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If you don't know where you’re going,  
any road will take you there. 

 
Lewis Carroll
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1. Introduction 

 

More than fifty years ago, genetic experiments led to unexpected results (Bateson and 

Pellew, 1915, Hagemann, 1958, Lilienfeld, 1929, Renner, 1921). Mutant phenotypes 

appeared at a frequency much higher than observed for classical mutations, and they 

were not as stable; in some cases reversions to the original state could be observed. In 

addition, crosses between mutant and wild-type plants gave rise to progeny with 

mutant phenotypes, indicating the wild-type allele was changed into a mutant allele. 

These observations were in contradiction to Mendel’s first law, which states that 

alleles segregate unchanged from each other during meiosis. Brink termed this 

phenomenon ‘paramutation’, as it shares similarities with, but is also distinct from 

genetic mutations (Brink, 1958). Today, paramutation has not only been reported for 

plants, but also for animals and fungi (reviewed in Brink, 1973, Chandler and Stam, 

2004). Definitions concerning paramutation are listed in box 1. 

All examples of paramutation involve a trans-interaction between alleles that results 

in a heritable change in gene expression of one of the alleles (Fig. 1A). This trans-

Paramutation:
A trans-interaction between alleles 
resulting in a heritable change in gene 
expression of one of the alleles 

Paramutable allele:
An allele susceptible to a change in 
epigenetic state induced by a 
paramutagenic allele

Paramutagenic allele:
An allele able to induce a change in the 
epigenetic state of a paramutable allele 

Paramutated allele: 
The epigenetic state of a paramutable 
allele after trans-interaction with a 
paramutagenic allele

Paramutation alleles:
All alleles (paramutable, paramutated and 
paramutagenic) participating in 
paramutation

Secondary paramutation:
Upon paramutation, the paramutable allele 
becomes paramutagenic itself

Spontaneous paramutation:
A paramutable allele spontaneously 
changes into a paramutagenic allele 

Neutral alleles:
Alleles not participating in paramutation

Paramutability:
The capacity of a paramutable allele to 
become paramutated, when combined 
in one nucleus with a paramutagenic 
allele

Paramutagenicity:
The capacity of a paramutagenic allele 
to paramutate a paramutable allele, 
when combined in one nucleus

Paramutation sequences:
Sequences required for paramutability 
and paramutagenicity

Paramutation:
A trans-interaction between alleles 
resulting in a heritable change in gene 
expression of one of the alleles 

Paramutable allele:
An allele susceptible to a change in 
epigenetic state induced by a 
paramutagenic allele

Paramutagenic allele:
An allele able to induce a change in the 
epigenetic state of a paramutable allele 

Paramutated allele: 
The epigenetic state of a paramutable 
allele after trans-interaction with a 
paramutagenic allele

Paramutation alleles:
All alleles (paramutable, paramutated and 
paramutagenic) participating in 
paramutation

Secondary paramutation:
Upon paramutation, the paramutable allele 
becomes paramutagenic itself

Spontaneous paramutation:
A paramutable allele spontaneously 
changes into a paramutagenic allele 

Neutral alleles:
Alleles not participating in paramutation

Paramutability:
The capacity of a paramutable allele to 
become paramutated, when combined 
in one nucleus with a paramutagenic 
allele

Paramutagenicity:
The capacity of a paramutagenic allele 
to paramutate a paramutable allele, 
when combined in one nucleus

Paramutation sequences:
Sequences required for paramutability 
and paramutagenicity

Box 1: Definitions
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interaction does not cause a change in DNA sequence, but rather a change in DNA 

methylation (for example see Luff et al., 1999, Meyer et al., 1993, Rassoulzadegan et 

al., 2002, Sidorenko and Peterson, 2001, Walker and Panavas, 2001), and/or 

chromatin structure (Stam et al., 2002a), with transcriptional silencing as the usual 

consequence (Hollick et al., 2000, Meyer et al., 1993, Mittelsten Scheid et al., 2003, 

Patterson et al., 1993a, van West et al., 1999), and is therefore a classic example of an 

epigenetic phenomenon. The alleles involved in paramutation are called 

paramutagenic and paramutable. These are in general two different epigenetic states 

of the same allele and therefore not true alleles, but epialleles. The paramutagenic 

allele changes the epigenetic state of the paramutable allele, which becomes a 

paramutated allele; in genetic nomenclature often marked with a prime (for example 

B’: B-prime) to indicate the allele is derived from its paramutable counterpart. In 

several cases, once the paramutable allele has been changed by the paramutagenic 

allele, it displays secondary paramutation. The paramutable allele has become 

paramutagenic itself: it can alter naive paramutable alleles. In a number of cases, the 

epigenetic state of the paramutable allele can also spontaneously change into the 

paramutagenic state (Fig. 1B; Bateson and Pellew, 1915, Coe, 1959, English and 

Jones, 1998, Hollick et al., 1995, Meyer et al., 1993).  Paramutagenic and 

paramutable alleles are rare. In fact, most alleles of a gene are neither paramutagenic 

nor paramutable, and therefore called neutral alleles. The change in epigenetic state 

generally involves a change in gene expression. In some cases however, paramutation 

involves other processes: transposition (Harrison and Carpenter, 1973, 

vanHouwelingen et al., 1999), recombination (Rassoulzadegan et al., 2002), genomic 

imprinting (Duvillie et al., 1998, Forne et al., 1997) or the susceptibility to diabetes 

(Bennett et al., 1997). In this review, for simplicity, the term “gene expression” will 

be used to indicate all processes that can be affected by paramutation.  

Paramutation often involves genetically identical paramutable and paramutagenic 

alleles (Meyer et al., 1993, Stam et al., 2002a), but can also involve different, but 

homologous alleles (Qin and von Arnim, 2002, Rassoulzadegan et al., 2002, Walker 

and Panavas, 2001). More recently the term paramutation has been broadened to 

include trans-interactions between non-allelic homologous sequences. Especially 

transgenic approaches led to discoveries of non-allelic paramutation-like phenomena 
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(Qin and von Arnim, 2002, Sidorenko and Peterson, 2001, van West et al., 1999). For 

simplicity, throughout this review the term “alleles” will be used for the interacting 

loci.  

Most reported paramutation phenomena deal with visible phenotypes, such as changes 

in pigment or drug resistance, which facilitated their discovery. It is to be expected 

that the recent genome-wide approaches will reveal that paramutation is a far more 

widespread phenomenon than originally anticipated, also affecting loci not 

influencing a visible phenotype.  

In this chapter we describe in detail several paramutation phenomena in plants, 

animals and fungi, and point out features they share and they differ in. RNA- and 

pairing-based models will be discussed, and trans-acting mutations affecting 

paramutation will be described. Finally, we will discuss possible roles and the 

evolutionary significance of paramutation. 

 

2. Paramutation across kingdoms 

Paramutation in plants 

Paramutation is most extensively studied in plants. Below we discuss several 

examples.  

Paramutation at the b1 locus in maize 

In maize (Zea mays), the loci known to undergo paramutation encode transcription 

factors involved in the activation of the anthocyanin biosynthesis pathway (Chandler 

et al., 2000). Anthocyanins are red and purple plant pigments that are not essential for 

plant survival. Paramutation at the b1 (booster1), p1 (pericarp color1), pl1 (purple 

plant1) and r1 (red1) loci is readily visualized by changes in pigmentation of specific 

plant tissues (Brink, 1956, Hollick et al., 1995, Patterson et al., 1993b, Sidorenko and 

Peterson, 2001). 
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These phenomena are therefore ideal model systems to study allelic trans-

interactions. One of the best-examined cases of paramutation occurs at the b1 locus. 

This locus codes for a basic helix-loop-helix transcription factor that activates 

anthocyanin biosynthesis in the epidermal cell layer of most vegetative parts of the 

plant (reviewed in Chandler et al., 2000).  

Many b1 alleles have been identified (Selinger and Chandler, 1999), but most of those 

are neutral to paramutation. The alleles involved in paramutation are the paramutable 

B-I and paramutagenic B’ allele (Coe, 1966, Patterson et al., 1993a). B-I confers dark, 

intense anthocyanin pigmentation. The B-I epigenetic state is unstable, 1-10% of the 

progeny of homozygous B-I plants show a light pigmented phenotype. In the light 

colored plants the paramutable B-I state is changed into the paramutagenic B’ state, 

which is transcribed at a twenty times lower level than the B-I state (Patterson et al., 

1993a). When the light colored B' plants are crossed with dark colored B-I plants, 

trans-interactions between the B’ and B-I allele always lead to a heritable change of 

the B-I into the B’ state, resulting in a light colored offspring. The B’ state is very 

stable, reversions to a B-I state have never been seen (~100,000 plants looked at; Coe, 

1966, Patterson and Chandler, 1995). Although in the literature B-I and B’ are 

referred to as being different alleles, they actually represent two different epigenetic 

states of the same allele (Stam et al., 2002a).  

Figure 1 Paramutation.  

A. A plant carrying a paramutable allele (giving rise to a dark phenotype) is crossed to a plant 

containing a paramutagenic allele (giving rise to a light phenotype). When combined in one 

nucleus, the paramutagenic allele trans-interacts with the paramutable allele, heritably down-

regulating the expression of the paramutable allele. In several cases, once the paramutable 

allele is down-regulated, it displays secondary paramutation; it has become paramutagenic 

itself. As a result, crosses between the F1 and a plant carrying naive paramutable alleles only 

yields light phenotypes. B. Spontaneous paramutation. The paramutable state of an allele can 

spontaneously change into the paramutagenic state with a certain frequency. As a result, plants 

carrying a paramutable allele, when self-fertilized, give rise to a certain percentage of progeny 

plants containing a paramutagenic allele. 



Chapter 1 

 

 

14 

The sequences required for b1 paramutation are located in a 6 kb region 100 kb 

upstream of the transcribed sequences (Stam et al., 2002b). This region contains seven 

directly repeated copies of a 853 bp sequence otherwise unique in the maize genome 

(Stam et al., 2002a). Neutral b1 alleles have only one copy of this sequence. The 853 

bp sequence is AT rich (60%) and does not show significant similarity to a known 

gene. The repeats are required for both paramutation and high b1 expression. An 

allele with five repeats can become fully paramutagenic, an allele with three repeats 

shows a decreased paramutagenicity, and alleles with one copy do not participate in 

paramutation, they are neutral. Furthermore, only alleles with multiple repeats can 

drive high b1 expression.  

Generally, differences in expression level correlate with differences in DNA 

methylation level. No difference in DNA methylation level could however be 

detected between B’ and B-I around and within the transcribed region (Patterson et al., 

1993a). They do however differ in chromatin structure at this region, i.e. B-I is more 

nuclease sensitive near the transcription start site than B’ (Chandler et al., 2000). B-I 

and B' show differences in DNA methylation at the repeated region (M. Stam et al., 

unpublished results; Stam et al., 2002a), and the B-I repeats are more nuclease 

sensitive than the B' repeats. The differences in DNA methylation and chromatin 

structure are specific for the repeated sequences, the regions flanking the repeats show 

no differences between B-I and B' (Stam et al., 2002a).  

 

Paramutation at the pl1 locus in maize 

Another well studied case of paramutation in maize occurs at the pl1 locus (Hollick et 

al., 1995). Pl1 codes for a myb-related transcription factor regulating the anthocyanin 

biosynthesis pathway (Cone et al., 1993). The paramutable pl1 allele is called Pl-

Rhoades (Pl-Rh) and results in dark pigmented vegetative tissues, anthers, seeds and 

young seedlings. Pl-Rh can spontaneously change to the low expressed paramutagenic 

pl1 state called Pl’ (Hollick et al., 1995). In Pl’/Pl-Rh heterozygous plants, Pl’ always 

heritably alters the Pl-Rh state into a Pl’ state. The reduction in pl1 expression is 

visible in all tissues where pl1 is expressed, but is most obvious in the anthers. The 

degree of reduction can vary, resulting in a series of phenotypes, ranging from 

complete loss of anther pigmentation to only a slight reduction of Pl-Rh pigmentation 
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(Hollick et al., 1995). The pigment levels reflect pl1 RNA levels (Hollick et al., 

2000). The amount of anther pigmentation varies considerably among individuals, but 

is uniform within a given plant. Pl’ expression levels correlate with their level of 

paramutagenicity; alleles directing a low expression level are more paramutagenic 

than alleles directing an intermediate level of expression. The lower expression states 

are relatively stable while alleles with intermediate levels of expression are less stable 

and can show either increased or decreased levels of expression relative to their 

parents.  

 The sequence of Pl-Rh, Pl’ and the neutral Pl-blotched allele are 99.8% identical 

over a 5.5 kb region spanning the coding region, suggesting that, similar to the 

situation at the b1 locus, the cis-acting sequences required for pl1 paramutation are 

located either further upstream or downstream of the coding region (Hollick et al., 

2000). Pl1 paramutation is associated with a 18.5-fold reduction in p1l RNA levels, 

while the transcription is only reduced 3-fold. This suggests pl1 paramutation 

involves both transcriptional as well as post-transcriptional components. As observed 

for b1 paramutation, extensive restriction analyses could not detect any differences in 

cytosine methylation levels between Pl-Rh and Pl’ within a region of about 15 kb 

encompassing the pl1 coding region.   

 

Paramutation at the sulfurea locus in tomato 

A classic example of paramutation occurs at the sulfurea (sulf) locus in tomato 

(Hagemann, 1969, Hagemann, 1993, Wisman et al., 1983). The sulfurea locus is 

involved in the chlorophyll content of the leaves. The paramutable sulf+ allele gives 

rise to green leaves and does not show spontaneous paramutation. It can however be 

heritably changed by paramutagenic sulf alleles. The paramutagenic sulf alleles 

(sulfvag (variegata), sulfpura and SC148) give rise to different degrees of chlorophyll-

deficient tomato plants, and were isolated upon X-ray treatment (Hagemann, 1969) or 

regeneration after tissue culture (Wisman et al., 1983). Plants homozygous for the 

sulfvag allele have green cotyledons and variegated leaves, whereas plants 

homozygous for the sulfpura allele carry completely yellow cotyledons and leaves. 

Although this has not been demonstrated, it is likely that the sulfvag and sulfpura alleles 

are epialleles. The paramutagenic SC148 allele, isolated from a different genetic 
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background, gives rise to a phenotype intermediate between sulfvag and sulfpura. The 

extent of chlorophyll variegation directed by a specific paramutagenic sulf allele is 

reflected in its degree of paramutagenicity when heterozygous with the paramutable 

sulf+ allele. The paramutagenicity of sulfvag allele is low (0-12% of heterozygous 

plants display variegated leaves), whereas that of the sulfpura allele is high (varies 

between 0.5% and 100%). The paramutagenicity of the various alleles is influenced 

by the genetic background (Wisman et al., 1983).  

When sulf+ is paramutated, the resulting allele does not necessarily have the same 

epigenetic state as the paramutagenic allele: sulf+ / sulfpura plants can yield a sulfvag 

phenotype and offspring. It is hypothesized that sulf+ is paramutated in a stepwise 

manner, first from sulf+ to sulfvag (partial inactivation) and subsequently to sulfpura 

(complete inactivation). 

The molecular mechanisms underlying sulf paramutation might have features in 

common with those underlying position effect variegation (PEV), as both phenomena 

share some features (Wisman et al., 1983). PEV involves an X-ray induced 

chromosomal rearrangement, positioning a euchromatic gene close to 

heterochromatin (Weiler and Wakimoto, 1995). This results in gene silencing in some 

cells but not in others;  sectors of pigmented and non/unpigmented cells in Drosophila 

eyes are for example the consequence. Similar to PEV, the first paramutagenic sulf 

alleles were isolated using X-ray, the sulf locus maps close to heterochromatin, and 

the inactivated allele gives rise to variegated patterns in leaf color. 

 

Paramutation at the transgenic A1 locus in petunia 

The first example of paramutation involving transgenic plants concerns a transgene 

consisting of the maize A1 coding region driven by the constitutive CaMV-35S 

promoter (Meyer et al., 1987; Meyer et al., 1993). The A1 gene is a structural gene 

encoding dihydroflavonol 4-reductase, an enzyme involved in the anthocyanin 

biosynthesis. The introduction of this transgene into otherwise white flowering 

petunia plants resulted in brick-red pigmented flowers. Transgenic line #17 carries a 

single copy of the A1 transgene and displays a metastable phenotype. Instead of fully 

pigmented flowers, due to spontaneous paramutation of the transgene, occasionally 

white, white-sectored or marbled flowers are observed (Prols and Meyer, 1992). 
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When comparing red and white flowers, it turned out that the A1 transgene was 

transcriptionally down-regulated in the latter ones. The changed epigenetic state was 

called 17-W (white flowers) and appeared paramutagenic when combined with the 

high expressing state of the same allele (17-R; red flowers; Meyer et al., 1993). Plants 

heterozygous for the 17-R and 17-W allele carried white or variable colored flowers 

with a certain frequency. The 17-R allele was heritably down-regulated in these 

plants. Remarkably, the paramutation frequency showed a parent-of-origin effect. 

Paramutation was more pronounced when the 17-W line was used as a pollen donor 

than when the 17-R line was used (40% versus 5% fully white flowers, respectively). 

A similar effect has also been observed for paramutation at the nivea locus of 

Antirrhinum majus (Harrison and Carpenter, 1973). The frequency of spontaneous A1 

paramutation appeared to depend on environmental effects: in field-grown plants, 

flowers developed early in the season were predominantly red, while flowers 

developed later in the season, when it was warmer and the light more bright, 

displayed less pigmentation (Meyer et al., 1992). Endogenous factors, such as the age 

of the parental plant when crossed, also seemed to play a role. Although it has not 

been reported, it is very likely that the heritably down-regulated 17-R allele displays 

secondary paramutation. 

A1 paramutation involves transcriptional silencing (Meyer et al., 1993). The 17-R 

state of the A1 transgene is clearly transcribed, while the 17-W state is 

transcriptionally down-regulated. The transcriptional silencing correlated with 

increased DNA methylation and reduced nuclease sensitivity. Relative to the 

hypomethylated paramutable 17-R state, the paramutagenic 17-W state was 

hypermethylated in both symmetrical and non-symmetrical cytosines in and around 

the CaMV-35S promoter (Meyer et al., 1992, Meyer et al., 1993, Prols and Meyer, 

1992). The cytosine methylation level at the promoter corresponded with the flower 

pigmentation level. White flowers showed more DNA methylation than marbled 

flowers, which in turn showed more methylation than fully red flowers. The inactive, 

paramutagenic 17-W state of the A1 gene was considerably less nuclease sensitive 

than the active, paramutable 17-R state. The regions flanking the A1 gene showed no 

differences in DNA methylation level and nuclease sensitivity between 17-W and 17-

R plants (Meyer and Heidmann, 1994, van Blokland et al., 1997). 
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Trans-inactivation at the PAI loci in Arabidopsis 

A paramutation-like phenomenon involving trans-interactions between non-allelic 

endogenous PAI (phosphoribosylanthranilate isomerase) genes has been observed in 

the Wassilewskija (WS) strain of Arabidopsis. The PAI genes encode enzymes active 

in the tryptophan biosynthesis pathway. An inverted repeat (IR) of two PAI genes 

heritably trans-inactivates unlinked homologous single copy genes (Luff et al., 1999).  

WS contains four PAI genes located at three loci (Bender and Fink, 1995). One of 

these loci contains the PAI1 and PAI4 genes organized in a tail-to-tail IR. The non-

allelic PAI2 and PAI3 genes are single copy genes. The sequences of PAI1, PAI2 and 

PAI4 are nearly 100% identical, whereas the sequence of PAI3 is 90% identical to that 

of the other PAI genes (Melquist et al., 1999, Bender and Fink, 1995). The majority of 

PAI transcripts are derived from the PAI1 gene. PAI2 and PAI3 are transcriptionally 

silent, and PAI4 lacks the upstream promoter sequences. Only PAI1 and PAI2 encode 

a functional enzyme. All PAI genes are heavily cytosine methylated. Cytosine 

methylation at the PAI2 and PAI3 genes is present at the DNA sequences homologous 

to the PAI1-PAI4 IR, including promoter sequences.  

The PAI1-PAI4 IR can be considered paramutagenic and the single copy PAI genes 

paramutable. The PAI1-PAI4 locus heritably trans-inactivates (paramutates) the 

unmethylated single copy PAI alleles derived from the Columbia (Col) strain of 

Arabidopsis (Luff et al., 1999). This trans-inactivation is associated with de novo 

methylation of the Col single copy genes. Unlike observed for most other 

paramutation phenomena, once paramutated, single copy PAI genes do not become 

paramutagenic themselves (Luff et al., 1999). The silenced state of single copy PAI 

genes is relatively stable. Reversion of the silent state occurs in only 1-5% of the 

progeny of self-fertilized plants lacking the PAI1-PAI4 IR (Bender and Fink, 1995). 

Once reactivated, the single copy loci remain active in the absence of the PAI1-PAI4 

IR.  

Double-stranded RNA derived from the PAI IR is required for the silencing of the 

single copy PAI genes, and the maintenance of cytosine methylation at the IR 

(Melquist and Bender, 2003, Melquist and Bender, 2004). RNA blot analysis 

indicated the production of PAI1 3’ read-through transcripts that include the 
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palindromic PAI4 sequence (Melquist and Bender, 2003). Severely reduced 

transcription of the IR resulted in decreased methylation at the single copy PAI genes. 

A mutation blocking read-through transcription at the PAI IR not only reduced DNA 

methylation at the single copy loci, but also at the IR itself (Melquist and Bender, 

2004). Unlike many cases of RNA silencing, the production of double stranded PAI 

RNA does not result in detectable amounts of small RNAs (Melquist and Bender, 

2003) or the post-transcriptional silencing of the PAI1 gene. The authors suggest that 

either the dsRNA itself or levels of small RNAs below the detection limit serve as the 

trans-acting silencing signal.  

 

Paramutation in fungi and mammals 

More recently, paramutation has also been observed in other organisms than plants. In 

order to give a complete picture of paramutation, a few examples are discussed below. 

 

LoxP trans-silencing in mice 

Recently, two cases of paramutation in mice were described, each involving 

transgenic loxP sites (Rassoulzadegan et al., 2002). In both cases, loxP sites become 

cytosine methylated upon meiosis-specific expression of Cre recombinase and as a 

consequence they are no longer a substrate for Cre-mediated recombination. Once 

methylated, the loxP sites behave as paramutagenic alleles. If they are combined with 

an allele containing unmethylated loxP sites, the latter are methylated and heritably 

inactivated. Moreover, they become paramutagenic themselves (secondary 

paramutation).  

The inactive, paramutagenic state spreads into neighbouring endogenous sequences. 

The DNA methylation present at the loxP sites expands to flanking endogenous 

sequences up to several kilobases away within subsequent generations. The 

paramutagenic loxP-containing alleles are also able to paramutate homologous non-

transgenic alleles, which in turn become paramutagenic. They are able to methylate 

and inactivate loxP-containing alleles. The nature of the epigenetic mark imposed on 

the non-transgenic alleles was not reported. 

This trans-inactivation phenomenon was initially termed transvection, but has been 

renamed to paramutation (Rassoulzadegan and Cuzin, personal communication) as 
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paramutation involves a meiotically heritable change while transvection does not 

(Duncan, 2002). 

 

Trans-nuclear inactivation of the inf1 gene in Phytophthora infestans 

In the plant pathogen Phytophthora infestans, a paramutation-like phenomenon was 

described involving trans-interactions between non-allelic inf1 trans- and endogenous 

genes (van West et al., 1999). P. infestans is a diploid oomycete of which the mycelial 

cells can contain multiple, genetically different nuclei, resulting in heterokaryotic 

strains. The inf1 gene is a highly expressed, single locus gene encoding the secreted, 

easily detectable INF1 protein. INF1 is a member of the elicitin family inducing 

defense responses in plants. Transcriptionally silenced inf1 transgenes behave as 

paramutagenic loci, heritably trans-inactivating the endogenous, paramutable inf1 

genes. This is true for transgenes containing the inf1 coding region in antisense or 

sense orientation, or without a promoter. 

The trans-inactivation observed in P. infestans is trans-nuclear, suggesting the 

involvement of RNA in the trans-inactivation. In heterokaryons containing transgenic 

inf1-silenced and non-transgenic nuclei, the endogenous inf1 genes in the non-

transgenic nuclei are heritably inactivated as well. These findings support a model 

involving the trans-nuclear transfer of sequence-specific silencing signals. Given 

recent data indicating the involvement of RNA in many silencing phenomena, RNA is 

likely to be involved in this case of trans-inactivation as well. Secondary 

paramutation has not been reported for the inf1 gene. 

 

Interchromosomal DNA methylation transfer in Ascobolus immersus 

In the ascomycete fungus Ascobolus immersus a paramutation-like process is 

observed at the b2 gene (Colot et al., 1996). The b2 gene is involved in spore 

pigmentation. A methylated, inactivated b2 gene will give rise to a white-spore 

phenotype (Colot and Rossingnol, 1995), whereas wild-type spores display a dark 

brown pigmentation. The active b2 gene is trans-inactivated by the meiotic transfer of 

DNA methylation. The methylation is transferred from the inactive (paramutagenic) 

donor allele to the active (paramutable), recipient allele, which now becomes 

methylated and inactive (paramutated). 
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The transfer of DNA methylation during meiosis is mechanistically related to 

recombination (Colot et al., 1996). A strain carrying a methylated b2 allele was fused 

to a strain carrying the unmethylated homologue. In A. immersus, once the two nuclei 

fuse, the resulting diploid cells will immediately enter meiosis giving rise to eight 

haploid ascospores (Zickler, 1973). Therefore, interactions between the methylated 

and unmethylated allelesleading to DNA methylation transfer are limited to meiosis. 

In ~9% of the cells a (partial) transfer of DNA methylation took place, visualized by 

the resulting spore colors. When tested, gene conversion (the non-reciprocal exchange 

of sequences from one sister chromatid to another) always went hand in hand with the 

transfer of DNA methylation, but not the other way around. Out of hundred asci 

displaying DNA methylation transfer, seven also showed gene conversion. The 

methylation transfer showed the same polarity (5’ to 3’ polarity) as gene conversion 

does. These results indicate that DNA methylation transfer might occur through an 

earlier intermediate in the recombination process. 

 Meiotic recombination is thought to involve DNA-DNA pairing interactions between 

the intact duplexes of homologous chromosomes (Kleckner, 1996). Another 

hypothesis we want to propose is the involvement of non-coding RNA in gene 

conversion and DNA methylation transfer. Intriguingly, a recent study reported a 

mouse recombination hot spot encoding a non-coding RNA (Nishant et al., 2004). 

The occurrence of transcriptional activity close to a recombination hotspot is 

supporting the hypothesis that chromatin accessibility is crucial to initiate 

recombination by DNA-DNA pairing. Alternatively, or in addition, the non-coding 

RNA itself is involved. 

3. Paramutation models 

Paramutation shares features with other epigenetic phenomena (see 4; Lippman and 

Martienssen, 2004, Matzke et al., 2004) and is therefore expected to involve similar 

mechanisms. Below an RNA and physical pairing model are presented that might 

explain the various paramutation phenomena. The two models are not mutually 

exclusive; a combination of the two is presented as a third model. 
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RNA-based model 

Given the recent evidence for a role of RNA in numerous epigenetic phenomena 

(reviewed by Lippman and Martienssen, 2004, Grewal and Rice, 2004, Lecellier and 

Voinnet, 2004, Cerutti, 2003), it is likely RNA plays a role in various paramutation 

events as well. Double stranded RNA (dsRNA) and small interfering RNAs (siRNAs) 

are key players in RNA silencing. SiRNAs are derived from dsRNA via cleavage by a 

dsRNA ribonuclease called Dicer, and are thought to trigger DNA methylation of 
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Figure 2. RNA model for paramutation.  

A. Paramutation by small interfering RNAs (siRNAs). Double stranded RNA (dsRNA) is 
generated from the sequences required for paramutation (e.g. direct repeats) by sense and 
rare antisense transcription. The Dicer enzyme cleaves the dsRNA into siRNAs. The 
siRNAs are hypothesized to trigger a cascade resulting in chromatin silencing at the 
paramutable allele. In an amplification step, the primary formed siRNAs can bind to sense 
RNA and act as a primer for RNA-dependent RNA polymerase (RdRP), which will 
synthesize antisense RNA. The resulting dsRNA will start the Dicer-RdRP cycle again. B. 
Paramutation by long RNAs. In this model 'long' RNAs are involved in directing the 
DNA methylation, histone modifications, and the recruitment of chromatin proteins to the 
paramutable allele. 
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homologous sequences (reviewed by Bender, 2004, Matzke et al., 2004). A second 

model for silencing triggered by RNA involves long single stranded RNAs (Morey 

and Avner, 2004). 

 

Silencing by dsRNA and siRNAs 

The most efficient way to produce dsRNA is through transcription of inverted DNA 

repeats (IRs). Although generally less efficient, directly repeated sequences (DRs), 

and even single copy sequences, can result in dsRNA production. DsRNA can be 

produced from the latter two by transcription in both sense and antisense orientation, 

or via antisense production by RNA-dependentRNA Polymerase (RdRP; Fig. 2A; 

Baulcombe, 2004, Lindbo et al., 1993, Smith et al., 1994). RdRP produces antisense 

RNA by using siRNAs as primers on sense templates, or by primer-independent 

action on a so-called ‘aberrant’ sense RNA template. It is still unclear which features 

make an ‘aberrant’ RNA a good target for RdRP.  

RNA silencing triggered by IR-derived dsRNAs is easily sustained. The combined 

action of Dicer and RdRP results in a continuous multiplication of siRNAs, 

augmenting the silencing process (Fig. 2A; Sijen et al., 2001). Silencing by DRs is 

continuous once a rare antisense RNA is produced from the DR  (Martienssen, 2003). 

Such an antisense RNA is sufficient to result in siRNA multiplication and thereby 

silencing. Due to the repeated structure, the DR-derived siRNAs can bind both 

upstream and downstream of the sequence where the siRNAs are derived from, 

supplying primers for RdRP (Fig. 2A). Silencing triggered by single copy sequences 

requires specific conditions. Single copy sequences do not support a continuous 

multiplication of siRNAs by RdRP and Dicer, as RdRP activity has a 5’ to 3’ polarity 

(Martienssen, 2003, Sijen et al., 2001). Therefore, silencing by single copy sequences 

requires the continuous production of both sense and antisense RNA, or of good 

RdRP templates.  

 

Silencing by long RNAs  

Some paramutation phenomena might also involve long single stranded RNAs rather 

than dsRNA and/or siRNAs (see Fig. 2B). In this model, 'long' RNAs are involved in 

directing DNA methylation, histone modifications, and the recruitment of chromatin 
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proteins to the paramutable allele. There are several examples of long RNAs that 

result in chromatin silencing (Sleutels et al., 2002, Chow and Brown, 2003, Meller, 

2003, Coady et al., 1999, Geirsson et al., 2003). For example, the paternally expressed 

long, non-coding Air transcript overlaps the Igf2r gene in antisense direction and is 

required for the paternal repression of Igf2r in cis (Sleutels et al., 2002). 

 

RNA involvement in paramutation 

RNA appears to play a role in at least two paramutation-like phenomena. A sequence-

specific, diffusible factor mediates trans-inactivation in Phytophthora infestans (see 

2.2.2; van West et al., 1999), suggesting RNA is involved. Secondly, dsRNA 

produced from the PAI1-PAI4 IR mediates DNA methylation and trans-inactivation 

of the homologous, non-allelic single copy PAI genes (see section 2; Melquist and 

Bender, 2003, Melquist and Bender, 2004). PAI trans-inactivation is unlike other 

RNA silencing phenomena: 1) full-length PAI transcripts are still detectable and result 

in PAI activity, 2) small PAI RNAs could not be detected, and 3) it takes several 

generations before the trans-inactivation of the single copy genes is complete (Luff et 

al., 1999). The authors therefore suggest a mechanism in which either the dsRNA 

itself or undetectable levels of small RNAs are involved in the trans-inactivation. 
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Figure 3. Pairing model for paramutation.  
Physical association between the paramutation sequences of the paramutable and 
paramutagenic allele results in an exchange of protein complexes, heritably changing the 
epigenetic state of the paramutable allele into a paramutagenic state. 
 



When alleles meet: Paramutation 

 

 

25 

Pairing-based model 

A second model that could explain various paramutation phenomena, hypothesizes 

physical trans-interactions between the paramutagenic and paramutable alleles (Fig. 

3). These interactions would enable the exchange of protein complexes affecting the 

epigenetic state of the paramutable allele.  

Physical pairing between homologous chromosomal regions has been detected in 

various organisms. In Drosophila, homologous chromosomes pair over their entire 

length in somatic cells (Csink and Henikoff, 1998), but in plants and vertebrates, 

pairing between whole chromosomes is in general restricted to meiosis and premeiotic 

stages (reviewed in McKee, 2004). Physical trans-interactions between homologous 

chromosomal regions have however been observed in interphase nuclei of various 

organisms, including plants and mammals (Abranches et al., 2000, Aragon-Alcaide 

and Strunnikov, 2000, Csink and Henikoff, 1996, Dernburg et al., 1996, Fuchs et al., 

2002, Fransz et al., 2002, LaSalle and Lalande, 1996). For example, in Arabidopsis 

and yeast, transgenic repeats associate with each other in interphase nuclei based on 

sequence identity (Abranches et al., 2000, Aragon-Alcaide and Strunnikov, 2000, 

Pecinka et al., in press). 

Physical trans-interactions appear to play a role in various silencing phenomena 

(Bean et al., 2004, Csink et al., 2002, Dorer and Henikoff, 1997, Kassis, 2002, Lee et 

al., 2004, Rossignol and Faugeron, 1995, Sage and Csink, 2003, Singer and Selker, 

1995). For example, in both Neurospora and Ascobolus, linked and unlinked repeated 

sequences are activated in pairs (Rossignol and Faugeron, 1995, Singer and Selker, 

1995), suggesting the involvement of physical interaction. RNA-mediated silencing 

should not be limited to pairs. Furthermore, in Neurospora, pairing is required to 

prevent meiotic silencing. The presence of unpaired gene copies during meiosis 

triggers silencing of all copies of that gene (Lee et al., 2004). Recently, similar 

observations have been made in other organisms, including mice (Bean et al., 2004, 

Turner et al., 2005). Pairing has been observed between differentially imprinted 

chromosomal regions in wild-type human interphase nuclei and is suggested to be 

required for a correct pattern of parental imprinting (LaSalle and Lalande, 1996). 

Patients displaying a disturbed imprinting at a specific region lacked physical 

association. 
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The trans-interactions mediated by Polycomb group (PcG) proteins provide a good 

model how to envisage pairing-induced paramutation (Lavigne et al., 2004, 

Bantignies et al., 2003). Polycomb group (PcG) proteins are involved in physical 

pairing between allelic and non-allelic chromosomal regions and also in pairing-

dependent silencing in Drosophila (Bantignies et al., 2003, Lavigne et al., 2004, Pal-

Bhadra et al., 1997, Sigrist and Pirrotta, 1997). PcG proteins that are bound to one 

nucleosomal template can recruit and implement a repressed chromatin state on a 

second template (Lavigne et al., 2004). PcG proteins act via regulatory Polycomb 

Response Elements (PREs). Pal-Bhadra et al. (1997) however showed that in case of 

repeat-induced silencing in Drosophila, PcG proteins can also bind to chromosomal 

sites lacking PREs. The 3C (Chromosome Conformation Capture) method, 

successfully used to provide evidence for long-distance physical in cis interactions, 

(Dekker et al., 2002, Murrell et al., 2004, Tolhuis et al., 2002) could be an excellent 

tool to examine if trans-interactions play a role in paramutation. The possible 

complication is that transient interactions, which will be difficult to detect, might be 

sufficient to establish the paramutated state. 

 

Combined model 

Paramutation could also involve both RNA and physical pairing. There are precedents 

for this hypothesis. Meiotic silencing, a silencing phenomenon observed in 

Neurospora, involves both pairing and RNA silencing (Lee et al., 2004). Furthermore, 

both PcG proteins and components of the RNA silencing pathway have been 

implicated in silencing of transgenic repeats in Drosophila and C. elegans (Lund and 

vanLohuizen, 2004). Zhang et al. (2004) showed that in C. elegans the RNA binding 

domain of the PcG protein SOP-2 is essential for its localization and function. 

4. Common features of paramutation phenomena 

Involvement of repeats 

Repeated sequences are a major trigger for the formation of silenced chromatin 

(Birchler et al., 2000, Grewal and Rice, 2004, Nagaki et al., 2003, Lippman and 

Martienssen, 2004). Various transcriptionally down-regulated regions in the genome, 
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such as centromeres, telomeres and other heterochromatic regions are packed with 

repeated sequences (reviewed by(Chan and Blackburn, 2004, Nagaki et al., 2003, 

Fransz et al., 2003). The involvement of repeated sequences does not exclude any 

mechanistic model. Efficient RNA silencing and DNA pairing both require repeated 

sequences ((Matzke et al., 2004, Pecinka et al., in press). Transcription of repeats 

gives rise to dsRNA, a major trigger of RNA silencing, and repeated sequences 

physically pair more often than single copy sequences. In Arabidopsis, transgenic lac 

operator arrays associate more often with each other than average euchromatic 

regions, and the same is observed for an inactive transgenic multicopy HPT locus 

(Pecinka et al., in press). Furthermore, silenced repetitive sequences are prone to 

interact with heterochromatin (Csink and Henikoff, 1998, Dernburg et al., 1996, 

Pecinka et al., in press), independent of sequence homology (Csink and Henikoff, 

1998). 

 

Paramutation induced by repeats 

Although single copy sequences can induce paramutation (Duvillie et al., 1998, 

Meyer et al., 1993, Qin and von Arnim, 2002, Qin et al., 2003, Rassoulzadegan et al., 

2002), in a considerable number of paramutation phenomena repeats are required for 

the induction of paramutation (English and Jones, 1998, Kermicle et al., 1995, Luff et 

al., 1999, Sidorenko and Peterson, 2001, Stam et al., 2002a, vanHouwelingen et al., 

1999, Walker and Panavas, 2001). Various types of repeats have been shown to 

induce paramutation: direct repeats (DRs), inverted repeats (IRs) and a combination 

of both in a complex structure.  

Directly repeated sequences are required for b1 and r1 paramutation in maize and 

SPT::Ac paramutation in tobacco (English and Jones, 1998, Kermicle et al., 1995, 

Stam et al., 2002a). Multiple 853 bp direct repeats, situated ~100 kb upstream of the 

b1 coding region, are required for b1 paramutagenicity and paramutability. The r1 

paramutagenic alleles contain at least two and at most five directly repeated r1 genes. 

A stepwise decrease and increase in the r1 copy number results in decreased and 

increased paramutagenicity respectively (Kermicle et al., 1995, Panavas et al., 1999). 

Whereas the b1 repeats are small, the repeated DNA fragments at the r1 locus are at 

least 10 kb and contain the r1 coding region and flanking regions. Also for SPT::Ac 
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paramutation in tobacco, DRs are required (English and Jones, 1998). The SPT::Ac 

loci carry two streptomycine phosphotransferase genes in an IR, and zero to two 

copies of the transposable element Activator (Ac). Loci containing a functional spt 

gene flanked on both sides by directly repeated Ac elements displayed efficient in cis 

spt inactivation (Fig. 4), and could trans-inactivate various active SPT::Ac alleles.  

SPT::Ac paramutation might involve physical interactions. The different SPT::Ac 

alleles offer sufficient possibilities for the production of dsRNA (Fig 4; (English and 

Jones, 1998). Nevertheless, efficient silencing requires two Ac elements enclosing a 

functional spt gene. We therefore hypothesize a mechanism involving physical 

interactions between the Ac elements, generating a silenced chromatin structure that is 

prone to trans-inactivate homologous alleles. 

Some paramutation-like phenomena require IRs (Luff et al., 1999, Melquist et al., 

1999, vanHouwelingen et al., 1999, Walker and Panavas, 2001). All paramutable r1 

alleles examined (16) contain two r1 genes in an IR organization (Walker and 

Panavas, 2001). PAI trans-inactivation requires two PAI genes organized in an IR 

(see section 2 and 3; Melquist and Bender, 2003, Melquist and Bender, 2004). The 

presence of two dTph1 transposons organized in an IR within a gene is required for a 

paramutation-like trans-interaction resulting in a novel transposition mechanism in 

petunia plants (vanHouwelingen et al., 1999). 

Repeated sequences are also present in alleles of other paramutation systems, but their 

role in paramutation has not yet been reported (Bennett et al., 1996, Mittelsten Scheid 

et al., 2003, Stokes and Richards, 2002). HPT paramutation in tetraploid Arabidopsis 

plants involves a locus containing two CaMV-35S promoters in a direct orientation 

(Mittelsten Scheid et al., 2003). The Resistance-like (R-like) gene cluster, of which 

two epigenetic variants show a paramutation-like trans-interaction (Stokes and 

Richards, 2002), contains several, highly homologous genes that are mostly organized 

in a direct orientation (E. Richards, personal communication). Furthermore, a 

Variable Number of Direct Repeats (VNTR) minisatellite, upstream of the insulin 

coding region, is involved in human diabetes (Bell et al., 1984, Bennett et al., 1995). 

Class I alleles contain 26 to 63 repeats and predispose in a recessive way to Type I 

diabetes, whereas class III alleles (140-209 repeats) generally protect against Type I 

diabetes (Bennett et al., 1996, Kelly et al., 2003). Remarkably, if a father is 
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 heterozygous for a class III allele and a particular class I allele , and the offspring 

receives the paternal class I allele, then this allele does not predispose to the disease 

anymore (Bennett et al., 1997, Stead et al., 2000). Apparently, allelic interactions in 

the father between a specific class I and class III allele affect the epigenetic state of 

the class I allele in a meiotically heritable way. We like to speculate that the directly 

repeated sequences present at these various alleles are somehow involved in the 

paramutation process. 

 

Paramutation induced by single copy sequences  

Repeated sequences are not required for all paramutation phenomena. Paramutation 

can also be triggered by single copy sequences (A1 and L91 transgenes in plants, loxP 

and recombinant Ins2 alleles in mouse; Duvillie et al., 1998, Meyer et al., 1993, Qin 

and von Arnim, 2002, Rassoulzadegan et al., 2002). The single copy sequences might 

continuously produce RNAs triggering RNA silencing (see section 5); alternatively, 

they are trans-inactivated via physical pairing mediated through specific protein 
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Figure 4. Organization of SPT::Ac alleles inducing cis and trans-inactivation.  

Arrows show the direction of transcription of the spt and npt genes, and the Ac transposons. 
The thick bar shows the distance over which the second Ac can transpose without affecting the 
silencing efficiency. The allele organization at the top also induces trans-inactivation. The 
trans-inactivation capacity of the allele organization at the bottom has not been reported. 
 



Chapter 1 

 

 

30 

binding sites. For example, single copy PREs are sufficient for PcG-dependent trans-

inactivation (Sigrist and Pirrotta, 1997).  

Sequence requirements for paramutation 

Paramutation can require specific sequence elements. A transgenic approach, in 

which various distal p1 promoter sequences were tested, demonstrated that only 

transgene loci containing the ‘1.2 kb fragment’ were able to induce paramutation of 

the endogenous P-rr allele (Sidorenko and Peterson, 2001), suggesting this fragment 

contains special features. Remarkably, the 1.2 kb sequence is not only required for 

paramutagenicity, but it also acts as an enhancer at the p1 locus (Sidorenko et al., 

1999, Sidorenko et al., 2000). Similarly, the 853 bp repeats that are required for b1 

paramutagenicity are also required for b1 enhancer activity.  

How would enhancer sequences mediate trans-interactions? A good model is 

provided by Francastel et al. (1999). Their results suggest that a functional enhancer 

can avoid transgene silencing by influencing the subnuclear localization of a gene. It 

prevents the localization of the gene close to centromeric heterochromatin.  

The presence of a specific sequence per se, is however not necessarily sufficient to 

cause paramutation. In case of p1 paramutation, repetition of the 1.2 kb sequence 

seems required. The p1 coding region of the P1-rr allele, an allele that can become 

paramutagenic, is flanked by, and partially overlapping with two 5.2 kb DRs (Fig. 5; 

Athma et al., 1992, Das and Messing, 1994). Each 5.2 kb repeat in turn contains two 

almost perfect 1.2 kb DRs. The P1-wr allele cannot be trans-inactivated (Fig. 5; 

Sidorenko and Peterson, 2001). This allele contains approximately six directly 

repeated copies of a fragment containing both the p1 coding region and the flanking 

regulatory sequences. Each copy contains the 1.2 kb sequence only once, and broken 

up in two separate parts (Chopra et al., 1996, Chopra et al., 1998). These data suggest 

that localized repetitiveness of the complete 1.2 kb sequence, as observed at the P-rr 

allele, might be required for p1 paramutability. 

 

Involvement of DNA methylation and chromatin structure  

The silencing of genes and intergenic regions is generally correlated with DNA 

hypermethylation and specific chromatin structures (Bender, 2004, Lippman and 



When alleles meet: Paramutation 

 

 

31 

Martienssen, 2004, Matzke et al., 2004, Richards and Elgin, 2002).  Similarly, in most 

paramutation systems, paramutagenicity correlates with hypermethylation, and trans-

inactivation of the paramutable allele is associated with the acquisition of methylation 

(Eggleston et al., 1995, Forne et al., 1997, Hatada et al., 1997, Luff et al., 1999, 

Meyer et al., 1993, Mittelsten Scheid et al., 2003, Rassoulzadegan et al., 2002, 

Sidorenko and Peterson, 2001, Stam et al., 2002a, Walker, 1998, Walker and Panavas, 

2001). 

 

 In case of r1 paramutation, the level of DNA methylation in certain regions even 

distinguishes paramutagenic (hypermethylated) from neutral alleles (hypomethylated; 

Walker and Panavas, 2001). Merely the presence of DNA methylation is however not 

sufficient for paramutation to occur. For example, the hypermethylated, inactivated 

SUPERMAN allele in Arabidopsis does not trans-inactivate its hypomethylated 

counterpart (Jacobsen and Meyerowitz, 1997).  

p1 coding region

p1 coding region

P1-rr

P1-wr

p1 coding region

p1 coding region

P1-rr

P1-wr

Figure 5. Map of the P1-rr and P1-wr allele.  

P-rr contains four 1.2 kb direct repeats, one of which is truncated and contains a 1.6 kb 
insertion (triangle). The P1-wr locus contains approximately six directly repeated copies of a 
fragment containing the p1 coding and flanking regions. Every copy contains only parts of the 
1.2 kb repeats, and as a result truncated 5.2 kb repeats, represented by the split and truncated 
grey boxes. Grey boxes represent the 5.2 kb repeats flanking the p1 coding region; black 
arrows in white boxes represent the 1.2 kb repeats. The p1 transcription start is indicated by a 
bent arrow.  
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What comes first, changes in DNA methylation or changes in chromatin structure? Or 

do they interconnect? In some cases, the rate of methylation of the paramutable allele 

upon paramutation is very slow and does not reflect the extent of the phenotypic 

change, suggesting that chromatin-based silencing mechanisms precede DNA 

methylation. This applies for example for HPT and b1 paramutation (Mittelsten 

Scheid et al., 2003, Stam et al., 2002a). In addition there are cases in which there is no 

correlation between DNA methylation and paramutation (English and Jones, 1998, 

van West et al., 1999). DNA methylation however probably plays an important role in 

the heritability of silenced epigenetic states (Dieguez et al., 1998, Jones et al., 2001, 

Kato et al., 2003, Soppe et al., 2002). This might explain why paramutation has not 

yet been described in organisms lacking extensive DNA methylation like Drosophila, 

C. elegans, S. pombe and S. cerevisiae.  

Up to now, data on the effect of paramutation on chromatin structure have been 

reported only for two paramutation systems (b1 and A1; Chandler et al., 2000, Stam et 

al., 2002a, vanBlokland et al., 1997). In these systems, the inactive, paramutagenic 

states of the A1 and b1 genes were clearly less accessible to nucleases than their 

active, paramutable counterparts. These differences in nuclease accessibility were 

mostly confined to the regions also displaying differences in DNA methylation 

(Meyer and Heidmann, 1994, Stam et al., 2002a). 

Secondary paramutation 

Secondary paramutation refers to the ability of paramutable alleles to become 

paramutagenic once paramutated. Particular paramutable alleles do not display 

secondary paramutation because they lack the necessary features to become 

paramutagenic. Most paramutable alleles however show efficient secondary 

paramutation (for example see; Bateson and Pellew, 1915, Hagemann and Berg, 1978, 

Hollick et al., 1995, Meyer et al., 1993, Patterson et al., 1993a, Rassoulzadegan et al., 

2002). These alleles generally have the exact same DNA sequence and sequence 

organization as their paramutagenic counterpart; their epigenetic state determines if 

they are paramutable or paramutagenic. Paramutable alleles that are homologous, but 

have a different sequence organization than the corresponding paramutagenic alleles, 

can lack the features required to become paramutagenic.  In all paramutation systems 
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not displaying secondary paramutation (Hatada et al., 1997, Luff et al., 1999, Park et 

al., 1996), the paramutable alleles have a different sequence organization than their 

paramutagenic partner.  

Stability of the epigenetic state 

The epigenetic states of paramutation alleles can vary between very unstable and 

extremely stable, and this stability can be influenced amongst others by their zygosity 

and environmental factors. The stability of the epigenetic states has to be taken into 

account when thinking about models explaining the various phenomena. 

The epigenetic state of some paramutable alleles is very stable (P-rr, sulf, PAI2 and 

PAI3; Das and Messing, 1994, Hagemann, 1993, Melquist et al., 1999), while that of 

various others is unstable ('ear rogue', b1, A1, pl1, and SPT::Ac; Bateson and Pellew, 

1915, Coe, 1959, English and Jones, 1998, Hollick et al., 1995, Meyer et al., 1993). In 

the latter cases, the paramutable states spontaneously change into the paramutagenic 

state. This occurs with a specific frequency, which depends on the allele and other 

conditions. For example, the frequency with which derivatives of a particular SPT::Ac 

locus (Fig. 4) showed spontaneous silencing varied between 0% and 60% (English 

and Jones, 1998). This depended on the structure of the allele (see also section  4). 

The stability of the paramutagenic state can also vary. The paramutagenic A1, b1, 

HPT, p1, and r1 states are very stable (Brink and Weyers, 1957, Coe, 1959, Mittelsten 

Scheid et al., 2003, Sidorenko and Peterson, 2001), whereas the paramutagenic Pl’ 

state is unstable; it reverts back to higher expression states (Hollick et al., 1995). A 

number of paramutation alleles show a range of epigenetic states instead of one 

paramutable and one paramutagenic state (sulf, A1, pl1, and p1; Hagemann, 1993, 

Hagemann and Berg, 1978, Hollick et al., 1995, Meyer et al., 1993, Sidorenko and 

Peterson, 2001).  

The features that determine the stability of a paramutable or paramutagenic state are 

amongst others repetitiveness, specific sequence elements (discussed in this chapter), 

and chromosomal location (Hagemann and Berg, 1978). For example, some alleles 

contain repeated sequences while others do not, and when present, repeated fragments 

vary in sequence, size and number. Given that repeats trigger the formation of 

silenced chromatin, it is to be expected that the more repeats are present, the less 
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stable the paramutable state, and the more stable the paramutagenic state. Epigenetic 

stability can also be influenced by other circumstances, for example environmental 

and endogenous factors, the zygosity and ploidy. 

Environmental factors like temperature have been shown to influence DNA 

methylation levels and chromatin structure (Finnegan et al., 2004). Environmental 

effects as well as the age of the plant have been shown to influence the frequency of 

spontaneous silencing of the petunia A1 transgene (discussed in section 2; Meyer et 

al., 1992). The stability of the epigenetic state can also be affected by the allele on the 

homologous chromosome (zygosity). The paramutable b1, pl1, r1, and SPT::Ac 

alleles are less stable (more spontaneous paramutation) when homozygous, than when 

heterozygous with a neutral allele or a deletion (only the paramutable allele present; 

Coe, 1966, English and Jones, 1998, Hollick et al., 1995, Styles and Brink, 1966). In 

contrast, the paramutagenic Pl’ allele is stable when homozygous, but unstable when 

heterozygous with a neutral allele or a deletion (Hollick and Chandler, 1998). The 

effects of zygosity on the stability of the epigenetic state are more than two-fold and 

therefore not due to a simple dosage effect of the affected alleles. Remarkably, the 

reversion of Pl’ to a higher expression state is only heritable when heterozygous with 

a neutral allele, not when heterozygous with a deletion, suggesting allelic pairing 

might be involved in fixing the higher expression state.  

Paramutation can be influenced by and even be dependent on the ploidy level. For 

example, the paramutagenicity of the tomato sulf locus is reduced in tetraploid versus 

diploid plants (Hagemann and Berg, 1978), and HPT paramutation occurs in 

tetraploid, but not in diploid Arabidopsis plants (Mittelsten Scheid et al., 1996). The 

hygromycin phosphotransferase (HPT) transgene locus confers a uniform hygromycin 

resistance in diploid Arabidopsis plants. Upon autotetraploidization, a number of 

hygromycin sensitive plants were isolated in which the HPT transgene was 

transcriptionally silenced (‘genotype’ SSSS). In other autotetraploid siblings, the HPT 

genes were still active (‘genotype’ RRRR). When the S and R alleles were combined 

in a tetraploid background, the (paramutagenic) S alleles heritably trans-inactivated 

the (paramutable) R alleles. This paramutation-like phenomenon depends on the 

tetraploid state. After reduction in ploidy, the S alleles were still stably silenced, but 

no longer paramutagenic. Upon polyploidisation, a new balance has to be created 
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between the different chromosomes, which can affect the epigenetic state of certain 

alleles. In autotetraploids for example, although most genes are expressed at a level 

proportional to the genome copy number, a number of genes show a higher or lower 

expression level per genome than observed in diploids (Guo et al., 1996, Lee and 

Chen, 2001). In addition, limited chromosome rearrangements can be seen upon 

autotetraploidisation, such as a rearrangement of the 45S rDNA locus (Weiss and 

Maluszynska, 2000).  

Timing of Paramutation  

When studying the molecular mechanisms underlying paramutation, it is important to 

know when paramutation takes place. The change from a paramutable into a 

paramutagenic allele takes place after combining both alleles in one zygote. This 

change involves multiple events such as the change in epigenetic state of the 

paramutable allele, and the imposition of the heritable imprint onto the paramutable 

allele (epigenetic mark rendering the new paramutagenic state heritable). These are 

not necessarily one and the same event. The change in epigenetic state could be 

followed by a series of events required to heritably secure the epigenetic state, but 

both processes might also go hand in hand. How long does it take before the entire 

process is complete?  

For a few paramutation systems, the change in epigenetic state is immediately 

reflected by a phenotypic change (for example ‘ear rogue’ and sulf; Bateson and 

Pellew, 1915, Bateson and Pellew, 1920, Hagemann and Berg, 1978, Hagemann, 

1993). The paramutagenic ‘ear rogue’ allele in pea results in narrower plant organs  

than the wild-type allele (Bateson and Pellew, 1915). When wild-type plants are 

crossed with ‘rogue’ plants, the lower nodes of the progeny plants look more or less 

wild-type, while the highest nodes look entirely rogue-like. Concomitantly, the lower 

nodes produce a relatively low percentage of rogue offspring whereas the higher 

nodes produce exclusively rogues (Bateson and Pellew, 1915, Bateson and Pellew, 

1920). The epigenetic change at the sulf locus in tomato also becomes more severe 

during development (Hagemann and Berg, 1978, Hagemann, 1993). When the 

paramutable and paramutagenic sulf alleles are combined, the cotyledons of the 

resulting progeny plants are green. Subsequent foliage leaves can be yellow speckled 
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and later during development entirely yellow leaves can be formed. In a number of 

paramutation phenomena the genes affected are expressed late during development 

(for example b1, pl1, p1;Grotewold et al., 1991, Grotewold et al., 1994, Hollick et al., 

1995). In those cases the epigenetic change could occur before the allele affected is 

expressed. 

When the paramutable and paramutagenic alleles are combined in a zygote, the 

paramutable state does not necessarily change immediately. For example, the 

paramutable B-I and paramutagenic B’ alleles can be present together in one nucleus 

up to the fourth or tenth leaf stage without B-I being irreversibly changed to B’ (Coe, 

1966). 

Some paramutation examples do not show evidence of paramutation until the F2 

generation (r1, bal/cpr1-1, HPT; Brink et al., 1968, Brink, 1973, Mittelsten Scheid et 

al., 2003, Stokes and Richards, 2002), suggesting paramutation occurs slowly, late 

during development, or needs meiosis to take place. Paramutation of the most 

extensively studied r1 alleles can only be scored in seeds (Brink et al., 1968, Brink, 

1973). The phenotypic effect of r1 paramutation is only visible in the seeds derived 

from the heterozygous r1/r1’ F1 plants. This might suggest meiosis is needed for r1 

paramutation to occur. Alternatively, the seed tissue of the F1 zygote, which is made 

very early during development, is formed before r1 paramutation takes place. In 

support of the latter hypothesis, paramutation of the r1 allele called R-d:Catspaw 

allele, which can be scored in maize cotyledon and roots, is visible in the F1 (J. 

Kermicle, personal communication; Brink et al., 1970). The bal and cpr1-1 epigenetic 

variants of the R-like gene cluster trans-interact in the bal/cpr1-1 F1 hybrid without 

visibly affecting the phenotype (Stokes and Richards, 2002). The effect of this 

interaction in the F1, the destabilization of the cpr1-1 and/or bal epigenetic state, is 

only visible in the progeny of the bal/cpr1-1 hybrids. HPT paramutation (see section 

4) also only becomes phenotypically apparent in the F2 generation (Mittelsten Scheid 

et al., 2003). Genetic analyses however showed that the active HPT allele already 

becomes affected in the F1 hybrid. In case meiosis is essential for HPT paramutation, 

this requirement could be related to the fact that HPT paramutation is limited to 

tetraploid Arabidopsis plants. The arrangement and pairing of multiple homologous 

chromosomes during meiosis is more challenging in tetraploid versus diploids plants, 
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and could somehow lead to trans-allelic interactions not occurring in diploid plants 

(Santos et al., 2003, Weiss and Maluszynska, 2000). 

5. Trans-acting mutations affecting paramutation 

Paramutation is a complex epigenetic phenomenon with many features involved, and 

the underlying mechanisms are only starting to be unraveled. Isolation, cloning and 

characterization of mutations affecting various aspects of paramutation, 

establishment, maintenance or both, is crucial in order to uncover the mechanisms 

involved. Plants enable forward screens as well as reverse approaches to identify 

previously unknown and known factors playing a role in various aspects of 

paramutation, respectively. Below, mutations affecting paramutation and 

paramutation-like phenomena in maize and Arabidopsis are discussed. The strategy to 

isolate and characterize mutations affecting paramutation is illustrated using 

ethylmethanesulfonate (EMS) as the mutagen and the mop1-1 mutation as an 

example.  

Maize mutations affecting paramutation 

Forward genetic screens using the maize b1 and pl1 paramutation systems led to the 

isolation of the recessive mop1-1 (mediator of paramutation; Dorweiler et al., 2000), 

rmr1, rmr2 (required to maintain repression; Hollick and Chandler, 2001) and 

additional mutations (referred to in Hollick and Chandler, 2001, Lisch et al., 2002). 

The mop1-1 mutation affects various aspects of b1, pl1 and r1 paramutation. The rmr 

mutations affect pl1 paramutation; the effects on the other systems have not yet been 

reported.  

When isolating and characterizing mutations affecting paramutation, it is important to 

realize that they can affect various aspects of paramutation: 1) the maintenance of the 

suppressed expression state (phenotype; Fig. 6A), 2) the maintenance of the 

paramutagenic state (the capability to cause paramutation; Fig. 6B), and 3) the 

maintenance of the heritable imprint (epigenetic mark rendering the paramutagenic 

state heritable; Fig. 6C).  

To isolate mutations affecting the suppressed expression state, plants carrying a 

paramutagenic allele (P’) are fertilized by EMS-treated pollen carrying the same 
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paramutagenic allele (P’; Fig. 6A). The vast majority of the resulting F1 generation 

will consist of low expressing, P’ plants. The presence of an exceptional, high 

expressing F1 plant, suggests the presence of a (semi-)dominant mutation (M) 

affecting the maintenance of the low expression state. Subsequently, all F2 families, 

resulting from self-fertilized low expressing F1 plants, have to be screened for 

families containing 25% of high expressing plants. Such a family could indicate a 

recessive mutation (m) affecting the maintenance of the suppressed expression state.  

The mop1-1 allele was isolated as a recessive mutation increasing the transcription 

rate of the paramutagenic B' allele (Dorweiler et al., 2000). Heterozygous B’ Mop1/B’ 

mop1-1 plants have a light pigmentation phenotype, while homozygous B’ mop1-1 

mutant plants display a very dark phenotype resembling B-I plants. These results 

indicate that the MOP1 protein plays a role in the maintenance of the repressed B’ 

expression state. MOP1 is furthermore required for maintaining the low expression 

state of Pl’ but not that of a paramutated r1 allele (J. Kermicle, personal 

communication). Like MOP1, the RMR1 and RMR2 proteins are also required to 

maintain the low Pl’ expression level (Hollick and Chandler, 2001). The expression 

of neutral alleles is not affected by the mop1 and rmr mutations (Dorweiler et al., 

2000, Hollick and Chandler, 2001).  

To investigate whether a mutation influences the maintenance of the paramutagenic 

state, one has to test if a paramutagenic allele (P’) can paramutate its paramutable 

counterpart (P) in the mutant background (see Fig. 6B). The mop1 mutation inhibits 

b1, pl1 and r1 paramutation, the rmr mutations pl1 paramutation. In other words, the 

paramutagenic b1, pl1 and r1 states are no longer maintained in a mop1 mutant 

background, and in addition the paramutagenic pl1 state is released in rmr mutant 

backgrounds.A mutation can also affect the maintenance of the heritable imprint 

rendering the paramutagenic state heritable. In that case, the paramutagenic state 

heritably reverts to the paramutable state in the mutant background (Fig. 6C). The 

mop1-1 mutation does not alter the heritable imprint of the B’ allele; once a wild-type 

Mop1 allele is introduced, the light colored, paramutagenic B’ state is restored. In the 

case of Pl’ however, the mop1-1 mutation can heritably revert the low expressing 

paramutagenic Pl’ state to the high expressing paramutable Pl-Rh state. In other 

words, it can erase the heritable imprint associated with Pl’. The same holds for the 
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rmr mutations. The reversion from Pl’ to Pl-Rh however occurs at a higher frequency 

in rmr1 than in rmr2 mutant plants. In addition, the Pl’ alleles that remained Pl’ were 

in general less paramutagenic when derived from rmr1 than when derived from rmr2 

mutants.  

Homozygous mop1-1 plants show serious pleiotropic developmental effects, 

indicating that the mop1 mutation affects also loci other than the paramutation loci 

(Dorweiler et al., 2000). Similarly, several rmr mutants display pleiotropic 

developmental abnormalities (Hollick, personal communication). The MOP1 protein 

is required for the transcriptional silencing of some, but not all silent transgenes tested 

(Chandler et al., personal communication). MOP1 is also required for maintaining the 

Mutator (Mu) DNA methylation pattern that is correlated with transposon inactivity 

(Lisch et al., 2002). In a mop1-1 mutant, Mu element DNA methylation is decreased. 

The methylation level of certain other transposable elements, including one just 

upstream of the B’ transcription start site, is however not changed. The rmr mutations 

caused a similar Mu element hypomethylation as the mop1-1 mutation. Despite the 

immediate Mu hypomethylation, Mu elements only sporadically transpose again after 

multiple generations continuous exposure to the mop1-1 mutation. The silenced Mu 

state is apparently maintained independent of the examined methylation pattern. The 

effect of the mop1-1 mutation is specific: mop1-1 does not affect the level of DNA 

methylation of ribosomal and centromeric repeats, nor does it influence actin or 

ubiquitin RNA levels (Dorweiler et al., 2000).  

A functional MOP1 protein is not only required for three different paramutation 

systems, b1, p1 and r1, but also for transgene silencing and Mu methylation, 

suggesting these phenomena share mechanistic features. At the same time, the unique 

effects on each of the systems suggest that the mechanisms involved are somewhat 

diverged. For example, the mop1 mutation affects the maintenance of the heritable 

imprint at the pl1, but not at the b1 locus. 
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Figure 6 Strategy to isolate mutations affecting the maintenance of expression, 
paramutagenic state and/or heritable imprint.  
A. Mutations affecting the maintenance of the low expression state are isolated in the following 
type of screen: plants carrying a paramutagenic allele (P') and wild-type alleles of genes affecting 
paramutation (M) are fertilized by EMS-treated pollen containing the same alleles. The resulting 
F1 generation will mainly consist of wild-type, low expressing paramutagenic plants (P'M). An 
exceptional, high expressing F1 plant suggests the presence of a dominant mutation (M) affecting 
the maintenance of the low expression state. To identify recessive mutations affecting 
paramutation (m), all low expressing F1 plants are self-fertilized. All progeny of plants not 
carrying a recessive mutation will be light colored. The progeny of self-fertilized F1 plants 
carrying a recessive mutation (plant indicated with an asterisk) will consist of 25% high 
expressing (homozygous mutant, m), and 75% low expressing plants (M and m/M). 
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Figure 6 (continued)  
B. In order to test if an identified mutation affects the maintenance of the paramutagenic state, it 
has to be determined if a paramutagenic allele (P') can paramutate its paramutable counterpart (P) 
in a homozygous mutant background (m). Therefore, a paramutagenic plant heterozygous for the 
mutation (P' m/M) is crossed with a paramutable plant homozygous for the mutation (P m). 50% 
of the progeny will be light colored (P'/P' m/M) and 50% dark colored. The latter are homozygous 
for the recessive mutation and either homozygous for P' (the mutation releases the maintenance of 
the low expressed state, but not the maintenance of the paramutagenic state: P' is highly 
expressed, but can still paramutate P), or heterozygous for P' and P (the mutation releases the 
maintenance of both the low expressed and the paramutagenic state: P' is highly expressed and 
can not paramutate P in the mutant background). In order to distinguish the two possibilities, the 
dark, homozygous mutant plants are crossed with a plant carrying a neutral allele. If the mutation 
does not release the maintenance of the paramutagenic state, all progeny will be light colored. If 
the mutation does release the maintenance of the paramutagenic state, 50% of the progeny will be 
dark and 50% light colored. 
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Figure 6 (continued) 
C. A mutation affecting both the maintenance of the low expression state and the heritable imprint, 
will heritably revert the paramutagenic state (P') to a paramutable state (P) during the lifespan of the 
plant. If that is the case (depicted on the left), crossing the homozygous mutant plant (m) with a 
homozygous wild-type plant carrying the paramutable allele (P), will result in 100% dark colored 
heterozygous mutant progeny plants.  If the heritable imprint is not affected (depicted on the right), 
all progeny will be light colored.  Key: P' = paramutagenic allele; P = paramutable allele; N = neutral 
allele; M = wild-type allele of gene affecting paramutation; M = dominant mutant allele affecting 
paramutation; m = recessive mutant allele affecting paramutation. 
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Arabidopsis mutations affecting trans-inactivation  

To unravel the mechanisms underlying the paramutation-like PAI and HPT 

phenomena in Arabidopsis (discussed in section 2 and 4), both forward and reverse 

genetic approaches have been used. In combination with the PAI trans-inactivation 

system, the effect of the ddm1, met1, cmt3 and kyp/suvh4 mutations has been studied. 

All four corresponding proteins are required for maintenance DNA methylation and 

trans-inactivation of the single copy PAI2 locus.  

DDM1 is a SWI2/SNF2-like chromatin remodeling protein affecting CpG and non-

CpG maintenance cytosine methylation, possibly via facilitating access of the 

methylation machinery to silenced chromatin (Jeddeloh et al., 1999). MET1 is a CpG 

maintenance cytosine methyltransferase (Finnegan et al., 1996). The ddm1 and met1 

mutation cause demethylation of ribosomal and centromeric repeats, but only ddm1 

results in transposon mobilization (Hirochika et al., 2000, Miura et al., 2001, Singer et 

al., 2001). CMT3 is a chromomethylase, specialized in non-CpG maintenance 

methylation at specific genomic regions (Bartee et al., 2001, Lindroth et al., 2001). 

The fourth protein, KYP/SUVH4, is a SET domain protein with histone H3Lys9 

methyltransferase activity that indirectly affects maintenance DNA methylation, 

mainly in a non-CpG context (Jackson et al., 2002, Johnson et al., 2002, Malagnac et 

al., 2002). KYP/SUVH4 possibly acts downstream of CpG methylation, reinforcing 

chromatin silencing (Jasencakova et al., 2003, Soppe et al., 2002, Tariq et al., 2003). 

All four proteins are required for maintenance DNA methylation at the single copy 

PAI loci (Bartee and Bender, 2001, Bartee et al., 2001, Malagnac et al., 2002). MET1 

and CMT3 are in addition required for maintenance DNA methylation of the PAI IR. 

The ddm1 mutation has only a minor effect and kyp/suvh4 does not affect 

maintenance DNA methylation at the PAI IR. Interestingly, DNA methylation at a 

NOSpro IR silencing locus is also MET-dependent and DDM1-independent (Aufsatz 

et al., 2002). Like the PAI IR, the NOSpro IR transcriptionally trans-inactivates and 

methylates homologous sequences via the production of a dsRNA. This process is 

called RNA-dependent DNA methylation (RdDM). Mutations in HDA6 (a putative 

histone deacetylase; Probst et al., 2004) and DRD1 (a putative SNF2-like chromatin 

remodeling protein; Kanno et al., 2004) affect RNA dependent DNA methylation 

(RdDM) as well. It would therefore be interesting to also study the effect of hda6 and 
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drd1 mutations on the PAI trans-inactivation. The establishment of DNA methylation 

at the PAI2 locus is independent of KYP/SUVH4. The datasuggested that CMT3 is 

involved in establishing DNA methylation at the PAI2 locus (Malagnac et al., 2002). 

This effect could however be indirect, since the decreased methylation at the PAI IR 

locus in a cmt3 mutant might weaken its trans-inactivating capacity. Various 

mutations in genes involved in the production and amplification of dsRNAs did not 

affect maintenance DNA methylation of the PAI loci (Melquist and Bender, 2003). 

The data for the PAI system (Bartee and Bender, 2001, Bartee et al., 2001, Malagnac 

et al., 2002, Melquist and Bender, 2004) indicate that maintenance DNA methylation 

of the PAI IR is dependent on read-through transcription of the PAI IR, and on the 

MET1 and CMT3 maintenance methylases, and independent of H3Lys9 histone 

methylation and the DDM1 protein. This suggests that the PAI IR locus has a typical 

chromatin conformation that can attract the methylation machinery independent of 

H3Lys9 and DDM1.  

The trans-inactivation of the PAI single copy loci is dependent on the PAI IR-derived 

dsRNA, and at least partially independent of H3Lys9 histone methylation (Malagnac 

et al., 2002, Melquist and Bender, 2003, Melquist and Bender, 2004). Once trans-

inactivated, maintenance of the repressed state is again dependent on PAI dsRNA, and 

in addition on maintenance DNA methylation, H3Lys9 histone methylation and the 

DDM1 protein. It is however independent of a detectable level of small PAI RNAs 

and various genes involved in the production and amplification of dsRNAs (Melquist 

and Bender, 2003). This suggests that the PAI dsRNA itself might recruit the 

methylation machinery, either directly or via the production of undetectable levels of 

small RNAs. 

The effect of ddm1 and a mutation in the mom1 gene were tested on HPT 

paramutation in Arabidopsis. MOM1 is a nuclear protein with only limited homology 

to the SWI2/SNF2 family. The mom1 mutation releases transcriptional gene silencing 

without affecting DNA methylation (Amedeo et al., 2000). Although HPT trans-

inactivation is only observed in tetraploid plants, because of technical reasons the 

effect of the mutations on the maintenance of the silent state was tested in diploids 

(Mittelsten Scheid et al., 2003). Whereas the mom1 mutation had no effect on the 
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maintenance of repression, the exposure to ddm1 for multiple generations caused a 

slow demethylation and activation of the silent HPT transgenes. 

More mutants are currently being isolated and tested for their effects on paramutation. 

A crucial step forward will be the cloning of the trans-acting maize mutations and 

characterization of their gene products. The maize Mop1 gene is not the orthologue of 

the so far reported mutations affecting gene silencing in Arabidopsis (Chandler and 

Stam, 2004), so it will remain interesting to isolate mutations in the maize orthologues 

of these Arabidopsis silencing genes and to study their effect on paramutation in 

maize. 

 

6. The possible roles and implications of paramutation 

Paramutation could have various roles and evolutionary implications (see also 

Chandler et al., 2000, Chandler and Stam, 2004). A few obvious roles are protection 

of the genome against invasive, foreign DNA, and the stabilization of the genome 

upon hybridization and polyploidisation. The existence of various epialleles might 

furthermore provide an organism an enhanced capacity to adapt to environmental 

circumstances. In order for paramutation to be of evolutionary significance, a 

reasonable number of alleles of different genes should be affected. Although 

paramutation is observed in a wide variety of organisms, only a limited number of 

genes are currently shown to participate. The majority of these examples are 

discovered because they affect a phenotype that is easily visible. If paramutation is 

more widespread than thus far suspected, whole transcriptome analyses should reveal 

numerous new examples. 

Paramutation could be part of the cellular genome defense system that inactivates 

intrusive DNA. One of the main targets of the defense system is repetitive DNA. 

Recombination between repeated sequences can lead to potentially deleterious 

chromosomal rearrangements. An inactive epigenetic state is believed to prevent 

illegitimate recombination. Repeated sequences are involved in several paramutation 

phenomena (see section 4) and paramutation generally leads to epigenetic 

inactivation, suggesting a link between paramutation and the defense system. 

Paramutation may also play a role in the stabilization of the genome upon hybrid 

formation and polyploidisation. Following an event of hybridization or 
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polyploidisation, especially allopolyploidisation, the expression of many genes needs 

to find a new balance (Guo et al., 1996, Lee and Chen, 2001, Liu and Wendel, 2003, 

Wang et al., 2004). The effects of polyploidisation on gene expression do not always 

have the same outcome in genetically identical polyploids. For example, upon 

polyploidisation, the exact same allele can get silenced in one individual, and stay 

active in the other. This has also been observed for the HPT locus in Arabidopsis 

(Mittelsten Scheid et al., 2003). Similar effects are true for hybrid formation 

(reviewed in Birchler et al., 2003).  

The existence of paramutagenic and paramutable alleles allows a relatively easy 

heritable adaptation to changes in environmental conditions without changes in DNA 

sequence being required. Consistent with this hypothesis, the epigenetic state of the r1 

and A1 paramutation alleles is influenced by environmental factors (Meyer et al., 

1992, Mikula, 1967, Mikula, 1995). 

7. Concluding remarks and future directions 

Paramutation has been discovered for various genes in a variety of organisms. All the 

different paramutation systems have in common that trans-interactions between 

homologous sequences result in heritable changes in epigenetic states. The various 

systems however also display unique features. As a result, multiple mechanisms 

might be involved in paramutation. We hypothesize two models for paramutation, an 

RNA- and pairing-based model, which are not mutually exclusive.  

To reveal more about the mechanisms underlying paramutation it is crucial to clone 

the genes and characterize the gene products involved. Multiple trans-acting 

mutations affecting paramutation have been isolated and the screens are likely not 

saturated. None of the mutations isolated in the classical systems have however been 

assigned to a gene at the moment, but hopefully this will be the case soon. 

Paramutation involves changes in DNA methylation and chromatin structure. The role 

of chromatin structure is still a black box for most paramutation phenomena, 

however. Recent developed tools to examine sequence-specific and global chromatin 

structure changes should make it possible to reveal the role of chromatin structure 

changes in paramutation more easily. 
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At the moment, only a limited number of paramutation phenomena have been 

reported. Most of those affect a visible phenotype, facilitating their discovery. If 

paramutation is more wide-spread than thus far anticipated, techniques such as 

microarray analyses should be able to reveal several new examples. If that is the case, 

the role and evolutionary consequences of paramutation are much more extensive 

than thus far appreciated. 
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Abstract: 

 

Background: Chromatin remodelling, histone modifications and other chromatin-

related processes play a crucial role in gene regulation. A very useful technique to 

study these processes is chromatin immunoprecipitation (ChIP). ChIP is widely used 

for a few model systems, including Arabidopsis, but establishment of the technique 

for other organisms is still remarkably challenging. Furthermore, quantitative analysis 

of the precipitated material and normalization of the data is often underestimated, 

negatively affecting data quality.  

 

Results: We developed a robust ChIP protocol, using maize (Zea mays) as a model 

system, and present a general strategy to systematically optimize this protocol for any 

type of tissue. We propose endogenous controls for active and for repressed 

chromatin, and discuss various other controls that are essential for successful ChIP 

experiments. We experienced that the use of quantitative PCR (QPCR) is crucial for 

obtaining high quality ChIP data and we explain why. The method of data 

normalization has a major impact on the quality of ChIP analyses. Therefore, we 

analyzed different normalization strategies, resulting in a thorough discussion of the 

advantages and drawbacks of the various approaches. 

 

Conclusions: Here we provide a robust ChIP protocol and strategy to optimize the 

protocol for any type of tissue; we argue that quantitative real-time PCR (QPCR) is 

the best method to analyse the precipitates, and present comprehensive insights into 

data normalization. 

 

Keywords: Chromatin Immunoprecipitation, ChIP; quantitative (real time) PCR; 

QPCR; histone modifications; data normalization 
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Background 

Epigenetic regulation of gene expression is crucial for cell differentiation, and thus 

essential for normal growth and development of higher eukaryotes. Epigenetic control 

is an intricate interplay between various molecular mechanisms, e.g. DNA 

methylation and histone modifications (reviewed in [1-4]). Whereas DNA 

methylation has been studied in great detail for several decades, the role of histone 

modifications has only been fully appreciated for about 10 years [5]. Since then the 

number of papers on new histone modifications and their possible functions has 

exploded. The most widely used procedure to examine histone modifications is 

Chromatin Immuno Precipitation (ChIP), a technique first established for cultured 

Drosophila cells [6]. In short, ChIP relies on antibodies to identify the presence of 

specific histone modifications at DNA regions of interest. Chromatin is extracted 

from cells or tissue, fragmented and incubated with antibodies against specific histone 

modifications (Figure 1). The chromatin fragments bound to the antibodies are 

captured using protein A /G beads, and DNA is isolated from the precipitate. This 

DNA is usually analyzed by (quantitative) PCR to determine the abundance of a 

region of interest in the precipitated material. ChIP has proven to yield very valuable 

information on chromatin-associated processes in eukaryotes, including plants and 

humans. Despite the fact that ChIP on plant material is established for the widely used 

model system Arabidopsis, to implement and optimize the technique for other model 

plant species, such as maize, is still very challenging and time consuming.  

In current literature, conventional PCR is mostly used to analyze plant ChIP 

precipitates. In this method, the intensity of a DNA band on an agarose gel is assumed 

to reflect the initial abundance of a specific DNA fragment in the precipitate. Instead, 

the intensity of the band reflects the endpoint of a non-linear PCR reaction. Since a 

careful quantification of ChIP signals is important for a correct interpretation of the 

data, we discuss the application of quantitative real time PCR (QPCR). Once the 

QPCR data are obtained, they can be normalized and presented in different ways. All 

normalization methods have their own advantages and drawbacks. Therefore, making 

a well-informed choice is important for correct interpretation of the data. For 

example, the most commonly used methods, ‘% of input’ (%IP) and ‘fold 

enrichment’, may obscure the biological meaning of the ChIP signal by relating the 
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signal intensity to an arbitrary amount of chromatin or to background levels, 

respectively. Besides the inherent disadvantages of the various methods, the wide 

range of normalization methods that is currently used can hamper the comparison of 

published data sets [7].  

In this paper we present a robust, optimized ChIP protocol, and in addition a strategy 

to optimize the protocol when dealing with different experimental systems or 

conditions. Quantitative real time PCR (QPCR) is presented as best practice to 

analyze the precipitated material. A quantitative interpretation of ChIP-QPCR data 

requires normalization, an often under-illuminated aspect of the ChIP-QPCR 

procedure. Therefore, this paper provides a discussion on the use of various 

normalization methods, enabling a well-informed choice for a specific normalization 

method. 

Results and Discussion 

Chromatin immunoprecipitation experiments can roughly be divided into two 

categories. One uses crosslinked chromatin sheared by sonication (X-ChIP), and the 

other native chromatin digested by nucleases (N-ChIP). Both methods have their own 

advantages and disadvantages [8]. Our paper provides and discusses a protocol for X-

ChIP that involves formaldehyde crosslinking of the chromatin in intact tissue, 

ensuring the rapid fixation of the existing chromatin structure. We discuss the whole 

procedure in four sections: (1) The isolation of good-quality chromatin from plant 

material, (2) the chromatin immunoprecipitation itself, (3) the analysis of precipitated 

material by QPCR and (4) data normalization. An outline of the various steps in the 

whole procedure is shown in Figure 1. 

 

(1) Isolation of Chromatin 

Starting material. 

The isolation of plant chromatin needs a plant-specific approach; plant cells are 

surrounded by a cell wall, and generally whole tissues, rather than uniform cell 

cultures, are used to isolate chromatin. Plant cells contain large vacuoles, resulting in 

a relatively low number of nuclei per gram of tissue. In addition, vacuoles are a 

source of proteolytic activities [9]. We advise the use of healthy, unfrozen plant tissue 

as starting material for the isolation of chromatin. If possible, use tissue containing as 
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much unstretched cells as possible. Compact tissue enriched in unexpanded cells will 

provide the best yield and purity of the isolated chromatin. In case there are doubts if 

the tissue of interest will yield good-quality chromatin, non-crosslinked nuclei can be 

isolated followed by micrococcal nuclease digestion. Good-quality chromatin gives 

rise to a distinct nucleosome ladder [8, 10]. 

 

Crosslinking  

Crosslinking of the starting material by formaldehyde is used to ensure that the 

chromatin structure is preserved during the isolation and ChIP procedure [6, 11]. 

Crosslinking of chromatin within the plant tissue requires the fixative to penetrate the 

cells, which is hampered by the plant’s waxy cuticle and spongy air-filled mesophyll. 

In our protocol, efficient penetration of the fixative is achieved by vacuum infiltration 

of buffer that contains formaldehyde. It is important that the buffer can penetrate the 

plant material completely; after vacuum infiltration the plant material should appear 

translucent. The buffer volumes used in the presented protocol are suitable for 

efficiently crosslinking up to 5 grams of plant material. Increasing the amount of 

material impedes efficient crosslinking.   

The crosslinking step should be optimized, since too little crosslinking will not 

sufficiently preserve the chromatin structure, and too much crosslinking will hamper 

the ChIP procedure [12]. A method to determine the optimal crosslinking conditions 

is illustrated in Figure 2. Essentially, when the crosslinking is optimal for ChIP, 

decrosslinking is required to efficiently isolate DNA from the nuclei by phenol-

chloroform extraction. The chromatin is over-crosslinked when it is impossible to 

recover a substantial amount of DNA from the nuclei by decrosslinking. The nuclei 

are under-crosslinked when most of the DNA can be recovered without 

decrosslinking. Crosslinked material can be stored for several months at -80oC after 

freezing in liquid nitrogen. 

 

Shearing of chromatin 

The resolution obtained by the ChIP procedure is determined by the size of the 

chromatin fragments used as input material. Two methods are commonly used to 

fragment chromatin, sonication (hydrodynamic shearing) and micrococcal nuclease 
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(MNase) digestion. Both methods can show preferential fragmentation of certain 

chromosomal regions [13, 14]. When using formaldehyde crosslinking, sonication is 

the preferred method, as crosslinking restricts the access of MNase to chromatin [15].   

  

  

Optimal fragmentation can be achieved by testing various sonication conditions on 

chromatin, followed by DNA isolation and estimating the sonication efficiency by gel 

electrophoresis. Ideally, the bulk of the chromatin is sonicated to a length between 

250 and 750 bp.  

For efficient fragmentation, sonication at low power and more pulses is preferred over 

sonication at high power and less pulses, but conditions vary with the sonication 

device used. It is important to keep the chromatin sample cooled on ice during 
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procedure as described in the text. IP, 
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sonication, as heat released by the sonication probe can reverse the crosslinks. The 

presence of detergent (SDS) in the sonication buffer improves sonication efficiency 

considerably, but can induce foaming during sonication. Foam makes the chromatin 

sample unsuitable for ChIP, probably as a result of the surface tension imposed by the 

foam, which can disrupt protein conformation [16]. Foaming can be prevented by 

decreasing the sonication power. Sonicated chromatin can be stored at -80oC for at 

least a few months, but repeated freeze/thaw cycles should be avoided. 

(2) The chromatin immunoprecipitation procedure 

Choosing antibodies 

Antibodies (Ab) are the most important factor for a successful ChIP experiment. It is 

crucial to choose an antibody carefully, especially when antibodies are raised against 

non-plant proteins. Papers reporting the use of a specific antibody for ChIP are a good 

indication of the suitability of that antibody, but one should realize that quality can 

differ between antibody batches. The successful use of a specific antibody in 

experiments other than ChIP (i.e. Western blotting, immunocytochemistry) does not 

automatically mean the antibody will work for ChIP; that has to be tested. Antibodies 

can be available as polyclonal or monoclonal preparations. Monoclonal antibodies 
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Figure 2. Crosslinking efficiency analysis.  

Leaf material was crosslinked in buffer containing 

increasing amounts of formaldehyde. Samples were 

decrosslinked (+DC, lane 1-3) or not (-DC, lane 4-

6) and DNA was isolated using phenol/chloroform 

extraction followed by ethanol precipitation. While 

DNA is efficiently isolated from samples that were 

not crosslinked (lane 1 and 4), decrosslinking is 

required for the isolation of DNA from crosslinked 

samples (lane 2 and 5). Over-crosslinking strongly 

decreases DNA isolation efficiency (lane 3 and 6). 
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have a high specificity compared to polyclonal sera, but the polyclonal sera may 

recognize several epitopes of the target, increasing signal levels of low-abundance 

templates. Be aware that polyclonal serum against multiple modifications (i.e. against 

hyperacetylated H4) may have an undocumented preference for one modification over 

the others [17], impeding the biological interpretation of ChIP data. 

Different antibody preparations have distinct properties that can affect the ChIP 

results. The affinity for epitopes differs between antibodies, affecting the resulting 

signal levels. For example, antibodies can differ in their sensitivity towards crosslinks 

or adjacent modifications (discussed in [18]). In addition, the relation between the 

availability of epitopes and antibody binding may not be linear. Some antibodies are 
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Figure 3. Titration of chromatin relative to a fixed amount of antibody.  

 (a) ChIP titration experiment using an antibody against acetylated H4. Dilution of the
chromatin has no effect on the precipitation efficiency. (b) ChIP titration experiment using an
antibody against an invariant domain of H3 (H3core). Dilution of the chromatin improves the
precipitation efficiency, indicating that the antibody recognizing the H3core is sensitive to
inhibitory factors present in the chromatin sample. ChIP-QPCR was performed as described in 
this paper. Chromatin was isolated from 2 week-old leaves, sonicated and used in 1:1, 1:2 and
1:4 dilutions for ChIP. The input samples are diluted by the same factors as the chromatin
samples. Results are represented as %IP, the error bars indicate the standard error. ChIP
samples are represented by the closed bars, while the open bars indicate the signals from the
‘no-antibody’ serum controls. Each data point represents the average of two different
chromatin samples, each analyzed in duplo. 
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sensitive to inhibitory factors present in the input chromatin sample, resulting in a 

decrease in binding efficiency of the antibody when increasing the amount of input. 

This is exemplified in Figure 3. We tested the effect of changing the amount of input 

chromatin on ChIP efficiency (the recovery of DNA relative to the amount of input) 

for two different antibodies. With an antibody against hyperacetylated H4 (Upstate 

#06-946), the ChIP efficiency is constant over a broad range of chromatin 

concentrations. When this experiment is performed with an antibody recognizing an 

invariant domain of H3 (H3core; Abcam #AB1791), dilution of the input chromatin 

improves the ChIP efficiency. These data show that the relation between ChIP signal 

and chromatin input depend on the characteristics of the antibody used. To ensure the 

comparability of results obtained with different input samples, we recommend 

determining the optimal Ab-chromatin ratio by titration of the amount of input 

chromatin, and to use similar amounts of input chromatin when ChIP results are to be 

compared.  

When establishing the ChIP procedure we recommend using an antibody against an 

invariant domain of histones as a starting point [19, 20]. In our hands, such an 

antibody usually results in a good signal-to-noise ratio. When ChIP is used for the 

detection of acetylated histones, the detection can be facilitated by treating plant 

material with butyrate or TSA before the isolation of chromatin [7, 20]. Such 

treatments inhibit histone deacetylation, resulting in increased global acetylation 

levels. Once ChIP has been established, it has to be determined which histone 

modifications will be analyzed. For this purpose, data obtained from 

immunocytochemistry experiments are a valuable source of information [21, 22]. 

Such experiments should however be considered as informative but not conclusive for 

the decision on which histone modification to analyze. Immunocytochemistry 

experiments provide a global view of the localization of histone modifications at eu- 

or heterochromatin, while ChIP experiments can have a single-nucleosome resolution 

[23]. At such a high resolution, histone modifications can be observed where they are 

not expected based on immunolocalization experiments ([20, 22]; Haring et al, in 

preparation). Another factor to keep in mind is that specific chromatin states can 

correlate with different histone modifications in distinct species. For example, 

immunolocalization experiments showed the presence of H3K9me2, but not 
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H3K9me3, in heterochromatin of Arabidopsis, while H3K9me3, but not H3K9me2, is 

observed in heterochromatin of mice [21, 24, 25].   

 

Controls for ChIP 

To ensure the reliability of ChIP data, two control samples specific for the ChIP 

experiment should be included: the input sample and the ‘no-antibody’ (NoAb) 

control sample (Table 1). Both the input sample and the NoAb control sample provide 

essential information about the ChIP experiment, and should be analyzed with every 

primer set used. Additional controls are needed for the QPCR procedure; these will be 

discussed in the QPCR section. The input sample will be indicative for the presence 

and amount of chromatin used in the ChIP reaction. It is an aliquot taken out of the 

pool of precleared chromatin (step 10 in the protocol), just before the antibodies are 

added. The chromatin aliquot is decrosslinked and DNA is isolated. This DNA 

sample should yield a PCR product with all primer sets used. Besides serving as a 

positive control, the data derived from the input sample can be used for normalization 

by the ‘%IP’ method discussed in the section on data normalization. The NoAb 

control is a chromatin sample to which nonspecific control serum is added instead of 

a specific antibody (see materials and methods). The NoAb sample is treated the same 

way as the ChIP samples. The QPCR signals resulting from the NoAb samples 

indicate the amount of background signal generated by the chromatin preparations 

and ChIP procedure. Ideally, the washing steps remove nonspecifically bound 

chromatin, resulting in an absence of QPCR signals for the NoAb samples. In reality 

however, it is not uncommon to find a PCR product for the NoAb control sample. It is 

very important that the DNA isolated from the NoAb samples is amplified with every 

primer pair used, as the level of background signal can differ for each primer pair.  

 

Optimizing the signal to noise ratio 

When setting up ChIP, one of the main problems is a high level of background signal 

(NoAb control) relative to the level of the signal of interest (ChIP sample).  This 

hampers distinguishing a ‘true signal’ from the background signal. Therefore, we 

recommend setting up ChIP using an antibody against an invariant domain of histone 

H3 [19, 20]. In our experiments, such an antibody yields a very clear difference in 
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signal between the ChIP samples and NoAb control. Another helpful tool to 

discriminate between background and ChIP signal is a positive control sequence for 

ChIP, as discussed in the ‘controls for specific chromatin states’ section.  

Several options are available to optimize the signal-to-noise ratio. To prevent 

nonspecific binding of chromatin to the protein A/G agarose beads, the beads are 

blocked with BSA and non-specific blocking DNA before they are used in ChIP 

assays. To further reduce background, BSA, nonspecific serum and unrelated DNA 

can be added to the pre-incubation step of chromatin with beads (step 9). Options for 

preventing chromatin from binding to plastic tubes are pre-incubation of the tubes 

with BSA and unrelated DNA (e.g. salmon sperm DNA), or the use of siliconized 

tubes. The background can further be reduced by lowering the amount of input 

chromatin, the amount of protein A/G agarose beads or the amount of antibody, but 

this may lower signal levels as well. When ChIP experiments with an antibody 

against an invariant domain of histone H3 result in a low ChIP-QPCR signal relative 

to the background signal, factors inhibiting the PCR reaction may be involved. We 

recommend purifying the DNA after the reverse crosslinking (step 17) with a 

commercial ‘PCR purification spin column kit’. In our hands, DNA purification by 

phenol-chloroform extraction does not sufficiently remove detergents present in the 

ChIP elution buffer, inhibiting subsequent QPCR reactions.  

 (3) Analysis of precipitated material by QPCR  

DNA isolated from the precipitated chromatin has to be analyzed to determine which 

DNA fragments are present in the precipitate (Figure 1). For the detection of specific 

DNA fragments, various methods are available, and the chosen method determines to 

what extent the data can be analyzed quantitatively. Commonly used analysis 

methods are conventional PCR and quantitative PCR. Alternative methods are 

microarray analysis and slot blotting. Microarray analysis is useful when studying the 

genome-wide distribution of histone modifications [26]. Analysis by slot blotting is 

feasible when dealing with highly repetitive sequences [27, 28], but appears not 

sensitive enough to detect single copy sequences in ChIP samples (M. Haring and M. 

Stam, unpublished). This paper focuses on quantitative PCR for the detection of 

immunoprecipitated DNA (see Figure 4 for an outline how to set up QPCR). 
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Until recently, ChIP precipitates have primarily been analyzed by conventional PCR 

(e.g. bands on a gel). Such an approach requires lots of testing per individual primer 

set to ensure that measurements are taken in the linear range of amplification. If this 

condition is not fulfilled, the resulting data cannot be considered quantitative, 

impeding data interpretation. For this reason, analyzing ChIP precipitates by 

quantitative real-time PCR (QPCR) has several advantages over conventional PCR. 

The QPCR technique does not quantify the amount of PCR product at the end of the 

PCR reaction, as with conventional PCR band densitometry. Instead, the initial 

amount of template DNA is calculated from the kinetics of the PCR reaction. During 

a QPCR run, the accumulation of PCR product is measured every cycle. The number 

of cycles needed to reach a certain amount of PCR product, ‘Cycle threshold’ or 

Quantitative PCR analysis for ChIP can be performed using DNA-dye based or 

probe-based PCR product detection chemistries. The most widely used DNA-dye 

based QPCR chemistry employs the fluorescent dye SYBRgreen for detection of the  

amplicon. SYBRgreen is only fluorescent when bound to double-stranded DNA 

(dsDNA), and the amount of fluorescence is proportional to the amount of dsDNA. 

SYBRgreen detects a PCR product independent of its DNA sequence, so this 

chemistry can be used for all primer sets. At the same time, this sequence-independent 

binding of SYBRgreen requires primer sets to be thoroughly optimized; amplification 

of non-target DNA fragments and formation of primer dimers will also yield 

fluorescent signal, hampering measurements of the ChIP-QPCR signal. When using 

hybridization probe-based chemistries, one or more fluorescently labelled 

oligonucleotide probes are designed to anneal to a specific DNA sequence [29]. This 

adds specificity to the detection of PCR fragments, as both the primers and the probe 

will have to anneal to template DNA to enable detection of the product. 

 

 QPCR Primer sets 

In order to obtain high quality QPCR data, the primer sets used need to meet specific 

criteria [29, 30]. If primer sets are not optimized, this may result in amplification 

artifacts and/or an inaccurate quantification. Primer sets can be tested by performing 

QPCR on serial dilutions of template DNA isolated from crosslinked, sonicated 

chromatin. The efficiency of the amplification should be as close as possible to two (a 
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2x dilution of the template should result in a 1 Ct increase), and should remain 

constant over a wide range of template concentrations. The amplification efficiency 

can be improved considerably by designing the length of the amplified fragment 

between 80 and 150 bp. Importantly, the ChIP-QPCR results should be within the 

linear range of amplification. To verify that the primer sets amplify the correct 

fragment, sequencing the obtained PCR product is recommended. When using 

SYBRgreen for detection of the QPCR signal, the amplication of non-target DNA and 

the formation of primer dimers should be avoided, as the dye does not discriminate 

between these and target DNA fragments (discussed above). 

(a) Controls for ChIP

No Antibody control All primer sets Determines 
background signal 
level

Input Sample All primer sets Positive control for 
presence of 
chromatin, used to 
calculate %IP

(b) Controls for QPCR

Melting curve All primer sets Tests for amplification 
of the correct 
fragment

Calibration line All primer sets Positive control for 
QPCR, used for 
quantification of 
QPCR signals

No-template PCR All primer sets Negative control for 
QPCR, indicates 
primer artifacts

(c) Controls for data interpretation

ChIP control (–) Control gene 
primer set

Negative control for 
ChIP (e.g. actin for 
H3K9me2)

ChIP control (+) Control gene 
primer set

Positive control for 
ChIP (e.g. actin for 
H3K4me2)

Table 1. Controls for ChIP and QPCR

Controls Primers sets to test Purpose

(a) Controls for ChIP

No Antibody control All primer sets Determines 
background signal 
level

No Antibody control All primer sets Determines 
background signal 
level

Input Sample All primer sets Positive control for 
presence of 
chromatin, used to 
calculate %IP

Input Sample All primer sets Positive control for 
presence of 
chromatin, used to 
calculate %IP

(b) Controls for QPCR

Melting curve All primer sets Tests for amplification 
of the correct 
fragment

Melting curve All primer sets Tests for amplification 
of the correct 
fragment

Calibration line All primer sets Positive control for 
QPCR, used for 
quantification of 
QPCR signals

No-template PCR All primer sets Negative control for 
QPCR, indicates 
primer artifacts

No-template PCR All primer sets Negative control for 
QPCR, indicates 
primer artifacts

(c) Controls for data interpretation

ChIP control (–) Control gene 
primer set

Negative control for 
ChIP (e.g. actin for 
H3K9me2)

ChIP control (–) Control gene 
primer set

Negative control for 
ChIP (e.g. actin for 
H3K9me2)

ChIP control (+) Control gene 
primer set

Positive control for 
ChIP (e.g. actin for 
H3K4me2)

ChIP control (+) Control gene 
primer set

Positive control for 
ChIP (e.g. actin for 
H3K4me2)

Table 1. Controls for ChIP and QPCR

Controls Primers sets to test Purpose
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The sequence regions to be amplified have to be chosen very carefully. Different 

combinations of histone modifications mark distinct DNA sequence elements, such as 

regulatory sequences, promoter- or coding sequences. The histone modifications 

present at such specific DNA elements can be different from those at the flanking 

chromatin [31]. We therefore advice to design primer sets within a single DNA 

element, such as a promoter, intron or other regulatory sequence. When the amplified 

region spans more than one DNA element, the data obtained by ChIP may consist of a 

mixture of data, hampering the biological interpretation. In conclusion, knowing as 

many features of the amplified sequences as possible is useful for the design of useful 

primer sets. 

Controls for QPCR  

A good-quality QPCR analysis can only be performed when taking along the proper 

controls. These controls are in addition to the ones specific for the ChIP experiment 

discussed earlier, the input and NoAb controls. This section will discuss the required 

QPCR specific controls: a calibration line, melting curve analysis and the no-template 

control (Table 1B).  

A QPCR calibration line is required for the quantification of ChIP signals, and should 

be included for every primer set used. A calibration line consists of QPCR reactions 

performed with multiple dilutions of template DNA that is isolated from sonicated 

crosslinked chromatin. The calibration line corrects for differences in PCR efficiency 

between various primer sets, as well as for differences in signal level between 

multicopy and single copy sequences. Besides enabling quantification, the calibration 

line functions as a positive control for the QPCR assay, independent of the ChIP 

samples. 

 

The dilution series for the calibration line must be made fresh from a DNA stock 

every time, as the quality of diluted DNA rapidly decreases. This is probably due to 

binding of DNA to the surface of the reaction tube [32]. Addition of BSA or unrelated 

DNA may reduce this effect.  

When performing QPCR with SYBRgreen, a melting curve analysis can be performed 

to determine if the correct fragment is amplified. In this extension of the PCR 

program, the temperature is gradually increased while continuously measuring 
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SYBRgreen fluorescence. PCR products will denature at a temperature specific for 

their size and sequence, and this will be measured as a loss of fluorescence. Multiple 

PCR fragments in one reaction, or the presence of primer-artifacts, will result in a 

step-wise decrease of fluorescence. Optimal primer sets should yield a single 

denaturating event. Even so, multiple fragments of similar size and/or sequence might 

yield the same melting curves. The PCR products should therefore be verified by 

sequencing before using the primers for ChIP-QPCR analysis. The melting curve 

analysis is not possible when using QPCR chemistries based on fluorescent 

oligonucleotide probes. A no-template control, which is  commonly included in 

conventional PCR, is useful for the detection of master mix contamination and primer 

dimers. The no-template control is distinct from the NoAb control, as the latter 

usually results in PCR products.  

 

Controls for specific chromatin states 

Genomic sequences which are known to be associated with specific histone 

modifications are essential controls for the interpretation of ChIP data (Table 1C). 

When, in a ChIP experiment, the regions of interest do not show any enrichment of a 

specific histone modification, the control sequences can indicate if this is due to a 

failed experiment or if the outcome reflects the actual situation. Ideally the controls 

function as a positive and negative control for several antibodies in various tissues.  

The development of positive ChIP controls is challenging as chromatin states can not 

simply be classified as “active” or “silent”, many different types of active and silent 

chromatin exist. These chromatin states are the result of several different molecular 

networks that can act together at a particular genomic location, each resulting in a 

distinct set of histone modifications and other chromatin features [33, 34]. Identifying 

a positive control for a specific chromatin state is facilitated by knowledge of the 

regulatory processes that underlie the presence of the histone modification of interest. 

Here, we will discuss controls for two different chromatin states: transcriptional 

active and repressed chromatin. In our example, the positive control for active 

chromatin is a negative control for repressed chromatin and vice versa.  
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Active chromatin: Importantly, if antibodies are used against histone modifications 

associated with active chromatin, the control sequence for active chromatin must 

result in a positive signal in all tissues of interest. A good candidate is a housekeeping 
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Figure 5. ChIP analysis of control sequences 

(a) Location of amplicons used in ChIP-QPCR analysis. The boxed regions indicate part of
the coding sequence of maize actin 1 (genbank #J01238) and the reverse transcriptase
sequence of the maize copia TY1 type retrotransposon (genbank #AF398212). The amplified
sequences are indicated by bars. (b) ChIP-QPCR analysis of the actin 5’ untranslated leader
(UTR). (c) ChIP-QPCR analysis of the actin exon 2 fragment. (d) ChIP-QPCR analysis of the 
copia sequence (copia). ChIP-QPCR is performed as described in this paper. Input chromatin
was isolated from leaves of 4 weeks old plants (young leaves) and from husks of 3 months old
plants (husk leaves). The ChIP results obtained by 4 independent replicate experiments are 
represented as percentage of input (%IP), the error bars indicate the standard error. The ChIP
signals are represented by the closed bars, and the open bars indicate the signals from the no-
antibody control (NoAb).     
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gene that is constitutively expressed, such as the actin gene, which is frequently used 

as a positive control for active chromatin [35-39]. Even if the expression level of a 

control gene varies in different tissues, it may still function as a good control; 

quantitative changes in expression level do not necessarily reflect changes in histone 

modifications. 

We have used maize actin1 coding sequences to develop positive controls for active 

chromatin. ChIP was performed as described in this paper, and input chromatin was 

isolated from leaves of one month old plants (young leaves) and from husks of three 

months old plants (husk leaves). The precipitates were analyzed with primers specific 

for two positions on the actin gene: the untranslated leader (UTR) and the second 

exon (exon 2; Figure 5a). We observed positive signals for both the actin UTR 

(Figure 5b) and exon 2 (Figure 5c) when using antibodies against H3core, H3K4me2, 

H3K9ac/K14ac (H3ac), H4ac and an invariant domain of H3, but no signals above 

background with antibodies against H3K9me2 and H3K27me2 (Figure 5 and data not 

shown). These data show that this sequence can be used as a positive ChIP control for 

histone modifications associated with active chromatin, and a negative control for 

histone modifications correlated with repressed chromatin.  

Our data in addition demonstrates the importance of carefully selecting the regions to 

test in ChIP-QPCR (see also the QPCR primer sets section). In young leaves, the 

actin exon 2 carries a low level of H3K4me2 (figure 5b), while the actin UTR carries 

a significantly higher level of H3K4me2 (Figure 5c; 95% confidence interval). When 

performing a ChIP experiment with an antibody against H3core, the signals observed 

for actin UTR and exon 2 were comparable, indicating that the difference in 

H3K4me2 signal levels between UTR and exon2 is not due to a difference in 

nucleosome density, but instead reflects a genuine difference in the H3K4me2 levels. 

This difference is specific for H3K4me2, as the H3ac signal levels are not 

significantly different between actin UTR and exon 2 in young leaves. The observed 

differences in signal levels of H3K4me2 may reflect differences in the molecular 

mechanisms acting on the distinct sequence elements of the actin gene. 

 

Repressed chromatin: To develop a positive control for repressed chromatin, 

transposon sequences may be considered. Different types of transposons exist, 
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varying in copy number, DNA sequence features and susceptibility to different forms 

of epigenetic regulation [40, 41]. The vast majority of the highly repetitive transposon 

sequences within plant genomes are truncated [42]. This makes them unfavourable 

templates for QPCR, because amplification of truncated sequences results in a range 

of PCR products, impeding correct quantification. For maize, we successfully 

developed a control for repressed chromatin using the highly conserved TY1 class 

Copia LTR retrotransposon reverse transcriptase sequence [43],  the expression of 

which is repressed [44].  We analyzed the presence of histone modifications at the 

copia sequence (Figure 5a) using the same ChIP precipitates as described above. We 

observed positive signals with antibodies against H3K9me2, H3K27me2 and H3core, 

without significant differences in ChIP-QPCR signals between young leaves and husk 

leaves (figure 5d and data not shown). No signal was obtained in ChIP experiments 

with antibodies against H3K4me2, H3ac and H4ac (Figure 5d and data not shown). 

These data show that the copia sequence can be used as a positive ChIP control for 

histone modifications correlated with repressed chromatin, and a negative control for 

histone modifications correlated with active chromatin. 

 (4) Data normalization 

The ChIP and QPCR procedure consists of many steps that can influence the final 

results. Before the obtained data can be interpreted, the variation caused by all these 

steps must be taken into account. The QPCR data have to be normalized for 

differences in the amount of input chromatin, precipitation efficiency and variation in 

the recovery of DNA after the ChIP. Importantly, normalization only serves to correct 

for this technical variation, it should not affect biological variation. The QPCR data 

can be normalized by various methods. Since normalization precedes data 

interpretation, the chosen normalization method can considerably influence the final 

conclusions. In a high quality ChIP experiment, with an optimal signal-to-noise ratio, 

the normalization method will not affect the biological interpretation, but in practice, 

experiments are often not optimal. This makes the choice for the appropriate 

normalization method essential for correct data interpretation.  

The normalization step is often an underestimated part of ChIP experiments. In the 

literature there is no consensus on how to normalize ChIP-QPCR data, and as a result 

numerous different normalization methods are being used. Although the perfect 
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normalization method does not exist, some are clearly more prone to result in 

incorrect data interpretation than others.  

The currently used normalization methods for ChIP analysis are background 

subtraction [45], percent of input (%IP [28], fold enrichment [46], normalization 

relative to a control sequence [47] and normalization relative to nucleosome density 

[48]). The various methods will be discussed here, along with their most important 

advantages and disadvantages (Table 2). If the data needed for multiple normalization 

methods are available, it is possible to assess the influence of the various methods on 

the interpretation of the data. This enables choosing the most applicable method.  

  

No Normalization 

With this method, the absolute signals derived from ChIP-QPCR are not normalized. 

When using this method, it is assumed that the signals between different samples can 

be compared without normalization. This is only possible when the amount of input 

chromatin is very carefully quantified, the quality of the isolated chromatin is highly 

reproducible and washing and purification steps are performed with absolute 

Normalization strategy

No normalization

Background subtraction

Fold enrichment

% of input

Relative to control genes

Relative to nucleosome         
density

Normalization method

ChIP data is not normalized, 
equal amounts of input 
chromatin are used in 
different experiments
The no-antibody signal is 
subtracted from the ChIP 
signal

Normalization to background 
signal
Normalization to the amount 
of input chromatin

Normalization to the ChIP 
signal obtained at a control 
sequence

Normalization to the ChIP 
signal obtained with an 
antibody for unmodified 
histone protein

Points of interest

Differences in chromatin purity may cause 
differences in ChIP signal

Background signal levels in the NoAb control 
samples may be different from those in the ChIP 
samples, depending on the used primer set, 
chromatin purity and sample handling. The 
normalization will be strongly influenced by 
fluctuations in the background signal
See background subtraction

Differences in sample handling between input 
and ChIP samples affect the normalization

Control sequences need to be developed. 
Control ChIP signals may differ between 
different tissues and developmental stages

ChIP signals obtained with different antibodies 
are difficult to compare quantitatively. Regions 
with low nucleosome density can yield incorrect 
normalization

Table 2.   ChIP-QPCR normalization strategies
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accuracy. The advantage of this method is that it requires a minimum of PCR 

reactions per experiment. The disadvantage lies in the fact that equal amounts of 

chromatin should be used in the ChIP procedure to be able to compare the results 

obtained with different samples. 

 

Background subtraction 

With this method the background signals, as measured with the NoAb control, are 

subtracted from the signals obtained from the ChIP samples, and it is assumed that by 

subtraction of the background signals only the true enrichment is shown. The major 

shortcoming of this method is the fact that the levels of background signal in the 

NoAb control samples may be different from those in the ChIP samples. These 

potential differences in background signal levels can be caused by variation in serum 

components and by differences in sample handling between NoAb controls and ChIP 

samples. The level of background QPCR signal can also differ between different 

chromatin samples, primer pairs or separate ChIP experiments. Especially if the signal 

obtained with specific antibodies is only moderately higher than the background, 

subtraction will influence data interpretation and should therefore not be done. When 

the background is very low, subtraction does not influence data interpretation. 

Nevertheless, the NoAb sample is an essential control for the interpretation of ChIP 

signals, as it indicates the background signal level for the various primers sets in the 

different samples. We therefore propose to show the ChIP signals, without 

background subtraction, side by side with the background signals in all cases.  

 

Fold enrichment  

This normalization method is also called ‘signal over background’ or ‘relative to the 

no-antibody control’. With this method, the ChIP signals are divided by the NoAb 

signals, representing the ChIP signal as the fold increase in signal relative to the 

background signal. The assumption of this method is that the level of background 

signal is reproducible between different primer sets, samples and replicate 

experiments. We strongly recommend not using this method, because the background 

signal levels vary between primer sets, samples and experiments (discussed above). 

The main disadvantage of this method can best be illustrated with data from a 
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hypothetical ChIP experiment. A ChIP sample that is analyzed with two different 

primer sets results in a signal of 1 for both primer sets. The background signal (as 

measured in the NoAb control) is 0.01 for one primer set, and 0.001 for the other. 

These are realistic values since in our experiments we regularly observe a difference 

in NoAb control signal level of 10 fold or more between different primer sets. When 

the ‘fold enrichment’ normalization method is used for this data set, the normalized 

signal for the first primer set would be 1 / 0.01 = 100 and for the second 1 / 0.001 = 

1000. The normalized data now suggest a 10 fold difference in signal level between 

the two different sequences, solely as a result of the NoAb signal levels. In reality 

there may be no difference at all. Clearly, the use of this normalization method can 

result in a random over- or under-representation of the ChIP data.  

 

% of input. 

In this method, the QPCR signals derived from the ChIP samples are divided by the 

QPCR signals derived from the input sample taken early during the ChIP procedure 

(Figure 1). It is assumed that the obtained ChIP and NoAb signal levels are directly 

related to the amount of input chromatin. The main disadvantage of this method is 

caused by differences in handling between the input and ChIP samples; the input 

sample is taken from the chromatin solution very early in the ChIP procedure and 

processed separately from the ChIP samples. Another drawback is that, when 

comparing different samples, this method does not correct for differences in 

chromatin contaminations that inhibit antibody-antigen interactions. When the %IP 

method is used, one should take care that the normalization only corrects for technical 

variation and does not mask  biologically important variation.  
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Relative to control sequences.  

With this normalization method, the QPCR signal derived from the sequence of 

interest is divided by the signal derived from the positive sequence control(s), 

assuming that the chromatin structure at the control sequence does not differ between 

samples, and that consequently all signal variation is of technical origin. The 

advantage of this method is that the same ChIP samples are used to analyze sequences 

of interest and control sequences, eliminating variation caused by sample handling. 

The disadvantage of this method is that the development and characterization of 

positive control sequences for all histone modifications of interest can be laborious. 

This method requires consistent positive QPCR signals for the positive control 

sequence with all antibodies used. When using probe-based QPCR chemistries, 

multicolour multiplex QPCR can be used to measure the region of interest and the 

control sequence in the same tube. Importantly, when control sequences are used to 

correct for differences in immunoprecipitation efficiency between various tissues, 

thorough testing of the control sequences is required to determine if all tissues yield 

identical results.  

 

Relative to nucleosome density.  

The ChIP signals can also be normalized relative to the nucleosome density. In that 

case, the ChIP-QPCR signals obtained with a specific antibody are divided over the 

signal obtained with an antibody against an invariant domain of a histone, for 

example histone H3. This normalization method corrects for differences in ChIP 

signals that are caused by differences in the density of nucleosomes, rather than by 

changes in histone modification levels.  

Histone modifications can only be detected at a specific DNA sequence region if this 

region is also wrapped into nucleosomes. For example, a relatively low H3K4me2 

signal at the transcription start site of a gene, when compared to the flanking regions, 

can be due to a low nucleosome density rather than a decreased presence of the 

modification as such [31]. A major disadvantage of this method is that it is very 

complicated to quantitatively compare ChIP-QPCR signal levels obtained by two 

different antisera. As discussed in the choosing antibodies section, every antibody 

preparation has different epitope binding kinetics that are only linear in a specific 
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range of input chromatin. In addition, the relation between epitope concentration and 

resulting ChIP-QPCR signal may be different for different antibody preparations. For 

example, a two-fold change in H3core ChIP-QPCR signal may reflect a different 

change in epitope availability than a two-fold change in a given histone modification 

ChIP-QPCR signal. This makes normalization to nucleosome density error prone, as 

the normalized signal is affected in an unpredictable manner. When this method is 

used to compare chromatin samples from different sources (e.g. root chromatin with 

leaf chromatin), the normalized data may in addition reflect differences in chromatin 

quality instead of nucleosome density. As discussed in the paragraph on ‘fold 

enrichment’ normalization, sequence regions that do not yield a clear signal above 

background in an H3core ChIP-QPCR experiment will affect signal heights in 

unpredictable ways and should therefore not be used for normalization. It is important 

to realize that an H3core ChIP-QPCR experiment can also provide biologically 

significant data on its own, and should be judged as such before deciding to use it for 

data normalization.  

Before choosing a normalization method, the advantages and drawbacks of each 

method should be considered. Additionally, the choice depends on the experimental 

setup and the quality and availability of specific controls. As best practice, we 

propose to normalized ChIP QPCR data by ‘%IP’ or ‘relative to control sequences’. 

In our hands, both methods can be reliably used with high quality measurements of at 

least four replicates of a ChIP-QPCR experiment. We propose that ChIP experiments 

are repeated several times and that the results are presented together with the 

background signal and standard error. We also propose that results of ChIP with 

antibodies to invariant histone domains, when available, are presented as separate data 

sets. 

 

Conclusion 

In this paper we provide a robust, optimized ChIP protocol, useful handles for setting 

up this technique, and strategies on how to further optimize the technique for different 

plant species and tissues of interest. The use of various types of controls that facilitate 

the interpretation of ChIP data, and the advantages of QPCR for the analyses of ChIP 

precipitates are discussed. Good controls and quantitative data allow data 
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normalization and statistical analysis, greatly enhancing data interpretation. 

Normalization of ChIP data often seems an underestimated step of the ChIP-QPCR 

procedure. In the literature numerous different normalization methods are used, and 

this paper provides a discussion on why some methods are more prone to affect data 

interpretation than others. In addition to the aspects discussed in this paper, there are 

technical aspects of the ChIP procedure that are difficult to control for experimentally, 

and which could result in incorrect data interpretation. For example, a two-fold 

increase in ChIP signal can be interpreted as twice as much of the epitope being 

present, while it can also be due to masking of the epitope by neighbouring 

modifications [49, 50], fixation artifacts or the quality of the input chromatin (see also 

the paragraph ‘Choosing antibodies’). These pitfalls are not elaborately discussed in 

this paper, but they are excellently reviewed in other papers (e.g. Hanlon and Lieb, 

2004; Clayton et al., 2006). 

The molecular mechanisms determining the turnover rate of histone modifications can 

also influence data interpretation [7]. Particular histone modifications can exist as 

very transient marks. For instance, both histone H3 lysine acetylation [51, 52] and 

specific histone H3 lysine methylation marks [53] can undergo turnover. When a 

particular histone modification has a high turnover rate, only a subset of the 

crosslinked nucleosomes will carry that modification, resulting in a lower ChIP signal 

than when that same modification is continuously present. In other words, a relatively 

low ChIP signal can be due to a high turnover rate of the modification. Additional 

experiments, for example the use of inhibitors (e.g. TSA or butyrate) to block the 

turnover of modifications, can provide insight into the dynamic nature of the histone 

modifications at the genomic locus of interest [7].  

Methods  

ChIP protocol 

This protocol is optimized for maize leaf tissue; some adaptations may be required 

when this protocol is used for other tissues or species. 

Plant material and crosslinking 

1. Take 1-5 grams of fresh plant material (e.g. leaves) for each sample to be analyzed 

in the ChIP procedure. Cut the tissue in pieces and transfer them to a 50 ml tube. Do 

not overfill the tube as this will reduce crosslinking efficiency. Submerge the tissue in 
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30 ml Isolation buffer A. “Clog” the tube with a few pieces of porous filter material 

(e.g. polystyrene) to prevent floating of the tissue. Vacuum infiltrate for 10 min in an 

exicator at room temperature. 

2. Remove the filter material. Add 2,5 ml 2 M glycine to each 50 ml falcon tube and 

mix carefully to quench the crosslinking reaction. Vacuum infiltrate for 5 min at room 

temperature. Wash the tissue three times with plenty of water, and dry it carefully 

between paper towels.  

Nuclei isolation 

3. Grind the tissue in liquid nitrogen to a fine, dry powder. This material may be 

stored at -80 °C in precooled tubes, or used immediately. 

4. Resuspend the ground and frozen material by adding the powder to a 50 ml tube 

containing 30 ml ice-cold Isolation buffer B, and mix immediately. Incubate for 15 

minutes at 4°C with gentle shaking. Filter the solution through 4 layers of Miracloth 

(Calbiochem) into a new ice-cold 50 ml tube. Centrifuge the filtrate for 20 minutes at 

2880 x g at 4°C. 

5. Carefully remove the supernatant and resuspend the pellet in 1 ml ice-cold Isolation 

buffer C. Transfer the solution to a 1,5 ml microcentrifuge tube. Centrifuge at 12000 x 

g for 10 minutes at 4°C 

6. Remove the supernatant and resuspend the pellet in 300 µl ice-cold Isolation buffer 

D. Add 1500 µl of ice-cold Isolation buffer D to a new 2 ml microcentrifuge tube. 

Overlay this layer with the nuclei suspension and centrifuge for 1 hour at 16000 x g at 

4°C 

Chromatin sonication 

7. Remove all supernatant and resuspend the pellet in 320 µl ice-cold Nuclei Lysis 

Buffer. Take a 10 µl aliquot from the nuclei and keep it on ice. This will represent 

‘unsheared’ chromatin. Sonicate the remaining nuclei suspension with pulses of 15 

seconds at 3 µm amplitude, as many as needed to obtain an average fragment size 

between 500 and 1000 bp. Keep the tube cooled in ice water during sonication and 

cool for 30 seconds in between pulses.  

8. Spin 5 minutes at 16000 x g at 4°C to pellet the insoluble fraction. Transfer the 

clear supernatant, which contains the sonicated chromatin, to a new tube. Keep on ice. 

Take a 10 µl aliquot from the chromatin solution to check the sonication efficiency. 
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The remaining chromatin can be frozen in liquid nitrogen and stored at -80°C, or used 

immediately in the next step. Add 140 µl TE, 5 µl 5M NaCl and 5 µl 20% SDS to the 

aliquots of ‘unsheared chromatin’ and ‘sonicated chromatin’. Reverse crosslink both 

samples overnight at 65°C, isolate DNA and estimate the sonication efficiency and 

chromatin concentration by agarose gel electrophoresis.  

Chromatin preclearing and input control 

9. Add together in a 2 ml tube placed on ice: 300 µl chromatin, 1660 µl ice-cold ChIP 

Ab incubation buffer and 40 µl washed and blocked protein A Agarose beads. Take a 

55 µl aliquot from the chromatin solution (be careful not to take any beads) and store 

it on ice as the ‘input sample’ (see step 15 for further handling). Incubate the 

remaining chromatin sample 1 hour at 4°C with gentle agitation (Rotator at 12 rpm). 

Immunoprecipitation 

10. Centrifuge the chromatin samples for 1 minute at 2300 x g at 4°C to pellet the 

beads. Take three new 1.5 ml tubes and transfer 550 µl of chromatin solution to each 

tube. One tube will serve as the ‘no-antibody’ control (NoAb), the other two will be 

used for precipitation with antibodies (IP). Add to each tube 430 µl ChIP Ab 

incubation buffer and 20 µl protein A Agarose beads.  

11. Add 1 to 10 µl of antibodies to each of the two IP tubes. The two samples can be 

used for the same antibody in duplo, or for two different antibodies. The amount of 

antibody to be added has to be determined by titration experiments. Add an equal 

volume of pre-immune serum or blocking serum to the NoAb control tube. 

Subsequently, add 20 µl protein A Agarose beads to all three tubes. Incubate the tubes 

for at least 2.5 hours, or overnight at 4°C with gentle agitation. 

12. Centrifuge the tubes for 2 minutes at 200 x g at 4°C. To prevent loss of beads, 

make sure that all the beads have sunk to the bottom of the tube before proceeding.   

13. Wash with the following buffers: 1x Low Salt Buffer, 1x High Salt buffer, 1x 

LiCL buffer, 2x TE buffer. Wash with 1 ml buffer for 10 minutes at 4°C with gentle 

agitation. After each wash, spin the beads for 1 minute at 200 x g at 4°C, and discard 

the supernatant. 

14. Remove all buffer, but take care not to lose any beads. Add 250 µl ChIP Elution 

buffer to the pelleted beads to elute the immune complexes. Vortex briefly and 

incubate at 65°C for 15 minutes with gentle agitation. Spin the beads for 2 minutes at 
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3500 x g at room temperature. Transfer the supernatant into a new tube, and repeat the 

elution step. Combine the second eluate, together with the beads, with the first eluate. 

 

Reverse crosslinking 

15. Add 20 µl 5M NaCl to the NoAb tube and two IP tubes. Add 100 µl TE buffer, 

6.5 µl 5M NaCl and 8 µl 20% SDS to the ‘input sample’ tube (step 9). Reverse 

crosslink all samples at 65°C overnight.  

DNA isolation 

16. Purify the samples using a commercial spin column kit, and elute the column 

twice with 41 µl of the supplied elution buffer or TE buffer (end volume will be ~80 

µl). 

17. Use 2-5 µl for a 25 µl PCR reaction. In case the QPCR on the precipitate does not 

work efficiently, try out if more, but also if less of the DNA sample solves the PCR 

problems. It can occur that inhibiting factors are present in the DNA sample.   

 

ChIP buffers and chemicals.  

All buffers must be made fresh and kept on ice, unless indicated otherwise. 

Isolation buffer A: 10 mM Tris pH 8.0, 400 mM Sucrose, 10 mM Na-butyrate, 3% 

w/v formaldehyde, 0.1 mM PMSF, 5 mM Beta-Mercaptoethanol. Isolation buffer B: 

10 mM Tris pH 8.0, 400 mM Sucrose, 10 mM Na-butyrate, 0.1 mM PMSF, 5 mM 

Beta-Mercaptoethanol, proteinase inhibitors 1µg/ml each (see below). Isolation buffer 

C: 10 mM Tris pH 8.0, 250 mM Sucrose, 10 mM Na-butyrate, 10 mM MgCl2, 1% v/v 

Triton X-100, 0.1 mM PMSF, 5 mM Beta-Mercaptoethanol, proteinase inhibitors 

1µg/ml each (see below). Isolation buffer D: 10 mM Tris pH 8.0, 1.7 M Sucrose, 10 

mM Na-butyrate, 2 mM MgCl2, 0.15% v/v Triton X-100, 0.1 mM PMSF, 5 mM Beta-

Mercaptoethanol, proteinase inhibitors 1µg/ml each (see below). Nuclei Lysis buffer: 

50 mM Tris pH 8.0, 10 mM EDTA, 0.4% w/v SDS, 0.1 mM PMSF, proteinase 

inhibitors 1µg/ml (see below). ChIP Ab incubation buffer: 50 mM Tris pH 8.0, 1 mM 

EDTA, 0.1% v/v Triton X-100, 150 mM NaCl, 10 µg/ml BSA. Low salt wash buffer: 

20 mM Tris pH 8.0, 2 mM EDTA, 0.1% w/v SDS, 1% v/v Triton X-100, 150 mM 

NaCl High salt wash buffer: 20 mM Tris pH 8.0, 2 mM EDTA, 0.1% w/v SDS, 1% 

v/v Triton X-100, 500 mM NaCl. LiCl wash buffer: 20 mM Tris pH 8.0, 1 mM 
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EDTA, 1% v/v NP-40, 1% w/v Na-deoxycholate, 250 mM LiCl. TE buffer: 10 mM 

Tris pH 8.0, 1 mM EDTA. ChIP Elution buffer: 1% w/v SDS, 0.1M Na-HCO3. Keep 

at room temperature. 

Proteinase inhibitors: Aprotinin, Leupeptin and Pepstatin. Aprotinin inhibits serine 

proteases; Leupeptin inhibits serine and thiol proteases; Pepstatin inhibits aspartic 

proteases. Make 1 mg/ml each in MilliQ, aliquot and store at -20°C. It is also possible 

to use commercially available proteinase inhibitor tablets. Blocked protein A agarose 

beads: Take 1 ml commercially available pre-swollen agarose beads with crosslinked 

recombinant Protein A/G (provided as a 50% v/v suspension). Remove the 

supernatant and wash three times in a total volume of 1 ml with TE buffer. After each 

wash step, allow the beads to settle and remove the supernatant. Resuspend the beads 

in a total volume of 1 ml TE buffer with BSA and sonicated salmon sperm DNA to a 

final concentration of 10 µg/ml each. Add Na-azide to a final concentration of 0.05% 

v/v. Incubate overnight at +4°C with gentle rotation (12 RPM). Store at +4°C.  

Antibodies 

Immunoprecipitation was carried out using antibodies against H3K4me2 (Upstate 

#07-030, Upstate USA, Chicago, USA), H3K9ac/K14ac (Upstate #06-599), 

H3K9me2 (Upstate #07-441), histone H3 (Abcam #ab1791, Abcam plc, Cambridge, 

UK) and Hyperacetylated histone H4 (Upstate #06-946) and nonspecific control 

serum (Sigma #R9133, Sigma Aldrich, St. Louis, USA) according to the protocols 

described in this paper. This paper uses the nomenclature for modified histones as 

proposed by the Epigenome Network (Turner, 2005).  

 

QPCR analysis 

Quantitative (real time) PCR was performed using the Platinum SYBR Green QPCR 

supermix-UDG kit (Invitrogen #11733-046, Invitrogen, Carlsbad, USA) in a 25 µl 

QPCR reaction according to the manufacturer’s protocols. The samples were 

amplified using an Applied Biosystems 7500 Real-Time PCR System (Applied 

Biosystems, Foster City, USA), and quantified with a calibration line made with DNA 

isolated from crosslinked and sonicated chromatin. With all experiments, no-template 

controls, NoAb controls and input samples were taken along for every primer set 

used. Primers were developed for two regions on the actin1 gene (genbank #J01238), 
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and for one region on the copia sequence (genbank #AF398212). Primer sets used for 

ChIP (F: forward, R: reverse): Actin UTR F: TTT AAG GCT GCT GTA CTG CTG 

TAG A; Actin UTR R: CAC TTT CTG CTC ATG GTT TAA GG; Actin exon 2 F: 

GAT GAT GCG CCA AGA GCT G; Actin exon 2 R: GCC TCA TCA CCT ACG 

TAG GCA T; Copia F: CGA TGT GAA GAC AGC ATT CCT; Copia R: CTC AAG 

TGA CAT CCC ATG TGT 

Plant stocks 

Maize stocks used for ChIP analysis (inbred W23 and K55 background) are obtained 

from the Chandler laboratory (Plant Sciences Department, University of Arizona, 

Tucson, Arizona, USA), and Cultivar Montello from AGASaat GmbH, Neukirchen, 

Germany. 
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Abstract 

Paramutation is the transfer of epigenetic information between alleles leading to a 

heritable change in expression of one of the alleles. Paramutation at the tissue-

specifically expressed maize b1 locus involves two epialleles, B’ and B-I. The low 

expressed B’ heritably changes the high expressed B-I into B’. A hepta-repeat 100 kb 

upstream of the b1 coding region is required for paramutation and for high b1 

expression. Repeat RNAs appear required, but not sufficient for paramutation to 

occur. The role of chromatin structure in paramutation has so far largely been ignored. 

To this end, we systematically analyzed the epigenetic regulation of B’ and B-I. To 

disentangle the epigenetic marks playing a role in paramutation from those involved 

in tissue-specific regulation of b1, different types of tissues were examined. We 

demonstrate that the B’ hepta-repeat is DNA- and H3K27 methylated in a tissue-

independent manner, and that the B-I hepta-repeat is rapidly DNA methylated in B’/B-

I heterozygotes. These data indicate that DNA- and H3K27 methylation are involved 

in maintaining the mitotically and meiotically heritably silenced B’ state and play a 

role in the mechanisms underlying the trans-inactivation process. Nucleosome 

occupancy, H3 acetylation and H3K9 methylation are involved in tissue-specific 

regulation of b1. Tissue-specific enhancement of b1 expression is associated with 

nucleosome depletion and H3 acetylation at the B-I hepta-repeat, while H3K9 

methylation tissue-specifically reinforces the inactive chromatin state at the B’ hepta-

repeat. Taken together, these findings provide for the first time insight into the 

mechanism underlying paramutation at the level of chromatin structure. 

Author summary 

Epigenetic regulation of gene expression involves heritable changes in gene 

expression without changes in DNA sequence. Epigenetic changes are heritable 

through cell division and sometimes also from parent to progeny. The epigenetic 

phenomenon called paramutation involves heritable changes from parent to progeny 

and is mediated by interactions between homologous DNA sequences present on 

different chromosomes. Paramutation of the tissue-specifically regulated maize b1 

gene involves two versions of the b1 gene, B’ and B-I. These two versions have an 

identical DNA sequence but are expressed at a different level. B’ is expressed at a 
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low, B-I at a high level. When B’ and B-I are combined in one cell nucleus by 

crossing, B’ heritably changes the high expressed B-I into B’. The B’ state is very 

stable and never reverts back to the B-I state. DNA sequences far upstream of the b1 

gene are required for the paramutation process and also for the high expression level 

of B-I. Repeat-derived RNAs appear required, but not sufficient for paramutation to 

occur. Here we study the role of chromatin structure in paramutation. We show that 

particular chromatin features, such as nucleosome occupancy, histone acetylation and 

histone lysine 9 methylation are involved in tissue-specific regulation of b1 

expression. Other chromatin features, such as DNA- and H3K27 methylation are 

likely to determine that the B’ state is heritably stable. Importantly, our data indicate 

that mechanisms underlying paramutation involve DNA- and H3K27 methylation, 

pointing to a role for PcG-like proteins in this process. 

Introduction 

There is mounting evidence that in trans regulation of gene expression is important in 

higher eukaryotes, including flies, plants and mammals. If such in trans gene 

regulation results in a mitotically and meiotically heritable change in gene expression, 

it is called paramutation (Chandler, 2007, Stam and Mittelsten Scheid, 2005). In 

general, paramutation involves a trans-interaction between homologous alleles, and 

leads to transcriptional downregulation of the allele sensitive to paramutation. 

Paramutation has mainly been reported in plants (reviewed in (Chandler and Stam, 

2004)), but more recently also in mammals (Rassoulzadegan et al., 2002), indicating 

that paramutation is much more widespread than previously anticipated, underscoring 

its significance. This study focuses on the role of various different epigenetic marks in 

paramutation at the tissue-specifically regulated b1 locus in maize. Many different b1 

alleles exist (Selinger and Chandler, 1999b), and most of them are insensitive to 

paramutation and are called neutral alleles. Two b1 alleles, B′ and B-I, participate in 

paramutation. B′ and B-I show a 10- to 20-fold difference in transcription level, but do 

not differ in DNA sequence, indicating they are epialleles (Stam et al., 2002b). In 

heterozygous B’/B-I plants, the low expressed B’ epiallele changes the high expressed 

B-I epiallele into B’. The resulting B’ allele is in turn itself competent to convert other 

B-I alleles into B’. While the B’ epigenetic state is extremely stable (no reversions 

have been seen looking at > 100,000 plants; Chandler et al., unpublised results; (Coe, 
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1966, Patterson et al., 1995), the B-I state is unstable: in about 1-10% of the B-I 

progeny, the B-I state spontaneously changed to the B’ state (Coe, 1966, Patterson et 

al., 1993). Hundred kb upstream of the b1 coding sequence, B’ and B-I carry a 

regulatory region containing seven tandem repeats (hepta-repeat) of an 853 bp 

sequence. Analysis of recombinant alleles showed that multiple tandem repeats are 

required for both paramutation and high expression (Stam et al., 2002b, Stam et al., 

2002c). Neutral alleles have only one copy of the 853 bp sequence and are expressed 

at low levels. The transcription start site and the hepta-repeat of B-I are more nuclease 

sensitive than those of B’, consistent with their respective expression levels (Stam et 

al., 2002b), (Chandler et al., 2000b). Contrary to the general correlation between 

DNA methylation and gene silencing, no differences in DNA methylation were 

detected between the B’ and B-I promoter and coding region (Patterson et al., 1993). 

Moreover, an earlier study suggested that the B-I repeats were more methylated than 

the B’ repeats (Stam et al., 2002b). 

Recently, it has been shown that b1 paramutation requires an RNA-dependent RNA 

polymerase (RdRP: MOP1), indicating a role for RNA in paramutation (Alleman et 

al., 2006, Woodhouse et al., 2006). Consistent with this idea, the tandem repeats are 

transcribed (Chandler, 2007),(Alleman et al., 2006) and repeat siRNAs produced (M. 

Arteaga-Vasquez and V.L.Chandler, personal communication). However, not only the 

B’ repeats, but also the B-I repeats and the single 853 bp sequence of a neutral b1 

allele are transcribed and result in the production of siRNAs. This implies that repeat 

RNAs are not sufficient to establish and/or maintain a silent chromatin state at the b1 

locus. A study on the FWA locus in Arabidopsis (Chan et al., 2006) suggested that 

siRNA-directed silencing requires pre-existing DNA and/or chromatin modifications. 

This may be the case for the b1 locus as well.  

To identify the role of DNA and/or chromatin modifications in paramutation, we 

performed high-resolution analyses of the DNA methylation pattern, nucleosome 

occupancy and presence of various well-studied histone modifications at the B’ and 

B-I repeats. DNA cytosine methylation is involved in transcriptional repression and 

maintenance of silencing (Klose and Bird, 2006, Martin and Zhang, 2007), while 

nucleosome occupancy plays an important role in gene regulation by determining the 

accessibility of DNA to various DNA-binding factors (Lee et al., 2004a, Yuan et al., 
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2005). Histone H3 acetylation (H3ac), dimethylation of histone H3 at lysine 4 

(H3K4me2), lysine 9 (H3K9me2) and lysine 27 (H3K27me2) are the histone 

modifications examined. H3ac and H3K4me2 are associated with enhancers and 

actively transcribed genes and their levels positively correlate with gene expression 

levels (Barski et al., 2007, Schubeler et al., 2004). In contrast, H3K9 and H3K27 

methylation are associated with chromatin silencing (Fischer et al., 2006, Martin and 

Zhang, 2005). H3K9me is intimately connected with DNA methylation (Esteve et al., 

2006, Stancheva, 2005), while H3K27 methylation is an important mark for 

Polycomb group (PcG) protein-mediated chromatin silencing (Fischer et al., 2006, 

Martin and Zhang, 2005, Bantignies and Cavalli, 2006, Peters and Schubeler, 2005). 

Alleles involved in paramutation in general show tissue-specific regulation of gene 

expression. In this study we set out to disentangle the epigenetic marks that play a 

role in b1 paramutation from those involved in tissue-specific regulation of b1 

expression levels. To this end, we examined maize tissues at different developmental 

stages. The data we obtained are consistent with a model in which DNA- and H3K27 

methylation at the hepta-repeat play a crucial role in the heritable maintenance of the 

epigenetic B’ state, whereas nucleosome occupancy, H3ac and H3K9me2 are 

involved in tissue-specific regulation of b1 expression. We propose that the B-I repeat 

chromatin state allows the tissue-specific binding of enhancer proteins, while the B’ 

repeat chromatin state results in tissue-specific reinforcement of the inactive 

chromatin structure. Importantly, our data indicate that DNA- and H3K27 

methylation play a role in the in trans-inactivation aspect of paramutation. 

Results  

Approach 

Paramutation phenomena are characterized by three important mechanistic aspects: 

the mitotically and meiotically heritable epigenetic state of the alleles involved in 

paramutation, the effect of this epigenetic state on gene expression and the in trans 

communication leading to downregulation of expression. To disentangle the 

epigenetic marks that define the heritable maintenance of B’ and B-I from those 

involved in tissue-specific regulation of the b1 expression levels, and those involved 

in the trans-inactivation, we examined tissue from young plants, showing low 
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expression of B-I and B’, and tissue from adult plants, showing high expression of B-I 

and low expression of B’ (Fig. 1A and B). We expect the epigenetic marks that render 

the B’ and B-I state heritable through mitosis and meiosis to be present in all tissues. 

In contrast, epigenetic marks that dictate the tissue-specific b1 expression levels are 

anticipated to be only present in a tissue-specific manner. In trans-inactivation of B-I 

is established early in development (Coe, 1966). Thus, epigenetics marks playing a 

role in the in trans interaction will be present in young plant tissue. 

The B’ repeats are hypermethylated compared to the B-I repeats 

To examine the role of repeat DNA methylation in paramutation, genomic DNA was 

isolated from different tissues (roots and shoots from germinating seeds, and leaves, 

husk and tassel) at different stages of development (from germinating seeds up to 

flowering plants; Figures S1 and S2). About 30 B’ and B-I  samples, derived from at 

least 24 different individuals, were digested with several different DNA methylation 

sensitive enzymes and EcoRI (C) and/or BamHI (M), which release a discrete 

fragment spanning the entire hepta-repeat (Fig. 1C). The digested DNA was 

subsequently analyzed by DNA blot analyses. To test for complete digestion, various 

probes flanking the hepta-repeat at the 5’ and 3’ end were used (Fig. 1C). These 

probes also indicated that the sequences flanking the repeats were mostly 

unmethylated, and if methylated, they were equally methylated in both B’ and B-I 

(data not shown). The repeat methylation pattern was analyzed using repeat fragments 

as a probe (Fig. 2A) and the data is summarized in Figure 2B. The complete dataset is 

shown in Figures S1 and S2. 

 

Our extensive DNA methylation analysis reported here shows that, overall, the B’ 

hepta-repeat is more methylated than the B-I hepta-repeat. At the B-I repeats most of 

the restriction sites were completely digested, indicating a very low level of DNA 

methylation. In contrast, at the B’ hepta-repeat, most restriction sites were partially to 

completely undigested, indicating intermediate to high levels of DNA methylation. 

Similar repeat DNA methylation patterns were observed in all the different tissues 

and developmental stages examined (Figures S1 and S2), indicating that the observed 

patterns are heritably maintained throughout plant development.  
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The B’ repeats are hypermethylated compared to the B-I repeats 

To examine the role of repeat DNA methylation in paramutation, genomic DNA was 

isolated from different tissues (roots and shoots from germinating seeds, and leaves, 

husk and tassel) at different stages of development (from germinating seeds up to 

flowering plants; Figures S1 and S2). About 30 B’ and B-I  samples, derived from at 

least 24 different individuals, were digested with several different DNA methylation 

Figure 1. Tissues and sequences examined.  
 (A) Tissues used for ChIP-QPCR analysis. Seedling tissue consists of entire plants 
without the roots and exposed leaf blades (dashed box) and is harvested 4 weeks after 
germination. Husk tissue consists of the leaves surrounding the maize cob and is collected 
during early female flowering (silks appear). (B) RT-QPCR assays were performed to 
determine the b1 expression level in the same tissue samples as used for the ChIP-QPCR 
experiments. b1 expression levels were normalized to actin transcript levels. The error 
bars represent standard error of the mean (SEM) of at least four independent replicate 
experiments. (C) Schematic representation of the b1 locus indicating the regions 
monitored in this study. A box labelled b1 indicates the b1 coding region, white empty 
boxes indicate exons, the hooked arrow the transcription start, arrows 100 kb upstream the 
hepta-repeat, and green boxes the location of transposon sequences. Probes used for DNA 
blot analyses are indicated in red (A, Rep – repeat -, D1, D2, 21, B’v1.6). QPCR primer 
sets are indicated by bars with arrowheads (5’R, R1-R6, 3’R, Sc1, Sc2, 5’b, UTR, Ex3). 
Due to sequence divergence, the primer sets R1 and R5 do not detect the 1st and 7th 
repeat, respectively. The b1 5’UTR contains an intron, the UTR sequence analyzed is 
located within this intron.       
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sensitive enzymes and EcoRI (C) and/or BamHI (M), which release a discrete 

fragment spanning the entire hepta-repeat (Fig. 1C). The digested DNA was 

subsequently analyzed by DNA blot analyses. To test for complete digestion, various 

probes flanking the hepta-repeat at the 5’ and 3’ end were used (Fig. 1C). These 

probes also indicated that the sequences flanking the repeats were mostly 

unmethylated, and if methylated, they were equally methylated in both B’ and B-I 

(data not shown). The repeat methylation pattern was analyzed using repeat fragments 

as a probe (Fig. 2A) and the data is summarized in Figure 2B. The complete dataset is 

shown in Figures S1 and S2. 

Our extensive DNA methylation analysis reported here shows that, overall, the B’ 

hepta-repeat is more methylated than the B-I hepta-repeat. At the B-I repeats most of 

the restriction sites were completely digested, indicating a very low level of DNA 

methylation. In contrast, at the B’ hepta-repeat, most restriction sites were partially to 

completely undigested, indicating intermediate to high levels of DNA methylation. 

Similar repeat DNA methylation patterns were observed in all the different tissues 

and developmental stages examined (Figures S1 and S2), indicating that the observed 

patterns are heritably maintained throughout plant development.  

The difference in DNA methylation between B’ and B-I is concentrated at the 

sequences spanning the repeat junctions, from HpaI (H) at the 3’end to BsmAI  (B1) 

at the 5’ end of each repeat (Fig. 2B). The DNA methylation pattern at the repeat 

cores was similar in B-I and B’ (Fig. 2B), except for the previously reported Sau3AI 

site (U2
 ), which is partially methylated in B-I, but not in B’ (Stam et al., 2002b). This 

concentration of differential methylation at the repeat junction region is not associated 

with an obvious concentration of cytosines in a particular context (CpG, CNG and/or 

CNN) at the junction region (Fig. S5). For example, the junction region contains one 

Sau96I site, the repeat core two. All three Sau96I sites contain a cytosine in a CpG 

context on both strands, a cytosine in a CNG context on one strand, and a cytosine in 

a CNN context on the other strand (Fig. S5), but only the site at the junction region is 

differentially methylated. These data therefore suggest that the cytosine methylation 

at the B’ hepta-repeat is targeted to a location, the repeat junction regions, rather than 

to a specific cytosine context.  
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The DNA methylation pattern at the 5’ half of the first, and 3’ half of the last repeat, 

which are not part of a junction region, deviates from that at the corresponding 

sequences in the junction regions (Fig. 2B). For example, our analyses showed that 

the HpaI- (H) and PstI-sites (P2), which are methylated at the B’ repeat junction 

regions, but not at the B-I repeat junction regions, are methylated at the last B-I 

repeat. The deviant DNA methylation patterns at the 5’ and 3’ ends of the hepta-

repeat actually showed similarities with that of the 5’ and 3’ half of the single copy 

repeat units of two neutral b1 alleles, B-Peru and gl2 b wt (Fig. 2B, Figures S3 and 

S4), which do not contain repeat junction regions. These data indicate that the DNA 

methylation pattern displayed by the junction regions is also restricted to these 

regions. The sequence homology between the junction regions and the 5’ and 3’ ends 

of the hepta-repeat is not sufficient to result in a similar DNA methylation pattern. 

Together, our results imply that the repeat junction regions, of which there are six in 

each hepta-repeat, display special properties attracting DNA methylation. 

Once combined in one nucleus with B’, trans-inactivation of B-I by B’ occurs early 

during plant development (Coe, 1966). To examine if the acquisition of DNA 

methylation by the B-I repeats is an early event in the trans-inactivation process, 

genomic DNA was isolated from tissue collected from B’/B-I heterozygous plants 

during development (shoots, leaf 2, 4, 6, 7, 8, 10, 12, 14). The DNA was analyzed as 

described above. The results indicated that the differentially methylated Sau96I site 

(S1) acquired DNA methylation very early in development (Fig. 2C and D). Site S1 

was already methylated up to 50% in shoots of germinating seeds and up to nearly 

100% in leaf two. The methylation level of other sites changed less rapidly. AluI, PstI 

and Sau3AI were only fully altered to the B’ methylation level in the 10th leaf. These 

data indicate that, in a B’/B-I heterozygote, the acquisition of DNA methylation by the 

B-I repeats starts early during plant development.  

Altogether, our data indicate that the DNA hypermethylation at the B’ repeats is a 

good candidate for the epigenetic mark defining the heritably silenced B’ state and, 

importantly, that mechanisms underlying trans-inactivation involve the transfer of 

DNA methylation.  



Chapter 3 94 



B-I and B’ 

 

95 

Figure 2. B’ and B-I repeats are differentially methylated. 

(A) Genomic B-I and B’ DNA was digested with the methylation insensitive EcoRI and the 
methylation sensitive enzymes indicated. Examples of blots hybridized with the repeat probe 
are shown. Circles indicate fragments containing only repeat sequences, triangles indicate 
fragments carrying repeat and 3’ flanking DNA (hybridize to repeat and D1 probe). Open and 
filled symbols indicate fragments resulting of complete and incomplete digestion, respectively. 
Filled squares indicate fragments due to methylation of -nearly- all recognition sites. (B) 
Summary of the repeat DNA methylation data. The repeats are indicated by arrows. The gl2 b 
wt repeat contains a 129 bp insert relative to the B’, B-I sequence (indicated by interrupted 
box). The restriction sites used for DNA methylation analyses are indicated by vertical bars: A, 
AluI; B, BsmAI; C, EcoRI; E, HaeII & HhaI; H, HpaI; M, BamHI; P, PstI; S, Sau96I; U, 
Sau3AI. Subscripts discriminate the individual recognition sites that are present more than once 
each repeat. The degree of methylation of the various sites is indicated by color-coded squares: 
white, ~0%; yellow, ~25%; orange, ~50%; red, ~75%; brown-red, ~100% methylation. Sau96I 
sites of which the DNA methylation level could not be determined are indicated in grey. The 
dashed lines and numbers below the repeats indicate basepairs. (C) DNA derived from pooled 
shoots of germinating B-I, B’ and B-I/B’ F1 seeds was cut with PstI, AluI and Sau96AI in 
combination with EcoRI. Results with the repeat probe are shown. Note that the signals in the 
F1 lanes are derived from the B-I allele undergoing paramutation, and from the accompanying 
B’ allele. (D) Summary of the DNA methylation rate at the B-I repeats in the B-I/B’ F1. In 
shoot tissue the degree of repeat DNA methylation has been examined with all enzymes listed 
above. The methylation rate of PstI, AluI, Sau96AI and Sau3AI has in addition been tested on a 
developmental series (leaf 2, 4, 6, 7, 8, 10, 12, 14) derived from two individual F1 plants and 
from pooled material derived from 8-15 plants. Intermediate colors (dark yellow, dark red) are 
used to more precisely indicate the rate by which B-I acquires DNA methylation. 

ChIP: experimental approach  

To investigate the role of nucleosome occupancy and histone modifications, 

chromatin immunoprecipitation was combined with real-time quantitative PCR 

analysis (ChIP-QPCR;(Haring et al., 2007)). For the ChIP-QPCR assays, two 

different tissues were used: seedling and husk (Fig. 1A). Seedling tissue consists of 

complete seedlings of one month old of which the roots and exposed leaf blades are 

removed. In this tissue B-I is expressed at a low and B’ at an even lower level (Fig. 

1B). Husk tissue consists of the leaves surrounding the maize cob and is collected 

from plants of about three months old. In husk, B-I is expressed at a high and B’ at a 

low level (Fig. 1A and B). Neutral b1 alleles were not included in the ChIP-QPCR 

assays because of sequence differences affecting primer annealing. Various sequence 

regions at the b1 locus were examined by ChIP-QPCR: the repeats (R1-R6) and its 

flanking regions (5’R and 3’R), single copy sequences 41.9 and 40.5 kb upstream of 

the b1 coding region (Sc1 and Sc2), sequences proximal of the b1 coding region 

(5’b), the 5’ untranslated leader (UTR), and exon 3 (Ex3; see Fig. 1C for primer set 

locations). The 5’UTR of the actin1 gene (actin) and the reverse transcriptase 
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sequence of the Ty1 copia retrotransposable element (copia) served as a positive 

control for active (H3ac, H3K4me2) and repressed chromatin (H3K9me2, 

H3K27me2), respectively (Haring et al., 2007). They were included in every 

experiment to normalize the data. 

The B-I and B’ repeats show tissue-specific nucleosome displacement 

Nucleosome occupancy has been implicated to play an important role in the 

regulation of transcription (Rando and Ahmad, 2007, Yuan et al., 2005). To 

investigate nucleosome occupancy at the b1 locus, ChIP-QPCR experiments were 

performed using an antibody against an invariant domain of histone H3. Our 

experiments showed tissue-specific nucleosome displacement at the hepta-repeat, in 

B-I as well as B’ (Fig. 3), indicating nucleosome occupancy is involved in tissue-

specific regulation of b1 expression. In B-I seedling tissue (low b1 expression), H3 

ChIP signals were detected from R1 to R6, indicating the presence of nucleosomes 

along the entire repeat units. In B-I husk (high b1 expression), except at R5, the H3 

signals were significantly lower than in seedling (R1-R3 were 8-11 times lower), 

indicating nucleosome depletion at the repeats. These results were confirmed by 

DNAse I assays (data not shown) and point to a role for nucleosome depletion in the 

upregulation of b1 expression. In B’, in seedling tissue, nucleosomes were present 

along the entire repeat units. Intriguingly, in B’ husk we detected lower H3 signals 

than in seedling, while both tissues show a low b1 expression level. Significantly 

lower H3 ChIP signals were detected at one specific repeat region: R3. This indicates 

a localized displacement of one nucleosome each repeat unit, a displacement not 

associated with a significant change in b1 expression. In B-I seedling, the H3 ChIP 

signals were evenly distributed along the repeat sequence, suggesting random 

nucleosome occupancy. In contrast, in both B’ seedling and husk the H3 ChIP data 

indicate a non-random nucleosome distribution at the repeats, implying the presence 

of positioned nucleosomes. In B’ seedling, nucleosomes are positioned at R3 and the 

R6-R1 junction region, and in B’ husk at the R5-R1 region. The ordered arrangement 

of nucleosomes in the chromatin fiber is a hallmark for silent chromatin (Sun et al., 

2001). We propose that positioned nucleosomes in both B’ seedling and husk reflect 

the presence of silent chromatin, particularly at the highly DNA methylated B’ R6-R1 

junction region. 
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The B-I repeats show tissue-specific H3 acetylation  

H3ac and H3K4me2 are associated with actively transcribed genes and regulatory 

sequences (Barski et al., 2007)-(Schubeler et al., 2004, Bastow et al., 2004, Bernstein 

et al., 2005, Pokholok et al., 2005). To determine the role of H3ac and H3K4me2 in 

paramutation, ChIP-QPCR experiments were performed. We observed significant 

H3ac ChIP signals along the B-I hepta-repeat in high b1 expressing husk, but not in 

low b1 expressing seedling (R1-R6; Fig. 4A). The B’ repeats were not acetylated at 

histone H3, neither in seedling, nor in husk (Fig. 4B). These results are consistent 

with a model in which the hepta-repeat functions as a tissue-specific enhancer in B-I 

but not B’ (Stam et al., 2002b, Heintzman et al., 2007, Roh et al., 2007). Remarkably, 

the H3 acetylation signal levels showed a different distribution along the B-I hepta-

repeat than the histone H3 levels (compare Fig. 3A and 4A). R6 has a low 

nucleosome occupancy, but high H3ac levels. This indicates that nucleosomes at R6 

Figure 3. Tissue-specific nucleosome depletion at the B-I and B’ hepta-repeat. 

ChIP-QPCR was performed on seedling and husk tissue from B-I (A) and B’ plants (B), 
using an antibody against the H3 core. Black bars indicate the ChIP signal (H3), open bars 
the no-antibody immunoprecipitation. The b1 and actin ChIP values were normalized to the 
copia signals. The error bars indicate the SEM of at least four replicate experiments. Values 
significantly different from the background signal are indicated with one, two or three stars, 
specifying a 95% confidence interval, respectively.
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have a much higher probability to be acetylated than nucleosomes at other repeat 

regions, suggesting a localized, DNA sequence-specific targeting of H3ac. Notably, 

H3K4me2 was not detected at the hepta-repeat in any of the tissues examined (Fig. 

4C and D). 

The ChIP analyses revealed the presence of both H3ac and H3K4me2 at the b1 

transcription unit in B’ and B-I tissues (UTR, Ex3; Fig. 4). These results point to a 

transcriptionally permissive chromatin structure at the transcription unit of both 

epialleles (Sugiyama et al., 2007). The H3ac levels at the UTR and coding region 

were about 4-fold higher in the high B-I expressing husk than in the low b1 

expressing tissues (i.e. B-I and B’ seedling, and B’ husk), implying a positive 

correlation with the b1 expression level, which is in agreement with other studies (e.g. 

see (Schubeler et al., 2004, Pokholok et al., 2005)). Unlike observations reported for 

other systems, the H3K4me2 levels at the 5’UTR and coding region were comparable 

in all four tissues (Fig. 4C and D; UTR, Ex3) and thus not indicative for the b1 

expression level (Barski et al., 2007, Heintzman et al., 2007). In B-I husk, also all the 

other b1 regions tested (5’R, 3’R, Sc1, Sc2 and 5’b) exhibited significant H3ac ChIP 

signals, although the signal levels were lower than observed for the repeats, UTR and 

Ex3. This suggests that the tissue-specific activation of b1 in husk affects the 

chromatin state of the entire b1 locus. In conclusion, we propose that H3 acetylation 

at the repeats plays a role in the tissue-specific enhancement of b1 expression. 

The B’ repeats exhibit tissue-independent and tissue-specific acquisition of 

repressive marks 

Next, we examined the potential role of H3K9me2 and H3K27me2 in b1 

paramutation. Methylated histone H3 lysine 9 and 27 mark transcriptionally silenced, 

inactive chromatin (Barski et al., 2007, Fischer et al., 2006, Martin and Zhang, 2005, 

Ringrose and Paro, 2004). Chromatin silencing associated with H3K9me2 is tightly 

linked to DNA methylation (Esteve et al., 2006, Stancheva, 2005), whereas H3K27 

methylation is involved in the maintenance of PcG protein-mediated silencing 

(Bantignies and Cavalli, 2006, Peters and Schubeler, 2005, Bastow et al., 2004).  

Surprisingly, while the B’ repeats are DNA methylated in a tissue-independent 

manner (Fig. S1), they show tissue-specific regulation of H3K9me2. Significant 

H3K9me2 ChIP signals were observed at the B’ repeats (R1, R3, R6) and its 3’ 
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flanking sequences (3’R) in husk, but not in seedling (Fig. 5B). Epigenetic marks 

playing a role in the heritable maintenance of the B’ state should be tissue-

independent, those involved in tissue-specific regulation of b1 should be tissue-

specific, and those involved in trans-inactivation should be present in seedling. The 

detection of tissue-specific H3K9 dimethylation in B’ husk indicates that H3K9me2 is 

unlikely to play a role in the heritable maintenance of the B’ state and/or trans-

inactivation. Instead, it is likely to be involved in tissue-specific reinforcement of the 

silent B’ state. Importantly, the B’ repeats did show significant H3K27me2 signals in 

both seedling and husk (Fig. 5D and data not shown). H3K27me2 is thus, together 

with DNA methylation, a good candidate to define the heritable maintenance of the 

silenced B’ state and play a role in the trans-inactivation process. 

 

H3K9me2 and H3K27me2 are not evenly distributed along the B’ repeat units in husk 

tissue. In general, their signal levels follow the histone H3 levels (compare Fig. 3B, 

5B and 5D), suggesting that all nucleosomes along the B’ repeats have a similar 

probability to acquire H3K9me2 and H3K27me2. The R3 region is an exception and 

displays a high H3K9me2/H3 ratio compared to the other repeat regions (compare 

Fig. 3B and 5B). This indicates that nucleosomes present at R3 have a higher 

probability to be H3K9 dimethylated than nucleosomes at other regions, implying 

specific targeting of H3K9me2 to this chromosomal location. In both B’ seedling and 

husk tissue, significant H3K27me2, but not H3K9me2, was detected at the proximal 

5’ flanking sequences, 5’UTR and coding region of B’ (Fig. 5D; 5’b, UTR, Ex3). In 

line with the documented role of H3K27 methylation (Bantignies and Cavalli, 2006, 

Peters and Schubeler, 2005, Bastow et al., 2004), we propose that the H3K27me2 at 

the b1 transcription unit plays a role in the maintenance of the low expressed 

epigenetic B’ state. 

In conclusion, our results indicate that H3K27me2 is a good candidate to define the 

heritable maintenance of the silenced B’ state and importantly, that the trans-

inactivation mechanism involves H3K27-, but not H3K9 methylation.  
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Figure 4. Localization of H3ac and H3K4me2 at the B-I and B’ epiallele.  

ChIP-QPCR was performed on seedling and husk tissue from B-I (A, C) and B’ plants (B, D), 

using antibodies against histone H3ac (A, B) and H3K4me2 (C, D). The b1 and copia ChIP 

signals were normalized to the actin signals. The error bars indicate the SEM of at least three 

experiments. See legend Figure 3 for further details. propose that positioned nucleosomes in both 

B’ seedling and husk reflect the presence of silent chromatin, particularly at the highly DNA 

methylated B’ R6-R1 junction region. 
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Figure 5. Localization of H3K9me2 and H3K27me2 at the B-I and B’ epiallele.  

ChIP-QPCR was performed on seedling and husk tissue from B-I (A, C) and B’ plants (B, D), 

using an antibodies against H3K9me2 (A, B) and H3K27me (C, D). The b1 and actin ChIP 

signals were normalized to the copia signals. The error bars indicate the SEM of at least three 

experiments. See legend Figure 3 for further details. 
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Discussion 

In this study we examined the role of DNA methylation, nucleosome occupancy and 

histone modifications in b1 paramutation. Paramutation is characterized by three 

important features: the heritable epigenetic state of the alleles involved in 

paramutation, the effect of this epigenetic state on gene expression and the in trans 

inactivation process. By studying tissues at different points in development, we 

disentangled the epigenetic marks that are involved in tissue-specific regulation of  

b1, from those that define the heritable maintenance of B’ and play a role in the trans-

inactivation process. A hepta-repeat 100 kb upstream of the b1 coding region is 

required for paramutation as well as high B-I expression (Stam et al., 2002b, Stam et 

al., 2002c). Our data indicate that the hepta-repeat can act as a tissue-specific 

enhancer and that the enhancer function is active in B-I and silenced in B’. 

Nucleosome depletion and H3ac are indicated to play a role in tissue-specific 

activation of the enhancer function of the B-I repeats, while H3K9me2 tissue-

specifically reinforces the silent chromatin state at the B’ repeats. Importantly, we 

show that DNA- and H3K27-methylation at the B’ repeats are likely to define the 

meiotically heritable silent B’ state and play a role in the in trans-inactivation process. 

Epigenetic features are concentrated at the repeat junction regions  

Multiple tandem 853 bp repeats are required for paramutation and high expression 

(Stam et al., 2002b, Stam et al., 2002c) and they create repeat junction regions (Fig. 

2B). Our study indicates that these repeat junction regions play an important role in 

the epigenetic regulation of the B-I and B’ epialleles. The differences in DNA 

methylation and histone modifications between the B-I and B’ repeats are 

concentrated at the repeat junction regions (Fig. 2-5), and transcription at the hepta-

repeat is concentrated at the junction regions as well (Alleman et al., 2006). We 

postulate that the repetitiveness and the DNA sequence of the junction regions play an 

important role in enhancer activity in B-I and paramutation in B’. This amongst others 

explains why alleles with only a single 853 bp sequence can not participate in 

paramutation. The properties of the junction regions may trigger the binding of 

regulatory proteins mediating enhancement of expression or localized DNA 

methylation and histone modifications.  
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The B’ transcription unit carries both active and repressive chromatin marks 

The B-I and B’ promoter and coding regions do not show a difference in DNA 

methylation (Patterson et al., 1993). They do however have a different histone 

modification pattern. The transcription unit of both B’ and B-I carry H3ac and 

H3K4me2 (active chromatin; Fig. 4). B’ carries H3K27me2 in addition (silent 

chromatin; Fig. 5D). Chromatin regions carrying H3ac, H3K4me and H3K27me are 

called bivalent domains (Bernstein et al., 2006). Bivalent domains have been detected 

at the vernalization-responsive FLC gene in Arabidopsis (Bastow et al., 2004) and 

developmentally regulated genes in mammals, and they tend to coincide with genes 

expressed at low levels (Bernstein et al., 2006). Bivalent chromatin states have been 

proposed to poise genes for alternative developmental fates (Bernstein et al., 2006). 

Upon cell differentiation, such genes are activated or repressed and tend to lose the 

active, repressive or both types of marks; some remain bivalent. Our results imply that 

B’ belongs to the last category. B’ is expressed at a low level in all tissues examined 

((Patterson et al., 1993); Fig. S1) and has a bivalent chromatin structure at the b1 

transcription unit in the tissues looked at. We propose that the bivalent chromatin 

structure at the B’ transcription unit is involved in maintaining the low B’ expression 

state. 

DNA methylation and H3K27 methylation play a role in the heritable B’ state 

and in trans-inactivation 

DNA hypermethylation at the repeats is a likely candidate for the epigenetic mark 

defining the heritable B’ state. This is consistent with previous models (Dieguez et al., 

1998, Jaenisch and Bird, 2003). In addition, our data indicate DNA methylation as an 

epigenetic mark playing a role in the trans-inactivation process. Epigenetic marks 

playing a role in the maintenance of the epigenetic B’ state should be present in all 

tissues examined, while the marks involved in the trans-inactivation should at least be 

present early in development. First of all, the B’ repeats are DNA hypermethylated 

compared to the B-I repeats in all tissues and developmental stages examined (Fig. 2; 

Figures S1 and S2). Furthermore, in a B’/B-I heterozygote, the B-I repeats (which has 

low methylation levels) are DNA methylated early during development. Together, the 
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data indicate that DNA methylation is involved in maintaining the silent B’ state and 

plays a role in trans-inactivation. 

 Besides DNA methylation, H3K27 methylation is likely to be involved in the 

heritable maintenance of the B’ state and in trans-inactivation. In agreement with this 

idea, H3K27 methylation is present at the B’ repeats in both seedling and husk (Fig. 

5D), and it has been implicated in the heritable maintenance of silencing mediated by 

PcG-proteins and in physical in trans-interactions and pairing-dependent silencing 

(Martin and Zhang, 2005, Bantignies and Cavalli, 2006) (Peters and Schubeler, 2005, 

Bastow et al., 2004, Bantignies et al., 2003)-(Lavigne et al., 2004, Gehring et al., 

2006). Furthermore, mechanistic links have been reported between DNA methylation 

and H3K27 methylation and PcG protein-mediated silencing  (Hernandez-Munoz et 

al., 2005, Lindroth et al., 2004, Sakamoto et al., 2007, Vire et al., 2006). Therefore, 

DNA methylation as well as H3K27 methylation are likely to define the heritable 

maintenance of the B’ state and play a role in the trans-inactivation.  

 Recent data showed that RNAs are required, but not sufficient to establish 

and maintain the B’ epigenetic state ((Alleman et al., 2006); M. Arteaga-Vasquez and 

V.L.Chandler, personal communication). Repeat siRNAs are produced from B’, but 

also from B-I and a neutral b1 allele. This is reminiscent of the production of tandem 

repeat siRNAs from the silenced and active FWA locus in Arabidopsis (Chan et al., 

2006). Only the silenced FWA locus recruits siRNA-directed DNA methylation 

(RdDM), which reinforces the inactive FWA state. The authors postulated that the 

susceptibility to RdDM is determined by features of the siRNA-producing locus, such 

as DNA methylation and chromatin structure. In analogy, we hypothesize that the 

DNA methylation and H3K27 methylation present at the B’ and not the B-I repeats 

(Fig. 2 and 5) facilitate RdDM, which reinforces DNA methylation and thereby the 

heritable epigenetic state of the B’ epiallele (Fig. 6). Interestingly, the RNAi 

machinery is shown to be required for PcG-mediated silencing, and more specifically 

for the maintenance of long-range physical interactions (Grimaud et al., 2006). We 

therefore propose that the RNAi machinery and PcG-like proteins together mediate 

physical in trans-interactions between the B’ and B-I repeats, resulting in the transfer 

of the heritable epigenetic B’ state to B-I. Further studies are needed to investigate this 

hypothesis.  
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 A positive feedback loop between DNA and H3K9 methylation has been 

reported in several studies (Esteve et al., 2006, Stancheva, 2005, Johnson et al., 2007). 

Remarkably, at the B’ hepta-repeat, DNA methylation is present in seedling and husk, 

whereas H3K9me2 was only detected in husk. This indicates that the mere presence 

of methylated cytosines is not sufficient to recruit H3K9me2 to the hepta-repeat. We 

propose that the observed nucleosome displacement at the B’ repeats in husk reflects 

the binding of a silencing protein complex that has H3K9 methyltransferase activity. 

Histone modifications are tissue-specifically regulated at the b1 repeats 

The chromatin structure at the hepta-repeat is regulated in a tissue-specific manner in 

both B-I and B’. Our data fit a model in which the B-I hepta-repeat functions as a 

tissue-specific enhancer whose activity is associated with nucleosome depletion and 

histone H3 acetylation (Figures 3A and 4A; (Lee et al., 2004a, Workman, 2006, 

Heintzman et al., 2007, Roh et al., 2007, Calestagne-Morelli and Ausio, 2006)).The 

accessibility of DNA to regulatory proteins is increased by nucleosome displacement, 

and histone acetylation is considered to facilitate the formation of active chromatin by 

weakening histone-DNA interactions. Our results support a model in which the 

enhancer function of the hepta-repeat is activated by the binding of one or more 

tissue-specific transcription factors (TF, Fig. 6A). Such factors may recruit chromatin 

remodeling and histone acetyltransferase (HAT) activities, resulting in nucleosome 

eviction and histone acetylation. Together, these processes create a chromatin 

structure at the repeats that mediates enhancement of expression of the b1 coding 

region 100 kb downstream. 

The chromatin structure at the B’ hepta-repeat is tissue-specifically regulated as well 

(Fig. 6B). The B’ repeats display nucleosome eviction and H3K9 dimethylation in 

husk but not in seedling tissue (Figures 3B, 5B and 5D). This indicates that H3K9me2 

does not play a role in the heritable maintenance of the B’ state and in the trans-

inactivation process. Others have reported tissue-specific H3K9 methylation as well, 

but in those cases the gain of H3K9 methylation was associated with tissue-specific 

transcriptional repression (Bastow et al., 2004, Kim and Dean, 2004). In contrast, at 

the b1 locus H3K9me2 appears at sequences that are already in an inactive chromatin 

state, ilustrated by the presence of DNA- and H3K27 methylation. We hypothesize 

that the tissue-specific transcription factor postulated to regulate the B-I repeats also 
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mediates changes in nucleosome occupancy and histone modifications at the B’ 

repeats (Fig. 6). Upon localized nucleosome displacement, the silent chromatin state 

of the B’ repeats however prevents proteins involved in enhancer activity from 

binding. 

Instead, proteins with H3K9me2 histone methyltransferase activity are recruited, 

resulting in tissue-specific reinforcement of the existing silent B’ chromatin state. To 

our knowledge, this is the first example of tissue-specific reinforcement of an inactive 

chromatin state.  

 In conclusion, we have unravelled the role of specific epigenetic marks in the 

tissue-specific regulation of B-I and B’, the heritable maintenance of the B’ state and 

in the trans-inactivation process. Nucleosome occupancy, H3ac and H3K9me2 do not 

define the B’ epigenetic state and are unlikely to play a role in the mechanism 

underlying trans-inactivation. Instead, they are involved in the tissue-specific 

regulation of b1, activating the enhancer function at the B-I repeats, and reinforcing 

the silent chromatin state at the B’ repeats. We provide evidence that DNA 

methylation and H3K27 methylation define the meiotically heritable B’ state and play 

a role in trans-inactivation. Importantly, H3K27 methylation points to a role for PcG-

like proteins in the trans-inactivation process, which suggests that paramutation in 

maize is mechanistically related to long-range chromosomal interactions in other 

organisms, including Drosophila. Future studies aim at resolving the exact 

mechanism underlying the in trans interactions.  
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Figure 6. Tissue-specific regulation 

of B-I and B’ hepta-repeat 

chromatin state.  

(A) B-I repeat model. Part of the 

hepta-repeat is shown. The enhancer at 

the B-I repeats is tissue-specifically 

activated by binding of a transcription 

factor (TF) and the recruitment of 

proteins with nucleosome 

displacement, histone 

acetyltransferase and enhancer activity 

(activation complex). Repeat 

transcripts are produced by 

polymerase (Pol), made double-

stranded by RdRP, and subsequently 

converted into siRNAs. The B-I repeat 

chromatin state is however not 

susceptible for siRNA-directed DNA 

methylation (RdDM). (B) B’ repeat 

model. The B’ repeat junction regions 

are DNA and H3K27 methylated. The 

produced repeat siRNAs result in 

RdDM of the B’ repeats. The same 

tissue-specific transcription factor 

regulating the B-I repeats, regulates 

the B’ repeats. Due to the inactive B’ 

repeat chromatin state this results in 

recruitment of proteins with 
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Materials and Methods 

Plant stocks 

All plant stocks had dominant functional alleles for all the anthocyanin biosynthetic 

genes required in vegetative plant tissues. Stocks containing the b1 alleles B-I, B’, B-

Peru and gl2 b wt (K55, W22, W23), were obtained from V.L. Chandler (University 

of Arizona).  

Genomic DNA analyses 

To examine DNA methylation pattterns, genomic DNA was isolated from various 

plant tissues (roots and shoots -up to 1 cm- derived from germinating seeds, and 

leaves, husk and tassel) at different stages of development (from germinating seeds up 

to flowering plants). Four to five µg of DNA was digested with several enzyme 

combinations according to the product specifications, size fractionated by 

electrophoresis in 0.5x TBE agarose gels, followed by DNA blot analyses (Stam et 

al., 1997) using UV fixation. The probes used (see also Fig. 1C) are probe A, the 

repeat (and subfragments thereof), D1, D2 (Stam et al., 2002b), 21 (800 bp single 

copy fragment;(Stam et al., 2002c)), and B’v1.6 (Patterson et al., 1995). If needed for 

data interpretation, relative band intensities were quantified using a phosphorimager 

and ImageQuant software (Storm, GE Healthcare). 

ChIP-QPCR experiments 

Chromatin immunoprecipitation was performed as described (Haring et al., 2007) 

with minor modifications. In short, maize leaf nuclei were isolated and crosslinked 

using formaldehyde. The nuclei were sonicated using a probe sonicator at 3 µm 

amplitude. The soluble chromatin fraction was used in immunoprecipitation 

experiments using antibodies against H3K4me2 (Upstate #07-030, Upstate USA, 

Chicago, USA), H3K9ac/K14ac (Upstate #06-599), H3K9me2 (Upstate #07-441), 

H3K27me2 (Upstate #07-452) and histone H3 (Abcam #ab6002, Abcam plc, 

Cambridge, UK). DNA was isolated using a spin column purification kit (Qiagen, 

Hilden, Germany) and analyzed using quantitative (real time) PCR (see Table S1 for 

the primers used). 5 µl DNA template was amplified using the Platinum SYBR Green 

qPCR supermix-UDG (Invitrogen) in a 25 µl qPCR reaction according to the 
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manufacturer’s protocol. In all experiments, input samples and no-antibody controls 

were taken along for every primer set used. The samples were amplified using an 

Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, 

USA), and quantified using a calibration line made of DNA isolated from crosslinked, 

sonicated B’ chromatin. The quantified b1 data were normalized to the quantified 

actin (genbank #J01238; H3K4me2 and H3K9ac/K14ac data) or copia data (genbank 

#AF398212; H3K9me2, H3K27me2 and H3 data) using the following formula: ChIP 

Sample quantified/Calibrator Sample quantified = ChIP Sample normalized. All ChIP-QPCR 

experiments were repeated at least three times with chromatin from different plants. 

For each normalized data point the mean and standard error were calculated. For 

statistical analysis, a student’s T-test was used with a 95% confidence interval.  

 RNA analysis 

Total-RNA was isolated by the TRIzol method (Invitrogen) from liquid N2-ground 

aliquots of the plant tissues used for ChIP analyses. Five µg RNA was treated with 1 

unit RNAse-free DNAse (Roche) for 20 min at room temperature in 1xPCR buffer. 

cDNA was synthesized using the ImProm-II Reverse Transcriptase (RT) kit 

(Promega, Madison, USA) according to the manufacturer’s protocol, and analyzed by 

QPCR with primers recognizing b1 and actin transcripts (see Table S1 for the primers 

used). To ensure mRNA was examined, the primer sets spanned an intron. The b1 

data were normalized to the actin values.  
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 Figure S1: Detailed representation of the DNA methylation data obtained for B’. 

Every site that is checked for a specific sample is indicated. The degree of DNA 

methylation of the various restriction sites is indicated by color-coding: ~0%, white 

with x; ~25%, yellow; ~50%, orange; ~75%, red; ~100% methylation, dark red. 

Empty cells specify the restriction sites not examined for the indicated samples. 

 

epiallele Alu I
PstI site 

1
Sau96I 
site 1

Sau3AI 
site 1

BsmA1 
site 1

Sau3AI 
site 2

Sau96I 
site 2

Sau96I 
site 3

BsmAI 
site 2

Sau3AI 
site 3 HpaI

PstI site 
2 HaeII HhaI plant tissue

B' x x MS773-A leaf; plant nearly flowering, no tassel visible yet
B' x x MS773-B leaf; plant nearly flowering, no tassel visible yet
B' x x MS772-A leaf; plant nearly flowering, no tassel visible yet
B' x x MS772-B leaf; plant nearly flowering, no tassel visible yet
B' x x MS839-A leaf; tassel visible
B' x x MS839 husk
B' x x MS839-B leaf; plant nearly flowering, no tassel visible yet
B' x x MS839-C leaf; plant nearly flowering, no tassel visible yet
B' x x MS840-A leaf; tassel visible
B' x x MS840-B leaf; tassel visible
B' x x MS840-C leaf; plant nearly flowering, no tassel visible yet
B' x x MS840-D leaf; plant nearly flowering, no tassel visible yet
B' x x MS1347-1 leaf seedling
B' x x MS1347-2 leaf seedling
B' x x MS1347-3 leaf seedling
B' x x MS1347-4 leaf seedling
B' x x MS1347-1 top-leaf of plant with ~9 leafs
B' x x MS1347-2 top-leaf of plant with ~9 leafs
B' x x MS1347-3 top-leaf of plant with ~9 leafs
B' x x MS1347-4 top-leaf of plant with ~9 leafs
B' x x MS1206-1 leaf; seedling in field
B' x x 1210x1206 pooled roots of germinated seeds of indicated cross
B' x x 1210x1206 pooled shoots of germinated seeds of indicated cross
B' MS1376-1 husk 
B' MS1376-1 tassel (just shed)
B' MS1376-1 leaf 2-14 dev series; leaves looked at separately
B' MS1376-3 leaf 2-14 dev series; leaves looked at separately
B' MS1408 leaf 1-16 dev series; leaves looked at separately
B' x MS1408A leaf
B' x MS1408B leaf
B' x MS1408C leaf
B' x MS1408D leaf
B' MX9B leaf
B' x MX12A leaf
B' x MX12C leaf
B' x MX12D leaf
B' x x x MX15-2 leaf
B' x MX15-3 leaf
B' x MX15-4 leaf
B' x x x MX15-5 leaf
B' x MX15-6 leaf
B' x MS1418 pooled shoots of just germinated seeds 
B' x x x MS1432-4 leaf 6, 8 & 10 bulked
B' x x x MS1432 leaf 6 of three plants bulked
B' x ML23 husk; tassel visible
B' x MS1432-2 husk; silks visible
B' x MS1432-4 husk; tassel visible, no anthers
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Figure S2: Detailed representation of the DNA methylation data obtained for B-I. 

Every site that is checked for a specific sample is indicated. The degree of DNA 

methylation of the various restriction sites is indicated by color-coding: ~0%, white 

with x; ~25%, yellow; ~50%, orange; ~75%, red; ~100% methylation, dark red. 

Empty cells specify the restriction sites not examined for the indicated samples. 

 

 

epiallele Alu I
PstI site 

1
Sau96I 
site 1

Sau3AI 
site 1

BsmA1 
site 1

Sau3AI 
site 2

Sau96I 
site 2

Sau96I 
site 3

BsmAI 
site 2

Sau3AI 
site 3 HpaI

PstI site 
2 HaeII HhaI plant tissue

B-I x x x MS837-A leaf; tassel visible
B-I x x x MS837-B leaf; tassel visible
B-I x x x MS837 husk
B-I x x x x MS838 husk
B-I x x MS838 leaf; no tassel visible
B-I x x x N455-A leaf; B73
B-I x x x x N455-B leaf; B73
B-I x x MS1346-1 leaf seedling
B-I x MS1346-2 leaf seedling
B-I x MS1346-3 leaf seedling
B-I x MS1346-4 leaf seedling
B-I x x x MS1346-1 top-leaf of plant with ~9 leafs
B-I x x MS1346-2 top-leaf of plant with ~9 leafs
B-I x MS1346-3 top-leaf of plant with ~9 leafs
B-I x MS1346-4 top-leaf of plant with ~9 leafs
B-I x x MS770-A leaf; plant nearly flowering, no tassel visible yet
B-I x x MS770-B leaf; tassel visible
B-I x x x MS1208-1 leaf; seedling in field
B-I x x x MS1208-2 leaf; seedling in field
B-I x x MS771 leaf; tassel visible
B-I x MS1352-2 leaf 3 of plant with ~9 leafs
B-I x x x MS1048x pooled shoots of germinated seeds of indicated cross
B-I x MS1048x pooled roots of germinated seeds of indicated cross
B-I x x MS1375-1 leaf 2-13 dev series; leaves looked at separately
B-I x x MS1375-1 husk 
B-I x x MS1375-1 tassel (just shed)
B-I x x MS1375-4 leaf 2-13 dev series; leaves looked at separately
B-I x x MS1407 leaf 1-16 dev series; leaves looked at separately
B-I x MS1407-A leaf
B-I x MS1407-B leaf
B-I x x MS1407-C leaf
B-I x x x x x MS1407-D leaf
B-I x x x x x MX10-A leaf
B-I x x x x x MX10-B leaf
B-I x x x x x MX16-1 leaf
B-I x x x x x x x x MX16-2 leaf
B-I x x x x x x x x ML7 leaved pooled
B-I x x x MX20 leaf
B-I x x x MX22 leaf
B-I x x x x x x x MS1416 pooled shoots of germinated seeds
B-I x x x x x x x x MX53 leaf 6, 8 & 10 bulked
B-I x x x x x x x x MS1444 leaf 7, 9 & 11 bulked
B-I x x x x x x x ML18-2 husk; tassel visible
B-I x x x x x x x MS1444 husk
B-I x x MS1433 husk; no tassel visible
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Figure S3: Detailed representation of the DNA methylation data obtained for B-P. 

See legend Figure S1 for more details.  

 

Figure S4: Detailed representation of the DNA methylation data obtained for gl2 b wt 

(K55, W22 or W23/K55 genetic background). See legend Figure S1 for more details. 

 

genotype HaeII HhaI AluI
PstI 

site 1
Sau96I 
site 1

Sau3AI 
site 1

BsmA1 
site 1

Sau3AI 
site 2

Sau96I 
site 2

Sau96I 
site 3

Sau96I 
site c

BsmA1 
site 2

Sau3AI 
site 3 HpaI

PstI 
site 2 plant tissue

BP x x x x MS1205-1 seedling leaf
BP x x x x MS1205-2 seedling leaf
BP x x x MS1216-1 seedling leaf B73
BP x x x MS1216-2 seedling leaf B73
BP x x x x B73 leaf B73
BP x x x x MS842 leaf
BP x x x x MS842 husk
BP x x x MS1419 shoots from just germi
BP x x x MS1420-1 Leaf 6
BP x x x x x x x MS1420-2 Leaf 6A
BP x x x MS1420-3 Leaf 6
BP x x x MS1420-4 Leaf 6A
BP x x x x MS1428-1 Leaf 6
BP x x x x MS1428-2 Leaf 6
BP x x x x MS1428-4 Leaf 6
BP x x x x x x MS1428-5 Leaf 6

genotype HaeII HhaI
AluI 

site 1
PstI 

site 1
Sau96I 
site 1

Sau3AI 
site 1

BsmA1 
site 1

Sau3AI 
site 2

Sau96I 
site 2

Sau96I 
site 3

Sau96I 
site c

BsmA1 
site 2

Sau3AI 
site 3

AluI 
site 2

AluI 
site 3 HpaI

PstI 
site 2 plant tiss

b - W22 x x x MS1423 Lea
b - W22 x x x x x x x x MS1423-1 Lea
b - W22 x x x x x x x x x x MS1423-2 Lea
b - W22 x x x x x MS1423-3 Lea
b - W22 x x x x x MS1423-4 Lea

b VS 9 hus
b - K55 x x x MS1422 Lea
b - K55 x x x x x MS1422-1 Lea
b - K55 x x x x MS1429-5 Lea

b-W23/K55 x x x x x x x x x MS1430-2 Lea
b-W23/K55 x x x x x x MS1430-4 Lea
b-W23/K55 x x x x MS1430-5 Lea
b-W23/K55 x x x x MS1430-6 Lea
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Figure S5: Consensus, double-stranded DNA sequence of 2nd-6th repeat with the 

symmetric CpG dinucleotides highlighted in green, CNG residues in blue and 

asymmetric C nucleotides in yellow. The methylation sensitive restriction sites 

studied are shown in bold italics. To clearly indicate the HaeII/HhaI sites, the repeat 

sequence is extended 3 nucleotides into the next repeat. The repeat junction region is 

underlined. 
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Table S1. List of primers used for ChIP 
___________________________________________________________________________ 

Name  description Sequence      

  

___________________________________________________________________________ 

M85  5’ Fw   5’-CTC GGG GTC AAA TGG ACG G-3’     

M317  5’ Rev   5’-GCG GTC ACA ACC TTT TCA GAT C-3’ 

M12  R1 Fw  5’-GGT TTG CTG CAT CCT TGA CC-3’   

M295  R1 Rev  5’-CTG CAC AGG CTG CAG CAG-3’   

M111  R2 Fw  5’-GTG GAC AAA TAG TGC ATT CAC CTC AC-3’ 

M296  R2 Rev  5’-GAA ACT GAA CTA ACC AAT GTG GCT-3’ 

M297  R3 Fw  5’-CAA GAT CCA TTG AAC ATC TTG TCC-3’ 

M10  R3 Rev  5’-CAT GTG TGA GGG TGA TGC TGC G-3’ 

M11  R4 Fw  5’-CTA TGC TCG TGC GAA GGG TGG TC-3’ 

M298  R4 Rev  5’-CAG ATC CCC TAT CTA ATC CCA TGT-3’  

M668  R5 Fw  5’-GCG GGT GAC CAG TGT TT-3’ 

M669  R5 Rev  5’-GAC CTC TTG GAG CCC TCT AAT TTG-3’ 

M112  R6 Fw  5’-CAA ATT AGA GGG CTC CAA GAG GTC-3’ 

M15  R6 Rev  5’-GTT GTG TAC TGC AGT GTT AGG TAG-3’ 

M323  3’ Fw  5’-GTA ATC TAC ACT CCC TAG CGT ACC G-3’ 

M5  3’ Rev  5’-AGG AGT ATA GTT GTC CGC CC-3’ 

M611  Sc1 Fw  5’-ACC AGT CCA ACC TAG CTT GGA AT-3’ 

M334  Sc1 Rev  5’-GTC ATT GCG TGC GGC TAT C-3’ 

M708  Sc2 Fw  5’-CAC AAG GTT CTG AAA GTC GCT A-3’ 

M707  Sc2 Rev  5’-CTC GTT CTA ACA CTA ACA CGG AGT T-3’ 

M119  Pro Fw  5’-GGT GTG CAC ACC ATT AAT TGA-3’ 

M102  Pro Rev  5’-CGA TAT TTT GGT GAA AAC TGT TC-3’ 

M108  UTR Fw  5’-CTC TTC TGA TCT TCT TCA CCG TCT C-3’ 

M44  UTR Rev   5’-ATT CCC GGG CGG CCG CGC CTT ACT AAT CCT TC-3’ 

M120  Ex3 Fw  5’-ACC AGC TGC TCA TGC AGA GGA-3’ 

M121  Ex3 Rev  5’-AGG AAG GCG TAG GTC ATG CAG AT-3’ 

M70  Actin Fw  5’-TTT AAG GCT GCT GTA CTG CTG TAG A-3’ 

M414  Actin Rev  5’-CAC TTT CTG CTC ATG GTT TAA GG-3’ 

M688  Copia Fw  5’-CGA TGT GAA GAC AGC ATT CCT-3’ 

M689  Copia Rev  5’-CTC AAG TGA CAT CCC ATG TGT-3’ 

___________________________________________________________________________ 

Table S2. List of primers used for RT-QPCR  

___________________________________________________________________________ 

Name  description     Sequence      

  

___________________________________________________________________________ 

M682  b1-ex7 Fw       5’-TCA ACG AGA TGT TCC TCG TTC T-3’ 

M683  b1-ex8 Rev      5’-GTT TGG CGA GGA TGG ATG-3’ 

M358  actin-ex1 Fw      5’-CCT ATC GTA TGT GAC AAT GGC ACT-3’   

M305  actin-ex2 Rev      5’-GCC TCA TCA CCT ACG TAG GCA T-3’   

___________________________________________________________________________ 

 



Chapter 3 

 

118 

 



Chromatin analysis of B’ mop1 119 

 

Chapter 4 

 

MOP1 affects DNA methylation, nucleosome occupancy, histone 

modifications and chromatin conformation at the b1 allele involved 

in paramutation 

 

Max Haring, Marieke Louwers, Rechien Bader, Roel van Driel and 

Maike Stam 

 

Swammerdam Institute for Life Sciences, Universiteit van Amsterdam, 

Kruislaan 318, 1098 SM Amsterdam, The Netherlands. 

 

 

 

 

 

 

 

 

In preparation



Chapter 4 120 

Abstract 

B’ and B-I are two tissue-specifically regulated epialleles of the maize b1 gene. B-I 

expresses the b1 gene at a high level, B’ at a low level. When combined in one 

nucleus changes B-I into B’ in a process called paramutation. A hepta-repeat ~100 kb 

upstream of the b1 coding region is required for paramutation and for high b1 

expression. A mutation in the mediator of paramutation1 (Mop1) gene prevents 

paramutation and up-regulates the expression level of the B’ epiallele. Our data 

underscore the importance of DNA methylation in the maintenance of the B’ 

epigenetic state, and we provide evidence that MOP1 maintains the repeat DNA 

methylation pattern and is required for tissue-specific chromatin remodeling at the 

hepta-repeat. Furthermore we show that in the absence of MOP1, the chromatin 

conformation of the B’ epiallele resembles the B-I multi-loop structure mediating high 

b1 transcription. Our results uncover an intricate interplay between active and silent 

epigenetic features present at the b1 locus in a mop1 background, resulting in elevated 

expression of B’. We conclude that MOP1 is essential to maintain the B’ silent 

chromatin state. 

Introduction 

Epigenetic gene regulation involves heritable, yet reversible changes in gene 

expression that occur without changes in DNA sequence. Meiotically heritable 

epigenetic changes in gene expression that are caused by trans-interactions between 

homologous alleles are known as paramutation (Brink, 1956). Paramutation and 

paramutation-like phenomena have been described for both endogenous genes and 

transgenes, in several plants as well as in fungi and mammals (reviewed in Chandler 

and Stam, 2004; Louwers etal, 2005; Stam and Mittelsten Scheid, 2005). For maize, 

paramutation has been described for four different loci, all affecting plant 

pigmentation; the booster1 (b1) locus is one of them. 

Several b1 alleles are known (Selinger and Chandler, 1999) and most of them do not 

participate in paramutation; they are called neutral alleles. So far, paramutation has 

only been observed between two b1 alleles, B’ and B-I. Interestingly, there are no 

differences in DNA sequence between them: they are epialleles (Stam et al., 2002a). 

The B’ epiallele gives rise to a weakly pigmented plant, while the B-I epiallele gives 
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rise to a dark, purple pigmented plant. In a B’/B-I heterozygote, B’ and B-I 

communicate in trans; the B’ allele heritably changes the B-I allele into B’, 

concomitantly reducing the transcription rate of B-I 10 to 20-fold. This new B’ allele 

is fully capable of changing B-I into B’ in subsequent generations. Multiple tandem 

copies of an 853 bp sequence, located ~ 100kb upstream of the transcription start site, 

are required for both the high expression level of B-I and for paramutation (Stam et 

al., 2002a; Stam et al., 2002b). The B-I and B’ epialleles contain seven copies of the 

853bp sequence and here they will be referred to as the hepta-repeat. Neutral alleles 

contain only one copy of this 853bp sequence. B-I and B’ differ in expression level 

and consistent with their respective expression levels, B-I is more nuclease-sensitive 

at the transcription start than B’ (Chandler et al., 2000; Stam et al., 2002a). The 

promoter and coding region of B-I and B’ do however exhibit the same DNA 

methylation pattern (Patterson et al., 1993). The B’ hepta-repeat carries H3K27 

dimethylation and is DNA hypermethylated in a tissue-independent manner (chapter 

3). DNA and H3K27 methylation are involved in chromatin silencing (Bantignies and 

Cavalli, 2006; Dieguez et al., 1998; Jaenisch and Bird, 2003; Peters and Schubeler, 

2005) and are proposed to play a role in maintaining the silent epigenetic B’ state. 

Apart from these tissue-independent marks in B’, both the B’ and the B-I epiallele are 

regulated in a tissue-specific manner (chapter 3; Louwers 2008., chapter 3). In B-I this 

involves nucleosome depletion and active H3 acetylation marks at the hepta-repeat, in 

line with the B-I hepta-repeat acting as a tissue-specific enhancer. Furthermore, there 

is tissue-specific formation of a DNA multi-loop structure between the hepta-repeat, 

the transcription start site (TSS) region and additional, expression level-specific 

regulatory regions within the b1 chromatin domain (Louwers 2008., chapter 3). In B’ 

plants, the hepta-repeat shows limited nucleosome depletion and is H3K9 

dimethylated (silent chromatin mark; Stancheva, 2005) in a tissue-specific manner, 

reinforcing the silent B’ state. At the B’ epiallele only the hepta-repeat region 

interacts, in a tissue-specific manner, with the TSS region, resulting in the formation 

of a single chromatin loop. It has been speculated that the tissue-specific regulation at 

the b1 locus is mediated by a tissue-specific transcription factor (chapter 3, Louwers 

2008,).  
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To unravel the underlying mechanisms of paramutation, we make use of the mediator 

of paramutation1-1 (mop1-1) mutation that prevents establishment of paramutation at 

three different maize loci, including the b1 locus (Dorweiler et al., 2000). Mop1 also 

influences transposon DNA methylation and silencing (Lisch et al., 2002). At the b1 

locus, wild-type MOP1 is required for the establishment and maintenance of the B’ 

epigenetic state. In a mop1-1 mutant background, the B’ allele no longer changes B-I 

in B’ and the expression of the B’ allele is 3-4 times increased (Dorweiler et al., 2000; 

see Fig. 1). We will refer to this expression level as intermediate. The epigenetic 

memory of B’ is not affected by mop1-1; when the mutation is crossed out, the B’ 

epigenetic state is restored, including the ability to change B-I into B’. The Mop1 gene 

encodes an RNA-dependent RNA polymerase (RdRP; Alleman et al., 2006; 

Woodhouse et al., 2006), which is most similar to RNA-DEPENDENT RNA 

POLYMERASE 2 (RDR2) in Arabidopsis. RDR2 is associated with the production of 

short interfering RNAs (siRNA) that play a role in RNA-dependent DNA methylation 

of repeats (RdDM; Chan et al., 2004; Kasschau et al., 2007; Lu et al., 2006; Xie et al., 

2004; Zilberman et al., 2003). The b1 hepta-repeat is transcribed (Alleman et al., 

2006) and siRNAs are produced (M Arteaga-Vasquez and VL Chandler, personal 

communication). In B’mop1-1, the production of siRNAs is reduced (M Arteaga-

Vasquez and VL Chandler, personal communication). This indicates a role for RNA 

in paramutation. However, not only the repeats of B’, but also those of B-I and a 

neutral b1 allele are transcribed, and at comparable levels (Alleman et al., 2006). In 

addition, repeat siRNAs are detected from all three alleles (M Arteaga-Vasquez and 

VL Chandler, personal communication). These data suggest that the production of 

siRNA is required, but not sufficient for paramutation to occur. A study on the FWA 

locus in Arabidopsis (Chan et al., 2006) indicates that specific DNA and/or chromatin 

modifications at the repeats might play a role as well.  

To gain a better understanding of the epigenetic regulation of the B’ and B-I epiallele, 

we analyzed the effect of the mop1-1 mutation on DNA methylation, histone marks, 

nucleosome density and chromatin looping at the B’ epiallele. 



Chromatin analysis of B’ mop1 123 

 

Figure 1. Expression level of tissues analyzed in ChIP, 3C and FAIRE 

RNA blot analyses of RNA isolated from B-I, B’Mop1 and B’mop1-1 husk tissue (see pictures 
for tissues used). The blots were hybridized with probes recognizing the coding region of b1 
and Sam. The probe used for the b1 expression recognized exons 7, 8 and 9 and the arrow left 
of the blot indicates the correct band. The probe used for Sam is indicated in Fig. 4a. The bar 
graph right of the blots shows the b1 transcript levels normalized to the Sam transcript levels. 
The band-intensities of the full-length b1 and Sam transcripts were quantified, the background 
signals subtracted and the b1/Sam ratio calculated. 
 

The intermediate expression level of B’ in the mutant background presents an 

interesting starting point to evaluate the role of epigenetic regulation in chromatin 

looping and the regulation of b1 expression. In this paper we provide evidence that 

DNA methylation maintains the silent B’ epigenetic state. Our results uncover an 

intricate interplay between active and silent epigenetic features ultimately resulting in 

an elevated B’ expression level in a mop1 mutant. In the absence of MOP1, the 

chromosome conformation of the B’ epiallele resembles the B-I multi-loop structure 

mediating high b1 transcription. Our analyses show that MOP1 maintains the B’ silent 

chromatin state. 

Results 

DNA methylation is a candidate to determine the epigenetic B’ state 

To test if DNA methylation is a reasonable candidate to determine the heritable 

maintenance of the B’ epigenetic state, we analyzed the methylation pattern at the B’ 

hepta-repeat in a homozygous mop1-1 mutant. In mop1-1, paramutation is prevented, 

the B’ expression level is 3-4 times increased (Fig. 1) and the B’ epigenetic memory is 
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maintained. In case DNA methylation at the hepta-repeat plays a role in the 

maintenance of the silent B’ state, a minimal level of DNA methylation should be 

retained in the mutant. Genomic DNA was isolated from leaf and husk tissue of 26 

individuals, at different stages of development (chapter 3). The DNA was digested 

with several DNA methylation-sensitive enzymes (Fig. 2) and EcoRI or BamHI, to 

release a fragment spanning all seven tandem repeats. The digested DNA was 

subjected to DNA blot analyses, using repeat fragments as a probe. To test for 

complete digestion, probes flanking the hepta-repeat were hybridized to the blots 

(data not shown).  

In B’mop1-1, we observed DNA demethylation at the B’ repeat-junction region (Fig. 

2). The restriction sites tested at the repeat-junction region contain mainly non-CG 

sites (Fig. S2). The demethylation process appeared stochastic: it is different between 

plants and between restriction sites (chapter 3, supplemental data). Although different 

from the consensus B’ methylation pattern, the hepta-repeat is still DNA methylated 

(Fig. 2). The data thus fit the current view that DNA methylation plays an important 

role in the maintenance of the B’ epigenetic state. Our data suggest that MOP1 is 

involved in maintaining non-CG methylation at the hepta-repeat junction. This is in 

line with the role of the closest homologue of MOP1 in Arabidopsis, RDR2, in de 

novo methylation of CG and non-CG methylation, and in the maintenance of non-CG 

methylation. The demethylation of the mainly non-CG sites at the hepta-repeat is 

moderate, indicating that, non-CG DNA methylation at the hepta-repeat is, in 

addition, maintained via other pathways. In addition to the observed DNA 

demethylation at the repeat junction region in a mop1-1 mutant background, we 

detected stochastic DNA hypermethylation exclusively of CG sites at the junctions 

between repeats (sites HaeII and HhaI, E in Fig. 2). This suggests that MOP1 is not 

only involved in DNA methylation, but also, directly or indirectly, in DNA 

demethylation of the CG sites at the repeat junction. 

 



Chromatin analysis of B’ mop1 125 

 

Figure 2. Methylation pattern at the B’ hepta-repeat in mop1-1 mutant plants 

Genomic B-I, B’Mop1 and B’mop1-1 DNA was digested with the methylation-insensitive 
EcoRI or BamHI and the methylation-sensitive enzymes indicated. A blown-up part of the 
hepta-repeat is shown; the black arrow in the grey box indicates one repeat unit. The repeat 
junction region and the junction itself are indicated. For comparison, the consensus DNA 
methylation patterns of B’Mop1 and B-I are shown. Every horizontal “line” made up of colored 
squares represents a different DNA sample. The restriction sites used for DNA methylation 
analyses are indicated by vertical bars: A, AluI; B, BsmAI; C, EcoRI; E, HaeII & HhaI; H, 
HpaI; M, BamHI; P, PstI; S, Sau96I; U, Sau3AI. Subscripts discriminate the individual 
recognition sites that are present more than once each repeat. The degree of methylation of the 
various sites is indicated by color-coded squares: white, ~0%; yellow, ~25%; orange, ~50%; 
red, ~75%; brown-red, ~100% methylation. The dashed lines and numbers below the repeats 
indicate basepairs. 
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MOP1 is required for reduced nucleosome occupancy at the B’ hepta-repeat. 

The positioning of nucleosomes at promoters and regulatory sequences influences 

transcriptional gene regulation (Rando and Ahmad, 2007; Whitehouse et al., 2007; 

Yuan et al., 2005). In the current model, the B-I hepta-repeat acts as an enhancer in 

highly expressing husk tissue and this is associated with low nucleosome occupancy 

(chapter 3). In B’ husk tissue the highly DNA methylated hepta-repeat does not act as 

an enhancer and accordingly, high nucleosome occupancy was observed at the hepta-

repeat, except for one repeat region, R3 (Figure 3b and chapter 3). At R3, proteins 

that reinforce the silent B’ state are proposed to bind. To get a better understanding of 

the role of nucleosome positioning in the epigenetic regulation of the B’ epiallele, 

ChIP experiments were performed in combination with real-time quantitative PCR 

analysis (ChIP-qPCR), using an antibody against an invariant domain of Histone H3 

(H3core). In every ChIP-qPCR experiment various sequence regions at the b1 locus 

were analyzed (Fig. 3a): the hepta-repeat (R1-R6) and its flanking regions (5’R and 

3’R), a single copy sequence 41.9kb upstream of the b1 transcription start site (Sc1), a 

region proximal to the b1 coding region (5‘b), the 5’ untranslated leader (UTR) and 

exon 3 (Ex3; chapter 3 table, IV). Sequences from the actin1 gene and Ty1 copia 

retrotransposable element were used as internal controls (Haring et al., 2007). 

The ChIP analyses on mop1-1 show high nucleosome occupancy for the region 

proximal of the coding region (5’b), the UTR and the third exon of the b1 gene (Fig. 

3b). The data further indicate a B’ like pattern at the hepta-repeat, with nucleosomes 

present along the entire repeat units (Fig. 3b). One major difference is that the 

nucleosome occupancy at R3 is high in B’mop1-1 husk and low in B’Mop1 husk 

tissue. This indicates that the MOP1 protein allows nucleosome depletion at the 

hepta-repeat in B’ husk tissue and suggests that MOP1 affects nucleosome remodeling 

at the B’ hepta-repeat.  

mop1-1 mutation allows active chromatin state at the hepta-repeat 

In B’mop1-1 plants, the hepta-repeat is DNA hypermethylated and nucleosome-dense. 

Still, the B’ expression level is 3-4x increased relative to that in a wild-type Mop1 

background, suggesting that in mop1-1, the B’ hepta-repeat displays enhancer activity. 

To test this hypothesis, we investigated the presence of histone H3 acetylation (H3Ac) 
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in B’mop1-1 by ChIP-qPCR experiments using an antibody against H3ac. H3ac is 

associated with actively transcribed genes and active regulatory sequences (Chua et 

al., 2001; Clayton et al., 2006; Pokholok et al., 2005; Schubeler et al., 2004; Tian et 

al., 2005). In line with this, the B-I hepta-repeat carries H3ac (Fig; 3c), while the B’ 

hepta-repeat does not (chapter 3).  

In intermediately b1 expressing B’mop1-1 husk tissue, we observed significant H3ac 

signals above background at all repeat regions, with the highest signal at R6. This 

pattern resembles the H3ac pattern observed at the B-I hepta-repeat in husk and 

suggests that the B’ hepta-repeat functions as a transcriptional enhancer in a mop1-1 

mutant background. At the 5’b, 5’UTR and b1 coding region, we observed significant 

H3ac signals in the mop1-1 mutant (Fig. 3c), in line with an actively transcribed gene. 

The H3ac signal levels in B’mop1-1 are higher than those around the B’Mop1 coding 

region (Chapter 3), up to a level comparable with those around the B-I coding region.  

Nevertheless, the b1 expression level is 5-6 times lower in B’mop1-1 husk than in B-I. 

This suggests that the B’ expression level in mop1-1 is also determined by other 

factors than the level of H3ac. 
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Figure 3. ChIP-qPCR analyses on homozygous B’mop1-1 husk tissue, compared to B-I or 

B’Mop1 husk tissue.  (Legend on next page) 
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Figure 3. ChIP-qPCR analyses on homozygous B’mop1-1 husk tissue, compared to B-I or 

B’Mop1 husk tissue. 

For comparison, Figure 3 includes data for B’ (b, d, e) and B-I (c) described in chapter 3. 
a Schematic representation of the b1 locus indicating the regions monitored in this study. A 
white box labeled b1 indicates the b1 coding region, smaller white boxed represent exons, a 
hooked arrow the transcription start site, large arrows the hepta-repeat, and green boxes 
indicate the location of transposon and other repeated sequences. qPCR primer sets are 
indicated (5’R, R1-R6, 3’R, Sc1, 5’b, UTR, Ex3). Due to sequence divergence, the primer sets 
R1 and R5 do not detect the 1st and 7th repeat, respectively. The b1 5’UTR contains an intron, 
the UTR sequence analyzed is located within this intron. 
b-e ChIP-qPCR was performed on husk tissue from B’mop1 plants and on B’Mop1 and B-I 
plants for comparison, using an antibody against H3 core (b), H3ac (c), H3K27me2 (d) and 
H3K9me2 (e). 
Black bars indicate the ChIP signal, open bars the no-antibody immunoprecipitation. The b1 
and actin ChIP values were normalized to the copia signals (b, d, e); the b1 and copia ChIP 
signals were normalized to the actin signals (c). The error bars indicate the SEM of at least 
three replicate experiments. Values significantly different from the background signal are 
indicated with an asterisk, specifying a 95% confidence interval.  

In B’mop1-1, the hepta-repeat is methylated at H3K9, but not at H3K27  

Methylation of histone H3 at lysine 9 and 27 is associated with an inactive chromatin 

state. H3K27 methylation plays a role in Polycomb group protein-mediated silencing 

(Bantignies and Cavalli, 2006; Bastow et al., 2004; Ringrose and Paro, 2004). 

H3K9me2 is strongly associated with DNA cytosine methylation and these two are 

indicated to act in a self-reinforcing loop, resulting in the formation of repressed 

chromatin (Esteve et al., 2006; Stancheva, 2005; Tariq et al., 2003). In B’ plants, the 

coding region and hepta-repeat are H3K27 dimethylated in a tissue-independent 

manner, suggesting that H3K27me2 plays a role in the maintenance of the epigenetic 

B’ state. The B’ hepta-repeat is H3K9 dimethylated in a tissue-specific manner in 

husk. Significant H3K27me2 and H3K9me signals were not observed at the B-I 

epiallele (Chapter 3). To test if both silent histone modification marks are present in 

B’mop1-1 husk tissue, ChIP-qPCR analyses, using antibodies against H3K9me2 and 

H3K27me2, were carried out. 

In B’mop1-1 husks, significant H3K27me2 signals were detected at the B’ coding 

region, but not at the hepta-repeat (Fig. 3d). Despite the lack of H3K27me2 at the 

hepta-repeat, the B’ epigenetic memory is not lost in mop1-1, indicating that 

H3K27me2 is not required for the heritable maintenance of the epigenetic B’ state. 

DNA methylation is therefore the best candidate to maintain the epigenetic B’ state. 

Significant H3K9me2 signals were detected at the 5’UTR and the hepta-repeat in 
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B’mop1-1 husk (Fig. 3e). At the hepta-repeat, the H3K9me2 levels were comparable 

to those in B’Mop1. Together, our data indicate that the B’ hepta-repeat chromatin 

structure is still silenced, but the level of chromatin silencing is reduced at the B’ 

epiallele in the mop1-1 mutant.  

In summary, our Chip-qPCR data indicate that the b1 locus in a mop1-1 background 

carries inactive chromatin features, such as DNA methylation, high nucleosome 

occupancy and silent histone marks (H3K9me2 and H3K27me2), but also active 

marks (H3Ac). We propose that the intermediate b1 expression level in mop1-1 is the 

result of the presence of both features. 

 B’ exhibits multi-loop structure associated with enhanced expression in mop1-1 

Previous data indicated that the epigenetic states of B-I and B’ gave rise to different 

b1 chromosome conformations, mediating different expression levels (Louwers, 

2008., chapter 3). To investigate the chromosome structure of the b1 locus in an 

intermediately expressed mop1-1 mutant, we applied the Chromosome Conformation 

Capture technique (3C; Dekker et al., 2002; Tolhuis et al., 2002), a technique that 

uncovers long-distance chromatin looping within a locus or a chromosome. 

Previously, we showed that in both low expressing B’ and high expressing B-I husk 

tissue, the hepta-repeat region physically interacts with the transcription start site 

(TSS) region ~100kb downstream. In B’ husk, this single loop conformation was 

suggested to be insufficient to mediate high b1 expression (Louwers 2008, chapter 3). 

In high expressing B-I husk tissue, the interaction between the hepta-repeat en the 

TSS region was stabilized by additional interactions with sequences ~15kb, ~47kb 

and ~107kb upstream, resulting in the formation of a multi-loop structure. This multi-

loop structure was proposed to mediate high b1 expression (Louwers, 2008., chapter 

3). In B’mop1-1 husk, the b1 expression level is 3-4 times up-regulated compared to 

in B’ husk, but it is still 5-6 times lower than in B-I husk tissue (Dorweiler et al., 

2000; Fig. 1). We set out to test how this difference in expression level in mop1-1 is 

reflected in the physical interactions occurring at the b1 locus. To this end we applied 

3C-qPCR technology to the B’ locus in mop1-1 husk, using the same set up as before 

(Louwers, 2008., chapters 2 and 3). BglII was used as a restriction enzyme. Figure 4a 

shows a map of the b1 locus indicating the transcription start site and the hepta-repeat 
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~100kb upstream. The unrelated S-adenosyl-methionine decarboxylase (Sam) locus 

shown in Fig. 4a was used as an internal control to normalize the 3C data. 

To identify interactions between the TSS region and the rest of the b1 locus, fragment 

I was used as a fixed fragment (see Table S1 for 3C primers and TaqMan probes 

used). Our data indicate that in B’mop1-1 husk tissue the TSS region (fragment I) 

interacts with the hepta-repeat region (fragment X; Fig. 4b, blue line). This interaction 

occurs more frequently than in B’ husk (green line), but not as often as in B-I husk 

(purple line). In addition, fragment I also interacts with fragments VI (~40kb) & VII 

(~47kb), and to a lesser extent with fragment XII (~107kb upstream). To further 

investigate the conformation of the B’ epiallele in a mop1-1 mutant background, 

experiments were carried out using fragment X and VII as fixed fragment. With 

fragment X (Fig. 4c), elevated frequencies were detected with fragments I (TSS 

region), IV (~15kb upstream) and VII (~47kb upstream). Using fragment VII as fixed 

fragment, high interaction frequencies were detected with fragments X and IV, and 

also with fragments I and XII (Fig. 4d). 

In conclusion, the 3C-qPCR data on B’mop1-1 husk tissue imply that fragments I 

(TSS region), IV (~15kb upstream), VII (~47kb), X (hepta-repeat, ~100kb) and XII 

(~107kb) interact with each other in a multi-loop structure, resembling the 

conformation observed in high expressing B-I husk. This supports our model that this 

multi-loop structure mediates elevated b1 expression (Louwers et  al., chapter 3). In 

general, the interactions between the TSS and the hepta-repeat and region ~107kb 

upstream are consistently less frequently observed in B’mop1-1 than in B-I, 

suggesting that the frequency of these interactions is linked with the expression level. 

In addition, our data indicate that the presence of a wild-type MOP1 protein is not 

required for chromatin looping at the b1 locus.  

FAIRE indicates an intermediately active chromatin state in B’mop1-1  

Previous Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE) analysis 

at the b1 locus indicated that besides the hepta-repeat and the TSS region, regions 

~107kb, ~47kb and ~15kb upstream contain active regulatory sequences in B-I 

(Louwers, 2008., chapter 3). FAIRE uncovers chromatin regions displaying 

nucleosome-depletion, a characteristic feature of active chromatin (Giresi et al., 2007; 

Hogan et al., 2006). The FAIRE results at b1 confirmed our hypothesis that, in high 
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expressing B-I husk tissue, regions ~107kb, ~47kb and ~15kb upstream play a role in 

the regulation of b1 expression. In a mop1-1 background, the B’ epiallele adopts a 

multi-loop structure previously shown to be associated with high B-I expression. The 

b1 expression level is however lower than in B-I, suggesting that there is a difference 

in the activity level, and thus the chromatin structure, of the various regulatory 

regions present within the b1 locus. To test this, we performed quantitative FAIRE 

analysis on B’mop1-1 husk tissue and compared the results with FAIRE data on 

B’Mop1 and B-I husk. Figure 5a shows the b1 and Sam loci, each with their respective 

FAIRE primer sets used in the analysis (primers are listed in Table S2 of chapter 3). 

The Sam locus was used for normalization of the data (for normalization and controls, 

see Louwers, 2008). Figure 5b shows normalized FAIRE data for B’mop1-1 (blue 

bars), B’Mop1 (green bars) and B-I (purple bars) husk. Amplicons a, c, f and g, h in 

BglII fragments XII, X, VII and VI, respectively, were significantly FAIRE enriched 

in B’mop1-1 tissue over B’Mop1 tissue (indicated with green asterisks in Fig. 5b). 

Furthermore, amplicons a, b, e, g, m and n are significantly less enriched in B’mop1-1 

husk than in B-I husk tissue (purple asterisks in Fig. 5b). These data indicate that, on 

average, the activity level of the measured fragments in the regions involved in the 

multi-loop structure in   

B’mop1-1, is situated in-between that of B’Mop1 and B-I. The nucleosome occupancy 

ChIP-qPCR data on the hepta-repeat (Fig. 3b) seem to contradict the FAIRE results in 

a mop1-1 mutant at R3 (FAIRE amplicon c; Fig. 5b). At present, it is unclear why 

there are discrepancies between the two data sets for this sequence region. 
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Figure 4  B’mop1-1 shows multi-loop associated with enhanced expression 

Figure 4 includes data for B-I and B’ described in Louwers 2008, chapter 3. 
a Schematic representation of the b1 and Sam locus. The b1 transcription start site, 
considered as the 0kb point, is indicated with a hooked arrow, the open box represents the b1 
coding region, and the hepta-repeat is indicated with arrow heads. Distances are indicated in kb 
relative to the transcription start, BglII fragments analyzed in the 3C analysis are drawn to scale 
and indicated with Roman numerals. Grey bars represent transposon and other repeated 
sequences (Stam et al., 2002b). The S-adenosyl-methionine decarboxylase (Sam) locus was 
used to normalize the 3C data obtained for b1. The hooked arrow indicates the transcription 
start site, although there is no consensus over the exact location of the transcription start site in 
the literature. Keys: B = BglII sites; triangles = 3C primers; black box = probe used for RNA 
analysis (Fig. 1). The Legend Comtinues… on the next page. 
 



Chapter 4 134 

Figure 4, continued  
b-d Quantitative 3C analysis on husk tissue of B’mop1 plants, and of B-I and B’Mop1 plants 
for comparison (Louwers, 2008., chapter 3). The b1 locus is shown at the top of each graph (see 
also a). The X-axis shows the position in kb relative to the transcription start site (hooked 
arrow). The position and size of the BglII fragments analyzed is indicated by vertical gray 
shading and Roman numerals; black shading represents the fixed fragment. The Y-axis depicts 
relative crosslinking frequencies.. Data were normalized against crosslinking frequencies 
measured for the Sam locus. The highest, mean value of the normalized data for all experiments 
done with a specific fixed primer – TaqMan probe combination was set to 1. Blue line 
represents B’mop1 husk tissue, purple represents B-I  husk tissue and green line represents 
B’Mop1 husk tissue. Error bars indicate the standard error of mean of 4-8 different samples. 
Relative crosslinking frequencies are shown between (b) fixed fragment I (TSS region) and the 
rest of the b1 locus; (c) fixed fragment X (containing hepta-repeat) and the rest of the b1 locus; 
(d) fixed fragment VII (~47kb upstream of the TSS) and the rest of the b1 locus. 
 
 Overall, FAIRE analysis indicates a nucleosome occupancy at the B’ epiallele in 

B’mop1-1 husk that is intermediate to that in B’Mop1 and B-I husk.  These data 

suggest that BglII fragments VI (~40kb upstream), VII (~47kb), X (hepta-repeat) and 

XII (~107kb), have more regulatory activity in B’mop1-1 than in B’Mop1, but not as 

much as in B-I. These data indicate that the intermediate expression level of B’ in a 

mop1-1 mutant is the outcome of the intermediately active chromatin structure at the 

B’ allele in Mop1-1.  

Discussion 

Using the mop1-1 mutant, we obtained insight into the epigenetic regulation of the B’ 

and B-I epialleles, and the role of various epigenetic marks in the maintenance of the 

epigenetic state of the epialleles. Our data on the B’ epiallele in a mop1-1 mutant 

underscore the importance of DNA methylation in the maintenance of the B’ 

epigenetic state.  

The data in this chapter further indicate that the mop1-1 mutation causes a loss of the 

silent B’ chromatin state, resulting in an up-regulation of the B’ expression level. 

Silent as well as active chromatin marks are present at the B’ epiallele in mop1-1. The 

hepta-repeat is DNA and H3K9 methylated, and in addition H3 acetylated. 

H3K27me2, present in a wild-type background, is lost. 
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Also elsewhere in the b1 locus active chromatin features are detected. We speculate 

that the loss of the silent chromatin state at the B’ hepta-repeat results in a decrease of 

silencing complexes at the hepta-repeat, allowing the activation of the enhancer 

function of the hepta-repeat and the formation of a multi-loop structure that is 

associated with elevated b1 expression (Fig. 6). In conclusion, MOP1 is required for 

the maintenance of the silent B’ chromatin state. 

 
Figure 5. FAIRE indicates an intermediately active chromatin state in B’mop1-1.  
Figure 5 includes data for B-I and B’ described in Louwers 2008. 
a Schematic representation of the b1 and Sam locus, indicating the amplicons used in FAIRE 
with letters. See legend Fig. 4a for further details. 
b Quantitative FAIRE analysis on B’mop1-1 husk tissue, and on B-I and B’Mop1 husk tissue 
for comparison (Louwers, 2008., chapter 3). FAIRE values obtained for b1 were normalized 
against those measured for Sam using amplicon q. The highest value was set to 1. Error bars 
indicate the standard error of mean of four samples. Blue bars represent B’mop1-1 husk tissue, 
purple bars B-I and green bars B’Mop1 husk tissue. Values that differ significantly between 
B’mop1-1 and B-I in a two-tailed student’s t-test, are indicated with one, two or three purple 
asterisks, specifying a 90%, 95% and 99% confidence interval, respectively. In analogy, values 
that differ significantly between B’mop1-1 and B’Mop1 and are indicated with one, two or three 
green asterisks. 
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The role of MOP1 in DNA methylation 

The mop1-1 mutation results in a moderately reduced DNA methylation level at the 

B’ hepta-repeat. These data indicate that MOP1 plays a role in maintenance DNA 

methylation. The role of MOP1 in maintenance methylation is in agreement with its 

postulated role in RNA-directed DNA methylation (RdDM; Alleman et al., 2006). 

MOP1 is an RdRP that is most similar to RDR2 in Arabidopsis. RDR2 is involved in 

the production of siRNAs that direct de novo and maintenance DNA methylation via 

the RdDM pathway (Chan et al., 2004; Kasschau et al., 2007; Lu et al., 2006; Xie et 

al., 2004; Zilberman et al., 2003). This pathway involves the DOMAINS 

REARRANGED METHYLTRANSFERASE 2 (DRM2; Aufsatz et al., 2002; Cao et 

al., 2003; Cao and Jacobsen, 2002). In a mop1-1 mutant the RdRP encoded by Mop1 

is not functional and the production of siRNAs is severely decreased (Alleman et al., 

2006; M Arteaga-Vasquez and VL Chandler, personal communication). Our results 

suggest that this reduction in siRNAs results in the observed decrease in DNA 

methylation. Most of the DNA methylation at the B’ hepta-repeat is however still 

retained in the mop1-1 mutant (Fig. 2). This indicates that the maintenance of DNA 

methylation at the hepta-repeat is largely independent of the MOP1-mediated 

production of siRNAs, implying that other pathways are involved in the maintenance 

methylation as well. In Arabidopsis, CG and CNG can be maintained by 

CHROMOMETHYLASE 3 (CMT3) and METHYLTRANSFERASE 1 (MET1), 

respectively (Cokus et al., 2008; Kankel et al., 2003; Saze et al., 2003), while CNN 

methylation is maintained by the RDR2/DRM2-dependent siRNA-mediated pathway 

(Matzke et al., 2007). In B’mop1-1, the demethylation at the hepta-repeat occurs 

mainly at non-CG sites. A maize homologue of CMT3, such as Zmet2 (Makarevitch et 

al., 2007; Papa et al., 2001), may be involved in maintaining non-CG methylation at 

the B’ hepta-repeat. It is however also likely that other methyltransferases are 

involved. CMT3 is indicated to be guided by the presence of H3K9 methylation 

(Jackson et al., 2002; Matzke and Birchler, 2005), while the non-CG methylation at 

the B’ hepta-repeat is unlikely to be triggered by H3K9me2. At the B’ hepta-repeat, 

H3K9me2 is only present in a tissue-dependent manner, while DNA methylation is 

present in a tissue-independent manner (Chapter 3). In conclusion, our data indicate 

that MOP1 plays a role in maintaining DNA methylation, but we speculate that the 
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MOP1 pathway is not the only pathway involved in the DNA maintenance 

methylation. 

DNA hypermethylation at B’ repeat junction in mop1-1 

In mop1-1, besides DNA demethylation, we also detected stochastic CG 

hypermethylation at the B’ hepta-repeat (Fig. 2), suggesting MOP1 directly or 

indirectly causes demethylation as well. Interestingly, in an Arabidopsis rdr2 mutant, 

the DNA demethylase REPRESSOR OF SILENCING1 (ROS1) is down-regulated 

(Huettel et al., 2006) and sequences normally actively demethylated by ROS1, 

accumulate CG and non-CG methylation (Penterman et al., 2007a). DEMETER-like 

(DML) DNA demethylases, such as ROS1, specifically remove aberrant methylation 

at 5’ and 3’ ends of genes (Penterman et al., 2007b). These DML-target loci strongly 

overlap with sequence regions producing siRNAs, suggesting the involvement of the 

RDR2-mediated DNA methylation pathway (Penterman et al., 2007a; Penterman et 

al., 2007b). In mop1-1 mutants, the maize homologue of Ros1, Dng101, appears to be 

down-regulated as well (VL Chandler, personal communication), indicating that in a 

wild-type background the B’ repeat junction is actively methylated and demethylated, 

with a low DNA methylation level as a result (figure 2). In line with this hypothesis, 

the repeat junction displays similar features as DML-target loci. The sequences 

immediately 5’ and 3’ of the junction are transcribed in the direction of the junction 

(Alleman et al., 2006), suggesting the junction mimics the 3’ end of a gene. 

Moreover, the hepta-repeat gives rise to repeat siRNAs. In conclusion, we propose 

that the accumulation of CG methylation at the repeat junction is due to the down-

regulation of a DNA demethylase in the mop1-1 mutant. 

The role of DNA and H3K27 methylation in defining the epigenetic memory of 

B’ 

Overall, the DNA methylation pattern at the B’ hepta-repeat in mop1-1 resembles the 

pattern in B’Mop1 well. The persistence of a relatively high DNA methylation level at 

the B’ hepta-repeat in the mop1-1 mutant is consistent with a model in which DNA 

methylation defines the epigenetic memory of B’. In a mop1-1 mutant background, 

the epigenetic memory of the B’ epiallele is retained. If the mop1-1 mutation is 

crossed out, the expression level of B’ is low and B’ can cause paramutation. This is 
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in line with data in the literature indicating a role for DNA methylation in the 

maintenance of silent epigenetic states (Bird, 2002; Dieguez et al., 1998; Jaenisch and 

Bird, 2003). Previously, not only DNA methylation but also H3K27me2 was shown 

to be a good candidate to mediate the epigenetic memory of B’ (Chapter 3). In a 

mop1-1 mutant the B’ hepta-repeat DNA methylation is largely maintained, but 

H3K27me2 is not, suggesting that H3K27me2 is not required for maintaining the 

epigenetic memory. However we cannot exclude a role for H3K27me2 in the process. 

We propose that if H3K27me2 is present at the hepta-repeat, it may contribute to the 

inheritance of the silent, epigenetic B’ state.  

The presence of both silent and active chromatin features results in an 

intermediate expression level in mop1-1 

In B’mop1-1 husk tissue, the ~110 kb chromatin domain contains both silent and 

active marks (Fig. 6), resulting in an intermediate expression level. In a wild-type 

background, the low expressing B’ epiallele is in an inactive chromatin state and the 

high expressing B-I epiallele in an active chromatin state (Chapter 3). In B’mop1-1 

husk, the hepta-repeat carries features of silent chromatin, such as DNA methylation, 

H3K9me2 and high nucleosome occupancy, as well as features of active chromatin, 

such as H3ac. In comparison, in B-I husk the hepta-repeat is in an active state, 

characterized by H3 acetylation and low nucleosome occupancy, and acts as an 

enhancer of b1 transcription. The hepta-repeat in B’Mop1 on the other hand is in a 

repressed state: it is DNA methylated, carries the silent histone marks H3K9me2 and 

H3K27me2, and displays relatively high nucleosome occupancy. Also at the b1 

transcription unit in a mop1-1 mutant, both silent (H3K9me2 and H3K27me2) and 

active chromatin marks (H3K4me2, and high levels of H3ac; Fig. 3 and data not 

shown) are present. In the wild-type background, the B-I transcription unit carries 

H3K4me2 and high levels of H3ac, while the B’ transcription unit carries H3K4me2, 

H3K27me2, and low levels of H3ac; H3K9me2 was not detected. Active chromatin is 

not limited to the hepta-repeat and the b1 transcription unit in B’mop1-1. The FAIRE 

analyses indicate that within the entire ~110kb b1 chromatin domain, a higher amount 

of active chromatin is present in B’mop1-1 than in B’Mop1; however, the level 

remains lower than in B-I (Fig 5). These results indicate that the intermediate 

expression level of B’ in a mop1-1 mutant is the result of the intermediately active 
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chromatin structure at the B’ allele in mop1-1. Our 3C analyses show that in the 

mop1-1 mutant, the altered chromatin structure at the B’ epiallele allows the 

formation of a B-I-like multi-loop structure (chapter 3).  Not only the hepta-repeat and 

the TSS physically interact, but also the expression level-specific regions ~15kb, 

~47kb, and ~107kb upstream of the TSS (Fig. 4). These results fit our hypothesis that 

the multi-loop structure mediates an elevated b1 expression level. We postulate that 

looping of the hepta-repeat and regulatory regions results in the formation of an active 

transcription complex at the TSS region, up-regulating b1 transcription. Our results 

are in line with the chromatin looping models of promoter-enhancer interactions 

described in the literature (deLaat and Grosveld, 2003; Liu and Garrard, 2005; 

Spilianakis and Flavell, 2004; Tolhuis et al., 2002; Vernimmen et al., 2007). 

Model of the epigenetic regulation at b1 in mop1-1  

In B’mop1-1, DNA methylation and H3K9 dimethylation at the b1 locus are 

essentially retained. Nonetheless, the mutation has a significant effect on the b1 

chromatin structure. How does the interplay of the various chromatin features at the 

B’ epiallele, and its effect on the b1 expression level in mop1-1 fit the model 

previously proposed for the epigenetic regulation of the b1 epialleles (Chapter 3; 

Louwers 2008, chapter 3)? We postulated the binding of a tissue-specific transcription 

factor (TF) at the hepta-repeat in husk. This TF triggers the activation of the hepta-

repeat enhancer function and mediates chromatin looping between the repeats and the 

TSS. At the B-I epiallele, as a result of the DNA hypomethylated state, the TF triggers 

the formation of an active enhancer complex. This involves chromatin remodeling, 

H3 acetylation, the binding of enhancer proteins and the formation of a multi-loop 

structure (Fig. 6). 
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Figure 1. Epigenetic regulation and chromatin looping of B’ in mop1-1, a model. 

In the mop1-1 mutant, the B’ epiallele carries active and inactive chromatin features, resulting 

in an intermediate b1 expression level. The hepta-repeat carries a high nucleosome density, 

H3K9me2 and H3ac and an intermediate DNA methylation level. H3K27me2 is lost. 

Furthermore, regulatory sequences present throughout the 110 kb chromatin domain are 

intermediately active. The altered chromatin structure of the B’ epiallele results in the 

formation of a B-I like multi-loop structure, mediating elevated b1 expression. In the multi-loop 

structure the hepta-repeat and regions ~15kb, ~47kb and ~107kb upstream physically interact 

with the transcription start (TSS). A tissue-specific transcription factor mediates the formation 

of an intermediately active chromatin structure at the hepta-repeat as well as DNA looping. For 

comparison, the chromatin structure and conformation of B’Mop1 and B-I are indicated as well. 
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We hypothesize that such a chromatin conformation mediates b1 high expression. At 

the B’ epiallele, a single loop between the hepta-repeat and TSS is formed, but due to 

the presence of the silent chromatin marks at the hepta-repeat and the binding of 

silencing proteins, the assembly of an active enhancer complex is hampered. 

Subsequently, the formation of a multi-loop is unsuccessful (Fig. 6). In a mop1-1 

background, the B’ epiallele is characterized by the presence of silent and active 

chromatin marks. We propose that in B’mop1-1, the binding of TFs causes the 

formation of an intermediately active chromatin structure. This structure is sufficient 

to result in the formation of the multi-loop structure that is required for high b1 

expression (Fig. 6). As a result of the presence of silent chromatin marks at the B’ 

epiallele, however, b1 expression is only moderately elevated. 

In trans inactivation model 

The effect of MOP1 on chromatin structure is slightly different than we anticipated 

based on the identification of MOP1 as an RdRP. Although dependent on the 

sequences looked at, in the Arabidopsis rdr2 mutant significant loss of DNA and 

H3K9 methylation has been observed (Xie et al., 2004). We did not see such loss in 

the mop1-1 mutant. Interestingly, in B’mop1-1 H3K27me2 is lost at the hepta-repeat. 

This might indicate the involvement of Polycomb-group (PcG)-like proteins in the in 

trans inactivation (paramutation) process. In Drosophila, PcG-proteins are shown to 

mediate pairing-dependent silencing (Bantignies and Cavalli, 2006; Bantignies et al., 

2003; Grimaud et al., 2006), and PcG-proteins as well as the RNAi machinery are 

shown to be required for long-distance physical in trans-interactions (Lavigne et al., 

2004). We speculate that the paramutation process involves the RNAi machinery as 

well as physical in trans interactions mediated by PcG-like proteins. In this model, the 

in trans interactions are disrupted in mop1-1 plants due to the loss of H3K27 

methylation and therewith associated PcG-like proteins.  
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Materials & methods 

Plant stocks and tissues 

The plant stocks containing the b1 alleles examined (B’mop1-1, B-I, B) were obtained 

from V.L. Chandler (University of Arizona, Tucson, USA) and had dominant 

functional alleles for the anthocyanin biosynthetic genes required in vegetative plant 

tissues. To obtain homozygous mutant plants, B’mop1-1/mop1-1 plants were crossed 

to B’mop1-1/Mop1 plants, resulting 50% homozygous and 50% heterozygous mop1-1 

plants. The homozygous plants were identified by their dark pigmentation. For husk 

tissue we used the leaves surrounding the maize corncob, whereby the tough, outer 

leaves were discarded. Depending on the amount of daylight, husks were harvested 

when the plants were between two and three months old.  

RNA blot analysis 

RNA isolation and blot analysis were performed according to the method described in 

Louwers 2008, chapter 3). 

Genomic DNA analyses 

To examine DNA methylation pattterns, genomic DNA was isolated from husk and 

leaf tissues at different stages of plant development. Four to five µg of DNA was 

digested with several enzyme combinations according to the product specifications, 

size fractionated by electrophoresis in 0.5x TBE agarose gels, followed by DNA blot 

analyses (Stam et al., 1997) using UV fixation. The probes used are specified in 

Haring et al. (submitted). If needed for data interpretation, relative band intensities 

were quantified using a phosphorimager and ImageQuant software (Storm, GE 

Healthcare). 

ChIP-qPCR experiments 

Chromatin immunoprecipitation was performed as described (Haring et al., 2007) 

with minor modifications. In short, maize husk nuclei were isolated and crosslinked 

using formaldehyde. The nuclei were sonicated using a probe sonicator at 3 µm 

amplitude. The soluble chromatin fraction was used in immunoprecipitation 

experiments using antibodies against H3K9ac/K14ac (Upstate #06-599), H3K9me2 

(Upstate #07-441), H3K27me2 (Upstate #07-452) and histone H3 (Abcam #ab6002, 
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Abcam plc, Cambridge, UK). DNA was isolated using a spin column purification kit 

(Qiagen, Hilden, Germany) and analyzed using quantitative (real time) PCR (see 

Table S1 for the primers used). 5 µl DNA template was amplified using the Platinum 

SYBR Green qPCR supermix-UDG (Invitrogen) in a 25 µl qPCR reaction according 

to the manufacturer’s protocol. In all experiments, input samples and no-antibody 

controls were taken along for every primer set used. The samples were amplified 

using an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, 

Foster City, USA), and quantified using a calibration line made of DNA isolated from 

crosslinked, sonicated B’ chromatin. The quantified b1 data were normalized to the 

quantified actin (genbank #J01238; H3K9ac/K14ac data) or copia data (genbank 

#AF398212; H3K9me2, H3K27me2 and H3 data) using the following formula: ChIP 

Sample quantified/Calibrator Sample quantified = ChIP Sample normalized. All ChIP-qPCR 

experiments were repeated at least three times with chromatin from different plants. 

For each normalized data point the mean and standard error were calculated. For 

statistical analysis, a student’s T-test was used with a 95% confidence interval. 

Chromosome Conformation Capture 

3C analysis was basically performed according to the method described in (Hagege et 

al., 2007), but with plant-specific adjustments (Louwers 2008, chapter 2). For 

implementation of 3C at the b1 locus, see Louwers 2008, chapter 3.  

FAIRE analysis 

FAIRE analysis was basically performed as described in (Hogan et al., 2006), but 

with plant-specific adjustments. For implementation of FAIRE at the b1 locus, see 

Louwers 2008, chapter 3.  

References 

Alleman, M., Sidorenko, L., McGinnis, K., Seshadri, V., Dorweiler, J.E., White, J., Sikkink, K. 
and Chandler, V.L. (2006) An RNA-dependent RNA polymerase is required for paramutation 
in maize. Nature, 442, 295-298. 
Aufsatz, W., Mette, M.F., vanderWinden, J., Matzke, A.J.M. and Matzke, M. (2002) RNA-
directed DNA methylation in Arabidopsis. Proc Nat Acad Sci Usa, 99, 16499-16506. 
Bantignies, F. and Cavalli, G. (2006) Cellular memory and dynamic regulation of polycomb 
group proteins. Curr Opin Cell Biol, 18, 275-283. 
Bantignies, F., Grimaud, C., Lavrov, S., Gabut, M. and Cavalli, G. (2003) Inheritance of 
Polycomb-dependent chromosomal interactions in Drosophila. Gene Develop, 17, 2406-2420. 
Bastow, R., Mylne, J.S., Lister, C., Lippman, Z., Martienssen, R.A. and Dean, C. (2004) 
Vernalization requires epigenetic silencing of FLC by histone methylation. Nature, 427, 164-
167. 



Chapter 4 144 

Bird, A. (2002) DNA methylation patterns and epigenetic memory. Gene Develop, 16, 6-21. 
Brink, R.A. (1956) A genetic change associated with the R locus in maize which is directed and 
potentially reversible. Genetics, 41, 872-890. 
Cao, X.F., Aufsatz, W., Zilberman, D., Mette, M.F., Huang, M.S., Matzke, M. and Jacobsen, 
S.E. (2003) Role of the DRM and CMT3 Methyltransferases in RNA-directed DNA 
methylation. Curr Biol, 13, 2212-2217. 
Cao, X.F. and Jacobsen, S.E. (2002) Role of the Arabidopsis DRM methyltransferases in de 
novo DNA methylation and gene silencing. Curr Biol, 12, 1138-1144. 
Chan, S.W., Zhang, X., Bernatavichute, Y.V. and Jacobsen, S.E. (2006) Two-step recruitment 
of RNA-directed DNA methylation to tandem repeats. PLoS Biol, 4, e363. 
Chan, S.W., Zilberman, D., Xie, Z., Johansen, L.K., Carrington, J.C. and Jacobsen, S.E. (2004) 
RNA silencing genes control de novo DNA methylation. Science, 303, 1336. 
Chandler, V.L., Eggleston, W.B. and Dorweiler, J.E. (2000) Paramutation in maize. Plant Mol 
Biol, 43, 121-145. 
Chandler, V.L. and Stam, M. (2004) Chromatin conversations: mechanisms and implications of 
paramutation. Nat Rev Genet, 5, 532-544. 
Chua, Y.L., Brown, A.P. and Gray, J.C. (2001) Targeted histone acetylation and altered 
nuclease accessibility over short regions of the pea plastocyanin gene. Plant Cell, 13, 599-612. 
Clayton, A.L., Hazzalin, C.A. and Mahadevan, L.C. (2006) Enhanced histone acetylation and 
transcription: A dynamic perspective. Mol Cell, 23, 289-296. 
Cokus, S.J., Feng, S., Zhang, X., Chen, Z., Merriman, B., Haudenschild, C.D., Pradhan, S., 
Nelson, S.F., Pellegrini, M. and Jacobsen, S.E. (2008) Shotgun bisulphite sequencing of the 
Arabidopsis genome reveals DNA methylation patterning. Nature, 452, 215-219. 
Dekker, J., Rippe, K., Dekker, M. and Kleckner, N. (2002) Capturing chromosome 
conformation. Science, 295, 1306-1311. 
deLaat, W. and Grosveld, F. (2003) Spatial organization of gene expression: the active 
chromatin hub. Chromosome Res, 11, 447-459. 
Dieguez, M.J., Vaucheret, H., Paszkowski, J. and Mittelsten Scheid, O. (1998) Cytosine 
methylation at CG and CNG sites is not a prerequisite for the initiation of transcriptional gene 
silencing in plants, but it is required for its maintenance. Mol Gen Genet, 259, 207-215. 
Dorweiler, J.E., Carey, C.C., Kubo, K.M., Hollick, J.B., Kermicle, J.L. and Chandler, V.L. 
(2000) Mediator of paramutation1 is required for establishment and maintenance of 
paramutation at multiple maize loci. Plant Cell, 12, 2101-2118. 
Esteve, P.O., Chin, H.G., Smallwood, A., Feehery, G.R., Gangisetty, O., Karpf, A.R., Carey, 
M.F. and Pradhan, S. (2006) Direct interaction between DNMT1 and G9a coordinates DNA 
and histone methylation during replication. Genes Dev, 20, 3089-3103. 
Giresi, P.G., Kim, J., McDaniell, R.M., Iyer, V.R. and Lieb, J.D. (2007) FAIRE 
(Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active regulatory elements 
from human chromatin. Genome Res, 17, 877-885. 
Grimaud, C., Bantignies, F., Pal-Bhadra, M., Ghana, P., Bhadra, U. and Cavalli, G. (2006) 
RNAi components are required for nuclear clustering of Polycomb group response elements. 
Cell, 124, 957-971. 
Hagege, H., Klous, P., Braem, C., Splinter, E., Dekker, J., Cathala, G., de Laat, W. and Forne, 
T. (2007) Quantitative analysis of chromosome conformation capture assays (3C-qPCR). Nat 
Protoc, 2, 1722-1733. 
Haring, M., Offermann, S., Danker, T., Horst, I., Peterhaensel, C. and Stam, M. (2007) 
Chromatin immunoprecipitation: optimization, quantitative analysis and data normalization. 
Plant Methods, 3, 11. 
Hogan, G.J., Lee, C.K. and Lieb, J.D. (2006) Cell cycle-specified fluctuation of nucleosome 
occupancy at gene promoters. PLoS Genet, 2, e158. 
Huettel, B., Kanno, T., Daxinger, L., Aufsatz, W., Matzke, A.J. and Matzke, M. (2006) 
Endogenous targets of RNA-directed DNA methylation and Pol IV in Arabidopsis. Embo J, 25, 
2828-2836. 



Chromatin analysis of B’ mop1 145 

Jackson, J.P., Lindroth, A.M., Cao, X.F. and Jacobsen, S.E. (2002) Control of CpNpG DNA 
methylation by the KRYPTONITE histone H3 methyltransferase. Nature, 416, 556-560. 
Jaenisch, R. and Bird, A. (2003) Epigenetic regulation of gene expression: how the genome 
integrates intrinsic and environmental signals. Nat Genet, 33, 245-254. 
Kankel, M.W., Ramsey, D.E., Stokes, T.L., Flowers, S.K., Haag, J.R., Jeddeloh, J.A., Riddle, 
N.C., Verbsky, M.L. and Richards, E.J. (2003) Arabidopsis MET1 cytosine methyltransferase 
mutants. Genetics, 163, 1109-1122. 
Kasschau, K.D., Fahlgren, N., Chapman, E.J., Sullivan, C.M., Cumbie, J.S., Givan, S.A. and 
Carrington, J.C. (2007) Genome-wide profiling and analysis of Arabidopsis siRNAs. PLoS 
Biol, 5, e57. 
Lavigne, M., Francis, N.J., King, I.F. and Kingston, R.E. (2004) Propagation of silencing; 
recruitment and repression of naive chromatin in trans by polycomb repressed chromatin. Mol 
Cell, 13, 415-425. 
Lisch, D., Carey, C.C., Dorweiler, J.E. and Chandler, V.L. (2002) A mutation that prevents 
paramutation in maize also reverses Mutator transposon methylation and silencing. Proc Natl 
Acad Sci U S A, 99, 6130-6135. 
Liu, Z. and Garrard, W.T. (2005) Long-range interactions between three transcriptional 
enhancers, active V kappa gene promoters, and a 3' boundary sequence spanning 46 kilobases. 
Mol Cell Biol, 25, 3220-3231. 
Louwers, M., Haring, M. and Stam, M. (2005) When alleles meet: Paramutation. In Meyer, P. 
(ed.), Plant Epigenetics. Blackwell Publishing Ltd, Oxford, UK, pp. 134-173. 
Louwers, M. (2008) Chromatin looping and epigenetic regulation at the maize b1 locus. PhD 
Thesis, Universiteit van Amsterdam, The Netherlands. 
Lu, C., Kulkarni, K., Souret, F.F., MuthuValliappan, R., Tej, S.S., Poethig, R.S., Henderson, 
I.R., Jacobsen, S.E., Wang, W., Green, P.J. and Meyers, B.C. (2006) MicroRNAs and other 
small RNAs enriched in the Arabidopsis RNA-dependent RNA polymerase-2 mutant. Genome 
Res, 16, 1276-1288. 
Makarevitch, I., Stupar, R.M., Iniguez, A.L., Haun, W.J., Barbazuk, W.B., Kaeppler, S.M. and 
Springer, N.M. (2007) Natural variation for alleles under epigenetic control by the maize 
chromomethylase zmet2. Genetics, 177, 749-760. 
Matzke, M., Kanno, T., Huettel, B., Daxinger, L. and Matzke, A.J. (2007) Targets of RNA-
directed DNA methylation. Curr Opin Plant Biol, 10, 512-519. 
Matzke, M.A. and Birchler, J.A. (2005) RNAi-mediated pathways in the nucleus. Nat Rev 
Genet, 6, 24-35. 
Papa, C.M., Springer, N.M., Muszynski, M.G., Meeley, R. and Kaeppler, S.M. (2001) Maize 
chromomethylase Zea methyltransferase2 is required for CpNpG methylation. Plant Cell, 13, 
1919-1928. 
Patterson, G.I., Thorpe, C.J. and Chandler, V.L. (1993) Paramutation, an allelic interaction, is 
associated with a stable and heritable reduction of transcription of the maize b regulatory gene. 
Genetics, 135, 881-894. 
Penterman, J., Uzawa, R. and Fischer, R.L. (2007a) Genetic Interactions between DNA 
Demethylation and Methylation in Arabidopsis. Plant Physiol, 145, 1549-1557. 
Penterman, J., Zilberman, D., Huh, J.H., Ballinger, T., Henikoff, S. and Fischer, R.L. (2007b) 
DNA demethylation in the Arabidopsis genome. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 6752-6757. 
Peters, A.H. and Schubeler, D. (2005) Methylation of histones: playing memory with DNA. 
Curr Opin Cell Biol, 17, 230-238. 
Pokholok, D.K., Harbison, C.T., Levine, S., Cole, M., Hannett, N.M., Lee, T.I., Bell, G.W., 
Walker, K., Rolfe, P.A., Herbolsheimer, E., Zeitlinger, J., Lewitter, F., Gifford, D.K. and 
Young, R.A. (2005) Genome-wide Map of Nucleosome Acetylation and Methylation in Yeast. 
Cell, 122, 517-527. 
Rando, O.J. and Ahmad, K. (2007) Rules and regulation in the primary structure of chromatin. 
Curr Opin Cell Biol. 



Chapter 4 146 

Ringrose, L. and Paro, R. (2004) Epigenetic regulation of cellular memory by the polycomb 
and trithorax group proteins. Annu Rev Genet, 38, 413-443. 
Saze, H., Scheid, O.M. and Paszkowski, J. (2003) Maintenance of CpG methylation is essential 
for epigenetic inheritance during plant gametogenesis. Nat Genet, 34, 65-69. 
Schubeler, D., MacAlpine, D.M., Scalzo, D., Wirbelauer, C., Kooperberg, C., van Leeuwen, F., 
Gottschling, D.E., O'Neill, L.P., Turner, B.M., Delrow, J., Bell, S.P. and Groudine, M. (2004) 
The histone modification pattern of active genes revealed through genome-wide chromatin 
analysis of a higher eukaryote. Genes Dev, 18, 1263-1271. 
Selinger, D.A. and Chandler, V.L. (1999) Major recent and independent changes in levels and 
patterns of expression have occurred at the b gene, a regulatory locus in maize. Proc Natl Acad 
Sci U S A, 96, 15007-15012. 
Spilianakis, C.G. and Flavell, R.A. (2004) Long-range intrachromosomal interactions in the T 
helper type 2 cytokine locus. Nat Immunol, 5, 1017-1027. 
Stam, M., Belele, C., Dorweiler, J.E. and Chandler, V.L. (2002a) Differential chromatin 
structure within a tandem array 100 kb upstream of the maize b1 locus is associated with 
paramutation. Gene Develop, 16, 1906-1918. 
Stam, M., Belele, C., Ramakrishna, W., Dorweiler, J.E., Bennetzen, J.L. and Chandler, V.L. 
(2002b) The Regulatory Regions Required for B’ Paramutation and Expression Are Located 
Far Upstream of the Maize b1 Transcribed Sequences. Genetics, 162, 917-930. 
Stam, M., deBruin, R., Kenter, S., vanderHoorn, R.A.L., vanBlokland, R., Mol, J.N.M. and 
Kooter, J.M. (1997) Post-transcriptional silencing of chalcone synthase in Petunia by inverted 
transgene repeats. Plant Journal, 12, 63-82. 
Stam, M. and Mittelsten Scheid, O. (2005) Paramutation: an encounter leaving a lasting 
impression. Trends Plant Sci, 10, 283-290. 
Stancheva, I. (2005) Caught in conspiracy: cooperation between DNA methylation and histone 
H3K9 methylation in the establishment and maintenance of heterochromatin. Biochem Cell 
Biol, 83, 385-395. 
Tariq, M., Saze, H., Probst, A.V., Lichota, J., Habu, Y. and Paszkowski, J. (2003) Erasure of 
CpG methylation in Arabidopsis alters patterns of histone H3 methylation in heterochromatin. 
Proc Nat Acad Sci Usa, 100, 8823-8827. 
Tian, L., Fong, M.P., Wang, J.J., Wei, N.E., Jiang, H., Doerge, R.W. and Chen, Z.J. (2005) 
Reversible histone acetylation and deacetylation mediate genome-wide, promoter-dependent 
and locus-specific changes in gene expression during plant development. Genetics, 169, 337-
345. 
Tolhuis, B., Palstra, R.J., Splinter, E., Grosveld, F. and deLaat, W. (2002) Looping and 
interaction between hypersensitive sites in the active beta-globin locus. Mol Cell, 10, 1453-
1465. 
Vernimmen, D., DeGobbi, M., SloaneStanley, J.A., Wood, W.G. and Higgs, D.R. (2007) Long-
range chromosomal interactions regulate the timing of the transition between poised and active 
gene expression. EMBO Journal, 26, 2041-2051. 
Whitehouse, I., Rando, O.J., Delrow, J. and Tsukiyama, T. (2007) Chromatin remodelling at 
promoters suppresses antisense transcription. Nature, 450, 1031-1035. 
Woodhouse, M.R., Freeling, M. and Lisch, D. (2006) Initiation, establishment, and 
maintenance of heritable MuDR transposon silencing in maize are mediated by distinct factors. 
PLoS Biol, 4, e339. 
Xie, Z., Johansen, L.K., Gustafson, A.M., Kasschau, K.D., Lellis, A.D., Zilberman, D., 
Jacobsen, S.E. and Carrington, J.C. (2004) Genetic and functional diversification of small RNA 
pathways in plants. PLoS Biol, 2, E104. 
Yuan, G.C., Liu, Y.J., Dion, M.F., Slack, M.D., Wu, L.F., Altschuler, S.J. and Rando, O.J. 
(2005) Genome-scale identification of nucleosome positions in S. cerevisiae. Science, 309, 
626-630. 
Zilberman, D., Cao, X.F. and Jacobsen, S.E. (2003) ARGONAUTE4 control of locus-specific 
siRNA accumulation and DNA and histone methylation. Science, 299, 716-719. 
 



Chromatin analysis of B’ mop1 147 



Chapter 4 148 

Table S1. Primers and TaqMan probes used in the 3C analysis 
Fixed 3C primers   

     

Gene Primer name sequence Position relative to TSS 

Analyzing BglII 

fragment 

b1 M555 5' CTC CTC AAT TTG CGT TTT ACT C 3' 0.7kb upstream I 

 M941 5' CCC AGC TTT TGA GGA TGC TAG A 3' 44.3kb upstream VII 

 M883 5' TGA GTA CCT AGA ATT CAT GTA C 3'  104.0kb upstream X 

Sam M932 5' TCG GGC GTC ACA TGG ATT 3' in coding region of Sam 
Sam fragment - used 

for normalization 

 

Test 3C primers 

Gene Primer name sequence 

Position relative t

TSS 

Analyzing BglII 

fragment 

b1 M555 5' CTC CTC AAT TTG CGT TTT ACT C 3' 0.7kb upstream I 

 M839 5' GTT GTC ATC GTA CAT CTT TCC 3' 3.7kb upstream II 

 M842 5' GCA TTC AAT TTG TTG GAA GAT C 3' 6.3kb upstream III 

 M732 5' CCG TGT AGT TTC GTC GTG T 3'  8.8kb upstream IV 

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

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

 M729 5' AGG ATG CTA GAG TCC CAG C 3' 44.3kb upstream VII 

 M730 5' TGT CAT GCA ATC AAC TGT CTC 3' 79.3kb upstream VIII 

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

 M728 5' GAA AAT TGT AGA GCT CAA AGA GAT C 3' 104.1kb upstream X 

 M880 5' TAC TGA TGC ACA ACA TAT GTT C 3' 104.4kb upstream XI 

 M879 5' TAC TTC TCC TGT CCT AGT CG 3'  105.6kb upstream XII 

Sam M934 5' GCG TCT GGT GGT GGT GAA G 3' ~ 1.5kb upstream 

Sam fragment - 

used for 

normalization 

 

TaqMan probes - designed on the opposite strand as the corresponding fixed primer  

Gene Corresponding fixed primer (MGB) TaqMan probes  

Analyzing 

BglII 

fragment 

b1 M555 5' 6-FAM-CAC AGA AGA ACT CAA AGT G-MGB 3' I 

 M941 5' 6-FAM-TGA CAT TTG GGG TTA CCG CTG GGA-TAMRA 3' VII 

 M883 5' 6-FAM-ACA TAT GAA ATC AGA TGA AC-MGB 3' X 

Sam M932 5' 6-FAM-TGC GAT CCA TGG CTC TTC ATT CTC C-TAMRA 3' 

Sam fragment - 

used for 

normalization 
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Table S2. Primers used in the FAIRE analysis 

Gene 

Primer 

set Primer name sequence Position relative to TSS 

b1 A M85 5’ CTC GGG GTC AAA TGG ACG G 3’  107.0 kb upstream Fwd  

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

 B M12 5’ GGT TTG CTG CAT CCT TGA CC 3’   ~ 100 kb upstream Fwd (Repeat) 

   M295 5’ CTG CAC AGG CTG CAG CAG 3’ ~ 100 kb upstream Rev (Repeat) 

 C M297 5’ CAA GAT CCA TTG AAC ATC TTG TCC 3’ ~ 100 kb upstream Fwd (Repeat) 

   M10 5’ CAT GTG TGA GGG TGA TGC TGC G 3’ ~ 100 kb upstream Rev (Repeat) 

 D M727 5' GTG TCC CCG GCA AAG ATC 3' 89.6 kb upstream Fwd 

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

 E M975 5' CTG GCG GCA CTA AAA AAC G 3' 45.3 kb upstream Fwd 

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

 F M977 5' CAA CTG CTA TGC GAC TGA TTG AT 3' 44.7 kb upstream Fwd 

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

 G M560 5' AGT ACG TAC TAA CCT GCA AC 3' 44.3 kb upstream Fwd 

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

 H M611 5’ ACC AGT CCA ACC TAG CTT GGA AT 3’ 41.9 kb upstream Fwd 

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

 I M558 5' TTC TTA ACA ACT AGC TGT TTG C 3' 31.7 kb upstream Fwd 

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

 J M979 5' ACA CGA TGG CCG GCA AT 3' 10.7 kb upstream Fwd 

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

 K M635 5' CAA AGA GGC CGA CAC TCG AC 3' 8.9 kb upstream Fwd 

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

 L M984 5' TCC ATC TCA CCT CTC ATT GTA TCT TT 3' 8.6 kb upstream Fwd 

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

 M M340 5' GTT CAT AAT AAC CTT CAG TCC ACA G 3' 0.8 kb upstream Fwd 

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

 N M666 5' TGC GTA CGT TGC TAC ATG C 3' 0.2 kb upstream Fwd 

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

 O M108 5’ CTC TTC TGA TCT TCT TCA CCG TCT C 3’ 0.4 kb downstream Fwd (UTR) 

   M44 5’ ATT CCC GGG CGG CCG CGC CTT ACT AAT CCT TC 3' 0.5 kb downstream Rev (UTR) 

 P M120 5’ ACC AGC TGC TCA TGC AGA GGA 3’ 1.3 kb downstream Fwd (Ex 3)  

    M121 5’ AGG AAG GCG TAG GTC ATG CAG AT 3’ 1.4 kb downstream Rev (Ex 3) 

Sam R M1002 5' CGA GGA CGG TTT CAG CTA CG 3' in coding region of Sam 

   M1003 5' GTG GCA TCC AAG CCC ATA AC 3' in coding region of Sam 

 q M1004 5' AAA TCA TCC CCG AGA TGG AGA 3' in coding region of Sam 

    M1005 5' AGC CAC AGG GTT CAA AGT CAA 3'  in coding region of Sam 
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Abstract 

Paramutation at the tissue-specifically regulated maize b1 locus involves chromatin 

regulation at two epi-alleles, B’ and B-I. These alleles differ in the expression level of 

the b1 gene: B’ expresses b1 at a low level, B-I expresses b1 at a high level. In a B’/B-

I heterozygote, the low expressing B’ allele reduces the transcription rate of the high 

expressing B-I allele, changing B-I into a B’ allele in a mitotically and meiotically 

heritable manner. This phenomenon is known as paramutation. A hepta-repeat 100 kb 

upstream of the b1 coding region is required for paramutation and for high b1 

expression. In this chapter we describe the analysis of the chromatin structure of the 

b1 locus in two mutants, mop2 and mop3, that suppress paramutation, i.e. prevent the 

B’ allele from changing B-I into B’. The mop2 and mop3 mutations affect the complex 

interplay between the hepta-repeat DNA sequence, histone modifications, 

nucleosomes and regulatory protein factors. As a result, the transcriptional enhancer 

function of the hepta-repeat and the trans-allele interaction in b1 paramutation are 

disturbed. In mop2 the hepta-repeat chromatin structure is severely repressed, in line 

with the low b1 transcription. In contrast, in the high expressing mop3 we observed 

acetylation of histone H3 (a mark for active chromatin) co-localizing with 

methylation of histone H3 lysine 9 (a marks for repressive chromatin) at the hepta-

repeat. Our data shows that the chromatin structure in B’ is regulated by both 

activating and repressive processes, and that this balance is essential for the in trans 

inactivation of the B-I epiallele. 
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Introduction  
Epigenetic gene regulation refers to reversible, heritable changes in gene expression 

that take place without a change in DNA sequence. These changes may for example 

be directed by a developmental program, by parental imprints, or by environmental 

changes (Meyer et al., 1992).  Meiotically heritable changes in gene expression 

caused by interactions between alleles are known as paramutation (Brink, 1956). 

Paramutation and paramutation-like phenomena have been described for endogenous 

genes and for transgenes in plants, fungi and animals (reviewed in (Chandler, 2004, 

Louwers et al., 2005, Stam and Mittelsten Scheid, 2005)). For maize, paramutation is 

described for four different maize loci affecting plant pigmentation.  

Paramutation at the tissue-specifically regulated b1 locus involves two epialleles, B’ 

and B-I. The low expressed B’ allele gives rise to a lightly pigmented plant, the high 

expressed B-I allele results in a dark pigmented plant. In a B’/B-I heterozygote the 

inducing (paramutagenic) B’ allele reduces the transcription rate of the susceptible 

(paramutable) B-I allele, thereby heritably changing it to a B’ allele. This new B’ 

allele is fully capable of changing other B-I alleles into B’ alleles in subsequent 

crosses. B-I and B’ do not differ in DNA sequence at least up to 110 kb upstream of 

the transcription start site (Stam et al., 2002b). Also, no differences in DNA 

methylation level were found in the promoter-proximal and coding regions (Patterson 

et al., 1993). Paramutation and high B-I expression both require a ~6 kb region 

located 100 kb upstream of the b1 coding sequence. This region contains seven 

tandem repeats (hepta-repeat) of an 853 bp sequence and is subject to epigenetic 

regulation in B-I and B′ (chapter 3 of this thesis).  

 Previously we have shown that the hepta-repeat region differs in histone 

modifications, DNA methylation and nucleosome occupancy in B’ and in B-I (chapter 

3 of this thesis). These differences are in line with a silent chromatin structure of the 

B’-associated repeats and an active chromatin structure at the B-I repeats. We 

observed tissue-dependent as well as tissue-independent changes in chromatin 

structure at the hepta-repeat. Only in high expressing B-I tissue we observed histone 

H3K9/H3K14 acetylation (H3ac; epigenetic mark for transcriptionally active 

chromatin) at the hepta-repeat, fitting the idea that the hepta-repeat acts as a tissue-

specific transcriptional enhancer. In low expressing B’ tissue we observed tissue-
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specific dimethylation of H3K9 (H3K9me2; a mark for transcriptionally silent 

chromatin in plants) at the hepta-repeat, indicating tissue-specific repression of the 

enhancer function. Besides this tissue-specific regulation we have observed tissue-

independent DNA methylation and dimethylation of H3K27 (H3K27me2) at the B’ 

hepta-repeat. In a mop1 mutant, carrying a mutation interfering with the establishment 

and maintenance of the B’ state, H3K27me2 is lost at the hepta-repeat, while DNA 

methylation is retained (chapter 4). H3K27me2 remains at the coding region. 

Together, these data indicate that DNA methylation at the hepta-repeat plays a role in 

maintenance of the heritable B’ state, while both DNA methylation and H3K27me2 

are likely to be involved in the trans-inactivation aspect of paramutation. We propose 

that H3K27me2 at the coding region is involved in maintaining the low B’ expression 

state. 

To gain a better understanding of the role of nucleosome occupancy and histone 

modifications in paramutation and in b1 enhancer regulation, we analyzed the 

chromatin structure of the b1 locus in two mutants that prevent paramutation: mop2 

and mop3. Similar to the mop1-1 mutant (chapter 4), these mutants prevent the B’ 

allele from changing B-I into B’, but do not affect the heritability of the B’ epigenetic 

state. 

When the mutations are crossed out, the B’ allele behaves as B’ again, including the 

ability to change B-I. This shows that the B’ allele retains its epigenetic identity in the 

mop mutants. The mop3 mutation is recessive, the mop2 mutation is dominant, and 

they can prevent paramutation of B-I when present in a homozygous (mop3/mop3) or 

heterozygous (mop2/Mop2) state, respectively. B’ mop3/mop3 (B’ mop3) plants 

display a very dark pigmentation (5x increase in b1 expression compared to B’, figure 

1); B’ mop2/Mop2 plants display a low pigment level, similar to B’. The availability 

of a B’ allele in a mutant background that prevents paramutation but leaves the B’ 

expression level unaffected (Mop2/mop2), together with a mutant that affects both 

paramutation and enhancer repression (B’ mop3) allows us to study the role of 

nucleosome density and chromatin modifications in different aspects of b1 

paramutation. 
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In this paper we show that activating and repressive processes act simultaneously on 

the chromatin structure of the B’ hepta-repeat. The mop2 mutation promotes a 

repressive chromatin structure, and the mop3 mutation promotes an active chromatin 

structure at the B’ hepta-repeat. Our data suggests that MOP2 and MOP3 are proteins 

with opposite functions, which together result in the establishment of the observed B’ 

chromatin structure at the hepta-repeat. Our data indicates that the formation of a 

paramutagenic chromatin structure at the B’ hepta-repeat requires both activating and 

repressive mechanisms.  

Results  

The chromatin structure at the b1 locus plays an important role in paramutation as 

well as the regulation of b1 expression ((Stam et al., 2002a) and chapter 3 of this 

thesis). To study the role of nucleosome density and histone modifications in b1 

paramutation more extensively, we analyzed tissue derived from husk leaves taken 

from B’ plants homozygous for the recessive mop3 mutation, and from plants 

heterozygous for the dominant mop2 mutation.  
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Figure 1: Quantification of b1 expression. 

RNA blot analyses of RNA isolated from husk tissue from B’, B-I, B’mop2/Mop2 and 

B’mop3 plants. The blots were hybridized with probes recognizing the coding region of b1 

and Sam. The arrow left of the blot indicates the full-length b1 transcript. The bar graph 

shows the b1 transcript levels normalized to the Sam transcript levels. The band-intensities 

of the full-length b1 and Sam transcripts were quantified, the background signals were 

subtracted and the b1/Sam ratio was calculated. 
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We performed Chromatin Immuno-Precipitation (ChIP) experiments in combination 

with real-time quantitative PCR analysis (ChIP-QPCR), using antibodies against 

modified histone H3 proteins. The ChIP-QPCR analysis in the mutants affecting 

paramutation was essentially performed as described in chapter 3 of this thesis. We 

analyzed the hepta-repeat at 6 positions (R1-R6) on every 853 bp element, sequences 

flanking the hepta-repeat region at both the 5’ (5’R) and 3’ (3’R) side and a single 

copy region located 41.9 kb (Sc1) upstream of the b1 transcription start site. The b1 

gene was analyzed at three different positions: the proximal promoter (PRO), the 5’ 

untranslated leader (UTR) and the third exon (Ex3) of b1. In every ChIP experiment 

additional independent control sequences were analyzed, allowing normalization of 

the ChIP data as well as providing a quality control for the procedure itself (Chapter 2 

of this thesis).  

The hepta-repeat is targeted by both active and repressive chromatin modifying 

processes.  

Changes in the presence and abundance of nucleosomes at a site can indicate the 

activity of regulatory complexes. Functional protein binding sites and transcription 

start sites are generally low in nucleosome density, whereas repressed sites display a 

high nucleosome density (Segal et al., 2006, Buck and Lieb, 2006, Yuan et al., 2005, 

Lee et al., 2004). Analyzing nucleosome density at the b1 locus provides insight in 

molecular processes involved in enhancer regulation and paramutation. Previously we 

showed that in high b1 expressing B-I tissue, the hepta-repeat shows a low 

nucleosome density relative to that observed in low expressing B’ tissue (chapter 3). 

We suggested that this low nucleosome density reflects the presence and binding of 

factors involved in the B-I enhancer function.   
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Our ChIP data on nucleosome occupancy at the hepta-repeat shows that B’ 

mop2/Mop2 differs from B’ mop3, and that both mutants differ from B’ in a wild-type 

background (B’ wt) (figure 2). We did not observe notable differences in nucleosome 

density at the other regions tested. This shows that the hepta-repeat is an important 

target for molecular processes involved in b1 paramutation, confirming the 

significance of this region. In B’ mop3 we observed a low signal for H3core in R1-R4 

and R6, and a relatively high signal in R5 (figure 2a), a pattern comparable to that 

observed in B-I (figure 2b). B’ mop3 plants have a relatively high b1 expression level, 

resulting in a dark B-I like pigmentation (figure 1). Taken together, our data indicate 

that a low nucleosome density is associated with a high b1 expression. In the low b1 

expressing mop2/Mop2 mutant we observed an increase in nucleosome density at the 

B’ hepta-repeat compared to B’ in wild-type plants (figure 2). The positioning of 

nucleosomes observed at the B’ hepta-repeat in mop2/Mop2 resembles that in a wild-

type background (figure 2). The mop2/Mop2 mutant does however not show the low 

H3core signal at the R2 and R3 region observed in B’ husk. The dense hepta-repeat 

nucleosome array observed in B’ mop2/Mop2 suggests that repressive processes act 

Figure 2. Nucleosome density in mop2 and mop3. 

(A) Chromatin immuno precipitation experiments analyzed by quantitative PCR (ChIP-
QPCR) was performed on tissue from B’ mop2 and B’ mop3 plants, using an antibody 
against the H3 core. (B) H3core ChIP-QPCR data for wild-type B’ and B-I, reprinted 
from chapter 3. Black bars indicate the ChIP signal (H3), open bars the no-antibody 
immunoprecipitation. All ChIP values were normalized to the copia signals. The error 
bars indicate the SEM of at least three replicate experiments. Values significantly 
different (95% confidence interval) from the background signal are indicated with an 
asterisk. 
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more strongly at the hepta-repeat in the mop2 mutant than in a wild-type background. 

This may prevent specific proteins from binding to the hepta-repeat, inhibiting trans-

allele interactions involved in paramutation. Taken together, the increase in repression 

observed in mop2 and the decrease in repression observed in mop3 indicate that the 

hepta-repeat is targeted by both active and repressive chromatin modifying processes. 

Histone H3 acetylation reflects loss of silencing at the B’ hepta-repeat 

Histone H3 acetylation is associated with actively transcribed genes and active 

regulatory sequences (Schubeler et al., 2004, Chua et al., 2001, Pokholok et al., 2005, 

Clayton et al., 2006, Tian et al., 2005, Tsuji et al., 2006). The b1 transcribed region 

(UTR and Ex3) has H3 acetylation in the mop2 and mop3 mutants, as observed for B-

I and B’ in a wild-type background (chapter 3). The high expressing B’ mop3 plants 

however show a clearly higher signal for H3 acetylation at the b1 UTR and Ex3 than 

the low expressing B’ mop2/Mop2 plants. This is reminiscent of the results obtained 

for the high expressing B-I and low expressing B’ plants (figure 3 and chapter 3), 

indicating that the level of H3 acetylation at the UTR and Ex3 is associated with the 

level of b1 expression. 

Previously we showed that B-I and B’ mop1-1 husk leaves, expressing b1 at a high 

level, have acetylation of histone H3 at the hepta-repeat region (chapter 3 and 4). B’ 

Figure 3. Localization of H3 acetylation in mop2 and mop3. 
(A) ChIP-QPCR was performed on tissue from B’ mop2 and B’ mop3 plants, using an 
antibody against acetylated Histone H3. (B) H3 acetylation ChIP-QPCR data for wild-
type B’ and B-I, reprinted from chapter 3. All ChIP values were normalized to the actin 
signals. See legend Figure 2 for further details.
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husk leaves, expressing b1 at a low level, do not have H3 acetylation at the hepta-

repeat. The association of hepta-repeat H3 acetylation with a high level of b1 

expression suggests that the hepta-repeat acts as a transcriptional enhancer. The 

results of the ChIP-QPCR experiments described in this chapter confirm this idea. For 

B’ mop3 tissue we observed significant H3 acetylation signal above background at the 

B’ hepta-repeat (figure 3a), resembling the H3 acetylation signal levels observed in B-

I (figure 3b) and B’ mop1-1 (chapter 4). This indicates that the hepta-repeat in mop3 

mutants consists of chromatin in an active state, permitting enhancer activity. We did 

not observe H3 acetylation at the hepta-repeat of the low b1 expressing B’ 

mop2/Mop2 husk leaves (figure 3a), comparable to the observations for B’ wt leaves 

(figure 3b). Together with the nucleosome density data (figure 2), these results 

indicate that the hepta-repeat is in a repressed state in mop2 plants.  

The B’ mop3 H3 acetylation pattern does not following the positioning of 

nucleosomes. In B-I, B’ mop1-1 and B’ mop3 plants, all with a b1 expression level 

clearly higher than that of B’, the strongest signals for H3 acetylation are observed at 

the R6 repeat region, the 3’ side of each repeat(compare figure 2a with figure 3a; see 

also chapter 3 and 4). We did not observe strong signals for nucleosomes at the R6 

region. This indicates that the distribution of hepta-repeat H3 acetylation in the 

mutant plants is primarily directed by the repeat DNA sequence, not by the 

nucleosome density.  

We observed hepta-repeat H3 acetylation only in plants with a high b1 expression 

level; we did not observe H3 acetylation at the hepta-repeat in the low expressing B’ 

wt (chapter 3) or B’ mop2 (figure 3). The association of hepta-repeat H3 acetylation 

with high b1 expression confirms our model in which the hepta-repeat acts as a 

transcriptional enhancer for the b1 gene. The presence of H3 acetylation at the hepta-

repeat in B’ mop3 suggests that the repressive wild-type B’ chromatin state is no 

longer present. B’ in a mop3 mutant is also no longer paramutagenic, suggesting that 

the wild-type B’ chromatin state at the hepta-repeats is essential for the mechanisms 

underlying trans-inactivation in paramutation. 
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Histone H3K9me2 at the hepta-repeat reflects the repressive state of the b1 

enhancer. 

Methylation of histone H3 lysine 9 is correlated with a repressive chromatin state and 

is generally colocalizing with DNA cytosine methylation (Martin and Zhang, 2005, 

Fischer et al., 2006, Lachner et al., 2003, Lindroth et al., 2004, Soppe et al., 2002, 

Naumann et al., 2005, Fuchs et al., 2006). The combination of H3K9 methylation and 

DNA cytosine methylation is proposed to function as a self-reinforcing loop 

contributing to the formation and maintenance of a repressive chromatin state (Tariq 

et al., 2003, Stancheva, 2005). We showed that low b1 expressing B’ husk leaves have 

H3K9me2 at the hepta-repeat and 3’ flanking sequence, while the high b1 expressing 

B-I husk leaves do not have H3K9me2 signal at these sequences (chapter 3). Our data 

showed that H3K9me is present at the hepta-repeat in B’ in a tissue-specific manner, 

suggesting that B’ H3K9me2 results from a tissue-specific regulatory process 

involved in b1 enhancer repression. We did not observe significant H3K9me2 signals 

at other locations in the b1 locus. The results described in this chapter show that 

H3K9me2 is present in both mop mutants tested, despite their large differences in b1 

expression level. 

We observed H3K9me2 at the B’ hepta-repeat in both mop mutant backgrounds, 

including mop3 with a high b1 expression level. B’ mop3 plants show a significant 

signal for H3K9me2 at the hepta-repeat (figure 4a). The observed signals for 

H3K9me2 co-localize with signals for H3 acetylation, and the hepta-repeat 

nucleosome occupancy resembles that of B-I. This indicates that, despite the low 

nucleosome density and H3 acetylation, the repressive chromatin state is not 

completely removed, and both activating and repressive chromatin processes act 

together upon the hepta-repeat. 
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The level of H3K9me2 correlates inversely with the level of b1 expression: the low 

expressing B’ mop2/Mop2 displays high H3K9me2 levels, whereas the H3K9me2 

signals observed for the high expressing B’ mop3 are relatively low. Interestingly, the 

hepta-repeat in B’ mop2/Mop2 shows more H3K9me2 and a denser nucleosome array 

than observed for B’ wt, indicating that the chromatin structure at the hepta-repeats in 

mop2 is more repressed than in wild-type B’. This suggests that in the mop2 mutant 

processes are affected that counteract repression of the chromatin structure at the B’ 

hepta-repeat, implying that chromatin activation is important in the trans-allele 

silencing aspect of paramutation. 

H3K27me2 reflects a repressive chromatin structure at the b1 locus 

In plants, dimethylated H3K27 (H3K27me2) is associated with transcriptionally 

silenced, inactive chromatin and is suggested to function in maintaining a repressive 

chromatin state (Bastow et al., 2004, Schubert et al., 2006, Gehring et al., 2006). 

Previous experiments showed that H3K27me2 is present at the hepta-repeat, proximal 

promoter and transcribed region of B’, but not of B-I. Our results indicated that 

H3K27me2 plays a role in the maintenance of the low expression state of the B’ 

Figure 4. Localization of H3K9me2 in mop2 and mop3. 

(A) ChIP-QPCR was performed on tissue from B’ mop2 and B’ mop3 plants, using an 
antibody against H3K9me2. (B) H3K9me2 ChIP-QPCR data for wild-type B’ and B-I, 
reprinted from chapter 3. All ChIP values were normalized to the copia signals. See 
legend Figure 2 for further details. 
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epiallele (chapter 3-4). In addition, our data on B’ wt, B-I wt and B’ mop1-1 suggested 

that H3K27me2 is involved in the mechanism underlying trans-inactivation (chapter 

3 and 4). To further assess the role for H3K27me2 in b1 paramutation and enhancer 

regulation, we analyzed the presence of H3K27me2 at the b1 locus in mop2 and mop3 

mutants.  

In the low expressing B’ mop2/Mop2 we observed significant signal for H3K27me2 at 

the hepta-repeat, at a level comparable to that at the B’ hepta-repeat in a wild-type 

background. We did not observe H3K27me2 at the hepta-repeat in the high 

expressing B’ mop3 plants. These data associate H3K27me2 at the hepta-repeat with a 

low expression level of the b1 gene, fitting with a role for hepta-repeat H3K27me2 in 

maintaining chromatin repression. 

Our previous experiments showed that H3K27me2 is also present at the promoter and 

transcribed region of the b1 gene, independent of the tissue tested (chapter 3). We 

hypothesized that this H3K27me2 is involved in the heritable maintenance of the low 

B’ expression state. We observed H3K27me2 signal above background at the 

promoter and UTR region of high b1 expressing B’ mop3 plants, and we observed 

significant H3K27me at the Ex3 of the low expressing B’ mop2/Mop2. The 

observations for H3K27me2 in the mop2 and mop3 mutants are very similar to the 

Figure 5. Localization of H3K27me2 in mop2 and mop3. 

(A) ChIP-QPCR was performed on tissue from B’ mop2 and B’ mop3 plants, using an 
antibody against H3K27me2. (B) H3K27me2 ChIP-QPCR data for wild-type B’ and B-I, 
reprinted from chapter 3. All ChIP values were normalized to the copia signals. See 
legend Figure 2 for further details. 
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observations for B’ wt, supporting a role for H3K27me2 at the transcribed region in 

the heritable maintenance of the B’ epigenetic state.  

Discussion:  

In this study we have examined the role of nucleosome occupancy and histone 

modifications in paramutation at the maize b1 locus two mutants that inhibit 

paramutation, mop2 and mop3. Both mutations prevent trans-inactivation of B-I by 

B’, but each affects the b1 expression level differently (figure 1 and (Chandler, 

2004)). The mop2 mutation results in low b1 expression, whereas the mop3 mutation 

allows a high b1 expression level. In this chapter we show that the B’ hepta-repeat is 

simultaneously subject to both repressive and activating chromatin modifying 

activities, together resulting in a chromatin structure that can mediate paramutation. 

 

The mop2 and mop3 mutants oppositely affect the B’ hepta-repeat chromatin 

structure 

The mop2 and mop3 mutations both prevent paramutation of B-I by B’. They however 

have an opposite effect on the b1 expression level. In this study we show that the 

mop2 and mop3 mutations have an opposite effect on nucleosome density and histone 

modifications at the B’ hepta-repeat. This indicates that paramutation is regulated by 

opposing molecular mechanisms that are affected by the mutations, comparable to 

observations described for fission yeast (Zofall and Grewal, 2007) (Sugiyama et al., 

2007). Heterochromatin in fission yeast is targeted by both activating and repressive 

chromatin-modifying complexes capable of alleviating or promoting transcriptional 

gene silencing. Interestingly, activation of the region to be silenced can be required 

(Grewal and Elgin, 2007).  

B’ in a mop3 mutant plant (B’ mop3), which has an intermediate b1 expression level, 

has acetylation of histone H3 at the hepta-repeat (figure 3) and a low nucleosome 

density (figure 2), both resembling that of the high expressing B-I husk tissue (figure 

2-3 and chapter 3). This data indicates that, compared to the repressive chromatin 

state of the B’ hepta-repeat in a wild-type background (B’ wt), the hepta-repeat 

chromatin state in the mop3 mutant shows chromatin marks correlated with 

transcriptional activity (Clayton et al., 2006, Chua et al., 2001). The repressive 
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chromatin state in B’ mop3 is however not completely lifted (Ringrose et al., 2004, 

Fischer et al., 2006): the H3K9me2 mark is still present at the hepta-repeat (figure 4a) 

and the level of b1 expression is still lower than in B-I (figure 1). These observations 

indicate that the mop3 mutation lifts repression of the b1 enhancer, shifting the 

balance between repressed and active chromatin towards the active state. Trans-

inactivation is prevented by the mop3 mutation, our data therefore indicates that a 

repressive chromatin state at the hepta-repeat is important for the trans-inactivation 

aspect of paramutation.  

Our results indicate that the mop2 mutation counteracts activating regulatory 

processes affecting the B’ hepta-repeat. The hepta-repeats in B’ mop2/Mop2 (B’ 

mop2) display a high nucleosome density (figure 2), extensive methylation of H3K9 

(figure 4) and a remarkably low b1 expression level (figure 1 and 6). The data 

indicate enhancement of the repressive chromatin state, compared to B’ wt (figure 2 

and 4). We observed high levels of H3K9me2, a dense nucleosome array and 

H3K27me2 marks already in B’ mop2/Mop2 seedlings (R. Bader and M. Stam, data 

not shown). In a wild-type background H3K9me2 is present in B’ in a tissue-

dependent manner (chapter 3). Our results show that in a mop2 mutant a repressed 

chromatin state is present at the hepta-repeat in a tissue-independent manner. We 

propose that this tissue-independent repressive chromatin state in B’ mop2 affects the 

b1 enhancer function of the hepta-repeat, as well as the trans-inactivation aspect of 

paramutation by preventing regulatory proteins from binding to the hepta-repeat.  

Both low expressing mop2 and high expressing mop3 and mop1 mutant plants have 

H3K27me2 at the coding region of the b1 gene, similar to B’ in a wild-type 

background (figure 1 and chapter 4). We did not observe H3K27me2 at the coding 

region of B-I. This data support a role for H3K27me2 at the coding region in 

maintaining the low B’ expression state, possibly by physically interacting with 

repressive chromatin factors at the B’ hepta-repeat (chapter 4 and (Louwers, 2008)). 

Our analyses show that repressive and activating mechanisms are acting together on 

the hepta-repeat. We propose that this combination of chromatin modifying processes, 

together with DNA methylation at the hepta-repeat and H3K27me2 at the coding 

region, results in a chromatin structure that is able to mediate paramutation. 
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The level of active and repressive epigenetic marks determines the b1 expression 

level 

In the mop mutant plants we observed a range of b1 expression levels, different from 

B’ and from B-I (figure 1 and 6). The b1 expression level is higher in mop1 and mop3 

plants than in B’ wild-type plants, but lower than in B-I plants. In mop2 plants b1 

expression is lower than in B’ plants. We showed that this range in expression levels 

is associated with the presence or absence of specific active and repressive chromatin 

marks (figure 6A). Our data suggest that the chromatin structure at the B’ hepta-repeat 

reflects different levels of repression; less hepta-repeat chromatin repression results in 

a stronger enhancer function and therefore a higher b1 expression level, and vice-

versa. The presence of intermediary stages of repression is shown by the observation 

that in mop3 both H3K9me2 and histone acetylation are present at the hepta-repeat 

(figure 3 and 4). Similarly, in B’ mop1 plants we detected significant signals at the 

hepta-repeats for H3K9me2, together with H3 acetylation signals (Chapter 4, Fig. 3). 

We propose that the intermediate b1 expression levels in mop1 and mop3 are the 

result of a shift towards activation in the balance between repressive and activating 

chromatin modifying processes. In mop2 this balance between repressive and 

activating chromatin modifying processes is shifted towards repression. Compared to 

B’ wt, this shift in the balance in mop2 results in a increase in repressive chromatin 

marks at the hepta-repeat, and in a decrease in b1 expression. The presence of histone 

modifications with opposite functions in chromatin regulation at the hepta-repeat 

shows that the B’ and B-I chromatin states result from a balance between activating 

and repressive processes. This resembles heterochromatin silencing in fission yeast 

(Grewal and Elgin, 2007, Zofall and Grewal, 2007) and binary epigenetic switches 

controlling early developmental genes in mammals (Bernstein et al., 2006). We 

propose that this regulation of the chromatin structure at the B’ hepta-repeat by active 

and repressive factors is essential for the trans-inactivation aspect of paramutation. 

Our measurements do however not exclude that H3 acetylation and H3K9me2 are 

localized on different repeat units within a hepta-repeat, or on different hepta-repeats. 

It is unlikely though that two types of repeats are split in two populations of cells, one 

with histone H3 acetylation at the hepta-repeat and an active enhancer, and another 

with only H3K9me2 at the hepta-repeat and a repressed enhancer. Such distribution 
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would result in a variegated anthocyanin pigmentation pattern in the tissues that were 

used for our analysis. We did not observe such pattern, arguing against the existence 

of two populations of cells. Altogether, it is likely that both activating and repressive 

processes act upon one hepta-repeat region in one cell, and that the balance between 

activation and repression is important for enhancer activity and trans-inactivation. 

Chromatin activation is targeted to specific DNA sequences, chromatin 

repression is targeted to the tandem-repeats. 

The observed differences in epigenetic modifications at the b1 locus are largely 

limited to the hepta-repeat (figure 2-5 and chapter 3-4). Interestingly, the nucleosome 

density and histone modification patterns observed at the hepta-repeat indicate that 

they result from processes that are targeted to specific regions on the hepta-repeat. If 

the hepta-repeat nucleosomes were positioned stochastically, our analysis of six DNA 

sequences repeated seven times on each chromosome would have resulted in average 

signals for all sequences tested. Our analysis of hepta-repeat nucleosome density in 

the mop mutants however showed clear differences in ChIP signals for different 

regions on the hepta-repeat, indicating that nucleosome occupancy does not occur 

randomly but is targeted to specific locations (figure 2). Comparison of the 

nucleosome occupancy with the distribution of the histone modifications provided 

additional information on where and how regulatory protein complexes are targeted. 

At the B’ hepta-repeat in the mop2 mutant the H3K9me2 and H3K27me2 patterns 

largely follow the nucleosome occupancy. This indicates that in mop2 the signal 

levels for these  modifications are primarily determined by the availability of 

nucleosomes, the modifications are not targeted to a specific DNA sequence. These 

data show that in the mop2 mutant the repressive chromatin marks are not directed to 

the  hepta-repeat by DNA sequence information, but by other means. In plants, 

tandem repeat sequences in general are associated with gene silencing phenomena 

(Martienssen, 2003, Stam et al., 2002a, Fujimoto et al., 2008, Chan et al., 2006, 

Tessadori et al., 2007, Kermicle et al., 1995, Panavas et al., 1999)). We propose that 

at the b1 locus the repetitive nature of the hepta-repeat, together with DNA 

methylation, is sufficient to attract repressive chromatin modifiers.  

In contrast, at the B’ hepta-repeat in the mop3 mutant, the histone modification pattern 

differs from the nucleosome occupancy pattern (compare mop3 in figure 2 with 3). 
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Strong H3 acetylation signals are observed at repeat sequences with a low 

nucleosome density, while no significant H3 acetylation is observed in a sequence 

region with a relatively high nucleosome density (Figure 3, R5). This suggests that in 

the mop3 mutant, H3 acetylation is targeted to specific DNA sequences at the hepta-

repeat independent of the nucleosome density. 

It is likely that the activation of the hepta-repeat chromatin structure is induced by the 

sequence-specific binding of transcription factors, similar to transcription-initiation at 

regulatory promoter elements (Hahn, 2004, Li et al., 2007)(and chapter 3).  

In conclusion, our data indicates that in this regulatory system repressive chromatin 

marks are targeted differently than active chromatin marks. We propose that the 

repressive chromatin state is directed by the repetitive nature of the hepta-repeat 

region, and that the active chromatin state is directed to specific DNA sequences on 

the hepta-repeat. 

Concluding remarks 

The mop2 and mop3 mutations both affect the trans-inactivation process of 

paramutation: the transition of B-I to B’ in a B-I/B’ heterozygous plant. We showed 

that despite the similar effect on trans-inactivation, the two mop mutants display a 

remarkably different chromatin structure at the hepta-repeat. The chromatin state at 

the hepta-repeat in mop2 and mop3 is also different from that in B’. Our results 

provide evidence for a complex interplay between the hepta-repeat DNA sequence, 

histone modifications, nucleosomes and regulatory protein factors. We show that the 

B’ epigenetic state is not the result of only a repressive pathway: both active and 

repressive chromatin factors are required to maintain the epigenetic state of the B’ 

allele. Regulation of chromatin structure by these two processes is essential for the 

trans-inactivation aspect of paramutation. Furthermore, we showed that repressive 

chromatin marks are targeted differently than active chromatin marks. The repressive 

chromatin state at the hepta-repeat is mainly directed by the repetitive nature of the 

hepta-repeat region, the activating chromatin processes are directed to specific DNA 

sequences. Identification and characterization of the mop1 and mop3 mutations will 

provide further insight into the molecular interactions that underlie the interplay 
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Figure 6: Summary of b1 expression data, histone modifications and nucleosome 

density. 

The quantification of b1 expression shown here uses the data shown in figure 1 and 

chapter 4, normalized to the expression level of B’. The columns for histone 

modification and nucleosome density represent data described in chapter 3 and 4 and 

this chapter.  

 

between activating and repressive chromatin marks, trans-inactivation and enhancer 

regulation aspects of b1 paramutation. 

Materials and methods 

ChIP-QPCR experiments 

Chromatin immunoprecipitation was performed as described in chapter 2 with minor 

modifications. Immunoprecipitation experiments were performed using antibodies 

against H3K9ac/K14ac (Upstate #06-599), H3K9me2 (Upstate #07-441), H3K27me2 

(Upstate #07-452) and histone H3 (Abcam #ab6002, Abcam plc, Cambridge, UK). 

The quantified b1 data were normalized to the quantified actin (genbank #J01238; 

H3K9ac/K14ac data) or copia data (genbank #AF398212; H3K9me2, H3K27me2 and 
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H3 data) using the following formula: ChIP Sample quantified/Calibrator Sample 

quantified = ChIP Sample normalized. All ChIP-QPCR experiments were repeated at 

least three times with chromatin from different plants. For each normalized data point 

the mean and standard error were calculated. For statistical analysis, a student’s T-test 

was used with a 95% confidence interval.  

 

RNA blot analysis 

Total RNA was isolated from liquid N2-ground plant tissue using the TRIzol method 

(Invitrogen). To this end, material was collected from the same tissues used in the 

CHIP-QPCR analysis. For RNA blot analysis, 10 μg RNA was separated on a 

formaldehyde agarose gel in 1X MOPS (0.2M 3-CN-morpholinol propane sulfonic 

acid, 50 mM natrium acetate, 10mM EDTA, pH 7). Next, the RNA was transferred to 

Hybond-N+ membrane (Amersham Biosciences) by overnight capillary blotting using 

10mM NaOH. The following day, the RNA was fixed to the membrane by UV 

crosslinking (0.120 J; Stratalinker). The RNA blots were hybridized using probes 

recognizing the coding regions of the booster1 (b1) or the S-adenosyl-methionine 

decarboxylase (Sam) gene. The probes were generated by PCR using plasmid DNA as 

template. For the b1 gene, a B-Peru cDNA clone was used (Radicella et al., 1991). 

This probe recognized exons 7, 8 and 9(Radicella et al., 1991). For Sam, pML17 was 

used (Louwers, 2008). pML17 was generated by PCR amplification of part of the Sam 

coding region with primers M854 and M855, followed by cloning of the fragment 

into pGEMT-easy. The results were visualized, and the relative band intensities 

quantified using a phosphorimager and ImageQuant software (Storm, GE Healthcare).  
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Abstract 

The work described in this thesis shows that b1 paramutation involves an intricate 

interplay between chromatin structure on the one hand and gene expression, 

heritability of epigenetic states and trans-inactivation on the other. In this chapter we 

will discuss a molecular model on the mechanisms underlying paramutation and the 

tissue specific regulation of b1 expression. We propose that a region of seven tandem 

repeats (hepta-repeat) functions as a tissue-specific enhancer for b1 expression. This 

hypothesis fits recently published data and our data on chromatin structure at the 

hepta-repeats of B-I and B’, the two alleles participating in b1 paramutation. In wild-

type plants, the b1 enhancer shows two extreme activity states: a repressed state, 

leading to a low B’ expression level, and a highly active state, resulting in the high B-I 

expression level. The mop1 and mop3 mutants, which affect paramutation, display b1 

expression levels between those of B’ and B-I, indicating intermediate enhancer 

activities. In contrast, in the mop2 mutant, B’ shows a b1 expression level even lower 

than that in a wild-type background, indicating a reduced enhancer activity compared 

to B’ in a wild-type background. Remarkably, multiple intermediate chromatin states 

exist, defined by different combinations of activating and repressive histone 

modifications, DNA methylation and nucleosome positioning. The mechanism that 

emerges from our data shows an intricate balance between activating and repressive 

marks on the b1 enhancer. Different combinations of activating and repressive marks 

result in different expression levels. We will discuss epigenetic marks that are directly 

related to the trans-interaction between alleles, providing a glimpse into the molecular 

mechanism behind b1 paramutation. Taken together we provide novel insight into the 

complex processes involved in controlling gene expression in higher eukaryotes. 
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Paramutation in b1 

Paramutation is a meiotically and mitotically heritable change in gene expression 

induced by interactions between homologous alleles (chapter 1, (Chandler et al., 

2000b, Stam and Mittelsten Scheid, 2005)). Paramutation does not involve changes in 

the DNA sequence, but is brought about by epigenetic changes in chromatin structure 

((Rassoulzadegan et al., 2002, Sidorenko and Peterson, 2001, Walker and Panavas, 

2001, Stam et al., 2002b, Chandler et al., 2000b) and this thesis). Paramutation has 

been observed in plants, fungi and mammals (reviewed in chapter 1). One of the best-

examined cases of paramutation occurs at the b1 locus in maize (Zea mays). In this 

chapter we discuss our findings on the mechanisms underlying b1 paramutation in 

relation to other recent literature. 

 Paramutation at the b1 locus in maize requires two alleles that differ in their 

epigenetic modifications but not in the DNA sequence: the inducing (paramutagenic) 

B’ and the sensitive (paramutable) B-I allele (Coe, 1966, Chandler, 2004). The B’ and 

B-I alleles differ in the expression level of the b1 gene: B-I expresses b1 10-40 times 

higher than B’ (chapter 3 and 4)(Chandler et al., 2000b). The b1 gene codes for a 

basic helix-loop-helix transcription factor that activates anthocyanin pigment 

biosynthesis in the epidermal cell layer of most vegetative parts of the plant (reviewed 

in (Chandler et al., 2000b)), and as a result paramutation is readily visible by changes 

in pigmentation of the maize plants. In a B’/B-I heterozygote, the B’ allele induces a 

change in the chromatin structure of the B-I allele, effectively changing it into a B’ 

allele. The newly formed B’ allele is stable, it will not revert back to B-I, and is fully 

able to paramutate B-I alleles in subsequent crosses (Patterson et al., 1993).  

 Paramutation at the b1 locus requires the presence of multiple 853bp repeats, 

located ~110kb upstream of the b1 transcription start site (Stam et al., 2002c). In B-I 

and B’ seven of these repeats (hepta-repeat) are present in tandem. B’ always 

paramutates B-I. An allele with five repeats can still fully paramutate B-I alleles, an 

allele with three repeats shows a decreased efficiency in paramutation, and alleles 

with one copy do not participate in paramutation, they are neutral. Multiple 853 bp 

repeats are not only required for the trans-inactivation, but also for the high b1 

expression level ((Stam et al., 2002c) and chapter 1). The analysis of several 

epigenetic marks showed that B-I and B’ differ in chromatin structure at the hepta-
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repeat and that some aspects of the chromatin structure are tissue-specifically 

regulated, like the expression of b1 ((Stam et al., 2002b, Alleman et al., 2006, 

Louwers, 2008) and this thesis). We propose a model in which the hepta-repeats 

function as a tissue-specific enhancer for b1 expression. Enhancer regions have an 

important role in the tissue-specific regulation of gene expression, and recruit proteins 

like transcription factors, chromatin remodeling complexes and histone acetyl-

transferases, mediating transcription (Verdone et al., 2005). In line with the tissue-

specific enhancer function, the tissue-specific high b1 expression is associated with 

the formation of a multi-loop chromatin conformation involving the hepta-repeat, the 

transcription start site region and additional, expression level-specific regulatory 

regions within the b1 chromatin domain (Louwers, 2008). In chapter 3 we showed 

that the repeat junction regions display special properties attracting chromatin 

modifications, indicating that the effects seen with multiple repeats result from the 

presence of multiple repeat-repeat junctions.  

Paramutation and chromatin  

The characterisation of the Mediator of Paramutation1 (Mop1) gene in 

maize indicates that the small interfering RNA (siRNA)-directed chromatin silencing 

pathway plays a role in paramutation (Alleman et al., 2006, Chandler and Alleman, 

2008). The mop1 mutation prevents establishment of paramutation at three different 

maize loci, including the b1 locus (Dorweiler et al., 2000), and influences transposon 

DNA methylation and silencing (Lisch et al., 2002). The Mop1 gene codes for a 

protein with high homology to the Arabidopsis thaliana RNA-Dependent RNA 

Polymerase 2 gene (RDR2)(Alleman et al., 2006), and in b1 paramutation a functional 

Mop1 is essential for both trans-inactivation and enhancer repression. The 

Arabidopsis RDR2 gene codes for an RNA-dependent RNA polymerase (RDRP) that 

is associated with the production of short interfering RNA (siRNA)(Vaucheret, 2006). 

SiRNAs are important for gene silencing at the transcriptional level (Zaratiegui et al., 

2007). It has been shown for Arabidopsis that siRNAs can direct DNA methylation 

and repressive chromatin complexes to homologous target loci (reviewed in (Matzke 

and Birchler, 2005, Matzke et al., 2007)). In plants, the pathway leading to siRNA-

mediated repression is well characterized. RNA is transcribed from methylated (non-

coding) target DNA sequences by RNA Polymerase IV (POL IV), the complementary 
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strand is synthesized by the RNA dependent RNA polymerase RDR2. The resulting 

double stranded RNA is cut in 24nt fragments by DICER (DCL3), creating siRNAs 

(Huettel et al., 2007). The small siRNAs are processed by complexes containing 

ARGONAUTE 4 (AGO4) and DNA methyl-transferases (DMT) are recruited. The 

resulting complexes mediate chromatin silencing based on sequence homology (Cao 

and Jacobsen, 2002). The tandem repeats required for b1 paramutation are transcribed 

from both strands, and 24 nt long siRNAs with homology to the hepta-repeat are 

observed ((Alleman et al., 2006) and M. Arteaga-Vazquez and V. Chandler, personal 

communication). Interestingly, siRNAs have been found in B’ and in B-I plants, 

indicating that siRNAs are not sufficient for paramutation. In mop1 mutants these 

siRNAs are strongly reduced, confirming a role for Mop1 in the siRNA pathway (M. 

Arteaga-Vazquez and V. Chandler, personal communication)(Chandler, 2007). For 

Arabidopsis it has been shown that siRNA-directed repression requires pre-existing 

chromatin modifications such as DNA methylation (Chan et al., 2006). This 

dependence of siRNA-directed silencing on pre-existing chromatin modifications can 

explain how the presence of siRNAs in B-I plants does not result in repression of the 

b1 enhancer (see below). 

To gain a better understanding of the role of DNA methylation and 

chromatin modifications in b1 paramutation, we have analyzed the chromatin 

structure of the b1 locus in B-I and B’ plants and in three mutants that are affected in 

paramutation (chapter 3-5). We have analysed nucleosome positioning, DNA 

methylation (DNAme), histone H3 acetylation (H3ac), dimethylation of H3K4 

(H3K4me2, not discussed in this chapter), dimethylation at lysine 9 (H3K9me2) and 

lysine 27 (H3K27me2) at the b1 locus, providing insight into the mechanism 

underlying different aspects of paramutation. Nucleosome positioning is important for 

the accessibility of chromatin for regulatory factors, by either shielding DNA 

sequence elements for transcription factors, or exposing such protein binding sites 

(Daenen et al., 2008, van Rietschoten et al., 2008, Petesch and Lis, 2008, Lee et al., 

2004a, Workman, 2006, Panne, 2008). Acetylated histone H3 is associated with an 

active chromatin structure as it is observed at actively transcribed genes and at active 

transcriptional enhancers (Barski et al., 2007, Heintzman et al., 2007, Schubeler et al., 

2004, Pokholok et al., 2005, Roh et al., 2007, Nishida et al., 2006). Histone 
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acetylation is established by histone acetyl transferase (HAT) enzymes, acting as 

transcriptional co-activators (Eberharter and Becker, 2002, Verdone et al., 2005). 

DNA methylation is carried out by DNA methyltransferase (DMT) enzymes and can 

occur in a symmetrical (CG)(Jaenisch and Bird, 2003, Chan et al., 2005) and in plants 

also in an asymmetrical context (CHG and CHH )(Cao and Jacobsen, 2002, Cao et al., 

2003) (Henderson and Jacobsen, 2008). Methylated DNA is an epigenetic mark that is 

involved in maintaining transcriptional silencing through mitosis and meiosis, and is 

generally related to a repressive chromatin structure (Johnson et al., 2002, Klose and 

Bird, 2006, Dieguez et al., 1998, Jaenisch and Bird, 2003). Other components of such 

a repressive structure in plants are dimethylated H3K9 and H3K27 (Fischer et al., 

2006, Lindroth et al., 2004, Naumann et al., 2005, Tessadori et al., 2007). The 

methylation of histone H3 lysine 9 and 27 is brought about by their respective histone 

methyltransferase enzymes (HMT). These enzymes are negative regulators of gene 

expression and are associated with a repressive epigenetic state (Fischer et al., 2006, 

Shinkai, 2007). H3K9me2 is associated with stable, heterochromatin-like silencing in 

mammals, plants and fungi (Stancheva, 2005). DNA methylation, together with 

methylation of H3K9 provide a self-reinforcing system that contributes to the 

formation of repressed chromatin (Tariq et al., 2003, Stancheva, 2005). Methylation 

of histone H3 lysine 27 (H3K27) is associated with gene silencing by polycomb group 

(PcG) proteins in animals and plants (Mathieu et al., 2005, Cao et al., 2002, Sung and 

Amasino, 2004, Bastow et al., 2004, Peters et al., 2003, Lindroth et al., 2004, Gehring 

et al., 2006).  

 

Changes in chromatin structure at b1 

Paramutation at b1 is characterized by three important mechanistic aspects: tissue-

specific regulation of the b1 enhancer, trans-inactivation and epigenetic memory. We 

hypothesize that the tissue-specific b1 enhancer is active in B-I and inactive in B’, 

resulting in the observed differences in b1 expression level between these alleles 

(chapter 3). Trans-inactivation refers to the process that takes place in a B’/B-I 

heterozygote and changes the B-I allele into a new B’ allele. The epigenetic memory 

refers to the heritable maintenance of the epigenetic state of the B’ allele across 

generations. To identify the role of DNA methylation and/or other chromatin 
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modifications in these three different aspects of paramutation, we performed high-

resolution analyses of the DNA methylation pattern, nucleosome positioning and 

presence of various well-studied histone modifications at the B’ and B-I repeats 

(chapter 2 through 5). We examined tissue from young plants (seedlings), showing 

low expression of B-I and B’, and tissue from adult plants (husk leaves surrounding 

the maize cob), showing high expression of B-I and low expression of B’ (chapter 3). 

By studying tissues at different points in development, we were able to disentangle 

the epigenetic marks that are responsible for the tissue-specific regulation of b1 

expression from those that are involved in trans-inactivation and/or epigenetic 

memory aspects of paramutation. Our results provide evidence for a complex 

interplay between the hepta-repeat DNA sequence, DNA methylation, histone 

modifications, nucleosomes and regulatory protein factors (chapters 3-5). We showed 

that nucleosome positioning, H3ac and H3K9me2 are involved in tissue-specific 

regulation of b1 expression (chapter 3). DNA methylation and H3K27me2 are 

involved in the tissue-independent maintenance of the B’ epigenetic state and in 

trans-inactivation.  

 

B-I  

The expression of b1 is about 40 times higher in B-I husk tissue than in B-I seedlings, 

showing that the high expression state is tissue-specifically regulated (chapter 3). The 

tissue-specific difference in b1expression is reflected in the chromatin state of the 

hepta-repeat. Our data, together with other findings (Stam et al., 2002b), fit the idea 

that the hepta-repeat functions as a tissue-specific enhancer responsible for the high 

b1 expression level in B-I husk (figure 1B). In B-I seedlings, the hepta-repeat shows a 

high nucleosome density along the entire repeat, indicating that nucleosomes are not 

bound to specific locations (figure 1B, see also discussion chapter 5). Furthermore, 

the hepta-repeat is DNA hypo-methylated and does not carry any of the tested 

repressive or activating histone modifications. Interestingly, only at the hepta-repeat 

in B-I husk tissue we found acetylation of histone H3, a mark for active chromatin, 

and extensive nucleosome displacement (figure 1B). A decrease in nucleosome 

density indicates the binding of proteins (such as transcription factors and chromatin 

remodelling complexes) to a DNA sequence, locally evicting nucleosomes (Dean, 
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2006, Agalioti et al., 2000). We propose that at the b1 locus chromatin modifying and 

remodelling factors bind to the repeat in a tissue-specific way, resulting in high b1 

expression by activation of the enhancer function of the B-I repeats. 

 

B’ 

In B’ husk the b1 expression level is 10-40x lower than that in B-I husk tissue 

(chapter 3-5). In chapter 3 we show that B’ has a repressed chromatin structure at the 

hepta-repeat, and that this repressive state is tissue-specifically reinforced. B’ 

seedlings express b1 at a slightly lower level than B’ husk tissue (chapter 3 figure 1), 

and show a repressive chromatin structure at the hepta-repeats (figure 1C). In B’ 

seedlings, nucleosomes at the hepta-repeat are densely packed, and H2K27me2 and 

DNA methylation are present. This indicates that repressive chromatin modifications 

are already present on the B’ hepta-repeat early in development. A positive feedback 

loop between DNA and H3K9me2 has been reported (Esteve et al., 2006, Stancheva, 

2005, Johnson et al., 2007). Interestingly, in our system H3K9me2 is not present at 

the hepta-repeat in B’ seedlings, indicating that the presence of DNAme in B’ 

seedlings is not by default linked to the presence of H3K9me2. In B’ husk tissue 

however, H3K9me2 is present at the hepta-repeat, indicating that H3K9 methylation 

is targeted to the hepta-repeat in a tissue-specific way. Histone H3 acetylation was not 

observed at the hepta-repeat, neither in B’ seedlings nor in husk tissue. Combined, 

these results show that chromatin at the hepta-repeats in B’ husk is in a state that is 

more repressive than that in B’ seedlings, showing tissue-specific regulation of a 

repressive chromatin structure. This tissue-specific regulation can be accomplished by 

proteins, such as transcription factors, that are not expressed in B’ seedlings. We 

proposed that a tissue-specific transcription factor triggers the b1 expression in B-I 

husk by recruiting enhancer complexes with remodelling activity to the repeats. In 

chapter 3, we further hypothesized that this transcription factor is also targeted to the 

hepta-repeat in B’ husk. The transcription-factor associated complexes expose 

methylated DNA at the B’ hepta-repeat, allowing the binding of repressive complexes 

including H3K9me2 HMT proteins. This then leads to a tissue-specific reinforcement 

of the repressive chromatin state in B’ husk. 

 



b1 chromatin dynamics 181 

  

HMT

M
HMTMMM MM M

Pol
RdRP

Dicer

TF

HMT

M
HMT

MM MM M

Pol
RdRP

Dicer

M TF
HMT

TF

B’ seedling

B’ husk

HMT

HMT

EC EC

TF

Pol
RdRP

Dicer

HAT

EC

RdRP

Dicer

TF
HAT

TF
HAT

Pol

B-I seedling

B-I husk

A

C

= nucleosome with H3K27me2 

M = DNA methylation

= nucleosome with H3K27me2 & H3K9me2 

= nucleosome with H3Ac & H3K9me2 

= nucleosome with H3Ac 

HMT = H3K27me2 methyltransferase 

= transcription factorTF

HMT = H3K9me2 methyltransferase 

= Argonaute4

= siRNA

RdRP = MOP1 RdRP

= chromatin remodeling 
complex 

= one repeat unit

EC = enhancer complex HAT = H3ac histone acetylase = Unmodified nucleosome 
(No H3ac, H3k9me2 or H3K27me2)

Pol = RNA polymerase IV

Repeats
b1

0kb-50kb-100kb

B

HMT

M
HMTMMM MM M

Pol
RdRP

Dicer

TF

HMT

M
HMT

MM MM M

Pol
RdRP

Dicer

M TF
HMT

TF

B’ seedling

B’ husk

HMT

HMT

HMT

M
HMTMMM MM M

Pol
RdRP

Dicer

TF

HMT

M
HMT

MM MM M

Pol
RdRP

Dicer

M TF
HMT

TFTF

B’ seedling

B’ husk

HMT

HMT

EC EC

TF

Pol
RdRP

Dicer

HAT

EC

RdRP

Dicer

TF
HAT

TF
HAT

Pol

B-I seedling

B-I husk

EC EC

TF

Pol
RdRP

Dicer

HAT

EC

RdRP

Dicer

TFTF
HAT

TFTF
HAT

Pol

B-I seedling

B-I husk

A

C

= nucleosome with H3K27me2 

M = DNA methylation

= nucleosome with H3K27me2 & H3K9me2 

= nucleosome with H3Ac & H3K9me2 

= nucleosome with H3Ac 

HMT = H3K27me2 methyltransferase 

= transcription factorTF

HMT = H3K9me2 methyltransferase 

= Argonaute4

= siRNA

RdRP = MOP1 RdRP

= chromatin remodeling 
complex 

= one repeat unit

EC = enhancer complex HAT = H3ac histone acetylase = Unmodified nucleosome 
(No H3ac, H3k9me2 or H3K27me2)

Pol = RNA polymerase IV

= nucleosome with H3K27me2 

M = DNA methylation

= nucleosome with H3K27me2 & H3K9me2 

= nucleosome with H3Ac & H3K9me2 

= nucleosome with H3Ac 

HMT = H3K27me2 methyltransferase 

= transcription factorTF

HMT = H3K9me2 methyltransferase 

= Argonaute4

= siRNA

RdRP = MOP1 RdRP

= chromatin remodeling 
complex 

= one repeat unit

EC = enhancer complex HAT = H3ac histone acetylase = Unmodified nucleosome 
(No H3ac, H3k9me2 or H3K27me2)

Pol = RNA polymerase IV

Repeats
b1

0kb-50kb-100kb

Repeats
b1

0kb-50kb-100kb

B

Figure 1: Hepta-repeat chromatin structure in seedlings and husk leaves of B-I and B’. 
A. Schematic representation of the b1 locus indicating the regions discussed in this chapter. A 
box labelled b1 indicates the b1 coding region, the hooked arrow indicates the b1 transcription 
start and the seven arrows in tandem indicate the hepta-repeat 100 kb upstream. B. A model for 
the chromatin structure in B-I seedlings and husk. This figure represents a graphical interpretation 
of data described in chapter 3 and recent literature (references in the text). C. A model for the 
chromatin structure in B’ seedlings and husk. This figure represents a graphical interpretation of 
data described in chapter 3 and recent literature (references in the text). The models are explained 
in detail in the text. 
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Chromatin in the mop mutants 

In chapter 4 and 5 we analysed the chromatin state of the b1 locus in three mutants 

that are unable to show paramutation: mop1, mop2 and mop3. In these mutants the B’ 

allele does not change B-I to B’, but the mitotic and meiotic heritability of the 

epigenetic state of B’ is not affected. When the mutations are crossed out, the B’ allele 

acts as B’ again, including its ability to change B-I, showing that the B’ allele retains 

its epigenetic identity in the mop mutants. We showed that despite the similar effect 

on trans-inactivation, all mop mutants show a chromatin structure at the hepta-repeat 

that is remarkably different from that in a wild-type background. This indicates that 

all the mop mutants affect the hepta-repeat chromatin structure in a different way. 

 

Mop1 

The Mop1 gene codes for a protein that is homologous to the Arabidopsis 

RDR2 gene (RNA-Dependent RNA Polymerase 2)(Alleman et al., 2006). In b1 

paramutation a functional Mop1 is essential for both trans-inactivation and repression 

of the b1 enhancer. The results described in chapter 4 show that the recessive mop1 

mutation affects the repressive B’ chromatin state in husk. Our analysis showed that 

in B’ mop1-1 husk tissue, the hepta-repeat has the repressive chromatin marks 

H3K9me2 and DNA methylation as well as H3 acetylation, a mark for active 

chromatin (figure 2). Interestingly, the level of B’ hepta-repeat DNA methylation in 

the mop1 mutant is reduced compared to B’ in a wild-type background (chapter 4), 

and K27 methylation is removed, showing that the chromatin state is less repressive 

in mop1. The level of b1 expression is also affected in mop1 husks: B’ mop1-1/mop1-

1 (B’ mop1-1) husks show a 3-4 times higher b1 expression than B’ husks. The 

repressive chromatin structure is however not completely lifted: DNA methylation, 

H3K9me2 and a dense nucleosome structure are still present. The mop1 mutant is 

affected in the pathway for siRNA-mediated silencing, and this may result in the 

decrease in chromatin repression. However, the remaining repressive chromatin 

structure in mop1, with DNA methylation and H3K9me2, is sufficient to prevent a B-I 

-like expression level of the b1 gene. These data also indicate that mop1-induced 
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siRNAs are not the only factors inducing a repressive chromatin state in a wild-type 

B’ background. It is likely that the hepta-repeat DNA methylation mediates a 

repressive chromatin state independent of the siRNA pathway. 

 

Mop3 

Husk tissue of mop3 plants displays an activation of the hepta-repeat chromatin 

structure when compared to the chromatin structure in wild-type husk. This is 

reflected in an increase in b1 expression: B’ mop3 husks display a 5x increase in b1 

expression compared to B’ wt husks (chapter 5). Similar to mop1, the mop3 mutation 

is recessive and prevents paramutation of B-I. The chromatin in B’ mop3 shows a 

more active conformation at the hepta-repeat than the chromatin in B’ mop1 and in B’ 

wt (figure 2). The hepta-repeats are still H3K9 dimethylated, but the DNA 

methylation level and nucleosome density are clearly lower in mop3 than in mop1. 

H3K27me2 is abolished and histone H3 acetylation is acquired at the hepta-repeat. In 

contrast to what was observed in mop1, in mop3 the remaining repressive chromatin 

modifications allow nucleosome remodelling, leading to a B-I-like nucleosome 

density and increased b1 expression. Similar to the situation described for mop1, the 

remaining hepta-repeat DNA methylation may be sufficient to direct H3K9me2 and 

prevent a full B-I-like expression level of b1. Our data indicate that the role of the 

functional MOP3 protein in b1 paramutation is to maintain the repressive chromatin 

state at the b1 hepta-repeat, a chromatin state that is required for trans-inactivation. 

 

Mop2 

The mop2 mutation is a dominant mutation that prevents paramutation, but maintains 

b1 enhancer repression: B’ mop2/Mop2 (mop2) plants display a low b1 expression 

level, even lower than B’ wt plants (chapter 5). Interestingly, in line with the low b1 

expression level, the level of repressive marks in mop2 husk exceeds the level of 

repressive marks in B’ wt husk (figure 2). Relative to B’ wt husk, B’mop2/Mop2 husks 

show an increase in DNA methylation (R. Bader and M. Stam, unpublished results), 

nucleosome density and H3K9 dimethylation, and also H3K27me2 is still present. 

Similar to B’ wt husks, histone H3 acetylation is not present at the hepta-repeat in 
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B’mop2/Mop2 husks. DNA methylation can direct complexes involved in chromatin 

repression, including proteins with DNA methyl-transferase (DMT) and histone 

methyltransferase (HMT) activity (Mathieu et al., 2005, Stancheva, 2005, Fahrner et 

al., 2002). The more repressive chromatin structure at the hepta-repeats in mop2 husk 

fits with the lower expression level of b1 in mop2. In mop2, a high nucleosome 

density and dimethylation of histone H3K9 are already present at the hepta-repeat in 

seedling tissue (chapter 5, R. Bader and M. Stam, unpublished results). Since in B’ in 

a wild-type background H3K9me2 is only observed at the hepta-repeat in husk, the 

presence of this modification in mop2 seedlings shows that the repressive chromatin 

state at the hepta-repeat in this mutant is tissue-independently regulated. We propose 

a role for the functional MOP2 protein in activating the B’ hepta-repeat chromatin 

state, creating a chromatin structure that is enabling trans-inactivation. 

 

The role of mop2 and mop3 in paramutation: keeping balance 

When the chromatin structure at the B’ hepta-repeat in husk in a wild-type 

background is compared to that in mop3 and mop2 mutants it is clear that the effects 

of these two mutations are opposite to each other. In mop3 the chromatin state is more 

active compared to that in B’, as indicated by the relatively open nucleosome structure 

and the presence of acetylated histones. In other words, the mop3 mutation shifts the 

balance between repressed and active hepta-repeat chromatin towards the active state 

(chapter 5). In contrast, the chromatin state at the hepta-repeat in mop2 is more 

repressive compared to the chromatin state in wild-type B’. In mop2 plants the 

chromatin state has an increased nucleosome density and higher levels of H3K9 than 

in wild-type plants. This shows that the balance between active and repressive 

chromatin state is shifted more towards the repressive state (chapter 5). Unfortunately, 

the identification of the genes mutated in the mop2 and mop3 plants has not yet been 

reported. Our results predict that the MOP2 and MOP3 proteins have an effect on 

chromatin remodelling, i.e. the MOP2 protein promotes an open and active chromatin 

structure, whereas the MOP3 protein promotes chromatin repression. Trans-

inactivation is affected by both mutations in a similar way, showing that the activities 

of repressive and activating chromatin modifying proteins are required to enable 

paramutation. 
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Figure 2: A range of hepta-repeat chromatin structures in husk tissue of wild-type and 

mutant plants. 

Models for the husk hepta-repeat chromatin structure in B-I wt, B’ mop3, B’ mop1, B’ wt and B’ 

mop2 are shown. This figure represents a graphical interpretation of data described in chapter 3-5 

and in recent literature (references in the text). The percentages below the husk pictures indicate 

b1 expression level relative to that in B-I (see also chapter 5, figure 6). The models are explained 

in detail in the text. 
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Taken together, the MOP2 and MOP3 proteins play opposite roles in the regulation of 

the hepta-repeat chromatin structure, maintaining the balance between chromatin 

repression and activation that is essential for paramutation.  

Chromatin structure and trans-inactivation 

Our results show that H3K27me2 is present at the hepta-repeat in wild-type B’, but 

not in B-I. The B’ hepta-repeat has H3K27me2 independent of the tissue type and co-

localizing with DNA methylation. H3K27 methylation is associated with a repressed 

chromatin state controlled by Polycomb group-like (PcG) proteins (Cao et al., 2002, 

Ringrose et al., 2004, Bastow et al., 2004). Interestingly, PcG proteins mediate 

repression of chromatin structure by binding to cis-regulatory sequences and 

establishing a local repressive chromatin structure that affects gene expression in cis 

or in trans via / by means of physical interactions (Lavigne et al., 2004, Bantignies et 

al., 2003). The presence of H3K27me2 at the hepta-repeat in B’ husk indicates that 

PcG-like proteins are involved in paramutation. The PcG-like proteins may mediate a 

repressive epigenetic state that is able to physically interact with a B-I allele in trans, 

resulting in silencing of B-I. In line with the proposed role for H3K27me2 in trans-

inactivation, H3K27me2 is absent from the hepta-repeats in the mop2 and mop3 

mutants. Importantly, H3K27me2 is still present at the b1 coding region and the copia 

retrotransposon control sequence. This argues against a genome-wide depletion of 

H3K27me2 due to the mop1 and mop3 mutations. Instead this suggests that 

specifically the presence of this histone modification at the hepta-repeat is affected. 

We hypothesize that in mop1 and mop3, methylation of H3K27 at the hepta-repeat is 

cancelled out by chromatin activators associated with the b1 enhancer, preventing 

paramutation. Recent findings have suggested that trans-inactivation in b1 

paramutation involves the siRNAi-mediated transcriptional silencing pathway 

(Alleman et al., 2006, Chandler and Alleman, 2008). This pathway is also implicated 

in Polycomb silencing (Schuettengruber et al., 2007, Grimaud et al., 2006, Kavi et al., 

2005, Pal-Bhadra et al., 1997). It is tempting to suggest that chromatin structure, 

siRNAs and Polycomb group-like proteins work together in the trans-inactivation of 

B-I in a B’/B-I heterozygote. 



b1 chromatin dynamics 187 

References 

 

AGALIOTI, T., LOMVARDAS, S., PAREKH, B., YIE, J., MANIATIS, T. & THANOS, D. 

(2000) Ordered recruitment of chromatin modifying and general transcription factors 

to the IFN-beta promoter. Cell, 103, 667-78. 

ALLEMAN, M., SIDORENKO, L., MCGINNIS, K., SESHADRI, V., DORWEILER, J. E., 

WHITE, J., SIKKINK, K. & CHANDLER, V. L. (2006) An RNA-dependent RNA 

polymerase is required for paramutation in maize. Nature, 442, 295-8. 

BANTIGNIES, F., GRIMAUD, C., LAVROV, S., GABUT, M. & CAVALLI, G. (2003) 

Inheritance of Polycomb-dependent chromosomal interactions in Drosophila. Genes 

Dev, 17, 2406-20. 

BARSKI, A., CUDDAPAH, S., CUI, K., ROH, T. Y., SCHONES, D. E., WANG, Z., WEI, G., 

CHEPELEV, I. & ZHAO, K. (2007) High-resolution profiling of histone 

methylations in the human genome. Cell, 129, 823-37. 

BASTOW, R., MYLNE, J. S., LISTER, C., LIPPMAN, Z., MARTIENSSEN, R. A. & DEAN, 

C. (2004) Vernalization requires epigenetic silencing of FLC by histone methylation. 

Nature, 427, 164-7. 

CAO, R., WANG, L., WANG, H., XIA, L., ERDJUMENT-BROMAGE, H., TEMPST, P., 

JONES, R. S. & ZHANG, Y. (2002) Role of histone H3 lysine 27 methylation in 

Polycomb-group silencing. Science, 298, 1039-43. 

CAO, X., AUFSATZ, W., ZILBERMAN, D., METTE, M. F., HUANG, M. S., MATZKE, M. 

& JACOBSEN, S. E. (2003) Role of the DRM and CMT3 methyltransferases in 

RNA-directed DNA methylation. Curr Biol, 13, 2212-7. 

CAO, X. & JACOBSEN, S. E. (2002) Locus-specific control of asymmetric and CpNpG 

methylation by the DRM and CMT3 methyltransferase genes. Proc Natl Acad Sci U 

S A, 99 Suppl 4, 16491-8. 

CHAN, S. W., HENDERSON, I. R. & JACOBSEN, S. E. (2005) Gardening the genome: DNA 

methylation in Arabidopsis thaliana. Nat Rev Genet, 6, 351-60. 

CHAN, S. W., ZHANG, X., BERNATAVICHUTE, Y. V. & JACOBSEN, S. E. (2006) Two-

step recruitment of RNA-directed DNA methylation to tandem repeats. PLoS Biol, 4, 

e363. 

CHANDLER, V. & ALLEMAN, M. (2008) Paramutation: epigenetic instructions passed 

across generations. Genetics, 178, 1839-44. 

CHANDLER, V. L. (2004) Poetry of b1 paramutation: cis- and trans-chromatin 

communication. Cold Spring Harb Symp Quant Biol, 69, 355-61. 



Chapter 6 188 

CHANDLER, V. L. (2007) Paramutation: from maize to mice. Cell, 128, 641-5. 

CHANDLER, V. L., EGGLESTON, W. B. & DORWEILER, J. E. (2000) Paramutation in 

maize. Plant Mol Biol, 43, 121-45. 

COE, E. H. J. (1966) The properties, origin and mechanism of conversion-type inheritance at 

the b locus in maize. Genetics, 53, 1035-1063. 

DAENEN, F., VAN ROY, F. & DE BLESER, P. J. (2008) Low nucleosome occupancy is 

encoded around functional human transcription factor binding sites. BMC Genomics, 

9, 332. 

DEAN, A. (2006) On a chromosome far, far away: LCRs and gene expression. Trends Genet, 

22, 38-45. 

DIEGUEZ, M. J., VAUCHERET, H., PASZKOWSKI, J. & MITTELSTEN SCHEID, O. 

(1998) Cytosine methylation at CG and CNG sites is not a prerequisite for the 

initiation of transcriptional gene silencing in plants, but it is required for its 

maintenance. Mol Gen Genet, 259, 207-15. 

DORWEILER, J. E., CAREY, C. C., KUBO, K. M., HOLLICK, J. B., KERMICLE, J. L. & 

CHANDLER, V. L. (2000) mediator of paramutation1 is required for establishment 

and maintenance of paramutation at multiple maize loci. Plant Cell, 12, 2101-18. 

EBERHARTER, A. & BECKER, P. B. (2002) Histone acetylation: a switch between repressive 

and permissive chromatin. Second in review series on chromatin dynamics. EMBO 

Rep, 3, 224-9. 

ESTEVE, P. O., CHIN, H. G., SMALLWOOD, A., FEEHERY, G. R., GANGISETTY, O., 

KARPF, A. R., CAREY, M. F. & PRADHAN, S. (2006) Direct interaction between 

DNMT1 and G9a coordinates DNA and histone methylation during replication. 

Genes Dev, 20, 3089-103. 

FAHRNER, J. A., EGUCHI, S., HERMAN, J. G. & BAYLIN, S. B. (2002) Dependence of 

histone modifications and gene expression on DNA hypermethylation in cancer. 

Cancer Res, 62, 7213-8. 

FISCHER, A., HOFMANN, I., NAUMANN, K. & REUTER, G. (2006) Heterochromatin 

proteins and the control of heterochromatic gene silencing in Arabidopsis. J Plant 

Physiol, 163, 358-68. 

GEHRING, M., HUH, J. H., HSIEH, T. F., PENTERMAN, J., CHOI, Y., HARADA, J. J., 

GOLDBERG, R. B. & FISCHER, R. L. (2006) DEMETER DNA glycosylase 

establishes MEDEA polycomb gene self-imprinting by allele-specific demethylation. 

Cell, 124, 495-506. 



b1 chromatin dynamics 189 

GRIMAUD, C., BANTIGNIES, F., PAL-BHADRA, M., GHANA, P., BHADRA, U. & 

CAVALLI, G. (2006) RNAi components are required for nuclear clustering of 

Polycomb group response elements. Cell, 124, 957-71. 

HEINTZMAN, N. D., STUART, R. K., HON, G., FU, Y., CHING, C. W., HAWKINS, R. D., 

BARRERA, L. O., VAN CALCAR, S., QU, C., CHING, K. A., WANG, W., WENG, 

Z., GREEN, R. D., CRAWFORD, G. E. & REN, B. (2007) Distinct and predictive 

chromatin signatures of transcriptional promoters and enhancers in the human 

genome. Nat Genet, 39, 311-8. 

HENDERSON, I. R. & JACOBSEN, S. E. (2008) Tandem repeats upstream of the Arabidopsis 

endogene SDC recruit non-CG DNA methylation and initiate siRNA spreading. 

Genes Dev, 22, 1597-606. 

HUETTEL, B., KANNO, T., DAXINGER, L., BUCHER, E., VAN DER WINDEN, J., 

MATZKE, A. J. & MATZKE, M. (2007) RNA-directed DNA methylation mediated 

by DRD1 and Pol IVb: a versatile pathway for transcriptional gene silencing in 

plants. Biochim Biophys Acta, 1769, 358-74. 

JAENISCH, R. & BIRD, A. (2003) Epigenetic regulation of gene expression: how the genome 

integrates intrinsic and environmental signals. Nat Genet, 33 Suppl, 245-54. 

JOHNSON, L., CAO, X. & JACOBSEN, S. (2002) Interplay between two epigenetic marks. 

DNA methylation and histone H3 lysine 9 methylation. Curr Biol, 12, 1360-7. 

JOHNSON, L. M., BOSTICK, M., ZHANG, X., KRAFT, E., HENDERSON, I., CALLIS, J. & 

JACOBSEN, S. E. (2007) The SRA Methyl-Cytosine-Binding Domain Links DNA 

and Histone Methylation. Curr Biol, 17, 379-84. 

KAVI, H. H., FERNANDEZ, H. R., XIE, W. & BIRCHLER, J. A. (2005) RNA silencing in 

Drosophila. FEBS Lett, 579, 5940-9. 

KLOSE, R. J. & BIRD, A. P. (2006) Genomic DNA methylation: the mark and its mediators. 

Trends Biochem Sci, 31, 89-97. 

LAVIGNE, M., FRANCIS, N. J., KING, I. F. & KINGSTON, R. E. (2004) Propagation of 

silencing; recruitment and repression of naive chromatin in trans by polycomb 

repressed chromatin. Mol Cell, 13, 415-25. 

LEE, C. K., SHIBATA, Y., RAO, B., STRAHL, B. D. & LIEB, J. D. (2004) Evidence for 

nucleosome depletion at active regulatory regions genome-wide. Nat Genet, 36, 900-

5. 

LINDROTH, A. M., SHULTIS, D., JASENCAKOVA, Z., FUCHS, J., JOHNSON, L., 

SCHUBERT, D., PATNAIK, D., PRADHAN, S., GOODRICH, J., SCHUBERT, I., 

JENUWEIN, T., KHORASANIZADEH, S. & JACOBSEN, S. E. (2004) Dual 



Chapter 6 190 

histone H3 methylation marks at lysines 9 and 27 required for interaction with 

CHROMOMETHYLASE3. Embo J, 23, 4286-96. 

LISCH, D., CAREY, C. C., DORWEILER, J. E. & CHANDLER, V. L. (2002) A mutation that 

prevents paramutation in maize also reverses Mutator transposon methylation and 

silencing. Proc Natl Acad Sci U S A, 99, 6130-5. 

LOUWERS, M. (2008) Chromatin looping and epigenetic regulation at the maize b1 locus. 

PhD Thesis, Universiteit van Amsterdam, The Netherlands. 

MATHIEU, O., PROBST, A. V. & PASZKOWSKI, J. (2005) Distinct regulation of histone H3 

methylation at lysines 27 and 9 by CpG methylation in Arabidopsis. Embo J, 24, 

2783-91. 

MATZKE, M., KANNO, T., HUETTEL, B., DAXINGER, L. & MATZKE, A. J. (2007) 

Targets of RNA-directed DNA methylation. Curr Opin Plant Biol, 10, 512-9. 

MATZKE, M. A. & BIRCHLER, J. A. (2005) RNAi-mediated pathways in the nucleus. Nat 

Rev Genet, 6, 24-35. 

NAUMANN, K., FISCHER, A., HOFMANN, I., KRAUSS, V., PHALKE, S., IRMLER, K., 

HAUSE, G., AURICH, A. C., DORN, R., JENUWEIN, T. & REUTER, G. (2005) 

Pivotal role of AtSUVH2 in heterochromatic histone methylation and gene silencing 

in Arabidopsis. Embo J, 24, 1418-29. 

NISHIDA, H., SUZUKI, T., KONDO, S., MIURA, H., FUJIMURA, Y. & HAYASHIZAKI, 

Y. (2006) Histone H3 acetylated at lysine 9 in promoter is associated with low 

nucleosome density in the vicinity of transcription start site in human cell. 

Chromosome Res, 14, 203-11. 

PAL-BHADRA, M., BHADRA, U. & BIRCHLER, J. A. (1997) Cosuppression in Drosophila: 

gene silencing of Alcohol dehydrogenase by white-Adh transgenes is Polycomb 

dependent. Cell, 90, 479-90. 

PANNE, D. (2008) The enhanceosome. Curr Opin Struct Biol, 18, 236-42. 

PATTERSON, G. I., THORPE, C. J. & CHANDLER, V. L. (1993) Paramutation, an allelic 

interaction, is associated with a stable and heritable reduction of transcription of the 

maize b regulatory gene. Genetics, 135, 881-94. 

PETERS, A. H., KUBICEK, S., MECHTLER, K., O'SULLIVAN, R. J., DERIJCK, A. A., 

PEREZ-BURGOS, L., KOHLMAIER, A., OPRAVIL, S., TACHIBANA, M., 

SHINKAI, Y., MARTENS, J. H. & JENUWEIN, T. (2003) Partitioning and plasticity 

of repressive histone methylation states in mammalian chromatin. Mol Cell, 12, 

1577-89. 

PETESCH, S. J. & LIS, J. T. (2008) Rapid, transcription-independent loss of nucleosomes over 

a large chromatin domain at Hsp70 loci. Cell, 134, 74-84. 



b1 chromatin dynamics 191 

POKHOLOK, D. K., HARBISON, C. T., LEVINE, S., COLE, M., HANNETT, N. M., LEE, T. 

I., BELL, G. W., WALKER, K., ROLFE, P. A., HERBOLSHEIMER, E., 

ZEITLINGER, J., LEWITTER, F., GIFFORD, D. K. & YOUNG, R. A. (2005) 

Genome-wide map of nucleosome acetylation and methylation in yeast. Cell, 122, 

517-27. 

RASSOULZADEGAN, M., MAGLIANO, M. & CUZIN, F. (2002) Transvection effects 

involving DNA methylation during meiosis in the mouse. Embo J, 21, 440-50. 

RINGROSE, L., EHRET, H. & PARO, R. (2004) Distinct contributions of histone H3 lysine 9 

and 27 methylation to locus-specific stability of polycomb complexes. Mol Cell, 16, 

641-53. 

ROH, T. Y., WEI, G., FARRELL, C. M. & ZHAO, K. (2007) Genome-wide prediction of 

conserved and nonconserved enhancers by histone acetylation patterns. Genome Res, 

17, 74-81. 

SCHUBELER, D., MACALPINE, D. M., SCALZO, D., WIRBELAUER, C., KOOPERBERG, 

C., VAN LEEUWEN, F., GOTTSCHLING, D. E., O'NEILL, L. P., TURNER, B. M., 

DELROW, J., BELL, S. P. & GROUDINE, M. (2004) The histone modification 

pattern of active genes revealed through genome-wide chromatin analysis of a higher 

eukaryote. Genes Dev, 18, 1263-71. 

SCHUETTENGRUBER, B., CHOURROUT, D., VERVOORT, M., LEBLANC, B. & 

CAVALLI, G. (2007) Genome regulation by polycomb and trithorax proteins. Cell, 

128, 735-45. 

SHINKAI, Y. (2007) Regulation and function of H3K9 methylation. Subcell Biochem, 41, 337-

50. 

SIDORENKO, L. V. & PETERSON, T. (2001) Transgene-induced silencing identifies 

sequences involved in the establishment of paramutation of the maize p1 gene. Plant 

Cell, 13, 319-35. 

STAM, M., BELELE, C., DORWEILER, J. E. & CHANDLER, V. L. (2002a) Differential 

chromatin structure within a tandem array 100 kb upstream of the maize b1 locus is 

associated with paramutation. Genes Dev, 16, 1906-18. 

STAM, M., BELELE, C., RAMAKRISHNA, W., DORWEILER, J. E., BENNETZEN, J. L. & 

CHANDLER, V. L. (2002b) The regulatory regions required for B' paramutation and 

expression are located far upstream of the maize b1 transcribed sequences. Genetics, 

162, 917-30. 

STAM, M. & MITTELSTEN SCHEID, O. (2005) Paramutation: an encounter leaving a lasting 

impression. Trends Plant Sci, 10, 283-90. 



Chapter 6 192 

STANCHEVA, I. (2005) Caught in conspiracy: cooperation between DNA methylation and 

histone H3K9 methylation in the establishment and maintenance of heterochromatin. 

Biochem Cell Biol, 83, 385-95. 

SUNG, S. & AMASINO, R. M. (2004) Vernalization and epigenetics: how plants remember 

winter. Curr Opin Plant Biol, 7, 4-10. 

TARIQ, M., SAZE, H., PROBST, A. V., LICHOTA, J., HABU, Y. & PASZKOWSKI, J. 

(2003) Erasure of CpG methylation in Arabidopsis alters patterns of histone H3 

methylation in heterochromatin. Proc Natl Acad Sci U S A, 100, 8823-7. 

TESSADORI, F., CHUPEAU, M. C., CHUPEAU, Y., KNIP, M., GERMANN, S., VAN 

DRIEL, R., FRANSZ, P. & GAUDIN, V. (2007) Large-scale dissociation and 

sequential reassembly of pericentric heterochromatin in dedifferentiated Arabidopsis 

cells. J Cell Sci, 120, 1200-8. 

VAN RIETSCHOTEN, J. G., GAL-YAM, E. N., JEONG, S., CORTEZ, C. C., VERWEIJ, C. 

L. & JONES, P. A. (2008) Epigenetic regulation and nucleosome positioning in the 

human TATA-less IL-1alpha promoter. Genes Immun. 

VAUCHERET, H. (2006) Post-transcriptional small RNA pathways in plants: mechanisms and 

regulations. Genes Dev, 20, 759-71. 

VERDONE, L., CASERTA, M. & DI MAURO, E. (2005) Role of histone acetylation in the 

control of gene expression. Biochem Cell Biol, 83, 344-53. 

WALKER, E. L. & PANAVAS, T. (2001) Structural features and methylation patterns 

associated with paramutation at the r1 locus of Zea mays. Genetics, 159, 1201-15. 

WORKMAN, J. L. (2006) Nucleosome displacement in transcription. Genes Dev, 20, 2009-17. 

ZARATIEGUI, M., IRVINE, D. V. & MARTIENSSEN, R. A. (2007) Noncoding RNAs and 

gene silencing. Cell, 128, 763-76. 

 

 
 



b1 chromatin dynamics 193 



Chapter 6 194 

 



 195 

Summary 
 
Chapter 1: In this chapter we describe in detail several paramutation phenomena in 

plants, animals and fungi, and point out features they share and they differ in. RNA- 

and pairing-based models will be discussed, and trans-acting mutations affecting 

paramutation will be described. Finally, we will discuss possible roles and the 

evolutionary significance of paramutation. 

 

Chapter 2: In this Chapter we present a robust, optimized ChIP protocol, and in 

addition a strategy to optimize the protocol when dealing with different experimental 

systems or conditions. Quantitative real time PCR (QPCR) is presented as best 

practice to analyze the precipitated material. A quantitative interpretation of ChIP-

QPCR data requires normalization, an often under-illuminated aspect of the ChIP-

QPCR procedure. Therefore, this paper provides a discussion on the use of various 

normalization methods, enabling a well-informed choice for a specific normalization 

method. 

 

Chapter 3: A hepta-repeat 100 kb upstream of the b1 coding region is required for 

paramutation and for high b1 expression. The role of chromatin structure in 

paramutation has so far largely been ignored. To this end, we systematically analyzed 

the epigenetic regulation of B’ and B-I. We demonstrate that the B’ hepta-repeat is 

DNA- and H3K27 methylated in a tissue-independent manner, and that the B-I hepta-

repeat is rapidly DNA methylated in B’/B-I heterozygotes. These data indicate that 

DNA- and H3K27 methylation are involved in maintaining the mitotically and 

meiotically heritably silenced B’ state and play a role in the mechanisms underlying 

the trans-inactivation process. Taken together, these findings provide for the first time 

insight into the mechanism underlying paramutation at the level of chromatin 

structure. 

 

Chapter 4: The mutation in the mediator of paramutation1 (Mop1) gene prevents 

paramutation and up-regulates the expression level of the B’ epiallele. Our data  

described in this chapter show the importance of DNA methylation in the 



 196 

maintenance of the B’ epigenetic state. We provide evidence that MOP1 maintains the 

repeat DNA methylation pattern and is required for tissue-specific chromatin 

remodeling at the hepta-repeat. Furthermore we show that in the absence of MOP1, 

the chromatin conformation of the B’ epiallele resembles the B-I multi-loop structure 

mediating high b1 transcription. Our results uncover an intricate interplay between 

active and silent epigenetic features present at the b1 locus in a mop1 background, 

resulting in elevated expression of B’.  

 

Chapter 5: In this chapter we describe the analysis of the chromatin structure of the 

b1 locus in two mutants, mop2 and mop3, that suppress paramutation, i.e. prevent the 

B’ allele from changing B-I into B’. The mop2 and mop3 mutations affect the complex 

interplay between the hepta-repeat DNA sequence, histone modifications, 

nucleosomes and regulatory protein factors. As a result, the transcriptional enhancer 

function of the hepta-repeat and the trans-allele interaction in b1 paramutation are 

disturbed. In mop2 the hepta-repeat chromatin structure is severely repressed, in line 

with the low b1 transcription. In contrast, in the high expressing mop3 we observed 

acetylation of histone H3 (a mark for active chromatin) co-localizing with 

methylation of histone H3 lysine 9 (a marks for repressive chromatin) at the hepta-

repeat. Our data shows that the chromatin structure in B’ is regulated by both 

activating and repressive processes, and that this balance is essential for the in trans 

inactivation of the B-I epiallele. 

 

Chapter 6: The work described in this thesis shows that b1 paramutation involves an 

intricate interplay between chromatin structure on the one hand and gene expression, 

heritability of epigenetic states and trans-inactivation on the other. In this chapter we 

will discuss a molecular model on the mechanisms underlying paramutation and the 

tissue specific regulation of b1 expression. We will discuss epigenetic marks that are 

directly related to the trans-interaction between alleles, providing a glimpse into the 

molecular mechanism behind b1 paramutation. Taken together we provide novel 

insight into the complex processes involved in controlling gene expression in higher 

eukaryotes. 
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Samenvatting 
 

Ieder leven wezen bestaan uit cellen: miljoenen kleine zakjes met een eigen taak. Al 

die cellen werken samen in organen, en alle organen samen vormen een lichaam. Al 

de cellen in een lichaam hebben in hun kern hetzelfde DNA: de erfelijke informatie 

die iedereen van zijn ouders mee krijgt. Het DNA bevat alle informatie voor de bouw 

van een cel, en iedere cel heeft de complete set: een cel in je lever heeft dus DNA 

voor hersenencellen, en andersom ook. Maar hoewel de cellen dus niet verschillen in 

het DNA, zijn ze wel heel verschillend in uiterlijk en functie: een cel in je hersenen 

doet heel wat anders (nadenken) dan een cel in je lever (afvalstoffen opruimen). En de 

cellen lijken niet eens op elkaar! Hoe kan het dat het DNA hetzelfde is, maar wat er 

uit de informatie in het DNA voortkomt, de cel zelf, er toch heel anders uit ziet?  

In het DNA in een cel zijn genen beschreven, net als hoofdstukken in een boek. Ieder 

gen is de bouwbeschrijving voor een proteïne (eiwit). Deze proteïnes zijn kleine 

fabriekjes, en iedere proteïne heeft een eigen functie. Bijvoorbeeld: als een planten-

cel een pigment moet maken om zich te beschermen tegen fel zonlicht (net als 

zonnebrand), wordt het pigment-maak-gen aan gezet om een zo’n pigment-maak-

proteïne te maken. Dan kan de cel de pigmenten maken die nodig zijn. In een cel in de 

wortels, die onder de grond geen zonlicht ziet, is het gen wel aanwezig maar staat het 

uitgeschakeld. Zo verspilt de wortel-cel geen energie aan het maken van nutteloze 

eiwitten. 

 

In mijn promotieonderzoek heb ik gekeken twee variaties van één maïs soort. De ene, 

genaamd B-I (op zijn engels: Bee-aai) heeft een paarse-kleur-pigment gen heel hard 

aan staat: de plant is niet groen maar knalpaars. De andere B’ (Bee-prime) heeft dat 

gen niet hard aan staan, en is gewoon groen. Het interessante is, dat de twee planten 

niet van elkaar verschillen in het DNA, en dat het verschil in uiterlijk moet dus op een 

andere plaats gezocht worden. Nog interessanter is dat deze eigenschap (wel of niet 

het pigment-gen aan hebben staan) erfelijk is: nageslacht van B-I en B’ zien er 

hetzelfde uit als hun ouders. Er wordt dus informatie doorgegeven aan het nageslacht, 

dat niet in het DNA staat! Waar zit die informatie dan wel?  
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Het wordt nog vreemder als we de paarse met de groene plant kruisen: het nageslacht 

van zo’n ‘gemengd huwelijk’ is groen, en hun kinderen zijn dat ook: de eigenschap 

‘paarse kleur’ is helemaal kwijt. Niet alleen wordt er informatie doorgegeven dat niet 

in het DNA staat, deze informatie kan ook nog eens zomaar worden veranderd!  

 

Mijn promotie-onderzoek laat zien dat de paarse en groene planten hetzelfde pigment-

gen-DNA hebben, maar dat ze van elkaar verschillen in de manier waarop het 

pigment-gen-DNA in de cel-kern zit ‘ingepakt’. Het blijkt dat de groene planten het 

pigment-gen-DNA is geschakeld, en zo kan het geen pigment-maak-proteines meer 

maken. De manier waarop het gen uitgeschakeld is, is ook bijzonder. Er worden 

speciale moleculen als een soort verkeersborden aan het DNA in de groene planten 

geplakt. Deze vlaggetjes maken duidelijk dat het piment-gen verboden toegang is, dat 

het gen niet gebruikt mag worden. De paarse planten hebben deze verkeersborden 

niet, en daar wordt het pigment-gen dus gewoon gebruikt! Door een verschil in 

‘verkeersborden’ kan hetzelfde DNA toch een andere uitkomst hebben! 

 

Ik heb mijn onderzoek gedaan in maïs, maar dezelfde principes gelden ook in dieren 

en mensen. Net zoals dieren en planten allebei DNA hebben, werken ze allebei met 

verkeersborden om genen te regelen. Het begrijpen van deze systemen in planten is 

belangrijk voor veredelaars die veel kruisingen doen, in mensen zijn fouten in het 

verkeersbordsysteem verantwoordelijk voor enkele ernstige ziekten. 
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