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SUMMARY

DNA methylation and histone H1 mediate transcrip-
tional silencing of genes and transposable elements,
but how they interact is unclear. In plants and ani-
mals with mosaic genomic methylation, functionally
mysterious methylation is also common within
constitutively active housekeeping genes. Here, we
show that H1 is enriched in methylated sequences,
including genes, of Arabidopsis thaliana, yet this
enrichment is independent of DNA methylation.
Loss of H1 disperses heterochromatin, globally
alters nucleosome organization, and activates H1-
bound genes, but only weakly de-represses
transposable elements. However, H1 loss strongly
activates transposable elements hypomethylated
through mutation of DNA methyltransferase MET1.
Hypomethylation of genes also activates antisense
transcription, which is modestly enhanced by H1
loss. Our results demonstrate that H1 and DNA
methylation jointly maintain transcriptional homeo-
stasis by silencing transposable elements and aber-
rant intragenic transcripts. Such functionality plau-
sibly explains why DNA methylation, a well-known
mutagen, has been maintained within coding se-
quences of crucial plant and animal genes.

INTRODUCTION

Cytosine DNAmethylation is an epigenetic modification that pro-

tects genome integrity by repressing transposable elements

(TEs) in plants, vertebrates, fungi, and likely other eukaryotic

groups (Du et al., 2015; Jones, 2012; Zemach and Zilberman,

2010). Methylation of regulatory sequences, such as promoters

and enhancers, also causes gene silencing in plants and verte-

brates (Hon et al., 2013; Jones, 2012; Sch€ubeler, 2015; Zhang

et al., 2018a). Proper patterns of DNA methylation are essential

for plant and animal development (Iurlaro et al., 2017; Kawa-

shima and Berger, 2014; Schmidt et al., 2015; Smith and Meiss-

ner, 2013), and their disruption is linked with cancer and other
serious diseases (Jones et al., 2016; Rasmussen and Helin,

2016; Robertson, 2005).

Despite its association with transcriptional repression, DNA

methylation is common within active genes (Bewick and

Schmitz, 2017; Feng et al., 2010; Jones, 2012; Zemach et al.,

2010). Vertebrate intragenic methylation occurs in the context

of a globally methylated genome, in which methylation is the

default state and some sequences, including active promoters

and enhancers, are protected from methylation (Sch€ubeler,

2015; Suzuki and Bird, 2008). Mammalian genes are co-tran-

scriptionally hypermethylated by the de novo methyltransferase

Dnmt3 (Baubec et al., 2015; Morselli et al., 2015; Neri et al.,

2017), and, likely due to this activity, mammalian intragenic

methylation is positively correlated with gene expression (Lister

et al., 2009; Yang et al., 2014). Several functions have been

ascribed to mammalian intragenic methylation, including the

silencing of intragenic promoters and enhancers (Deaton et al.,

2011; Hellman and Chess, 2007; Kulis et al., 2012; Maunakea

et al., 2010; Yang et al., 2014), regulation of splicing (Lev Maor

et al., 2015; Maunakea et al., 2013; Shukla et al., 2011), and sup-

pression of aberrant transcripts (Neri et al., 2017). However, the

latter function has been questioned, because strong DNA

methylation loss in mouse embryonic stem cells was not associ-

ated with activation of intragenic transcription (Teissandier and

Bourc’his, 2017).

In contrast to vertebrates, plant and invertebrate genomes

usually have mosaic methylation patterns, with specific se-

quences targeted for methylation (Sch€ubeler, 2015; Suzuki and

Bird, 2008). In flowering plants, TEs and gene bodies are prefer-

entially methylated (Bewick and Schmitz, 2017; Lister et al.,

2008; Takuno and Gaut, 2013; Zemach and Zilberman, 2010).

TEs are affected by multiple pathways that mediate methylation

in three sequence contexts (CG, CHG, and CHH, where Hs G),

whereas only CG sites aremethylated in genes (Feng et al., 2010;

Zemach et al., 2010; Zhang et al., 2018a). Invertebrates preferen-

tially or exclusively methylate gene bodies, and essentially all

methylation is in the CG context (Bewick et al., 2017; Dixon

et al., 2016; Feng et al., 2010; Suzuki et al., 2007; Zemach

et al., 2010). Plant and invertebrate intragenic methylation is

not directly linked to transcription but is instead a largely

invariant genomic feature that decorates the same sets of genes

across developmental stages and tissues (Bartels et al., 2018;

Libbrecht et al., 2016; Suzuki et al., 2013; Harris et al., 2019).
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Figure 1. Histone H1 Is Enriched in Methylated DNA Independently of Methylation

(A) Average H1.1 distribution around well-positioned nucleosomes.

(B) Average H1.1, predicted H1, and CG methylation (mCG) levels are plotted in 50-kb windows along Arabidopsis chromosome 4.

(C) Boxplots of H1.1 levels in heterochromatic TEs (hTEs), euchromatic TEs (eTEs), and genes. Genes with TE-like methylation are excluded from this and all other

analyses. The shaded area marks the middle 50% of genomic H1.1 levels.

(D) H1.1 distribution around genes with different expression levels.

(E) Boxplots of H1.1 abundance and predicted H1 abundance inmethylated (m) and unmethylated (u) genes inWT andmet1 plants. Genes with expression below

the 30th percentile (0.5 rpkm; reads per kilobase per million mapped reads) were classified as low expression, those between the 30th and 70th percentile (0.5–8

rpkm) as intermediate expression, and those above the 70th percentile (above 8 rpkm) as high expression. Methylated genes overlap defined gbM regions.

**p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test.

(F) Heatmaps of indicated chromatin features and expression in MET1-independent and dependent hTEs. hTEs in each group are sorted by average H1 loss in

met1 compared to WT.

(G) Average H1.1 levels of 1-kb windows in WT and met1. 1,000 windows were randomly selected for plotting. r is Pearson’s correlation coefficient.

(legend continued on next page)
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This phenomenon, commonly called gene body methylation

(gbM), is concentrated in the exons of evolutionarily conserved,

stably and constitutively expressed genes, and is maintained by

the methyltransferase Dnmt1 (called MET1 in plants) (Bewick

and Schmitz, 2017; Bewick et al., 2019; Cokus et al., 2008; Dixon

et al., 2016; Lister et al., 2008; Sarda et al., 2012; Takuno and

Gaut, 2012, 2013; Zemach and Zilberman, 2010). gbM has

been proposed to regulate splicing and transcriptional elonga-

tion and suppress intragenic transcriptional initiation (Hunt

et al., 2013; Regulski et al., 2013; Suzuki et al., 2007; To et al.,

2015; Tran et al., 2005; Zilberman et al., 2007). However, loss

of gbM in the flowering plant Arabidopsis thaliana and the insect

Oncopeltus fasciatus is not associated with transcriptional

changes (Bewick et al., 2016, 2019; Kawakatsu et al., 2016),

and gbM is commonly thought to be a nonfunctional byproduct

of TE methylation (Bewick and Schmitz, 2017; Bewick et al.,

2016; Teixeira and Colot, 2009). Overall, the functions of

gbM—if any exist—remain mysterious (Zhang et al., 2018a; Zil-

berman, 2017).

A potential explanation for the mystery and controversy sur-

rounding gbM, and intragenic methylation in general, is that its

function is subtle and shared with other chromatin factors. This

hypothesis was tested in the flowering plant Arabidopsis thaliana

by simultaneously eliminating gbM and trimethylation of lysine 36

of histone H3, a histone modification that suppresses cryptic

intragenic transcripts and regulates splicing (Carrozza et al.,

2005; Wagner and Carpenter, 2012), but no transcriptional or

RNA processing defects attributable to gbM were found (Bewick

et al., 2016). A plausible alternate candidate is histone H1, a

protein that binds nucleosomes and the intervening linker DNA

(Fyodorov et al., 2018; Hergeth and Schneider, 2015; Over and

Michaels, 2014). Like methylation, H1 is associated with tran-

scriptional silencing but is nevertheless abundant in active plant

and animal genes (Krishnakumar et al., 2008; Rutowicz et al.,

2015; Torres et al., 2016). There is also evidence that H1preferen-

tially inhibits transcriptional initiation frommethylatedDNA in vitro

(Johnson et al., 1995; Levine et al., 1993). Thesedata suggest that

H1 and DNA methylation may act cooperatively, including within

gene bodies. However, whether H1 affinity is regulated by DNA

methylation is uncertain, with some studies finding preferential

association with methylated DNA (Levine et al., 1993; McArthur

and Thomas, 1996) and others reporting no preference (Campoy

et al., 1995; Hashimshony et al., 2003; Nightingale and Wolffe,

1995). More generally, if and how H1 interacts with methylation

in vivo to regulate transcription is unknown.

RESULTS

Histone H1 Is Enriched in Methylated DNA
Independently of Methylation
To investigate the functional relationship between DNA methyl-

ation and H1, we analyzed the genomic distribution of the two
(H) Principal-component analysis of H1.1, H1.2, histone H3 lysinemodifications, h

(gc), and gene expression (exp).

(I) Linear model prediction of H1 distribution around the transcriptional start sites

(J) Example of actual H1.1 and predicted H1 distribution at gene-body methylate

Whiskers indicate 1.53 interquartile range (IQR) (C and E). See also Figure S1 an
major Arabidopsis H1 proteins, H1.1 and H1.2 (Over and

Michaels, 2014). Consistent with earlier work (Rutowicz et al.,

2015), we did not find any salient differences between H1.1

andH1.2 (Figure S1A) and therefore will refer simply to H1. As ex-

pected, H1 preferentially associates with linker DNA (Figures 1A

and S1B), is concentrated in heavily methylated heterochromatic

TEs (Figures 1B, 1C, and S1C; Table S1), and is abundant within

genes, particularly those with low/no expression (Figures 1D and

S1D). H1 is also enriched in methylated genes compared to

similarly expressed unmethylated genes (Figures 1E and S1E).

Thus, H1 is preferentially associated with methylated DNA in

Arabidopsis.

To determine if DNA methylation affects H1 binding, we

analyzed H1 distribution in met1 mutant plants. The met1 muta-

tion eliminates CG methylation, which includes the entirety of

gbM (Cokus et al., 2008; Lister et al., 2008). Many TEs also

lose non-CGmethylation and dimethylation of lysine 9 of histone

H3 (H3K9me2), a mark of heterochromatin (Feng and Michaels,

2015) and become more accessible to DNase I (MET1-depen-

dent TEs, which have significantly reduced H3K9me2 in met1

[p < 0.05]; Figure 1F) (Deleris et al., 2012; Zhang et al., 2018b).

We find that H1 distribution is well correlated between wild

type (WT) and met1 (Figures 1B, 1C, 1F, 1G, S1C, and S1F).

Genes methylated in WT retain higher levels of H1 inmet1 plants

(Figures 1E and S1E), as do heterochromatic TEs (Figures 1C

and S1C). Therefore, H1 binding is largely independent of DNA

methylation. However, some TEs do lose H1 in met1 mutants,

particularly MET1-dependent TEs that are transcriptionally acti-

vated (Figures 1F and S1G).

To determine how H1 distribution is regulated, we analyzed

H1 association with various genomic features using principal-

component analysis. H1 associates most strongly with GC

content (Figure 1H) independently of nucleosome density (Fig-

ure S1H). The preference for high GC content is similar to that

of some mammalian H1 subtypes (Millán-Ariño et al., 2014;

Torres et al., 2016). Methylated genes have elevated GC con-

tent (Figure S1I), which likely explains their H1 enrichment (Fig-

ures 1E and S1E). H1 also associates with heterochromatic

features, including DNA methylation and H3K9me2, along the

first principal component (Figure 1H), and is well separated

from features of active transcription (such as H3K4me3; Fig-

ure 1H). Based on these results, we used GC content and

WT H3K9me2 and H3K4me3 data to create a linear regression

model of H1 abundance. This model accurately describes WT

H1 distribution across genes and TEs (Figures 1B, 1F, 1I, 1J,

and S1J–S1L), including H1 enrichment in methylated genes

(Figures 1E and S1K). More importantly, our model successfully

predicts met1 H1 distribution (Figures 1B, 1E, 1F, 1J, and S1J–

S1L), including the loss of H1 from a subset of MET1-depen-

dent (i.e., heterochromatin-deficient) TEs (Figures 1F and

S1G). Thus, H1 enrichment can largely be explained by

sequence composition, transcription, and heterochromatin,
istone variant H2A.W, DNAmethylation (mCG,mCHG, andmCHH), GC content

(TSS) of genes in comparison to actual H1.1 distribution.

d genes in WT and met1.

d Table S1.
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Figure 2. Loss of H1 Alters Nucleosome

Organization

(A) Nucleosome repeat length (NRL) calculations

for two biological replicates at genes grouped by

their expression in WT. Phasograms and linear

regressions for the positions of nucleosome

peaks at the genes with lowest expression

(shaded area) are in Figure S2A.

(B and E) NRL calculations for two biological

replicates at genes (B) and TEs (E) grouped by H1

enrichment.

(C and F) Phasograms and linear regressions for

the positions of nucleosome peaks at H1-rich

genes (C) and TEs (F).

(D) NRL calculations for two biological replicates

at TEs grouped by their H3K9me2 level in WT.

Phasograms and linear regressions for the posi-

tions of nucleosome peaks at H3K9me2-rich TEs

(shaded area) are in Figure S2B.

Error bars indicate SE (A, B, D, and E). See also

Figure S2.
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whereas DNA methylation has little if any direct effect on H1

binding.

Histone H1 Mediates Global Nucleosome Organization
The distribution of Arabidopsis H1 (heterochromatin > silent

genes > active genes; Figures 1B–1D) corresponds to an

unexplained phenomenon in the human genome, in which

genes expressed at higher levels have shorter average

nucleosome repeat length (NRL) than less expressed genes,

which have shorter average NRLs than heterochromatin (Va-

louev et al., 2011). Because loss of H1 is known to reduce

the average NRL in animal genomes (Baldi et al., 2018; Fan

et al., 2003; Woodcock et al., 2006), we tested the hypothesis

that H1 causes the observed NRL differences by comparing

nucleosome spacing between plants with defective H1.1

and H1.2 genes (h1 mutants) (Zemach et al., 2013) and WT

controls.

As in the human genome, Arabidopsis genes expressed at

higher levels have shorter average NRL in WT (Figure 2A). The

NRL of less-expressed, H1-rich genes decreases substantially

in h1 mutants (Figures 2A–2C and S2A). In the most H1-rich

genes, mean NRL is reduced from 185 bp to 169 bp (Figures

2B and 2C), which is consistent with the ability of H1 to protect

about 20 bp of DNA in vitro (Simpson, 1978). Consistent with

published results (Zhang et al., 2015), we find that heterochro-

matic TEs have longer average NRLs than more euchromatic

TEs (Figure 2D), with the longest NRLs in the most H1-rich TEs

(Figure 2E). Loss of H1 reduces mean NRL of H1-rich TEs by

22 bp (from 189 bp to 167 bp), causing TEs in h1 mutants to

have similar NRLs regardless of their WT H1 levels (Figures 2E,

2F, and S2B). The average NRLs of TEs and silent genes are

also very similar in h1 plants (Figure S2C). Thus, H1 is an impor-

tant global regulator of nucleosome placement that accounts for

much of the average NRL difference across the Arabidopsis

genome.
4 Molecular Cell 77, 1–14, January 16, 2020
Loss of H1 Activates Transcription and Disperses
Heterochromatin
Histone H1 mediates gene silencing (Fyodorov et al., 2018;

Krishnakumar et al., 2008; Torres et al., 2016) and the 3D config-

uration of heterochromatin (Cao et al., 2013; Lu et al., 2009) in

animals, but the effects of H1 on transcription and higher-order

chromatin organization in plants are unclear. To understand

how H1 regulates transcription, we determined mRNA levels us-

ing RNA sequencing (RNA-seq) in h1 mutants in comparison to

WT. Most of the significantly misregulated genes in leaves and

seedlings (624/933 [67%]) are upregulated in h1 plants (Figures

3A and 3B; Table S2). These genes are H1 enriched and are tran-

scribed at low levels in WT (Figures 3C–3F and S3A), indicating

that H1 can repress gene transcription in plants. However, given

that H1 is generally abundant in Arabidopsis genes (Figures 1C

and 1D), its effects on transcription are fairly selective, as is the

case in animals (Fan et al., 2005). Several Gene Ontology func-

tional categories are overrepresented among the upregulated

genes, most notably categories related to environmental re-

sponses (Figure S3B; Table S2).

In WT Arabidopsis, heterochromatin is arranged into large

DAPI-stained foci called chromocenters (Figures 4A and S4A)

(Ascenzi and Gantt, 1999; Fransz et al., 2002). We find that

consistent with recent reports (He et al., 2019; Rutowicz et al.,

2019), h1 mutant nuclei typically have few chromocenters and

many smaller DAPI-stained foci (Figures 4A, 4B, and S4A), indi-

cating that the role of H1 in heterochromatin organization is

generally conserved. However, despite the dispersal of chromo-

centers, only 18 TEs are significantly upregulated in h1 plants

(Table S2). An important consideration is that H1 is a major regu-

lator of Arabidopsis DNA methylation: depletion of H1 increases

methylation of some TEs in all sequence contexts and reduces

methylation of other TEs (Lyons and Zilberman, 2017; Rutowicz

et al., 2015; Wierzbicki and Jerzmanowski, 2005; Zemach et al.,

2013). Most of the upregulated TEs are hypomethylated in h1
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Figure 3. Loss of H1 Activates H1-Rich

Genes

(A) Number of up- and downregulated genes in h1

plants versus WT.

(B) Heatmaps of respective gene expression fold

change versus WT in h1 plants in leaves (L) and

seedlings (S). Adjusted p values for the expression

change are shown.

(C) Boxplots of WT H1 levels in genes upregulated

(up), downregulated (dn), and unchanged (control;

ct) in h1 plants. a, b, and c indicate significant

differences (p < 0.01; ANOVA). Whiskers indicate

1.53 IQR.

(D) Distribution of H1.1 around control abd up- and

downregulated genes. Shaded areas represent

95% confidence intervals.

(E) Violin plots of gene expression in WT plants for

control (ct) and up- (up) and downregulated (dn)

genes in (A).

(F) Example genes transcriptionally activated in h1

plants. The dashed red line indicates average H1

level at genes.

See also Figure S3 and Table S2.
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mutants (Figures 4C–4E and S4B), suggesting that some of the

observed activation is not directly caused by H1 depletion.

Furthermore, heterochromatin does not become substantially

more accessible to DNase I in h1 mutants (Figure 4F). Thus,

although heterochromatin is altered (Figures 2D–2F) and

dispersed (Figures 4A, 4B, and S4A) by lack of H1, heterochro-

matic functionality remains largely intact.

DNA Methylation and H1 Jointly Silence TEs
Limited TE activation in h1 plants (He et al., 2019; Rutowicz et al.,

2019) contrasts with the extensive TE upregulation in H1-defi-

cient Drosophila melanogaster (Iwasaki et al., 2016; Lu et al.,

2013) but is similar to the effects of H1 depletion on mouse cells,

which show few changes in TE expression (Fan et al., 2005). TEs

are silenced by DNAmethylation in mouse and Arabidopsis (Law

and Jacobsen, 2010), whereas Drosophila lacks cytosine

methylation (Raddatz et al., 2013; Zemach et al., 2010), suggest-

ing that the effects of H1 loss may bemasked by methylation. To

test this hypothesis, we investigated TE expression in h1met1

compound mutants and met1 controls.

Because H1 can locally raise or lower DNA methylation (Ruto-

wicz et al., 2015; Zemach et al., 2013), we first identified active

TEs with unchanged CHG and CHH methylation near the tran-

scriptional start site (TSS) between met1 and h1met1, which

turned out to be mostly TEs that are fully demethylated in both

genotypes (Figures 5A, 5B, and S5A; Table S3). Unsupervised

clustering separated these TEs into two groups, both of which

become much more accessible to DNase I in met1 and remain

so in h1met1 (Figures 5A and S5B). The larger group (nc; 272

TEs) is expressed similarly inmet1 and h1met1 (Figure 5A). How-

ever, the smaller group of TEs (up1; 134) is strongly upregulated

in h1met1 (Figures 5A and S5C). These TEs are significantly
H1-enriched in met1 compared to TEs with unchanged expres-

sion, especially around the TSS (Figures 5C, 5D, and S5D).

These TEs are thus apparently transcriptionally repressed by

H1 and DNA methylation. Loss of methylation alone leads to

mild activation and locus accessibility, but loss of both methyl-

ation and H1 is required to create a highly active state (Figures

5A and S5B).

Analysis of TEs with altered TSS-proximal CHG or CHH

methylation produced three groups, all of which maintain

robust non-CG methylation in met1 and h1met1 (Figure 5E;

Table S3). All three groups are more accessible to DNase I in

h1met1 than in met1 (Figures 5E and S5B), indicating that

loss of H1 increases the accessibility of partially demethylated

sequences. The first group (up2) is composed of 63 TEs upre-

gulated and hypomethylated in h1met1 compared to met1 (Fig-

ures 5E and S5E). The second group (dn) consists of 147 TEs

downregulated and hypermethylated in h1met1 (Figures 5E

and S5F). Thus, both groups are likely differentially expressed

between met1 and h1met1 due to changes in DNA methylation.

However, the third and largest group (up3; 159 TEs) is upregu-

lated in h1met1 despite substantial non-CG hypermethylation

(Figures 5E, 5F, and S5G). Compared to the dn group, these

TEs are significantly H1 enriched (Figures 5G, 5H, and S5D).

TEs in the up3 group, like those in group up1 described above,

are mildly activated in met1 and require loss of H1 for strong

expression (Figure 5E). These data indicate that DNA methyl-

ation and H1 jointly silence TEs.

DNA Methylation and H1 Jointly Suppress Intragenic
Antisense Transcripts
The ability of H1 and DNA methylation to jointly repress tran-

scription, and enrichment of H1 within methylated genes
Molecular Cell 77, 1–14, January 16, 2020 5
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Figure 4. Loss of H1 Disperses Heterochro-

matin and Weakly Activates TEs

(A) Nuclei of WT and h1 plants stained with DAPI.

DAPI puncta volumes are highlighted in yellow.

(B) Number per nucleus and volume of DAPI puncta

in WT and h1 plants. Note that blurred chromo-

center boundaries in h1 mutants cause some to be

assigned very large volumes. The number of nuclei

(left) and DAPI puncta (right) used to generate the

data are indicated. Error bars indicate SE.

(C) Heatmaps of expression in leaves (L) and

seedlings (S) for activated TEs in h1 plants, with

corresponding false discovery rate (FDR) (h1 versus

WT) and TSS-proximal DNA methylation change of

TEs in h1 plants versus WT. p value for methylation

change was calculated with Fisher’s exact test.

(D) Examples of upregulated TEs in h1 plants. Note

DNA methylation loss near TSS (highlighted in

yellow).

(E) An example of upregulated TE in h1 plants

without DNA methylation loss near TSS (highlighted

in yellow).

(F) Boxplots of DNA accessibility of hTEs, eTEs, and

genes in WT and h1. Whiskers indicate 1.53 IQR.

See also Figure S4 and Table S2.

Please cite this article in press as: Choi et al., DNA Methylation and Histone H1 Jointly Repress Transposable Elements and Aberrant Intragenic Tran-
scripts, Molecular Cell (2019), https://doi.org/10.1016/j.molcel.2019.10.011
(Figure 1E), are consistent with the possibility that methylation

and H1 act together to reduce aberrant intragenic transcripts,

a long-hypothesized function of gbM (Tran et al., 2005; Zilber-

man et al., 2007). To test this hypothesis, we identified anti-

sense intragenic transcripts with significantly altered expres-

sion in h1, met1, and h1met1 mutants in comparison to WT

within two independent sets of RNA-seq data derived from

seedlings and leaves, respectively. We identified only 56 misre-

gulated transcripts in h1 seedlings and 8 in h1 leaves (Figures

6A and S6A), precluding further analysis. We found many

more misexpressed antisense transcripts in met1 seedlings

(351) and leaves (386) and more in h1met1 seedlings (1000)

and leaves (541), indicating that loss of CG methylation has a

strong influence on antisense expression (Figures 6A and

S6A; Table S4).

We next separated antisense transcripts for which the change

in expression is positively correlated with the sense transcript

from those with an absent or negative correlation (some anti-

sense transcripts were ambiguously correlated and therefore

were removed from this analysis). A positive correlation suggests
6 Molecular Cell 77, 1–14, January 16, 2020
that antisense expression is altered due to

increased or decreased overall transcrip-

tional activity at the locus, whereas uncor-

related or negatively correlated antisense

transcription must be regulated differently.

In met1 and h1met1 plants, negatively or

uncorrelated (0/�) upregulated antisense

transcripts initiate from methylated DNA

more frequently than positively correlated,

downregulated, or unchanged transcripts

in seedlings and leaves (Figures 6B–6F

and S6B–S6F). This result suggests that

antisense expression is activated by
methylation loss, supporting the hypothesis that gbM sup-

presses antisense transcription.

There are two interesting features of our data regarding upre-

gulated 0/� antisense transcripts. First, the seedling h1met1 da-

taset is an outlier, with approximately one order of magnitude

more upregulated 0/� transcripts than the other three datasets

(Figures 6B–6E and S6B–S6E). Second, the overlaps between

datasets are generally modest, and overlaps within genotype

but between tissues are much smaller that the overlaps between

met1 and h1met1 within a tissue (Figure 6G). However, despite

the large differences in the numbers of identified upregulated

0/� transcripts within datasets and the modest overlaps be-

tween genotypes and (especially) tissues, the overrepresenta-

tion of transcripts that initiate in methylated DNA is remarkably

similar across all four datasets (Figures 6B–6E and S6B–S6E).

This indicates that the seedling h1met1 upregulated 0/� tran-

scripts are not simply false positives. Instead, each dataset is

apparently subsampling a much larger phenomenon, with sub-

sampling caused by our limited ability to detect misregulated

transcripts.
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Figure 5. DNA Methylation and H1 Jointly Silence TE Expression

(A and E) Expression, TSS-proximal DNA methylation, and DNA accessibility of hTEs in WT, met1, and h1met1 plants. TEs with unchanged TSS non-CG

methylation in h1met1 compared tomet1 are shown in (A), and TEswith altered non-CGmethylation at the TSS are shown in (E). Transcript permillion countswere

normalized so that average expression for each TE across all samples is 0, and expression variation across all samples has an SD of 1.

(B and F) Average CHGandCHHmethylation around TEs in the up1 (B) and up3 (F) clusters. Methylation from the TSS-proximal regions shaded in yellow is shown

in (A) and (E).

(C and D) Boxplots ofmet1H1 abundance (C) and H1 distribution (D) in TEs in the nc and up1 clusters from (A). H1 from the TSS-proximal region shaded in yellow

in (D) is shown in (C). ****p < 0.0001, Student’s t test.

(G and H) Boxplots ofmet1H1 abundance (G) and H1 distribution (H) in TEs in the dn and up3 clusters from (E). H1 from the TSS-proximal region shaded in yellow

in (H) is shown in (G). *** is p < 0.001, Student’s t test.

(C and G) Whiskers indicate 1.53 IQR. (B, D, F, and H) Shaded areas represent 95% confidence intervals.

See also Figure S5 and Table S3.
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In support of the above conclusion, we find that antisense

transcription tends to behave similarly in met1 and h1met1 (Fig-

ures 6H and S6G). Of particular interest, transcripts that are

significantly upregulated only in met1 or h1met1 are usually

also activated to some extent in the other genotype (Figures

6H and S6G), demonstrating that we are unable to detect

many and likely most of the antisense transcripts that are misre-

gulated in met1 and h1met1 plants. We also find that there are

more upregulated 0/� transcripts in h1met1 than in met1 seed-

lings and leaves (Figures 6B–6E and S6B–S6E), suggesting that

as with TEs, loss of H1 can hyperactivate antisense transcripts

that are released from silencing by elimination of intragenic

methylation.

To further analyze the link between gbMand antisense expres-

sion, we separated all misregulated antisense transcripts

(regardless of their correlation with the sense transcript) into

those that initiate from unmethylated or methylated DNA. Tran-

scripts that are misregulated in h1met1 and initiate from methyl-

ated DNA are significantly upregulated compared to transcripts

that initiate from unmethylated DNA in seedlings and leaves (Fig-

ure 6I). These transcripts also show a similar pattern inmet1 (Fig-

ure 6I), and transcripts that are misregulated in met1 show this

pattern in met1 and h1met1 leaves and seedlings (Figure S6H).

Note that methylated transcripts initially detected in h1met1

show weaker activation in met1 (Figure 6I), but transcripts de-

tected inmet1 show similar (leaf) or stronger (seedling) activation
in h1met1 (Figure S6H), consistent with the hypothesis that loss

of H1 enhances the expression of antisense transcripts activated

by DNA demethylation.

Antisense transcripts are generally expressed at much lower

levels than sense transcripts (Figure S6I), which may reduce

the precision of transcript annotation. To assess the quality of

our annotation, we used the DECAP-seq technique that enriches

for 50 capped ends of mRNA and has been used for TSS annota-

tion (Neri et al., 2017). The DECAP-seq data strongly correspond

with annotated sense TSSs (Figure 7A) and also correspond well

with our antisense TSS annotation (Figure 7B), demonstrating

that this annotation is of good quality.

We also used DECAP-seq data as an independent measure-

ment of antisense transcription. First, we assessed the ratio of

antisense reads that correspond to methylated genic regions

versus unmethylated genic regions, with the control WT ratio

set to 1. We find that antisense reads are enriched in gbM re-

gions by 49% to 63% in met1 plants and 78% to 84% in

h1met1 plants (Figures 7C, S7A, and S7B), consistent with the

conclusion that loss of methylation activates antisense expres-

sion, which is boosted by the absence of H1.

We proceeded to identify methylated and unmethylated genic

regions that show significant changes in antisense DECAP-seq

expression in met1 and h1met1 compared to WT. Although we

detected many more differentially expressed unmethylated se-

quences (Figure 7D; Table S4), the methylated sequences are
Molecular Cell 77, 1–14, January 16, 2020 7
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Figure 6. DNA Methylation and H1 Jointly Suppress Intragenic Antisense Transcripts

(A) Number of differentially expressed antisense (AS) transcripts in h1, met1, and h1met1 plants.

(B and D) Heatmaps showing WT CG methylation at antisense TSS and expression of sense (S) and antisense transcripts in met1 (B) or h1met1 (D) seedlings.

(C and E) Boxplots of AS TSS-proximal WT CGmethylation levels of upregulated (up) and downregulated (dn) antisense transcripts either positively correlated (+)

or negatively/uncorrelated (0/�) with sense expression inmet1 (C) or h1met1 (E) seedlings. Data are also shown for unchanged (control; ct) antisense transcripts.

Magenta asterisks indicate the percentage of antisense TSS that overlap gbM. a, b, and c indicate significant differences; overlapping letters (i.e., ‘‘b’’ and ‘‘bc’’)

indicate that the difference is not significant (p < 0.01; ANOVA).

(F) WTWT CG methylation around antisense TSS of indicated groups from (E) with more than 100 transcripts. Shaded areas represent SE.

(G) Venn diagram showing the numbers of antisense transcripts in the up;0/� groups of each mutant and tissue.

(H) Heatmaps of WT CG methylation at antisense TSS, expression of sense and antisense transcripts compared to WT in h1, met1, and h1met1 seedlings, and

corresponding antisense expression p values for met1 and h1met1.

(I) Boxplot showing fold change of misregulated AS transcripts in h1met1 (mutant versus WT) plants. Antisense transcripts were grouped by the presence of

nearby gbM (�500 to 500 bp around the AS TSS). **p < 0.01, ****p < 0.0001, Student’s t test.

Whiskers indicate 1.53 IQR (C, E, and I). See also Figure S6 and Table S4.
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almost uniformly upregulated, especially in h1met1, whereas

antisense expression at unmethylated sequences changes in

both directions (Figures 7E and 7F). Consistent with our RNA-

seq analysis, we identified more upregulated methylated regions

in h1met1 than inmet1 (Figure 7D). Regions upregulated inmet1

are upregulated as strongly in h1met1 (Figure 7E), and regions

upregulated in h1met1 are also upregulated, but more weakly,

in met1 (Figure 7F). Taken together, our results strongly support

the hypothesis that DNA methylation and histone H1 jointly sup-

press aberrant intragenic transcription.

In addition tomet1 and h1met1, we performed DECAP-seq on

an individual plant homozygous for mutations in both H1 genes

but heterozygous for the met1 mutation (h1;met1+/�). We

generate h1met1 plants by crossing h1 homozygotes with

met1+/�, selecting triple heterozygous plants in the F1, and se-

lecting triple homozygous plants in the F2. We noticed that h1

and h1;met1+/� plants that segregate in the F2 of this cross can

have reduced gbM, probably as a result of the transient lack of
8 Molecular Cell 77, 1–14, January 16, 2020
MET1 during the haploid reproductive (gametophytic) stage of

the plant life cycle (Saze et al., 2003). We were able to identify

one such h1;met1+/� plant, which has substantially lower gbM

than WT (Figure S7C). DECAP-seq analysis of this plant allowed

us tocompare regionsof strongly reducedgbMto thosewithmod-

erate or no gbM loss (Figures S7D and S7E) in an individual with

relatively normal TE methylation compared to met1 mutants and

functional MET1 (Figure S7F). This analysis revealed that loci

with strong gbM loss have 63% more antisense reads than WT,

whereas loci with smaller gbM reduction are less enriched for anti-

sense reads, and loci with little or no gbM reduction show no

enrichment (Figures 7C, S7A, and S7B). This result confirms that

local loss of gbM activates intergenic antisense transcription.

DISCUSSION

DNA methylation and histone H1 are abundant and widely

conserved constituents of eukaryotic chromatin associated
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Figure 7. gbM Locally Suppresses Initiation of Antisense Transcription

(A) Distribution of TSS peaks around annotated genes (Araport11).

(B) Distribution of TSS peaks around antisense (AS) transcripts identified in Figure 6.

(C) GbM regions with more than 10% CG methylation were grouped by their gbM loss in h1;met1+/� (>90% loss, 90%–30% loss, and <30% loss). Ratios of

antisense DECAP-seq reads between gbM regions and all unmethylated genic regions are plotted, with the WT ratio set to 1. Error bars indicate SE.

(D) Numbers of gbM and unmethylated regions of genes that have significantly different DECAP-seq read abundance in met1 or h1met1 compared to WT.

(E and F) Fold change of DECAP-seq reads at gbM and unmethylated regions of genes in met1 and h1met1 compared to WT. Only significantly differentially

expressed regions shown in (D) are included for met1 versus WT (E) and h1met1 versus WT (F).

****p < 0.0001, Student’s t test. Whiskers indicate 1.53 IQR. See also Figure S7 and Table S4.
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with transcriptional inactivity (Fyodorov et al., 2018; Torres et al.,

2016; Zhang et al., 2018a), and their interactions have been of in-

terest for many years. There is now extensive evidence that H1

modulates DNA methylation pathways. Loss of H1 causes

genome-wide hypermethylation in ascomycete fungi (Barra

et al., 2000; Seymour et al., 2016) and reduces methylation at

specific loci in mouse (Fan et al., 2005; Geeven et al., 2015;

Maclean et al., 2011; Yang et al., 2013). In Arabidopsis, loss of

H1 reduces methylation of euchromatic TEs and increases

methylation of heterochromatic elements in all sequence con-

texts (Rutowicz et al., 2015; Zemach et al., 2013). H1 also im-

pedes DNA demethylation in Arabidopsis heterochromatin (He

et al., 2019). H1 hinders heterochromatic methylation by restrict-

ing the access of DNAmethyltransferases (Lyons and Zilberman,

2017) and likely interferes with demethylation in an analogous

way. The ability of H1 to globally influence nucleosome positions

in plants (Figure 2) and animals (Baldi et al., 2018; Fan et al.,

2003; Woodcock et al., 2006) suggests an additional regulatory

mechanism, because nucleosomes are substantial obstacles

to DNA methylation (Baubec et al., 2015; Huff and Zilberman,

2014; Lyons and Zilberman, 2017).

The effects of DNA methylation on H1 are far less established.

A number of studies evaluated whether H1 has preferential affin-

ity for methylated DNA in vitro but came to opposing conclusions

(Campoy et al., 1995; Hashimshony et al., 2003; Levine et al.,

1993; McArthur and Thomas, 1996; Nightingale and Wolffe,

1995). Our results show that H1 is enriched at methylated loci
in Arabidopsis, but this enrichment does not depend on DNA

methylation in vivo (Figure 1). Our data indicate that the regula-

tory relationship between H1 and DNA methylation is unidirec-

tional; H1modulates, but is not directly affected by, DNAmethyl-

ation. However, methylation indirectly influences H1 by, for

example, enforcing TE silencing (Figure 1F).

The complex relationship between H1 and DNA methylation

ultimately impinges on chromatin accessibility and transcription.

Our results indicate that H1 and DNAmethylation jointly maintain

heterochromatic TEs in an inaccessible and silent state (Figure 5).

Methylation is the more powerful repressor, as few TEs are acti-

vated in h1 mutants, and many of those that gain activity also

lose methylation (Figure 4). However, the role of H1 becomes

obvious when methylation is reduced, and in the absence of

CG methylation, loss of H1 can even overcome modest non-

CG hypermethylation to activate TEs (Figure 5E). These results

may explain why H1 depletion has a far more drastic effect on

TE activity in Drosophila (Iwasaki et al., 2016; Lu et al., 2013),

which lacks cytosine DNA methylation (Raddatz et al., 2013;

Zemach et al., 2010), than in mouse (Fan et al., 2005).

The silencing of transcription by methylation and H1 extends

to gene bodies (Figures 6 and 7). The function of gbM has been

extensively debated for over a decade. One line of argument is

that gbM reprogramming regulates development (Herb et al.,

2012), for example by modulating alternative splicing (Lyko

et al., 2010; Park et al., 2011). This idea is supported by devel-

opmental disruptions caused by erasure of methylation and/or
Molecular Cell 77, 1–14, January 16, 2020 9
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downregulation of DNA methyltransferases in species in which

methylation is exclusive or near exclusive to gene bodies (Be-

wick et al., 2019; Biergans et al., 2017; Kucharski et al.,

2008). However, in every species examined so far, gbM is

concentrated in constitutively expressed housekeeping genes

(Coleman-Derr and Zilberman, 2012; Dixon et al., 2016; Sarda

et al., 2012; Zilberman, 2017). These genes do not vary in

expression during development and thus are not good candi-

dates for differential alternative splicing or other developmental

regulation. There is also little evidence for substantial shifts in

gbM patterns during plant or animal development (Bartels

et al., 2018; Libbrecht et al., 2016; Suzuki et al., 2013; Harris

et al., 2019). Another argument is that gbM is a functionless

consequence of TE methylation (Bewick and Schmitz, 2017;

Bewick et al., 2016; Teixeira and Colot, 2009), motivated by

the inability to detect transcriptional or RNA processing

changes caused by genetic removal of gbM. This argument is

undermined by the well-established observation that methyl-

ation is mutagenic in plants and animals (Alexandrov et al.,

2013; Takuno and Gaut, 2013). The maintenance of DNA

methylation within the exons of some of the most conserved

and essential genes, especially in species that do not methylate

other sequences, implies a function that is important enough to

outweigh the costs of increased mutation rates (Hunt et al.,

2013; Takuno and Gaut, 2013).

The last line of argument is that developmentally invariant

methylation within housekeeping genes should have one or

more housekeeping functions (Zilberman, 2017). This is sup-

ported by observations of small overall drops in gene expres-

sion associated with evolutionary loss of gbM in plants (Muyle

and Gaut, 2019; Takuno et al., 2017). One housekeeping func-

tion, the inhibition of intragenic aberrant transcripts, was pro-

posed when gbM was first discovered (Tran et al., 2005).

Mechanisms to silence such transcripts have been described

in multiple species, indicating that this is an important feature

of transcriptional homeostasis (Carrozza et al., 2005; Kaplan

et al., 2003; Neri et al., 2017; Whitehouse et al., 2007). Here,

we provide the long-sought experimental evidence for this

gbM function. Our data show that in met1 and h1met1 plants,

approximately half of upregulated antisense transcripts that are

not correlated with sense expression initiate from methylated

DNA—far more than is expected by random chance (Figures

6B–6E and S6B–S6E). Conversely, antisense transcripts that

initiate from methylated DNA are preferentially upregulated in

met1 and h1met1 (Figures 6I, S6H, and 7C–7F). Hypomethy-

lated genes have increased antisense expression compared

to genes that retain methylation in the same plant (Figure 7C).

Taken together with the observed silencing of TEs by methyl-

ation and H1, the suppression of gene transcription by H1,

and the ability of H1 to associate with chromatin independently

of DNA methylation, our results strongly support the hypothesis

that H1 and DNA methylation jointly repress aberrant intragenic

transcripts in Arabidopsis. The strong similarities between gbM

patterns of plants and animals (Feng et al., 2010; Zemach et al.,

2010) and the abundance of H1 in animal genes (Cao et al.,

2013; Millán-Ariño et al., 2014) suggest that this function is gen-

eral and potentially universal among eukaryotes with intragenic

methylation.
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Chemicals, Peptides, and Recombinant Proteins

Protein G dynabeads Invitrogen Cat# 10003D

16% Formaldehyde (w/v), Methanol-free Thermo Scientific Cat# 28906; CAS: 50-00-0

Complete EDTA-free protease inhibitor cocktail Roche Cat# 11873580001

Proteinase K Thermo Cat# EO0492; CAS: 39450-01-6

DNase I New England Biolabs Cat# M03030S; CAS: 9003-98-9

DNA-free DNA removal kit Thermo Cat# AM1907

Ribo-zero plant kit Epicenter Cat# SSV21124; discontinued

RiboMinus plant kit Invitrogen Cat# A1083808

Antarctic phosphatase New England Biolabs Cat# M0289

50 pyrophosphohydrolase (RppH) New England Biolabs Cat# M0356

Thermopol buffer New England Biolabs Cat# B9004S

EpiTect Bisulfite kit QIAGEN Cat# 59104

Critical Commercial Assays

TruSeq Small RNA Library Prep Kit -Set A Illumina Cat# RS-200-0012

TruSeq Stranded Total RNA Library Prep Plant Illumina Cat# 20020610

Ovation RNA-Seq Systems 1–16 for Model NuGEN Cat# 0351

Organisms (Arabidopsis)

Deposited Data

MNase-seq (Lyons and Zilberman, 2017) GEO: GSE96994

H2A.W ChIP-seq (Yelagandula et al., 2014) GEO: GSE50942

H3K9ac ChIP-seq, H3k27ac ChIP-seq (Chen et al., 2017) GEO: GSE79524

H3K36me2 ChIP-seq, H3K36me3 ChIP-seq (Luo et al., 2013) GEO: GSE28398

H3K4me3 ChIP-seq (Choi et al., 2018) ArrayExpress: E-MTAB-5048

Raw and processed data This study GEO: GSE122394

Experimental Models: Organisms/Strains

met1-6 (Xiao et al., 2003) N/A

h1.1 h1.2 (Zemach et al., 2013) N/A

h1.1 h1.2 met1-6 ± This study N/A

h1.1 h1.2 met1-6 This study N/A

pH1.1-BLRP-H1,1 This study N/A

pH1.1-BLRP-H1,2 This study N/A

Software and Algorithms

Excel Microsoft https://products.office.com/excel/

Minitab Minitab, LLC. https://www.minitab.com/en-us/

R (Davey et al., 1997) https://www.r-project.org

Fiji (Schindelin et al., 2012) https://fiji.sc/

Imaris Oxford instruments https://imaris.oxinst.com/

HISAT2 (Kim et al., 2015; Pertea et al., 2016) https://ccb.jhu.edu/software/hisat2/index.shtml

dzlabtools (Hsieh et al., 2009) https://github.com/pedros/dzlab-tools and

https://zilbermanlab.net/tools/

Bowtie (Langmead et al., 2009) http://bowtie-bio.sourceforge.net/index.shtml

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

deepTools2 (Ramı́rez et al., 2016) https://deeptools.readthedocs.io/en/latest/

StringTie (Pertea et al., 2015) https://ccb.jhu.edu/software/stringtie/

cutadapt (Martin, 2011) https://cutadapt.readthedocs.io/en/stable/

HOMER (Heinz et al., 2010) http://homer.ucsd.edu/homer/index.html

MethylSeekR (Burger et al., 2013) https://bioconductor.org/packages/release/

bioc/html/MethylSeekR.html

metilene (J€uhling et al., 2016) https://www.bioinf.uni-leipzig.de/Software/

metilene/

Kallisto (Bray et al., 2016) https://pachterlab.github.io/kallisto/

Sleuth (Pimentel et al., 2017) https://pachterlab.github.io/sleuth/

DeSeq2 (Love et al., 2014) https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

Gene Cluster 3.0 (de Hoon et al., 2004) http://bonsai.hgc.jp/�mdehoon/software/cluster/

TreeView (de Hoon et al., 2004) http://jtreeview.sourceforge.net/

NuMap (Valouev et al., 2011) http://numap.rit.edu/app/dna/index.xhtml

MNase-seq This study https://github.com/dblyons/MNase_seq

IntersectBed (BEDtools) (Quinlan and Hall, 2010) https://bedtools.readthedocs.io/en/latest/

content/tools/intersect.html

IGV (Robinson et al., 2011) https://software.broadinstitute.org/software/igv/

Seqplots (Stempor and Ahringer, 2016) http://seqplots.ga/

TACO (Niknafs et al., 2017) https://tacorna.github.io/

featurecounts (Liao et al., 2014) http://subread.sourceforge.net/
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel

Zilberman (daniel.zilberman@jic.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The met1-6 (met1) (Xiao et al., 2003) and h1.1 h1.2 (h1) (Zemach et al., 2013) mutant lines are listed in the Key Resource Table. To

establish h1.1 h1.2met1-6 triplemutants (h1met1mutants), h1.1 h1.2 plants were crossedwithmet1-6 ± heterozygousmutants. h1.1

h1.2 met1-6 ± plants were isolated at F2 generation. F3 segregants were genotyped to identify homozygous triple mutants. F4 ho-

mozygous h1met1 plants were used for this study. For ChIP-seq, RNA-seq, and bisulfite-seq experiments, Arabidopsis thaliana

seedlings were germinated and grown for 2 weeks in half strength Gamborg’s B-5 liquid media (Caisson Labs, cat. No. GBP07)

at 22-25�C under continuous light with shaking at 125 rpm. To collect leaf tissue, plants were grown on soil at 20-25�C in green house

or growth chamber (16 hr day/ 8 hr night) for 4 weeks. For ChAP-seq samples, pH1.1-H1.1 and pH1.2-H1.2 constructs were fused

with biotin ligase recognition peptide (BLRP) at the N terminus, then transformed into Col-0 plants (Zilberman et al., 2008). The trans-

genic plants were grown in liquid culture for 4 weeks.

METHOD DETAILS

Bisulfite Sequencing (BS-seq) LibraryPreparation
Genomic DNA (gDNA) was isolated from 2-week-old seedlings using DNeasy plant mini kit (QIAGEN, cat. No. 69104) according to the

manufacturer’s manual. About 500 ng of purified gDNA were fragmented to roughly 100-1000 bp then purified using 1.2X volume of

SPRI beads (Beckman Coulter, cat. No. A63881). Fragmented gDNAwas end-repaired and ligated to HPLC/PAGE purified, cytosine-

methylated Illumina adapters (Elim Biopharmaceuticals, Inc.). DNA was subjected to two rounds of bisulfite conversion according to

manufacturer’s protocol (QIAGEN, cat. No. 59104). To remove self-ligated adapters, DNA was purified twice with 0.8X volume of

SPRI beads. NEB next indexing primers were used to amplify bisulfite-converted libraries (New England BIolabs Inc. cat. No.

E7335S).
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Chromatin Immunoprecipitation (ChIP) Sequencing Library Preparation
For H3K9me2 ChIP-seq libraries, 2 g of 2-weeks-old seedlings were cross-linked with 32 mL of crosslinking buffer (0.4 M sucrose,

10 mM tris-HCl pH 8.0, 1 mM EDTA and 1% formaldehyde (Thermo Scientific, cat. No. 28906)) for 10 min under vacuum. Cross-link-

ing was quenched by applying vacuum for 5 min with 2 mL 2 M glycine. Cross-linked seedlings were washed with distilled water,

dried with paper towels, frozen and ground in liquid nitrogen with pestle and mortar. Ground tissues were re-suspended in 20 mL

of nuclei isolation buffer at 4�C (NIB; 0.25 M sucrose, 15 mM PIPES pH 6.8, 5 mM MgCl2, 60 mM KCl, 15 mM NaCl, 1 mM CaCl2,

0.9% Triton X-100, 1 mM PMSF, 1X complete EDTA-free protease inhibitor cocktail (Roche, cat. No. 11873580001)). Homogenized

slurry was filtered through Miracloth (Millipore, cat. No. 475855) and centrifuged at 6,000 rpm for 20 min at 4�C to pull-down nuclei.

After discarding supernatant, cell pellets were re-suspended in 1 mL 4�C nuclei lysis buffer (NLB; 50 mM HEPES pH 7.5, 150 mM

NaCl, 1 mM EDTA, 0.5% SDS, 1% Triton X-100, 1X complete EDTA-free protease inhibitor). 500 mL nuclei solution was sonicated

and centrifuged for 10 min at 13,000 rpm in table-top centrifuge (4�C). Sonicated chromatin in supernatant was transferred and

diluted 5 times with dilution buffer (NLB without SDS and Triton X-100). 200 mL of diluted chromatin was incubated with 7 mL of an-

tibodies against H3K9me2 (Abcam, cat. No. AB1220) overnight with rotation at 4�C. 45 mL of pre-cleared protein G dynabeads (In-

vitrogen, 10003D) were added and incubated for 4 hours with rotation at 4�C. 20 mL of diluted chromatin solution was kept for input

control. Chromatin bound to the antibodies was washed 4 times with low salt wash buffer (150 mM NaCl, 20 mM Tris-HCl pH 8.0,

0.2% SDS, 0.5% Triton X-100, 2 mM EDTA) and one time with TE buffer (1 mM EDTA and 10 mM Tris-HCl pH 8.0) at 4�C. Washed

chromatin was re-suspended in 200 mL elution buffer (1% SDS), and incubated at 65�C for 5 hr with 8 mL of 5M NaCl (vortex for 1 hr).

To digest proteins bound to gDNA, samples were incubated 1 hr at 55�C with 4 mL protease K (Thermo, cat. No. EO0492), 4 mL of

0.5 M EDTA, 8 mL of 1 M tris-HCl pH 8. After reverse-crosslinking, 220 mL Phenol:Chloroform:Isoamyl alcohol 25:24:1, pH 8.0

(P:C:I; Sigma, cat. No. P3803), 500 mL ethanol, 20 mL 3M sodium acetate (pH 5.2), and 2 mL glycogen were added and incubated

overnight at �80�C to extract DNA. Precipitated DNA was washed with 70% ethanol and diluted in Milli-Q water. Isolated gDNA

was subject to Illumina library construction as described in BS-seq library preparation without two rounds of bisulfite conversion.

Chromatin Affinity Purification (ChAP) Sequencing Library Preparation
ChAP experiments were performed according to previous publication with minor modifications (Zilberman et al., 2008). 4-week-old

roots were vacuum infiltrated in 1% formaldehyde solution for 15 minutes to cross-link the chromatin. Roots were ground in liquid

nitrogen and nuclei were isolated as described (Zilberman et al., 2008). The nuclear suspension was fragmented by sonication to

0.5-2 kb, then 90% of biotinylated protein-containing chromatin was affinity purified using streptavidin beads. 10% of the sheared

chromatin suspension was used as input control. Reverse cross-linking was performed with 5M NaCl, and the DNA was purified as

described (Zilberman et al., 2008). Isolated gDNA was subject to Illumina library construction as described in ChIP-seq library

preparation.

DNase I Sequencing Library Preparation
Arabidopsis nuclei were isolated and re-suspended in NIB as described in ChIP-seq library preparation. After centrifugation at

6,000 rpm for 20 min at 4�C, nuclei pellets were re-suspended in 400 mL DNase I buffer (10 mM Tris-HCl pH 8.0, 2.5 mM MgCl2,

0.5 mM CaCl2). 100 mL of nuclei was incubated with 0.1-2 U / ml DNase I (New England Biolabs, cat. No. M03030S) for 3 min at

37�C. 50 mM EDTA, 0.5% SDS (final concentration), 2 mL protease K were added and incubated at 55�C for 1 hr to stop digestion.

To completely denature chromatin, more SDS was added to a final 1% concentration then incubated at 65�C for 15 min. gDNA was

isolated with P:C:I and DNA fragmentation was visualized by DNA electrophoresis. Samples with similar degree of DNA digestion

were selected to construct libraries. 0.5 X volume of SPRI beads were added to remove undigested gDNA. Supernatant was

collected and purified with 1.25 X volume of SPRI beads. Isolated DNA was subject to Illumina library construction as described

in ChIP-seq library preparation.

RNA Sequencing Library Preparation
Total RNA was extracted from 2-week-old seedlings and 4-week-old leaves using Trizol (Invitrogen, cat. No. 15596026) according to

manufacturer’s manual. 1 mg of RNA was treated with the DNA-free DNA removal kit (Thermo, AM1907) to degrade DNA from sam-

ples. To remove rRNA, seedling RNA was treated with Ribo-zero plant kit (Epicenter, cat. No. SSV21124). 50 ng of rRNA-depleted

seedling RNA was used to construct RNA sequencing library (Illumina, cat. No. 20020610) (following the manufacturer’s manual

except for the RNA fragmentation step (90�C, 10 min). 100 ng of leaf RNA was used to construct RNA sequencing libraries with

Ovation RNA-seq systems 1-16 for model organism (Arabidopsis) (Nugen, cat. No. 0351).

DECAP-seq Library Preparation
50-capped messenger RNA was enriched using the DECAP-seq method according to published protocols with minor modifications

(Neri et al., 2017). Ribosomal RNAwas depleted using the RiboMinus plant kit for RNA-seq (Invitrogen, cat. No. A1083808) from 10 mg

total RNA (4-week-old leaf tissue). rRNA-depleted total RNA was chemically fragmented by incubating at 94�C for 3 min 30 s in frag-

mentation buffer (1 mL 10X Polynucleotide kinase buffer added to RNA dissolved in 39 mL of water). Fragmented RNA was
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concentrated by SPRI bead purification, then dephosphorylated using Antarctic phosphatase (New England Biolabs, cat. No.

M0289). Dephosphorylated RNA was purified by SPRI bead purification, the 50 cap of RNA was removed by incubating with RNA

50 pyrophosphohydrolase (RppH; New England Biolabs, cat. No. M0356) in 1X Thermopol buffer (New England Biolabs, cat. No.

B9004S). After final SPRI bead purification, DECAP-seq libraries were constructed using TruSeq small RNA library prep kit (Illumina,

cat. No. RS-200-0012). To prevent 21- or 24-nt sRNA contamination, library fragments larger than 180 bp were selected for

sequencing.

Sequencing Libraries
Sequencing was performed at the Vincent J. Coates Genomic Sequencing Laboratory at the University of California, Berkeley with

HiSeq 2500 or HiSeq 4000, or at the John Innes Centre with NextSeq 500.

Nuclear Cytology
For DAPI staining of nuclei, whole 2-week old Arabidopsis seedlings grown on B5 agar plates with continuous light were fixed in 4%

PFA in PBS at room temperature under a vacuum for 30 minutes. Three 30-minute PBS washes were then carried out and seedlings

were subsequently incubated with 0.1%DAPI in PBS and 0.05% Tween-20 rocking in a 12-well plate at room temperature for 1 hour.

Following 2 PBS washes, seedlings were squash-mounted on slides in Vectashield and imaged.

Image Analysis
Laser scanning confocal microscope z stackswere acquired using a Zeiss LSM710. To generate 2D representations of these images,

stacks were converted into max Z-projections. These projections were then fed into Fiji function ‘‘3D surface plot’’ (Schindelin et al.,

2012) to generate 3D DAPI intensity renderings. Imaris software (Bitplane) was used to visualize heterochromatic puncta with the

‘‘surfaces’’ option (minimum feature size = 0.07 mm for identifying chromocenters; set to 0.5 mm for whole nucleus rendering) as

well as to calculate the approximate volume of these puncta.

Sequence Alignments
For RNA-seq libraries, reads were mapped to TAIR10 genome using HISAT2 (Kim et al., 2015; Pertea et al., 2016) with following

options:–max-intronlen 10000 -k 2–dta. Only uniquely mapped reads were kept for further analysis. For BS-seq libraries, reads

weremappedwith bs-sequel pipeline (https://zilbermanlab.net/tools/). For other sequencing libraries, readsweremappedwith Bow-

tie (Langmead et al., 2009) allowing up to 2 mismatches. Samples were normalized by reads per kilobase per million mapped reads

(RPKM) when input samples were available. Otherwise, samples were normalized by bins per million mapped reads (BPM). Treated

samples were divided by input samples (when input samples were available) to calculate enrichment, and transformed into log 2

values using bamcompare pipeline in deepTools2 (bamcompare–scaleFactorsMethod None –normalizeUsing RPKM, or bamcover-

age –normalizeUsing BPM) (Ramı́rez et al., 2016). We used ‘window_alignment’ and ‘gff_arithmetics’ Perl scripts (https://

zilbermanlab.net/tools/) and awk to calculate the log 2 ratio of treatment and input for DNaseI-seq libraries.

Re-annotation of Transposable Tlement (TE) Genes
Most TE genes are silenced inWT plants. Because the Araport11 annotation was based on the RNA expression in 113 RNA-seq data

generated in Col-0 WT plants (Cheng et al., 2017), TE annotations are more likely to rely on predictions compared to gene annota-

tions. This encouraged us to re-annotate expressed TE genes using our dataset.

Aligned reads were separated by their directionality (Watson and Crick strands). Biological replicates were merged to increase

sensitivity and accuracy of annotation. StringTie (Pertea et al., 2015, 2016) was accommodated to re-annotate expressed TEs

with guided reference for Araport11 genes with following options: -g 300–fr -t -c 0.5 -m 110. Annotations from each dataset were

merged into a single annotation using ‘stringtie –merge’ tool (options: -F 0 -T 0.5 -f 0.1).

To identify TE genes, 1364 methylated (mCG and mCHG > 0.1, mCHH > 0.02), heterochromatic (H3K9me2 > 0 (log2(ChIP/Input)),

and expressed (transcripts per kilobase permillion reads (TPM) > 5) elements were isolated (Table S1). 72%of these (987/1364) over-

lapped with Araport11 TE annotation (gffcompare in StringTie package; any class code except for ‘p’ and ‘u’, which indicates 30 run
off transcripts and no overlap, respectively) (Pertea et al., 2015, 2016). Araport11 TE gene annotations were replaced with our String-

Tie TE gene annotation if there was any overlap, except for 72 StringTie TE gene annotations that exactly matched to Araport11

annotation.

De Novo Annotation of Antisense Transcripts
Using our StringTie annotations, any transcripts that overlap Araport11 genes (mCHG< 0.01, mCHH < 0.01) in antisense direction (‘x’

and ‘s’ in gffcompare) were isolated (Pertea et al., 2015, 2016). Overlapping annotations were merged using TACO (Niknafs et al.,

2017) with ‘–filter-min-expr 0’.

Identification of TSS Peaks
Adaptor sequences were removed using cutadapt (Martin, 2011) and reads longer than 20 bp were kept. After mapping DECAP-seq

data to the Arabidopsis genome, Mapped DECAP-seq reads were converted in tagdirectory by ‘maketagdirectory -genome
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tair10 -keepAll -minlen 20 -totalReads all’. We identified TSS peaks with the findpeaks script in the HOMER package (Heinz et al.,

2010) (‘findpeaks -style tss -gsize 135e6 -tbp 0 -strand separate -F 0.5 -P 0.1 -L 1 -LP 0.1 -C 0 -fdr 0.1 -tagThreshold 0 -tssSize

50 -tssFold 1 -size 50 -inputFragLength 250 -fragLength 75 -localSize 500’). DECAP-seq peaks that were significantly enriched

compared to RNA-seq background were selected. Featurecounts (Liao et al., 2014) was used to count DECAP-seq reads mapped

to gbM and unmethylated regions of genes in antisense direction (featurecounts -M -O -s 2).

Description of Arabidopsis Genome Features
‘Genes’ indicate representative gene annotations from Araport11 (Cheng et al., 2017), excluding ones with more than 1% CHG or

CHH methylation within gene bodies in WT plants. ‘Transposable elements’ include TEs, TE genes and pseudogenes longer than

250 bp in Araport11, including 1292 re-annotated TE genes in this study (Table S1). ‘Heterochromatic transposons (hTEs)’ refers

to methylated (mCG and mCHG > 0.1, mCHH > 0.02) heterochromatic (H3K9me2 > 0 (log2(ChIP/Input)) TEs. ‘Euchromatic transpo-

sons’ indicatesmethylated TEswith lowH3K9me2 (H3K9me2 < 0 (log2 (ChIP/Input)). We identifiedWTArabidopsis ‘gene-bodymeth-

ylated regions’ using a modified version of the R package MethylSeekR (Burger et al., 2013) to analyze triplicate S3 lines from a

previous epimutation accumulation experiment (Schmitz et al., 2011). The modification we made to MethylSeekR was to use

mean segment methylation rather than segment length as the threshold to differentiate between unmethylated and methylated seg-

ments, as we found this to work better forArabidopsis, in contrast to themammalianmodels the package was originally designed for.

We segmented combined CHG and CHH methylomes from the three lines to identify segments of 3 or more consecutive unmethy-

lated non-CG cytosines. We then extracted corresponding segments from the combined CG methylome of the three lines and

segmented these data to differentiate between fully unmethylated and mCG segments. In each case, we chose segmentation pa-

rameters by iterating through values of ‘m’ (the segment methylation threshold) and n (the minimum segment length). For each n,

we plotted a ROC curve by varying m and comparing the overlaps of resulting putative methylated and unmethylated segments

with sets of annotated transposons and annotated unmethylated genes. We chose values of n to maximize AUC using a trapezium

approximation (n = 500 for non-CG methylation, n = 9 for mCG), and values of m to provide best separation between methylated

and unmethylated segments by analysis of density distributions of segment mean methylation (m = 0.15 for non-CG methylation,

m = 0.0931 for mCG). We observed that these segmentation parameters led to most mCG segments falling within gene bodies

and comprising a single or small number of segments per gene. Having thus identified longer mCG segments (> = 9 consecutive

CG sites), we added shorter mCG segments within otherwise unmethylated regions by repeating the segmentation of these regions

and reducing n (n = 3; n = 1). We then trimmed segments identified asmCG to exclude regions which fall outside the set of gene loci in

the Araport11 genome annotation (Cheng et al., 2017).

Identification of Differentially Methylated TSS in TE Genes
Numbers of methylated cytosines and unmethylated cytosines at first 500 bp of expressed TE genes were counted by window_

by_annotation Perl script (https://zilbermanlab.net/tools/). TE genes with p value < 0.05 and methylation change greater than

10% (mCHG) or 2% (mCHH) were considered differentially methylated (Fisher’s exact test). TE genes with p value greater than

0.05 or methylation difference below 2% were considered not differentially methylated.

Classification of MET1-dependent and -independent hTEs
MET1-dependent hTEs were defined as hTEs that lost H3K9me2 in met1 mutant plants. To identify these TEs, we extracted average

H3K9me2 level of 50 bp windows that overlap hTEs. hTEs containing windows that significantly lost H3K9me2 in met1 plants

compared to WT (p < 0.05, metilene (J€uhling et al., 2016)) were isolated. To filter out TEs with local, but not global, reduction in

H3K9me2, the average level of H3K9me2 is also considered (H3K9me2met1 < H3K9me2WT). MET1-indpendent hTEs were defined

as: Do not overlap with regions that significantly lost H3K9me2 in met1 (versus WT) and average H3K9me2met1 > 0.

Identification of Differentially Expressed Transcripts
RNA-seq reads were pseudo-aligned to Araport11 genes and the abundance of transcripts was quantified using Kallisto (Bray et al.,

2016). Differentially expressed genes were identified by Sleuth (p < 0.05) (Pimentel et al., 2017). Due to duplication of TE genes,

pseudo-alignment based quantification can be less accurate to measure the expression of TE genes. Also, annotation of expressed

TEs and antisense transcripts was based on the mapped RNA-seq reads. Therefore, we accommodated an alignment-based quan-

tification tool (DeSeq2, (Love et al., 2014)) to identify differentially expressed TE genes and antisense transcripts (FDR < 0.1).

Predicting H1 Distribution in WT and met1 Plants
Average DNA methylation and gene expression levels for 1 kb windows were transformed into log2. Windows without any DNA

methylation were discarded then methylation level was transformed into log2. Log-transformed average GC content, DNA methyl-

ation and levels of other chromatin features, including histone H1, were centered to 0 and scaled between �0.5 to 0.5. To minimize

bias from outliers, windows between the 5th and the 95th percentile were used for scaling data.
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To visualize the relationship among genomic features, principal-component analysis was applied to arrays of features using Gene

Cluster 3.0 (de Hoon et al., 2004). First (PC1) and second (PC2) principal components were plotted in Figure 1H.

GC content, H3K9me2 and H3K4me3 were incorporated into a H1 prediction model to explain H1 distribution in WT and met1

plants. Linear regression of H1 using averaged H1 ((H1.1+H1.2)/2), GC content, H3K9me2, and H3K9me3 distribution in WT plants

was performed using the ‘lm’ function in R. The resulting model was:

H1wt = 0:82 � ðGC contentÞ + 0:11 � ðH3K9me2wtÞ -- 0:38 � ðH3K4me3wtÞ + 0:03

The H1 distribution in met1 plants was predicted using the coefficients from the H1WT model and the distributions of H3K9me2 and

H3K4me3 in met1.

Clustering and Heatmaps
For clustering RNA expression data, TPMwas calculated first, then the data for each gene was centered and normalized using Gene

Cluster 3.0 (de Hoon et al., 2004). Average level of chromatin features (histone modifications, histone variants, DNA accessibility) and

DNA methylation data was used without modifications. hTE clusters in Figures 5A and 5E were created as follows: Differentially ex-

pressed hTEs inmet1 or h1met1 were isolated (versusWT, FDR < 0.1). hTEswith differentially methylated TSS in h1met1 versusmet1

were separated from ones without methylation change (in CHG or CHH context). Each hTE group was clustered by k-means clus-

tering with 2 to 5 clusters, then the number of clusters that consistently appeared as major clusters was determined (2 for hTEs

without methylation change, 3 for hTEs with methylation change) (de Hoon et al., 2004). TEs that do not follow the expression pattern

of their assigned cluster were removed. Clusters were visualized by TreeView (de Hoon et al., 2004). Log2 expression fold change

calculated by DeSeq2 was used to cluster antisense transcripts (Figures 6B, 6D, and 6H). Clustering was performed as above. Pos-

itive correlation indicates: Both sense and antisense transcripts are upregulated or downregulated in mutants (versus WT; log2FC >

0.5 or <�0.5, and p value < 0.05 for sense transcripts (Sleuth) (Pimentel et al., 2017) and FDR < 0.1 for antisense transcripts (DeSeq2)

(Love et al., 2014). No correlation or negative correlation indicates: When antisense transcripts are upregulated in mutants (versus

WT; log2FC > 0.5 and FDR < 0.1), sense transcripts show no expression change or downregulated (log2FC < 0.2), and vice versa.

MNase-seq Plotting
Normalized smoothed bigwig files of WT MNase-seq were used in plotting nucleosomes anchored at well-positioned WT nucleo-

somes (Lyons and Zilberman, 2017) (GEO accession GSE96994).

Nucleosome Repeat Length Calculation
Sequences of MNase-digested Arabidopsis chromatin (Lyons and Zilberman, 2017) were used to compute dyad locations with the

nucleosome mapping software NuMap (Valouev et al., 2011). Output files were imported to R for NRL calculation and visualization

(detailed scripts at https://github.com/dblyons/MNase_seq). Fragments 120 to 180 bp were filtered from MNase-seq libraries map-

ped to TAIR10 genome build. Nucleosome dyads were called, which were subsequently used to calculate a peak-to-peak phaso-

gram. The peaks of this phasogram were fed into the built-in R function ‘‘lm’’ (linear model) to estimate the NRL (Valouev et al.,

2011). NRL subsetting by H3K9me2, H1 ChIP, and gene expression level was accomplished by intersecting against appropriate

genomic coordinates using IntersectBed (Quinlan and Hall, 2010).

Data Visualization
Screenshots of Arabidopsis chromosome features were taken in IGV (Robinson et al., 2011; Thorvaldsdóttir et al., 2013). Averaged

H1 and DNA methylation distributions between TSS and TTS were generated with Seqplots (Stempor and Ahringer, 2016). Average

enrichment score matrices of genomic features of interest were generated by Perl scripts (https://zilbermanlab.net/tools/), then im-

ported to R (Davey et al., 1997) for downstream analysis including boxplots and scatterplots.

Use of Previously Published Data
Published data for histone variants and histone modifications were used to predict H1 distribution in Arabidopsis. Histone H2A.W

data (Yelagandula et al., 2014), WT MNase-seq data (Lyons and Zilberman, 2017), and histone modification data (H3K9ac,

H3k27ac (Chen et al., 2017), H3K36me2, H3K36me3 (Luo et al., 2013)) were obtained through GEO (GEO: GSE50942,

GSE96994, GSE79524, GSE28398). H3K4me3 data (Choi et al., 2018) were downloaded from ArraryExpress (ArrayExpress:

E-MTAB-5048).

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t test was performed in Excel. Minitab 17 was employed for one-way ANOVA. Other statistical analysis was done using R

(version 3.5.1 GUI 1.70 El Capitan build (7543)).
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For boxplots, the bottom and top of the box indicate 25th and 75th percentile, respectively. The bar in the box shows the median.

Whiskers indicate 1.5X interquartile range (IQR).

The height of bars in bar charts shows the average, with error bars representing standard error. Violin plots (Figure 3E) describe

mean, not median, expression of genes in each group.

DATA AND CODE AVAILABILITY

The accession number for the NGS data reported in this paper is GEO: GSE122394.

The code generated during this study is available at https://zilbermanlab.net/tools/ and https://github.com/dblyons/MNase_seq.
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Figure S1. Histone H1 distribution can be explained by GC content and features of 
         repressive and active chromatin, Related to Figure 1. 
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(A) Average H1.1 and H1.2 levels of 1 kb windows in wt. 1000 windows were randomly selected for 
plotting. (B) Average H1.2 distribution around well-positioned nucleosomes. (C) Box plots of H1.2 
levels in hTEs, eTEs, and genes. The shaded area marks the middle 50% of genomic H1.2 levels. 
Numbers (85, 77) indicate average CG methylation at hTEs and eTEs, respectively. (D) H1.2 distribu-
tion around genes with different expression levels. (E) Boxplots of H1.2 abundance in methylated (m) 
and unmethylated (u) genes in wt and met1 plants. (F) Average H1.2 levels of 1 kb windows in wt and 
met1. 1000 windows were randomly selected for plotting. (G) Examples of actual H1 and predicted H1 
distribution at a MET1-independent hTE (AT2G12210) and a MET1-dependent hTE (MSTRG.47084, 
Chr5:9206449-9207752) in wt and met1. Black arrows indicate regions of H1 loss in met1 plants. (H) 
Box plots of H1 levels in nucleosome-rich (more nuc.) and nucleosome-poor (less nuc.) genes with 
high (hGC) or low (lGC) GC content ((G+C)/(A+G+C+T)). (I) Box plots of GC content in methylated (m) 
and unmethylated (u) genes. (J) Linear model prediction of H1 distribution around the 5’ end of TEs in 
comparison to actual H1 distributions. (K) An example of actual H1 and predicted H1 distribution at an 
array of gbM genes in wt and met1 plants. (L) Average actual H1 and predicted H1 levels of 1 kb win-
dows in wt and met1. 1000 windows were randomly selected for plotting. (A, F and L) “r” is Pearson’s 
correlation coefficient. (E, H and I) **** is p < 0.0001, Student’s t-test. (C, E, H and I) Whiskers indicate 
1.5X IQR.

 



Figure S2. Loss of H1 alters nucleosome organization in genes and TEs, Related to Figure 2. 
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Figure S3. H1 distribution and enriched gene ontology terms for genes mis-regulated in 
h1 plants, Related to Figure 3. 
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Figure S4. Loss of H1 disperses heterochromatin and activates TEs, Related to Figure 4. 
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Figure S5. Non-CG methylation, DNA accessibility and TE expression in wt, met1 
         and h1met1 plants, Related to Figure 5. 
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(A) Average CHG and CHH methylation around TEs in nc cluster from Figure 5A. (B) Box plots of DNA 
accessibility of TEs in clusters from Figure 5A and 5E in wt, met1 and h1met1 plants. “a”, “b” and “c” 
are significantly different (p < 0.01; ANOVA). (C and G) Examples of DNA methylation, H1.1 distribu-
tion and transcription at TEs in up1 (AT3G33193; C) and up3 (AT1G40075; G) clusters. (D) Box plots 
of wt and met1 (m1) TE H1 levels in clusters from Figure 5A and 5E. ** is p < 0.01, *** is p < 0.001, and 
**** is p < 0.0001, Student’s t-test. (E-F) Average CHG and CHH methylation around TEs in up2 (E) 
and dn (F) clusters from Figure 5E. (B, D) Whiskers indicate 1.5X IQR.
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Figure S7. Demethylated gbM regions show preferential activation of antisense 
  transcription, Related to Figure 7. 
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(A) Examples of demethylated gbM regions in h1;met1+/- (hm1+/-) plants. 
(B) Examples of gbM regions that retain methylation in hm1+/-. Note the activa-
tion of AS transcription in h1met1 but not in hm1+/-. (C-E) GbM levels in hm1+/- 
plants for regions defined in Figure 7C. Whiskers indicate 1.5X IQR in (E). (F) CG 
and non-CG methylation at TEs in hm1+/- and wt plants.
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