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he epigenome plays a vital role in

helping to maintain and regulate
cell functions in all organisms. Alleles
with differing epigenetic marks in the
same nucleus do not function in isola-
tion but can interact in trans to modify
the epigenetic state of one or both alleles.
This is particularly evident when two
divergent epigenomes come together in a
hybrid resulting in thousands of altera-
tions to the methylome. These changes
mainly involve the methylation patterns
at one allele being changed to resemble
the methylation patterns of the other
allele, in processes we have termed
trans-chromosomal methylation (TCM)
and trans-chromosomal demethylation
(TCdM). These processes are primar-
ily modulated by siRNAs and the RNA
directed DNA Methylation pathway.
Drawing from other examples of trans-
allelic interactions, we describe the pro-
cess of TCM and TCdM and the effect
such changes can have on genome activ-
ity. Trans-allelic epigenetic interactions
may be a common occurrence in many
biological systems.

Bringing together two divergent genomes
and epigenomes in the same nucleus has
the potential to alter gene expression and
the phenotype of an organism. This is evi-
dent in plant crop systems where hybrids
commonly show increased vigor or hetero-
sis (reviewed in refs. 1-3). Recent studies
have found the epigenome to be a possible
contributor to heterosis, especially in intra-
species hybrids, where genetic diversity is
limited.*®* In the F1 hybrids, interaction
occurs between the epigenomes contrib-
uted by the two parental sets of chromo-
somes leading to altered gene expression.®*

We have shown that patterns of DNA
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methylation are altered in intraspecific
Arabidopsis hybrids through two pro-
cesses: trans-chromosomal methylation
(TCM) and trans-chromosomal demeth-
ylation (TCdM), where the methylation
status of one parental allele changes to
resemble the levels and patterns of meth-
ylation on the other allele (Fig. 1).” This
process is mediated primarily through 24
nt short-interfering RNAs (siRNAs). Our
studies have emphasized the extent and
complexity of the interactions occurring
in the nucleus that govern the activity of
the genome and regulation of gene expres-
sion. In this review we describe TCM and
TCdM and the ways in which they are
related to similar trans-allelic epigenetic
processes in plants.

In plants, cytosine methylation occurs
in three sequence contexts (CG, CHG
and CHH; H = A, C or T), contrasting
to animals where methylation is largely
restricted to CG dinucleotides (reviewed
in ref. 9). De novo methylation in plants
is generated by the RNA directed DNA
Methylation (RADM) pathway where 24
nt siRNAs target regions of the genome
for methylation (reviewed in ref. 10). The
24 nt siRNAs are produced from a given
genomic sequence through the opera-
tion of RNA Polymerase IV (POL 1V)
and then de novo methylation is targeted
to homologous genomic sequences by a
transcript produced by RNA Polymerase
V (POL V), which recruits DNA meth-
yltransferases or, possibly, demethylases
(Fig. 2). CG and CHG methylation events
are associated with siRNA-independent
maintenance pathways, which perpetuate
their methylation state through succes-
sive cell divisions."! CHH methylation is
maintained almost exclusively by RADM-
dependent de novo methylation after
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Figure 1. Trans-chromosomal methylation (TCM) and trans-chromosomal demethylation (TCdM). In a TCM event in the hybrid, the unmethylated
parental allele (parent B) increases in methylation to resemble the methylated parental allele (parent A) at locus At3g43340. In a TCdM event in the
hybrid, the methylated parental allele (parent A) shows a reduction in methylation (mainly associated with CHH methylation) at a region with reduced
levels of siRNAs in the hybrid at locus At2g02660. Methylated CG (blue), CHG (red) and CHH (green) are plotted along the x-axis with levels of methyla-
tion and siRNAs plotted on the y-axis. TCM and TCdM correlate with regions producing siRNAs (plotted in red above each methylation graph).

each cell division (reviewed in ref. 10).
The three contexts differ in abundance,
genomic distribution and the extent to
which they affect regional activity of the
genome.' In the F1 hybrid plants, the
majority of sequence segments (loci) asso-
ciated with siRNA and methylation show
levels at the expected mid-parent level
(MPV—average of the two parent values;
additive inheritance). In fewer than 10%
of the loci analyzed, levels of 24 nt siRNA
and/or DNA methylation deviated from
the MPV (non-additive inheritance). The
non-additively expressed siRNAs showed
reduced levels at localized regions in the
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hybrid genome.® The majority of local-
ized non-additive methylation events
have values above the MPV but decreases
in methylation are also observed, particu-
larly in the CHH context.” Throughout
the genome non-additive inheritance of
siRNAs and methylation in the hybrids
occurs most frequently at those loci where
parental levels of these epigenetic marks
differ.

Non-additive methylation the
hybrids occurs primarily through the
TCM or TCdM processes. In TCM, the
level of methylation of the low parent
allele increases toward that of the stably

in
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inherited level of the high parent allele
resulting in an overall increase in meth-
ylation of all three sequence contexts CG,
CHG and CHH (Fig. 1). In TCdM, the
methylation level of the high parent allele
in the hybrid decreases toward the level
of the stably inherited low parent allele,
resulting in a loss of methylation mainly
associated with the CHH context (Fig. 1).
We have estimated that in the Arabidopsis
hybrids we examined, TCM and TCdM
events occur at several thousand loci.
These TCM/TCdM events are not dis-
tributed randomly through the genome
but occur primarily in those segments of
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the genome where the 24 nt siRNA lev-
els differ in the parents. This correlation
suggests a role for 24 nt siRNAs and the
RdDM pathway in directing these trans-
allelic events and the alterations to the
hybrid methylome. Another mechanism
must also exist as TCM and TCdM events
can take place independently of siRNAs,
but these are primarily associated with
CG methylation in gene bodies.”

siRNAs are Effectors
in Directing TCM/TCdM Events

The involvement of 24 nt siRNAs in
altering  genomic pat-
terns through trans-allelic interactions

methylation

has been described in other plant sys-
tems. The Arabidopsis FLOWERING
WAGENINGEN A (FWA) gene s
involved in regulating flowering and is
normally transcriptionally silenced in
vegetative tissue by methylation initi-
ated at a set of tandem repeat sequences
located in the promoter."*"> The methyl-
ated region includes the repeat elements
and the 5'-UTR with 24 nt siRNAs being
produced from this region. If an unmeth-
ylated FWA transgene is introduced into
a plant carrying an endogenous methyl-
ated FWA allele, the transgene becomes
methylated and silenced through a pro-
cess analogous to TCM in the hybrids.'¢"”
The transgene remains unmethylated and
becomes transcriptionally active if intro-
duced into a plant that lacks the abil-
ity to produce siRNAs from the repeat
sequences in the FWA promoter. Similarly,
if the transgene is introduced into a plant
carrying an active unmethylated endoge-
nous fwa gene that still produces siRNAs
from the repeat sequence, the transgene
is not methylated and becomes transcrip-
tionally active.”'® Therefore, the presence
of both a methylated allele and siRNAs
produced from the region are required for
trans-allelic methylation in the FWA sys-
tem. These epigenetic characteristics are
seen in many of the loci undergoing TCM
in our hybrid system.

The same is true in some examples
of paramutation, a system studied in
maize for several decades. In paramuta-
tion, the transcriptional state of an allele
can be altered in a heritable way through
the interaction with another allele. The
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Figure 2. siRNA-mediated trans chromosomal methylation. The RNA directed DNA methyla-

tion pathway plays a key role in TCM and TCdM events. RNA Polymerase IV (POL IV) transcribes

a region which following double stranded RNA synthesis and cleavage forms 24 nt siRNAs.
Twenty-four nucleotide siRNA are loaded into an ARGONAUTE (AGO) and target regions by an
RNA transcript produced by RNA Polymerase V (POL V). This complex that contains additional
components can then recruit DOMAIN REARRANGED METHYLTRANSFERASE 2 (DRM2), which
methylates the DNA. In hybrids, siRNAs derived from the methylated parental allele target both
the methylated parental allele for continued methylation (blue helix) and de novo methylation of
the unmethylated parental allele (red helix). After the initial TCM event (illustrated here) the previ-
ously unmethylated allele will produce siRNAs and transcripts produced by POL V enabling the
newly methylated cytosines to be maintained through subsequent generations.

best-studied example is the 61 (Booster 1)
locus, which encodes a transcription factor
involved in the activation of anthocyanin
biosynthesis (reviewed in ref. 19). A plant
homozygous for the B-I allele at the 41
locus has dark purple pigmentation in its
vegetative structures, whereas a plant car-
rying a B'allele has only very light purple
pigmentation in its vegetative structures.
If the two alleles are brought together in
the one plant, the B-/ allele is epigeneti-
cally converted to a B'state resulting in
a light purple phenotype identical to that
produced by the B' parent plant. This
again is a trans-interaction that results in
TCM between the two alleles mediated
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through 24 nt siRNAs produced from
seven direct repeats located approximately
100 kb upstream of the 67 locus.?**

In F1 hybrids, TCM events lead to
changes in the methylome and potentially
gene transcription at thousands of loci
across the genome, whereas the FWA gene
in Arabidopsis and the 47 locus in maize
reflect TCM and gene expression changes
at a single locus. Another example of fre-
quent TCM events occurring genome-
wide can be seen when wild type plants
are crossed to mutant lines that have
genome-wide hypomethylation.?**¢ The
progeny of these crosses following segre-
gation away of the mutant allele, denoted
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epiRILS (epigenetic recombinant inbred
lines), were evaluated over several gen-
erations for stability and inheritance of
the methylated alleles contributed by the
wild type parent and their unmethylated
counterparts provided by the hypometh-
ylated mutant. Among the loci, there
were some hypomethylated alleles that
recovered wild type levels of methylation
and others that regained partial levels. In
both cases 24 nt siRNAs were associated
with these loci. Loci that did not recover
methylation at the hypomethylated allele
had no associated 24 nt siRNAs. Some
loci showed a decrease in methylation
of the wild type allele and an associated
reduction in siRNA similar to the TCdM
events observed in the hybrids.?

siRNAs have been implicated in other
trans-allelic events akin to TCM, includ-
ing the silencing of SPII alleles involved
in the Brassica self-incompatibility sys-
tem, a system that prevents inbreeding.
Among the SPII alleles, there are some
that are dominant in their action rela-
tive to other alleles. A dominant allele
acts in trans through the production
of 24 nt siRNAs from repeats located
within the flanking region of the gene
to induce TCM in the promoter of a
recessive allele preventing its transcrip-
tion.”’” Another example is the meth-
ylation of the tryptophan biosynthesis
PHOSPHORIBOSYLANTHRANILATE
ISOMERASE (PAI) gene
Arabidopsis, where an inverted repeat
between PAII and PAI4 produces 24
nt siRNAs that result in TCM and
silencing of all four PA/ genes in the
Arabidopsis Ws ecotype.?®? When Ws
is crossed to the Columbia ecotype, the
24 nt siRNAs produced from the Ws PA/
alleles can cause TCM of the Columbia
PAT alleles.

In the Arabidopsis hybrids and the
examples above, a pool of 24 nt siRNAs
contributed by the respective parents
interact with both chromosomes. At loci
where methylation levels are equivalent
between parental alleles, the pool of siR-
NAs likely associate with both chromo-
somes but the interaction is not scorable as
there is no change in methylation. At loci
where methylation levels differ between
parental alleles, the association of siR-
NAs across both chromosomes can result

family in
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in TCM or TCdM events. Even at loci
with differences in methylation between
parents, the hybrids often exhibit addi-
tive inheritance (i.e., no trans effect) with
each allele retaining the methylation level
exhibited in the parents. These observa-
tions show that siRNAs are necessary but
not sufficient to induce TCM and that
other factors must be involved.

In the examples of the FWA and
bl genes, the unmethylated actively
expressing alleles still produce siRNAs
at levels similar to the silenced alleles.!”??
Methylation and silencing of these active
alleles can be achieved if siRNA levels
are increased through the use of a trans-
gene.”? This suggests that the chromatin
state of the allele modulates the levels of
siRNAs required for methylation and it
is likely that this relationship determines
the potential for a region to undergo
TCM. In the Arabidopsis hybrids, this
quantitative relationship between siRNAs
and the chromatin state of the recipient
allele may be the reason why in situations
where parental alleles differ in siRNA and
methylation levels we can observe either
TCM, TCdM or additive inheritance

(reviewed in ref. 30).

siRNA-Independent TCM

Although the 24 nt siRNAs are involved
in altering methylation patterns in
hybrids, we identified some TCM events
that were independent of siRNAs, mainly
consisting of CG methylation within
gene bodies. Unlike those TCM events
where siRNAs are mediators for de novo
methylation in trans, a mechanism for
siRNA-independent TCM is not obvious.
De novo DNA methylation can occur
without involving siRNAs, through inter-
actions between chromatin marks such
as H3K9 dimethylation and cytosine
methyltransferases.’ However, this pro-
cess occurs in cis and would have to be
transferred to the other parental allele in
the hybrid for TCM to occur. An alter-
native possibility is that, since CG gene
body methylation is associated with gene
expression,>? the siRNA independent
TCM events could be generated through
changes in allelic activity driven by dif-
ferences between the parental regulatory
components now combined in the hybrid.

Epigenetics

Inheritance of TCM and TCdM
Generated Methylation Patterns

The epigenetic change of state between
the B'and B-7 alleles at the 41 locus shows
full penetrance in the F1 offspring and is
stably inherited through successive cell
and sexual generations (reviewed in ref.
19). There may be a different situation in
the Arabidopsis hybrids since the heterotic
phenotype of larger biomass decreases in
subsequent generations. This could imply
that the epigenetic changes that differen-
tiate the F1 hybrid from the parental chro-
mosomal states may be altered in the F2
and later generations. The F1 Arabidopsis
hybrids show disparity in the penetrance
of TCM and TCdM at different loci,
with some recipient alleles completely
matching the methylation profile of the
donor allele, while at other loci the recipi-
ent allele shows only modest changes in
methylation.” Low levels of TCM-derived
methylation in the F1 hybrid may increase
in subsequent generations as occurs at the
PAI loci and many of the alleles found in
epiRILs.?** Conversely, alleles that gain
methylation through TCM could revert
back to an unmethylated state in subse-
quent generation as occurs in some loci
undergoing paramutation.*® At this stage,
we have no data on the inheritance of
TCM or TCdM events in the F2 and later
generations of the hybrid.

TCM in Mammals

Trans-allelic epigenetic interactions also
occurin mammals (reviewed in refs. 34 and
35). The most similar example to siRNA-
dependent TCM in plants occurs at the
RAS-protein-specific guanine nucleotide-
releasing factor (Rasgrfl) locus found on
chromosome 9 in mice (reviewed in refs.
34 and 35). RasgrfI is an imprinted gene
with monoallelic expression of the pater-
nal allele modulated through methylation
of a regulatory element in the parental
allele, which blocks binding of the CTCF
transcriptional repressor (reviewed in ref.
36). TCM of this CTCF binding ele-
ment occurs through a non-coding RNA
overlapping this region being targeted by
piwi-interacting RNAs (piRNAs) origi-
nating from chromosome 7. This process
recruits the DNMT3A methyltransferase
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leading to methylation of the paternal
Rasgrf1 allele. Mutants that are unable to
produce piRNAs from the chromosome 7
locus fail to undergo TCM at the paternal
Rasgrf1 allele.’”

Final Thoughts

It is clear that the epigenetic states of two
different genomes in the same nucleus do
not function in isolation but interact to
produce altered epigenomes. The hybrid
system presents a powerful opportunity to
understand the generation of new epigen-
etic states that may produce significant
biological outcomes such as heterosis. Our
findings that TCM and TCdM events
occur at several thousand loci in a sys-
tem as common as hybrids indicates that
cross-talk between epialleles is a regu-
lar biological occurrence that can affect
gene activity and ultimately development.
The relationship between 24 nt siRNAs
and DNA methylation in influencing the
transcriptional activity of a gene is not
well understood, but TCM and TCdM
events frequently occur in control regions
of genes in the hybrid. In the hybrids, we
have only detailed a few examples of the
relationship between methylation status
of a gene and its flanking regions with its
transcriptional activity. More needs to be
done at a single gene level to clarify the
relationship between these epigenetic sys-
tems and gene activity. Other components
of the epigenome, such as chemical modi-
fications of histones, need to be investi-
gated in hybrids as these epigenetic marks
play a key role in regulating and silencing
of genes and may influence the ability of
siRNA-mediated TCM or TCdM events
to occur at individual loci. With a fuller
understanding of these relationships, it
may be ultimately possible to make epig-
enome constructs to maximize and/or
optimize particular gene activities or gene
pathway activities. Additionally, it may
be possible to gain particular phenotypes
through manipulation of either the epig-
enome or the genome and perhaps, most
significantly, of the way in which they
interact.
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