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The maize genome is relatively large (� 2.3 Gb) and has a complex
organization of interspersed genes and transposable elements, which
necessitates frequent boundaries between different types of chroma-
tin. The examination of maize genes and conserved noncoding
sequences revealed that many of these are flanked by regions of
elevated asymmetric CHH (where H is A, C, or T) methylation
(termed mCHH islands). These mCHH islands are quite short
(� 100 bp), are enriched near active genes, and often occur at the
edge of the transposon that is located nearest to genes. The analysis
of DNA methylation in other sequence contexts and several chroma-
tin modifications revealed that mCHH islands mark the transition
from heterochromatin-associated modifications to euchromatin-asso-
ciated modifications. The presence of an mCHH island is fairly consis-
tent in several distinct tissues that were surveyed but shows some
variation among different haplotypes. The presence of insertion/
deletions in promoters often influences the presence and position of
an mCHH island. The mCHH islands are dependent upon RNA-directed
DNA methylation activities and are lost in mop1 and mop3 mutants,
but the nearby genes rarely exhibit altered expression levels. Instead,
loss of an mCHH island is often accompanied by additional loss of
DNA methylation in CG and CHG contexts associated with hetero-
chromatin in nearby transposons. This suggests that mCHH islands
and RNA-directed DNA methylation near maize genes may act to
preserve the silencing of transposons from activity of nearby genes.
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The cytosine bases in a genome can be modified to 5-methyl-
cytosine by adding a methyl group at the 5′ position. This process,

called DNA methylation, is conserved from algae to animals and
plants (1, 2). DNA methylation can be separated into different types
based on the local sequence context. In plants DNA methylation is
found at the symmetric CG or CHG (where H = A, C, or T) sites
or at nonsymmetric CHH sites. CG and CHG methylation are
maintained at high fidelity following DNA replication due to
activity of maintenance methyltransferases such as MET1 or chro-
momethylase (CMT) 3 (3, 4), whereas CHH methylation (mCHH)
requires targeting by either domains rearranged methylase 2
(DRM2) or CMT2 (3–6). The DRM2 targeting occurs via RNA-
directed DNA methylation (RdDM) and requires the activity of
polymerase IV (PolIV) and polymerase V (PolV) complexes (3,
4). There is evidence that recruitment of PolIV and PolV may
require the presence of dimethylation of lysine 9 of histone H3
(H3K9me2) or DNA methylation at the targeted genomic regions
(7, 8). The specific mechanisms that recruit CMT2 are not well
characterized but may require specific histone modifications (5, 6).
Much of our knowledge of DNA methylation in plants is de-

rived from studies of the model plant Arabidopsis thaliana, which
has a relatively small genome and relatively few examples of genes

with nearby transposons (36.3%; ref. 9). The maize genome is much
more complex, with the majority (85.5%) of genes positioned within
1 kb of transposons. In both species, transposons tend to have
quite high levels of CG and CHG methylation whereas genes
have much lower levels (10). mCHH is often thought to provide
an important component for silencing transposons, yet the maize
genome has relatively low levels of mCHH despite the high
transposon context (11). This is partially attributed to the lack of
a CMT2 ortholog in maize (5), which may explain the reduced
levels of mCHH in the middle of larger transposons. Although
mCHH is low in maize, there are still genomic regions with el-
evated mCHH (12). Genomic profiles of mCHH in maize revealed
that this modification is often found near genes (termed mCHH
islands) and is dependent upon RdDM activity (12–14). This ele-
vation of mCHH in regions surrounding genes is much less preva-
lent in Arabidopsis (10). A recent study showed that high mCHH
can also be induced near genes that are up-regulated in plants
subjected to phosphate starvation (15).
In this study we further probed the basis and function of these

mCHH islands. We found that mCHH islands are short regions
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of elevated mCHH that flank nearly half of the genes in maize
and many conserved noncoding sequences (CNSs). These mCHH
islands mark a transition for CG and CHG DNA methylation,
several histone modifications, and chromatin accessibility. The
mCHH islands are relatively stable across different tissues but
show some variation among haplotypes that are often associated
with sequence insertions/deletions (InDels). The loss of mCHH
islands does not strongly affect gene expression, but instead leads
to an additional loss of CG and CHG methylation in some
transposons flanking maize genes.

Results and Discussion
mCHH Islands Mark the Boundary Between Different Types of Chromatin
in the Maize Genome. A metaprofile of context-specific DNA meth-
ylation surrounding maize genes reveals a gradual decline of CG
and CHG methylation from flanking regions toward the genes
(Fig. 1A). In contrast, there is an elevated level of mCHH in the
regions flanking genes, and these regions have previously been
termed CHH islands by Gent et al. (12); in this paper these will
be referred to as mCHH islands to specify the regional accu-
mulation of 5-methylcytosine in the CHH sequence context.
The metaprofile of mCHH around genes has a fairly broad peak
that spans ∼200–800 bp upstream of the transcription start site
(TSS). A similar region is observed downstream of the transcrip-
tion termination site (TTS). We were interested in understanding
whether this elevated mCHH in the metaprofile is due to elevated
mCHH for all genes or whether this phenomenon was driven by a
subset of genes. In addition, we wanted to define the actual size
and location of mCHH islands relative to the TSS and TTS.
Whole-genome bisulfite sequencing (WGBS) data from the

third leaf of B73 seedlings (16) were used to determine the
coverage and level of DNA methylation in each sequence
context for nonoverlapping 100-bp tiles across the entire maize
genome. There are 29,922 maize genes with coverage for at
least 50% of the tiles in the 2-kb region immediately upstream
of maize genes and 25,973 genes with at least 50% coverage for
the 2-kb region downstream of maize genes. An mCHH island
was defined by the presence of a 100-bp tile with at least 25%
mCHH within 2 kb. Genome-wide, only 1.2% of all 100-bp tiles
have at least 25% mCHH but many genes contain an mCHH
island within 2 kb of the 5′ (51.3% of genes) or 3′ (41.8% of
genes) ends. Precise quantification of the number of genes with
mCHH islands is hampered by the fact that the mCHH islands
may exist in tiles with low coverage; thus, these numbers are
likely underestimates. Indeed, the visualization of mCHH lev-
els in flanking regions of all genes (Fig. 1B) also provides evi-
dence that some genes classified as not having a strong mCHH
island still contain a region of moderate mCHH within the
flanking region. For each gene, there is a relatively small region
(100–200 bp) with elevated mCHH levels, and these mCHH
islands are most common in the first ∼600 bp of the flanking
regions but can occur anywhere throughout the 2-kb flanking
regions (Fig. 1B). These results suggest that mCHH islands
observed in the metaprofile are actually the result of a subset of
maize genes that have elevated mCHH in sharply defined re-
gions flanking the gene.
A second set of metaprofiles, only using genes with mCHH

islands, were made to evaluate the context-specific profiles of
DNA methylation and chromatin state relative to the mCHH
islands (Fig. 1 C–F). These plots are centered on the 100-bp tiles
identified as mCHH islands rather than on the TSS or TTS. The
typical mCHH island has elevated levels of mCHH relative to
the flanking regions (Fig. 1 C and D, red lines). The mCHH
islands also clearly mark the transition from high levels of CG
and CHG methylation that flanks genes to reduced CG and
CHG methylation at the beginning and end of genes. The change
in CG and CHG methylation is much sharper in plots centered
on mCHH islands (Fig. 1 C and D) compared with plots centered

on the TSS or TTS (Fig. 1A), suggesting that the mCHH island
and not the TSS or TTS is the site of this change in methylation.
Previous research suggested that mCHH islands themselves were
not particularly enriched in the heterochromatin-associated H3K9me2
modification. Instead, these regions tended to have more ac-
cessible chromatin (13). This led us to evaluate whether mCHH
islands might mark the transition zone between distinct types of
chromatin by assessing the profile of chromatin on either side of
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Fig. 1. Characterization of mCHH islands that are near genes. (A) Meta-
profiles of context-specific DNA methylation for regions surrounding the
gene TSS or gene TTS. CG (black) and CHG (blue) methylation are plotted
using a different scale (Left) than mCHH (red) (Right) due to differences in
abundance. (B) Genes with (green bar) or without (red bar) mCHH islands
(100-bp tile with >25% mCHH anywhere within the 2-kb region) were used
to create heat maps of mCHH in the 2-kb flanking regions at the 5′ (Left) or
3′ (Right) ends. (C and D) Context-specific DNA methylation profiles were
generated for genes that contain an mCHH island. These plots are centered
on mCHH islands (mCHHi) at the 5′ end (C) or 3′ end (D) rather than the TSS
or TTS. (E and F) Similar profiles were generated to visualize the changes in
chromatin at genes with mCHH islands. Different scales are used to visualize
the different marks and the labels on the left or right of each plot indicate
which scale is used for each mark using color coding of labels and lines. Read
counts were used for the two histone marks and ratio of normalized read
counts from libraries digested at 1 min and 16 min was used for chromatin
accessibility (13).
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mCHH islands (Fig. 1 E and F). At the 5′ end of genes con-
taining mCHH islands, H3K9me2 exhibits a strong decrease at
mCHH islands, whereas chromatin accessibility (13) is substantially
increased for several hundred bases from mCHH islands toward
the TSS. H3K4me3, a histone modification often associated with
expressed genes, also shows a clear enrichment beginning in the
region 3′ of mCHH islands. The enrichment for accessible
chromatin in the region flanking the mCHH island was observed
both in highly expressed genes and silenced genes containing
mCHH islands but is not as strong as the enrichment for these
marks immediately upstream of the TSS (Fig. S1).
The mCHH islands flanking maize genes may provide boundaries

between two distinct types of chromatin. We hypothesized that
similar boundaries may also be required at regulatory regions to
allow access to these regions for transcription factors. Turco et al.
(17) identified a number of CNSs in the B73 genome and 11,680 of
these are located >5 kb from the nearest gene. The profile of DNA
methylation relative to these CNSs >5 kb away from genes reveals
the presence of mCHH islands flanking CNSs and reduced DNA
methylation at CNSs (Fig. S2A). There are mCHH islands flanking
42.9% of the CNSs that are >5 kb from the nearest gene and the
context-specific patterns of methylation and chromatin state at
these mCHH islands flanking CNSs are very similar to those ob-
served at mCHH islands flanking maize genes (Fig. S2 B and C).

mCHH Islands Are Present at Expressed Genes Located Near Terminal
Inverted Repeat Elements. The mCHH islands found near genes
and CNSs account for 49% of the regions with elevated (>25%)
mCHH in the maize genome (Fig. 2A). Nearly half of the maize
genes tested (with read coverage in at least half of the 2-kb re-
gion surrounding a gene) contain an mCHH island, and we were
interested in understanding the factors that cause some genes to
have mCHH islands whereas others do not. Previous research
provides evidence that mCHH islands are enriched at more
highly expressed genes and frequently occur at transposons

located near genes (12). Of the different classes of transpo-
sons, the mCHH islands identified in this study are enriched at
terminal inverted repeat (TIR) DNA transposons located near
genes (Fig. S3A, 38% vs. 6% for all tiles, P < 0.01). This en-
richment is most apparent for transposons that are located
closest to genes or CNSs and is only present at the edge of the
transposon located closest to the gene and is not limited to
DNA transposons (Fig. 2B and Fig. S3B).
The presence of a mCHH island is also associated with the

expression level of the nearby gene. Genes that are expressed in
the same tissue used for WGBS are much more likely to contain
mCHH islands than silenced genes (P < 0.01, two-sample test for
equality of proportions) and there is slight but steady increase in
the frequency of genes with mCHH islands for more highly
expressed genes (Fig. 2C and Fig. S3C). Genes with gene body
CG methylation or genes that are syntenic between maize and
sorghum are also more likely to have 5′mCHH islands (Fig. S3 D
and E, P < 0.01). Although these analyses provide evidence that
expression might be associated with mCHH islands, there are a
number of expressed genes lacking mCHH islands (34%) and
many silent genes have mCHH islands (38%). We further investi-
gated these two subsets of genes to better understand the factors
that might contribute to the presence of mCHH islands (Fig. 2C).
Highly expressed genes (the fourth expression quartile) in

seedling tissue are enriched for having mCHH islands but some
(34%) of these genes lack mCHH islands within 2 kb of the gene
promoter. We hypothesized that these genes may lack the se-
quences or chromatin required for mCHH island formation. This
could be due to a lack (or poor annotation) of TIR elements in
the flanking regions or could be due to a lack of regions con-
taining CG or CHGmethylation located near the gene. The most
highly expressed genes (fourth expression quartile) were divided
into those with and without mCHH islands and then assessed for
presence of transposons or highly methylated (>60% at CG/
CHG) tiles in the 2-kb flanking region. The genes without mCHH
islands are less likely to contain TIR elements or tiles with high CG/
CHG methylation compared with genes with mCHH islands (Fig.
S3 F andG, P < 0.01). However, many of the genes without mCHH
islands do contain either TIR elements or elevated CG/CHG
methylation, and it is not clear why these genes lack mCHH islands.
Overall, these observations suggest that gene expression and pres-
ence of CG/CHG methylated DNA transposons near genes are
important factors associated with the presence of an mCHH island,
but these factors do not entirely explain the phenomenon.
Although genes that are not expressed in seedling leaf tissue

are less likely to have mCHH islands, 38% of them do (Fig. 2C).
The genes that are not expressed in seedling leaf tissue were
further divided into two groups (expressed in other tissues or
never expressed) based on their expression in 51 tissues or de-
velopmental stages of B73 (18). Genes that are expressed in
other tissues are more likely to have mCHH islands than genes
that are not detected in any of the tissues surveyed (Fig. S3H, P <
0.01). This suggests that mCHH islands are often present at
expressed genes even in tissues without expression of the gene.
This is further supported by the analysis of mCHH islands in four
maize tissues in which the mCHH islands are fairly stable (Fig.
S4A). Very few (<5%) mCHH islands have major differences
among tissues (defined as having >25% mCHH in one tissue and
<10% mCHH in another) and there was no evidence that the
genes located near these rare mCHH islands that vary among
tissues exhibit tissue-specific expression patterns that were re-
lated to the elevated mCHH levels (Fig. S4B).

Differences in mCHH Islands Among Genotypes Are Often Related
to InDels. The stability of mCHH islands among diverse maize
genotypes was assessed using WGBS from five maize inbreds
(19). This analysis used 873 genes that have a 5′ mCHH island
in at least one genotype and have WGBS coverage for all tiles
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Fig. 2. mCHH islands are often located at transposon edges close to highly
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within 1 kb of the TSS in all five genotypes. In many cases the five
genotypes have conserved mCHH islands (Fig. S4C). However,
∼36% (312/873) of these mCHH islands have low (<10%)
mCHH in at least one genotype. Many of the genes with geno-
type-specific mCHH islands were not differentially expressed
(Fig. S4B). However, when the genes are differentially expressed,
we observed that the haplotype with higher mCHH is more likely
(66–73%) to exhibit elevated expression levels (Fig. S4D).
To further study the genetic factors leading to mCHH island

variation we performed WGBS for PH207, a genotype with a de
novo whole-genome assembly. This provided the opportunity to
compare the full promoters in both genotypes. The analysis used
a subset of 1,760 genes with a one-to-one match in B73 and

PH207 that also have WGBS coverage for the first 1 kb of the
promoter in both genotypes. We identified 27 genes in this set
that have an mCHH island in B73 and have an InDel >100 bp in
PH207 that occurs between the location of the mCHH island and
the TSS in B73. These include 16 examples with a deletion in the
PH207 promoter that removes part or all of the sequence that
forms the mCHH island in B73 (Fig. 3). Many (11/16) of the
genes with a PH207 deletion lose the mCHH island from the
1-kb proximal promoter in PH207 (example in Fig. 3B). The other
five loci containing a PH207 deletion form an mCHH island at a
new site in PH207 (example in Fig. 3C). There are 11 loci with an
insertion in the PH207 promoter located between the position
containing the mCHH island and the TSS in B73 (Fig. 3). For 7
of these 11 insertions in PH207 a new mCHH island is formed at
the insertion sequence itself (example in Fig. 3D). The majority
of these InDels, including 14/16 PH207 deletions and 7/11 PH207
insertions, are annotated as transposons or have sequence similarity
to transposons. These analyses suggest that the presence and loca-
tion of mCHH islands can be influenced by transposon-derived
InDels located in the promoter.

Loss of mCHH Islands Results in Additional Loss of Transposon CG and
CHG Methylation.mCHH islands tend to form at TIR elements near
expressed maize genes and mark a clear transition zone relative to
CG/CHG methylation and several chromatin features that were
assessed. The establishment/maintenance of mCHH islands requires
mediator of paramutation 1 (MOP1) (GRMZM2G042443), a
maize ortholog of the RDR2 gene in Arabidopsis (20, 21), MOP2
(GRMZM2G054225), and MOP3 (GRMZM2G007681), sug-
gesting that mCHH islands are formed by RdDM activity (13).
Sequence-capture bisulfite sequencing (22) data were used to as-
sess the effects of three RdDMmutantsmop1 (21),mop2 (23), and
mop3 (24) on mCHH within and surrounding mCHH islands at
347 loci that were located in gene promoters and that were also
included in a capture design that target a specific set of maize re-
gions (Fig. 4A; ref. 25). All three mutations greatly reduce mCHH
levels at mCHH islands. These materials provide a resource to
further probe the function of mCHH islands. One hypothesis is that
mCHH islands are important for gene expression levels and pro-
vide a border preventing the spread of heterochromatin toward the
gene. This hypothesis would predict that CG and CHGmethylation
might be increased in regions 3′ of the mCHH island and that
genes containing mCHH islands would be more likely to be dif-
ferentially expressed (at lower levels) in mop1 or mop3 relative to
wild type. We do not see any evidence for increased CG or CHG
methylation in regions 3′ of the mCHH island (Fig. 4 B and C).
Transcriptome profiling in mop1 and mop3 found that genes with
mCHH islands are slightly enriched for differential expression but
the majority of these differentially expressed genes were up-
regulated in the mutant (Table S1), which is not consistent with a
function for mCHH islands in preventing silencing of the genes.
An alternative hypothesis is that mCHH islands act as a border

to prevent the spread of euchromatin into transposons near active
genes. This hypothesis would predict that the loss of mCHH islands
might be accompanied by additional loss of CG and CHG meth-
ylation within the transposon and increased expression for some of
the transposons near active genes. The sequence capture bisulfite
sequencing experiments profiling mop1, mop2, and mop3 mutants
reveal that mCHHmethylation is greatly reduced at mCHH islands
(Fig. 4A). CG and CHG methylation is also reduced at the region
defined as the mCHH island with the strongest reduction in mop3
and minimal loss in mop2 (Fig. 4 B and C). The profiles also
revealed a reduction in CHG (and to a lesser extent CG) methyl-
ation in the region 5′ of the mCHH island. WGBS of mop1 sup-
ports these findings (Fig. S5 A–C) with evidence for loss of CG and
CHG methylation in the regions near the mCHH islands near both
ends of genes and CNSs. The regions outside of the mCHH islands
that exhibit loss of CG and CHG methylation have very low levels
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Fig. 3. Promoter InDels influence mCHH islands. (A) Genes with coverage
for the first 1 kb of the promoter in both B73 and PH207 and an mCHH island
in B73 were used to search for InDels >100 bp located between the mCHH
island and the TSS. Sixteen examples of PH207 deletions and 11 examples of
PH207 insertions were identified. The effect on the PH207 mCHH islands was
classified for each InDel and is shown in the table. Examples of the most
common classes are shown in B–D. (B) At gene GRMZM5G871592_T01 the
region containing the mCHH island (−400 to −500) in B73 is deleted in PH207
and no mCHH island is observed in PH207. (C) At gene GRMZM2G136178_T01
PH207 has a deletion that removes much of the B73 mCHH island but an mCHH
island forms at a new location in PH207. (D) At gene AC194914.3_FGT002 PH207
has an insertion and an mCHH island forms at this insertion whereas the site of
the B73 mCHH island has little mCHH in PH207. In C and D, the thick black lines
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hAT) is indicated for each.
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of CHH methylation and do not seem to be active targets of
RdDM in wild-type plants. We examined siRNA distributions
around mCHH islands to test whether RdDM activity might ac-
tually cover a larger area than revealed just by mCHH. Consistent
with mCHH, however, siRNAs were highly enriched specifically
within mCHH islands and dramatically depleted in mop1 (Fig. S5
D and E). It is possible that small RNAs and RdDM activity for
these regions 5′ of the mCHH islands is present at an earlier de-
velopmental stage and the loss of CG/CHG methylation in these
regions reflects loss of RdDM activity at an earlier stage.
Visual examination of several loci confirms these trends and

suggests variability in the locus-specific patterns in the mutants
(Fig. 4 D and E). Several subtypes of mCHH islands were
identified to better characterize the effects of the mop mutations
on CG and CHG loss 5′ of the mCHH islands. This analysis is
restricted to 147 regions that have sequence capture probes and
that have data in both the mCHH island itself and in the 400 bp
5′ of the island. The analysis of CG and CHG methylation levels

at this region revealed that 48 of the loci only have CG/CHG
methylation at the mCHH island itself (Fig. S6A). The remaining
99 loci contain elevated CG and CHG methylation upstream of
the mCHH islands. Clustering of the difference in CG and CHG
methylation in mop3 relative to wild type reveals that about one-
third of these loci exhibit loss of CG and CHG methylation only
at the mCHH island itself (Fig. S6 B and C). Another one-third
of the loci exhibit strong loss of CG and CHG methylation for
several hundred base pairs 5′ of the mCHH island, whereas the
final set shows partial loss of CG and CHG methylation 5′ of the
mCHH island (Fig. S6 B and C). Similar trends were observed
for these loci in the mop1 mutant (Fig. S6C) although the se-
verity of the CG and CHG loss was reduced.
Earlier studies of the Mutator transposon in maize found evi-

dence for progressive loss of DNA methylation and activation for
these elements in the mop1 mutant (27) and analysis of shoot
apical meristem found evidence for large-scale transposon and
gene expression changes in mop1 (28). Therefore, we investi-
gated whether loss of mCHH islands in mop1 or mop3 mutants is
associated with activation of nearby transposons. There are several
complications with attempts to study transposon expression. The
repetitive nature of many transposons severely limits the ability
to study specific insertions. In addition, the variation in specific
transposon insertions in different haplotypes complicates analy-
sis of transposon expression based on the reference genome.
Uniquely mapping RNA sequencing (RNA-seq) reads were used
to search for specific transposons that exhibit altered expression
in mop1 (back-crossed into B73) and mop3 (in a non-B73 genetic
background) mutants relative to wild-type siblings. The vast ma-
jority of transposons are not expressed (or not detected by uniquely
mapping reads) or have low/similar levels of expression in mutant
and wild-type genotypes in either leaves or immature ears (Fig. 4F).
Depending on the mutant and tissue analyzed there are 36–208 in-
dividual transposons with altered expression (Fig. 4F). The majority
(78–89%) of these exhibit increased expression in the mutant rela-
tive to wild type (Fig. 4F). There were fewer transposons with altered
expression inmop3mutants than inmop1mutants. This is likely due
to the fact that mop3 mutants are in a distinct genetic background
and analysis of transposons in this background will be limited to
those that are common in both genotypes. It is likely that there are
additional transposons with altered regulation in mop3 that cannot
be detected by alignments to the B73 reference. In some cases the
up-regulated transposons are located near regions that were targeted
for the sequence capture bisulfite sequencing and we could observe
the coincident loss of the mCHH island and elevated expression of
the transposon (TE) (Fig. S7 A and B). Genome-wide, the trans-
posons that are up-regulated in mop1 or mop3 are significantly (P <
0.01, Wilcoxon test) closer to RdDM sites (>25% mCHH) than
transposons that are silent (or equivalently expressed) in mutant and
wild type, and a greater proportion of them are within 100 bp of
RdDM sites (Fig. 4G and Fig. S7 C and D). This suggests that
RdDM sites protect a subset of transposons from activation and
these may be transposons that are located near active genes. Given
the progressive loss of methylation at some Mutator elements over
multiple generations in mop1 (27) we might expect that the erosion
of CG/CHG DNA methylation and activation of transposons near
genes might affect even more loci in subsequent generations.

Conclusion
Plant genomes are often composites of genes and transposons
with substantial variation in the abundance of transposons across
different species. Although most Arabidopsis transposons have
elevated mCHH (5), the CHH methylation in the maize genome
is only found at some transposon regions. Recent studies have
suggested that the recruitment of PolIV and RdDM activities
requires DNA methylation and/or elevated H3K9me2 (7, 8). In
addition, RdDM seems to target intergenic regions and plant
genes located primarily in euchromatin (29). These requirements
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Fig. 4. Loss of mCHH islands in RdDM mutants and its potential conse-
quences. (A–C) DNA methylation profiles in B73 and three RdDM mutants
based on data from sequence capture bisulfite sequencing that includes 347
mCHH islands. The mCHH island is indicated between the two vertical
dashed lines. The size of each mCHH island is normalized to 100 bp. (D and E)
The context-specific levels of DNA methylation at the mCHH island and
surrounding regions are shown for wild-type and two mutants using the
Integrative Genomics Viewer (IGV) (26). In D the mutants show loss of
methylation in all contexts within the mCHH island but CG and CHG meth-
ylation outside the mCHH island is largely maintained. In E there is evidence
for loss of CHG methylation for several hundred base pairs outside of the
mCHH island. The gray areas represent regions that do not have data cov-
erage due to lack of reads or methylation sites (either CG or CHG or CHH).
The mCHH island is indicated by the dashed green boxes. (F) Expression of
transposons in mop1 and mop3 mutants relative to wild type. Uniquely
mapping reads were used to classify each TE as having few or no reads,
expression at similar levels or differential expression with up- or down-
regulation in the mutants. (G) A boxplot is used to show the distribution of
distances for each type of transposon from the nearest high mCHH tile for
the mop1 earshoot data. P value is based on Wilcoxon test.

Li et al. PNAS Early Edition | 5 of 6

PL
A
N
T
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

D
ec

em
be

r 
2,

 2
02

0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1514680112/-/DCSupplemental/pnas.201514680SI.pdf?targetid=nameddest=SF7


suggest that PolIV and RdDM will primarily act at the borders
between open chromatin and regions with elevated CG/CHG
methylation. These borders typically occur at both edges of a
transposon in the Arabidopsis genome (5). However, in the maize
genome most transposons are present in large blocks of other
transposons and therefore only the transposons that are at the
edges near expressed genes might recruit RdDM activities. In-
deed, much of the mCHH in the maize genome occurs near
genes (13). This suggests that RdDM may not be a crucial re-
quirement for silencing all transposons (5, 6, 30). Instead, this
activity may be critical for maintaining the silencing of the
transposons that are located near genes (31). Indeed, the analysis
of changes in DNA methylation in the mop1 and mop3 mutants
that perturb components of the maize RdDM system revealed that
the loss of mCHH at the transposon edges near genes can often
result in additional loss of CG/CHGmethylation in the transposon.
Only a subset of transposons exhibit transcriptional activation in
mop1 and mop3 and these are often located near mCHH islands.
This suggests that the mCHH islands and near-gene RdDM activity
may be critical for creating a boundary that prevents the spread
of open, active chromatin into adjacent transposons.

Materials and Methods
Sequencing Datasets.A full description of the biological samples, extraction of
nucleic acids, library construction, and sequencing is available in SI Materials
and Methods, and Table S2 lists all samples and accession numbers of raw

sequencing data. WGBS and RNA-seq data for B73 shoot apex, immature ear
and anther tissue, H3K4me3 ChIP-seq for B73 seedling leaf tissue, RNA-seq
data for mop1, mop3, and wild-type siblings earshoot/seedling leaf, and
WGBS data for PH207 seedling leaf were generated for experiments de-
scribed in this paper. In addition the analyses in this study used previously
published WGBS data for B73 seedling leaf and RNA-seq data for B73, Mo17,
Oh43, Tx303, and CML322 seedling leaf from Eichten et al. (16), H3K9me2
ChIP-seq data for B73 seedling from West et al. (10), WGBS data for Mo17,
Oh43, Tx303, and CML322 seedling leaf from Li et al. (19), WGBS data for
mop1 earshoot and targeted bisulfite sequencing data for mop1 earshoot,
B73, mop2, and mop3 seedling leaf from Li et al. (22), and chromatin ac-
cessibility data for B73 earshoot from Gent et al. (13).

Data Analysis.All datasets were aligned to the AGPv2 B73 reference sequence
(11) or the PH207 reference sequence. Annotations of genes and transposons
were obtained from ftp://ftp.gramene.org/pub/gramene/maizesequence.org/
release-5b/. DNA methylation, ChIP-seq, and chromatin accessibility data were
calculated for 100-bp nonoverlapping sliding tiles in the maize genome and
these tiles were annotated based on location relative to genes or transpo-
sons using BEDTools (32). Details for the analysis of gene expression, DNA
methylation, and ChIP-seq data are available in SI Materials and Methods.
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