Available online at www.sciencedirect.com

Regulation of biological accuracy, precision, and memory by plant
chromatin organization
Jason T Huff and Daniel Zilberman
Accumulating evidence points toward diverse functions for
plant chromatin. Remarkable progress has been made over the
last few years in elucidating the mechanisms for a number of
these functions. Activity of the histone demethylase IBM1
accurately targets DNA methylation to silent repeats and
transposable elements, not to genes. A genetic screen
uncovered the surprising role of H2A.Z-containing
nucleosomes in sensing precise differences in ambient
temperature and consequent gene regulation. Precise
maintenance of chromosome number is assured by a histone
modification that suppresses inappropriate DNA replication
and by centromeric histone H3 regulation of chromosome
segregation. Histones and noncoding RNAs regulate
FLOWERING LOCUS C, the expression of which quantitatively
measures the duration of cold exposure, functioning as
memory of winter. These findings are a testament to the power
of using plants to research chromatin organization, and
demonstrate examples of how chromatin functions to achieve
biological accuracy, precision, and memory.
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Introduction
Chromatin is an amalgam of DNA and associated modifications, histones and other proteins with post-translational modifications, and RNA in the nuclei of eukaryotic
cells. Chromatin has numerous known functions in plant
biology, many of which are likely conserved between
eukaryotes. These include DNA transcription [1,2], replication [3,4] and repair [5,6], chromosome segregation
through centromere function [7], silencing and preventing proliferation of transposable elements (TEs) [8,9],
genomic imprinting [10], vernalization [11,12], and
paramutation [13].
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Detailed maps of chromatin features across the genomes
of Arabidopsis thaliana [14,15–17], maize [18], and rice
[19,20], as well as basally diverged plants and distantly
related green algae [21,22], reveal rich tapestries. However, knowledge of these genomic patterns leads unavoidably to mechanistic questions about how these
patterns are established and maintained and of their
relationships to function. Here, we highlight chromatin
systems for which studying A. thaliana has led to mechanistic insights about the interplay of chromatin molecules
in the genome and their functions.

Accuracy: DNA methylation at the right places
Cytosine DNA methylation is well characterized in A.
thaliana [8]. Methylation of TEs causes transcriptional
silencing and prevents proliferation of these elements and
associated genome rearrangements [23,24]. Methylation
of CG dinucleotides is common in both genes (where its
function remains unknown) and TEs, whereas methylation of CNG sequences by CHROMOMETHYLASE 3
(CMT3) is present in TEs and excluded from genes [25].
CNG DNA methylation is maintained by a self-reinforcing biochemical loop involving histone methylation
(Figure 1). At its core is the reciprocal binding of two
enzymes to each other’s product. CMT3 bears a chromodomain that binds dimethylated lysine 9 of histone H3
(H3K9me2) [26], primarily catalyzed by the histone
methyltransferase KRYPTONITE (KYP) [27,28]. Likewise, KYP has an SRA domain that binds directly to
methylcytosine in DNA, preferring CNG sequences
[29]. This ensures that DNA and histone methylation
of TEs will be perpetuated indefinitely, but does not
address how this process is excluded from genes.
Increase in bonsai methylation 1 (ibm1) was identified in a
screen for increased DNA methylation in the BNS gene
[30]. IBM1 is a JmjC domain lysine demethylase that
removes H3K9me2 (Figure 1). The activity of IBM1 is
tied to transcription, resulting in the absence of
H3K9me2 within genes [30,31,32]. Without constant
surveillance to remove H3K9me2 in genes, the selfreinforcing loop of KYP and CMT3 causes CNG methylation to accumulate in some genes in addition to its
normal localization in TEs. Thus, IBM1 ensures accurate
genomic CNG methylation by blocking aberrant
H3K9me2 in transcribed genes. Intriguingly, loss of
IBM1 causes inappropriate CNG methylation of those
genes that already contain CG methylation [31,32].
H3K9me2 deposition might be accelerated by CG methylation, some of which is in a CGG context (also a type of
www.sciencedirect.com
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Accurate genomic CNG methylation. A single nucleosome core particle on each side was rendered from Protein Data Bank Accession 1kx5 with DNA
in green and histones in white. At left is the self-reinforcing loop at transposable elements of CHROMOMETHYLASE 3 (CMT3, red) methylating CNG
sequence in DNA (meCNG) and binding histone H3 lysine 9 dimethylation (H3K9me2) through a chromodomain. Likewise, KRYPTONITE (KYP, orange)
catalyzes H3K9me2 and binds meCNG through an SRA domain. At right is the removal of H3K9me2 by INCREASE IN BONSAI METHYLATION 1
(IBM1, green), which is targeted to genes by transcription.

CNG site), which would bind the SRA domain of KYP
and its paralogs, initiating the self-reinforcing loop.

Precision: temperature sensing by
nucleosomes
Ambient temperature is an important input signal for
determining flowering time (see ‘Memory’ section
below). Remarkably, an average increase of only 1 8C
in the month preceding flowering correlates to an advance
in flowering time of four to six days for winter annuals
[33]. However, despite its importance, the molecular
nature of plant thermometers remains enigmatic [34].
To elucidate the thermometer in A. thaliana, Kumar and
Wigge [35] identified HSP70 expression as a linear
output of ambient temperature between 12 and 27 8C
and ARP6 as a regulator of this expression. Furthermore,
ARP6 is necessary for the regulation between 12 and
27 8C of many, if not most, regulated genes. ARP6 is a
subunit of the conserved SWR1 complex, which
exchanges soluble H2A.Z/H2B dimers with nucleosomal
H2A/H2B dimers, resulting in chromatin localization of
H2A.Z [36]. The yeast homolog of ARP6 is important for
allowing SWR1 to bind nucleosomes in this reaction [37].
The steady-state localization of H2A.Z is preferentially at
the 50 ends of genes in eukaryotes, including A. thaliana
[1]. Kumar and Wigge [35] found that H2A.Z is normally located at temperature-responsive genes, but is lost
as the temperature rises, regardless of whether the gene is
upregulated or downregulated. Thus, SWR1 and H2A.Z
appear necessary for sensing precise changes in ambient
temperature by locally regulating the temperaturedependent transcriptome.
Kumar and Wigge [35] examined data for the yeast
Saccharomyces cerevisiae, finding evidence that H2A.Z also
www.sciencedirect.com

plays a role in temperature sensing. S. cerevisiae H2A.Z is
both lost and gained at different genomic loci as the
temperature rises, and its localization is influenced by
environmental signals unrelated to temperature [38]. By
analogy, SWR1 and H2A.Z in A. thaliana may have
complex localization dynamics and roles outside of
temperature sensing. Proper localization of yeast
H2A.Z is also aided by removal with an INO80 complex
[39], so it may be interesting to investigate the effects of
A. thaliana ino80 mutants [40] on temperature sensing.

Precision: two of each chromosome
A. thaliana centromeres and pericentromeric heterochromatin form ‘chromocenters’ in interphase nuclei composed of TEs and other repeats marked by extensive
DNA methylation and H3K9me2 (see ‘Accuracy’ section
above), and also histone H3 lysine 27 monomethylation
(H3K27me1) [26,41]. Jacob and colleagues [42] identified
ATXR5 and ATXR6 as histone methyltransferases
redundantly required for H3K27me1 near centromeres.
Loss of H3K27me1 in the atxr5 atxr6 mutant results in
aberrant re-replication of pericentromeric TEs [43].
Intriguingly, ATXR5 and ATXR6 each contain a PHD
domain that binds the histone H3 N-terminal tail, but is
blocked by histone H3 lysine 4 methylation (H3K4me)
[43]. H3K4me is absent from pericentromeric heterochromatin [44], suggesting that this helps target ATXR5/
6 and H3K27me1. At the other end of the replication
spectrum, normal origins of DNA replication in euchromatin have high levels of H3K4me [17], which is a
binding determinant of the PHD domain in ORC1, the
large subunit of the Origin Recognition Complex [45].
This suggests that different histone modification states
play roles in either blocking over-replication or initiating
correct replication, together promoting DNA replication
once per strand across chromosomes.
Current Opinion in Genetics & Development 2012, 22:132–138
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The centromeres of A. thaliana are composed of repeated
180-bp satellite DNA, where centromeric H3 (CENH3),
a highly diverged variant of histone H3, is localized in
nucleosomes [46]. Alterations to the N-terminus of
CENH3 cause chromosomes to be mis-segregated in
zygotes arising from crosses to plants with chromosomes
bearing wild-type CENH3 [7]. This results in aneuploidy, leading in the most severe cases to loss of all
chromosomes with altered CENH3 and generation of
haploid plants from diploid zygotes (and diploid plants
from tetraploid zygotes). This outcome suggests that
centromeres are competing for kinetochore components
and microtubules in zygotic mitoses, and even slightly
deleterious CENH3 centromeres fail to compete with
wild-type centromeres. Practically, this can be used as a
simple genetic system for creating uniparental haploid
and diploid plants [7]. More generally, this demonstrates the contribution of the variant histone CENH3
in precisely balancing chromosome segregation to maintain stable ploidy. Further study may yield insight into
the theory that centromeric DNA and proteins are evolving rapidly in a sort of ‘centromeric drive’ that may
contribute to speciation [47].

Memory: measuring time in the cold
To modulate the switch from vegetative to reproductive
growth (flowering for angiosperms), plants use many
input signals, including photoperiod, light quality, phytohormones, aging, and temperature [11,48]. Perhaps the
best understood is vernalization, referring to the contribution of prolonged cold in winter to flowering for many
plants, including many winter annual ecotypes of A.
thaliana [49]. Cold exposure allows rapid initiation of
flowering once the warmer temperatures of spring begin.
A. thaliana vernalization implies a mechanism for measuring considerable lengths of time spent in the cold, typically several weeks, after which flowering is permitted
[11]. What is the mechanistic basis for storing this time
measurement?
The A. thaliana gene FLOWERING LOCUS C (FLC;
Figure 2a) encodes a MADS-box transcriptional repressor
of floral pathway integrators, which in turn promote the
meristem switch away from a vegetative and toward a
floral fate [11]. Vernalization largely signals through quantitative and gradual downregulation of FLC expression,
which is then stably maintained [50]. A recent study
specifically addressed the quantitative relationship of
histone modifications to FLC downregulation [51],
focusing on histone H3 lysine 27 trimethylation
(H3K27me3), which is important for vernalization-dependent FLC silencing [11], and is associated with many
silenced genes in plants and animals [52]. The model
proposed has several salient features supported by experimental data (Figure 2) [51]: first, there is a probability
of nucleation of H3K27me3 near the 50 end of FLC in the
cold (winter), second, this nucleation causes spread of
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H3K27me3 throughout the locus upon return to warm
(spring), ensuring FLC remains silent and flowering can
initiate, and third, the silencing of FLC in individual cells
is thus bistable (on or off). The detailed model [51] has
numerous other nonlinear features introduced, and
though these features await experimental validation, they
can be rigorously tested. The key point is that FLC
expression in individual cells is bistable and the switch
to the stably silenced state is probabilistic (Figure 2b).
This leads to a gradual, quantitative decrease in overall
FLC expression in cold-exposed tissue over time, which is
maintained upon return to warm temperatures.
In counterpoint to the straightforward mathematical
model for vernalization [51], an immense and growing
pool of factors regulating FLC [11,12] will ultimately have
to be integrated into more sophisticated models. The
most intriguing newcomer is long noncoding RNA
(ncRNA). A few ncRNAs have been discovered at the
FLC locus (Figure 2a), one set starting 30 of FLC and
overlapping in the antisense direction (COOLAIR) [53]
and one starting in the first intron of FLC in the sense
direction (COLDAIR) [54]. Expression of COOLAIR
and COLDAIR occurs during vernalization, making them
excellent candidates for regulating FLC expression. For
COOLAIR, RNA-binding factors promote 30 -end processing of the proximal isoform, which is associated with
downregulation of FLC expression by the lysine
demethylase FLD (Figure 2a) [55,56,57]. Animal
ncRNAs have recently been identified as general molecular scaffolds for Polycomb Repressive Complex 2
(PRC2), the complex that catalyzes H3K27me3 [58],
suggesting that COOLAIR and COLDAIR are candidates for H3K27me3 localization. Indeed, the promoter of
COLDAIR was previously identified as the vernalization
response element of FLC [59]. Also, COLDAIR ncRNA
binds directly to the PRC2 component CLF and is
necessary for localization of CLF and H3K27me3
to FLC during vernalization [54]. This suggests
COLDAIR may be responsible for the increased nucleation of H3K27me3 in the quantitative model presented
above (Figure 2a) [51].
The silencing of FLC engendered by H3K27me3 must
overcome a number of activating pathways (see [11,12]
and references therein). For example, FLC is positively
regulated by the PAF1 complex and histone H2B monoubiquitination, both of which may be important in elevating histone H3 lysine 4 methylation levels. Also, EFS/
SDG8, which catalyzes histone H3 lysine 36 methylation,
positively regulates FLC. H2A.Z deposition into chromatin by SWR1 appears important for allowing expression of
FLC [60]. It may be particularly interesting to establish if
this mechanism includes a temperature-dependent role
for H2A.Z-containing nucleosomes, as for expression of
many temperature-dependent genes [35] (see ‘Precision: temperature’ section above). Any one of these
www.sciencedirect.com
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Figure 2
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Chromatin as a basis for memory in the cold. (a) Representative snapshots of a locus from an individual cell, displaying stochastic histone modifications,
with one or both copies of each histone marked within a nucleosome. For clarity the region depicted has been shortened from the actual FLC locus;
nucleosomal arrays were rendered with particles as in Figure 1 with linker DNA added. In the top row FLC mRNA (orange line) is expressed in warm
nonvernalized conditions with active chromatin marks (green). In the cold there is a small probability per unit time that FLC is silenced, active marks are
lost, and Polycomb Repressive Complex 2 (PRC2, dark blue) causes increased histone H3 lysine 27 trimethylation (H3K27me3, dark blue). A
representative cell that has silenced FLC is shown in the middle row. The CLF subunit of PRC2 binds directly to the COLDAIR ncRNA (dark blue line), which
is transcribed in the cold, possibly mediating H3K27me3 nucleation (black arrow). Production of the proximal isoform of COOLAIR ncRNA (upper light blue
line) in the cold by 30 -end-processing factors plays a role (dashed arrow) in FLD activity (light blue), which may remove active marks directly by lysine
demethylation (black arrow removing green mark). Over the course of weeks (approximately 4 weeks for full vernalization) there are increasing numbers of
cells that nucleate H3K27me3, providing quantitative memory of winter. In the bottom row return to warm after a sufficiently long cold period results in
stable silencing, because PRC2 mediates spread of H3K27me3 (double-headed arrow) throughout the FLC locus. (b) The bistable expression of FLC
(orange dots) is depicted in the nuclei of individual cells in a tissue. In warm nonvernalized conditions FLC is ubiquitously expressed (top), but cold
treatment causes probabilistic silencing (middle), which is maintained by PRC2-mediated H3K27me3 upon return to warm treatment (bottom).

‘active marks’ or a combination of them may be mutually
exclusive with and reciprocal to H3K27me3 (Figure 2a),
an important component of the quantitative model for
FLC silencing proposed by Angel and colleagues [51].

The future of plant chromatin
Recently discovered chromatin functions will provide
new research avenues in A. thaliana and other plants.
www.sciencedirect.com

Small RNAs produced by the RNAi machinery have been
implicated in aiding CMT3 and KYP at TEs [61]. A lysine
demethylase facilitates RNA-directed DNA methylation
of TEs [62,63]. Nucleosomes themselves appear to play a
general role in DNA methylation [64]. Histone chaperones are important for imprinting and development [65–
67]. Comparison of chromatin systems in A. thaliana to
those in other plants and distantly related organisms has
Current Opinion in Genetics & Development 2012, 22:132–138
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enhanced our understanding of conservation and divergence over evolutionary timescales [21,22]. Finally,
careful analysis of DNA methylation in A. thaliana has
for the first time allowed quantification of an epimutation
rate [68], which is approximately ten thousand times
faster than the DNA sequence mutation rate [69], underscoring the need to understand the contribution of chromatin to evolution itself.
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