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Abstract 
Paramutation, the transfer of mitotically and meiotically heritable silencing information 
between two alleles, requires multiple components of the RNA-directed DNA methylation 
(RdDM) pathway, including the RNA-dependent RNA polymerase MOP1 (mediator of 

paramutation1). A mutated mop1 gene prevents paramutation and is suggested to release 
silencing at paramutated loci. To understand the role of MOP1 in paramutation and the 
repression of enhancer activity, we investigated its effect on DNA methylation and 
chromatin structure at the maize booster1 (b1) locus, in particular the regulatory hepta-
repeat. In this study we show that in a mop1 mutant, the regulatory sequences at the 
paramutagenic b1 locus (called B’) can be activated in the presence of wild-type levels of 
DNA methylation, histone H3 lysine 9 dimethylation (H3K9me2), and nucleosomes, all 
features of repressive chromatin. In mop1-1, histone H3 lysine 27 dimethylation 
(H3K27me2), another repressive mark, is however about 50% lower at the regulatory 
elements, implying a link between MOP1 and H3K27me2, and suggesting that the 
reduction in H3K27me2 and/or its associated proteins may allow the observed enhancer 
activation that results in elevated b1 expression levels. Unexpected for a sequence targeted 
by RdDM, the differentially methylated sequences at the B’ hepta-repeat are highly 
methylated in the CG and CNG context, while CHH methylation is nearly absent, 
independent of mop1-1. Genome-wide analysis, however, reveals that low CHH 
methylation is a frequent feature of RdDM loci. 
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Introduction 
Paramutation involves meiotically heritable epigenetic changes in gene expression caused 
by trans-communication between homologous alleles (Arteaga-Vazquez and Chandler, 
2010; Erhard and Hollick, 2011; Hollick, 2012). One of the best-studied examples of 
paramutation occurs at the maize booster1 (b1) locus encoding a transcriptional regulator 
of the maize pigmentation pathway (Coe, 1959). The paramutated, inactive state of b1 is 
called B’ (light pigmented plant), and the non-paramutated, active state of b1 is called B-I 
(dark pigmented plant). B’ and B-I have the same DNA sequence; they are epialleles (Stam 
et al., 2002a). In a B’/B-I heterozygote the low expressed B’ epiallele is paramutagenic; it 
changes the high expressed B-I epiallele into B’ with a 100% efficiency, reducing the b1 
transcription rate 10-20 fold (Patterson et al., 1993). The change of B-I into B’ is 
meiotically heritable and requires multiple tandem copies of part of an 853-nt sequence 
located ~100 kb upstream of the b1 transcription start site (TSS) (Stam et al., 2002a, 
2002b; Belele et al., 2013). B-I and B’ carry seven copies of the 853-nt sequence (hepta-
repeat), while b1 alleles insensitive (neutral) to paramutation carry one copy of the repeat 
unit. In B’, the presence of H3K27 dimethylation (H3K27me2) at the b1 coding region 
appears associated with the maintenance of the silenced B’ state, while DNA 
hypermethylation at the hepta-repeat is implicated in both the maintenance and 
establishment of silencing at the b1 locus (Haring et al., 2010). Besides their role in 
paramutation, the 853-nt tandem repeats carry transcriptional enhancer sequences that are 
required for tissue-specific enhancement of b1 RNA expression (Belele et al., 2013; 
Louwers et al., 2009a). In B-I, tissue-specific activation of b1 expression in husk tissue is 
associated with H3 acetylation (at K9 and K14) and nucleosome depletion at the hepta-
repeat (Haring et al., 2010). High b1 expression levels are in addition associated with 
chromosomal interactions between the hepta-repeat, TSS and other regulatory regions at 
the b1 locus, ~15, ~47 and ~107 kb upstream of the TSS (Louwers et al., 2009a). In B’, the 
hepta-repeat displays tissue-specific H3K27me2, H3 lysine 9 dimethylation (H3K9me2), 
and chromosomal interactions with the TSS, but not with the ~15, ~47 and ~107 kb 
regions (Haring et al., 2010).  

Most genes identified as required for paramutation in maize (Arteaga-Vazquez and 
Chandler, 2010; Hollick, 2012; Giacopelli and Hollick, 2015) share homology with genes 
involved in the RNA-directed DNA methylation (RdDM) pathway in Arabidopsis thaliana, 
a pathway capable of inducing de novo DNA methylation (5mC) in all sequence contexts 
(CG, CHG and CHH) (Zemach et al., 2013; Matzke and Mosher, 2014). One of the genes 
involved in paramutation, mediator of paramutation1 (mop1), encodes a putative ortholog 
of RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) in Arabidopsis (Alleman et al., 
2006; Woodhouse et al., 2006). RDR2 plays a central role in RdDM and is implicated in 
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generating double-stranded RNAs from single-stranded transcripts produced by the plant-
specific DNA-dependent RNA polymerase Pol IV (Haag et al., 2014). Consistent with a 
role in RdDM, MOP1 is required for the production of the vast majority of 24-nt short-
interfering RNAs (siRNAs) (Jia et al., 2009; Nobuta et al., 2008). Additionally, in maize 
mop1 mutants, CHH methylation is severely decreased at CHH islands 5’ and 3’ of genes 
and at particular families of transposable elements (TEs), whereby the reduction in CHH 
methylation is particularly strong at short DNA transposons and non-spreading 
retrotransposons (Gent et al., 2014; Li et al., 2014a). Accordingly, the expression of several 
DNA transposons increased (Jia et al., 2009; Woodhouse et al., 2006). 

At multiple loci displaying paramutation, MOP1 is required for the establishment 
of paramutation (b1, pl1, r1, p1) and for the maintenance of the silent paramutagenic state 
(b1, pl1) (Nobuta et al., 2008; Dorweiler et al., 2000; Sidorenko and Chandler, 2008). In a 
mop1 mutant, B’ can no longer change B-I into B’; the b1 gene is highly expressed and both 
epialleles segregate independently in subsequent generations (Dorweiler et al., 2000). Upon 
restoration of MOP1 activity, B’ can paramutate B-I again, hence MOP1 is not required for 
the heritability of the B’ state; the epigenetic memory of B’ persists in mop1 mutant plants. 

Intriguingly, despite B’ being transmissible through mop1-1 homozygotes, the B’ 
phenotype is masked; in mop1 mutant B’ plants, b1 transcription and transcript levels are 
increased, resulting in darkly pigmented plants. In B’ Mop1/mop1 heterozygous progeny, 
plants are lightly pigmented again. The extent of the effect of the mop1-1 mutation on 
paramutation phenomena in maize is locus specific. For example, in a mop1 mutant, the 
paramutagenic Pl’ epiallele can, unlike B’, revert to a non-paramutated, paramutable 
epiallele.  

In line with a role of RdDM in paramutation, the siRNAs derived from the B’ 
hepta-repeat are severely decreased in a mop1 mutant background (Arteaga-Vazquez et al., 
2010). The nature of the contribution of RdDM is, however, still unclear. The b1 repeats are 
transcribed and yield siRNAs not only in B’, but also in B-I and in a neutral b1 allele, 
suggesting that, in the tissues analyzed, siRNAs are not sufficient for paramutation 
(Alleman et al., 2006; Sidorenko et al., 2009; Arteaga-Vazquez et al., 2010). Others have 
shown that the RdDM machinery may require pre-existing DNA and/or chromatin 
modifications such as DNA methylation and H3K9me2 (Chan et al., 2006; Law et al., 
2013). Chan et al. for example showed this for the Arabidopsis FLOWERING LOCUS 

WAGENINGEN (FWA), which carries small tandem repeats. A similar requirement for pre-
existing epigenetic marks may exist for paramutation at the b1 locus in maize. 
Alternatively, in the tissues examined - immature ears - (Arteaga-Vazquez et al., 2010), the 
repeat siRNA levels are below the threshold needed for paramutation. Elevated levels of 
repeat siRNAs, surpassing the threshold, may specifically be generated by B’ during early 
stages of plant development, when paramutation is initiated (Haring et al., 2010).  

In this study we used the mop1-1 mutation to investigate the role of MOP1 and 
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RdDM in repression of enhancer sequences and paramutation at the b1 locus. We provide 
evidence that in the absence of MOP1, transcriptional activators are able to activate 
regulatory sequences at the b1 locus in the presence of high, wild-type levels of DNA 
methylation, H3K9me2 and nucleosomes. The H3K27me2 levels are, however, about 50% 
decreased in a mop1 mutant, and upon transcriptional activation, H3K9me2 levels are 
decreased as well. We speculate that activation of the repressed enhancer sequences in B’ is 
facilitated by the decrease in H3K27me2 and/or associated proteins, subsequently leading 
to a loss of H3K9me2. Contrary to the expectations for a locus undergoing RdDM, we 
show that the differentially DNA methylated sequences at the B’ hepta-repeat are primarily 
methylated in the CG and CHG context; CHH methylation is nearly absent. Intriguingly, 
genome-wide analysis indicates that the b1 locus is not an unusual case in maize; RdDM 
loci are frequently associated with low CHH methylation. 

 

Results 

Approach 

To disentangle the effect of the mop1-1 mutation on the tissue-specific activation of b1 
from the epigenetic marks and chromatin features that define the heritable B’ state, where 
relevant, experiments were performed on two types of tissues: seedling and husk tissue. In 
seedling tissue, comprising 1-month old seedlings with the exposed leaf blades and roots 
removed, B’ as well as B-I are very low expressed (Haring et al., 2010). In husk tissue, 
consisting of the leaves surrounding the ear, expression of b1 is transcriptionally activated, 
resulting in high expression of B-I and low expression of B’. 

Regulatory sequences at the b1 locus are activated in B’ mop1-1 

A prior study (Dorweiler et al., 2000) reported a varying increase in b1 RNA levels in B’ 
husk tissue when comparing homozygous versus heterozygous mop1-1 mutant plants 
grown in field conditions (7- to 46-fold). To examine the levels of up-regulation in our 
greenhouse conditions, we performed RNA blot analysis using husk tissue from B’/B’ 

mop1-1/mop1-1 plants (referred to as B’ mop1-1 from hereon) versus B’/B’ Mop1/Mop1 
plants (referred to as B’) and B-I/B-I Mop1/Mop1 plants (referred to as B-I). Our analysis 
revealed that in husk tissue from B’ mop1-1 plants, the b1 expression level was 3-4 times 
increased relative to that in B’ plants, while, as reported before, the b1 expression level was 
about 20-fold higher in husk tissue from B-I than from B’ plants (FIG. 1) (Patterson et al., 
1993; Louwers et al., 2009a). Consistent with these differences in expression levels, during 
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plant development B-I plants displayed purple pigmentation a few weeks earlier than B’ 

mop1-1 plants.  

 
FIGURE 1. b1 expression levels in maize husk tissues. RNA blot analysis of RNA from B’, B-I and B’mop1-1 
husk tissue, using probes recognizing the coding region of b1 (exons 7-9) and Sam (see FIG. S1). The intensities of 
the bands representing full-length transcripts were quantified. The indicated values represent the average and 
standard deviation of b1 expression levels normalized to Sam expression levels. and the b1/Sam ratio calculated. 
+/- indicates the standard deviation. 

 

To test if the increase in b1 transcript level in B’ mop1-1 plants is mediated by the 
activation of the previously identified distant regulatory sequences at the b1 locus (Louwers 
et al., 2009a), we performed chromatin immunoprecipitation (ChIP) with an anti-histone 
H3 acetylation (H3ac) antibody and chromatin isolated from husk. The precipitate was 
analyzed using quantitative PCR (qPCR), normalization to actin1 values (Haring et al., 
2007), and primers shown in FIG. 2A and FIG. S1. Compared to the levels in B’ husk tissue, 
in B’ mop1-1 tissue significantly elevated levels of H3ac were observed for the hepta-
repeat, regulatory sequences ~45 kb upstream of the TSS, and the b1 coding region (FIG. 
2B-C, FIG. S2 and TABLE S1). The H3ac levels at the hepta-repeat in B’ mop1-1 husk were, 
however, still significantly lower than the H3ac levels in B-I husk tissue, indicating that the 
enhancer sequences at the b1 hepta-repeat are intermediately activated in B’ mop1-1 plants 
(Heintzman et al., 2007; Zhou et al., 2011). 

mop1-1 allows the formation of multiple chromatin loops at b1  

The different epigenetic states of B-I and B’ are shown to mediate different chromosome 
conformations at the b1 locus (Louwers et al., 2009a). In B’ and B-I seedling tissue, in 
which the b1 gene is transcriptionally inactive, only low interaction frequencies were 
measured at the b1 locus. Upon tissue-specific activation of b1 RNA expression in husk 
tissue, the hepta-repeat and TSS regions physically interact with each other at the B-I as 
well as the B’ epiallele (Louwers et al., 2009a). The high b1 expression level in B-I plants is 
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furthermore associated with additional interactions involving regions ~15, ~47 and ~107 kb 
upstream of the TSS (Louwers et al., 2009a). Multiple of these regions were uncovered as 
potentially regulatory by ChIP and FAIRE (Formaldehyde-Assisted Isolation of Regulatory 
Elements) experiments (Haring et al., 2010; Louwers et al., 2009a; Giresi et al., 2007). To 
examine the effect of mop1-1 on the chromosome conformation of the B’ epiallele we 
applied Chromosome Conformation Capture (3C), using husk tissue from B-I, B’ (Louwers 
et al., 2009a) and B’ mop1-1 plants, and BglII as restriction enzyme. 3C allows the 
identification of physical interactions between selected genomic regions. In our 
experiments, DNA fragments carrying the TSS (fragment I), hepta-repeat (fragment X) and 
the region ~47 kb upstream (fragment VII) were used as viewpoint (bait). The S-adenosyl-

methionine decarboxylase (Sam) locus was used for normalization of the data as described 
in before (Louwers et al., 2009a). See FIG. 2A and FIG. S1 for the chromosomal fragments 
analyzed.  

Our data indicate that in B’ mop1-1 husk tissue, the b1 locus shows a B-I-like 
conformation, whereby the interaction frequencies were generally slightly lower than those 
displayed by B-I (FIG. 2D-F). When using fragment I as viewpoint, in B’ mop1-1 husk 
samples the hepta-repeat (fragment X) showed high interaction frequencies (FIG. 2D). This 
interaction occurs more frequently than in B’ husk, but not as often as in B-I husk. In 
addition, fragment I also interacts with fragments XII (-107 kb), VII (-47 kb), and VI (-40 
kb). When using fragment X and VII as viewpoints (FIG. 2E-F), the interactions between 
the TSS, hepta-repeat and regions -107 and -47 kb upstream were confirmed, and 
interactions with fragment IV (-15 kb) were observed in addition.  

In conclusion, our data show that in a mop1-1 mutant the B’ allele adopts a multi-
loop conformation involving the TSS, hepta-repeat, and sequences ~107, ~47 and ~15 kb 
upstream, reminiscent of the conformation of an active B-I epiallele. In B’ mop1-1, this 
conformation occurs only a little less frequent than in B-I, in line with the intermediate b1 
expression level in B’ mop1-1. These results are in agreement with our earlier model that, 
besides the hepta-repeat, the regions ~107, ~47 and ~15 kb upstream carry sequences 
regulating b1 expression (Louwers et al., 2009a), and indicate that in husk tissue these 
regulatory sequences are activated in the absence of a functional MOP1 protein.  

mop1-1 causes an intermediate level of regulatory activity in B’ 

The b1 transcript levels are significantly higher in B’ mop1-1 than in B’ plants, but still 
lower than in B-I plants (FIG. 1), suggesting a difference in regulatory activity, and thus 
chromatin accessibility, at the b1 regulatory regions. To test this, FAIRE experiments were 
performed. FAIRE enriches for nucleosome-depleted DNA, a hallmark of active regulatory 
chromatin (Giresi et al., 2007). Experiments were done on husk tissue of B’ mop1-1, B’ and 
B-I plants using the same approach as described before (Louwers et al., 2009a). The DNA 
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samples obtained by FAIRE were analyzed by qPCR, using the primer sets indicated in FIG. 
2A and FIG. S1. First, the data were normalized to the level of input material. 
 
 

 
FIGURE 2. The mop1-1 mutation mediates an active chromatin state at the B’ locus. (A) Schematic 
representation of the b1 locus, indicating the regions monitored in ChIP, 3C and FAIRE. Distances are indicated in 
kb relative to the TSS (0 kb); the white box depicts the b1 coding region; the hepta-repeat is represented by 
arrowheads. The BglII fragments analyzed in 3C are indicated with Roman numerals. The amplicons monitored in 
ChIP and/or FAIRE experiments are indicated below the locus. (B) Color-coding used in panels C-G. (C) ChIP, 
(D-F) 3C and (G) FAIRE experiments were performed on husk tissue from B’, B’ mop1-1 and B-I plants. (C) 
ChIP-qPCR experiments using an anti-H3ac antibody. The error bars indicate the standard error of the mean 
(SEM) of two (B’), three (B’ mop1-1), and three (B-I) replicate experiments. See TABLE S1 for the summary of the 
performed ANOVA tests. Epigenotypes that differed significantly (p<0.05) at the repeats, -45 kb region or coding 
region are indicated. (D-F) 3C analyses. At the top of each diagram, the b1 locus is schematically shown; the x-
axis shows the position in kb relative to the TSS (hooked arrow). The BglII fragments examined for interactions 
are indicated by grey vertical bars. The viewpoints are indicated by black vertical bars. (D) Fragment I (TSS), (E) 
Fragment X (hepta-repeat), and (F) Fragment VII (~47kb upstream of the TSS). Data were normalized using the 
crosslinking frequencies measured for the Sam locus (FIG. S1). Error bars indicate the SEM of eight (B’ and B-I) 
and four (B’ mop1-1) different samples. (G) FAIRE analysis. FAIRE values for b1 were normalized against the 
Sam values for amplicon q. Error bars indicate the SEM of four (B’ mop1-1) or six samples (B’ and B-I). FIG. 3C-F 

include data for B-I and B’ described in (Haring et al., 2010). 
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Subsequently the FAIRE values obtained for Sam (primer set q) were used to correct for 
template quality. 

Our data indicate that in B’ mop1-1 plants the b1 locus displays an intermediate 
active chromatin structure compared to that in B’ and B-I plants (FIG. 2G). Five amplicons 
(R3, a, f, g and h), located in the hepta-repeat, ~107, ~45 and ~40 kb upstream of the b1 
coding region, were clearly FAIRE enriched in B’ mop1-1 compared to B’ husk tissue, 
indicating activation of regulatory sequences at these regions. At the same time, at three 
other amplicons (R1, e and m) the B’ mop1-1 FAIRE signals were clearly more comparable 
to the B’ than the B-I FAIRE signals. These data indicate that, on average, the regulatory 
regions examined are more active in B’ mop1-1 than in B’ plants, but less active than in B-I 
plants. This is reflected in the intermediate b1 expression level in B’ mop1-1 husk tissue 
(FIG. 1). 

Hepta-repeat DNA methylation level remains high in B’ mop1-1 

The Mop1 gene was recently shown to play a major role in maintaining CHH methylation 
(mCHH) and a minor role in maintaining CHG methylation (mCHG) at RdDM-target loci 
(Gent et al., 2014; Li et al., 2014a). In B’ plants the hepta-repeat junction regions are DNA 
hypermethylated compared to those in B-I plants (Haring et al., 2010). Here we show that 
MOP1 is involved in silencing of the distant regulatory sequences at the b1 locus (FIG. 2), 
and we set out to examine if the activation of the hepta-repeat enhancer sequences in B’ 
mop1-1 plants is associated with a decrease in hepta-repeat DNA methylation. To this end, 
DNA blot analyses were performed as described in (Haring et al., 2010), using genomic 
DNA isolated from leaf or husk tissue of 27 individual B’ mop1-1 plants. DNA was isolated 
and digested with EcoRI or BamHI, which released a discrete fragment containing the 
entire hepta-repeat, and different methylation sensitive restriction enzymes (FIG. 3). The 
DNA blots were hybridized to a repeat fragment (Haring et al., 2010). To check for 
complete digestion, probes recognizing unmethylated sequence regions within the b1 locus 
were used.  

Compared to B’ plants, in B’ mop1-1 plants we observed only a slight decrease in 
DNA methylation level at the B’ repeat junction regions, and this occurred in several, but 
not in all plants (FIG. 3A, FIG. S3 and S4). Decreases in DNA methylation level were 
observed for specific restriction sites, HpaI, PstI, AluI, Sau96I#1 and BsmAI#1. A decrease 
at one particular site was, however, not necessarily associated with a decrease at another 
site in the same sample, indicating stochastic effects. In addition to the slight decrease in 
DNA methylation, we detected stochastic hypermethylation at a CpG site at the repeat 
junctions in B’ mop1-1 (FIG. 3A and FIG. S4 and S5; HhaI and HaeII). In rdr2 
(Arabidopsis) and mop1 mutants, DNA demethylases are shown to be downregulated (Jia et 
al., 2009; Huettel et al., 2006). The observed hypermethylation may be the result of this 
downregulation of DNA demethylases in combination with de novo DNA methylation. 
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We expected that, as hypothesized in an earlier study (Ohtsu et al., 2007), during the 
development of B’ mop1-1 plants, a progressive decrease in DNA methylation levels would 
be observed. Such loss in methylation would occur due to cell division in the absence of the 
MOP1 protein (Ohtsu et al., 2007). To test this hypothesis DNA blot analysis was 
performed on DNA from six to eight leaves (leaf 2, 4, 6, 8, 10, 12, 14, 16) collected during 
the development of six homozygous B’ mop1-1 plants (FIG. S6). Leaves were collected the 
moment the consecutive leaf had appeared. In most plants monitored (5 of 6), we detected 
the slight decrease in DNA methylation observed before, but in general, the maximum 
decrease in DNA methylation was already observed in the second leaf stage. 

Together, our data indicate that i) activation of the enhancer function of the hepta-
repeat occurs in the presence of high DNA methylation levels, and ii) the MOP1 protein 
plays a minor role in maintaining DNA methylation at the b1 hepta-repeat.  

Mainly symmetric DNA methylation at differentially methylated repeat 
region  

To investigate the DNA methylation pattern at the b1 hepta-repeat at base-pair resolution, 
DNA was isolated from leaf 4 of two B’, two B-I and three B’ mop1-1 V4-stage plants 
(Ritchie et al., 1992). The DNA samples were treated by bisulfite, followed by PCR 
amplification of the differentially methylated repeat junction region. Fie2 was used as a 
control for complete conversion (Gutiérrez-Marcos et al., 2006). As observed with DNA 
blot analysis, the B’ repeat junction region was hypermethylated compared to that of B-I, 
both in wild-type and mop1-1 leaf tissue (FIG. 3B, FIG. S7 and S8). In the B’ mop1-1 
samples examined by bisulfite sequencing, hypermethylation at the CpG site at the repeat 
junction (HhaI/HaeII restriction site) was confirmed, but a decrease in DNA methylation at 
the other sites monitored by DNA blot analysis could not be observed (FIG. S8). It has to be 
noted that with targeted bisulfite sequencing, individual clones represent individual repeats 
within a hepta-repeat, while with DNA blot analysis hepta-repeats as a whole in a 
population of cells are examined.  

In contrast to the expectations, the vast majority of the DNA methylation observed 
at the b1 hepta-repeat was in the CG and CHG context, both in B’ and B’ mop1-1 (FIG. 3B-
C, FIG. S7 and S8). Whereas genome-wide studies have shown that on average 14.51% of 
the CHH sites in maize RdDM loci are methylated (Gent et al., 2013), the mCHH levels at 
the repeat junction regions are below 3% (FIG. S7) and are in addition comparable between 
the B’ and B’ mop1-1 samples. These findings are in contrast to the common observations 
that the RdDM pathway, in which MOP1 is indicated to play a role, mediates de novo DNA 
methylation in all sequence contexts, including CHH (Matzke and Mosher, 2014; Gent et 
al., 2014; Li et al., 2014a). 
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FIGURE 3. Differentially methylated repeat junction region retains high levels of symmetric DNA 
methylation in mop1-1. (A) Summary of the DNA methylation levels data obtained by DNA blot analysis. B’ and 
B-I and B’ mop1-1 DNA was digested with the methylation-insensitive EcoRI or BamHI and the methylation-
sensitive enzymes indicated. Numbered enzyme restriction sites discriminate individual sites present more than 
once every repeat. A zoom of part of the hepta-repeat, spanning the repeat junction region, is shown. The 
consensus repeat DNA methylation patterns of B’ and B-I (Louwers et al., 2009a) are shown. At B’ mop1-1, 
horizontal lines with colored circles represent DNA methylation levels in different plants, shown in the same order 
as in FIG. S4. The DNA methylation levels are specified by colors: 0-12.5%, white; 12.5-37.5%, yellow; 37.5-
62.5%, orange; 62.5-87.5%, red; 87.5-100% methylation, dark red. HhaI* indicates a site cut by both HhaI and 
HaeII. (B) DNA methylation profiles of the b1 repeat junction region at base-pair resolution. Two B’, two B-I and 
three B’ mop1-1 DNA samples were subjected to targeted bisulfite sequencing. The data for representative 
examples is shown here. See FIG. S7A for all data sets. The dot-plots show the DNA methylation for 30 individual 
B’ and B’ mop1-1 clones and 31 individual B-I clones. Methylated and unmethylated cytosines are represented by 
filled and empty circles, respectively. The different greytones indicate the sequence context of individual 
cytosines. The restriction sites examined by DNA blotting are indicated above the panel for comparison. (C) Total 
fraction of methylated cytosines in the repeat junction region in the three sequence contexts as measured by 
bisulfite sequencing. The mean and standard deviations shown are calculated from three (B’ mop1-1) or two (B’ 
and B-I) biological replicates. 
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Genome-wide variation in mCHH levels associated with MOP1 activity  

A recent study produced a list of non-overlapping, intergenic, 100-bp loci subject to MOP1 
activity based on an at least 3-fold decrease of 24-nt siRNA levels in a maize mop1-1 
mutant background (Gent et al., 2014). Our finding that the repeat junction region has little 
mCHH prompted a more detailed analysis of these RdDM loci. To this end, we first 
identified RdDM loci with high confidence measures of mCHH and 24-nt siRNA 
abundance. We selected 100-bp loci with a minimum overlap of 50 bp with the uniquely-
mapping 24-nt siRNAs identified in the wild-type Mop1 control sample (near-isogenic with 
B73) originally used to define RdDM loci (Gent et al., 2014). Of these loci, we selected loci 
that contained at least 20 individual CHHs that were spanned by BS-seq reads in a B73 
sample of the same study. 16113 of 442788 RdDM loci passed these thresholds. These 
16113 loci with high-confidence measures of mCHH exhibited a broad range of mCHH 
levels and included 2845 loci with less than 2% mCHH (FIG. S9A-B). We refer to these 
latter loci as “low-mCHH” and the rest as “high-mCHH loci”.  

To independently test the reproducibility of the mCHH measurements at these loci 
and verify that they are truly subject to MOP1 activity, we measured mCHH in both types 
of loci using additional BS-seq datasets, derived from mop1-1 and Mop1 controls of the 
same study. The low- and high-mCHH loci retained low and high mCHH in the Mop1 
control (average mCHH values of 4.8% in low-mCHH loci, and 26.7% in high-mCHH 
loci). Since the low-mCHH RdDM loci were defined by analysis of a different sample 
(B73, not the same stock as the Mop1 control), these data indicate that the loci called “low-
mCHH loci” reproducibly have low mCHH. Relative to the Mop1 control, both types of 
loci, low-mCHH and high-mCHH, exhibited a decrease in mCHH as well as mCHG in 
mop1-1 (FIG. 4A). The low-mCHH RdDM loci, however, displayed no decrease in mCG in 
a mop1-1 mutant background, unlike the high-mCHH RdDM loci. The decrease in mCHG 
was in addition not as high as observed for high-mCHH loci. Furthermore, the low-mCHH 
loci exhibited slightly higher mCG and mCHG than high-mCHH loci. Consistent with the 
involvement of the RdDM pathway, both types of loci were strongly dependent on MOP1 
for 24-nt siRNA accumulation. High-mCHH loci had on average 2.7-fold more 24-nt 
siRNAs than low-mCHH loci in the Mop1 control, but nearly identical, low residual levels 
of siRNAs in mop1-1 (FIG. 4B). 22-nt and 21-nt siRNAs followed similar patterns, both in 
terms of their dependence on MOP1 and their relatively lower abundance in low-mCHH 
loci (FIG. S9C). Although both type of RdDM loci showed a different behavior, we could 
not identify a feature explaining this difference. Both type of loci had a similar C+G 
content (53% in low- and 50% in high-mCHH). Both sets also were similarly close to 
genes, with approximately half of each type being within 2 kb of a transcription start or end 
site of a gene (48% for low- and 50% for high-mCHH). The genomic locations of the two 
types did differ in that low-mCHH loci overlapped less with annotated transposons than 
high-mCHH loci (44% of low- vs 64% of high-mCHH RdDM loci) (FIG. S9D). 
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Nevertheless, still a significant number of low-mCHH loci overlapped with transposons. 
The observation that low-mCHH loci, having average mCHH of 4.8%, make up 18% of the 
high confident RdDM loci indicates that our finding at the repeat junction region is not an 
unique case. Also elsewhere in the genome MOP1 activity is involved in the production of 
siRNAs with little mCHH as a result. 

 
 
 
 

 
FIGURE 4. DNA methylation and 24-nt siRNA patterns in low-mCHH and high-mCHH RdDM loci. (A) 
Average DNA methylation for each type of locus in Mop1 control and mop1-1. Values of percent 5-
methylcytosine are relative to the total number of cytosines (mC/total C) in each sequence context (CG, CHG, or 
CHH). Error bars are standard errors of the means for the two (control) or three replicates (mop1-1). (B) Average 
24-nt siRNA abundance for each type of locus in Mop1 control and mop1-1. The number of siRNAs was 
normalized by the number of miRNAs in each sample, as described previously (Gent et al., 2014).  
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In mop1-1 the B’ hepta-repeat retains H3K9me2 and H3K27me2  

The silencing of transposons and other repeats is associated with DNA methylation, 
H3K9me2 and H3K27me2 (Gent et al., 2014; Roudier et al., 2011; Bernatavichute et al., 
2008; West et al., 2014). In Arabidopsis, H3K27me2 in addition co-localizes with 
H3K27me3 at repressed or low expressed coding sequences (Roudier et al., 2011). In 
maize, H3K9me2 and H3K27me2 are detected at poorly and moderately expressed coding 
regions, respectively (Gent et al., 2014). In our previous study, the B’ coding region was 
marked by H3K27me2 in both seedling and husk tissue (Haring et al., 2010), while the B’ 
hepta-repeat was indicated to carry H3K9me2 and H3K27me2 only in husk (Haring et al., 
2010). To examine if activation of b1 in B’ mop1-1 plants is associated with reduced 
H3K9me2 and H3K27me2 levels, ChIP-qPCR experiments were performed, using 
monoclonal antibodies with a much better signal-to-noise ratio than the antibodies used in 
our previous study (FIG. 5, see Materials and Methods) (Haring et al., 2010). A high-copy 
Copia sequence was used to normalize the data (Haring et al., 2010, 2007). The Copia 
sequence used behaves, on average, as a non-RdDM locus and could therefore be used to 
normalize ChIP-qPCR data obtained for B’ mop1-1 plants (see Materials and Methods for 
more information). To monitor the effect of transcriptional activation of the b1 gene on the 
H3K9me2 and H3K27me2 levels, the ChIP experiments were performed on seedling and 
husk tissue; the b1 gene is transcriptionally activated in husk, but not in seedling tissue.  

H3K9me2 was significantly enriched at the hepta-repeat in B’ seedling as well as 
husk tissue (FIG. 5C-D, FIG. S10A), suggesting that in B’ plants the hepta-repeat is marked 
by H3K9me2 in a tissue-independent manner. At the hepta-repeat in B-I seedling and husk 
tissue no H3K9me2 levels above background were detected. Other sequences in B’ and B-I 
showed no ChIP signals above background. Like in B’, in B’ mop1-1 the hepta-repeat 
carried significant levels of H3K9me2. In seedling tissue, in which the b1 gene is 
transcriptionally inactive, the H3K9me2 levels were comparable between B’ and B’ mop1-1 
(TABLE S1), while in husk, in which b1 is transcriptionally activated, the H3K9me2 levels 
were significantly lower in B’ mop1-1 than B’ plants; they were about half of those in B’. 
The H3K9me2 levels at the hepta-repeat in B’ mop1-1 were, however, still significantly 
higher than in B-I husk tissue, in line with the enhancer sequences being intermediately 
activated in B’ mop1-1 plants.  
Analysis of the H3K27me2 levels revealed significant enrichment of this mark at the hepta-
repeat, coding and other sequences at the b1 locus in B’, B’ mop1-1 and B-I seedlings and 
in B’ and B’ mop1-1 husk tissue (FIG. 5E-F and FIG. S10B). In both B’ and B’ mop1-1 the 
hepta-repeat was enriched for H3K27me2 in a tissue-independent manner. The H3K27me2 
levels at the hepta-repeat were, however, significantly lower in B’ mop1-1 than in B’ plants 
(TABLE S1); they were approximately half of the levels observed in B’. Significant levels of 
H3K27me2 were also detected at the coding region in B’ and B’ mop1-1, in both seedling 
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and husk tissue, indicating that, in the absence of MOP1, high H3K27me2 levels at the 
coding region are compatible with elevated b1 expression levels. The levels at the coding 
region were significantly different between B’ mop1-1 and B’ plants in seedling, but not in 
husk. Interestingly, in B-I plants, a clear negative correlation between the H3K27me2 and 
b1 expression levels was observed. In B-I seedlings, in which only low levels of b1 
transcripts are detected (Haring et al., 2010), substantial H3K27me2 enrichment was 
observed at the hepta-repeat and around the b1 coding region, while in B-I husk, where b1 
transcript levels are high (FIG. 1), only background levels of H3K27me2 were detected 
across the b1 locus. The H3K27me2 levels at the hepta-repeat in B-I seedling were 
significantly lower than observed for both B’ and B’ mop1-1. 

Together, our results demonstrate that the absence of MOP1 is associated with a 
(limited) loss of the repressive H3K9me2 and H3K27me2 histone modifications, and that 
tissue-specific transcriptional activation of the hepta-repeat can enhance the extent of the 
loss (observed for H3K9me2). Additionally, our data indicate that H3K27me2 is enriched 
at DNA sequences that are tissue-specifically regulated, including regulatory and coding 
sequences, and that, like in Arabidopsis (Roudier et al., 2011), silenced chromatin can be 
marked by the combination of DNA methylation, H3K9me2 and H3K27me2.  

mop1-1 does not significantly affect nucleosome occupancy at the B’ 
repeats  

Nucleosome occupancy plays an important role in gene regulation (Jiang and Pugh, 2009; 
Struhl and Segal, 2013), with nucleosome depletion at regulatory regions being associated 
with gene expression. To test whether the increased b1 expression level in B’ mop1-1 plants 
(FIG. 1) is associated with decreased nucleosome occupancy, ChIP-qPCR experiments were 
performed using an anti-histone H3 antibody (H3core), which recognizes canonical H3 and 
H3 variants. As observed before, the repeats display a low and high nucleosome occupancy 
in B-I and B’ husk, respectively (FIG. 5G, FIG. S10C, TABLE S1) (Haring et al., 2010). This 
is consistent with the hepta-repeat acting as a transcriptional enhancer in B-I, but not B’ 
plants. In seedling and husk tissue of B’ and B’ mop1-1 plants, however, at none of the 
sequence regions analyzed, including the repeats, significant differences in nucleosome 
occupancy level were observed (FIG. 5G, FIG. S10C, TABLE S1). This suggests that the 
increased b1 expression level in B’ mop1-1 plants is not facilitated by nucleosome 
displacement. 
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FIGURE 5. In B’ mop1-1, the hepta-repeat retains repressive marks. (A) Schematic representation of the b1 
locus, indicating the regions monitored by ChIP. (B) Color-coding used in panels C-G. (C-F) ChIP-qPCR 
experiments were performed on seedling and husk tissue from B’, B’ mop1-1, and B-I plants, using antibodies 
recognizing (C-D) H3K9me2, (E-F) H3K27me2, and (G) H3 core. The ChIP signals were normalized to the 
quantified Copia signals. The error bars indicate the SEM of 2-5 replicate experiments (TABLE S3). See TABLE S1 

for the summary of the performed ANOVA tests. Epigenotypes that differed significantly (p<0.05) at the repeats, -
45 kb region or coding region are indicated by color-coded circles. 
 

Discussion 
In this study we show that a mutation preventing paramutation at multiple maize loci allows 
transcriptional regulators to activate regulatory sequences at the B’ epiallele in the presence 
of high DNA methylation, H3K9 methylation and nucleosome occupancy levels. In the 
mop1 mutant, in tissue in which b1 is not yet transcriptionally activated, the levels of these 
repressive marks are very similar to those in Mop1 plants. H3K27me2 levels are, however, 
substantially reduced at the regulatory sequences. This reduction is also observed in tissue 
in which b1 is still transcriptionally repressed, suggesting that the reduction in H3K27me2 
and/or associated proteins allow the (intermediate) activation of the b1 regulatory 
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sequences in the mop1 mutant. Upon transcriptional activation of B’, the H3K9me2 levels 
are reduced as well in the mutant, suggesting this is a consequence rather than a cause of 
activation. The data reported here in addition indicate that MOP1 plays a limited role in the 
maintenance of repressive epigenetic marks at the B’ locus. Surprisingly, given that MOP1 
functions in RdDM, the differentially methylated B’ hepta-repeat sequences show near-
background CHH methylation, independently of MOP1. A recent study by (Li et al., 2014a) 
that used sequence-capture bisulfite sequencing on selected loci already suggested the 
existence of maize RdDM loci displaying low mCHH. Importantly, our genome-wide data 
analysis identified the existence of numerous RdDM loci having very low mCHH levels, 
implying the existence of an RdDM pathway mediating very low levels of mCHH.  

Previously, we postulated that binding of a tissue-specific transcription factor 
drives activation of the hepta-repeat enhancer function (Haring et al., 2010). The low DNA 
methylation level and absence of H3K9me2 and H3K27me2 at the B-I hepta-repeat would 
allow the binding of transcription factors, the acetylation of histones and chromosomal 
interactions between the hepta-repeat, TSS and other regulatory sequences at the b1 locus, 
ultimately resulting in tissue-specific transcriptional enhancement of b1 (FIG. 6). Repressive 
marks at the B’ hepta-repeat, DNA methylation, H3K9me2 and H3K27me2 were 
hypothesized to hamper the binding of proteins involved in the formation of an active 
enhancer complex and block the formation of a multi-loop structure, resulting in low b1 
expression. Accordingly, the presence of these repressive epigenetic marks are also 
negatively correlated with enhancer activity in other systems (Xie et al., 2013; Plank and 
Dean, 2014; Ferrari et al., 2014; Sekhon et al., 2012). Here we show the remarkable finding 
that, in mop1-1 mutant plants, transcriptional regulators are able to activate regulatory 
sequences at the b1 locus in the presence of high levels of symmetric DNA methylation, 
H3K9me2 and nucleosomes. This activation is exemplified by increased b1 RNA levels, 
dark purple plant pigmentation, H3ac, FAIRE enrichment and the formation of a multi-loop 
structure at the B’ epiallele (FIG. 1 and 2). The restoration of b1 expression is, however, 
only to about 15% of the B-I level (FIG. 1). Accordingly, the H3ac levels, FAIRE 
enrichment and chromosomal interaction frequencies are (slightly) lower than observed for 
B-I. We hypothesize that, in B’ mop1 husk tissue, the absence of the MOP1 protein and the 
associated reduction in H3K27me2 levels allow protein factors involved in enhancer 
function to bind the hepta-repeat, albeit with a relatively low affinity, resulting in an 
intermediately active enhancer. Subsequently, the hepta-repeat physically interacts with the 
additional, also intermediately activated regulatory sequences ~107, ~45 and ~15 kb 
upstream of the TSS; together they mediate the formation of an active transcription 
complex at the b1 promoter, resulting in an intermediate up-regulation of b1 transcription.  

Interestingly, the H3K27me2 levels at the distant regulatory sequences, proximal 
promoter and b1 coding region appear inversely correlated with the b1 expression level; the 
transcriptional activation of b1 in B-I husk tissue is associated with a substantial decrease in 
H3K27me2 levels. A similar correlation has been reported for H2K27me2 at promoters and 
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coding regions of Opaque2 target genes in maize (Locatelli et al., 2009). Our data extend 
this observation to distant enhancers. H3K27me2 may be involved in preventing the 
activation of enhancers in inappropriate cell types as has been suggested for H3K27me2 in 
mouse cells (Ferrari et al., 2014). 

In B’ mop1-1 plants, in which the production of siRNAs from the hepta-repeat, is 
severely decreased (Arteaga-Vazquez et al., 2010), the epigenetic memory of the 
paramutagenic B’ state is maintained (Chandler et al., 2000). Upon removal of the mop1 
mutation, B’ can again paramutate B-I and is expressed at a low level. Hence, the RdDM 
pathway is not involved in maintaining the epigenetic memory. In the mop1-1 mutant, the 
B’ repeats remain associated with symmetric DNA methylation, H3K9me2 and a reduced 
level of H3K27me2. All three modifications can thus contribute to the epigenetic memory 
of B’. DNA methylation in the CG context has been shown to play a central role in the 
stable transgenerational inheritance of silent epigenetic states (Mathieu et al., 2007), and we 
hypothesize it also plays a crucial role in maintaining the B’ epigenetic state through 
meiosis. There are no clear indications for a role of H3K9me2 or H3K27me2 in trans-
generational inheritance, but recent papers did show a role for H3K27me3 in this process 
(Gaydos et al., 2014; Crevillén et al., 2014; Audergon et al., 2015). At genic sequences in 
Arabidopsis, H3K27me3 and DNA methylation are, however, indicated to be mutually 
exclusive (Roudier et al., 2011; Zhang et al., 2007) and we have no indications for 
significant H3K27me3 levels at the B’ hepta-repeat in maize (Haring et al., 2010). We 
cannot exclude that H3K9me2 and/or H3K27me2 play a role in trans-generational 
inheritance of the paramutagenic B’ state.  

In Arabidopsis the majority of repeated elements are associated with low levels of 
RdDM and high levels of H3K9me2, a repressive histone modification that is part of a 
reinforcing loop with RdDM-independent CHH and CHG methylation (Du et al., 2014; 
Stroud et al., 2013, 2014). Recent studies showed that in maize, loci targeted by RdDM are 
relatively depleted of H3K9me2 (Gent et al., 2014; West et al., 2014), whereby the 
H3K9me2 levels at RdDM loci were relatively similar to the levels at genic loci (Gent et 
al., 2014). The effect of a mop1 mutation on H3K9me2 has not yet been reported for maize. 
In both B’ and B’ mop1-1 plants, in seedling as well as husk tissue, we observed H3K9me2 
at the B’ hepta-repeat, a presumed RdDM target. The enrichment level was substantially 
lower than at the Copia control sequence, which behaves as a heterochromatic sequence not 
subject to MOP1 activity (see Materials and Methods in (Gent et al., 2014, 2013)). The 
relatively low levels are in line with the similarly low levels observed at RdDM loci (Gent 
et al., 2014). In mop1-1 plants, in tissue in which transcription of b1 is repressed, the B’ 
hepta-repeat is still significantly enriched for H3K9me2 (FIG. 5, FIG. S10), indicating that 
the maintenance of H3K9me2 at the repeats is independent of the RdDM machinery. In 
husk tissue, in which b1 is transcriptionally activated, the H3K9me2 levels at the B’ repeat 
were significantly lower in mop1-1 plants than in wild-type B’ plants (TABLE S1). Hence, 
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we hypothesize that activation of the enhancer by transcription factors and other proteins 
(Heinz et al., 2015) may mediate the reduction in H3K9me2 in mop1-1 husk.  

In Arabidopsis and maize, H3K27me2 is localized at silenced genes and repeats 
(Gent et al., 2014; Roudier et al., 2011; Mathieu et al., 2007). In Arabidopsis, its presence 
at these sequences seems independent of the presence of H3K9me2 or DNA methylation 
(Mathieu et al., 2005), suggesting H3K27me2 and RdDM are independent of each other. In 
line with this idea, in maize high H3K27me2 levels are observed at both RdDM and non-
RdDM loci (Gent et al., 2014) and the presence of H3K27me2 at the b1 locus is not 
dependent on DNA hypermethylation; in B-I seedling, the DNA hypomethylated hepta-
repeats are marked by H3K27me2. However, in B’ mop1-1 plants, the H3K27me2 levels at 
the hepta-repeat are substantially lower than in B’ plants, suggesting that in maize a relation 
between H3K27me2 and the RdDM machinery cannot be excluded.  

The stochastic hypermethylation identified at the HhaI/HaeII site at the repeat 
junctions may be due to downregulation of DEMETER-like (DML) DNA demethylases in 
mop1-1 plants (Jia et al., 2009). In the Arabidopsis rdr2-1 mutant the DML protein 
REPRESSOR OF SILENCING1 (ROS1) is shown to be downregulated, with CG 
hypermethylation as a result (Penterman et al., 2007; Zhang and Zhu, 2012). Similar 
observations have been made for other mutants in the RdDM pathway (Huettel et al., 2007; 
Lei et al., 2015). ROS1 is shown to preferentially counteract DNA methylation established 
by the RdDM pathway and is postulated to i) protect specific sequences from 
hypermethylation by RdDM, e.g. 5’ and 3’ ends of genes near repeats, and ii) allow 
transcriptional activation triggered by specific developmental or environmental conditions 
(Zhang and Zhu, 2012). The stochastic hypermethylation we observed is consistent with the 
hepta-repeat junctions being a target for de novo DNA methylation by RdDM as well as 
DNA demethylases. 

Intriguingly, unlike expected for an RdDM target (Gent et al., 2014; Li et al., 
2014a), the vast majority of the DNA methylation at the b1 hepta-repeat junction region 
was in the CG and CHG context, both in B’ and B’ mop1-1. DNA methylation in these 
contexts can be maintained by other pathways (Matzke and Mosher, 2014; Gent et al., 
2014; Li et al., 2014a). Unlike what has been hypothesized (Ohtsu et al., 2007), during 
plant development no consistent progressive decrease in DNA methylation levels was 
observed in B’ mop1-1 plants. In most plants the lowest DNA methylation level detected 
was already observed in the second leaf stage, suggesting that the actual (slight) reduction 
in DNA methylation may occur in very early developmental stages such as embryos, in 
which Mop1 appears higher expressed compared to seedlings and leaves (Woodhouse et al., 
2006; Ohtsu et al., 2007; Sekhon et al., 2011).  

RdDM is capable of methylating cytosines in CG, CHG, and CHH contexts; 
however, the existence of other methylation mechanisms for maintaining or amplifying 
mCG and mCHG makes mCHH the best indicator of RdDM activity (Matzke and Mosher, 
2014). Another main hallmark of RdDM is the production of 24-nt siRNAs (Matzke and 
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Mosher, 2014). Accordingly, it was recently reported that maize loci showing high levels of 
mCHH (short DNA transposons and nonspreading retrotransposons) tend to be enriched for 
24-nt siRNAs and are more dependent on mop1 for their mCHH level than low mCHH loci 
(e.g. spreading retrotransposons) (Li et al., 2014a). Thus after having observed the activity 
of MOP1 at the repeat junction region (manifested by 24-nt siRNAs, see (Arteaga-Vazquez 
et al., 2010)), the low mCHH at the same repeat junction region was unexpected. Genome-
wide analysis of previously identified MOP1-target loci (“RdDM loci”) (Gent et al., 2014) 
indicates that the b1 locus is not a unique case in maize; besides the presence of 
consistently high mCG and mCHG levels, RdDM loci show a continuous, wide range of 
mCHH levels and are frequently associated with low CHH methylation. The low-mCHH 
RdDM loci that we defined in this study make up 18% of the total high confidence RdDM 
loci and have average mCHH values of less than 5% (in contrast with the rest of the RdDM 
loci, which have average mCHH values of 27%). They in addition show 2.7 fold lower 24-
nt siRNA levels than high-mCHH RdDM loci. Gent el al. revealed that, compared to the 
genome average, RdDM loci have a greater than 20-fold increase in 24-nt siRNAs (Gent et 
al., 2014). Thus the 2.7 fold difference in 24-nt siRNA levels between low-mCHH and 
high-mCHH loci that we found in this study means low-mCHH loci still have highly 
abundant siRNAs relative to the genome average. We conclude that in some genomic 
contexts, MOP1 activity yields abundant siRNAs but very little mCHH.  

Other than the 2.7-fold fewer siRNAs, no obvious difference was observed 
between features of the low- and high-mCHH RdDM loci, except that fewer of the low-
mCHH loci overlapped with annotated transposons; nevertheless, 48% still did. It will be of 
interest for future research to discover the difference between these two categories of 
RdDM loci, to find out if low-mCHH loci are targeted by a non-canonical instead of the 
canonical RdDM pathway and if the existence of low-mCHH RdDM loci is widespread in 
the plant kingdom. Another intriguing observation is that low-mCHH RdDM loci appear 
less dependent on mop1-1 for the maintenance of CG and CHG methylation than high-
mCHH RdDM loci, as if at low-mCHH loci, mCG and mCHG maintenance 
methyltransferases rely less on MOP1 activity. Given the presence of functionally distinct 
subtypes of Pol IV and V in maize (Haag et al., 2014), one explanation could be that at low-
mCHH loci MOP1 functions in a novel form of RdDM, a form which only weakly 
methylates mCHH. During establishment of paramutation this RdDM pathway may have 
mediated high mCG and mCHG at these loci, but once established, the high mCG and 
mCHG is then primarily maintained by the action of maintenance methyltransferases 
(Matzke and Mosher, 2014). In addition, our data indicate that in maize, the RdDM 
pathway acting at high-mCHH RdDM loci may play a more substantial role in maintaining 
DNA methylation in all contexts; the maintenance methyltransferases appear not sufficient 
in order to keep mCG and mCHG at the high levels observed. While RdDM components 
inevitably play a role in paramutation in maize, it is unclear whether mCHH specifically 
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does. Unlike the paramutagenic B’ epiallele, the paramutagenic P1-rr’ epiallele in maize is 
clearly methylated in the CHH context (Sekhon et al., 2012). An important challenge for 
future studies will be to identify the specific consequences of mCHH or lack thereof, 
especially in the presence of high mCG and mCHG.  

 
 
 
 
 
 

 
FIGURE 6. Effects of mop1-1 on epigenetic marks and chromatin looping at the b1 locus. In wild-type husk 
tissue, B’ carries repressive marks and a single chromatin loop is formed between the hepta-repeat and TSS, 
mediating low b1 expression. B-I displays features associated with transcriptional activation, including interactions 
between the repeats, TSS and sequences ~15 (green), ~47 (cyan) and ~107kb upstream (blue). In the absence of 
MOP1, the B’ locus carries features of inactive and active chromatin, and the regulatory sequences are activated, 
allowing the formation of a multi-loop structure associated with elevated b1 expression. 
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Materials and Methods 

Plant Materials and Genetic Stocks 

The plants stocks used in this study (B’/B’ Mop1/Mop1 (K55), B-I/B-I Mop1/Mop1 (W23), 
B’/B’ Mop1/mop1-1 (K55/W23) were obtained from V.L. Chandler (University of Arizona, 
Tucson, AZ) and grown in the greenhouse. Homozygous B’ mop1-1 plants were selected 
from progeny of crosses between heterozygous B’ mop1-1/Mop1 (female) and homozygous 
B’ mop1-1/mop1-1 (male) plants using PCR genotyping (Woodhouse et al., 2006) and/or 
scoring pigment levels. The seedling tissue used for ChIP experiments comprised 1-month-
old seedlings with the roots and exposed leaf blades removed. The husk tissues employed 
for RNA, ChIP, 3C and FAIRE consisted of all leaves surrounding the maize ear, whereby 
the tough, outer leaves were discarded (Haring et al., 2010; Louwers et al., 2009a). Husks 
were harvested at the time of silk emergence.  

RNA Analysis 

RNA blot analysis was performed as described previously (Haring et al., 2010; Louwers et 
al., 2009a). RNA was isolated from husk tissue and 10 µg of RNA was size-fractionated by 
gel electrophoresis. RNA blots were hybridized with probes recognizing the coding region 
of b1 or Sam. The resulting band intensities were quantified using a Storm 840 
phosphorimager and ImageQuant software (GE LifeSciences). 

Chromatin Conformation analysis (3C) and FAIRE 

3C and FAIRE analyses were performed on B’ mop1-1 husk tissue as described previously 
(Louwers et al., 2009b, 2009a). The data for B’ Mop1/Mop1 and B-I Mop1/Mop1 have been 
published before (Louwers et al., 2009a) and are shown for comparison. The experiments 
on B’ mop1-1 tissues were conducted at the same time and using the same methods as the 
experiments on B’ Mop1/Mop1 and B-I Mop1/Mop1 tissues. The primers and TaqMan 
probes used are listed in TABLE S2. In 3C experiments, to correct for primer amplification 
efficiencies, for each primer pair the qPCR data was normalized to a random ligation 
control sample produced using a BAC clone containing the b1 locus and an amplified 
control template for the Sam locus. To control for quantity and quality of the 3C samples, 
the data were normalized to 3C values measured for the Sam locus. In the FAIRE 
experiments, to correct for the quantity of the template, the qPCR data for each primer set 
were normalized to the values obtained for input samples. To correct for the quality of the 
template, the data were normalized to FAIRE values measured for the Sam locus. 
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Chromatin Structure Analysis (ChIP) 

ChIP-qPCR experiments were performed on husk and seedling tissue as described 
previously (Haring et al., 2010; Louwers et al., 2009a). Antibodies were used against 
H3K9ac/K14ac (Upstate #06-599), H3K9me2 (Cell signaling #4658), H3K27me2 (Cell 
signaling #9728) and histone H3 (Abcam #1791). The specificity of the H3K9me2 and 
H3K27me2 antibodies was validated by slot blots containing different dilutions of the 
target peptides (Egelhofer et al., 2011). Primers that were used for the qPCR analysis are 
listed in TABLE S2. All ChIP-qPCR experiments were repeated 2-4 times with chromatin 
derived from different plants (TABLE S3).  
 In previous experiments Copia sequences were used to normalize ChIP-qPCR data 
obtained with antibodies recognizing H3K9me2 and H3K27me2 (Haring et al., 2010, 
2007). The majority of Copia elements are depleted of siRNAs (Gent et al., 2013), 
indicating they are rarely targeted by MOP1. To validate that the specific type of Copia 
sequence used in our previous experiments was not targeted by MOP1 and could be 
employed for normalization in a mop1-1 mutant background, the 107-nt sequence was 
blasted to the maize B73 genome (version 3) using parameters optimized for low similarity 
(e-value 1e-15) and including low complexity regions. Of the 163 matches, the 97 that were 
greater or equal to 95-nt in length, carried at least part of both primer binding sites, and had 
sequence coverage in a bisulfite sequencing experiment (Gent et al., 2014) were selected. 
These 97 loci were examined for the presence of CHH methylation, a hallmark of RdDM. 
Their average CHH methylation level was 1.66%, which is very close to the 1.34% of CHH 
methylation at non-RdDM loci and significantly different from the average CHH 
methylation level at RdDM loci (14.51%). In addition, analysis of H3K9me2 data from the 
same study revealed that these loci had an H3K9me2 enrichment value of 1.10, which is 
characteristic of non-RdDM loci (H3K9me2 enrichment of 1.12) rather than RdDM loci 
(H3K9me2 enrichment of 0.55) (Gent et al., 2014). This indicated that our Copia control 
sequence behaves, on average, as a non-RdDM locus and that it could be used to normalize 
our ChIP-qPCR data obtained from wild-type and mop1-1 mutant plants.  

Two-way Analysis of variance (ANOVA) tests were used to test whether B’, B’ 

mop1-1 and B-I behaved similar for the measured histone modifications in either seedling 
or husk tissue. Given the limited sample number, we assumed all datasets to be normally 
distributed and having similar variances. When the ANOVA tests suggested differences 
between the different (epi)genotypes, a Bonferroni post hoc test was performed to uncover 
which individual pairs differ (B’ versus B’ mop1-1, B’ mop1-1 versus B-I, and/or B’ versus 
B-I). The output from the ANOVA and Bonferroni post hoc tests is summarized in TABLE 

S1. 
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DNA Methylation Analysis by DNA Blotting 

DNA blot analysis was performed as described previously (Haring et al., 2010). Most B’ 

mop1-1 DNA samples were derived from leaves collected at different stages of 
development (FIG. S4 and 6). DNA was isolated (Dellaporta et al., 1983), and 5 µg of DNA 
was digested with different methylation sensitive restriction enzymes in combination with 
EcoRI or BamHI according to the manufacturer’s specifications. After size fractionation by 
electrophoresis the gels were blotted onto membrane (Blotting-Nylon 66 membranes, 
Sigma-Aldrich # 15356), followed by UV fixation. The resulting blots were hybridized to a 
853-nt repeat probe. The relative band intensities obtained for the enzymes HpaI, PstI, 
HhaI, HaeII AluI, Sau96I, BsmAI were quantified for all (HpaI, HhaI, HaeII) or 
representative examples (PstI, AluI, Sau96I, BsmAI), using a Storm 840 phosphorimager 
and ImageQuant software (GE LifeSciences). The most probable DNA methylation patterns 
were identified by the least squares fit comparing the relative band intensities with 
theoretical possible intensities derived from all possible options for DNA methylation 
patterns (Haring et al., 2010). BsmAI generated relatively small fragments, including 
similarly sized 5’ and 3’ border fragments complicating the computational analysis. The 
degrees of DNA methylation indicated (FIG. 3A, FIG. S4) are our best estimates. To test for 
complete digestion, probes recognizing unmethylated DNA regions at the b1 locus were 
used (probes A, D2 and 21, depicted in Figure 1 in Haring et al., 2010). 

DNA Methylation Analysis by Bisulfite Sequencing 

For bisulfite sequencing, genomic maize DNA was extracted (Dellaporta et al., 1983) from 
leaf four of two B’, two B-I and three B’ mop1-1 plants in a V4 stage (Ritchie et al., 1992), 
and 400 ng of DNA was treated with bisulfite using the EZ DNA Methylation-Gold  kit 
(Zymo Research, D5006). The DNA regions of interest were PCR-amplified (10 min 95oC, 
followed by 40 PCR cycles (30 sec 95oC, 30 sec 50oC (repeat) or 52oC (Fie2), 30 sec 72oC), 
and 5 min at 72oC). The amplification was performed using MethylTaq DNA polymerase 
(Diagenode, C09010010), a forward (KL1310; TGGTGTTTAAAAATTYATGTTTTTGTG) 
and reverse primer (KL1844; TCCACRARTCATCRTCTCCAAACA) for a 320-nt repeat 
junction fragment and a forward (AAGATTTGAGATTYGATTTGAAGTGTG) and reverse 
primer (ACTTTCCCCTCCRCCTAATTCTCCTTA) for a 226-nt Fie2 fragment that served as a 
control for complete bisulfite conversion (similar to the -302 to -91 fragment described in 
(Gutiérrez-Marcos et al., 2006)). PCR fragments were cloned into the pJET 1.2 vector 
(CloneJet PCR Cloning Kit, Thermo Scientific) following the manufacturer’s instructions. 
Clones carrying inserts of the correct size were identified by PCR. DNA was isolated from 
positive clones (GeneJet Plasmid Miniprep Kit, Thermo scientific) and subjected to Sanger 
sequencing. To determine the percentage, sequence context and pattern of cytosine 
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methylation, sequences were analyzed using Kismeth (http://katahdin.mssm.edu/kismeth; 
(Gruntman et al., 2008)). For each DNA sample approximately 15 clones were sequenced 
for Fie2, and 30 clones for the repeat junction region.  

Genomic Alignments and Data Analysis of BS-seq and Small RNA 
Reads 

Cleaned, adapter-trimmed methylC-seq (BS-seq) reads described previously (Gent et al., 
2014) were re-mapped to the B73 RefGen_v3 genome (with no mismatches allowed) and 
methylation values for each cytosine determined with BSseeker2 (Guo et al., 2013). For 
this analysis, the three replicates of B73 were combined into one set. Three replicates of 
mop1-1 and two replicates of a Mop1 control (both genotypes were near isogenic with B73) 
were processed individually, and the average values calculated for each set of replicates. 
The cleaned, adapter-trimmed, miRNA-filtered small RNAs described previously (Gent et 
al., 2014) were re-mapped to the B73 RefGen_v3 genome with the Burrows-Wheeler 
Alignment Tool (parameters bwa aln -t 8 -l 10) (Li and Durbin, 2009)). Uniquely-mapping 
reads were defined as having MAPQ values of at least 30. Read overlaps and coverage, C + 
G content, and distances to genes were determined using BEDTools (Quinlan, 2014). 
Annotations of genes as well as transposons were extracted from Zea_mays.AGPv3.21.gff3 
downloaded from www.maizesequence.org. 
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Supporting Information  

 
SUPPLEMENTAL FIGURE 1. (A) Schematic representation of the b1 locus, indicating the regions monitored in 
ChIP, 3C and FAIRE. The white box labeled b1 depicts the b1 coding region, empty white boxes in zoom below 
represent exons, the hooked arrow the TSS (0 kb); the b1 5’UTR consists of exon and intron 1. Arrows 100 kb 
upstream represent the hepta-repeat, and grey boxes transposable elements. The BglII fragments analyzed in 3C 
experiments are indicated with dark blue boxes and Roman numerals. The amplicons monitored in ChIP and/or 
FAIRE experiments are indicated with orange boxes. Due to sequence divergence, primer sets R1 and R5 do not 
detect the 1st and 7th repeat, respectively. (B) Schematic representation of the Sam locus, indicating the BglII 
fragments and amplicons analyzed in the 3C and FAIRE experiments, respectively. Sam is used for data 
normalization. B, BglII sites; triangles, 3C primers; q and r, qPCR amplicons analyzed with FAIRE; blue box, 
probe for RNA analysis (Figure 1).  

 
SUPPLEMENTAL FIGURE 2. B’ hepta-repeat is marked by H3 acetylation in mop1-1 mutant. ChIP experiments 
were performed on husk tissue from B’ wild-type (green), B’ mop1-1 (light purple), and B-I plants (dark purple) 
using an anti-H3ac antibody and normalization to actin values. Colored bars indicate the ChIP signals, grey bars 
the no-antibody immunoprecipitation. The error bars indicate the standard error of the mean (SEM) of two (B’), 
three (B’ mop1-1), and three (B-I) replicate experiments.  
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SUPPLEMENTAL FIGURE 3. In a mop1-1 mutant a low level of DNA demethylation is observed at the repeat 
junction regions of the B’ hepta-repeat. Genomic DNA was digested with EcoRI and the methylation-sensitive 
enzymes indicated. Representative examples of blots hybridized with the repeat probe are shown. Circles and 
triangles indicate fragments comprising repeat sequences and repeat plus 3’ flanking sequences, respectively 
(Haring et al., 2010). Open and filled symbols indicate fragments resulting from complete and incomplete 
digestion, respectively. Filled squares indicate fragments in which nearly all recognition sites are methylated. The 
B’ and B-I patterns are shown as comparison. 
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plant tissue 

  B' wildtype                             MS1424-3 leaf 6 (leaf 7 present) 

 

  B' mop1 
 

                            N389-A leaf from adult plant; no tassel visible yet 
                            N388-A leaf from adult plant; no tassel visible yet 
                            N390-A leaf from adult plant; tassel shedding 
                            N390-B husk 
                            JD143x144   
                            MS1008B-1 leaf from adult plant; tassel visible 
                            MS1402-1 leaf 10&11 pooled 
                            MS1402-2 leaf 10&11 pooled 
                            MS1403-1 leaf 10&11 pooled 
                            MS1403-2 leaf 10&11 pooled 

                          MS1359-A leaf from adult plant; tassel shedding 
                            MS1359-B leaf from adult plant; tassel shedding 
                            MS1359-C leaf from adult plant; tassel shedding 
                            MS1368-1 top leaf (leaf 12 or 13) from adult plant 
                            MS1368-2 top leaf (leaf 12 or 13) from adult plant 
                            MS1404-1 leaf 10&11 pooled 

                          MS1404-2 leaf 10&11 pooled 
                            MS1404-3 leaf 10&11 pooled 
                            MS1404-4 leaf 10&11 pooled 
                            MS1405-1 leaf 10&11 pooled 
                            MS1405-2 leaf 10&11 pooled 
                            MS1405-3 leaf 10&11 pooled 
                        MS1405-4 leaf 10&11 pooled 
                            MS1405-5 leaf 10&11 pooled 
                            MS1379-8 leaf 2-12 
                            MX49-3 leaf 11 
                      MX54-8 leaf 8 from adult plant; tassel visible 

 
SUPPLEMENTAL FIGURE 4. Detailed representation of the DNA methylation data obtained for B’ mop1-1. 
Every site that is checked for a specific sample is indicated. Restriction sites not measured for particular samples 
are indicated by grey cells. The degree of DNA methylation at the various restriction sites is indicated by color-
coding: 0-12.5%, white; 37.5-62.5%, orange; 62.5-87.5%, red; 87.5-100% methylation, dark red. The B’ 
consensus pattern is indicated at the top. 
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SUPPLEMENTAL FIGURE 5. Consensus double-stranded DNA sequence of the 2nd-6th repeat. Red indicates 
cytosines in CG context, blue in CHGs, green in CHH context. 
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SUPPLEMENTAL FIGURE 6. DNA methylation level at B’ hepta-repeat does not progressively decrease during 
development of a B’ mop1-1 plant. (A) Genomic DNA was digested with EcoRI and the methylation-sensitive 
enzymes indicated. Representative examples of blots hybridized with the repeat probe are shown. Circles and 
triangles indicate fragments comprising repeat sequences and repeat plus 3’ flanking sequences, respectively 
(Haring et al., 2010). Open and filled symbols indicate fragments resulting from complete and incomplete 
digestion, respectively. Filled squares indicate fragments in which nearly all recognition sites are methylated. (B) 
Detailed representation of the DNA methylation data obtained for leaves collected during development of B’ 

mop1-1 and as a comparison B’ plants. The degree of DNA methylation is indicated by color-coding: 37.5-62.5%, 
orange; 62.5-87.5%, red; 87.5-100% methylation, dark red; NA, not analyzed. The specific plants of the families 
analyzed (MS1379 and RB36) are indicated. Leaves were collected when the consecutive leaf had appeared.  
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SUPPLEMENTAL FIGURE 7. B’ repeat junction region is mainly methylated in a symmetric context. Targeted 
bisulfite sequencing was applied to B’, B’ mop1-1 and B-I leaf samples, amplifying (A) the b1 repeat junction 
region, and (B) a Fie2 sequence as a control for complete conversion. The dot-plots show the DNA methylation 
pattern for 13 to 31 clones at base-pair resolution. For each sample the total number of cytosines examined are 
listed as well as the % methylation (A) or % unconverted cytosines (B). The Fie2 sequence examined is indicated 
to be unmethylated (Gutiérrez-Marcos et al., 2006), hence the filled circles are presumed to be the result of 
incomplete conversion. Empty circles, unmethylated cytosine; filled circles, methylated cytosines.  
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SUPPLEMENTAL FIGURE 8. Degree of DNA methylation at individual cytosines at the b1 hepta-repeat in B’, 
B’ mop1-1 and B-I leaf samples. The bisulfite sequencing data shown in Supplemental Figure 7A was used to 
generate this figure. Error bars indicate the standard deviation of two (B’, B-I) or three (B’ mop1-1) replicate 
experiments. Cytosines are numbered by the base-pair position in the analyzed repeat junction region. The 
sequence context of the cytosines is indicated as well as the restriction sites monitored by DNA blot analysis. 
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SUPPLEMENTAL FIGURE 9. Characterization of low and high mCHH RdDM loci. (A) Histogram of mCHH in 
RdDM loci. mCHH is the percent 5-methylcytosine in the CHH context relative to the total number of cytosines in 
the CHH context. Data are from B73 developing ear (Gent et al., 2014). Only high-confidence RdDM loci from 
the prior study were included in the analysis; loci that had at least 20 cytosines spanned by BS-seq reads and at 
least 50 bp spanned by uniquely-mapping siRNAs. Each X-axis interval contains a mCHH range of 1%, with the 
exception of the last interval, which contains only the value of exactly 100%. The first interval is further divided 
into exactly 0% (black) and >0 to <1% (grey). A strong bias toward values of zero can be explained by limited 
read coverage. (B) Average DNA methylation (mC/total C) for each type of locus. Values are percent 5-
methylcytosine relative to the total number of cytosines in each sequence context (CG, CHG, or CHH) and are 
derived from the B73 sample used to define low mCHH and high mCHH loci, the same one used in (A). The error 
bars indicate the standard error of the means of all individual loci within either the low or high mCHH category 
(C) Average 22-nt and 21-nt siRNA abundance for each type of locus in Mop1 control and mop1-1. The number of 
siRNAs was normalized by the number of miRNAs in each sample, as described previously (Gent et al., 2014). 
(D) Percent of the number of low and high mCHH loci that overlap with at least one transposon. Individual values 
for 9 superfamilies of transposons are also shown. The difference in blue and red colors between B, C and D 
indicate that the genotypes used for the analyses in B and D (B73) are not the same as the genotypes used for the 
analysis in C (near-isogenic with B73).  
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SUPPLEMENTAL FIGURE 10. In B’ mop1-1, the hepta-repeat retains repressive marks. (A-C) ChIP-qPCR 
experiments were performed on seedling and husk tissue from B’ wild-type (green), B’ mop1-1 (light purple), and 
B-I plants (dark purple), using antibodies recognizing (A) H3K9me2, (B) H3K27me2, and (C) H3 core. The ChIP 
signals were normalized to the quantified Copia signals. Colored bars indicate the ChIP signal levels, grey bars the 
no-antibody signal levels. The error bars indicate the SEM of 2-5 replicate experiments (TABLE S3).   
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TABLE S1. Summary of the performed ANOVA tests on ChIP data. Summary of the performed 
ANOVA tests on the ChIP data for H3ac, H3K9me2, H3K27me2 and H3core at different locations at the 
b1 locus (hepta-repeat, coding sequence (CDS) and ~45 kb upstream of the TSS (-45 kb)), in seedling or 
husk tissue of B’, B’ mop1-1 and B-I. For the hepta-repeat the primer pairs R1-R6 were tested, for the 
CDS the primer pairs 5’b, UTR and Ex3, and for -45 kb the primer pairs e, f, g, h. At the top of each cell 
the p-value of the ANOVA test is reported. The results of a Bonferroni post hoc test are shown when the 
ANOVA indicated differences between the three (epi)genotypes. Significantly differing (epi)genotypes 
are indicated with ’s’ and non-significant ones with ’ns’. The (epi)genotypes participating in the ANOVA 
test are given, when the (epi)genotypes appeared similar according to the analysis. 
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TABLE S2. Primers used in ChIP and FAIRE.   

Gene Primer 
set 

Sequence Fwd and Rev primer Upstream position  
relative to TSS 

Primer 
name 

b1 a 5’ CTC GGG GTC AAA TGG ACG G 3’  107.0 kb  M85 

  
5’ GCG GTC ACA ACC TTT TCA GAT C 3’ 106.9 kb  M317 

 
R1 5’ GGT TTG CTG CAT CCT TGA CC 3’   ~ 100 kb  M12 

  
5’ CTG CAC AGG CTG CAG CAG 3’ ~ 100 kb  M295 

 
R2 5’-GTG GAC AAA TAG TGC ATT CAC CTC AC-3’ ~ 100 kb  M111 

  
5’-GAA ACT GAA CTA ACC AAT GTG GCT-3’ ~ 100 kb  M296 

 
R3 5’-CAA GAT CCA TTG AAC ATC TTG TCC-3’ ~ 100 kb  M297 

  
5’-CAT GTG TGA GGG TGA TGC TGC G-3’ ~ 100 kb  M10 

 
R4 5’-CTA TGC TCG TGC GAA GGG TGG TC-3’ ~ 100 kb  M11 

  
5’-CAG ATC CCC TAT CTA ATC CCA TGT-3’  ~ 100 kb  M298 

 
R5 5’-GCG GGT GAC CAG TGT TT-3’ ~ 100 kb  M668 

  
5’-GAC CTC TTG GAG CCC TCT AAT TTG-3’ ~ 100 kb  M669 

 
R6 5’-CAA ATT AGA GGG CTC CAA GAG GTC-3’ ~ 100 kb  M112 

  
5’-GTT GTG TAC TGC AGT GTT AGG TAG-3’ ~ 100 kb  M15 

 
d 5' GTG TCC CCG GCA AAG ATC 3' 89.6 kb  M727 

  
5' GAC ACT TGG CAA AGA GGT TAC 3' 89.5 kb  M882 

 
e 5' CTG GCG GCA CTA AAA AAC G 3' 45.3 kb  M975 

  
5' TGT GCC CAC CTT TAT TGT GAG TT 3' 45.2 kb  M976 

 
f 5' CAA CTG CTA TGC GAC TGA TTG AT 3' 44.7 kb d M977 

  
5' CCT GCT GTC CTT TCT TGT CTG A 3' 44.6 kb  M978 

 
g 5' AGT ACG TAC TAA CCT GCA AC 3' 44.3 kb  M560 

  
5' AAC TCA ACG TAC GTC ACA AC 3' 44.2 kb  M844 

 
h 5’ ACC AGT CCA ACC TAG CTT GGA AT 3’ 41.9 kb  M611 

  
5’ GTC ATT GCG TGC GGC TAT C 3’ 41.8 kb  M334 

 
i 5' TTC TTA ACA ACT AGC TGT TTG C 3' 31.7 kb  M558 

  
5' ACC CAG GGC TCG AAG ATT 3' 31.6 kb  M731 

 
j 5' ACA CGA TGG CCG GCA AT 3' 10.7 kb  M979 

  
5' CCG CCC GTT GGG TAT GA 3' 10.8 kb  M980 

 
k 5' CAA AGA GGC CGA CAC TCG AC 3' 8.9 kb  M635 

  
5' CAA TGT CTT TCA TAT AAC AGA TCT GAT ACG 3' 8.8 kb  M614 

 
l 5' TCC ATC TCA CCT CTC ATT GTA TCT TT 3' 8.6 kb  M984 

  
5' AAA TCG TGT ATA TGG TCG TTT AAA ACA T 3' 8.5 kb  M985 

 
5'b 5’-GGT GTG CAC ACC ATT AAT TGA-3’ 1.2 kb  M119 

  
5’-CGA TAT TTT GGT GAA AAC TGT TC-3’ 1.0 kb  M102 

 
m 5' GTT CAT AAT AAC CTT CAG TCC ACA G 3' 0.8 kb  M340 

  
5' CTC CTC AAT TTG CGT TTT ACT C 3' 0.7 kb  M555 

 
n 5' TGC GTA CGT TGC TAC ATG C 3' 0.2 kb  M666 

  
5' GTT TGT GGA CGG AGC TCC A 3' 0.1 kb  M667 

 
UTR 5’ CTC TTC TGA TCT TCT TCA CCG TCT C 3’ 0.4 kb  M108 

  
5’ ATT CCC GGG CGG CCG CGC CTT ACT AAT CCT TC 3' 0.5 kb  M44 

 
Ex3 5’ ACC AGC TGC TCA TGC AGA GGA 3’ 1.3 kb  M120 

  
5’ AGG AAG GCG TAG GTC ATG CAG AT 3’ 1.4 kb  M121 

Actin 
 

5’-GGT GTG CAC ACC ATT AAT TGA-3’ 
 

M70 

  
5’-CAC TTT CTG CTC ATG GTT TAA GG-3’ 

 
M414 
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Copia 

 
5’-CGA TGT GAA GAC AGC ATT CCT-3’ 

 
M688 

  
5’-CTC AAG TGA CAT CCC ATG TGT-3’ 

 
M689 

Sam r 5' CGA GGA CGG TTT CAG CTA CG 3' 
 

M1002 

 
 

5' GTG GCA TCC AAG CCC ATA AC 3' 
 

M1003 

 q 5' AAA TCA TCC CCG AGA TGG AGA 3' 
 

M1004 

 
 

5' AGC CAC AGG GTT CAA AGT CAA 3'  
 

M1005 
 
 

TABLE S3. The number of replicates of the different ChIP experiments. 

Tissue Seedling Husk 

Genotype B'  B' mop1-1 B-I  B'  B' mop1-1 B-I  

H3ac n.d. n.d. n.d. 2 3 3 

H3K9me2 3 3 2 2 4 2 

H3K27me2 3 3 2 2 4 2 

H3core 5 4 n.d. 2 2 3 

n.d. = not done 

 


