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Abstract 
Paramutation is an epigenetic phenomenon whereby in trans communication between 
homologous sequences leads to meiotically heritable epigenetic changes at one of the 
alleles. Cis-acting determinants of paramutation are DNA sequences and associated 
epigenetic modifications that are required for paramutation. Here, we review how 
characteristics of the underlying DNA sequences determine whether paramutation can 
occur and how they affect the behavior displayed by the various paramutation phenomena. 
Paramutation is strongly associated with repeated sequences, especially tandemly repeated 
sequences. Cis-acting determinants consisting of repeated sequences are consistent with the 
involvement of RNA-directed DNA methylation (RdDM) in plants and the PIWI-
interacting RNA (piRNA) pathway in animals. In the RdDM-based model, siRNAs 
produced by paramutagenic loci would reinforce the silenced state of paramutagenic loci in 

cis and initiate transcriptional silencing of paramutable loci in trans. In this review, we 
discuss how sequence characteristics and epigenetic modifications of cis-acting sequences 
can trigger the recruitment of silencing machineries. 
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Introduction 
The term epigenetics refers to mitotically and meiotically heritable changes in genome 
function that are mediated by DNA and chromatin modifications, rather than by changes in 
the underlying DNA sequence. Examples of such modifications are cytosine methylation 
and specific histone modifications such as histone H3 lysine 9 or 27 dimethylation 
(H3K9me2, H3K27me2). Long before the underlying molecular mechanisms were 
identified, a range of so-called epigenetic phenomena was discovered through the non-
Mendelian inheritance they showed. Well-known examples of such epigenetic phenomena 
are genomic imprinting, transposon silencing and paramutation (Pires and Grossniklaus, 
2014; Slotkin and Martienssen, 2007; Chandler, 2007). The latter is the focus of this review 
and is a process in which epigenetic information is mitotically and meiotically transferred 
from one allele to another allele of the same gene, resulting in a change in gene expression 
in one of the alleles (FIG. 1) (Chandler and Stam, 2004; Stam, 2009; Hollick, 2012). 

The first record of a paramutation-like phenomenon involves the change of 
wildtype Pisum sativum (pea) plants into plants with narrow leaflets and petals (Bateson 
and Pellew, 1915). Decades later, the discovery of other cases of paramutation in 
Oenothera, Lycopersicon esculentum (tomato) and especially Zea mays (maize) led to 
extensive studies of paramutation in a variety of organisms, including mammals (Renner, 
1959; Hagemann, 1958; Brink, 1956; Coe, 1959; Chandler, 2007; Suter and Martin, 2010). 

Paramutation occurs between homologous sequences and commonly results in the 
down-regulation of gene expression at the affected allele. Paramutation is most extensively 
characterized for the maize red1 (r1), booster1 (b1), purple plant1 (pl1) and pericarp 

color1 (p1) loci, which encode transcription factors that mediate the production of 
flavonoid pigments (Chandler et al., 2000). These, and most other known cases of 
paramutation manifest themselves through easily detectable phenotypes such as a change in 
appearance, a decrease in plant pigmentation, protein fluorescence, or resistance to 
antibiotics (reviewed in (Chandler and Stam, 2004)). Paramutation can also affect loci that 
do not result in a major phenotypic alteration. Recently, genome-wide studies on maize 
recombinant inbred lines and their parents revealed several regions in the genome that show 
paramutation-like behavior (Regulski et al., 2013; Li et al., 2014b). In these studies, 
heritable changes in DNA methylation levels served as an indication for paramutation-like 
switches rather than changes in gene expression. Similar approaches are expected to reveal 
more sequences that potentially show paramutation-like behavior. Knowledge on the nature 
of the DNA sequences that mediate and undergo paramutation will greatly facilitate the 
identification of novel cases of paramutation. 

In this review, we focus on cis-acting determinants of paramutation, which we 
define as DNA sequences and associated epigenetic modifications that are required for 
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mediating the epigenetic switch underlying paramutation. We discuss how characteristics of 
the underlying DNA sequences determine whether paramutation can occur and how they 
affect the behavior displayed by the various paramutation phenomena. 

Defining paramutation 
Literature on paramutation involves a lot of paramutation-specific terminology, which we 
will define first before focusing on cis-acting determinants.  

Paramutation can occur between endogenous and/or transgenic sequences, and 
these sequences can be present in an allelic or non-allelic location in the genome. For 
simplicity, we will use the term allele in this review to refer to the loci involved in 
paramutation. In the context of paramutation, four different types of alleles can be 
distinguished: paramutagenic, paramutable, paramutated and neutral alleles. Paramutagenic, 
paramutable and paramutated alleles participate in paramutation and differ in their 
epigenetic state. Generally, paramutagenic and paramutated alleles are transcriptionally 
silenced, while paramutable alleles are not (Patterson et al., 1993; Meyer et al., 1993; 
Hollick and Patterson, 2000). A paramutagenic (or inducing) allele imposes its epigenetic 
state onto a paramutable (or sensitive) allele, thereby heritably changing the epigenetic state 
and expression potential of the latter. The paramutable allele consequently becomes a 
paramutated allele. Paramutagenic and paramutable alleles are homologous, but do not 
necessarily share the exact same DNA sequence, as is evidenced by the paramutagenic and 
paramutable r1 alleles (Walker and Panavas, 2001). When alleles carry the exact same 
DNA sequence and only differ in their epigenetic modifications and corresponding 
expression levels, they are called epialleles. Examples include the b1 and p1 loci (Stam et 
al., 2002a; Das and Messing, 1994). Neutral alleles do not participate in paramutation; they 
are neither paramutagenic nor paramutable.  

When a paramutable allele is paramutated it can become paramutagenic itself and 
paramutate a naive paramutable allele when combined in one nucleus by crossing. This is 
called secondary paramutation. Spontaneous paramutation can occur when the epigenetic 
state of a paramutable allele is unstable: the paramutable allele spontaneously changes into 
a paramutated allele in the absence of a paramutagenic allele. This switch to the 
paramutated state occurs without the extraneous stimulus of an epigenetically different 
allele. 

Occasionally, other non-Mendelian inheritance phenomena such as transvection 
and genomic imprinting are mistaken for paramutation (Herman et al., 2003; 
Rassoulzadegan et al., 2002). To clarify, transvection refers to pairing-dependent in trans 
regulation of gene activity and does not involve the transfer of heritable epigenetic 
modifications between the participating sequences, making transvection mechanistically 
different from paramutation. Transvection has been described for numerous loci in 
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Drosophila melanogaster. In this organism homologous chromosomes are synapsed in 
somatic cells, which facilitates gene regulation by regulatory elements in trans (Duncan, 
2002; Kassis, 2012). Similar allelic interactions have also been detected in other species 
(Matzke et al., 2001; Aramayo and Metzenberg, 1996; Liu et al., 2008). Genomic 
imprinting is a process in which differential epigenetic marking results in monoallelic 
parent-of-origin-specific expression of alleles. Various cases of paramutation affect loci 
that also undergo genomic imprinting, possibly causing confusion between the two 
phenomena (Brink, 1956; Chandler et al., 2000; Herman et al., 2003; Worch et al., 2008). 
In the genomic imprinting process, the epigenetic state of a maternally or paternally 
inherited allele is predetermined before fertilization, whereas paramutation occurs after 
fertilization (Pires and Grossniklaus, 2014; Chandler, 2007).  

 

 
 

FIGURE 1. Paramutation at the b1 locus in maize. A cross between a low expressing paramutagenic B′ and high 
expressing paramutable B-I epiallele leads to stable silencing of the B-I epiallele in the F1 with a 100% frequency. 
The paramutated allele itself becomes paramutagenic in this process: crossing the F1 with the paramutable 
genotype leads to exclusively lightly pigmented progeny 
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Canonical RdDM model in relation to paramutation 

Paramutation is an epigenetic phenomenon and is accordingly associated with a transfer of 
DNA methylation and/or particular histone modifications. A major clue to unraveling the 
mechanism underlying the transfer of these epigenetic marks is the identification of several 
mediator of paramutation (mop) and required to maintain repression (rmr) genes (Mop1, 

Mop2/Rmr7 and Mop3/Rmr6; Rmr2) in maize that are required for paramutation at multiple 
maize loci (Dorweiler et al., 2000; Stonaker et al., 2009; Sidorenko et al., 2009; Hollick et 
al., 2005). Characterization of these genes revealed that they encode orthologs of proteins 
that play a role in the Arabidopsis RNA-directed DNA methylation (RdDM) pathway, 
namely RNA-DEPENDENT RNA POLYMERASE 2 (RDR2, ortholog of MOP1), 
NUCLEAR RNA POLYMERASE D1 (NRPD1, the largest subunit of Polymerase IV, 
ortholog of RMR6/MOP3) and NUCLEAR RNA POLYMERASE (D/E)2a (NRP(D/E)2a, 
the second largest subunit of Polymerase IV and V, ortholog of MOP2/RMR7) (Alleman et 
al., 2006; Stonaker et al., 2009; Sidorenko et al., 2009; Erhard et al., 2009; Sloan et al., 
2014; Haag et al., 2014). RdDM is thought to play a major role in establishing and/or 
reinforcing silencing through de novo DNA methylation of repetitive elements and recently 
integrated transposable elements (TEs), especially in the proximity of genes (Zhong et al., 
2012; Zheng et al., 2012; Gent et al., 2013, 2014). The observation that proteins required 
for paramutation are orthologs of proteins involved in RdDM strongly suggests that the 
RdDM pathway plays a pivotal role in paramutation. 

In the canonical RdDM pathway elucidated in Arabidopsis thaliana, RNA 
Polymerase IV (Pol IV) generates nascent non-coding RNA (ncRNA) that is copied into 
double-stranded RNA (dsRNA) by RDR2 and subsequently processed by DICER-LIKE 3 
(DCL3; for references see (Castel and Martienssen, 2013; Matzke and Mosher, 2014)). This 
process ultimately yields 24-nucleotide (nt) small interfering RNAs (siRNAs) that are 
transported to the cytoplasm, followed by loading of single stranded siRNA into 
ARGONAUTE 4 (AGO4). The AGO4-RNA complex is then imported into the nucleus, 
where the siRNA binds to complementary scaffold transcripts generated by RNA 
Polymerase V (Pol V). The latter interaction triggers the recruitment of DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2), which mediates de novo DNA 
methylation of cytosines (5mC) in a CG, CHG and CHH context, where H stands for A, T 
or C. DNA methylation in CG and CHG context can subsequently be maintained by 
maintenance DNA methyltransferases (METHYLTRANSFERASE 1 (MET1)) and 
CHROMOMETHYLASE 3 (CMT3), whereas 5mC in the CHH context requires de novo 
methyltransferases (DRM2 and CHROMOMETHYLASE 2 (CMT2)) to be propagated. 
Together with 24-nt siRNAs, CHH methylation is seen as the hallmark of RdDM (Castel 
and Martienssen, 2013; Matzke and Mosher, 2014). 
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During paramutation, the paramutagenic allele would serve as a template for Pol 
IV and the production of siRNAs. The latter would target transcripts generated by Pol V at 
the paramutable allele, and subsequently trigger de novo DNA methylation, resulting in 
paramutation of the paramutable allele. De novo DNA methylation would then attract 
histone methyltransferases, thereby reinforcing the silencing of the paramutable allele 
through, for example, H3K9me2 and H3K27me2 (Gent et al., 2014). This model implies 
that both paramutagenic and paramutable alleles must display specific genetic and 
epigenetic features that allow them to be targeted by the RdDM machinery. It should be 
noted that the RdDM pathway is not conserved in all metazoans and therefore cannot be 
associated with all known cases of paramutation in this kingdom. In animals, the piRNA 
pathway has been implicated to play a role in paramutation (de Vanssay et al., 2013; 
Sapetschnig et al., 2015). This pathway is equivalent to the RdDM pathway and involves 
PIWI-interacting RNAs (piRNAs) that have been reported to achieve transcriptional gene 
silencing (TGS) of TEs in the germline (Siomi et al., 2011). 

The various paramutation phenomena display different behavior  

The various cases of paramutation identified thus far are quite diverse in details. For 
instance, paramutation at the maize b1 locus shows a rather black-and-white behavior 
(Chandler et al., 2000). When exposed to the paramutagenic B′ allele, the paramutable B-I 
allele is changed into B′ without failure. As observed for the original B′ allele, the newly 
established B′ state is very stably inherited over successive generations and causes 
secondary paramutation at the same rate as the original B′ allele (FIG. 1). However, 
comparing the performance of numerous other cases of paramutation to the penetrant 
outcome of b1 paramutation shows that such behavior is not the rule (Chandler and Stam, 
2004). There is a lot of diversity regarding the frequency of paramutation, the heritability of 
the paramutated state, stability of the paramutagenic and paramutable alleles, and the 
occurrence of spontaneous and secondary paramutation; all of which we will discuss below. 

The reported frequency of paramutation varies between 9 and 100 percent. While 
the frequency is close to 100% for many known cases of paramutation, there are also 
examples that display a lower frequency. For instance, a specific streptomycin 

phosphotransferase (spt) transgene in tobacco is paramutated in 60% of the cases, whereas 
the brown spore 2 (b2) gene in the microorganism Ascobolus immerses is paramutated in 
only 9% of the cases (English and Jones, 1998; Colot et al., 1996). It is therefore 
imaginable that there are other instances where the frequency of paramutation is even 
lower; too low for the occurrence of paramutation to be recognized reliably when only a 
limited number of individuals are scored. The identification of such instances can be 
complicated further by a slow establishment of the resulting phenotypes, cell-to-cell 
differences in the extent of the effect, or quantitative intermediate states. As a result, many 
cases of paramutation may simply be missed.  
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Another feature that describes the efficiency with which paramutation occurs 
between two loci is the heritability of the paramutated state in successive generations after 
crossing out the paramutagenic allele. In several cases, the heritability is 100%, and 
paramutated alleles remain silenced through meiosis (e.g. (Chandler et al., 2000; Mittelsten 
Scheid et al., 2003; Xue et al., 2012; Rassoulzadegan et al., 2002)). However, in other 
examples, the affected alleles remain silenced only in part of the progeny. For example, the 
paramutated state of the b2 gene in A. immerses does not exceed a heritability of 60–90% 
(Colot et al., 1996). Moreover, full heritability of silencing at transgenic locus 1 (Lo1) in 
tobacco was only achieved after exposure to a paramutagenic allele for three consecutive 
generations (Khaitová et al., 2011). The variation in heritability shows that some 
paramutated loci can maintain a silenced state more readily than others. The mitotic and 
meiotic heritability is dependent on the stability of the epigenetic state of a paramutated 
allele.  

Similar to paramutated alleles showing a particular heritability of their epigenetic 
state, paramutagenic and paramutable alleles have an inherent stability that is not equal 
across known examples. Particular paramutagenic alleles can revert to a paramutable state, 
and vice versa, paramutable alleles can spontaneously paramutate. At the b1 locus, the 
paramutagenic B′ allele is very stable and no reversions to a high expressing B-I state have 
been detected, whereas ∼1–10% of plants homozygous for B-I display spontaneous 
paramutation (Coe, 1966; Patterson et al., 1995). In contrast, at the p1 locus, the 
paramutable P1-rr allele is extremely stable with a spontaneous paramutation rate of 
0.0002%, while the paramutagenic P1-pr is metastable (Das and Messing, 1994). At the pl1 
locus, both the paramutagenic and the paramutable allele are unstable (Hollick et al., 1995; 
Hollick and Chandler, 1998). If the paramutagenic Pl′ allele is kept hemizygous or 
heterozygous with a neutral allele it has a 2–10% chance to change into the high 
expressing, paramutable Pl-rh state, whereas a spontaneous change from Pl-rh to Pl′ has 
been observed in ∼20% of the progeny of homozygous Pl-rh plants. 

The acquisition of paramutagenicity (= paramutation activity) by paramutated 
alleles is common for the b1, pl1 and p1 alleles in maize, and also occurs for paramutated 
alleles in other plants, in mice and Drosophila (Chandler et al., 2000; Qin et al., 2003; 
Kapoor et al., 2005; Rassoulzadegan et al., 2002; Herman et al., 2003; de Vanssay et al., 
2013). However, the frequency with which paramutated alleles become paramutagenic 
varies between the alleles. In addition, particular paramutated alleles in Arabidopsis, 
tobacco and mice were reported to not become paramutagenic themselves (Luff et al., 1999; 
Park et al., 1996; Hatada et al., 1997). The variation in the ability to exhibit secondary 
paramutation indicates a difference in the extent with which the epigenetic state of a 
paramutagenic allele can be transferred to a paramutable allele. This ability is most likely 
positively correlated with the level of sequence similarity between the cis-acting sequences 
of the two alleles. 
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In summary, the reported examples of paramutation indicate that the behavior of 
loci participating in paramutation differ on a case-by-case basis. This could be affected by 
differences in the genetic background of the host organism, but we consider it more likely 
that this diversity in behavior is mainly determined by the characteristics of the cis-acting 
determinants of the paramutagenic as well as paramutable alleles. We postulate that these 
characteristics determine if, and how efficiently, the molecular machinery mediating the 
transfer of epigenetic information can function, as well as how efficiently a certain 
epigenetic state can be maintained. 

Cis-acting determinants of paramutation 

Cis-acting determinants of paramutation are DNA sequence regions and associated 
epigenetic marks that mediate the epigenetic switch underlying paramutation. The cis-
acting DNA sequences are located at the alleles participating in paramutation and usually 
consist of the coding region of a gene, its regulatory sequences, or both. Even though these 
DNA sequences are either identical or very similar between paramutable and 
paramutagenic alleles, the alleles differ in the epigenetic modifications they carry, for 
example DNA methylation (e.g. (Haring et al., 2010; Walker and Panavas, 2001; Mittelsten 
Scheid et al., 2003)). These differences in epigenetic state are likely to determine whether 
an allele is paramutable or paramutagenic.  

Genetic features of cis-acting sequences 

The DNA sequences required for paramutation, also called paramutation sequences, can be 
identified through several means. Recombinant analysis using paramutagenic and neutral 
alleles can be used to map the sequences (FIG. 2) (Stam et al., 2002a, 2002b; Panavas et al., 
1999; Walker and Panavas, 2001), while transgenic analysis can be used to identify and 
fine-map the cis-acting sequences and evaluate whether candidate sequences are sufficient 
to mediate paramutation (Sidorenko et al., 2000; Sidorenko and Peterson, 2001; Belele et 
al., 2013; Foerster et al., 2011). Recently, it has also become feasible to identify sequences 
undergoing paramutation by performing genome-wide screens aimed at identifying the 
transfer of DNA methylation in trans (Regulski et al., 2013; Li et al., 2014b). 

Various studies on paramutation have identified and characterized DNA sequences 
that are required for paramutation (see e.g. (Sidorenko and Peterson, 2001; Belele et al., 
2013; Walker and Panavas, 2001)), while in other cases such a causality analysis has not 
been done. The more rigorously studied examples, however, allow for the inference of 
putative cis-acting sequences at other loci. The current knowledge indicates a strong 
association between paramutation and the presence of repeated sequences, either in tandem, 
inverted, or a combination of both (Stam, 2009). The involvement of repeated sequences is 
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indeed very plausible, as repeats have shown to be engaged in TGS (Slotkin and 
Martienssen, 2007; Grewal and Jia, 2007; Martienssen, 2003). 

Many cases of paramutation in plants, but also animals are associated with the 
presence of tandem repeats at the interacting alleles (Stam et al., 2002b; Sidorenko and 
Peterson, 2001; English and Jones, 1998; de Vanssay et al., 2013; Hatada et al., 1997; Stam 
et al., 2002a). At the b1 locus in maize, multiple tandem repeats 100 kb upstream of the 
protein coding region are required and sufficient for paramutation (Stam et al., 2002a; 
Belele et al., 2013). An important clue to the involvement of these repeats in paramutation 
is the observation that the number of repeats positively correlates with the 
paramutagenicity: b1 alleles carrying seven (B′) or five copies of the repeat unit are 100% 
paramutagenic, while an allele carrying three copies is less than 100% paramutagenic (FIG. 
2A). A single copy of the repeat does not engage in paramutation at all and is therefore 
neutral (Stam et al., 2002a). The tandem-repeat at the b1 locus is a cis-acting determinant 
for paramutation, but additionally acts as a transcriptional enhancer for the paramutable, 
highly transcribed B-I state (Louwers et al., 2009a; Haring et al., 2010; Belele et al., 2013). 
Similarly, tandemly repeated sequences surrounding the maize p1 locus have been shown to 
mediate paramutation and act as an enhancer of the paramutable allele (Sidorenko et al., 
2000; Sidorenko and Peterson, 2001). However, it is unclear, whether the enhancer and 
paramutation functions at the b1 and p1 tandem repeats are based on the same sequence or 
are encoded by different sequences within the repeat units. Tandem repeats associated with 
paramutation can also include coding regions. Examples are the paramutagenic r1 alleles, a 
transgenic Hygromycin Phosphotransferase (HPT) locus in Arabidopsis, and transgenic 
tandemly repeated multicopy loci in Drosophila and mice (Kermicle et al., 1995; Panavas et 
al., 1999; Mittelsten Scheid et al., 2003; de Vanssay et al., 2013; Hatada et al., 1997). The 
paramutagenic R-stippled (R-st) and R-marbled (R-mb) alleles in maize both carry multiple, 
tandemly repeated copies of the r1 coding region and flanking sequence (FIG. 2B). As 
observed for b1, the isolation and characterization of several deletion derivatives showed a 
direct relationship between the number of r1 genes and their paramutagenic strength 
(Kermicle et al., 1995; Panavas et al., 1999). Alleles carrying single r1 genes appeared to 
be non-paramutagenic. Paramutation has also been observed between T-DNA sequences 
inserted into different endogenous genes (Xue et al., 2012; Gao and Zhao, 2013). These 
cases are most likely mediated by tandemly repeated sequences as well, as the T-DNA 
involved (pROK2) carries two copies of the NOPALINE SYNTHASE polyadenylation site 
in a tandem orientation. In addition, 50% of the available Arabidopsis T-DNA lines carry 
more than one copy of a T-DNA (SIGnAL, 2013). Together, these observations underline 
the involvement of tandem repeats in paramutation. 

Sequences involved in paramutation can also be present in an inverted instead of in 
a tandem configuration. For example, while the paramutagenicity of r1 alleles in maize is 
strongly associated with the presence of tandemly repeated r1 genes, the paramutability 
(=sensitivity to paramutation) of the R-r:standard (R-r) and R-d:Catspaw (R-d) alleles in  
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FIGURE 2. Comparison of different paramutable, paramutagenic and neutral (A) b1 and (B) r1 alleles. (A) 
At the b1 locus, recombinant analysis showed that the repetition of a 853 bp sequence (yellow-blue arrow) 100 kb 
upstream of the coding region is required for paramutation. Alleles carrying seven (B′) or five repeats (b-5R′, B-

I||B-P-D2′) are fully paramutagenic, while an allele with three repeats (b-3R′, B-I||B-P-D1′) engages in 
paramutation with a lower frequency. Plants with only one copy of the 853 bp sequence (b-N) do not engage in 
paramutation. Transgenic analysis showed that the repetition of the 5′-part of the 853 bp sequence (pFA; yellow 
arrow) is sufficient to induce paramutation, while repetition of the 3′-part is not (pFB; blue arrow). (B) (adapted 
from (Walker and Panavas, 2001)) Recombinant analysis of a paramutable r1 locus showed that an inverted repeat 
of two S (Seed color) genes, including parts of a doppia element (dark gray box), is essential for paramutability of 
the locus. At the paramutagenic R-st and R-mb loci, several copies of tandemly repeated Nc (Near colorless) or 
Lcm (Lc similarity at Marbled) genes are required for paramutagenicity. The Nc genes at the R-st loci are flanked 
by doppia repeats similar to those found at the paramutable R-r locus. R-mb, however, does not share this feature 
with R-r and R-st. The P (Plant color) gene within the R-r complex is not strongly affected by paramutation. q is a 
nonfunctional gene fragment with sequence similarity to P and Sc. The Sc (Self color) gene within the R-st and R-

mb complexes is not involved in paramutation. Homologous sequences are indicated by the same color. 
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maize is strongly associated with the presence of two copies of the r1 gene in an inverted 
head-to-head orientation (FIG. 2B) (Kermicle, 1996; Walker and Panavas, 2001). Other 
examples are a tail-to-tail inverted repeat of two almost identical 
Phosphoribosylanthranilate Isomerase (PAI) genes at a paramutagenic PAI locus in 
Arabidopsis, and transposons in an inverted repeat orientation at the petunia anthocyanin3 
(an3) locus (Luff et al., 1999; Houwelingen et al., 1999). The latter example exhibits a 
novel excision mechanism that seems dependent on paramutation-like interactions. In other 
cases of paramutation, the organization of the sequences involved is more complex and 
includes direct as well as inverted repeats (Park et al., 1996; Matzke, 1989; Matzke and 
Matzke, 1991; Colot et al., 1996). Without additional deletion or transgenic analyses it 
cannot be concluded whether entire loci, or parts of them are required for paramutation, and 
whether the directionality of repeated sequences is relevant. 

Repeated sequences can also be involved in paramutation in a different manner. 
The sulfurea locus that is engaged in paramutation in tomato maps close to or even within 
heterochromatin (Hagemann, 1993; Wisman et al., 1993). Heterochromatin consists of 
silenced transposons and other repetitive sequences (Wang et al., 2006). Spreading of 
silencing from heterochromatic regions into the sulfurea locus is likely to underlie its 
behavior. 

However, for some loci engaged in paramutation no repeated sequences have been 
identified (Duvillie et al., 1998; Kapoor et al., 2005; Erhard et al., 2013). Such loci may 
carry repeated sequences further away from the coding region of the affected allele. The 
hepta-repeat at the B′ and B-I epialleles is located 100 kb upstream of the b1 coding region, 
for example (Stam et al., 2002a). The presence of repeated sequences can also be missed 
due to technical issues inherent to genome sequencing. Repeats of nearly identical 
sequences, especially relatively large repeats, are usually not uncovered by next-generation 
sequencing (NGS) approaches that yield short reads. If the read length is smaller than the 
whole repeat array, contig assembly will underestimate the repeat copy number. Recent 
NGS technologies that produce long reads (e.g. PacBio sequencing) greatly facilitates the 
discovery of sequences containing repeat units (Eid et al., 2009; Pacific Biosciences of 
California, 2014). 

It should be emphasized that repetition itself is not sufficient to determine whether 
a sequence can mediate paramutation. For example, transgenic hepta-repeats of the 5′-part 
of the 853 bp b1 repeat unit do change B-I into B′, whereas transgenic hepta-repeats of the 
3′-part do not (FIG. 2A) (Belele et al., 2013). Accordingly, siRNAs have only been detected 
from the 5′-part of the repeat unit (Arteaga-Vazquez et al., 2010). Examples of endogenous 
loci containing repeats that are not engaged in paramutation are the maize P1-wr allele and 
the Arabidopsis Flowering Wageningen (FWA) locus. The P1-wr allele consists of eleven 
tandemly repeated copies of the p1 gene. P1-wr only carries the 3′-end of the distal p1 
enhancer sequences; it, among others, lacks a Mutator-like transposable element (MULE) 
and in addition is subject to post-transcriptional gene silencing (Chopra et al., 2003). FWA 
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carries two short tandem repeats (38 and 198 bp) that are targeted by the RdDM pathway 
(Soppe et al., 2000; Cao and Jacobsen, 2002). FWA transgenes are silenced by RdDM upon 
transformation into Arabidopsis containing a silenced endogenous FWA locus. Endogenous 
active and silenced FWA epialleles, however, both produce low levels of siRNAs and do 
stably coexist, indicating that the FWA tandem repeats are not sufficient to mediate 
paramutation (Chan et al., 2006). Remarkably, genome-wide analysis of unique tandem 
repeats in euchromatic regions indicated that sequence characteristics of siRNA-producing 
tandem repeats (i.e. repeat length, copy number and nucleotide sequence) are not 
significantly different from tandem repeats not producing siRNAs (Chan et al., 2006). 
Nevertheless, unique tandem repeats are ten times more likely to produce siRNAs than 
random euchromatic sequences, and the siRNA-producing tandem repeats are more 
frequently DNA methylated. More recent data indicate that RdDM loci are relatively AT-
rich, and that the initiation of Pol IV transcription may occur in AT-rich sequences(Zemach 
et al., 2013; Li et al., 2015c). Nonetheless, sufficient C's in a symmetric context are 
required to maintain silencing (Diéguez et al., 1998). The 3’ part of the 853 bp repeat has a 
GC content of only 31%, which may not be sufficient to establish and maintain silencing 
(Stam et al., 2002a).  

Collectively, the data indicate that it is most likely a combination of sequence 
characteristics and copy number that make a sequence a cis-acting determinant for 
paramutation. Together they may determine the capacity of particular sequences to recruit 
the RdDM machinery, produce siRNAs and engage in paramutation.  

Cis-acting paramutation sequences consisting of tandem repeats are consistent 
with RdDM playing a central role in paramutation. Tandemly repeated sequences can much 
more readily lead to a sustained production of siRNAs required to trigger de novo DNA 
methylation than single copy sequences (Martienssen, 2003; Matzke and Mosher, 2014). 
Transcribed inverted repeats can mediate de novo DNA methylation even more easily, as 
these transcripts can form dsRNA without the need of an RNA-dependent RNA 
polymerase. RdDM is indicated to mainly target short TEs and the edges of long 
heterochromatic TEs, whereby most targets are in close proximity to genes, in euchromatic-
like regions (Zheng et al., 2012; Zhong et al., 2012; Zemach et al., 2013; Gent et al., 2013, 
2014; Li et al., 2014b). A noteworthy similarity between TEs and tandemly repeated 
paramutation sequences is that they are both repeated in the genome. While paramutation 
sequences are repeated locally, this is not necessarily true for TEs. However, TEs do often 
contain terminal tandem or inverted repeats themselves, which can be sufficient to trigger 
RdDM (Slotkin and Martienssen, 2007). Furthermore, numerous copies of TEs are 
generally present in the genome. The production of siRNAs by a subset of these copies is 
expected to be sufficient to trigger RdDM of homologous copies located elsewhere in the 
genome. Interestingly, the repeated enhancer sequences shown to be sufficient for p1 
paramutation contain and are flanked by TEs, indicating a very tight connection between 
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cis-acting paramutation sequences and TEs (Sidorenko and Peterson, 2001; Goettel and 
Messing, 2010).  

Differential DNA methylation and chromatin features of cis-acting 
sequences required for paramutation 

The current model for paramutation suggests that RdDM mediates paramutation (Hollick, 
2012). Consequently, DNA methylation should be abundant at both paramutagenic and 
paramutated alleles, but not at paramutable alleles. Indeed, in many cases the alleles 
engaged in paramutation were shown to be differentially methylated, with a substantially 
higher level of DNA methylation at paramutagenic than paramutable alleles (Mittelsten 
Scheid et al., 2003; Haring et al., 2010; Goettel and Messing, 2013b; Sidorenko and 
Peterson, 2001; Das and Messing, 1994; Meyer et al., 1993; Luff et al., 1999; 
Rassoulzadegan et al., 2002; Khaitová et al., 2011; Walker, 1998; Walker and Panavas, 
2001). Furthermore, upon paramutation, paramutable alleles have been shown to gain DNA 
methylation, implying a model in which the transfer of DNA methylation acts as a seed 
triggering the epigenetic switch underlying paramutation. DNA methylation has been 
shown to play a crucial role in the mitotic and meiotic maintenance of TGS (Diéguez et al., 
1998; Jones et al., 2001; Jaenisch and Bird, 2003), and all reported data suggest such a role 
in maintaining the silenced state of paramutagenic alleles. In addition, DNA methylation is 
likely to be a crucial epigenetic mark that renders an allele paramutagenic. In accordance 
with that, DNA methylation is shown to facilitate the recruitment of Pol V to RdDM loci 
(Johnson et al., 2014; Liu et al., 2014). However, the level of DNA methylation required to 
make an allele paramutagenic, or to silence a paramutable allele, may not need to be high 
(Mittelsten Scheid et al., 2003; Belele et al., 2013). It cannot be excluded that hitherto 
unknown epigenetic modifications precede DNA methylation in the paramutation process 
(Bond and Baulcombe, 2015). 

A hallmark of RdDM is DNA methylation in a CHH context. CHH methylation 
can only be maintained by de novo DNA methyltransferase activity. In most flowering 
plants, CHH methylation is mediated through the RdDM and CMT2 pathway, but maize 
lacks the CMT2 enzyme (Zemach et al., 2013). Compared to CG and CHG methylation 
levels, CHH methylation levels are generally low in the genome (Cokus et al., 2008; Gent 
et al., 2013; Regulski et al., 2013). However, RdDM loci are clearly enriched in CHH 
methylation, in Arabidopsis as well as in maize (Lister et al., 2008; Wierzbicki et al., 2012; 
Zemach et al., 2013; Gent et al., 2014). For various alleles engaged in paramutation, DNA 
methylation has been resolved at base-pair resolution In line with the involvement of 
RdDM in paramutation, enrichment of CHH methylation has been observed at the 
paramutagenic HPT and PAI loci in Arabidopsis and P1-pr locus in maize. At the P1-pr 
epiallele, the distal enhancer sequences contain and are flanked by sequences derived from 
transposable elements, amongst which a MULE fragment (Sidorenko and Peterson, 2001; 



Chapter 2 27 

 

Goettel and Messing, 2010). The MULE fragment carries CG and CHG methylation at the 
paramutagenic P1-pr as well as the paramutable P1-rr allele, while differential CG and 
CHG methylation is confined to the flanking p1 locus-specific sequences that presumably 
carry the enhancer sequences (Goettel and Messing, 2013a). Moreover, the MULE 
fragment is methylated in the CHH context, but only at the paramutable P1-rr allele. These 
data suggest that upon paramutation, the RdDM machinery targeting the MULE fragments 
at the P1-rr allele also methylates the flanking regulatory sequences. Spontaneous 
paramutation of the P1-rr allele is, however, very rare (Das and Messing, 1994), indicating 
that the DNA methylation mediated by the RdDM machinery at the MULE fragments does 
not readily spread into the flanking sequences. Intriguingly, the paramutagenic ROSA26

flox 
and RxrαAF1 loci in mice also showed the presence of CHH methylation (Rassoulzadegan et 
al., 2002; Grandjean et al., 2007). In animals silencing of transposons appears to be 
mediated by piRNAs, and the piRNA pathway is implicated in DNA methylation (Siomi et 
al., 2011). However, it is not known whether the piRNA pathway is involved in CHH 
methylation at the ROSA26

flox and RxrαAF1 loci. 
Interestingly, studies in the fungus Phytophtora infestans and mice report 

paramutation phenomena lacking hypermethylation at the silenced, paramutagenic allele 
(West et al., 1999; Kiani et al., 2013). Furthermore, paramutation cases in D. melanogaster 
and Caenorhabditis elegans, organisms lacking DNA methylation, confirm that 
paramutation-like processes can occur without any DNA methylation (de Vanssay et al., 
2013; Sapetschnig et al., 2015), indicating that mechanisms underlying paramutation differ 
between different species. Indeed, paramutation in animals appears primarily based on 
RNAs, such as piRNAs, and the underlying pathways may lack the transfer of epigenetic 
modifications in trans. We can, however, not exclude a role for histone modifications in 
cases lacking the involvement of DNA methylation. In accordance, recent studies indicate 
that in addition to DNA methylation, histone modifications can function in 
transgenerational inheritance of epigenetic information as well (Crevillén et al., 2014; 
Gaydos et al., 2014; Audergon et al., 2015). 

Besides RdDM loci showing an enrichment of CHH methylation compared with 
the rest of the genome, the overall chromatin structure of RdDM loci appears more similar 
to euchromatin than heterochromatin, but distinct from both (Zemach et al., 2013; Gent et 
al., 2014; Li et al., 2015c). In maize, RdDM and heterochromatic loci are both enriched for 
H3K27me2, a mark implicated in the silencing of genes and repetitive elements in 
Arabidopsis (Gent et al., 2014; Roudier et al., 2011). However, compared to classical 
heterochromatin, RdDM loci harbor relatively low levels of the repressive H3K9me2 mark, 
are nucleosome depleted and relatively accessible to nucleases (Zemach et al., 2013; Gent 
et al., 2014; Li et al., 2015c). Nevertheless, H3K9 methylation is involved in recruiting Pol 
IV to a subset of RdDM loci through SAWADEE HOMEODOMAIN HOMOLOG 1 
(SHH1) Moreover, H3K9 and DNA methylation appear to be part of a reinforcing loop 
recruiting Pol IV and Pol V to RdDM loci, respectively (Johnson et al., 2014). Categorizing 
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paramutation sequences as RdDM loci therefore suggests the presence of H3K27me2 and 
H3K9me2 at these sequences. Indeed, the repeats required for paramutation at the maize b1 
locus are enriched for H3K9me2 and H3K27me2 at the paramutagenic B’, but not the 
paramutable B-I allele (FIG. 3) (Haring et al., 2010). Enrichment of H3K9me2 was also 
detected at the paramutagenic PAI and silenced HPT loci in Arabidopsis, the latter being a 
locus that is only paramutagenic in tetraploids (Enke et al., 2011; Foerster et al., 2011). The 
presence of DNA methylation and H3K9me2 at tandem repeats does not automatically 
render a sequence paramutagenic, as the tandem repeats at the silenced FWA locus, which 
is not engaged in paramutation, are also marked by DNA and H3K9 methylation (Chan et 
al., 2004; Xu et al., 2013). 

Loci silenced by RdDM display a lower chromatin accessibility than active, genic 
chromatin (Gent et al., 2014). For the few cases of paramutation in which chromatin 
accessibility has been studied, a positive correlation has been observed between the  
accessibility and transcriptional activity levels of the alleles. The silenced, paramutagenic 
P1-pr and B′ epialleles are less sensitive to DNaseI than the active, paramutable P1-rr and 
B-I epialleles (Lund et al., 1995; Stam et al., 2002a; Louwers et al., 2009a). Furthermore, a 
transgenic anthocyanin1 (a1) epiallele in petunia was significantly less sensitive to DNaseI 
and nuclease S7 digestion than its transcriptionally active counterpart (Blokland et al., 
1997). 

 

FIGURE 3. DNA methylation and chromatin structure at b1 epialleles engaged in paramutation. The hepta-
repeat (for simplicity only four repeat units are shown) of the paramutagenic B′ epiallele is DNA-hypermethylated 
compared to the hepta-repeat of the paramutable B-I epiallele. The epialleles are furthermore marked with distinct 
histone modifications [61, Chapter 3 of this thesis]. Only the tissue-independent histone modifications are shown. 
The transcription start site at the coding region is indicated with a hooked arrow. 
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A refined model for siRNA-mediated paramutation 

The RdDM pathway has been implicated in paramutation in plants (FIG. 4) (Hollick, 2012), 
and below we will discuss whether the canonical RdDM pathway as described for A. 

thaliana can fully explain paramutation, and review necessary adaptions to this model. 
An important indication for the involvement of an RdDM-like pathway in plant 

paramutation systems is a high abundance of siRNAs derived from the cis-acting sequences 
of paramutagenic, but not paramutable alleles. In such a model, siRNAs derived from a 
paramutagenic allele would induce silencing of the homologous paramutable allele via an 
RdDM-like pathway. Significant differences in levels of small RNAs derived from silent 
and active epialleles have been detected from transgenic HPT and endogenous PAI loci in 
Arabidopsis, although the absolute amounts of siRNAs detected were very low (Molnar et 
al., 2010; Enke et al., 2011; Foerster et al., 2011). Efforts to identify differences in siRNA 
levels between paramutable and paramutagenic loci in maize have thus far not been 
successful. In immature ears, transcription and low levels of siRNAs have been detected 
from paramutagenic, but also paramutable and neutral b1 alleles in equal abundances, 
suggesting that these levels are not sufficient to induce paramutation (Alleman et al., 2006; 
Sidorenko et al., 2009; Arteaga-Vazquez et al., 2010; Belele et al., 2013). Also active and 
silenced FWA loci also produce similar levels of siRNAs, even though they do not engage 
in paramutation (Chan et al., 2006). An siRNA-producing inverted repeat transgene 
carrying the b1 repeat sequence (35S:b1IR) was able to induce paramutation, albeit at a 
lower frequency than B′ (Arteaga-Vazquez et al., 2010). This 35S:b1IR transgene produced 
siRNAs levels that were about 10-fold higher than those produced by a neutral endogenous 
b1 allele (Belele et al., 2013). This implies that, to silence the paramutable B-I allele, the 
level of siRNA produced by the paramutagenic B′ allele needs to cross a certain threshold. 
Although the genes involved in paramutation are highly expressed in immature ears (Mop1, 

Mop2/Rmr7, Mop3/Rmr6, and Rmr2) (Sekhon et al., 2011), the siRNA threshold is 
potentially reached in other tissues.  

The observations that the global levels of 24-nt siRNAs are severely reduced in 
maize mop1, mop2/rmr7, rmr6 and rmr2 mutants is consistent with the wildtype genes 
playing a role in RdDM (Nobuta et al., 2008; Sidorenko and Chandler, 2008; Erhard et al., 
2009; Barbour et al., 2012; Stonaker et al., 2009). Moreover, it has been shown that the 
siRNAs derived from the B′ hepta-repeat are severely decreased in mop1 and mop2 mutants 
(Sidorenko et al., 2009; Arteaga-Vazquez et al., 2010). The production of siRNAs requires 
Pol IV and RDR2 (Matzke and Mosher, 2014). RMR6/MOP3 corresponds to the largest 
subunit of Arabidopsis Pol IV (NRPD1), MOP1 is the ortholog of RDR2, and 
MOP2/RMR7 corresponds to NRP(D/E)2a, the second largest subunit of both Pol IV and 
Pol V (Erhard et al., 2009; Sloan et al., 2014; Alleman et al., 2006; Sidorenko et al., 2009; 
Stonaker et al., 2009; Haag et al., 2014). Unlike Arabidopsis, the maize genome encodes 
three functional NRP(D/E)2-like genes, which potentially result in at least two different Pol 
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IV and three different Pol V subtypes. MOP2/RMR7 encodes NRP(D/E)2a, and the 
function of this catalytic subunit is non-redundant with respect to paramutation. In a 
mop2/rmr7 mutant, the alternative subunits, NRP(D/E)2b and NRP(D/E)2c, do not take over 
the function of NRP(D/E)2a in paramutation. In accordance with this, MOP1 seems to 
preferentially associate with the Pol IV subtype carrying MOP2/RMR7 (Haag et al., 2014). 

Interestingly, whereas silencing of the endogenous B′ repeats is disrupted in 
homozygous mop1, mop2 and mop3 mutants, it is maintained in the presence of a 35S:b1IR 
transgene in the same mutants (Sloan et al., 2014). The transgene produces hairpin RNAs, a 
template for DCL3 to produce siRNAs, thereby circumventing the need for Pol IV and 
MOP1, in the silencing process. MOP2 is part of Pol IV, but also of Pol V (Sloan et al., 
2014; Sidorenko et al., 2009; Stonaker et al., 2009; Haag et al., 2014), which is thought to 
produce scaffold transcripts that recruit AGO4-siRNA complexes. This ultimately leads to 
the recruitment of de novo DNA methyltransferase DRM2 that is needed to reinforce 
silencing (Matzke and Mosher, 2014). These data suggest that in the presence of a hairpin 
RNA-producing transgene, the function of Pol V can be bypassed. Interestingly, none of the 
mutants that affect paramutation in maize are Pol V specific, and the b1 repeats are as 
highly transcribed in a mop2 mutant background as in wild-type plants (Sidorenko et al., 
2009). 

Suppose the Pol IV subtype containing NRP(D/E)2a is involved in establishing 
paramutation and Pol V is not, which RNA polymerase would then produce the scaffold 
transcripts needed to target de novo DNA methylation to the paramutable locus? Nuclear 
run-on analyses showed that transcription of two DNA TEs (doppia, MU) and two 
retrotransposons (CRM, cent-A), all presumed RdDM targets, as well as of the b1 repeats 
are sensitive to α-amanitin (Erhard et al., 2009; Arteaga-Vazquez et al., 2010). Pol IV and 
Pol V are indicated to be insensitive to α-amanitin, suggesting that RNA Polymerase II (Pol 
II) is the major polymerase transcribing these sequences (Erhard et al., 2009; Haag et al., 
2014). In Arabidopsis, Pol II is essential for TGS at low-copy-number repeats that are quite 
reminiscent of the repeated sequences generally associated with paramutation (Zheng et al., 
2009). Pol II is able to provide scaffold transcripts to which AGO4-siRNA complexes can 
bind, and Pol II and/or transcription by Pol II is suggested to recruit Pol IV and Pol V, 
which are needed to promote siRNA production and TGS. Taken together, the data on 
paramutation are consistent with Pol II being involved in providing the scaffold transcripts 
required for recognition of paramutation loci by AGO4-siRNA complexes. In this model, 
Pol II would produce these scaffold transcripts not only at paramutagenic alleles, but also at 
paramutable alleles. Therefore, during the paramutation process in maize, Pol II may take 
over the function of Pol V. How Pol II and Pol IV, and possibly Pol V specifically act in 
the paramutation process merits further research 

Paramutation-like phenomena have also been observed in animal species 
(Rassoulzadegan et al., 2006; de Vanssay et al., 2013; Sapetschnig et al., 2015; Kiani et al., 
2013), which lack the RdDM pathway. Nevertheless, in these species RNA-based 
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mechanisms are implicated in paramutation, among others the piRNA pathway. The piRNA 
pathway was found to aid in the defense against invasive TEs in the germline in several 
metazoan species (Siomi et al., 2011; Holoch and Moazed, 2015). piRNAs are small RNAs 
that are produced in a Dicer-independent manner and bind to a germline-specific group of 
AGO-like proteins called PIWI proteins. Interestingly, the first piRNAs were found in 
Drosophila and shown to target the tandemly repeated Stellate genes (Aravin et al., 2001). 
These piRNAs are derived from homologous non-coding suppressor of Stellate (Su(Ste)) 
tandem repeats. Deletion of these Su(Ste) repeats leads to overexpression of the Stellate 
genes. Silencing of the Stellate genes by the Su(Ste) repeats is intriguingly similar to the 
concept of siRNA-mediated paramutation as seen in plants. Furthermore, in Drosophila, 
piRNAs are also indicated to mediate trans-generational silencing of a P-LacZ transgene; 
the paramutagenic allele produces high levels of piRNAs, while piRNAs from the 
paramutable allele were barely detectable (de Vanssay et al., 2013). In C. elegans, piRNAs 
were shown to induce paramutation at an mCherry::H2A transgene (Sapetschnig et al., 
2015), while at various genes in mice, paramutation appears to be induced by high levels of 
microRNAs (Grandjean et al., 2009).  

 
FIGURE 4. RdDM-based paramutation model. To illustrate the model, the B′ and B-I alleles are used as 
example. The paramutation sequences of the paramutagenic allele (B′) act as a template for Pol IV transcription 
and siRNA production. Recognition of Pol V scaffold transcripts by AGO4-siRNA complexes results in the 
reinforcement of silencing in cis. In the canonical RdDM model, AGO4-siRNA complexes containing siRNAs 
generated by the paramutagenic allele, bind to Pol V scaffold transcripts at the paramutable allele. This would 
trigger de novo DNA methylation in trans, followed by changes in histone modifications, that together silence the 
paramutable allele. However, in maize, Pol V may not be involved in paramutation. An alternative model suggests 
initiation and maintenance of paramutation by Pol II and its transcripts, followed by recruitment of Pol IV to 
reinforce silencing. For the color coding see the legend of Fig.3. Keys: AGO4, ARGONAUTE 4; DCL3, DICER-
LIKE 3; DRM2, DOMAINS REARRANGED METHYLTRANSFERASE 2; RdRP, RNA-dependent RNA 
polymerase. 
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Outlook 
Paramutation represents an intriguing example of non-Mendelian genetics. Currently 
known for a limited number of easily recognizable examples, it might actually be a more 
wide-spread epigenetic phenomenon. Genome-wide studies conducted with maize 
recombinant inbred and near-isogenic lines suggest that, dependent on how strict 
paramutation features are defined, 0.01–10 percent of all differentially methylated regions 
can undergo paramutation-like switches in DNA methylation levels (Regulski et al., 2013; 
Li et al., 2014b). Paramutation of B-I to B′ can serve as an example as to how plant 
breeding could be hampered by not taking trans effects into account. The high 
pigmentation levels mediated by B-I is associated with a seven times repeated enhancer 
sequence. A high expression level may initially be beneficial, but may ultimately lead to the 
silencing of desirable traits as repeated sequences are prone to be targeted by the silencing 
machinery. The resulting silenced states can subsequently spread through plant populations 
via paramutation. This scenario could explain the acquisition of unexpected unstable traits 
observed in plant breeding. Paramutation-like trans-silencing of several sequences within a 
genome could, besides influencing monogenic expression, also affect the fine-tuning of 
regulatory networks associated with complex, quantitative traits. Accordingly, hybrid vigor, 
which is of high interest to plant breeders, may in part be mediated by paramutation-like 
changes in the genome (Groszmann et al., 2013).  

There is ample evidence that paramutation in plants involves RdDM, a mechanism 
associated with the silencing of newly integrated TEs in euchromatic environments 
(Hollick, 2012; Gent et al., 2014; Zheng et al., 2012; Zhong et al., 2012). This suggests that 
the sequences required for paramutation may share features with transposable elements. A 
key feature shared between the silencing of alleles involved in paramutation and TEs is the 
presence of repeated sequences. Moreover, some repeated sequences that mediate 
paramutation even carry TE sequences (Goettel and Messing, 2010). It is therefore likely 
that the targeting of cis-acting paramutation sequences is a by-product of an evolutionary 
process that has lead to RdDM-mediated silencing of newly integrated transposons.  

Most known cases of paramutation were discovered in a serendipitous manner, 
because they affected endogenous or transgenic loci that were easily monitored 
phenotypically. Many more paramutation-like switches were observed using an unbiased 
genome-wide approach in maize recombinant inbred and near isogenic lines (Regulski et 
al., 2013; Li et al., 2014b). It would be interesting to investigate whether similar 
paramutation-like switches are also present in less domesticated species, in which silencing 
machineries may be different. A better understanding of the molecular processes underlying 
the epigenetic switches in known cases of paramutation will facilitate the identification of 
new cases. 

An important step in unraveling the mechanisms underlying paramutation is to 
pinpoint when this process is initiated in a heterozygote carrying a paramutagenic and 
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paramutable allele. Insight into the moment of initiation allows more thorough 
investigations into the precise role of siRNAs in paramutation (Chandler and Stam, 2004; 
Stam, 2009). Identification of proteins associated with sequences mediating paramutation, 
as well as the identification of more mutants affecting paramutation can help to unravel the 
mechanisms underlying paramutation further. The increasing availability of accurate full 
genome sequences, combined with the advances in techniques that identify genome-wide 
changes in epigenetic modifications will allow uncover whether paramutation is an oddity 
of nature, or a wide-spread mechanism in the epigenetic regulation of genomes.  
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