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DNA methylation and chromatin structure of two 
different paramutagenic loci in maize are distinct 

Is RdDM sufficient for paramutation? 

Here we studied two different paramutagenic loci in maize, the B’ locus and the transgenic 
vNYR locus. Both loci are epigenetically repressed and when combined with an 
homologous active locus, the paramutagenic allele causes the mitotically and meitoically 
heritable silencing of the active, paramutable locus. In maize, components of the canonical 
RdDM pathway have been shown to be required for paramutation and/or repression of a 
paramutagenic allele (Giacopelli and Hollick 2015). This has led to an RdDM model for 
paramutation in which siRNAs produced from the paramutagenic allele target the 
paramutable allele for silencing. However, the RdDM model is challenged by the 
observation that in a wild-type background, the levels of hepta-repeat siRNAs produced 
appeared to be similar between B’ and its paramutable epiallele B-I (Arteaga-Vazquez et al. 
2010; Belele et al. 2013). If B-I produces the same amounts of siRNAs as B’, and these 
levels of siRNAs are sufficient for paramutation, B-I is expected to be routinely silenced by 
RdDM independently of an exposure to B’ in the same nucleus. However, spontaneous 
paramutation of B-I plants occurs only in 0.1-10% of all B-I plants (Chandler and Stam 
2004). At the same time, it cannot be excluded that other mechanisms besides RdDM play a 
role in paramutation. Here we show that repression of B’ is independent of MOP2 but 
dependent on the RdDM components MOP1 and MOP3. In contrast repression of vNYR is 
dependent on all three components as well as RMR1. Below the similarities and differences 
between these two paramutagenic loci in relation to their dependency on RdDM are 
discussed. 

Tandem repeats act as cis-determinants of 
paramutation 
Cis-acting determinants of paramutation are sequences that are part of an allele and are 
thought to attract RdDM and thereby mediate the epigenetic repression of a paramutagenic 
allele. The responsible mechanism involves components of RdDM that transcribe siRNAs 
from these cis-acting sequences, which subsequently target homologous sequences of a 
paramutable epiallele and thereby promote repression and an epigenetic switch in trans. 
The current knowledge indicates a strong association between paramutation and the 
presence of repeated sequences, either in tandem orientation, inverted, or a combination of 
both (Stam 2009; Chapter 2 of this thesis). The sequence that mediates paramutation of B-I 

by B’ is a hepta-repeat, located 100 kb upstream of the coding region that also acts as an 
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enhancer of b1 expression (Louwers et al. 2009). The sequence that determines vNYR 
paramutagenicity probably is the tandem-repeat in its 35S promoter (Chapter 5 of this 
thesis). Indeed, the involvement of repeated sequences in paramutation is supported by the 
observation that repeats are prone to transcriptional gene silencing (Slotkin and Martienssen 
2007; Grewal and Jia 2007; Martienssen 2003).  

Distinct DNA methylation patterns displayed by different RdDM-
targeted paramutagenic loci 

Even though the DNA sequences of paramutable and paramutagenic alleles are either 
identical or very similar, the two types of alleles differ in the epigenetic modifications they 
carry, for example DNA methylation and histone modifications (Chapter 2 of this thesis). 
The involvement of RdDM in paramutation implies that paramutagenic and paramutated 
loci are DNA methylated in all sequence contexts (mCG, mCHG and mCHH). Specifically 
high levels of mCHH would be expected, as mCHH is, together with 24-nt siRNAs, a 
hallmark of RdDM (Matzke and Mosher 2014; Q. Li, Eichten, Hermanson, et al. 2014). 

The paramutagenic loci studied here, B’ and vNYR, are both methylated at the 
repeats implicated in paramutation, however, the vNYR promoter is methylated in all 
cytosine contexts while the B’ hepta-repeat only in CG and CHG context (Chapter 3 of this 
thesis; Chapter 5 of this thesis). The existence of RdDM loci with low CHH methylation is 
in contradiction with the canonical model of RdDM. Nevertheless, genome-wide bisulfite 
sequencing revealed that in maize about 18% of the DNA sequences that are categorized as 
an RdDM locus have CHH methylation levels below 5% (low-mCHH) (Chapter 3 of this 
thesis). This observation raises the question whether there is a functional difference 
between a repressed high-mCHH locus, such as vNYR, and a repressed low-mCHH locus, 
such as B’. The activation of vNYR in all tested RdDM mutants is accompanied with a two-
fold decrease in DNA methylation in all sequence contexts at the transgenic e35S promoter, 
whereas activation of B’ in RdDM mutants is accomplished while the mCG and mCHG 
levels at the hepta-repeat are mostly maintained (Chapter 3 of this thesis; Chapter 5 of this 
thesis). 

Symmetric DNA methylation, as present at the hepta-repeat, might be retained by 
maintenance methyltransferases, such as ZMET1, and/or chromomethylases, such as 
ZMET2 and ZMET5 (Li et al., 2014a). This is in agreement with the observation that DNA 
methylation at loci with less than 5% mCHH is, on average, is less dependent on MOP1 
than RdDM loci with more than 5% mCHH (Chapter 3 of this thesis) while methylation 
levels at RdDM loci with more than 25% mCHH, have been shown to be dependent on the 
RdDM machinery (Q. Li et al. 2015).  
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The chromatin structure of the B’ and vNYR paramutagenic loci is 
different 

In maize, the repressive chromatin marks H3K9me2 and H3K27me2 are associated with 
poorly or moderately expressed sequences, respectively (West et al. 2014; Gent et al. 2014). 
RdDM loci have, on average, intermediate levels of H3K9me2 and high levels of 
H3K27me2 (Gent et al. 2014). Furthermore, in maize Pol IV as well as Pol V subunits have 
been shown to interact with proteins that recognize H3K9me2 (Haag et al. 2014), which 
suggests that  Pol IV and Pol V bind to H3K9me2-marked chromatin (Zhang et al. 2013; 
Law et al. 2011) Therefore, from the average chromatin structure of RdDM-loc, an 
enrichment of H3K9me2 and H3K27me2 at paramutagenic loci might be expected. 

The B’ hepta-repeat is indeed marked with intermediate H3K9me2 and high 
H3K27me2 levels (Chapter 3 of this thesis). The vNYR transgene, on the other hand, is 
marked with H3K27me2, but not with H3K9me2 (Chapter 5 of this thesis). Indeed, also in 
Arabidopsis 40% of all RdDM loci are not enriched for H3K9me2 (S. Li et al. 2015)(S. Li 
et al. 2015). This suggests that, although H3K9me2 might be beneficial for the recruitment 
of RdDM, it may not be required. In maize the average H3K9me2 levels of RdDM loci are 
inversely correlated with the mCHH levels (Jonathan Gent, personal communication), and 
it is possible that part of the RdDM loci are not enriched for H3K9me2. The vNYR 
promoter is a high-mCHH RdDM locus and we propose that the variegated, paramutagenic 
vNYR transgene is an example of an RdDM locus devoid of H3K9me2.  

In the RdDM mutants affecting siRNA production the B’ locus is transcriptionally 
activated, which is accompanied with a decrease of H3K9me2 and H3K27me2 to 
intermediate levels and an increase of H3ac at the hepta-repeat, compared to the levels in 
wild-type plants (Chapter 3 of this thesis; Chapter 4 of this thesis). This decrease in 
repressive histone marks allows a partial transcriptional activation, which is in line with the 
genome-wide enrichment of these histon marks at moderately or lowly expressed sequences 
(Gent et al. 2014) In this regard, also the vNYR locus, after reactivation in an rmr1 mutant, 
shows a decrease, but not complete loss of H3K27me2 which is accompanied by an 
increase in H3ac levels (Chapter 5 of this thesis). In mop2 mutants, where most probably 
both Pol IV and Pol V and thereby the whole RdDM machinery becomes non-functional, 
the chromatin structure at the B’ epiallele stays repressed (Chapter 4 of this thesis). Hence, 
one may conclude that B’ is in fact not an RdDM locus. Yet, paramutation between B’ and 
B-I and, besides B’, numerous other low-mCHH loci were shown to produce MOP1-
dependent siRNAs (Dorweiler et al. 2000; Sidorenko et al. 2009; Sloan, Sidorenko, and 
McGinnis 2014; Chapter 3 of this thesis; Chapter 4 of this thesis). 
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An inverse gradient of mCHH and H3K9me2 emphasizes the variability 
of RdDM loci 

We propose that vNYR and B’ represent two distinct, extreme examples of RdDM loci. 
vNYR displays high mCHH and a lack of H3K9me2 while B’ shows low mCHH and high 
H3K9me2. When examining all RdDM loci defined by producing MOP1-dependent 
siRNAs, there appears to be a gradient in mCHH as well as H3K9me2 levels and these two 
gradients are negatively correlated with each other (FIG. 1, Jonathan Gent, personal 
communication).  

B’ is a very potent paramutagenic locus as it changes B-I into B’ with 100% 
efficiency. This is most probably achieved, because it is an easily maintainable, stably 
silenced epigenetic locus that has the ability to attract RdDM for silencing of its homolog 
B-I in trans.This raises the question if there are more paramutagenic low-mCHH “RdDM” 
loci. Most known cases of paramutation have been discovered in a serendipitous manner, 
because they affect, like B’ and vNYR, endogenous or transgenic loci that are easily 
monitored phenotypically. Many more paramutation-like switches have been observed 
using an unbiased genome-wide approach in maize recombinant inbred and near-isogenic 
lines (Regulski et al. 2013; Q. Li, Eichten, R, et al. 2014). Possibly, some of these 
sequences involved in paramutation-like switches are examples of such siRNA-producing 
low-mCHH loci. 
 
 

 
 

FIGURE 1. RdDM loci categorized by their mCHH level show differences in H3K9me2 and H3K27me2 
level.RdDM loci in low-mCHH categories have higher H3K9me2 and H3K27me2 level than RdDM loci in high-
CHH categories. Data was obtained from a published study (Gent et al., 2014) and categorized into CHH levels. 
 
 



192  General discussion 

 

Finally, we cannot exclude that low mCHH-RdDM loci have high mCHH levels at very 
specific developmental stages, e.g. during early embryogenesis, or in ancestral lineages, 
and that later during plant development, or in current lineages, mCHH got lost, while the 
loci still attract the RdDM machinery. A reason to still recruit RdDM and thereby the 
production of siRNAs at low mCHH loci, although less than at high mCHH loci, could be a 
combination of intrinsic sequence features, DNA methylation, chromatin modifications 
and/or the genomic position of loci, e.g. in between eu- and heterochromatin. In current 
literature maize RdDM loci are being defined by the presence of mCHH or the levels of 
RdDM-dependent siRNAs mapped to the locus (Q. Li et al. 2015; Gent et al. 2014) It is 
clear that the levels of DNA methylation and siRNAs can vary dramatically between 
different loci. To explain differences between RdDM loci, additional RdDM targeted 
sequences could be identified for example by ChIP-Seq, using antibodies against RdDM 
components such as Pol IV or Pol V. This analysis might allow the assessment of a more 
complete set of RdDM loci that subsequently could be examined for correlations between 
DNA methylation levels, genomic positions, sequence context, and possibly sequence 
motifs. Such data sets might explain why low mCHH loci still produce RdDM-dependent 
siRNAs. 

Chromosomal interaction pattern of a polycomb 
target in Arabidopsis 
Chromosome conformation capture (3C) technology allows the identification of physical 
interactions between different chromosome regions (Chapter 6 of this thesis). 3C analysis 
led for example to the identification of the chromosomal loop formed between the b1 
coding region and the hepta-repeat 100 kb upstream that is involved in tissue specific 
transcriptional activation, as well as paramutation (Louwers et al. 2009; Stam et al. 2002). 
Similar functional long-distance chromosomal interactions have been shown to be involved 
in the transcriptional regulation of many other genes in a variety of organisms (Shlyueva, 
Stampfel, and Stark 2014).  

The 4C method is an extended version of 3C that enables the genome-wide 
discovery of interactions between a known sequence and the rest of the genome. The 4C 
study presented here examined the chromosomal interaction pattern of the FLC gene during 
the silencing process induced by vernalization and if any of the detected interacting genes 
were co-regulated with the FLC gene (Chapter 7 of this thesis). In Drosophila 

melanogaster, polycomb silencing foci were shown to simultaneously contain multiple 
scattered genes that engaged in long-range interactions however exclusively with each other 
(Cléard et al. 2006; Lanzuolo et al. 2007; Tolhuis et al. 2011). Similarly, in Arabidopsis in 

cis physical interactions have been observed for particular euchromatic regions enriched for 
the polycomb repressive complex 2 (PRC2)-dependent H3K27me3 mark (Feng et al. 2014; 
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Wang et al. 2015). Such interactive clusters are, however, limited to a small number of 
genomic regions containing longer stretches of H3K27me3 enrichment. Comparison of a 
~200 kb region around the FLC gene in non-vernalized plants (FLC is active) to vernalized 
plants (FLC is repressed by polycomb) showed that the interaction frequencies with 
sequences with low H3K27me3 decreased after vernalization while interaction frequencies 
with sequences with high H3K27me3 increased (Chapter 7 of this thesis) These results 
indicate that, once the FLC gene itself is repressed by polycomb, it interacts preferably with 
the closest polycomb targets rather than with non-polycomb targets. This observation is in 
line with the concept of H3K27me3-dependent interactive clusters (Feng et al. 2014) and 
emphasizes their dynamic nature. During vernalization a general transient increase in 
interactions with sequences in trans was detected, indicating global changes in chromatin 
compaction and organization during a cold period. We showed that in the cold seedling 
nuclei contained on average more genome copies, and were also larger than nuclei from 
seedings that were not exposed to the cold. These changes indicate that higher-order 
chromatin organization probably is due to cold-stress induced chromatin decompaction 
(Tessadori et al. 2009; Florentin, Damri, and Grafi 2013; Paul Fransz, personal 
communication), as well as genome endoreduplication, followed by cell cycle arrest (Chen 
et al. 2011; De Storme, Copenhaver, and Geelen 2012). 

Similarly to all other 3C-based studies in Arabidopsis, the presented 4C study was 
conducted by pooling tissue from whole Arabidopsis seedlings. As different cell types are 
likely to have different gene expression profiles, the resulting 4C map is likely a 
superimposition of several, distinct cell type-specific interaction maps. Tissue- or cell type-
specific 4C analysis may allow the identification of more concise chromosomal interaction 
patterns.  

The 4C analysis on Arabidopsis did not reveal any long-distance interactions 
between FLC and regulatory sequences, which is not surprising, as the gene-dense 
Arabidopsis genome leaves virtually no space for distant non-coding regulatory sequences. 
A similar study in maize would be much more potent to identify specific long-range 
interactions with e.g. enhancer sequences, as the maize genome has more non-coding 
sequences with regulatory potential. However, the complexity of the maize genome also 
complicates the application of sequencing-based methodologies. The saturation with highly 
repetitive sequences and the low quality of the maize genome sequence available 
diminishes the confidence in 4C maps because exact genomic positions of many sequences 
are ambiguous. Nevertheless, advances in next generation sequencing technologies, such as 
the growing availability of longer high quality sequencing reads, may approve the mapping 
confidence significantly in the near future.  
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Final remarks 
In this thesis the chromatin structure of two different paramutagenic RdDM loci in maize 
and the chromosomal interaction pattern of a polycomb-target locus in A. thaliana have 
been studied. The two paramutagenic loci studied in maize, vNYR and B’, represent two 
distinct, extreme examples of RdDM loci, as they represent the endpoints of a negative 
correlation between mCHH and H3K9me2 levels among RdDM loci in maize. Many 
paramutation-like switches have been observed using an unbiased genome-wide approach 
in maize recombinant inbred and near isogenic lines (Regulski et al. 2013; Q. Li, Eichten, 
R, et al. 2014). It would be interesting to examine if other low-mCHH loci, besides B’ 
could be paramutagenic and produce siRNAs that predominantly target homologous 
sequences in trans.  

The observation that, upon vernalization and subsequent silencing, the FLC gene 
engages in a local H3K27me3-dependent interactive cluster, indicates a role of 
chromosomal interactions in the regulation of gene activity. However, for FLC only 
interactions in a region smaller than 200 kb surrounding the FLC gene could be correlated 
with their H3K27me3 status. Specific longer-range interactions as observed for example in 
mammals (Nora et al. 2012; Dixon et al. 2012), might not exist in the Arabidopsis genome, 
but only in larger, more complex genomes. Finally, while functional chromosomal 
interactions do exist, they are dynamic and can be masked by stochastic chromosomal 
interactions that differ considerably between single cells (Nagano et al., 2013). 


