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Abstract 

 

Methylation of cytosine bases in genomic DNA (mC) is an additional layer of 

information that has the potential to alter transcription and chromatin state. In plants, 

mC is largely associated with transcriptional repression of transposable elements, but it 

can also be found in the body of expressed genes, raising questions as to how mC can 

potentially function differently in distinct genomic contexts. My PhD research has focused 

on the investigation of the causal link between DNA methylation and transcriptional 

regulation (Chapter I).  

The first approach employed was to attempt to artificially induce mC at 

endogenously unmethylated loci via a targetable DNA-binding protein, based on the 

CRISPR/Cas9 system, fused to a DNA methyltransferase (Chapter II). Unsuccessful 

attempts to induce mC at the target genes hinted at a tight control of mC in the 

Arabidopsis genome, and encouraged the study of its natural pathways of regulation and 

interpretation in the plant cell.  

To screen for potential mC binding proteins, I performed a DNA affinity pull-down 

assay combined with quantitative mass spectrometry, using short methylated DNA 

probes for each DNA sequence context (Chapter III). All mC readers known to date were 

found to be enriched in binding to the methylated probes, along with new candidates that 

have not been previously reported as potential mC binding proteins.  

To further explore the function of these candidates, I profiled the DNA methylome 

and transcriptome of the corresponding single mutant lines, as well as double mutants 

generated with CRISPR/Cas9 (Chapter IV). These analyses did not highlight clear 

pathways in which these candidates belong to, prompting a deeper characterization of 

their molecular functions.  

Thus, I complemented the mutants with an epitope tagged version of the 

corresponding candidate, and performed ChIP-seq to study their DNA binding sites 

genome-wide, as well as tandem-affinity purification coupled with mass spectrometry to 

identify interacting proteins (Chapter V). These investigations primarily focused on four 

candidates with known DNA binding domains, MBD1, MBD2, MBD6 and SUVH1, and 

results highlighted the preference for MBD6 and SUVH1 to bind to TEs, in contrast with 

MBD1 and MBD2 which were enriched in gene bodies. These analyses also emphasized 

the interconnectivity between epigenetic pathways in Arabidopsis, and the relationships 

between DNA methylation and chromatin remodeling.  



iv 

 

This work constitutes the first comprehensive assay to identify potential mC 

readers in plants, and has enabled the discovery of new epigenetic mechanisms acting 

downstream of DNA methylation in Arabidopsis (Chapter VI). 
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Chapter I. Plant epigenetics, DNA methylation, and the link to 

transcriptional regulation 
 
 
 
 
 

Abstract 

 

The state of chromatin condensation in chromosomes can influence the 

transcriptional activity of the underlying genes and transposable elements. Many 

chemical modifications can be made to chromatin, on the DNA molecule itself and on the 

histone proteins, and these have the potential to be trans-generationally inherited. The 

genome-wide patterns of these marks are commonly referred to as the epigenome. The 

study of the association between the epigenome and the transcriptional regulation of the 

underlying DNA sequences defines the field of epigenomics. Epigenome studies have 

highlighted the specific associations between heterochromatic marks and transcriptional 

silencing, and between euchromatic marks and transcriptional activation. In plants, DNA 

methylation (mC) can be associated with both activation and silencing, depending its 

cytosine sequence context. mC is mostly found in heterochromatic regions in all sequence 

contexts, but is also present within actively transcribed genes in the CG context. Thus, 

the role of mC in plants is not uniformly associated with transcriptional repression. While 

the mechanisms for mC deposition, maintenance after replication, and removal have been 

extensively studied, the direct impact of mC on other biochemical processes, notably how 

mC is interpreted at a molecular level, requires further investigation. This introductory 

chapter reviews the current knowledge on the epigenome and DNA methylation in 

Arabidopsis thaliana (Arabidopsis), and highlights the current gaps in knowledge in our 

understanding of the role of mC in the epigenome. The complexity of mC regulation due 

to cross-talk with histone modifications prompts the use of new approaches to study the 

interpretation of mC patterns in Arabidopsis, which are the focus of the research in this 

thesis. 
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I.1. Epigenetics 
 

I.1.1. Definition of epigenetics 

 

The DNA double helix is wrapped around histone proteins that enable its 

condensation and encapsulation inside the nucleus. The degree of condensation of the 

chromatin regulates the accessibility to the underlying DNA sequence by transcription 

factors and transcription complexes, resulting in differential expression. Epigenetics has 

been referred to as "the structural adaptation of chromosomal regions so as to register, 

signal or perpetuate altered activity states" (Bird 2007). Indeed, covalent modifications can 

be deposited and removed from the chromatin which are associated with altered 

transcriptional states. The genome-wide distribution of these marks is called the 

epigenome, and the methylome when only considering DNA methylation. Also, while 

alleles are versions of a gene with different DNA sequences, epialleles define loci with the 

same DNA sequence but different epigenomes. Histone post-translational modifications, 

including methylation and acetylation of the lysine residues on the histone tails, and 

cytosine methylation are pivotal to maintain these heritable epialleles (Martienssen and 

Colot 2001; Feng et al. 2010). For more clarity, histone modifications are referred to by 

stating which histone is modified, on which residue, and by which modification; for 

example, H3K9me2 corresponds to di-methylation of the Lysine residue on position 9 of 

the Histone H3. In this thesis, DNA methylation exclusively refers to cytosine methylation 

(mC). 

Whether heritability is a required trait for a mechanism to be classified as 

epigenetics is still argued within the community. In plants, research on epigenome 

regulation under biotic or abiotic stresses revealed changes in the epigenome linked to 

transcriptional regulation, but in most cases these epialleles were not transmitted 

mitotically after stress recovery or inherited in the following generation (Hauser et al. 

2011; Secco et al. 2015; Crisp et al. 2016). Such mechanisms are included in the definition 

of epigenetics mentioned above, since these loci do present different chromatin states 

which affect gene expression without changing the underlying DNA sequence.  

 

I.1.2. Identification of factors involved in epigenetic silencing and activation 

 

In Arabidopsis, the study of silencing inheritance was critical in the identification 

of most genes involved in epigenetic regulation. Initially identified by a forward genetic 

screen for mutants with hypomethylated centromeric repeats (Vongs et al. 1993), the 
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apparition of pleiotropic developmental phenotypes in successive generations of 

DECREASE IN DNA METHYLATION (DDM1) mutants, coupled to a progressive loss of 

mC, established the association between mC and transcriptional regulation in Arabidopsis 

(Kakutani et al. 1996). Similar observations were made in mutants of 

METHYLTRANSFERASE 1 (MET1), identified by sequence similarity to the mammalian 

DNA (CYTOSINE-5)-METHYLTRANSFERASE 1 (DNMT1) (Finnegan and Dennis 1993). 

Indeed, silencing MET1 by RNA interference (RNAi) caused a heavy loss of methylated 

cytosines followed by guanine bases (mCG sequence context), and pleiotropic 

developmental effects (Finnegan et al. 1996; Ronemus et al. 1996). However, in contrast 

to met1, ddm1 was not due to a defect in methyltransferase activity (Kakutani et al. 1995), 

and further studies revealed that DDM1 was in fact a chromatin remodeler (Jeddeloh et 

al. 1999; Brzeski and Jerzmanowski 2003). The role of DDM1 and MET1 in regulating 

DNA methylation patterns and their effect on transcriptional silencing was further 

evidenced by myriad phenotypic defects found both in natural populations and in the 

corresponding mutants. For example, a late-flowering phenotype caused by the expression 

of the repressor of flowering FLOWERING WAGENINGEN (FWA), associated with the 

hypomethylation of direct repeats in the promoter of the gene, is found in the wildtype 

Landsberg erecta (Ler) accession and is also present in ddm1 (Kakutani 1997; Soppe et al. 

2000) and met1 (Kankel et al. 2003). Other examples have however highlighted the non-

redundant modes of action of MET1 and DDM1 (Soppe et al. 2002; Bartee and Bender 

2001; Kankel et al. 2003). Notably, when methylated, the 

PHOSPHORIBOSYLANTHRANILATE ISOMERASE (PAI) genes involved in the 

tryptophan biosynthetic pathway are silenced, which results in fluorescence (Bender and 

Fink 1995). Natural Arabidopsis accessions can either contain three PAI genes, or four, 

with PAI1-PAI4 being orientated as inverted repeats, and hypermethylation of the gene 

family has been associated with the presence of the PAI1-PAI4 locus (Melquist et al. 1999; 

Luff et al. 1999). Disruption of both MET1 and DDM1 resulted in hypomethylation and 

expression of the PAI genes, visible by the loss of fluorescence, but the loss of methylation 

was increased at the tandem repeats in met1 and limited to the PAI2 copy in ddm1 (Bartee 

and Bender 2001; Jeddeloh et al. 1998). This example hinted toward the existence of 

different mechanisms acting in parallel to regulate mC patterns in Arabidopsis, that may 

be due to the underlying genomic feature. 

Whereas met1 and ddm1 show drastic hypomethylation phenotypes, several loci 

exhibited hypermethylation associated with their transcriptional repression. Of particular 

interest, the silencing of the SUPERMAN (SUP) gene associated with its 
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hypermethylation can be found in several mutant backgrounds including met1 and ddm1, 

but this regulation was mostly independent of the expression of these two factors 

(Jacobsen and Meyerowitz 1997; Jacobsen et al. 2000). These results suggested the 

existence of other pathways involved in epigenetic silencing. Genetic screens for the 

suppression of a non-reverting hypermethylated allele at the SUP locus (clark kent-st 

allele, clk-st) identified CHROMOMETHYLASE 3 as a DNA methyltransferase involved 

in mCHG methylation (where H represents any DNA base but G) (Lindroth et al. 2001), 

and the involvement of KRYPTONITE, a histone methyltransferase of the 

SUPPRESSION OF VARIEGATION 3-9 HOMOLOGS (SUVH) gene family (Jackson et 

al. 2002). These conclusions were also supported by the absence of non-CG methylation at 

the PAI2 gene in cmt3 and suvh4 mutants (Bartee et al. 2001; Malagnac et al. 2002). 

In contrast with the plant-specific chromomethylases, the methyltransferase 

DRM2 was identified by sequence similarity to the mammalian de novo methyltransferase 

DNMT3 (Cao et al. 2000). The study of FWA and SUP loci provided evidence for the role 

of DRM2 in de novo mC deposition in Arabidopsis (Cao and Jacobsen 2002b), and focus on 

SUP highlighted the non-redundant modes of action of CMT3 and DRM2 (Cao and 

Jacobsen 2002a). 

Forward screens have enabled the identification of additional factors involved in 

epigenetic processes, notably using transgene silencing coupled to reporter genes (Fischer 

et al. 2006). The reactivation of a transgene containing a hygromycin resistance gene, 

silenced by hypermethylation, also revealed mutations in DDM1 that were coupled with 

transgene hypomethylation (Mittelsten Scheid et al. 1998). More importantly, it revealed 

the existence of MORPHEUS’ MOLECULE 1 (MOM1), that re-activated the hygromycin 

resistance gene without altering its methylation levels (Amedeo et al. 2000), thus 

questioning the direct correlation between mC and transcriptional repression. 

Several components of the RNA-directed DNA methylation (RdDM) pathway, 

responsible for de novo mC deposition through DRM2, have also been identified through 

forward screens for suppressors of silencing, such as ARGONAUTE 4 (AGO4) as a 

repressor of the clk-st allele (Zilberman et al. 2003), HISTONE DEACETYLASE 6 (HDA6) 

as being involved in RNA-guided transgene silencing (Furner et al. 1998; Probst et al. 

2004; Aufsatz et al. 2002), and RNA POLYMERASE IV (PolIV) in the silencing of a green 

fluorescent protein (GFP) (Herr et al. 2005). 

Whereas the examples mentioned above only allowed the identification of factors 

involved in transgene silencing, reporter lines containing a luciferase gene have also been 

generated that enabled the identification of factors involved in transgene activation (Gong 
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et al. 2002). Study of mutant lines that disrupt the bioluminescence phenotype notably 

identified several factors involved in active DNA demethylation, such as REPRESSOR OF 

SILENCIING 1 (ROS1) and ROS3, which exhibited hypermethylation at the transgene 

(Gong et al. 2002; Zheng et al. 2008). Another luciferase reporter line, designed to identify 

bi-directional transcriptional regulation changes, identified SUVH1 as a factor promoting 

luciferase expression, but that did not affect mC levels (Li et al. 2015b).  

 

The identification of these different epigenetic factors has often relied on the 

characterization of a limited number of endogenous loci and reporter lines that exhibit a 

morphological phenotype. However, forward genetic screens have limitations, notably to 

identify proteins that are functionally redundant, that could be addressed by new 

technical approaches. For example, assessing differences in mC levels in each context 

mostly relied on the use of methylation-sensitive restriction enzymes (Fulneček and 

Kovařík 2014). Recent technical advances in high-throughput DNA sequencing have 

enabled the identification of mC sites genome-wide (Lister et al. 2008; Cokus et al. 2008). 

Such technologies have refined our understanding of the processes and molecular factors 

involved in mC deposition, maintenance and removal. These processes are integrated in a 

complex regulation of mC in Arabidopsis, that involve cross-talk with histone post-

translational modifications, as detailed below. 
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I.2. DNA methylation regulation in Arabidopsis 
 

DNA methylation is the presence of a methyl group (-CH3) covalently bound to the 

5th carbon atom of a cytosine base. In plant, mC can occur in all cytosine sequence contexts, 

mCG, mCHG and mCHH, where H represents A, C or T. Whereas mC in all sequence 

contexts is mostly found in repeats and transposable elements (TEs), expressed genes can 

harbor mCG (Zhang et al. 2006; Lister et al. 2008; Cokus et al. 2008). Different 

mechanisms have evolved that regulate the distribution of mC in different cytosine 

sequence context in Arabidopsis. 

 

I.2.1. De novo deposition of mC by RNA-directed DNA methylation 

 

The first clue of the existence of a mechanism responsible for sequence-specific de 

novo methylation was reported by the sequential transformation of tobacco plants with 

two transgenes, the second transgene inducing promoter hypermethylation of the first 

transgene that was introduced (Matzke et al. 1989). The term RNA-directed de novo 

methylation (RdDM) was later coined with the observation that an introduced viroid cDNA 

required expressed RNA for de novo methylation to be induced (Wassenegger et al. 1994). 

The characteristics of this mechanism included the ability to induce de novo methylation 

in all sequence contexts and to require RNA molecules to target the methylation by 

sequence complementarity (Pélissier et al. 1999; Mette et al. 1999). The presence of such 

a mechanism in Arabidopsis was indicated by trans-acting double-stranded RNA (dsRNA) 

molecules triggering transcriptional gene silencing and hypermethylation (Mette et al. 

2000). The discovery of the methyltransferase responsible for this mechanism, DRM2 (Cao 

and Jacobsen 2002b), opened the door to further characterization of the molecular factors 

involved in this canonical RdDM mechanism (Matzke and Mosher 2014). RdDM occurs at 

loci where SUVH2 and SUVH9 bind to mC, and SAWADEE HOMEODOMAIN 

HOMOLOG 1 (SHH1) binds to H3K9me2. The latter recruits RNA POLYMERASE IV 

(PolIV) that produces dsRNAs through the activity of the chromatin remodeler CLASSY1 

and RNA-DEPENDENT RNA POLYMERASE 2 (RDR2). The dsRNAs are processed into 

24-nucleotide small interfering RNA molecules (siRNAs) by DICER-LIKE 3 (DCL3), which 

are loaded into AGO4. In parallel, SUVH2 and SUVH9 recruit RNA POLYMERASE V 

(PolV) that produces long non-coding RNAs (lncRNAs) that act as template for the AGO4-

siRNAs complex, which in turn recruits DRM2. Numerous other factors are involved in 

the RdDM machinery, such as DRD1, DMS3 and RDM1 which together form the DDR 

complex, and are involved in recruiting PolV (Zhong et al. 2012). Notably, non-canonical 
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RdDM mechanisms have more recently been detailed, which include variation in the 

enzymes involved in the production, processing and recognition of the siRNAs (Cuerda-Gil 

and Slotkin 2016). Once deposited by RdDM, mC is stably inherited through mitosis and 

meiosis, with different mechanisms responsible for the maintenance of mC patterns after 

replication. 

 

I.2.2. mC maintenance after replication 

 

In the CG context, mC is maintained by the recruitment of MET1 by VARIANT IN 

METHYLATION 1 (VIM1), VIM2 and VIM3 to hemi-methylated DNA (Woo et al. 2008; 

Stroud et al. 2013; Shook and Richards 2014). Homologous to the mammalian 

UBIQUITIN-LIKE CONTAINING PHD AND RING FINGER DOMAINS 1 (UHRF1), the 

VIM proteins also function as ubiquitin E3 ligases (Kraft et al. 2008), suggesting a two 

step-mechanism to recruit MET1 rather than direct protein interaction (Kim et al. 2014; 

Harrison et al. 2016).  

DNA methylation in the CHG and CHH contexts are maintained by feedback-loops 

with H3K9me1/2. Identified independently, histone methyltransferase SUVH4 

(KRYPTONITE) is partially functionally redundant with SUVH5 and SUVH6 (Ebbs et al. 

2005; Ebbs and Bender 2006; Stroud et al. 2013). These proteins bind to mC, preferentially 

in the CHG and CHH contexts for SUVH4 and SUVH6 (Johnson et al. 2007; Du et al. 

2014), and deposit H3K9me2 on neighboring histones (Jackson et al. 2002; Stroud et al. 

2013, 2014). These marks are recognized by CMT3 and CMT2, which preferentially deposit 

mCHG and mCHH on the newly synthesized strand, respectively (Lindroth et al. 2001; 

Jackson et al. 2002; Du et al. 2012; Stroud et al. 2014). The role of CMT2 for mCHH 

maintenance occurs more readily inside long transposable elements (TEs) and requires 

DDM1, whereas the RdDM pathway contributes to the maintenance of non-CG 

methylation at short TEs and at the borders of long TEs (Zemach et al. 2013; Stroud et al. 

2014). 

 

I.2.3. mC removal by active demethylation 

 

Two processes can induce the loss of mC: passive demethylation through the failure 

to maintain mC after replication, and active removal. In plants, active demethylation is 

catalyzed by DNA glycosylase proteins through a base-excision-repair (BER) mechanism 

(Gehring et al. 2006; Morales-Ruiz et al. 2006; Penterman et al. 2007). Four DNA 

glycosylases have been described in Arabidopsis: DEMETER (DME), ROS1 (DML1), and 
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DEMETER-LIKE 2 and 3 (DML2, DML3). DME is mainly expressed in the central cell of 

the female gametophyte, and is involved in genome imprinting via genome-wide 

demethylation, notably of TEs (Choi et al. 2002; Gehring et al. 2006, 2009, Hsieh et al. 

2009, 2011). This genome-wide hypomethylation by DME also occurs in the vegetative cell 

of the male gametophyte (Ibarra et al. 2012), and overall supports a reinforcing 

mechanism between the companion cell and the gametes (Slotkin et al. 2009). Indeed, TE 

demethylation in companion cells primes the expression of siRNAs and in turn reinforces 

RdDM in the gametes, thus safeguarding the genome integrity of germ cells by preventing 

TE activity and transposition (Martínez et al. 2016). 

On the other hand, ROS1, DML2 and DML3 function partially redundantly in 

vegetative tissues, notably to prevent mC in TEs from spreading to neighboring genes 

(Penterman et al. 2007; Zhu et al. 2007; Le et al. 2014). This function notably acts in an 

antagonistic manner to RdDM (Tang et al. 2016). Several factors have been identified that 

are involved in ROS1-dependent demethylation and prevent transgene silencing, such as 

the RNA-binding protein ROS3 (Zheng et al. 2008) and histone acetyltransferase 

INCREASE IN DNA METHYLATION 1 (IDM1, ROS4) (Li et al. 2012; Qian et al. 2012). 

More recently, METHYL-CpG-BINDING PROTEIN 7 (MBD7) and α-crystallin domain 

chaperone proteins IDM2 (ROS5) and IDM3 (IDL1) were also reported as a complex that 

recruits ROS1 to the transgene loci and promotes transgene expression through active 

demethylation (Zhao et al. 2014; Qian et al. 2014; Wang et al. 2015; Li et al. 2015a). The 

absence of significant hypomethylation in these mutants would however argue against 

such a mechanism (Li et al. 2017). MBD7 would instead belong in a class of mC reader 

proteins that are not involved in the establishment of mC patterns but on the 

transcriptional regulation of methylated loci. 

 

I.2.4. mC molecular interpretation by reader proteins 

 

Three families of mC reader proteins have been described in Arabidopsis: VIM, 

SUVH, and MBD proteins. VIM proteins, SUVH4, SUVH5 and SUVH6 are involved in 

mC maintenance after replication, whereas SUVH2 and SUVH9 are involved in the RdDM 

pathway, as detailed above. On the other hand, MBD7 and SUVH1 are involved in 

promoting transcription downstream from mC with no apparent feed-back effect on mC 

levels (Li et al. 2015b, 2017). Experimental evidence supporting the role of other MBD and 

SUVH proteins as mC readers is currently incomplete, and it remains unclear whether 

there are other proteins that may be able to bind mC (reviewed in Chapter III). 
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Previous studies on Arabidopsis mC reader proteins have however highlighted the 

existence of cross-talk with histone modifications, notably with H3K9me2, and a complex 

interplay between mC, histone modifications and histone protein variants, as described 

below. 
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I.3. Chromatin states, histone variants and histone modifications 
 

Chromatin, comprised of the DNA molecule wrapped around histone proteins, can 

be found in two major states of condensation. Heterochromatin is densely packed and 

limits access of the transcription machinery to the DNA, and is mainly present around 

centromeres and pericentromeric regions that contains a high density of repressed TEs. 

Euchromatin is generally found in the chromosome arms where most actively transcribed 

genes lie. These very distinctive chromatin states are associated with specific histone 

variants and modifications of various residues of the histone N-terminal tails. The current 

knowledge about the functions associated with histone modifications that are relevant to 

the research undertaken in this thesis is reviewed below, including the known deposition 

mechanisms, and highlighting their associations with mC. 

 

I.3.1. Histone variants 

 

Nucleosomes are the basic structural units of the chromatin, comprised of a 146-

147 bp-long stretch of DNA wrapped around a core of four pairs of histone proteins (Luger 

et al. 1997). There are four types of canonical nucleosomal histones, H2A, H2B, H3 and 

H4 and each one of them, with the exception of H4, can be replaced by several variants 

that have been associated with different epigenetic mechanisms (Jiang and Berger 2016). 

These nucleosomes are assembled into arrays joined by the DNA molecule and stabilized 

by a fifth type of histone, the linker histone H1. A canonical histone is considered when 

referring to the histone protein that gets incorporated by default after replication. The 

replacement of these histone variants is established by a variety of ATP-dependent 

chromatin remodelers. The study of histone variants is complicated by the presence of 

several genes encoding each protein, and by the conservation of the protein sequences. 

However, the use of multiple mutants and epitope-tagged histone variants have increased 

our knowledge about their distribution and regulatory mechanisms (Jiang and Berger 

2016). 

 

The canonical H2A has three main variants: H2A.W, H2A.X, and H2A.Z. Whereas 

H2A.X is relatively ubiquitously distributed along the chromosome, the H2A.W variant 

marks heterochromatin and acts synergistically with mC in repressing transposable 

elements in Arabidopsis (Yelagandula et al. 2014). Notably, loss of H2A.W results in 

increased mCHG levels, specifically, indicative of a cross-talk mechanism between these 

two marks. The role of H2A.Z, deposited by the SWR1 chromatin remodeling complex and 
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notably the subunits PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1) 

and ACTIN-RELATED PROTEIN 6 (ARP6), is however more elusive as it has been 

implicated in a wide range of developmental processes (Deal et al. 2007; Choi et al. 2007; 

Coleman-Derr and Zilberman 2012a; Rosa et al. 2013). H2A.Z is localized in genes, and 

has been reported as located at the 5’-end of housekeeping genes and distributed in the 

body of environmental and developmental genes, in a pattern opposite to gene body 

methylation (GbM), which led to the conclusion that H2A.Z and mCG are antagonistic 

marks (Zilberman et al. 2008; Coleman-Derr and Zilberman 2012a). 

Two main variants of the canonical H3 have been described in Arabidopsis, in 

addition to the variant specifically present at centromeres (CENH3) (Talbert et al. 2002). 

H3.1 is incorporated by the chromatin assembly factor 1 (CAF1) complex, comprised of 

MULTICOPY SUPPRESSOR OF IRA 1 (MSI1), FASCIATA 1 (FAS1) and FAS2 (Kaya et 

al. 2001; Hennig et al. 2003). H3.3 is deposited by the histone regulator HIR complex, that 

includes histone chaperone HIRA, UBINUCLEIN 1 (UBN1), UBN2 and CALCINERUM 

BINDING PROTEN 1 (CABIN 1) (Nie et al. 2014; Duc et al. 2015). Whereas H3.1 

deposition is replication-dependent and associated with silenced genomic regions, H3.3 is 

primarily integrated in the promoter and the 3’-end of highly transcribed genes, as well as 

in the promoter of responsive genes (Stroud et al. 2012; Shu et al. 2014). Notably, h3.3 

mutant plants showed a decrease in GbM, which has been associated with an increase in 

H2A.Z and H1 at the 5’-end of the genes (Wollmann et al. 2017).  

Mutations in linker H1 genes have been shown to induce myriad developmental 

phenotypes and to be involved in genome imprinting by interaction with DME, but the 

genome-wide effects upon DNA methylation appeared unordered and stochastic 

(Wierzbicki and Jerzmanowski 2005; Rea et al. 2012). These observations could be 

explained by the fact that H1 prevents methyltransferases from accessing the DNA, which 

is relieved by DDM1, notably at heterochromatic long TEs (Zemach et al. 2013). Absence 

of linker histone H1 would thus enable further methylation by methyltransferases at 

normally inaccessible loci, which could in turn be countered by safeguarding mechanisms 

such as active demethylation. 

 

The structural changes to nucleosome compositions have thus been shown to 

impact transcriptional regulation, mediated by a change in the distribution of nucleosomes 

over genes and TEs, and are implicated in a complex interplay with mC. The histone 

modifications that can occur on the tails of the different variants have also been involved 
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in feedback loops with DNA methylation and can be specific to histone variants, as 

described below. 

 

I.3.2. Histone post-translational modifications 

 

The post-translational modification of histone tails has important consequences on 

the accessibility of the neighboring DNA as it can alter chromatin accessibility and 

promote or prevent protein binding. Histone modifications have been associated with 

different transcriptional states, leading to the concept of a “histone code” in plants and in 

animals (Jenuwein and Allis 2001). The main modifications discussed here are 

methylation, acetylation and ubiquitination of lysine residues, as they have a primary role 

in the regulation of transcriptional and mC patterns. 

 

Histone methylation is deposited by SET-domain proteins in Arabidopsis. The SET 

domain has been named due to its presence in three epigenetic regulators identified in 

Drosophila: SUPPRESSION OF VARIEGATION 3-9 (SU(VAR)3-9), ENHANCER OF 

ZESTE (E(Z)) and TRITHORAX (TRX) (Tschiersch et al. 1994). By sequence homology 

with these proteins, as well as with ABSENT, SMALL OR HOMEOTIC 1 (ASH1) which 

was later found to also contain a SET domain in Drosophila, 37 orthologs were found in 

Arabidopsis (Baumbusch et al. 2001). Further studies have expanded the number of SET 

domain-containing proteins (SDG) to 47, divided into 5 classes, each responsible for the 

methylation of a specific residue on one of the histone proteins (Springer et al. 2003; Ng 

et al. 2007; Pontvianne et al. 2010; Thorstensen et al. 2011). 

H3K9 methylation is catalyzed by SUVH proteins, class V SET proteins, and 

especially by SUVH4, SUVH5 and SUVH6 (Ebbs and Bender 2006). Of pivotal importance 

for silencing TEs, H3K9me2 is at the core of a feedback loop with DNA methylation, 

through CMT2, CMT3 and the RdDM pathway (Du et al. 2015). The interplay between 

H3K9me2 and mC has been highlighted by the genome-wide reorganization of H3K9me2 

in mutants that alter mC patterns, including DDM1 and DNA methyltransferases, which 

affects TEs reactivation (Gendrel et al. 2002; Soppe et al. 2002; Lippman et al. 2004).  

H3K27me1 is another mark associated with silencing of TEs, as well as replication, 

and is deposited by class IV SET domain ARABIDOPSIS TRITHORAX-RELATED 

PROTEIN 5 (ATXR5) and ATXR6, in a manner independent from H3K9me2 and mC 

(Jacob et al. 2009, 2010, 2014; Hale et al. 2016). Notably, H3K27me1 only occurs on H3.1 
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due to the inhibition of its deposition on H3.3 due to the presence of a different amino acid 

(Thr-31) (Jacob et al. 2014).  

In contrast with the constitutive repression of TEs, gene silencing is regulated by 

the Polycomb group (PcG) in a manner that modulates their expression in response to 

specific conditions, whether developmental or environmental. Initially described in 

Drosophila for their role in regulating homeotic genes expression, two complexes, 

polycomb repressive complex 1 (PRC1) and PRC2 deposit H2K121ub and H3K27me3, 

respectively, and were later identified in Arabidopsis (Bratzel et al. 2010; Schubert et al. 

2006). For PRC2, different combinations of proteins can form different complexes, notably 

based on their tissue of expression and their target genes. The three proteins with 

H3K27me3 methyltransferase activity belong to the Class I of SET proteins, namely 

CURLY LEAF (CLF), SWINGER (SWN) and MEDEA (MEA), specifically involved in the 

seed (Goodrich et al. 1997; Grossniklaus et al. 1998; Chanvivattana et al. 2004). 

Interestingly, MSI1 is among the other possible PRC2 subunits required for seed 

development, in addition to its role in the CAF-1 chromatin remodeling complex (Kohler 

et al. 2003). PRC1 components include the REALLY INTERESTING NEW GENE 1a 

(RING1a) and RING1b, the BMI1a, BMI1b and BMI1c (originating from B LYMPHOMA 

MO-MLV INSERTION REGION 1), as well as LIKE-HETEROCHROMATIN PROTEIN 1 

(LHP1) (Xu and Shen 2008; Zhang et al. 2007; Bratzel et al. 2010). Based on the homology 

with animal systems, the initial mechanistic model placed the deposition of H3K27me3 by 

PRC2 upstream of PRC1, which would recognize H3K27me3 marks through LHP1 and 

promote ubiquitination (Xu and Shen 2008). This hypothesis has more recently been 

challenged as the distribution of PRC1-deposited H2AKub was found largely independent 

of PRC2 activity (Zhou et al. 2017). Also, the number of PRC1 and PRC2 variants, and of 

developmental processes they regulate, might be higher and their combinations more 

complex than previously estimated (Wang et al. 2016; Merini et al. 2017). 

Histone tails can also record, or promote, transcriptional activity. Lysine 4 of 

histone H3 can be mono, di, or tri-methylated, and although they show different patterns 

and are regulated differently, these three marks are exclusively associated with genes in 

Arabidopsis (Zhang et al. 2009). H3K4me is deposited by Trithorax group (TrxG) in an 

antagonistic manner to the PcG, as it promotes expression of homeotic genes, which 

include ARABIDOPSIS TRITHORAX 1 (ATX1) and ATX-RELATED 3 (ATRX3), that 

belong to the class III of SET proteins (Avramova 2009; Berr et al. 2010). Notably, ATX1 

is responsible for H3K4me3 deposition, mostly around the TSS, and is strongly associated 

with transcriptional activation as it facilitates the elongation phase of transcription (Pien 
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et al. 2008; Jiang et al. 2011; Ding et al. 2012). The link between H3K4me1, H3K4me2 

and transcription is not as well understood. Their genome-wide distribution would 

however suggest that H3K4me1 is correlated with GbM, whereas H3K4me2 are more 

generally present on genes, whether the genes are expressed or not (Zhang et al. 2009; 

Alvarez-Venegas and Avramova 2005). However, mutants defective in ATX2, which 

deposits H3K4me2, show a range of developmental phenotypes that would suggest the 

involvement of H3K4me2 in some step of transcription regulation (Saleh et al. 2008).  

The last class of SET proteins, class II, includes SDG4 and SDG8, and is involved 

in H3K36me3 deposition, also associated with transcription activation (Cartagena et al. 

2008; Li et al. 2015c). SDG4 and SDG8 have been shown to also have H3K4me3 

methyltransferase activities, although their principal molecular functions, notably for 

SDG8, reside in H3K36me3 deposition. (Cartagena et al. 2008; Cazzonelli et al. 2009; Li 

et al. 2015c). This observation might thus be caused by an indirect effect of the loss of 

H3K36me3 on H3K4me3 levels. H3K36me3 levels have also been shown to be decreased 

in h3.3 mutant plants (Wollmann et al. 2017), which further highlights the 

interconnectivity between histone variants, histone marks, mC and transcriptional 

regulation. 

In addition to methylation of H3K4 and H3K36, acetylation of the tails of histones 

H3 and H4 is also associated with transcriptional activity. Several families of histone 

acetylases (HATs) were identified in Arabidopsis by homology with human and yeast 

proteins, and each family seems to have preferential histone residues substrates (Pandey 

et al. 2002; Earley et al. 2007). Acetylated histones can have a positive effect on 

transcription through 3 mechanisms: 1) a physical constraint on the histone-DNA 

interaction, resulting in an open chromatin state (Hong et al. 1993); 2) acetylation of lysine 

residues which prevents their methylation and hence the associated repressive activities, 

notably H3K9me2 (Earley et al. 2006); and 3) acetyl mark recognition by readers that are 

involved in transcriptional activation, although this has only been identified in animal 

systems to date (Hassan et al. 2002). Histone acetylation has notably been associated with 

ROS1-mediated active demethylation via IDM1 in Arabidopsis (Qian et al. 2012). 

 

Only the “writer” proteins, involved in depositing these histone post-translational 

modifications have been described here, however “reader” and “eraser” proteins also exist 

that are able to interpret these marks and actively remove them, respectively. These 

mechanisms are highly dependent on one another, and altogether define the chromatin 

state of a genomic region.  
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I.3.3. Cross-talk between histone modifications organizes the genome into different 

chromatin states 

 

Histone post-translational modifications have been implicated in a wide variety of 

developmental processes, responses to environmental cues, and stable inheritance of 

active/repressive transcriptional states. As highlighted above, each modification can be 

deposited by several proteins belonging to the same family, often with specificities in their 

gene targets, thus influencing different aspects of plant cellular function. This dynamic 

regulation of the epigenome is further emphasized by the cross-talk between histone 

modifications, and the existence of processes that involve reader and erasers proteins. 

Several examples have been reported in Arabidopsis that exemplify the complexity of 

epigenetic regulation, and more examples can be found in other species (Zhang et al. 2015). 

The presence of a histone mark is dependent on a balance between its deposition 

and removal. In opposition to the multiple histone acetyltransferases existing in 

Arabidopsis, numerous histone deacetylases have also been identified, and are involved in 

repressing the transcription of many different biological pathways, thus resulting in 

myriad developmental phenotypes (Liu et al. 2014).  

Furthermore, some writer proteins have been shown to rely on the presence, or 

absence, of other histone modifications present on the histone tails within the same 

nucleosome. For example, the plant homeodomain (PHD) domain of ATXR5 and ATXR6 

induces a preferential binding to histone H3 tails that are not methylated on the Lysine 4 

residue (Jacob et al. 2010). This would reinforce the antagonistic effects of H3K4me3, 

associated with transcriptional activity, and ATXR5-ATRX6-deposited H3K27me1 

heterochromatin mark. On the other hand, H3K9me does not influence the binding of 

ATRX proteins and thus supports the synergistic effect of these two marks in transcription 

silencing (Jacob et al. 2010).  

The reading/writing activities can also be dissociated in two different proteins from 

the same complex. For example, Arabidopsis proteins containing an homologous domain 

to Mortality factor on chromosome 4-related genes (MRG) have been shown to bind to 

H3K36me3, and in turn recruit histone H4-specific HATs (Xu et al. 2014). Such a 

mechanism would thus explain the correlation of both H4ac and H3K36me3 with active 

genes.  

The number of existing histone modifications and the observation that some marks 

would often co-localize with mC and/or have similar effects on transcription prompted an 

integrative analysis of their distribution in the Arabidopsis genome (Roudier et al. 2011). 
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A simplified model based on the underlying genomic feature would indicate the existence 

of 3 main chromatin states, in addition to the intergenic regions: 1) TEs, 2) constitutively 

expressed genes, and 3) genes under controlled transcription regulation. TEs are 

heterochromatic loci, marked by high levels of mC in all cytosine sequence contexts, 

H3K9me2, and H3K27me1. Genes are marked by H3K4me1 and H3K4me2, and 

constitutively expressed genes also show GbM, H3K36me3, H3/H4ac and H3K4me3. 

Developmental or environmentally responsive genes are notably characterized by the 

presence of H3K27me3. These models are however not fully reflective of the complexity of 

the regulation of the epigenome, since many loci show intermediate chromatin states, and 

addition of other marks in this integrative analysis identified up to 9 different chromatin 

states (Sequeira-Mendes et al. 2014). The difficulty in assigning a locus to a specific 

chromatin state is however affected by the study of genome-wide patterns in cell 

populations. Considering the importance of epigenetic regulation for various 

developmental processes, the study of epigenetic marks in single cell-types could refine 

the chromatin landscape present within a cell (Deal and Henikoff 2010). 

 

The presence of mC in two opposite chromatin states, namely repressed TEs and 

active genes, suggests a complex regulation of mC patterning in the genome, and clearly 

demonstrates that mC is not only associated with transcriptional repression. The cross-

talk between histone post-translational modifications and mC may contribute to the 

distinct relationships observed between mC and transcription. Some of these cross-talk 

mechanisms have been highlighted above, but another layer of complexity can be added 

that encourages a deeper analysis of the role of mC in the epigenome, as discussed below. 
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I.4. The role of DNA methylation in the Arabidopsis genome 
 

I.4.1. DNA methylation patterns are established through dynamic cross-talk with histone 

post-translational modifications 

 

In the processes of mC deposition, maintenance and removal, tight relationships 

have been documented between mC and histone modifications. Notably, H3K9me2 is 

involved in mC maintenance in the CHG context and is required to target the RdDM 

pathway (Du et al. 2015), and H3ac, associated with active chromatin, is involved in active 

DNA demethylation by ROS1 (Qian et al. 2012). Furthermore, these mechanisms are 

dynamically regulated by the presence of histone demethylases.  

Jumonji-C (Jmj-C) domain-containing protein JMJ14 is a histone H3K4 

demethylase notably involved in flowering time regulation that is involved in mC 

deposition by the RdDM pathway (Deleris et al. 2010; Lu et al. 2010). JMJ14 seems to act 

redundantly with LYSINE SPECIFIC DEMETHYLASE-LIKE 1 (LDL1) and LDL2 as a 

safeguarding mechanism that prevent the spread of H3K4me3 to inactive surrounding loci 

(Greenberg et al. 2013).  

In contrast with this mechanism promoting silencing, the Jmj-C domain containing 

protein INCREASE IN BONSAI METHYLATION (IBM1) is a histone H3K9 demethylase 

identified to be responsible for the hypermethylation phenotype of the BONSAI (BNS) 

locus (Saze et al. 2008). IBM1 demethylation of H3K9me2 in gene bodies would be 

necessary to break the feedback loop between CMT3 and the establishment of mCHG 

(Miura et al. 2009). The repression of the targeted genes would notably be affected by 

LDL2 which would bind to H3K9me2 and demethylate H3K4me1 (Inagaki et al. 2017). 

 

The interplay between mC and histone levels is further complicated by the fact that 

mC can be involved in regulating the expression of proteins involved in epigenetic 

processes. For example, the expression of IBM1 requires one of its intron to be methylated 

for RNA-binding protein ANTI-SILENCING 1 (ASI1, also called IBM2) to enable the 

production of the full length transcript (Wang et al. 2013; Saze et al. 2013). This 

requirement for mC or the associated heterochromatin marks notably explains the mCHG 

hypermethylation phenotypes at SUP and BNS loci in met1 and ddm1 mutants (Rigal et 

al. 2012). Also, the transcription silencing of genes caused by mutations in IBM1 occurs at 

RDR2 and DCL3, two factors involved in the RdDM pathway, which in turn can impact 

mC levels (Fan et al. 2012). 
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Active DNA demethylation by ROS1 is also indirectly regulated by mC deposited 

by the RdDM. Indeed, promoter methylation has been shown to promote expression of 

ROS1, which would act as a rheostat that could impact genome-wide mC levels (Williams 

et al. 2015). Hypomethylation caused by mutations in the RdDM machinery induces 

downregulation of ROS1, which in turn would not actively remove mC where mC is no 

longer being deposited, thus maintaining constant mC levels. 

 

Interdependencies between mC and histone modifications render the regulation of 

Arabidopsis epigenome challenging to interpret. Notably, the impact of a single mark on 

transcriptional activity can occur indirectly through the regulation of another epigenetic 

modification. The presence of rheostat mechanisms that regulate the establishment of mC 

patterns in trans also increases the challenge to interpreting the potential function of mC 

in the genome with previously employed methods, and further supports the requirement 

for alternative approaches to study the direct role of mC in Arabidopsis. The complexity 

of the epigenome currently limits our ability to interpret the patterns of mC found in the 

genome, in particular to determine whether mC directly influences transcription, or is 

merely a downstream consequence of transcriptional activity. 

 

I.4.2. mC and transcription: establishing causality or correlation 

 

As highlighted in Adrian Bird's definition of epigenetics, the role of mC can be to 

"register, signal or perpetuate altered activity states" (Bird 2007). A reason why the 

causality between mC and transcription has not been explicitly elucidated resides in the 

variability of processes that can have opposite effects on transcription. In fact, mC seems 

to have different effects depending on its cytosine sequence context and on the genomic 

feature in which it is located. At TEs, mC is present in all cytosine sequence contexts and 

has been shown to promote transcriptional repression. In contrast, in gene bodies, mCG is 

correlated with relatively high levels of expression. This observation might thus suggest 

that only non-CG methylation is responsible for transcriptional silencing, whereas the 

repressive effect of mCG occurs indirectly through the regulation of non-CG methylation. 

The study of cmt3 mutant at the SUP locus showed a loss of non-mC associated with gene 

expression, but only a slight decrease in H3K9me2 (Johnson et al. 2002). The authors thus 

concluded that mC is the silencing mark, whereas H3K9me2 would only occur downstream 

from transcription. Further studies tend to support this hypothesis, and suggest a stronger 

silencing effect of mCHG than mCHH in repressing TEs (Stroud et al. 2014). 
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However, several examples of mechanisms are conflicting with the direct effect of 

mC upon transcription. The requirement of mC in the promoter of ROS1, or in the intron 

of IBM1, have revealed processes that promote transcription despite the presence of mC 

(Williams et al. 2015; Wang et al. 2013; Saze et al. 2013). Furthermore, MOM1 was shown 

to release gene silencing without affecting the mC levels, and notably at the same loci 

where both mC and transcriptional levels are affected in ddm1 (Probst et al. 2003). Also, 

SUVH1 has been found to induce the over-expression of some genes with hyper-

methylated promoters (Li et al. 2015b). Furthermore, the importance of mC in the global 

regulation of gene expression has recently been questioned, by showing that the genetic 

background is more influential on transcriptional levels, as assessed by the impact of 

single nucleotide polymorphisms (SNP) differences between Arabidopsis accessions (Meng 

et al. 2016). 

 

Overall, abundant evidence supports a major role for non-CG methylation in TE 

silencing in Arabidopsis, and mechanisms have evolved to prevent this silencing to extend 

to the neighboring genes. However, epimutations, defined as a stochastic change in the 

epigenome, are not always associated with altered transcriptional states (Schmitz et al. 

2011, 2013; Van der Graaf et al. 2015). Direct experimental evidence is thus required to 

confirm the causality of mC upon transcription regulation, and to identify the molecular 

factors involved in linking mC to transcription. 

 

I.4.3. Gene body DNA methylation 

 

In contrast with mC in TEs, mCG in gene body is associated with active 

transcription (Lister et al. 2008; Cokus et al. 2008). GbM is present on genes that are 

constitutively expressed yet at an intermediate transcription level, and the distribution of 

GbM is anti-correlated with the presence of H2A.Z (Zilberman et al. 2008; Coleman-Derr 

and Zilberman 2012a). These observations have led to the conclusion that the main role of 

GbM is to exclude H2A.Z and the condition-specific patterns of expression associated with 

this mark (Coleman-Derr and Zilberman 2012b).  

This hypothesis has recently been challenged by the fact that GbM is absent in 

some plant species, namely Eutrema salsugineum and Conringia planisiliqua (Bewick et 

al. 2016). This study also provided evidence that GbM is not responsible for the patterns 

of H2A.Z, as the distribution of H2A.Z, as well as of other histone modifications studied, 

was not affected by the absence of GbM (Bewick et al. 2016). Notably, the species lacking 

GbM were also missing a homolog of CMT3, suggesting a role for CMT3 in establishing 
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GbM. This study also showed the gradual gain of mCG over generations using met1 

epigenetic recombinant inbred lines (epiRILs) (Reinders et al. 2009). The authors 

concluded that GbM is likely to be a product of aberrant DNA methyltransferase activity 

of CMT3, or involving CMT3 in a feedback loop with H3K9me2, and that GbM has no 

functional role in plants, but has been maintained by MET1 as it is not deleterious either. 

This debate is still on-going since proving the absence of a function is close to being 

impossible, and defenders of a functionality for GbM have notably argued that the absence 

of a function in one species does not necessarily apply to all the others (Zilberman 2017). 

Instead, the conservation of GbM in most plant and animals species would tend to indicate 

some functionality, but what this function may be is yet to be determined (Zilberman 

2017). 
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I.5. Outline of the thesis 
 

The complex regulation of Arabidopsis epigenome has limited the assessment of 

the direct role of mC as a molecular signal. The direct effect of mC on transcriptional 

output seems to be impacted by the cytosine sequence context and the genomic feature in 

which it is located. Furthermore, mC is involved in numerous cross-talk with histone post-

translational modifications and trans-acting mechanisms exist that counter its repressive 

effect. The use of mutants is limited by the potentially complex downstream effects of 

knocking-out the factor. Indeed, inferring that a change in transcriptional activity is only 

due to a change in mC at this locus could be confounded by trans-acting mechanisms. 

More direct approaches are required to increase the precision in our understanding of the 

causality between mC and silencing. 

 

My first approach attempted to investigate the potential causal silencing role of 

mC in Arabidopsis by artificially inducing mC at desired target sites in the genome. 

Precisely manipulating this epigenetic mark at specific loci of the genome while 

conducting transcriptional and proteomic analyses would indeed provide a much greater 

understanding of the functions of epigenetic regulatory processes. Epigenome editing 

could also become a great asset for plant biotechnology. The attempts at developing an 

epi-modifier tool, using the CRISPR/Cas9 system as a customizable DNA-binding domain, 

are presented in Chapter II. 

 

The second approach, which constitutes the main body of this thesis, is to 

investigate how mC can be interpreted at the molecular level. Proteins and transcription 

factors have been found that can differentiate between methylated and unmethylated 

DNA, but an unbiased and comprehensive study of the proteins that can bind mC in 

Arabidopsis is lacking to date. Therefore, an affinity screen to identify mC readers was 

performed by quantitative interaction proteomics linked to mass spectrometry, which 

identified all known mC readers and new candidates, as presented in Chapter III.  

To deepen our knowledge on these new candidate mC reader proteins, 

characterization studies of the corresponding mutants was conducted in order to examine 

their potential effect upon genome-wide transcription and mC. MethylC-seq and RNA-seq 

experiments on the single mutants, as well as on double mutants generated with 

CRISPR/Cas9 targeted mutagenesis to study potential functional redundancies among 

homologous genes, are presented in Chapter IV.  
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Analysis of the mC reader candidates was then performed in a more targeted 

manner for finer molecular characterization. The study of the genome-wide DNA-binding 

sites of several candidates was carried out by chromatin immuno-precipitation sequencing 

(ChIP-seq). Furthermore, tandem affinity purification coupled to mass spectrometry 

(TAP-MS) experiments were performed on these candidates to identify protein-protein 

interactions and highlight their potential involvement in epigenetic mechanisms. The 

ChIP-seq and TAP-MS results, presented in Chapter V, have enabled the identification 

of new epigenetic mechanisms that occur downstream of DNA methylation. Notably, these 

results provide new experimental evidence that suggest a role of GbM in Arabidopsis. 

 

Integrating the findings of this study with current knowledge highlights a complex 

interpretation of mC in Arabidopsis, discussed in Chapter VI. The identification of 

potential new epigenetic pathways, notably associated with GbM, support a tight control 

of mC patterns and the role of mC on chromatin remodeling and transcriptional 

regulation. 
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Abstract 
 

 
DNA methylation (mC) has been associated with transcriptional repression of 

transposable elements and some genes since the discovery of some inheritable epialleles 

and the correlation between hypermethylation and gene down-regulation. The presence 

of mC in the bodies of some expressed genes would however argue against a direct causal 

link between mC and transcriptional silencing. In this chapter, I present my attempts at 

inducing mC at endogenously unmethylated loci to study its direct role on transcriptional 

regulation. I developed a targetable fusion epi-modifier (epiCas) comprised of the 

catalytically inactive DNA-binding domain, dCas9, linked to an effector molecule that is 

involved in the deposition of DNA methylation. I cloned several variants of this epiCas 

protein and studied their effect on the methylome after plant transformation or protoplast 

transfections. However, whole genome bisulfite sequencing showed no increase in DNA 

methylation at the target sites. I will discuss the biological constraints that could explain 

the difficulty in editing the Arabidopsis epigenome, as well as the technical limitations of 

the epiCas system despite its potential contribution to the plant biotechnology toolbox. 
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II.1. Introduction 
 

II.1.1. Exploring causality between DNA methylation and gene transcription 

 

DNA methylation is involved in a tight interplay with histone modifications which 

affect chromatin condensation and transcriptional regulation (Roudier et al. 2009; Du et 

al. 2015). Additionally, despite the primary role of mC appearing to be the silencing of 

TEs (Slotkin and Martienssen 2007), several epialleles have been identified in plants 

where promoter methylation is linked with gene repression (Cubas et al. 1999; Manning 

et al. 2006). For example, in Arabidopsis, hypermethylated alleles of the SUPERMAN 

locus are correlated with SUP gene silencing and abnormal flower developmental 

phenotypes (Jacobsen and Meyerowitz 1997). Also, demethylation of tandem repeats in 

the promoter region of the FWA locus triggers pleiotropic expression of the FWA 

transcription factor causing a late flowering phenotype (Soppe et al. 2000). These studies 

thus suggest that when located in promoters, mC seems to be negatively correlated with 

gene expression levels, and a decrease in DNA methylation is associated with TE 

reactivation. Conversely, mC in gene bodies seems to be correlated with high levels of 

gene expression. Also, there are reported cases where methylation in an intron is required 

for gene expression, as is the case for INCREASE IN BONSAI METHYLATION 1 (IBM1) 

(Rigal et al. 2012). Furthermore, studies of Arabidopsis plants defective in MET1 or 

DDM1 have linked the loss of DNA methylation to increased transcription of TEs and 

their transposition in the genome (Miura et al. 2001; Saze et al. 2003; Lippman et al. 2004; 

Mirouze et al. 2009). However, genome-wide changes in the chromatin landscape can 

affect the regulation of trans-acting processes, thus preventing the analysis of the causal 

role of mC upon the expression of a single loci. For example, met1 mutant plants show 

aberrant H3K9me2 and mCHG patterns, that are partially explained by the silencing of 

IBM1 (Rigal et al. 2012). Similar limitations exist when genome-wide changes in DNA 

methylation are caused by chemical agents that inhibit methyltransferase activity such 

as 5-azacytidine. Taken together, these conflicting findings indicate that the direct effect 

of DNA methylation upon transcription is difficult to assess, and its role as a repressive 

mark seems to depend on the sequence context it occurs in and on the associated histone 

marks (Wang et al. 2015b). Consequently, a more direct approach to assess the causal role 

of mC would require targeted editing of the DNA methylome and assessment of its 

downstream effects upon transcription and histone modifications. 
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II.1.2. Development of a precise and targetable epi-modifier 

 

Testing whether mC is directly involved in gene expression regulation requires the 

induction of methylation at very specific loci. Such an experiment relies on the 

development of a targetable epi-modifier, a highly precise molecular tool which would only 

methylate the selected locus, asserting the role of DNA methylation on transcription 

regulation without potential trans-acting processes. Such synthetic tools have been 

engineered to interrogate the role of mC and its repressive activity in mammalian systems 

(Xu and Bestor 1997; Rivenbark et al. 2012; Bernstein et al. 2015; McDonald et al. 2016; 

Vojta et al. 2016; Liu et al. 2016). These tools are based on creating complex proteins by 

functionalizing a DNA binding domain with a catalytic effector. There are three naturally 

occurring classes of proteins that have been repurposed as targetable DNA-binding 

domains for molecular engineering: zinc finger proteins (ZFs), transcription activator-like 

effectors (TALEs), and the CRISPR/Cas9 system.  

ZFs consists of a linear sequence of DNA-binding motifs, each being able to 

specifically recognize 3 bp of genomic DNA (Pavletich and Pabo 1991). Identification of 

the critical amino acids that confer binding sequence specificity (mainly positions -1, 3 

and 6 of the α-helix) has enabled the creation of libraries of artificial single motifs that 

can be linked together to recognize a 18 bp fragment of DNA (Segal et al. 1999; Dreier et 

al. 2001)(Figure II-1-B). ZFs have been fused with M.SssI and the catalytic domain of 

DNMT3a, bacterial and mammalian methyltransferases, respectively, and both showed 

induction of mC at their target sites (Xu and Bestor 1997; Rivenbark et al. 2012; Ford et 

al. 2017). However, ZFs have been found to be very non-specific, binding to thousands of 

untargeted regions in the genome (Grimmer et al. 2014; Ford et al. 2017). 

TALEs are proteins involved in Xanthomonas bacteria virulence. They bind 

promoter regions of the infected plant genome, resulting in altered transcriptional 

regulation of genes involved in the host defense system (Römer et al. 2007; Kay et al. 

2007). The central DNA binding domain of TALEs is comprised of 15 to 20 aa tandem 

repeats with variable di-residues (RVD, positions 12 and 13 of each 34 aa repeat) that can 

each bind a specific base of double stranded DNA (Boch et al. 2009)(Figure II-1-C). A TALE 

fused to the catalytic domain of DNMT3a successfully induced DNA methylation at the 

target locus (Bernstein et al. 2015; Pflueger C., Tan D., Swain T., Nguyen T., Pflueger J., 

Nefzger C., Polo J.M., Ford E. and Lister R., under review). However, the use of TALEs as 

a generic molecular tool is limited by the requirement of engineering a new binding motif 

for each target site through a labor intensive iterative capped assembly (ICA) cloning 
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process (Briggs et al. 2012). Also, TALEs are sensitive to mC in their DNA binding site, 

thus potentially limiting their utility as a tool designed for targeted mC induction (Valton 

et al. 2012). 

 

 

Figure II-1 Components of potential epi-modifiers. A. CRISPR/dCas9 system for RNA-guided DNA targeting. Stop 
signs next to scissors mark inactivating point mutations in the endonuclease domains. A single guide RNA molecule 
(gRNA) recruits dCas9 to the genomic DNA (gDNA) target by sequence homology. In this example, the Cas9 
protein originates from streptococcus pyogenes, which requires a NGG protospacer adjacent motif (PAM). B. Zinc 
finger (ZF) proteins are comprised of several motifs which can each recognize 3 bp of gDNA. C. Transcription-
activator like effectors (TALE) have a central domain constituted of repeats which can each recognize a single bp 
of gDNA. D. An example of a cytosine methyltransferase as an effector domain. In this scenario, promoter DNA 
hypermethylation (black circles) may trigger gene silencing. E. An example of a histone methyltransferase as an 
effector domain. In this case, deposition of methylation (-Me) on histone tails (H3K9me2) would trigger gene 
repression.  

 

In contrast with these sequence-specific domains, the clustered regularly 

interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) protein 

system presents more amenable characteristics. Present in bacteria and archaea as an 

immune mechanism against phages, the CRISPR/Cas9 system can specifically recognize 

and cut foreign DNA sequences through the endogenous endonuclease activity of Cas9 

(Deltcheva et al. 2011). By inducing point mutations in the two endonuclease domains of 

Cas9, this catalytically dead Cas9 (dCas9) can be used as RNA-guided DNA-binding 

protein (Qi et al. 2013)(Figure II-1-A). The sequence-specificity occurs through a single 
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guide RNA molecule (gRNA) that consists of a scaffold to which the Cas9 binds, and a 20 

bp sequence (called the protospacer) that is homologous to the DNA target (Jinek et al. 

2012; Mali et al. 2013). A further requirement of this system is the presence of a short 

sequence downstream from the protospacer called the protospacer adjacent motif (PAM). 

Myriad CRISPR/Cas systems have been identified in different species, exhibiting different 

PAM sequence requirements (Chylinski et al. 2013). The most commonly used is the type 

II CRISPR system that is derived from Streptococcus pyogenes, and its PAM is 5'-NGG-3' 

(N = A, T, G or C; Figure II-1-A). 

 

A crucial point in choosing an appropriate DNA-binding domain for my research 

aims was its ability to only bind to the selected target. The fact that the CRISPR/Cas9 

system requires the recognition of a PAM sequence for efficient DNA-binding only 

increases its specificity (Sternberg et al. 2014), while the careful design of protospacer 

targets can limit the risk of potential off-target binding (Doench et al. 2016).  

An additional major asset of the CRISPR/Cas9 system is multiplexing: the ability 

for a single protein construct to bind at several desired targets simultaneously. Indeed, 

there are several cases where multiple gRNAs have been used to recruit Cas9 to different 

targets in parallel (Jiang et al. 2013; Cong et al. 2013; Li et al. 2013). This multiplexing 

ability also allows for several distinct loci, such as multiple genes encoding an entire 

pathway, to be targeted simultaneously. Finally, only a change of the 20 bp protospacer 

sequence of the gRNA is required to target the Cas9 to a different locus, whereas a whole 

new TALE or ZF would need to be created for each new DNA target. The CRISPR/Cas9 

system thus presents characteristics more suited for effective epigenome editing. 

 

In contrast with the several examples of epi-modifiers used in mammalian systems 

mentioned above, to date, only a single example has been reported in plants. This entailed 

a fusion of SUVH9 (corrected from SUVH2 (Johnson et al. 2017)) to a ZF targeted to the 

repeats upstream of the FWA promoter to recruit the RdDM machinery and induce de 

novo methylation. However, only the FWA locus has been reported to date, thus the 

generalizability of this tool for inducing DNA methylation in the plant genome is 

unknown, and the drawbacks due to ZF non-specificity targeting remain. Thus, there is a 

critical need for developing a more precise and amenable tool for editing the epigenome, 

and specifically for achieving mC induction in plants, which could prove pivotal in 

assessing the role of mC on transcriptional regulation. It also has the great potential for 

adding to the plant biotechnology toolbox. dCas9 appears to be the best candidate for 
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precise and targetable DNA binding as different domains can be fused to dCas9 to attempt 

to manipulate the epigenome. These fusion proteins will be referred to as epiCas in the 

remainder of the chapter. 

 

II.1.3. Potential use of epiCas for plant biotechnology 

 

Several human diseases are caused or enhanced by epigenetic disturbances, such 

as the silencing of tumor suppressor genes by DNA hypermethylation in cancer (Esteller 

2002). Thus, epigenome editing holds significant prospects in medicine (Kungulovski and 

Jeltsch 2016). Furthermore, plant breeding could benefit from the development of highly 

precise, customizable epigenome editing tools, especially to improve biotic and abiotic 

stress resistance (Mirouze and Paszkowski 2011). It is also argued that, given the 

reversibility of epigenetic modifications, epigenome editing has the potential of allowing 

much more flexibility in the fine-tuning of gene regulation than genome editing 

techniques. Notably, an "epi-mutant" plant can inherit the epigenome of a modified plant, 

but not necessarily the alteration of the DNA sequence that induced it (Figure II-2) as the 

T-DNA can be segregated out of the genome by self-fertilization (Quadrana and Colot 

2016). Such applications and capabilities could place epiCas systems among new breeding 

techniques with a special regulatory status (Lusser et al. 2012). 

 

 
Figure II-2 Creation of an epi-mutant. To modify the methylation status of a promoter, a T-DNA coding for the 
epiCas protein is inserted in the plant genome. In this example, methylation of the cytosines in the promoter (open 
circles when not methylated) could induce gene silencing and improve the yield of the plant, illustrated by a larger 
phenotype. The T-DNA can then be segregated out by self-fertilization. The epiallele on the other hand could still 
be inherited, thus producing an epi-mutant without any genetic differences to WT. 

 

Several characteristics of the CRISPR/Cas9 system could provide advantageous 

features for plant biotechnology applications. Eventually, a single line expressing the 

epiCas protein – constitutively or cell-type specifically – could be targeted to any DNA 

locus by "feeding" RNAs to the plant, for example via BioClay (Mitter et al. 2017). RNA 
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molecules could then be transported from cell-to-cell along the plant (Kehr and Buhtz 

2008) to reach the epiCas protein. Also, Cas9 proteins are quite variable among bacterial 

species that evolved this system, as they can bind different gRNA scaffolds and require 

different PAM sequences (Chylinski et al. 2013), and thus are highly versatile in their 

applications. For instance, combinations of orthogonal CRISPR/Cas9 systems within the 

same organism is possible without them competing for gRNAs (Esvelt et al. 2013). 

Alternatively, orthogonal epiCas proteins could enable a transient, reversible change in 

the epigenome via the expression of an initial system under one set of environmental 

conditions, followed by the expression of an antagonistic system under another set of 

conditions to revert the epi-allele back to wild-type state when desired. Additionally, a 

combination of epiCas fusions would also allow several loci to be edited differently but in 

parallel, by fusing different effectors to orthogonal dCas9 proteins. On the other hand, 

incorporating the SunTag system to recruit several effectors to the same locus is a 

promising technology (Tanenbaum et al. 2014). This system uses an epitope peptide array 

fused to dCas9 where each epitope can recruit an antibody that is fused to an effector. The 

SunTag has been used in mammalian cells for efficient fluorescence imaging and gene 

regulation, by fusing either GFP or the transcription activator, VP64, to the antibody 

(Tanenbaum et al. 2014; Gilbert et al. 2014). More recently, the dCas9-SunTag system 

has effectively been established with DNMT3a and TET1 (DNA demethyltransferase) 

fusions, attaining unprecedented editing of mC levels (Morita et al. 2016; Pflueger C., Tan 

D., Swain T., Nguyen T., Pflueger J., Nefzger C., Polo J.M., Ford E. and Lister R., under 

review). It is proposed then, that the co-expression of different effectors linked to the 

antibody could then be targeted to the same dCas9-bound target and act synchronously 

together to alter chromatin architecture more efficiently. 

 

A wide range of epiCas proteins can be created by changing the effector domain. 

Histone methyltransferases or acetyltransferases could prove especially useful in the 

context of plant responses to stress. Indeed, although not often inherited by the next 

generation, abiotic stresses such as heat or drought alter the plant epigenome (Hauser et 

al. 2011; Pecinka and Mittelsten Scheid 2012; Secco et al. 2015). Through their evolution 

as sessile organisms, plants have developed 'memory' mechanisms to abiotic stresses in 

order to cope better with a future stress. Stress memory genes will show an increase in 

H3K4me3 following a drought stress, which primes a higher transcriptional response in 

a following stress (Ding et al. 2012). Also, H3K27me3 does not seem involved in stress 

memory per se, but in limiting the maximum level of transcription for these genes (Liu et 
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al. 2014). Deposited by the polycomb repressive complex 2 (PRC2), H3K27me3 is involved 

in developmental processes including vernalization (Bastow et al. 2004; Dennis and 

Peacock 2007; Picó et al. 2015), and many others (Aichinger et al. 2011; He et al. 2012; 

Molitor and Shen 2013; Molitor et al. 2014; Wang et al. 2016). Thus, it is reasoned that 

the precise manipulation of some epigenetic marks could enable a greater control over 

gene expression for the regulation of developmental processes to increase both fitness and 

yield. 

 

Thus, engineering a functional epiCas for plant epigenome editing would improve 

both basic research and plant biotechnology. In the present study, developing a proof of 

concept that such a tool can be successfully engineered relied on the recruitment of 

effector domains involved in mC deposition. 

 

II.1.4. Effector domains used for targeted mC induction 

 

DNA methylation is a wide-spread epigenetic mark among most prokaryotes and 

eukaryotes. Although the processes for mC deposition, removal and maintenance differs 

from one species to another, mCG methyltransferases from bacteria such as M.SssI or 

M.HpaII have been efficiently used to induce methylation in mammalian cells (Carvin et 

al. 2003; Smith and Ford 2007) as has the mammalian de novo methyltransferase 

DNMT3a (De Groote et al. 2012). These results indicate the potential universality of mC 

deposition across species. 

DNA methylation in mammals is generally restricted to the mCG context, besides 

certain notable exceptions such as neurons where mCH is the dominant form of DNA 

methylation and is also dependent on DNMT3a (Lister et al. 2013). In contrast, plant 

DNA methylation occurs in all cytosine sequence contexts. Although methylation in each 

context is maintained through different yet overlapping mechanisms, only the DRM2 

enzyme has acquired the ability to methylate cytosines in all contexts through the RdDM 

pathway. DRM2 is comprised of a C-terminal methyltransferase domain and an N-

terminus containing three ubiquitin associated (UBA) domains. Like DNMT3a with 

DNMT3L in mammals, DRM2 can interact with DRM3 to induce methylation (Henderson 

et al. 2010). Whereas mutations in the catalytic domain of DRM2 completely abolish its 

methyltransferase activity, mutations to the UBA domains only reduce its efficiency. It 

thus seems that the UBA domains are required for proper targeting of DRM2 in vivo, but 

is not required for its methyltransferase activity. Moreover, as highlighted by Johnson et 
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al., recruiting the endogenous RdDM machinery to the target locus may also induce mC 

in surrounding regions (Johnson et al. 2014). Based on this previous work, the current 

study tested the utility of various epiCas constructs that included the DRM2 and 

DNMT3a catalytic domains, as well as several components of the RdDM pathway. The 

following sections present the strategies used and results obtained to attempt to induce 

mC at the promoter of endogenously unmethylated genes in Arabidopsis. 
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II.2. Material and methods 
 

II.2.1. Cloning of epiCas and gRNA constructs 

 

Cloning of epiCas and gRNAs constructs (Table II-1 and Table II-2) was performed 

using the Gibson Assembly method (Gibson et al. 2009), which relies on the ligation of 

DNA fragments with overlapping sequences, which are processed into single-stranded 3’ 

overhangs and can then anneal to each other before being ligated. A homemade 2X Master 

Mix was used that contained all the components required for this isothermal reaction to 

take place (1.5 g PEG-8000, 3 mL 1 M Tris-HCl pH 8.0, 150 μL 1 M MgCl2, 25 μL 1 M 

Dithiothreitol, 20 μL 25 mM dNTPs, 50 μL NAD+, 1 μL T5 exonuclease, 31.25 μL Phusion 

HF DNA polymerase, 250 μL Taq ligase, to 1.25 mL dH2O). DNA fragments were either 

amplified from plasmids previously generated in the lab, or were ordered as gBlocks (IDT), 

as listed in SI-1. Notably, all constructs were driven by the Cauliflower mosaic virus 35S 

promoter. For the different gRNAs, overlapping PCR combined with restriction-ligation 

was performed, according to the protocol from (Li et al. 2013). For the plasmids containing 

three gRNAs, each cassette was inserted sequentially by restriction ligation. All 

generated plasmids were cloned into Stbl2 Escherichia coli for propagation and into 

GV3101 Agrobacterium tumefaciens for plant transformations. 

 

II.2.2. Plant growth and transformation 

 

All plants were from the Columbia (Col-0) background, and grown on soil at 22°C 

in 16h light/8h darkness cycles. WT plants were transformed by Agrobacterium-mediated 

floral dipping adapted from (Clough and Bent 1998). 

 

II.2.3. RT-PCR 

 

RNA was extracted from leaf tissue with RNeasy plant mini kit (Qiagen) and was 

reverse transcribed (RT) using SuperScript II Reverse Transcriptase (Thermo Fischer 

Scientific) and oligo-dT or scaffold-specific RT primers for epiCas and gRNAs, 

respectively. Primers used for the RT reactions and PCR of epiCas fusion proteins and 

gRNAs are listed in SI-2. 
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II.2.4. Western Blotting 

 

Whole-cell proteins were extracted from leaf tissue of WT plants and T2 plants 

containing the epiCas constructs via a chloroform-methanol protocol adapted from 

(Wessel and Flügge 1984) after tissue disruption by mortar and pestle in liquid nitrogen. 

Denatured proteins were loaded by volume (20 µL) on a 10% acrylamide gel and 

transferred to a nitrocellulose membrane via semi-dry transfer. The membrane was 

incubated overnight with a mouse α-Ty1 primary antibody (SAB4800032, Sigma-Aldrich), 

and proteins were visualized by chemiluminescence after incubation with an anti-mouse 

HRP-conjugated secondary antibody. 

 

II.2.5. Fluorescence microscopy 

 

Roots of transgenic plants expressing epiCas2 and 3 were visualized under 

fluorescent microscope Olympus BX61. 

 

II.2.6. Protoplast transfection 

 

These experiments were performed by Dr Aimone Porri according to a protocol 

adapted from (Yoo et al. 2007). Briefly, protoplasts were isolated from leaf mesophyll cells 

via enzymatic digestion of plant cell walls, and transfected with epiCas version 3 plasmid 

DNA with polyethylene glycol (PEG)-based buffers.  

 

II.2.7. Whole genome bisulfite sequencing analysis 

 

II.2.7.1. Library preparation 

 

Genomic DNA was extracted from leaf tissue with DNeasy plant mini kit (Qiagen) 

and sonicated to 200bp fragments (Covaris S2). Fragmented DNA was end-repaired with 

End-it DNA End-Repair kit (Epicentre) and A-tailed with Klenow fragment (NEB) before 

ligating methylated adapters (Bioo) with T4 ligase (NEB). The DNA was then bisulfite 

treated according to the EZ DNA Methylation-Gold Kit (Zymo research), and libraries 

were amplified with 6 to 8 cycles of PCR. 
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II.2.7.2. Next-generation sequencing and data processing 

 

Libraries were sequenced on the HiSeq 1500 platform (Illumina) according to the 

manufacturer’s instructions. Raw sequencing data was then de-multiplexed with 

bcl2fastq software (Illumina). Fastq files were then processed using MethPipe, a custom 

script developed by Prof. Ryan Lister (Lister et al. 2009) that is analogous to BS-Seeker. 

Reads with residual adapter sequences and bases with low-quality scores were trimmed 

and mapped to the TAIR10 Arabidopsis genome using the Bowtie algorithm (Langmead 

et al. 2009). Methylation levels were assessed by the number of bisulfite converted 

cytosines divided by the number of times the base was sequenced. Bisulfite non-

conversion rates were calculated using the unmethylated chloroplast genome as a 

reference, with these and other sequencing metrics detailed in SI-3. Data were then 

visualized on the AnnoJ browser (http://www.annoj.org/). 
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II.3. Results 
 

II.3.1. Design of the epiCas constructs 

 

In this study, several versions of the epiCas fusion were created with incremental 

adjustments, with all versions being based on a similar design. In an attempt to prevent 

potential endogenous mechanisms from recruiting the epiCas to loci other than the 

intended targets, the mammalian DNMT3a catalytic domain was chosen as the first 

effector to be tested. Also, in order for fused domains to keep their individual functions, 

their tertiary structure must not be affected by the presence of their fusion partner. Thus, 

protein linkers of several amino acids are commonly used to prevent steric hindrance. To 

this end a 13 amino acid long linker that contained a nuclear localizing signal (NLS) was 

chosen, as it has been shown to link ZFs to a DNMT3a catalytic domain without affecting 

ZF binding or DNMT3a methyltransferase activity (Rivenbark et al. 2012). To facilitate 

down-stream experiments in asserting the expression of the epiCas constructs in vivo, 

several additional features were added to the fusion protein. A Green or Red Fluorescent 

Protein (GFP/ RFP) was fused on the C-terminal of the epiCas, with and without a self-

cleaving peptide (P2A, Burén et al. 2012). Fluorescence microscopy could thus be 

performed to confirm the expression and localization of the epiCas construct. N and C 

terminal epitope tags (3xHA and 3xTy1, respectively) were also added to the epiCas 

design to enable western blot analyses and potential immunoprecipitation studies. Figure 

II-3 presents a schematic of the epiCas version 1 fusion protein, which was used as a 

template for later epiCas versions. A total of 13 constructs were designed and tested that 

included different dCas9 and effector orientations (N-term: effector-linker-dCas9, or C-

term: dCas9-linker-effector), different tags (GFP with or without a self-cleaving P2A 

peptide, or RFP), different effectors (DNMT3a, DRM2, or RdDM components) and 

sometimes a gRNA cassette. Table II-1 presents the different constructs used in this study 

and the experiments performed with each. 
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Figure II-3 Schematic of the N-term epiCas1 construct. NLS: nuclear localization signal; 3xHA and 3xTy1: epitope 
tags; P2A: self-cleaving peptide; GFP: green fluorescent protein. Stop signs next to scissors highlight the presence 
of mutations in the endonuclease domains. NGG is the protospacer adjacent motif (PAM) required for 
Streptococcus pyogenes Cas9 to bind to DNA. 

 

II.3.2. Design of the gRNAs 

 

Based on the hypothesis that promoter hypermethylation induces gene down-

regulation, two genes for which down-regulation should cause a visible phenotype and 

that had previously been used in transcriptional silencing studies were targeted, namely 

PHYTOENE DESATURASE (PDS) and CHLORINE 42 (CH42) genes. The former is an 

enzyme involved in carotenoid biosynthesis. Plants defective in expressing PDS show an 

albino and dwarf phenotype due to chlorophyll photo-oxidation (Masclaux et al. 2004; Qin 

et al. 2007). CH42 on the other hand (also called CHLI1) codes for a subunit of Mg-

chelatase, involved in chlorophyll biosynthesis. Lack of chlorophyll in ch42 mutant plants 

induces yellowing of the leaves (Burch-Smith et al. 2006). For each target gene, three 

gRNA protospacers were designed to target the epiCas to either the promoter region, the 

5'-untranslated region or the coding sequence (Table II-2). This decision aimed at exploring 

the potential localization-specific effects of mC on transcription. Reducing the length of 

the protospacer from 20 to 17 nt has been shown to increase the on-target specificity as it 

allows for fewer mismatches between gRNA and targeted gDNA (Fu et al. 2014). At the 

time of the study, no design tools were available to select gRNAs. I thus designed 

protospacers of 17 or 20 nt by searching for PAM sites at the desired locations and aligning 

the upstream sequences to TAIR10 genome by BLAST (Altschul et al. 1990) in order to 

select sequences that did not have potential off-targets (Table II-2).
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ID Version dCas9 Effector Terminal C-term NLS gRNA Experiments 

epiCas1 V1 hco cDNMT3a N-term P2A-GFP 2 - RT-PCR; western blot; ML1 

epiCas2 V2 pco cDNMT3a C-term P2A-GFP 4 - GFP fluorescence 

epiCas3 V2 pco cDNMT3a C-term GFP 4 - GFP fluorescence 

epiCas4 V2 pco cDRM2 N-term P2A-GFP 4 - ML2 

epiCas5 V3 pco DMS3 N-term RFP 4 P2 ML3 

epiCas6 V3 pco DRM2 N-term RFP 4 P2 ML3 

epiCas7 V3 pco RDM1 N-term RFP 4 P2 ML3 

epiCas8 V3 pco SHH1 N-term RFP 4 P2 ML3 

epiCas9 V3 pco SUVH9 N-term RFP 4 P2 ML3 

epiCas10 V3 pco CMT3 N-term RFP 4 P2 ML3 

epiCas11 V3 pco DRD1 N-term RFP 4 P2 ML3 

epiCas12 V3 pco DMS3 N-term RFP 4 Cx3 ML3 

epiCas13 V3 pco DMS3 N-term RFP 4 Px3 ML3 
Table II-1 Summary of epiCas constructs cloned for this study. Effectors prefixed with “c” are limited to the catalytic domain only, whereas others are full-length coding sequences; 
hco: human codon optimized; pco: plant codon optimized; P2A: self-cleaving peptide; GFP/RFP: green/red fluorescent protein; NLS: nuclear localization signal; ML1-3: Set of 
methylome libraries. 

 

ID Gene Targets Protospacer Size / GC Position Experiment 

C1 
At4g18480 

CH42 / CHLI1 
Chlorina 42 

#1 GAGATTTTGAAATTAGC 17 nt / 29% promoter RT-PCR; ML1; ML2 

C2 #2 GAGTTTACTCAGCTTCTGAT 20 nt / 40% 5' UTR RT-PCR; ML1; ML2 

C3 #3 GTAAGAGAGAGAGTTGAGAA 20 nt / 40% CDS RT-PCR; ML1; ML2 

Cx3 #1+#2+#3 - - All three above ML3 

P1 
At4g14210 

PDS 
Phytoene 

Desaturase 

#1 GTGGGTTAGGGTATACT 17 nt / 47% promoter RT-PCR; ML1; ML2 

P2 #2 GCCTTATCAAAACGGGTTTT 20 nt / 40% CDS RT-PCR; ML1; ML2; ML3 

P3 #3 GGAAGTAGCCGATAACAAAA 20 nt / 40% 5' UTR RT-PCR; ML1; ML2 

Px3 #1+#2+#3 - - All three above ML3 

Table II-2 Summary of epiCas target genes. CDS= gene coding sequence; 5'-UTR= untranslated region upstream of the CDS; ML1-3: Set of methylome libraries.
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II.3.3. Attempts to induce mC in planta with epiCas version 1 

 

Several approaches were tested to introduce the epiCas and the gRNA into 

Arabidopsis plants. I first adopted a two-plasmid strategy, with epiCas and gRNAs on two 

separate plasmids (Table II-1). The main purpose of this strategy was to facilitate the 

comparison of gRNA efficiencies, since the same line expressing the epiCas could be 

crossed or transformed with different gRNAs. 

EpiCas1 was inserted into Arabidopsis Col-0 plants through Agrobacterium-

mediated transformation. Primary transformants (T1s) were selected based on their 

resistance to kanamycin and epiCas expression was confirmed by RT-PCR (Figure II-4-A). 

T2 plants descending from the same T1s were then transformed with the six gRNAs, three 

for each target gene, each plant then containing epiCas1 and one gRNA (P1-3 and C1-3, 

Table II-2). Resistance to both kanamycin and glufosinate provided confidence that both 

epiCas1 and gRNA constructs were present. RT-PCR analysis confirmed gRNA expression 

in these T3 plants (Figure II-4-B). On both gels, a faint band is present in the negative 

controls (without reverse-transcriptase), likely due to gDNA contamination, but brighter 

bands in the cDNA samples indicate that the epiCas and the gRNAs are being transcribed. 

 

 

Figure II-4 Expression analysis of epiCas transcription in transgenic Arabidopsis. A. RT-PCR with primers 
complementary to the 3’-terminus of epiCas1 performed on T1 transgenic plants (PJ11 and PJ13, listed in SI-2). 
B. RT-PCR with primers binding to the gRNA, performed on T1 plants expressing each gRNA in epiCas1 
background (listed in SI-2). gDNA contamination is visible in the negative controls (-RT enzyme) for most lines 
despite treatment with DNase, but brighter bands in +RT lanes show expression of the gRNAs C. Western Blot 
using Ty1 antibody. Plants circled in green have been used for methylome analysis. Arrows mark the expected 
sizes of the protein before (blue) and after self-cleaving (red) of the P2A peptide. Intense bands of smaller sizes 
mark degradation products of the epiCas. The circled samples were selected for next-generation sequencing 
analysis. 
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EpiCas requires translation and transport into the nucleus in order to interact 

with its target DNA. To confirm epiCas protein expression, a western blot using 

antibodies against the 3xTy1 epitope tag fused to the C-terminal of epiCas1 was 

performed (Figure II-3). The expected molecular weights of the epiCas1 protein before and 

after the self-cleavage of the P2A peptide were 235 kDa and 208 kDa, respectively. 

Although faint bands of these expected sizes are visible in some samples (Figure II-4), 

many smaller bands of higher intensity are present, specifically in the transgenic plants 

and not in the WT sample. Thus, these bands appear to be degradation products of the 

epiCas protein. The transfer of large proteins onto the membrane is less efficient than for 

smaller proteins, which might explain the relatively small amounts of full-length epiCas 

proteins detected. Despite the poor quality of RT-PCR and western blot results, they 

indicated that the transgenic plants expressed both components required for epiCas 

targeting. 

 

Thus, I next investigated the efficiency of epiCas1 to methylate the targeted loci 

by performing whole-genome bisulfite sequencing. Single-base resolution DNA 

methylomes of the epiCas1 samples were subsequently visualized using AnnoJ genome 

browser (Figure II-5). Gene body methylation is present in all samples including in WT. 

However, no methylation induction was found at the targeted loci in the epiCas 

transformed plants compared to WT. Thus, it was concluded that epiCas1 did not succeed 

in inducing methylation. 

 

 
Figure II-5 Genome browser screenshots of ML1 methylomes, from transgenic plants expressing both epiCas1 
and P1-3 or C1-3 gRNAs. DNA methylation is represented by vertical bars, scaling from 0 to 100% and distributed 
over or under the central horizontal line based on the DNA strand (Watson above, Crick below). The epiCas 
schematics mark the position of the respective binding targets, with the exact positions marked by a red line on the 
top track. 
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II.3.4. Attempts to induce mC in planta with epiCas version 2 

 

After failing to induce methylation with epiCas1, I aimed to improve several 

aspects of the construct. First, the use of similar epiCas constructs in mammalian cells 

showed that localizing dCas9 to the nucleus could be improved by adding two more NLS 

(for a total of four NLS per construct), one in the linker and one on the N-term of the 

epiCas (personal communications from Dennis Tan and Dr Ethan Ford). Thus, these 

changes were implemented in the subsequent versions of epiCas. Also, I replaced the 

human codon-optimized dCas9 with a plant codon-optimized (pco) version that had been 

used for genome engineering in Arabidopsis (Li et al. 2013). This alteration had the 

potential to increase the translation efficiency of the protein, as levels of full-length 

epiCas1 proteins may have been too low to induce DNA methylation at the targeted loci 

(Figure II-4-C). Overall, three different version 2 constructs were cloned: epiCas2 and 

epiCas3 are a C-term fusion of DNMT3a to dCas9 that only differ by the presence or 

absence of the P2A self-cleaving peptide, whereas epiCas4 is a N-term fusion of DRM2 to 

dCas9 (Table II-1). This was done to overcome the possible difference in efficacy due to 

steric hindrance between dCas9 and the effector. Also, as DNMT3a methyltransferase 

activity has never been shown in plants and its function might be impaired by the lack of 

DNMT3L proteins, DNMT3a was replaced in epiCas4 by the catalytic domain of 

Arabidopsis de novo methyltransferase DRM2. 

EpiCas2, 3 and 4 (Table II-1) were transformed into T1 plants already expressing 

one of the gRNAs (P1-3 and C1-3, Table II-2). Many primary transformants containing 

both an epiCas and a gRNA cassette showed significant physiological phenotypes, 

whereas some appeared to be identical to WT plants, presumably due to transgene 

silencing (Figure II-6). Specifically, the cotyledons and true leaves were paler than WT, 

which could correspond to a down-regulation of the targeted PDS or CH42 genes. Thus, 

with the potential that these phenotypes were due to epiCas activity, these plants were 

selected for further experiments. 
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Figure II-6 Plants transformed with the second version of epiCas constructs and a gRNA show paler leaves in 
comparison with WT. A. 2-week old plants. The epiCas in the epiCas3 gP3 plant is presumably silenced and shows 
a phenotype closer to WT. B. 4-week old plants still show paler phenotype, but not as pronounced as in seedlings. 

 

EpiCas2 and 3 were used to assess the nuclear localization of the epiCas version 2 

protein. EpiCas2 contains a P2A self-cleaving peptide which upon cleavage should 

separate the GFP from the rest of the epiCas protein such that these plants should show 

GFP fluorescence mainly in the cytoplasm. By comparison, the direct fusion of GFP to 

dCas9 in epiCas3 should largely fluoresce in the nuclei. Fluorescence microscopy analysis 

of roots from plants containing epiCas2 or epiCas3 showed that GFP is principally 

localized in the nucleus in both cases (Figure II-7), which suggests inefficiency in the 

activity of the self-cleaving peptide. Regardless, this experiment confirms the expression 

and nuclear localization of epiCas version 2. 
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Figure II-7 GFP fluorescence microscopy analysis of roots from transgenic plants containing epiCas2 or epiCas3 
constructs. In both cases, GFP is localized in the nucleus, which argues against efficient cleavage of the P2A 
peptide, but confirms that epiCas is translated and transported into the nucleus. 

 

The plants showing the more drastic phenotype contained the epiCas4 construct, 

thus they were analyzed by whole-genome bisulfite sequencing. Single cytosines were 

found to show a slightly higher methylation level in some samples but it was not 

correlated with the targeting of the epiCas protein (Figure II-8). Thus, no induction of DNA 

methylation was present at the targeted loci, as with epiCas1. 

 

 

Figure II-8 Genome browser screenshots of ML2 methylomes from transgenic plants expressing both epiCas4 and 
P1-3 or C1-3 gRNAs. DNA methylation is represented by vertical bars, scaling from 0 to 100% and distributed over 
or under of the central horizontal line based on the DNA strand (Watson above, Crick below). The epiCas 
schematics mark the position of the respective binding targets, with the exact positions marked by a red line on the 
top track. 

 

II.3.5. Attempts to induce mC in protoplasts with epiCas version 3 

 

The pale color of seedlings containing both a gRNA and the epiCas version 2 could 

have been caused by down-regulation of the target genes. However, the phenotypes have 

gradually disappeared as the plants grew older. It could be hypothesized that the epiCas 

expression is repressed through plant development via transgene silencing. Thus, 

expressing epiCas constructs transiently might ensure the expression of the gene and 
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protein. Perhaps more importantly, such transient experiments would also decrease the 

time needed to test the efficiency of the different constructs being generated. Thus, the 

next version of epiCas constructs were analyzed by protoplasts transfections. To maximize 

the number of cells transfected with both the epiCas construct and the gRNA, I switched 

to a one-plasmid strategy by including a gRNA cassette in the epiCas version 3 plasmids 

(Table II-1). A further limitation of version 1 and 2 constructs to induce methylation may 

have been the use of only the DNMT3a and DRM2 catalytic domains, DNMT3a being 

mammalian-specific and DRM2 because it does not include the UBA domains. The 

methyltransferase activity of DRM2 may rely more on its UBA domains and the 

recruitment of cofactors than anticipated. Consequently, in one of epiCas version 3, a full-

length DRM2 was cloned to overcome this potential limitation (epiCas6). Furthermore 

CMT3, a methyltransferase involved in mCHG maintenance, was also cloned to provide 

an additional plant methyltransferase for comparison (epiCas10). Other variations of 

epiCas version 3 were also cloned that included either DMS3, RDM1, SHH1, SUVH9 or 

DRD1 (Table II-1) as recruiting the endogenous RdDM pathway to the FWA gene had 

previously been shown to induce targeted methylation (Johnson et al. 2014). In total, nine 

epiCas version 3 constructs were synthesized with the goal of testing as many effectors as 

possible that may potentially result in DNA methylation induction (Table II-1). 

All epiCas version 3 constructs were targeted to the PDS locus by a single gRNA 

(P2), except epiCas12 and 13 which were targeted to CH42 and PDS, respectively, by 

three gRNAs simultaneously (Cx3 and Px3, Table II-2). Transfection efficiency was 

assessed by fluorescence microscopy of the RFP fused to the C-terminus of epiCas in place 

of (P2A-)GFP, and ranged from 60 to 80%. DNA was extracted from protoplasts 24h after 

being transfected with either water or one version of epiCas. Whole-genome bisulfite 

sequencing analysis was then performed, and as before, targets were found to be 

unmethylated (Figure II-9). An exception was epiCas13 targeting DMS3 to CH42, which 

showed a slightly higher genome-wide methylation background that was not present with 

other epiCas constructs containing DMS3, but the non-specific distribution of this 

increased methylation suggested technical noise rather than targeted deposition of 

methylation. 

 



Chapter II. Attempts to induce DNA methylation with a targetable molecular tool based on CRISPR/Cas9 

 

59 

 

 

Figure II-9 Genome browser screenshots of ML3 methylomes, from protoplasts transfected with epiCas5 to 
epiCas13 plasmids or ddH2O as negative control. Plasmids include the epiCas protein and a gRNA cassette (in 
parenthesis). DNA methylation is represented by vertical bars, scaling from 0 to 100% and distributed over or under 
of the central horizontal line based on the DNA strand (Watson above, Crick below). The epiCas schematics mark 
the position of the respective binding targets, with the exact positions marked by a red line on the top track. 
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II.4. Discussion 
 

In this chapter, I aimed at inducing de novo methylation at unmethylated loci to 

study the causal effect of mC on transcription. Unfortunately, none of the epiCas proteins 

I cloned managed to induce targeted methylation. This failure could be the result of either 

technical limitations of the epiCas protein, whether inherent to the CRISPR/Cas9 system 

or to the proteins used as effectors, or to biological constraints in the Arabidopsis 

epigenome. 

 

II.4.1. Technical limitations of the epiCas system 

 

Expression of the epiCas construct was driven by the Cauliflower mosaic virus 35S 

promoter, which is strong and constitutive. However, it is sometimes recognized by the 

plant as foreign DNA and can be repressed via de novo methylation. This mechanism 

could happen through development, which might explain the gradual loss of phenotype of 

epiCas version 2 transgenic plants. Alternatively, the phenotype of these plants could 

have been caused by alternative processes, such as the binding of the epiCas to its target 

DNA site interfering with the transcriptional machinery, resulting in gene repression (Qi 

et al. 2013). As for epiCas version 3 constructs, they were tested by protoplast 

transfection. Protoplasts however, do not divide, which may have contributed to the lack 

of observed DNA methylation induction, as de novo methylation may require cellular 

division to take place for its stable incorporation into the epigenome, possibly through the 

establishment of histone marks. The use of an inducible promoter, whether activated by 

heat-stress (Takahashi et al. 1992) or chemicals (Gatz and Lenk 1998), could be used to 

assess both hypotheses in vivo. 

 

CRISPR/Cas9 genome editing efficiency has been shown to greatly depend on the 

placement of the gRNA (Li et al. 2013; Feng et al. 2014). Since Cas9 endonuclease activity 

is only activated after it binds to its DNA target (Nishimasu et al. 2014; Jinek et al. 2014; 

Wu et al. 2014), the variation in cleaving efficiency relies on its DNA-binding affinity. By 

relying on the CRISPR/Cas9 system for directing the desired effector to a target site, the 

epiCas constructs may have had inherent limitations based on the gRNAs used. For 

example, the gRNAs might have been targeted to phased nucleosomes, the presence of 

which has been shown to impede Cas9 binding (Horlbeck et al. 2016). Cas9 targeting also 

requires the formation of a complex with the gRNA scaffold, and the efficient pairing of 

the gRNA protospacer with the gDNA (Lim et al. 2016). Selection of the protospacer 
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sequence can thus influence the secondary structure of the gRNA molecule and could 

disturb the scaffold structure, preventing formation of the Cas9-gRNA complex (Liang et 

al. 2016). Thus, failure of the epiCas system to induce targeted DNA methylation could 

be due to gRNA design. Since the design and cloning of the gRNAs used in this study, 

algorithms have subsequently been developed to limit both protospacer secondary 

structures and potential off-targets, hence maximizing the chances of successful binding 

(Xie et al. 2014; Lei et al. 2014; Liang et al. 2016; Haeussler et al. 2016). However, the 

predictions of these algorithms are yet to be improved, as they do not ensure successful 

DNA binding (Chapter IV). Chromatin immuno-precipitation (ChIP) could be performed 

to assess the binding of epiCas proteins to their targets, but failing to detect an induction 

of mC with any of the six gRNAs tested hinted at the presence of other constraints. 

Furthermore, despite these potential limitations of the CRISPR/Cas9 system, other 

studies have since been published describing the successful repurposing of the 

CRISPR/Cas9 system for transcriptional regulation in plants (Piatek and Mahfouz 2016). 

By fusing the transcriptional repressor SRDX or the transcriptional activators VP64, 

EDLL or TAD to dCas9, endogenous genes have been artificially down or up-regulated, 

respectively (Lowder et al. 2015; Piatek et al. 2015). By comparison, although gRNA 

selection could have affected its efficiency, my unsuccessful attempts to induce 

methylation with various epiCas constructs may most plausibly be a result of the effectors 

I employed, rather than the targeting of the CRISPR/Cas9 system. 

An alternative explanation for the failed methylation induction is specific to the 

epiCas version 3 constructs. Most of these constructs (epiCas5,7-9,11-13) rely on the 

recruitment of the entire RdDM machinery to induce methylation. However, both PolIV 

and PolV need to be present at the loci to produce the RNA molecules responsible for 

DRM2 targeting. DMS3, RDM1 and SUVH9 are involved in PolV recruitment and SHH1 

is responsible for recruiting PolIV (Matzke and Mosher 2014). There is the possibility that 

if only one polymerase has been recruited to the epiCas binding site, the absence of the 

other one, and hence of the second class of ncRNAs, may prevent the completion of the 

whole pathway. Notably, this hypothesis could explain the success of recruiting PolV to 

the unmethylated FWA locus in met1 plants (Johnson et al. 2014), where siRNAs are still 

being produced (Chan et al. 2006). In the future, recruiting both polymerases could 

potentially be accomplished by the simultaneous fusion of SUVH9 and SHH1 to dCas9, 

or via the SunTag system (Tanenbaum et al. 2014), to test this hypothesis. 

As for epiCas version 1 and 2 constructs, they contained the catalytic domains of 

methyltransferases DNMT3a and DRM2, which also failed to induce DNA methylation. 
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The initial hypothesis explaining these results was their inability to complex with 

DNMT3L and DRM3, respectively. However, using full-length DRM2 (epiCas6) did not 

improve epiCas activity. Similarly, CMT3 also failed to increase mC at the targeted loci. 

Failure of these effectors could instead be caused by their fusion to dCas9, limiting their 

structural conformation and catalytic activity. However, the protein linker used to 

spatially separate the effector from dCas9 has been proven efficient when fused between 

ZF and DNMT3a (Rivenbark et al. 2012). Another explanation could rely on the fact that 

DRM2 and CMT3 are part of processes that control methylation levels at endogenous loci, 

being recruited by AGO4 and H3K9me2, respectively. Despite being linked to dCas9, they 

might be recruited to endogenous loci more efficiently than dCas9 to its gDNA target. 

Alternatively, yet unknown essential factors such as histone modifications or co-factors 

might be required for their methyltransferase activity and have been absent from the 

targeted loci. 

 

The CRISPR/Cas9 system has very rapidly and efficiently been improved since its 

first discovery and repurposing for genome editing and transcription fine-tuning (Pennisi 

2013). Importantly, epi-modifiers based on the CRISPR/Cas9 system have been used in 

mammalian systems to induce methylation and, in several examples, to affect 

transcription regulation (Vojta et al. 2016; McDonald et al. 2016; Liu et al. 2016; Amabile 

et al. 2016; Stepper et al. 2017). But in contrast with its popular use in mammalian 

systems, only a single example of plant epi-modifier has been reported, and its use was 

limited to a single DNA target (Johnson et al. 2014). Despite the technical limitations that 

potentially affected epiCas activity, its failure might indicate characteristics of the 

pathways that establish DNA methylation in plants that which might be less amenable 

to editing than expected.  

 

II.4.2. Biological limitations to the induction of DNA methylation by the epiCas system 

 

In theory, the design of the epiCas proteins is well-suited for plant epigenome 

editing (Piatek and Mahfouz 2016). Similar tools have been efficiently used in other 

systems and each component of epiCas is individually active in Arabidopsis. Failure to 

detect increased DNA methylation in plants containing an epiCas may thus be a 

consequence of biological constraints.  
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One possibility is that mC deposition might be inhibited by the chromatin state of 

the targets. Active histone marks are present around these transcribed genes, and they 

could recruit proteins able to inhibit methyltransferase activity or block mC deposition. 

Cross-talk between mC and histone marks stabilizes the chromatin state of a specific 

locus. However, these states are not fixed but under constant regulation by 

methyltransferases and demethylases. For example, IBM1 prevents mCG gene body 

methylation to induce heterochromatin formation, marked by H3K9me2 and mCHG (Saze 

et al. 2008; Inagaki et al. 2010). Interestingly, met1 mutants also show ectopic H3K9me2 

and mCHG hypermethylation at PRC2-regulated genes, whereas H3K27me3 is 

redistributed to transposable elements (Mathieu et al. 2005; Deleris et al. 2012). 

H3K9me2 and mCHG hypermethylation patterns in met1 have been partially associated 

with a deficiency in IBM1, due to the change in the chromatin state at one of its introns 

(Rigal et al. 2012). Indeed, intronic heterochromatin would enable the recruitment of 

ANTI-SILENCING 1 (ASI1, also called IBM2), and its interaction with IBM1 mRNAs for 

full transcripts to be produced (Rigal et al. 2012; Wang et al. 2013; Saze et al. 2013). These 

results exemplify the connectivity between epigenetic marks. They also hint toward the 

hypothesis that non-CG DNA methylation only reinforces transcriptional silencing after 

H3K9me2 deposition, whereas mCG is not responsible for transcriptional control on its 

own. H3K9me2, or other heterochromatic marks, might be necessary for mC deposition 

not only by recruiting methyltransferases such as CMT2 and CMT3, but also for the 

actual enzymatic reaction to take place. Notably, PolV activity has been shown to rely on 

repressive histones modifications present in the chromatin (Böhmdorfer et al. 2016). This 

could explain why epiCas versions that include RDM1, DMS3, SUVH9 or DRD1 failed 

(epiCas5, 7, 9, 11-13; Table II-1), since they aimed to recruit PolV to euchromatic loci. It 

might also indicate the impossibility for mC to be deposited at loci that are not already in 

a heterochromatic state. 

 

The presence of active marks such as H3K4me3 may also be a contributing factor. 

JUMONJI14 (JMJ14), LYSINE-SPECIFIC DEMETHYLASE 1-LIKE 1 (IDL1) and IDL2 

are partially redundant histone H3K4me3 demethylases (Searle et al. 2010; Deleris et al. 

2010; Greenberg et al. 2013). Disruption of these genes increased H3K4me3 and reduced 

mC levels, without being correlated with transcriptional activation. That would suggest 

that H3K4me3 marks directly inhibit mC deposition by DRM2 and the RdDM pathway 

(Greenberg et al. 2013). Co-dependencies among histone modifications, and between 

histone modifications and mC, maintain the chromatin in a specific state. Artificially 
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editing the methylome might thus require the prior deposition of H3K9me2 repressive 

marks and/or the removal of H3K4me3 active marks. 

 

On the other hand, mC might actually be deposited by the epiCas system, but 

quickly targeted and removed by active DNA demethylation. Mammals and plants have 

evolved different ways of actively removing DNA methylation. In mammals, active 

demethylation is thought to occur by several oxidative steps catalyzed by the TEN-

ELEVEN TRANSLOCATION METHYLCYTOSINE DIOXYGENASE 1, 2 and 3 (TET1, 

TET2 and TET3) proteins to convert 5-methylcytosine (5mC) into 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). 

These oxidized bases can then be excised by a thymine DNA glycosylase (TDG) and trigger 

a base-excision repair (BER) mechanism (Xu and Wong 2015). In plants however, 

DEMETER (DME), REPRESSOR OF SILENCING 1 (ROS1, also called DEMETER-LIKE 

1, DML1), DML2, and DML3 are DNA glycosylases that directly excise mC, and the DNA 

can be repaired by incorporation of an unmethylated cytosine (Morales-Ruiz et al. 2006; 

Agius et al. 2006; Penterman et al. 2007). The primary function of active demethylation 

by ROS1 appears to be the prevention of mC spreading from TEs to neighboring genes 

(Penterman et al. 2007; Tang et al. 2016). ROS1 is thought to be recruited by a protein 

complex of METHYL-CpG-BINDING DOMAIN 7 (MBD7) and INCREASED DNA 

METHYLATION 1, 2 and 3 (IDM1, IDM2 and IDM3) which induces H3K18ac and 

H3K23ac (Lang et al. 2015; Li et al. 2015). Aberrant de novo mC deposited by epiCas 

proteins might be recognized by MBD proteins and DNA glycosylases, which in turn 

protect the targeted genes from being silenced. However, MBD7 is targeted to mC-rich 

regions (Zemach et al. 2008; Wang et al. 2015a), which do not include the genes targeted 

by epiCas. This suggests that MBD7 is not involved, but it is possible that other MBD 

proteins may be playing a role in active DNA demethylation (Wang et al. 2015a), and 

identification of MBD6 as an interactor of IDM1 and IDM2 supports this hypothesis (Li 

et al. 2015). The absence of hypermethylation in mbd7 in a recent study further supports 

the implication that MBD7 is not involved but instead suggests the involvement of other 

factors that recruit demethylation complexes (Li et al. 2017). Nevertheless, failing to 

detect mC deposition by epiCas in Arabidopsis might thus be a result of active mC 

demethylation, which might occur more readily in plants than in mammalian systems. 
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Along with technical limitations, biological constraints might affect the success 

and efficiency of the epiCas system in Arabidopsis and thus more basic research is 

required to understand how mC is integrated within the epigenome, for example by 

simultaneously recruiting various combinations of epigenetic factors to the same locus. 

Another way to interrogate the causal role of DNA methylation is to study how mC is 

interpreted by focusing on the proteins able to specifically recognize DNA methylation. 

The following chapters present the study of Arabidopsis mC readers, starting with their 

unbiased identification via DNA affinity pull-down coupled to mass spectrometry 

(Chapter III). 
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II.6. Supplementary Information 
 

II.6.1. SI-1. Origin of fragments used for cloning epiCas and gRNA plasmids 
 

Fragment ID Genetic element Origin Construct 

Frag1 Backbone (t35S–p35S) pK7WG2 epiCas1 

Frag2 3xHA-NLS gBlock epiCas1 

Frag3 cDNMT3a-linker-hcoCas9 Plasmid A epiCas1 

Frag4 3xTY1-P2A gBlock epiCas1 

Frag5 GFP Plasmid A epiCas1 

Frag6 Backbone pB7FWG2 gRNA-P2 

Frag7 P2 gRNA (pU6-P2-scaffold) gBlock gRNA-P2 

Frag8 Backbone (t35S–p35S) pK7WG2 epiCas2-4 

Frag9 NLS-3xHA gBlock epiCas2-4 

Frag10 pcoCas9 HBT-pcoCas9 epiCas2-4 

Frag11 3xTY1-NLS gBlock epiCas2-4 

Frag12 V2 linker Plasmid B epiCas2-4 

Frag13 P2A-GFP epiCas1 epiCas2,4 

Frag14 GFP epiCas1 epiCas3 

Frag15 cDNMT3a epiCas1 epiCas2,3 

Frag16 cDRM2 Plasmid C epiCas4 

Frag17 Backbone Plasmid A epiCas5-13 

Frag18 RFP pGEM-SSU-RFP epiCas5-13 

Frag19 P2 gRNA gRNA-P2 epiCas5-11 

Frag20 Cx3 gRNAs gRNA-Cx3 epiCas12 

Frag21 Px3 gRNAs gRNA-Px3 epiCas13 

Frag22 DMS3 gBlock epiCas5,12,13 

Frag23 DRM2 Plasmid C epiCas6 

Frag24 RDM1 gBlock epiCas7 

Frag25 SHH1 gBlock epiCas8 

Frag26 SUVH9 gBlock epiCas9 

Frag27 CMT3 gBlock epiCas10 

Frag28 DRD1 gBlock epiCas11 

 

Backbones include the origin of replication, an antibiotic resistance gene and, when 

mentioned, the terminator and the promoter of the cauliflower mosaic virus 35S. 

Plasmids A and B were generated by Dennis Tan. hcoCas9 was ordered from addgene and 

already contained the D10A mutation (catalog number 41816). The mutation in the 

second endonuclease domain (H840A) was induced manually by overlapping PCR. The 

catalytic domain of DNMT3a attached to the V1 linker was amplified from a plasmid 

donated by Dr Pilar Blancafort (Rivenbark et al. 2012). V2 linker was ordered as a gBlock 

(IDT). For epiCas5-13, the backbone from plasmid A was used for its smaller size 

compared to the backbone from plant transformation vectors, and hence facilitate 

protoplast transfection. 

Plasmid C was generated by Tim Stuart by TOPO-cloning of DRM2 amplified from gDNA 

into pCR2.1 backbone. 
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HBT-pcoCas9 was provided by Dr Jen Sheen (Li et al. 2013). D10A and H840A mutations 

were induced manually by overlapping PCR. 

pGEM-SSU-RFP plasmid was donated by Dr Monika Murcha. 
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II.6.2. SI-2. Primers used for RT-PCR 

 

Primer ID Sequence Target Purpose 

PJ11 ACAAGAATCGACCTCTCTCAGCTC Cas9 (F) RT-PCR (epiCas) 

PJ13 AGGATGGGCACCACCCCGGTGA GFP (R) RT-PCR (epiCas) 

PJ267 CTCGGTGCCACTTTT gRNA RT (gRNAs) 

PJ138 GTGGGTTAGGGTATACTGTTTTAGAGCTAGAAATAGC P1 gRNA (F) RT-PCR (P1 gRNA) 

PJ140 GCCTTATCAAAACGGGTTTTGTTTTAGAGCTAGAAATAGC P2 gRNA (F) RT-PCR (P2 gRNA) 

PJ158 GGAAGTAGCCGATAACAAAAGTTTTAGAGCTAGAAATAGC P3 gRNA (F) RT-PCR (P3 gRNA) 

PJ134 GAGATTTTGAAATTAGCGTTTTAGAGCTAGAAATAGC C1 gRNA (F) RT-PCR (C1 gRNA) 

PJ160 GAGTTTACTCAGCTTCTGATGTTTTAGAGCTAGAAATAGC C2 gRNA (F) RT-PCR (C2 gRNA) 

PJ136 GTAAGAGAGAGAGTTGAGAAGTTTTAGAGCTAGAAATAGC C3 gRNA (F) RT-PCR (C3 gRNA) 

PJ268 CGGTGCCACTTTTTCAAGTTGATAACGGAC gRNA (R) RT-PCR (gRNAs) 
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II.6.3. SI-3. Metrics of MethylC-seq libraries 

 

 Construct Reads 
non-conversion rate 

Sample ID EpiCas gRNA Total uniquely mapped multi 

ML1-1 epiCas1 C1 32,098,589 26,383,248 (82.2%) 4,133,251 (12.9%) 0.35% 

ML1-2 epiCas1 C2 31,583,904 25,807,891 (81.7%) 4,191,081 (13.3%) 0.33% 

ML1-3 epiCas1 C3 30,789,536 25,542,894 (83%) 3,765,784 (12.2%) 0.35% 

ML1-4 epiCas1 P1 34,445,754 28,419,689 (82.5%) 4,297,515 (12.5%) 0.35% 

ML1-5 epiCas1 P2 30,995,573 25,397,919 (81.9%) 4,094,212 (13.2%) 0.34% 

ML1-6 epiCas1 P3 35,197,192 28,990,483 (82.4%) 4,423,455 (12.6%) 0.34% 

ML2-1 epiCas4 C1 44,051,423 34,815,307 (79%) 5,457,287 (12.4%) 0.40% 

ML2-2 epiCas4 C2 39,411,783 26,775,198 (68%) 4,380,257 (11.1%) 0.47% 

ML2-3 epiCas4 C3 41,094,189 31,969,107 (77.8%) 4,710,809 (11.5%) 0.40% 

ML2-4 epiCas4 P1 38,555,915 30,535,213 (79.2%) 4,780,540 (12.4%) 0.42% 

ML2-5 epiCas4 P2 39,987,343 31,175,366 (78%) 4,953,662 (12.4%) 0.38% 

ML2-6 epiCas4 P3 42,415,025 31,835,617 (75.1%) 5,444,772 (12.8%) 0.47% 

ML3-1 Control (water) 67,543,392 53,332,212 (79%) 9,209,279 (13.6%) 0.45% 

ML3-2 epiCas5 P2 44,386,220 22,347,202 (50.3%) 3,615,630 (8.1%) 0.39% 

ML3-3 epiCas6 P2 48,855,136 25,307,278 (51.8%) 4,096,678 (8.4%) 0.43% 

ML3-4 epiCas7 P2 45,594,684 29,180,323 (64%) 5,003,183 (11%) 1.16% 

ML3-5 epiCas8 P2 43,727,732 33,165,015 (75.8%) 5,855,629 (13.4%) 0.48% 

ML3-6 epiCas9 P2 46,752,232 32,256,996 (69%) 4,990,533 (10.7%) 0.45% 

ML3-7 epiCas10 P2 48,406,744 25,987,880 (53.7%) 4,076,347 (8.4%) 0.38% 

ML3-8 epiCas11 P2 49,762,251 31,830,169 (64%) 4,761,506 (9.6%) 0.41% 

ML3-9 epiCas12 Cx3 50,536,512 29,222,240 (57.8%) 4,828,770 (9.56%) 0.45% 

ML3-10 epiCas13 Px3 46,502,753 27,651,709 (59.5%) 4,733,024 (10.2%) 0.48% 
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Abstract 

 

Cytosine methylation (mC) is an epigenetic mark that can provide an additional 

layer of information to regulate transcription. In plants, mC is largely associated with 

transcriptional repression of transposable elements. This reversible covalent modification 

is established, maintained and removed by a variety of “writer” and “eraser” proteins 

depending on local DNA sequence context (CG, CHG and CHH, where H = A, C or T). 

Cytosine methylation can be interpreted by several "reader" proteins, some of which are 

known to be involved in feedback loops with other modifications such as histone 

methylation. Previous work in characterizing mC readers in plants has mainly focused on 

three families that were identified by sequence homology with animal proteins: the 

methyl-CpG-binding domain proteins (MBDs), the su(var)-homologs (SUVHs) and the 

variant in methylation (VIMs) proteins. However, experimental evidence supporting their 

role as mC readers is currently incomplete, and it remains unclear whether there are 

other proteins that may be able to bind mC. To screen for potential mC readers, I 

performed a DNA affinity pull-down assay combined with quantitative mass 

spectrometry, through isolation of DNA-binding proteins using short methylated DNA 

probes for each cytosine DNA sequence context. I identified 37 nuclear proteins that show 

a higher affinity for methylated probes in at least one sequence context, including 11 

previously characterized mC readers including the VIM proteins, SUVH2/6/9 and 

MBD5/6. Approximately 20 identified candidates had not previously been reported as 

potential mC binding proteins, potentially representing novel mC readers. This work 

constitutes the first comprehensive assay to identify potential mC readers in plants, and 

a first step toward understanding the molecular mechanisms in which they are involved. 
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III.1. Introduction 
 

III.1.1. Known mC readers in Arabidopsis 

 

One strategy towards understanding the role of DNA methylation within the 

epigenome is to investigate the information that mC transmits at the molecular level 

through studying the proteins that can bind specifically to methylated cytosines, which 

herein are referred to as mC readers. Three main families of mC readers have been 

identified in Arabidopsis through sequence homology with known animal mC readers: 

methyl-CpG-binding domain (MBD) proteins, suppression of variegation 3-9 homologs 

(SUVH) and variant in methylation (VIM) proteins (Figure III-1). 

 

 

Figure III-1 Protein models of mC reader families in Arabidopsis. Based on (Springer and Kaeppler 2005) for 
MBDs, on (Baumbusch et al. 2001; Springer et al. 2003) for SUVHs and on (Woo et al. 2007) for VIMs. 

 

III.1.1.1. Methyl-CpG-binding domains proteins (MBDs) 

 

Methyl-CpG binding protein 1 (MeCP1) was the first protein complex identified 

from mouse liver nuclear extract with the ability to bind to mCG (Meehan et al. 1989). 
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The first mC reader however, also identified from mammalian cell extract, was MeCP2 

(Lewis et al. 1992). The specificity of MeCP2 binding to mCG was reduced to an 85 amino 

acid long methyl-CpG-binding domain (MBD) (Nan et al. 1993) that has been found in 

four other mammalian proteins called MBD1 to 4 (Hendrich and Bird 1998). MBD3 does 

not show specific binding for mCG, attributed to mutations in the MBD (Saito and 

Ishikawa 2002; Fraga et al. 2003), but is instead involved in the recognition of 

hydroxymethylcytosine (hmC) in embryonic stem cells (Yildirim et al. 2011). MeCP1 has 

later been found to be comprised of MBD2 and the nucleosome remodeling and histone 

deacetylase (NuRD) complex (Feng and Zhang 2001).  

Animal MBDs are characterized as transcriptional repressors, either through their 

transcriptional-repression domains (TRD) or as part of a complex, for example MBD2 and 

MBD3 with the NuRD complex, or MeCP2 with the Sin3-histone deacetylase complex 

(Meehan et al. 1992; Nan et al. 1998; Jones et al. 1998; Ng et al. 1999; Feng and Zhang 

2001; Bogdanović and Veenstra 2009; Hainer et al. 2016). MBD4 repressive activity has 

also been reported (Kondo et al. 2005), but is more likely involved in DNA repair as it 

contains a glycosylase domain able to excise mCpG-TpG mismatches (Hendrich and Bird 

1998; Hendrich et al. 1999; Riccio et al. 1999).  

 

By sequence similarity with the human MBD, 12 proteins named MBD1 to MBD12 

have been found in Arabidopsis (Zemach and Grafi 2003), of which 10 are expressed in at 

least one of the tissues that were tested, excluding MBD3 and MBD12 (Berg et al. 2003). 

MBD13 has later been included in the family despite having low sequence similarity with 

the consensus MBD (Springer and Kaeppler 2005). The binding affinity of most MBD 

proteins to methylated probes has been assessed by electrophoretic mobility shift assay 

(EMSA) in different studies, although this has yielded a number of discrepancies 

regarding methyl-binding activity. In one case, MBD5, MBD6 and MBD7 were reported 

to bind specifically to mCG probes, unlike MBD1, MBD2 and MBD4 which were evidently 

unable to bind (Zemach and Grafi 2003). In another study, only MBD5 could bind to mCG 

and mCHH probes specifically, whereas MBD4 and MBD6 could bind both methylated 

and unmethylated probes in all sequence contexts, and MBD1, MBD2, MBD7 and MBD8 

could not bind any DNA probe (Ito et al. 2003). A third study found that MBD5, MBD6 

and MBD11 were able to bind methylated probes, but not MBD1, MBD2 and MBD4 

(Scebba et al. 2003). In this study, MBD5 specifically bound in both the mCG and mCHH 

contexts, MBD6 specifically in the mCG context, and MBD11 was able to bind methylated 

and unmethylated probes in all contexts (Scebba et al. 2003). Disparities among the 
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aforementioned studies could be attributed to the different methodologies used, such as 

the expression and isolation of the recombinant proteins or the different probes and 

binding conditions tested. Furthermore, assessing the binding specificity of these proteins 

by EMSA presents several technical limitations, which I aimed to address by more 

sensitive approaches as discussed in more detail below. 

Despite the studies on their in vitro binding abilities, mechanistic insights into in 

vivo binding specificities of Arabidopsis MBDs and the molecular effect of this binding on 

neighboring DNA sequences remain mostly unknown. The role of MBD1, MBD2 and 

MBD4 is yet to be determined, and currently there is no molecular evidence supporting 

the function of MBD8, MBD10 and MBD11 in binding methylated DNA.  

In the Arabidopsis C24 ecotype, MBD8 is involved in positively regulating 

FLOWERING LOCUS T (FT), a promoter of flowering (Stangeland et al. 2009). Mutation 

of MBD8 in the Col-0 background, however, did not induce any late flowering phenotype, 

which has been attributed to differential regulation of the flowering process in each 

ecotype. The role of MBD10 in nucleolar dominance has been revealed by the loosening of 

nucleolar organizing regions (NORs) in MBD10 RNA interference (RNAi) lines, but the 

molecular mechanisms supporting such a function are still lacking (Preuss et al. 2008). 

RNAi experiments have also elucidated the involvement of MBD11 in plant growth and 

development but its molecular function is still to be determined (Berg et al. 2003). 

MBD5, MBD6 and MBD7 have been the most studied MBD proteins in 

Arabidopsis. GFP fluorescence microscopy studies have indicated that these three 

proteins localized to highly methylated regions of the chromatin called chromocenters, 

MBD5 and MBD6 specifically around the rDNA clusters, and that their localization 

depends on DDM1, with which they can interact (Zemach et al. 2005). MBD5 and MBD6 

can form both homo and heterodimers with each other, supporting the hypothesis of a 

complex that may recruit DDM1 to heterochromatic chromocenters (Zemach et al. 2008). 

MBD7, however, has been linked to promoting transgene expression through interactions 

with alpha-crystallin domain (ACD) proteins INCREASED DNA METHYLATION 2 

(IDM2, also called REPRESSOR OF SILENCING 5, ROS5, and LOW IN LUCIFERASE 

EXPRESSION, LIL) and IDM 3 (also called IDM2-Like 1, IDL1), as well as the histone 

acetyltransferase IDM1/ROS4 (Lang et al. 2015; Li et al. 2015a; Wang et al. 2015; Li et 

al. 2017). Initially implicated in active DNA demethylation mediated by ROS1, MBD7 

seems to act downstream of DNA methylation, with limited effect on DNA methylation 

levels (Li et al. 2017). MBD5 can also interact with IDM3/IDL1 based upon yeast-two-

hybrid (Y2H) assays, but affinity purification experiments instead supported interactions 
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with two other ACD proteins, ACD21.4 (IDL2) and ACD15.5 (IDL3) (Li et al. 2017). In 

addition, in contrast with MBD7, MBD5 was not involved in transcriptional regulation of 

the Luciferase transgene present in the reporter line used in this study, suggesting that 

MBD5 and MBD7 may belong to different protein complexes with distinct functions (Li et 

al. 2017). 

MBD6 has also been shown to interact with IDM3/IDL1, and marginally with 

IDM1/ROS4 (only 1 unique peptide identified), through affinity purification assays, and 

with IDM3/IDL1 and IDM2/ROS5/LIL based on Y2H assays (Li et al. 2015a). However, 

IDM1 is a histone acetyltransferase, which contrasts with the histone deacetylase activity 

that MBD6 was reported to recruit from nuclear extract (Zemach and Grafi 2003). In 

additional support of MBD6 recruiting histone deacetylase activity, MBD6 interactors 

assessed by Y2H and fluorescence resonance energy transfer (FRET) included HISTONE 

DEACETYLASE 6 (HDA6) and AGO4 (Parida et al. 2017), proteins involved in the RdDM 

pathway which act to repress transcription, notably for nucleolar dominance (Aufsatz et 

al. 2002; Zilberman et al. 2003; Probst et al. 2004; Earley et al. 2006). MBD6 is also 

involved in nucleolar dominance, potentially in a RdDM-dependent manner since its 

recruitment to ribosomal RNA genes (rRNA) clusters was inhibited in a drm2 mutant 

(Preuss et al. 2008; Costa-Nunes et al. 2010). These reports of different roles of MBD6 

might indicate that it acts in different complexes, for example in chromatin remodeling 

with MBD5 and DDM1, downstream of DNA methylation with IDM1, IDM2 and IDM3, 

and eventually regulating nucleolar dominance through interactions with the RdDM 

pathway. Whether all these proteins are part of a larger silencing apparatus or act 

independently is yet to be determined. Further experiments are also required to assess 

the potential functional redundancies among MBD5, MBD6 and MBD7 and the complexes 

they form, which could explain the limited effect of single mutants on genome-wide 

transcription and methylation levels (Li et al. 2017).  

MBD9 is involved in shoot branching, and promotes the expression of 

FLOWERING LOCUS C (FLC), which triggers an early flowering phenotype (Peng et al. 

2006; Yaish et al. 2009). Although mbd9 mutations induce slight DNA hypermethylation, 

MBD9 can bind to histone H4 and is reported to have an acetylase activity (Yaish et al. 

2009). This suggests that MBD9 can act as a transcriptional activator, potentially via its 

additional domains related to chromatin remodeling (PHD, BROMO and FYRC) (Springer 

and Kaeppler 2005; Zemach and Grafi 2007). 
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In summary, past studies indicate that MBD6 and MBD7 can bind to mCG, MBD5 

can bind mCG and mCHH, and all three proteins are linked to chromatin remodeling 

and/or transcription regulation through interactions with ACD proteins. MBD8, MBD9 

and MBD11 are involved in developmental processes, but are unlikely to bind specifically 

to mC. It is still unclear whether MBD1, MBD2 and MBD4 can bind specifically to DNA 

methylation, and their molecular functions are still unknown. Therefore, more work is 

required to confirm the ability of MBD proteins to specifically bind to DNA methylation 

and to characterize the pathways in which they belong, as well as to assess the potential 

functional redundancies between them. 

 

III.1.1.2. SET and RING associated (SRA) domain proteins 

 

Initially called the YDG domain for the presence of these amino acids in a 

characteristic motif (Baumbusch et al. 2001), the SRA domain can confer the ability to 

specifically bind to mC (Johnson et al. 2007). SRA domains are associated with other 

domains linked to epigenetic regulation, the SET and RING domains, which are mostly 

linked to histone methylation and ubiquitination, respectively. Members of both SET-SRA 

and RING-SRA families, called SUVHs and VIMs, respectively, have the ability to bind 

to mC in specific contexts (Johnson et al. 2007; Woo et al. 2007; Johnson et al. 2008) and 

are involved in the maintenance of mC in a context-specific manner. 

 

III.1.1.3. Suppression of variegation 3-9 homologs (SUVHs) 

 

Suppression of variegation (Su(var)) is a group of genes identified in Drosophila 

that suppress position-effect variegation (PEV), the silencing of a locus due to its 

juxtaposition with heterochromatin (Wallrath 1998). By sequence homology with the SET 

domain of Su(var), 14 proteins were identified in Arabidopsis (Baumbusch et al. 2001). 

Ten of these proteins contained both an SRA and a SET domain, called SU(VAR) 

HOMOLOGS (SUVH) (Baumbusch et al. 2001). SUVHs proteins belong to class V of SET 

domain proteins in plants, and four subgroups can be formed based on sequence and 

functional similarities (Baumbusch et al. 2001; Springer et al. 2003; Naumann et al. 2005; 

Fischer et al. 2006; Figure III-1).  

SUVH4 (also called KYP for KRYPTONITE) was the first SUVH protein identified 

for its role in controlling mCHG and heterochromatin silencing through its H3K9 

methyltransferase activity (Jackson et al. 2002; Malagnac et al. 2002; Johnson et al. 
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2002). SUVH4 appears to be the founder of the SUVH gene family, through a retro-

transposition event that eliminated its introns, which are similarly absent from the other 

members of the family (Baumbusch et al. 2001; Naumann et al. 2005). Although they 

constitute a separate subgroup, SUVH5 and SUVH6 act partially redundantly with 

SUVH4 in a feedback loop with CMT2 and CMT3 to maintain non-CG methylation (Ebbs 

et al. 2005; Ebbs and Bender 2006). SUVH4 and SUVH6 bind mC in all contexts but 

preferentially mCHG and mCHH by a single base flip-out mechanism (Johnson et al. 

2007; Du et al. 2014). SUVH5 on the other hand can bind to mC in all sequence contexts 

through a dual flip-out mechanism, where two molecules of SUVH5 bind to the same DNA 

duplex (Rajakumara et al. 2011). The current model places SUVH4, SUVH5 and SUVH6 

at the core of mCHG and mCHH maintenance by binding to de novo deposited methyl-

groups and subsequently mono- and di-methylating lysine 9 of histone H3 (H3K9me1/2), 

which can then be recognized by CMT3 and CMT2 (Stroud et al. 2013, 2014). 

Another subgroup consists of SUVH2 and SUVH9. These genes originate from a 

non-collinear duplication and both contain mutations in the SET and post-SET domains 

that abolish their histone methyltransferase activity (Baumbusch et al. 2001; Springer et 

al. 2003; Johnson et al. 2014). SUVH2 and SUVH9 are components of the RdDM pathway, 

and recruit PolV to target loci (Johnson et al. 2008; Kuhlmann and Mette 2012; Johnson 

et al. 2014; Liu et al. 2014). SUVH2 and SUVH9 are also involved in RdDM-independent 

transcriptional silencing, by recruiting MORC6 and components of the SWI/SNF 

chromatin remodeling complex (Liu et al. 2016). Similarly to SUVH4, SUVH5 and 

SUVH6, SUVH2 and SUVH9 act redundantly at some loci and have loci where only one 

of them is recruited, which is associated with their binding preference for mCG and 

mCHH, respectively (Johnson et al. 2008; Kuhlmann and Mette 2012). Their binding 

occurs through the same single base flip-out mechanism as SUVH4 (Johnson et al. 2014).  

SUVH10 is an inactive gene with a truncated SET domain (Baumbusch et al. 

2001), belonging to the SUVH1 subgroup along with SUVH3, SUVH7 and SUVH8. 

Although expressed and localized to the nucleus, the functions of SUVH3, SUVH7 and 

SUVH8 are still to be determined. SUVH1 has been involved in the upregulation of genes 

with hypermethylated promoters, by acting downstream of DNA methylation and 

affecting H3K4me3 levels (Li et al. 2015b). SUVH7 is a paternally-expressed imprinted 

gene in the Arabidopsis seed, which when over-expressed in triploid seeds results in 

defective endosperm cellularization (Wolff et al. 2015). Whether SUVH1, SUVH3, SUVH7 

and SUVH8 act through similar mechanisms and have H3K4 instead of H3K9 

methyltransferase activity is yet to be determined. 
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In summary, the SUVH family of mC readers is specific to plants, and well 

characterized members of the family are involved in plant-specific DNA methylation 

pathways such as mCHG maintenance (SUVH4, SUVH5 and SUVH6) and de novo DNA 

methylation deposition through the RdDM pathway (SUVH2 and SUVH9). However, 

information on both the binding and the activity of SUVH3, SUVH7 and SUVH8 are 

lacking. The role of SUVH1 in countering the repressive effect of hypermethylation in the 

promoters of some genes through histone modifications requires further characterization, 

such as gaining molecular evidence of its binding to DNA methylation, or the proteins 

that it interacts with in this pathway. 

 

III.1.1.4. Variant in methylation (VIMs) 

 

Variant in methylation (VIM) proteins of Arabidopsis, also called ORTHRUS 

(ORTH), contain a SRA domain, a PHD (plant homeodomain) and two RING (really 

interesting new gene) domains (Woo et al. 2007). VIMs are close homologs of the animal 

UBIQUITIN-LIKE CONTAINING PHD AND RING FINGER DOMAINS 1 (UHRF1), 

which binds to histones H3 and H2 through its tandem tudor and PHD domains 

(Karagianni et al. 2008; Nady et al. 2011; Arita et al. 2012; Cheng et al. 2013), and to 

hemi-methylated mCG (hemi-mCG) by a base flipping mechanism (Arita et al. 2008; 

Avvakumov et al. 2008; Hashimoto et al. 2008). Binding to mCG activates its histone H3 

ubiquitylation activity, which in turn recruits DNMT1 at replication foci and stimulates 

its methyltransferase activity for maintenance of mCG and transcription repression of 

transposons and imprinted genes (Sharif et al. 2007; Karagianni et al. 2008; Nishiyama 

et al. 2013; Harrison et al. 2016). 

In Arabidopsis, the VIM family contain 5 members, but only 3 are expressed during 

the vegetative phase (Woo et al. 2008). VIMs can bind to mCG and mCHG but also prefer 

hemi-mCG (Woo et al. 2007; Johnson et al. 2007; Yao et al. 2012). VIM proteins act 

redundantly to maintain mCG methylation and heterochromatin silencing, by recruiting 

MET1 to hemi-mCG sites (Woo et al. 2008; Stroud et al. 2013; Shook and Richards 2014). 

VIM proteins have functional ubiquitin E3 ligase activity through their RING domains 

(Kraft et al. 2008; Figure III-1), and can bind to histones H2B, H3, H4 and HTR12/CENH3 

(Woo et al. 2007). This suggests that they have similar histone modifications activities as 

UHRF1 (Kim et al. 2014; Du et al. 2015).  
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III.1.2. Other domains can specifically recognize mC 

 

Except for members of the three families mentioned above, no other mC reader has 

been identified in Arabidopsis, or other plant species. However, other protein domains are 

able to specifically recognize DNA methylation in animal species. In mammals and 

amphibians, zinc finger proteins of the Kaiso (ZBTB33) family, ZBTB4 and ZBTB38 

(CIBZ), can also bind to methylated DNA and act as repressors of transcription 

(Prokhortchouk et al. 2001; Daniel et al. 2002; Ruzov et al. 2004; Filion et al. 2006). Kaiso 

binds to two adjacent mCG dinucleotides via its three zinc-finger domains (Prokhortchouk 

et al. 2001; Buck-Koehntop et al. 2012), whereas ZBTB4 and ZBTB38 can bind single 

mCGs (Filion et al. 2006), although all show preferences in the surrounding DNA 

sequence (Sasai et al. 2010). 

More generally, zinc fingers have the ability to recognize DNA methylation (Choo 

1998), but other domains have been identified through large-scale screens to also show 

methylation-specific binding, such as some transcription factors (TFs) of the basic leucine 

zipper (bZIP) family (Bartels et al. 2011; Quenneville et al. 2011; Mann et al. 2013; Spruijt 

et al. 2013; Hu et al. 2013; Zhu et al. 2016a). Notably, by performing a DNA pull-down 

assay coupled with quantitative mass-spectrometry, new mC and hydroxymethylated 

cytosine (hmC) readers have been identified in the nuclear extracts of different 

mammalian cell-types (Spruijt et al. 2013). Also, by investigating the ability of a human 

TF microarray to bind to their methylated and unmethylated DNA targets, more proteins 

have been identified that show sequence-specific affinities for mCG (Hu et al. 2013). 

Zinc fingers and bZIP TF families are also present in Arabidopsis. They can bind 

to DNA or RNA and are involved in many developmental processes (Takatsuji 1998; 

Jakoby et al. 2002), but to date none have been shown to be specific mC readers. On the 

contrary, the binding of most of Arabidopsis TFs seem to be generally inhibited by mC 

(O’Malley et al. 2016). TF binding sites have been identified by DNA affinity purification 

sequencing (DAP-seq) from fragments of endogenously methylated gDNA. The 

methylation-sensitivity of these TFs was then investigated by incubating the TFs with a 

PCR-amplified library of gDNA fragments (ampDAP-seq), which has passively lost all 

mC. Although most TFs analyzed showed higher binding affinities for amplified, 

unmethylated DNA, a few TFs such as DEL2 or MYB101 do show a preferential binding 

for methylated motifs (O’Malley et al. 2016), supporting the existence of new potential mC 

readers in Arabidopsis. 
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In summary, many DNA binding domains may have the ability to differentiate 

between mC and C. Some of these have been identified in animals, and are also conserved 

in plants. In order to investigate whether other domains or proteins are able to specifically 

recognize DNA methylation in Arabidopsis, forward screens may be an effective approach. 

 

III.1.3. Methods to assess the ability of a protein to bind methylated DNA 

 

If mC has any effect upon the affinity of a protein for DNA, it could result in two 

opposite molecular consequences: either it prevents the binding of proteins sensitive to 

mC, or it recruits mC readers to the methylated loci. Understanding which proteins are 

involved in either of these responses is important in understanding the effect of mC on 

chromatin and transcriptional regulation. As described above, to date, three families of 

mC readers have been identified in Arabidopsis: 13 MBD, 10 SUVH, and 3 VIM proteins, 

via DNA sequence homology with animal proteins. Out of these, 11 proteins have been 

previously characterized to bind DNA methylation in vitro (Figure III-1). The remaining 

proteins either have not been tested or did not bind to methylated DNA. Analysis of a 

protein's ability to bind mC has been based on in vitro EMSA assays, by incubating the 

purified protein with DNA probes and separating the samples on a gel to assess the 

migration of the probes, which is reduced if the protein is attached to a probe. Adding 

external competitors, such as unmethylated or methylated DNA helps to confirm the 

specificity of the protein-DNA interactions. However, the interpretation of the results is 

far from precise since it is based on a semi-quantitative estimation of the fluorescence 

intensity on a gel. Notably, the reaction conditions must be optimized for successful 

binding, including the concentration of proteins, probes, and salt in the buffer. Also, this 

procedure requires expression and purification of a protein, which usually requires fusion 

of a protein tag to the protein which can alter its three-dimensional structure and may 

interfere with binding. Furthermore, binding of the individual protein by EMSA only 

shows the ability of this protein to complex with mC, which does not assure its function 

in vivo, where other proteins are competing for the same locus.  

Importantly, performing an EMSA requires prior knowledge of the protein to be 

tested and cannot be used to identify new mC readers. An affinity screening approach 

consisting of using DNA probes in different methylated states as bait and identification 

of the proteins that bind to the probes by quantitative mass spectrometry (MS) has been 

performed in mammalian cells, revealing new mC readers in addition to already known 

ones, such as MBD1, MBD2 and MeCP2 for example (Spruijt et al. 2013). 
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Isolating mC readers by DNA affinity pull-down has several advantages over 

EMSAs. First, the pull-down experiment can be performed on whole nuclear extract, 

which mimics in vivo environment more closely since all endogenous cofactors and 

competitors are also present. Notably, the relative quantities of proteins should be more 

similar than in the nucleus, and competition among proteins should be more 

representative of physiological conditions. Also, no protein tagging is required, which 

increases the likelihood that the protein is in its native conformation.  

Coupling such pull-down assays to quantitative mass spectrometry analysis 

increases the sensitivity and precision of the results. Once the proteins are bound to the 

probes and stringently washed, they are digested into tryptic peptides to allow their 

identification and quantification by MS. Peptides can be identified, mapped to a protein 

database to identify the protein it originates from, and the normalized total summed 

peptide intensities can be computed for label-free quantification. The lower limit for 

protein detection is much finer than gel-based experiments, and the binding specificity 

for methylated probes can be inferred from statistical enrichment analysis, by comparing 

methylated to unmethylated samples. 

 

Performing a DNA affinity pull-down assay in Arabidopsis would help answer the 

discordances among previous studies regarding some MBD and SUVH proteins ability to 

bind DNA methylation and in which sequence context. Importantly, it would enable the 

investigation of the whole proteome for the discovery of new potential candidates. 
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III.2. Material and methods 
 

III.2.1. Nuclear protein extraction from Arabidopsis cell culture 

 

Arabidopsis Landsberg erecta (Ler) ecotype cell suspensions derived from root 

callus was cultured in growth media (1x Linsmaier and Skoog basal salts with minimum 

organics, 3% (w/v) sucrose, 0.5 mg/L naphthalene acetic acid and 0.05 mg/L kinetin, 

adjusted to pH 5.7 with KOH) at 25°C under constant darkness and 130 rpm orbital 

shaking. Cultures were maintained by inoculating 20 mL of 7-day-old cells into 100 mL 

of fresh media in 250-mL Erlenmeyer flasks. Cultured cells were pelleted for 10min at 

500 rpm and protoplasted by enzymatic digestion in Enzyme Buffer (0.4 M mannitol, 3% 

sucrose, 8 mM CaCl2, 1% cellulase and 0.5% macerozyme) for 4 hours. The protoplast 

solution was then filtered through 70 µM nylon mesh and centrifuged for 10min at 26xg 

after addition of 1 volume Mannitol/W5 Buffer (0.4 M mannitol and 0.2x W5 where 1x W5 

is 5 mM glucose, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl and 1.5 mM MES, pH adjusted 

to 5.6 with 0.1 M KOH). Pelleted protoplasts were washed twice with Mannitol/Mg Buffer 

(0.4 M mannitol, 0.1% MES and 15 mM MgCl2, pH adjusted to 5.6 with 0.1 M KOH), 

resuspending the protoplasts by gentle rocking and centrifuging for 10 min at 26xg. 

Pelleted protoplasts were resuspended in Nuclei Isolation Buffer (NIB: 20% glycerol, 10 

mM Tris-HCl pH7.5, 10 mM MgCl2, 10 mM KCl, 0.5% triton X-100, 10 mM β-

mercaptoethanol and 1x EDTA-free complete protease inhibitors), filtered through two 

sheets of miracloth and pelleted at 1500xg for 20 min. Pellets were resuspended in NIB 

and centrifuged at 800xg for 15 min. Nuclei were resuspended in Nuclei Resuspension 

Buffer (50% glycerol, 50 mM HEPES-KOH pH 7.6, 100 mM NaClg 5 mM MgCl2, 10 mM 

KCl, 1 mM DTT and 1x EDTA-free complete protease inhibitors) for visualization under 

fluorescence microscope by DAPI staining, or nuclear proteins were extracted by 

resuspending the nuclei in Nuclei Extraction Buffer (20 mM Tris-HCl (pH 7.9), 420 mM 

KCl and 1.5 mM MgCl2, 0.5 mM DTT and 1x EDTA-free complete protease inhibitors), 

filtering the extract through a 12-gauge needle and centrifuging to pellet the membrane 

and debris. Protein concentration in the supernatant was measured with the Bio-Rad 

Protein Assay, establishing a linear regression with a range of bovine serum albumin 

standards.  
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III.2.2. Western Blots 

 

Nuclear proteins isolated according to the above protocol were compared to either 

whole-cell protein extracted from 6-week old Col-0 leaf tissue by a chloroform:methanol 

method adapted from (Wessel and Flügge 1984), or to whole protoplasts from Ler cell-

cultures isolated as described above. 10 µg of denatured proteins were run on a Mini-

PROTEAN TGX precast gel (Bio-Rad) and transferred onto nitrocellulose membrane with 

Trans-Blot Turbo Transfer system (Bio-Rad, settings: 2.5 A, 25 V, 7 min). After washes 

with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4) and PBST 

(1x PBS and 0.1% Tween-20), the membrane was blocked in PBST solution with 4% (w/v) 

milk from dehydrated powder. The blocked membrane was incubated overnight with the 

primary antibodies, washed with PBST and PBS, and incubated for 1.5h with secondary 

antibodies. Antibodies raised against abundant organellar-specific proteins were used as 

a proxy to assess for nuclear enrichment. Nuclei were represented by anti-H3 antibodies 

(AS05086, Agrisera), chloroplasts by anti-Rubisco antibodies (AS07259, Agrisera), 

mitochondria by anti-AOX1 antibodies (AS04054, Agrisera), vacuole by V-ATPase 

antibodies (AS05086, Agrisera) and the cytoplasm by anti-UGPase antibodies (AS05086, 

Agrisera). Secondary antibodies consisted of goat anti-rabbit IgG (G21234, Thermo Fisher 

Scientific) coupled to horseradish peroxidase (HRP). Chemiluminescence was produced by 

adding Clarity Western ECL blotting substrate (Bio-Rad) and imaged with ImageQuant 

RT ECL imager (GE Healthcare). 

 

III.2.3. DNA affinity pull-down assay 

 

DNA probes were synthesized as single-stranded oligonucleotides by IDT, to be 

paired as follows: CG1 (5'-Biotin-

GATGATGTmCGATTmCGATTmCGATTmCGATATGATG-3') and CG2 (5'-

CATCATATmCGAATmCGAATmCGAATmCGACATCATC-3') constitute the methylated 

CG probe; CG3 (5'-Biotin-GATGATGTCGATTCGATTCGATTCGATATGATG-3') and CG4 

(5'-CATCATATCGAATCGAATCGAATCGACATCATC-3') the unmethylated CG control 

probe. CHG1 (5'-Biotin-GATGATGTmCTGATmCTGATmCTGATmCTGAATGATG-3') 

and CHG2 (5'-CATCATTmCAGATmCAGATmCAGATmCAGACATCATC-3') constitute 

the methylated CHG probe; CHG3 (5'-Biotin-

GATGATGTCTGATCTGATCTGATCTGAATGATG-3') and CHG4 (5'-

CATCATTCAGATCAGATCAGATCAGACATCATC-3') the unmethylated CHG control 

probe; CHH1 (5'-Biotin-GATGATGTmCAATTmCAATTmCAATTmCAATATGATG-3') 
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and CHH2 (5'-CATCATATTGAATTGAATTGAATTGACATCATC-3') constitute the CHH 

methylated probe and CHH3 (5'-Biotin-

GATGATGTCAATTCAATTCAATTCAATATGATG-3') and CHH2 the unmethylated 

control probe. DNA affinity pull-down assays were then performed following an adapted 

version of (Spruijt et al. 2013). Oligos were paired by incubating 20 µg of each oligo in 

NEB2 buffer at 95°C for 5 min and gradually cooled-down overnight. 10 µL of streptadivin 

sepharose high-performance beads (GE Healthcare) were used to immobilize the DNA 

probes, verifying that the probes were indeed immobilized on the beads by agarose gel 

electrophoresis. Three technical replicates were performed for each probe. For each 

replicate, 450 µg of nuclear protein extract was incubated with the DNA probes, in 

presence of 10 µg of dAdT as competitor DNA, rotating for 90 min. Beads were washed 

twice with PBS buffer and proteins bound to the probes were digested with trypsin. 

Tryptic peptides were eluted in Peptide Elution Buffer (100 mM Tris-HCl pH=7.5, 2 M 

urea, and 10 mM DTT) and loaded on C18 Stage-Tips pre-activated by methanol, washed 

once with Buffer B (0.1% formic acid, 80% acetonitrile) and washed twice with Buffer A 

(0.1% formic acid). Samples were then washed once with Buffer A. 

 

III.2.4. LC-MS/MS measurements and statistical analysis 

 

Peptides were eluted from Stage-Tips in Buffer B, after which the acetonitrile was 

evaporated using a vacuum concentrator. The samples were resuspended in 12 μl with 

buffer A, of which 5 μl were loaded onto a 30 cm column packed with 1.8 μm Reprosil-Pur 

C18-AQ (Dr Maisch GmbH). A 114 min gradient of acetonitrile (7%-32%), followed by 

washes at 50% then 90% acetonitrile, was employed to elute the peptides from the column, 

using an Easy-nLC 1000 system (Thermo Fisher Scientific). Eluted peptides were sprayed 

directly into an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher 

Scientific). Scans were collected in data-dependent top-speed mode of a 3-second cycle 

with dynamic exclusion set at 60 sec, for 140 min of total data collection. 

Measured peptides were searched against the UniProt Arabidopsis thaliana 

proteome (version 2014-09-03) with MaxQuant version 1.5.1.0 (Cox and Mann 2008). 

Default settings were used, with additional options for ‘match between runs’, ‘label free 

quantification (LFQ)’ and ‘intensity based absolute quantification (iBAQ)’ enabled. Data 

were analyzed with Perseus version 1.4.0.0 and in-house R scripts. Reverse and 

contaminant hits were removed, and the LFQ columns were transformed into log2 scale. 

Resulting data were filtered for proteins with three valid values in at least one of the 
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samples, after which missing values were imputed by semi-random, low values (width = 

0.3, shift = 1.8). To generate volcano plots between two samples, statistical outliers were 

determined using a two-tailed t-test with a permutation-based false discovery rate (FDR). 

Different FDR and s0 (similar to a minimal fold-change) cut-offs have been used to limit 

the number of proteins enriched in each context (Figure III-5). To generate a hierarchical 

clustering, an ANOVA was executed with all the samples, also with a permutation-based 

FDR. Insignificant proteins were discarded, then the median of each row was subtracted 

to get deviations from the median. R was used to generate the plots. 

 

III.2.5. Gene ontology enrichment and protein-protein interaction analysis 

 

The list of proteins was imported in AgriGOv2 (Tian et al. 2017) for singular 

enrichment analysis of gene ontology terms compared to Arabidopsis TAIR10 

annotations. A selection of the most significant terms is shown in (Figure III-6). 

Protein-protein interactions were analyzed by STRING (Franceschini et al. 2013; 

Szklarczyk et al. 2015), which identifies known and predicted interactions in Arabidopsis, 

as well as potential associations based on co-expression and text-mining of homologous 

proteins in other species. 
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III.3. Results 
 

III.3.1. Probes design 

 

DNA methylation is present in Arabidopsis in three contexts: mCG, mCHG and 

mCHH, where H represents A, T or C. Each context is regulated partially independently, 

suggesting that some proteins must have context-specific affinities for mC. Thus, I decided 

to perform the affinity pull-down using DNA probes representative of each sequence 

context. I searched for a 5-bp motif containing a single C in each context, which was 

repeated 4 times and flanked with sequences similar to those used previously in DNA 

pull-down assays (Spruijt et al. 2013) to create 33-bp DNA sequences (Figure III-2-B). The 

motif was selected by a weighted combination of the number of times the motif is found 

in the Arabidopsis genome, the genomic feature in which it is located (such as introns, 

exons or transposable elements) and the average methylation level of the cytosine at these 

loci. To maximize the biological significance of the chosen motifs, priority was given to the 

distribution of loci in annotated (not intergenic) sequences (Figure III-2-A). Also, I 

restricted the selection to adenines and thymines in the 5-bp motif to limit the number of 

cytosines and potential competing binding sites. For example, to find a suitable motif for 

the CG context, all eight A/T-C-G-A/T-A/T combinations (and their eight A/T-A/T-C-G-A/T 

complements) were mapped to the TAIR10 Col-0 reference genome, corresponding 

genomic features extracted from the corresponding TAIR10 annotation, and methylation 

levels computed from whole-genome bisulfite sequencing of wild-type Col-0 roots. The 

motifs TCGAT and its reverse complement ATCGA were chosen as they had the best 

distribution and highest methylation levels, even though other motifs are present more 

often in Arabidopsis genome (Figure III-2).  
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Figure III-2 DNA probes used in the affinity pull-down of Arabidopsis mC readers. A. Distribution and number of 
matches of all the 5-bp motifs in Arabidopsis Col-0. The colour is representative of the annotated feature, the 
transparency is representative of the methylation level. For each feature, the motif with the highest methylation 
level is the darkest, the motif with the lowest methylation is the clearest. The chosen motifs are boxed and labelled 
in red. B. Final design of the methylated probes used in this study. Black lollipops mark the methylated cytosines. 
The 5-bp motifs are highlighted in red. For each sequence context, the completely unmethylated counterpart has 
been used as controls for enrichment analysis. Each strand has been ordered as single oligonucleotides, one 
strand of each probe being biotinylated to enable immobilization of the probes onto streptavidin-coated magnetic 

beads. 
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III.3.2. Affinity pull-down assay coupled to mass spectrometry 

 

Nuclear proteins were extracted from Arabidopsis suspension cell cultures of the 

Landsberg erecta ecotype (Figure III-3-A). Enrichment in nuclear proteins was confirmed 

by western blotting, comparing to whole leaf protein extract from WT Col-0 plants (Figure 

III-3-B). Loading similar amounts of proteins, no or faint bands were visible for 

chloroplastic, mitochondrial, cytoplastic and vacuolar proteins in the nuclear extract, 

whereas histones H3 were much more abundant than in whole cell extracts. 

 

 

Figure III-3 Extraction of nuclear proteins from Arabidopsis cell-cultures. A. Protocol workflow. Cells and 
protoplasts were visualized under bright light, nuclei were stained with DAPI and visualized by fluorescence 
microscopy. B. Western blot using antibodies against organelle-specific proteins, confirming nuclear enrichment. 

 

The isolated nuclear proteins were then incubated with the DNA probes (Figure 

III-4-A). Three technical replicates were performed in parallel, for each probe in each 

methylation state. Only proteins identified in the three replicates, for at least one context 

in any methylation state (methylated/unmethylated), were included in the subsequent 

analysis. Analysis of variance (ANOVA) identified 83 proteins significantly enriched in at 

least one sequence context in any methylation state (Figure III-4-B).  
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Figure III-4 Affinity pull-down for the identification of mC readers. A. Schematics of the pull-down, showing the 
example of the probes in the CG context. B. Hierarchical clustering of the proteins (rows) statistically significant 
as enriched in at least one set of probes (columns), based on an Anova analysis. The names of the 83 proteins 
identified have been omitted for clarity purposes. 
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By comparing methylated and unmethylated samples in each context by Student's 

t-tests, candidate mC readers were identified as the proteins statistically enriched for 

binding to methylated probes (brown proteins on the right side of the volcano plots in 

Figure III-5, summarized in Table III-1), whereas methylation-sensitive proteins were 

enriched for binding to unmethylated probes (purple proteins on the left side of volcano 

plots in Figure III-5, summarized in Table III-2). In total, 36 proteins were enriched in at 

least one methylated context and 32 were enriched in at least one unmethylated context. 

Different parameters were used for each context to limit false positives in the list of 

potential candidates and to maximize the biological relevance of the identified proteins 

(FDR and s0, see Materials and Methods). Despite stricter FDR cut-offs, more proteins 

were enriched in the mCG and mCHG contexts than in the mCHH context (26, 18 and 8, 

respectively; Table III-1). However, fewer differences in the number of identified proteins 

were found in the unmethylated context (6, 13 and 13 proteins in CG, CHG and CHH 

context, respectively; Table III-2). Notably, little redundancy was found among proteins 

enriched in unmethylated probes in each sequence context, as only ARP was found 

enriched in two sequence contexts (CG and CHH). In comparison, 11 proteins are found 

enriched in at least two methylated contexts. Curiously, one protein was identified as 

enriched in both mCG and (unmethylated) CHG. However, the peptides identified could 

belong to two proteins, ENHYDROUS/INDETERMINATE DOMAIN 1 (ENY/IDD1, 

At5g66730) or JACKDAW (JKD, At5g03150), so both proteins were included in the two 

tables. Whether one of these two proteins is responsible for this apparent double 

specificity, or one is enriched in mCG while the other is enriched in CHG is not known. 

There were two other instances of ambiguity regarding the protein from which a peptide 

was predicted to originate. VIM2/ORTH5 could instead be VIM4/ORTH4 (AT1g66040), 

but VIM4 is likely to be a pseudogene (Woo et al. 2008). Peptides mapped to HTB9 

(At3g45980) could also belong to HTB11 (At3g46030) or to HTB1 (At1g07790). However, 

all these proteins correspond to a histone 2B variant, which can bind to DNA for 

nucleosome assembly. 

Not including the potential sequence-specific transcription factors identified by 

DNA affinity purification (O’Malley et al. 2016), all 11 proteins previously characterized 

as mC readers in Arabidopsis were identified here: 3 MBDs (MBD5, MBD6 and MBD7), 

5 SUVHs (SUVH2, SUVH4, SUVH5, SUVH6 and SUVH9) and the 3 VIMS. Ten of these 

proteins were found enriched in all three replicate methylated probe pull-down assays. 

Only MBD7 was an exception, as it was filtered out during the statistical analysis as it 
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was not identified in one of the three technical replicates. Identifying essentially all of the 

known mC readers confirms the validity of this pull-down assay.  

 

 

Figure III-5 Volcano plots showing the proteins statistically enriched in methylated probes (brown) and in 
unmethylated probes (purple) in each context. Statistical analysis and original plots were generated with Perseus 
software (Tyanova et al. 2016). A. CG context. B. CHG context. C. CHH context. MCR: uncharacterized mC 
candidate reader. NCR: uncharacterized non-mC candidate reader. 

 

Among the identified proteins, some have never been characterized before. I 

named these proteins mC candidate reader (MCR) 1 to 7, in order of their enrichment 

affinities (ascending p-values in mCG, then mCHG). Of course, despite this naming, it 

should be noted that the affinity purification assay does not established a direct 

interaction between the protein and methylated DNA, as interacting proteins that do not 

directly bind may be captured as well. Similarly, uncharacterized proteins enriched in 

unmethylated probes were named non-mC candidate readers (NCR) 1 to 6. 
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# AGI Name mCG mCHG mCHH Known binding Known function References 

1 At1g73100 SUVH3 + + + n.d. unknown 1-4 

2 At2g33290 SUVH2 + + + mCG RdDM component 1-10 

3 At5g04940 SUVH1 + + + n.d. transcription regulation 1-4,11 

4 At2g35160 SUVH5 + + + mCG, mCHG, mCHH mCHG maintenance 1-4,7,12-15 

5 At5g25475 MCR1 + + + n.d. putative B3 transcription factor 16,17 

6 At1g66050 VIM2 + + . 
hemi-mCG, mCG, 

mCHG 
mCG maintenance 7,18-23 

7 At1g57820 VIM1 + + . 
hemi-mCG, mCG, 

mCHG 
mCG maintenance 7,18-23 

8 At5g39550 VIM3 + + . 
hemi-mCG, mCG, 

mCHG 
mCG maintenance 7,18-23 

9 At2g24740 SUVH8 + + . n.d. unknown 1-4,24-26 

10 At4g22745 MBD1 + . + does not bind mC unknown 27-31 

11 At3g23060 BMI1C + . + n.d. PRC1 component 32-36 

12 At1g76440 IDL3 + . . n.d. Chaperone, interactor of MBD5 37 

13 At1g54850 IDL2 + . . n.d. Chaperone, interactor of MBD5 37 

14 At5g35330 MBD2 + . . does not bind mC unknown 27-31,38 

15 At5g59380 MBD6 + . . mCG 
nucleolar dominance (RdDM), chromatin remodeling, 

transcription regulation? 
27-31,37,38 

16 At1g56590 ZIP4 + . . n.d. vesicle and vacuolar trafficking 42,43 

17 At3g46580 MBD5 + . . mCG, mCHH 
nucleolar dominance, chromatin remodeling, 

transcription regulation? 
27-31,37,38 

18 At4g13460 SUVH9 + . . mCHH RdDM component 1-10 

19 At5g27670 HTA7 + . . n.d. 
histone protein linked to heterochromatin (H2A.W 

variant) 
44 

20 At3g63030 MBD4 + . . does not bind mC unknown 27-31 

21 At3g09500 RPL35A + . . n.d. ribosomal protein 45,46 

22 At1g28420 RLT1 + . . n.d. transcription regulation, chromatin remodeling 47-49 

23 At5g22880 HTB2 + . . n.d. histone protein (H2B) 46,50-53 

24 At5g15810 MCR2 + . . n.d. putative tRNA methyltransferase 54 
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25 At3g43590 MCR3 + . . n.d. putative zinc finger protein 54 

26a At5g66730 ENY + - . n.d. C2H2 TF involved in developmental processes 55-57 

26b At5g03150 JKD + - . n.d. C2H2 TF involved in developmental processes 55,58-60 

27 At1g31150 MCR4 . + . n.d. putative K-box transcription factor 54 

28 At2g22740  SUVH6 . + . mCG, mCHG, mCHH mCHG maintenance 1-4,7,12,13,15,20 

29 At2g01710 MCR5 . + . n.d. chaperone protein 61 

30 At4g09040 MCR6 . + . n.d. putative RNA-binding protein, chloroplastic 54,62 

31 At1g73360 HDG11 . + . DNA 
transcription factor involved in developmental 

processes 
63-73 

32 At3g45980 HTB9 . + . n.d. histone protein (H2B) 46,50-53 

33 At5g13960 SUVH4 . + . mCG, mCHG, mCHH mCHG maintenance 1-4,7,12,13,15,20,74 

34 At1g25260 MCR7 . + . n.d. ribosomal protein 45 

35 At1g17920 HDG12 . + . n.d. 
homolog to HDG11, also involved in developmental 

processes 
63,64,70,75,76 

36 At5g11480 ENGB-2 . . + n.d. organellar P-loop GTPase 77 

Table III-1 List of all proteins identified as enriched in at least one methylated context. n.d. no data. The bold context marks binding preferences as determined from these 
experiments. MCR: mC candidate reader. In the mCG, mCHG and mCHH contexts (columns 4 to 6), (+) denotes a significant enrichment in methylated probes, (-) an enrichment 
in unmethylated probes and (.) no enrichment. Significance determined by Student's t-tests using the same parameters than Figure III-5. Peptides belonging to either ENY or 
JKD (#26a and b) are enriched in methylated CG and unmethylated CHG contexts so both proteins have been included. Proteins with a red background belong to a list of 
common contaminants of affinity purification experiments (Van Leene et al. 2015). References are listed in supplementary material SI-1. 
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# AGI Name CG CHG CHH Known binding Known function References 

1 At2g41460 ARP + . + DNA DNA repair, active demethylation 1-7 

2 At3g01460 MBD9 + . . n.d. transcription activation via histone acetyltransferase activity 8-14 

3 At5g18510 NCR1 + . . n.d. putative plant mobile domain aminotransferase-like protein 15 

4 At5g44080 bZIP13 + . . DNA transcription factor 16 

5 At5g16630 RAD4 + . . DNA DNA repair 17-19 

6 At4g09000 GRF1 + . . proteins regulation of carbon/nitrogen nutrient balance 20-25 

7a At5g66730 ENY - + . n.d. transition to germination, hormone-sensitive zinc finger protein 26-28 

7b At5g03150 JKD - + . n.d. radial and epidermal patterning in the root 26,29-31 

8 At4g14920 NCR2 . + . n.d. 
putative PHD-type zinc finger protein with acyltransferase 

activity 
32 

9 At5g36740 NCR3 . + . n.d. 
putative PHD-type zinc finger protein with acyltransferase 

activity 
32 

10 At5g27770 RPL22C . + . n.d. Ribosomal protein 25,33 

11 At3g07565 NCR4 . + . n.d. putative histone H2A deubiquitinase 32 

12 At3g48430 REF6 . + . DNA: CTCTGYTY histone H3K27me3 demethylase 34-37 

13 At1g09060 JMJ24 . + . Histone H3 
transposable elements anti-silencing via ubiquitin E3 ligase 

activity 
38-40 

14 At3g62420 bZIP53 . + . DNA: CACGTCA transcription factor, methylation sensitive 16,41 

15 At1g60000 NCR5 . + . n.d. RNA-binding protein 32 

16 At3g15010 UBA2C . + . n.d. RNA-binding protein involved in developmental processes 42,43 

17 At4g21430 JMJ28 . + . n.d. 
putative transcription factor containing RING and JmjC 

domains 
44,45 

18 At3g15000 MORF8 . + . n.d. Organellar RNA-editing factor 25,46-47 

19 At1g51538 NRC6 . + . n.d. putative plant mobile domain aminotransferase-like protein 15 

20 At2g04880 WRKY11 . . + DNA: CGTTGACCGAG transcription factor 41,48-52 

21 At1g69310 WRKY572 . . + DNA: TGAC transcription factor 41,48-52 

22 At2g03340 WRKY31 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

23 At2g47260 WRKY232 . . + DNA: TGAC transcription factor 41,48-52 

24 At2g38470 WRKY331 . . + 
DNA: GTCAA/TTGAC, 

TTGAAT 
transcription factor, methylation sensitive 41,48-52 
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25 At2g30250 WRKY251 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

26 At5g49520 WRKY482 . . + DNA (TGAC) transcription factor 41,48-52 

27 At5g13080 WRKY752 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

28 At4g31550 WRKY113 . . + DNA: GTCAA/TTGAC transcription factor 41,48-52 

29 At4g24240 WRKY73 . . + 
DNA: 

GTTGACTTT/AAAGTCAAC 
transcription factor, methylation sensitive 41,48-52 

30 At4g01250 WRKY223 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

31 At2g30590 WRKY213 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

32 At2g23320 WRKY153 . . + DNA: GTCAA/TTGAC transcription factor, methylation sensitive 41,48-52 

Table III-2 List of all proteins identified as enriched in at least one unmethylated context. n.d. no data. NCR: non-mC candidate reader, proposed name for unnamed and 
uncharacterized proteins identified in this screen. In the CG, CHG and CHH contexts (columns 4 to 6), (+) denotes a significant enrichment in unmethylated probes, (-) an 
enrichment in methylated probes and (.) no enrichment. Significance determined by Student's t-tests using the same parameters than Figure III-5. When known, the specific 
DNA motif recognized by the protein is mentioned in the known binding column; Y is T or C. Peptides belonging to either ENY or JKD (#26a and b) are enriched in methylated 
CG and unmethylated CHG contexts so both proteins have been included. For WRKY transcription factors identified, the superscript numbers correspond to the subgroup the 
protein belongs to: (1) group Ia, (2) group Ib, and (3) group IIb (Wang et al. 2011). Methylation-sensitive assessment comes from DAP and ampDAP-seq data (O’Malley et al. 
2016). Proteins with a red background belong to a list of common contaminants of affinity purification experiments (Van Leene et al. 2015). References are listed in supplementary 

material SI-2.
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Several proteins presented in Table III-1 and Table III-2 (red rows) are believed to 

be common contaminants of mass spectrometry data, as they belong in the list of such 

contaminants built by comparing hundreds of affinity purification experiments (Van 

Leene et al. 2015). Identifying histones HTB2 and HTB9 in methylated probes might 

highlight an interesting preference for methylated DNA, but their presence in the list of 

contaminants prevent further speculation. Ribosomal proteins RPL35A and RPL22C, 

protein-binding GRF1 and organellar RNA-editing factor MORF8 are indeed unlikely to 

bind DNA on their own or to be part of epigenetic pathways.  

Although not present in the list of contaminants mentioned above, ZIP4 

(At1g56590), also called adaptor protein-3 subunit µ (AP-3µ), is part of a clathrin adaptor 

complex involved in vesicle trafficking (Niihama et al. 2009; Zwiewka et al. 2011), and is 

therefore unlikely to bind DNA and to be involved in epigenetic mechanisms. Similarly, 

ENGB-2 (At5g11480) is likely to be a contaminant since it is expected to be a 

mitochondrial and/or chloroplastic GTPase (Suwastika et al. 2014). 

 

III.3.3. Gene ontology analysis 

 

To further validate the potential involvement in epigenetic processes of the other 

mC reader candidates identified, gene ontology (GO) term enrichment analysis was 

undertaken for this set of proteins. GO analysis on the remaining 24 proteins (excluding 

the 10 known mC readers and the 3 contaminants) performed with AgriGOv2 (Tian et al. 

2017) also supports the identification of potential mC reader candidates (Figure III-6). Our 

set of candidates was enriched in biological processes such as gene expression and 

regulation of transcription, was enriched in the nucleus, and was enriched in DNA binding 

and transcription factor activity, although it should be acknowledged that detection of 

proteins from an enriched nuclear protein extract is likely to identify general protein 

functions related to such nuclear activities (Figure III-6). These results are partially driven 

by the identification of other MBD and SUVH proteins (MBD1, MBD2, MBD4, SUVH1, 

SUVH3, SUVH8). However, excluding these 6 proteins from the analysis does not change 

the molecular function terms identified (data not shown), which further supports their 

ability to bind to nucleic acids and especially DNA, often through zinc finger domains. 
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Figure III-6 GO analysis performed with AgriGO v2 (Tian et al. 2017) on the set of 24 potential mC reader 
candidates (excluding known mC readers and contaminants). Color is representative of statistical significance 
(gradient from low=yellow to high=red) and arrows of relationship between terms (plain being direct dependency). 
Only a selection of significantly enriched terms is shown. 

 

III.3.4. Protein-protein interactions 

 

As represented on Figure III-4-A, the proteins identified by MS could either directly 

bind to DNA, or indirectly co-purify with other DNA-binding factors. In order to identify 

factors that co-purified with mC readers, I looked at known and predicted protein-protein 

interactions involving our candidates using STRING (Franceschini et al. 2013). Three 

protein clusters were formed from the 37 proteins enriched in methylated probes (Figure 

III-7).  

This analysis highlighted known and predicted connections among candidates as 

well as proteins that are likely to have co-purify with bona fide mC readers, such as 

histone proteins HTA7, HTB2 and HTB9, protein chaperones IDL2, IDL3 and MCR5, and 

RNA-binding proteins MCR2, MCR6 and MCR7. 
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Figure III-7 Known, predicted and associative protein-protein interactions among the 37 mC reader candidates 
identified in the pull-down assay. Image modified from results obtained with STRINGv9 (Franceschini et al. 2013). 
The protein colour codes for the DNA probes the candidates were enriched in the pull-down assay. The colours of 
the lines represent the evidence supporting the interactions between joined proteins, as from STRING. Three main 
structures arose: SUVHs and histone proteins mostly, MBDs and RNA-binding putative proteins. 

 

The largest protein cluster was composed of SUVH proteins, histones, VIM1 and 

protein-chaperone MCR5. The interaction between SUVH and histone proteins is 

supported by experimental evidence confirming the interaction between homologous 

proteins in other species, such as in yeast (Lambert et al. 2010) and humans (Buschbeck 

et al. 2009). Furthermore, most SUVHs have been demonstrated to have histone 

methyltransferase activities in Arabidopsis. Although HTB2 and HTB9 were associated 

with E3 and E2 ubiquitination (Cao et al. 2008; Schmitz et al. 2008; Bourbousse et al. 

2012; Rosa et al. 2014), a reaction that can be catalyzed by VIM proteins, and may have 

specifically co-purified in our pull-down assay, they are common contaminants in affinity 

pull-down assays, precluding further discussion. HTA7, a H2A.W histone variant, is 

required for heterochromatin formation (Yelagandula et al. 2014). Thus, there is an 

association between HTA7 and mC, however the fact that HTA7 prefers binding to 

methylated mCGs individually, and not via a protein complex, would need confirmation. 

MCR5 (At2g01710) is also present in this cluster as it has been shown to interact with 

SUVH3 by high-throughput Y2H assay (Arabidopsis Interactome Mapping Consortium 

2011), most likely through its chaperone Dna-J domain, and is unlikely to be a true mC 

reader but rather an interacting protein. 
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The second cluster regroups all the MBD proteins identified, as well as BMI1C 

(At3g23060). Although MBD5 and MBD6 heterodimers have been confirmed 

experimentally (Zemach et al. 2008), associations with and among other MBDs has yet to 

be validated. The association between BMI1C, a component of the polycomb repressive 

complex 1 (PRC1) (Sanchez-Pulido et al. 2008), and MBD1 and MBD2 has been validated 

by the same proteome-wide protein-protein interactions analysis as SUVH3 and MCR5 

(Arabidopsis Interactome Mapping Consortium 2011). BMI1C and MBD1 have been found 

enriched in the same contexts (mCG and mCHH) whereas MBD2 was only enriched in 

the mCG context, which would support a stronger association between BMI1C and MBD1. 

Whether only one of these proteins can bind to methylated DNA and recruits the other, 

or if both can specifically bind to mCG and mCHH, is unknown. Interactions between 

ACD proteins IDL2 and IDL3 and MBD5 are supported by experimental evidence in 

Arabidopsis (Li et al. 2017). The enrichment of IDL2 and IDL3 was limited to the mCG 

context, similar to MBD5, further supporting their co-purification. 

The last cluster consists of RNA-related proteins: ribosomal proteins RPL35A 

(At3g09500) and MCR7 (At1g25260) from L35 and P0 families, respectively (Carroll et al. 

2008); MCR2 (At5g15810), a dimethylguanosine tRNA methyltransferase; and MCR6 

(At4g09040), a protein containing an RNA-binding domain. Evidence for interactions 

among MCR2, MCR6 and MCR7 rely on physical interactions or co-expression 

associations between putative homologs in animal species, and thus does not confirm nor 

deny their associations in Arabidopsis. Nevertheless, RNA-binding proteins are likely to 

either be contaminants such as RPL35A, or to have co-purified with DNA-binding 

proteins, and were not prioritized as mC reader candidates. 
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III.4. Discussion 
 

III.4.1. Identification of known mC readers validates the affinity pull-down assay 

 

To date, 11 proteins have been identified in Arabidopsis that are reported to 

specifically bind to DNA methylation, often with context-specificity. Ten of these were 

found enriched in all replicates of the pull-down assays in at least one methylated context, 

with MBD7 also being identified in two out of three replicates (Table III-1), thus confirming 

that this assay is highly effective for isolating mC readers. The DNA sequence contexts 

they were found enriched in are mostly in accordance with their previously characterized 

binding affinities, further validating the experimental approach. 

 

The three main VIM proteins VIM1, VIM2 and VIM3 (At1g66050, At1g57820 and 

At5g39550, respectively) were found enriched in the mCG and mCHG contexts. They are 

known for their ability to bind both symmetrical contexts, even if their affinity for hemi-

mCG is stronger (Woo et al. 2007; Johnson et al. 2007; Yao et al. 2012). The DNA probes 

used in the pull-down assay were formed by annealing single-stranded oligonucleotides of 

homologous sequences. The biotin tag allowed for the purification of complexed double-

stranded probes and no single-stranded methylated oligonucleotide remained in the 

samples (as assessed by gel electrophoresis, see Materials and Methods). Thus, these 

experiments provide additional confirmation of the ability of VIM proteins to bind both 

mCG and mCHG in vitro, suggesting the presence of other factors that limit their role to 

mCG maintenance in vivo. 

 

Previous studies of Arabidopsis MBD proteins have yielded conflicting results 

regarding their affinities for methylated DNA. The ability to specifically bind mCG has 

been confirmed for MBD5, MBD6 and MBD7 but is less certain for the other MBDs 

(Zemach and Grafi 2007). Here, both MBD5 and MBD6 have been found enriched for 

binding the mCG probes, which is consistent with their known binding affinities. 

However, here MBD5 was not enriched in the binding to mCHH probes, contrary to some 

previous studies (Scebba et al. 2003; Ito et al. 2003). This might be due to low expression 

of MBD5 in suspension cells (Scebba et al. 2003), notably considering the competition with 

other factors that might have stronger binding affinities. 

MBD7 was filtered-out before statistical analysis since only two out of the three 

mCG technical replicates had a LFQ intensity value. It can be hypothesized that MBD7 

was not found more abundantly because it possesses 3 MBD domains (Zemach et al. 2008; 



Chapter III. Identification of mC readers in Arabidopsis thaliana 

 

110 

 

Lang et al. 2015), which might not efficiently bind to the short DNA probes used in this 

study. This may also explain why MBD7 was not able to bind all mCG probes used in 

previous studies (Zemach and Grafi 2003; Scebba et al. 2003; Ito et al. 2003). In agreement 

with these studies, no MBD protein was found enriched in the mCHG context. This is 

likely due to the different binding mechanism of the MBD itself, which interacts with a 

single mCpG-GmC dinucleotide without altering the DNA structure (Ohki et al. 2001), 

unlike UHRFS/VIMs and SUVHs which can bind specifically to mCHG by flipping one or 

two bases out of the double-helix (Arita et al. 2008; Avvakumov et al. 2008; Hashimoto et 

al. 2008; Rajakumara et al. 2011; Du et al. 2014).  

 

All the known SUVH mC readers have been identified in these affinity assays, 

although not always in the same sequence context that was previously reported. SUVH2 

and SUVH9 were reported to bind mC in all sequence contexts, but preferentially in the 

CG and CHH contexts, respectively (Johnson et al. 2008). In these experiments, SUVH2 

was found enriched in all contexts, whereas SUVH9 was only enriched in mCG. 

Enrichment of SUVH9 in mCHG and mCHH was not significant due to the stringency of 

the filtering parameters used, despite SUVH9 being more represented in methylated than 

in unmethylated CHG and CHH contexts, thus it may indeed bind in all sequence contexts 

(Figure III-8). The crystal structure of SUVH5 confirmed its binding to mC in all contexts 

through a dual flip-out mechanism (Rajakumara et al. 2011). Accordingly, SUVH5 was 

found enriched in all methylated contexts by affinity pull-down assays. SUVH4 and 

SUVH6 bind mCHG and mCHH much more strongly than mCG, which is consistent with 

their role in mCHG and mCHH maintenance through feedback loops with CMT3 and 

CMT2 (Johnson et al. 2007; Du et al. 2014). In our pull-down assay, both were statistically 

enriched in mCHG probes only, which is their preferred context (Johnson et al. 2007). 

 

Identifying 10, or 11 when including MBD7, out of the 11 known mC readers from 

the VIM, MBD and SUVH families, mostly in the specific contexts previously reported, 

confirms the validity of the assay. Other members of these families have been found 

enriched in methylated probes, constituting interesting candidates for further exploration 

for a role in epigenetic regulation. 
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Figure III-8 Volcano plots highlighting SUVH9 and ARP enrichment in each context, supporting their preference 
for methylated and unmethylated DNA, respectively, despite not being statistically significant according to cut-offs 
used in the analysis (see Material and Methods and Figure III-5) 

 

III.4.2. Members of known mC-binding families identified as potential mC readers 

 

MBD1, MBD2 and MBD4 were enriched in the mCG context in the pull-down 

assay, and MBD1 also found enriched for mCHH probes. A past study reported that MBD1 

and MBD2 were not able to bind mCG at all, although faint bands were visible on the 

EMSA gel when no DNA competitor was present, and MBD4 was thought able to bind to 

both methylated and unmethylated DNA (Ito et al. 2003). Their identification in our pull-

down assay is likely the result of a more precise comparison of their binding affinities for 

methylated and unmethylated probes. Another possibility is that MBD1, MBD2 and/or 

MBD4 belong to protein complexes that have been recruited to the probes by other mC 

readers. Like MBD5 and MBD6, MBD2 can interact with DDM1 (Zemach et al. 2005). 

However, the localization of MBD2 is diffused within the nucleus of WT plants, excluded 

from the chromocenters and the nucleolus, in contrast to MBD5, MBD6 and MBD7, which 

indicates that MBD2 is unlikely to belong to the same protein complex. Furthermore, 

MBD2 is strongly bound to DNA in WT plants (Zemach et al. 2005). Combined with our 

results, it appears that MBD2 is a bona fide mCG reader, and might rely on factors other 

than mCG to be targeted in vivo. Here, I found that MBD1 is enriched in binding to mCG 

and mCHH. These affinity patterns were similar to BMI1C, a PRC1 component that 

MBD1 can interact with, as identified by Y2H assays (Figure III-7). Further experiments 

are necessary to determine whether both proteins are actual mC readers, or if one recruits 

the other. In the latter case, MBD1 is more likely to be the methylated DNA-binding 
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protein, due to its DNA-binding domain. Such a scenario would support the hypothesis of 

a new mechanism where MBD1 would recruit the PRC1 complex at some methylated loci. 

 

Along with the known mC reader SUVH proteins, three other SUVHs have been 

found enriched in methylated probes: SUVH1 and SUVH3 in all contexts and SUVH8 in 

symmetrical contexts. SUVH1 was identified in a screen for proteins involved in 

transgene anti-silencing (Li et al. 2015b). Treatment with 5-aza-dC, which blocks 

methyltransferase activity, and mutations in the major subunit of PolV (NRPE1), which 

inhibits the RdDM pathway, reverse the molecular phenotype of the suvh1 mutation. This 

would indicate that SUVH1 is involved downstream of DNA methylation. Identification 

of SUVH1 in the pull-down supports this hypothesis and the role of SUVH1 in allowing 

the expression of genes with hypermethylated promoters by binding to these methylated 

loci. SUVH1 was previously reported as not able to induce histone methylation (Ebbs and 

Bender 2006), however the genes down-regulated in suvh1 mutant showed reduced levels 

of H3K4me3, suggesting that either SUVH1 has the ability to recruit a H3K4me3 

methyltransferase or that H3K4me3 occurred downstream of gene transcription (Fromm 

and Avramova 2014; Li et al. 2015b). The role of SUVH3, the closest homolog of SUVH1, 

is still unknown, but its identification in the pull-down assay increases its potential as a 

new mC reader, perhaps functionally redundant with SUVH1. 

SUVH8 is also a member of the SUVH1 subclass, but is more divergent than 

SUVH3 (Figure III-1), and has a specific expression pattern: it is imprinted in the 

endosperm (Hsieh et al. 2011), it is differentially methylated and expressed in 

undifferentiated cell cultures (Berdasco et al. 2008), and it is more broadly regulated in a 

cell-type specific manner by miRNA-directed silencing complexes (Manavella et al. 2013). 

Interfering with the miRNA-targeted degradation of SUVH8 triggers developmental 

phenotypes, which suggests that SUVH8 has an important role during development and 

would explain why its expression is tightly regulated. Considering that SUVH5, SUVH6 

and many other proteins involved in epigenetic processes are also regulated by miRNAs 

(Pant et al. 2009), and that many developmental processes are under epigenetic 

regulation, SUVH8 shows strong potential as a mC reader. 
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III.4.3. New mC reader candidates potentially involved in epigenetics processes 

 

III.4.3.1. Proteins not previously associated with DNA methylation 

 

Except for the proteins belonging to the 3 well-known families of mC readers, most 

remaining proteins identified here also show potential as mC reader candidates. They 

contain DNA-binding domains, such as homeodomains or zinc-fingers, and they are 

involved in developmental processes, often specific to particular cell-types or 

environmental conditions, which is consistent with hypothesized roles of epigenetic 

processes.  

RLT1 (RINGLET1, also called Homeobox-1, HB-1, or Hox7; At1g28420) is a 

transcription factor involved in the maintenance of the vegetative phase, by interacting 

with the Imitation Switch (ISWI) chromatin remodelers CHR11 and CHR17 via its DDT 

domain (Li et al. 2012). Functionally redundant with RLT2, rlt1 rlt2 double mutants have 

an early flowering phenotype and present a range of leaf homeotic defects, similar but not 

as severe as chr11 chr17 mutants (Dong et al. 2013), indicating that CHR11 and CHR17 

must thus constitute other ISWI complexes. RLT1 also interacts with chromatin 

remodelers BRAHMA (BRM), SWI3B and SWI3C (Efroni et al. 2013), increasing the 

complexity of its function and the number of potential chromatin remodeling complexes 

in Arabidopsis. 

Enrichment of HDG11 and HDG12 (Homeodomain glabrous 11 and 12; At1g73360 

and At1g17920) for mCHG probes supports the hypothesis of a link between DNA 

methylation and transcription regulation of developmental and cell-type specific 

processes. HDG11 and HDG12 are paralogous genes that code for proteins mainly 

localized in the L1 layer of the shoot and lateral root meristems (Nakamura et al. 2006; 

Horstman et al. 2015). Members of the HD-ZIP IV family, they contain a homeodomain, 

a leucine zipper motif and a START (lipid/sterol-binding StAR-related lipid transfer) 

domain, potentially enabling hormone-sensitive transcription regulation, and consistent 

with their involvement in various developmental processes (Schrick et al. 2004). Indeed, 

hdg11 mutations induce excess trichome branching, a phenotype enhanced in the hdg11 

hdg12 double mutant (Nakamura et al. 2006), and cell differentiation in the sepal (Roeder 

et al. 2012), whereas hdg12 is involved in floral development by interacting with another 

member of the family, PROTODERMAL FACTOR 2 (PDF2) (Kamata et al. 2013). 

Interestingly, HDG11 over-expression increases drought-tolerance in Arabidopsis by 

enhancing the root architecture, reducing leaf stomatal density and increasing water use 
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efficiency (Yu et al. 2008; Xu et al. 2014). Enhanced drought-resistance has also been 

reported when HDG11 was cloned in tobacco, rice and several other plant species (Yu et 

al. 2008; Cao et al. 2009; Yu et al. 2013, 2016; Zhu et al. 2016b). The increased root growth 

in HDG11 overexpressing plants has been attributed to transcription activation of genes 

involved in cell-wall-loosening (Xu et al. 2014) and in jasmonate biosynthesis (Cai et al. 

2015). Another study showed that overexpression of HDG11 and HDG12 results in much 

smaller plants because of limited cell proliferation and meristem development, whereas 

downregulation of HDG11 and HDG12 (but mostly HDG1) would increase cell 

proliferation (Horstman et al. 2015). HDG11 and HDG12 appear to be important proteins 

for cell differentiation in various tissues, albeit at least partially functionally redundant. 

However, HDG11 has been shown to bind to AAATTAAA motifs in promoters of cell-wall-

regulating genes (Xu et al. 2014). The binding affinity of HDG protein for A/T rich 

sequences conflicts with its potential as a mC reader and would either suggest that these 

proteins have co-purified in the pull-downs, or that they have several binding specificities. 

A more famous member of the HD-ZIP family, FLOWERING WAGENINGEN (FWA, 

HDG6), is an inhibitor of flowering which is silenced in WT plants by DNA methylation 

in tandem repeats located next to the transcription start site (Soppe et al. 2000). 

Identifying members of this gene family in our methylated DNA affinity assay 

strengthens the relationship between these transcription factors, epigenetic regulation 

and developmental processes, whether they are bona fide mC readers or not. 

 

BMI1C (At3g23060) is a member of the ubiquitin-like protein family, identified by 

sequence homology with BMI1, a component of the Polycomb Repressive Complex I 

(PRC1) of vertebrates (Sanchez-Pulido et al. 2008). Its role in the plant PRC1 complex, 

along with its homologs BMI1A and BMI1B, has been supported by their interactions with 

the RING1A and RING1B proteins, homologs of the other components of the animal 

complex (Chen et al. 2010; Li et al. 2011). BMI1C is also able to interact with LHP1 and 

is more divergent than its homologs, which could explain it alone was identified in these 

pull-downs (Chen et al. 2010). BMI1A and BMI1B have H2A monoubiquitin (H2Au) ligase 

activity, like the mammalian complex, and mutations in both genes induce a range of 

embryonic developmental defects (Bratzel et al. 2010). BMI1C also possesses H2A 

monoubiquitination activity, but its expression is tightly regulated, imprinted in the 

endosperm partially by DNA methylation and RdDM, and almost exclusively expressed 

in stamens due to repression by the polycomb-group protein complex (PcG) (Bratzel et al. 

2012). It has also been found expressed in roots, and its overexpression promoted 
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flowering (Li et al. 2011). Due to this limited expression and the redundancy with BMI1A 

and BMI1B, no phenotype was visible in BMI1C RNAi lines and no T-DNA line has been 

identified that induces disruption of the gene, which has limited functional studies 

(Bratzel et al. 2010; Li et al. 2011). Study of bmi1a bmi1b bmi1c triple mutant has 

however confirmed the redundancies among these proteins and their common role in 

repressing the embryonic program after germination, among other developmental 

processes (Yang et al. 2013; Merini et al. 2017). PcG regulation is crucial for proper plant 

development and different combinations of proteins can form complexes which will target 

different regulatory genes and impact different developmental stages and tissues (Wang 

et al. 2016). If BMI1C is a bona fide mC reader, it might be recruited to genes with 

hypermethylated promoters, and might induce gene silencing through H2Aub. 

Alternatively, BMI1C might have co-purified with another protein, presumably MBD1 or 

MBD2 (Figure III-7). RING1A, also called DRIP1 for DREB2A-interacting protein 1 where 

DREB2A is the dehydration-responsive element binding protein 2A, and BMI1A (DRIP2) 

have been shown to induce protein ubiquitination, marking DREB2A for degradation by 

the proteasome (Qin et al. 2008). A similar function for BMI1C would explain its 

identification in the pull-down, potentially bound to MBD1 and/or MBD2. Considering the 

limited cell-type specific expression of BMI1C, this scenario would then support the 

existence of a cell-type specific regulatory role for MBDs, which could have important 

implications for cell-type specific gene expression. 

 

Finally, identification of JACKDAW (JKD, At5g03150) and/or ENHYDROUS 

(ENY, also called INDETERMINATE DOMAIN 1, IDD1; At5g66730) brings an additional 

potential link between DNA methylation and developmental process. Peptides identified 

in mCG and CHG could belong to either of these proteins, so few conclusions can be 

formulated on the binding ability of these proteins. However, they belong to the same 

family of plant-specific C2H2 zinc finger proteins (Englbrecht et al. 2004), and are both 

involved in transcriptional regulation processes acting in development: JKD is involved 

in regulating the expression of TFs involved in cell division and differentiation in the root 

meristem and epidermis (Welch et al. 2007; Hassan et al. 2010; Ogasawara et al. 2011), 

whereas ENY acts in light and hormonal regulation of seed germination (Feurtado et al. 

2011; Fukazawa et al. 2014).  
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Identification of these putative mC reader proteins expressed in a cell-type specific 

manner offers the hypothesis of a relationship between DNA methylation and 

transcriptional regulation via cell-type specific chromatin remodeling complexes 

regulating the expression of specific sets of developmental genes. For example, the extra 

shoot branching phenotype in chr11 chr17 double mutants, absent from rlt1 rlt2 mutants, 

might be due to a complex with HDG11 and/or HDG12 instead, mutations in which also 

induce this phenotype (Dong et al. 2013; Nakamura et al. 2006). ISWI proteins rely on 

their SLIDE domain to bind DDT domain-containing proteins, such as RLT1 and RLT2 

(Dong et al. 2013). HDGs do not contain a DDT domain but other protein sequences might 

be able to enable their association with ISWI proteins. Characterization of the molecular 

functions of RLT and HDG proteins is required to test the hypothesis that mC readers 

alter the transcriptional profiles of the cells in which they are expressed and contribute 

to the formation of cellular identities. 

 

III.4.3.2. Uncharacterized proteins with putative nucleic acid binding domains 

 

Along with the partially characterized proteins presented above, the remaining 

potential candidates have not been characterized to date (MCR1 to MCR7). Only the 

presence of DNA or RNA binding motifs have been inferred from sequences homologies 

by TAIR10 and/or Araport11 datasets (Berardini et al. 2015; Cheng et al. 2017). Notably, 

MCR1 (At5g25475) belongs to the plant-specific B3 superfamily of transcription factors, 

more precisely in the Reproductive Meristem (REM) family which is thought to be 

involved in floral development (Swaminathan et al. 2008; Mantegazza et al. 2014). MCR4 

(At1g31150) contains a K-box domain, which is responsible for heterodimerization of 

APETALA3 and PISTILLATA, genes also involved in floral development (Yang et al. 

2003). This makes them potential candidates for being methylation-sensitive 

transcription factors, but more research is required to confirm this hypothesis. 

 

Among these unknown proteins, three seem to be involved in RNA processing: 

MCR7 (At1g25260) is a ribosomal protein, MCR2 (At5g15810) is a putative tRNA 

methyltransferase and MCR6 (At4g09040) possesses a RNA-binding domain. Ribosomal 

proteins are common contaminants of affinity-purification experiments, but MCR2 and 

MCR6, although unlikely to directly bind methylated DNA, could belong to epigenetic 

pathways downstream of DNA methylation. Indeed, several species of RNA molecules 

have been associated with DNA methylation deposition through the RdDM pathway 
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(reviewed in Cuerda-Gil & Slotkin 2016) or with mC erasure through active 

demethylation with the example of ROS3, which also contains a RNA-binding motif 

(Zheng et al. 2008). Although unlikely to be bona fide mC readers, further study of these 

RNA-binding proteins is required to investigate their potential involvement downstream 

of mC. 

 

III.4.4. Identification of proteins enriched in unmethylated probes 

 

The primary goal of this study was the identification of new mC readers in 

Arabidopsis, but this assay also highlighted proteins which are specifically enriched in 

unmethylated probes. GO analysis on the methylation-sensitive proteins were highly 

enriched in transcription regulation terms due to the presence of the bZIP and WRKY 

transcription factors (Figure III-9-A). Protein-protein interaction analysis was mostly 

limited to putative associations among the WRKY and bZIP TFs, and to co-expression 

between MBD9 and REF6 (Figure III-9-B), which would support the absence of co-

purifying proteins but instead their independent ability to preferentially bind 

unmethylated DNA. 

 

 

Figure III-9 Analysis of gene ontology (GO) enrichment and protein-protein interactions among the 33 methylation-
sensitive proteins enriched in unmethylated probes. A. Molecular function GO analysis performed with AgriGOv2 
(Tian et al. 2017). Colors are representative of significance and arrows of the relationship between terms. Only a 
selection of significantly enriched terms is shown B. Known and associative protein-protein interactions. Image 
modified from results obtained with STRINGv10 (Szklarczyk et al. 2015). The protein colour codes for the DNA 
probes in which the proteins were enriched in the pull-down assay. The colours of the lines represent the evidence 
supporting the interactions between joined proteins, as from STRING. 

 

ARP (apurinic endonuclease-redox protein; At2g41460) is the only protein 

enriched in two unmethylated contexts, CG and CHH, and is not significantly enriched in 

the CHG context because of the strict statistical cut-offs used (Figure III-8). It is also the 

principal AP endonuclease in Arabidopsis, involved in DNA repair after active 

demethylation by DME or ROS1 (Córdoba-Cañero et al. 2011; Lee et al. 2014; Akishev et 
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al. 2016). In seeds however, where active demethylation occurs intensely for genome 

imprinting, APE1L and APE2, homologs of ARP, are more important (Murphy et al. 2009; 

Li et al. 2015c). Why APE1L and APE2 have not been identified in our pull-down assay is 

unknown, but they simply might not be expressed in cell-cultures. The identification of 

RAD4 (At5g16630), also involved in DNA repair (Kunz et al. 2005; Liang et al. 2006), 

suggests that DNA repair, including after active mC demethylation, seems to at least 

partially rely on methylation-sensitive DNA-binding proteins to be recruited to damaged 

loci. 

 

The ability of MBD9 to bind mC has never been confirmed, instead it is known to 

bind to histone H4 and to have histone acetyltransferase activity (Zemach and Grafi 2007; 

Yaish et al. 2009). Consistent with a function in transcriptional activation, a mutation in 

MBD9 suppresses the increased expression of transposable elements in atrx5 atrx6 double 

mutants (Hale et al. 2016). MBD9 is a unique MBD protein, much larger than the other 

members of the family and the only one containing PHD, BROMO and FYRC domains 

(Berg et al. 2003; Springer and Kaeppler 2005; Figure III-1). The MBD of MBD9 might 

have kept its mCG-sensitivity but evolved a preference for unmethylated sequences, 

promoting the expression of unmethylated loci through the histone acetyltransferase 

activity of other domains of MBD9. 

 

Relative of early flowering 6 (REF6), also called Jumonji domain-containing 

protein 12 (JMJ12), is a H3K27me3 demethylase involved in PcG-mediated 

developmental processes in Arabidopsis (Lu et al. 2011). REF6 binds specifically to 

CTCTGYTY motifs (where Y is T or C) via its zinc finger domains (Li et al. 2016; Cui et 

al. 2016). The sequence of the CHG probe only includes a -TCTG- motif, which confirms 

the previously-known specificity of REF6 for CHG context and adds a preference for 

unmethylated DNA. This preference might explain why only 15% of the CTCTGYTY 

motifs in Arabidopsis genome are bound by REF6 (Mozgova and Köhler 2016). It would 

also link DNA methylation (or absence thereof in the CHG context) with H3K27me3 and 

PcG regulation of genes that are involved in developmental processes, have cell-type 

specific expression, or are environmentally responsive. Such a mechanism would reinforce 

the chromatin state of PcG-regulated targets, where unmethylated loci will be targeted 

for H3K27me3 demethylation enabling the expression of the genes, whereas mCHG would 

inhibit REF6 recruitment and subsequent H3K27me3 demethylation, and maintain 

transcriptional silencing. The consensus motif for REF6 binding is not entirely present in 
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the CHG probe, and is thus not entirely required for REF6 DNA-binding activity, hinting 

towards the presence of other factors that provide its sequence specificity in vivo. Two 

other Jumonni-C (JmjC) domain-containing proteins, JMJ24 and JMJ28, were found 

enriched in the CHG context in these affinity pull-downs. JMJ24 acts to reduce H3K9me2 

levels indirectly, through ubiquitin E3 ligase activity via its RING domains that targets 

CMT3 for proteasomal degradation (Deng et al. 2015; Kabelitz et al. 2016; Deng et al. 

2016). JMJ28 is an homolog of JMJ24 that also contains a JmjC and a RING domain (Lu 

et al. 2008), but like JMJ24 does not show any histone demethylase activity (Qian et al. 

2015). The JmjC domain is also present in other proteins related to epigenetic processes, 

such as increase in bonsai methylation 1 (IBM1), a H3K9 demethylase responsible for 

preventing gene body methylation in the CG context spreading to the CHG context (Saze 

et al. 2008; Miura et al. 2009), and JMJ14, a H3K4me3 demethylase involved in the 

maintenance of non-CG methylation deposited by the RdDM pathway (Searle et al. 2010; 

Deleris et al. 2010). These results corroborate an association between JmjC-domain 

proteins and DNA methylation, especially in the CHG context, and would support their 

activity in preventing heterochromatin marks from spreading into euchromatin in other 

species, such as DMM-1 in N. crassa and Epe1 in S. pombe (Tamaru 2010). Further 

investigation is required to evaluate whether the JmjC domain is indeed responsible for 

CHG methylation-sensitive DNA binding. 

 

As in methylated contexts, RNA-related proteins were also enriched in 

unmethylated probes (RPL22C, NCR5, MORF8, UBA2C). RPL22C and MORF8 are 

common contaminants in mass spectrometry studies (Van Leene et al. 2015). Their 

function and sub-cellular localizations tend to confirm this explanation as MORF8 

(Multiple organellar RNA editing factor 8), also called RNA-editing factor interacting 

protein 1 (RIP1), is involved in RNA editing in the chloroplast and the mitochondria 

(Takenaka et al. 2012; Bentolila et al. 2012). UBA2C (At3g15010) is a heterogeneous 

nuclear ribonucleoprotein-type RNA-binding protein, which is sensitive to mechanical 

wounding and induces senescence and defense response pathways (Bove et al. 2008; Kim 

et al. 2008). Identification of these RNA-binding proteins does not seem biologically 

relevant to DNA methylation and they are more likely to have co-purified with other 

proteins, although their methylation-sensitivity cannot be ruled out. 
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As expected from previous studies, several transcription factors have been 

identified to be sensitive to DNA methylation. BZIP13 and bZIP53 are transcription 

factors from different subgroups of the basic leucine zipper family, involved in various 

developmental processes such as seed maturation and flower development (Jakoby et al. 

2002). Proteins of this family bind preferentially to the palindromic sequences A-box 

(TACGTA), C-box (GACGTC) or G-box (CACGTG) motifs containing a central CG 

dinucleotide (Jakoby et al. 2002), which might be the case for bZIP13, enriched in the 

unmethylated CG context, but not for bZIP53, enriched in CHG. Indeed, some bZIP 

proteins show different binding specificities, including motifs containing a central CHG 

sequence (Fukazawa et al. 2000). More importantly, bZIP53 has been reported to bind to 

CTGACGTG and CACGTCAG motifs, both containing cytosines in CG and CHG contexts, 

with higher affinity when cytosines are unmethylated (O’Malley et al. 2016). Our analysis 

would support a binding preference of bZIP53 for sequence-specific motifs containing 

unmethylated cytosine in the CHG context rather than in the CG context. 

Thirteen WRKY transcription factors were found here to be enriched in 

unmethylated probes in the CHH context. WRKY is a plant-specific family of 74 

transcription factors involved in a wide array of developmental processes and responses 

to biotic and abiotic stresses, and thought to bind to the (TT)TGAC(C/T) DNA motif called 

W-box (Eulgem et al. 2000; Dong et al. 2003; Ülker and Somssich 2004; Wang et al. 2011). 

All the WRKY proteins identified in our assay are defense-related and their expression is 

increased upon pathogen infection, except WRKY1 whose expression is unchanged upon 

infection (Dong et al. 2003). These 13 WRKY transcription factors belong to three different 

subgroups of the WRKY family: the WRKY in subgroup I contain two WRKY motifs, 

whereas subgroup II and III proteins usually have one WRKY motif. The C-terminal 

motif, shared by all subgroups, is responsible for the sequence-specific DNA-binding 

(Eulgem et al. 2000) and may also account for their methylation-sensitivity. The TGAC 

consensus motif, present in the CHH probes, on the strand opposite the methylated or 

unmethylated C (Figure III-2), is however not sufficient to predict the binding of all WRKY 

proteins as neighboring nucleotides influence their binding affinity (Ciolkowski et al. 

2008). Most WRKY transcription factors have been shown to be sensitive to methylation 

(O’Malley et al. 2016), including 9 of the 13 WRKY TFs identified in our assay (WRKY3, 

WRKY7, WRKY11, WRKY15, WRKY21, WRKY22, WRKY25, WRKY33 and WRKY75, 

Table III-2). Thus, the WRKY TFs identified here are likely to be the ones with higher 

specificity for the DNA sequence chosen for the CHH probe. These experiments thus 

confirm the methylation-sensitivity of some WRKY and bZIP TFs, which could prove 
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essential for the regulation of genes involved in developmental and environmental 

processes. 

 

Some previously uncharacterized proteins enriched in unmethylated CHG probes 

contain a domain commonly associated with DNA-binding and chromatin regulation: 

NCR2 (At4g14920) and NCR3 (At5g36740) have PHD-type zinc fingers and a putative 

acetyltransferase activity, and NCR4 (At3g07565) is a putative histone H2A 

deubiquitinase (Cheng et al. 2017). Also, two plant mobile domain proteins (NCR1, 

At5g18510; and NCR6, At1g51538) have been identified as enriched in the CG and CHG 

contexts, respectively, and the plant mobile domain was identified in association with 

WRKY domains in transposases (Babu et al. 2006). Further experiments would be 

required to determine whether these DNA-binding domains are genuinely DNA 

methylation-sensitive, and in which pathways do these proteins belong. 

 

The list of proteins enriched in unmethylated contexts seems to also validate the 

accuracy of the pull-down assay. Indeed, their functions can be associated with the 

absence of DNA methylation: DNA repair, potentially after demethylation (ARP and 

RAD4); gene activation through acetyltransferase activity (MBD9, NCR2 and NCR3), 

histone demethylase activity (REF6) or ubiquitin ligase activity (JMJ24 and potentially 

JMJ28); and sequence-specific transcription factors (bZIPs, WRKYs, NCR4, potentially 

NCR1 and NCR6). Further investigation of these proteins could also provide interesting 

information about epigenetic mechanisms acting specifically at unmethylated loci, but is 

beyond the scope of this study. 

 

III.4.5. Limitations of the pull-down affinity – MS assay 

 

III.4.5.1. Sequence-specificity of the proteins isolated 

 

A common limitation of EMSA and DNA affinity pull-down assays relies on the 

requirement for short DNA probes of a predetermined sequence. Protein binding sites are 

often restricted by the neighboring DNA sequence around preferred motifs, and the higher 

order structure of the DNA might also impact the binding affinities (Siggers and Gordân 

2014). Furthermore, nucleosomes and histone modifications are lacking from these DNA 

probes, which could also impact the binding ability of mC readers. It would be interesting 

in the future to perform DNA affinity pull-down assays with reconstituted nucleosomes 
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harboring various post-translational modifications in order to test this hypothesis. Also, 

it has been shown that the local sequence composition can influence the level and 

distribution of DNA methylation in the CHG and CHH sequence contexts (Gouil and 

Baulcombe 2016). Investigating the influence of the local sequence on which proteins are 

recovered in such pull-down assays may thus increase our understanding of mC readers 

binding specificities. 

Inherent to the experimental design, using a specific sequence for the DNA probes 

will enrich for proteins able to recognize this sequence. This is particularly apparent for 

the CHH context where many transcription factors of the WRKY family have been found 

enriched in non-methylated probes since their recognition motif (TGAC) is present in the 

probe. Interestingly, except for ARP which is also enriched in the CG sequence context, 

WRKY transcription factors constitute the only proteins identified in the CHH 

unmethylated context. Study of all the binding sites transcription factors can bind to and 

how DNA methylation influences loci-specific binding by (amp)DAP-seq has enabled an 

estimation of the sensitivity of many Arabidopsis TFs to methylation (O’Malley et al. 

2016). Interestingly, only a limited number of TFs were found to prefer methylated 

sequences over unmethylated sequence (4.3%) compared to TFs whose binding is inhibited 

by DNA methylation (24%).  

The aim of this study was the identification of mC readers with a genome-wide 

function in Arabidopsis. Except MBD7, the lower enrichment of which might be attributed 

to the short DNA fragments used as bait, all known mC readers could bound the probes. 

Such proteins, notably VIM proteins and SUVH4/5/6 involved in DNA methylation 

maintenance, are expected to bind to many loci and to show little sequence specificity. 

Finding proteins enriched in several contexts further supports their lack of sequence 

specificity. Other mC readers could, however, be more stringent in their recognition 

motifs. Proteins involved in regulating developmental processes, such as BMI1C, RLT1 

and HDG11/12 identified in this assay, could potentially bind specific DNA sequences 

present only in a subset of regulatory genes. Performing another pull-down with different 

probe sequences could potentially identify new mC reader candidates with specific DNA-

sequence requirements and may identify different TFs enriched in unmethylated probes 

(O’Malley et al. 2016). However, it may not increase the number of sequence-non-specific 

mC readers identified. 

 

Fewer proteins were enriched in the methylated probes in the CHH context than 

in the symmetrical contexts, especially considering the less stringent statistical cut-off 
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used in the CHH context. This is potentially explained by the presence of 8 methylated 

sites in the symmetrical contexts against only 4 in the CHH context. Alternatively, this 

could indicate that fewer proteins have the ability to bind to mCHH. CG and non-CG 

methylation appear to have only partially overlapping roles in transcriptional silencing, 

with different phenotypes visible when methylation in one of the two contexts has been 

abolished (Cao and Jacobsen 2002). However, mCHG and mCHH seem to be mostly 

redundant for TE silencing, mCHG having more effect on its own (Stroud et al. 2014). A 

natural epiallele in the Nok-1 accession has been associated with the maintenance of 

mCHG exclusively (Agorio et al. 2017). mCHH might thus be a way of reinforcing mCHG 

silencing by blocking DNA-binding proteins, but without having specific mC readers 

which carry another function. The interconnectivity between mCHG and mCHH is all the 

more highlighted by their maintenance and de novo deposition being regulated by the 

same proteins: SUVH4, SUVH5, SUVH6, CMT2, CMT3 and DRM2 (Cao and Jacobsen 

2002; Ebbs and Bender 2006; Stroud et al. 2014). 

 

III.4.5.2. Isolating nuclear proteins from Landsberg erecta cell-culture 

 

Two aspects of the DNA-affinity pull-down assay protocol could have influenced 

the results: the fact that suspension cell-culture was used, and the Arabidopsis accession 

used. Cell-culture has a different epigenetic profile, including a different transcriptome 

and methylome (Berdasco et al. 2008). This would influence the composition of nuclear 

extracts as many genes are down-regulated in cell culture (Berdasco et al. 2008). Similar 

limitations would apply to any cell-type, and possibly each developmental stage. The 

identification of most known mC readers as well as proteins with an expression limited to 

specific tissues, such as BMI1C and SUVH8, would however contradict this argument and 

validate the approach used, and may actually have provided some advantage. 

Nevertheless, the specialized transcriptional profile of cells in culture may have limited 

the identification of proteins involved in tissue-specific mechanisms, such as genome 

imprinting in the seed or the establishment of methylation profiles in developing gametes. 

 

Arabidopsis accessions show different methylome profiles, mostly attributed to 

their varying history in TE movements (Quadrana et al. 2016; Stuart et al. 2016). The 

genome-wide epigenetic mechanisms responsible for the establishment and maintenance 

of these profiles, including the binding of mC reader proteins to DNA methylation, are 

however expected to be mostly conserved across accessions. Indeed, most differences in 
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gene expression among Arabidopsis accessions rely mostly on the presence and silencing 

of TE and repeat sequences (Quadrana and Colot 2016). Several examples support this 

hypothesis, such as the methylation status of the phosphoribosylanthranilate isomerase 

(PAI) genes (Melquist et al. 1999; Luff et al. 1999) or the qua-quine starch (QQS) gene 

(Silveira et al. 2013). 

Orthologs of SUVH and MBD proteins can be found in other plant species 

including monocots such as rice and maize (Springer and Kaeppler 2005; Springer et al. 

2003), which also share, to some extent, similar mechanisms for the regulation of DNA 

methylation than Arabidopsis, such as mCHG maintenance by chromomethylases and 

mCHH deposition through the RdDM pathway (Li et al. 2014; Matzke and Mosher 2014). 

Performing affinity pull-down assays with nuclear proteins from other plant species 

would provide a way of estimating the conservation of epigenetic mechanisms in plants. 

However, little difference is to be expected when comparing mC readers from different 

Arabidopsis accessions. 

 

III.4.6. Towards the characterization of the potential candidates in planta 

 

The study presented in this chapter is the first mass spectrometry based screen for 

mC readers in plants, and has extended the list of known mC reader proteins in 

Arabidopsis, adding several new candidates. Among these potential mC readers, some are 

expected not to be able to directly bind to methylated DNA but rather co-purified with 

actual mC readers. Performing an EMSA with each protein identified could be useful to 

test their individual ability to bind mC. However, these experiments would only confirm 

their in vitro binding capability, and their functions in planta would remain unknown. 

Studying co-purifying proteins could also increase our knowledge of the molecular 

machinery involved in interpreting DNA methylation marks, as these proteins may 

interact closely with bona fide mC readers. Thus, I decided to further the investigation of 

potential mC readers by characterizing the proteins in vivo, presented in the next 

chapters. First, I studied mutant lines defective in a candidate mC reader, or two when 

functional redundancy could be expected, to investigate their genome-wide molecular 

phenotypes by MethylC-seq and RNA-seq (Chapter IV). The single mutant lines were 

then complemented with the corresponding protein fused to an epitope tag that enabled 

a sensitive characterization of the genome-wide binding of the candidates by chromatin 

immunoprecipitation-sequencing (ChIP-seq), as well as characterization of interactor 

proteins by tandem-affinity purification coupled with mass spectrometry (TAP-MS) 
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(Chapter V). These further characterizations, presented and discussed in the following 

chapters, confirm the mC binding ability of the proteins in planta, and highlight new 

epigenetic mechanisms involving these proteins. 
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Abstract 

 

Functional characterization of the proteins able to bind DNA methylation is pivotal to 

understand the effect of mC on gene regulation and the role of mC in the epigenetic 

landscape. In the previous chapter, I identified all known Arabidopsis mC readers and 

discovered new candidates that have not been previously reported as mC binding proteins. 

To investigate the function of these proteins, I studied T-DNA insertion mutant lines of 

these mC reader candidates. For candidates with a predicted functional redundancy with 

closely-related proteins, double mutants were generated using CRISPR/Cas9 technology. 

Whole-genome bisulfite sequencing analysis of these single and double mutants showed 

that the loss of these candidate mC readers had a limited impact on genome-wide DNA 

methylation levels. Genome-wide transcriptional analysis identified sets of genes 

differentially regulated in the mutants, but was unable to identify the precise function of 

these candidates, notably due to confounding biological variation. Several hypotheses 

could explain these results, including the spatially and/or temporally limited function of 

these proteins in Arabidopsis. 
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IV.1. Introduction 
 

A set of mC reader candidates, proteins able to bind preferentially to DNA 

methylation, was identified by DNA affinity pull-down, and these proteins present 

features supportive of a potential role in epigenetic regulation (Chapter III). Confirming 

their involvement in epigenetic processes requires to determine the function of these 

proteins in vivo. As detailed in the following introduction, the lack of morphological 

phenotypes in previous studies of known mC readers incites their characterization at the 

molecular level, and notably their potential involvement in DNA methylation and 

transcriptional regulation. Also, certain candidates are likely to be functionally 

redundant, thus the molecular phenotypes of double mutants generated with 

CRISPR/Cas9 were investigated. This chapter presents the study of the genome-wide 

DNA methylation and transcriptional profiles of the mutant lines deficient in mC reader 

candidates. 

 

IV.1.1. The absence of morphological phenotypes in epigenetic mutants prompts their 

molecular characterization 

 

Most of the known mC readers are implicated in the establishment or the 

maintenance of DNA methylation in Arabidopsis. VIM proteins are involved in 

maintaining mC in the CG context, as highlighted by the genome-wide abolishment of CG 

methylation in vim1 vim2 vim3 triple mutants (Stroud et al. 2013). SUVH4, SUVH5 and 

SUVH6 are implicated in mCHG and mCHH maintenance, yet some mCHH and mCHG 

methylation remain in the suvh4 suvh5 suvh6 triple mutants (Stroud et al. 2013, 2014). 

The remaining methylation that persists in the absence of the above proteins is thought 

to be maintained by the RNA-directed DNA methylation (RdDM) pathway, since all 

mCHG and mCHH methylation is abolished in cmt2 cmt3 drm1 drm2 quadruple mutants 

(Stroud et al. 2014). SUVH2 and SUVH9 are responsible for PolV recruitment and the 

initiation of the RdDM pathway (Johnson et al. 2014). In all these cases, disruption of mC 

readers induces hypomethylation of their targets binding sites. 

In contrast with these molecular phenotypes, morphological phenotypes are not 

visible in most of these mutants, partially due to functional redundancies among proteins 

(Thorstensen et al. 2011). For example, VIM1 was identified via a genetic screen of 

natural alleles affecting the methylation status of centromeric repeats, but no striking 

morphological defects were reported (Woo et al. 2007). The maintenance of this mutated 

allele in a natural population further supported the lack of deleterious effects caused by 
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the mutation. Obvious morphological phenotypes were also absent in the first generation 

of the mutants deficient in the DDM1 chromatin remodeler, despite a global loss of 70% 

of methylated cytosines (Vongs et al. 1993). These examples are consistent with the 

observation of limited morphological defects in epigenetic mutants grown under 

laboratory conditions, and illustrate the potential lack of utility of plant morphological 

analysis as a means for testing and identifying gene function (Bouché and Bouchez 2001). 

Instead, molecular phenotypes can provide much greater insight into gene and protein 

functions in vivo. 

Since known mC readers show aberrant methylation patterns (Stroud et al. 2013), 

the characterization of the mC reader candidates identified by DNA affinity pull-down 

experiment (Chapter III) must involve the study of DNA methylation profiles in their 

respective mutants. Also, many of these candidates contain DNA binding domains and/or 

are annotated as putative transcription factors. Sequence-based transcriptome analyses 

(RNA-seq) have become the gold standard for the investigation of global transcriptional 

changes. Notably, these analyses have highlighted the role of SUVH2 and SUVH9 in a 

mC-independent repressive mechanism involving MORC6 (Liu et al. 2016). Integration of 

RNA-seq results with methylation data for mC reader candidates could also help to 

understand the role of these proteins in regard to the relationship between mC and 

transcriptional regulation.  

 

IV.1.2. Functional redundancy among mC readers 

 

Unlike in mammals where a single SRA-domain protein (UHRF1) is responsible 

for recruiting DNA (CYTOSINE-5-)-METHYLTRANSFERASE 1 (DNMT1) to enable 

mCG maintenance after replication (Bostick et al. 2007; Sharif et al. 2007), three VIM 

proteins are capable of recruiting MET1 for mCG maintenance in Arabidopsis (Woo et al. 

2008; Stroud et al. 2013; Shook and Richards 2014). Although the vim1 single mutant 

alone shows DNA hypomethylation at centromeres (Woo et al. 2007), only a triple vim1 

vim2 vim3 mutant show genome-wide loss of mCG and phenotypic defects (Woo et al. 

2008; Stroud et al. 2013). This functional redundancy is also present in the RdDM 

pathway where both SUVH2 and SUVH9 can recruit PolV to induce de novo DNA 

methylation (Johnson et al. 2014), whereas DNA methylation is marginally affected in 

single suvh9 mutants (Stroud et al. 2013). It can thus be expected that some mC reader 

candidates identified in the DNA affinity pull-down may share their function with close 

homologs. 
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IV.1.2.1. HDG11 and HDG12 

 

HDG11 and HDG12 are paralogous genes, resulting from a relatively recent 

duplication in Arabidopsis (Nakamura et al. 2006). These genes show tissue-specific 

expression and have different overall expression levels but they vary similarly in all 

organs, suggesting that they have not undergone subfunctionalization or 

neofunctionalization (Duarte et al. 2006). Study of hdg11 and hdg12 single mutants have 

shown their involvement in a range of developmental phenotypes (Nakamura et al. 2006; 

Roeder et al. 2012; Kamata et al. 2013). However, the double mutant hdg11 hdg12 shows 

an extra trichome-branching phenotype more severe than the hdg11 single mutant, and 

this phenotype is absent from the hdg12 single mutant entirely (Nakamura et al. 2006). 

These proteins thus appear to be at least partially redundant, and studying the double 

mutant could highlight their shared role in transcriptional regulation. 

 

IV.1.2.2. SUVH1 and SUVH3 

 

Conservation analyses among SUVH proteins have identified four sub-classes 

(Figure III-1), which can be regrouped into three when their molecular functions are also 

considered (Baumbusch et al. 2001; Springer et al. 2003; Naumann et al. 2005). Two of 

these sub-classes have been extensively studied and highlighted the functional 

redundancies among the proteins in each sub-class: SUVH4, SUVH5 and SUVH6 are 

involved in mCHG and mCHH maintenance through their H3K9me2 methyltransferase 

activity, whereas SUVH2 and SUVH9 are involved in RdDM but have lost their histone 

methyltransferase activity. The remaining SUVH proteins belong to the remaining 

cluster. Among them, SUVH1 and SUVH3 showed a preferred binding to methylated DNA 

in all contexts, whereas SUVH8 only in mCHH (Chapter III). In addition to their ability 

to bind methylated DNA in the same sequence contexts, SUVH1 and SUVH3 are both 

expressed more ubiquitously in Arabidopsis, in contrast with SUVH8 which is restricted 

to the seed (Baumbusch et al. 2001). Furthermore, SUVH1 and SUVH3 are more closely 

related, originating from a duplication event in non-collinear regions of the genome, in 

the same fashion as SUVH2 and SUVH9 (Springer et al. 2003). Considering the functional 

redundancies among SUVH proteins belonging to the same sub-class, investigating suvh1 

suvh3 double mutants could identify conserved functions between these two genes. 
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IV.1.2.3. MBD proteins 

 

Studies of MBD proteins in Arabidopsis have mainly focused on MBD5, MBD6 and 

MBD7, and have highlighted the likely functional redundancy between MBD5 and MBD6. 

Indeed, MBD5 and MBD6 show similar localization patterns in Arabidopsis nuclei, being 

enriched in chromocenters and mainly at the rDNA clusters. Furthermore, these proteins 

were found to interact in GST-pulldown and affinity purification assays (Zemach et al. 

2005, 2008; Li et al. 2017). MBD5 and MBD6 also show higher sequence conservation 

between one another than with other MBD proteins (Ito et al. 2003; Springer and 

Kaeppler 2005).  

Among the other MBD proteins identified in the DNA affinity pull-down 

experiment, MBD1 and MBD4 are closely related genes that belong to the same sub-class 

(Ito et al. 2003; Springer and Kaeppler 2005). Also, MBD1 and MBD2 were both found to 

interact with BMI1C and the HAT3.1 homeobox protein via high-throughput Yeast-2-

Hybrid assay (Arabidopsis Interactome Mapping Consortium 2011). Thus, MBD1 and 

MBD2 might belong to a protein complex with BMI1C and HAT3.1. To investigate 

potential redundancies among MBD proteins, mbd5 mbd6, mbd1 mbd2 and mbd1 mbd4 

appear to be the more promising double mutants to pursue. 

 

IV.1.3. Selection of single mutant plant lines 

 

The pull-down assay presented in the previous chapter identified a good set of mC 

reader candidates, which putative functions are consistent with a potential involvement 

in epigenetic regulation. In order to assess these findings in vivo, loss-of-function mutants 

of the corresponding proteins were studied. For most candidates, I could rely on the large 

collections of T-DNA insertion lines already available (O’Malley and Ecker 2010). These 

lines have been created by plant transformation with a large T-DNA only coding for the 

resistance to an antibiotic and which insertion within a gene body would disrupt the 

normal expression of the gene. This random insertion process has been followed by the 

identification of the T-DNA insertion point in the transformed plant. Several collections 

of mutants have been produced by different labs, expanding the number of genes 

disrupted in at least one of these lines (Alonso et al. 2003; Kleinboelting et al. 2012; 

Sessions et al. 2002; Woody et al. 2007). 
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Studying these T-DNA lines is a gold-standard for functional genetic analysis in 

Arabidopsis, however this method presents some limitations (O’Malley et al. 2015). First, 

since the T-DNA insertion is a random process, mutants cannot be found for all genes. 

Second, lines can harbor several T-DNA insertions (the average number of insertions per 

line being 1.13), which means that another, unrelated gene might also be disrupted in the 

studied line. Also, when the insertion occurs towards the 3' of a gene, a truncated yet 

functional protein could still be produced. Finally, the presence of foreign DNA in the 

genome and the regulatory sequences it contains can have cis-acting effect on neighboring 

genes. Several selection criteria and notably the careful genotyping of several lines per 

candidate gene can however mitigate these issues (O’Malley et al. 2015). 

 

IV.1.4. Generation of double mutants through CRISPR/Cas9 targeted mutagenesis 

 

The classical approach to generate double mutants is to cross the respective single 

mutants. However, there are limitations to using such a method. Plant crosses are 

inherently dependent on the existence of single mutants, which are commonly T-DNA 

lines that have intrinsic limitations, highlighted above. Also, two generations are 

necessary to obtain plants homozygous for both desired alleles. Notably, when the target 

genes are present on the same chromosome, the generation of double homozygous plants 

depends on a recombination event occurring between the two mutated alleles. When the 

target genes are close to each other, the frequency of such events is very low. 

The recent development of CRISPR/Cas9 system for targeted mutagenesis 

presents several benefits over the use of T-DNA lines and plant crosses. When Cas9 is 

guided to the targeted locus via the gRNA, it induces a double-stranded break in the DNA 

three bases upstream from the PAM site (Jinek et al. 2012). The repair machinery 

intervenes but mutations are often induced when the DNA is repaired, a few base-pairs 

being added to or removed from the DNA ends (Mali et al. 2013; Cong et al. 2013). These 

errors, short insertion or deletions (indels), usually result in a change in the reading frame 

of the transcript. Hence, although the gene can still be expressed, no functional protein 

can be produced from the transcript. By expressing the CRISPR cassette in the 

Arabidopsis egg cell, plants with homozygous mutations can be recovered in the first 

generation, as all cells can inherit the mutated alleles (Wang et al. 2015). Notably, by 

using several gRNAs in the same cassette, several genes can be targeted simultaneously, 

and double and/or triple homozygous plants can be found in the first generation (Wang et 

al. 2015). Also, once the mutations have been induced, the T-DNA containing the CRISPR 
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cassette can be segregated out of the genome in the next generation, resulting in plants 

only containing the mutated allele(s) and no foreign DNA that could be disrupting another 

endogenous locus. 

 

The aim of this study was to analyze the molecular phenotypes induced by the 

absence of the mC reader candidates in Arabidopsis. The first step consisted of selecting 

loss of function T-DNA lines for each candidate, creating double mutants for potentially 

redundant candidates, and confirming the disruption of the respective proteins. 

Transcriptional profiles of these lines were then analyzed by RNA-seq and the genes 

differentially expressed in the mutants identified in order to explore the potential roles of 

some mC reader candidates in transcriptional regulation. Subsequently, the genome-wide 

DNA methylation profiles were investigated but did not reveal significant differences in 

mC levels caused by the mutations. Finally, the significance of these results is discussed, 

and notably the factors potentially limiting the discovery of a precise function for these 

candidates. 



Chapter IV. Genome-wide DNA methylome and transcriptome analysis of mC reader mutants 

 

157 

 

IV.2. Material and methods 
 

IV.2.1. Plant growth 

 

All plants were Arabidopsis thaliana accession Col-0, and grown on soil at 22°C in 

16h light/8h dark cycles. WT plants were transformed by Agrobacterium-mediated T-DNA 

insertion using the floral dipping procedure (Clough and Bent 1998). Seedlings were 

grown on ½ Murashige and Skoog (½ MS) media supplemented with 1% sucrose. 

 

IV.2.2. T-DNA genotyping 

 

Genomic DNA for genotyping was extracted from leaf tissue through a protocol 

adapted from (Edwards et al. 1991). Genotyping was performed via PCR amplification of 

the inserted T-DNA sequence. The primers used for genotyping PCRs were designed with 

the iSect tool from the Salk Institute Genomic Analysis Laboratory and are listed in SI-

1. Homozygous plants only were selected for subsequent experiments. 

 

IV.2.3. CRISPR/Cas9 mutagenesis 

 

IV.2.3.1. Cloning 

 

gRNAs were designed for each target using CRISPRdirect (Naito et al. 2015) and 

further analyzed with E-CRISPR (Heigwer et al. 2014). The cassettes containing two 

gRNAs for each mutant pair were ordered as gBlocks (IDT) and were inserted into 

pHEE2E backbone, provided by Dr Qi-Jun Chen (Wang et al. 2015), by restriction-ligation 

using BsaI (NEB). 

 

IV.2.3.2. Genotyping 

 

Plants transformed with the CRISPR cassette were selected by resistance to 

hygromycin. Genomic DNA was extracted from leaf tissue through a protocol adapted 

from (Edwards et al. 1991). The primers used for genotyping PCRs are listed in SI-1. 

Homozygous plants were determined by the presence of a single trace including a 

mutation after Sanger sequencing. When applicable, mutations at the targets were also 

assessed by restriction digest (Table IV-2). Only T2 plants that were selected for the 



Chapter IV. Genome-wide DNA methylome and transcriptome analysis of mC reader mutants 

 

158 

 

absence of the CRISPR cassette by PCR, but that remained homozygous for the desired 

mutations were selected for subsequent experiments. 

 

IV.2.4. High-throughput RNA sequencing (RNA-seq) 

 

IV.2.4.1. Library preparation 

 

RNA-seq library preparation and sequencing was performed in three batches 

(Table IV-1, Table IV-2). Three biological replicates were performed in parallel for all 

genotypes, except only 1 WT replicate was included in batch 1. One replicate consists of a 

6-week old rosette leaf from an independent plant (batches 1 and 2) or of a whole 

population of 2-week old seedlings (batch 3). Total RNA was extracted with RNeasy Plant 

Mini Kit (Qiagen) and treated with RQ1 DNase (Promega). Libraries were then generated 

with TruSeq Stranded Total RNA Library Prep Kit (Illumina), after depletion of ribosomal 

RNAs with Ribo-Zero rRNA Removal Kit Plant (Illumina). 

 

IV.2.4.2. DNA sequencing 

 

RNA-seq libraries were sequenced on a HiSeq 1500 (Illumina) using single-end 100 

bp format, according to the manufacturer’s instructions. 

 

IV.2.4.3. Data analysis 

 

Raw sequencing data were then de-multiplexed with bcl2fastq software (Illumina). 

FASTQ files were mapped to the TAIR10 genome using STAR with default parameters 

(Dobin et al. 2013). Mapping metrics are reported in SI-2. BAM files were loaded on AnnoJ 

(Lister et al. 2008) for the visualization of gene disruption by the T-DNA (Figure IV-1), 

and into the Integrative Genomics Viewer (Thorvaldsdóttir et al. 2013) to confirm the 

presence of indels in CRISPR mutants (Figure IV-2). Statistical analyses were performed 

on the RNA-seq count tables generated by STAR with edgeR (Robinson et al. 2009), by 

treating each batch individually for the identification of differentially expressed genes 

(DEGs) (Table IV-3). Each mutant was compared to the WT by an exact test, and genes 

with an FDR<0.05 after correction with the Benjamini-Hochberg procedure were retained. 

Multidimensional scaling plots were generated for each batch and for the combined 

samples with the edgeR function plotMDS (Figure IV-3). Intersections among DEGs were 
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computed in R and plotted with UpSetR package (Conway et al. 2017) (Figure IV-4). Gene 

ontology analyses were performed by inputting the DEG lists into AgriGO V2 (Tian et al. 

2017), and the non-redundant terms were filtered and plotted with REVIGO (Supek et al. 

2011) (Figure IV-5). 

 

IV.2.5. Whole genome bisulfite sequencing (MethylC-seq) 

 

IV.2.5.1. Library preparation 

 

MethylC-seq libraries were prepared in three batches (Table IV-1, Table IV-2). 

Batch 1 and 2: Genomic DNA was extracted from 6-week old rosette leaf and 

libraries were made as described in Chapter II. A Col-0 WT sample was included in batch 

1 but not in batch 2 because of the low variability in methylation patterns of WT plants.  

Batch 3: Genomic DNA was extracted from 2-week old seedlings with DNeasy Plant Mini 

Kit (Qiagen) and further purified with Isolate II Gel and PCR Clean-up Kit (Bioline). 

Libraries were then generated from fragmented DNA (Covaris, 250 bp) with NxSeq 

AmpFREE Low DNA Library Kits (Lucigen). 

 

IV.2.5.2. DNA sequencing 

 

MethylC-seq libraries were sequenced on HiSeq 1500 platform (Illumina) using 

single-end 100 bp format, according to the manufacturer’s instructions. 

 

IV.2.5.3. Data analysis 

 

Raw sequencing data were then base-called and de-multiplexed with bcl2fastq 

software (Illumina). FASTQ files were mapped to the TAIR10 genome (previously 

processed to a 3-letter genome reference) with BS-Seeker 2 (Guo et al. 2013). Processing 

by BS-Seeker 2 includes the removal of sequencing adapters. Methylation was called with 

BS-Seeker 2. Mapping metrics are reported in SI-2. DNA methylation heatmaps over 

genes and transposable elements were generated with the deepTools suite (Ramirez et al. 

2016), by generating BIGWIG files for each sample and computing matrix with BED 

containing TAIR10 genic regions. Differentially methylated regions (DMRs) were 

identified by HOME (histogram of methylation), developed by Akanksha Srivastava 

(Srivastava, Karpievitch, Lister, unpublished), available on GitHub 
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(https://github.com/Akanksha2511/HOME). Briefly, this algorithm was created using the 

linear Support Vector Machine and identifies DMRs from histograms representative of 

the methylation differences between sample and control, taking the coverage at each base 

into account and not limiting to specific window size. DMRs were identified in all cytosine 

contexts, requiring a change in methylation levels of at least 0.1 over the whole region 

and an average coverage for all cytosines greater than three for both mutant and control. 

DMRs from all samples were combined, their intersection computed with the bedtools 

suite (Quinlan and Hall 2010) and plotted on R with the UpSetR package (Figure IV-9-A). 

Violin plots were generated with base R graphics (Figure IV-9-B). For visualizing the 

methylation levels around the T-DNA insertion point (Figure IV-1), FASTQ files were 

processed as described in Chapter II and uploaded on AnnoJ browser. 

 

https://github.com/Akanksha2511/HOME
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IV.3. Results 
 

IV.3.1. Selection and confirmation of gene disruption in mutant lines 

 

To further the characterization of the mC reader candidates identified in Chapter 

III, the list of mC reader candidates (Table III-1) was limited to the proteins for which 

their role in epigenetic regulation has not been extensively studied, and to proteins that 

are more likely to bind mC directly. Known mC readers – namely VIM1, VIM2, VIM3, 

SUVH2, SUVH4, SUVH5, SUVH6 and SUVH9 – were therefore not considered. Proteins 

unlikely to be involved in mC binding were also not pursued, such as the common mass-

spectrometry contaminants (RPL35A, HTB2 and HTB9), as well as HTA7, ZIP4 and 

ENGB-2. Also, protein chaperones IDL2, IDL3 and MCR5, as well as RNA-binding 

proteins MCR2, MCR6 and MCR7 were not followed up. To facilitate downstream 

experiments and the analysis of molecular phenotypes from leaf or seedling tissues, mC 

reader candidate coding genes with an expression limited to specific cell-types were not 

included in this analysis, despite their potential for mC binding. This filtering applied to 

BMI1C, exclusively expressed in pollen grains (Bratzel et al. 2012; Waese and Provart 

2016), and SUVH8 and ENY which are only expressed in developing seeds (Waese and 

Provart 2016). The final set of candidates selected was composed of 14 proteins: SUVH1 

and 3, MBD1, 2, 4, 5 and 6, HDG11 and 12, RLT1, JKD and the uncharacterized proteins 

MCR1, MCR3 and MCR4 (Table IV-1, Table IV-2). 

 

To increase the chances of selecting T-DNA lines with disrupted expression of the 

mC reader candidates, some guidelines were applied. The T-DNA insertion must occur 

within the body of the gene, not in regulatory regions, and preferably in an exon. When 

several lines met these criteria, the insertion that occurred as close to the transcription 

start site as possible was preferred. Also, I relied exclusively on SALK, SAIL, GABI-KAT 

and Wisc lines, that are in a Col-0 background, to facilitate analyses of sequencing data. 

Finally, only lines with a single annotated insertion point were selected. For most 

candidates, at least one T-DNA line met the mentioned criteria and up to three lines per 

candidate were ordered from ABRC. Plants homozygotes for the T-DNA insertion were 

genotyped by PCR and one line per candidate was selected for sequencing experiments 

(Table IV-1).  
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AGI Mutant ID Line ID 
NASC  

stock number 
Antibiotic 
resistance 

Primers 
Batch 

WT KO 

At5g04940 suvh1 SALK_003675 N859507 Kanamycin PJ458 + PJ497 PJ449 + PJ497 1 

At1g28420 rlt1 SALK_099250 N658352 Kanamycin PJ472 + PJ511 PJ449 + PJ511 1 

At5g03150 jkd GABI_089F05 N408513 Sulfadiazine PJ480 + PJ519 PJ455 + PJ519 1 

At1g73360 hdg11 SALK_044434 N674767 Kanamycin PJ486 + PJ525 PJ449 + PJ525 1 

At1g17920 hdg12 SALK_127261 N657810 Kanamycin PJ491 + PJ530 PJ449 + PJ530 1 

At3g43590 mcr3 SALK_070382 N680493 Kanamycin PJ569 + PJ517 PJ449 + PJ517 1 

At1g31150 mcr4 SALK_118016 N618016 Kanamycin PJ483 + PJ522 PJ449 + PJ522 1 

At1g73100 suvh3 SAIL_401_D01 N878938 Basta PJ456 + PJ495 PJ451 + PJ495 2 

At4g22745 mbd1 SALK_025352 N525352 Kanamycin PJ558 + PJ505 PJ449 + PJ505 2 

At5g59380 mbd6 SALK_043927 N543927 Kanamycin PJ595 + PJ596 PJ449 + PJ596 2 

At5g25475 mcr1 WiscDsLox254A09 N849786 Basta PJ500 + PJ461 PJ669 + PJ461 2 

At5g35330 mbd2 GABI_650A05 N462309 Sulfadiazine PJ664 + PJ665 PJ455 + PJ665 3 

Table IV-1 Summary of T-DNA lines selected to study the mC reader candidates. Genotyping was performed using the primer pairs listed, with WT primers amplifying the un-
mutated allele and KO amplifying the T-DNA insertion. Primers sequences are listed in SI-1. Batches correspond to the groups of sequencing performed. 
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AGI 
Mutant 

ID 
gRNA sequence Efficiency Indel 

Protein 
Primers RE Batch 

Mutation Length 

At3g46580 mbd5 CGGAAACGTGCGACGCCAG 26 / 37 + A P28H (D31*) 183 aa 
PJ679 + 
PJ680 

BsaHI 3 

At4g22745 mbd1 GTGTGAGAAGTGCATGAAG 26 / 44 - G K64S (L102*) 204 aa 
PJ677 + 
PJ466 

- 
3 

At5g35330 mbd2 ACACAGTGTCCCTCTATCG 9 / 16 - A I56S (L169*) 272 aa 
PJ612 + 
PJ678 

- 

At4g22745 mbd1 AAAAGCCGGTACTCCAGGG 16 / 35 - A R50G (I52*) 204 aa 
PJ677 + 
PJ466 

- 

3 
At3g63030 mbd4 GAAAGATGTTGCTCCTGGG 6 / 40 + T G22W (D26*) 186 aa 

PJ723 + 
PJ722 

- 

At3g46580 mbd5 CGGAAACGTGCGACGCCAG 26 / 37 + A P28H (D31*) 183 aa 
PJ679 + 
PJ680 

BsaHI 

3 
At5g59380 mbd6 AACGACGACCGATTCAGGG 3 / 7 + A G41R (N57*) 225 aa 

PJ681 + 
PJ596 

- 

At1g73360 hdg11 CTGTTGAGCGGTGTGACGA 8 / 8 + A H39S (E48*) 722 aa 
PJ682 + 
PJ683 

- 
3 

At1g17920 hdg12 GATCTGGTGAGGTGTGTGA 8 / 17 + C H28Q (E37*) 687 aa 
PJ530 + 
PJ491 

- 

At5g04940 suvh1 AAAACGATGAGAACCCAGG 3 / 22 + C F49V (S56*) 670 aa 
PJ458 + 
PJ497 

- 

- 
At1g73100 suvh3 TAATTTACAGTGGACAAGG 3 / 3 

+ A /  
- 13bp 

G278R (D289*) / 
G278T (E293*) 

669 aa 
PJ676 + 
PJ456 

- 

At3g63030 mbd4 GAAAGATGTTGCTCCTGGG 6 / 40 + T G22W (D26*) 186 aa 
PJ723 + 
PJ722 

- - 

Table IV-2 Summary of mutants generated with CRISPR/Cas9. The efficiency corresponds to the number of T1 plants with at least one mutated allele out of all the T1 plants 
sequenced. The mutation corresponds to the indel on the same strand than the gRNA sequence, where (+) denotes an insertion and (–) a deletion. The mutations induced a 
frame shift that translated into a change of the protein sequence starting from the indicated substitution, and the creation of a premature stop codon indicated in parenthesis. The 
sequences of the primers used to amplify the locus for genotyping are listed in SI-1. RE is a restriction enzyme site that is disrupted by the mutations to help identify mutants and 
their zygosities. Up to three gRNAs per gene and their combinations were assessed for each double mutant. Only the combo that generated the plants used in sequencing 
experiments are presented here, except for suvh1 suvh3 and mbd4 which were not analysed. Both genotypes could not be sequenced in time to be included in this thesis. In 
suvh1 suvh3 plant, the two SUVH3 alleles had different mutations, an A insertion and a deletion of 13 bp. 
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Three plants of each homozygous knockout line were grown in parallel and one leaf 

from each plant was used for sequencing analyses. RNA-seq and, in some cases MethylC-

seq, further confirmed the disruption of the target genes (Figure IV-1). For RLT1, SUVH1, 

MBD1, MBD2, MBD6, and MCR3, the number of reads mapping to the gene clearly 

dropped after the T-DNA insertion point. This downregulation was accompanied in these 

samples by hypermethylation of the genomic DNA surrounding the insertion point, likely 

due to the transgene being targeted by epigenetic silencing mechanisms such as the 

RdDM pathway. SUVH3, MCR1, MCR4, and HDG12 also showed gene downregulation 

but no effect on the methylation status of the gene. All these genes were significantly 

downregulated in the respective mutant, with the exceptions of HDG12 and RLT1 (SI-4). 

HDG11 and JKD were found lowly expressed in the WT samples, and the presence of T-

DNA insertions could not be confirmed by this sequencing experiment. Overall, these 

experiments confirmed the disruption of the candidate genes of interest previously 

estimated by genotyping PCR (SI-3). 

 

No T-DNA line meeting the criteria listed above were available for MBD4 and 

MBD5, hence mutations were induced by CRISPR/Cas9. Double mutants were also 

generated with CRISPR/Cas9. Table IV-2 lists the mutant lines created with this method. 

Transformants were selected by their resistance to hygromycin present on the CRISPR 

cassette, and the presence of mutations in the targeted genes were assessed by Sanger 

sequencing. Several gRNAs were tested for each target and they showed varying 

efficiency. Notably, about 1/3 of the gRNAs tested did not induce any mutations in the 

plants tested (with 10 to 50 T1 plants analyzed per gRNA). T1 plants with mutations on 

both alleles of both targeted genes, albeit not necessarily the same indel event in each 

allele, were selected and grown to the next generation. In all cases, the indels were frame 

shifting mutations that impacted the sequence of the translated proteins and induced a 

premature stop, often within a few amino acids of the mutations (Table IV-2). T2 plants 

that had segregated out the CRISPR/Cas9 T-DNA but retained their double homozygosity 

at the targets were confirmed by PCR and Sanger sequencing, respectively. RNA-seq 

further supported the presence of frame shifting mutations (Figure IV-2), and, in most 

cases, a significant downregulation of the gene (SI-4). 
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Figure IV-1 Genome browser screenshots of each disrupted gene in the T-DNA lines. The mC tracks show DNA 
methylation level at single base-pair resolution, often showing increased levels around the T-DNA insertion point 
(marked by red arrows). The “rep” tracks represent the RNA-seq coverage of each biological replicate. The color 
of the reads corresponds to the strand it originated from: green for the + strand, red for the – strand. WT rep1 was 
sequenced in batch 1, rep2, 3 and 4 in batch 2. For MBD2, WT and mutant were sequenced in batch 3. The scale 
is different for each locus to facilitate visualization despite variable levels of gene expression. However, for each 
locus, the scale of each track was normalized according to the sequencing depth of the library. 
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Figure IV-2 Confirmation of the presence of indels on RNA-seq reads generated from the CRISPR mutants. Bam files, annotated during mapping (with STAR) were loaded on 
IGV browser (Thorvaldsdóttir et al. 2013). The positions of the gRNAs are represented by a black frame on the strand containing the PAM site. Insertions are denoted by a purple 
vertical line, deletions by a black horizontal line. All the reads mapping to the targeted loci are represented for each replicate and all show an indel (as described in Table IV-2). 
The cases where a read overlaps the mutation point are due to the inserted base being identical to the base at the end of the read. An example is marked by a black arrow at 
MBD6 locus, where the base inserted on this strand is an A. Letters on the reads mark point mutations, which could have occurred during transcription, PCR amplification for 

library preparation or library sequencing. 
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Due to the variable efficiency of inducing mutations with CRISPR/Cas9 and the 

ability to segregate out the CRISPR/Cas9 cassette in the next generation, the mbd4 single 

mutant and suvh1 suvh3 double mutants could not be analyzed within the time limits of 

my PhD candidacy and are not included in the subsequent analyses. For MBD4, I expected 

to genotype both single and double mutants when screening T1 plants containing gRNAs 

targeting both MBD1 and MBD4 genes; however, due to a higher efficiency of the MBD1 

gRNA, most of the T1 plants containing a mutation in MBD4 also had one in MBD1, and 

it took several rounds of genotyping to identify a mbd4 single mutant. For suvh1 suvh3 

mutants, the difficulty resided in segregating the CRISPR/Cas9 cassette out of the 

genome, potentially due to several insertional events that occurred during 

Agrobacterium-mediated plant transformation. 

 

IV.3.2. Transcriptional profiles of mC reader candidate mutants 

 

For various technical reasons, discussed below, the sequencing analysis of the 

candidate mC readers was performed in three batches: batches 1 and 2 were performed 

on leaf tissue, whereas batch 3 was performed on seedlings. The expression profiles were 

first analyzed on the ensemble of mutants from all batches, in the hope of increasing the 

reliability of the differentially expressed genes (DEGs). This hypothesis was made since 

including as many samples as possible would increase the range of biological variation for 

each gene and help determine real positive DEGs from background variability. This 

analysis resulted in too large a difference between samples originating from leaves and 

seedlings for relevant DEGs identification (Figure IV-3). This difference could be expected 

since these tissues have wide differences in the set of genes expressed in each respective 

tissue. To continue with the same hypothesis, and notably to overcome the limitation of 

including only a single WT biological replicate in batch 1, the next approach was to 

analyze samples from each tissue independently. Still, a significant batch effect was 

present between the two groups of libraries made from leaf, which was already visible in 

the combined analysis (Figure IV-3). This difference emphasized that the identification of 

DEGs was due to the difference between batches instead of DEGs caused by the mutations 

in the mC reader candidates genes. Therefore, each batch was analyzed individually and 

the analysis resulted in a better clustering of biological replicates in samples originating 

from leaves (Figure IV-3, batches 1 and 2).  
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The clustering method represented in the multidimensional scale plot (Figure IV-3) 

is based on the genes that show the highest log2 fold change difference in each pairwise 

comparison between samples, after normalization of the data to take the sequencing depth 

into account. For seedlings, the difference between samples was not higher than within 

replicates of each sample (Figure IV-3, batch 3). This absence of clustering was likely 

caused by the samples being more homogenous, originating from a population of different 

cell-types. 

 

 

Figure IV-3 Multidimensional scaling plot of distances between the RNA-seq libraries (MDS plots). The central plot 
was performed when all libraries are analysed together and showed a clear separation between seedlings samples 
(Batch 3) and leaf samples (Batch 1 and 2) on dimension 1, as well as a batch effect between the two leaf groups 
on dimension 2. Each batch was thus analysed individually. The pairwise distance is calculated by the logarithmic 
fold change in the top 500 genes that explain most of the variability between samples. These plots were generated 
with edgeR (Robinson et al. 2009). 
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The differential expression results are summarized in Table IV-3. As expected by 

the difference in the magnitude of variability between leaf and seedlings samples, the 

number of DEGs identified in samples from batch 1 and batch 2 are approximately one 

order of magnitude higher than in seedlings. Notably, mbd1 show over 3,000 DEGs, which 

could indicate a genome-wide effect on transcription. However, the double mutants mbd1 

mbd2 and mbd1 mbd4 have less than 10 DEGs each. These conflicting results could be 

due to an antagonistic effect between MBD1 and both MBD2 and MBD4. The absence of 

a dramatic change in gene expression in the mbd2 single mutant in seedlings might 

instead suggest a tissue-specific role for MBD1, potentially being more important in fully-

grown leaves than in developing seedlings, despite being expressed in both tissue. These 

differences could also be due to the identification of genes that are not differentially 

expressed due to the disruption of the MBD1 gene, but to technical noise instead. 

 

Mutant Batch Tissue # up-regulated # down-regulated Total 

mbd1 2 leaf 1966 1281 3247 

hdg12 1 leaf 1488 650 2138 

mcr1 2 leaf 1207 448 1655 

mcr4 1 leaf 778 495 1273 

suvh3 2 leaf 404 210 614 

jkd 1 leaf 283 153 436 

hdg11 1 leaf 240 154 394 

suvh1 1 leaf 184 109 293 

rlt1 1 leaf 101 52 153 

mcr3 1 leaf 116 50 166 

mbd6 2 leaf 120 9 129 

hdg11 hdg12 3 seedlings 35 58 93 

mbd5 mbd6 3 seedlings 32 30 62 

mbd5 3 seedlings 2 7 9 

mbd1 mbd2 3 seedlings 3 5 8 

mbd2 3 seedlings 5 1 6 

mbd1 mbd4 3 seedlings 0 2 2 
Table IV-3 Number of differentially expressed genes in each mutant compared to WT. 

 

Differential expression analyses between each mutant and the WT also showed 

that all mutants from leaf tissue had approximately twice as many up-regulated genes 

compared to down-regulated genes. Such a pattern would support a role in transcriptional 

silencing of these mutants. This observation was most evident in mbd6, with 120 up- and 

only 9 down-regulated genes, and similar patterns were present in the suvh1 mutant. 

This observation conflicted with the previously identified role of SUVH1 in promoting 

expression of genes with hyper-methylated promoters (Li et al. 2015), however they could 

also result from a pleiotropic effect of the genes directly regulated by SUVH1. 
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To investigate the potential overlapping functions of the candidates, the sets of 

DEGs in each mutant compared to WT were intersected (Figure IV-4). Approximately half 

of the DEGs identified in at least one candidate of batch 1 were also found in differentially 

expressed in a candidate of batch 2, and about a third of the DEGs in batch 3 candidates 

were also differentially expressed in batch 1 and/or batch 2 (Figure IV-4-A). This relatively 

high level of commonality was not present when comparing hdg11 and hdg12 single 

mutants in leaf to the hdg11 hdg12 double mutant in seedlings (Figure IV-4-D). These 

results might thus suggest a cell-type specific role for these candidates. However, they 

could also indicate the presence of DEGs which are not caused by the mutations. Indeed, 

out of the 248 genes differentially expressed in both hdg11 and hdg12, only 17 are shared 

between these mutants and no others. Similarly, little overlap is present between mbd5 

and mbd5 mbd6 double mutant, or between mbd2 and mbd1 mbd2, partly due to the low 

number of DEGs identified in each sample. 
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Figure IV-4 Differentially expressed genes (DEGs) shared between samples. A. Venn diagram representing the 
number of DEGs shared by the samples in each batch. B. UpSet plot representing the number of DEGs shared 
between samples originating from leaf (batches 1 and 2). Only the groups containing more than 20 genes were 
included. C. UpSet plot representing the number of DEGs shared between samples originating from seedlings 
(batch 3). In B. and C. plots, red and blue colors mark genes that are up and down-regulated, respectively, in all 
the mutants of the intersection, whereas genes in black are up-regulated in at least one mutant and down-regulated 
in at least one other mutant. D. Venn diagram of the DEGs in hdg11 and hdg12 single and double mutants. 

 

The quasi-totality of genes differentially expressed in multiple mutants vary in the 

same way compared to WT, being up-regulated (or down-regulated) in all samples (Figure 

IV-4-B and C). This observation would suggest that these mutants are similarly different 

from the WT, which is supported by the multidimensional scaling plots that cluster the 

WT replicates on one end of dimension 2 and dimension 1 in batch 1 and 2, respectively 

(Figure IV-3).  



Chapter IV. Genome-wide DNA methylome and transcriptome analysis of mC reader mutants 

 

172 

 

Gene ontology (GO) term enrichment analyses were performed on the sets of DEGs 

to identify the biological processes that might be affected in these mutants. Figure IV-5 

presents the enriched GO terms in up and down-regulated genes of the three intersection 

sets that contain the most DEGs (Figure IV-4), namely DEGs exclusive to mbd1, DEGs 

exclusive to hdg12 and DEGs in both mbd1 and mcr1 but not in another mutant, as well 

as DEGs exclusive to hdg11 hdg12. These sets were chosen to investigate the processes 

exclusively regulated by these candidates and to prevent the identification of the same 

GO terms in all mutant due to common DEGs, and because the higher number of genes 

in these datasets gave a greater statistical power to the analyses. However, similar 

observations were made when including all DEGs, and when studying the other mutants. 

These analyses emphasized the misregulation of a wide range of different pathways, such 

as photosynthesis, lipid metabolism or signaling, which are commonly present in all 

mutants under GO terms metabolism and single-organism process. The presence of GO 

terms more directly related with the involvement of the candidates in epigenetic processes 

were also present. Of special interest, genes down-regulated in the hdg12 mutant were 

involved in chromatin assembly or disassembly, RNA interference and regulation of 

transcription. Also, GO terms such as cell development, cell growth and cell division were 

enriched in up-regulated DEGs of mbd1 mutant and might suggest a repressive role of 

MBD1 on differentiation. A commonality among the different gene sets were GO terms 

related to the response to various stimuli, both endogenous and environmental, such as 

response to abiotic stimulus, response to hormone or response to stress, as well as GO 

terms related to transcriptional regulation. This observation might suggest that the loss 

of these proteins can provoke a transcriptional response reminiscent of a stress response 

and the presence of these GO terms in most analyzed sets of DEGs might reveal the 

presence of functional redundancies between the candidates. However, these results 

might instead originate from global biases that limit the interpretation of the results. 

 

The transcriptional profiles of the candidates have highlighted a broad impact of 

the mutations of the sample when studied in leaf, in contrast with smaller variations in 

seedlings, which could indicate a cell-type specific role for these proteins, or their potential 

involvement during specific developmental stage. The identification of DEGs and GO 

terms enriched in independent datasets have revealed the impact of the mutations on 

specific processes indicative of a role in transcriptional regulation, but have also 

emphasized the shared misregulation of diverse pathways associated to stimuli response. 

These observations might suggest a high functional redundancy among these genes, and 
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pleiotropic effects of the mutations studied, however, these observations might be 

indicative of biases in the experiments. Study of the DNA methylation levels in the 

mutants might highlight differences that could relate to these different transcriptional 

profiles. 
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Figure IV-5 Gene ontology (GO) analyses on differentially expressed genes (DEGs) identified in mC reader 
candidate mutants. GO terms identified by AgriGO V2 (Tian et al. 2017) were summarized to remove redundant 
terms by REVIGO (Supek et al. 2011). Terms were colored and sorted on the y-axis by their relative significance 
(log10 [FDR]) and separated on the x-axis according to the semantic space. Only DEGs exclusive to these mutants 
(or their intersection for mbd1 ∩ mcr1) were used as input, and split into down and up-regulated genes. 
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IV.3.3. DNA methylation profiles in mC reader mutants 

 

Methylation levels at single base-pair resolution were generated for the candidate 

mC reader mutants by MethylC-seq (Table IV-1 and Table IV-2). Metrics on these libraries 

are available in SI-2. To assess for a genome-wide impact on methylation patterns in the 

candidate mC reader mutants, average methylation levels were computed over genes and 

transposable elements and compared to WT, as well as known mC reader mutants with 

important hypo-methylation phenotypes (Figure IV-6, Figure IV-7 and Figure IV-8). Genes 

and transposable elements (TEs) were analyzed independently, and TEs were further 

split into long (> 2kb) and short (< 2kb) TEs due to the different mechanisms that mediate 

their methylation, notably in the CHH context (Zemach et al. 2013; Stroud et al. 2014). 

Furthermore, k-means clustering within each collection of loci was performed to 

potentially identify sets of commonly regulated targets. 

No obvious changes in methylation levels were identified due to the candidate mC 

reader disruption on a global scale, especially when compared to vim1 vim2 vim3 and 

suvh4 suvh5 suvh6 triple mutants (Stroud et al. 2013) and the suvh2 suvh9 double mutant 

(Johnson et al. 2014), which exhibited global hypomethylation in the contexts they 

regulate (Figure IV-6, Figure IV-7 and Figure IV-8).  
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Figure IV-6 Heatmaps of methylation levels of all genes, split into 10 clusters by k-means clustering. Each cluster 
was sorted by descending means of methylation levels. Genes were scaled to a similar size to facilitate 
interpretation of the data and split into 40 bins. 3 kb upstream and downstream of each gene were included in the 
analysis (split in 30 bins each). Data from vim1 vim2 vim3, suvh4 suvh5 suvh6 and their WT control (black dotted 
line) originate from (Stroud et al. 2013); suvh2 suvh9 from (Johnson et al. 2014). 
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Figure IV-7 Heatmaps of methylation levels of long TEs (≥ 2 kb), split into 10 clusters by k-means clustering. Each 

cluster was sorted by descending means of methylation levels. TEs were scaled to a similar size to facilitate 
interpretation of the data and split into 40 bins. 3 kb upstream and downstream of each TE were included in the 
analysis (split in 30 bins each). Data from vim1 vim2 vim3, suvh4 suvh5 suvh6 and their WT control (black dotted 
line) originate from (Stroud et al. 2013); suvh2 suvh9 from (Johnson et al. 2014). 
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Figure IV-8 Heatmaps of methylation levels of short TEs (< 2 kb), split into 10 clusters by k-means clustering. Each 
cluster was sorted by descending means of methylation levels. TEs were aligned on their start site and split into 
200 bp bins. 3 kb upstream and 5 kb downstream of each start site (so a minimum of 3 kb after the end of the TE) 
were also included in the analysis. Data from vim1 vim2 vim3, suvh4 suvh5 suvh6 and their WT control (black 
dotted line) originate from (Stroud et al. 2013); suvh2 suvh9 from (Johnson et al. 2014). 

 

As no apparent differences were observed in global changes of DNA methylation 

upon loss of mC reader proteins, I next sought to determine whether loss of these proteins 

may have a more localized effect upon DNA methylation patterns. Differentially 

methylated regions (DMRs) were identified that showed at least 10% change in mC levels 

and contained at least 3 cytosines in any sequence context, with no restriction on coverage 

of the cytosines or the size of the DMR, using the HOME algorithm (see Material and 

Methods). Each sample exhibited 1,000-2,000 DMRs compared to the relevant WT, yet 

most DMRs show less than a 20% change in DNA methylation level WT and the mutant 

(Figure IV-9-A).  
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Figure IV-9 Differentially methylated regions (DMRs) analysis in mC reader candidate mutants. A. Distribution of 
the DMRs according to the average difference in percentage of methylation at each DMR (delta mC: mutant - WT) 
between the sample and the WT control from the same tissue. The numbers of hyper and hypo-DMRs identified in 
each mutant are noted between the violin plots. B. Number of shared DMRs (1bp overlap) among all samples. The 
number of DMRs with a delta mC > 20% are highlighted in red for each intersection set. The 40 intersections with 

the most DMRs are shown here. This plot was generated with UpSetR (Conway et al. 2017). 

 

The DMRs from all samples were then intersected to identify regions of differential 

methylation common to several mutants, with the hypothesis that if such shared 

differentially methylated regions exist between different mutants, they may highlight a 

functional redundancy between these candidates (Figure IV-9-B). More than 90% of DMRs 

were exclusive to one sample, and few were present in both single and double mutants 

when available (i.e. for mbd1, mbd2, mbd5, mbd6, hdg11 and hdg12). This might suggest 

that the mutants have distinct functions on the regulation of the methylome. However, 

when visualized in a genome browser, these DMRs appear to be mostly due to slight, 

random variation in DNA methylation patterns and sequencing depth, rather than from 
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the disruption of the candidate genes. They might correspond to stochastic DMRs 

commonly identified among Arabidopsis lines (Schmitz et al. 2011; Becker et al. 2011). 

Overall, it thus appears that the lack of these mC reader candidates does not 

impact the DNA methylation levels on both a global and localized scale. The possibility 

that changes are present but are too subtle to be revealed by these experiments remains, 

which would require knowledge of where these proteins bind in the genome for further 

investigation. 
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IV.4. Discussion 
 

IV.4.1. Experimental limitations to RNA sequencing analyses 

 

The RNA-seq experiments performed in this study aimed to identify differentially 

expressed genes (DEGs) in the mC reader mutants compared to WT plants (Table IV-3, 

Figure IV-4). Gene ontology (GO) analyses performed on these lists of DEGs highlighted 

the over-representation of some biological processes that are coherent with a potential 

role in epigenetic regulation (Figure IV-5). For example, enriched GO terms included 

chromatin assembly and RNA interference in hdg12, cell development in mbd1 and gene 

expression in targets of both by MBD1 and MCR1. Also, plant organ development was a 

GO term enriched in down-regulated genes of hdg11 hdg12 mutant, which is consistent 

with the involvement of these proteins in various developmental processes (Nakamura et 

al. 2006; Roeder et al. 2012; Kamata et al. 2013).  

However, these analyses have also highlighted important biases. Due to various 

logistical limitations, the identification of homozygous T-DNA lines and their sequencing 

was performed in independent batches, and sample failure resulted in loss of some WT 

replicates in one batch. As a result, there was substantial batch variation, as illustrated 

by the clustering of RNA-seq libraries when all samples were considered together (Figure 

IV-3). Although a difference between leaf and seedling tissues are to be expected, a batch 

effect between the two groups of samples originating from leaves highlights another type 

of difference, which could have originated at several steps of the protocol. Differences in 

growth conditions and tissue sampling could potentially affect the expression profiles 

identified, as well as other variations during RNA extraction and library preparation. The 

myriad biological processes affected might have been emphasized by the choice of 6-week 

old leaf tissue. Indeed, throughout their development, leaves show variable expression 

profiles, and these differences could have been exacerbated if some cells were already 

undergoing senescence (Balazadeh et al. 2008; Woo et al. 2016). Nevertheless, it limits 

the conclusions that can be drawn from these experiments. 

These experiments are currently being repeated in seedlings under much more 

tightly controlled conditions, but due to PhD candidature time limits, the repeated 

experiments in which much less technical noise is expected are not able to be included in 

the results presented here. 
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IV.4.2. Potential explanations for the lack of molecular phenotypes 

 

Overall, the transcriptome analysis of most mC reader candidate mutants 

provided little reliable information regarding the potential role of these candidates in 

epigenetic mechanisms. Furthermore, the absence of genome-wide effect on DNA 

methylation levels (Figure IV-6, Figure IV-7 and Figure IV-8) as well as more localized 

changes in mC patterns (Figure IV-9) would indicate a limited impact of the disruption of 

the candidate genes upon DNA methylation. These conclusions are applicable to single T-

DNA mutants as well as double mutants generated with CRISPR/Cas9. This limited 

impact cannot be attributed to an error in genotyping since the gene disruptions identified 

by PCR were confirmed by the RNA-seq experiments (Figure IV-1, Figure IV-2 and SI-4). 

This limited impact could however be explained by several hypotheses such as complex 

functional redundancies, cell-type specific roles of these proteins, or their involvement in 

developmental/environmental-responses, as discussed below.  

 

IV.4.2.1. Potential functional redundancies 

 

As mentioned above, functional redundancy is common in genes involved in 

epigenetic regulation in Arabidopsis. In addition to the VIMs and SUVH mC readers, 

ZUOTIN RELATED FACTOR (ZRF) 1a and 1b chromatin regulators perfectly exemplify 

the extent to which functional redundancy can prevent the identification of a gene’s 

function. Although single mutants did not display any morphological phenotype, the 

double mutant showed severe developmental defects and the differential expression of 

more than 4,000 genes (about 15% of the transcriptome) (Feng et al. 2016). Similar 

redundancy can be expected for some of the mC reader candidates analyzed in this study. 

RLT1 is known to be functionally redundant with RLT2 as assessed by morphological 

consequences of their disruption, since physiological phenotypes were only observed in 

the double mutant (Li et al. 2012). RLT1 had few differentially expressed genes (Table 

IV-3) despite being expressed in Col-0 leaves, indicating that its role is not likely to be cell-

type specific (Figure IV-1). The study of the double mutant was not performed since only 

RLT1 was found enriched in the mCG probe (Chapter III). The results presented in this 

chapter would indicate that its functional redundancy with RLT2 exists at the molecular 

level, and motivate a future analysis of the molecular phenotypes of the rlt1 rlt2 double 

mutant. 
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Potential functional redundancies among MBD proteins were addressed in this 

study by including the analysis of three double mutants. mbd1 mbd2 and mbd1 mbd4 

showed very limited impact on the seedlings transcriptome (Table IV-3). Although 

comparative sequence analyses of the MBD domain grouped MBD1 and MBD4 separately 

from MBD2, these three proteins (and the putative pseudogene MBD3) have a CW-type 

zinc finger domain, also called MBD-associated domain (MAD) (Berg et al. 2003; Springer 

and Kaeppler 2005). This extra-domain might be relevant either in their ability to bind 

mC, or in their molecular function, and could be responsible for their functional 

redundancies. Only the study of the mbd1 mbd2 mbd4 triple mutant would test this 

hypothesis.  

MBD5 and MBD6 have been shown to colocalize to Arabidopsis chromocenters by 

fluorescence microscopy, and more specifically to the rDNA clusters, whereas MBD7 is 

more broadly distributed to all chromocenters (Zemach et al. 2005). However, the 

possibility exists that MBD5, MBD6 and MBD7 act in similar pathways, through different 

protein complexes with α-crystallin domain proteins (Li et al. 2017). Indeed, mutations in 

MBD7 did not cause genome-wide changes in gene expression or methylation levels, but 

only activation of a reporter transgene (Li et al. 2017).  

Conflicting with its previously reported role in promoting the expression of genes 

with hypermethylated promoters (Li et al. 2015), the suvh1 mutant did not exhibit many 

DEGs, with most of them being up-regulated and shared with other mutants and 

therefore probably not authentic SUVH1 targets (Table IV-3, Figure IV-4). However, the 

RNA-seq experiment performed by Li et al. had some limitations that could have impacted 

their conclusions. First, the differential expression analysis performed included a single 

RNA-seq replicate for the mutant and the WT, and both biological and technical variation 

might have been perceived as true signal. Second, they concluded that mutation of SUVH1 

promoted gene expression despite finding only 2 to 3-fold more down-regulated than up-

regulated genes, depending on the cut-off used, with about 100 DEGs in total. One could 

hypothesize that a gene involved in global transcription activation would show a much 

higher ratio of down- to up-regulated genes, unless the down-regulated DEGs include 

transcription factors that may have secondary effects on transcription, which was not 

reported. Finally, the qRT-PCR experiments performed to confirm the change in RNA 

levels found that only 4 out of 8 loci tested were indeed down-regulated when validated, 

including an unannotated locus. This observation confirmed the presence of a high rate of 

false positives in their original analysis, and would further limit the differences between 

the number of up and down-regulated genes. The function of SUVH1 in promoting gene 
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expression despite promoter methylation might thus be more limited than previously 

stated, and which could potentially be due to functional redundancies with SUVH3. 

Unfortunately, the suvh1 suvh3 double mutant generated by CRISPR/Cas9 could not be 

analyzed because of time constraints, and this hypothesis could not be tested. 

 

IV.4.2.2. Cell-type-, developmental- or environmental-specific functions 

 

Another potential explanation for the lack of molecular phenotypes in the mC 

reader candidates studied is that their functions might be highly specific either in space 

or time in Arabidopsis, i.e. in specific cell-types, during precise developmental stages or 

triggered by environmental stimuli. Arabidopsis cell suspensions are a specific cell-type 

that have a distinct transcriptome and chromatin landscape (Pischke et al. 2006; 

Tanurdzic et al. 2008). The candidates identified in the DNA affinity pull-down assay 

(Chapter III) might then be involved in a cell-type specific manner, which could explain 

the absence of phenotype in Arabidopsis leaves and seedlings. This is the case for BMI1C 

and SUVH8, which are expressed in the pollen grain and root, and the developing seed, 

respectively, and were thus not included in this analysis. This seems to also be the case 

for JKD, which has been reported to be involved in cell division and differentiation in the 

root meristem and epidermis (Welch et al. 2007; Hassan et al. 2010; Ogasawara et al. 

2011). JKD is very lowly expressed in leaves (Figure IV-1), and the absence of numerous 

exclusive DEGs (Figure IV-4) would suggest that its function may be limited to root tissue. 

The large difference in the number of DEGs identified in mbd1 mutant in leaves compared 

to mbd1 mbd2 and mbd1 mbd4 double mutants in seedlings might also be caused by a 

tissue-specific action. Similarly, the role of HDG11 and HDG12 might be limited to 

specific cell-types, since hdg11 and hdg12 mutations induced physiological phenotypes 

limited to trichomes and flowers (Nakamura et al. 2006; Roeder et al. 2012; Kamata et al. 

2013). The diversity of cell-types present in seedling tissue would dilute the effect of 

potential cell-type specific proteins. 

It would also not be surprising that factors involved in specific developmental 

processes, or environmental responses, are not expected to show any phenotype in 

seedlings or leaves from plants grown under normal conditions. For example, under heat 

stress, the hit-and-run heat shock transcription factor HSFA2 is known to induce 

H3K4me3 deposition on some stress-responsive genes (Lämke et al. 2016). FORGETTER 

1 (FGT1) is then involved in the maintenance of this heat-stress memory, by binding and 

maintaining these genes in an open chromatin state which in turn facilitates their 
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expression in case of following stresses (Brzezinka et al. 2016). Under normal conditions 

and during a first heat-shock, fgt1 mutants do not show any physiological phenotype. 

However, acclimated mutants do not survive to a supplementary stress 3-days later, in 

contrast with WT acclimated plants (Brzezinka et al. 2016). Notably, FGT1 interacts with 

BRAHMA and ISWI chromatin remodeling complexes. RLT1 has also been found to 

interact moderately with these proteins by Y2H assays (Efroni et al. 2013). RLT1 could 

thus be involved in recruiting these complexes in other specific conditions. Similar 

functions could be hypothesized for the other mC reader candidates, notably for HDG11, 

HDG12, JKD, and potentially the uncharacterized MCRs, that would explain the lack of 

molecular phenotype in this study. 

 

IV.4.2.3. A potential role in TE transcriptional regulation 

 

Based on the observation that TEs are highly methylated and silenced, some mC 

reader proteins might be involved in transcriptional repression of TEs. Similarly to genes, 

TEs were submitted to differential expression analyses in the mC reader mutants of batch 

3 (data not shown). Only a handful of TEs were found differentially expressed in the 

mutants compared to WT, originating from various TE families, which does not suggest 

that MBD1, MBD2, MBD4, MBD5, MBD6, HDG11, and HDG12 are directly implicated 

in TE repression. Due to the presence of confounding factors in the experiments using leaf 

tissue, TE expression analyses have not been performed in these samples. These analyses 

are to be carried out on the repeated RNA-seq experiments, as they could potentially 

identify such factors involved in silencing TEs. 

 

IV.4.2.4. The absence of an apparent feedback loop with mC 

 

The limited conclusions from the RNA-seq experiments were accompanied by the 

absence of large changes in DNA methylation patterns in the mutants (Figure IV-6 and 

Figure IV-9). However, the hypothesis that disrupting the expression of a mC reader would 

in turn affect DNA methylation relies on the presence of indirect feedback loop 

mechanisms. Such mechanisms involve the deposition of histone marks, primarily 

H3K9me2 for mCHG and mCHH methylation maintenance by CMT3 and CMT2 (Du et 

al. 2012; Stroud et al. 2014), or on the final recruitment of methyltransferases, MET1 for 

mCG maintenance (Shook and Richards 2014) and DRM2 for the canonical and non-

canonical RNA-directed DNA methylation pathways (Cuerda-Gil and Slotkin 2016). The 
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mC readers involved in these processes have been extensively studied (see Chapter I and 

Chapter III) and disruption of the corresponding genes showed complete loss of 

methylation at the respective targeted loci. Thus, there is perhaps a low chance that other 

mC readers are involved in these mechanisms. The functions of new mC readers may 

affect other epigenetic processes, which could involve other epigenomic marks. Mutation 

of SUVH1 was not associated with a change in mC levels but with decreased levels in 

H3K4me3 (Li et al. 2015), supporting its role in inducing H3K4me3 and at the same time 

showing no feedback loop with mC levels. 

A wide range of epigenetic mechanisms could be affected in the mutants which are 

not necessarily reflecting on mC and transcription levels. Such processes could include a 

role in maintaining genome integrity since DNA methylation has been implicated in 

limiting crossover formation during meiosis (Yelina et al. 2015). 

 

IV.4.3. Necessity for different approaches refining the molecular characterization of mC 

reader candidates 

 

The methods employed in this study have also prevented the study of specific loci 

which could show an effect on DNA methylation, for example at rDNA clusters which are 

known targets of MBD6 (Zemach et al. 2005). Indeed, rRNAs were purposely depleted 

before cDNA synthesis as they constitute most of the transcriptome and their sequence 

repetitiveness prevents an accurate mapping to these loci (Rabanal et al. 2017). 

 

The wide variety of existing epigenetics processes, notably the deposition and 

removal of histone post-translational modifications, impairs the efficient screen for 

potential molecular phenotypes in the mC reader candidate mutants. Refining the search 

would benefit from knowing where the mC reader candidates bind to the genome, and 

from the identification of protein interactors. On one hand, the identification of candidates 

binding sites would notably help in the selection of loci to focus on and might highlight 

changes that were overlooked by genome-wide analyses. Also, the preference for specific 

chromatin patterns, which can be inferred from available datasets, could orientate toward 

a molecular function. On the other hand, knowing which proteins can interact with these 

mC reader candidates would evidently deepen our knowledge on the pathways in which 

these proteins are involved. Experiments performed to address both points, chromatin 

immunoprecipitation-sequencing and tandem affinity purification-mass spectrometry, 

respectively, are presented in the next chapter. 
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IV.6. Supplementary Information 
 

IV.6.1. SI-1. Primers used for genotyping 

 

Primer ID Sequence Target 

PJ449 ATTTTGCCGATTTCGGAAC 
SALK T-DNA 

(LBb1.3) 

PJ451 TAGCATCTGAATTTCATAACCAATCTCGATACAC 
SALK T-DNA 

(LBb3) 

PJ455 ATAATAACGCTGCGGACATCTACATTTT 
GABI-KAT T-DNA 

(8474LB) 

PJ456 CAGCTCCTGAGGTGAGATCTG SUVH3 

PJ458 CTTTTCGGAAACCCTATTTCG SUVH1 

PJ461 CAAGCGATAGCTCTGAACCAC MCR1 

PJ466 ACGAGACTTGAGCTTCTTCCC MBD1 

PJ472 CTTCGCAGTGTTCTAACATGC RLT1 

PJ480 AATATCGGATGAAAGCAATGC JKD 

PJ483 TAGGGTCAAGGAAGCTCTTGG MCR4 

PJ486 GCGTCTTCATCTCGTGATCTC HDG11 

PJ491 CTATTCCCCGAGATCTTTTGG HDG12 

PJ495 CAGGAGTTTAGCAATGCAAGG SUVH3 

PJ497 GTGGCGATAGGTTCTTCTTCC SUVH1 

PJ500 ACATTCTAATGGCACAATGCC MCR1 

PJ505 CTGCTCTTTGATTCGATTTCG MBD1 

PJ511 ATTCCTGCTGGAGAAGGACTC RLT1 

PJ517 TAAAACCGCACCTTTGAACAC MCR3 

PJ519 CATTGGAATTTGGAATTGGTG JKD 

PJ522 TTCTTTTCTCTCCGAAAAGCC MCR4 

PJ525 GAAGCAGCAGAACAATTGGAG HDG11 

PJ530 TGGCTGAGATGGTAAACTTGG HDG12 

PJ558 
TTGTGTGCCTAGGATCAATTGTAACTTTCCTTGATG
GCTTGGG 

MBD1 

PJ569 
GTTGTGTGGAGCTCCACCATTCGAATTCCACGAAA
GTCACATAT 

MCR3 

PJ595 AAACAATTTCCACTCCCAATG MBD6 

PJ596 TGCTTAAGCAGAACCAACCAC MBD6 

PJ612 GTTTCCTTTGCTCTGTTTTATGA MBD2 

PJ664 TCATCTGGAGATATCCATGCC MBD2 

PJ665 GCAACGTTTACTGCGGATTAG MBD2 

PJ669 AACGTCCGCAATGTGTTATTAAGTTGTC 
Wisc T-DNA 

(p745) 

PJ676 CGAGAGGGCTAAAGTAAATGG SUVH3 

PJ677 TCTCTAACAAAGAGCTCTGAG MBD1 

PJ678 CCAGACGGAGCAACATAATAAC MBD2 

PJ679 CAAAAGCCCAAAAACTGCAACG MBD5 

PJ680 AACAGTTCAGGTAAAACACGG MBD5 

PJ681 CTCGGTTAAATGGATGTGGTCT MBD6 

PJ682 TCGCCTTTGCATCTTCTCTTTC HDG11 
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PJ683 GTGTGCATTTTCAATCCGAAGC HDG11 

PJ722 
TTGTGTGCCTAGGGTTATGGCTCTGCTTGACACTG
C 

MBD4 

PJ723 GGTGCTTGGAAGTAAATTGTTGGTAG MBD4 

 

Primers listed here were used either for genotyping T-DNA lines or CRISPR KO mutants, 

in paired reactions described in Table IV-1 and Table IV-2. 
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IV.6.2. SI-2. Metrics of MethylC-seq and RNA-seq libraries  

 

MethylC-seq 

   Reads 
non-conversion rate 

Sample ID Plant Batch Total uniquely mapped 

ML-1 WT 1 31,671,807 25,103,251 (79.3%) 0.35% 

ML-2 suvh1 1 32,596,559 25,926,035 (79.5%) 0.40% 

ML-3 rlt1 1 32,211,081 25,450,722 (79%) 0.36% 

ML-4 jkd 1 37,961,695 29,845,760 (78.6%) 0.36% 

ML-5 hdg11 1 31,260,070 24,483,873 (78.3%) 0.36% 

ML-6 hdg12 1 32,626,217 25,794,688 (79.1%) 0.35% 

ML-7 mcr3 1 34,442,792 26,933,990 (78.2%) 0.36% 

ML-8 mcr4 1 33,100,443 26,121,792 (78.9%) 0.36% 

ML-9 suvh3 2 43,417,592 32,759,144 (75.5%) 0.32% 

ML-10 mbd1 2 35,783,928 27,261,987 (76.2%) 0.32% 

ML-11 mbd6 2 34,629,953 26,144,763 (75.5%) 0.31% 

ML-12 mcr1 2 41,392,463 31,418,733 (75.9%) 0.31% 

ML-13 WT 3 35,292,083 26,524,060 (75.2%) 0.44% 

ML-14 mbd2 3 29,035,809 21,834,825 (75.2%) 0.49% 

ML-15 mbd5 3 26,682,167 20,725,040 (77.7%) 0.66% 

ML-16 mbd1 mbd2 3 29,511,744 22,740,752 (77.1%) 0.42% 

ML-17 mbd1 mbd4 3 28,013,281 21,423,772 (76.5%) 0.50% 

ML-18 mbd5 mbd6 3 27,842,882 21,333,232 (76.6%) 0.60% 

ML-19 hdg11 hdg12 3 28,057,669 21,089,395 (75.2%) 0.54% 
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RNA-seq 

    Reads 

Sample ID Plant Batch Replicate Total uniquely mapped (%) multi (%) 

RS-1a WT 1 a                30,495,956                      28,954,781  94.95% 3.39% 

RS-2a suvh1 1 a                15,756,788                      15,096,539  95.81% 3.41% 

RS-2b suvh1 1 b                13,690,759                      13,069,051  95.46% 3.60% 

RS-2c suvh1 1 c                15,119,409                      14,412,227  95.32% 3.36% 

RS-3a rlt1 1 a                15,428,477                      14,741,584  95.55% 3.64% 

RS-3b rlt1 1 b                13,580,411                      12,999,737  95.72% 3.20% 

RS-3c rlt1 1 c                14,892,175                      14,213,821  95.44% 2.97% 

RS-4a jkd 1 a                14,431,678                      13,869,919  96.11% 3.06% 

RS-4b jkd 1 b                17,423,917                      16,727,674  96.00% 3.05% 

RS-4c jkd 1 c                14,690,226                      13,928,611  94.82% 3.61% 

RS-5a hdg11 1 a                12,198,323                      11,720,349  96.08% 3.03% 

RS-5b hdg11 1 b                15,540,533                      14,912,772  95.96% 2.96% 

RS-5c hdg11 1 c                16,400,549                      15,560,084  94.88% 3.30% 

RS-6a hdg12 1 a                15,591,084                      14,977,403  96.06% 2.96% 

RS-6b hdg12 1 b                16,449,478                      15,777,331  95.91% 2.80% 

RS-6c hdg12 1 c                14,345,163                      13,638,498  95.07% 3.38% 

RS-7a mcr3 1 a                16,147,993                      15,455,369  95.71% 3.28% 

RS-7b mcr3 1 b                14,045,562                      13,489,891  96.04% 3.02% 

RS-7c mcr3 1 c                14,022,717                      13,345,514  95.17% 3.41% 

RS-8a mcr4 1 a                12,656,936                      12,234,506  96.66% 2.60% 

RS-8b mcr4 1 b                12,522,806                      11,949,233  95.42% 3.24% 

RS-8c mcr4 1 c                15,918,858                      15,053,409  94.56% 3.54% 

RS-9a WT 2 a                13,484,878                      12,473,000  92.50% 2.93% 

RS-9b WT 2 b                12,684,577                      11,780,491  92.87% 2.86% 

RS-9c WT 2 c                12,414,453                      11,473,800  92.42% 3.10% 

RS-10a suvh3 2 a                15,457,924                      14,463,300  93.57% 2.69% 
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RS-10b suvh3 2 b                15,347,886                      14,329,970  93.37% 2.72% 

RS-10c suvh3 2 c                15,841,332                      14,727,040  92.97% 3.03% 

RS-11a mbd1 2 a                12,060,407                      10,922,296  90.56% 3.63% 

RS-11b mbd1 2 b                12,781,148                      11,757,601  91.99% 2.71% 

RS-11c mbd1 2 c                13,692,042                      12,838,346  93.77% 2.97% 

RS-12a mbd6 2 a                13,877,718                      12,902,515  92.97% 2.67% 

RS-12b mbd6 2 b                13,348,212                      12,296,737  92.12% 3.74% 

RS-12c mbd6 2 c                11,784,981                      11,014,403  93.46% 2.69% 

RS-13a mcr1 2 a                13,506,779                      12,537,971  92.83% 2.82% 

RS-13b mcr1 2 b                14,051,582                      13,133,087  93.46% 2.33% 

RS-13c mcr1 2 c                12,389,495                      11,394,947  91.97% 4.33% 

RS-14a WT 3 a                22,055,249                      17,383,987  78.82% 19.32% 

RS-14b WT 3 b                19,381,812                      13,017,933  67.17% 30.73% 

RS-14c WT 3 c                20,808,002                     18,872,560  90.70% 7.62% 

RS-15a mbd2 3 a                22,502,183                      19,923,586  88.54% 10.63% 

RS-15b mbd2 3 b                23,194,550                      19,436,173  83.80% 13.74% 

RS-15c mbd2 3 c                21,863,405                      18,983,563  86.83% 10.67% 

RS-16a mbd5 3 a                19,084,793                      16,582,277  86.89% 11.29% 

RS-16b mbd5 3 b                22,610,455                      19,327,294  85.48% 12.58% 

RS-16c mbd5 3 c                21,630,867                      18,895,682  87.36% 10.99% 

RS-17a mbd1 mbd2 3 a                19,645,492                      17,627,525  89.73% 9.21% 

RS-17b mbd1 mbd2 3 b                21,341,728                      18,019,552  84.43% 13.95% 

RS-17c mbd1 mbd2 3 c                22,090,619                      19,670,829  89.05% 9.13% 

RS-18a mbd1 mbd4 3 a                23,775,584                      18,976,153  79.81% 18.69% 

RS-18b mbd1 mbd4 3 b                21,589,207                      18,968,835  87.86% 10.29% 

RS-18c mbd1 mbd4 3 c                21,692,882                      18,837,677  86.84% 11.35% 

RS-19a mbd5 mbd6 3 a                26,774,101                      23,762,239  88.75% 9.52% 

RS-19b mbd5 mbd6 3 b                22,751,075                      19,032,774  83.66% 13.97% 

RS-19c mbd5 mbd6 3 c                22,102,538                      19,195,905  86.85% 11.80% 
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RS-20a hdg11 hdg12 3 a                21,989,544                      18,320,919  83.32% 14.78% 

RS-20b hdg11 hdg12 3 b                20,711,113                      18,607,069  89.84% 8.38% 

RS-20c hdg11 hdg12 3 c                22,267,043                      16,769,028  75.31% 22.66% 

 

IV.6.3. SI-3. Genotyping of mutant lines by PCR 

 

 

 

Example of mutant lines used for batch 1 of sequencing. PCR primers for WT and KO reactions are listed in Table IV-1. 
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IV.6.4. SI-4. Expression of the candidate mC reader genes in the collection of mutants 

 

 

 

Most genes disrupted by T-DNA, or mutated by CRISPR/Cas9, are significantly down-

regulated in the mutants compared to its respective WT control. Exceptions comprised 

genes downregulated but not significantly (RLT1 and HDG12), lowly expressed genes 

slightly upregulated due to the presence of the T-DNA (JKD and HDG11), and MBD6, 

HDG11, and HDG12, which mutations generated by CRISPR/Cas9 do not affect their 

transcriptional levels, yet induce frame shifts that prevent the translation of functional 

proteins (Figure IV-2).
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Chapter V. Molecular characterization of the mC readers DNA 

binding sites and protein interactors 
 

 

 

 

 

 

Abstract 

 

Following the identification of proteins that preferentially bind to methylated DNA 

through an in vitro pull-down assay, and the study of the genome-wide impact of their 

disruption in vivo, several questions remained to elucidate the molecular functions of 

these proteins and increase our knowledge of the role of mC in Arabidopsis. In order to 

characterize the processes in which these mC reader candidates are involved, I introduced 

epitope-tagged fusion proteins into the respective mutant lines to enable their direct 

isolation, so as to recover either the DNA fragments they bind to by chromatin 

immunoprecipitation sequencing (ChIP-seq), or the proteins they interact with by tandem 

affinity purification coupled with mass spectrometry (TAP-MS). Focusing on four mC 

reader candidates, I show that: 1) SUVH1 mainly targets transposable elements regulated 

by the RNA-directed DNA methylation pathway; 2) MBD6 is a mCG reader with 

overlapping functions with SUVH1 and MBD2; 3) MBD2 is primarily associated with gene 

body methylation; and 4) MBD1 preferentially binds unmethylated genes. Identifying 

proteins that interact with these mC reader candidates has furthered our insights into 

the protein complexes they can form and the epigenetic mechanisms they belong to, which 

include chromatin remodeling. Integration of these results with available datasets for 

histone variants, histone modifications and methyltransferase mutants overall supported 

the identification of new pathways regulating the epigenome, and highlighted a complex 

reading pattern of mC in Arabidopsis. 
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V.1. Introduction 
 

New mC reader candidates were identified by DNA affinity pull-down experiments 

which prompted the study of their functions in vivo (Chapter III). An initial approach 

aimed at assessing the molecular phenotypes of the disruption of the genes coding for 

these proteins, which identified potential roles in transcription regulation but failed to 

indicate an effect on DNA methylation levels (Chapter IV). Functional redundancies 

among the proteins, as well as cell-type and/or locus-specific roles, are primary hypotheses 

that could explain these results. Testing these hypotheses requires a deeper 

understanding of their individual functions at the molecular level. 

 

Inherent to the hypothesis that DNA methylation is a signal for specific chromatin 

or transcriptional changes to take place, mC readers would constitute the first link of 

these cascade reactions by binding to DNA. Following binding to DNA, these proteins 

must either have a direct catalytic activity on the surrounding molecules, such as 

modification of histone tails with the example of SUVH4 depositing H3K9me2 (Jackson 

et al. 2002; Malagnac et al. 2002; Johnson et al. 2002), or recruit other proteins to these 

loci. Such proteins that may be recruited to methylated DNA sites include SUVH2 and 

SUVH9, which mobilize RNA polymerase V and initiate the RdDM pathway (Johnson et 

al. 2008; Kuhlmann and Mette 2012; Johnson et al. 2014; Liu et al. 2014). Two main 

questions thus arise regarding the mC reader candidates: where do these proteins bind in 

the genome, and what other proteins can they interact with, as explored below. 

 

V.1.1. Identification of protein-DNA binding sites 

 

The ability of mC reader proteins to interact with DNA is pivotal to their functions. 

Alleles of SUVH4 containing missense mutations in the SRA domain were identified 

during a screen for the suppression of silencing at the SUPERMAN locus and the absence 

of morphological phenotypes associated (Johnson et al. 2007). DNA-binding assays 

showed that these mutations and similar mutations in the SRA domain of VIM proteins 

prevented their binding to DNA (Johnson et al. 2007; Du et al. 2014), thus highlighting 

the importance of the correct targeting of a protein to perform its function. Similarly, 

complementing suvh2 suvh9 suvh4 mutants with a version of SUVH2 or SUVH9 carrying 

a point mutation in the SRA domain disrupted their ability to induce DNA methylation, 

and affected the expression of the SDC gene normally silenced by hypermethylation of 

repeats in its promoter (Johnson et al. 2008). The DNA-binding ability of mC readers is 
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thus pivotal for their function in Arabidopsis, and this conclusion is independent of 

whether these proteins act indirectly by recruiting protein complexes, or have an inherent 

catalytic activity.  

Known mC readers have different sequence context preferences that relate to their 

molecular functions (see Chapter III.1). However, their role in vivo is limited to specific 

loci in the genome. This observation suggests the requirement of other factors that direct 

this localization, which may include siRNAs and histone modifications. The mC reader 

candidates identified by DNA affinity pull-down also show sequence context specificities 

for binding to mC in vitro (Chapter III), however no further information is available 

about their in vivo DNA binding sites. Studying the genome-wide DNA-binding profiles 

of these proteins may thus shed light on the potential requirement on the chromatin 

states that influence their in vivo localization. 

Antibody-based in vivo isolation of protein/DNA complexes is known as chromatin 

immunoprecipitation (ChIP). ChIP requires a strong yet reversible physical association 

between the target protein and DNA, and the ability to specifically isolate the target 

protein by antibody-antigen interactions. Although native ChIP, where chromatin is 

extracted as is, can be performed for the study of histone proteins since they are naturally 

tightly bound to the DNA, studying DNA-binding proteins usually requires a cross-linking 

step that fixes the protein to the DNA. This step is commonly performed with 

formaldehyde, which will induce the formation of covalent bonds between DNA and 

proteins, as well as among proteins, as long as the two nucleophile groups are within 2 Å 

to each other (Hoffman et al. 2015), but other cross-linking factors such as UV and 

methanol can be used. Once the protein/DNA complexes of interest have been isolated by 

immunoprecipitation, cross-linking must be reversed for the DNA fragments to be 

recovered and processed by quantitative PCR (ChIP-qPCR) when DNA targets are known, 

or high-throughput sequencing (ChIP-seq) for genome-wide identification of the binding 

sites. In ChIP-seq experiments, the DNA fragments bound by the protein of interest (bait) 

are processed into libraries, sequenced and mapped to a reference genome. Binding sites 

are defined by an enrichment of reads mapping to the same locus, compared to the density 

of reads mapping to the same locus in the input DNA before immunoprecipitation, and to 

the enrichment of reads in this locus compared to surrounding regions. DNA binding sites 

are characterized by a strong enrichment on both strands of the DNA, commonly referred 

to as a peak, centered around the DNA/protein point of contact. These peaks can be 

visualized on a genome browser and various algorithms exist to identify them 

(Steinhauser et al. 2016). These peaks constitute the basis for further analyses, notably 
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by integrating these results with other datasets, such as genome-wide DNA methylation 

profiles in the context of mC readers. 

 

 

Figure V-1 Schematics of ChIP-seq and TAP-MS experiments. These two experiments combined allow for deep 
molecular characterization of the protein of interest. ChIP-seq enables the identification of genome-wide DNA 
binding sites. TAP-MS enables the identification of protein-protein interactions. 

 

V.1.2. Identification of protein complexes by protein-protein interactions analyses 

 

Protein-protein interactions can be pivotal for the regulation of epigenetic marks 

in Arabidopsis. For example, the polycomb repressive complex 2 (PRC2) is comprised of 

several subunits which carry different functions: the histone methyltransferase activity 

is provided by MEDEA (MEA), CURLY LEAF (CLF) and SWINGER (SWN), but their 

targeting is dependent on other factors such as WD40 domain-containing proteins 

FERTILZATION-INDEPENDENT ENDOSPERM (FIE) and MULTICOPY 

SUPPRESSOR OF IRA 1 (MSI1) (Katz et al. 2004; Kohler et al. 2003; Ng et al. 2007). The 

wide variety of PRC complexes that exist in Arabidopsis and the study of their complex 
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composition would also support the importance of studying protein-protein interactions 

to better understand how the epigenome is regulated, notably considering the role of PRC 

complexes for development (Wang et al. 2016; Merini et al. 2017). The importance of 

protein-protein interaction studies has also been highlighted by examples involving mC 

readers. The investigation of the proteins that can interact with SUVH2 and SUVH9 has 

not only identified DMS3 and confirmed their involvement in the canonical RdDM 

pathway, but also identified MORC6 and revealed the existence of an alternative 

chromatin remodeling pathway (Liu et al. 2014, 2016). Applying such techniques to the 

mC reader candidates might thus help characterize their functions, by revealing the 

processes they are involved in, or discovering new epigenetic mechanisms. 

In the DNA affinity pull-down experiment (Chapter III), native protein complexes 

remain in the nuclear extract, resulting in the enrichment of proteins that cannot bind 

DNA on their own but instead co-purified with mC readers. Data from previous protein-

protein interactions studies indeed hinted toward the identification of such co-factors in 

our list of candidates (Chapter III), such as IDL2 and IDL3, known interactors of MBD5 

(Li et al. 2017). Similarly, ChIP-seq experiments cannot confirm the ability of the tagged 

protein to directly bind DNA, but only confirm their presence in protein complexes that 

interact with DNA. For both reasons, investigating the proteins that can interact with the 

mC reader candidates would help identify these potential co-purifying factors, in addition 

to the gain in knowledge of the mechanisms they are involved in. 

Several techniques exist to study protein-protein interactions in plants, and each 

has intrinsic advantages and disadvantages (Lalonde et al. 2008; Miernyk and Thelen 

2008). To date, only affinity purification coupled with mass spectrometry (AP-MS) allows 

for the unbiased detection of interactors without prior knowledge of potential candidates. 

However, one limitation of AP-MS is the detection of false positives. A way to overcome 

this limitation is to increase the stringency of interactions by performing two 

immunoprecipitation steps successively through tandem affinity purification (TAP). This 

method requires the expression of a double-epitope tagged version of the bait protein, for 

each tag enables an immunoprecipitation reaction, and both steps performed in series 

increase the specificity of the interactions identified (Puig et al. 2001). Originally 

developed in yeast using the TAP tag, this method has since been used in many different 

species and with different epitopes (Li 2010). After the two sequential steps of 

immunoprecipitation and subsequent washes, the isolated protein complexes are digested 

into tryptic peptides, which can then be identified as individual spectra by MS/MS (Figure 

V-1). The number of peptides that uniquely match to the same protein is thus 
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representative of the enrichment of said protein in the sample, and is indicative of its 

interaction with the bait protein. A major advantage of TAP-MS is the identification of 

whole complexes and not only direct interactions. In the objective of characterizing mC 

reader candidates, TAP-MS could enable one to situate the protein in the epigenetic 

landscape by identifying interacting proteins that are components of known mechanisms, 

or reveal the existence of new complexes not previously linked with DNA methylation. 

 

V.1.3. Targeted molecular characterization of MBD and SUVH mC reader candidates 

 

For the reasons mentioned above, analyzing DNA binding sites and interacting 

proteins of the mC reader candidates were performed on mC reader candidates. The work 

presented here mainly focuses on four proteins identified in the DNA affinity pull-down 

assay that belong to families of known mC readers, but which lack molecular 

characterization: SUVH1, MBD1, MBD2 and MBD6 (Chapter III).  

The ability of SUVH1 to bind mC had not been reported in previous studies before 

its identification in DNA affinity pull-down, but its involvement downstream of DNA 

methylation has been suggested (Li et al. 2015c). Indeed, potentially involved in 

promoting gene expression despite hypermethylation of their promoters, this function was 

inhibited by treatment with the methyltransferase blocking agent 5-Aza-dC and by 

mutation in a subunit of PolV, involved in RdDM. Mutations in SUVH1 also induce 

decreased levels of H3K4me3, which could be due to its direct deposition by SUVH1, its 

facilitation of the recruitment of another histone methyltransferase, or indirectly through 

the transcriptional repression of the genes. The role of SUVH1 to promote transcriptional 

activation of genes with hypermethylated promoters seems however more limited than 

previously reported (Chapter IV). Considering the limited number of differentially 

expressed genes reported, identifying DNA binding sites of SUVH1 and the proteins that 

it may interact with might thus highlight this pattern more clearly. Also, it may help 

clarify the mechanistic basis of its potential role in H3K4me3 regulation. 

MBD6 has been shown to bind to mCG by EMSA in previous studies (Scebba et al. 

2003; Ito et al. 2003; Zemach and Grafi 2003) and by DNA affinity pull-down (Chapter 

III). It is also known to localize to chromocenters, especially at rDNA clusters, which is 

consistent with its involvement in nucleolar dominance (Zemach et al. 2005; Preuss et al. 

2008; Costa-Nunes et al. 2010). MBD6 has been implicated in several complexes: it can 

form homodimers or heterodimerize with MBD5, and it can interact with DDM1 (Zemach 

et al. 2005); it can interact with IDM3 and marginally with IDM1 (Li et al. 2015b); and it 
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can interact with RdDM components HDA6 and AGO4 (Parida et al. 2017). All these 

complexes suggest that MBD6 might have different functions, but they were identified 

independently. Identifying MBD6 protein-protein interactions in an unbiased manner 

could help compare the affinities of MBD6 for these different proteins, combined with the 

understanding of its genome-wide DNA binding sites, could assist in gaining a clearer 

understanding of the functions of MBD6 in Arabidopsis. 

MBD1 and MBD2 have been less studied than the aforementioned candidates. 

Both were thought to be unable to bind to mC, but they were found enriched in mCG (and 

mCHH for MBD1) by DNA affinity pull-down (Chapter III). MBD1 and MBD2 were 

found to interact with the homeobox protein HAT3.1 and the PRC1 component BMI1C by 

high-throughput Y2H (Arabidopsis Interactome Mapping Consortium 2011), which would 

suggest that they can form a protein complex. The study of their DNA binding sites and 

of the proteins they can interact with would notably help investigation of this hypothesis. 

 

The following work presents the results of ChIP-seq and TAP-MS experiments 

performed on four mC reader candidates. The ChIP-seq data highlighted the complexity 

of mC interpretation in Arabidopsis, and revealed preferential genomic features bound by 

each of these proteins. Combined with the TAP-MS, this study revealed the existence of 

new epigenetic pathways, and notably the potential involvement of mC readers in 

chromatin remodeling.
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V.2. Material and methods 
 

V.2.1. Cloning of tagged candidates under endogenous promoters 

 

Promoters were defined by incorporating the closest DNase I hypersensitivity 

(DHS) sites upstream of the transcription start site, from DHS data generated from 7-day 

old seedlings in Col-0 background (Sullivan et al. 2014). 3’-UTRs were included for MBD6 

and MCR3, as a DHS site was present downstream, near the transcription termination 

site. Promoters and 3’ UTRs were amplified from Col-0 genomic DNA using the primers 

listed in SI-1 with Q5 Hot Start High-fidelity DNA polymerase (NEB). PmeI (or SacI) and 

AvrII restriction sites were incorporated at the 5’ end of the primers to allow for 

restriction-ligation of the promoters into plasmids containing the SHH tag (2xStrep-HA-

6xHis), generously provided by Dr. Dmitri Nusinow. Insert and entry plasmids were 

digested with PmeI (or SacI) and AvrII enzymes (NEB). Generated fragments were gel 

extracted, ligated and purified ligation products were electroporated in TOP10 

Escherichia coli competent cells. Transformed bacteria were selected by resistance to 

spectinomycin and plasmid sequences were confirmed by Sanger sequencing. For MBD6 

and MCR3, 3’-UTRs were then incorporated through a similar process using EcoRV 

restriction sites. Final plasmids were inserted into GV3101 Agrobacterium tumefaciens 

by heat-shock. 

 

V.2.2. Generation and selection of complemented plant lines 

 

For each candidate, the T-DNA mutant line genotyped in Chapter IV was 

complemented with an epitope-tagged version of the respective candidate. Mutant lines 

homozygous for the presence of the disruptive T-DNA were transformed with the 

corresponding complementation plasmid by flower-dipping Agrobacterium-mediated 

transformation (Clough and Bent 1998). T1 plants were grown on soil and transformants 

selected by resistance to glufosinate. Presence of both the original T-DNA and the 

complementation plasmid was confirmed by PCR using primers listed in Chapter IV SI-

1. To assess the expression level of the complemented plasmids, RNA was extracted from 

a population of T2 seedlings grown on ½ Murashige and Skoog media supplemented with 

1% sucrose for two weeks with TRIzol Reagent (ThermoFischer Scientific). RNA was 

treated with RQ1 DNase (Promega), purified and converted to cDNA with sensiFAST 

cDNA Synthesis Kit (Bioline), using the provided mix of random hexamers and anchored 

oligo dT primers. qPCR reactions were performed with KAPA SYBR FAST qPCR Kit 
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(Signa-Aldrich) on a Roche LightCycler 480 instrument. The qPCR primers used for this 

study are listed in SI-1. 

 

V.2.3. ChIP-seq 

 

V.2.3.1. Tissue harvest and crosslinking 

 

3-8g of seedlings grown on ½ Murashige and Skoog media supplemented with 1% 

sucrose were harvested 14-days after germination induction and crosslinked in 

Crosslinking Buffer (10mM HEPES-NAOH, pH 7.4; 1% Formaldehyde) by drawing 

vacuum for 10 min, twice. Seedlings were transferred to Quenching Buffer (10mM 

HEPES-NAOH, pH 7.4; 200 nM Glycine) and vacuum applied for 10 min. After 3 washes 

in ddH2O, seedlings were frozen in liquid N2 and stored at -80°C. 

 

V.2.3.2. Chromatin preparation 

 

Tissue was grounded to fine powder using a mortar and pestle in liquid N2 and 

resuspended in Buffer A (10mM Tris-HCl, pH 8.0; 400mM Sucrose; 5mM β-

Mercaptoethanol; 1x Protease inhibitors), rotating for 10 min. Samples were kept at 4°C 

from this step up to the reverse crosslinking step, including during the centrifugation 

steps. After filtering through a sheet of miracloth, samples were centrifuged for 20 min at 

2,880xg. Pellets were resuspended in Buffer B (10 mM Tris-HCl, pH 8.0; 250 mM Sucrose; 

10 mM MgCl2; 1% Tx-100; 5 mM β-Mercaptoethanol; 1x Protease inhibitors) and 

centrifuged for 10 min at 12,000xg. Pellets were then resuspended in Buffer C (10 mM 

Tris-HCl, pH8.0; 1.7 M Sucrose; 2 mM MgCl2; 0.15% Tx-100; 5 mM B-Mercaptoethanol; 

1x Protease inhibitors) and overlaid on Buffer C cushion before centrifuging for 1h at 

16,000xg. Pellets were washed twice in Wash Buffer (10 mM Tris-HCl, pH 8.0; 200 mM 

NaCl; 1 mM EDTA, pH 8.0; 0.5 mM EGTA, pH 8.0; 1x Protease inhibitors) by 

resuspending in the buffer and centrifuging for 5 min at 4,000xg. Final pellets were 

resuspended in Shearing Buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0; 0.1% 

SDS; 1x Protease inhibitors) and sonicated with Covaris S2 (12 min, duty cycle 5%, 

intensity 4, 200 cycles per burst, peak power 140). Triton X-100 and NaCl were added to 

the samples to reach a final concentration of 1% and 150mM, respectively. Chromatin was 

then cleared of debris by centrifuging for 10 min at 10,000xg. 
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V.2.3.3. Immunoprecipitation 

 

50 µL (5%) of chromatin was put aside to be used as input control. 4 µg of αHA.11 

antibodies (BioLegend) were added to 1 mL of chromatin and incubated slowly rotating 

overnight. For each sample, 25 µL Protein G beads (Life Technologies) and 25 µL 

Dynabeads M-280 sheep anti-mouse IgG (Thermo Fischer Scientific) were equilibrated by 

washing three times with IP Buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0; 0.1% 

SDS; 1% Triton X-100; 150 mM NaCl) prior to add the chromatin, and samples were 

incubated rotating for 90 min. Protein/DNA complexes bound to the beads were washed 

twice with Low Salt Wash Buffer (20 mM Hepes-KOH, pH 7.9; 2 mM EDTA; 0.1% SDS; 

1% Triton X-100; 150 mM NaCl), twice with High Salt Wash Buffer (20 mM Hepes-KOH, 

pH 7.9; 2 mM EDTA; 0.1% SDS; 1% Triton X-100; 500 mM NaCl), once with LiCl Wash 

Buffer (100 mM Tris-HCl, pH 7.5; 0.5 M LiCl; 1% NP-40; 1% Sodium Deoxycholate) and 

once with TE/10 Buffer (10 mM Tris-HCl, pH 8.0; 0.1 mM EDTA). Immunoprecipitated 

samples were resuspended in 49 µL Proteinase K Digestion Buffer (20 mM HEPES, pH 

7.9; 1 mM EDTA; 0.5% SDS) and 1 µL of 20 mg/mL Proteinase K was added to each 

sample. In parallel, 2 µL of 10% SDS and 1 µL of 20 mg/mL Proteinase K were added to 

the input samples. Both types of samples were then incubated at 50°C for 15 min. 

DNA/protein complexes eluted from the beads were then transferred to a new tube. 3 µL 

5M NaCl and 0.5 µL 100 mg/mL RNase A were added to immunoprecipitated and input 

samples and were incubated overnight at 65°C shaking at 1,000xrpm to reverse the cross-

linking. The next day, an additional 1.5 µL 20 mg/mL Proteinase K were added to all 

samples and samples were incubated for 60 min at 50°C. DNA was finally purified with 

AMPure beads and 15 µL of each sample were recovered. 

 

V.2.3.4. Next-generation sequencing library preparation 

 

2 ng of input DNA and 5 µL of immunoprecipitated samples were processed 

according to Rubicon thruPLEX DNA-seq kit, using half reactions per sample. 7 or 8 

amplification cycles were performed on DNA from immunoprecipitated samples, 13 to 15 

cycles for input samples, to reach final concentrations of 2 to 10 nM for each library. 
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V.2.3.5. Next-generation sequencing 

 

Libraries were sequenced on the HiSeq 1500 platform (Illumina) according to the 

manufacturer’s instructions. Raw sequencing data were then de-multiplexed with 

bcl2fastq software (Illumina). 

 

V.2.3.6. Next-generation sequencing data analysis 

 

Illumina adapters were trimmed from the raw data using cutadapt (Martin 2011) 

default parameters. Remaining reads were mapped to Arabidopsis TAIR10 genome using 

bowtie2 in default end-to-end mode (Langmead and Salzberg 2012). Mapping metrics are 

reported in SI-2. Resulting files were converted to sorted and indexed bam files using the 

samtools suite (Li et al. 2009). Bam files were loaded into the AnnoJ browser (Lister et al. 

2008) for visualization. Peaks were called with the version 2 of MACS (Zhang et al. 2008) 

by comparing each immunoprecipitated sample to its input, including for a WT sample 

(Col-0 plant with no tagged protein). For each sample, peaks with 10% reciprocal overlap 

with the peaks called in WT were discarded, and the remaining top 80% based on local 

fold-change constitute the final set of peaks for each sample. These sets were merged into 

a single file by merging 50-bp overlapping peaks to generate a list of unique bound loci, 

using bedmap –echo-map-range –echo-map-id-uniq (Neph et al. 2012) and bedtools merge 

(Quinlan and Hall 2010). These loci were annotated with annotatePeaks.pl from the 

Homer suite (Heinz et al. 2010), and then intersected with TAIR10 annotated 

transposable elements and transposable element genes with bedtools intersect. The 

deepTools suite (Ramirez et al. 2016) was used to convert bam files to bigwig files and to 

plot the heatmaps and profiles. The other figures were generated using custom R scripts 

based on the ggplot2 package (Wickham 2009) and UpSetR package (Conway et al. 2017). 

The homer suite was used to identify motifs under the ChIP-seq peaks. Published ChIP-

seq datasets used in this study, listed in SI-3, were processed in the same way as the 

ChIP-seq samples generated in this study. Published DNA methylation datasets, also 

listed in SI-3, were processed in the same way as the MethylC-seq samples presented in 

Chapter IV, and deepTools was used to generate bigwig files and plot heatmaps and 

profiles. 
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V.2.4. Tandem affinity purification coupled to mass spectrometry 

 

V.2.4.1. Tissue harvest 

 

3-8g of seedlings grown on ½ Murashige and Skoog media supplemented with 1% 

sucrose were harvested 14-days after germination induction, frozen in liquid N2 and stored 

at -80°C. 

 

V.2.4.2. Nuclei isolation 

 

Tissue was grounded to fine powder using a mortar and pestle in liquid N2 and 

resuspended in Extraction Buffer (2 M hexylene glycol; 20 mM PIPES-KOH, pH 7.0; 10 

mM MgCl2; 5 mM β-mercaptoethanol), rotating for 10 min. Samples were kept at 4°C 

from this step until the trypsin digestion, including during the centrifugation steps. After 

filtering through a sheet of miracloth, triton X-100 was added in small aliquots until the 

final concentration reached 1%. Samples were overlaid on a density gradient of 30% and 

80% Percoll Buffer (2 M hexylene glycol; 5 mM PIPES-KOH, pH 7.0; 10 mM MgCl2; 1% 

triton X-100; 5 mM β-mercaptoethanol; 30 or 80% percoll) and centrifuged for 30 min at 

2,000xg. Nuclei were collected from the 30/80% percoll interphase, underlaid with 30% 

Percoll Buffer and centrifuged for 10 min at 2,000xg. 

 

V.2.4.3. Tandem affinity purification 

 

Pelleted nuclei were resuspended in SII Buffer (100 mM Sodium Phosphate, pH 

8.0; 150 mM NaCl; 5 mM EDTA; 5 mM EGTA; 0.1% triton X-100; 1x protease inhibitors; 

1x phosphatase inhibitors; 1 mM PMSF; 50 µM MG-132), and membranes were disrupted 

by sonication (40% power, 1s on/1s off, for 20s in total, repeated 3 times per sample). 

Samples were clarified by two successive centrifugation steps at 14,000xg for 10 min. IBA 

MagStrep “type3” XT beads (Fisher Biotech) were washed twice in SII Buffer before 

adding the protein extract and were then incubated rotating for 60 min. The beads were 

washed twice in SII Buffer and three times with Strep-to-His Buffer (100 mM 

Na2HPO4/NaH2PO4, pH 8.0; 150 mM NaCl; 0.05% triton X-100). Protein complexes were 

eluted twice with Strep Elution Buffer (100 mM Na2HPO4/NaH2PO4, pH 8.0; 150 mM 

NaCl; 0.05% triton X-100; 50 mM biotin) by incubating rotating for 10 min. Dynabeads 

His-Tas Isolation and Pulldown (Thermo Fisher Scientific) were washed twice in Strep-
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to-His Buffer before adding the eluted proteins and incubating rotating for 20 min. The 

beads were washed twice with Strep-to-His Buffer and three times with 25 mM 

ammonium bicarbonate before being snap-frozen in liquid N2 and stored at -80°C. 

 

V.2.4.4. Protein digestion and peptide purification 

 

Beads were resuspended in 50 µL Protein Elution Buffer (100 mM Tris-HCl, pH 

7.5; 1 M Urea; 10 mM DTT) and incubated for 20 min, shaking. 5 µL 0.55 M iodoacetamide 

were added to each sample and the tubes were incubated for 10 min, shaking in the dark. 

2.5 µL of trypsin (0.4 µg/µL in 0.01% TFA) were added to each sample and the tubes were 

incubated for 2h, shaking. After transferring the eluted peptides to a new tube by 

immobilizing the beads with a magnet, 50 µL were added to the beads for a second elution, 

after incubating for 5 min shaking. 1 µL of trypsin was added to the combined eluates and 

the tubes were incubated shaking overnight. Peptides were loaded on C18 resin MicroSpin 

Columns Silica C18 (The Nest Group) which were pre-activated by methanol, washed once 

with Buffer B (0.1% formic acid, 80% acetonitrile) and washed twice with Buffer A (0.1% 

formic acid). Samples were then washed once with Buffer A and eluted from the Stage-

Tips in Buffer B, after which the acetonitrile was evaporated using a vacuum 

concentrator. 

 

V.2.4.5. LC-MS/MS measurements 

 

Samples were resuspended in 30 μl of 5% (v/v) acetonitrile/0.1% (v/v) formic acid 

before online reversed phase nanoflow (250 nl min−1) HPLC (EASY-Spray 50 cm x 75 µm 

ID) ESI coupled to an Orbitrap Fusion (ThermoFisher). Gradients were 5–35% (v/v) 

acetonitrile in 0.1% (v/v) formic acid formed by a Dionex UltiMate 3000 series HPLC 

(ThermoFisher) over 120 min. Spectra were acquired in data dependent mode with a 120k 

resolution survey scan from 300–1500 m/z followed by selection of the eight most 

abundant doubly or triply charged ions for MS/MS analysis. Ions were dynamically 

excluded for 60 sec. Raw data was converted to mzML format by msconvert (3.0.9992) 

before spectral matching against the Araport11 peptide sequence database by 

CometMS (2016.01 rev. 2). Results were processed through the Trans-Proteomic Pipeline 

(5.0) tools peptide and protein prophet. Proteins with a probability above 0.9 were 

accepted for further analysis. 
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V.3. Results 
 

V.3.1. Epitope-tagged mC readers 

 

The targeted molecular characterization of mC reader candidates by ChIP-seq and 

TAP-MS relies on the ability to isolate each protein independently, still bound to the DNA 

on one hand, and still in complex with its interactors on the other. Both methods are very 

sensitive to the antibodies and antigens used. Notably, ChIP requires the use of antibodies 

of superior grade to enable the immunoprecipitation of proteins cross-linked to DNA 

(Mendoza-Parra et al. 2016). Raising specific antibodies of such quality for all the proteins 

of interest would be too time-consuming, expensive and inefficient. Instead, I decided to 

fuse the protein with a tag containing three epitopes, adapted to either ChIP-seq or TAP-

MS. For ChIP-seq, the human influenza hemagglutinin (HA) tag was chosen, as it does 

not contain any lysine residues, principal target of formaldehyde crosslinking, and has 

been successfully used for ChIP-seq experiments in Arabidopsis (Brinkman and 

Stunnenberg 2009; Liu et al. 2015; Birkenbihl et al. 2016; Cui et al. 2016). Many tags 

exist for TAP experiments, with inherent advantages and limitations (Li 2010). The 

combination of 2xStrepII tag and 6xHistidines was chosen for several characteristics: 

their relative small sizes that would limit potential hindrance of protein-protein 

interactions; the availability of binding matrices coupled to magnetic beads for their ease 

of use and their high binding affinities; and the ability to elute the isolated protein 

complexes in close to native conditions without the requirement for a protease cleavage 

site. The final combination of epitopes, 2xStrepII-HA-6xHis, is referred to as the SHH tag. 

 

V.3.2. Genotyping of complemented lines 

 

To assure that the results of immunoprecipitation experiments are representative 

of endogenous processes, the bait protein would ideally be present at an abundance as 

close as possible to WT plants. Two main points derive from this assertion: the absence of 

non-tagged, endogenous proteins that would limit the isolation of endogenous complexes; 

and that the gene coding for the tagged protein is expressed at endogenous levels and 

limited to the same tissue and cell-types. Indeed, over-expressing lines could contain 

protein complexes that are not usually present in WT plants, either because of their 

expression in other cell-types that they endogenously are, or because of the saturation of 

endogenous complexes and the increase of non-specific targets. Thus, expression of the 

epitope-tagged version of the candidates was driven by their endogenous regulatory 
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sequences, as defined by the DNase hypersensitivity sites (DHS) upstream and 

downstream of the genes (detailed in Material and methods; Figure V-2).  

 

 

Figure V-2 Gene models of the mC reader candidates studied in this chapter. Yellow triangles represent the T-
DNA insertion sites. Bended arrows mark the beginning of the promoter. In grey are the untranslated regions (5 
and 3’-UTR). In light green is the SHH epitope tag. Red arrows mark the positions of primers used for qPCR, 
surrounding the T-DNA insertion site and on the SHH tag. 

 

These constructs were then transformed into the corresponding single mutants 

genotyped in Chapter IV to eliminate the presence of non-tagged proteins in these plants. 

The first generation of transformed plants (T1) were identified through their resistance 

to glufosinate and were later confirmed by PCR to contain both the endogenous alleles 

disrupted by the T-DNA and the tagged allele, using the same primers as in Chapter IV 

(SI-1). For each line, the expression level of the tagged protein was assessed by qPCR, by 

comparing a population of T2 seedlings originating from each selected T1 line to WT and 

to its background mutant (Figure V-3). qPCR primers were designed around the T-DNA 

insertion point to eliminate the contamination of RNA molecules derived from the 

endogenous loci. Expression levels were usually similar to endogenous levels, with some 

variations potentially caused by the influence of regulatory elements on the DNA around 

the transgene insertion points, or by the presence of multiple inserts. In some cases, 

however, all the T1 lines tested showed either higher or lower expression than WT, which 

might be explained by missing sequences in the regulatory regions cloned. A second qPCR 

reaction was performed using primers binding to the SHH tag, which confirmed the 

relative levels of expression of full-length transcripts in each line (Figure V-3). In order to 

maximize the reproducibility of following experiments, the presence of the transgene must 

be stably inherited in following generations, and optimally with the same insertion event 

being maintained in all the descendants. The number of transgene insertion points was 
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thus estimated by analyzing the resistance ratio of a T2 population on selective media, 

according to Mendelian inheritance (Figure V-3).  

 

 

Figure V-3 Estimation of complemented protein expression level and transgene copy number, taking SUVH1 as 
example. Expression levels were normalized by the ΔΔCT method, to WT #1 for the reaction surrounding the T-
DNA, to suvh1 / SUVH1-SHH #1 for the reaction on the SHH tag. Both reactions show similar trends in the 
complemented lines, supporting the presence of full-length mRNAs, whereas no tag is present in WT and mutant 
lines, and no endogenous protein is expressed in the mutant. Error bars represent standard errors for two technical 
replicates. Transgene copy number estimation was assessed by segregating T2 seedlings populations on 
glufosinate, which resistance gene is present on the transgene. 

 

T2 plants homozygous for the complementation transgene, identified by 

segregating a T3 population of seedlings, were then selected. When possible, T2 lines 

expressing the complemented protein close to endogenous level with a single homozygous 

transgene insertion were chosen. Because endogenous levels might be too low for the 

recovery of enough DNA or protein material for successful ChIP-seq and TAP-MS 

experiments, over-expressing lines were also selected. Table V-1 summarizes the lines 

selected for further experiments. ChIP-seq and TAP-MS experiments are very sensitive 

protocols and usually require optimization for each protein targeted.  
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Candidate Background 
Line ID 

(T2) 

Expression level  
(T2 population 

vs WT) 

Number of transgene insertions 
(T2 population) 

Segregation ratio 
(T3 population) 

Experiments 

estimation resistance ratio ChIP TAP 

- Col-0 - 1 0 0 0 rep1 rep1 

SUVH1 
SALK_003675 

(N859507) 

#1.8 1.35 1 75% (63/84) 177/177 rep2  

#7.2 5.15 3+ 95% (94/99) 158/158 rep1 rep2 

#10.1 1.48 1 75% (60/80) 190/190 - rep1‡ 

MBD1 
SALK_025352 

(N525352) 

#6.2 1.15 1 76% (70/92) 92/92 rep2 rep1 

#6.10 1.15 1 76% (70/92) 87/87 rep1 - 

#12.5 0.41 1 76% (122/161) 145/145 - rep2* 

MBD2 
GABI_650A05 

(N462309) 

#5.4 3.74 1 72% (135/188) 107/107 rep1 rep1 

#6.5 0.75 1 75% (117/155) 115/115 rep2 rep2* 

MBD6 
SALK_043927 

(N543927) 

#4.8 12.39 3+ 96% (112/117) 121/121 rep1 rep1 

#14.10 3.04 1 75% (146/194) 115/115 rep2* rep2* 

RLT1 
SALK_099250 

(N658352) 

#6.6 2.04 2 80% (76/95) 220/220 - rep2* 

#8.1 4.75 1 69% (55/80) 190/190 rep1* rep1‡ 

MCR3 
SALK_070382 

(N680493) 

#5.4 4.07 1 72% (54/75) 103/103 rep1* - 

#9.7 1.64 1 69% (51/74) 144/144 - rep1* 

Table V-1 List of complemented lines used in ChIP-seq and TAP-MS experiments. Transgenes carrying complemented candidates under endogenous promoters and glufosinate 
resistance were transformed into disruptive T-DNA lines background, ordered from Nottingham Arabidopsis Stock Center (NASC). Line ID is named with the convention of the 
T1 insertional event number followed by the T2 line number. Expression levels are relative to WT as measured by qPCR on a population of T2 plants, and is thus the same for 
lines issued from the same T1 plant. Number of transgene insertions was assessed by the segregation ratio of glufosinate resistant plants (out of total number of plants assessed) 
in a T2 population, and is thus the same for lines issued from the same T1 plant. The segregation ratio column confirms the T2 line homozygosity of at least one copy for the 
complementation transgene. In the experiments columns, replicates in bold gave the best results, * mark replicates that failed to give results, and ‡ mark TAP samples where 

proteins were extracted from whole tissue, without prior nuclei purification. 
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Several lines were tested for each candidate, with varying success (Table V-1). 

ChIP-seq experiments were also performed on two other candidates, RLT1 and MCR3 

(Table V-1) However, these samples showed no or a very limited number of peaks, 

respectively, and thus data about both proteins are not incorporated in the following 

results. 

 

V.3.3. Genome-wide distribution of DNA binding sites 

 

DNA binding sites for each candidate were identified by ChIP-seq performed on 

T3 seedlings populations. Two replicates were performed for each candidate using two 

different T2 lines to estimate the variability due to T-DNA insertion position and 

transgene abundance. For MBD6, one replicate failed during library preparation, and 

MBD1 replicates come from the same insertion event since no over-expressing line was 

identified by qPCR (Table V-1). Visualization of the signals on a genome browser showed 

localized peaks in the ChIP samples, whereas reads from the input controls were 

uniformly distributed (Figure V-4). 

 

The density of peaks along each chromosome showed that all samples have a 

genome-wide distribution and many DNA binding sites (Figure V-5). MBD6 peaks, and to 

a lesser extent SUVH1 peaks, are enriched in TE-rich pericentromeric regions, whereas 

MBD1 and MBD2 peaks are mainly located in gene-rich chromosome arms. 
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Figure V-4 Genome browser screenshots of ChIP-seq signals. A. General view of a genomic locus showing all the 
ChIP-seq samples sequenced and their respective Inputs. Gene and TE models were included, as well as 
methylation levels (mC) in seedlings. B. Loci exemplifying different binding patterns for the proteins 
immunoprecipitated. The peaks as called by MACS2 are represented by grey bars on top of each track. The scale 

of ChIP tracks shows up to 200 reads for each strand, which has truncated some peaks. 
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Figure V-5 Peak distribution across each Arabidopsis chromosome. The density corresponds to the number of 

peaks, genes and TEs in 50 kb bins. Centromere positions are marked by black arrows. 

 

To further characterize the binding profile of each candidate, peaks were 

annotated with the genomic feature with which they intersect (Figure V-6). Peaks were 

first intersected with genic features, including 1kb around the coding sequences 

(promoters and terminators), followed by intersection with TEs. MBD6 and SUVH1 bound 

mostly TEs, including about 50% of peaks initially reported within genes. MBD1 and 

MBD2 preferentially bound genic regions, and mostly exons and 3’-UTRs, as the last 100 

bp before the TTS was included in the terminators. Although replicates of the same 

candidate showed a significant difference in the number of peaks identified, their genome-

wide distributions were largely consistent and they showed similar genomic feature 

preferences (Figure V-5 and Figure V-6). The difference in the number of peaks identified 

in each replicate was mainly due to one sample performing better than the other, as well 

as in the difficulty of defining the borders of a peak (Figure V-4). 
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Figure V-6 Distribution of peaks in genomic features. Total numbers of peaks for each sample are indicated at the 
top. Peaks were annotated with the homer suite (annotatePeaks.pl), and then intersected with annotated TEs 
(TAIR10). Original annotations for TEs are indicated in parenthesis. Promoters include [-1kb; +100bp] around the 
transcription start site; Terminators include [-100bp; +1kb] around the transcription termination site; Gene include 
both exons and introns. Both replicates of each sample show different number of peaks but similar distributions, in 
genes for MBD1 and MBD2, in TEs for SUVH1 and MBD6. 

 

The similarities of profiles between MBD1 and MBD2, and between MBD6 and 

SUVH1, prompted the analysis of whether these samples share the same targets. 

Overlapping peaks from all the samples were merged and the number of peaks in the 

intersecting sets were further analyzed (Figure V-7). More than 60% of MBD6 peaks were 

unique (5332 / 8348), probably due to the much higher number of peaks found in the 

MBD6 sample (Table V-1). In comparison, about 30% of peaks called in SUVH1 rep1 and 

MBD2 rep1 were unique (876 / 3064 and 1115 / 3359, respectively), and most of the 

remaining peaks were shared with MBD6, for both candidates. This would mean that 

MBD6 shares some genomic binding sites with SUVH1 and MBD2, in addition to its 

unique binding sites. Notably, most of the SUVH1 unique and shared sites with MBD6 

were located in TEs, whereas MBD2 unique and shared sites with MBD6 were not. This 

confirmed the respective preference of SUVH1 for TEs and MBD2 for genes, whereas 
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MBD6 seemed to have the ability to bind both features, with a marked preference for TEs 

in its unique sites. MBD1 appeared to bind different targets, however, since about 50% of 

MBD1 replicate 1 peaks were unique (723 / 1507). Its shared binding sites were primarily 

with MBD2 and principally located in genes. 

 

 

Figure V-7 Upset plot showing the intersection of peaks among the samples. The number of peaks identified in 
each intersection set is noted on top of the bars and the number of samples within each set is represented by the 
number of linked dots. Peaks annotated in TEs (as annotated in Figure V-6) are shown in blue. The 17 intersection 

sets with the highest number of peaks have been kept as they present the most relevant information. 

 

When focusing the analysis on replicates 2, performed on the complemented lines 

with lower transgene expression, most of their binding sites were shared with the 

corresponding replicate 1, with or without MBD6, and only about 10% were unique (69 / 

469 for MBD1 rep2, 140 / 1306 for MBD2 rep2, 150 / 1406 for SUVH1 rep2). This 

observation supported the fact that both replicates, although originating from separate 

insertion events and transgenic lines, gave reproducible results. By looking at the 

corresponding genome browser tracks, peaks called in replicate 1 were often visible in 

replicate 2, but were not enriched enough to be statistically significant. The first locus in 

Figure V-4-B shows the example of a peak called in MBD1 replicate 1 (as well as both 

MBD2 replicates, and MBD6), but not in MBD1 replicate 2, despite showing a slight 

increase in reads density over the gene body. This would support the fact that the peaks 

called in replicate 1 are actual endogenous binding sites and not off-targets due to protein 

overexpression, while the higher expression allows greater sensitivity of peak detection 
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due to inherent challenges in binding site detection by ChIP-seq for low abundance 

targets. 

 

Taken together, these results suggested a potential redundancy between candidate 

binding sites, notably between MBD6 and SUVH1 at TEs, MBD6 and MBD2 in genes, 

and MBD2 and MBD1 also in genes. 

 

V.3.4. Motif analyses at DNA binding sites 

 

For mC readers with a genome-wide binding pattern that depends only in DNA 

methylation state, the ability to bind DNA methylation may be expected to be indifferent 

to the underlying DNA sequence, outside of the methylated cytosine. To test this 

hypothesis, DNA sequence motif analyses were conducted on the four candidates (Figure 

V-8). Only motifs with a p-value << 10-50 (or -log(p-value)>>50) were considered (Heinz et 

al. 2010). MBD1, MBD2 and SUVH1 did not show motifs that met this cut-off. However, 

MBD6 has 5 motifs with a p-value<10-50 (top 3 presented in Figure V-8). These motifs 

represented different DNA sequences, but most shared a common CG dinucleotide. 

Considering the variation in the neighboring sequences, it was unlikely that these motifs 

were exclusive targets of MBD6. Nevertheless, the presence of a central CG site would 

support the preference for DNA methylation in the CG context, consistent with the 

enrichment for CG-methylated probes in the DNA-affinity pull-down for MBD6 (Chapter 

III). 
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Figure V-8 Top motifs over-represented under the peaks of each candidate. Peaks and motifs were identified with 
the Homer suite. According to homer guidelines, only motifs with -log(p-value)>>50 can be considered real. No 
homology was found between MBD1 replicates, representative of a broader binding pattern, so only their respective 
first motifs were included. 

 

Despite the motifs identified in the other candidates not being significant, the 

presence of very similar motifs in both replicates of each candidate would support their 

binding to the same targets, with the exception of MBD1. Motif analyses were performed 

by searching for enriched DNA sequences close to the expected point of contact of the 

protein on the DNA, the so-called peak summit. MBD1 however showed a wider binding 

profile at genes (Figure V-4), which may impact the identification of precise binding sites 

and would also show more variation between replicates. Similar to MBD6, MBD2 showed 

the presence of a conserved CG dinucleotide in the top motifs identified, which indicated 

a preferential binding to gene body CG methylation and was consistent with MBD2 

enrichment in mCG probes (Chapter III). SUVH1 showed conserved cytosines in all 

contexts, which might be indicative of a less strict requirement for the nucleotides 

downstream from the bound cytosines. This binding pattern was also consistent with the 

identification of SUVH1 in all methylated probes in the DNA affinity pull-down 

experiment (Chapter III). Overall, analyses of motifs at peaks supported the hypothesis 

that these proteins do not have a preference for the underlying DNA sequence, outside of 

the mC sequence context. 
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V.3.5. Integration of ChIP-seq and DNA methylation data 

 

As these proteins were identified as potential mC binding proteins (Chapter III), 

I next investigated the methylation status of their binding sites using the previously-

generated whole genome DNA methylation maps (Chapter IV). The average methylation 

levels were calculated for each peak of each sample, within the peak boundaries defined 

by MACS2. MBD6 showed a very high proportion of almost fully methylated sites in the 

CG context, as well as relatively high levels of mCHG and mCHH (Figure V-9). SUVH1 

also showed high levels of methylation in all contexts at its binding sites, slightly lower 

than MBD6 for mCG, but higher for mCHG and mCHH. These profiles supported the 

localization of MBD6 and SUVH1 binding sites in highly methylated TEs in all sequence 

contexts. In comparison, MBD2 sites showed high level of mCG, but very limited 

methylation in CHG and CHH contexts. Combined with its preference for binding genes, 

it appeared that MBD2 binds to gene body methylation (GbM). 

 

 

Figure V-9 Average methylation levels under protein binding sites. For all samples, each point represents a peak. 
The mean and quartiles of all peaks for each sample are summarized by the boxplots. Methylation data was 
generated from a WT seedlings sample (Chapter IV). For each context, only peaks containing at least 3 cytosines 
and a sequencing coverage >=3 (average on all cytosines in the peak) are presented, however similar results were 
obtained when no limits were placed on the number of cytosines and their coverage. 

 

Surprisingly, MBD1 binding sites showed very low DNA methylation levels in all 

contexts. This observation was conflicting with its enrichment for methylated probes in 

the affinity pulldown (Chapter III), and would suggest that MBD1 either co-purified with 
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another mC binding reader, or that other factors impact its targeting in vivo. When two 

replicates were available, both replicates showed similar distribution patterns of DNA 

methylation, despite the large differences in the number of peaks, again supporting the 

identification of similar targets. 

 

To further examine the binding profile of these candidates, and notably their 

association with DNA methylation, genes and TEs were investigated independently. 

Indeed, these two features appear to be targeted by different candidates, and are 

characterized by different methylation profiles. First, the analysis was restricted to the 

non-redundant set of genes that intersected with at least one ChIP-seq peak that was 

annotated from gene promoter to terminator, but no in TEs (Figure V-6). However, a 

single peak could overlap multiple genes (Figure V-4). To facilitate the interpretation of 

such regions, genes were clustered based on the ChIP-seq signal in all samples by k-means 

clustering, and for each gene the corresponding methylation and RNA levels within the 

region were displayed (Figure V-10). 
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Figure V-10 Patterns of ChIP signal enrichment in genes bound by at least one candidate. A. Heatmaps of ChIP-
seq signal enrichment in bound genes split into 5 clusters by k-means clustering. Each cluster was sorted by 
descending means of the total read number in all bins of the region. For each locus, the methylation level in each 
context and the RNA expression level (normalized by RPKM) were calculated from seedlings Col-0 WT sample. 
For the methylation data, bins with no coverage are displayed in grey. Genes were scaled to a similar size to 
facilitate interpretation of the data and split into 40 bins. 3kb upstream and downstream of each gene were included 
in the analysis (split in 30 bins each). ChIP signal enrichments were calculated by comparing each ChIP sample to 
its corresponding input DNA control. The scale of each heatmap was manually selected to increase the contrast 
between clusters. The number of loci in each cluster are reported on the left hand-side of the heatmaps. B. Profiles 
of ChIP signal enrichments and methylation levels in different DNA methyltransferase and DDM1 mutants by 
averaging the levels of all loci in each cluster identified in A. Averages were computed on 50 bins in total. Whole-
genome bisulfite sequencing data were downloaded from available datasets, listed in SI-2. 

 

Each cluster was associated with different candidates binding to these genes. 

Genes in cluster 1 were bound by all candidates, although less so by MBD1. These genes 

were silenced, heavily methylated in all cytosine sequence contexts and were mainly 
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located in pericentromeric regions. Cluster 2 was a combination of expressed genes mostly 

located in pericentromeric regions, with promoters methylated in all contexts, as well as 

gene body methylation. Whereas ChIP signals of all candidates seemed slightly enriched 

in the promoter regions, MBD2 ChIP signal was abundant in gene bodies and positively 

correlated with GbM. Cluster 3 consisted of genes mainly bound by MBD1, and to a lesser 

extent by MBD2. These genes showed higher levels of expression and were located further 

away from the centromere. Notably, these genes typically showed low levels of DNA 

methylation, including in the mCG context. This may explain the low average of 

methylation levels found on average under the peaks of MBD1 (Figure V-9). In contrast 

with MBD2, which bound mostly the more mCG-rich 3’ end of gene bodies, MBD1 bound 

to the whole gene body. This further supported a methylation-independent binding 

capacity for MBD1. Cluster 4 comprised genes enriched for gene body methylation and 

were the main targets of MBD2, with MBD6 showing a modest enrichment towards the 

3’-end of these genes. Cluster 5 did not present a clear enrichment for any specific 

candidate. Visualization of the ChIP signal showed that these genes were not the direct 

targets of mC candidates but were located just downstream from actual gene targets, and 

a slight overlap with a peak was enough to include them in the list of bound genes. For 

example, AT3G21070, part of cluster 3, was methylated at the 3’-end and bound by MBD2, 

slightly by MBD6 and by MBD1 which also bound to the rest of the gene body (Figure V-4-

B, first locus). Because DNA fragments bound to the candidates included a portion of DNA 

downstream from the 3’-UTR (on the reverse strand), the peak overlapped with 

AT3G21060, which was thus included in the list of bound genes and was classified in 

cluster 5.  

Study of mC profiles in methyltransferase mutants were consistent with these 

observations and with known literature. For example, genes in cluster 1 were mainly 

highly methylated and show a complete loss and large reduction of mCG in met1 and 

ddm1, respectively, a large decrease of mCHG in cmt3, as well as a loss of mCHH 

primarily at the borders in drm1 drm2 and in the body in ddm1. These observations 

suggested that these loci are epigenetically silenced. At other clusters, methylation was 

only present in the CG context, and the smaller loss of mCG in ddm1 compared to cluster 

1 supported the fact that these genes were expressed. Genes in cluster 4 presented a 

distinctive mCHG hypermethylation in ddm1 which was previously reported (Rigal et al. 

2012), but not in met1. These results tended to indicate the presence of other factors at 

cluster 4 that were responsible for this mCHG hypermethylation, potentially the higher 

levels of mCG. 
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In order to assess the target preferences of the candidate proteins, their binding 

patterns over TE sequences were analyzed. DNA methylation at TEs, and notably in the 

CHH context, is thought to be maintained by two independent pathways: a DDM1-CMT2 

pathway that is involved in DNA methylation maintenance at long TEs (≥ 2 kb), and the 

RdDM pathway that maintains DNA methylation in short TEs and the borders of long 

TEs (Zemach et al. 2013; Stroud et al. 2014). For this reason, TEs were split in two groups 

according to their lengths (≥ or < 2 kb), and k-means clustering was computed for each TE 

class to help detect groups of targets specific for each candidate (Figure V-11 and Figure 

V-12). 

 

MBD6 appeared to be the predominant mC reader binding long TEs. It shared 

targets with MBD2 in cluster 1, comprising TEs mainly located in peri-centromeric 

regions, which explained the expansion of DNA methylation around the TE boundaries. 

MBD6 also shared targets with SUVH1, and MBD2 to a lesser extent, at the border of the 

TEs in cluster 2, located further away from the centromere. Cluster 3 and cluster 4 

resembled cluster 1 and 2, respectively, but consisted of MBD6 targets exclusively and 

with lower ChIP-seq signals. Similar to the bound genes, cluster 5 did not show much 

enrichment of any candidate (Figure V-10), which can also be explained by the peaks 

overlapping unspecific targets. 

Again, methylation patterns in methyltransferase mutants confirmed that mCHH 

in these TEs was regulated by DDM1 and CMT2 in the body and by DRM2 at the borders. 

The specific enrichment of SUVH1 at the borders would suggest that SUVH1 

preferentially bound regions regulated by the RdDM pathway. 
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Figure V-11 Patterns of ChIP signal enrichment in long TEs (≥ 2kb) bound by at least one candidate. A. Heatmaps 
of ChIP-seq signal enrichment in long TEs split into 5 clusters by k-means clustering. Each cluster was sorted by 
descending means of the total read number in all bins of the region. For each locus, the methylation level in each 
context and the RNA expression level (normalized by RPKM) were calculated from seedlings Col-0 WT sample. 
For the methylation data, bins with no coverage are displayed in grey. To increase the visibility of the signal at the 
borders, the first 1,000 bp from both ends of the TEs were split into 10 bins while the rest of the TE bodies were 
scaled to a similar size and split into 20 bins. 3 kb upstream and downstream of each TE were also included in the 
analysis (split in 30 bins each). ChIP signal enrichments were calculated by comparing each ChIP sample to its 
corresponding input DNA control. The scale of each heatmap was manually selected to increase the contrast 
between clusters. The number of loci in each cluster are reported on the left hand-side of the heatmaps. B. Profiles 
of ChIP signal enrichments and methylation levels in different DNA methyltransferase and DDM1 mutants by 
averaging the levels of all loci in each cluster identified in A. Averages were computed on 25 bins in total. Whole-
genome bisulfite sequencing data were downloaded from available datasets, listed in SI-2. 
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Figure V-12 Patterns of ChIP signal enrichment in short TEs (< 2kb) bound by at least one candidate. A. Heatmaps 
of ChIP-seq signal enrichment in short TEs split into 5 clusters by k-means clustering. Each cluster was sorted by 
descending means of the total read number in all bins of the region. For each locus, the methylation level in each 
context and the RNA expression level (normalized by RPKM) were calculated from seedlings Col-0 WT sample. 
For the methylation data, uncovered bins are displayed in grey. TEs were aligned on their start site and split into 
100 bp bins. 2 kb upstream and 4 kb downstream of each start site (so a minimum of 2 kb after the end of the TE) 
were also included in the analysis. ChIP signal enrichments were calculating by comparing each ChIP sample to 
its corresponding input DNA control. The scale of each heatmap was manually selected to increase the contrast 
between clusters. The number of loci in each cluster are reported on the left hand-side of the heatmaps. B. Profiles 
of ChIP signal enrichments and methylation levels in different DNA methyltransferase and DDM1 mutants by 
averaging the levels of all loci in each cluster identified in A. Averages were computed on 200bp bins. Whole-

genome bisulfite sequencing data were downloaded from available datasets listed in SI-2. 

 

As expected from the peak annotations (Figure V-6), short TEs appeared to be 

mainly bound by MBD6 and SUVH1. Clusters 1 and 4 comprised pericentromeric TEs, 

surrounded by DNA methylation, and principally targeted by MBD6. Cluster 2 and 3 were 

SUVH1 and MBD6 targets, and showed high correlation between SUVH1 and MBD6 
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binding profiles, and DNA methylation in all contexts. Cluster 3 consisted of very small 

TEs bound by these candidates, with longer TEs upstream also bound by the same 

candidates. Cluster 5 showed very localized yet quite low signal enrichment for MBD6 

and SUVH1, also highly correlated with DNA methylation over very short TEs in the 

chromosome arms. The much lower signal of SUVH1 replicate 2 compared to replicate 1 

would however suggest that these sites were peaks with the lowest fold change, and might 

constitute secondary targets. These sites were also regulated by the RdDM pathway, as 

highlighted by the loss of mCHH in drm1 drm2 mutant. 

 

V.3.6. Integration of ChIP-seq data with DNA methylation and transcriptome data from 

mC reader candidate mutants 

 

The sequencing experiments performed in Chapter IV failed to detect genome-

wide changes in DNA methylation of the null mutant plants of the candidate genes. 

Furthermore, the conclusions inferred from the transcriptome analyses were potentially 

limited by the frequent functional redundancy between differentially expressed genes 

between mutants. In order to shed light on more subtle differences, a detailed analysis of 

the variations around the DNA binding-sites was performed that could highlight 

differences that may only be discerned when considering the subset of targets in the 

genome.  

Profiles of DNA methylation at the clusters generated in Figure V-10, Figure V-11 

and Figure V-12 were computed for both single and double mutants that included a 

mutated candidate gene (Figure V-13-A). Slight differences were visible between some of 

the mutants and the WT, notably for mbd1 in genes of cluster 1 in the mCHG context. 

However, little ChIP-seq signal was registered at these loci for MBD1, and there was no 

consistency between the variations in the different clusters for the other mutants, 

suggesting that these differences could not be attributed to the disruption of the 

candidates. To assess whether the DMRs previously identified might be related to the 

candidates binding at surrounding loci, the distances between each DMR and the closest 

peak were investigated (Figure V-13-B). These distances were of several tens of kilobases 

on average, with the smallest mean being 4 kb for MBD6, and thus did not appear to be 

relevant interactions.  
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Figure V-13 Analysis of methylation levels in mC reader mutants at the bound targets. A. Methylation profiles of 
mC reader candidate mutants at their DNA binding sites. The average methylation for each genomic feature (genes, 
short TEs and long TEs) were computed similarly as for the methyltransferases profiles in Figure V-10-B, Figure 
V-11-B and Figure V-12-B, respectively, with deepTools (Ramirez et al. 2016). B. Distribution of the distances 
between each DMR identified in the single mutants (Figure IV-7) and the closest peak called in the ChIP-seq 
replicates. The y-axis was truncated at 500kb although some values were higher, notably in MBD1 rep2. 
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Furthermore, the distances appeared to be representative of the number of binding 

sites identified in each sample, as replicate 2 of MBD1, MBD2 and SUVH1, which had 

fewer peaks than the respective replicate 1, had peaks that were often farther from DMRs. 

This indicated a lack of correlation between the binding of the candidates and changes in 

methylation. Overall, and as suspected by the genome-wide analyses, it seemed that the 

disruption of the candidates did not influence methylation levels. 

 

To assess the potential impact of these candidates on transcription, the expression 

levels of the closest genes to the binding sites were investigated. The intersection between 

the DEGs only found in mbd1 mutant (Figure IV-4) and the genes bound by MBD1 showed 

little overlap. Of all genes bound by MBD1 in replicate 1, only 6.3% (65/1034; Figure V-14-

A) were also differentially expressed in mbd1, and this number was even lower when only 

genes identified in both ChIP-seq replicates were considered (4.8%, 16/336). Since the 

differential expression analyses might have been limited by low statistical power and 

technical variation, more subtle variations were investigated by focusing on the fold 

change of the genes bound, or close to a DNA binding sites (Figure V-14-B). Again, no 

distinctive pattern was identified for any of the candidates. MBD1 showed the highest 

dispersion, but the absence of consistency in the direction of the changes suggested a 

complex effect on transcription and limited the interpretation of the data. 
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Figure V-14 Analysis of the transcription levels in mC reader mutants centred on the bound genes. A. Venn 
diagram showing the intersection between the number of genes that were differentially expressed in mbd1 mutant 
and genes bound by MBD1. The size of the circles are rough representations of the number of genes included. B. 
MA-plot of the closest genes from DNA binding sites of each candidate. The log2 fold change compared to the 
respective WT control are distributed on the y-axis, log2 of the count per million are distributed on the x-axis, and 

each point represents a gene identified in either one or both replicates. 

 

V.3.7. Integration of ChIP-seq data with histone variants and histone modification 

profiles 

 

MBD1 and MBD2 showed preferential binding to different sets of genes, which 

might be associated with differences of the chromatin landscape of these targets. Using 

published ChIP-seq datasets, the enrichment of different histone variants and histone 

modifications were investigated at the clusters generated by the k-means clustering 

(Figure V-15). 

No significant differences were visible for histone variant H2A.X, and the 

canonical histone H2A was only decreased in cluster 1, seemingly being replaced by 

H2A.W. Enrichment of H2A.W, as well as H1, H3.1 and H3K9me2, further supported that 

genes in cluster 1 were silenced by epigenetic mechanisms (Yelagandula et al. 2014; 

Stroud et al. 2012; Zemach et al. 2013).  
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Figure V-15 Distribution of histone variants and histone tails modifications in genes. The medians in 200bp bins 
were computed for all clusters identified in Figure V-10, as well as for all TAIR10 annotated genes. Only replicate 
1 of the ChIP-seq samples were included for clarity. Histone ChIP-seq data were downloaded from available 
datasets listed in SI-2. 

 

The main characteristics of cluster 2 consisted of an enrichment in 

heterochromatic marks in the gene promoters, where SUVH1, MBD2 and MBD6 were 

enriched, and the presence of gene body methylation and others marks that showed an 

intermediate profile between MBD2 targets in cluster 4 and the average across all genes. 

This observation would suggest the mix of two types of genes: some included for SUVH1 

(and/or MBD6 and MBD2) binding in unannotated TEs or repeats in their promoters, 

which would not differ from the average across all genes in the gene body; and other genes, 

enriched for MBD2 binding to the gene body methylation and that would share the same 

chromatin landscape as cluster 4 genes. 
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Similarly, cluster 5 mainly contained genes only included because of their 

proximity to real targets (Figure V-4-B), and some MBD2 targets. Cluster 5 thus showed 

an intermediate profile between MBD2 targets in cluster 4 and the average across all 

genes.  

Along with gene body methylation, cluster 4 showed a depletion in H2A.Z at the 

3’-end of the genes, a remobilization of H3.3 from to the 5’-end to the 3’-end and an 

enrichment of H3K4me1, H3K4me3 and H3K36me3. These profiles were consistent with 

the presence of high DNA methylation levels. For example, the loss of H2A.Z, also present 

in the genes of clusters 2 and 5, is thought to be anti-correlated with gene body 

methylation (Zilberman et al. 2008).   

The genes from cluster 3, principally bound by MBD1 and to a lesser extent by 

MBD2, were depleted in H1, H3.1 and H3K4me1, and enriched in H3K4me2, H3K4me3, 

H2AK121ub and H3K23ac. Notably, this enrichment was throughout the gene body, 

rather than being limited to the 5’-end of the gene, which is typical of smaller genes, as it 

was previously shown for H3K4me marks (Zhang et al. 2009).  

Cluster 3 and cluster 4, although both were characterized by actively expressed 

genes, showed distinct patterns of marks previously associated with transcriptional 

regulation. Most of these patterns have also previously been linked to differences in mC 

levels, such as H3K36me3 and H3.3 that have been shown to be positively correlated with 

GbM (Wollmann et al. 2017). However, there were noticeable differences between cluster 

3 and 4 that were not linked with mC or expression levels. Notably, the pronounced 

depletion of H1 and H3.1 in cluster 3 was unlikely to be explained by the more limited 

difference in RNA levels. In all clusters, H3K27me3, a mark deposited by the polycomb 

repressive complex 2 (PRC2) and associated with developmental genes, was found at 

similar (cluster 3) or lower levels than the average across of all genes. This observation 

suggested that the genes targeted by these candidates were not overly representative of 

developmental-specific genes, and that the candidates were thus unlikely to be involved 

in the recruitment of the PRC2. In contrast, the enrichment of PRC1-deposited 

H2AK121ub in cluster 3 not only suggested the lack of correlation between the two PRC 

complexes, but might also support a role of MBD1 in recruiting the PRC1, notably by 

interacting with BMI1C (Arabidopsis Interactome Mapping Consortium 2011). 

Alternatively, the presence of H2AK121ub might be a requirement for MBD1 DNA 

binding. Nevertheless, the enrichment of H2AK121ub in the highly expressed genes of 

cluster 3 would challenge the repressive activity of this mark in Arabidopsis. 
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A similar analysis on long and short TEs was performed but it did not bring more 

information than could be inferred from DNA methylation patterns and the distance to 

the centromere (Figure V-11 and Figure V-12). It confirmed that the loci exclusively bound 

by MBD6 were located at peri-centromeric regions, as shown by heterochromatic marks 

such as histones H1, H2A.W and H3K9me2 expanding around the TE boundaries. In 

contrast, the same marks were contained within the TE boundaries in the targets shared 

with SUVH1 (data not shown). However, this analysis suggested that the difference in 

the binding preferences between MBD6 and SUVH1 is mainly accounted for by the TE 

localization, close to the centromeres or in the chromosome arms, respectively. Similarly, 

the different distributions of histone marks and histone variants in each gene cluster 

suggested the existence of context-specific factors that influence the DNA binding 

specificity of MBD1 and MBD2. Whether these candidates require such marks for their 

targeting, or it is their binding that is responsible for the establishment of these marks is 

yet to be resolved. The identification of protein interactors, presented in the next section, 

could help elucidate this question. 

 

V.3.8. Analysis of interactor proteins 

 

The identification of proteins interacting with the mC reader candidates was 

performed by TAP-MS. Initially performed on protein extracts from whole seedlings 

(SUVH1 and RLT1 rep1, Table V-1), the protocol was improved by isolating nuclei prior 

to protein extraction, and thus improving the enrichment of the bait proteins and their 

interaction partners. To further limit the recovery of false positive interactors, the list of 

proteins identified in each sample was filtered by removing common contaminants of MS 

experiments (Van Leene et al. 2015). Also, to prevent the identification of endogenous 

proteins that could be isolated by the combination of antibodies used, proteins isolated in 

a negative control, a WT sample that did not contain the epitope-tags, were also excluded. 

After these filtering steps, several hundred interactor proteins were identified in each 

sample. Only a selection of the most relevant proteins was studied, either because they 

were only recovered with one of the candidates, or because of their known involvement in 

epigenetic processes (Table V-2). 
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Table V-2 List of protein interactors as identified by tandem-affinity purification. The number of unique spectra 
identified by MS/MS is reported for each sample, including two replicates for SUVH1. Only a selection of most 
relevant interactors is shown. In addition to the bait proteins, red arrows mark proteins identified by DNA affinity 
pull-down experiment (Chapter III). Proteins identified in a WT control (no bait), and common mass spectrometry 

contaminants were already filtered. 

 

The number of unique MS spectra, i.e. the number of peptides, mapping to a 

protein can be used as a proxy of their relative enrichment in the sample. In all samples 

but RLT1, the bait proteins were the most abundant proteins recovered, which confirmed 

the success of the assay. Technical limitations have impacted similar results in the RLT1 

sample, thus it was not included in the remainder of the analysis. The identification of 

previously reported interactors further supported the validity of the experiments, such as 

the interactions between MBD1 and the homeobox protein HAT3.1 (Arabidopsis 

Interactome Mapping Consortium 2011), and between MBD6 and IDM3 (Li et al. 2015b, 

2017).  

The existence of partially independent complexes could be inferred from these 

results. Indeed, α-crystallin domain protein chaperones IDL2 and IDL3 (ACD21.4 and 
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ACD15.5, respectively) were found to interact strongly with MBD5, whereas MBD6 was 

also found but at a lower abundance (Li et al. 2017). The TAP-MS results presented here 

show that MBD6 can also interact with IDL2 and IDL3, and to a lesser extent with MBD5 

(Table V-2). This suggests that both MBD5 and MBD6 can form an independent complex 

with these ACD proteins, also including IDM3, but that these complexes can interact 

together, either at specific loci or indirectly through their chaperones. Both homo- and 

heterodimers of MBD5 and MBD6 were identified by GST-fusion proteins mixed with 

nuclear extract (Zemach et al. 2008). The probable presence of IDL2 and IDL3 in these 

nuclear extracts could thus have enabled the interactions between the two MBD proteins. 

Similar conclusions apply to SUVH1, SUVH3 and MCR5. Whereas the interaction 

between SUVH3 and the DnaJ protein chaperone MCR5 has been reported (Arabidopsis 

Interactome Mapping Consortium 2011), these results have identified both protein as 

SUVH1 interactors. A protein complex between SUVH1 and SUVH3, involving MCR5, 

would suggest a similar role for both mC readers. Interestingly, MCR5 and SUVH1 were 

also identified to interact with MBD6, but not SUVH3. Interactions between SUVH1 and 

MBD6 would support their colocalization at many TE identified by the ChIP-seq 

experiments. Furthermore, the fact that SUVH3 was not identified in the MBD6 TAP-MS 

sample might hint at the presence of SUVH1 in different complexes, with MBD6 at the 

shared loci identified by ChIP-seq, and with SUVH3 at the loci where it was found alone 

(Figure V-7). Nonetheless, these results highlighted a potential higher order of 

redundancy among mC readers, and the complexity of the mC reading patterns in 

Arabidopsis. 

An interesting result of this experiment was the discovery that three of the four 

members of the histone regulator HIR complex interacted almost exclusively with MBD1. 

The HIR complex is primarily responsible for H3.3 deposition in genes, but a more global 

regulation of H3 levels and nucleosome assembly in both euchromatin and 

heterochromatin has also been attributed to this complex (Duc et al. 2015). Notably, hira 

mutants also show a release of the silencing of pericentromeric repeats. The functional 

redundancy among the proteins of the complex has also highlighted the limited 

contribution of the missing member, CABIN1, in H3.3 deposition (Duc et al. 2015). 

Surprisingly, MBD1 targets did not show any enrichment in H3.3 (cluster 3, Figure V-15) 

in contrast with MBD2 targets (cluster 4). Instead, MBD1 target genes showed a depletion 

in H3.1. The significance of this results is yet to be understood. Nevertheless, it appears 

that MBD1 may be involved in shaping the chromatin landscape of its binding sites, as 
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highlighted by the other chromatin remodelers and histone deacetylases that it can 

interact with (Table V-2). 

A role in chromatin remodeling can be expected for the other candidates, notably 

MBD2 and MBD6, and the potential functional redundancy between these proteins was 

highlighted by their shared interactions with SWI/SNF subunits. The absence of 

normalization of the MS data prevented a direct comparison of the interaction affinities 

between BRAHMA and the MBDs, however the higher number of unique spectra found 

in MBD2 may suggest a favored association. The lower levels of H3K27me3 patterns at 

the genes bound by MBD2 would support this conclusion, as BRAHMA was shown to 

prevent H3K27me3 deposition by the PRC2 (Li et al. 2015a). This observation would also 

suggest that the high level of expression of the genes bound by the MBD candidates is 

maintained by preventing the deposition of silencing marks at these loci through 

recruitment of antagonistic chromatin remodelers. 

Among the other proteins found to interact with the candidates were several 

transcription factors involved in various developmental processes. An example was shown 

of the interaction between MBD1 and HUA2, of which disruption produces various 

developmental phenotypes (Chen and Meyerowitz 1999; Wang et al. 2007; Jali et al. 2014). 

These interactions might explain the wide variety of processes impacted by mutations in 

the mC reader candidates and notably in mbd1 mutants (Chapter IV; Figure V-14). The 

interaction with diverse splicing factors and other RNA-processing proteins, such as 

SR34, would also suggest a role for these candidates in regulating some aspect of the 

transcription process. 

 

Overall, a variety of proteins were identified that interact with the mC reader 

candidates, and often with multiple candidates. This suggests that these candidates 

might be involved in various protein complexes, with potential functional redundancy. In 

combination with the DNA binding patterns of these mC reader candidates, these results 

suggest an intricate and complex relationship between DNA methylation and chromatin 

remodeling. 
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V.4. Discussion 
 

These analyses present a comprehensive characterization of the mC reader 

candidates, by identifying their genome wide binding sites and discovering the proteins 

complexes in which they belong. Taken together, these results indicate the presence of 

previously unrecognized pathways by which patterns of DNA methylation in the 

Arabidopsis genome are interpreted. However, some limitations inherent to the 

techniques used in this study must be considered for an accurate interpretation of the 

results. 

 

V.4.1. Identification of new epigenetic pathways in Arabidopsis 

 

V.4.1.1. SUVH1 acts downstream of the RdDM pathway 

 

At the chromosomal level, SUVH1 binding sites were enriched in pericentromeric 

loci, albeit not as obviously as MBD6 (Figure V-5). This distribution is consistent with its 

localization to chromocenters in Arabidopsis nuclei (Fischer et al. 2006). The preference 

of SUVH1 for binding transposable elements, mostly short TEs and at the borders of long 

TEs, is further supported this observation (Figure V-6, Figure V-11 and Figure V-12). 

These sites are known to be under the regulation of the RdDM pathway (Zemach et al. 

2013; Stroud et al. 2014). Integrating ChIP-seq results with the DNA methylation levels 

in WT and methyltransferases mutants supports a preference for highly methylated 

regions, notably in the non-CG context relatively to the other candidates studied (Figure 

V-9). SUVH1 binding sites correlate primarily with a decrease in mCHH in the drm1 

drm2 double mutant (Figure V-11 and Figure V-12). Also, disruption of components of the 

RdDM reverse the molecular phenotype of suvh1 mutants (Li et al. 2015c). Taken 

together, these results suggest that SUVH1 binds to DNA methylation regulated by the 

RdDM pathway. 

Compared with the other candidates studied, the number of proteins interacting 

with SUVH1 is lower (Table V-2). Notably, no components of the RdDM pathway were 

identified that interact with SUVH1, which would place SUVH1 downstream of the DNA 

methylation deposited by RdDM. The low number of protein interactors would also 

suggest that the main role of SUVH1 is not to recruit other factors to its DNA binding 

sites, and instead might suggest its direct function downstream of DNA methylation. 

However, TAP analyses revealed an association between SUVH1 and SUVH3, and the 

latter’s previously known protein chaperone MCR5 (Table V-2). These three proteins were 
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enriched in methylated probes in the DNA affinity pull-down experiment, SUVH1 and 

SUVH3 being enriched in all three DNA contexts, whereas MCR5 was only found in 

mCHG (Chapter III). Thus, these results would support the indirect binding of MCR5 to 

DNA methylation through a complex with SUVH1 and/or SUVH3. Lower H3K4me3 levels 

were found in the suvh1 mutant (Li et al. 2015c), but SUVH proteins are predicted to be 

H3K9me2 histone methyltransferases (Ebbs et al. 2005; Ebbs and Bender 2006; Naumann 

et al. 2005). However, the H3K9me2 histone methyltransferase activity of SUVH1 was 

not supported experimentally, whereas SUVH2, which had both H3 and H4 

methyltransferase activity on recombinant histones, is thought to be catalytically inactive 

(Naumann et al. 2005; Johnson et al. 2014). The possibility that SUVH1 and SUVH3 have 

H3K4 methyltransferase activity remains. 

In summary, it appears that SUVH1 is involved in a protein complex with SUVH3, 

acting downstream of DNA methylation deposited by the RdDM pathway, and might be 

able to directly deposit H3K4me3 at the surrounding loci. This role might act as a way of 

facilitating the expression of the neighboring genes and counteracting the repressive 

effect of DNA methylation. 

 

V.4.1.2. MBD2 binds to gene body methylation 

 

In contrast with SUVH1, MBD2 binds preferentially to genes (Figure V-6). The 

average methylation at these binding sites, coupled to the correlation between mCG levels 

and MBD2 binding signals, suggest that MBD2 is able to bind to GbM (Figure V-9 and 

Figure V-10). This conclusion is also supported by the profiles of histone variants and 

modifications at MBD2 binding sites, consistent with the presence of GbM (Figure V-15). 

Study of MBD2 interactors revealed a low number of proteins that are exclusively 

associated with MBD2, the most represented of which is a putative RNA-binding reverse-

transcriptase (Table V-2). Instead, many of MBD2 interactors were also associated with 

MBD1, which would suggest potential redundancies between MBD1 and MBD2. This 

observation is consistent with the fact that these two proteins can also bind to the same 

loci (Figure V-7 and Figure V-10). 

Taken together, it appears that MBD2 is mostly involved in interpreting or 

regulating GbM. GbM is not present in several plant species, and has thus been 

interpreted as being dispensable in the species that do contain it (Bewick et al. 2016). 

However, GbM is mostly found on genes with a constitutive expression pattern, in 

contrast with genes mark by H3K27me3 (Coleman-Derr and Zilberman 2012). The 
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interaction of MBD2 with chromatin remodelers, and notably BRAHMA, might support 

this hypothesis as BRAHMA prevents H3K27me3 deposition (Li et al. 2015a). A 

mechanistic model would thus consist of MBD2 binding to GbM, recruiting chromatin 

remodelers to these genes, which in turn prevent the deposition of H3K27me3 and the 

associated control of transcription. Further experimentation is required to confirm this 

hypothesis, but identifying a mC reader candidate which DNA binding correlates with the 

presence of GbM would suggest that GbM has a function Arabidopsis. 

 

V.4.1.3. MBD1 binds to unmethylated genes and may act in chromatin remodeling and 

RNA processing 

 

Conflicting with the identification of MBD1 through binding to methylated probes 

by DNA affinity pull-down assay (Chapter III), MBD1 seems to bind mostly to 

unmethylated genes in the genome, as shown by the overlap between its binding sites and 

genes, and the very low average of methylation under the peaks (Figure V-6, Figure V-9 

and Figure V-10). This is further supported by the profiles of histone variants and histone 

marks at the genes that MBD1 binds (Figure V-15), such as a depletion in H3K4me1. 

Genes bound by MBD1 are highly expressed, and accordingly they show an enrichment of 

active marks such as H3K23ac or H3K4me3. A specific feature of MBD1-bound genes is 

the depletion in H1 and H3.1 which would suggest that these loci are defined by specific 

chromatin remodeling mechanisms. Identification of most members of the HIR complex 

and of other chromatin remodelers by TAP-MS experiments support this hypothesis 

(Table V-2). The HIR complex is responsible for H3.3 deposition (Nie et al. 2014; Duc et 

al. 2015), however the MBD1-bound genes did not show a specific enrichment in H3.3 

(cluster 3), especially when compared to the genes bound by MBD2 (cluster 4, Figure 

V-15). HIRA, the major protein of this complex, has also been associated with a more 

global regulatory function of nucleosome assembly, which might be where MBD1 is 

involved. Notably, H3K27me1 can only be deposited on H3.1 and not H3.3 (Jacob et al. 

2014). The depletion of H1 in cluster 3, linker histone mostly present in silenced regions, 

might thus be caused by the prevention of H3.1 deposition and the lack of H3K27me1 at 

these loci, marks also associated with silenced loci. In comparison, the enrichment of H3.3 

in cluster 4 is not correlated with a depletion of histone H1. The depletion of histone H1 

might thus be due to the lack of H3.1 rather than to the presence of H3.3, in contrast to 

previous suggestions (Wollmann et al. 2017). 
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A high number of other protein interactors were identified that interact exclusively 

with MBD1 and not the other candidates studied, including developmental transcription 

factors and splicing factors, which may indicate a role of MBD1 in RNA processing (Table 

V-2). However, no component of the PRC1 complex was identified that could support the 

involvement of MBD1 in recruiting it to its target genes, as they show an increase in 

H2AK121ub (Figure V-15). Combined, these observations would thus indicate that MBD1 

binds primarily to PRC1 targets but is not directly involved in the establishment of the 

mark. 

The fact that MBD1 binds mostly to unmethylated genes despite its ability to 

differentiate and preferentially bind to DNA methylation in vitro remains unexplained. 

MBD1 possesses another domain adjacent to its MBD, a CW-type zinc finger domain 

called MAD for MBD-associated domain (Berg et al. 2003; Springer and Kaeppler 2005) 

but this is unlikely to be responsible for its specific targeting to unmethylated regions as 

MBD2 also contains this domain. Considering that some of MBD1 binding targets are 

methylated, it would appear that MBD1 can bind both methylated and unmethylated 

DNA. However, MBD1 is likely to be influenced by other factors that would bias its 

binding to unmethylated genes. Such factors could either be the presence of other 

epigenetic marks, such as H2Kub, or its recruitment by other proteins such as chromatin 

remodelers. Nevertheless, these combined results would suggest that MBD1 is involved 

in various epigenetic mechanisms such as chromatin remodeling and RNA processing 

which could be especially important at specific developmental stages, as highlighted by 

PRC1-deposited marks. 

 

V.4.1.4. MBD6 is a genome-wide mCG reader 

 

As indicated by the presence of a central CG dinucleotide in the top binding motifs 

of MBD6 (Figure V-8), and by the clear correlation between MBD6 ChIP-seq signal 

enrichment over genes in each cluster and the distribution of mCG at the same loci (Figure 

V-15), it appears that MBD6 is a mCG reader. This hypothesis is consistent with the fact 

that it was only identified in the mCG context of the DNA affinity pull-down experiment 

(Chapter III). This preference would explain its preferential binding to TEs, especially 

in pericentromeric regions, where DNA methylation is more dense, while also being able 

to bind GbM (Figure V-5 and Figure V-6). This observation is also highlighted by high 

average levels of mCG at peaks (Figure V-9). This contrasts with SUVH1, which is limited 

to binding TEs and shows higher mCHG and mCHH levels, and to MBD2 that is much 
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more limited to binding genes with gene body methylation (Figure V-6, Figure V-9, Figure 

V-10, Figure V-11 and Figure V-12). Due to this genome-wide binding ability, MBD6 thus 

shares targets with both SUVH1 and MBD2 (Figure V-7). The enrichment for MBD6 at 

pericentromeric regions is supported by the brighter fluorescence signals at 

chromocenters in WT plants (Zemach et al. 2005). Notably, MBD6 localization is 

perturbed in met1 and ddm1 mutants (Zemach et al. 2005), where mCG is more affected 

than mCHH (Figure V-12). This would further support MBD6 ability to bind DNA 

methylation in the CG context only. 

Conflicting with the previous Y2H and FRET experiments, DDM1, HDA6 and 

AGO4 were not identified as MBD6 interactors by TAP-MS experiments (Zemach et al. 

2013; Parida et al. 2017). The ChIP-seq results would instead suggest an indirect 

association between these proteins, as MBD6 binds methylated loci regulated by DDM1 

and the RdDM pathway (Figure V-11 and Figure V-12). The absence of DDM1 and RdDM 

components in MBD6 TAP-MS results suggests that these interactions were potentially 

false positives in previous experiments as Y2H are especially limited for analysis of DNA-

binding proteins (Lalonde et al. 2008). However, these interactional events could occur in 

limited, potentially transient occasions which were not isolated here, such as in specific 

developmental stages or tissue type. Instead, MBD6 interacts with other chromatin 

remodelers, and belongs to a protein complex that includes IDL2, IDL3 and MBD5, and 

can also interact with other protein chaperones (Table V-2). The role of these protein 

complexes is however yet to be determined as these chaperones are uncharacterized. One 

possibility that has been discussed in previous studies is the existence of multiple MBD-

ACD protein complexes that act redundantly in promoting the expression of silenced 

transgenes, as MBD7 with IDM2 and IDM3 (Li et al. 2017). This is reminiscent of the 

potential role of SUVH1, and would be consistent with these two proteins sharing similar 

targets. Another hypothesis would be that MBD6, and potentially other MBDs, is involved 

in transcriptional silencing of pericentromeric TEs and rDNA (Preuss et al. 2008; Costa-

Nunes et al. 2010). 

Overall, these analyses would support an exclusive mCG binding ability for MBD6. 

MBD6 would belong to complexes with protein chaperones shared with MBD5, potentially 

involved in chromatin remodeling or transcription regulation. Also, MBD6 is potentially 

functionally redundant with other MBDs or SUVH1/SUVH3 complexes, as shown by their 

interactions and shared binding sites. 
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V.4.2. Limitations of the techniques used in this study 

 

ChIP-seq and TAP-MS experiments have enabled a fine characterization of the 

candidates at the molecular level. However, both techniques have some limitations that 

can have an impact on the results. For TAP-MS, only one replicate (two for SUVH1) has 

been successfully analyzed. Other replicates were planned but technical and instrumental 

limitations prevented their inclusion in this study, due to time constraints on my PhD 

candidature. The amount of potential variation between replicates is exemplified with 

SUVH1 (Table V-1). To overcome this limitation, I manually curated the list of interactors 

to include proteins with the highest probability of being true interactors, such as proteins 

that had many unique spectra, and that were exclusively identified to interact with one 

of the candidates studied here. Also, it has been shown that the protocol itself, and notably 

the epitope-tag used, can impact on the protein identified, potentially by interfering with 

some protein-protein interactions. An example of this is the identification of an additional 

ACD chaperone protein interacting with MBD7 in the FLAG-tagged line compared to HA-

tagged line (Li et al. 2017). This would suggest that the absence of a protein in this set of 

interactors is not always representative of the lack of interaction. 

For ChIP-seq, a limiting factor is the absence of normalization that can be applied 

to compare the number of binding events between two candidates as the difference 

between two samples can originate at different levels: the expression level of the proteins, 

the number of binding sites and the type of binding, either broad, like MBD1, or more 

focused like SUVH1 (Figure V-4). Also, the identification of binding sites will depend on 

the immunoprecipitation efficiency, on the sequencing depth and the quality of the 

library. Notably, the peak calling algorithm chosen can also influence the results 

(Steinhauser et al. 2016). The number of peaks in each sample is thus not entirely 

representative of the number of binding events, and the differences between replicates 

highlight these inherent difficulties (Figure V-4). However, the methods employed here 

aimed at limiting the number of false-positives, by removing peaks called in a WT sample 

that would either represent a region with compromised mappability or that could 

originate from an amplification bias during library preparation, and by removing the 

peaks with the lowest local fold-change. Also, I opted for the analysis of each unique 

genomic feature bound by the candidates in order to overcome the limitations of defining 

precise peak boundaries. Identifying the precise location of a binding event could be 

increased by performing ChIP-exo, which consists in an additional step performed after 

crosslink where one strand of the bound fragments is trimmed by an exonuclease, thus 
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highlighting the protein-DNA point of contact (Rhee and Pugh 2011). Nevertheless, 

although it cannot be confirmed that all in vivo binding events have been identified in this 

analysis, the most representative signals were used, and have enabled the identification 

of new pathways in which the mC reader candidates are involved. 

Complemented lines for other candidates identified in Chapter III and analyzed 

in Chapter IV were also generated, but ChIP-seq and TAP-MS experiments were not 

carried out due to time constraints. Also, RLT1 and MCR3 were investigated but the 

results were limited, and would require an optimization of the ChIP-seq and TAP-MS 

protocols. The study of other mC reader candidates by ChIP-seq and TAP-MS could 

however help elucidate some of the remaining questions of this analysis, such as studying 

the functional redundancies between SUVH1 and SUVH3, and MBD5 and MBD6, and 

will be performed in the future. 

 

V.4.3. A complex mC reading pattern 

 

The new interactions described above result from the observation that each 

candidate shows preferential binding sites and protein interactors. However, the data also 

indicates a high order of similarities among candidates that would suggest that mC can 

be interpreted simultaneously by alternative mechanisms. Of course, a cytosine can only 

be bound by a single reader at any one time, but the same sites appear to be bound by 

different candidates in parallel in different cells. MBD6 appears to share both SUVH1 

and MBD2 patterns, as shown by the number of overlapping peaks (Figure V-7), and can 

be further confirmed by visualization on a genome browser (Figure V-4). Also, these 

conclusions can be inferred from the TAP-MS data, as exemplified by the identification of 

chromatin remodelers as interacting with all the MBD proteins (Table V-2). Notably, 

SUVH1 was found in MBD6 interactors, whereas MBD6 was not found in the set of 

SUVH1 interactors. This might be explained by the higher number of peptides recovered 

in the MBD6 samples, potentially due to more MBD6 molecules being available because 

of its higher expression (Table V-1). The MBD6-SUVH1 interaction however confirms that 

these proteins can likely bind to the same DNA targets, as evidenced by many overlapping 

protein binding peaks for these two proteins, determined through ChIP-seq experiments. 

This association would support the hypothesis that MBD6, by interacting with SUVH1, 

might in some cases be involved in promoting expression rather than repression, as is the 

case for MBD7 (Li et al. 2017). MBD1 and MBD2 were also found to bind similar targets, 
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although their binding patterns differ, as MBD1 is enriched in the whole gene body in 

contrast to MBD2 being limited to the methylated 5’-end. 

Importantly, some loci seem to be bound by all candidates (Figure V-4). The 

specificities of such targets are yet unknown. Nevertheless, the fact that MBD1, MBD2, 

MBD6 and SUVH1 share DNA binding sites highlights the potential redundancy among 

all these proteins. MBD1, MBD2 and MBD6 also share several protein interactors and 

notably chromatin remodelers. SWI3B, SWI3C and SWI3D, components of SWI/SNF 

chromatin remodeler complexes, have been shown to interact with MICROCHORDIA 6 

(MORC6), which in turn result in heterochromatin formation (Liu et al. 2016). 

Interactions between MBD proteins and components of SWIB and SWIC could indicate a 

role in transcriptional repression. Thus, in addition to their individual functions, MBD1, 

MBD2, MBD6 and SUVH1 appear to have some functional redundancy. Alternatively, 

these proteins might be competing for these target sites, as they could be involved in 

antagonistic processes that might have opposite effects on transcriptional regulation. 

Understanding the precise roles of these proteins in the complexes identified by TAP-MS 

would require further experimentation, notably due to the complexity of the binding 

patterns. 

 

Altogether, the results presented in this chapter have revealed important 

characteristics about the mC reader candidates. ChIP-seq data have supported the 

preferential binding of most of these proteins to methylated DNA, in the same cytosine 

sequence context as DNA affinity pull-down. ChIP-seq results also revealed the DNA 

binding patterns of these candidates, and notably highlighted the correlation between 

MBD2 and GbM which would support that GbM has a function in Arabidopsis. Finally, 

combined with TAP-MS, these results identified the involvement of mC readers in 

previously unknown epigenetic mechanisms related to chromatin remodeling. The 

significance of these results, and notably the complexity of the regulation and 

interpretation of mC in Arabidopsis, will be further discussed in the next chapter. 
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V.6. Supplementary information 
 

V.6.1. SI-1. Primers used for cloning and qPCR 

 

Primer ID Sequence Target Purpose 

PJ547 GTTGTGTGGTTTAAACAAAAAAGCATATCTTGAGA
TCCGCATCCAT 

SUVH1 
gDNA 

promoter 
amplification 

PJ548 TTGTGTGCCTAGGTCCAAATGAGCCACGGCAATA
CG 

SUVH1 
gDNA 

promoter 
amplification 

PJ557 GTTGTGTGGTTTAAACGACGTACCACATACTTTCT
GTATGTTTTTGATCGA 

MBD1 
gDNA 

promoter 
amplification 

PJ558 TTGTGTGCCTAGGATCAATTGTAACTTTCCTTGAT
GGCTTGGG 

MBD1 
gDNA 

promoter 
amplification 

PJ561 GTTGTGTGGTTTAAACTACCCGAAGTCGCAGGCC
TAATATTTTATA 

MBD2 
gDNA 

promoter 
amplification 

PJ562 TTGTGTGCCTAGGTCTATCAGCAAGTTCGTCGTT
GGAG 

MBD2 
gDNA 

promoter 
amplification 

PJ567 GTTGTGTGGTTTAAACCGAAGAGTGGTGAAATGA
TGAAAAACAGAGC 

RLT1 
gDNA 

promoter 
amplification 

PJ568 TTGTGTGCCTAGGTGAATCGCTGCTGCTGTAACC
TTC 

RLT1 
gDNA 

promoter 
amplification 

PJ569 GTTGTGTGGAGCTCCACCATTCGAATTCCACGAA
AGTCACATAT 

MCR3 
gDNA 

promoter 
amplification 

PJ570 TTGTGTGCCTAGGCCACCGTTCATAGTTCCCTGC
AAAC 

MCR3 
gDNA 

promoter 
amplification 

PJ571 GTTGTGTGGATATCTATCAATTATATGATGATCAA
TGATCAAGGTCAAAGC 

MCR3 
gDNA 

3’-UTR 
amplification 

PJ572 GTTGTGTGGATATCTGTTGATGATATGACTTGGGA
TTTTGCC 

MCR3 
gDNA 

3’-UTR 
amplification 

PJ591 GTTGTGTGGTTTAAACCAATTTCCACTCCCAATGT
ACTATATATAAGCGACT 

MBD6 
gDNA 

promoter 
amplification 

PJ592 TTGTGTGCCTAGGAGCCGACACTTTACTAGGGTT
TCG 

MBD6 
gDNA 

promoter 
amplification 

PJ593 GTTGTGTGGATATCAGACTATGATGACCTGGTGG
CGATT 

MBD6 
gDNA 

3’-UTR 
amplification 

PJ594 GTTGTGTGGATATCGTCTTGTATCAGTGCAGTATT
GTTGATGTTTCT 

MBD6 
gDNA 

3’-UTR 
amplification 

PJ684 GAGCCTTCGTTGGTTACTCCTT SUVH1 
cDNA 

qPCR 

PJ685 CGAAATTCATATTCTCAGGCCG SUVH1 
cDNA 

qPCR 

PJ690 CCAACAACCATTAAGGTGCAGA MBD1 
cDNA 

qPCR 

PJ691 CGGGTCCTCTTGTACTCTACTTC MBD1 
cDNA 

qPCR 

PJ692 GGAGGTACCAGATTTGCTGATG MBD2 
cDNA 

qPCR 

PJ693 GGGATTTGAAACGAGAACTGTG MBD2 
cDNA 

qPCR 

PJ694 TTTCTGGTTCGGGAGAGAGC MBD6 
cDNA 

qPCR 

PJ695 GGTTCGTAATAGTACTTATCCACCG MBD6 
cDNA 

qPCR 

PJ696 CTTGAGAAGCTAGAAATTCAGAGG RLT1 
cDNA 

qPCR 

PJ697 CTTTCTACTTCACGACGCTGC RLT1 
cDNA 

qPCR 
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PJ698 GAAGCTGACCATGAAATTCCTATTG MCR3 
cDNA 

qPCR 

PJ699 GTATCTTGCTCCACGAAGAAGC MCR3 
cDNA 

qPCR 

PJ719 AGGGAGGAGGATCTGGAGGTG SHH tag 
cDNA 

qPCR 

PJ720 TGATGGTGATGAGCGTAATCTGGA SHH tag 
cDNA 

qPCR 

PJ337 TTGAAGAATGCTTGGAGTCCTGC PEX4 
cDNA 

qPCR (control) 

PJ338 TCTTAGAAGATTCCCTGAGTCGCA PEX4 
cDNA 

qPCR (control) 
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V.6.2. SI-2. Metrics of ChIP-seq libraries  

 

   ChIP Input 

   Reads reads 

Sample ID Protein rep Total uniquely mapped multi Total uniquely mapped multi 

ChIP-1 WT rep 1 16,172,263 9,572,518 (59.19%) 
3,614,231 
(22.35%) 

19,585,591 14,453,534 (73.80%) 
5,016,952 
(25.62%) 

ChIP-2 

MBD1 

rep 1 19,146,504 12,264,063 (64.05%) 
3,851,751 
(20.12%) 

18,247,155 13,442,915 (73.67%) 
4,692,773 
(25.72%) 

ChIP-3 rep 2 19,411,338 14,657,772 (75.51%) 
2,827,690 
(14.57%) 

18,911,735 15,013,870 (79.39%) 
3,792,720 
(20.05%) 

ChIP-4 

MBD2 

rep 1 21,991,141 14,903,858 (67.77%) 
5,440,882 
(24.74%) 

19,577,769 14,261,110 (72.84%) 
5,172,605 
(26.42%) 

ChIP-3 rep 2 22,892,252 16,097,760 (70.32%) 
3,763,186 
(16.44%) 

19,786,657 15,660,645 (79.15%) 
4,020,084 
(20.32%) 

ChIP-5 

SUVH1 

rep 1 26,262,372 16,650,592 (63.40%) 
7,059,899 
(26.88%) 

28,805,086 20,437,563 (70.95%) 
8,212,551 
(28.51%) 

ChIP-6 rep 2 24,642,770 14,333,360 (58.16%) 
5,932,628 
(24.07%) 

28,184,581 19,518,142 (69.25%) 
7,649,741 
(27.14%) 

ChIP-7 MBD6 rep 1 25,596,964 18,250,635 (71.3%) 
6,383,883 
(24.94%) 

25,596,964 18,249,920 (71.30%) 
6,383,396 
(24.94%) 

ChIP-8 RLT1 rep 1 31,949,657 20,335,631 (63.65%) 
7,993,860 
(25.02%) 

28,526,408 20,537,655 (72.00%) 
7,838,886 
(27.48%) 

ChIP-9 MCR3 rep 1 21,250,771 13,833,486 (65.10%) 
5,123,588 
(24.11%) 

24,396,176 18,075,198 (74.09%) 
6,171,692 
(25.30%) 

 

 



Chapter V. Molecular characterization of the mC readers DNA binding sites and protein interactors 

 

259 

 

V.6.3. SI-3. Open-access ChIP-seq and bisulfite sequencing datasets used in this chapter 

 

Chromatin immunoprecipitation sequencing datasets 

Bait GSM / DRX Type Reference 

H2A GSM1232779 IP 1 

H2A.W GSM1232780 IP 1 

H2A.X GSM1232781 IP 1 

H2A.Z GSM1232782 IP 1 

H3 GSM1232778 IP 1 

- GSM1232777 DNA Input – control 1 

H3.1 (-Myc tagged) GSM856055 IP 2 

- GSM856057 DNA Input – control 2 

H3.3 (-Myc tagged) GSM856054 IP 2 

- GSM856056 DNA Input – control 2 

H3K4me1 DRX066755 IP 3 

H3K4me2 GSM1193616 IP 4 

H3K4me3 GSM2544795 IP 5 

H3K36me3 GSM2544797 IP 5 

H2AK121ub GSM2367138 IP 6 

H3K27me3 GSM2367144 IP 6 

H3K23ac GSM1242394 IP 7 

H3K9me2 GSM1242393 IP 7 
 

Epigenetic mutants whole-genome bisulfite sequencing datasets 

Mutant GSM Reference 

WT Col-0 control GSM980986 8 

cmt2 GSM981002 8 

cmt3 GSM981003 8 

drm1 drm2 GSM981015 8 

met1 GSM981031 8 

ddm1 GSM981009 8 
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V.6.4. SI-4. Models built for peak calling (with MACS2) 

 

 

 

Representation of models build by MACS2 for peak calling in each sample. Modified 

outputs from running model.r scripts generated by MACS2 for each sample. A. Peak 

Models. B. Cross-Correlation. Percentage and Correlation values have been omitted for 

clarity purposes, but usually ranged from 0 to 0.15 and from -6e-04 to 6e-04, respectively. 

RLT1 and MCR3 models show similar patterns than the WT sample, representative of a 

model built on noise rather than real signal. When two replicates were performed, the 

replicate that gave the best results (rep1) also showed the best distributions.
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Abstract 

 

 Despite extensive research on the mechanisms involved in regulating mC patterns 

in Arabidopsis, many aspects of the direct role of mC at the molecular level remains 

unclear. A first approach at artificially inducing mC in gene promoters revealed 

unsuccessful, which may support the presence of biological constraints at the chromatin 

level that prevent the artificial deposition of this repressive mark at active loci. The study 

of mC readers further expanded the knowledge of how mC is interpreted in the cell, and 

discovered new players that could be involved in maintaining the integrity of the genome 

and the stability of the epigenome. New epigenetic mechanisms were revealed that 

notably involved mC readers and chromatin remodelers. Further experiments would be 

required to deepen the characterization of these mechanisms, notably to overcome the 

potential functional redundancies of factors involved, and the different mechanisms that 

could co-occur at the same locus. 
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VI.1. mC is mainly established for the repression of transposable elements 
 

In plants, DNA methylation is highly correlated with the silencing of transposable 

elements (Miura et al. 2001; Lippman et al. 2004). mC would promote, or reinforce, the 

silencing of newly integrated copies of transposable elements, the movements of which 

are an important source of genetic diversity but need to be limited to prevent deleterious 

insertions into genes. Studies of mC patterns at a population level have highlighted the 

correlation between new TE insertions and the establishment of mC (Stuart et al. 2016; 

Quadrana et al. 2016). Once established, regulatory processes have evolved that maintain 

these loci in their transcriptional state, preventing silencing from spreading toward active 

genes, such as active demethylation by ROS1, DML2 and DML3 (Penterman et al. 2007; 

Zhu et al. 2007; Le et al. 2014), and active marks to invade repressed TEs, notably by 

H3K4me3 demethylases JMJ14, LDL1 and LDL2 (Greenberg et al. 2013).  

Attempts at inducing mC at promoters could potentially interfere with the 

maintenance of genes in an active transcriptional state (Chapter II). Not only do 

mechanisms exist to correct these aberrant patterns, such as active DNA demethylation, 

but other limitations prevent mC deposition from occurring in the first place. For example, 

the role of IBM1 in demethylating H3K9me2 and thus preventing the establishment of 

repressive mCHG in gene bodies, as H3K9me2 is required for both the RdDM pathway 

and the binding of CMT proteins. Based on the current literature, a model for mC 

establishment can be inferred that occurs after TE insertion: RNA produced from a TE is 

processed into siRNAs that target the RdDM to these loci. For long terminal repeats (LTR) 

retrotransposons, siRNAs were shown to instead derive from tRNAs (Martinez et al. 2017; 

Schorn et al. 2017). mC would then spread toward the inside and the outside of the TE 

body. Nothing prevents the mC inside the TE body, and heterochromatin is further 

established and maintained through H3K9me2 and feedback loops with non-CG 

methylation. mC would however not being able to spread outside the boundaries because 

of active demethylation, and the presence of other euchromatin marks. 

Related to the gradual process required for the establishment of mC at newly 

inserted TEs, previous studies have shown that several generations (6 to 8) are required 

to identify stable epialleles at the BONSAI gene in ddm1 (Saze and Kakutani 2007; 

Sasaki et al. 2012). This observation might explain not only the failure to induce mC with 

epiCas (Chapter II), but also the absence of a molecular phenotype of altered mC levels 

and patterns in mutant lines of mC reader candidates (Chapter IV). 
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Once established, the presence of heterochromatin in gene promoters, or in an 

intron, would however impact on the accessibility of the DNA by the transcription 

machinery. Regulatory processes are then involved that counteract this impact on 

transcription, such as IBM2 when a TE is incorporated in an intron (Wang et al. 2013; 

Saze et al. 2013) and potentially SUVH1 when the TE is in a promoter (Li et al. 2016b). 

The binding pattern of SUVH1 would support such a role, since it appears to bind to 

RdDM targets but does not interact with components of the RdDM machinery (Chapter 

V). The histone methyltransferase domain of SUVH1, and of SUVH3 with which it can 

interact, might be involved in regulating H3K4me3 levels at these loci. Surprisingly, the 

strong interaction between SUVH1 and SUVH3 identified by TAP-MS is conflicting with 

the limited number of differentially expressed genes shared by their respective mutants 

(Figure IV-4). This observation would however support the presence of confounding effects 

that impacted the RNA-seq experiments (Chapter IV). 
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VI.2. A potential function for GbM 
 

By DNA affinity pull-down assay, proteins with preferential binding to mC have 

been identified (Chapter III). Among these proteins, uncharacterized members of known 

mC reader families were identified, and their further molecular characterization hinted 

at their involvement in new processes that occur in Arabidopsis. The identification of 

proteins previously unrelated to mC but involved in various developmental processes 

would support a cell-type specific role for mC in regulating cell fate (Chapter III). Of 

special interest, the role of MBD2 in binding downstream from GbM would suggest a role 

for CG methylation in gene bodies in Arabidopsis. 

 The high correlation of MBD2 DNA binding sites with GbM (Chapter V), 

combined with the identification of MBD2 in mCG probes by DNA affinity pull-down 

(Chapter III) suggests that MBD2 effectively binds to GbM in Arabidopsis. Furthermore, 

MBD2 appears to interact with a range of chromatin remodelers and notably with 

BRAHMA (BRM) (Table V-2). These results would strongly support an association 

between GbM and constitutively expressed genes (Coleman-Derr and Zilberman 2012), as 

BRM has been shown to prevent deposition of H3K27me3 (Li et al. 2015). The recruitment 

of BRM to GbM would occur in addition to its recruitment by the H3K27 demethylase 

RELATIVE OF EARLY FLOWERING 6 (REF6) that occurs at -CTCTGYTY- sequence 

motifs and notably at 5’-UTRs (Li et al. 2016a). Importantly, REF6 was identified to prefer 

binding to unmethylated mCHG sites (Chapter III). A synergistic effect of REF6 and 

MBD2 might thus recruit BRM at genes with unmethylated promoters and genes 

exclusively methylated in the CG sequence context. These results potentially suggest a 

complex interplay between mC (and absence thereof), H3K27me3, and chromatin 

remodeling. In addition to chromatin remodelers, MBD2 was found to interact with an 

uncharacterized RNA-binding protein (AT4G20700). The significance of this result is yet 

unknown, but could indicate a role for MBD2 in RNA processing downstream from GbM. 

In both cases, these results contribute to the debate about GbM function, in particular 

toward the existence of a functionality that is yet to be resolved. Since GbM is absent from 

some plant species (Bewick et al. 2016), it would be interesting to know whether MBD2 

presence and/or function is also conserved in these species, or if its involvement 

downstream of GbM has become moot and enabled the loss of MBD2.  
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VI.3. A complex regulation of mC patterns 
 

New genome regulatory processes were revealed by the specific DNA targets and 

proteins interacting with the mC reader candidates studied by ChIP-seq and TAP-MS 

(Chapter V). These experiments have also highlighted the presence of shared binding 

patterns among these proteins. Notably, MBD6 had many shared binding sites with 

MBD2, mostly at genes with GbM, and with SUVH1 at TEs, while MBD1 and MBD2 

shared binding sites at genes. Also, some loci were bound by all four candidates, whereas 

protein-protein interaction analyses do not support their direct interactions, except for 

MBD6 and SUVH1 (Chapter V). These results suggest that different protein complexes 

are recruited to the same loci in parallel, and render challenging the elucidation of how 

DNA methylation is regulated and interpreted in Arabidopsis. Our understanding of mC 

molecular interpretation will likely be increased by the study of additional mC reader 

candidates identified by DNA affinity pull-down assay (Table III-1), notably MBD4, MBD5 

and SUVH3. 

 

A commonality between the MBD proteins studied by TAP-MS reside in the 

identification of several chromatin remodeling subunits (Table V-2). These subunits have 

notably been identified in AP-MS assays to interact with REF6 (Li et al. 2016a), and 

FORGETTER1 (FGT1), a factor involved in heat-stress memory (Brzezinka et al. 2016). 

FGT1 contains a DExD-box domain (where x represents any amino acid), which is 

reminiscent of RH52 (AT3G58570), DEAD-box domain-containing protein identified in 

TAP-MS to interact with MBD1 and MBD6 (Table V-2). This domain is primarily 

identified as an RNA helicase but can also be involved in transcriptional regulation 

(Fuller-Pace 2006). These observations might indicate a role of MBD1 and MBD6 in 

stress-response, and exemplify the potential functional redundancies among mC reader 

candidates.  
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VI.4. Future research required to characterize the new epigenetic mechanisms 
 

The work presented in this thesis has enabled the identification and molecular 

characterization of Arabidopsis mC readers, and hinted toward their involvement in 

numerous epigenetic processes. However, clearly further experimentation remains in 

order to confirm the observed patterns, and further understand the processes involved. 

 

First, the ability of the proteins identified in the DNA affinity pull-down assay to 

bind mC would require experimental confirmation (Chapter III). Indeed, the proteins 

could belong in protein complexes, and only co-purified with bona fide mC readers, as 

highlighted by the presence of protein chaperones for which direct DNA binding is 

unlikely (Table III-1). This limitation applies to the candidates studied by ChIP-seq, as 

the proteins are cross-linked to one another in parallel to being fixed to the DNA 

(Chapter V). Although domains known to enable mC binding are present in these 

proteins, such as MBD and SRA domains, the identification of TFs or other mC binding 

proteins by TAP-MS could indicate that these proteins are not directly recruited to the 

DNA (Table V-2). Notably, the interaction between SUVH1 and SUVH3 could result from 

only one of these two proteins act as a mC reader. Experimental evidence of their 

individual binding to mC would thus be required. Confirming the binding ability of each 

candidate would require their individual expression and purification so as to use the 

proteins in individual binding assays. Several experiments could enable this assessment, 

such as EMSAs (Garner and Revzin 2010) or microscale thermophoresis (MST) (Jerabek-

Willemsen et al. 2014). Both approaches rely on the incubation of purified proteins with 

short DNA probes, to identify the protein-DNA interactions, and, in the case of MST, also 

quantify the strength of the interactions. The requirement for DNA probes limits however 

the investigation of the binding specificities of each candidate. Instead, the recently 

developed DNA affinity purification sequencing (DAP-seq) method would not only enable 

the investigation of genome-wide binding sites but also their DNA methylation status 

(O’Malley et al. 2016). However, a disadvantage of these techniques is the use of naked 

DNA, which does not contain histones and their potential post-translational modifications 

that can influence the DNA binding in vivo. Thus, these experiments could inform on the 

ability of the mC reader candidates to directly bind to mC in vitro and, combined with 

ChIP-seq, could help elucidate the binding specificities of these proteins. 

The involvement of the mC reader candidates in new epigenetic mechanisms would 

also require confirmation at the molecular level. Notably, the lack of changes in the mC 
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levels of the respective mutants, and the complex effects caused by the gene disruptions 

on the transcriptome, have limited the interpretation of their molecular functions 

(Chapter IV). Due to the potential functional redundancies among mC readers 

highlighted in this study, and potentially including candidates that have not been 

analyzed such as MBD4, MBD7, SUVH3 and SUVH8, examining triple or quadruple 

mutants might prove obligatory to observe a genome-wide phenotype on mC levels. More 

importantly, and considering the epigenetic profiles of the DNA targets bound by the 

candidates (Figure V-15), a molecular effect might be observable by analyzing the 

distribution of other epigenetic marks in the mutants. For example, performing ChIP-seq 

on H3K4me1 or H3K4me3 in mbd2 mutants might highlight a role of MBD2 in the 

deposition of these marks. Also, the DNA binding sites of MBD1 and MBD2 showed 

specific profiles of histone variants. The disruption of the candidate genes might thus 

impact chromatin compaction and nucleosome positioning, that could be assessed by 

DNase hypersensitivity assays, or by assay for transposase-accessible chromatin 

sequencing (ATAC-seq) (Sullivan et al. 2014; Buenrostro et al. 2013). The study of single 

histone variants would require more complex designs. For example, to determine whether 

a specific mark is affected by the disruption of the candidate genes, lines with tagged 

histone variants would need to be crossed with the mC reader candidate mutant lines. 

Conversely, to investigate whether the histone variant is required for the candidate 

binding, tagged candidates would need to be introduced in histone mutants. 

The DNA binding sites of SUVH1, MBD6 and MBD2 are highly correlated with 

mC patterns, especially in the non-CG sequence context for SUVH1 and in the CG context 

for MBD6 and MBD2 (Figure V-9). Combined with the genome-wide distribution of their 

DNA binding sites, it appears that SUVH1 is exclusively enriched at RdDM targets, 

MBD2 at GbM and MBD6 at all mCG sites (Figure V-10, Figure V-11 and Figure V-12). 

To investigate whether methylation at these loci is a requirement for the candidate 

binding, one could perform ChIP-seq on the candidates in methyltransferase mutant 

backgrounds, such as drm1 drm2 or nrpe1 for SUVH1 and met1 for the MBD2 and MBD6. 

Alternatively, as discriminating between a sub-optimal ChIP-seq experiment and the 

absence of binding site could be difficult, introducing epitope-tagged versions of the 

candidates into epiRILs populations might provide powerful internal positive controls. 

This experiment could not be carried out for RdDM mutants, as the RdDM involves the 

production of trans-acting siRNAs that are able to recruit the rest of the machinery at 

both alleles. However, studying the binding pattern of MBD2 and MBD6 in met1 or ddm1 

epiRILs could confirm the preference of these two proteins for mCG methylation. 
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Another role that could be attributed to mC readers and that is not considered in 

this study is the involvement of these proteins in regulating the three-dimensional 

structure of the chromatin. Heterochromatin is a highly packed structure that is visible 

by staining and subsequent microscopy analyses as chromocenters. Disruption of proteins 

involved in the distribution of heterochromatin mC results in the loosening of these 

structures (Soppe et al. 2002). Dispersion of chromocenters was not visible in mbd6 and 

suvh1 (Zemach et al. 2005; Naumann et al. 2005), despite their preferential binding to 

peri-centromeric regions (Figure V-5). More subtle changes could however be determined 

by molecular conformation capture techniques, for example by Hi-C (Barutcu et al. 2016). 

Also, DNA methylation has been shown to regulate meiotic recombination by 

silencing crossover hotspots, and potentially preventing their maturation into interfering 

crossovers (Yelina et al. 2015). The mC reader candidates might thus be involved in 

molecular mechanisms responsible for the prevention of such events to occur at 

methylated loci, and notably at pericentromeric regions. Oppositely, ARP and RAD4, 

proteins involved in DNA repair, were found to bind preferentially to unmethylated 

probes (Chapter III). In addition to the hypothesis that ARP and RAD4 might be involved 

after active demethylation, these proteins could instead be involved in the DNA repair 

that follows crossovers. Cytogenetics and measurement of recombination rates in plants 

defective in (non-)mC reader proteins would enable to test such hypotheses. 

 

The road is still long before reaching a complete understanding of the mechanisms 

involving mC readers. Nevertheless, this study has paved the way to a deeper 

characterization of the identified proteins, and notably highlighted a potential function of 

GbM in Arabidopsis. 
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VI.5. Concluding remarks 
 

The aim of this research was to understand the role of mC in Arabidopsis, and the 

results further highlighted the complexity of mC patterns and of their molecular 

interpretation. Referring back to the definition of A. Bird, the epigenome can either 

represent the record of transcriptional activity, or regulate the expression of the 

underlying genes, repeats and transposable elements. Very likely, it does both. 

Transcriptional initiation would be primed by some histone modifications, such as 

H3K4me3, and transcription elongation would in turn deposit other marks, such as 

H2Bub. The latter modifications would be interpreted by regulatory processes, which are 

influencing other marks, and so forth until it eventually relates back to the initial 

modifications. The significance of a single mechanism, and ultimately of a single 

epigenetic mark, might thus be irrelevant when considering the complexity of the 

epigenome. However, the challenge resides not only in understanding the regulation of 

the epigenome in Arabidopsis, but in translating this knowledge to other species, and 

notably to crops. The conservation of most epigenetic proteins, such as the MBD and 

SUVH proteins studied here, would suggest that similar mechanisms exist, in rice and 

maize. Considering that these species have a higher density of TEs than Arabidopsis, 

studying the mutant plants defective in the orthologous proteins may display clearer 

phenotypes, and may thus improve our understanding of the role of these proteins in the 

regulation of the epigenome in plants. 
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