

feedback is preferentially active on the edges of TEs, which is consistent with the role of RdDM 

in determining boundaries of heterochromatin. 

 

Figure 3.11: RdDM feedback is enriched on TE edges: A. Overlaps of genomic bins that show 

evidence of DRM2-dependent Pol V transcription with genome annotations, including regions 

within genes, TE families, ends of long TEs and inner regions of long TEs [123]. The plot shows 

ratios between observed overlaps and average expected overlaps calculated from 1000 

permutations of random genomic bins. For all reported enrichments and depletions p < 0.001 

(permutation test). B. Average levels of DRM2-dependent Pol V transcription on 5’ and 3’ ends 

of TEs targeted by RdDM [123]. C-E. Average levels of DNA methylation [218] in the (C) CHH, 

(D) CHG and (E) CG contexts on 5’ and 3’ ends of TEs targeted by RdDM [123].  
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Figure 3.12:  RdDM feedback is enriched on TE edges: A. Average levels of DRM2-dependent 

Pol V transcription on 5’ and 3’ ends of TEs targeted by RdDM [123]. Biological replicate 1. B. 

Average levels of DRM2-dependent Pol V transcription on 5’ and 3’ ends of TEs targeted by 

RdDM [123]. Biological replicate 2. 

 

3.4 Discussion 

Our results indicate that RdDM is a self-reinforcing process, where Pol V transcription and DNA 

methylation enhance each other to maintain silencing. Presence of DNA methylation in at least 

one sequence context positively affects Pol V transcription and DNA methylation in multiple 

sequence contexts allows a crosstalk with other silencing mechanisms. Therefore, maintenance of 

DNA methylation on particular loci by MET1 and CMT3 pathways contributes to enhanced 

transcription by Pol V. Locus-specific contributions of individual silencing pathways are 

determined by a combination of the frequency of cytosines in particular contexts [172], presence 

of H3K9me2 [223] and other factors.  

The mechanism of Pol V transcription enhancement by DNA methylation is unlikely to be 

mediated exclusively by Pol V recruitment as Pol V has been shown to transcribe broadly, even in 

euchromatin [167]. Instead, DNA methylation may allow both Pol V recruitment and Pol V 

transcription at elevated rates, typical of RdDM loci [167]. This is likely to be partially mediated 

by methylated DNA-binding of SUVH2 and SUVH9 and the recruitment of the DDR complex 

[212], [213], [220]. However, these factors also contribute to the low level of non-RdDM Pol V 

transcription which indicates that the mechanism of Pol V transition from surveillance to RdDM 
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transcription is likely to be more complex [167]. More importantly, there are many loci in the 

genome which have high levels of DNA methylation but no evidence of RdDM Pol V transcription, 

such as genes with body DNA methylation [204]. This indicates that DNA methylation is not 

sufficient to specifically control Pol V transcription. One potential explanation of the variable 

levels of Pol V transcription is exclusion of Pol V by Pol II and associated chromatin 

modifications. Another possibility is that there is an additional, yet unknown factor, which works 

together with DNA methylation to control the level of Pol V transcription. 

Enhancement of Pol V transcription on methylated loci allows efficient recruitment of 

siRNA-AGO4 complexes to silenced loci [197]–[199] and facilitates further DNA methylation by 

DRM2 [204]. Therefore, loss of AGO4 or SPT5L leads to the reduction of DNA methylation and 

consequent reduction of Pol V transcription. Enhancement of Pol V transcription on methylated 

loci is likely accompanied by recruitment of Pol IV and elevated production of siRNA, which 

explains why loss of downstream silencing factors leads to reduction of siRNA accumulation on 

subsets of loci [224], [225].  

Self-reinforcement of RdDM is particularly important on edges of TEs, which are 

preferentially transcribed by Pol V [199]. This is consistent with the role of RdDM in precisely 

determining the boundaries between heterochromatin and euchromatin [199], [226]. The 

importance of RdDM self-reinforcement on TE edges may be explained by the low resolution of 

MET1 and CMT3 pathways, which is limited by the distribution of cytosines in symmetric 

contexts and/or the nucleosome size. In contrast, RdDM is enhanced by CHH methylation, which 

is more frequent and allows higher resolution of Pol V transcription determination [199]. Pol V 

has also been shown to preferentially transcribe into TEs, which indicates that Pol V transcription 
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may be enhanced by the proximity of euchromatin and heterochromatin, which could further 

contribute to precise determination of TE boundaries.  

Our observations that MET1 and CMT3 are needed for elevated Pol V transcription at 

certain loci suggest that RdDM is efficiently maintained only if DNA methylation is above a 

certain threshold level. Loci where RdDM is capable of maintaining DNA methylation above this 

threshold may be silenced exclusively by RdDM. However, loci where RdDM cannot maintain 

DNA methylation above the threshold require at least one other silencing pathway for efficient 

silencing. The basis of this threshold mechanism remains unknown, however it is likely to integrate 

the level of Pol V transcription and the amount and properties of siRNA. This possibility is 

supported by the observation that tethering Pol V to the FWA locus leads to increased levels of 

DNA methylation [227]. The mechanism of threshold is also likely to be controlled by a balance 

between DNA methylation and demethylation [228]. The existence of such a threshold would be 

particularly important in de novo silencing as it would prevent inadvertent silencing of essential 

genes by low amounts of siRNA.  

3.5 Materials and Methods 

3.5.1 Reagents 

The antibody against the largest subunit of Pol V (NRPE1) was described previously [167], [199], 

[229].  

3.5.2. Biological Resources 

We used the following genotypes of Arabidopsis thaliana: Columbia-0 ecotype (wildtype), nrpe1 

(nrpd1b-11 [110]), ago4-1 (introgressed into the Col-0 background [198]), spt5l (SALK_001254), 
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drm2-2 (SAIL_70_E12), cmt3-11 (SALK_148381), and met1-3 [180]. Plants were grown at 22ºC 

under white LED light in 16h/8h day/night cycle. 

3.5.3 Computational resources 

During data analysis we used bowtie2 2.2.9 [167], BEDTools 2.15.0 [186], the NBPseq R package 

[184], GFOLD [219], Bismark [187] and methylKit R package [188]. Arabidopsis genome 

annotations (TAIR10) were obtained from TAIR (www.arabidopsis.org). Previously published 

high throughput sequencing datasets were obtained from Gene Expression Omnibus 

(https://www.ncbi.nlm.nih.gov/geo/). Pol V IPARE data (GSE146913) and annotated regions were 

published previously [167]. TE regions annotated by RdDM categories were provided by the 

Slotkin lab [123], [222]. DNA methylation data (GSE39901) were obtained from previously 

published datasets [218]. 

3.5.4 Statistical Analyses 

Significant differences in the levels of Pol V transcription were identified using Robinson and 

Smyth’s exact negative binomial test implemented in the NBPseq R package [184] using data from 

two independent biological replicates. For the met1 mutant significant differences in the levels of 

Pol V transcription were identified using generalized fold change algorithm implemented in 

GFOLD [219]. Levels of DNA methylation or Pol V transcription on groups of genomic bins were 

compared using the Wilcoxon test. 

3.5.5 Pol V IPARE 

http://www.arabidopsis.org/
https://www.ncbi.nlm.nih.gov/geo/
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Three grams of aerial tissue of 18-day old plants were used for Pol V IPARE experiments carried 

out as described [167]. High throughput sequencing was performed at the University of Michigan 

Advanced Genomics Core. 

3.5.6 Bioinformatic Analysis 

Pol V IPARE sequencing reads were processed and aligned to the Arabidopsis TAIR10 genome 

with bowtie2 as described previously [167]. Pol V IPARE levels were plotted as boxplots by 

counting the number of reads in studied genomic regions using BEDTools and normalized as 

number of reads per million mapped reads (RPM) [186]. Information about IPARE datasets 

generated and used in this study is presented in Table S1. 

To identify differentially transcribed regions by Pol V, we counted the number of IPARE 

reads in 100 bp bins with a step-size of 50 bp across the whole genome. We then tested for 

differential Pol V transcription in the bins between Col-0 and specific mutants with false discover 

rate (FDR) < 0.04 using NBPseq [184]. Overlap analyses between Pol V IPARE reduced in drm2 

regions and specific genomic regions (Fig. 6A) were performed with 1000 permutated genomic 

regions using BEDTools to obtain expected numbers and p-values [186]. TE ends were defined as 

150 bp at the end of TEs and TE inner are the remainders of annotated TEs. Average profiles of 

Pol V IPARE signal at ends of Pol V RdDM TEs with lengths of more than 500 bp, were plotted 

with Col-0 divided by drm2. Reductions of Pol V transcription in drm2, spt5l, ago4 and cmt3 

mutants was determined by FDR < 0.05. Pol V transcription was determined to be unchanged if 

FDR was greater than 0.9 and fold change smaller than 2. Reduction of Pol V transcription in met1, 

which was based on one replicate of Pol V IPARE was determined using GFOLD [219] with the 
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p < 0.01 at 2-fold change or greater. Pol V transcription was determined to be unchanged in met1 

if p < 0.01 at 0.1-fold change or smaller and fold change smaller than 2. 

Sequencing reads from whole genome bisulfite-seq datasets were mapped to the 

Arabidopsis TAIR10 genome using Bismark allowing no mismatches [187]. DNA methylation 

levels were calculated by the ratio of #C/(#C+#T) after selecting for Cs with at least 5 sequenced 

reads. Differentially Methylated Regions (DMRs) were identified using methylKit [188]. The bin 

sizes used were 100 bp bins with a step-size of 50 bp. A minimum of 10 bases was required in 

each bin. For drm1/2 DMRs, 25% minimum difference in CHH context DNA methylation was 

selected for in each of the tiles with FDR < 0.01. For met1 DMRs, 55% minimum difference in 

CG context DNA methylation was selected for in each of the tiles with FDR < 0.01. DNA 

methylation levels used as the cutoff for presence of each context in the DNA methylation 

categories in Figures 2-5 were 5% CHH, 10% CHG and 20% CG. DNA methylation levels used 

as the cutoff for absence of each context in the DNA methylation categories in Figures 2-5 were 

0% CHH, 0% CHG and 0% CG in the respective mutant that was tested.  

 

Datasets 

Exp. 
group 

GEO acc. 

Total reads 

reads 
post-

trimming 

mapped 
reads 

deduplicated 
reads nuclear 

Col-0 
IPARE  

1 GSM4409524 

Described previously in Tsuzuki et al. (2020) 

nrpe1 
IPARE  

1 GSM4409525 

Described previously in Tsuzuki et al. (2020) 

spt5l 
IPARE  

1 GSM4409526 

Described previously in Tsuzuki et al. (2020) 

cmt3 
IPARE  

1 GSM5171710 

15689618 5782750 3094943 2743344 2540409 
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Col-0 
IPARE  

2 GSM4409529 

Described previously in Tsuzuki et al. (2020) 

ago4 
IPARE  

2 GSM4409530 

Described previously in Tsuzuki et al. (2020) 

drm2 
IPARE  

2 GSM5171711 

16778574 8329297 4508122 3475878 3114715 

met1-3 
IPARE 

2 GSM5171712 

15883353 7977408 4302897 2795337 2479618 

Col-0 
IPARE  

3 GSM4409533 

Described previously in Tsuzuki et al. (2020) 

nrpe1 
IPARE  

3 GSM4409534 

Described previously in Tsuzuki et al. (2020) 

spt5l 
IPARE  

3 GSM4409535 

Described previously in Tsuzuki et al. (2020) 

ago4 
IPARE  

3 GSM4409536 

Described previously in Tsuzuki et al. (2020) 

drm2 
IPARE  

3 GSM5171713 

15851954 9500166 4382140 2946804 2514335 

cmt3 
IPARE  

3 GSM5171714 

16817100 9007012 3884136 2922802 2599268 

 

Table 3.1: High throughput sequencing datasets obtained in this study. Experimental groups 

correspond to datasets generated in parallel from plants grown at the same time. 
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CHAPTER IV 

 

Conclusions 

 

4.0.1 Introduction 

Cytosine DNA methylation is a chromatin modification which has been extensively studied in 

respect to its function in gene silencing and the formation of a repressive chromatin state [87]. In 

addition, the biochemical processes involved in writing, reading, and erasing DNA methylation 

has been well elucidated in various systems [230]. Despite this, the mechanisms by which DNA 

methylation carries out its role in gene silencing is still poorly understood. This is due to the 

existence of many different methyl readers that can recognize and bind to the mark leading to 

different types of effects [231]. Moreover, in certain organisms such as plants, DNA can be 

methylated in different contexts which can be bound by methyl readers that possess a higher 

affinity towards a specific context adding another layer of complexity [232].  

Plants utilize DNA methylation mainly for gene silencing and it can be deemed 

indispensable considering the existence of multiple DNA methylation pathways that provide a high 

level of redundancy and robustness [87]. This may be due the substantial amount of TEs that are 

still present in plant genomes which constantly poses a tremendous risk if left unchecked [5]. 
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Consequently, plants evolved to have one of the most sophisticated systems utilizing DNA 

methylation as a method of gene regulation in comparison to animals where often DNA 

methylation is either present in low amounts or completely absent [233], [234].  In addition, plants 

are also capable of faithfully passing on DNA methylation between generations making it a proper 

model for epigenetic studies [235]. Hence, plants serve as one of the best models to study and gain 

insights into the mechanistic aspects of DNA methylation. 

DNA methylation has been shown to serve as a marker for various types of proteins to bind 

to and exert a specific downstream effect [90], [92], [140]. This implies that DNA methylation in 

part serves as recruitment factor and facilitates localization of methyl binding proteins within the 

same region. At the start of this work, the most well-established downstream feature involving 

DNA methylation in gene silencing has been with histone methyltransferases, namely SUVH4, 

SUVH5, and SUVH6, which possess SRA domains that allow it to bind to methylated DNA [78], 

[91], [120]. Their recruitment would facilitate the deposition of H3K9me2 marks within the same 

region [92], [120]. Previously, it was shown that IDN2 interacts with SWI3B, a component of the 

SWI/SNF chromatin remodeling complex, which led to the discovery that nucleosome positioning 

is a feature of RdDM [113]. However, it was not determined how DNA methylation and 

nucleosome positioning function in relation to each other to establish gene silencing.  

It was also shown that SUVH2 and SUVH9, catalytically dead histone methyltransferases 

with SRA domains, are required for Pol V transcription which led to the proposal that a positive 

feedback mechanism may exist between DNA methylation and Pol V transcription [90]. This has 

been largely unconfirmed due the fact that studies which tested the level of Pol V transcripts in 

mutants downstream of Pol V transcription reported little to no change [111], [134], [136], [148]. 

Hence, the existence of a positive feedback mechanism involving DNA methylation remains 
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unresolved. The goal of my research has been to expand our understanding of the function and 

mechanisms involving DNA methylation in RNA-mediated transcriptional silencing.  

4.0.2 Findings 

The RdDM pathway functions as a gene silencing pathway by directly modifying the chromatin 

[124]. This occurs through the addition of DNA methylation, H3K9me2 and nucleosome 

positioning events [124]. The relationship between DNA methylation and H3K9me2 pathways has 

been well established [78], [91], [92]. In contrast, little is known about the relationship between 

DNA methylation and nucleosome positioning in the context of RdDM. We added more insight 

into this phenomenon in Chapter II. First, we wanted to confirm that nucleosome positions were 

affected with the loss of Pol V because the previous study had used a non-specific protection assay 

with MNase to conclude that Pol V is positioning nucleosomes. Indeed, using MNase coupled with 

H3 ChIP in two biological replicates, we were able to identify 690 nucleosomes as Pol V stabilized 

nucleosomes. In addition, we found that these nucleosomes were enriched in regions similar to 

those by RdDM such as TEs, intergenic regions and gene promoter regions.  

The only RdDM factor that SWI3B interacts with is IDN2 which means that it is possible 

that nucleosome positioning can occur directly through IDN2’s association with Pol V transcripts 

and independent of other factors such as AGO4 and DRM2 [113]. However, when we measured 

nucleosome signals at Pol V stabilized nucleosomes in Col-0, nrpe1, ago4 and idn2, we observed 

that nucleosome positioning requires AGO4 and that Pol V stabilized nucleosomes are enriched 

with DNA methylation and H3K9me2. This suggested that the entire RdDM pathway may be 

required for nucleosome positioning to occur which means that DNA methylation or nucleosome 

positioning could be important for the presence of the other. We tested two potential scenarios, 
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either nucleosome positioning is required for DNA methylation or DNA methylation is required 

for nucleosome positioning. We measured the DNA methylation levels at Pol V and SWIB 

stabilized nucleosomes in Col-0, nrpe1 and swi3b/+ and found that DNA methylation is largely 

unchanged between Col-0 and swi3b/+. Subsequently we measured the nucleosome signal levels 

in Col-0 and drm2 at drm2 DMRs and saw a substantial loss of signal. Taken together, we 

concluded that DNA methylation functions upstream of nucleosome positioning in RdDM and is 

required for nucleosome positioning at target regions. 

Initiation of Pol V transcription is still a poorly understood aspect in RdDM [104]. With 

recent work proposing that Pol V has potentially up to three different modes of transcription, 

namely surveillance, transition, and maintenance, understanding Pol V initiation in each scenario 

become even more pertinent [147]. In our work in Chapter III, we successfully teased apart the 

factors involved in the proposed positive feedback mechanisms to demonstrate that it does exist 

and more importantly that it has strong crosstalk with other silencing pathways. We showed using 

Pol V IPARE analysis that Pol V transcript levels remain stable in downstream mutants at RdDM 

annotated regions. This was shown to be caused by residual DNA methylation that still remain in 

other contexts that were maintained by other silencing pathways. Next, we showed that if you 

filtered drm2 DMRs for the presence of CG and CHG contexts, Pol V transcript levels decrease in 

the drm2 mutant. This analysis revealed that if a silenced region depends entirely on RdDM for 

DNA methylation in all contexts, Pol V transcription levels will be affected which suggests that 

the DNA methylation deposited by RdDM enhances Pol V transcription, which constitutes a 

positive feedback loop. In addition, we showed that regions were DNA methylation was 

maintained by other silencing pathways including MET1 and CMT3 were also transcribed by Pol 

V. In both met1 and cmt3 DMRs, when a loss of methylation in all contexts occurs, this leads to 
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the significant decrease in Pol V transcription. However, this happens in only a subset of loci in 

met1 and cmt3 DMRs because RdDM has small overlaps in regions maintained by other silencing 

pathways.  

It was shown that Pol V transcription determines the edges of heterochromatin, in particular 

at the ends of long transposons [165]. We wanted to test if a positive feedback mechanism could 

be involved in the strong enrichment of Pol V transcription at these regions. Indeed, using 

classification analysis, DRM2-dependent Pol V transcription regions were enriched in TEs, 

especially at the ends of TEs. When we measured Pol V transcript levels at the ends of TEs, we 

observed a substantial decrease in Pol V transcript levels in drm2 compared to Col-0, which 

indicates that enhanced levels of Pol V transcription are due to a positive feedback mechanism 

between DNA methylation and Pol V transcription. Although, CHH and CHG methylation were 

significantly reduced in drm2 in these regions, CG methylation were largely unaffected, which is 

consistent with the mark being maintained by MET1 and therefore Pol V transcription may still 

occur to a lesser extent. Taken together, we conclude that a positive feedback loop between DNA 

methylation and Pol V transcription reinforces transcriptional silencing leading to maintenance of 

silencing. 

4.0.3 Implications 

Our work described in Chapter II has provided more insight into the complex relationship between 

DNA methylation and nucleosomes. Previous studies have attempted to characterize the 

interaction between DNA methylation and nucleosomes in both in vitro and in vivo conditions. It 

was shown using MNase-seq in Arabidopsis thaliana that nucleosomal DNA is more highly 

methylated compared to linker DNA [143]. This finding raised speculation that nucleosomes can 
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shape the methylation landscape in genomes. Interestingly, in vitro studies examining how DNA 

modifications affect the ability of DNA to wrap around nucleosome showed that DNA methylation 

causes DNA to become less flexible and decreases the mechanical stability to keep it wrapped 

around nucleosomes [145]. This suggests that methylated DNA is not a naturally favorable region 

for nucleosomes bind and would require additional factors to overcome this obstacle. Our work 

has shown that in the case of RdDM, DNA methylation is affecting nucleosome positioning. In 

addition, nucleosomal DNA at positioned nucleosomes are enriched with DNA methylation 

instead of linker DNA. Based on the in vitro study, we would predict that methylated DNA 

positions DNA by creating pockets of unmethylated regions flanked by methylated DNA which 

will give nucleosomes a perfect landing spot to position. This does not seem to be the case in our 

finding which suggests that in vivo methylated DNA can stabilize nucleosomes within its region.   

 It has been shown in another study that in general, linker DNA tends to be methylated in 

comparison to nucleosomal DNA and it was proposed that nucleosome inhibit the activity of DNA 

methyltransferases [146]. Moreover they demonstrated that factors such as DDM1 and Lsh are 

required to remodel chromatin and provide DNA methyltransferases access to nucleosomes in 

order for nucleosomal DNA to be methylated [146]. In respect to our findings, we confirmed that 

the general trend is that linker regions tend to be more methylated than nucleosomal regions. 

However, we found that SWI/SNF was not required for wild type DNA methylation levels at Pol 

V stabilized nucleosomes which is inconsistent with the idea that SWI/SNF facilitates DRM2 to 

methylate DNA. Hence, at least in the case of RdDM, chromatin remodeling does not seem to 

precede DNA methylation. 

 In contrast, our findings show that DNA methylation seems to precede nucleosome 

positioning at DMRs which posits that DNA methylation potentially acts as a recruiting factor for 
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nucleosomes positioning to occur at. A study in the human genome showed that highly methylated 

CpG islands tend to have high nucleosome occupancy as well [144]. This effect was strongly 

associated with silencing mechanisms present in the system. Increased compaction of DNA to 

make it inaccessible to transcription factors is an intuitive concept where nucleosomes form a 

physical barrier to Pol II transcription [236], [237]. Hence, our work points towards RdDM 

directing nucleosomes to be positioned at target regions as a way of creating this barrier. However, 

this also potentially presents barrier to the transcriptional gene silencing polymerases as well. Pol 

V has been shown to require upstream chromatin remodelers for transcription although current 

evidence is still lacking in terms of their biochemical activity [132]. Thus, it may be possible that 

Pol V stabilized nucleosome possess a dual purpose of blocking Pol II but can be recognized by 

Pol V transcription factors.  

In Chapter III, we addressed a long-standing issue regarding the model of a positive 

feedback mechanism between Pol V transcription and DNA methylation. It was shown that Pol V 

transcription required the presence of SUVH2 and SUVH9 [90]. In addition, SUVH2 and SUVH9 

possess an SRA domain which allows it to bind to methylated DNA [238, p. 2]. Hence, it was 

proposed that DNA methylation that was deposited through RdDM could feed back into the 

pathway by recruitment of Pol V to enhance transcription within the region. However, studies that 

looked at Pol V transcription levels in mutants downstream of Pol V transcription did not observe 

a substantial decrease in Pol V transcript levels [111], [134], [136], [147], [148], [239]. Our work 

shows that DNA methylation enhances Pol V transcription to reinforce transcriptional gene 

silencing at target regions.  

This finding shares parallels to the TGS system in Schizosaccharomyces pombe that 

utilizes H3K9 methylation as the repressive mark deposited by the pathway instead of DNA 
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methylation which is absent in yeasts [240], [241]. In S. pombe, RNAi driven by cen RNA, 

originating from centromeric repeat regions, initiate association of the RNA Induced 

Transcriptional Silencing (RITS) complex to chromatin at target regions [94]. Subsequently, a 

histone methyltransferase known as clr4 is recruited to these regions where H3K9me marks will 

be deposited [242]. H3K9me marks are then used to recruit the RITS complex back through the 

chromodomain of chp1, a component of the complex [242], [243]. Further studies looking at the 

feedback mechanism found that it is important for maintaining silencing at target regions which 

mediates transgenerational epigenetic inheritance of silenced alleles [244]. Consistent with our 

finding that RdDM uses the chromatin mark that it deposits, DNA methylation, as a factor for 

recruiting Pol V back for transcription, this demonstrates that the mechanisms for maintaining 

gene silencing have evolved to work in a relatively similar manner despite the different type of 

chromatin modification used in organisms from different kingdoms. 

4.0.4 Limitations 

This work is centered around a plant-specific transcriptional gene silencing pathway. However, 

our findings are likely applicable in other organisms that possess and utilizes DNA methylation 

for gene regulation. In addition, most organisms contain TEs in their genomes where gene 

silencing pathways are likely present to control TE activity [5]. A limitation with using 

Arabidopsis thaliana in this work is that the level of TE content is relatively low at approximately 

10% in comparison to other plants such as maize where it can be up to 84% [5].  Hence, it is 

possible that transcriptional gene silencing may work in a different manner in other organisms and 

that some findings may not be applicable as well. However, it is also due to this limitation that 

mutants in RdDM can be studied where the phenotypes are less severe and allow us to gain more 
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insight into mechanisms pertaining to chromatin modifications as well as noncoding RNA in the 

case of Pol IV and Pol V [106]. 

In our work, we utilize different types of assays to measure genome-wide changes through 

high-throughput sequencing. For instance, we use the bisulfite conversion method to measure 

DNA methylation levels and antibody-based methods such as ChIP and RIP to measure enrichment 

of DNA or RNA associated with the protein. A limitation of these different approaches is that each 

assay has a certain level of sensitivity. Hence, when we cross reference different types of datasets 

it is possible that we are unable to observe strong overlaps between them which only allows limited 

interpretation of the result. In addition, genome-wide approaches mostly capture general trends 

that occur in the cell. Therefore, locus-specific effects can show varying levels of behavior that 

either match the general trend or is completely different. This limitation is taken into account by 

applying statistical analysis whenever genome-wide observations are made and further confirmed 

with locus-specific validation whenever applicable. 

  As a pathway that is mainly responsible for silencing new insertions of TEs, RdDM is 

likely to have tissue specific activity related to reactivation of TEs [121], [122]. However, our 

work uses whole aerial tissues in assays which largely neglects this aspect of RdDM. This limits 

our observations to an amalgamated picture of events from different tissues that likely have 

varying levels of RdDM activity. Hence, our observations may be diluted or weakened to the point 

where accurate interpretations become more difficult. A major limitation with working on 

SWI/SNF chromatin remodeling complex  in plants is that the biochemical activity of this complex 

is predicated on knowledge established in other organisms [245], [246]. Although there have been 

many genetic studies done in plants involving SWI/SNF complex, we still do not know if these 

remodelers function similarly to their homologues in organisms such as yeast and mammals [156], 
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[247], [248]. Hence, interpretation of results implying direct activity such as nucleosome 

positioning is difficult to establish with the limited knowledge of plant chromatin remodeler 

biochemistry.  

4.0.5 Future Directions 

Work in described in Chapter II provides a novel paradigm where DNA methylation affects 

nucleosome positioning in RNA-mediated gene silencing. Other studies have reported that 

nucleosomal DNA can have highly methylated DNA, however, the mechanism by which this 

situation happens is not fully understood [143], [144], [249]. We still do not know if methylated 

DNA directly interacts with the nucleosomes for positioning or if there are methyl readers that act 

as intermediate factors to facilitate this. Recently, new methyl readers were identified to be 

associated with RdDM silencing involving molecular chaperone proteins [140]. Hence, there could 

still be many more unknown methyl readers that could be involved in nucleosome positioning as 

well. In addition, we still do not fully understand if DNA methylation needs to be present in a 

specific manner or if there is a threshold level before nucleosomes will be positioned. Recently, 

there have been multiple studies reporting clustered regularly interspaced short palindromic 

repeats (CRISPR) based tools that can target specific regions for DNA methylation [250], [251]. 

It would be interesting to directly test in the future if DNA methylation can direct nucleosome 

positioning using these tools. 

 Although nucleosome positioning by RdDM has been associated with gene silencing, we 

still do not have a clear idea of what elements these nucleosomes are protecting [113], [141]. Our 

current understanding of cis-elements and transcription factor binding sites in plants is still quite 

limited [252], [253]. In the context of TE silencing, nucleosome may be positioned at sequences 
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that can be recognized by Pol II associated transcription factors. A comprehensive sequence motif 

analysis could provide more insight into the critical elements where nucleosomes are positioned. 

Future work could also involve Pol II ChIP-seq assays to determine if Pol II occupancy levels 

increase in the absence of nucleosomes positioned by RdDM.  

It was shown that RdDM is involved in inhibiting chromatin looping [254]. In Chapter II, 

we show that Pol V stabilized nucleosomes had a relatively small overlap with Pol V transcribed 

regions. It is possible that this is due to nucleosome positioning occurring at a region where RdDM 

is affecting it from a long-range distance. In mammalian systems, it was shown that DNA 

methylation could affect the presence of CTCF through the level of nucleosome occupancy [255]. 

It would be interesting to see if high resolution chromatin contact maps in DNA methyltransferase 

mutants show an increase of looping due to the loss of methylation. 

 Pol II initiates transcription by binding to promoter regions which contain specific 

sequences recognized by transcription factors [256]. However, this does not seem to be the case 

for Pol V [190], [257]. Attempts to identify potential promoter sequences for Pol V have not 

yielded any conclusive results and it has been speculated that Pol V uses internal promoters to 

initiate transcription [165], [190]. In addition, a new model has been proposed where Pol V can 

undergo up to three modes of transcription beginning from surveillance, then transition and finally 

into a maintenance state [147]. We show in this work that at least in the maintenance state, Pol V 

transcription can be initiated through DNA methylation marks that are either deposited by RdDM 

itself as a positive feedback mechanism or DNA methylation that is deposited by other silencing 

pathways that share a region with RdDM. It would be interesting to look at factors that are needed 

during the transitionary stage for Pol V initiation. DNA methylation is likely one of them however 

it does not seem to be enough for transition to occur [147]. It is possible that the addition or removal 
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of histone modifications or changes in histone variants could also contribute to transitioning from 

the surveillance state. Future work in this area should be focused on identifying which of these 

factors in addition to DNA methylation could lead to Pol V transcription transition phase. 

4.0.6 Concluding Remarks 

This research work has generated many datasets pertaining to DNA methylation, nucleosome 

occupancy, and Pol V transcripts that have been deposited into public repositories where some 

have been made public and some which hopefully will be made public once they are accepted for 

publication. There are still many interesting biological questions that we have not fully explored 

which can be potentially answered using these datasets. It is our hope that these datasets will be 

beneficial and facilitate future discoveries by researchers in the field and the entire scientific 

community. 

We aimed to expand our understanding and knowledge of the function and mechanisms 

involving DNA methylation in RNA-mediated transcriptional silencing. We have shown that DNA 

methylation affects nucleosome positioning in RdDM and that DNA methylation can enhance Pol 

V transcription through a positive feedback loop. These novel mechanistic insights have opened 

up more possible processes by which a simple DNA modification can take part in to carry out its 

role in gene silencing. 
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