anti-L-selectin monoclonal antibody Mel-14 (100 pg per mouse). At various time points
during the following 48 h, mice were anaesthetized by an initial intraperitoneal injection of
ketamine (50 mgkg ") and xylazine (10 mgkg ™ '). The right popliteal LN was prepared
microsurgically for intravital microscopy and positioned on a custom-built microscope
stage. Care was taken to spare blood vessels and afferent lymph vessels. The prepared LN
was submerged in normal saline and covered with a glass coverslip. A thermocouple was
placed next to the LN to monitor local temperature, which was maintained at 36 °C. In
some experiments the LN microcirculation was revealed by intravenous injection of 2%
tetramethylrhodamine B-isothiocyanate—dextran or fluorescein isothiocyanate—dextran
(500 or 2,000 kDa; Molecular Probes). Two-photon imaging was performed with an
Olympus BX50WI fluorescence microscope equipped with a 20X, 0.95 numerical aperture
objective (Olympus) and a Bio-Rad Radiance 2000MP Confocal/Multiphoton microscopy
system, controlled by Lasersharp software (Bio-Rad). For two-photon excitation and
second harmonic generation, a Tsunami Ti:sapphire laser with a 10-W MilleniaXs pump
laser (Spectra-Physics) was tuned to 800 nm.

For four-dimensional analysis of cell migration, stacks of six squared x—y sections with
6 pm z spacing were acquired every 15s with electronic zooming up to 4X to provide
image volumes 30 pm in depth and 154-618 pm in width. Emitted light and second
harmonic signals were detected through 400/40-nm, 525/50-nm and 620/100-nm band-
pass filters with non-descanned detectors to generate three-colour images. Sequences of
image stacks were transformed into volume-rendered four-dimensional movies using
Volocity software (Improvision), which was also used for semi-automated tracking of cell
motility in three dimensions. From x, y and z coordinates of cell centroids, parameters of
cellular motility were calculated by using custom scripts in Matlab (MathWorks). As a
measure of the cells’ propensity to move away from an arbitrary point of origin, we
calculated the motility coefficient by plotting each cell’s absolute displacement against the
square root of the time interval during which displacement occurred”. Interactions
between T cells and DCs were defined as physical contacts lasting more than 1 min. Only
contacts whose initiation and termination was observed or that lasted for the entire
observation period (60 min) were included in the analysis.

Statistical analysis

Non-normally distributed data were presented as medians and compared with the
Mann—Whitney U-test (two groups) or the Kruskal-Wallis test followed by Dunn’s test to
compare multiple samples. Otherwise, data are shown as means * s.e.m. where
appropriate.
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Vernalization in Arabidopsis thaliana
is mediated by the
PHD finger protein VIN3

Sibum Sung & Richard M. Amasino

Department of Biochemistry, University of Wisconsin—Madison,
433 Babcock Drive, Madison, Wisconsin 53706, USA

In biennials and winter annuals, flowering is typically blocked
in the first growing season. Exposure to the prolonged cold of
winter, through a process called vernalization, is required to
alleviate this block and permit flowering in the second growing
season'. In winter-annual types of Arabidopsis thaliana, a flower-
ing repressor, FLOWERING LOCUS C (FLC), is expressed at
levels that inhibit flowering in the first growing season®. Verna-
lization promotes flowering by causing a repression of FLC that is
mitotically stable after return to warm growing conditions®. Here
we identify a gene with a function in the measurement of the
duration of cold exposure and in the establishment of the
vernalized state. We show that this silencing involves changes
in the modification of histones in FLC chromatin.

In winter-annual types of Arabidopsis, flowering is delayed unless
plants are vernalized. The delayed flowering is due to dominant
alleles of FRIGIDA (FRI) and FLC®. FRI elevates expression of the
MADS-box transcriptional regulator FLC to levels that suppress
flowering™’. Vernalization promotes flowering primarily by repres-
sing FLC expression*”. The repressed state of FLC is maintained
through mitotic cell divisions after a return to warm growing
conditions®. Many summer-annual accessions of Arabidopsis flower
rapidly without vernalization because such accessions lack an active
FRI allele®® or have a weak FLC allele”'® and thus have low levels of
FLC expression.

To investigate the molecular mechanism of vernalization, we
mutagenized a winter-annual Arabidopsis line (the Columbia acces-
sion into which an active FRI allele had been introgressed®) and
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screened for mutants insensitive to vernalization. In this screen we
found additional alleles of vernalization 1 and 2 (vrnl and vrn2);
these genes are necessary to maintain the repressed state of FLC after
vernalization'"'>. We also identified three independent mutants that
defined a new complementation group, vernalization-insensitive 3
(vin3-1, vin3-2 and vin3-3). In the vin3 mutants, the vernalization
response was completely blocked (Fig. 1a, b).

In Arabidopsis, the autonomous pathway defines a group of genes
that suppress FLC expression'’. Autonomous-pathway mutants in a
summer-annual background exhibit a vernalization-responsive
late-flowering phenotype similar to winter annuals because both
have a greater expression of FLC before vernalization®”'*. The vin3
lesion blocks the vernalization response in the autonomous-
pathway mutant luminidependens (Fig. 1c). Vernalization also
promotes flowering independently of FLC repression; specifically,
vernalization can cause more rapid flowering in short days in both
the wild type and a flc-null mutant’. The promotion of flowering
by vernalization in short days is prevented in a vin3 flc double
mutant (Fig. 1d). Thus, VIN3 is required for all situations, both
FLC-dependent and FLC-independent, in which vernalization can
promote flowering. In both the parental winter-annual FRI-
containing line and in the summer-annual Col background (fri),
the vin3 mutant displayed no pleiotropic phenotypes and had no
effect on flowering other than the block to vernalization (Fig. 1a, b,
and data not shown).

In vin3 mutants, a vernalizing cold treatment is not able to repress
FLC expression during and after cold exposure (Fig. le). This is in
contrast to the behaviour of vrnl and vrn2 mutants in which
vernalization-mediated FLC repression is observed during the

vin3-1

vin3-1 +V

+pSS201 +V

period of cold exposure; in other words, vrnl and vrn2 behave
like the wild type with regard to FLC repression during a vernalizing
cold treatment, but this repression is not maintained in warm
growing conditions (Fig. 2b, ¢, and refs 11 and 12). Thus, unlike
VRN1 and VRN2, which are involved in the maintenance of FLC
repression, VIN3 has a function in the establishment of FLC
repression during vernalization.

We cloned VIN3 by a map-based approach (a rescued line is
shown in Fig. la; VIN3 is At5g57380; see www.arabidopsis.org).
VIN3 is composed of four exons encoding a 600-amino-acid protein
that contains a putative nuclear localization signal and two domains
found in other proteins (Fig. 2a): a PHD (plant homeodomain)
domain, which is often found in proteins in chromatin remodelling
complexes', and a FNIII (fibronectin type III) domain, which is
often involved in protein—protein interactions".

A requirement for vernalization is an adaptation for ensuring that
flowering does not occur before the onset of winter. To prevent
flowering during short-term temperature fluctuations in the
autumn, the vernalization process has evolved to distinguish a
long exposure to cold from shorter cold exposures®. The pattern
of VIN3 induction is consistent with a role for VIN3 in the process
of distinguishing the duration of cold exposure (Fig. 2b). VIN3 is
expressed only after a duration of cold exposure that is effective for
vernalization, and FLC repression does not occur until VIN3 is
induced (Fig. 2b). Moreover, the level of VIN3 expression is
correlated with both the duration of cold and the degree of FLC
repression; after a long but not vernalization-saturating period of
cold exposure, VIN3 is partly induced and FLC is partly repressed
(Fig. 2b; compare expression levels at 20 and 40 days of vernaliza-
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Figure 1 Characterization of vernalization-insensitive 3 mutants. a, vin3 blocks the
vernalization response. Top, parental winter-annual line with and without vernalization.
Bottom, vin7-3mutant with (+V) and without (—V) vernalization and rescue of vin3-7 with
a VIN3transgene. b, Block of the vernalization response in vin3 mutants. Open bars, leaf
number at flowering of non-vernalized plants; filled bars, values for plants vernalized for
40 days as described®. ¢, vin3 causes vernalization insensitivity in the /uminidependens
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mutant. d, vin3 blocks the vernalization response in a flc mutant in short days. e, FLCis
not repressed by vernalization in vin3 mutants. Top panel, length of exposure to 2—4 °C is
shown as ‘d V'. TO samples were harvested directly from cold-grown plants. T1, T3
and T7 indicate the number of days for which the plants were grown at 22 °C after 40 days
of cold. Bottom panel: +V samples were vernalized for 40 days, followed by 7 days at
22°C.
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tion). In addition, VIN3 mRNA becomes undetectable within 3 days
after return to a warm growth temperature (Fig. 2b, ¢). Thus, in
contrast to VRN1 and VRN2, which are constitutively expressed'"'?,
VIN3 is expressed only during cold exposure. Furthermore, the
appearance of VIN3 expression is a marker for cold exposures of a
duration that are effective for vernalization. VIN3 expression is
induced by cold exposure in vrul (Fig. 2¢) and vrn2 (data not
shown), indicating that VIN3 is upstream of VRNI and VRN2.
Vernalization causes an epigenetic change that provides compe-
tence to flower only in specific tissues such as shoot and root
apices™'®". The pattern of VIN3 expression, determined by a VIN3
promoter fusion to 3-Glucuronidase (GUS), matches the regions in
which vernalization is effective (Fig. 2d). Furthermore, VIN3 has the
same pattern of expression as its target FLC (Fig. 2d). The FLC-GUS
construct is subject to repression by vernalization in a wild-type
background, whereas in a vin3 mutant FLC-GUS repression does
not occur during or after vernalization (Fig. 2e). In contrast, the
FLC-GUS construct is repressed in a vrnl mutant during vernaliza-
tion (Fig. 2e). The VIN3-GUS construct is expressed only when the
plants are exposed to a long period of cold, and expression
disappears after the plants are grown in warm conditions
(Fig. 2d). Thus, the cold and tissue-specific expression of VIN3 is
likely to be controlled at the transcriptional level. These results,
together with the RNA and phenotypic data described above,
further support a role for VIN3 in the vernalization-mediated
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establishment of FLC repression in the shoot and root apex.

The epigenetic nature of FLC repression by vernalization, and the
involvement of proteins related to chromatin-modelling proteins in
this process, prompted us to examine whether histone modifi-
cations were involved in vernalization-mediated silencing of FLC. In
humans and Drosophila, Su(z)12 polycomb group proteins, which
are homologues of VRN2, mediate gene silencing by a series of
histone modifications leading to methylation of histone H3 at Lys 9
(ref. 18). Methylation of Lys 9 is a marker for heterochromatin
formation, and H3 Lys 9 methylation is thought to recruit hetero-
chromatin protein 1 (and possibly to facilitate DNA methylation) to
ensure a mitotically repressed state'®. During the silencing process, a
transiently acting repressor is often required to target specific genes
for histone modifications'®. One of the initial events that requires a
transiently acting repressor can be histone deacetylation®.

We therefore examined the acetylation of histone H3 at Lys 9 and
Lys 14 in chromatin of FLC. We observed that a region of intron I
(V1) and a region upstream of the transcriptional start site (P1) of
FLC showed decreased acetylation during vernalization, and after
transfer to warm growing conditions this decrease was maintained
(Fig. 3a). However, FLC chromatin in the region (U1) encoding the
3’ untranslated region showed little change in acetylation levels. In
vin3 the vernalization-mediated changes in FLC acetylation do not
occur (Fig. 4a; data shown for the V1 region). In vrul and vrn2 a
decreased acetylation of FLC occurs during vernalization, but this
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Figure 2 VIN3 cloning and expression pattern. a, Positions of the domains in VIN3
(PHD finger, fibronectin type Ill, and (small rectangle) nuclear localization signal) and the
lesions in vin3 alleles. vin3-1 is a fast-neutron allele, and vin32 and vin3-3 are T-DNA
insertion alleles. b, RT-PCR analyses of the effect of vernalization on VIN3 and FLC
expression in the winter-annual wild type. Samples are as described in Fig. 1e. ¢, RT-PCR
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analyses of VIN3and FLC expression in vrn1. d, Spatial pattern of VIN3 and FLC
expression determined by reporter gene (GUS) fusions in the wild type without
vernalization (NV), after 40 days of vernalization (40 d VTO), and after vernalization and
5 days at 22 °C (40d VT5). e, FLC expression in vrn1 and vin3. Designations are as in d.
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decrease is not maintained in warm growing conditions (Fig. 4a, b).
The lack of changes in FLC histone acetylation patterns in vin3
mutants and the transient cold-specific expression of VIN3 both in
the wild type and in vrn I and vrn 2 during vernalization indicates
that VIN3 participates in a transient repression of FLC that involves
histone deacetylation, and that this VIN3-mediated process is
required for the establishment of FLC silencing.

A candidate modification for the maintenance of vernalization-
mediated FLC repression is H3 dimethylation at Lys 9 (ref. 19).
Indeed, we find that in the wild type, dimethylation levels at Lys 9 of
H3 in chromatin of the FLC promoter and intron regions (P1 and
V1) increase during vernalization and that this increase is main-
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Figure 3 ChIP assays in wild-type winter-annual Arabidopsis. a, Regions of the FLClocus
examined (see Methods for details). Coding regions are indicated by vertical lines.

b, ChIP with antibodies against modified histones. Samples are identified as follows:
NV, non-vernalized; VTO, vernalized for 40 days; VT7, vernalized for 40 days and
subsequently grown for 7 days at 22 °C. Sample preparation was as described
previously®. Signal intensities were normalized relative to actin and Ta3 control reactions
with ImageQuant, and fold changes are presented in the bar graphs. ¢, ChIP with VIN3 and
VRN1 antisera. Samples were from plants vernalized for 40 days without exposure to
warm temperature. Signal intensities were normalized relative to input signal intensities.
Pre, pre-immunized serum.
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tained after vernalization (Fig. 3b). In vin3, as well as in vrnl and
vrn2, the vernalization-mediated increase in H3 dimethylation at
Lys 9 does not occur (Fig. 4). We also observe that in the wild type
the level of dimethylation at Lys 27 of H3 increases during and after
vernalization (Fig. 3b). Interestingly, the increase in H3 dimethyla-
tion at Lys 27 occurs in vrnl but not in vrn2 (Fig. 4b, ¢) indicating
that VRN is not required for H3 dimethylation at Lys27 and that
this dimethylation alone is not sufficient to maintain FLC repres-
sion. The lack of H3 dimethylation at both Lys 9 and Lys 27 in vrn 2
indicates that VRN2 activity is required for both dimethylations,
whereas VRN activity is necessary for H3 dimethylation at Lys 9.
VRN2 homologues in Drosophila and human (SUPPRESSOR OF
ZESTE; Su(z)12) are involved in H3 methylation'®, indicating that
the role of this type of polycomb group protein in gene silencing is
evolutionarily conserved.

To address whether VIN3 can interact directly with the FLClocus,
we evaluated whether VIN3 antiserum could precipitate FLC
chromatin (Fig. 3c). Precipitation of chromatin from vernalized
plants with VIN3 antiserum greatly enriched for FLC compared
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Figure 4 Chromatin immunoprecipitation (ChIP) assays in vernalization mutants. ChIP
assays and designations are as described in Fig. 3. Genotypes were vin3 (), vmZ2 (b) and
vrn1 (c).
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with the preimmune control. In addition, VRNI antiserum greatly
enriched for FLC chromatin compared with the preimmune con-
trol. The regions of the promoter (P1) and the intron (V1) were
enriched in these immunoprecipitations to a much greater extent
than the 3' end (U1) of FLC. Thus, the regions of FLC chromatin
with which VIN3 and VRNI interact in immunoprecipitation
experiments correspond to the regions of FLC chromatin in
which changes in histone modification occur. The interaction of
VIN3 and VRNI1 with the 5 promoter and the first intron regions
and the vernalization-mediated histone modifications of these
regions are consistent with the observation that the regions are
required for a proper vernalization response’’ and that a DNase
I-hypersensitive site in the intron region becomes insensitive after
vernalization''.

The epigenetic nature of vernalization was first recognized as a
memory of winter in which the competence of an apical meristem to
initiate flowering persists through mitotic cell divisions*>*. Our
results provide a framework for the molecular basis of vernalization
in Arabidopsis. The establishment of FLC silencing (and FLC-
independent aspects of the vernalized state) requires the induction
of VIN3 expression by exposure to prolonged cold. VIN3 expression
is necessary for deacetylation of FLC, which in turn leads to histone
methylation and the formation of mitotically stable heterochroma-
tin at the FLClocus by a process involving VRNI and VRN2. VIN3 is
induced by cold only in tissues (root and shoot apices) in which
vernalization occurs, and the spatial restriction of VIN3 is likely to
contribute to the restriction of the vernalization process to these
tissues.

VRNI and VRN2 are expressed constitutively'"'?, and the recruit-
ment of VRN1 and VRN2 to target genes such as FLC during
vernalization is likely to require a factor to provide specificity. The
spatial expression pattern and cold-specific induction of VIN3 and
the interaction of VIN3 with FLC chromatin indicates that VIN3
could be part of a transiently acting complex that leads to the initial
establishment of target gene repression during vernalization. It is
consistent with this model that VIN3 is clearly the most upstream
component of vernalization so far identified because vin3 is the
only mutant in which FLC repression is blocked during cold
exposure, and in which no histone modifications are detected
during vernalization. Moreover, VIN3 is induced in vrnl and
vrn2, and VIN3-mediated FLC silencing during cold exposure
occurs in vrnl and vrn2.

The additional components that interact with VIN3, and VRN1
and VRN2, to repress FLC during and after vernalization are not
known. One component might be a protein similar to ENHANCER
OF ZESTE (E(z)). In human and Drosophila, E(z) acts as a histone
methyltransferase in a complex with the VRN2 homologue Su(z)12,
and this complex is involved in polycomb-complex-mediated gene
repression'®. MEDEA, CURLY LEAF and EZA1 are the closest
relatives of E(z) in Arabidopsis*. Lesions in CURLY LEAF cause
ectopic expression of the floral homeotic gene AGAMOUS* and do
not affect the vernalization process (not shown). It is possible that
MEDEA or EZA1 has a function in vernalization, or that there is
redundancy between E(z) relatives in this process, or that other
proteins are involved in vernalization-mediated histone methyl-
ation. It will be interesting to address nature of the complex that
leads to establishment of FLC repression during vernalization.

One of the remarkable aspects of the vernalization process is that
it has evolved to sense the prolonged cold of winter. Exposure to
short periods of cold that are sufficient to initiate other cold
responses such as cold acclimation® do not initiate a vernalization
response’. Part of the mechanism for measuring the period of cold
exposure during vernalization is the requirement for several weeks
of cold treatment for VIN3 induction. However, constitutive VIN3
expression is not sufficient to substitute for cold treatment (data not
shown); thus, VIN3 must interface with other cold-induced changes
to cause vernalization. The recent demonstration that the PHD
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finger domain can bind phosphoinositides® raises the possibility
that VIN3 could be a nuclear phosphoinositide receptor, and that
perhaps VIN3 is involved in perception of changes in the spectrum
of nuclear phosphoinositides that might occur during cold
exposure. It will be interesting to further explore the mechanism
by which prolonged cold induces VIN3 expression and achieves the
vernalized state. O

Methods

Plant materials
The parental FRI-Sf2 in Columbia was described previously®. pSKI015 T-DNA* was used

for T-DNA insertional mutagenesis of this line, and fast-neutron mutagenesis was as
described*.

Mapping

A Landsberg erecta line into which was introgressed FRI-Sf2 and FLC-Col (ref. 3) was

crossed to vin3-1, vin3-2, vin3-3 which are in the FRI-Sf2 in Columbia background to

create mapping populations; 2,345 individual F, plants were used to localize VIN3.
RNA analyses were performed as described for blotting®® and reverse transcriptase

polymerase chain reaction (RT-PCR)*.

Chromatin immunoprecipitation (ChIP) assays

Formaldehyde cross-linked plant materials were used for ChIP assays as described™. Anti-
acetyl-histone H3, anti-dimethyl-histone H3 [Lys 9] and anti-dimethyl-histone H3 [Lys
27] antibodies from Upstate Biotechnology (Waltham, Massachusetts, USA) were used for
precipitation. Rabbit polyclonal antibodies against VRN1 and VIN3 were prepared by
Covance (Denver, Pennsylvania, USA) against synthetic peptides SSQGNCVVYLPETTSA
(VIN3) and AFSVYIENLSHSEIN (VRN1) and were conjugated to keyhole limpet
haemocyanin. Three pairs of primers that amplified the following regions of the FLC locus
were used to assess immunoprecipitation enrichment by PCR. The regions of the primer
sets (P1, V1 and Ul), relative to the start of transcription, were P1 (—495 to —470 and
—222t0 —197), V1 (41436 to +1461 and +1699 to +1724) and U1 (45805 to +5830 and
46019 to +6044).
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Vernalization requires epigenetic
silencing of FLC hy histone
methylation

Ruth Bastow', Joshua S. Myine', Clare Lister', Zachary Lippman’,
Robert A. Martienssen’ & Caroline Dean’

'Department of Cell and Developmental Biology, John Innes Centre,
Norwich Research Park, Colney, Norwich NR4 7UH, UK
*Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA

To ensure flowering in favourable conditions, many plants flower
only after an extended period of cold, namely winter. In Arabi-
dopsis, the acceleration of flowering by prolonged cold, a process
called vernalization, involves downregulation of the protein FLC,
which would otherwise prevent flowering">. This lowered FLC
expression is maintained through subsequent development by
the activity of VERNALIZATION (VRN) genes>*. VRN1 encodes a
DNA-binding protein* whereas VRN2 encodes a homologue of
one of the Polycomb group proteins, which maintain the silenc-
ing of genes during animal development®. Here we show that
vernalization causes changes in histone methylation in discrete
domains within the FLC locus, increasing dimethylation of
lysines 9 and 27 on histone H3. Such modifications identify
silenced chromatin states in Drosophila and human cells®”.
Dimethylation of H3 K27 was lost only in vrn2 mutants, but
dimethylation of H3 K9 was absent from both vrnl and vrn2,
consistent with VRN1 functioning downstream of VRN2. The
epigenetic memory of winter is thus mediated by a ‘histone code’
that specifies a silent chromatin state conserved between animals
and plants.

The requirement for vernalization is an important trait in crop
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breeding and has resulted in the availability of winter- and spring-
sown varieties, which has significantly extended the geographical
range for the farming of many crops. An understanding of verna-
lization in the control of flowering has emerged from a molecular
genetic analysis in Arabidopsis®. The pathways conferring a require-
ment for and ability to respond to vernalization converge on the
regulation of FLC"*. FLC is a MADS box transcriptional regulator
that functions as a floral repressor by inhibiting the activation of a
set of genes required for transition of the apical meristem to a
reproductive fate">*"*. FRIGIDA (FRI) confers a vernalization
requirement by upregulating FLC expression, and this is antago-
nized by vernalization, which reduces FLC levels. Genes classified in
the autonomous floral pathway, such as FCA, function in parallel
with vernalization to downregulate FLC. fca mutants are late-
flowering owing to increased FLC, and this phenotype is suppressed
by vernalization"*. Once FLC transcript levels are downregulated by
prolonged cold exposure, they remain low during subsequent
development, and this mitotic stability suggests that vernalization
has an epigenetic basis. This led to the idea that DNA methylation
might have a role in FLC regulation'®. Despite the observation that
FLC levels were reduced in plants expressing an antisense DNA
methyltransferase', bisulphite sequencing has shown that there
is no change in FLC DNA methylation caused by vernalization
(J. Finnegan, personal communication).

To investigate the molecular basis of the cold-induced repression
of FLC, a series of Arabidopsis vrn mutants, defective in the
acceleration of flowering by vernalization, were identified'>. VRN1
and VRN2 were shown to be required for the maintenance of FLC
repression during subsequent development following prolonged
cold exposure**. VRN2 is a zinc-finger protein homologous to
SU(Z)12, a member of the ESC-E(Z) Polycomb group (Pc-G)
complex, which maintains the silencing of Drosophila HOX
genes'®. Pc-G proteins act in multiprotein complexes to maintain
a silenced chromatin state by modifying specific amino acids in the
amino-terminal tails of histones through deacetylation or methyl-
ation'’. The ESC-E(Z) Pc-G complex in mammals and flies has been
shown to contain histone lysine methyltransferase activity for K27
and possibly K9 of histone H3>*'®'°. Methylated K9 of histone H3
triggers the binding of HETEROCHROMATIN PROTEIN 1, lead-
ing to heterochromatin formation and silencing”**?*'. Phosphoryl-
ation, ubiquitination and sumoylation of specific amino acids of
histone tails have also been described"”. The varying marks placed
on the histones combine to form a ‘histone code’ that specifies a
chromatin state and subsequently determines whether a locus is
transcriptionally active or silent®.

To investigate whether histone modifications were involved in the
vernalization-dependent regulation of FLC, we analysed the chro-
matin environment of the FLC locus by chromatin immunopreci-
pitation (ChIP). In this technique, chromatin is isolated from cells,
sheared and immunoprecipitated with a range of antibodies specific
to different histone modifications. The immunoprecipitates are
then examined for specific DNA sequences by polymerase chain
reaction (PCR) analysis. ChIP analysis on fca-1 plants, undertaken
in at least three separate experiments, using antibodies specific to
H3 dimethyl K9, H3 dimethyl K27 and H3 dimethyl K4 (a
modification associated with active loci*®) revealed vernalization-
specific modifications at FLC (Fig. 1). Sequences from the 5' region
of FLC, regions shown as A and B in Fig. 1, which cover the FLC
promoter and the first exon, were found to show higher levels of H3
K9 dimethylation in vernalized tissue. H3 K27 dimethylation was
higher in vernalized tissue, predominantly in region B, covering the
5" end of the transcript, but was also found in some experiments in
the promoter region (region A; data not shown). H3 K4 dimethyla-
tion was associated with all regions of FLC examined in non-
vernalized tissue, but was reduced in region E, in the middle of
intron 1, in vernalized samples. This could result from the targeted
loss of H3 dimethyl K4 nucleosomes from this region or possibly
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