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SUMMARY

The Polycomb-group chromatin modifiers play important roles to repress or switch off gene expression in
plants and animals. How the active chromatin state is switched to a Polycomb-repressed state is unclear.
In Arabidopsis, prolonged cold induces the switching of the highly active chromatin state at the potent floral
repressor FLC to a Polycomb-repressed state, which is epigenetically maintained when temperature rises to
confer “cold memory,” enabling plants to flower in spring. We report that the cis-acting cold memory element
(CME) region at FLC bears bivalent marks of active histone H3K4me3 and repressive H3K27me3 that are read
and interpreted by an assembly of bivalent chromatin readers to drive cold-induced switching of the FLC
chromatin state. In response to cold, the 47-bp CME and its associated bivalent chromatin feature drive
the switching of active chromatin state at a recombinant gene to a Polycomb-repressed domain, conferring
cold memory. We reveal a paradigm for environment-induced chromatin-state switching at bivalent loci in

plants.

INTRODUCTION

Polycomb-group (PcG) proteins introduce repressive chromatin
modifications and implement transcriptional silencing in organ-
isms from plants to humans.” In the crucifer plants such as
Arabidopsis thaliana, prolonged cold exposure induces PcG-
mediated chromatin silencing of the potent floral repressor
FLOWERING LOCUS C (FLC; encoding a MADS-box transcrip-
tion factor) to switch an active chromatin state to a Polycomb-
repressed state in a physiological process termed vernalization
(perception and “remembering of prolonged cold in winter”).>™
This PcG-repressed state is epigenetically maintained through
cell divisions when the temperature increases, resulting in stable
FLC repression and conferring epigenetic memory of cold to
enable the plants to flower under temperature favorable for
seed production.®®

Before cold exposure, the FLC expression is strongly upregu-
lated by the plant-unique scaffold fold protein FRIGIDA (FRI) in

association with active chromatin modifiers including several
histone methyltransferases.®” The histone 3 lysine-4 (H3K4)
methyltransferase complex known as COMPASS-like and a
histone 3 lysine-36 (H3K36) methyltransferase deposit H3K4 tri-
methylation (H3K4me3) in 5 transcribed region encompassing
the transcription start site (TSS) and H3K36 trimethylation
(H3K36me3) in gene body at FLC, respectively, resulting in a
highly activated chromatin state to activate FLC expression
and thus prevent the floral transition.®” On cold exposure, FRI
proteins are sequestered into condensates, and FLC transcrip-
tion is shut down in individual cells®; in addition, the expression
of VERNALIZATION INSENSITIVE 3 (VIN3), encoding a PLANT
HOMEODOMAIN (PHD) finger protein, is gradually induced
along prolonged cold.? VIN3, together with VIN3 LIKE 1 (VIL1)/
VERNALIZATION 5 (VRNS), joins a pre-existing core PRC2 (con-
sisting of an H3K27 methyltransferase and three structural sub-
units) to form the cold-specific VIN3 (PHD)-PRC2 with elevated
catalytic activity to deposit repressive H3K27me3 at FLC."*""
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VIN3-PRC2 is specifically enriched within a three-nucleosome
region located in 5’ transcribed region and centered around
the junction of the first exon/intron of FLC, resulting in
H3K27me3 accumulation specifically in this region in cold,'?
but how VIN3-PRC2 is targeted to this region is unknown. Within
this three-nucleosome region, there is a 47-bp cis-acting cold
memory element (CME),” and two homologous trans-acting
B3-domain proteins VP1/ABI3-LIKE 1 (VAL1) and VAL2 form di-
mers that recognize two 6-bp motifs in CME to promote cold-
mediated FLC silencing.>'®

H3K27me3 is spread across the whole FLC gene body when
temperature increases to normal.’* As the spreading originates
from the three-nucleosome region in 5 FLC, this region is
termed the “Polycomb nucleation region.”'? The spreading of
H3K27me3 (to establish a Polycomb-repressed domain) and
maintenance of this domain through cell divisions in subse-
quent growth and development confer cold memory in
warmth.'?'* In the warm, the VIN3 protein is rapidly degraded,
but VIL1/VRNS5 is relatively stable and remains to associate with
the core PRC2 to mediate H3K27me3 spreading and mainte-
nance at FLC.>'® VRN5-PRC2 couples with DNA replication
during post-cold cell divisions to deposit H3K27 trimethylation
at the canonical H3 variant H3.1 on FLC chromatin.>'® The
H3K27me3 marks on FLC chromatin are partly recognized by
LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), which may
function together with VRN5-PRC2 to maintain the cold-
induced chromatin silencing of FLC in warmth®°; however,
LHP1 appears to play a limited role because loss of LHP1 func-
tion only causes a moderate FLC reactivation in the warm.®
This suggests that there may exist other H3K27me3 readers
critical for the maintenance of cold-induced Polycomb-
repressed domain at FLC.

How the highly activated chromatin state at FLC is switched to
a Polycomb-repressed domain has yet to be resolved, particu-
larly regarding what defines the so-called Polycomb nucleation
region as well as the paradoxical presence of the “activating”
H3K4me3 marks in this region during and after cold exposure.
Before cold, COMPASS (complex of proteins associated with
Set1)-like deposits H3K4me3 in the 5’ transcribed FLC region,
encompassing the region that subsequently functions as a Poly-
comb nucleation region on cold exposure.”'” During cold expo-
sure, the level of H3K4me3 in the nucleation region seems to
be reduced only moderately.'”'® The role of these “active”
H3K4me3 marks, if any, for cold-induced chromatin-state
switching at FLC is essentially unknown.

The active mark H3K4me3 and repressive H3K27me3 can co-
exist in the same nucleosome or adjacent nucleosomes, result-
ing in bivalent chromatin regions or bivalent loci.'®?° The
balance between these two functionally opposite histone marks
may enable fine transcriptional regulation of bivalent loci in
response to developmental and external signals.’®?" Bivalent
chromatin regions are commonly found in mammalian embry-
onic stem cells and are often associated with loci poised for acti-
vation later in development or during differentiation.’®° In the
Arabidopsis genome, several genome-wide profiling studies
show that there are hundreds of loci that may bear H3K4me3
and H3K27me3 at a seedling stage,*>** but the role of bivalency
in gene regulation is unclear in plants.
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Histone marks are recognized specifically by readers. There
are dual readers with two histone mark-binding domains to
recognize distinct modifications.”* Two plant-specific dual
readers that recognize H3K4me3 and H3K27me3, EARLY BOLT-
ING IN SHORT DAYS (EBS) and SHORT LIFE (SHL), have been
characterized recently, and both readers are composed of a
N-terminal bromo adjacent homology (BAH) to recognize
H3K27me3, followed by a H3K4me3-binding PHD domain.?*2®
Both domains are required for EBS and SHL to regulate the
expression of several examined target loci, and genome-wide
profiing of EBS and SHL occupancy shows that most of
the loci bound by EBS and/or SHL bear H3K4me3 or
H3K27me3.?>"*" Furthermore, both EBS and SHL interact with
the plant-specific Polycomb factor EMBRYONIC FLOWER 1
(EMF1) to form a BAH-EMF1 complex that mediates transcrip-
tional repression.?® Interestingly, structural analysis of EBS and
SHL reveals that a single molecule of these dual readers only
captures either H3K4me3 or H3K27me3, but not both, on H3
tails, due to the spatial constraint imposed by the proximity be-
tween the two histone mark-binding pockets®®”; hence, BAH-
H3K27me3 and PHD-H3K4me3 binding from an EBS or SHL
protein are independent and mutually exclusive. To date,
whether EBS and SHL may read bivalent chromatin state is
unknown.

Here, we report that EBS and SHL form homo- or hetero-di-
mers to function as chromatin bivalency readers that recognize
H3K4me3 and H3K27me3 marks in the cis-acting CME region
at FLC in the course of prolonged cold exposure to drive cold-
induced switching of the active FLC chromatin state to a Poly-
comb-repressed state. Both EBS and SHL interact with VAL1
that recognizes CME and further nucleates the cold-specific
VIN3-PRC2 in the bivalent CME region. After return to warmth,
EBS and SHL are spread across the FLC locus and engage
PRC2 for H3K27 trimethylation, resulting in the formation
and maintenance of a Polycomb-repressed domain across
FLC in post-cold growth and development, conferring cold
memory.

RESULTS

The dual readers EBS and SHL function redundantly to
mediate FLC silencing by prolonged cold

In response to prolonged cold exposure, the active H3K4me3-
bearing chromatin state at FLC is switched to an H3K27me3-
marked Polycomb-repressed domain. The dual readers of EBS
and SHL can recognize both H3K4me3 and H3K27me3; hence,
it was of interest to explore whether these readers may mediate
cold-mediated FLC chromatin-state switching and consequent
FLC repression. We first introduced loss-of-function ebs and
shl alleles into a reference line of winter annuals (over-wintering
accessions), Col-FRI (wild type [WT]), in which a functional FR/
was introgressed into the rapid-cycling accession Col,>® and
subsequently, we followed FLC expression in the course of pro-
longed cold exposure, 35-day continuous cold. Without cold,
FLC was expressed at similar levels among WT, FRI ebs, and
FRI ebs shi seedlings but moderately lower in FRI shl (Figure 1A).
Upon exposure to prolonged cold, FLC was repressed in FRI shl
and further silenced after return to warmth, similar to WT,
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Figure 1. Polycomb-nucleating CME region at FLC possesses bivalent chromatin state read by EBS and SHL for cold-induced H3K27 trime-
thylation

(A) Mature FLC transcript levels in the indicated seedlings after 35-day continuous exposure to cold temperature. Data were measured by RT-gPCR and
normalized to the reference gene PROTEIN PHOSPHATASE 2A (PP2A). “Without cold (CK),” non-vernalized plants at the development stage identical to the
10 days post-cold plants.

(B) ChIP-gPCR measurement of H3K27me3 at FLC in indicated seedlings after 28-day cold exposure. Levels of the immunoprecipitated fragments
by anti-H3K27me3 were normalized to input DNA. 7 days post-cold, growth at normal temperature (22°C) for 7 days after cold. ChIP-examined regions are
illustrated in (C).

(C and D) K27-K4 re-ChlIP analysis of H3K4me3 and H3K27me3 on FLC chromatin. Levels of FLC fragments from anti-H3K27me3 and anti-H3K4me3 reChIP
(using the seedlings cold-exposed for 28 days) were measured in (C), and additional samples were included in (D). IgG, reChlIP with rabbit IgG as negative control.
At bottom of (C) is a schematic drawing of the FLC locus; arrow for the transcription start site (TSS), and black boxes for exons and gray bars for the regions
examined by ChlIP.

(E and F) Enrichments of EBS (E) and SHL (F) at FLC after 28-day cold exposure. EBS:FLAG and HA:SHL are in the FRI ebs shl background. Levels of FLC
fragments immunoprecipitated by anti-EBS:FLAG or anti-HA:SHL were normalized first to the internal control SHOOT MERISTEMLESS (STM),'® and relative
enrichments of EBS:FLAG or HA:SHL over a background control are calculated.

(A-F) Error bars denote standard deviation (SD) of three biological replicates. One-way ANOVA was conducted in (A) and (B) and letters in the same color denote
statistically distinct means (p < 0.01), ns for not significant. Two-tailed t tests were conducted in (D)—(F); *p < 0.05, **p < 0.01, and ***p < 0.001.

See also Figures S1 and S2.
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whereas FLC expression in FRI ebs was moderately reactivated
in the warm (Figure 1A). Interestingly, FLC expression was
repressed in cold but fully reactivated in FRI ebs shl after
10-day growth in warmth (Figure 1A). Thus, EBS and SHL func-
tion redundantly and play an essential role to mediate FLC
repression by prolonged cold.

We further measured flowering-time phenotypes of FRI ebs,
FRI shl, and FRI ebs shl (hereinafter referred to as ebs, shl, and
ebs shl, respectively), by scoring the total number of leaves
formed before flowering. Without cold exposure, ebs and sh/
flowered moderately earlier than WT, whereas the double mutant
flowered much earlier than WT (Figure S1A). It has been shown
that EBS and SHL function in partial redundancy to repress the
expression of FLOWERING LOCUS T (FT, encoding a major
florigen) and inhibit the floral transition in rapid-cycling acces-
sions.”>?® We measured FT expression in these mutants
(winter-annual background) and found that FT was strongly de-
repressed in ebs shl (Figure S1B), consistent with its early flower-
ing-time phenotype. Next, we examined whether vernalization
could accelerate the transition to flowering in ebs shl and found
that it was completely insensitive to prolonged cold exposure
(Figure S1A), consistent with the full post-cold FLC reactivation
in this mutant.

EBS and SHL are essentially required for H3K27me3
accumulation in the CME region in cold and for its
spreading on return to warmth

The loss of stable FLC repression in ebs shl in post-cold
growth reflects the absence of H3K27me3-marked Polycomb-
repressed state at FLC. To explore whether EBS and SHL are
required to establish the H3K27me3 peak in the CME-bearing
Polycomb nucleation region at FLC on prolonged cold exposure,
we measured the levels of H3K27me3 at FLC on the functional
loss of EBS and/or SHL by chromatin immunoprecipitation
(ChlIP) coupled with quantitative PCR. Before cold, H3K27 trime-
thylation occurred in the region encompassing CME but at low
levels in the seedlings of WT, shl, ebs, and ebs shl (Figure 1B).
Cold exposure resulted in a strong increase of H3K27me3
or H3K27me3 peak specifically in the CME region in the seed-
lings of WT and shl, but loss of EBS function led to a reduction
in H3K27me3 accumulation (Figure 1B); moreover, the
H3K27me3 peak was eliminated in ebs shl, that is, the level of
H3K27me3 in the CME region in the cold-exposed double
mutant was similar to that in WT (before cold) (Figure 1B). These
results reveal that SHL and EBS function redundantly and with an
essential role to promote H3K27 trimethylation in the CME-
bearing Polycomb nucleation region in cold.

After 7 days of post-cold growth, we found that the H3K27
trimethylation in the CME region still requires EBS and SHL (Fig-
ure 1B). In addition, the spreading of H3K27me3 from the CME
region to a distal gene-body region requires both EBS and
SHL, as the simultaneous loss of EBS and SHL function elimi-
nated H3K27me3 in this spreading site (Figure 1B). Thus, both
EBS and SHL are required for spreading H3K27me3 from the
CME region across the FLC locus in warmth. Taken together,
these results reveal that EBS and SHL are essentially required
for the establishment of the H3K27me3 peak in the CME region
in cold and for its spreading across FLC in warmth and thus
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for switching the active FLC chromatin state to a Polycomb-
repressed state.

EBS and SHL are enriched on FLC chromatin in the
Polycomb-nucleation CME region in cold and post-cold
To uncover how EBS and SHL mediate cold-induced Polycomb
repression at FLC, we first conducted ChIP to examine both pro-
teins binding to FLC chromatin in the course of cold exposure,
using transgenic seedings expressing functional tagged-EBS
or SHL. There are two splice variants of EBS: EBS.1 and
EBS.2 (with a shorter carboxyl-terminal loop than EBS.1).2%2"
We confirmed that EBS.2-FLAG was fully functional, whereas
EBS.1-FLAG was partially functional (Figures S1C and S1D);
thus, EBS.2-FLAG was used in subsequent experiments and
referred to as EBS:FLAG. Before cold, the EBS:FLAG was
moderately enriched specifically in the bivalent CME region,
not in other regions at FLC (Figures 1E, S2A, and S2B), largely
in line with the enrichment of EBS in 5’ transcribed FLC region,
revealed by profiling of genome-wide binding sites of EBS.?>*’
We further found that prolonged cold led to an elevated enrich-
ment of EBS:FLAG specifically in the CME region (Figure 1E).
Similarly, SHL or the functional HA:SHL (Figure S1G) was moder-
ately enriched specifically in the CME region before cold, and
cold resulted in elevated binding to CME chromatin
(Figures 1F, S2C, and S2D). During post-cold growth in warmth,
the enrichments of both EBS and SHL were further elevated in
the CME region (Figures 1E and 1F). Together, these results
reveal that the dual readers of EBS and SHL bind the Poly-
comb-nucleation CME region; moreover, the similar patterns of
temporal and spatial enrichment at FLC are well consistent
with their redundant function in cold-induced FLC chromatin-
state switching and FLC repression.

The CME region at FLC bears bivalent marks of
H3K4me3 and H3K27me3

To determine how the dual histone readers of EBS and SHL bind
CME chromatin, we first examined whether H3K4me3 and
H3K27me3 may co-exist on the same or adjacent nucleosomes
on part of FLC chromatin, using sequential ChIP (re-ChlP) of anti-
H3K27me3 ChIP followed by ChIP with anti-H3K4me3 (designed
as K27-K4 re-ChlIP). We found that the CME region bore both
H3K4me3 and H3K27me3 before cold, during prolonged cold
exposure, and on return to warm, but these marks did not co-
exist in other FLC regions (Figures 1C and 1D). Given the size
of sheared DNA fragments in re-ChlIP (about 150-500 bp with
major bands of around 250 bp; see STAR Methods), these two
marks were mainly from the CME-bearing nucleosome or adja-
cent nucleosomes. These results reveal that the regulatory
CME region at FLC bears bivalent H3K4me3-H3K27me3 marks
before cold exposure and remains bivalent during and after
cold exposure.

EBS and SHL form homo- and hetero-dimer to read
bivalent chromatin marks

Because of the spatial constraint imposed by the proximity be-
tween the histone mark-binding pockets in EBS and SHL, single
proteins can bind only either H3K4me3 or H3K27me3.7%%"
We hypothesized that EBS and SHL may form a dimer to
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Figure 2. EBS and SHL form homo- and hetero-dimers

(A) Interactions of BAH-PHD and BAH-BAH from EBS and SHL in yeast cells. BAH and PHD domains were fused with the GAL4-AD or BD domain as indicated. 1x
and 10x diluted yeast cells were spread on the highly stringent growth media of SD (-WLHA): without adenine (A), histidine (H), leucine (L), and tryptophan (W).

Colonies on SD (-WL) serve as growth control.

(B and C) Coimmunoprecipitations (colP) of EBS with SHL (B) and EBS (C). Total proteins from the F; seedlings expressing the indicated pair of proteins were

subject to immunoprecipitation with anti-FLAG, followed by western blotting.

(D) BiFC analysis of self-interaction of SHL in Nicotiana benthamiana epidermal cells. Scale bars, 20 um. For dimers’ function, see also Figures S3 and S4.

simultaneously read the bivalent marks on the same or adjacent
nucleosomes around CME and in other bivalent regions in the
Arabidopsis genome. First, we tested whether these proteins
could interact in yeast cells and found that the BAH domains
from EBS and SHL interacted with itself and each other and
with the PHD domains, but there was no interaction between
PHDggs and PHDgy, (Figure 2A). These results suggest that
EBS and SHL form homo- or hetero-dimer through BAH-BAH
or BAH-PHD interaction.

Next, we conducted coimmunoprecipitation (colP) assays to
confirm whether there are EBS-EBS and EBS-SHL associations
in Arabidopsis, using F; seedlings expressing functional
EBS:FLAG and EBS:HA (Figures S1D and S1E) or EBS:FLAG
and SHL:HA?® and found that EBS indeed associated with itself
or SHL in Arabidopsis (Figures 2B and 2C). Moreover, bimolec-
ular fluorescence complementation (BiFC) assays by transient
co-expression of SHL-nYFP and SHL-cYFP in tobacco
epidermal cells revealed that SHL physically interacted with itself
in the nucleus (Figure 2D). Thus, EBS and SHL form homo- and
hetero-dimers, which conceptually are able to simultaneously
capture H3K4me3 and H3K27me3 from the same or adjacent
nucleosomes in CME and other bivalent regions.

To investigate whether the assemblies of EBS and/or SHL are
general readers of bivalent regions, we examined the enrichment
of EBS and SHL at eight bivalent loci, selected and validated
from a list of loci bearing H3K4me3 and H3K27me3 at an early
seedling stage (Figures S3A and S3B). At seven of the eight biva-
lent loci, EBS and/or SHL specifically bind to the bivalent regions
(Figures S4A and S4B), suggesting that EBS and SHL are general
readers of the bivalent regions in Arabidopsis.

Binding of EBS and SHL to bivalent CME chromatin
requires both BAH and PHD domains

EBS and SHL are composed of an H3K27me3-binding BAH
domain followed by an H3K4me3-binding PHD domain; hence,
we explored whether EBS and SHL bind bivalent CME chromatin
via both BAH-H3K27me3 and PHD-H3K4me3. First, we created
SHL transgenes with point mutations, in which two critical resi-
dues (W6B3L/Y65A) for H3K27me3 binding in the BAH domain
or two key residues (F141A/Y148A) for H3K4me3 binding in the
PHD domain were mutated?®; in addition, a key residue in the
BAH (P41L) or PHD domain (Y155A) was mutated in EBS.??”
These transgenes were introduced into ebs shl, and two inde-
pendent single-locus lines for each transgene were further
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analyzed (Figures S1F and S1G). Previously, it has been shown
that SHLwe3L/vesa binds to H3K4me3, but not to H3K27me3,
whereas SHI—F141A/Y148A binds to H3K27me3, but not to
H3K4me3.?° Using histone peptide pull-down assays, we
confirmed that EBSp4q. binds to H3K4me3, but not to
H3K27me3, whereas EBSy1s54 binds to H3K27me3, but not to
H3K4me3 (Figure S5A). In addition, we confirmed that these mu-
tations in BAH and PHD domains had no effect on BAH-BAH/
PHD interactions (Figure S5B).

Next, we found that although EBSP41 Ly EBSY1 55As SHLW63L/Y65A:
and SHLg141a/v148a, tagged by FLAG or HA, all were expressed at
levels similar to the fully functional EBS:FLAG or HA:SHL
(Figures S5C and S5D), these point mutants (in ebs shl) were
only partial functional compared with respective single mutants
(Figures S1F, S1G, and S5E-S5G). We further found that FLC
expression was reactivated after return to warmth, on a functional
loss of BAH or PHD in either EBS or SHL (Figures 3A and 3D), sug-
gesting that both BAH-H3K27me3 and PHD-H3K4me3 are
required for cold-mediated FLC repression.

Next, we examined the binding of EBSpsi, EBSyissa,
SHLWGSL/YGSA! and SHLF141Ny148A to the bivalent CME region.
Compared with the WT EBS protein, the enrichments of
EBSp41. and EBSyq554 in the CME region were strongly reduced
in the seedlings exposed to prolonged cold (in cold and post-
cold) (Figures 3B, 3C, S6A, and S6B). Similarly, the binding of
SHLwe3Lvesa and SHLg141av148a to CME chromatin was strongly
reduced on cold exposure (in cold and post-cold), compared with
the SHL protein (Figures 3E and S6C). These results show that
both BAH-H3K27me3 and PHD-H3K4me3 are required for EBS
and SHL binding to the bivalent CME chromatin upon prolonged
cold exposure.

EBS and SHL are spread from the CME region across the
FLC locus on return to warmth

We have thus far found that the CME region remains bivalent
after return to warmth and that both EBS and SHL bind to the
bivalent CME chromatin through PHD-H3K4me3 and BAH-
H3K27me3, not only in cold but also in warmth. The bivalency
on FLC chromatin occurs only in the CME region/Polycomb
nucleation region, but interestingly, we found that EBS and
SHL were enriched moderately in the H3K27me3-marked middle
FLC region (a spreading site) after 7 days post-cold growth
(Figures 1E and 1F), which seemed to require both functional
BAH and PHD domains (Figures 3B, 3C, and 3E).

The PHD domains from EBS and SHL are able to bind to
H3K4me2 in in vitro peptide-binding assays, but genome-wide
profiling of EBS- or SHL-bound sites suggests that both readers
largely bind to H3K4me3 and/or H3K27me3-marked regions.?> ="
Notably, H3K4me3 occurs typically around the TSSs and &' tran-
scribed regions, whereas H3K4 dimethylation occurs in gene
bodies in the Arabidopsis genome.?” To validate that H3K4me2
isnotinvolvedinthe binding of EBS or SHL to middle FLC, we con-
ducted ChIP to examine H3K4me2 on FLC chromatin in the
course of cold treatment. Before cold, H3K4me2 was enriched
in the CME region and across gene body regions at FLC (Fig-
ure S6D). Given that before cold neither EBS nor SHL binds to
the FLC gene body regions except the CME region (Figures S2A
and S2C), these two readers may not recognize the H3K4me2
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marks on FLC chromatin. We further found that the levels of
H3K4me2 in the CME region increased moderately after pro-
longed cold exposure and were similar among the seedlings of
WT, ebs, shl, and ebs shl (Figure S6E), revealing that neither
EBS nor SHL is involved in H3K4me2 reading and maintenance
at FLC. In addition, we found that H3K4me2 was moderately en-
riched in middle FLC before cold and in cold, but not on return
to warmth (Figure S6E). Thus, the stable binding of EBS and
SHL to middle FLC after return to warmth indeed is not mediated
by PHD-H3K4me2 (or PHD-H3K4me3), but by BAH-H3K27me3.
Given that Polycomb factors typically spread in cis from a nucle-
ation region,*° we reasoned that the reductions in the spreading
of EBS and SHL from CME to the middle of FLC conceptually
are attributed to a strong reduction in the binding of EBS or SHL
with a defective PHD domain to the nucleating CME region.

The CME reader VAL1 functions to promote EBS
enrichment at CME in cold and its subsequent spreading
on return to warmth

EBS and SHL are essential for cold-induced H3K27me3 accumu-
lation in the Polycomb-nucleating CME region. We reasoned that
EBS and SHL may function together with the CME readers VAL1
(and VAL2) to mediate FLC repression by prolonged cold. First,
we found that both EBS and SHL were able to interact with VAL1
through their PHD domains (Figure 4A). Next, we performed colP
assays using the F4 seedlings from a functional VAL1:FLAG line®
crossed to EBS:HA or SHL:HA lines and found that both EBS
and SHL were associated with VAL1:FLAG (Figures 4B and 4C).

We further examined whether EBS enrichment at FLC is partly
dependent on VAL1. On the loss of VAL function, EBS:FLAG
enrichment in the bivalent CME chromatin was strongly reduced
in cold and post-cold growth (Figures 4F and S7A); thus, the
CME-binding VAL1 functions to recruit or stabilize EBS binding
to CME chromatin, suggesting that the binding of EBS to
CME chromatin is through multivalent interactions including
BAH-H3K27me3, PHD-H3K4me3, and EBS-VAL1-CME. In addi-
tion, we found that EBS binding to the spreading site, mid-FLC,
was greatly reduced in vall (Figure 4F), suggesting that the
CME-binding VAL1 function to promote EBS spreading in cis
from the nucleating CME region across FLC. We further explored
whether EBS and SHL may act to promote VAL1 enrichment on
CME chromatin. Upon functional loss of EBS and SHL, we found
that the enrichment of VAL1:FLAG at the CME region was reduced
moderately following cold exposure and in the warm (Figures 4G
and S7B), suggesting that the EBS and SHL proteins bound to the
bivalent CME chromatin partly stabilize VAL1 binding to CME,
perhaps in a positive feedback manner.

The elevated VAL1 enrichment at CME and the dependence of
EBS binding CME chromatin on VAL1 after return to warmth
suggest that VAL1 may play a critical role to maintain cold-
induced FLC repression in warmth. To address the role of VAL
in the warm, we knocked down VAL7 expression (in an
FRI val2 background) specifically on return to warm (Figure 4H),
using a B-estradiol inducible artificial microRNA approach.
Indeed, on VAL1 knockdown after return to warmth, the levels
of H3K27me3 on FLC chromatin were reduced, whereas
H3K4me3 in the CME region was increased, resulting in a reacti-
vation of the FLC expression (Figures 41, 4J, and S7E). Thus, VAL1
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Figure 3. Functional analysis of BAH and PHD domains in EBS and SHL during cold-induced FLC repression
(A) Spliced FLC levels in the indicated seedlings cold-exposed for 28 days. Data were normalized to PP2A. EBS:FLAG (wild-type genomic EBS.2 fused with
FLAG) was introduced into FRI ebs shl, and P41L and Y155A are point-mutated EBS:FLAG genes. Two independent lines examined for each transgene.

(B and C) EBSp41. (B) and EBSy4ssa (C) enrichments at FLC.
(D) Spliced FLC levels in the indicated seedlings. HA:SHL (wild-type genomic SHL fused with HA) was introduced into FRI ebs shl, and W63L/Y65A and F141A/

Y148A are point-mutated HA:SHL genes. Two independent lines examined for each transgene.

(E) Enrichments of SHL, SHLwe3(/vesa, @and SHLg141a/v148a at FLC.
(B, C, and E) Levels of FLC fragments immunoprecipitated by anti-FLAG or anti-HA were normalized first to the internal control STM, and relative enrichments of

wild-type and mutated EBS:FLAG or HA:SHL over a background control (CK) are calculated.
(A-E) Seedlings were exposed to cold for 28 days; error bars denote SD of three biological replicates.
See also Figures S1, S5, and S6.

is required not only for the establishment of the H3K27me3 peak EBS and SHL interact with and engage the cold-induced
in the Polycomb-nucleating CME region in cold but also for the  VIN3 protein in the Polycomb-nucleating CME region
formation and maintenance of the Polycomb-repressed domain  The cold-specific VIN3-PRC2 is essential for cold-induced
at FLC through cell divisions during post-cold growth and devel- H3K27me3 at FLC."" To explore how VINS is recruited to the
opment, consistent with the function of VAL1 in EBS spreading nucleating CME region, we examined whether EBS and SHL
across FLC. may interact with VIN3. Previously, it has been shown that the
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Figure 4. VAL1 interacts with EBS and SHL that nucleate the cold-specific VIN3-PRC2 in the CME region and regulates CME bivalency
(A) Both EBS and SHL interacted with VAL1 through their PHD domains in yeast cells, as indicated by the colonies grown on the highly stringent SD

(-WLHA) media.

(B and C) ColP of VAL1 with EBS (B) and SHL (C). Total proteins from the F; seedlings expressing EBS:HA or SHL:HA with VAL1:FLAG were subjected to im-
munoprecipitations by anti-HA beads. Asterisks denote a degradation product of VAL1:FLAG.
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plant-specific VIN3 INTERACTING DOMAIN (VID) mediates in-
teractions of VIN3 with itself and VIL1/VRN5.*>"*> We found
that the VID domain from VIN3 was able to interact with the
PHD domains from both EBS and SHL (Figure 4D), and subse-
quent colP assays using cold-treated EBS:FLAG seedlings and
arabbit polyclonal anti-VIN3 revealed that VIN3 was immunopre-
cipitated by anti-FLAG (EBS:FLAG) (Figures 4E and S7C). Thus,
VINS indeed associates with EBS in cold-treated seedlings.

Next, we examined the enrichment of cold-induced VIN3 pro-
tein at FLC and found that it was enriched specifically at the CME
region on prolonged cold exposure, but a functional loss of EBS
and SHL caused a strong reduction (Figures 4K and S7C),
revealing that these bivalent readers are required to recruit
VINS or stabilize its binding at the CME region in cold. Taken
together, these results suggest that the EBS and SHL proteins
bound to the bivalent CME region engage the cold-specific
VIN3-PRC2 for H3K27 trimethylation at FLC, resulting in the
nucleation of Polycomb factors in the regulatory CME region dur-
ing cold exposure.

Cold induces an elevation in H3K27me3 on the bivalent
CME chromatin

Using sequential ChIP of K27-K4 (anti-H3K27me3 followed by
anti-H3K4me3), we have found that CME chromatin is in the biva-
lent state before, during, and post cold exposure (Figure 1D). To
determine whether cold-induced H3K27me3 by VIN3-PRC2 in
the CME region may occur in H3K4me3-bearing nucleosomes,
we further conducted sequential K4-K27 ChIP assays using WT
and ebs shl seedlings. In WT, the level of H3K4me3 in the CME
region was only moderately reduced on prolonged cold exposure
and after return to warmth (Figure 5A). Interestingly, we observed
that cold exposure caused a strong increase of H3K27me3 in
the nucleosomes around CME immunoprecipitated by anti-
H3K4me3 in WT (see ratios of H3K27me3 recovered in reChlP/
IP2 to H3K4me3 in ChIP/IP1; Figure 5A). Thus, cold induces
H3K27 trimethylation in the H3K4me3-bearing or adjacent nucle-
osomes around CME; furthermore, the active H3K4me3 marks in
the Polycomb-nucleating CME region largely are not removed in
the switching of FLC chromatin state in response to cold.

Next, we compared the levels of H3K4me3 and H3K27me3 at
FLC between WT and ebs shl. Upon functional loss of EBS and
SHL, the level of H3K4me3 in the CME region was moderately
reduced prior to cold (Figures 5A and 5B), suggesting that these
two H3K4me3 readers partly maintain this mark. Furthermore,

¢ CellP’ress

there was no increase in H3K27me3 in the bivalent nucleosomes
of the CME region in ebs shl (Figure 5B), consistent with that EBS
and SHL are essential for cold-induced H3K27 trimethylation in
the Polycomb nucleation region at FLC.

PHD-H3K4me3 recognition is required for cold-induced
H3K27 trimethylation in the bivalent CME region
H3K4me3 is associated with active gene expression in eukary-
otes and often functions to promote gene expression, and thus,
it is termed an active or activating mark.>*** Prior to cold, the
COMPASS-like H3K4 methyltransferase complex catalyzes
H3K4me3 to activate FLC expression.'” Interestingly, during
cold-induced switching of FLC chromatin state, we have found
that the PHD domains from EBS and SHL read and maintain
the H3K4me3 marks in the bivalent CME region. Because both
EBS and SHL interact with the VIN3 protein to promote
H3K27me3 in the regulatory CME region in cold, the H3K4me3
marks in this region actually function to silence FLC expression
in response to prolonged cold. Consistently, we found that in
cold and after return to warmth, the levels of H3K27me3 in the
CME region were reduced in the EBSy1554 lines (in the ebs sh/
background) with a defective PHD domain unable to recognize
H3K4me3, compared with the WT EBS lines (Figures 5C and
S6F). Thus, H3K4me3 recognition by EBS is partly required for
cold-induced H3K27 trimethylation in the bivalent CME region.

VIN3-PRC2-dependent H3K27 trimethylation promotes
EBS binding CME chromatin in cold

Both PHD-H3K4me3 and BAH-H3K27me3 mediate the binding
of EBS and SHL to the bivalent CME chromatin. We further vali-
dated the role of BAH-H3K27me3 recognition for cold-induced
H3K27 trimethylation in the CME region and found that the
P41L mutation in the BAH domain of EBS resulted in a loss of
H3K27me3 in the CME region in cold (Figures 5D and S6G).
Thus, the reading of H3K27me3 by EBS (and SHL) promotes
the establishment of the H3K27me3 peak in the nucleating
CME region in cold, which may in turn promote further binding
of EBS and SHL to this region.

To elucidate the role of VIN3 (PRC2)-dependent H3K27 trime-
thylation for cold-regulation of EBS enrichment in the CME
region, we modulated VIN3 expression using a short cold-respon-
sive promoter from COLD REGULATED 78 (COR78).°° On 14-day
cold exposure, VIN3 expression was greatly induced in the trans-
genic seedlings bearing COR78pro-VIN3, and consequently, EBS

(D) The VID domain of VINS interacted with PHDggs and PHDgy,_ in yeast cells.

(E) ColP of EBS with VIN3 in the EBS:FLAG seedlings cold-exposed for 28 days. Anti-FLAG immunoprecipitations were examined by western blotting with rabbit
polyclonal anti-VINS.

(F and G) Enrichments of EBS (F) and VAL1 (G) on FLC chromatin. The seedlings of EBS:FLAG FRI val1*'~, EBS:FLAG FRI val1 (E), VAL1:FLAG FRI ebs*'~ shI*'~,
and VAL1:FLAG FRI ebs shl (F) were exposed to cold for 42 days. Levels of the FLC fragments from anti-FLAG ChIPs were normalized first to STM, and relative
enrichments of EBS:FLAG and VAL1:FLAG over a background control are shown.

(H) Inducible knockdown of VAL 1 expression specifically on return to warm. FRI val2 seedlings were applied daily with estradiol starting 2 days before return to
warmth. Data were normalized to PP2A.

(I and J) Changes of H3K27me3 (l) and H3K4me3 (J) at FLC, on VAL1 knockdown in the warm for 15 days. ChIP was conducted with newly emerged leaves.
(K) VIN3 enrichment in the CME region requires EBS and SHL in the seedlings cold-exposed for 28 days. Levels of FLC fragments from anti-VIN3 ChIP were
normalized to STM, and relative VIN3 enrichments over a control (Col-FR/ without cold) were shown.

(F-K) Error bars denote SD of three biological replicates. One-way ANOVA and two-tailed t test were conducted in (F), (G), and (K) and (H)-(J), respectively; ns for
not significant, *p < 0.05, **p < 0.01 and ***p < 0.001.

See also Figure S7.
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Figure 5. Cold-induced H3K27 trimethylation in the bivalent CME region requires functional coordination of EBS and VIN3

(A and B) Sequential H3K4me3-H3K27me3 re-ChlIP assays on FLC chromatin in WT (A) and ebs shl (B) after 28-day cold exposure. Levels of the immunopre-
cipitated FLC fragments were normalized to input DNA. IgG, negative control. Average ratios of the level of H3K27me3 recovered from IP2 (reChIP) to H3K4me3
from IP1 are denoted, and letters in parentheses mark statistically significant differences (one-way ANOVA, p < 0.01).

(C and D) ChIP analysis of H3K27me3 at FLC in H3K4me3-binding defective EBSy1554a-FLAG (C) or H3K27me3-binding defective EBSp41.:FLAG (D). Data were
analyzed by two-tailed t test; “p < 0.5 and **p < 0.01.

(E and F) Levels of mature VIN3 mRNAs (E) and primary FLC mRNAs (F) in the indicated seedlings after 14-day cold exposure. Data were normalized to PP2A.
(G) Elevated EBS:FLAG enrichment on CME chromatin upon a strong VIN3 induction by 14-day cold. Relative EBS:FLAG enrichments over a background control
were shown.

(A-G) Error bars denote SD of three biological replicates.

See also Figure S6.

was greatly enriched in the CME region, resulting in a great tran-  Spreading of EBS and SHL mediates the formation of
scriptional repression of FLC expression (Figures 5E-5G). Thus, H3K27me3-marked Polycomb-repressed domain at FLC
VIN3-PRC2-dependent H3K27 trimethylation underlies cold pro-  Both EBS and SHL are spread from the nucleating CME region
motion of the enrichment of EBS (and likely SHL) in the CME  across FLC after cold. It was of interest to explore how EBS and
region. SHL mediate H3K27me3 spreading. VINS is rapidly degraded
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Figure 6. Bivalent CME drives switching of an active chromatin state to a stable Polycomb-repressed domain at the recombinant gene CME:-
GUS, in response to prolonged cold

(A) Histochemical GUS staining. Scale bars, 1 mm. On top is a schematic drawing of CME:GUS with a promoter region from the constitutively expressed
SPINDLEY (SPY, At3G11540)°; the gray arrow for TSS, filled boxes for exons, and blue bars for ChIP-examined regions.

(B) Levels of unspliced CME:GUS transcripts in the indicated seedlings after 35-day cold. Data were normalized to unspliced PP2A. Seedlings were sampled
immediately after cold, and 5 days or 7 days post-cold. Error bars denote SD of three biological replicates except for CME:GUS-4 and -5 with two replicates.
(C) Re-ChlP analysis of CME:GUS chromatin bivalency in the indicated seedlings. IgG, negative control. Average ratios of the level of H3K27me3 recovered from
IP2 to H3K4me3 from IP1 are denoted and analyzed by two-tailed t test (*p < 0.05 and ***p < 0.001).

(D) Enrichments of VAL1:FLAG and EBS:FLAG on CME:GUS chromatin upon 35-day cold exposure. F4 seedlings from crossing VAL1:FLAG and EBS:FLAG to
CME:GUS-2 or mCME:GUS-2 were harvested right after cold.

(legend continued on next page)
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when the temperature increases, but VRNS is relatively stable in
the warm, and the remaining VRN5-bearing PRC2 (VRN5-PRC2)
catalyzes H3K27me3 across FLC chromatin.®> We found that the
VID domain in VRN5, like that in VIN3, interacted with the PHD
domains of EBS and SHL (Figure S7D), suggesting that during
post-cold spreading of PRC2, EBS, and SHL, these factors func-
tion in concert to mediate H3K27 trimethylation across FLC.
Consistently, we found that after return to warmth, H3K27 trime-
thylation in a spreading site (middle FLC) or H3K27me3 spreading
was nearly eliminated in ebs shl (Figure 1B). As BAH-H3K27me3
stabilizes the binding of EBS and SHL over H3K27me3-spreading
regions, these readers and VRN5-PRC2 conceptually mediate
H3K27me3 spreading in a positive feedback manner. Consistent
with this notion, the lack of H3K27me3 binding by EBSp41, (inebs
shl) led to a near elimination of H3K27 trimethylation in the middle
FLC region after cold, thus disabling H3K27me3 spreading
(Figures 5D and S6G). In short, the spreading of EBS and SHL me-
diates the formation of H3K27me3-marked Polycomb-repressed
domain at FLC, resulting in its chromatin-state switching in
response to prolonged cold.

Bivalent CME drives chromatin-state switching to
confer the epigenetic memory of cold at a recombinant
gene in response to cold
We have thus far found that EBS and SHL read the bivalency of
Polycomb-nucleating CME region to drive chromatin-state
switching at FLC and thus confer FLC repression in response
to prolonged cold. Next, we explored whether the bivalent
CME is sufficient to drive chromatin-state switching, using a re-
combinant reporter gene without any FLC sequence except for
the 47-bp CME to exclude probable involvement of any long
non-coding RNAs (IncRNAs) from the FLC locus.®® In this recom-
binant gene, the 5’ end of 3-GLUCURONIDASE (GUS) reporter
gene is fused with a reconstructed exon-intron-exon cassette
from a gene lacking CME, driven by a constitutive promoter,
and CME is inserted in an intron upstream of GUS (hereinafter
referred to as CME:GUS).° We randomly selected five indepen-
dent single-locus CME:GUS transgenic lines and two lines of
the recombinant GUS gene with the insertion of a mutated
CME (mCME:GUS, replacing TGCATG with CTTGAC®) for cold
treatment. Subsequently, we found that the expression of GUS
fusion gene was repressed in cold as well as after return to
warmth in four of the five CME:GUS lines, whereas in the remain-
ing line (CME:GUS-3), it was not repressed, like that in the two
mCME:GUS lines (Figures 6A and 6B). Thus, CME alone is insuf-
ficient to confer cold-induced repression, and likely, the chro-
matin feature of CME:GUS plays an important role in its repres-
sion by prolonged cold, as the chromatin feature of the
transgene in CME:GUS-3 may be different from that in the rest
of four lines, owing to a potential positional effect at the chromo-
somal integration site of the transgene.

The bivalency of the Polycomb-nucleating CME region at FLC
has been shown to be critical for prolonged cold-mediated FLC

Molecular Cell

repression; hence, we examined the bivalency of the CME region
of CME:GUS in the five transgenic lines during the course of cold
treatment by sequential K4-K27 ChlIP. Before cold, the CME re-
gions in all five transgenes were enriched with the active
H3K4me3 marks, consistent with active transcription of the
GUS fusion (Figures 6B, 6C, S7G, and S7H). Interestingly, the
H3K4me3-marked CME chromatin from the four lines with
cold-responsive CME:GUS also bore low levels of H3K27me3,
but this bivalency did not occur in CME:GUS-3 (Figures 6C,
S7G, and S7H). On prolonged cold exposure, CME chromatin re-
mained bivalent with an apparent elevation in H3K27me3 in the
four cold-responsive CME:GUS lines, whereas in the cold-insen-
sitive CME:GUS-3 line, the CME region remained being only with
H3K4me3 (Figures 6C, S7G, and S7H). These results suggest
that the cis-acting CME together with its bivalent chromatin
feature confer cold-mediated repression of CME:GUS.

We further examined the binding of VAL1 and EBS to CME:-
GUS chromatin and found that on long cold exposure, both
VAL1 and EBS were enriched in the CME region (Figure 6D).
Thus, similar to the situation at FLC, the regulatory module of
CME-VAL1-EBS confers cold-mediated CME:GUS repression.
Next, we followed H3K27me3 states on CME:GUS chromatin
in two cold-responsive lines in the course of cold exposure
and found that cold-induced H3K27me3 accumulation at
the CME region and that after 7 days of post-cold growth,
H3K27me3 was spread from the nucleating CME region to cover
the entire CME:GUS transgene (Figures 6E and 6F), resulting in a
Polycomb-repressed domain and thus switching of the active
chromatin state to Polycomb-repressed at CME:GUS. Taken
together, these results reveal that in response to prolonged
cold, bivalent CME drives chromatin-state switching and confers
a Polycomb-repressed domain and cold memory at the recom-
binant GUS fusion gene. This provides compelling evidence that
the cis-acting CME at FLC together with its associated bivalent
chromatin feature drive the cold-induced chromatin-state
switching and confer epigenetic memory of cold in Arabidopsis.

DISCUSSION

We have discovered that the readers of bivalent chromatin EBS
and SHL as well as the bivalency of the Polycomb-nucleating
CME region are the long-sought elements in the cold-induced
chromatin state switching and the formation of epigenetic
“memory of winter cold” in Arabidopsis. EBS and SHL read
and interpret the bivalency of the regulatory CME region, func-
tion essentially for nucleating PcG factors and H3K27 trimethyla-
tion in this region in cold, and for subsequent post-cold
H3K27me3 spreading and formation of the Polycomb-repressed
domain across FLC (Figure 7).

Our results show that the 47-bp CME together with its bivalent
chromatin feature drive chromatin-state switching in response to
cold and mediate the maintenance of Polycomb-repressed
domain at a recombinant gene through cell divisions. The

(E and F) ChIP analysis of H3K27me3 at CME:GUS in the indicated seedlings after 35-day cold. Levels of the indicated DNA fragments were normalized to input
DNA. Note that there was no cold-induced elevation of H3K27me3 at the endogenous H3K27me3-bearing STM.

(C—F) Error bars denote SD of three biological replicates.
See also Figure S7.
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findings from FLC and the CME-bearing recombinant gene
reveal that CME (DNA sequence)-specific recruitment of Poly-
comb factors (VIN3/VRN5-PRC2) via VAL1 and EBS/SHL is
essential for the formation and subsequent maintenance of
cold-induced Polycomb-repressed chromatin at FLC through
cell divisions in Arabidopsis. Interestingly, it has been shown in
Drosophila that maintenance of Polycomb-repressed chromatin
through cell divisions requires DNA sequence-specific recruit-
ment of Polycomb factors.*®*° Similarly, in Schizosaccharomy-
ces pombe, a DNA sequence-dependent mechanism is required
for the inheritance of H3K9 trimethylation-marked heterochro-
matin,*® and a 147-bp DNA sequence of “maintainer” is suffi-
cient for the epigenetic inheritance of heterochromatin through
cell divisions.”' These findings suggest that cis-acting DNA
elements play a general role in epigenetic inheritance of Poly-
comb-repressed domains and heterochromatin in fungi, plants,
and animals.

Prolonged cold induces the establishment of a Polycomb-
repressed domain at FLC. In de novo formation of the Poly-
comb-repressive domain in mammals, Polycomb factors (e.g.,
PRC2) stably bind to the nucleation region first and are subse-
quently spread in cis to proximal regions.® Similarly, both EBS
and SHL, highly enriched in the nucleating CME region, are
spread in cis across FLC to mediate the formation of a Poly-

¢? CellPress

Figure 7. Working model for the cold-
induced chromatin-state switching at FLC
Prior to cold, COMPASS-like and other modifiers
deposit active H3K4me3 and H3K36me3 for a highly
activated FLC chromatin state with the bivalent
CME region (encompassed by two nucleosomes)
read by a low level of EBS and SHL. Along pro-
longed cold, FLC transcription is shut down, and
VAL1 and VAL2 specifically recognize CME and are
increasingly enriched; in addition, EBS and SHL,
through BAH-H3K27me3, PHD-H3K4me3, and as-
sociation with VAL1/2-CME, are increasingly en-
riched and further nucleate the cold-specific VIN3-
PRC2 in the CME region. This results in
H3K27me3 accumulation in the nucleating CME
region in cold, which in turn promotes EBS and SHL
enrichment. After return to warm, VINS is rapidly
degraded, and EBS, SHL, and VRN5-PRC2 are
spread to mediate H3K27me3 spreading across the
FLC locus, in a positive feedback manner, which
antagonizes H3K36 trimethylation across the gene
body. Furthermore, EBS and SHL associate with
EMF1 to mediate chromatin compaction for tran-
scriptional repression.>® These molecular events
> lead to the formation and maintenance of a stable
Polycomb-repressed domain at FLC, conferring
epigenetic memory of cold in the warmth. Notably,
PRC2 dimerizes for efficient H3K27 trimethylation,*’
and given the homo- and hetero-interaction of VIN3
and VRNS5, the PRC2s at FLC may function as di-
mers for efficient H3K27 trimethylation.

comb-repressed domain at FLC after
cold. EBS and SHL interact with them-
selves and each other to form a multimeric
assembly along FLC chromatin, which
conceptually promotes these proteins to reach neighboring nu-
cleosomes. In support of the cis-spreading mode, a functional
loss of VAL1 that recognizes only the cis-acting CME results in
a strong reduction of EBS in the CME region and at the spreading
sites.

Several IncRNAs from the FLC locus have been previously
described to induce or mediate Polycomb repression of FLC in
response to prolonged cold (reviewed in Costa and Dean®®).
Our results show that the bivalent CME confers cold-induced Pol-
ycomb repression at the recombinant GUS fusion gene that lacks
any sequence from FLC except for the 47-bp CME. This provides
compelling evidence that it is the cis-acting CME together with its
bivalency feature to drive cold-induced switching of the highly
activated FLC chromatin state to a Polycomb-repressed state
and thus to confer Polycomb silencing at FLC by vernalization.

We have previously reported that LHP1 (reading H3K27me3,
but not H3K4me3) is involved in the establishment of the
H3K27me3 peak in the CME region in cold and maintenance of
stable FLC silencing in the warm.® Intriguingly, it was reported
that LHP1 is not involved in the H3K27me3 nucleation in cold,
but only mediates H3K27me3 spreading across FLC in the
warm.® We confirmed that LHP1 indeed is required for both
H3K27me3 nucleation (in cold) and spreading (in warmth) (Fig-
ure S7F). It appears that LHP1 alone only plays a moderate
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role in cold-induced Polycomb repression at FLC because
the loss of LHP1 function causes only a moderate reactivation
of FLC expression in warmth.® In contrast, the functional loss
of EBS together with SHL results in a near elimination of
H3K27me3 spreading and full reactivation of FLC expression af-
ter return to warmth, revealing that their essential role in PcG-
mediated FLC repression by vernalization. The triple mutant
Inp1 ebs shl is not viable,>> which prevents us from analyzing
functional redundancy among these readers. A future study
would be required to determine how LHP1 may function together
with EBS and SHL to mediate cold-induced H3K27me3 nucle-
ation and subsequent spreading at FLC.

The CME chromatin at FLC is in the bivalent state before, during,
and post cold exposure. Throughout the life cycle, the FLC chro-
matin state in Arabidopsis is dynamically regulated in response to
developmental and environmental signals.”“* Before cold, the
high level of H3K4me3 in the bivalent CME region promotes FLC
expression to prevent the floral transition”'”; in cold-induced
chromatin-state switching, the pre-existing H3K27me3 marks in
the bivalent CME region can promote initial H3K27 trimethylation
by VIN3-PRC2 in cold because the binding of PRC2 to pre-exist-
ing H3K27me3 marks is known to cause an allosteric activation of
its methylation activity.**** During post-cold growth in warmth,
the Polycomb-repressed state at FLC (with a bivalent CME region)
is maintained through cell divisions. In subsequent reproduction,
the H3K27me3 marks at FLC are erased in sperm cells by a
genome-wide reprogramming mechanism,*® and the cold-
induced Polycomb-repressed state at FLC is transmitted to the
zygote through the egg cell.® It is likely that the bivalency in the
CME region may be transmitted to the zygote through the egg
cell to mediate dynamic FLC regulation in next generation.

H3K4me3 is a common histone mark for actively transcribed
genes in eukaryotes and often functions to promote gene expres-
sion.**>%* We have found that the bivalent chromatin readers EBS
and SHL read the H3K4me3 marks in a bivalent regulatory region
through their PHD domains and directly interact with Polycomb
factors to switch an active chromatin state to Polycomb-
repressed in response to an environmental stimulus. These find-
ings define a paradigm for switching an active chromatin state at
the loci with bivalent regulatory regions to Polycomb-repressed
state in response to environmental signals.

Limitations of the study

We focused on cold-induced switching of the chromatin state at
FLC. In addition to the CME region, there are various bivalent re-
gions in the Arabidopsis genome, and sequencing and further
analyzing of DNA fragments from K4-K27 and K27-K4 re-ChIP
will be a critical next step to identify and characterize the features
of genome-wide bivalent regions. In addition, it would be inter-
esting to explore whether and how other bivalent regulatory re-
gions, like CME, function together with EBS and/or SHL to
mediate chromatin-state switching in response to environmental
and/or developmental signals in land plants.
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Plasmid: EBS(Y155A):FLAG This paper N/A
Plasmid: HA:SHL(W63L/Y65A) This paper N/A
Plasmid: HA:SHL(F141A/Y148A) This paper N/A
Plasmid: AD/BD-EBS This paper N/A
Plasmid: AD/BD-BAHggs This paper N/A
Plasmid: AD/BD-PHDegs This paper N/A
Plasmid: AD/BD-SHL This paper N/A
Plasmid: AD/BD-BAHsp.. This paper N/A
Plasmid: AD/BD-PHD s This paper N/A
Plasmid: AD-VIDn3 This paper N/A
Plasmid: AD-VIDygns This paper N/A
Plasmid: pER8-VAL1-amiRNA This paper N/A
Plasmid: CME-GUS Yuan et al.” N/A
Plasmid: pCOR78-VIN3 This paper N/A
Software and algorithms

GraphPad Prism N/A https://www.graphpad-prism.cn/
Microsoft Excel Microsoft N/A

RESOURCE AVAILABILITY

Lead contact

Further inquiries and requests for materials should be directed to the lead contact, Yuehui He (yhhe@pku.edu.cn).

Materials availability

Transgenic lines and plasmids generated in this study are described in the key resources table and available upon requests made to

the lead contact.

Data and code availability

o The ChIP-seq data listed in the key resources table are available on NCBI’'s Gene Expression Omnibus database with the
following accession numbers (GSE185120 and GSE185121).

o This paper does not report original code.

o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana strains were used in this study. Seeds were sterilized and germinated on half-strength MS medium. Col-0, Col-
FRI, shl, ebs, ebs shl, val1, val2, FRI vin3, and the transgenic lines including EBS. 1-Flag/ebs shl, EBS.2-Flag (EBS:Flag)/ebs shl and
SHL:HA/ebs shi have been described previously.>**>*° Plants were grown under cool white light in long days (16-h light /8-h dark) at
around 22°C.

For prolonged cold treatments, seeds were germinated on half-strength MS medium and grown for about 5 days at 22°C, and sub-
sequently, the seedlings were transferred to a 4°C short-day growth chamber (8-h light /16-h dark) for 2 to 6 weeks, followed by return
to the normal growth condition (long days at around 22°C).

Nicotiana benthamiana plants were grown under cool white light in long days (16-h light /8-h dark) at around 25°C.

METHOD DETAILS

Plasmid constructions

To generate EBS:HA or EBS:Flag plasmid, a 3.9-kb genomic sequence of EBS (1.8-kb promoter plus 2.1-kb genomic coding region
without stop codon) was fused in frame with three copies of HA (or Flag) (at the C terminus) at a modified pENTR3C vector (Invitrogen)
through BamHI and Xhol, and the gene fusion was subsequently recombined into the binary vector pHGW,*® through Gateway tech-
nology (Invitrogen). To create HA:SHL, a 4.6-kb genomic sequence of SHL (2.1-kb promoter, 1.8-kb genomic coding region and 0.7-
kb terminator) with one copy of HA inserted at the N-terminus, was cloned into pHGW.*® EBS:Flag and HA:SHL transgenes with point
mutations including P41L, Y155A, W63L/Y65A and F141A/Y148A, were created by overlapping PCR. Primers are listed in Table S1.

To construct the plasmids for yeast two-hybrid assays, the full-length coding sequence (CDS) of EBS, BAHggs (for amino acids/aa
29 to 144) and PHDggs (for aa 146 to 197) were cloned into pGADT7 (AD) and/or pGBKT7 (BD) (Clontech) at EcoRI and BamH.
Similarly, AD/BD-SHL (full-length CDS), AD/BD-BAHs, (for aa 21 to 137) and AD/BD-PHDgy, (for aa139 to 190) were constructed.
AD-VIDy,n3 (for aa 512 to 620) was cloned into pGADT7 at Ncol and Xmal, and AD-VID,rys (for aa 502 to 602) was cloned into
pPGADT7 at Ndel and EcoRl.

To generate the inducible VAL1 knock-down construct pER8-VAL1-amiRNA, a DNA fragment encoding an artificial microRNA
targeting VAL1 (5'-TGTATGCATGGAGTCACACCT-3’) was cloned into pRS300,*° and subsequently, the amiRNA-production
cassette was cloned into the pER8 vector downstream of a p-estradiol inducible promoter.°° To construct pCOR78-VIN3, a 0.7-
kb COR78 promotor region fused with the 2.1-kb coding sequence for VIN3, was cloned into pCAMBIA1300 by seamless cloning
(TransGen Biotech). The CDS of SHL (minus the stop codon) was fused in frame with the CDS for an N-terminal YFP fragment in pEar-
leyagte201-YN and the CDS for a C-terminal YFP fragment in pEarleygate202-YC,”' resulting in SHL-nYFP and SHL-cYFP,
respectively.

mRNA expression analysis

Total RNAs were extracted from aerial parts of non-vernalized or vernalized seedlings with Eastep Super Total RNA extraction kit
(Promega, LS1040) according to the manufacturer’s instructions. Following reverse transcription, real-time quantitative PCR
(QPCR) was conducted on an ABI QuantStudio6 Flex real-time PCR system using a SYBR Green master mix (Yeasen,
11201ES03), as previously described.®” Three biological replicates were performed, and each sample was quantified in triplicate
and normalized to the constitutively-expressed endogenous reference gene PROTEIN PHOSPHATASE 2A (PP2A)."° The primers
for FLC, FT, VAL1, TUB2 and PP2A amplifications are listed in Table S1.

For quantification of unspliced CME:GUS transcripts, residual genomic DNA was removed, followed by reverse transcription using
HiScript Ill 1st Strand cDNA Synthesis Kit (+gDNA wiper) according to the manufacturer’s instructions (Vazyme, R312-01). Subse-
quently, gPCR was performed to measure the unspliced transcripts of CME:GUS and PP2A (endogenous control). Primer sequences
are specified in Table S1.

Yeast two-hybrid assay (Y2H)

Y2H experiments were carried out with Matchmarker GAL4 Two-Hybrid System (Clontech) following the manufacturer’s protocols.
BAHggs (aa 29to 144), PHDggg (aa 146 to 197), BAHgHL (aa 21to 137), PHDgh (aa 139 to 190), VIDyin3 (aa 512to 620) and VIDygrns
(aa 502 to 602) were fused with the GAL4-AD or BD domain. The yeast cells of AH709 were co-transformed with paired plasmids, and
subsequently spread on a highly-stringent synthetic defined (SD) growth medium without adenine (A), histidine (H), leucine (L) and
tryptophan (W) or a growth control medium without leucine and tryptophan, SD (-WL).

Bimolecular fluorescence complementation (BiFC)

BiFC assays were carried out with a split-YFP system in Nicotiana benthamiana leaves, as previously described with minor modifi-
cations.®" Briefly, the Agrobacterium GV3101 cells harboring SHL-nYFP or SHL-cYFP were cultured overnight, and re-suspended in
an infiltration buffer. Equal volumes of each culture were mixed and then infiltrated into tobacco leaves. YFP fluorescence in the
epidermal cells was observed 2-3 days after infiltration by an LSM900 laser scanning confocal microscopy (ZEISS). Nuclei were
stained by a DAPI (4’,6-diamidino-2-phenylindole) solution (0.1 pg/ml) shortly before fluorescence observation.
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Co-immunoprecipitation (Co-IP)

Co-IP experiments were performed as previously described with minor variations.>® Briefly, total proteins were extracted from
around 0.5-g seedlings (cold-treated or untreated) expressing the proteins of interest, followed by immunoprecipitations with anti-
Flag M2 affinity gel (Sigma, F2426) or anti-HA magnetic beads (Thermo Scientific, 88836). VAL1:Flag, EBS:HA or SHL:HA in the
immunoprecipitates were detected by western blotting with anti-Flag (Sigma, A8592) or anti-HA (Roche, 11867423001).

For co-immunoprecipitation of EBS with VIN3, wild-type seedlings (Col-FRI) or seedlings expressing EBS:Flag were cold-treated
for 4 weeks. Subsequently, total proteins were extracted from the vernalized seedlings and immunoprecipitated with anti-Flag M2
magnetic beads (Sigma, M8823), followed by western blotting with rabbit polyclonal anti-VIN3 (produced by ABclonal Technology,
China).

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed with the Magna ChIP kit (Merck, 17-10085) as previously described with minor variations.>* In brief,
around 0.4-g vernalized or non-vernalized seedlings were harvested, followed by total chromatin extraction. After chromatin sonicat-
ion, immunoprecipitations were carried out with anti-Flag (Sigma, F7425), anti-HA (Sigma, H6908), anti-H3K27me3 (Millipore, 07-
449) or anti-H3K4me2 (Millipore, 07-030). gPCR was conducted on an ABI QuantStudio6 Flex real-time PCR system, to quantify
the levels of immunoprecipitated genomic fragments of interest. Biological replicates were carried out and each sample was quan-
tified in triplicate. Primers are listed in Table S1.

Sequential chromatin immunoprecipitation (reChlP)

Sequential chromatin immunoprecipitations were conducted following a previously described protocol with minor modifications.”®
Briefly, around 1.0 g of non-vernalized or vernalized (28-d cold-treated) seedlings were harvested for total chromatin extraction;
subsequently, chromatin was fragmentized by a UCD-200 sonicator (Diagenode) with 16 cycles of sonication at the high-power
mode (30 second ON and 30 second OFF), resulting in fragments of about 150-500 bp with major bands around 250 bp. The first
immunoprecipitation was performed with anti-H3K4me3 (Millipore, 05-745R) or anti-H3K27me3 (Millipore, 07-449); subsequently,
the immunoprecipitated chromatin fragments were eluted with an elution buffer (50 mM Tris-HCI /pH 8, 5 mM EDTA, 20 mM DTT
and 1% SDS). After removal of SDS and DTT, the cleaned chromatin fragments were subjected to another round of immunoprecip-
itations with anti-H3K4me3 or anti-H3K27me3 (IgG as negative control). gPCR was conducted to measure the levels of immunopre-
cipitated genomic fragments of interest. Three biological replicates were performed in parallel. Primers are listed in Table S1.

Histone 3 peptide pulldown

Pulldown assays were conducted as previously described with minor modifications.*® Briefly, 1.0 ug of each H3 peptide with tri-
methylated K4 (Sigma, 12-564) or trimethylated K27 conjugated to biotin (Sigma, 12-565) was incubated with 10 pl of avidin agarose
(Sigma, A9207), followed by precleaning with the binding buffer (50 mM Tris—HCI pH 7.5, 100 mM NaCl, 0.2% glycerol and 1x pro-
tease inhibitor cocktail). Purified GST-EBS, GST-EBSp441. and GST-EBSy 554 proteins were firstly precleared by incubating with
avidin agarose beads and subsequently were incubated with H3 peptide-bound beads, followed by precipitation and washing (three
times). GST-fused proteins were eluted from the precipitated beads and analyzed by western blotting using anti-GST
(Sigma, G7781).

B-Estradiol application

B-estradiol (Sigma, E8875) was dissolved in ethanol to make a 20 mM stock. Subsequently, 60 uM of B-estradiol or mock (0.3%
ethanol) was applied to the cold-treated FRI val2 seedlings expressing a B-estradiol-inducible VAL7 knockdown cassette (pERS-
VAL 1-amiRNA), starting from Day 33 in cold until flowering (note that seedings were exposed to cold for 35 d and returned to warmth
subsequently). Chemical applications were conducted daily.

Histochemical p-glucuronidase (GUS) staining

Seedlings were stained at 37°C for 22 h in a solution of 5 mM EDTA pH 8.0, 0.05% Triton X-100, 2 mM potassium ferrocyanide, 2 mM
potassium ferricyanide, 100 mM NaH,PO,4, 100 mM Nay,HPO,4, and 0.5 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-glucuronic acid
(X-Gluc), followed by chlorophyll removal in 70% ethanol, as described previously.®”

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed Student’s t test was performed using Excel, and one-way analysis of variance (ANOVA) was conducted with Holm-Sidak
method using GraphPad Prism (v9.1.1).
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Figure S1. Characterization of the FRI ebs, FRI shl and FRI ebs shl mutants and
functional analysis of Flag- or HA-tagged EBS and SHL, related to Figures 1 and
3. (A) Total number of leaves formed prior to flowering of the indicated lines grown in
long days. No cold, non-vernalized; 35d cold, cold-treated or vernalized for 35 days.
19-26 plants per line were scored; error bars for s.d. (B) FT transcript levels in the
indicated seedlings grown under normal temperature. Data were normalized to the
constitutively expressed TUBULIN2 (TUB?2); error bars for s.d. of three biological
replicates. (C) EBS.2-Flag, but not EBS. I-Flag, fully rescued the early flowering in ebs
shl. ebs shl is in a Col background, with a mutant fi allele.! The total number of leaves
formed prior to flowering in 12-16 plants per line was scored; error bars for s.d. Letters
indicate statistically-significant differences (one-way ANOVA, p<0.05). (D)
Phenotypes of the late-stage EBS. I-Flag and EBS.2-Flag plants grown in long days. (E)
EBS.2-HA is fully functional. (F) Phenotypes of EBS-related transgenic lines. EBS:Flag
and pointed-muated EBS:Flag (P41L or Y1554), driven by a native EBS promoter, were
introduced into FRI ebs shl. (G) Phenotypes of SHL-related transgenic lines. HA:SHL
and pointed-mutated HA:SHL (W63L/Y65A or F1414/Y148A), driven by a native SHL
promoter, were introduced into FRI ebs shl. Note that HA:SHL is fully functional. (D-
G) Scale bars represent 1 cm.
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by anti-Flag were quantified by qPCR and normalized to input DNA. FRI shl serves as
a background control (CK). On top is a schematic drawing of the FLC locus, and grey
bars for the regions examined by ChIP. (B) A negative control for anti-Flag ChIP at the
FLC locus. The transgenic line of JAZ4:Flag has been described in ref S2. The levels
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sequential ChIP assays, related to Figure 2. (A, B) Sequential K27-K4 reChIP (A) or
K4-K27 reChIP (B). These eight loci are selected from a list of overlapped loci
extracted from the ChIP-seq data of H3K4me3 and H3K27me3 (NCBI GEO accession
nos.: GSE185121 and GSE185120). At bottom of each bar graph is a schematic drawing
of the examined locus: arrow for the transcription start site, black boxes for exons, and
grey bars for the regions examined by reChIP-qPCR. Levels of the immunoprecipitated
DNA fragments were quantified by qPCR and normalized to input DNA; error bars
denote s.d. of three biologically independent replicates. IgG, reChIP (the second ChIP)
with rabbit IgG as negative control. Arrows on bar graphs indicate H3K4me3 (A) or
H3K27me3 (B) enrichments.



>

20- AT1G69310
=
g 1.61
K
Q
51.2- ° ®
ke
£0.8-
[
=
0.4
o
0 4
1 n
:TSS 0.5kb
i i
20 AT5G14920
=
g 1.6 4
c
.2
£1.24
(7]
k=l
2081
[
=
S04
4
0- ~
1 n
: 0.2kb
i it
B ,,. Ar1G69310
=
816
<
L
=1.2]
o [ ]
k=
£0.84
[
2
20.44
4
0

3.54

2.84

214

1.4

0.7+

0_

AT2G45660
[

AT5G46690

AT2G45660

AT2G22540

[ CK (Col)
@ £8S:Flag

1.59

1.2

0.9

0.6

0.3

0-

AT3G61470

2.0

1.64

1.24

0.8

0.4

0

AT3G61470

AT4G35890

2.57

2.01

1.5

1.04

0.5

4.5

3.6

2.7

1.8

0.9

0-

AT4G35890

AT5G 14920
L]

[ICK (Col)
[ SHL:HA

Figure S4. EBS and/or SHL bind to bivalent regions, related to Figure 2. (A, B)
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Figure S5. Analysis of point-mutated BAH and PHD domains in EBS and SHL.
Related to Figure 3. (A) Pulldown of GST-EBS, GST-EBSp41L. and GST-EBSy155a by
K4- or K27-modified H3 peptides. Western blotting assays were conducted with anti-



GST. (B) Point mutations in the BAH and PHD domains of EBS and SHL have no
effect on BAH-BAH/PHD interactions in yeast cells. Mutated BAH or PHD domains
were fused with the GAL4-AD or BD domain, as indicated. Yeast cells were spread on
the stringent SD (-WLHA), and colonies on SD (-WL) served as growth control. (C, D)
Western blotting analysis of EBS:Flag (C) or HA:SHL (D) abundance in the indicated
seedlings. Duplicate protein gels stained with Coomassie Blue serve as loading controls.
(E, F) Flowering-time measurements of transgenic plants expressing mutated BAHEgss
(E) or PHDEss (F) with and without 28-d cold treatment (vernalization). Small circles
for individual data points, and error bars for s.d. (G) Flowering-time measurements of
the indicated lines with and without 28-d cold treatment. Small circles for individual
data points, and error bars for s.d.
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Figure S6. Functional analysis of the BAH and PHD domains in EBS and SHL and
measurement of H3K4me2 on FLC chromatin, related to Figures 3 and 5. (A, B)
ChIP-qPCR analysis of EBSyissa (A) and EBSp4iL (B) enrichments at FLC after 28-d
cold exposure. Relative enrichment of wild-type or point-mutated EBS:Flag over a
background control (FRI shl) is calculated, as described in the Figure 3 legends. (C)
ChIP-qPCR analysis of SHL, SHLwesr/vesa and SHLF141a/v148a enrichments at FLC
after 28-d cold. (D-E) ChIP analysis of H3K4me2 on FLC chromatin. DNA fragments
were immunoprecipitated by anti-H3K4me?2 from the seedlings of WT, ebs, shl and ebs
shl, and subsequently, the indicated regions were quantified by qPCR. Notably, the WT




samples of ‘no cold’ were quantified in both (D) and (E). The vegetative phase-silenced
LEAFY COTYLEDON 1 (LECI) locus,>* serves as a background control (lack of
H3K4me?2). Data are mean = s.d. of three biological replicates. (F-G) ChIP analysis of
H3K27me3 at FLC in the lines of H3K4me3-binding defective EBS:Flag (Y155A) (F)
or H3K27me3-binding defective EBS:Flag (P41L) (G) in response to 28-d cold
exposure. A transgenic line expressing wild-type EBS:Flag serves as control. Error bars
in (A-C) and (F-G) denote s.d. of three quantifications (technical replicates).
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Figure S7. Analysis of cold-induced Polycomb repression of FLC by CME and the
chromatin-associated factors, related to Figures 4 and 6. (A, B) Levels of EBS:Flag
(A) and VAL1:Flag (B) in the indicated seedlings, analyzed by western blotting. In (A),
an EBS:Flag FRI vall line was crossed to FRI vall and WT to obtain the Fi seedlings
of vall*- (FRI EBS:Flag) and vall (FRI EBS:Flag). In (B), a VALI:Flag FRI ebs shl
line was crossed to FRI ebs shl and WT to obtain the Fi seedlings of ebs™ shi*-
(VALI:Flag FRI) and ebs shl (VALI:Flag FRI). Levels of ACTIN serve as loading
control. Star in (B) denotes a degradation product of VALI1. (C) Levels of the cold-
induced VIN3 protein in the WT (Col-FRI), ebs shl and vin3 seedlings after 28-d cold
exposure, analyzed by western blotting using a rabbit polyclonal anti-VIN3. (D) The
VID domain of VRNS (VIDvrns, aa 502 to 602) interacted with the PHD domains from
EBS and SHL in yeast cells. Cells were grown on the highly stringent media of SD (-
WLHA). (E) Re-activation of FLC expression upon specific VALI knockdown on
return to the warm. FLC levels were normalized to PP2A4. ‘No cold’, non-vernalized
plants at about the same developmental stage as the plants grown for 15 d after cold.
Error bars indicate s.d. of three biological repeats. Data were evaluated by two-tailed ¢
tests; ns for not significant; * p<0.05; ** p<0.01. (F) ChIP analysis of H3K27me3 at
FLC in the seedlings of WT and FRI [hpl in response to 28-d cold exposure. (G, H)
Sequential H3K4me3-H3K27me3 ChIP assays on CME:GUS chromatin in CME: GUS-
4 (G) and -5 (H) seedlings at the indicated conditions. Levels of CME:GUS fragments
were normalized to input DNA. IgG, reChIP with IgG as negative control. Error bars
denote s.d. of three quantifications. Ratios of the level of H3K27me3 recovered from
IP2 (reChIP) to H3K4me3 from IP1 are denoted.
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Table S1. Oligos used in this study, related to STAR Methods

Experiment Amplified region

Sequence (5'-3")

Plasmid gEBS.2 (F) AATGGATCCTAATGGATTCACTGTAGATGATGGA
Construction 9EBS-2 (R) TCCCTCGAGCCTTTTTCTGCGCTTCGTT
EBS.2-P41L (F) GTGTGTTGATGCGCCTATCAGATGCTGGTAAAC
EBS.2-P41L (R) GTTTACCAGCATCTGATAGGCGCATCAACACAC
EBS.2-Y155A (F)  CAAATGTGAAATGCCTGCCAATCCAGACGATCTC
EBS.2-Y155A (R)  GAGATCGTCTGGATTGGCAGGCATTTCACATTTG
gSHI, (F) AGTGGATCCGGAGATGTGTGTGATATTTCTATATT
gSHL (R) GAACTCGAGAAGGAGAGAGTTAACCAATGATGTA
SHL-W63L/Y65A (F) GAAAGTTCGTGTGAGGCTGTATGCGCGCCCTGAGGAA
TCTATC
SHL-W63L/Y65A (R) GATAGATTCCTCAGGGCGCGCATACAGCCTCACACGA
ACTTTC
SHL-F141A/ CTGTTTGCAGGGCCTGCAAGTGTGAGATGCCGGCAAA
Y148R) (F) CCCAGATGACTTG
SHL-F141A/ CAAGTCATCTGGGTTTGCCGGCATCTCACACTTGCAG
Y148R) (R) GCCCTGCAAACAG
RT-qPCR  PP2A (F) TATCGGATGACGATTCTTCGTGCAG
PP2A (R) GCTTGGTCGACTATCGGAATGAGAG
VALI (F) ACTCTTAGTGCCAGTGATGC
VALI (R) ACTCCCTACCCCTCACATC
FLC (F) CCGAACTCATGTTGAAGCTTGTTGAG
FLC (R) CGGAGATTTGTCCAGCAGGTG
FT (F) GACCTCAGGAACTTCTATACTTTGGTTATG
FT (R) CTGTTTGCCTGCCAAGCTG
TUB2 (F) GCCTTGTACGATATTTGCTTCAGGAC
TUBZ (R) CGGAGGTCAGAGTTGAGTTGAC
Unspliced ~ PP2A (F) ACTTGTTCAGGTTCTAGAGATGATT
mRNA PP2A (R) CATTTGAATATATGGACGTT
RT-gPCR ~ CME:GUS (F) TGGCGCCTGGTTAAGTAAAG
CME:GUS (R) GCATTAGAACAATAATTTATG
ChIP- FLC PO (F) TGGATTGATGTGGGGCACTATTAAGT
qPCR FLC PO (R) GGTTGTTCCCTCCAAACCAATTTGAG
FLC Pro (F) CAAGCTGATACAAGCATTTCACCAA
FLC Pro (R) TGTCCACACATATGGCAATAGCTCAA
FLC Ex1 (F) CCGACGAAGAAAAAGTAGATAGGCAC

FLC Ex1 (R)

CCTAATTTGATCCTCAGGTTTGGG




ChIP- FLC CME (F) TTCTGCGACCATGATAGATACAT

qPCR FLC CME (R) GGAAATAATGAAATCCATGCAGA
FLC In-1 (F) GTTCTCTTGGATTTGTATATGCACGTC
FLC In-1 (R) CCAATTCATCTTTTAGTCATAGTTTCCC
FLC In-2 (F) GCCTTTTAGAACGTGGAACCC
FLC In-2 (R) AGAAGGAAGCGACTAAGACAGA
FLC In-3 (F) GAAGCAGTCTTCCACTATTTGCTATTGT
FLC In-3 (R) ACGCAGCCCCAATCTTAAATGC
FLC Ex3-4 (F) TGGGCAGGATCATCAGTCAA
FLC Ex3-4 (R) AGGGCAGTCTCAAGGTGTTC
FLC In-4 (F) CGGCTGGTTAGAGTTAAGGGAAATC
FLC In-4 (R) AAAACGAAGAAGAAGAACCAAAACC
FLC Ex7 (F) GAGATGGAGATGTCACCTGCTGG
FLC Ex7 (R) CAAACGCTCGCCCTTATCAGC

CME:GUS 5'UTR (F) CCATCCATTCACGGCCAAG

CME:GUS 5'UTR (R) CTGGAGCCGCTAGAGAAGAA

CME:GUS CME (F) TCTTGATGTTCGTTTCGTGTTT

CME :GUS CME (R) TTACTTAACCAGGCGCCAGG

CME:GUS 3'GUS (F) CGTCGGTGAACAGGTATGGA

CME:GUS 3’ GUS (R) CGAAGTTCATGCCAGTCCAG

STM (F) GCCCATCATGACATCACATC
STM (R) GGGAACTACTTTGTTGGTGGTG
LECI (F) AGTCTACTCAACGGGGTCCATA
LECI (R) TGTGCTGGTCCAAGTTCAATTC
TUB2 (F) ATCCGTGAAGAGTACCCAGAT
TUBZ2 (R) AAGAACCATGCACTCATCAGC
Sequential ~AT2G45660-1 (F) TTGCACCATTGATCTACCGTTTTCT
ChIP- AT2G45660-1 (R)  GAGTTTTGCCCCTCACCATATCTTC
qPCR AT2G45660-ii (F) CCAAGGTCAACTACGTGGCATTTTA
AT2G45660-ii (R) CAAAGGAGGATTCAGCTCAACTACG
AT1G69310-i (F)  TCTGACTTCTTCGACCGAGACACTT
AT1G69310-I (R)  TGACTCCGGTGGTTTGTGTTAAATC

AT1G69310-i1i (F) TATTTTCCATGGGCTTGGGAGTAAC

AT1G69310-ii (R) TGCCTCAGCTTTTCAGCTAAACATA

AT5G14920-1 (F) CCCACGCTGCCAACTACTCCTATTA

AT5G14920-1 (R) GAGTTGAAACCGGAGGTTTTACTGG

AT5G14920-ii (F) CAGTTGGGTCAAATGCTCTAATTGC

AT5G14920-1i1i (R) GCAAGACTTTCCCAAATGATCTTCA




Sequential
ChIP-
qPCR

AT2G45050-1 (F)

TCTTCTTCTTTCCCTCCTCCTCAAA

AT2G45050-1 (R)

GAGGGAGAGAGATTATACGGGAACG

AT2G45050-11i (F)

GAAGCATGAAATCAGAAAAAGCTTCA

AT2G45050-11 (R)

TTTGATCGAAACGTGAAGTCGAAAT

AT2G22540-1 (F)

ATCCATCAAAATCAATCCCGTTCTC

AT2G22540-1 (R)

TCTGAATCTTTTCTCTCGCCATCAC

AT2G22540-11i (F)

GTTTAAACCGTCACAAAGGGGAAAA

AT2G22540-11 (R)

TGGATAAAGGAATGTGAAAATGTCG

AT4G35890-1 (F)

CCACTTCCAATAACCCTGCTTCTTC

AT4g35890-1 (R)

GAGAAGAAACCTGCCGAGAAGGAC

AT4G35890-11i (F)

CGATCTAGTTATCCAAGGCCCTCTC

AT4G35890-1i (R)

TTCTTGGGCCGTTTCTGATTATTTT

AT3G61470-1 (F)

ACTCCTCCAGAGTGGCTAGACGGTA

AT3G61470-1 (R)

TAAAAAGCATGCAAGGAGGAACAAA

AT3G61470-11i (F)

TTGTGGTCGAATGCAAATTAAGGTT

AT3G61470-1ii (R)

TGGACTCTTTTATGCTCCGAATGAC

AT5G46690-1 (F)

TGAAACTCTTTCACCAACTCCATTCA

AT5G46690-1 (R)

GTGGTGGCGGTTCTTGATTAGATA

AT5G46690-11 (F)

GACCTTTCTCCAGTGGCCCATATTA

AT5G46690-11 (R)

AAGTGAAGTACTCTCGCCTCTGTTGC
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