
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
A role for genic DNA methylation in the governance of H2A.Z enrichment within gene bodies 
and the transcriptional regulation of responsive genes

Permalink
https://escholarship.org/uc/item/8fh2f55h

Author
Coleman-Derr, Devin A.

Publication Date
2012
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8fh2f55h
https://escholarship.org
http://www.cdlib.org/


 

 

 
 

 
A role for genic DNA methylation 

 in the governance of H2A.Z enrichment within gene bodies  

and the transcriptional regulation of responsive genes 

 

By  

Devin A. Coleman-Derr 

 

A dissertation submitted in partial satisfaction of the  

requirement for the degree of 

Doctor of Philosophy 

in 

Plant Biology 

in the  

Graduate Division  

of the  

University of California, Berkeley 

 
Committee in charge: 

Professor Daniel Zilberman, Chair 
Professor Robert Fischer 

Professor Michael Freeling 
Professor Barbara Meyer 

 
Spring 2012 

 



 

 

 
 

 

 

A role for genic DNA methylation 

 in the governance of H2A.Z enrichment within gene bodies  

and the transcriptional regulation of responsive genes 

 

 

 

 

Copyright 2012 

By  

Devin A. Coleman-Derr 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 

 

 
 
 
 

Abstract 
 
 
 
 

A role for genic methylation in the governance of H2A.Z enrichment within gene bodies  
 

and  
 

the transcriptional regulation of responsive genes 
 

by 
 

Devin A. Coleman-Derr 
 

Doctor of Philosophy in Plant Biology 
 

University of California, Berkeley 
 

Professor Daniel Zilberman, Chair 
 

 One remarkable property of the eukaryotic cell is its ability to orchestrate the 

activities of thousands of  genes in a complex temporal symphony of transcriptional 

expression. Development in multicellular species often requires that many genes lie 

dormant in early undifferentiated cellular lineages, awakening only in the tissues that 

they help define.  Even single cellular species, such as the yeast Saccharomyces 

cerevisiae, need to keep some genes in a temporary, transcriptionally-repressed state 

until the onset of particular environmental conditions.  This is no easy feat to 

accomplish, and cells use many different molecular mechanisms to do so; this includes 

the intricate interplay of many epigenetic regulatory systems,  such as the post-

translational modification of histones, the incorporation of histone variants, and a 

covalent but reversible modification of the DNA itself, DNA methylation.   

 In this dissertation, I describe a series of experiments designed to help 

understand the interaction between two of these epigenetic factors, DNA methylation 

and the histone variant H2A.Z, within the context of gene regulation.  This work was 

conceived after initial mapping experiments in the model plant Arabidopsis thaliana 

revealed that the genome-wide distributions of H2A.Z and DNA methylation are 

strikingly anticorrelated.  Additionally experiments have revealed that the basis for this 
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relationship is the exclusion of H2A.Z from chromatin by the presence of DNA 

methylation, an epigenetic principle that appears likely to be an ancient invention 

conserved among both plants and animals.  

 To better understand what purpose this relationship might hold in eukaryotes, I 

developed an Arabidopsis partial loss-of-function h2a.z mutant, and surveyed its 

genome-wide RNA expression profile.  These experiments revealed strong correlations 

between transcriptional misregulation in the h2a.z mutant, the presence of H2A.Z within 

gene bodies, and levels of gene responsiveness, a measure of the degree to which a 

gene's expression varies across tissue types or environmental conditions.  As we have 

shown that the presence of DNA methylation antagonizes H2A.Z incorporation across 

the genome, we propose that one basal function of gene-body methylation, an ancient 

and yet mysterious chromatin feature found in many eukaryotes, may be the prevention 

of H2A.Z incorporation within the bodies of genes that need to be constitutively 

expressed. 

 How gene body methylation is targeted in the first place remains unclear.  The 

fact that genic methylation in all species is almost exclusively limited to CG sites, even 

in plants which have two other contexts of methylation that they use for the silencing of 

transposons, suggests that the various methylation targeting machineries are somehow 

able to distinguish between gene sequences and their other heterochromatic targets.  

Recently, several mutants in Arabidopsis have been shown to accumulate non-CG 

methylation within gene bodies. In order to understand the mechanisms responsible for 

this hypermethylation of genes, we examined the methylation profiles of these mutants. 

We discovered that the hypermethylation phenotypes of these mutants are quite 

different from one another in several respects, including their correlation with normal 

genic methylation, their distribution patterns across the gene body, and their 

dependence on the endogenous RNAi machinery. This suggests that multiple 

mechanisms may be responsible for controlling genic methylation patterns. 
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1.1 Introduction 
 

1.1.1 Histone variant H2A.Z's relationship with transcription variability  
 
 In addition to the canonical histones, there exist a variety of non-canonical 
histone variants that play roles in a diverse array of cellular processes, including meiotic 
recombination, chromosome segregation, DNA repair, transcription initiation, and sex 
chromosome condensation (Talbert and Henikoff 2010). H2A.Z, which replaces 
canonical H2A, is perhaps the most well-conserved of all histone variants, and 
considerable progress has been made in recent decades towards understanding 
H2A.Z's role in eukaryotic biology (Zlatanova and Thakar 2008). Unlike some other 
histone variants, which are lineage specific (Talbert and Henikoff 2010), H2A.Z appears 
to have had a single origin at the root of the eukaryotic tree, and shares an approximate 
90% amino acid sequence identity between species as diverse as Saccharomyces 
cerevisiae, Drosophila melanogaster, Homo sapiens and Arabidopsis thaliana (Redon, 
Pilch et al. 2002; Zlatanova and Thakar 2008). Mutant analyses have revealed that, 
unlike most other species, the unicellular yeasts S. cerevisiae and 
Schizosaccharomyces pombe can tolerate a loss of H2A.Z, though they exhibit 
environmental sensitivities and slower growth (Jackson and Gorovsky 2000; Redon, 
Pilch et al. 2002). By contrast, the presence of H2A.Z in animals is strictly required for 
viability, with mutants exhibiting early developmental arrest and death (van Daal and 
van der Leij 1992; Liu, Li et al. 1996; Clarkson, Wells et al. 1999; Faast, Thonglairoam 
et al. 2001; Ridgway, Brown et al. 2004). Unlike many of these other model systems, 
which have only a single copy of H2A.Z, the Arabidopsis genome contains three. In 
Arabidopsis, a loss of two of the three H2A.Z genes leads to a variety of developmental 
phenotypes, including a loss of apical dominance, smaller and fewer rosette leaves, 
decreased fertility, and early flowering (March-Diaz, Garcia-Dominguez et al. 2008). A 
strong loss-of-function h2a.z mutant with insertions in all three H2A.Z genes exhibits a 
similar, but considerably stronger, phenotype (Coleman-Derr et. al., 2012, in press) 
while remaining viable, potentially making Arabidopsis an unusual and useful model 
system among multicellular species for understanding H2A.Z biology.  
  
 The high degree of conservation in H2A.Z among eukaryotes, taken in 
conjunction with the phenotypes of h2a.z mutants, suggests the existence of one or 
more ancient and important functions for this variant. A considerable proportion of 
H2A.Z research has focused on analyzing differences between the protein structures of 
H2A.Z and H2A in order to reveal these core, H2A.Z-specific functions (Billon and Cote 
2011). Despite considerable similarities between the two molecules, the crystal 
structure of this molecule has revealed key amino acid residue differences that affect 
the manner in which H2A.Z molecules interact with each other and with the H3/H4 core, 
potentially altering nucleosome stability (Suto, Clarkson et al. 2000). Like many aspects 
of H2A.Z biology, the nature of the effect that H2A.Z has on nucleosome stability 
remains controversial, and experiments have found evidence for both stabilizing (Fan, 
Gordon et al. 2002; Park, Dyer et al. 2004; Thambirajah, Dryhurst et al. 2006; Ishibashi, 
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Dryhurst et al. 2009), and destabilizing (Suto, Clarkson et al. 2000; Placek, Harrison et 
al. 2005; Zhang, Roberts et al. 2005) effects.  
 
 Other amino acid residues have been discovered which are required for 
interaction with a specific SWR1 chromatin remodeler and the subsequent deposition of 
H2A.Z into chromatin (Wu, Alami et al. 2005; Jensen, Santisteban et al. 2011; Wang, 
Aristizabal et al. 2011). This multi-subunit, ATP-dependent chromatin remodeling 
complex was first discovered in yeast, where it was shown to be capable of replacing 
H2A/H2B dimers with H2A.Z/H2B in vitro and in vivo (Kobor, Venkatasubrahmanyam et 
al. 2004; Krogan, Baetz et al. 2004; Mizuguchi, Shen et al. 2004; Li, Pattenden et al. 
2005). More recently, homologous remodelers with similar functional capabilities have 
been discovered in animals (Kusch, Florens et al. 2004; Zhang, Roberts et al. 2005; 
Ruhl, Jin et al. 2006; Gevry, Chan et al. 2007; Wong, Cox et al. 2007; Cuadrado, 
Corrado et al. 2011). In Arabidopsis, the SWR1 homolog PIE1 has been demonstrated 
to interact with H2A.Z and to be required for the deposition of H2A.Z (Choi, Park et al. 
2007; Deal, Topp et al. 2007; March-Diaz, Garcia-Dominguez et al. 2008). Mutations in 
the catalytic subunit PIE1, as well as in other members of the PIE1 complex, produce 
phenotypes that are broadly similar to those found in the Arabidopsis h2a.z mutants, 
though the presence of several phenotypic differences suggests that mutations in PIE1 
and H2A.Z may not be completely functionally redundant (Noh and Amasino 2003; 
Deal, Kandasamy et al. 2005; Choi, Park et al. 2007; March-Diaz, Garcia-Dominguez et 
al. 2007; March-Diaz, Garcia-Dominguez et al. 2008). Whether PIE1 has H2A.Z-
independent functions, which has been shown for eukaryotic SWR1 homologs in 
animals, remains unclear (Kobor, Venkatasubrahmanyam et al. 2004; Auger, Galarneau 
et al. 2008; Bowman, Wong et al. 2011). Possibly indicative of such non-redundant 
roles, we have recently shown that double mutants of pie1 and h2a.z are not viable, 
exhibiting early developmental arrest shortly after germination (Coleman-Derr et. al., 
2012 in press). This is quite different from results reported in yeast, which showed that 
simultaneous mutation of SWR1 and HTZ1 (yeast H2A.Z) lead to an amelioration of the 
phenotypes found in htz1 mutants alone (Morillo-Huesca, Clemente-Ruiz et al. 2010); 
this result was hypothesized to be caused by SWR1's continued remodeling and 
consequent destabilization of chromatin in the absence of its substrate, HTZ1. Though 
the cause of the more severe phenotype in h2a.z;pie1 Arabidopsis plants remains 
unclear, these results suggest that there may be important differences in H2A.Z-related 
function between eukaryotic species.  
 
 It was recently shown in yeast that INO80, a chromatin remodeler belonging to 
the same subfamily as SWR1 (Morrison and Shen 2009), can regulate the genome-
wide distribution of H2A.Z by promoting the eviction of H2A.Z from promoters during 
transcriptional induction (Papamichos-Chronakis, Watanabe et al. 2011). This 
discovery, along with the fact that H2A.Z is incorporated into nucleosomes at low levels 
in both pie1 and swr1 mutants (Kobor, Venkatasubrahmanyam et al. 2004; Wu, Alami et 
al. 2005; Deal, Topp et al. 2007), suggests that similar remodelers may also be capable 
of depositing H2A.Z into chromatin in Arabidopsis. The fact that in both S. cerevisiae 
and Arabidopsis the sets of genes that are misregulated in H2A.Z and SWR1-related 
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mutants only partially overlap (Kobor, Venkatasubrahmanyam et al. 2004; March-Diaz, 
Garcia-Dominguez et al. 2008; Morillo-Huesca, Clemente-Ruiz et al. 2010) further 
supports this hypothesis. Homologs of INO80 exist in Arabidopsis (Fritsch, Benvenuto 
et al. 2004), and an important question that remains to be answered is whether any of 
these remodelers possess similar H2A.Z remodeling capabilities and assist in shaping 
the characteristic genomic distribution pattern of H2A.Z. 
 
 Genome-wide localization experiments in fungi, animals, and plants have all 
shown that H2A.Z is preferentially found within the few nucleosomes surrounding the 
transcription start sites (TSS) of genes (Guillemette and Gaudreau 2006; Creyghton, 
Markoulaki et al. 2008; Zilberman, Coleman-Derr et al. 2008), though which genes show 
enrichment seems to vary depending on species. In yeast, the majority of genes have a 
peak of H2A.Z at their 5' end, regardless of whether they are active or inactive 
(Guillemette, Bataille et al. 2005; Li, Pattenden et al. 2005). By contrast, in animals, the 
5' enrichment of H2A.Z appears more frequently on active than inactive genes (Whittle, 
McClinic et al. 2008; Hardy, Jacques et al. 2009; Jin, Zang et al. 2009). Interestingly, it 
was found that in mammalian ES cells the genes enriched by H2A.Z change during the 
process of differentiation (Creyghton, Markoulaki et al. 2008). Contrary to the general 
consensus that active genes are enriched for H2A.Z in animals, genes showing 
enrichment in the ES cell lineage were overrepresented for silent developmental genes 
required in later cell types (Creyghton, Markoulaki et al. 2008). Similarly, in C. elegans, 
it was found that the 23% of genes that show H2A.Z enrichment by ChIP-chip were 
enriched for GO terms related to embryonic development, larval development, and 
gamete generation (Whittle, McClinic et al. 2008). The enrichment of H2A.Z at specific 
classes of gene, as well as the changes in enrichment patterns during differentiation, 
suggest potential innovations for H2A.Z function in multicellular organisms that might 
not be found in yeast. In Arabidopsis, we have shown that the majority of genes exhibit 
a strong 5' peak of H2A.Z enrichment, as well as a smaller peak at their 3' end 
(Zilberman, Coleman-Derr et al. 2008) and (Coleman-Derr et. al., 2012, in press). The 
presence of this 3' peak in Arabidopsis genes is supported by previous reports from 
ChIP-PCR of specific loci (Deal, Topp et al. 2007). Taken together, the localization data 
demonstrate that while the primary feature of H2A.Z distribution across eukaryotes is a 
consistent and strong presence at the 5' ends of genes, there are lineage-specific 
differences to enrichment patterns that may well have functional significance. 
 
 Not surprisingly, most research on H2A.Z has focused on the 5' enrichment of 
H2A.Z at the TSS of genes, and only a few studies have reported the presence of 
H2A.Z in other parts of the gene (Fujimoto, Seebart et al. 2012). Recently, Fujimoto et. 
al. reported that a reexamination of the available genome-wide mapping data from 
animals and fungi, however, demonstrate the presence of H2A.Z within gene bodies as 
well (Li, Pattenden et al. 2005; Zhang, Roberts et al. 2005; Millar, Xu et al. 2006; Albert, 
Mavrich et al. 2007; Zlatanova and Thakar 2008; Tolstorukov, Kharchenko et al. 2009; 
Zemach, McDaniel et al. 2010). Another study suggests that perhaps as much as 40% 
of all H2A.Z containing nucleosomes may reside downstream of the promoter in human 
genes (Tolstorukov, Kharchenko et al. 2009). In Arabidopsis, we have recently reported 
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that in addition to H2A.Z enrichment at the TSS, many genes exhibit considerable levels 
of H2A.Z across their coding regions (Coleman-Derr et. al., 2012, in press). Though the 
significance of this enrichment remains unexplored, it has been hypothesized that the 
H2A.Z-mediated functions in gene bodies and promoters may well be different 
(Fujimoto, Seebart et al. 2012).  
 
 Given the conserved H2A.Z distribution pattern at transcriptional start sites 
(TSS), many studies have focused on dissecting the relationship between H2A.Z and 
transcription. Counter intuitively, H2A.Z enrichment at promoters in yeast was found to 
be simultaneously required for, and inversely correlated with, transcription (Guillemette, 
Bataille et al. 2005; Zhang, Roberts et al. 2005; Millar, Xu et al. 2006). PHO5, a gene 
that is repressed on phosphate rich media and active under low phosphate conditions, 
shows a loss of H2A.Z upon transcriptional induction under phosphate deprivation 
(Millar, Xu et al. 2006). A return to phosphate rich conditions resulted in transcriptional 
repression and increased H2A.Z occupancy (Millar, Xu et al. 2006). Similar results were 
found for the GAL1 and GAL10 loci, which are induced upon addition of galactose, but it 
was also demonstrated that GAL1 and GAL10 require H2A.Z in order for transcriptional 
activation (Adam, Robert et al. 2001). Overall a number of genes required for growth 
under specific conditions showed defects in transcriptional activation in an h2a.z mutant 
in yeast (Santisteban, Kalashnikova et al. 2000; Larochelle and Gaudreau 2003; 
Dhillon, Oki et al. 2006; Wan, Saleem et al. 2009). 
  
 In contrast to this pattern in yeast, most studies in animals report that H2A.Z 
exhibits a positive correlation with transcription. In human and Drosophila, H2A.Z 
enrichment at promoters correlates with the level of gene expression (Barski, Cuddapah 
et al. 2007; Mavrich, Jiang et al. 2008) and in humans H2A.Z has been shown to 
associate with gene promoters upon their induction and aid in the recruitment of 
transcriptional machinery (Hardy, Jacques et al. 2009). However, some studies suggest 
a more complex relationship; studies with mice ES cells have demonstrated that H2A.Z 
is present at silent Retinoic Acid Response (RAR) genes and is removed upon the 
addition of Retinoic Acid and the transcriptional activation of these genes (Amat and 
Gudas 2011). In both C. elegans and the pufferfish Tetraodon nigridiris, the relationship 
appears parabolic; H2A.Z enrichment at promoters are positively correlated with 
transcription up to a point, after which the correlation becomes negative (Whittle, 
McClinic et al. 2008; Zemach, McDaniel et al. 2010).  
 
 Similar to the results from C. elegans and pufferfish, we have shown that in 
Arabidopsis promoter H2A.Z enrichment and transcription share a roughly parabolic 
relationship, with H2A.Z levels at their highest in moderately transcribed genes, and at 
their lowest at either transcriptional extreme. The presence of this correlation between 
H2A.Z and transcription level in both plants and some animals suggests that it may well 
be the ancestral relationship for eukaryotes. Interestingly, we have found that the 
relationship between transcription and H2A.Z enrichment within gene bodies in 
Arabidopsis shows a negative correlation, with the lowest expressed genes showing the 
greatest gene body enrichment of H2A.Z (Zilberman, Coleman-Derr et al. 2008; 
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Coleman-Derr 2012). Indeed, several other studies in animals have noted that, unlike 
promoter enrichment of H2A.Z, the presence of H2A.Z within gene bodies appears to be 
negatively correlated with transcription (Barski, Cuddapah et al. 2007; Hardy, Jacques 
et al. 2009; Zemach, McDaniel et al. 2010). Given that H2A.Z enrichment at promoters 
and gene bodies have different relationships with transcription, it is possible that some 
of the discrepancies in the many transcriptional studies from various species may be 
due to differences in how H2A.Z enrichment has been measured within genes.  
 

1.1.2  DNA methylation guides the global distribution of H2A.Z 
   
 Recently, we and others have found that H2A.Z and DNA methylation are 
anticorrelated on a genome-wide basis in both plants and animals (Zilberman, 
Coleman-Derr et al. 2008; Conerly, Teves et al. 2010; Edwards, O'Donnell et al. 2010; 
Zemach, McDaniel et al. 2010). Methylation, in the form of 5-methylcytosine, is a well-
conserved feature of eukaryotic chromatin, present in all vertebrates examined to date, 
as well as in many invertebrates, fungi, and plants (Cokus, Feng et al. 2008; Feng, 
Cokus et al. 2010; Zemach, McDaniel et al. 2010; Glastad, Hunt et al. 2011). In plants, 
DNA methylation exists in three different sequence contexts, CG, CHG, and CHH (H= 
A, T, or C), which are catalyzed by distinct families of DNA methyltransferase enzymes 
that differ in their mechanisms of targeting (Zemach and Zilberman 2010). Broadly 
speaking, the distribution patterns of DNA methylation and H2A.Z are quite different; 
while H2A.Z is primarily found at the 5' ends of genes, DNA methylation is typically 
associated with TEs and other repetitive sequences and is generally absent from gene 
promoters (Zilberman, Coleman-Derr et al. 2008). Not surprisingly then, the global 
distribution patterns of DNA methylation and H2A.Z are strongly anticorrelated 
(Zilberman, Coleman-Derr et al. 2008). Interestingly, however, this anticorrelation exists 
at the local level as well, irrespective of the type of sequence examined; transposons 
(TEs) that have escaped DNA methylation targeting in Arabidopsis are enriched for 
H2A.Z and genes with DNA methylation are depleted of H2A.Z (Zilberman, Coleman-
Derr et al. 2008). The opposing distributions of these two chromatin marks suggest that 
one or both of the marks may be acting to prevent the incorporation of the other.  
 
 Notably, we found that upon changes in DNA methylation patterning in 
Arabidopsis, induced by a loss of the primary maintenance methyltransferases MET1, 
opposite changes in H2A.Z deposition were detected (Zilberman, Coleman-Derr et al. 
2008). While almost all TEs show a strong loss of CG DNA methylation in the met1 
background, only about half show transcriptional derepression. An examination of these 
two populations of TE (i.e. those that remain silenced, and those that become 
transcriptionally active in met1) revealed that they were equally enriched in H2A.Z in 
met1, which strongly argues that it is changes in DNA methylation rather than changes 
in transcription that cause the redistribution of H2A.Z (Zilberman, Coleman-Derr et al. 
2008). In support of these results, in vitro experiments conducted with human tumor 
cells demonstrated that changes in DNA methylation associated with cancer 
progression were associated with opposite changes in H2A.Z levels (Conerly, Teves et 
al. 2010).  
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 To test whether H2A.Z also acts to inhibit DNA methylation distribution we used 
two experiments which lead to results that on the surface seem contradictory. First, we 
used a mutant line deficient for PIE1 to mimic a loss of H2A.Z in chromatin and 
examined changes in DNA methylation by MeDIP-chip. Though the limitations of this 
technique (including its inability to distinguish between methylation sequence contexts 
and reliance on normalization of signal intensities) made these discoveries more difficult 
to interpret than the changes in H2A.Z distribution observed in the met1 experiments, 
we did find small increases and decrease in genic and TE methylation, respectively 
(Zilberman, Coleman-Derr et al. 2008). More recently, we used whole-genome shotgun 
bisulfite sequencing to examine changes in methylation in an h2a.z loss-of-function line, 
and found that a loss of H2A.Z does not affect genic methylation (Coleman-derr et. al., 
2012, in press). In support of this, Conerly et al. found almost no change in methylation 
at active gene promoters in the transition from WT to Em-MYC cells, despite a loss of 
H2A.Z from the promoters of these genes (Conerly, Teves et al. 2010). Taken together, 
these studies strongly suggest that the genome-wide anticorrelation between H2A.Z 
and DNA methylation is the result of DNA methylation acting to prevent the 
incorporation of H2A.Z into chromatin, and that this is an ancient feature of eukaryotes. 
  

1.1.3 Gene body methylation is associated with constitutive  
 expression  
 
 For the past two decades, DNA methylation was thought to primarily act as a 
mediator of transcription silencing, particularly at TEs (Suzuki and Bird 2008); more 
recently DNA methylation was also discovered in the bodies of genes in many 
organisms (Jones and Laird 1999; Tran, Henikoff et al. 2005). Genome-wide analyses 
in a variety of eukaryotic species have revealed that gene body methylation most likely 
existed in the very first eukaryotes, and remains well-conserved among both plants and 
animals today (Lister, Pelizzola et al. 2009; Feng, Cokus et al. 2010; Xiang, Zhu et al. 
2010; Zemach, Kim et al. 2010; Zemach, McDaniel et al. 2010). The experiments 
conducted in plant species have demonstrated that although plants heavily methylate 
their TEs in all three contexts (CG, CHG, and CHH), the methylation found in genes is 
at lower levels and limited to CG sites (Lippman, Gendrel et al. 2004; Zhang, Yazaki et 
al. 2006; Zilberman, Gehring et al. 2007; Cokus, Feng et al. 2008; Lister, O'Malley et al. 
2008; Zemach, McDaniel et al. 2010). Interestingly, most animals except vertebrates 
only have DNA methylation within gene bodies and have lost the ability to methylate TE 
sequences (Suzuki, Kerr et al. 2007; Feng, Cokus et al. 2010). This discovery has 
challenged the standard belief that DNA methylation exists primarily as a genomic 
surveillance system, and has opened the door to a broader evolutionary understanding 
of epigenetics in the context of gene regulation.  
 
 Despite the prevalence of gene body methylation in both plants and animals, the 
mechanisms for its establishment and the role it plays in gene regulation, if any, remain 
mysterious (Zemach and Zilberman 2010). Originally it was proposed that genic 
methylation may act to prevent cryptic promoters from firing within the bodies of actively 
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transcribed genes (Zilberman, Gehring et al. 2007). More recently, it was discovered 
that genic methylation is preferentially targeted to exons in both animals and plants, 
leading to the suggestion that gene-body methylation may play a role in exon definition 
and accurate/alternative splicing (Lorincz, Dickerson et al. 2004; Chodavarapu, Feng et 
al. 2010; Luco, Pan et al. 2010). At present, the evidence for this is still somewhat 
limited. Some hint to genic methylation's purpose may come from the now well-
established relationship between DNA methylation and transcription.  
 
 Unlike DNA methylation at promoters, gene body methylation does not appear to 
antagonize transcription; on the contrary, targets of genic methylation tend to be 
expressed (Suzuki and Bird 2008). Gene body methylation is highest in moderately 
transcribed genes in both plants and animals, with the lowest levels of genic methylation 
in either transcriptional extreme (Zhang, Yazaki et al. 2006; Zilberman, Gehring et al. 
2007; Zemach, McDaniel et al. 2010). In Arabidopsis, genic methylation is positively 
correlated with transcription up to the 70th percentile of transcription, after which the 
relationship becomes strongly negative (Zilberman, Coleman-Derr et al. 2008). Similar 
results were found in pufferfish, as well as in several invertebrates, including honeybee, 
silkworm, sea anemone and sea squirt (Zemach, McDaniel et al. 2010).  
 
 In addition, genic methylation also appears to correlate with constitutive gene 
expression. This relationship was first discovered in Arabidopsis, where it was shown 
that body methylated genes are more constituitively expressed (as measured by 
Shannon's entropy) than other genes (Zhang, Yazaki et al. 2006). Recent work has 
corroborated this; further analysis of Arabidopsis methylation data has shown that 
genes with body methylation are enriched for housekeeping functions, whereas those 
with no gene body methylation are more likely to exhibit high tissue and environmental 
condition specificity (Aceituno, Moseyko et al. 2008). Functional analysis of body 
methylated genes from another plant species (populus trichocarpa) revealed significant 
enrichment for gene categories which are typically constituitively expressed, including 
translation/protein metabolism, nucleic acid binding and RNA metabolism (Vining, 
Pomraning et al. 2012). Similar results were found in four invertebrates species, with 
body methylated genes showing enrichment for housekeeping functions, such as 
translation, ribosome biogenesis, RNA splicing, and protein localization (Sarda, Zeng et 
al. 2012). These data suggest that in addition to the ancestral relationship between 
gene body methylation and transcription level, the correlation of genic methylation with 
constitutive expression is an invention that predates the divergence of the plant and 
animal kingdoms.  
 

1.1.4  Gene body enrichment of H2A.Z antagonizes transcriptional 
 consistency  

  
 Quite the opposite of the relationship between DNA methylation and 
constituitively expressed genes, H2A.Z studies in many species have revealed an 
association between H2A.Z and various inducible classes of genes. Specifically, upon a 
loss of H2A.Z in yeast or animals, it is genes required only in specific environmental 
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conditions or tissue types, respectively, that are reported to be misregulated (Adam, 
Robert et al. 2001; Millar, Xu et al. 2006; Updike and Mango 2006; Creyghton, 
Markoulaki et al. 2008; Whittle, McClinic et al. 2008; Amat and Gudas 2011; Petter, Lee 
et al. 2011; Sadeghi, Bonilla et al. 2011). In Arabidopsis, plants lacking PIE1 exhibit 
misregulation of many genes involved in the innate immune response (March-Diaz, 
Garcia-Dominguez et al. 2008). Recent work has shown that Arabidopsis plants with a 
mutated copy of ARP6, another component of the PIE1 complex, inappropriately 
express temperature response genes, which lead to the proposal that H2A.Z may act as 
a thermosensor in plants (Kumar and Wigge 2010). Other experiments done with ARP6 
have demonstrated that H2A.Z is deposited at a number of Pi starvation response 
genes and that a loss of H2A.Z leads to their derepression (Smith, Jain et al. 2009).  
 
 We have recently found that in a strong loss-of-function h2a.z mutant there are 
three-fold more genes up-regulated than down regulated; similarly ratios of up- to 
downregulated genes were reported for pie1 and another h2a.z mutant (March-Diaz, 
Garcia-Dominguez et al. 2008). Functional analyses of the 1200 genes upregulated in 
the h2a.z mutant revealed a significant over-representation for response genes in 
general (Coleman-Derr et. al., 2012, in press). In fact, all 19 of the top overrepresented 
GO terms (P-values less than 1x10-5) are specifically "response" categories (Coleman-
Derr et. al., 2012, in press). Importantly, while all three response-related categories 
previously reported to be misregulated in H2A.Z-related mutants (innate immune 
response, response to temperature stimulus, and response to phosphate starvation) are 
also overrepresented in our h2a.z upregulated gene list, there are also many examples 
of other, unrelated response categories, including response to wounding, water, abiotic 
stimulus, carbohydrate stimulus, endogenous stimulus, salt stress, and hormone 
stimulus (Coleman-Derr et. al., 2012, in press). This result demonstrates that a loss of 
H2A.Z in plants likely leads to misregulation of response genes in general, rather than a 
specific category of response gene, and may help to reconcile the previous, seemingly 
disparate results from Arabidopsis.  
 
 In a similar vein, we found that the degree of misregulation in our loss-of-function 
h2a.z mutant correlated with gene responsiveness (where high gene responsiveness 
scores indicate greater differential expression across a variety of tissues or 
environmental conditions, as described in Aceituno 2009) (Aceituno, Moseyko et al. 
2008) and (Coleman-Derr et. al., 2012, in press). Furthermore, the misregulation in this 
mutant appears to be directly related to the presence of H2A.Z within gene bodies, as 
the degree of misregulation directly correlated with the level of H2A.Z body enrichment 
(Coleman-Derr et. al., 2012, in press). Considering these two results, it is unsurprising 
that we have also found that the presence of H2A.Z within gene bodies is positively 
associated with measures of gene responsiveness (Coleman-Derr et. al., 2012, in 
press). Similarly, in yeast analyses of H2A.Z enrichment across gene coding sequences 
demonstrated significant overlap with genes that are differentially expressed after 
environmental stresses (Sadeghi, Bonilla et al. 2011).  
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 Taken together, these findings point towards the conclusion that the presence of 
H2A.Z within gene bodies either antagonizes constitutive and strong gene expression, 
or promotes variability of levels and patterns of expression, in both plants and animals. 
Considering that evidence from both of these kingdoms suggests that the genome-wide 
anticorrelation between DNA methylation and H2A.Z is likely established by the 
prevention of H2A.Z deposition in chromatin by DNA methylation, we propose that one 
basal function of genic DNA methylation may be the establishment of constitutive 
expression patterns within housekeeping genes by preventing H2A.Z from becoming 
incorporated within their bodies. As H2A.Z has been linked to the expression of 
inducible genes in many species (Adam, Robert et al. 2001; Millar, Xu et al. 2006; 
Zanton and Pugh 2006; Creyghton, Markoulaki et al. 2008; Whittle, McClinic et al. 2008; 
Smith, Jain et al. 2009; Kumar and Wigge 2010; Amat and Gudas 2011; Petter, Lee et 
al. 2011; Sadeghi, Bonilla et al. 2011), including species such as S. cerevisiae and C. 
elegans which lack DNA methylation all together, it strikes us a stronger candidate for a 
direct link to gene responsiveness than DNA methylation.  
 

1.1.5  Genic methylation targeting and hypermethylation mutants 
 
 Despite considerable knowledge about the targeting of DNA methylation to TEs 
and repeats, the mechanism for the establishment of gene body methylation remains 
mysterious (Suzuki and Bird 2008). In flowering plants, the absence of CHG and CHH 
methylation in gene bodies demonstrates that genes and transposons are differentially 
recognized by the various methylation machineries (Cokus, Feng et al. 2008; Lister, 
O'Malley et al. 2008; Feng, Cokus et al. 2010; Zemach, McDaniel et al. 2010). In many 
eukaryotes, TEs are interspersed amongst genes, which necessitates special 
mechanisms for the accurate and precise targeting of non-CG methylation found in 
these sequences.  

 One mechanism for establishing the presence of non-CG methylation in TEs but 
not genes would be to specifically target TEs with the methylation machinery. In plants, 
the RNA-directed DNA methylation pathway (RdDM) works in this way. This system, 
which results in methylation primarily in the CHH context, targets repeats and TEs 
through small regions of siRNA/DNA sequence homology (Furner and Matzke 2011). 
These siRNAs are the degradation products of double-stranded RNAs derived from 
plant specific RNA polymerase IV transcripts derived from repetitive loci.  These 
transcripts are copied into dsRNA by RNA-dependent RNA polymerase 2 (Meyer 2010), 
and cleaved into smaller siRNAs by Dicer nucleases.  Each siRNA strand is then 
incorporated into ARGONOTE complexes that can target specific regions of siRNA/DNA 
homology within the genome for DNA methylation and silencing (Chan, Zilberman et al. 
2004). This CHH methylation is mediated by members of the DRM family of 
methyltransferase, and is classified as de novo methylation, as it doesn't require the 
presence of an initial epigenetic signal at the methylated locus for its targeting (Mathieu, 
Reinders et al. 2007). While precise and accurate, de novo methylation requires active 
targeting in each new cell after replication. Fortunately, plants also have a mechanism 
for propagating established DNA methylation marks directly during replication.  
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 This mechanism, referred to as maintenance methylation, is responsible for 
perpetuating the presence of DNA methylation on both chromatids after DNA 
replication. To achieve this, the MET1 methyltransferase targets sites that have a 
methylatable cytosine on both strands of the DNA, specifically at CG sites (Kankel, 
Ramsey et al. 2003). Virtually all CG methylation within the Arabidopsis genome is 
catalyzed by MET1, including sites within both TEs and genes (Cokus, Feng et al. 2008; 
Lister, O'Malley et al. 2008).  As discussed previously, a loss of MET1 leads to a 
complete genome-wide loss of CG methylation. Other factors have been shown to act 
as positive regulators of DNA methylation. One such factor, DDM1, has been shown to 
be responsible for helping establish DNA methylation at TEs; loss of the DDM1 
chromatin remodeling complex causes a strong decrease in DNA methylation in TEs 
and repeats (Lippman, Gendrel et al. 2004; Tao, Xi et al. 2011).  

 Plants also contain a third methyltransferase family, CMT3, which is responsible 
for DNA methylation in the CHG context (Lindroth, Cao et al. 2001). This enzyme does 
not strictly fit the de novo or maintenance classification, but shares elements of both. 
Unlike, CHH sites, the presence of cytosines on either strand in CHG sites allows for 
the potential propagation of this mark across cell divisions (Furner and Matzke 2011). 
Similar to the RdDM pathway, however, CMT3 can be actively targeted to previously 
unmethylated sequences; it achieves this through interaction with methylation of H3 
lysine 9 (H3K9me2), a second epigenetic hallmark of silencing that is conserved among 
animals, plants and fungi (Enke2011). CMT3 contains a chromodomain that allows it to 
bind H3K9me2, potentially offering a distinct method from RdDM for the targeting of 
new DNA methylation (Lindroth, Shultis et al. 2004). Additionally, one of the enzymes 
responsible for catalyzing H3K9me2 in Arabidopsis, KRYPTONITE (KYP), contains an 
SRA domain that is capable of binding to methylated cytosines (Johnson, Bostick et al. 
2007). This mutual binding by KYP and CMT3 of their reciprocal enzymatic products 
creates an autocatalytic feedback loop that allows for the propagation and 
reinforcement of both CHG methylation and H3K9me2 across targeted sequences 
(Furner and Matzke 2011).  

 An alternative method for achieving the differential distribution of non-CG 
methylation in TEs and genes involves the active removal of methylation or associated 
marks from genes. Recent work has shown that, whereas H3K9 methylation is known to 
be enriched over TEs in many eukaryotic species, in plants H3K9 methylation can be 
targeted to genes as well. A histone demethylase, IBM1, was recently reported to be 
responsible for removing H3K9me2 from genic sequences (Saze, Shiraishi et al. 2008; 
Miura, Nakamura et al. 2009; Inagaki and Kakutani 2010). IBM1 is a member of the 
JHDM2/KDM3 demethylases that are conserved from plants to animals (Inagaki and 
Kakutani 2010). Presumably, it is the removal of H3K9me2 from these genic sequences 
by IBM1 that prevents the spread of non-CG methylation.  

 Consistent with this, loss-of-function ibm1 mutants cause an increase in both 
H3K9me2 and non-CG methylation in genes (Saze, Shiraishi et al. 2008; Miura, 
Nakamura et al. 2009; Inagaki and Kakutani 2010). Interestingly, both met1 and ddm1 
mutants have also been shown to exhibit increases in non-CG methylation in the bodies 
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of some genes (Jacobsen and Meyerowitz 1997; Mathieu, Reinders et al. 2007; Saze 
and Kakutani 2007; Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008). These 
discoveries present two important questions in need of answering. First, are these three 
examples of genic hypermethylation conveyed by similar mechanisms? Second, do they 
bear any relation to the gene body methylation normally found in WT? To that end, we 
have examined the methylation profiles in these three mutant lines by whole-genome 
bisulfite sequencing. We have found that the CHG and CHH hypermethylation in ibm1 
correlate well with one another and, perhaps more importantly, with the presence of WT 
CG methylation (Zemach et. al., 2012, in press). Similar to ibm1, mutants in ddm1 
exhibit CHG hypermethylation of genes that correlates with the presence of genic CG 
methylation in WT (Zemach et. al., 2012, in press). By contrast, the hypermethylation 
found in the met1 mutant showed no such correlation, appearing in many genes without 
WT genic methylation (Zemach et. al., 2012, in press). 

 Despite the strong correlation between WT CG methylation and both ibm1 and 
ddm1 non-CG hypermethylation, the hypermethylations in these two mutants show 
different patterns of distribution across the gene body. ibm1 CHG and CHH 
hypermethylation exhibited a 5' bias, with greater levels towards the start of the gene 
and less methylation at the three prime end (Zemach et. al., 2012, in press). By 
contrast, ddm1 CHG hypermethylation exhibited the opposite trend, reaching its highest 
levels at the 3' end of the gene (Zemach et. al., 2012, in press). Furthermore, crosses 
between ibm1 and a mutation in a gene required for RdDM (drd1) do not abolish the 
CHG and CHH hypermethylation caused by ibm1, strongly suggesting that this 
hypermethylation is not mediated by the RdDM pathway (Zemach et. al., 2012, in 
press). By contrast, double mutants of ddm1 and mutants in various RNAi components 
lost nearly all of the hypermethylation seen in ddm1; taken together, these results 
strongly support the hypothesis that although the hypermethylation in ibm1 and ddm1 
both appear to follow the distribution of WT CG, the genic hypermethylation caused by 
ibm1 and ddm1 are mediated by distinct processes. 

 It has been hypothesized that the hypermethylations in ddm1 and met1 might be 
induced by a similar mechanism as the hypermethylation in ibm1; specifically the 
decreases in DNA methylation in and depression of TEs in both met1 and ddm1 might 
lead to a titration of IBM1 protein from genic to TE sequences, leaving genes without a 
means of adequately pruning H3K9me2 sequences (Miura, Nakamura et al. 2009; 
Inagaki and Kakutani 2010). However, the differences in their correlations with WT CG 
strongly suggest that the hypermethylation found in met1 and ddm1 are likely caused by 
separate mechanisms. Furthermore, the idea that the CHG hypermethylation seen in 
met1 is a compensatory mechanism for the loss of genic CG methylation (Mathieu, 
Reinders et al. 2007) seems unlikely, as its presence does not appear solely in the 
genes typically targeted by gene body methylation. Taken together, these results argue 
for the presence of at least three distinct processes responsible for hypermethylation in 
these mutants, and the need for future studies to help refine our knowledge of the 
complex systems governing DNA methylation within genes.  
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2.1  Abstract 
 
 Eukaryotic chromatin is separated into functional domains differentiated by 
posttranslational histone modifications, histone variants, and DNA methylation(Malik 
and Henikoff 2003; Goll and Bestor 2005; Bernstein and Hake 2006; Klose and Bird 
2006; Bhaumik, Smith et al. 2007; Gehring and Henikoff 2007).  Methylation is 
associated with repression of transcriptional initiation in plants and animals, and is 
frequently found in transposable elements.  Proper methylation patterns are critical for 
eukaryotic development (Goll and Bestor 2005; Gehring and Henikoff 2007), and 
aberrant methylation-induced silencing of tumor suppressor genes is a common feature 
of human cancer (Feinberg, Ohlsson et al. 2006).  In contrast to methylation, the histone 
variant H2A.Z is preferentially deposited by the Swr1 ATPase complex near 5' ends of 
genes where it promotes transcriptional competence (Meneghini, Wu et al. 2003; 
Mizuguchi, Shen et al. 2004; Guillemette, Bataille et al. 2005; Li, Pattenden et al. 2005; 
Raisner, Hartley et al. 2005; Zhang, Roberts et al. 2005; Guillemette and Gaudreau 
2006; Millar, Xu et al. 2006; Updike and Mango 2006; Barski, Cuddapah et al. 2007; 
Brickner, Cajigas et al. 2007; Deal, Topp et al. 2007; Venkatasubrahmanyam, Hwang et 
al. 2007).  How DNA methylation and H2A.Z influence transcription remains largely 
unknown.  Here we show that in the plant Arabidopsis thaliana, regions of DNA 
methylation are quantitatively deficient in H2A.Z.  Exclusion of H2A.Z is seen at sites of 
DNA methylation in the bodies of actively transcribed genes and in methylated 
transposons.  Mutation of the MET1 DNA methyltransferase, which causes both losses 
and gains of DNA methylation (Goll and Bestor 2005; Gehring and Henikoff 2007), 
engenders opposite changes in H2A.Z deposition.  Our findings indicate that DNA 
methylation can influence chromatin structure and effect gene silencing by excluding 
H2A.Z.   
  

2.2  Results 

2.2.1 Genome-wide mapping in the model plant Arabidopsis thaliana 
 reveals an anticorrelation between H2A.Z and DNA methylation 

 To investigate H2A.Z deposition in plant chromatin, we generated a high 
resolution genome-wide map of H2A.Z in Arabidopsis by adapting the in vivo 
biotinylation system we used to affinity-purify Arabidopsis chromatin (Mito, Henikoff et 
al. 2005).  We tagged Arabidopsis H2A.Z with a peptide specifically recognized by the 
E. coli biotin ligase BirA (biotin ligase recognition peptide, BLRP), and created 
transgenic plants co-expressing BLRP-H2A.Z with BirA.  Cytological localization 
revealed that BLRP-H2A.Z has a diffuse nuclear distribution, but is excluded from 
heterochromatic chromocenters (Fig. 1abc), the same pattern as that of endogenous 
H2A.Z (Deal, Topp et al. 2007).  Following digestion with micrococcal nuclease to 
mostly mononucleosomes (Fig. 1de), we purified biotinylated chromatin from root tissue 
and co-hybridized the associated DNA with control DNA on high resolution microarrays 
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representing the entire Arabidopsis genome (Zilberman, Gehring et al. 2007).  To 
ensure that our results were not influenced by potential tagging artifacts, we repeated 
the experiment with antibodies against endogenous H2A.Z(Deal, Topp et al. 2007).  We 
also mapped DNA methylation in roots (we have previously published a dataset was 
from aerial tissues(Zilberman, Gehring et al. 2007)). 

 The maps generated by streptavidin pull-down and immunoprecipitation were 
virtually the same (Fig. 2bc).  The most striking feature was a strong, quantitative 
anticorrelation with DNA methylation (Pearson’s r = -0.81).  Distinct peaks of H2A.Z 
around the 5' ends of genes were also evident (Fig. 2b).  To better visualize the H2A.Z 
distribution, we aligned all Arabidopsis annotated sequences, which include genes, 
pseudogenes, and transposable elements, at the 5' end, and stacked them from the top 
of chromosome 1 to the bottom of chromosome 5 (Fig. 3a).  An obvious feature of this 
alignment is a vertical strip of high H2A.Z that roughly corresponds to the first 
nucleosome following the start of transcription.  This pattern of H2A.Z deposition is 
consistent with those in yeast and humans (Guillemette, Bataille et al. 2005; Li, 
Pattenden et al. 2005; Raisner, Hartley et al. 2005; Zhang, Roberts et al. 2005; Millar, 
Xu et al. 2006; Barski, Cuddapah et al. 2007), indicating that this is a general feature of 
eukaryotic genes.  There were also five conspicuous horizontal stripes of low H2A.Z 
incorporation.  These correspond to transposon-rich, heavily methylated 
heterochromatin surrounding the five Arabidopsis centromeres.  This pattern of 
incorporation is precisely the opposite of that of DNA methylation (Fig. 3b). 

 Methylation is not distributed evenly within the genome.  Transposons are heavily 
and uniformly methylated, whereas some genes have short stretches of methylation, 
and most none at all (Zhang, Yazaki et al. 2006; Vaughn, Tanurd Ic et al. 2007; 
Zilberman, Gehring et al. 2007; Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008).  
These three groups of sequences display a corresponding triphasic distribution of 
H2A.Z signal: low H2A.Z levels are found in transposons, intermediate levels in 
methylated genes, and high levels in unmethylated genes (Fig. 4).  One possibility is 
that the low levels of H2A.Z in transposons are caused by intrinsic sequence 
preferences, rather than DNA methylation.  To test this, we examined the tiny fraction 
(49) of Arabidopsis transposons that are not methylated (Table 1).  Tellingly, all such 
transposons had high H2A.Z levels, indicating that low H2A.Z incorporation is not a 
feature of transposons per se (Fig. 2c and 3c-d).  Unmethylated transposons also 
lacked any discernible H2A.Z peaks, suggesting that these are unique features of 
endogenous genes.  Unsupervised k-means clustering of annotated Arabidopsis 
sequences based on H2A.Z patterns produced three groups that closely correspond to 
unmethylated genes, body-methylated genes and transposons (Fig. 5a, Table 2).  
Again, H2A.Z and DNA methylation levels showed a striking anticorrelation (Fig. 5b).   

 There are many histone modifications, such as acetylation and methylation of 
lysine 4 of H3, that are directly correlated with transcription (Bhaumik, Smith et al. 
2007).  Such modifications would be absent from transcriptionally inactive transposable 
elements, and therefore would be anticorrelated with DNA methylation.  Similarly, there 
are histone modifications that mark silent chromatin, particularly dimethylation of lysine 
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9 of H3 (H3K9me2), which is highly enriched in Arabidopsis transposons  (Lippman, 
Gendrel et al. 2004; Turck, Roudier et al. 2007) and is thus correlated with DNA 
methylation (Pearson’s r = 0.63) and anticorrelated with H2A.Z (Pearson’s r = -0.68, 
Supplementary Table 1).  An important question is whether H2A.Z is simply excluded 
from silent chromatin, or has a more specific correlation with DNA methylation.  Unlike 
H3K9me2, DNA methylation is abundant in bodies of actively transcribed genes in 
Arabidopsis, with methylated genes actually expressed at a higher level, on average, 
than unmethylated genes (Zhang, Yazaki et al. 2006; Zilberman, Gehring et al. 2007).  
Therefore, if H2A.Z is only anticorrelated with silent chromatin, the correlation with DNA 
methylation should break down in genes.  However, our data show that this is not the 
case: H2A.Z is selectively depleted from methylated genes (Pearson’s r = -0.63, Fig. 
5ab).  A scatter plot comparing H2A.Z and DNA methylation shows the same linear 
trend in genes and transposable elements (Fig. 6a).  On the other hand, the correlation 
between DNA methylation and H3K9me2 in genes is, at best, very low (Pearson’s r = 
0.1), and there is no correlation in genes between H2A.Z and H3K9me2 (Pearson’s r = -
0.04).  A scatter plot comparing H2A.Z and H3K9me2 shows two distinct groups: genes, 
which are low in H3K9me2 and have variable H2A.Z, and transposons, which are high 
in H3K9me2 and low in H2A.Z (Fig. 6b).  Thus the overall anticorrelation between 
H2A.Z and H3K9me2 exists solely because they are found in active and silent 
chromatin, respectively, whereas DNA methylation and H2A.Z are mutually exclusive 
chromatin features independent of sequence context or transcription potential.   

2.2.2  H2A.Z, DNA methylation and transcription 

 Because the likelihood of DNA methylation within a gene varies with transcription 
(Zhang, Yazaki et al. 2006; Zilberman, Gehring et al. 2007), as do H2A.Z levels in yeast 
and humans(Guillemette, Bataille et al. 2005; Li, Pattenden et al. 2005; Zhang, Roberts 
et al. 2005; Millar, Xu et al. 2006; Barski, Cuddapah et al. 2007),  we examined the 
relationship between methylation, H2A.Z and transcription.  To obtain average profiles, 
we aligned genes with annotated 5' and 3' UTRs at their 5' ends, grouped them into 
deciles by transcription level based on published root microarray data (Schmid, Davison 
et al. 2005), and further subdivided each decile into methylated and unmethylated 
genes (Fig. 7a).  We also examined H2A.Z enrichment within each transcription 
percentile: averages were calculated for gene bodies starting from 1.5 kb downstream 
of the start of transcription (gene body; Fig. 7b), as well as for the first 500 bp of genes 
(H2A.Z peak; Fig.8 and 9).  These analyses show that methylated genes have much 
less H2A.Z within the gene body than unmethylated genes (Fig.7ab).  Both gene types 
show a robust negative correlation between H2A.Z and transcription with essentially 
identical rate of change (slope; Fig. 7b), indicating that the influences of methylation and 
transcription are independent and additive: methylation correlates with strong exclusion 
of H2A.Z, whereas transcription correlates with weaker exclusion.  These findings are in 
agreement with earlier results showing that transcriptional activation of the FLC gene 
corresponds with decreased H2A.Z (Deal, Topp et al. 2007). 

 Most methylated and unmethylated genes have a robust 5' H2A.Z peak, 
regardless of expression level, with the exception of the least transcribed methylated 
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genes, which have much reduced peaks (Fig. 7a, 9ab).  For unmethylated genes, 
H2A.Z enrichment within the first 500 bp follows a roughly parabolic distribution, with 
H2A.Z prevalence increasing up to about the 50th percentile, then gradually decreasing 
(Fig. 8a).  This is consistent with the H2A.Z distribution observed in human promoters 
(Barski, Cuddapah et al. 2007).  Below the 40th percentile, there is a strong positive 
correlation between expression and H2A.Z in both methylated and unmethylated genes, 
but the rate of change is much greater for methylated genes (Fig.8ab and 9ab).  
Because the first 500 bp represents a small subset of genic sequence, the overall trend 
is for H2A.Z to decline with increasing transcription (Fig. 8c). DNA methylation of the 
first 500 bp shows a pattern opposite to that of H2A.Z, with enrichment in the least 
transcribed genes declining linearly through the 40th percentile (Fig. 9c ).  One possible 
explanation is that, although only genes with annotated UTRs were included, some of 
the least transcribed methylated genes might be, or are in the process of becoming, 
pseudogenes.  Another possibility is that some of these genes are generally repressed 
by methylation, but can become activated by demethylation in specific tissues.  Such 
behavior is exhibited by the imprinted FWA gene, which is silenced in most tissues by 
methylation of the promoter and the start of transcription.  Methylation is selectively 
removed in the endosperm, activating the gene(Kinoshita, Miura et al. 2004).  FWA 
lacks a discernable 5' H2A.Z peak when repressed, but acquires one upon 
demethylation (Fig. 10a).  Regardless of the reason for the relative methylation 
enrichment in the first 500 bp of the least transcribed genes, H2A.Z incorporation is 
apparently incompatible with DNA methylation, even in a region where H2A.Z is usually 
most abundant.  Importantly, our data show that DNA methylation does not exclude 
H2A.Z through transcriptional repression, both because methylated genes have much 
less H2A.Z than unmethylated genes that are transcribed at the same rate (Fig. 7 and 
9), and because such a model would predict that H2A.Z incorporation should increase 
with transcription, whereas the opposite is the case. 

2.2.3 DNA methylation acts to exclude H2A.Z from chromatin 

 So far, our results indicate a strong anticorrelation between methylation and 
H2A.Z deposition, but we cannot distinguish which is causal.  In order to address this 
issue, we took advantage of a line bearing a null mutation in the DNA methyltransferase 
MET1, met1-6 (Xiao, Gehring et al. 2003; Goll and Bestor 2005).  Mutations in MET1 
cause major reductions in overall DNA methylation, but also significant 
hypermethylation mediated by other methyltransferases (Lister, O'Malley et al. 2008).  
We reasoned that if DNA methylation influences H2A.Z deposition, changes in DNA 
methylation should be mirrored by changes in H2A.Z distribution.  Notably, because 
met1 causes both losses and gains of DNA methylation, we should see both gains and 
losses of H2A.Z.  To test our hypothesis, we mapped H2A.Z, as well as DNA 
methylation and transcription, in met1-6 plants.  

 Changes in DNA methylation indeed engendered changes in H2A.Z distribution 
(Fig. 10 and 11).  To visualize these changes, we subtracted the wild type (WT) H2A.Z 
dataset from the met1 H2A.Z dataset, so that high values represent increased H2A.Z 
incorporation in met1 (Fig. 11).  Examples of informative loci are shown in Fig. 10a-c.  
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As mentioned above, the FWA gene, which normally has 5' methylation and lacks an 
H2A.Z peak, loses promoter methylation and gains 5' H2A.Z in met1 (Fig. 10a).  The 
retrotransposon At5g13205 is heavily methylated in WT, but loses methylation and 
gains H2A.Z in met1 (Fig. 10b).  Gene At1g22000, which encodes an F-box protein, is 
hypermethylated in met1, leading to loss of its 5' H2A.Z peak (Fig. 10c). 

 To get a comprehensive view of H2A.Z dynamics in met1-6, we aligned and 
arranged all annotated Arabidopsis sequences as in Fig. 3a.  The same conspicuous 
pericentric stripes were evident in this profile (Fig. 12a) – H2A.Z levels are elevated in 
transposable elements, which lose most of their methylation and become reactivated in 
met1(Zhang, Yazaki et al. 2006; Zilberman, Gehring et al. 2007).  Unbiased sorting of 
the data produced three clusters that roughly encompass unmethylated genes, 
methylated genes, and transposons, respectively (Fig. 12b, and Table 2, sequences are 
categorized as in(Zilberman, Gehring et al. 2007)).  The changes in H2A.Z closely 
correspond to DNA methylation – sequences that gain H2A.Z are methylated in WT 
(Fig. 12c).  Conversely, loci with decreased H2A.Z incorporation are unmethylated in 
WT, but methylated in met1-6 (Fig. 13).  There were relatively few such sequences (Fig. 
11), reflecting the sporadic nature of met1-induced hypermethylation. Overall, changes 
in DNA methylation were mirrored by changes in H2A.Z in a manner that strongly 
argues that methylation inhibits H2A.Z incorporation. 

 Because some transposons and genes undergo transcriptional upregulation in 
met1 plants (Zilberman, Gehring et al. 2007), we had an opportunity to test whether 
H2A.Z incorporation is negatively influenced by methylation or positively influenced by 
transcription.  Within genes, there is a robust correlation between DNA methylation in 
WT and H2A.Z changes in met1-6 (average Pearson’s r = 0.51), but there is no 
correlation between transcriptional and H2A.Z changes (average Pearson’s r = 0.05).  
FWA, which is strongly overexpressed in met1, has reduced levels of H2A.Z in the body 
of the gene, where it has no methylation in WT (Fig. 10a).  Similarly, of the handful of 
transposons that are not methylated in wild type, two (At4g10690 and At5g35205) are 
nevertheless upregulated in met1 (Fig. 14).  Both also have less H2A.Z in met1 than in 
wild type, the opposite of other transposons.   

 Because only about half of all transposable elements are upregulated in met1, 
we could ask whether those elements preferentially gain H2A.Z, as would be expected if 
H2A.Z incorporation was associated with transcriptional activity.  To ensure that the size 
of the datasets and methylation are not an issue, we compared 12,500 probes that 
represent each transposon class and have identical methylation profiles.  We find that 
both transposon classes are equally enriched in H2A.Z (Fig. 15abc).  Thus, changes in 
DNA methylation, rather than transcription, cause the redistribution of H2A.Z we 
observe in met1.  

2.2.4  Loss of PIE1 leads to genome-wide changes in DNA methylation 

 Our results show that DNA methylation excludes H2A.Z.  An intriguing question 
is whether H2A.Z can also exclude methylation.  Some of our data suggest that this is 
indeed the case.  The most striking feature of H2A.Z incorporation, the 5' genic peak, is 
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independent of DNA methylation, yet methylation is strongly excluded from precisely 
this area (Zhang, Yazaki et al. 2006; Zilberman, Gehring et al. 2007) (Fig. 2).  Likewise, 
the higher H2A.Z levels in the bodies of less-transcribed genes might explain the 
puzzling observation that the chances of a gene becoming methylated increase with 
transcription (up to about the 70th percentile) (Zhang, Yazaki et al. 2006; Zilberman, 
Gehring et al. 2007).   

 To address this issue, we mapped DNA methylation in plants with a strong loss-
of-function allele of PIE1 (the conserved catalytic component of Swr1) that disrupts 
proper deposition of H2A.Z (Deal, Topp et al. 2007).  The overall methylation pattern in 
pie1-5 plants remained similar to WT (Table 3), but there was a modest but consistent 
increase in DNA methylation (Fig. 16ab).  To visualize the methylation changes in pie1 
we subtracted the methylation patterns of matched WT controls (F2 sibs) from pie1 and 
displayed the resulting data as a heatmap (Fig. 16b).  This analysis revealed genome-
wide hypermethylation of gene bodies.  Using the ChIPOTle algorithm (Buck, Nobel et 
al. 2005), we identified 1201 hypermethylated regions (corresponding to 1172 genes) 
for further analysis (threshold p<10-7, Table 4).   

 In plants DNA methylation can occur at any cytosine (Gehring and Henikoff 
2007).  Most methylation is found in symmetric CG sites, like it is in animals, and is 
mediated by MET1, but there is also a substantial amount of methylation in other 
sequence contexts catalyzed by other methyltransferases (hence the hypermethylation 
observed in met1) (Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008).  To determine 
how the pie1 mutation affects DNA methylation in different contexts, we used bisulfite 
sequencing to analyze the methylation of individual cytosines in five loci scored as 
hypermethylated by ChIPOTle: At1g69850 (a nitrate transporter), At3g22340 (a COPIA-
like retrotransposon), At4g03480 (an ankyrin repeat containing protein), At4g38190 (a 
cellulose synthase) and At5g37450 (a protein kinase).  All five showed a modest but 
consistent gain of CG methylation (Fig. 17ab), confirming the microarray analysis.  
There was very little non-CG methylation at any of the loci in either WT or pie1 (data not 
shown).  Interestingly, all of the loci had some methylation in WT, so the overall 
genomic hypermethylation we observe in pie1 is likely to be primarily caused by 
increased methylation of normally lightly methylated loci rather than de novo 
methylation of previously unmethylated loci.  

 Given the wide-spread hypermethylation caused by the pie1 mutation, we asked 
whether the hypermethylated loci are representative of the genome as a whole.  As 
might be expected, pie1 hypermethylated genes have high levels of H2A.Z in WT (i.e. 
those generally found in unmethylated genes; Fig. 18a).  They are also generally 
enriched in low transcribed genes, with greatest enrichment around the 30th 
transcription percentile (Fig. 18b).  This pattern is very different from that of normally 
methylated genes, which are most prevalent around the 70th percentile (Fig. 18b), and is 
also unlike unmethylated genes, which are enriched in both low and highly expressed 
genes (Zilberman, Gehring et al. 2007).  pie1 hypermethylated genes do, however, 
closely parallel the overall distribution of H2A.Z (Fig. 18b).  These loci also include 17 of 
the 49 transposons that are enriched in H2A.Z and unmethylated in WT (Table 1, 2), a 
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10 fold overrepresentation (p=10-4, Fisher’s exact test).  Thus sequences that are 
generally preferred targets of DNA methylation (gene bodies and transposons) are 
hypermethylated in pie1, consistent with the presence of low levels of DNA methylation 
in these sequences in WT (Fig 17ab). As described in the following chapter, further 
experiments that utilized an h2a.z triple mutant  yielded data that on the surface 
contradicts these results, and in retrospect we believe that the relative increases in 
genic methylation described above are in fact relative decreases in TE methylation, a 
phenomena also seen in the h2a.z mutant data. 

2.3 Discussion 

 How methylation silences genes has been a vexing question for decades.  A 
popular model is that proteins that bind to methylated DNA engender silencing by 
recruiting histone deacetylases (Klose and Bird 2006).  However, careful gene 
disruption studies in mice have shown that these proteins are unlikely to fully account 
for methylation-induced repression (Guy, Hendrich et al. 2001; Hendrich, Guy et al. 
2001).  Previous work has provided strong evidence that H2A.Z contributes to promoter 
competence (Meneghini, Wu et al. 2003; Updike and Mango 2006; Brickner, Cajigas et 
al. 2007; Deal, Topp et al. 2007).  Therefore, exclusion of H2A.Z would represent a 
novel mechanism of gene silencing by DNA methylation.  Given that DNA methylation 
and H2A.Z are both ancient chromatin components, their interaction likely plays an 
important general role in regulating eukaryotic gene expression.   

2.4  Materials and Methods 

 Transgenic lines.  We adapted the biotin-mediated affinity purification system 
we developed in Drosophila tissue culture cells(Mito, Henikoff et al. 2005) to allow 
protein purification from Arabidopsis plants.  We constructed a binary plasmid that 
contained the E. coli biotin ligase, BirA, driven by the Arabidopsis ACTIN2 promoter, 
and the Arabidopsis H2A.Z gene At1g52740 driven by its endogenous promoter and 
tagged at the N-terminus with the biotin ligase recognition peptide (BLRP).  BLRP is a 
high affinity substrate for BirA, which biotinylates a lysine residue within the peptide.  
We sent the plasmid to the UC Riverside Plant Transformation Research Center 
(http://www.ptrc.ucr.edu), where transgenic Arabidopsis lines were created by vacuum 
infiltration in ecotype Columbia.   

 Affinity purification.  About 100 seeds were sterilized in 20% bleach and 0.5% 
Tween-20 for 10 minutes.  Seeds were germinated in 300 ml of Gamborg’s B-5 medium 
supplemented with 5 mM biotin, and roots harvested after four weeks.  4 grams of roots 
were ground in liquid nitrogen to a fine powder, suspended in 20 ml of modified Honda 
buffer (25 mM Tris, pH 7.6, 0.44 M sucrose, 10 mM MgCl2, 2 mM spermine, 0.1% Triton 
X-100, 10 mM beta-mercaptoethanol) and homogenized with a tissue homogenizer.  
The homogenate was filtered through miracloth, transferred to a 30 ml round bottom 
glass tube, and spun at 4000 rpm (2000g), 4C, in an SS-34 rotor for 10 min.  The pellet 
was resuspended in Honda buffer B (Honda buffer minus spermine), spun in a 
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microcentrifuge at 1500 rpm (200g), 4C, for 2 min, and resuspended in 1 ml of TNE (10 
mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA).  The suspension was warmed to 37C 
and digested with micrococcal nuclease in the presence of 4 mM CaCl2 (Fig. 1) to 
liberate nucleosomes.  The reaction was stopped with 25 mM EDTA and spun at high 
speed in a microcentrifuge for 5 min at 4C.  Biotinylated proteins were purified from the 
supernatant as described(Mito, Henikoff et al. 2005).  Endogenous H2A.Z was 
immunopurified as described(Deal, Topp et al. 2007), except the IP was performed in 
TNE.  The antibodies are predicted to cross-react with all three Arabidopsis H2A.Z 
proteins(Deal, Topp et al. 2007).  

 Microarray analysis.  Our microarray design is described in(Zilberman, Gehring 
et al. 2007).  We analyzed DNA methylation in five independent samples from the 
Columbia ecotype: two from wild type roots (WT root-1 and root-2), two from met1-6 
roots (met1-6 root-1 and root-2), and one from met1-6 aerial tissues.  We followed our 
protocol, as described in(Zilberman, Gehring et al. 2007), except we omitted the T7 
RNA polymerase-mediated amplification step for all samples except aerial met1-6.   
Instead, sufficient amplification was achieved in the labeling step.  We also utilized our 
WT aerial methylation data published in(Zilberman, Gehring et al. 2007).   

For pie1 methylation analysis, we mapped methylation in three pie1 replicates and three 
matched WT controls (F2 sibs).  DNA was extracted from tissue collected from >100 
whole 10 day seedlings to eliminate the possibility of detecting random variations in 
DNA methylation(Vaughn, Tanurd Ic et al. 2007).  The samples were amplified with the 
Sigma WGA2 kit before labeling.  For ChIPOTle analysis(Buck, Nobel et al. 2005), 
outliers were removed from each dataset by median smoothing (3 probe window), the 
three pie1 and WT datasets were averaged, WT was subtracted from pie1, and the 
resulting dataset was smoothed (triangular smoothing, y = 0.25(xn-1) + 0.5(xn) + 
0.25(xn+1)) and normalized to a mean of zero.  We removed the 270 kb mitochondrial 
DNA insertion on chromosome 2 before analysis.  1201 peaks were called with a 
conservative threshold of p<10-7.  As a control, we determined the number of ‘negative’ 
peaks that would represent hypomethylation: only 53 peaks were called.  Even 
assuming the unlikely scenario that all the negative peaks are false positives, the false 
positive rate would be 4%. 

We assayed H2A.Z in 8 samples: BLRP-1 and BLRP-2 were from one transgenic line, 
BLRP-3 and BLRP-4 from an independent transgenic line, WT Ab-1 and met1-6 Ab-1 
were paired immunoprecipitation experiments from WT and met1-6 roots, respectively, 
and WT Ab-2 and met1-6 Ab-2 were a second set of paired experiments.  All samples 
except BLRP-2, BLRP-3 and BLRP-4 were T7 RNA polymerase-amplified(Zilberman, 
Gehring et al. 2007), the rest were sufficiently amplified in the labeling step.   

Expression analysis of two independent met1-6 RNA samples (paired with two 
independent wild type samples) was carried out as described in(Zilberman, Gehring et 
al. 2007), except random hexamers were used for cDNA synthesis instead of an oligo 
d(T) primer.  All labeled samples were sent to NimbleGen Systems (Madison, WI) for 
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hybridization, except the pie1 samples, which were hybridized at the FHCRC DNA array 
facility.  

 Bisulfite sequencing.  2 micrograms of genomic DNA for each sample were 
bisulfite-converted with the Qiagen EpiTect kit.  PCR products were cloned with the 
Invitrogen PCR4 TOPO kit.  Primer sequences are available upon request.  
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3.1  Abstract 
 
 The regulation of eukaryotic chromatin relies on interactions between many 
epigenetic factors, including histone modifications, DNA methylation, and the 
incorporation of histone variants. H2A.Z, one of the most conserved but enigmatic 
histone variants that is enriched at the transcriptional start sites of genes, has been 
implicated in a variety of chromosomal processes.  Recently, we reported a genome-
wide anticorrelation between H2A.Z and DNA methylation, an epigenetic hallmark of 
heterochromatin that has also been found in the bodies of active genes in plants and 
animals. Here, we investigate the basis of this anticorrelation using a novel h2a.z loss-
of-function line in Arabidopsis thaliana. Through genome-wide bisulfite sequencing, we 
demonstrate that a loss of H2A.Z in Arabidopsis does not affect the level or profile of 
DNA methylation in genes, and we propose that the global anticorrelation between DNA 
methylation and H2A.Z is caused by the exclusion of H2A.Z from methylated DNA.  
RNA-seq and genomic mapping of H2A.Z show that H2A.Z enrichment across gene 
bodies, rather than at the TSS, is correlated with lower transcription levels and higher 
measures of gene responsiveness.  We find that a loss of H2A.Z causes misregulation 
of many genes that are disproportionately associated with response to both 
endogenous and exogenous stimuli. We propose that H2A.Z deposition in gene bodies 
promotes variability in levels and patterns of gene expression, and that a major function 
of genic DNA methylation is to exclude H2A.Z from constitutively expressed genes. 
 

3.2 Introduction 
 
 In addition to packaging the DNA to fit within the cell, histones function to control 
the structure and accessibility of the chromatin environment by altering the biochemical 
properties of the nucleosome or through the recruitment of distinct binding partners.  
These actions promote changes in transcription that regulate the proper timing of 
developmental decisions and appropriate responses to the external environment. One 
such method of histone-mediated control comes from the exchange of the canonical 
histones with non-allelic histone variants, which alter the fundamental structure and 
stability of the nucleosome (Henikoff and Ahmad 2005; Sarma and Reinberg 2005; 
Talbert and Henikoff 2010; Barzily-Rokni, Friedman et al. 2011).  
 
 H2A.Z is one of the most enigmatic of these histone variants, as well as the most 
well-conserved, with a single origin at the root of eukaryotic evolution (Talbert and 
Henikoff 2010).  H2A.Z has been implicated in a number of apparently disparate and 
even contrary chromosomal processes, including heterochromatic silencing, gene 
activation, transcriptional memory, cell-cycle progression and thermal-sensory response 
(Dhillon, Oki et al. 2006; Brickner, Cajigas et al. 2007; Zlatanova and Thakar 2008; 
Kumar and Wigge 2010; Light, Brickner et al. 2010).  A common aspect of H2A.Z 
biology is its enrichment within the few nucleosomes surrounding transcription start 
sites (TSS), which has been demonstrated by genome-wide localization experiments in 
protozoa, fungi, animals, and plants (Guillemette, Bataille et al. 2005; Li, Pattenden et 
al. 2005; Raisner, Hartley et al. 2005; Albert, Mavrich et al. 2007; Barski, Cuddapah et 
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al. 2007; Creyghton, Markoulaki et al. 2008; Whittle, McClinic et al. 2008; Zilberman, 
Coleman-Derr et al. 2008; Siegel, Hekstra et al. 2009; Petter, Lee et al. 2011), and 
which implies a role in the regulation of transcription.  
 
 Considerable effort has been made to determine the specific effects of H2A.Z on 
transcription.  In the yeasts Saccharomyces cerevisiae and Schizosaccharomyces 
pombe, H2A.Z regulates genes that respond to changes in the environment (Millar, Xu 
et al. 2006; Wan, Saleem et al. 2009; Sadeghi, Bonilla et al. 2011), and loss-of-function 
mutants fail to react appropriately to external cues (Jackson and Gorovsky 2000; 
Santisteban, Kalashnikova et al. 2000). Arabidopsis thaliana plants lacking PIE1 
(AT3G12810), the plant homolog of the SWR1 catalytic subunit of protein complexes 
responsible for the deposition of H2A.Z in yeast and mammals (Noh and Amasino 2003; 
Kobor, Venkatasubrahmanyam et al. 2004; Krogan, Baetz et al. 2004; Mizuguchi, Shen 
et al. 2004; Ruhl, Jin et al. 2006; Choi, Park et al. 2007; Deal, Topp et al. 2007; Wong, 
Cox et al. 2007), exhibit misregulation of many genes involved in the innate immune 
response (March-Diaz, Garcia-Dominguez et al. 2008). Recent work has shown that 
Arabidopsis plants with a mutated ARP6, which encodes a component of the PIE1 
complex, inappropriately express temperature response genes, leading to the proposal 
that H2A.Z may act specifically as a thermosensor in plants (Kumar and Wigge 2010).  
 
 The genomic distribution and biological functions of DNA methylation, another 
well-conserved feature of chromatin, are in many aspects strikingly different from those 
of H2A.Z.  DNA methylation in the form of 5-methylcytosine is present in all vertebrates 
examined to date, as well as in many invertebrates, fungi, and plants (Feng, Cokus et 
al. 2010; Zemach, McDaniel et al. 2010; Glastad, Hunt et al. 2011). The primary 
function of eukaryotic DNA methylation has long been considered to be the silencing of 
the sequences it decorates, particularly transposable elements (Law and Jacobsen 
2010), although the recent discovery of gene body methylation in plants and animals, 
the functional significance of which is still unknown, has complicated this view (Zhang 
and Jacobsen 2006; Vaughn, Tanurd Ic et al. 2007; Zilberman, Gehring et al. 2007; 
Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008; Feng, Cokus et al. 2010; Zemach, 
McDaniel et al. 2010). Whereas H2A.Z is enriched near the TSS of most genes, TSS-
proximate DNA methylation is strongly associated with transcriptional repression in 
plants and vertebrates (He, Chen et al. 2011). 
  
 Recently, we reported a strong, genome-wide anticorrelation between H2A.Z and 
DNA methylation in Arabidopsis, including in bodies of active genes (Zilberman, 
Coleman-Derr et al. 2008). Results from similar studies in vertebrates suggest that this 
anticorrelation is a conserved feature of eukaryotes (Conerly, Teves et al. 2010; 
Edwards, O'Donnell et al. 2010; Zemach, McDaniel et al. 2010). In Arabidopsis, we 
showed that changes in DNA methylation caused by a mutation in the DNA 
methyltransferase MET1 induced reciprocal alterations in H2A.Z deposition, 
demonstrating that DNA methylation antagonizes H2A.Z recruitment (Zilberman, 
Coleman-Derr et al. 2008). We also used a null mutation in PIE1 (pie1-5) to examine 
the effect of disrupted H2A.Z function on DNA methylation. By coupling methylated DNA 
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immunoprecipitation (MeDIP) to microarray analysis, we found a low magnitude but 
genome-wide DNA methylation increase in genes that suggested a mutual antagonism 
between H2A.Z and DNA methylation (Zilberman, Coleman-Derr et al. 2008). 
 
 There is now considerable evidence that the PIE1 complex deposits H2A.Z into 
chromatin in Arabidopsis, though whether it has H2A.Z-independent functions, as has 
been shown for other eukaryotic SWR1 homologs, remains unclear (Kobor, 
Venkatasubrahmanyam et al. 2004; Auger, Galarneau et al. 2008; Bowman, Wong et al. 
2011). It is also likely that other chromatin remodelers in Arabidopsis can deposit 
H2A.Z, as the yeast INO80 complex can deposit H2A.Z into chromatin (Papamichos-
Chronakis, Watanabe et al. 2011), and H2A.Z is incorporated into nucleosomes at low 
levels in pie1 and swr1 mutants (Kobor, Venkatasubrahmanyam et al. 2004; Wu, Alami 
et al. 2005; Deal, Topp et al. 2007). Given that in both S. cerevisiae and Arabidopsis the 
sets of genes that are misregulated in H2A.Z and SWR1-related mutants only partially 
overlap (Kobor, Venkatasubrahmanyam et al. 2004; March-Diaz, Garcia-Dominguez et 
al. 2008), we sought to use an H2A.Z-deficient plant line, as opposed to SWR1-related 
mutants, for further analysis of H2A.Z function. 
 
 Here, we describe the characterization of an H2A.Z loss-of-function line in 
Arabidopsis thaliana.  We find that loss of H2A.Z in Arabidopsis does not significantly 
affect the level or profile of DNA methylation in genes, and propose that the global 
anticorrelation between DNA methylation and H2A.Z is caused by the exclusion of 
H2A.Z from methylated DNA.  We show that the level of H2A.Z enrichment in gene 
bodies is generally correlated with gene responsiveness and that lack of H2A.Z causes 
misregulation of many types of response genes, including response to endogenous 
stimuli and exogenous biotic and abiotic stimuli.  We propose that H2A.Z deposition in 
gene bodies promotes gene responsiveness, but may prevent stable and constitutive  
expression, and that a major function of gene body DNA methylation is to exclude 
H2A.Z from constitutively expressed genes. 

3.3  Results 

3.3.1  Construction of a near-null Arabidopsis h2a.z mutant line 

 Three of the thirteen Arabidopsis H2A genes, HTA8 (AT2G38810), HTA9 
(AT1G52740), and HTA11 (AT3G54560), have been classified as encoding H2A.Z 
based on phylogenetic analyses (Redon, Pilch et al. 2002; Yi, Sardesai et al. 2006), and 
distribution patterns and genetic studies suggests that these proteins are largely 
functionally redundant (Choi, Park et al. 2007; Deal, Topp et al. 2007; Zilberman, 
Coleman-Derr et al. 2008). Recently published work has demonstrated that a double 
mutant of hta9-1 and hta11-1 produced plants with phenotypes similar to those found in 
null pie1-5 mutants (March-Diaz, Garcia-Dominguez et al. 2008). To generate a line 
devoid of H2A.Z, we crossed hta9-1 and hta11-1 plants with a line bearing an insertion 
in HTA8, hta8-1 (Figure 1A). Contrasting with recent evidence that individual knockouts 
of the two vertebrate H2A.Z isoforms exhibit different phenotypes (Matsuda, Hori et al. 
2010), we did not observe morphological abnormalities in any of the three single mutant 
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lines. The resulting triple mutant line, which we will refer to as h2a.z, is both viable and 
phenotypically distinguishable from WT (Figure 1B). Transcripts of HTA8 and HTA11 
were not detectable in the h2a.z mutant by RT-PCR, but low levels of HTA9 RNA were 
present (~26% of wild-type; Figure 1C and 1D) in h2a.z plants but not in hta9-1  single 
mutants, suggesting that the intronic T-DNA insertion in HTA9 is spliced out in a fraction 
of transcripts, as confirmed by sequencing of the cDNA (Figure 2). To test whether this 
low level of expression was the result of a genetic rearrangement at the HTA9 locus that 
occurred in our crosses, we recreated the h2a.z line using hta9-1 plants lacking HTA9 
transcript (Figure 1D). The h2a.z progeny from the independent cross produced similar 
phenotypes to the original h2a.z line and similar RT-PCR results for HTA9, suggesting 
upregulation of HTA9 in the triple mutant.   

 A fourth gene, HTA4 (AT4G13570), is the closest H2A family member to the 
three H2A.Z genes and has been categorized as H2A.Z-like (Yi, Sardesai et al. 2006), 
but all publically available data indicate that HTA4 is not expressed at significant levels 
in any WT tissue. To ensure that HTA4 is not upregulated as a result of the drop in 
H2A.Z levels in our h2a.z line, we tested the expression of HTA4 by RT-PCR (Figure 
1E), and did not detect HTA4 RNA in h2a.z or in WT. Taken together, our data indicate 
that the h2a.z line has less than ten percent of wild-type H2A.Z transcript levels.  
Despite reduced fertility (Figure 1F), h2a.z plants are viable and produce offspring, 
differing markedly from the lethality of strong H2A.Z mutations in other multicellular 
organisms (van Daal and van der Leij 1992; Faast, Thonglairoam et al. 2001; 
Rangasamy, Berven et al. 2003; Ridgway, Brown et al. 2004; Whittle, McClinic et al. 
2008). 

3.3.2 The h2a.z mutant phenotype is distinct from that caused by  
 lack of PIE1  

 We measured the number of leaves present when the plant produced its first 
flower buds in h2a.z and WT (Figure 3A).  In short days (SD), the h2a.z line flowered 
significantly earlier than WT, with 23.2 +/- 1.1 leaves vs. 49.7 +/- 1.5 leaves (P-value < 
0.0001, two sample T-test).  In long days (LD), the difference in flowering time between 
h2a.z and WT was less pronounced, with 8.3 +/- 0.2 leaves and 10.6 +/- 0.2 leaves, 
respectively (P-value < 0.0001), but the difference in rosette size and plant stature was 
greater in LD than SD (Figure 4).  Of the first ten flowers, 22 +/- 3.1% in LD and 76 +/- 
4.6% in SD exhibited extra petals (between 5 and 8) in the h2a.z mutant line, compared 
to 1.5 +/- 0.6% (LD) and 2 +/- 0.8% (SD) in WT (Figure 3B and 3C).  The h2a.z mutant 
also exhibited short, thickened siliques, a phenomenon potentially related to decreased 
fertility.  The h2a.z siliques averaged 4.8 +/- 0.1 and 5.6 +/- 0.1 mm in length under LD 
and SD conditions, compared to 10.6 +/- 0.1 and 11 +/- 0.2 mm for WT (Figure 3D-F).  
The h2a.z  phenotypes described above, as well as increased leaf serration and petiole 
length in SD (Figure 3G), are similar to those previously published for hta9-1; hta11-1 
and pie1-5 mutants (Noh and Amasino 2003; Deal, Kandasamy et al. 2005; March-Diaz, 
Garcia-Dominguez et al. 2008). 



46 

 

 The h2a.z line exhibited several phenotypes not previously reported for pie1-5 or 
hta9-1;hta11-1. First, while both pie1-5 and h2a.z have reduced stature, pie1-5 plants 
tend to be bushy, while h2a.z plants are spindly and have trouble remaining upright 
(Figure 3H). Second, many of the siliques in the h2a.z mutant exhibited a strong 
asymmetric curvature, most likely due to the improper fusion of its carpels (Figure 3F).  
Other novel phenotypes occurred only rarely, but taken together are suggestive of an 
inappropriate regulation of developmental timing (Figure 5).  These phenotypes affected 
multiple aerial plant tissues, including leaf and stem structures, but were most prevalent 
among floral organs.  The most striking examples were the inappropriate emergence of 
petals and stamens directly from the stem, and flowers with improperly fused carpels, 
leading to severely compromised reproductive structures.  

 A cross between yeast htz1 (h2a.z) and swr1 (pie1) mutants ameliorates many of 
the strong synthetic lethal phenotypes observed with the htz1 single mutant (Morillo-
Huesca, Clemente-Ruiz et al. 2010; Hang and Smith 2011). The cause of the strong 
htz1 phenotypes was proposed to be chromatin disruption by the SWR1 complex in the 
absence of its proper substrate, a hypothesis supported by SWR1-dependent 
accumulation of DNA damage in the absence of htz1.  To test whether simultaneous 
removal of the PIE1 chromatin remodeler and H2A.Z would reduce the severity of 
phenotypes seen in h2a.z plants, we crossed the h2a.z mutant line to pie1-5.  Contrary 
to the results from yeast, the phenotype of the Arabidopsis double mutant is more 
severe than that of either parent – progeny exhibit early developmental arrest, dying 
shortly after germination (Figure 6). Taken together with the phenotypic disparity, our 
results indicate that H2A.Z and PIE1 have non-redundant functions in Arabidopsis. 
Because h2a.z is not a complete loss-of-function line, the stronger phenotype of h2a.z; 
pie1-5 plants may be caused by a further reduction of H2A.Z incorporation into 
chromatin, but nevertheless demonstrates that pie1-5 does not entirely abolish H2A.Z 
function. 

3.3.3 Lack of H2A.Z does not perturb genic DNA methylation 

 To test our hypothesis that H2A.Z protects genes from DNA methylation, we 
generated genome-wide methylation profiles for the h2a.z mutant and WT using 
shotgun bisulfite sequencing.  Because plants have DNA methylation in three different 
sequence contexts, CG, CHG, and CHH (H = A, T or C), which are largely controlled by 
distinct families of methyltransferases and have different genome-wide distributions 
(Feng, Cokus et al. 2010; Zemach, McDaniel et al. 2010), it is advantageous to use an 
assay that has single base-resolution to distinguish between these contexts.  Two 
biological replicates each of h2a.z and WT were generated for each of three different 
tissue types that represent different stages along a developmental continuum: 14 day-
old whole seedlings, 6 week-old rosette leaves, and 6 week-old cauline leaves.  One 
biological replicate was taken from the original h2a.z mutant line, and the second from 
the additional h2a.z line generated from independent crosses with the same T-DNA 
insertional alleles. Analysis of the average methylation levels across all genes revealed 
that a loss of H2A.Z in Arabidopsis does not alter the global patterns of DNA 
methylation in CG, CHG or CHH contexts (Figure 7A and Figure 8). For comparison, we 
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generated bisulfite sequencing data for two biological replicates each of pie1 and sibling 
WT seedlings, and one replicate of h2a.z;pie1 seedlings.  As with the results for the 
h2a.z mutant, the pie1 and h2a.z;pie1 mutants showed no change compared with WT in 
the global patterns of genic DNA methylation (Figure 9).   

 Unexpectedly, the h2a.z mutant exhibited tissue-specific DNA methylation 
changes in transposable elements (TEs; Figure 7B and Figure 10).  CG methylation 
was marginally increased over wild-type in four of the six replicates, with the most 
consistent change in seedlings, whereas CHG methylation decreased more heavily in 
the older tissues, though there is considerable variation between replicates (Figure 7B 
and Figure 10). CHH methylation was substantially reduced specifically in cauline 
leaves (Figure 7B and Figure 10). Kernel density estimations of these changes 
demonstrate that the majority of transposons show a modest change in methylation, 
rather than a larger effect in a small subset of TEs (Figure 11).  Analyses of the DNA 
methylation in pie1 and h2a.z;pie1 seedlings show that, like h2a.z seedlings, these lines 
exhibit increased CG methylation in TEs (Figure 12 and Figure 13).  Curiously, the 
h2a.z;pie1 seedlings exhibit decreases in CHG and CHH TE methylation that are not 
seen in seedlings of pie1 or h2a.z, but which are reminiscent of the decreases in h2a.z 
plants later during development (cauline and rosette leaves; Figure 7B and Figure 12). 
Our data indicate that whereas a loss of H2A.Z does not change DNA methylation 
within genes, lack of H2A.Z affects TE methylation in all three sequence contexts in a 
tissue-specific manner, with different effects in cauline, rosette, and seedling samples. 

 One potential explanation for the lack of change in genic methylation in the h2a.z 
and pie1 mutant lines is that  perturbation of normal methylation targeting may be 
required in addition to loss of H2A.Z.  To test this hypothesis, we performed crosses of 
h2a.z and pie1 plants to ibm1-6 and met1-6 mutant lines.   IBM1 (AT3G07610) encodes 
a H3 lysine 9 demethylase, MET1 (AT5G49160) encodes the primary CG DNA 
methyltransferase, and both  ibm1 and met1 mutations cause increased CHG 
methylation in gene bodies (Finnegan and Dennis 1993; Kankel, Ramsey et al. 2003; 
Saze, Mittelsten Scheid et al. 2003; Cokus, Feng et al. 2008; Lister, O'Malley et al. 
2008; Saze, Shiraishi et al. 2008; Miura, Nakamura et al. 2009). Single mutant plants 
are viable and fertile (Figure 14A), but h2a.z;ibm1, h2a.z;met1, pie1;ibm1, and 
pie1;met1 double mutants die shortly after germination and exhibit severe 
developmental abnormalities, including the production of undifferentiated callus-like 
material, under-sized root systems, and premature flowering (Figure 14B). 

 Bisulfite sequencing of h2a.z;ibm1, h2a.z;met1, and pie1;ibm1 seedlings 
revealed that a loss of H2A.Z does not obviously alter the genic methylation profile in 
any context from that seen in the parental backgrounds (Figures 15-17). The h2a.z;ibm1 
and pie1;ibm1 double mutant lines were generated such that h2a.z;ibm1 seedlings were 
newly homozygous for ibm1 (1st generation), whereas pie1;ibm1 seedlings came from 
first generation ibm1 homozygous parents (2nd generation). The h2a.z;ibm1 seedlings in 
their first generation of ibm1 homozygosity have higher levels of CHG methylation than 
1st generation ibm1 seedlings, and pie1;ibm1 seedlings in their second generation of 
ibm1 homozygosity have lower levels of CHG methylation than second generation ibm1 
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seedlings (Figure 16).  Both first generation datasets, h2a.z;ibm1 and ibm1, show 
similar levels of CHH hypermethylation to one another; likewise, the second generation 
pie1;ibm1 and ibm1  data exhibit similar CHH hypermethylation levels (Figure 17).  
Importantly, the control data show that genic CHG and CHH methyaltion is unstable in 
ibm1, increasing greatly in the second generation (Figure 16), making interpretation of 
changes in h2a.z;ibm1 and pie1;ibm1 CHG methylation difficult.   

 Whereas there is little difference between the double mutant lines and their 
parental lines in TE CG methylation (Figure 18), we found CHG hypomethylation in the 
double mutants as compared to their respective parental lines (Figure 19).  Additionally, 
while CHH methylation is unaltered in h2a.z and pie1 seedlings, there is a significant 
reduction of TE CHH methylation in h2a.z;ibm1, h2a.z;met1, and pie1;ibm1 seedlings 
compared to the ibm1 and met1 single mutants, which is similar to the reduction seen in 
h2a.z;pie1 seedlings (Figure 19 and Figure 20). Taken together, our results suggest that 
while H2A.Z may play a modest role in the regulation of DNA methylation in TEs, the 
genome-wide anticorrelation between H2A.Z and DNA methylation is due to DNA 
methylation preventing the incorporation of H2A.Z.   

3.3.4 H2A.Z is enriched in responsive genes 

 Given the published work linking H2A.Z with regulation of several types of genes 
that respond to the environment, we sought to examine H2A.Z enrichment with respect 
to gene responsiveness. To do so, we generated a genome-wide map of H2A.Z using 
our published tagged H2A.Z Arabidopsis line (Zilberman, Coleman-Derr et al. 2008) by 
coupling affinity purification of H2A.Z-bound DNA with high-throughput sequencing. 
Consistent with our previous findings, metaanalyses of the new dataset demonstrate a 
strong peak of H2A.Z at the 5’ end and a smaller peak at the 3’ end of most genes, with 
varying levels of H2A.Z distributed within gene bodies (Figure 21). Also consistent with 
our previous results (Zilberman, Coleman-Derr et al. 2008; Zemach, McDaniel et al. 
2010), we found a negative correlation between H2A.Z enrichment in gene bodies and 
WT transcript levels (Spearman's rho = -0.4039, P-value < 0.0001). Genes with the 
most gene body H2A.Z (n=4,081) have median WT expression more than six-fold lower 
than that of genes with the lowest H2A.Z within their bodies (n=3,920) (Figure 22).  By 
comparison, levels of H2A.Z enrichment near the TSS showed a different trend: genes 
with the most and least H2A.Z at the TSS had lower levels of expression than those 
with intermediate levels of H2A.Z (Figure 22), as we showed earlier for both Arabidopsis 
and pufferfish (Zilberman, Coleman-Derr et al. 2008; Zemach, McDaniel et al. 2010). 

 We discovered a positive correlation between enrichment of H2A.Z across gene 
bodies and gene responsiveness – the degree to which a gene is differentially 
expressed among different tissue types or experimental conditions (including hormone, 
nutrient, and chemical treatments, as well as biotic or abiotic stimulus), with higher 
response scores associated with greater differential expression (Aceituno, Moseyko et 
al. 2008). H2A.Z body-enriched genes (n=4,081) have a six-fold higher median gene 
responsiveness score than that of genes with the lowest H2A.Z levels across their 
bodies (n = 3,920) (Figure 22).  Levels of H2A.Z at the TSS are considerably less 
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correlated with response score than levels of H2A.Z in the body (Spearman's rho = 
0.0748 and 0.3325, P-values < 0.0001, respectively).  These results suggest that H2A.Z 
deposition in the gene body may facilitate rapid activation or inactivation of genes.  

3.3.5 H2A.Z regulates responsive genes 

 To determine which genes are misregulated upon loss of H2A.Z, we profiled the 
transcriptomes of the h2a.z mutant and WT in 4-week old rosette leaves with three 
replicates each of RNA-seq. 1,800 genes were upregulated and 614 genes were 
downregulated in h2a.z with a P-value cut-off of 0.001.  This is consistent with 
transcriptome analyses of hta9;hta11 and pie1, which showed three-fold and two-fold 
more genes upregulated than downregulated, respectively (March-Diaz, Garcia-
Dominguez et al. 2008). Gene Ontology analysis of the misregulated genes revealed 
enrichment of categories related to immune response (P-value = 8.6x10-9) and 
temperature response (P-value = 4.8x10-8), consistent with previous studies of pie1 and 
arp4 mutants (March-Diaz, Garcia-Dominguez et al. 2008; Kumar and Wigge 2010) 
(Table S1).  Strikingly, all of the most-enriched categories (P-value < 1x10-5) are 
specifically response-related, and include a variety of previously unreported GO-terms 
involved in the perception of both endogenous and external cues (Figure 23).  These 
results indicate that a loss of H2A.Z in plants leads to the misregulation of inducible 
genes generally, rather than a specific category of response genes. This hypothesis is 
consistent with published transcriptional studies from yeast and animals, which have 
shown that H2A.Z is involved in the transcriptional regulation of many different classes 
of inducible genes involved in environmental response and development (Adam, Robert 
et al. 2001; Millar, Xu et al. 2006; Creyghton, Markoulaki et al. 2008; Whittle, McClinic et 
al. 2008; Amat and Gudas 2011; Petter, Lee et al. 2011; Sadeghi, Bonilla et al. 2011). 

 Consistent with our Gene Ontology analysis (Tables S1-2), we discovered a 
relationship between the degree of misregulation in the h2a.z mutant and the 
responsiveness score of a gene (Figure 23B).  Genes exhibiting greater than 4-fold 
upregulation (n=938) had a 2.5-fold higher median responsiveness score than that of 
the least upregulated genes (less than 1.4-fold up or downregulated, n=9,300). The 
relationship between downregulation and response score, on the other hand, was 
roughly parabolic, with the most downregulated and least downregulated genes 
showing the lowest levels of responsiveness, and genes with intermediate levels of 
downregulation (2 to 4-fold) showing the greatest responsiveness (Figure 23B). 
Because H2A.Z is enriched in bodies of response genes, we investigated whether 
changes in transcriptional regulation in the h2a.z mutant correlated with specific H2A.Z 
enrichment patterns in WT.  As expected, we found a positive relationship between 
misregulation in the h2a.z line and H2A.Z gene body enrichment (Figure 23C) 
(Spearman's rho = 0.2634 for downregulated genes and 0.2540 for upregulated genes, 
P-value < 0.0001). Genes with the greatest misregulation (greater than four-fold up or 
downregulated, n=1,258) have more than a 36-fold higher median H2A.Z-body 
enrichment score than that of genes with the lowest levels of change in transcription 
between h2a.z and WT (less than 1.4-fold up or downregulated, n=9,300). Taken 
together, our data demonstrate that a loss of H2A.Z leads to a general transcriptional 
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misregulation of response genes that are enriched for H2A.Z within the gene body in 
wild type.  This suggests that one function of gene body methylation, which is strongly 
anticorrelated with gene responsiveness in plants and animals (Zhang, Yazaki et al. 
2006; Aceituno, Moseyko et al. 2008; Foret, Kucharski et al. 2009), is the exclusion of 
H2A.Z from the bodies of constitutively expressed genes. 

3.4  Discussion 

 We have generated a viable H2A.Z-deficient mutant line in Arabidopsis thaliana 
that shares many, but not all of the phenotypic characteristics of pie1 mutants. We show 
that unlike in yeast, combining Arabidopsis h2a.z and pie1 mutations exacerbates the 
phenotype. Loss of H2A.Z does not significantly affect the level or profile of DNA 
methylation in genes, even when combined with mutations that alter the normal genic 
methylation landscape, whereas  DNA methylation in transposons is perturbed in a 
tissue-dependent manner.  We show that differences in gene body H2A.Z levels are 
correlated with gene expression and gene responsiveness. Finally, we show that a loss 
of H2A.Z causes misregulation of many genes involved in the response to 
environmental and developmental cues, and that these genes tend to have high levels 
of gene-body H2A.Z.  

3.4.1 Residual H2A.Z function remains in pie1 mutant plants  

 Whereas the fungi S. pombe and S. cerevisiae can tolerate mutations in H2A.Z 
(Carr, Dorrington et al. 1994; Jackson and Gorovsky 2000), H2A.Z  is essential in many 
species, including Tetrahymena thermophila, Drosophila melanogastor, Xenopus laevis, 
Caenorhabditis elegans and mice (Liu, Li et al. 1996; Faast, Thonglairoam et al. 2001; 
Ridgway, Brown et al. 2004; Swaminathan, Baxter et al. 2005; Whittle, McClinic et al. 
2008). Consequently, many studies of H2A.Z function outside of yeast have utilized 
mutants in components of the chromatin remodelers that deposit H2A.Z to emulate 
H2A.Z loss-of-function (Deal, Topp et al. 2007; March-Diaz, Garcia-Dominguez et al. 
2008; Smith, Jain et al. 2009; Kumar and Wigge 2010). The substantial overlap 
between the phenotypes of Arabidopsis pie1 and h2a.z mutants suggests that PIE1 is 
the primary remodeler responsible for H2A.Z deposition.  However, h2a.z;pie1 double 
mutants exhibit early developmental arrest not seen in either of the single mutant lines, 
indicating that H2A.Z can be deposited in the absence of the PIE1 complex, potentially 
by the Arabidopsis homolog of INO80 (Fritsch, Benvenuto et al. 2004), which can 
deposit H2A.Z in yeast (Papamichos-Chronakis, Watanabe et al. 2011). The PIE1 
complex might also have H2A.Z-indpendent roles, as has been hypothesized for the 
PIE1/SWR1 orthologs in animals (Auger, Galarneau et al. 2008; Bowman, Wong et al. 
2011). Indeed, a recent study showed that H2A.Z deposition by p400 and SRCAP, the 
human orthologs of SWR1, could not account for all the regulatory roles of these 
complexes (Bowman, Wong et al. 2011). These results emphasize that phenotypes 
caused by mutations in chromatin remodeling complexes must be interpreted with 
caution.    
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3.4.2 DNA methylation excludes H2A.Z from chromatin 

 DNA methylation and H2A.Z are tightly anticorrelated in plants and animals 
(Zilberman, Coleman-Derr et al. 2008; Conerly, Teves et al. 2010; Edwards, O'Donnell 
et al. 2010; Zemach, McDaniel et al. 2010), and we have shown that DNA methylation 
quantitatively excludes H2A.Z from chromatin (Zilberman, Coleman-Derr et al. 2008). 
Here, we demonstrate that H2A.Z does not have a detectable influence on DNA 
methylation in genes, even when genic DNA methylation is in flux, indicating that 
exclusion of H2A.Z from methylated DNA is the cause of the observed anticorrelation 
(Figure 24).  Our earlier experiments examining methylation in pie1 plants, which 
showed a modest relative DNA methylation increase in genes compared with 
transposons, were conducted using MeDIP-chip (Zilberman, Coleman-Derr et al. 2008), 
a technique that cannot differentiate between methylation in different sequence contexts 
and relies on the normalization of signal intensities.  The bisulfite sequencing data 
presented here reveal that whereas genes show no change in DNA methylation, there 
are changes in TE methylation in the h2a.z mutant, the largest of which are global 
decreases in CHG and CHH methylation, which might account for our original findings 
of relative genic hypermethylation.  Changes in TE methylation could be a direct result 
of H2A.Z loss, or may be caused by a variety of indirect effects. Given the depletion of 
H2A.Z from methylated transposons and the substantial transcriptional and 
developmental changes in h2a.z plants, we consider indirect explanations to be more 
probable. 
 

3.4.3 H2A.Z in gene bodies regulates transcription of responsive 
 genes 

 The significance of H2A.Z enrichment near transcriptional start sites has been a 
major focus of research (Adam, Robert et al. 2001; Gevry, Chan et al. 2007; Mavrich, 
Jiang et al. 2008; Hardy, Jacques et al. 2009; Jin, Zang et al. 2009), but a distinct 
function for H2A.Z in gene bodies has been recently hypothesized (Fujimoto, Seebart et 
al. 2012).  Consistent with this idea, we have previously shown that H2A.Z abundance 
within gene bodies correlates negatively with transcription in Arabidopsis and the 
pufferfish Tetraodon nigroviridis, whereas H2A.Z near the TSS is most enriched in 
moderately transcribed genes in both organisms (Zilberman, Coleman-Derr et al. 2008; 
Zemach, McDaniel et al. 2010). Human studies also show that gene body H2A.Z 
correlates with silencing (Barski, Cuddapah et al. 2007) and that H2A.Z is depleted from 
the bodies of actively transcribed genes (Hardy, Jacques et al. 2009). The presence of 
this relationship in plants and animals implies that it is an ancient property of 
eukaryotes. Interestingly, recent studies in yeast have shown that mutation of the IN080 
complex causes loss of H2A.Z near the TSS and gain of H2A.Z across the coding 
region (Papamichos-Chronakis, Watanabe et al. 2011), suggesting that competing 
nucleosome remodelers may shape the genic patterns of H2A.Z. 

 Here, we show that H2A.Z within gene bodies is correlated with gene 
responsiveness.  A similar conclusion was recently made in yeast, where H2A.Z was 
shown to be significantly enriched across coding sequences of genes that are 
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differentially transcribed after environmental stress (Sadeghi, Bonilla et al. 2011).  We 
also demonstrate that loss of H2A.Z leads to misregulation of Arabidopsis genes with 
high responsiveness scores, which measure differential expression across both tissue 
types and environmental conditions. Our results are consistent with evidence from many 
other species, where loss of H2A.Z leads to misregulation of various inducible genes, 
including environmental response genes in yeast (Adam, Robert et al. 2001; Millar, Xu 
et al. 2006; Sadeghi, Bonilla et al. 2011) and developmentally regulated and tissue-
specific genes in animals (Updike and Mango 2006; Creyghton, Markoulaki et al. 2008; 
Whittle, McClinic et al. 2008; Amat and Gudas 2011; Petter, Lee et al. 2011).  Genes 
that show little change in transcription in our h2a.z mutant plants tend to have H2A.Z 
depleted from the gene body, whereas those genes with either strong up- or 
downregulation tend to have much more gene-body H2A.Z. Taken together, these 
results indicate that H2A.Z within transcribed sequences is necessary for proper 
regulation of responsive genes but may antagonize constitutive and high-level 
expression, and that this relationship is both ancient and well-conserved across many 
eukaryotic lineages. 

3.4.4 Gene body methylation may regulate gene expression by 
 preventing H2A.Z incorporation  

 The presence of DNA methylation within the bodies of animal and plant genes 
has been known for some time (Jones and Laird 1999; Tran, Henikoff et al. 2005).  
Recent genome-wide bisulfite sequencing in various eukaryotic species has revealed 
that gene body methylation is an ancient and widely conserved feature of eukaryotic 
chromatin predating the divergence of animals and plants (Zhang, Yazaki et al. 2006; 
Zilberman, Gehring et al. 2007; Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008; 
Lister, Pelizzola et al. 2009; Feng, Cokus et al. 2010; Xiang, Zhu et al. 2010; Zemach, 
McDaniel et al. 2010). In both animals and plants, gene body methylation exists almost 
exclusively within the CG context and follows a remarkably consistent pattern, with 
precise depletion of DNA methylation from the 5' and 3' ends of genes. Taken together 
with the finding that many species of invertebrates have DNA methylation primarily or 
exclusively within gene bodies (Xiang, Zhu et al. 2010; Zemach, McDaniel et al. 2010; 
Sarda, Zeng et al. 2012), these results strongly suggest that genic methylation plays an 
important and conserved function in at least some eukaryotic lineages (Suzuki and Bird 
2008).  

  Despite the prevalence of gene body methylation in diverse eukaryotes, its 
function remains mysterious (Zemach and Zilberman 2010). A potential clue comes 
from the correlation between genic methylation and transcription.  Gene body 
methylation is highest in moderately transcribed genes in plants and animals, with the 
lowest levels of genic methylation at either transcriptional extreme (Zhang, Yazaki et al. 
2006; Zilberman, Gehring et al. 2007; Zemach, McDaniel et al. 2010).  Additionally, 
there is an unexplained negative linear correlation between genic methylation and gene 
responsiveness in Arabidopsis and the honeybee Apis mellifera (Zhang, Yazaki et al. 
2006; Aceituno, Moseyko et al. 2008; Zeng and Yi 2010).  High levels of body 
methylation tend to be found in slowly evolving genes with vital housekeeping functions 
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in honeybee, silkworm (Bombyx mori), sea squirt (Ciona intestinalis), sea anemone 
(Nematostella vectensis), poplar (Populus tricharpa), and Arabidoopsis (Zhang, Yazaki 
et al. 2006; Sarda, Zeng et al. 2012; Takuno and Gaut 2012; Vining, Pomraning et al. 
2012). These results indicate that DNA methylation of the transcribed region may be 
important for proper regulation of constitutively expressed genes. 

 Here, we show that the genome-wide anticorrelation between DNA methylation 
and H2A.Z is established by the exclusion of H2A.Z from methylated DNA.  Because 
gene body DNA methylation and H2A.Z show opposing correlations with gene 
responsiveness, and the anticorrelation between DNA methylation and H2A.Z is 
ancient, we propose that a basal function of genic DNA methylation is the stabilization 
of constitutive expression patterns within housekeeping genes by antagonizing H2A.Z 
deposition (Figure 24). As H2A.Z has been linked to the regulation of inducible genes in 
many organisms, including species such as S. cerevisae and C. elegans that lack  DNA 
methylation (Adam, Robert et al. 2001; Millar, Xu et al. 2006; Zanton and Pugh 2006; 
Creyghton, Markoulaki et al. 2008; Whittle, McClinic et al. 2008; Smith, Jain et al. 2009; 
Kumar and Wigge 2010; Amat and Gudas 2011; Petter, Lee et al. 2011; Sadeghi, 
Bonilla et al. 2011), and DNA methylation can exclude H2A.Z but not vice versa, we 
believe that the presence or absence of H2A.Z in the gene body is a better candidate 
for direct gene regulation than DNA methylation. The functional significance of DNA 
methylation of constitutive genes may be primarily to prevent incorporation of H2A.Z.   

3.5 Materials and Methods 

 Biological Materials. The Arabidopsis T-DNA lines hta9-1 (SALK_054814), 
hta11-1 (SALK_017235), ibm1-6 (SALK_006042), and pie1-5 (SALK_096434) were 
obtained from the SALK collection (Col-0 ecotype) (http://signal.salk.edu/). The 
Arabidopsis T-DNA line hta8-1 (FLAG_593B04) was obtained from the INRA (http:// 
www-ijpb.versailles.inra.fr/) collection (WS ecotype).  Sequencing of the 5' promoter 
region of HTA8 confirmed the T-DNA insertion site for hta8-1 at position 16,220,917 on 
Chr2 (NC_003071.1), 8 bp downstream of the 5' end of gene model AT2G38810.2. The 
Arabidopsis EMS mutant met1-6 is described in (Xiao, Gehring et al. 2003) (Col-0 
ecotype).   For bisulfite sequencing of seedling tissues, seeds were planted on 1x 
Murashige and Skoog Media with micronutrients and 1.5% Sucrose (Caisson 
Laboratories) and grown under 16h light/ 8h dark for 14 days in a growth chamber.  For 
bisulfite sequencing of rosette and cauline leaf tissue, seeds were planted on soil and 
grown in greenhouse conditions with LD 16h light / 8h dark.  For phenotype analysis of 
the h2a.z mutant, seeds were planted on soil and grown in greenhouse conditions with 
either 16h light / 8h dark (LD) or 8h light/ 16h dark (SD). Genotyping of SALK and INRA 
T-DNA lines was carried out by PCR with primers listed in Table S3.  Genotyping of the 
met1-6 line was carried out by dCAPS-PCR with primers listed in Table S3 and 
subsequent digestion with BglII .   

 Transcript Analysis of H2A.Z genes. Expression analyses for the h2a.z and 
hta9-1 mutant lines and for the WT control were performed on total RNA extracted from 
4 week post germination rosette leaves grown on soil in LD conditions using the 
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RNeasy Plant Extraction Kit (Qiagen) with the optional on-column DNAse treatment.  
RT-PCR reactions were carried out on cDNA generated using 1ug total RNA and the 
Superscript III Kit (Invitrogen)  using gene specific primers listed in Table S3. qPCR was 
carried out on similarly generated cDNA using EvaGreen Detection chemistry on an ABI 
7500 FAST Real-Time PCR System with primers in exons flanking the single intron in 
HTA9. The gene UBQ5 (AT3G62250) was used as in internal control. Three biological 
replicates, each with three technical replicates, were averaged.  

 Bisulfite Sequencing. Approximately 100-500 ng genomic DNA was isolated 
from either seedling, rosette or cauline leaf tissues. Seedling tissue was obtained from 
14 days post germination seedlings grown on Murishige and Skoog media in LD (16h 
light/ 8h dark). Mature rosette leaves and mature cauline leaves were obtained from 4 
week post germination mature plants grown on soil in LD (16h light/ 8h dark).  In 
general, multiple biological replicates were generated for each mutant and WT line; a 
complete list of all generated libraries is available in Table S4.  WT datasets for each 
mutant were generated from plants derived from recent relatives of the relevant mutant.  
Bisulfite conversion and Illumina library construction and sequencing were performed as 
described in (Hsieh, Ibarra et al. 2009). We used single ends (SE) Illumina sequencing 
for bisulfite sequencing on the GAII and HiSeq platforms and  sequence alignments 
were performed using Bowtie (Langmead, Trapnell et al. 2009) and the TAIR8 Genome 
Annotation (http://www.arabidopsis.org/) as in (Zemach, McDaniel et al. 2010). The 
average percent methylation plots were generated as described in (Hsieh, Ibarra et al. 
2009) and (Zemach, McDaniel et al. 2010). 

 RNA Sequencing. Approximately 30 ug total RNA was isolated from 4 week 
post germination mature rosette leaves  using the RNEasy Plant Extraction Kit (Qiagen) 
with the optional on-column DNAse treatment.  mRNA was purified from total RNA by 
two treatments of poly-A enrichment using the Oligotex kit (Qiagen #72022), followed by 
a rRNA removal step using the RiboMinus Plant Kit for RNA-sequencing (Invitrogen 
#A1083702). Illumina library construction and RNA-sequencing were performed as 
described in (Zemach, McDaniel et al. 2010). We used single ends (SE) Illumina 
sequencing for RNA-sequencing on the GAII platform and sequence alignments were 
performed using Bowtie  and the TAIR8 Genome Annotation and cDNA Annotation 
(http://www.arabidopsis.org/) as in (Zemach, McDaniel et al. 2010). 

 H2A.Z ChAP Sequencing. H2A.Z-containing nucleosomes were chromatin 
affinity purified (ChAP) from 4 week post germination  Arabidopsis roots of our H2A.Z-
BLRP transgenic lines grown in LD conditions as in (Zilberman, Coleman-Derr et al. 
2008). Illumina libraries were constructed for IP and input DNA samples and sequenced 
generating SE 50 bp reads. Nucleosomal midpoints were estimated based on an 
average 150-bp nucleosome length by adding 75bp to the start position of each read.   
Differences between IP and input over each single-base window were generated to give 
an overall genome-wide map of H2A.Z-enrichment.  Genes were aligned at either their 
5' or 3' ends, and average H2A.Z-enrichment values were calculated over each 50bp 
window between 3kb up and downstream of the point of alignment. Sequencing was 
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carried out on the HiSeq platform and sequence alignments were performed using 
Bowtie and the TAIR8 Genome Annotation as in (Zemach, McDaniel et al. 2010).  
 
 Differential Expression Sequence Analysis. For differential expression 
analysis of the RNA-sequencing datasets, a strategy was employed to account for 
expression differences between WS and Col ecotypes. In brief, we used the recently 
published list of 144,879 SNPs between the WS and Col ecotypes (Ashelford, Eriksson 
et al. 2011) to obtain reads per kilobase of exon model per million reads (RPKM) scores 
for each gene in h2a.z and WT from either the WS or Col backgrounds.  

 First, using Bowtie with no tolerance for mismatches, reads from each of the 
three h2a.z and WT RNA-seq datasets were mapped to small 75bp scaffolds containing 
either the WS or Col SNP around each SNP locus that mapped within an exon of a 
gene greater than 200bp in length and with at least 10 mapped reads. We removed all 
SNPs that were less than one read-length (36bp) from the end of the exon, which left 
approximately 5,000 SNPs across the genome.  The number of reads mapping to the 
WS and Col scaffolds were compared at each SNP locus and used to determine 
whether the region was homozygous for WS, Col or heterozygous for the two ecotypes 
in each dataset.  For SNPs at heterozygous loci, a Read Count Contribution from each 
WS or Col genome was determined by dividing the number of reads mapping to either 
WS or Col genome by the total reads mapping to the SNP scaffold for each ecotype.  
As SNPs within a given heterozygous region generally exhibited similar ratios of WS to 
Col mapped reads, a rolling 20-window (where the windows are the 5,000 SNPs) 
smoothing function was applied to these read count contribution values.    
 Next, the six RNA-seq datasets were mapped to the TAIR cDNA scaffold, and 
each cDNA model was assigned a score equal to the number of mapped RPKM.  For 
both the h2a.z and WT datasets, the normalized read counts of the three replicates 
were partitioned into reads contributed by WS and by Col using the smoothed read 
count contribution value obtained from the nearest SNP.  In this way, approximate WS 
and Col read count scores were determined for each gene in both h2a.z and WT.     
 To test for statistical significance of the difference between the h2a.z and WT, we 
repeated the above partitioning process using read counts normalized to the size of the 
smallest library, rather than per million of reads.  This alternate normalization less 
drastically underestimate the number of reads per locus, which is important as the 
statistical significance is dependent on the number of reads.  We calculated the 
probability that a gene’s expression deviates from expectation using a Fisher’s two-
tailed exact test of h2a.z vs. WT scores for each ecotype.  Genes were determined to 
be differentially expressed if for either ecotype they exhibited a two-fold change in 
expression between h2a.z and WT and had a P-value < 0.001, or if for both ecotypes 
they exhibited a two-fold change in expression and had p-values < 0.005.  Gene 
Ontology analysis was performed on the up- and downregulated gene lists using the 
GO FAT Ontology on the DAVID web server (http://david.abcc.ncifcrf.gov)  (Huang da, 
Sherman et al. 2009; Huang da, Sherman et al. 2009) and categories with P-values <  
1x10-5 were considered enriched.  
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4.1  Abstract 

 DNA methylation is usually localized to particular genomic sequences, in 
particular  genes and transposons; however, its targeting mechanisms remain elusive. 
Several Snf2 chromatin remodeling proteins, which hydrolyze ATP to remodel histone 
proteins over the DNA they decorate, play an important role in DNA methylation. In 
Arabidopsis, two Snf2 proteins, DDM1 and DRD1, have been shown to be required for 
the methylation of heterochromatic DNA. Here, we find that DDM1 and DRD1 regulate 
DNA methylation in genes, as well as in transposons. In genes, a loss of DDM1 causes 
CHG hypermethylation that is distinct from the patterns and extent of  genic 
hypermethylation reported in two other mutants, met1 and ibm1, suggesting that distinct 
mechanisms mediate these processes. In transposons, DRD1 and the RNAi pathway 
target non-CG methylation mostly to short elements and transposon-edges, whereas 
DDM1 is mainly required for methylation within the bodies of longer transposons. 
Consequently,  DRD1 and DDM1 are preferentially required to silence short and long 
transposons, respectively, but also collaborate to repress the transcriptional activity of a 
number of mobile elements. Further analyses revealed that short transposons and 
transposon edges, which are preferentially targeted by DRD1, are enriched for small 
RNA molecules and depleted of nucleosomes, whereas the bodies of long transposons 
methylated by DDM1 are enriched in histone H3 lysine 9-methylated nucleosomes. Our 
data show that Arabidopsis heterochromatin is unevenly structured and is only partially 
targeted for methylation by RNAi, and that the bulk of DNA methylation in all sequence 
contexts is mediated by DDM1 and histone methylation.   

4.2  Introduction 

 DNA methylation in eukaryotes is usually not randomly distributed in the genome 
but restricted to specific regions, in particular genes and transposable elements (TEs).  
While a few targeting mechanisms from different species have  been characterized, the 
full picture is far from being resolved. Here, we aimed to study the role of chromatin 
structure and Snf2 chromatin remodelers in targeting DNA methylation in Arabidopsis 
thaliana.  DNA methylation is catalyzed by methyltransferses (MTases), which share a 
conserved catalytic domain and most likely originated from a common ancestral  gene 
family that predates the divergence of eukaryotes and  prokaryotes (Goll and Bestor 
2005). MTases are distinguished both by their structure and function. Arabidopsis has 
three types of MTases: MET1, the canonical enzyme that maintains CG methylation;  
CMT3, which  catalyzes methylation of CHG sites (H = A,C,T); and DRM2,  which has a 
rearranged catalytic domain and methylates CHH sites (Law and Jacobsen 2010). 

 In Arabidopsis, like in other plants, TEs are frequently methylated at all three 
nucleotide contexts, CG, CHG and CHH. This DNA methylation combined with 
additional chromatin marks, such as small RNAs (smRNA) and methylation of histone 
H3 at lysine 9 (H3K9me2), act to epigenetically silence these sequences (Law and 
Jacobsen 2010). In contrast, DNA methylation in genes is targeted almost exclusively at 
CG sites (Zemach, McDaniel et al. 2010), and generally correlates with transcriptional 
activity (Suzuki and Bird 2008). The Arabidopsis histone demethylase Increase in 
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BONSAI Methylation 1 (IBM1) was shown to prevent ectopic non-CG methylation in 
genes by removing H3K9me2 from within genes (Saze and Kakutani 2011). Similarly to 
TEs, some genes are methylated  in all three contexts. Many of those genes are 
misannotated or pseudogenes, whereas the rest are functional genes that are 
demethylated and activated in plant endosperms (Zemach, Kim et al. 2010; Hsieh, Shin 
et al. 2011). 

 On naked DNA, MTases are unable to distinguish between genes and 
transposons; however, in vivo, genomic DNA is contextualized  through its adornment 
with histone proteins and other nuclear components, which together form the chromatin 
fiber. Chromatin structure varies across the genome and is defined by local  variation in 
these epigenetic components, including histone variants, DNA methylation, histone 
posttranscriptional modifications (e.g. acetylation and methylation), and secondary 
chromatin factors (e.g. smRNAs). MTases have been found to interact with and depend 
on many of these chromatin factors; for example, MET1, CMT3 and DRM2 can each be 
targeted by VIM proteins, H3K9me2 and the RNAi machinery, respectively (Law and 
Jacobsen 2010). 

 While serving as a scaffold  for the recruitment of certain nuclear components,  
chromatin structure is simultaneously acting to inhibit the binding and the activities of 
others (Khorasanizadeh 2004). For example, DNA methylation was found to be 
dependent on the activity of Snf2 chromatin remodelers (Felle, Joppien et al. 2011). 
Snf2 remodelers hydrolyze ATP molecules and use the released energy to unleash 
DNA from nucleosomes (Erdel and Rippe 2011), a process that most likely enables 
MTases increased access to cytosine residues. From this perspective, Snf2 proteins 
can be seen as important effectors of DNA methylation targeting. 

 Numerous Snf2 remodelers are present in most eukaryotic organisms, for 
instance, the Arabidopsis genome has 42 (www.chromdb.org) (Huettel, Kanno et al. 
2007). This variety is useful for regulating the many DNA activities that occur within the 
nucleus, as well as at diverse chromatin environments across the genome (Langst and 
Becker 2004).Two Snf2 remodelers, DDM1 (Decrease in DNA methylation 1) and DRD1 
(Defective in RNA-directed DNA methylation 1), were previously found to regulate DNA 
methylation in Arabidopsis  (Jeddeloh, Stokes et al. 1999; Kanno, Mette et al. 2004). 
The first of these, DDM1 is an evolutionary conserved Snf2 remodeler,  with 
homologues in animals. Repetitive sequences and TEs are  reported to be the major 
genomic sequence classes affected by loss of DDM1 and its rodent homologue LSH 
(Lippman, Gendrel et al. 2004; Tao, Xi et al. 2011). Both DDM1 and LSH colocalize with 
pericentromeric heterochromatin (Yan, Cho et al. 2003; Zemach, Li et al. 2005). 
Additionally, LSH was found to associate with Dnmt3a or Dnmt3b and DDM1 was 
shown to bind methyl-CpG binding domain (MBD) proteins (Zemach, Li et al. 2005; Zhu, 
Geiman et al. 2006), suggesting a direct link to the DNA methylation process. The loss 
of either of these remodelers results in a strong decrease in cytosine methylation and 
subsequent transcriptional reactivation of endogenous TEs (Huang, Fan et al. 2004; 
Lippman, Gendrel et al. 2004); ddm1 mutants have also been shown to have increased 
rates of TE transposition (Tsukahara, Kobayashi et al. 2009) These TE targets of LSH 
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and DDM1 are found to correspond with the presence of small interfering RNAs 
(siRNAs), suggesting  a potential role for RNAi in guiding DDM1 activity (Lippman, 
Gendrel et al. 2004). In addition, both proteins have been shown to affect histone 
methylation patterns at certain genomic loci (Gendrel, Lippman et al. 2002; Tao, Xi et al. 
2011). Despite all of this information, the mechanisms by which DDM1 and LSH 
regulate DNA methylation are still poorly understood. Biochemical analyses have 
demonstrated that DDM1 is capable of  remodeling nucleosomes in vitro in an ATP-
dependent manner (Brzeski and Jerzmanowski 2003). In addition to their effects on 
TEs, ddm1 and lsh mutants also induce ectopic non-CG methylation in genes, as well 
(Jacobsen and Meyerowitz 1997; Cokus, Feng et al. 2008; Tao, Xi et al. 2011). ddm1 
genic hypermethylation was recently found to be dependent on the presence of 
H3K9me2, but not on the RNAi pathway (Sasaki, Kobayashi et al. 2012). Interestingly, 
non-CG methylation was also found to accumulate in genes in two other mutants, met1 
(Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008) and ibm1 (Miura, Nakamura et al. 
2009; Inagaki and Kakutani 2010); whether these hypermethylations phenotypes are 
caused by similar phenomena remains unknown.  

 DRD1, a member of the only plant-specific Snf2 subfamily,  was found in a 
genetic screen looking for positive regulators of RNA directed DNA methylation (RdDM) 
(Kanno, Mette et al. 2004). RdDM is a transcriptional silencing mechanism discovered 
in plants that targets DNA methylation through  homology to smRNAs (Kanno, Mette et 
al. 2004). DRD1 was found to interact with many RdDM components, including  
Defective In Meristem Silencing 3 (DMS3), RNA-Directed DNA Methylation 1 (RDM1) 
and RNA polymerase V (Pol V), and is required for the production of the RdDM-
generated Pol V-dependent transcripts (Law and Jacobsen 2010).  Several presumed 
targets of the DDM1 remodeler, which have been shown to be reactivated and/or lose 
CG methylation in the ddm1 mutant, were shown to not be affected by a loss of DRD1 
(Lippman, May et al. 2003; Kanno, Mette et al. 2004; Kanno, Aufsatz et al. 2005). This 
suggested that the mechanisms by which DDM1 and DRD1 act may be distinct. Further 
examinations of specific loci found that ddm1 induced hypomethylation primarily in CG 
sites, while drd1 had an effect on methylation in all three contexts (Kanno, Mette et al. 
2004; Huettel, Kanno et al. 2006). The targets of DRD1 appeared to be primarily 
transposons and repeats, located in and around euchromatin. Unlike DDM1, DRD1 has 
not been shown to possess nucleosome remodeling activity. Based on relatedness to 
another family of SNF2 remodeler that is responsible for homologous strand pairing in 
the recombination repair pathway, it has been suggested that DRD1 may provide a 
sequence homology search functionality to the RdDM pathway (Huettel, Kanno et al. 
2007). It has also been posited that DRD1 may help open chromatin at smRNA target 
sites, thereby exposing the DNA to the rest of the RdDM machinery (Kanno, Huettel et 
al. 2005). 

 Although both DDM1 and DRD1 have been shown to have an effect on DNA 
methylation, their precise targets and their functional mechanisms remain unresolved. 
To better understand the role of these two remodelers in regulating DNA methylation, 
we profiled the complete methylomes and transcriptomes of ddm1, drd1 and a 
ddm1drd1 double mutant, and compared them to genome-wide datasets for other 
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chromatin features, including smRNAs, nucleosome occupancy, and H3K9me2. Our 
data reveal that in addition to their previously characterized role in targeting DNA 
methylation to TEs, DDM1 and DRD1 also play a role in regulating DNA methylation 
within genes. In TEs, DRD1 and the RNAi pathway target non-CG methylation mostly to 
short transposons and transposon edges, whereas DDM1 is mainly required for 
methylation within long transposons. Additionally, DRD1 and DDM1 collaborate to 
repress transposition of a number of mobile elements. Furthermore, the short 
transposon and transposon edge targets of DRD1 are enriched for small RNA 
molecules and depleted of nucleosomes, whereas the bodies of long, DDM1-dependent 
transposons are enriched in histone H3 lysine 9-methylated nucleosomes. Our data 
show that Arabidopsis heterochromatin is unevenly structured and that, contrary to 
conventional dogma, the methylation of TEs is only partially targeted by RNAi, with the 
bulk of  all CG, CHG, and CHH methylation mediated by a DDM1-mediated process that 
is likely independent of RdDM.  

4.3  Results 

4.3.1 De novo CHH methylation is regulated by both DRD1  
 (RNAi) and DDM1 

 To study the precise role of DDM1 and DRD1 in regulating DNA methylation, we 
mapped methylation in the full genomes of ddm1 and drd1 mutant plants, as well as in a 
double mutant of ddm1drd1 (Figure 1). Analyses of total genomic methylation 
frequencies revealed that each of the mutants have a distinctive  and  aberrant 
methylation phenotype (Figure 2). While ddm1 has a strong reduction in all three 
methylation contexts CG, CHG and CHH (59%, 57% and 32%, respectively), the drd1 
hypomethylation phenotype was much weaker and present mostly at CHH sites (33%) 
(Figures 1 and 2).  Previously, CHH methylation was reported to be primarily targeted 
by RNAi (Law and Jacobsen 2010), however the substantial CHH methylation that 
remains in drd1 suggests that additional pathways  may well have a role in targeting 
CHH methylation. To check if the drd1 methylation phenotype is the result of an 
incomplete disruption of the RNAi pathway, we mapped methylation in the mutant of 
another RNAi component, RNA Dependent RNA Polymerase 2 (RDR2), that causes a 
loss of all endogenous short interfering RNA (siRNA) (Xie, Allen et al. 2005). Our data 
show that the rdr2 mutant has nearly identical hypomethylation levels as drd1 (Figure2). 
This suggests that DRD1 is a crucial component in the RdDM pathway and that plants 
can target CHH methylation independently of RNAi. Double mutants of ddm1drd1 and 
ddm1rdr2  exhibit  additive and synergistic hypomethylation effects at CG and non-CG 
sites, respectively (Figure 2), which suggests that the DNA methylation activities of 
DDM1 and DRD1 (RNAi) might overlap with each other and that DDM1 significantly 
contributes to the methylation of  CHH sites. We also mapped methylation in the met1 
mutant and found that its methylation phenotype is quite different from that of ddm1 at 
both CG sites and non-CG sites. For example, CHG methylation in ddm1 is reduced by 
57%, which is more than three times higher than the level of CHG hypomethylation in 
met1 (Figure 2). These results suggest that DDM1 and MET1 activities are not 
completely functionally redundant. 
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 Previous analyses , performed over limited genomic regions, have shown DDM1 
and DRD1 to regulate DNA methylation mostly at TEs or DNA repeats (Lippman, 
Gendrel et al. 2004; Huettel, Kanno et al. 2006). To better understand the role of DDM1 
and DRD1 in regulating the genomic distribution of DNA methylation, we examined the 
methylation phenotypes of their mutants across both genes and transposable elements 
(TEs). In TEs, the ddm1 and drd1 hypomethylation phenotypes were found to be 
different with respect to their methylation contexts, levels and patterns. For instance, 
ddm1 showed a strong hypomethylation at all three methylation contexts, whereas drd1 
showed a weaker reduction that was localized mostly at non-CG sites (Figure 3). 
Additionally, the drd1  hypomethylation phenotypes were stronger near the edges of 
TEs, whereas ddm1 had a larger affect towards the center  of the elements (Figure 3). 
In ddm1drd1 and ddm1rdr2, most TE methylation was completely abolished (Figures 2 
and 3), which suggests that together DDM1 and DRD1 (RNAi) are responsible for 
targeting the majority of the methylation in TEs. It also implies that the residual 
methylation found in the drd1 single mutants is mediated mostly by DDM1, and similarly 
that DRD1 is responsible for targeting the methylation remaining in the ddm1 mutant. 
  

4.3.2 DDM1 and DRD1 target methylation at distinct TE sizes and 
 domains 

 So far, our results suggest that DDM1 and DRD1 target DNA methylation  
differently in TEs. In Arabidopsis, most TEs are shorter than 0100 bp, suggesting that 
one possible explanation for the differences between ddm1 and drd1 TE 
hypomethylation seen at the points of alignment in Figure 3 could be caused by 
differential targeting of short TEs. To check whether DDM1 and DRD1 methylation 
activities are associated with different size of TEs, we plotted the methylation levels of 
wild-type and mutant plants over TE size (Figure 4). This analysis shows that the ddm1 
hypomethylation effect is positively correlated with the size of TEs (Figure 4); by  
contrast, the drd1 hypomethylation effect is negatively correlated with TE size (Figure 
4). The ddm1drd1 double mutant showed almost a complete reduction in all TE 
methylation  independent of their size (Figure 4). As chromocenters and chromosome 
arms are enriched for long and short TEs, respectively, the preferential targeting of 
ddm1 and drd1 methylation toward different size classes of TEs  has broader 
implications for the chromosomal distribution of these two remodelers. DDM1 is found to 
target DNA methylation mostly in the heterochromatin rich chromocenters, whereas 
DRD1 predominantly enhances methylation along the chromosome arms (Figure 5).  

 Next, we examined if, in addition to their preferences with respect to TE size, 
DDM1 and DRD1 also have preferred target domains within the bodies of TEs. To that 
end, we averaged the methylation across long TEs (TEs>4 kb), so that short TEs would 
not influence the methylation level at the edges of the aligned TEs. We found the edges 
of long transposons in wild-type to be hypermethylated at CHH sites in comparison to 
their internal domains (Figure 6). Furthermore, the hypomethylation induced by drd1 
was found to be strongest at TE-edges, whereas ddm1 hypomethylation was found to 
be higher within TE bodies (Figure 6). The ddm1drd1 double mutant showed an additive 
reduction of methylation in all three contexts with respect to its parental lines, with the 
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remaining methylation evenly dispersed across the entire TE sequence (Figures 2 and 
6). Taken together, these results suggest that DDM1 targets DNA methylation 
preferentially within long TEs, whereas DRD1 and the RNAi pathway are targeting DNA 
methylation mostly at short TEs and at TE-edges. Additionally, they demonstrate that 
CG methylation in TEs is regulated mainly by DDM1, regardless of TE size. (Figures 4 
and 6). 

4.3.3 DDM1 and DRD1 target methylation to distinct heterochromatin 
 subtypes 

 Next, we examined the mechanisms responsible for the distinctive patterns of TE 
methylation conferred by DDM1 and DRD1. As TE-edges are known to be abundant in  
DNA repeats, which can serve as templates for smRNA production (Martienssen  2003), 
we profiled the distribution of smRNAs (previously mapped by Lister et al., 2008) in TEs. 
We found an enrichment of smRNAs at TE-edges as compare to TE-'bodies' (Figure 6). 
Interestingly, smRNAs were found to be only slightly enriched at short TEs over long 
ones (Figure 4), which suggests that another factor in addition to smRNAs might be 
responsible for targeting DRD1-mediated methylation of TEs.  

 While TE-edges frequently contain repeat sequences, TE bodies often code for 
genic elements that are necessary for TE transposition. The repeats found in TE edges 
are usually A/T rich elements, whereas open-reading-frames are often associated with 
high level of G/C nucleotides.  Because long TEs are more likely to encode these TE-
specific genes, we expected the GC content to increase with the size of TEs. To test 
this, we measured GC content across the Arabidopsis genome and found that, indeed, 
both regular genes and the bodies of long TEs are globally enriched for G/C nucleotides 
(Figures 4 and 6); by comparison, short TEs and TE-‘edges’ were found to be mostly 
G/C depleted (Figures 4 and 6). These results suggest that the nucleotide composition 
biases of the DNA sequence itself may play a role in targeting DDM1 and DRD1 in TEs. 

 The nucleotide content of a sequence is the strongest single factor in determining 
nucleosome occupancy, and A/T-rich sequences are known to be nucleosome-depleted 
(Segal and Widom 2009). To check whether GC content affects nucleosome occupancy 
in TEs, we mapped the genome-wide distribution of nucleosomes in the Arabidopsis 
genome. As predicted, nucleosomes were found to be enriched within the 'bodies' of 
long TEs, and depleted from TE edges and from short TEs (Figures 4 and 6). Because 
nucleosomes were mapped using MNase digestion without a prior crosslinking step, it is 
also possible that short TEs and TE-edges are actually not depleted of nucleosomes, 
but rather accommodate unstable nucleosomes that dissociate during the nuclei 
preparation process. However, we think that this is unlikely since these DNA sites are 
enriched for A/T nucleotides (Figures 4 and 6), which are known to strongly resist the 
incorporation of nucleosomes not just in Arabidopsis, but in eukaryotes generally (Segal 
and Widom 2009). 

 As DDM1 was previously shown to reposition nucleosomes in vitro (Brzeski and 
Jerzmanowski 2003), it makes sense that we have found it to function mainly within long 
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TEs, regions where nucleosomes are particularly enriched (Figures 4 and 6). However, 
the presence of nucleosomes alone is not necessarily sufficient for targeting DDM1, as 
the nucleosome occupancy in genes was found to be as high as that in long TEs 
(Figure 4), however DDM1 methylation activity has been reported to be associated with 
TEs. Hence, it is likely that DDM1 was designed to remodel only certain nucleosomes, 
specifically those that are found within long TEs, but are absent from genes and short 
TEs.  One method of differentiating nucleosomes is through the presence of post-
translational histone modifications. H3K9 methylation is a well-conserved nucleosome 
modification, and is located almost exclusively in heterochromatin and absent from 
active genes (Bernatavichute, Zhang et al. 2008) (Figure 4). To determine how 
H3K9me2 is distributed across the different domains and size classes of TEs, we 
analyzed a previously published H3K9me2 dataset (Bernatavichute, Zhang et al. 2008). 
Our analysis show that H3K9me2 is not uniformly distributed in TEs, but it is highly 
enriched within long TEs and depleted from short TEs and TE-edges (Figure 4 and 6). 
Furthermore, kernel density plots of DDM1 methylation activity, specifically at short TEs 
(<1 kb), demonstrate that that DDM1 induced methylation is significantly higher at 
H3K9-methylated enriched domains (Figure 7A). Overall theses results suggest that 
DDM1 is targeting DNA methylation mainly within H3K9-methylated nucleosomes, 
which coincidently are most enriched within the bodies of long TEs.  

 The Arabidopsis genome contains various classes of TEs which  are 
distinguishable by their mechanism of transposition, internal structure, as well as their 
chromosomal localization (Initiative 2000). Next, we examined if any of these specific 
types of TE correlate with DDM1 and DRD1 activities. To do so, we compared the level 
and distribution of DNA methylation, smRNAs, nucleosome enrichment, nucleotide 
content and H3K9me2 in four classes of TE: LINEs (a non-LTR retrotransposon), 
MuDRs (a DNA transposon), and Gypsies and Copias (two types of LTR-
retrotransposon).  
 
 Our data show that chromatin structure is varied among these four classes of TE. 
Gypsy elements, which are located mostly at the core of the chromocenters, (Figure 8) 
have high level of smRNAs across their entire sequence; Copia and MuDR elements 
accumulate siRNAs mostly at their 5' and 3' edges; LINEs, which are missing DNA 
repeats at their 5’ edges, are enriched by smRNAs mostly at their 3’ edges, where they 
have a poly-A sequence (Figure 8). In general, nucleosomes are enriched in TE-'bodies' 
(Figure 8) and depleted from the TE-edges though the different TE types were found to 
vary in their nucleosome distribution patterns: nucleosomes are sharply depleted from 
both ends of Copias and from the 3' ends of LINEs, whereas in MuDRs the depletion at 
edges was found to be wider and more gradual (Figure 8). H3K9me2 patterns are 
positively correlated with nucleosome occupancy in all four TE types (Figure 8). DDM1 
methylation activity (i.e. the residual methylation that is observed in the drd1 mutant) at 
CHH sites is positively associated with nucleosomes, GC content, and in particular, with 
H3K9me2. This is clearly shown in MuDR elements, in which the parabolic distributions 
of nucleosomes and H3K9me2 strongly resemble the CHH methylation pattern in drd1 
(Figure 8).  These associations are also supported by statistical analyses that show a 
positive correlation between DDM1 methylation activity and TE size, nucleosome 
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enrichment, and above all with H3K9me2 (Spearman's R =  0.59, 0.51, and 0.71). The 
CHH methylation conferred by DRD1 (i.e. the residual methylation that is left in the 
ddm1 mutant) is positively correlated with the level and distribution pattern of smRNA in 
Copia, MuDR and LINE elements. Interestingly, though Gypsies are enriched by 
smRNAs throughout their 'bodies', DRD1 activity was still localized mostly at their edges 
(Figure 8), which suggests that the presence of smRNA are not sufficient for targeting 
DRD1. Indeed, when we measured DRD1 methylation activity in TEs with  similar levels 
of smRNAs, we found it was reduced at nucleosome enriched sites (Figure 7B). Based 
on this, we conclude that DRD1 methylation activity is restricted to chromatin domains 
that are enriched by smRNAs and also depleted of nucleosomes, which in gypsies are 
more frequently found at their edges.  
 
 The low levels of DDM1 targeted DNA methylation activity at sequences enriched 
by smRNAs, such as short TEs and TE-edges, might suggest that DDM1 is inhibited by 
smRNAs. However, within the bodies of Gypsy elements, which are highly enriched in 
smRNAs, the methylation levels in the drd1 mutant are nearly identical to wild-type 
(Figure 8), which suggests that DDM1 is capable of targeting methylation at these sites 
and  is not substantially affected by the presence by smRNAs. Altogether, these results 
show that  TE chromatin is unevenly structured and consequently requires the action of 
two different pathways, governed by DDM1 and DRD1, respectively, for targeting DNA 
methylation. 

4.3.4 DDM1 and DRD1 are essential for gene silencing and TE 
 transposition 

 Both ddm1 and drd1 mutants have been previously reported to reactivate TEs 
and repeats (Lippman, Gendrel et al. 2004; Huettel, Kanno et al. 2006; Tsukahara, 
Kobayashi et al. 2009). In ddm1, this effect was quite strong and localized mainly within 
the chromocenters, whereas in drd1 the reactivation was weak and found mainly within 
the chromosome arms (Lippman, Gendrel et al. 2004; Huettel, Kanno et al. 2006). To 
study the respective roles of DDM1 and DRD1 in the silencing of TEs, we sequenced 
and examined the global mRNA expression profiles of  ddm1, drd1, and ddm1drd1 
mutants. Based on our data, we found 1777 reactivated TEs in ddm1 and 51 in drd1, 
only 14 of which  were reactivated in both mutants; this suggests that DDM1 and DRD1 
are required to silence different groups of TEs (Figure 9A). In both mutants, reactivated 
TEs were associated with DNA hypomethylation (Figure 9B). Consistent with our  
conclusions about DDM1s  role in the targeting of DNA methylation within the bodies of 
long TEs,  where the TE-encoded genes required for transposition are located, many 
TEs were reactivated in ddm1. By contrast, the DRD1-specific methylation at short TEs 
and TE-edges appears to play a relatively weak role  in the transcriptional repression of 
TEs on its own. Interestingly, the ddm1drd1 double mutant had a much stronger 
transcriptional reactivation of TEs than either of the single mutants, both in terms of the 
number of reactivated TEs (2240) as well as in their transcriptional level (Figure  9C). 
These results suggest that, similar to our results for DNA methylation, DDM1 and DRD1 
can partially compensate for each other's loss with respect to TE silencing.  
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Furthermore, DDM1 and DRD1 appear to act redundantly in the transcriptional silencing 
of a large number of TEs. 

 We have also found that in addition to repressing TEs, DDM1 and DRD1 are also 
essential for proper activity of protein-coding genes. According to our data, 8 and 170 
genes were upregulated in drd1 and ddm1, respectively, with no overlap between the 
two groups of genes (Figure 10). The ddm1drd1 double mutant had the largest group of 
upregulated genes (322), which include  most of the upregulated genes in the ddm1 and 
drd1 single mutants(Figure 10). Very few genes were silenced in drd1, ddm1 and 
ddmdrd1, i.e. 10, 16 and 25, respectively. By contrast, 185 genes where significantly 
silenced in the met1 mutant.  

4.3.5 DDM1 and DRD1 regulate DNA methylation in genes 

 Previously, DDM1 was found to affect DNA methylation mostly in 
heterochromatic regions. Here we show that DDM1 is also required for methylating 
genes, as well. On average CG methylation in gene bodies in the ddm1 mutant was 
reduced approximately 25% (Figure 11). Our analyses show that compared with drd1, 
ddm1 exhibits hypomethylation of a large number of genes (Figure 12). These results 
imply that DDM1 is an essential regulator for maintaining CG methylation in genes, 
which to our knowledge makes it the first chromatin factor, besides MET1, that 
regulates CG methylation in the gene bodies of plants.  

 Normally, DNA methylation in gene bodies is restricted to CG sites (Cokus, Feng 
et al. 2008; Lister, O'Malley et al. 2008), and frequently occurs in semi-discrete, highly-
methylated regions or "islands" within genes (Figure 1). Hypermethylation of non-CG 
sites in genes was previously reported in mutants of  IBM1, MET1 and DDM. IBM1 is a 
histone demethylase that was found to be responsible for specifically removing the 
H3K9me2 modification (which serves as a docking site for the CHG methylase CMT3) 
from the bodies of some genes (Saze and Kakutani 2011). The mechanism/s for the 
genic hypermethylation in met1 and ddm1 remain unclear, though it has been 
suggested that reactivation of TEs in these mutants might recruit the IBM1 protein away 
from genes, thus leading to an accumulation of H3K9me2 and CHG methylation 
(Inagaki and Kakutani 2010). Here we found that in contrast to met1, which shows 
global non-CG hypermethylation in many genes throughout the genome, ddm1 non-CG 
hypermethylation was found mostly in gene bodies that normally contain CG 
methylation in WT (Figure 13). Whereas the level of CHG hypermethylation in ddm1 
rises proportionately to the level of WT CG methylation, met1 CHG hypermethylation 
showed the opposite trend (Figure 14).   Additionally, ddm1 hypermethylation was found 
to be higher at the 3' ends of genes, whereas met1 hypermethylation level was enriched 
more evenly across the gene body (Figures 11).  Taken together, these results suggest 
that the non-CG hypermethylation of genes in ddm1 and met1 are not necessarily the 
same phenomena, and therefore challenges the previously postulated hypermethylation 
mechanism. If titration of IBM1 away from genes were the only cause for non-CG 
hypermethylation in ddm1 and met1, we would expect the patterns and distribution of 
hypermethylation of genes to be similar in both mutants.  
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 In order to better understand the mechanism controlling non-CG methylation in 
Arabidopsis genes we mapped methylation in an ibm1 mutant and compared its genic 
methylation phenotype with that of ddm1 and met1 mutants. Similarly to ddm1, ibm1 
hypermethylation was found at both CHG and CHH sites (Figure 11). The ibm1 induced 
CHH  hypermethylation correlated well with the presence of CHG hypermethylation 
(Pearson's R = 0.7715), suggesting that the two phenomena are mechanistically linked 
(Figure 15). Both CHH and CHG hypermethylation in ibm1 were strongly correlated with 
the presence of genic CG methylation in WT (Pearson's R= 0.7671 and 0.5918, 
respectively (Figure 16A).  Furthermore, unlike met1, both ibm1 and ddm1 exhibited 
hypermethylation that corresponded to the boundaries of WT CG methylation (Figure 
16B). 

 Unlike the hypermethylation in ddm1, however, ibm1 induced genic CHG and 
CHH methylation had a strong 5' bias, decaying towards the 3' ends of genes (Figure 
11).  These different biases in ibm1 and ddm1 suggest that the respective mechanisms 
responsible for hypermethylation are distinct from one another, and yet both potentially 
linked to the process of  transcription.  When compared to transcription rates, both ibm1 
and ddm1 hypermethylation in genes show roughly similar trends to that of WT CG 
methylation, with roughly parabolic distributions (Figure 17).  On the other hand, 
hypermethylation in met1 shows a nearly linear negative correlation with increasing 
transcription (Figure 17).  Taken together, our analysis of genic hypermethylation in 
ibm1, ddm1, and met1 suggests different mechanisms are responsible for the increases 
in non-CG methylation in each mutant. 

 Interestingly, we found that the genic hypermethylation in ibm1 takes at least two 
generations to accumulate, and differs substantially between mutants in their first and 
second generations of ibm1 homozygosity (Figure  18).  On the other hand, 
hypermethylation in ibm1 mutants of the same generation were well correlated 
(Pearson's R = 0.941, Figure 18), as has been shown previously (Miura, Nakamura et 
al. 2009; Inagaki and Kakutani 2010). Additionally, we find that transposons show 
decreased CHG and CHH methylation in the second generation of ibm1 homozygosity, 
potentially the result of reduced occupancy of CMT3 at heterochromatin after 
recruitment to genic sequences (Figure 19).  Previous reports have found that DNA 
methylation in transposons was unaffected by a loss of ibm1 (Saze, Shiraishi et al. 
2008; Miura, Nakamura et al. 2009); as our data show similar profiles between first 
generation ibm1 mutants and WT for both CHG and CHH in TEs, it is possible that this 
discrepancy can be explained by generational differences of the ibm1 mutants used in 
these experiments.  

 Both ibm1 and ddm1 genic non-CG hypermethylation were reported to be 
targeted by H3K9me2 and not by the RNAi pathway (Saze, Shiraishi et al. 2008; 
Sasaki, Kobayashi et al. 2012). We found that ddm1 genic hypermethylation is 
mediated by DRD1. In the ddm1drd1 double mutant, the non-CG hypermethylation level 
was as low as in wild-type (Figure 11). These results suggest that RNAi is involved in 
targeting non-CG methylation in genes in the ddm1 mutant. Consistent with  results 
published in Sasaki et al. (Sasaki, Kobayashi et al. 2012), we found that some genes in 
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ddm1, including BONSAI,  were hypermethylated independently of RNAi (Figure 20). 
Hence, it is likely that genes in ddm1 are hypermethylated by at least two different 
mechanisms, including both RNAi-dependent and RNAi-independent pathways. To 
check if DRD1 targets non-CG methylation in an ibm1 mutant, we crossed drd1 with 
ibm1 and discovered that genes in the ibm1drd1 double mutant are still strongly 
hypermethylated at non-CG sites (Figure 21), which verifies that the RNAi pathway is 
not involved in targeting non-CG methylation in genes in plants deficient for ibm1.  

4.4 Discussion 

 In plants, DNA methylation targeting at heterochromatin has been suggested to 
rely on both smRNAs and histone H3K9me2 (Lippman, Gendrel et al. 2004; Law and 
Jacobsen 2010), however the precise relationship between these three components has 
remained unclear. Here we found that DNA methylation in Arabidopsis is targeted to 
heterochromatin regions by two distinct pathways: the first pathway is controlled by 
DRD1 and the RNAi machinery, and the second pathway is regulated by DDM1 and 
H3K9me2. Along the chromosome arms, DRD1 and the RNAi machinery are 
responsible for methylating non-CG sites at short TEs, TE-edges and other DNA 
repeats, whereas DDM1 is required for methylating DNA in all three contexts within the 
bodies of TEs. At the chromocenters, which are rich in both smRNAs and H3K9me2, 
DDM1 and DRD1 methylation activities were found to significantly overlap. In 
conclusion, we found that the while the various sizes and types of TEs are generally all 
targeted for methylation, a modification which is crucial for keeping them silenced, the 
chromatin structure of different TEs can be quite different, and these differences are 
associated with distinct targeting mechanisms. 

 Thus far, the only mechanism shown  to be instrumental in the targeting of CHH 
methylation in plants is the RNAi-directed DNA methylation pathway (Law and 
Jacobsen 2010). By examining the transgenerational stability of ddm1-induced 
hypomethylation in 56 TEs and repeats, Teixeira et al., (Teixeira, Heredia et al. 2009) 
have shown that after several backcrosses of ddm1 to wild-type, remethylation occurred 
in only a subset of heavily methylated repeats targeted by the RNAi machinery. This 
suggests that the RNAi machinery is responsible for restoring only a portion of the 
methylation.  Our analyses of the genome-wide methylomes of drd1 and rdr2 support 
this finding and identify the targets of RdDM as short TEs and TE-edges, sites that 
generally are depleted of nucleosomes.  By contrast, most of the remaining CHH sites, 
found in TE bodies, are targeted for methylation by DDM1 in a RNAi-independent way.  

 A genome-wide nucleosome positioning analysis in Arabidopsis found 
nucleosomal DNA to be more highly methylated than flanking DNA (Chodavarapu, Feng 
et al. 2010). These results indicated that nucleosome positioning may influence DNA 
methylation patterns throughout the genome and that DNA methyltransferases 
preferentially target nucleosome-bound DNA. However, our data show that DNA 
methylation is also very efficiently targeted by DRD1 and smRNAs in nucleosome-
depleted DNA. Furthermore, we found RdDM methylation activity to negatively correlate 
with nucleosome enrichment. In conclusion, we find that in plants, nucleosomes can 
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have both positive as well as negative effects on targeting DNA methylation to TEs, 
depending on the targeting system.  

 A previous genome-wide analysis of DNA methylation in Arabidopsis using a 
tiling microarray suggested that genes are insulated from DDM1-mediated 
heterochromatic DNA methylation (Lippman, Gendrel et al. 2004). This early study 
included only 1% of the Arabidopsis genome and had a low resolution of 1 kb per probe. 
In our study, using single base resolution methylation data for the entire genome, we 
found that DDM1 is  required for methylating genes, as well as TEs. In ddm1, the 
presence of CG gene body methylation was found to be reduced globally at all typically 
methylated genes, and the ectopic appearance of non-CG methylation was found in the 
bodies of some genes. Interestingly, both met1 and ibm1 mutants have also been 
shown to exhibit an increase in non-CG methylation in the bodies of some genes 
(Jacobsen and Meyerowitz 1997; Cokus, Feng et al. 2008; Lister, O'Malley et al. 2008; 
Miura, Nakamura et al. 2009; Inagaki and Kakutani 2010). It has been hypothesized that 
the hypermethylations found in these three mutants might be caused by the same 
mechanism; specifically, the decreases in DNA methylation in and depression of TEs in 
both met1 and ddm1 might lead to a titration of IBM1 protein from genic to TE 
sequences, similar to though less severe than the loss of IBM1 caused by the ibm1 
mutant itself, leaving genes without a means of adequately pruning H3K9me2e 
sequences (Miura, Nakamura et al. 2009; Inagaki and Kakutani 2010). Here we present 
several lines of evidence that suggests that this is unlikely. While the CHG 
hypermethylation of genes in both ibm1 and ddm1 are associated with the presence of 
CG methylation in WT, the hypermethylation in the met1 mutant does not. Additionally, 
the non-CG hypermethylation in ibm1 and ddm1 mutants exhibit distinct distribution 
patterns across the bodies of genes, with hypermethylation showing preferences for the 
beginning and ends of genes, respectively. Taken together with the facts that double 
mutants of ddm1 and various RNAi components abolish this non-CG hypermethylation 
in genes, while ibm1drd1 mutants do not, these results suggest that the 
hypermethylation phenomena in met1, ibm1 and ddm1 are the result of distinct 
mechanisms. 

4.5 Material and Methods 

 Biological materials. Genomic DNA was purified from mature rosette and 
cauline leaves of 6 week-old plants grown on soil under 16h light/ 8h dark in 
greenhouse conditions. Total RNA was purified from Arabidopsis roots (28 days post 
germination) grown in MS media under 16h light/ 8h dark at 25 degrees Centigrade 
(RNA). The ddm1-2, met1-6, rdr2-1, and ago4-1 mutant lines were described previously 
(Jeddeloh, Stokes et al. 1999; Xiao, Gehring et al. 2003; Zilberman, Cao et al. 2003; 
Xie, Allen et al. 2005). The drd1 mutant (GABI_503F06) was obtained from the GABI-
KAT collection (Kleinboelting, Huep et al. 2012). GABI_503F06 has a T-DNA insertion 
within predicted exon 3 (after nucleotide 1,318 from ATG of the genomic DNA) of DRD1 
(At2g16390). The ibm1 (ibm1-6) line was obtained from the SALK collection 
(SALK_006042). 
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 Bisulfite sequencing. Bisulfite conversion, Illumina library construction and 
sequencing were performed exactly as described in (Zemach, Kim et al. 2010).  

 RNA-Seq library preparation. RNA-Seq library construction and Illumina 
sequencing were performed exactly as described in (Zemach, McDaniel et al. 2010). 

 MNase-seq library preparation. Arabidopsis roots (1 g) were ground in liquid 
nitrogen, resuspended in 20 ml of HBM buffer (25mM Tris, pH 7.6, 0.44M Sucrose, 10 
mM MgCl2, 2 mM spermine and 0.1% Triton X-100), homogenized using a polytron, 
filtered through a miracloth, transferred to a 30 ml round bottom glass tube, centrifuged 
at 2000g (40C) for 10 min and resuspended in 1 ml HBB buffer (25mM Tris, pH 7.6, 
0.44M Sucrose, 10 mM MgCl2 and 0.1% Triton X-100). Nuclei were further spun down 
at 200g, 40C for 2 min and resuspended in 1ml TNE buffer (10 mM Tris, pH 8.0, 100 
mM NaCl and 1 mM EDTA). MNase digestion was done with 4 ul of 1 M CaCl2 and 1ul 
of diluted (1/20) MNases (200ul/ml; Sigma #N-3755) per 100 ul of pellet nuclei.  Nuclei 
were then divided into several tubes and the digestion reaction was stopped every 45 
sec with 10mM EDTA. Digested nuclei were spin down at maximum speed at 40C, for 5 
min and soluble released nucleosomes were collected from the supernatent. Following 
RNaseA and proteinaseK digestion, DNA was purified using phenol/chloroform 
methodology. The purified DNA sample was run on a 2% agarose gel, and the digested 
samples with the most enriched intact mononucleosomes were chosen; bands 
corresponding to ~150 bp were cut and purified with a Gel Purification kit (Qiagen). 
Illumina libraries were constructed and sequenced at the UC Berkeley Genomic 
Sequencing Laboratory, generating paired ends (SE) 36 base reads. 

 Sequence analysis. We used a mixture of paired ends (PE) and single ends 
(SE) Illumina sequencing datasets for bisulfite sequencing exactly as described in 
(Hsieh, Ibarra et al. 2009) and (Zemach, Kim et al. 2010), respectively.  

 Genome annotation. For TEs, we used TAIR8 annotations with the following 
modifications: we removed TEs with less than 5% of CG methylation in wild-type cells 
and smaller than 30 bases. Also, we merged overlapped and sequential TEs 
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