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Abstract 
RNA-directed DNA methylation (RdDM) is a small RNA-mediated epigenetic pathway in 
plants that is primarily associated with the repression of transposable elements. RdDM is 
also implicated in paramutation, which is a meiotically heritable transfer of silencing 
information in trans between homologous alleles. Several proteins involved in RdDM in 
maize have been identified to be required for paramutation and/or the repression of 
paramutagenic alleles. Recently, the transgenic vNYR locus in maize, displaying variegated 
expression of a 35S CaMV promoter-driven H2B-YFP gene, has been shown to paramutate 
other transgenes driven by a similar promoter. In an rmr1-1 (required to maintain 

repression 1) mutant background, vNYR shows reactivation and subsequently reverts to an 
active state (aNYR) that is stable in succeeding generations. Here we report on the 
chromatin structure of the vNYR locus prior, upon and after reactivation by rmr1-1. The 
repressed vNYR transgenic locus showed enrichment of H3K27me2 and H3K9K14ac. Upon 
reactivation in an rmr1-1 mutant, levels of H3K27me2 decreased while levels of 
H3K9K14ac increased. The H3K9K14ac detected at the repressed vNYR locus might be 
derived from a subpopulation of cells carrying an active NYR locus, but is also consistent 
with a bivalent state of the transgenic 35S promotor, a state that may facilitate reversion to 
an active aNYR state. Furthermore, the chromatin of the paramutagenic vNYR locus lacks 
H3K9me2 and thereby deviates from the paramutagenic B’ locus and various other RdDM 
loci. 
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Introduction 
Regulation of gene expression, whether it is activation or repression, is essential for the 
establishment and maintenance of cell identity and is, among others, enforced by epigenetic 
mechanisms. Epigenetic silencing mechanisms are crucial for cell type-specific silencing of 
genes, as well as for the regulation of repetitive elements to warrant genome integrity 
(Grewal and Jia, 2007; Bucher et al., 2012). An example of a pathway that is involved in 
transcriptional silencing of transposable elements (TEs) is the plant-specific RNA-directed 
DNA methylation (RdDM) pathway (reviewed in (Matzke and Mosher, 2014)). The 
canonical RdDM pathway in Arabidopsis thaliana is well characterized and consists of the 
following steps: first, DNA-dependent RNA polymerase (Pol) IV transcripts are made and 
converted to double-stranded RNA by RNA-dependent RNA polymerase 2 (RDR2). Then, 
the double-stranded RNA is processed into 24-nt small interfering RNAs (siRNAs) by 
DICER-LIKE 3 (DCL3). The siRNAs associate with ARGONAUTE 4 (AGO4) and the 
resulting complex binds to complementary nascent scaffold transcripts generated by RNA 
polymerase Pol V. Subsequently, DOMAINS REARRANGED METHYL-
TRANSFERASE2 (DRM2) is recruited, mediating cytosine methylation in all sequence 
contexts (CG, CHG and CHH, where H is an A, T or C) (Law and Jacobsen, 2010). 

Paramutation is the mitotically and meiotically heritable transfer of silencing 
information in trans between homologous DNA sequences (Chandler and Stam, 2004). In 
maize, paramutation has been observed at the red 1 (r1), pericarp 1 (p1), purple l (pl1) and 
booster 1 (b1) loci, four different loci involved in plant pigmentation, as well as the low 

phytic acid1 (lpa1) locus (Chandler and Stam, 2004; Pilu et al., 2009). Several 
RdDM components were found to be necessary for paramutation and/or the repression of 
paramutagenic epialleles in maize (Giacopelli and Hollick, 2015). The underlying genes 
were named “Mediator of paramutation (Mop)” and/or “Required to maintain repression” 
(Rmr) (Giacopelli and Hollick, 2015). The genes include Mop1, an RNA-dependent RNA 
polymerase, Mop2 (also named Rmr7), encoding for NRP(D/E)2a (second largest subunit 
of  Pol IV and Pol V), Rmr6 (also named Mop3), encoding NRPD1 (the largest subunit of 
Pol IV) and Rmr1, encoding an SNF2-like protein that associates with NRPD1 (Dorweiler 
et al., 2000; Sidorenko et al., 2009; Erhard et al., 2009; Stonaker et al., 2009; Hale et al., 
2007; Haag et al., 2014). While MOP1, NRP(D/E)2a and NRPD1 all have been shown to 
be essential for paramutation, RMR1 is not involved in the establishment of paramutation at 
the b1 and pl1 locus, but is essential for repression of the paramutagenic Pl’ allele.  

In mutants for Mop1, Mop2/Rmr7, Rmr6 (Mop3) and Rmr1, siRNA levels are 
depleted, which is in line with a function in the RdDM pathway (Alleman et al., 2006; 
Sidorenko et al., 2009; Stonaker et al., 2009; Erhard et al., 2009; Hale et al., 2009). 
Furthermore, mop1, mop2 and mop3 mutations cause a reduction in DNA methylation at 
particular TEs, primarily at sequences with high levels of CHH methylation (mCHH 
islands) (Li et al., 2015b; Gent et al., 2013). 
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In this study we examined the role of a component of the maize RdDM pathway in 

silencing of a paramutagenic transgene in maize. This transgene, encoding a nuclear 
fluorescent YFP reporter (NYR), was generated by fusing a 35S Cauliflower Mosaic Virus 
(e35S) promoter (containing a tandem repeat) to a Heat Shock Protein 70 intron (HSP70i), 
and a chimeric histone (H2B-YFP) gene. In plants transformed with the NYR transgene, 
expression of the functional H2B-YFP protein would result in fluorescent nuclear 
chromatin. A systematic screen of transgenic maize lines transformed with the NYR 
transgene cassette led to the identification of several maize lines displaying stable NYR 
expression and a line displaying partially repressed, variegated NYR (vNYR) expression 
(Schafer, 2013). When crossed to other lines carrying active transgenes with a 35S 
promoter (e.g. a cytoplasmic YFP reporter (aCYR) transgene or the b1 expressing 35SBTG 
transgene (McGinnis et al., 2006)), the vNYR transgene acted paramutagenic on these active 
transgenes (Jose Gutierrez-Marcos, unpublished results).  

Analysis of the vNYR transgene locus showed that the transgene is integrated in the 
maize genome as an intact single copy, 2.7 kb in length (Schafer, 2013). Hence, it was 
concluded that repetitiveness or rearrangements of the transgene are not the cause of the 
variegated expression of vNYR. The e35S promoter, one of the strongest known 
heterologous promoters, is frequently used to drive transgene transcription in many plant 
systems (Khaitová et al., 2011). However, for several transgenes this promoter was shown 
to be highly susceptible to transcriptional silencing (see e.g. (Meyer and Heidmann, 1994; 
Mishiba et al., 2005; Mlotshwa et al., 2010; Khaitová et al., 2011). In line with this, DNA 
methylation at motifs critical for 35S promoter activity has been shown to hamper the 
binding of transcription factors in vitro (Kanazawa et al., 2007). 

Silencing of transgenes is also dependent on the chromosomal context of their 
insertion site. This phenomenon, known as position-effect variegation, is extensively 
studied in Drosophila melanogaster (reviewed in (Schotta et al., 2003)). Importantly, also 
in maize and A. thaliana several transgenes that inserted close to heterochromatic 
sequences were shown to undergo transgene silencing (Fischer et al., 2008; Kim et al., 
2007; Francis and Spiker, 2005; Singh et al., 2008). Intriguingly, the vNYR transgene was 
found to be inserted downstream of a Grande retrotransposon that belongs to the gypsy-like 
family (Schafer, 2013). The transgene and the transposable element are separated by a 680 
bp sequence that corresponds to a truncated bacterial kanamycin resistance gene (∆Kan) 
present in the vector used for plant transformation.  

Silencing of transgenes as well as endogenous genes is often associated with DNA 
methylation (reviewed in (Cedar and Bergman, 2012; Rajeevkumar et al., 2015)). In DNA 
from the fourth and fifth leaf of vNYR plants, the tandem-repeat of the 35S promoter of the 
vNYR transgene was shown to be DNA hypermethylated, whereas the ∆Kan sequence 
upstream of the e35S promoter, the 3’ end of the promoter and the H2B-YFP coding region 
were hypomethylated (Schafer, 2013). The tandem-repeat showed a very high level of 
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cytosine methylation in all sequence contexts (on average 87% CG, 86% CHG and 68% 
CHH (FIG. S1).  

Asymmetric DNA methylation (mCHH) cannot be maintained by 
chromomethylases or maintenance methyltransferases, indicating de novo DNA 
methylation and therefore the involvement of RdDM (Matzke and Mosher, 2014). High 
CHH methylation was specifically found at the 35S tandem repeat, further supporting an 
involvement of RdDM in silencing of the vNYR reporter, as the RdDM machinery is 
especially prone to target repetitive sequences (Martienssen, 2003; Slotkin and 
Martienssen, 2007). Accordingly, vNYR transgene activation was observed in a subset of 
plants with homozygous mutations for one of the four RdDM components described above 
(mop1-1, mop2-1, rmr6-1 and rmr1-1) (FIG. S2). This activation was accompanied by a 
two-fold decrease in DNA methylation in all sequence contexts at the vNYR promoter (FIG. 
S1).  Surprisingly, the strongest activation effect was observed in rmr1-1 mutant plants, in 
which activation of vNYR occurred in 50% of all plants in the first generation homozygous 
for rmr1-1 (FIG. S1). In subsequent rmr1-1 mutant generations up to 80% of all plants 
showed activation of vNYR. Intriguingly, the reactivation of vNYR was stable even when the 
rmr1-1 mutation was removed by backcrossing with wild type plants, indicating a reversion 
of the partially repressed vNYR state to a heritable active state.  

Transcription levels are regulated not only by DNA methylation but also by 
histone modifications. H3K9me2 and H3K27me2 are two histone modifications that are 
primarily associated with repressed chromatin such as transposable elements and poorly 
expressed genes (Barski et al., 2007; Campos and Reinberg, 2009; Gent et al., 2014). In 
maize, a typical RdDM locus is characterized by high levels of H3K27me2, but only 
intermediate levels of H3K9me2, levels below genome average, whereas heterochromatic 
loci display high levels of both marks (Gent et al., 2014). The B’ locus displays both 
H3K9me2 and H3K27me2 (Chapter 3 of this thesis).  

In close proximity to certain types of repressed transposable elements, repressive 
epigenetic marks have been shown to spread into neighboring low-copy sequences, which 
as a result tend to be expressed at lower levels than other genes (Eichten et al., 2012). The 
TE upstream of the vNYR transgene (Grande retrotransposon) falls into the category of 
spreading TE families. Recent studies suggest that RdDM-mediated silencing at borders 
between hetero- and euchromatin promotes the repression of heterochromatic transcription 
rather than protecting euchromatin from silencing by nearby heterochromatin (Li et al., 
2015b; Gent et al., 2013).  

In this study, we addressed the question whether the paramutagenic vNYR 
transgene displays either a typical RdDM chromatin structure or, due to its proximity to a 
transposon, that of a heterochromatic locus. Additionally, we aimed to investigate if the 
chromatin structure of the vNYR locus is comparable to that of the paramutagenic B’ 
epiallele. We hypothesized that the activation of the transgene in an rmr1-1 mutant 
background and the stable reversion to aNYR would lead to a significant change in 
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chromatin structure between vNYR and aNYR. We therefore tested if the chromatin profile 
of vNYR resembled an RdDM and/or paramutagenic locus (intermediate H3K9me2, high 
H3K27me2, low H3K9K14ac levels) and if this chromatin profile changed upon activation 
(low H3K9me2 and H3K27me2; high H3K9K14ac levels).  

Results 
To test the hypothesis whether the paramutagenic vNYR transgene has the chromatin profile 
of an RdDM locus such as B’ (another known paramutagenic locus), and whether the 
chromatin profile changes upon vNYR activation, we measured enrichment of the repressive 
H3K9me2 and H3K27me2 marks as well as the activation-associated H3K9K14ac mark at 
the NYR transgene by performing Chromatin Immunoprecipitation coupled to quantitative 
PCR (ChIP-qPCR). To monitor changes in chromatin structure we in parallel examined 
seedling tissue with a variegated vNYR transgene (vNYR), a vNYR transgene activated by 
rmr1-1 (vNYR rmr1-1) and a stably reverted active transgene (aNYR). The latter was 
exposed to rmr1-1 for three generations and then propagated for another three generations 
in the presence of the wildtype Rmr1 allele (FIG. S3). ChIP experiments were performed on 
chromatin obtained from inner stem tissue of seedlings.  

NYR expression is variegated in vNYR and mostly uniform in aNYR 
tissue 

In vNYR plants the H2B-YFP expression is not completely silenced but variegated. A 
microscopical screen for NYR expression in secondary roots was performed to estimate the 
variegation level of vNYR individuals. In all screened vNYR plants the majority of the cells 
did not exhibit visible YFP expression (FIG. 1). Nevertheless, within files of YFP negative 
cells short stretches of YFP positive cells displayed nuclear YFP expression (FIG. 1). The 
size and number of such YFP-positive stretches of cells varied between individuals. Most 
vNYR rmr1-1 and aNYR plants exhibited YFP expression (FIG. 1). A low percentage of 
plants of both genotypes, however, displayed mild variegated YFP expression, exemplified 
by a minority of cells without detectable YFP expression. 

The NYR transgene is not marked with H3K9me2 

In maize and A. thaliana the silencing of transposons and repeats is associated with 
H3K9me2 (Roudier et al., 2011; West et al., 2014; Gent et al., 2014). In maize, H3K9me2 
is also detected at poorly expressed genic sequences (Gent et al., 2014). Accordingly. 
H3K9me2 was detected at the paramutagenic B’ locus (Chapter 3 of this thesis). 

To examine whether the repressed NYR expression in vNYR plants is associated 
with an enrichment of the repressive H3K9me2 mark, ChIP-qPCR experiments were  
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conducted using a monoclonal antibody against this histone mark. Five regions within the 
NYR transgene were analyzed for H3K9me2 enrichment, covering the ∆Kan region 
upstream of the e35S promoter, the start of the promoter, the repeat junction within the 
e35S promoter, the end of the HSP70 intron and a region within the H2B-YFP coding 
region (FIG. 2A). This strategy allowed us to determine if the regulatory sequences of the 
vNYR transgene are marked differently than the coding sequences. A high-copy Copia 
sequence that is repressed independently of RdDM was used to normalize the ChIP data 
(Haring et al., 2010; Chapter 3 of this thesis). As expected, in aNYR plant tissue, the 
transgene was not enriched for H3K9me2 (FIG. 2B). Surprisingly, however, also in vNYR 
plant tissue no H3K9me2 levels above background were detected at any part of the NYR 
transgene examined (FIG. 2B, TABLE S2).  

H3K27me2 levels at the vNYR transgene decrease after reversion to 
aNYR  

In maize H3K27me2 is associated with moderately expressed genes, RdDM loci, the 
paramutagenic B’ locus and heterochromatin (Gent et al., 2014; Chapter 3 of this thesis). To 
test whether the repressed NYR expression in vNYR plants is associated with H3K27me2, 
ChIP-qPCR experiments were conducted using a monoclonal antibody against H3K27me2. 
Indeed, in vNYR plant tissue H3K27me2 was detected at all regions monitored within the 
vNYR transgene, whereby the levels at the HSP70 intron and H2B-YFP coding region were 
higher than at other regions (FIG. 2C). Since H3K27me2 was detected at both the DNA 
hypermethylated 35S promoter and the hypomethylated ∆Kan and H2B-YFP coding 
region, it can be concluded that the level of H3K27me2 is not tightly associated with the 
level of DNA methylation. 

To test whether the activation of NYR in an rmr1-1 mutant background leads to a 
reduction of H3K27me2 at the transgene, ChIP-qPCR experiments were performed on 
seedling tissue of vNYR rmr1-1 and aNYR plants. Upon activation of vNYR in an rmr1-1 
mutant, only the H2B-YFP coding region showed a lower H3K27me2 level than observed 
in the vNYR state (FIG. 2C). At all other analyzed regions of the transgene the H3K27me2 
levels in rmr1-1 mutant plants were comparable to those in wild type plants. The reverted, 
active NYR transgene (aNYR) showed slightly lower H2K27me2 levels than the lowly 
expressed vNYR transgene at all regions examined (FIG. 2C). 

Activation of vNYR in rmr1-1 is associated with increased H3ac at the 
locus 

To test if, compared to the variegated expressed vNYR, the increased NYR expression in 
rmr1-1 and aNYR plants was associated with elevated levels of H3K9K14acetylation 
(H3ac) at the transgene, ChIP-qPCR was performed with an antibody against H3ac. The 
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qPCR data was normalized to H3ac enrichment at actin1, which was used as a positive 
control for active chromatin. H3ac at the NYR transgene was observed in all genotypes. In 
vNYR plant tissue the H3ac level was relatively high at the intron region while low levels 
were detectable at all other transgenic sequences analyzed (FIG. 2D). Upon activation of 
vNYR in an rmr1-1 mutant background an increase of the H3ac level was observed at all 
transgene regions tested. In wildtype plants carrying a reverted aNYR transgene the levels 
of H3ac were comparable to the H3ac levels observed in rmr1-1 mutant plants. 
 
 

 
FIGURE 1. Widefield fluorescence microscopy of vNYR, vNYR rmr1-1 and  aNYR secondary root tissue. NYR 
expression is visualized by nuclear YFP signal. Three individuals are shown for each genotype that represent the 
observed range of NYR expression, respectively. 
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FIGURE 2. The NYR transgene is not marked with H3K9me2, but with repressive H3K27me2 and activating 
H3K9K14ac. (A)Schematic representation of NYR transgene integrated downstream of a Grande RTN. The 
position of ChIP amplicons are indicated with black bars below the transgene. ChIP-qPCR experiments were 
performed in V5 seedling tissue of vNYR, vNYR rmr1-1 and aNYR plants using antibodies recognizing (B) 
H3K9me2, (C) H3K27me2, and (D) H3K9K14ac. ChIP signals for the NYR transgene were normalized to copia 
or actin signals. The barcharts indicate the mean +/- SEM of ChIP signal obtained from two (H3K9me2) or four 
(H3K27me2 and H3K9K14ac) biological replicates. 
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Discussion 
Our results show that the repressed vNYR transgene is marked with H3K27me2, both at the 
promoter and the coding region, but not with H3K9me2. Although the vNYR transgene is 
repressed in the majority of cells, ChIP analysis showed mostly low but still significant 
enrichment of H3ac at the transgene. Upon activation of NYR in the rmr1-1 mutant and 
after stable reversion to an aNYR state the overall level of H3K27me2 decreased, whereas 
the level of H3ac at all regions of the NYR transgene increased 

vNYR is an RdDM locus devoid of H3K9me2 

The vNYR promoter can be classified as an RdDM locus. The arguments for this are that the 
e35S promoter of the repressed vNYR transgene is DNA hypermethylated, including a high 
level of CHH methylation (~67%) (Schafer, 2013). Moreover, sequencing of siRNAs from 
vNYR leaf tissue showed that 24-nt siRNAs map to the tandem repeat within the promoter 
(Jose Gutierrez-Marcos, unpublished results) and in RdDM mutants the vNYR transgene 
gets activated.  

RdDM loci in maize are shown to carry high levels of H3K27me2 levels and 
intermediate levels of H3K9me2, while heterochromatin carries high levels of both (Gent 
2014). At the vNYR transgene H3K27me2 is indeed enriched above background, while 
H3K9me2 is not. While in A. thaliana recruitment of Pol IV to a subset of RdDM loci may 
be enforced by H3K9me2 (Law et al., 2013), 40% of all RdDM loci, defined by being 
DRM2 targets, are not enriched for H3K9me2 (Li et al., 2015c). This indicates that, 
although H3K9me2 might be beneficial for the recruitment of RdDM, it is not necessary for 
all RdDM loci. At maize RdDM loci the average level of H3K9me2 is inversely correlated 
with the level of mCHH (Jonathan Gent, personal communication), and it is possible that 
part of the high-mCHH RdDM loci are not enriched for H3K9me2. The vNYR promoter is a 
high-mCHH RdDM locus and we therefore propose that the variegated, paramutagenic 
vNYR transgene is an example of an RdDM locus devoid of H3K9me2. Furthermore, we 
hypothesize that the stochastic reactivation of vNYR, resulting in variegated H2B-YFP 
expression, is facilitated by the lack of H3K9me2 at the vNYR locus. 

Chromatin states of vNYR and B’ are distinct from each other 

The vNYR transgene and the B’ locus are both paramutagenic loci in maize. When 
combined with an homologous active allele, a paramutagenic allele causes the mitotically 
and meitoically heritable silencing of the active allele; vNYR paramutates e.g. aCYR, or a b1 
transgene (McGinnis et al., 2006) and B’ paramutates its active epiallele B-I (Chandler and 
Stam, 2004). The sequence that mediates paramutation between B’ and B-I consists of 
seven tandem repeats of an 853 bp sequence (hepta-repeat) located 100 kb upstream of the 
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b1 coding region. The vNYR e35S promoter carries a tandem repeat as well. The repression 
of vNYR is dependent on the RdDM factors MOP1, MOP2, RMR6 (MOP3) and RMR1 (S 
FIG. 2, while repression of B’ is dependent on MOP1 and MOP3 (RMR6), but independent 
of MOP2 and RMR1 (Dorweiler et al., 2000; Chapter 3 of this thesis; Chapter 4 of this 
thesis; Hale et al., 2007); (Stam, Belele & Chandler, unpublished results). In addition, vNYR 
and the B’ hepta-repeat also differ in their DNA methylation and chromatin structure. The 
B’ hepta-repeat is hypermethylated at the repeat junction regions in CG and CHG context, 
while depleted for CHH methylation (low-mCHH locus) (Haring et al., 2010; Chapter 3 of 
this thesis), whereas the vNYR e35S promoter is hypermethylated in CG, CHG as well as 
CHH context (high-mCHH locus). Furthermore, the B’ hepta-repeat is enriched for 
H3K9me2 and H3K27me2 (Chapter 3 of this thesis), while vNYR is only marked by 
H3K27me2. In mop1, mop2 or mop3 mutants DNA methylation at the B’ hepta-repeat is 
largely retained, while DNA methylation at the vNYR promoter decreased about twofold in 
all sequence contexts, which is in agreement with observations made for other high-mCHH 
loci (Li et al., 2015b). All the differences above underline that, while both loci are 
paramutagenic RdDM loci, their chromatin states are distinct from each other. We propose 
that vNYR and B’ represent two distinct, extreme examples of a gradient in mCHH and 
H3K9me2 that are negatively correlated with each other (Jonathan Gent, personal 
communication). vNYR displays high mCHH and low H3K9me2 while B’ shows low 
mCHH and high H3K9me2. 

H3ac and H3K27me2 enrichment at vNYR may be explained by a 
variegated and bivalent state 

While the vNYR transgene is significantly enriched for the active histone mark H3ac, it is 
nevertheless repressed in the vast majority of cells within vNYR tissue. The other way 
around, the activated NYR transgene is still significantly enriched for the repressive 
H3K27me2 mark. The observed enrichment of H3ac and H3K27me2 could be derived from 
the small but substantial subset of cells showing NYR expression or silencing in vNYR and 
aNYR tissue, respectively. A second interpretation might be that in cells in which NYR is 
not expressed, the promoter is in a bivalent rather than a stably silenced state. In case of a 
bivalent state of the promoter, the NYR gene would be marked with H3ac and H3K27me2 
in both NYR expressing as well as non-expressing cells. Indeed, a genome-wide study in 
mice embryonic stem cells revealed that H3K9ac and H3K14ac, the histone acetylation 
marks studied for NYR, are mostly enriched at distal regulatory elements, active promoters, 
but also at bivalent promoters (Karmodiya et al., 2012). Furthermore, the B-I locus, which 
is highly expressed in a tissue specific manner, carries both H3ac and H3K27me2 at its 
coding sequence in tissue where the gene is not expressed (Haring et al., 2010; Chapter 3 of 
this thesis). This indicates that also H3K27me2 can be associated with genes in a bivalent 
state. A bivalent state of the 35S promoter could evoke the stochastic switch to an active 
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NYR state in single cells, resulting in a variegated rather than fully repressed state, 
noticeable as single YFP positive cell files in roots. A third interpretation is that in all cells, 
NYR expressing and non-expressing, H3ac and H3K27me2, are present, albeit in a different 
ratio. In such a scenario, the remaining level of H3K27me2 in NYR expressing cells does 
not prevent expression. Similarly, the elevation of B’ expression in mop1 and mop3 mutants 
appears not to be prohibited by the presence of intermediate levels of H3K9me2 and 
H3K27me2 (Chapter 3 of this thesis; Chapter 4 of this thesis). 

Does the neighboring Grande TE repress transcription of NYR as well? 

Activation of the vNYR transgene is accompanied with a decrease in H3K27me2 and an 
increase in H3ac, but these presumably opposing marks are both still present and cannot be 
used to distinguish the repressed and active NYR states. Plants with a reactivated NYR 
transgene still display low levels of variegation, indicating that in an active state the 
transgene is still targeted by repressive triggers. Hence, we asked if there is a repressive 
trigger independent of RdDM. It is expected that if intrinsic parameters of the NYR 
transgene are solely responsible for attracting RdDM, then all transgenes would attract 
RdDM with the same efficiency. This is not the case, indicating there are other parameters 
involved, which could be the location of vNYR in the genome. The vNYR transgene is 
located downstream from a Grande retrotransposon. DNA methylation and H3K9me2 
present at Grande retrotransposons and particular other TEs have been shown to spread into 
neighboring sequences (Eichten et al., 2012). In line with this, the NYR transgene 
downstream of Grande shows variegated expression, while other NYR lines, with NYR 
integrated elsewhere in the genome, display stable NYR expression.  

If silencing of the NYR transgene was initiated by spreading of repressive marks 
from Grande, this should be noticeable at the ∆Kan sequence located between Grande and 
the e35S-H2B-YFP transgene. However, a linear spreading of DNA methylation and 
H3K9me2 from the TE towards the transgene may not occur: the ∆Kan region has neither 
DNA methylation nor H3K9me2. The region is enriched for H3K27me2, however it is 
unknown if the repressive H3K27me2 mark is also able to spread into neighboring 
sequences from spreading transposons such as Grande. If so, the variegated expression of 
the NYR transgene may have been initiated because of the integration in proximity to the 
Grande TE. This event may have triggered the recruitment of the RdDM machinery to the 
e35S promoter, establishing the variegated vNYR state and possibly the paramutagenicity of 
the promoter towards homologous sequences in trans. 
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Material and Methods 

Plant stocks and growing conditions 

Genotypes used for this study are vNYR (vNYR/-; Rmr1/Rmr1), vNYR rmr1-1 (vNYR/-; 

rmr1-1/rmr1-1) (derived from cross vNYR/-; Rmr1/rmr1-1 x rmr1-1/rmr1-1) and aNYR 
(aNYR/-; Rmr1/Rmr1) (BC3, derived from a backcross with wild type after exposure to 
rmr1-1) (FIG. S3). All stocks are in an A188 background and were obtained from Jose 
Gutierrez-Marcos, Warwick University. Seeds were surface sterilized with bleach and 
incubated for 5 days between wet paper towels for germination at 28 °C. Following, 
seedlings were transferred to soil and grown in the greenhouse for proximal 4 weeks to 
reach a V5 stage. 

Genotyping 

For ChIP-qPCR analysis it is important that in all samples the genome contains the same 
copy number of a tested sequence. The same copy number of NYR transgenes in plants used 
for ChIP was ensured by using offspring of a cross between NYR/- and wildtype plants. The 
offspring of this cross segregated 1:1 into plants with and without a transgenic allele. To 
screen for YFP expression, secondary root tips were inspected by widefield fluorescence 
microscopy (Axiovert S100 Zeiss, 40x/1.3oil Plan-Apochrom objective). For this screen 
secondary roots were used since other tissues such as leaves or stem are less applicable in 
fluorescence microscopy. Only YFP positive seedlings were soiled for further growing. To 
screen for plants homozygous for the rmr1-1 mutation genomic DNA was extracted from 
leaf tissue. PCR was performed on extracted genomic DNA to amplify a part of the Rmr1 
genic sequence. (30 cycles, Tm 57 °C, primers: F: 5’-GCATCTTCGCAAGTTCTTCA-3’, 
R: 5’-TCGTGGGAAGTCATCTCCTC-3’). The rmr1-1 mutation prohibits restriction 
digestion of the 473 bp fragment by PvuII. Hence, restriction digestion of the PCR product 
with PvuII and subsequent gel electrophoresis allows for differentiation of PCR products 
derived from homozygous and heterozygous rmr1-1 mutants.  

Chromatin immunoprecipiation (ChIP) 

ChIP was performed as described (Haring et al., 2010) with minor modifications: inner 
stem tissue of plants in a V5 stage was chosen for the analysis, because it yields high 
quality chromatin for ChIP analysis. About 3 gr of plant tissue were fixed with 3% 
formaldehyde, chromatin was isolated and sheared by sonication at an amplitude of 10% 
(Digital Sonifier (#101-148-063) with a Branson Double Step Microtip (#41V372). The 
soluble chromatin fraction served as input for immunoprecipitation using antibodies against 
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H3K9K14ac (Upstate #06-599), H3K9me2 (Cell signaling #4658), or H3K27me2 (Cell 
signaling #9728). To control for aspecific pulldown of chromatin, a sample with non-
specific rabbit serum (Sigma #R9133) was used in all experiments next to samples with 
specific antibodies. DNA was isolated by spin column purification (Qiagen #28104) and 
subsequently analyzed by quantitative PCR using HOT FIREPol EvaGreen qPCR Mix Plus 
(Solis BioDyne #08-24-00001) with primers as listed in (TABLE S1). Quantification of the 
qPCR data achieved using a calibration curve originating from sonicated genomic DNA 
isolated from crosslinked, sonicated vNYR A188 chromatin. Subsequently, the data for the 
sequences of interest were normalized to values for Actin (H3K9K14ac) or Copia 
(H3K9me2 and H3K27me2). H3K9me2 ChIP experiments were performed twice; 
H3K27me2 and H3K9K14ac ChIP experiments were repeated four times. Normalized data 
from these biological replicates were used to calculate the mean and standard error. The 
combined ChIP enrichment results of all analyzed regions of the transgene was compared 
between different genotypes and backgrounds by implementing a t-test with Bonferroni 
correction. P values of all comparisons have been listed in (TABLE S2). 
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SUPPLEMENTAL FIGURE 1. The fraction of methylated cytosines in the promoter sequence of the vNYR 
transgene is significantly reduced in several RdDM mutant backgrounds. DNA was isolated from fully 
expanded leaf 4 or 5. Levels of cytosine methylation are measured by bisulfite sequencing and are shown 
separately for each cytosine sequence context CG, CHG and CHH (where H is an A, T or C), as well as 
cumulatively for all cytosines in the analyzed sequence. 
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SUPPLEMENTAL FIGURE 2. The rate of vNYR reactivation in RdDM mutant backgrounds. When a vNYR line 
is crossed with the RdDM mutants rmr1-1, mop1-1, mop2-1 or rmr6-1, the transgene gets reactivated. The level of 
reactivation differs between different mutants and partly, between generations of introgression (I) of the mutation. 
After exposure to an rmr1-1 mutation, the rate of NYR activation is also very high, after the mutation is removed 
by backcrosses to wildtype plants. Generations of introgression of the mutation (I) and backcrosses with the 
wildtype (BC) are indicated by numbering.  
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SUPPLEMENTAL FIGURE 3. Crossing scheme indicating the number of introgression of rmr1-1 and 
backcrosses to wild type starting with the vNYR genotype. Indicated by arrows are the generations from which 
the initial vNYR state, the activated NYR state in rmr1-1 mutant background (I2) and the reverted aNYR state 
(BC3) were obtained. For ChIP the vNYR rmr1-1 plants were derived from a cross vNYR/-; Rmr1/rmr1-1 x rmr1-

1/rmr1-1 to ensure the heterozygous state of the NYR. 
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SUPPLEMENTAL TABLE 1. primers used for ChIP-qPCR analysis of NYR transgene 

target Forward primer Reverse primer 

Actin TTTAAGGCTGCTGTACTGCTGTAGA CACTTTCTGCTCATGGTTTAAGG 

Copia CGATGTGAAGACAGCATTCCT CTCAAGTGACATCCCATGTGT 

∆Kan GTCCAGATAGCCCAGTAGCTGACATT CTTTCTACGTGTTCCGCTTCCTTTAG 

5S start GATGTGCTGCAAGGCGATTAAGT GGACCTGCAGAAGCTTGTTAACG 

5S repeat ACGAGGAGCATCGTGGAAAAAGA CAATGGAATCCGAGGAGGTTTCC 

HSP intron TCCCTAGTGTTGACCAGTGTTACTCA GAAGAAGCCCGCAGAGGAGGAG 

H2B-YFP TCCGTCCGCCTCGTTCTACCC AACAGCTCCTCGCCCTTGC 

 
SUPPLEMENTAL TABLE 2. Results for t-test with Bonferroni correction on ChIP data. P values 
below 0.05 suggest a significant difference between the enrichment of the particular histone mark in 
the two corresponding data sets (indicated with underscore). 

H3K9me2  aNYR ChIP  aNYR noAB  vNYR ChIP  
  

aNYR noAB  0.760000 - - 
  

vNYR ChIP    1.000000 1.000000 - 
  

vNYR noAB  0.940000 1.000000 1.000000 
  

      
H3K27me2  aNYR ChIP  aNYR noAB  vNYR ChIP  vNYR noAB  vNYRrmr1 ChIP  

aNYR noAB  0.000730 - - - - 

vNYR ChIP    1.000000 0.000001 - - - 

vNYR noAB  0.000840 1.000000 0.000002 - - 

vNYRrmr1 ChIP  1.000000 0.000031 1.000000 0.000036 - 

vNYRrmr1 
noAB  

0.002030 1.000000 0.000007 1.000000 0.000100 

      
H3Ac  aNYR ChIP  aNYR noAB  vNYR ChIP  vNYR noAB  vNYRrmr1 ChIP  

aNYR noAB  0.000022 - - - - 

vNYR ChIP    0.071600 0.419900 - - - 

vNYR noAB  0.000020 1.000000 0.006900 - - 

vNYRrmr1 ChIP  1.000000 0.000002 0.398900 0.000002 - 

vNYRrmr1 
noAB  

0.000006 1.000000 0.105700 1.000000 0.000001 

 
 
 


