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Abstract

Many plant species have evolved the ability to flower

in the proper season by sensing environmental cues.

The prolonged cold of winter is one such cue that

certain plants use to acquire competence to flower the

following spring. For example, biennials and winter

annuals become established in one growing season

and often flower quickly in the early spring of the

following year to complete their life cycles. The pro-

cess by which exposure to prolonged cold establishes

competence to flower is known as vernalization. Many

studies, starting with the classic work of Lang and

Melchers, have shown that the vernalized state can be

stable; i.e. after exposure to cold has ended, compe-

tence to flower, in certain species, can persist for many

months and throughout many cell divisions in the

shoot apical meristem. Thus, plants can exhibit a

‘memory of winter’ and vernalization can result in an

epigenetic switch in the classic sense of the term:

a change that is stable in the absence of the induc-

ing signal. The nature of this epigenetic switch in

Arabidopsis thaliana is discussed here.
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Introduction

In the model plant Arabidopsis, FLOWERING LOCUS C
(FLC) plays a major role in creating a requirement for
vernalization (Michaels and Amasino, 1999; Sheldon
et al., 1999). FLC is a strong repressor of flowering, and
in the first growing season, a high level of FLC expression
prevents plants from flowering unless vernalized (Michaels
and Amasino, 2000; Sung and Amasino, 2005). FLC
expression is repressed by prolonged exposure to cold,
and FLC repression is maintained for the rest of plant life

cycle even after cold exposure ends (Michaels and
Amasino, 1999; Sheldon et al., 1999). Thus, in Arabidopsis,
the ‘memory of winter’ is manifest as stable repression of
FLC, and the vernalized state is an epigenetic switch of
FLC expression (Sung and Amasino, 2005). Indeed, the
vernalization-mediated repression of FLC provides an
excellent system to study epigenetic regulation in an actual
developmental context in plants.

Sensing winter

Cold exposure must trigger cellular signalling events
for vernalization to take place, but little is known about
the cold-sensing mechanism that initiates the necessary
cellular signalling. In Arabidopsis, this signalling leads
to the expression of a gene essential for the vernaliza-
tion response, VERNALIZATION INSENSITIVE 3 (VIN3)
(Sung and Amasino, 2004). VIN3 is expressed only during
cold exposure, and the induction kinetics of VIN3 is cor-
related with the duration of cold exposure and the strength
of the vernalization response. Clearly, regulatory compo-
nents must exist to mediate cold-induced VIN3 expression.
Dissecting the VIN3 regulatory system may lead to
upstream components of the vernalization pathway that
are involved in cold perception.

VIN3 encodes a Plant Homeo Domain (PHD) finger-
containing protein (Sung and Amasino, 2004). PHD
finger-containing proteins are often components of
chromatin-remodelling complexes, and the PHD finger has
been implicated in various biochemical functions including
protein–protein interactions, nucleosome binding, and, as
recently discovered, phospholipid binding (Fig. 1) (Gozani
et al., 2003; Bienz, 2006). Interestingly, phospholipid
binding is important for the proper localization of certain
PHD finger-containing proteins (Gozani et al., 2003).
The possibility that the binding of phospholipid by VIN3
could be part of the signalling pathway in the vernalization
response is particularly intriguing, although the role, if
any, of phospholipid binding remains to be investigated.
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Remembering winter

The epigenetic nature of the vernalized state and, in
Arabidopsis, the mitotically stable repression of FLC indi-
cates the involvement of a mechanism for conferring cellular
memory. Of course, cellular memory is common in biology;
many well-studied examples occur during the unfolding of
animal development in which certain developmental genes
are expressed or repressed at certain developmental stages
in specific tissues (Ringrose and Paro, 2004). The pathway
for cellular memory in animals is often developmentally
pre-programmed, but the cellular memory of vernalization
is triggered by the environmental cue of long-term cold
temperature. Recent molecular studies have revealed that
some components of cellular memory are conserved between
plants and animals, but there are also some differences.

The involvement of Polycomb Repression Complex 2
in vernalization

Genetic studies have identified a number of genes that are
involved in cellular memory in animals. For example,

Polycomb Group genes (PcG) encode proteins required
for the stable repression of certain developmental genes,
whereas Trithorax Group genes (TrxG) are necessary
for the maintenance of active expression of certain genes
(Ringrose and Paro, 2004). Mutations in PcG and TrxG
result in altered cell-identity phenotypes.

In plants, the first direct evidence of the involvement
of PcG-mediated FLC repression in vernalization was
the cloning of VERNALIZATION 2 (VRN2) (Gendall et al.,
2001). VRN2 is required for the stable maintenance of
FLC repression by vernalization. VRN2 encodes a homo-
logue of Suppressor of Zeste 12 (Su(z)12), a PcG com-
ponent first identified in Drosophila. Specifically, Su(z)12
is a part of Polycomb Repression Complex 2 (PRC2) (Cao
et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002).
Many major components of PRC2 are evolutionally con-
served between animals and plants (Hsieh et al., 2003;
Schubert et al., 2005). In plants, PRC2 components have
also been shown to be involved in the stable repression
of certain developmentally regulated genes (Hsieh et al.,
2003; Schubert et al., 2005). Thus, it is likely that some

Fig. 1. Alignment comparison of the PHD finger of VIN3 with other PHD fingers (top). ‘Cross-brace’ model of the PHD finger of VIN3 (lower).
This representation of the VIN3 PHD finger is adapted from the cross-brace model of the PHD finger of Pygous (Bienz, 2006). Positively charged
amino acids potentially used for phospholipids binding are indicated as R or K.
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form of PRC2 repression was established prior to diver-
gence of plants and animals.

The winter code

In addition to the genetic information carried on the pri-
mary DNA sequence, chromatin structure has emerged as
another source of relatively stable genetic information in
eukaryotes (Jenuwein and Allis, 2001). For example, a gene
is not typically expressed if it resides in highly condensed
chromatin (i.e. heterochromatin), but if the chromatin is
converted to a more open or relaxed state, the gene becomes
available as a template for transcription (Richards and
Elgin, 2002). An open, potentially active state of chromatin
is often called euchromatin (Richards and Elgin, 2002). The
‘histone code hypothesis’ is that specific covalent modi-
fications on histones favour the formation of chromatin
states that influence the level of gene expression; i.e. speci-
fic combinations of modifications on chromatin serve as a
‘code’ to establish states of gene expression (Jenuwein and
Allis, 2001). The histone modifications are recognized by
specific proteins to form higher orders of chromatin structure
that can be stable through cell generations (Jenuwein and
Allis, 2001). Numerous modifications have been identified
and the corresponding modifying enzymes are also being
discovered (Table 1, and references therein).

Methylated Lys 9 (H3K9) and Lys 27 (H3K27) of
Histone H3 are often associated with repressed chromatin.

In animals, constitutive heterochromatin, such as in peri-
centric regions, is often enriched in methylated H3K9
(Maison and Almouzni, 2004), whereas methylated
H3K27 is associated with PcG-mediated repressed chro-
matin which tend to be in euchromatic regions (Cao and
Zhang, 2004).

The involvement of a homologue of a PRC2 component
(Su(z)12/VRN2) and the PHD finger-containing VIN3
in vernalization-mediated FLC repression, as well as the
mitotic stability of the vernalized state, prompted an exam-
ination of histone modifications at FLC chromatin during
vernalization (Bastow et al., 2004; Sung and Amasino,
2004). The level of both H3K9 and H3K27 methylation
at FLC chromatin increases during vernalization. Methyl-
ated H3K9 appears to be an important histone mark in
the vernalization response because methylation of H3K27
alone is not sufficient to maintain stable FLC repression:
in vrn1 mutants, which lack H3K9 methylation of FLC
chromatin, FLC repression is not stably maintained,
although FLC H3K27 methylation still increases during
vernalization (Bastow et al., 2004; Sung and Amasino,
2004). Thus, compared with PcG repression in animals,
which relies on H3K27 methylation, plants also appear
to use H3K9 methylation to establish the vernalization-
mediated formation of repressed chromatin.

In animals, genes repressed by PcG can also be activated
by TrxG; in fact, competition between activating and
repressing chromatin-modifying activities is thought to

Table 1. Histone modifications of eukaryotic chromatins

Modifications Implications for gene expression in yeast and animals FLC chromatin vernalization change

H3K4 trimethylation Correlated with active gene at 59 end of transcripts
(Bernstein et al., 2005; Liu et al., 2005;
Margueron et al., 2005; Pokholok et al., 2005)

Decrease by vernalization
(Sung et al., 2006)

H3K4 dimethylation Increase in the middle of ORFs
(Bernstein et al., 2005; Liu et al., 2005)

Decrease by vernalization
(Bastow et al., 2004)

H3K4 monomethylation Increase at 39 end of transcripts (Liu et al., 2005) Not examined.
H3K9/K14 acetylation Correlated with active genes at 59 end of transcripts

(Liu et al., 2005; Pokholok et al., 2005; Wiren et al., 2005)
Decrease by vernalization
(Sung and Amasino, 2004)

H3S10 phosphorylation Correlated with active genes (Nowak and Corces, 2004) Not examined.
H3K36 dimethylation Correlated with active genes at 39 end of transcripts

(Bannister et al., 2005; Rao et al., 2005)
Not examined.

H3K36 trimethylation Correlated with active genes at 39 end of transcripts
(Bannister et al., 2005; Pokholok et al., 2005)

Not examined.

H3K79 dimethylation Correlated with silencing in telomere (Ng et al., 2002) Not examined.
H3K79 trimethylation No correlation with gene expression (Pokholok et al., 2005) Not examined.
H4 hyperacetylation General correlation with active genes (He et al., 2003) Not examined.
H3K9 dimethylation Found in euchromatin (Martin and Zhang, 2005) Increase by vernalization (Sung and

Amasino, 2004; Bastow et al., 2004)
H3K9 trimethylation Correlated with hetrochromatin (Martin and Zhang, 2005) Not examined.
H3K20 dimethylation Found in euchromatin (Martin and Zhang, 2005) Not examined.
H3K20 trimethylation Correlated with hetrochromatin (Martin and Zhang, 2005) Not examined.
H3K27 dimethylation Correlated with PcG-mediated repressed genes

(Martin and Zhang, 2005)
Increase by vernalization (Sung and
Amasino, 2004; Bastow et al., 2004)

H3K27 trimethylation Correlated with PcG-mediated repressed genes
(Martin and Zhang, 2005)

Not examined.

H3S28 phosphorylation Chromosome condensation (Goto et al., 1999) Not examined.
H4R3 methylation Correlated with repressed genes (Huang et al., 2005) Not examined.
H2 variant replacement Gene activation (Korber and Horz, 2004) Not examined.
H2AK119 ubiquitination Correlated with PcG-mediated repressed genes

(Wang et al., 2004)
Not examined.
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play a key role in developmental gene regulation (Ringrose
and Paro, 2004). Chromatin activated by TrxG is marked
by certain histone modifications, such as increased acety-
lation of histones H3 and H4 and methylation of Lys 4 of
Histone H3 (H3K4) (Levine et al., 2004). Similarly, active
FLC chromatin is associated with increased H3K4 methy-
lation (He et al., 2004). Both acetylation at histone H3 and
H4 and methylation at H3K4 is decreased by vernalization
at FLC chromatin (Sung and Amasino, 2004; Sung et al.,
2006), revealing another similarity between vernalization-
mediated FLC regulation and PcG/TrxG-mediated homeo-
tic gene regulation in animals. It is plausible, in fact likely,
that other vernalization-mediated histone modifications
will be found on FLC chromatin (Table 1). Studies of the
histone code as well as the encoders (the histone-modifying
enzymes) that establish and maintain different states of
FLC expression provides an excellent model to explore
the mechanism of epigenetic regulation of a plant de-
velopmental process.

The winter encoders

It has been difficult to pinpoint the specific genes encod-
ing enzymes that catalyse vernalization-mediated histone
modifications, perhaps due to redundancy. In animals,
Enhancer of Zeste (E(z)) encodes the SET (Su(var)3–9,
Enhancer-of-zeste, Trithorax) domain protein that is the
actual H3K27 methyltransferase of the PRC2 complex
(Cao and Zhang, 2004). In Arabidopsis, there are three
homologues of E(z), MEDEA (MEA), CURLY LEAF
(CLF), and SWINGER (SWN), and it is highly likely that
one or more of three are in a complex with VRN2 that
methylates target loci at H3K27. MEA is required for the
repression of the MADS box gene PHERES (Kohler et al.,
2003, 2005), whereas CLF is necessary for the repres-
sion of the MADS box gene AGAMOUS (Goodrich et al.,
1997). Another E(z) homologue, SWN, does not exhibit any
observable single mutant phenotype (Chanvivattana et al.,
2004). Seed abortion of mea mutants makes it difficult to
evaluate whether or not MEA has a role in vernalization,
and both single mutants of clf and swn exhibit a normal
vernalization response (MR Doyle and RM Amasino,
unpublished data). It is suspected that there is redundancy
among the three E(z) homologues with respect to vernal-
ization similar to that observed for other developmental
processes (Chanvivattana et al., 2004). Inducible expres-
sion systems to avoid lethality in double and/or triple
mutants could be used to address the role of the E(z)
homologues in vernalization genetically. Biochemical
purification of VRN2-containing complexes would also
reveal the identity of the components in this chromatin-
modifying complex.

The enzymes responsible for H3K9 methylation of
FLC chromatin by vernalization have also not been iden-
tified. First, it should be noted that a role for the plant

E(z) homologues in H3K9 methylation has not been ruled
out. Studies of histone modifications at target loci in
E(z) mutants only indicates a role for E(z) in H3K27
methylation, although animal E(z) can methylate H3K9
in vitro (Kuzmichev et al., 2002). However, it is considered
more likely that methylation of H3K9 is catalyzed by the
same class of proteins that are responsible for this modi-
fication in yeast and animals, the Suppressor of Variega-
tion 3–9 (Su(var)3–9) class of SET domain proteins (Rea
et al., 2000). So far, none of the single mutants in these
Su(var)3–9 homologues are affected in the vernalization
response (Mylne et al., 2006), suggesting the possibility
of redundancy among them. In addition, it has been shown
that the maintenance of H3K9 methylation is distinct from
the initial H3K9 methylation that occurs during cold ex-
posure (Sung et al., 2006), raising the possibility that there
are different chromatin-modifying complexes, perhaps with
different H3K9 methyltransferases, involved in the initia-
tion versus maintenance phase of FLC repression.

DNA methylation does not appear to be involved in
vernalization-mediated FLC repression

DNA methylation is often associated with gene silencing,
and there has been speculation about the involvement
of DNA methylation in the vernalization response (Burn
et al., 1993; Finnegan et al., 1998). Although recent studies
indicate that some animal PRC2 complexes are associated
with DNA methyltransferases (Vire et al., 2006), most
examples of PRC2-mediated repression do not involve
DNA methylation (Umlauf et al., 2004). Notably, there are
no changes in DNA methylation of FLC brought about
by vernalization (Finnegan et al., 2005).

cis-acting components: regulatory DNA sequences in
the vernalization response

The target genes regulated by PcG and TrxG have cis
regulatory elements to which PcG and TrxG proteins bind.
Such cis elements are referred to as Polycomb response
elements (PRE) or Trithorax response elements (TRE),
and these bi-functional regions are often called ‘cellular
memory modules’ (Ringrose and Paro, 2004).

In Drosophila, in which PREs have been characterized,
efforts to define the minimal PRE resulted in the iden-
tification of a 219 bp core PRE which contains binding
sites for Zeste, Pleiohomeotic (PHO), and GAF (Dejardin
and Cavalli, 2004; Dejardin et al., 2005). Binding sites
for PHO and GAF in the PREs are necessary to recruit
PRC2 (Dejardin et al., 2005). As noted above, the PRE
also serves as a TRE in Drosophila and thus deletion of
this element affects the maintenance of gene activation
as well as repression.

The similarity between PRC2-mediated gene repression
in Drosophila and vernalization suggested that FLC
repression may involve a cis regulatory region similar to
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a PRE. An initial attempt to define such a vernalization
element using a reporter transgene identified about 2 kb
of the first intron of FLC as essential for maintenance
of vernalization-mediated FLC repression (Sheldon et al.,
2002). Recently, the region to 289 bp that was termed
a vernalization response element (VRE) has been defined
further, and it has been demonstrated that the VRE is
required for vernalization-mediated H3K9 methylation
(Sung et al., 2006).

In contrast to the bi-functional nature of PREs in
Drosophila, deletion of the VRE, as well as deletions in
the regions surrounding the VRE, did not compromise
FLC activation (Sung et al., 2006). Thus the VRE may
act differently from the Drosophila PRE in that the VRE
only confers stable repression but is not necessary for ac-
tivation. One possible regulatory region that could serve
as an activating cis element like a TRE is in the 59 untrans-
lated region of FLC, a region that is enriched in H3K4
methylation when FLC is active (He et al., 2004).

Like Drosophila PREs, the VRE is likely to be necessary
to recruit one or more chromatin remodelling complexes
to FLC. It has been shown that the binding of DSP1, the
Drosophila high mobility group gene B2 (HMGB2)
homologue, to the PRE is a prerequisite for recruitment
of PcG proteins including PHO (Dejardin et al., 2005).
To date, VRN1 is the only DNA binding protein known
to be involved in vernalization (Levy et al., 2002). Like
HMGB1 and HMGB2, VRN1 exhibits low sequence-
specific DNA binding activity in vitro (Levy et al., 2002).
It is possible that VRN1 might be involved in the re-
cognition of the VRE similar to the function of DSP1 in
Drosophila. H3K9 methylation is not increased by vernal-
ization in vrn1 mutants (Bastow et al., 2004; Sung and
Amasino, 2004) and VRN1 protein is enriched at FLC
chromatin by vernalization (Sung and Amasino, 2004).
However, a vernalization-mediated increase in H3K27
still occurs in vrn1 mutants, suggesting that at least
H3K27 methylation is independent of VRN1 recruitment
to FLC chromatin.

Deciphering the winter code

A simplistic view of how the histone code can influence an
epigenetic switch of gene expression is that once histones
are marked with certain modifications, such modifications
are recognized by modification-specific binding proteins,
which, in turn, recruit repressive or activating complexes
that maintain modifications through subsequent rounds of
cell divisions. These feedback systems create stable states
of higher order chromatin structure which maintain activ-
ation or repression of target genes. In Drosophila and ma-
mmals, Polycomb Repression Complex 1 (PRC1) contains
Polycomb (Pc) protein which has a chromodomain.
The Pc chromodomain binds preferentially to methy-
lated H3K27, a histone modification characteristic of

PcG-repressed chromatin (Fischle et al., 2003). The
association of PRC1 mediates remodelling of the target
chromatin into condensed chromatin and its maintenance
in a condensed state (Levine et al., 2004).

Despite the conservation of PRC2 components in plants
and animals, no PRC1 components, including Pc, have
been found in plants (Hsieh et al., 2003; Schubert et al.,
2005). Thus, plants must use a protein other than Pc to
maintain vernalization-mediated histone modifications and
stable repression. HETEROCHROMATIN PROTEIN 1
(HP1) is another chromodomain protein that binds methy-
lated H3K9 (Fischle et al., 2003). This binding preference
is consistent with the role of HP1 in the maintenance
of constitutive heterochromatin in yeast and animals, be-
cause constitutive heterochromatin is enriched in methyl-
ated H3K9 (Maison and Almouzni, 2004). However, unlike
the case for HP1 in yeast and animals, LIKE HETERO-
CHROMATIN PROTEIN 1 (LHP1), the only plant homo-
logue of HP1, does not appear to have a role in the
maintenance of constitutive heterochromatin (Malagnac
et al., 2002; Libault et al., 2005; Nakahigashi et al., 2005).
Rather, LHP1 is involved in the regulation of euchromatic
genes, such asAGAMOUS andFLOWERINGLOCUST, and
consistent with this role, LHP1 mainly localizes in euchro-
matic regions (Nakahigashi et al., 2005; Sung et al., 2006).

Recently, it has been shown that LHP1 is involved in the
maintenance of stable FLC repression by vernalization
(Mylne et al., 2006; Sung et al., 2006). Furthermore,
vernalization results in an enrichment of LHP1 at FLC
chromatin (Sung et al., 2006), suggesting that LHP1 may
play a role in vernalization similar to the role of Pc in
polycomb repression. Interestingly, LHP1 is required for
maintaining increased H3K9 methylation at FLC, but not
for the initiation of H3K9 methylation during cold exp-
osure (Sung et al., 2006). As noted earlier, this suggests
that there might be two different histone methylating
components involved in the vernalization response.

Prior to vernalization, FLC chromatin is enriched in
trimethylated Histone H3 Lys 4 (H3K4) (He et al., 2004)
and vernalization results in a reduction of the level of
trimethylated H3K4 (Sung et al., 2006). The mechanism
by which trimethylated H3K4 levels are reduced is not
known. The reduction could be mediated by histone
demethylases; several histone demethylases have recently
been discovered (Wysocka et al., 2005; Tsukada et al.,
2006; Yamane et al., 2006), although trimethylated
H3K4-specific demethylases are yet to be identified.

It is also interesting to note the recent discovery that
the PHD finger can bind to trimethylated H3K4 (Li et al.,
2006; Pena et al., 2006; Shi et al., 2006; Wysocka et al.,
2006). This raises the possibility that recognition of trime-
thylated H3K4 by the PHD finger of VIN3 could contribute
to the recruitment or activity of a silencing chromatin
remodelling complex to FLC chromatin. Of course, VIN3
binding to the trimethylated H3K4 would not be the sole
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mechanism to recruit repression complexes, since many
other chromatin regions are enriched in trimethylated H3K4.

In addition to VIN3, there are a number of PHD finger-
encoding genes found in plants. Although most of them
have yet to be studied with respect to a possible in-
volvement in chromatin remodelling, a VIN3 relative was
identified, which was named VIL1, in a yeast two-hybrid
screen for proteins that interact with VIN3 (S Sung and
RM Amasino, unpublished results). VIL1 also contains
a PHD finger in its N-terminal domain and its C-terminal
domain is involved in the protein interaction between
VIN3 and VIL1. Although VIL1 expression is not vernal-
ization-specific, VIL1 is required for a proper vernalization
response. Thus vernalization appears to require a chromatin
remodelling complex that contains at least two PHD finger
proteins, VIN3 and VIL1.

Forgetting winter

The vernalized state is stable throughout mitotic cell
divisions in many species, but it is lost as repressed genes
like FLC become reactivated in the next generation. It is
tempting to speculate that this re-activation occurs during
meiosis, but there is no direct evidence for this. Regarding
a possible meiotic resetting mechanism, one interesting
observation is that the VRN1 protein, which localizes to
euchromatic regions in vegetative tissues, is below de-
tection limits in pollen (Mylne et al., 2006). Also, VRN1
mRNA, as well as LHP1 mRNA, is reduced in pollen
tissues, and it was suggested that the lower expression of
such genes, which are essential for maintenance of the
vernalized state, might contribute to the reactivation of
FLC expression during meiosis (Mylne et al., 2006).
However, it is important to consider that a large number
of genes are poorly expressed in pollen (Schmid et al.,
2005); indeed, the majority of vegetatively expressed genes
are down-regulated in pollen (Schmid et al., 2005; Honys
and Twell, 2003) including genes, such as KRYPTONITE
and CHROMODOMAIN DNA METHYLTRANSFERASE
3, that are involved in the stable repression of target
genes through meiosis (Jackson et al., 2002; Lindroth
et al., 2004; Schmid et al., 2005). Moreover, any resetting
model that involves the lack of key components as
a mechanism to alleviate repression must also apply to
the female gametophyte, but this has not been examined
with respect to VRN1 and vernalization.

An alternative to a resetting model in which components
are lacking, is that resetting involves the recruitment of
components that can reactivate FLC chromatin. The dy-
namic nature of chromatin states gives an opportunity for
resetting components to get access to repressed chromatin.
For example, although HP1 and Pc are associated with
a repressed chromatin structure, the binding of theses
proteins to methylated histones is relatively weak (micro-
molar Kd; (Fischle et al., 2003), and fluorescence bleaching

assays indicate a relatively high rate of exchange of such
repressive proteins on chromatin (Maison and Almouzni,
2004). Indeed, during cell division, heterochromatic regions
need to be relaxed to permit DNA replication (Maison
and Almouzni, 2004). During mitosis, cell cycle-specific
kinases gain access to heterochromatin and phosphorylate,
for example, Ser 10 of Histone H3 (H3S10) which in
turn attenuates HP1 binding to methylated H3K9 (Fischle
et al., 2005). After replication, removal of the phosphoryl
group from H3S10 facilitates HP1 binding and the re-
establishment of heterochromatin (Fischle et al., 2005). A
similar mechanism may operate in the resetting of FLC
repression. For example, during meiosis, increased phos-
phorylation of H3S10 could contribute to lowering the
level of LHP1 binding to FLC chromatin which would, in
turn, lower the levels of H3K9 methylation (Fig. 2) because
the binding of LHP1 at FLC chromatin is required
for the maintenance of methylated H3K9 (Sung et al.,
2006). Recently, a JmjC-containing histone demethylase
has been shown to demethylate H3K9 and this demethyla-
tion activity can attenuate HP1 binding to chromatin (Cloos
et al., 2006; Klose et al., 2006; Tsukada et al., 2006;
Yamane et al., 2006). Thus, it is possible that the H3K9-
specific histone demethylase could have a role in the
reversing H3K9 methyl marks at FLC (Fig. 2). An

Fig. 2. Hypothetical mechanism for resetting FLC chromatin during
meiosis. Vernalization causes LHP1 to associated with FLC chromatin
and to ‘lock-in’ stable FLC repression as discussed in the text (top).
Increasing phosphorylation at H3S10 could prevent LHP1 from bind-
ing (middle). Activating components gain access to FLC chromatin to
reactivate FLC expression in the next generation (lower).
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Arabidopsis JmjC homologue is involved in the regulation
of FLC via chromatin remodelling (Noh et al., 2004),
although its role in the ‘forgetting winter’ has not been
determined. Much remains to be learned about the histone
code in plants and, in particular, which parts of this code
are used in the process of vernalization.
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