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In Arabidopsis thaliana, the cold-induced epigenetic regulation of FLOWERING LOCUS C (FLC) involves distinct
phases of Polycomb repressive complex 2 (PRC2) silencing. During cold, a PHD–PRC2 complex metastably and
digitally nucleates H3K27me3 within FLC. On return to warm, PHD–PRC2 spreads across the locus delivering
H3K27me3 to maintain long-term silencing. Here, we studied natural variation in this process in Arabidopsis accessions, exploring Lov-1, which shows FLC reactivation on return to warm, a feature characteristic of FLC in perennial Brassicaceae. This analysis identifies an additional phase in this Polycomb silencing mechanism
downstream from H3K27me3 spreading. In this long-term silencing (perpetuated) phase, the PHD proteins are lost
from the nucleation region and silencing is likely maintained by the read-write feedbacks associated with
H3K27me3. A combination of noncoding SNPs in the nucleation region mediates instability in this long-term silencing phase with the result that Lov-1 FLC frequently digitally reactivates in individual cells, with a probability
that diminishes with increasing cold duration. We propose that this decrease in reactivation probability is due to
reduced DNA replication after flowering. Overall, this work defines an additional phase in the Polycomb mechanism
instrumental in natural variation of silencing, and provides avenues to dissect broader evolutionary changes at FLC.
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In annual Arabidopsis thaliana, timing of the transition
to flowering is controlled by a range of environmental
and endogenous signals. The prolonged cold aligns flowering with spring in a process known as vernalization. An
important factor in vernalization is the MADS-box transcription factor gene FLOWERING LOCUS C (FLC).
FLC encodes a floral repressor that directly represses
many genes including FLOWERING LOCUS T (FT)
(Searle et al. 2006). Winter cold silences FLC expression,
and this repression is epigenetically maintained providing
memory of having been exposed to low temperatures and
allowing the plant to respond to the long days of spring
through activation of FT, which moves via the phloem
to the shoot apical meristem to activate the floral transition (Corbesier et al. 2007; Jaeger and Wigge 2007).
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Vernalization relies on the activity of a Polycomb repressive complex 2 (PHD–PRC2), containing the core
components VERNALIZATION2 [VRN2/Su(z)12], MSI1,
FIE/EED, and the E(z) homologs SWINGER (SWN) and
CURLY LEAF (CLF) (Gendall et al. 2001; Wood et al.
2006; Finnegan and Dennis 2007; De Lucia et al. 2008; Angel et al. 2011), and the PHD proteins VERNALIZATION5
(VRN5), VERNALIZATION5/VIN3-LIKE 1 (VEL1), and
the cold-inducible VERNALIZATION INSENSITIVE3
(VIN3) (Mylne et al. 2004; Sung and Amasino 2004; Greb
et al. 2007). The silencing is through a cis-based chromatin switching mechanism at FLC (Berry et al. 2015),
which occurs in distinct phases: (1) specific nucleation
of H3K27me3 close to the FLC transcription start site during cold exposure, and (2) subsequent spreading of
H3K27me3 to cover the entire FLC locus when plants
are returned to the warm (Finnegan and Dennis 2007;
De Lucia et al. 2008). Nucleation confers reversible metastable epigenetic memory, while the H3K27me3 spread
© 2020 Qüesta et al. This article, published in Genes & Development, is
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state is widely associated with long-term epigenetic silencing of FLC (Yang et al. 2017). Increasing cold exposure
leads to a higher proportion of FLC loci switched to the
Polycomb silenced state, reflected in increasing average
H3K27me3 levels in the plant (Angel et al. 2011).
Dynamics of FLC silencing vary in Arabidopsis accessions collected from different locations (Shindo et al.
2006; Coustham et al. 2012; Li et al. 2014; Duncan et al.
2015). In a Northern Swedish accession, Lov-1, FLC silencing requires many more weeks of cold exposure and this
was found to be the result of cis polymorphisms (SNPs)
that quantitatively modulate the silencing (Coustham
et al. 2012). Similarly, cis variation between annual and perennial Arabis alpina FLC homologs has been found to
modulate FLC silencing (Kiefer et al. 2017) and this influences stability of H3K27me3 levels over FLC in both the
A. alpina and Arabidopsis halleri (Wang et al. 2009; Nishio
et al. 2016). How and at what stage these noncoding SNPs
affect Polycomb silencing of FLC is unknown.
Here, we provide an in-depth experimental and theoretical analysis of the influence of the Lov-1 noncoding SNPs
on FLC epigenetic silencing. Our analysis reveals a further
distinct phase in the sequence of events in Polycomb silencing, with the SNPs causing instability in epigenetic
memory even after full spreading of H3K27me3 across
the locus. We analyzed the SNPs and show how their epistatic combination mediates this instability. Our work
defines an additional mechanistic phase in Polycombbased epigenetic memory and provides findings likely to
have implications for flowering time across plants with
a broad range of reproductive strategies.

Results
Lov-1 FLC is never completely stably repressed
by vernalization
A detailed analysis of FLC silencing after different lengths
of cold treatment revealed that Lov-1 FLC is never

completely stably repressed (Fig. 1A). Cold exposure
(5°C) caused down-regulation of FLC mRNA that was
maintained at low levels for 10 d after transfer to warm
temperatures (22°C) (Fig. 1A), but not after 30 d. Even after
a 12-wk cold treatment, Lov-1 FLC expression reactivated
to some extent (Fig. 1A), unlike the rapid vernalizing genotype Col FRI. Reduced levels of FLC allow activation of FT
mRNA, therefore, to examine the consequences of FLC
reactivation we measured the levels of FT after vernalization. Some degree of FT activation was observed in Col
FRI plants after any cold treatment (Fig. 1B). However, in
the conditions tested, FT activation was not detected after
4 wk of cold in Lov-1 (Fig. 1B). Longer cold exposure was required in Lov-1 to activate FT, which then correlated with
flowering time. In Col FRI, all tested cold exposures effectively accelerated flowering upon return to warm temperatures (Fig. 1C). As found previously (Shindo et al. 2006),
Lov-1 did not flower after 4-wk vernalization, but required
longer cold treatments to accelerate flowering as demonstrated by the 8- and 12-wk cold treatments (Fig. 1C).
H3K27me3 can be lost from Lov-1 FLC even after fully
spreading across the locus
H3K27me3 accumulation at FLC differs significantly between rapid and slower vernalizing A. thaliana accessions
(Shindo et al. 2006; Coustham et al. 2012; Duncan et al.
2015). To provide a more detailed view of H3K27me3 dynamics over the different phases of vernalization, we carried out ChIP analysis, comparing Col FRI and Lov-1 FLC,
including a higher density of primers and more time
points during and after cold treatment (Fig. 2). At the
cell population level, H3K27me3 gradually accumulated
during the cold at the nucleation region of FLC in Col
FRI (Fig. 2), consistent with the PHD–PRC2 complex accumulating at the same region during cold exposure (De
Lucia et al. 2008; Yang et al. 2017). In Lov-1, as in previous
observations, the population level H3K27me3 at FLC is
significantly lower in NV conditions (P-value < 0.0001),
Figure 1. FLC in Lov-1 reactivates to different levels after different periods of cold.
(A) Expression of FLC mRNA before the
cold and after 4, 8, and 12 wk of vernalization.
(NV) Nonvernalized. (B) Expression of FT
mRNA in the same samples. (A,B) Values
are means ± SD of three biological replicates.
(C ) Flowering time was recorded as days to
flower after vernalization after the indicated
period of cold. Triangles indicate individual
measurements (n = 12–48). (DNF) Did not
flower.
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Figure 2. Cell population level H3K27me3 initially accumulates at Lov-1 FLC, but can subsequently be lost. (A) Comparison
of Col FRI and Lov-1 H3K27me3 levels along the FLC locus using
ChIP qPCR with primers in the locations indicated after 10 d of
growth at 22°C. (B) As for A, showing samples following the indicated vernalization and postcold treatment. (C ) The data of B
(with additional time points 20 d warm after 4 and 12 wk of
cold) shown as the average value of all primers in the nucleation
region (fifth through eighth primers of Supplemental Table S1)
and body region (denoted as “spreading”) (12th–13th primers of
Supplemental Table S1). (A,B) Values are means ± SEM of two
to four biological replicates. (C) Error bars indicate SEM.

and after 2 wk (P-value < 0.0001) and 4 wk (P-value =
0.0018) of cold (Fig. 2; Supplemental Fig. S1). Lov-1 required at least 8 wk of cold for H3K27me3 to attain similar
levels as Col FRI (Fig. 2B,C; Supplemental Fig. S1).
In Col FRI, spreading of H3K27me3 across the whole
FLC locus occurred after the plants were moved to
warm temperatures, though some spreading occurred in
the cold with longer treatments (Fig. 2B,C). Similarly,
H3K27me3 spread across the FLC locus in Lov-1 (Fig.
2B,C), after 10 d of growth in warm temperatures regardless of the duration of the cold treatment (Fig. 2B, middle
column). In all cases, after 10-d warm the gene body
H3K27me3 levels were proportional to the duration of
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cold. In contrast, the H3K27me3 that had accumulated
in the cold and spread across the gene body was lost
from the Lov-1 FLC chromatin after 30 d in the warm
(Fig. 2B, right column). Such a phenomenon has previously been reported for FLC and its orthologs in perennial species (Wang et al. 2009; Nishio et al. 2016). Reduction of
H3K27me3 and therefore lack of maintenance of stable
FLC repression had also been reported in mature leaves
of Col FRI, when 10-wk-old vegetative plants were vernalized for 4 wk (Finnegan and Dennis 2007). However, in the
latter case it is not clear whether H3K27me3 had fully
spread along the locus before FLC reactivation. It is worth
noting that in young seedlings and under the conditions
tested in the current work, we never detected postcold
FLC reactivation in Col FRI plants (Figs. 1A, 3B–D, 5A,
C, 6B; Supplemental Figs. S3, S9A).
In parallel, we tested the behavior of H3K36me3
(Supplemental Fig. S2), a chromatin modification that
antagonizes H3K27me3 at the FLC nucleation region during vernalization (Yang et al. 2014). A high peak of
H3K36me3 was found at the FLC transcriptional start
site in NV conditions both in Col FRI and Lov-1 (Supplemental Fig. S2A). Cell population H3K36me3 levels decreased during cold in both genotypes (Supplemental
Fig. S2B) and the reduced levels were maintained 10 d after
cold. Together with Lov-1 FLC transcript reactivation
(Fig. 1A), H3K36me3 levels rose at 30 d after 4 and 8 wk
of cold in Lov-1 FLC, whereas H3K36me3 levels remained
low in the stably silenced Col FRI FLC (Supplemental Fig.
S2B). Only after 12 wk of cold were no differences observed in H3K36me3 levels between the two genotypes.
We next considered what might underlie these differences in Lov-1 FLC regulation. Lov-1 FLC effectively nucleates H3K27me3 in the cold, thereby differing from
the behavior of FLC in the PHD–PRC2 mutants vin3,
vrn5 (Supplemental Fig. S3), and vrn2 (Chandler et al.
1996; Gendall et al. 2001; Sung and Amasino 2004; Greb
et al. 2007), all of which block nucleation of H3K27me3.
Although similar in terms of FLC mRNA reactivation,
H3K27me3 initially spreads across the gene body in Lov1, unlike in lhp1 and clf mutants, which nucleate but cannot spread H3K27me3 (Fig. 2; Supplemental Fig. S3;
Mylne et al. 2006; Sung et al. 2006; De Lucia et al. 2008;
Yang et al. 2017). These data suggest that the components
required for transcriptional down-regulation and Polycomb silencing during the cold are functional and not affected by the cis-polymorphisms present in the Lov-1
FLC allele. It is only later, in the long-term maintenance
phase, that these elements mediate the reactivation phenotype of the Lov-1 accession. Previous models have proposed that spreading of H3K27me3 along the FLC locus is
sufficient to maintain the FLC repressed state through
subsequent cell divisions (Angel et al. 2011). For Lov-1
FLC, this is true for only a limited number of days following transfer to warm temperatures.
Reactivation is the loss of silencing at individual FLC loci
Vernalization is a cell-autonomous process with each
copy of FLC in individual cells switching from an
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Figure 3. Stochastic and cell autonomous reactivation of Lov-1 FLC. (A) Schematic depicting the experimental design. Col FRI and Lov-1
plants were pregrown for 7 d (NV) and then vernalized for 4 wk. Cells with active (on) or inactive (off) FLC expression are represented with
yellow and red circles, respectively. After vernalization, plants were moved to warm conditions. At 7 d after cold, vernalized plants were
divided into two groups: (1) Leaf samples were collected (4WT7) for RNA extraction, and (2) all leaves were marked with a pen and the
plants were allowed to grow for two additional weeks. At the end of this period (4WT21), leaves that were present at 4WT7 (old leaves,
dark green) and leaves that arose after 4WT7 (new leaves, pale green) were sampled separately. xWTy refers to y days of warm following
x weeks of cold treatment. (B) Expression of FLC mRNA in Col FRI and Lov-1 plants at 7 d (4WT7) and 21 d (4WT21) after cold. White bars
represent 4WT7 data. Dark-green and pale-green bars represent FLC levels in old and new leaves at 4WT21 (dashed line), respectively.
Numbers on X-axes (1–4) depict the four individual plants tested at 4WT21. One-tailed, paired Student’s t-test results: P-value = 0.9578
testing whether new leaves have higher FLC than old leaves at 4WT21 in Lov-1; P-value = 0.4939 for the same in Col FRI. One-tailed,
two-sample t-test results: P-value =3.572 × 10−6 testing whether pooled 4WT21 leaves have higher FLC than 4WT7 in Lov-1; P-value =
0.9916 for the same in Col FRI. (C ) smRNA FISH showing FLC mRNA in isolated root meristematic cells from Lov-1 and Col FRI plants,
either nonvernalized (NV) or treated with 4 (4WT0) and 8 (8WT0) wk of cold, and then 30 d (8WT30) in postcold warm. Cells showing
stochastic reactivation (arrowheads). Scale bars, 10 μm. (D) Quantification of the number of cells with (+) and without (−) FLC mRNA
signal at the time points depicted in C. N = number of cells analyzed. (E) Schematic structure of chromosome 5 of Col FRI (gray), Lov-1
(black) and F1 plants generated from reciprocal crosses between Col FRI and Lov-1. Dashed lines depict the FLC region. (F) ChIP-qPCR
profiles of H3K27me3 at 30 d following a 4-wk vernalization treatment (4WT30) in Col FRI, Lov-1, and crosses. Lov-1 and Col FRI
data are means ± SEM of two biological replicates. Data for one biological replicate is shown for each type of F1. Leaves of 24 individual
plants were sampled for each biological replicate.

epigenetically on to off state during cold exposure (Angel
et al. 2011; Berry et al. 2015). In the analysis described
above, FLC expression measurements and ChIP experiments were undertaken on whole plant samples. Thus,
the Lov-1 FLC reactivation and H3K27me3 profiles reflect
cell population averages and do not directly reveal FLC reactivation dynamics at individual loci. We reasoned that,
following vernalization, the higher postcold FLC transcript levels detected in Lov-1 could be achieved in two
different ways. One possibility was that the increased levels of FLC are the result of a new population of cells that
never experienced cold temperatures, but instead arise
from the division of “FLC-active” cells after cold. A second option would be that cells that had epigenetically si-

lenced FLC to off during the cold could then revert to
the on state, a more similar scenario to the meristem reversion observed in some perennial species (Aikawa
et al. 2010).
We designed an experiment to distinguish between
these two hypotheses (Fig. 3A). We vernalized Col FRI
and Lov-1 plants for 4 wk (Fig. 3A). Seven days after the
cold treatment (4WT7), we collected all rosette leaves
from a pool of four Col FRI and Lov-1 plants to determine
FLC expression levels (Fig. 3A,B). In parallel, we marked
the leaves of four individual Col FRI and Lov-1 plants to
identify the ones present already at that time and allowed
them to grow for an additional 14 d in the warm. At
4WT21, we sampled separately those leaves that were
GENES & DEVELOPMENT

449

Qüesta et al.

present at 4WT7 (the marked leaves) (dark-green leaves in
Fig. 3A) and the newly formed leaves (the unmarked
leaves) (pale-green leaves in Fig. 3A) for RNA extraction.
If hypothesis 1 is correct, only the postcold developed
leaves would produce FLC mRNA. Thus, we should observe a significant difference in FLC expression levels between the old and the newly formed leaves. In contrast, a
more even FLC expression in both leaf types would favor
hypothesis 2. Although we cannot exclude the possibility
that the pool of “new leaves” could also contain some
leaves that arose from leaf primordia that developed during the cold, the “old leaves” pool certainly will not contain leaves formed after the cold, and so under hypothesis
1 they will not reactivate. Therefore, this experimental
design should still allow us to distinguish between the
two hypotheses, depending on whether we observed differences in FLC expression levels between the two types
of pool (“old leaves” present during cold vs. “new leaves”
mixture of cold and postcold leaves). As expected, we observed that postcold stable repression of FLC occurs in
Col FRI (Fig. 3B). In Lov-1, although FLC levels increase
from 4WT7 to 4WT21, there is no evidence that the
FLC levels at 4WT21 differ significantly between the
two different types of leaves tested (Fig. 3B, P-value =
0.9578 comparing old and new leaves), suggesting that
the reactivation observed is more likely the result of the
postcold loss of chromatin silencing at individual FLC
loci (hypothesis 2).
We were able to confirm this result by performing single-molecule RNA FISH (smRNA FISH) in root meristematic cells (Duncan et al. 2016). We designed probes to
specifically visualize single FLC mRNA molecules in individual cells of Arabidopsis root meristematic tissue during and after cold treatment. Lov-1 and Col FRI exhibit
high levels of FLC mRNA expression before the cold
(NV in Fig. 3C), and thus all cells analyzed showed FLC
mRNA signal. As expected, the cold-induced FLC repression detected in whole plants (Fig. 1A) is also observed at
the level of individual cells (4WT0 and 8WT0, Fig. 3C),
with Lov-1 and Col FRI cells losing FLC mRNA signal during cold. Thirty days after the cold (8WT30), Col FRI FLC
is stably silenced with no cells exhibiting FLC mRNA expression (Fig. 3C). In contrast, we observed individual Lov1 root meristematic cells showing FLC reactivation (arrowheads, Fig. 3C). Lov-1 FLC mRNA reactivation may
also be observed in a single cell out of many cells in a tissue
section (Supplemental Fig. S4A–D), again favoring hypothesis 2 stated above. In addition, we also detected sectors of
FLC mRNA reactivation within other tissue samples (Supplemental Fig. S4E). We reasoned that these sectors might
be the result of clonal division of cells that had reactivated
FLC expression. To show that the behavior described
above is specific to FLC, we also tested expression of
PP2A mRNA, which was evenly expressed at 9WT30
both in Col FRI and Lov-1 cells (Supplemental Fig. S4F).
Thus, our results strongly suggest that Lov-1 FLC reactivation is an on/off (digital), cell-autonomous process.
So far, we have provided evidence that Lov-1 FLC reactivation occurs stochastically in individual cells. We next
asked whether the loss of H3K27me3 occurs at individual
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copies of the FLC gene. To this end, we performed reciprocal crosses between Lov-1 and Col FRI (Fig. 3E), and analyzed the H3K27me3 ChIP profiles of F1 plants after
vernalization (4WT30). The intermediate accumulation
of H3K27me3 in F1 plants (Fig. 3F) suggests that while
the Col FRI allele is covered by H3K27me3, the Lov-1 allele has lost this histone modification. Tracking two FLC
copies with different fluorescent tags previously showed
that one copy of FLC may be switched off, while the other
remains switched on, when located in different chromosomes within the same cell (Berry et al. 2015). Here, our
data support the hypothesis that memory of FLC activity
after vernalization can be stored locally in the chromatin
environment of the FLC gene itself, even when the two
copies are located in allelic positions.
Modeling FLC reactivation
The Lov-1 FLC allele remains silenced for ∼10 d after cold
after 4 wk of vernalization (Fig. 1A). After that time, cellautonomous stochastic reactivation occurs (Fig. 3). This
delay in reactivation is not straightforward to explain,
since the temperature is constant for the whole postcold
period. Furthermore, the reactivation rate after this delay
is relatively high, as FLC levels rise back to NV levels after
30-d warm following 4-wk cold (Fig. 1A).
Our previous work had revealed that local nucleation of
PHD–PRC2 (without subsequent spreading) gave a metastable memory state, which transitions to a long-term epigenetically silenced state associated with H3K27me3
spread across the whole locus (Yang et al. 2017). To explain the Lov-1 results, we propose that there is an additional, later phase in the silencing mechanism, which
we term the perpetuated state (Fig. 4). In this state, the
PHD proteins are lost from the nucleation region, with silencing maintained potentially by the positive read–write
feedbacks associated with H3K27me3 (Margueron et al.
2009). The SNPs in Lov-1 FLC would then lead to instability of the perpetuated state, explaining the observed delay
in reactivation, as multiple transitions back to the high
expression H state must occur before expression is reactivated. The spread and perpetuated states are also observable in Col FRI FLC, but the changes in H3K27me3 are
more subtle in that case. In our detailed ChIP profile of
Figure 2, we observed a reduction of H3K27me3 in the nucleation region after 30 d after cold in Col FRI, with the
levels coming down to those of the body region. However,
the perpetuated state in Col FRI remains stably silenced
because the Lov-1 SNPs are absent. This result suggests
that the same processes are occurring in both Lov-1 and
Col FRI. Consistently, the levels of the metastable memory protein VRN5 are also decreased at the FLC locus after
cold in Col FRI (Yang et al. 2017).
We developed a mathematical model incorporating the
epigenetic phases shown in Figure 4 (Supplemental Fig.
S5), in an effort to reproduce the reactivation of Lov-1
FLC after 4 wk of vernalization. This model is an extension of the vernalization model presented in AntoniouKourounioti et al. (2018), adapted to Lov-1 and fitted to
H3K27me3 and H3K36me3 ChIP data, as well as FLC
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Figure 4. Model of FLC reactivation in Lov-1. The proposed
phases of FLC silencing and reactivation. Schematic of the FLC
gene, showing the histone modifications in different epigenetic
states. (Red flags) H3K27me3; (green flags) H3K36me3. VIN3 is
necessary for the nucleation of PHD–PRC2, which is associated
with H3K27me3 in the nucleation region of FLC. Spreading of
the PRC2 results in H3K27me3 modifications along the whole
gene. The green arrow at the right shows the Lov-1-specific reactivation step. Transitions between these states are simulated in
the mathematical model. The blue background indicates the
cold-dependent transitions.

expression data. This model broadly reproduced all these
data, except for the continued reduction of the FLC levels
after the cold in Col FRI (Supplemental Fig. S6).
We also explored why the extent of Lov-1 FLC reactivation is different depending on the duration of cold. We
found that the model introduced above actually gives a
higher rate of reactivation after longer cold, contrary to
the data. To illustrate this effect, we constructed a simpler
model, ignoring for simplicity the delay in reactivation.
This model describes a single transition from off to on in
the warm, and can be written using a single ordinary
differential equation (see the Materials and Methods for
details). In such a simple model with a constant probability for any off cell to reactivate, the reactivation rate is
proportional to the fraction of off cells at the end of the
cold. Therefore, the reactivation rate will always be higher
for the 8- and 12-wk cold-treated compared with the 4-wk
cold-treated because more copies are available to reactivate at those times. This is the opposite of what we
observed. We conclude that the reactivation probability
for off cells must change with time to explain this discrepancy. Below we will discuss reasons for this effect and incorporate it into the model.
FT is not responsible for the change in the reactivation
probability
We sought to determine why the Lov-1 FLC reactivation
probability diminishes with increasing duration of cold

treatments. This observation suggested that a potential
factor involved in FLC postcold stable repression also
changes its expression after longer vernalization treatments. An obvious candidate factor is FT, a direct target
of FLC, given its postcold expression profile. FT mRNA
expression was not activated in Lov-1 after a 4-wk vernalization treatment (Fig. 1B); instead, longer cold exposures
of 8 and 12 wk were required for FT activation. In addition,
it had previously been reported that FT feeds back to repress FLC at both vegetative and reproductive stages
(Chen et al. 2014; Chen and Penfield 2018; Luo et al.
2019). Therefore, we wondered whether the lack of FT activation in Lov-1 after 4 wk of cold could explain FLC reactivation in that case and, more generally, the differences
in the reactivation probability (Fig. 1A,B).
We tested this hypothesis by transferring Col FRI and
Lov-1 plants to the warm in either long-day (LD) or
short-day (SD) photoperiods, conditions that either promote or prevent FT activation, respectively (Fig. 5). After
5 wk of vernalization, further FLC reduction was observed
in Col FRI at 10 and 20 d after cold, independent of the
photoperiod (Fig. 5A,C). As expected, FT activation only
occurred in LD (Fig. 5D) but not in SD photoperiods (Fig.
5B). A similar result was found for FT in Lov-1, although
these plants required a longer treatment of 10 wk of cold
to induce FT (Fig. 5D). Nevertheless, FLC reactivation
was detected after 10 wk in Lov-1 at 20 d after cold under
both SD and LD conditions, and therefore regardless of the
absence or presence of FT transcripts, respectively (Fig.
5A,C). Indeed, in LD, where there was more FT, the reactivation was higher, unlike what we would expect if FT
was stabilizing FLC repression. Thus, our data indicate
that FT levels do not influence FLC epigenetic stability
in Lov-1. Another possibility is that the Lov-1 polymorphisms could disrupt either or both of the previously
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Figure 5. FT is not required for FLC stable repression after vernalization. (A–D) Expression of FLC mRNA (A,C ) and FT
mRNA (B,D) in Col FRI and Lov-1 at 0 d (black bars), 10 d (gray
bars), and 20 d (white bars) after 5 and 10 wk (only for Lov-1) of
vernalization treatment. After vernalization, plants were moved
to 22°C at either short day (SD; A,B) or long day (LD; C,D) photoperiods. Values are means ± SEM of three biological replicates.
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reported FT-binding sites at FLC (Chen and Penfield 2018;
Luo et al. 2019). However, if FT was necessary for stable
silencing of FLC, we would expect reactivation also in
Col FRI in SD conditions where there is no FT. The lack
of such FLC postcold reactivation (Fig. 5A) argues against
any role of FT in stabilizing FLC after vernalization. Consistently, it has been observed that the FT feedback repression of FLC can be overcome by vernalization (Chen and
Penfield 2018).
Earlier flowering after longer cold is correlated with less
reactivation
Given the lack of a role for FT, we continued to explore
what might influence the FLC reactivation rate, focusing
on a role for flowering itself. To further probe this aspect,
Lov-1 plants were grown for longer after cold (beyond 30 d)
in SD conditions, where flowering is suppressed. Our results show that, in the absence of floral induction, Lov-1
plants continued to reactivate their FLC even after 12
wk of vernalization (Supplemental Fig. S7A). This is consistent with results from perennials that showed more reactivation in meristems that continued vegetative growth
compared with flowering meristems (Lazaro et al. 2018).
We then considered that the transition to flowering suppressed postcold production of leaves and that this was the
factor that influenced the level of FLC reactivation. Continued vegetative growth after cold involves continued
cell division/DNA replication. DNA replication represents the major challenge to maintenance of chromatin
states, by disrupting histone modifications (Alabert and
Groth 2012). Fewer replication events therefore mean a reduced need for the Polycomb apparatus that rebuilds the
silenced state, especially after DNA replication. Indeed,
we see a reduction in the levels of the core PRC2 methyltransferase components SWN and CLF at the FLC locus
when the plants had flowered and the rosette had stopped
growing (Supplemental Fig. S7B,C), as assayed by ChIP experiments in a Col FRI background at T30.
Plants that had been vernalized for longer, flowered
sooner, thus adding fewer new rosette leaves (Supplemental Fig. S7D,E). In contrast, after short vernalization treatments, more leaves are produced before flowering, so
there is more cell division/DNA replication. In the case
of Lov-1, this could be the cause of reactivation of FLC
and therefore delay flowering even further, such that
most Lov-1 plants never flower after a short 4-wk vernalization (Fig. 1C). The continued leaf production and
the many rounds of cell division/DNA replication eventually cause FLC reactivation to almost NV starting levels
(Fig. 1A).
Incorporating this hypothesis into our full model, we
were able to reproduce a reduction in the reactivation
rate of Lov-1 FLC dependent on the duration of cold exposure (Supplemental Fig. S8). The model captured all the
qualitative features of the FLC mRNA, H3K27me3 and
H3K36me3 levels in the cold and subsequent warm for
various cold durations, except for the continued reduction
of the FLC levels after the cold in Col FRI, as previously.
The reduced growth of the rosette in response to flowering
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occurs in both Lov-1 and Col FRI. However, after many
rounds of replication, only Lov-1 FLC reactivates, while
Col FRI FLC remains stably silent, suggesting that FLC silencing in Col FRI is intrinsically more stable and therefore it can withstand the continued challenge of
replication in high growth conditions. We next addressed
the differences between Lov-1 and Col FRI FLC that could
confer this difference.
Lov-1 FLC polymorphisms influence stability of the
perpetuated silenced state
Analysis of chimeric FLC fusions had previously shown
that cis, noncoding polymorphisms quantitatively modulate chromatin silencing of Lov-1 FLC (Coustham et al.
2012). To test whether these polymorphisms are responsible for the instability of the perpetuated state in Lov-1
FLC, we performed ChIP experiments using near isogenic
lines (NIL1) (Fig. 6A; Coustham et al. 2012). Similar to
Lov-1, FLC expression is reactivated in NIL1 plants after
4 wk of cold, although this reactivation is not as strong
as that observed in Lov-1 (Fig. 6B). Nevertheless, NIL1
FLC reactivation occurred even after 8 wk of cold and
postcold FT activation was delayed in both Lov-1 and
NIL1 compared with Col FRI (Supplemental Fig. S9). Nucleation and spreading of H3K27me3 occurred in all the
plants tested (Fig. 6C), but Lov-1 and NIL1 showed a significant loss of H3K27me3 at 30 d after cold and accumulation of H3K36me3 (Fig. 6C), with the result for
H3K27me3 confirmed in a second NIL line (NIL2) (Supplemental Fig. S10; Duncan et al. 2015). The intermediate
phenotype of the NILs between Col FRI and Lov-1 may reflect factors other than the cis-localized SNPs contributing to instability in FLC silencing.
Among all the noncoding polymorphisms between the
Col-0 and Lov-1 FLC alleles, four single-nucleotide changes (Lov-1 key SNPs) at the 5′ end of the gene are linked
to the differential FLC silencing of Lov-1 and Col FRI
(Coustham et al. 2012). These Lov-1 SNPs are located at
positions −121, −56, +326, and +598 bp from the transcriptional start site (TSS) of the gene (Fig. 7A). We sought to
determine the contribution of these four SNPs to the disruption of the long-term epigenetic memory observed in
Lov-1 FLC after the cold. To address this question, we
started by comparing the vernalization response of Lov-1
with another accession, Edi-0. The reason for choosing
Edi-0 was that it shares three of the key SNPs with Lov1 (−121, −56, and +326) (Fig. 7A; Li et al. 2014), even
though it is stably silenced after relatively short cold periods, with a rapid vernalization (RV) response type equivalent to Col FRI (Shindo et al. 2006; Li et al. 2014). We
compared the accumulation of H3K27me3 in Lov-1 and
Edi-0 before (Fig. 7B) and after 4 wk of cold treatment
(Fig. 7C). Edi-0 FLC maintains high levels of H3K27me3
after 4 wk of cold exposure (Fig. 7C), suggesting that the
+598 SNP is the causative SNP for the Lov-1 phenotype.
To further explore whether +598 prevents stable FLC silencing, we generated the following transgenic lines in a
common Col FRI background (Fig. 7D): (1) Lov FLC lines
that carry a Lov-1 FLC transgene, and (2) Col FLC
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A598T lines that carry a Col-0 type FLC construct in
which we introduced the A-to-T change at the position
+598 (A598T). To account for the variation that may arise
due to variable transgene copy number and insertion sites
in the new transgenic lines generated, the experiments
were carried out using pools of lines. One rosette leaf of
each independent transgenic line (36 Lov FLC and 24
Col FLC A598T) was collected and pooled for RNA extraction to test FLC expression in plants exposed to 4 wk of
cold (Fig. 7E). FLC mRNA levels of Lov FLC and Col
FLC A598T were compared with those of a previously
characterized transgenic line that carries the Col-0 FLC
transgene (Col FLC) (Csorba et al. 2014). As expected,
FLC was reactivated in the Lov FLC lines (Fig. 7E), reinforcing that Lov-1 cis polymorphisms are needed for
FLC unstable silencing. However, FLC was stably repressed in both Col FLC and Col FLC A598T lines (Fig.
7E) indicating that introducing the +598 SNP alone in
the Col-0 FLC background is not enough to disrupt FLC silencing after cold.
Previous work from our laboratory had demonstrated
that swapping the FLC region that contains the four
Lov-1 SNPs reciprocally between Lov-1 and Edi-0 FLC alleles can revert the vernalization response of these two
Arabidopsis accessions (Li et al. 2014). Transgenic lines
carrying the chimeric Lov-1/Edi-0/Lov-1 (LEL) FLC allele
(LEL FLC, a pool of 77 independent transgenic lines) in a
Col FRI background (Fig. 7D) showed stable FLC silencing
after 4 wk of cold (Fig. 7E; Li et al. 2014). In contrast, lines
carrying the Edi-0/Lov-1/Edi-0 (ELE) FLC construct (ELE
FLC, a pool of 61 independent transgenic lines) in a Col
FRI background (Fig. 7D) showed FLC reactivation (Fig.
7E; Li et al. 2014), which results in a slow vernalization response similar to the Lov FLC line. Thus, the ELE FLC
vernalization response matches that of the Lov-1 accession rather than the Edi-0 accession, while the LEL FLC
chimera shows a vernalization response similar to Edi-0
and Col FRI.

Figure 6. Lov-1 cis, noncoding polymorphisms
lead to instability of perpetuated silenced state
at Lov-1 FLC. (A) Schematic structure of chromosome 5 of Col FRI (gray), Lov-1 (black) and the
nearly isogenic line NIL1 (Coustham et al.
2012). Black boxes represent the introgressed
Lov-1 genomic segments in NIL1. (B) Expression
of FLC mRNA in Col FRI, Lov-1 and NIL1 at
0, 10, 20, and 30 d of growth in the warm after
a 4-wk vernalization treatment. Values are
means ± SEM of three to six biological replicates.
(C ) Accumulation of H3K27me3 and H3K36me3
in the same samples and time points as described
in B. Values are means ± SEM of two to four biological replicates.

To further test the effect of the +598 SNP in FLC silencing, we generated two additional transgenic constructs in a
Col FRI background (Fig. 7D): (1) LEL FLC A598T that
carries a LEL FLC chimera in which we substituted the
A to T at position +598, and (2) ELE FLC T598A that carries
an ELE FLC with T mutated to A at position +598. Interestingly, introducing the +598 SNP into the LEL chimera results in FLC reactivation after 4 wk of cold similar to
ELE, Lov FLC, and the Lov-1 accession (Fig. 7E). In contrast, removing the Lov-1 +598 T of the ELE FLC results
in stable silencing similar to LEL, Col FLC, Col FRI, and
Edi-0 (Fig. 7E). In these cases, 60 and 74 independent transgenic lines were pooled for LEL FLC A598T and ELE FLC
T598A, respectively. These results show that SNP +598
has a strong effect on Lov-1 FLC reactivation, but only
when combined with the other three Lov-1 SNPs. Thus,
the noncoding SNPs interact epistatically to influence
the stability of the perpetuated silenced state at FLC.
The transgenic analysis presented in this study was performed in the common genetic background Col FRI to
specifically test how the Lov-1 noncoding SNPs interfere
with the FLC perpetuated silencing following vernalization. However, we cannot exclude that other trans-factors
in addition to the noncoding SNPs contribute to Lov-1 FLC
instability (Fig. 6B,C; Supplemental Fig. S10).
The alignment of the FLC region covering the four Lov1 SNPs (Supplemental Fig. S11) shows that SNPs −121,
−56, and +598 are variable among all the taxa evaluated
(A. thaliana, A. halleri, and A. alpina), with no clear evolutionary conservation between long-term stability (Col-0
and Edi-0 FLCs) or instability (Lov-1 FLC, A. halleri FLC,
and A. alpina PEP1) of epigenetic silencing of the FLC
orthologs. As suggested previously by Kiefer et al.
(2017), the Lov-1 SNP +326 seems to be ancestral, showing
conservation among Lov-1 and Edi-0 accessions of A.
thaliana, A. halleri, and A. alpina, only being different
in the FLC allele of A. thaliana Col-0. However, as it is
conserved both in Edi-0 and Lov-1, it does not correlate
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Figure 7. Lov-1 key SNPs prevent long-term epigenetic memory
at FLC. (A) Schematic representation of FLC genomic structures
(not to scale) of the A. thaliana accessions Col-0 (gray), Edi-0
(green), and Lov-1 (red). The region of the Lov-1 key SNPs (Coustham et al. 2012) is depicted with a dotted black line. (Black letters) Lov-1 SNPs; (white letters) Col-0 SNPs; (i) indel; (RV) rapid
vernalization response; (SV) slow vernalization response. (B,C)
Accumulation of H3K27me3 in Lov-1 (red) and Edi-0 (green) before (NV; B) and at 0, 10, and 30 d in the warm after a 4-wk vernalization treatment (C). Values are means ± SEM of two (Lov-1) and
three (Edi-0) biological replicates. (D) Schematic of different
transgenic lines carrying wild type and mutated Col-0 FLC transgenes (gray), and Lov-1 (red) and chimeric Lov-1/Edi-0 (red/green)
FLC transgenes. (Black letters) Lov-1 SNPs; (white letters) Col-0
SNPs. (E) Expression of FLC mRNA at 10 (black bars) or 30 (white
bars) days in the warm after a 4-wk vernalization treatment in the
different transgenic lines from D. Data are shown normalized to
T10. Values are means ± SEM of four biological replicates.

with unstable FLC silencing after vernalization. Therefore, our data suggest that different specific combinations
of noncoding SNPs at FLC have evolved to influence the
stability of the long-term PRC2 silenced state.
Discussion
Our work on the mechanistic dissection of natural variation in the vernalization response of A. thaliana accessions has enabled us to elaborate the phases of PRC2
silencing, an understanding that may be widely applicable. Previous models have proposed a separate nucleation
state that confers metastable memory, followed by spreading of PRC2 and H3K27me3 across the locus for long-term
silencing (Yang et al. 2017). We now add a further phase
where the metastable memory element is lost and silencing may be maintained predominantly by the histone
modification feedbacks, in a configuration we term the
perpetuated state.
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Analysis of H3K27me3 dynamics using Lov-1 NILs allowed us to demonstrate that A. thaliana long-term epigenetic memory is coordinated in cis by noncoding SNPs
along the FLC locus. Furthermore, using a transgenic approach, we showed that the +598 Lov-1 SNP contributes
to postcold FLC instability, but only when in combination
with the other three Lov-1 SNPs. These SNPs are within
the nucleation site, yet specifically affect the long-term
memory state. The nucleation region could therefore be
viewed as a Polycomb Response Element (PRE) by analogy
with flies, where a PRE is required to effectively propagate
H3K27me3 once silencing has become established (Coleman and Struhl 2017; Laprell et al. 2017). At FLC, the nucleation region (PRE) is sufficient to nucleate PHD–PRC2
and confer metastable silencing, and our work here has
shown that this process is not affected by the Lov-1 FLC
SNPs. The Lov-1 SNPs do, however, affect long-term epigenetic silencing of the perpetuated state, in a process that
is potentially mediated by a histone read–write mechanism. In contrast, polymorphisms at the FLC locus in
Col FRI might confer greater stability to this perpetuated
state. The instability of the perpetuated FLC silencing
state caused by Lov-1 SNPs is likely equivalent to the
PRC2-maintained state in Drosophila that cannot hold
memory through DNA replication after excision of the
PRE (Coleman and Struhl 2017; Laprell et al. 2017). In
mammalian cells, the JARID2/MTF2–PRC2 nucleated
state may be comparable with the PHD–PRC 2 metastable
state (Oksuz et al. 2018; Perino et al. 2018).
The absence of PRC trans-factors can result in loss of
epigenetic silencing through cell division (Gaydos et al.
2014; Audergon et al. 2015; Ragunathan et al. 2015; Coleman and Struhl 2017; Laprell et al. 2017). However, it is
unlikely that the Lov-1 SNPs differentially affect binding
of the PHD proteins VIN3 and VRN5, as they disassociate
from the FLC locus within 10 d following transfer from
cold (Yang et al. 2017), and both the nucleation and
spreading processes are unaffected by the SNPs. Potential
candidates to influence maintenance of the perpetuated
state could be the H3K27me3 methyltransferases SWN
and CLF, as we demonstrated that they transiently bind
to FLC after cold (Supplemental Fig. S7B,C). Similarly, it
remains to be investigated whether the SNPs modulate
LHP1 activity at FLC. Another possibility is that
H3K27me3 is actively removed from the FLC locus and
a candidate for such a role would be the H3K27 demethylase EARLY FLOWERING 6 (ELF6) (Crevillén et al. 2014).
This could potentially also explain the difference in starting FLC mRNA levels between Lov-1 and Col FRI (Fig.
1A). However, the ELF6 binding profile is not limited to
the area covered by the Lov-1 SNPs (Yang et al. 2014).
Stronger association of a trans-factor that promotes transcription could also explain the observed phenotype as
transcription opposes Polycomb silencing (Berry et al.
2017). In all these cases, the perpetuated silent state would
become more unstable in Lov-1 compared with Col FRI,
and therefore more susceptible to switching due to the
challenge of replication.
Our work has not only helped to dissect the fundamental Polycomb silencing mechanism, but has also enabled a
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broader dissection of the evolutionary changes at FLC. Instability in silencing of an FLC homolog was first observed
in the perennial species A. alpina (Wang et al. 2009). Based
on the parallels with Lov-1 FLC behavior, it is possible
that instability of a perpetuated state may be the basis of
this FLC reactivation in perennial plants. The molecular
analysis of FLC behavior in perennial plants shows
many phases in parallel to A. thaliana FLC. For example,
analysis of A. halleri AhgFLC expression showed three
distinct phases in a natural environment: (1) quantitative
down-regulation during winter, (2) maintenance at low
levels for ∼8 wk, and (3) reactivation to NV levels to reset
AhgFLC for the following flowering season (Aikawa et al.
2010). The latter profile suggests that nucleation and
spreading of H3K27me3 at AhgFLC chromatin transiently
maintain low levels of the floral repressor following winter, generating a time window for flowering. The subsequent loss of the repressive modification would trigger
AhgFLC reactivation, which coincides with meristem reversion. It remains to be investigated whether noncoding
SNPs at AhgFLC are responsible for its seasonal expression variation, but for A. alpina, replacing the endogenous
PEP1 with the FLC from its annual relative was sufficient
to give stable silencing and an annual flowering response
(Hyun et al. 2019). Furthermore, increasing evidence supports the hypothesis that cis-acting sequence variation influences postcold FLC stability in the Brassicaceae (Irwin
et al. 2016; Kiefer et al. 2017). We envisage that the molecular understanding described here, together with the
mathematical model, will help unpick the relative contributions of SNPs, a perpetuated silenced state, and DNA
replication-dependent reactivation, on the behavior of
FLC orthologs in plants with a range of reproductive
strategies.

Materials and methods
Plant material

All mutants and transgenic lines were in Col FRI sf2 background
(referred to as Col FRI throughout this work) (Lee et al. 1994). Mutant alleles of vin3 (vin3-4) (Bond et al. 2009), vrn5 (vrn5-8) (Greb
et al. 2007), clf (clf-81) (Kim et al. 1998), lhp1 (lhp1-3) (Larsson
et al. 1998) in Col FRI background were generated previously
(Yang et al. 2017). Arabidopsis thaliana natural accessions Lov1 and Edi-0 (Shindo et al. 2006) as well as the Lov-1 introgressed
lines NIL1 (Coustham et al. 2012) and NIL2 (Duncan et al.
2015) were described elsewhere.
Col FLC (Csorba et al. 2014) and Lov FLC (Coustham et al.
2012) transgenic lines were described previously. Briefly, a SacI
fragment (∼12 kb) that comprises ∼6 kb of the genomic sequence
of the FLC (Col or Lov-1) gene with its flanking natural 5′ (∼3.5 kb)
and 3′ (∼2.6 kb) sequences were cloned into pBLUESCRIPT
(pBluescript-FLCprom::FLC), subcloned into a pENTRY by
SacI/XhoI digestion (pENTRY-FLCprom::FLC), and subsequently
subcloned into a pSLJ-DEST vector (a modified version of the pSLJ
series) (Jones et al. 1992) using Gateway Cloning technology
(Thermo Fisher Scientific). The pENTRY-FLCprom::FLC was
mutagenized to generate the Col FLC A598T construct, following
the Megaprimer method of site-directed mutagenesis (Sarkar and
Sommer 1990), using the primers detailed in Supplemental Table
S2. The previously reported ELE FLC and LEL FLC constructs (re-

ferred to as RSR and SRS, respectively, in Li et al. 2014) were
mutagenized using overlap extension PCR cloning to obtain the
ELE FLC T598A and LEL FLC A598T lines, using the primers detailed in Supplemental Table S2. The single Col FLC transgenic
line used in the current work had been selected previously
(Csorba et al. 2014) for its similarity with Col FRI regarding
FLC mRNA expression and flowering time. All the other constructs (Lov FLC, Col FLC A598T, ELE FLC T598A, and LEL
FLC A598T) were transformed into flc-2 FRI plants (Michaels
and Amasino 1999). Multiple independent transgenic lines were
used for RNA expression analysis (36 for Lov FLC, 24 for Col
FLC A598T, 74 for ELE FLC T598A, 60 for LEL FLC A598T, 61
for ELE FLC, and 77 for LEL FLC) (Li et al. 2014). All of them complemented the early flowering phenotype of flc-2 FRI. SWN-YFP
(Wang et al. 2006) and 35S::GFP-CLF/clf-28 (Schubert et al.
2006) were both described previously.

Growth conditions

Seeds were surface sterilized and sown on MS medium plates
without glucose and stratified for 48 h at 4°C. For nonvernalized
(NV) conditions, plants were grown for 10 d in long-day conditions (LD; 16 h light at 22°C, 8 h darkness at 18°C). For vernalization experiments, plants were pregrown for 7 d, and then
transferred to 5°C (unless indicated otherwise) under short-day
conditions (SD; 8 h light, 16 h darkness) for different durations
of cold before being returned to either LD (16 h light at 22°C, 8
h darkness at 18°C) or SD (8 h light, 16 h darkness, at 20°C). For
flowering time measurements as well as for ChIP and RNA expression experiments at 20 and 30 d after cold, plants were transferred from plates to soil 10 d after vernalization and grown in
controlled environment chambers in long-day conditions (16 h
light at 22°C, 8 h darkness at 20°C).
Flowering was counted as days to flower after the cold treatment, from moving plants to warm until bolting, but did not include pregrowth or time spent in the cold. Bolting was scored
when stems reached 2 cm in height.
For single molecule RNA FISH (smRNA FISH) imaging, plants
were grown and vernalized in vertically oriented Petri dishes containing MS medium. Nonvernalized plants were grown for 7 d at
22°C with a 16-h photoperiod and vernalized plants were grown
under the conditions mentioned above for different lengths of
time. Following vernalization, plants were transferred to larger
plates (one plant per plate) containing fresh MS medium and
grown horizontally for an additional 30 d at warm conditions
(LD, 16 h light at 22°C).

RNA preparation and qPCR

RNA was extracted as described (Box et al. 2011), using phenol
equilibrated to pH8, followed by lithium chloride precipitation.
RNA was DNase-treated with Turbo DNA-Free DNase (Life
Technologies). cDNA was synthesized with SuperScript III reverse transcriptase (Life Technologies) using either gene-specific
primers or oligo dT (12–18). qPCR was performed using SYBR
Green master mix II on a LightCycler 480 II (both Roche). Primer
sequences are listed in Supplemental Table S2. UBC was used as
the normalization gene control.

Chromatin immunoprecipitation

Nuclei were extracted using Honda buffer as described previously
(Sun et al. 2013), using 3 g of crosslinked plant material for
histone ChIP and at least 5 g for SWN-YFP/CLF-GFP ChIP. In
all histone ChIP reactions, sonication, immunoprecipitation,
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DNA recovery, and purification were performed as previously described (Angel et al. 2011). The antibodies used were anti-H3
(Abcam, ab1791), anti-H3K27me3 (Millipore 07-449), and antiH3K36me3 (Abcam ab9050). All ChIP experiments were quantified by quantitative PCR (qPCR) with appropriate primers
(Supplemental Table S1). For H3K27me3 analysis, SHOOT MERISTEMLESS (STM) was used as the internal control and data are
represented as the ratio of (H3K27me3 FLC/H3 FLC) to
(H3K27me3 STM/H3 STM). In the case of H3K36me3, ACTIN
was used as the internal control and the data are represented as
the following: ratio of (H3K36me3 at FLC/H3 FLC) to
(H3K36me3 ACT/H3 ACT).
For SWN-YFP/CLF-GFP ChIP, purified nuclei were resuspended in RIPA buffer (1X PBS, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, Roche Complete tablets, 1mM PMSF). Two rounds of
sonication were performed in a Bioruptor (Diagenode) at medium
setting. Sonication I: four times during 5 min (30 sec on/30 sec
off); sonication II: twice for 5 min (30 sec on/30 sec off). After
each round of sonication, samples were centrifuged at 12,000
rpm for 10 min at 4°C, and the supernatant was collected in a
fresh tube for the subsequent step. Protein A agarose/salmon
sperm DNA (Millipore) and anti-GFP (Abcam, ab290) antibodies
were used for immunoprecipitation. The data are represented as
IP to input.

Single-molecule RNA FISH (smRNA FISH)

smRNA FISH was carried out as described by Duncan et al.
(2017). Briefly, roots were fixed for 30 min in 4% paraformaldehyde. Samples were prepared on slides by squashing root tissue
under coverslips, ethanol permeabilized, washed, and incubated
overnight at 37°C with RNA FISH probes. smRNA FISH probes
(Supplemental Tables S3–S5) were used at a final concentration
of 25 nM. A Zeiss Elyra PS1 inverted microscope was used for imaging. A x100 oil-immersion objective (1.46 NA) and cooled EMCCD Andor iXon 897 camera (512512 QE > 90%) were used to obtain all images. Quasar 570 and 670 probes were excited by 561and 642-nm laser lines, with signals detected between 570 and
640 nm and between 655 and 710 nm, respectively. DAPI signal
was acquired with a 405-nm laser excitation and signal detection
between 420 and 480 nm. Maximum projections and analysis of
three-dimensional pictures were performed using Fiji (an implementation of ImageJ, a public domain program by W. Rasband
available from http://rsb.info.nih.gov/ij). Z-stacks of Supplemental Figure S4 were deconvolved using AutoQuant X2 (Media
Cybernetics).

Statistical analysis
Comparing H3K27me3 levels in Col FRI and Lov-1 A two-tailed

paired Student’s t-test was applied (paired t-test function in
Graphpad) to compare whether the levels of H3K27me3 were significantly different between Lov-1 and Col FRI under each cold
treatment (see Supplemental Fig. S1). The primer pairs are
“paired” according to position between the genotypes to remove
the effect of the primer position on the H3K27me3 levels and instead only look at the effect of the genotype. Five comparisons
were performed, one for each time point in Supplemental Figure
S1, and so we performed the Bonferroni correction to adjust the
significance level to α = 0.01.
A onetailed paired t-test (function ttest from Matlab R2018b) was
used to compare the reactivation in old and new leaves in each
plant, with the null hypothesis that in new leaves the reactivation
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is not greater than in old leaves (Fig. 3). Additionally, the 4WT21
samples were pooled and compared against the 4WT7 results for
Col FRI and Lov-1, using a one-tailed, two-sample t-test (function
ttest2 from Matlab R2018b).
Alignment of FLC orthologs

Genomic sequences of FLC orthologs were aligned using
ClustalW.
Modeling
Simple FLC expression model showing that the reactivation probability
decreases with duration of time in the cold We introduced a simple

model for FLC reactivation. In the warm, we had the transition
M  A, where M represents the fraction of FLC off gene copies
and A represents the fraction of FLC on gene copies. We assumed
that this transition happens with a constant probability a.
dA
dM
= aM = −
.
dt
dt
Therefore, the reactivation rate is proportional to the fraction of
off copies M at all times. Because more FLC copies are silenced
with longer cold durations, this rate will become greater with
more vernalization. This is the opposite of what was observed
in our experimental results (Fig. 1A), leading us to reject our assumption of a constant probability of reactivation.
Full FLC model Our model of FLC reactivation (Fig. 4; Supplemental Fig. S5) built on previous work (Antoniou-Kourounioti
et al. 2018), which modeled a sequence of cell-autonomous
switches between digital states. Here, we kept the first two states
the same as before—H (high transcription) and I (inactive)—but
we separated the epigenetic state E (epigenetically silenced) into
N (nucleated), S (spread), and the newly proposed state P (perpetuated). These new states allowed us to compare the model output
against the ChIP data, as well as with the FLC expression data.
Switches between these states included the VIN3-independent
pathway switch (H ↔ I) as in the previous work, as well as the
VIN3-dependent nucleation switch (now the I  N and H  N
switches). The newly added switches were spreading (N  S),
loss of nucleated PHD–PRC2 (S  P), and reactivation (P  I),
the latter being specific to Lov-1.
A further complication that must be considered in this model is
that an active cell cycle is required for spreading (see below and
Yang et al. 2017) and presumably also for reactivation. Because
only a restricted number of cells are progressing through the
cell cycle (and so are dividing) in plants, in the model we must
consider two populations of FLC gene copies, those in dividing
cells and those in nondividing cells. The normalized number of
gene copies in each of the FLC states in dividing cells was represented by the variables Hs, Is, Ns, Ss, and Ps, and for nondividing
cells, the variables were H, I, N, S, and P, respectively. In both cases, these numbers were normalized to the initial number of total
gene copies in dividing cells, so that the dividing copy variables
could be defined as fractions (as the total number of these cells
does not change). This normalization was for simplicity and did
not affect our results.
A simplified model for replication was implemented: The division of a dividing cell was assumed to lead to a new dividing cell
that replaces the old, and a constant number (dn) (defined in Supplemental Table S6) of nondividing cells that all appear instantaneously. This structure was based on the fact that nonstem cells
only divide a fixed number of times (approximately five). Our estimate ignored endoreduplicating cells for simplicity, but including this population would give a limited number of further
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events, and we found that even a large change in the dn parameter
did not affect our results. In dividing cells, the gene copies undergo switching between FLC states without their numbers being
changed after a cycle of replication and division, and where we assumed that the state does not affect the likelihood of division.
Therefore, the number of total gene copies in dividing cells was
constant. Gene copies in nondividing cells were generated by
the division of dividing cells and they can also undergo transitions according to Supplemental Figure S5.
The spreading (N  S) switch is known to depend on an
active cell cycle (Yang et al. 2017). The loss of nucleated PHD–
PRC2 (S  P) and reactivation (P  I) switches are also assumed
to depend on an active cell cycle, presumably replication, based
on evidence showing that, in the absence of spreading, the metastable memory is lost only in cycling cells (Yang et al. 2017). This
is because replication is the major challenge to the stability of silencing, presumably due to loss of histone modifications and other factors defining the silenced state. To incorporate these aspects
in our model, the N  S, S  P, and P  I transitions could only
occur in dividing cells. Furthermore, at every division of a nucleated gene copy (Ns), all offspring were assumed to have spread (Ss
and S) and so the spreading rate was the same as the division rate.
For the other transitions (S  P and P  I), only a proportion of
the dividing cells switches during division (Supplemental Fig.
S5). Ordinary differential equations were used to describe the dynamics of the system:
dHs
= −s1 Hs + r1 Is − ps s2 Hs ,
dt
dIs
= s1 Hs − r1 Is − s2 Is + r2 Ps ,
dt
dNs
= s2 (Is + ps Hs ) − gNs ,
dt
dSs
= gNs − s3 Ss ,
dt
dPs
= s3 Ss − r2 Ps ,
dt
dH
= dn gHs − s1 H + r1 I − ps s2 H,
dt
dI
= dn r2 Ps + dn gIs + s1 H − r1 I − s2 I,
dt
dN
= s2 (I + ps H),
dt
dS
= dn gNs + dn (g − s3 )Ss ,
dt
and
dP
= dn s3 Ss + dn (g − r2 )Ps ,
dt
where s1, r1, s2, r2, s3, and g are functions that determine the rates
of the transitions and are explained in detail in the following sections. The rate g is the division rate as well as the spreading rate.
Rates ps and dn are constants given in Supplemental Table S6.
The temperature conditions [T(t)] used in the
model simulation matched the experimental conditions with
the exception of the pregrowth duration (parameter tg in Supplemental Table S6). The function T(t) takes the form
⎧ ◦
−tg ≤ t ≤ 0
⎨ 22 C,
T(t) = 5◦ C,
.
0 , t ≤ vernalization duration
⎩ ◦
22 C,
vernalization duration ,t ≤ 120

Temperature input

tg was fitted to the data since the growth rate in the first few
days is not consistent with the later growth rate. This parameter,
together with the growth rate and temperature dependence of
growth, also affected the rate of spreading after cold. Since only

the dividing cells are capable of spreading, the apparent rate of
spreading is diluted by the nondividing cell population whose
number is dependent on the duration of pregrowth.
The
“VIN3-independent pathway” (Hepworth et al. 2018) and the
“VIN3-dependent” nucleation switch (including the dynamics
of VIN3) were modeled as described in Antoniou-Kourounioti
et al. (2018). The same temperature sensitivity was also used,
though in this study only 5°C (cold) and 22°C (warm) were
relevant.
Therefore, in the model here, the VIN3-independent transition
rates for H ↔ I were

Early transcriptional shutdown and VIN3-dependent silencing

s1 = ps1
and
⎧
0,
⎪
⎪
⎨
Tn − Tr1
r1 (Tn ) = pr1
,
⎪
Tr2 − Tr1
⎪
⎩
pr1 ,

Tn ≤ Tr1
Tr1 , Tn , Tr2 ,
Tn ≥ Tr2

where ps1, Tr1, Tr2, and pr1 are parameters defined in Supplemental Table S6, and Tn is the mean nighttime temperature, where
night was defined previously as the time from 6 h before midnight
to 6 h after midnight (Antoniou-Kourounioti et al. 2018). In the
present work, the temperature was constant throughout the
day–night cycle, and therefore Tn was simply the temperature
of the treatment.
The VIN3-dependent transition rate (for I  N) is

0,
T ≤ T1 or T ≥ T2
s2 (V, T) =
,
ps2 V (T − T1 )(T2 − T),
T1 , T , T2
where T is temperature, V is the VIN3 concentration, calculated
according to the LSCD model of Antoniou-Kourounioti et al.
(2018), and T1, T2, and ps2 are parameters defined in Supplemental
Table S6.
The newly defined transitions N  S, S  P, and P  I only occur in dividing cells and therefore have rates that depend on the
temperature-dependent growth rate

pg1 , warm (22◦ C)
g(T) =
,
pg2 , cold (5◦ C)
s3 = ps3 g,
and
r2 = pr2 g,
where pg1, pg2, ps3, and pr2 are parameters defined in Supplemental Table S6.
The initial conditions of our system were chosen to match the observed initial conditions of the ChIP data,
with the additional constraint that, in Col FRI, the relative numbers of gene copies in each of the FLC states, as well as the normalized FLC mRNA concentration ([FLC], defined in the next
section), are at steady state in the warm, with the latter equal
to 1. Therefore, at t = 0,
Initial conditions

pr1
,
s1 + pr1
s1
Is = I0 = (1 − P0 )
,
s1 + pr1

Hs = H0 = (1 − P0 )

Ns = 0, Ss = 0, Ps = P0, and [FLC] = 1, where P0 describes the relative
number of gene copies that are off before vernalization and it is
defined in Supplemental Table S6. This parameter value was
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fitted to the levels of H3K27me3 in the body region at the NV
time point. Also important is that we defined the starting levels
of the gene copies in nondividing cells to be equal to 0 (H = I = N
= S = P = 0), so that their relative amounts before the cold match
the relative amounts of the corresponding dividing cell variables
that produce them.
Model of FLC concentration The FLC concentration is defined as
the amount of FLC divided by the volume, which is approximated
here as being proportional to the total number of gene copies
(n), where the constant of proportionality is absorbed into the other parameters. n is a monotonically increasing variable calculated
by n = Hs + Is + Ns + Ss + Ps + H + I + N + S + P = 1 + H + I + N + S + P.
We modeled the FLC amount according to previous work
(Antoniou-Kourounioti et al. 2018), but adjusting for the separate
dividing and nondividing cells as described here. FLC is transcribed only in the H state of the FLC gene, so the FLC mRNA
amount (NFLC) obeys

dNFLC
= p f1 (Hs + H) − pf NFLC ,
dt
where pf1 and pf are the transcription and degradation rates
of NFLC, respectively. The FLC mRNA concentration (F ) is
F=

NFLC
,
n

p f1 (Hs + H)
dF (dNFLC /dt)n − NFLC (dn/dt)
NFLC dn/dt NFLC
=
−
− pf
=
n
n
n
dt
n2
n


.
Hs + H
dn/dt NFLC
Hs + H
dn/dt
F
= p f1
= p f1
− pf +
− pf +
n
n
n
n
n

For simplicity, we ignored the effect of dilution on FLC mRNA
(dn/dt)/n, since the dynamics of the mRNA due to its relatively
fast degradation (half-life of ∼6 h) (Ietswaart et al. 2017) will be
much faster than dilution due to growth of the plant [pf ≫ (dn/
dt)/n]. In fact, while the plants are very small (and so n is small),
the two rates are comparable. However, the dilution rate decreases very quickly with size so that by the end of the pregrowth period (t = 0) we can approximate
dn/dt
≈ pf ,
n

dF
Hs + H
= p f1
− pf F.
dt
n
We chose the initial value of F to be at steady state:
p f1 H0
.
pf

The FLC concentration normalized to this initial level ([FLC] =
F/F0) therefore obeys
p f1 (Hs + H)
F
n
− pf
⇒
p f1 H0
F0
 pf

d[FLC]
Hs + H
= pf
− [FLC] .
dt
nH0

d[FLC]
=
dt

With our choice of initial conditions and with the dynamical
transitions permitted in the warm in Col FRI, the FLC concentration then remains at steady state in the initial warm period.
The previous equation reduces to the equation for FLC mRNA
concentration previously used (Antoniou-Kourounioti et al.
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the model output with the ChIP data, we chose parameters pA, pn,
and pN (defined in Supplemental Table S6) and compared each of
the histone modification measurements with the corresponding
value, as indicated.
H3K36me3 in nucleation region:
pA

Hs + H
.
n

H3K27me3 in nucleation region:
pn

Ns + N
Ss + S
Ps + P
+ pA
+ pN
.
n
n
n

H3K27me3 in body region:


Ss + S Ps + P
pN
.
+
n
n
Matlab version R2018b was used to solve the models numerically, with solver ode15s (Shampine and Reichelt 1997).

stalls the cell cycle. As an active cell cycle is necessary for spreading and reactivation in the model, we might expect flowering to
have an effect on the reactivation rate. Since the FLC concentration affects flowering time, FLC can effectively feedback on itself
(Supplemental Fig. S8E).
In Supplemental Figure S8, we propose a decreasing probability
for reactivation related to flowering time after the cold. We implemented this decreasing reactivation probability by changing the
growth rate function so that it depends on the history of the
FLC concentration. Flowering time is also controlled by the current temperature the plant is experiencing, so this was also included in the changing growth rate function. Specifically, the
growth rate becomes

rpg1 , warm (22◦ C)
g=
,
rpg2 , cold (5◦ C)
where r is the ratio of the current growth rate to the initial growth
rate and is given by

and the equation for dF/dt becomes

p f1 H0 = pf F0 ⇒ F0 =

Comparison of numerical model output with data For comparison of

Reactivation probability decreasing through stalled growth and flowering Flowering stalls growth in the rosette and therefore also

and therefore

pf +

2018), but where the H in that work is replaced by (Hs + H)/n to
account for the different populations of cells.

dr
= −k([FLC], T)r.
dt
At t = 0, r0 = 1 and r decays exponentially in permissive conditions determined by the function

pk ,
T . T2 and [FLC] , pFLC
k=
,
0,
otherwise,
where pk−1 defines the timescale over which the growth rate decays. pFLC is the FLC threshold below which the flowering transition may begin (defined in Supplemental Table S6). Therefore,
while the temperature conditions are inductive (warm: T > T2)
and the FLC concentration is permissive of flowering, the plant
flowering is accelerated and therefore on average the growth
rate is decreasing exponentially in time.
During the postcold warm, and while the FLC is below the
threshold, r will be decreasing while simultaneously FLC will
be reactivating. For short cold treatments, FLC will be above
the threshold so r will not decrease and reactivation will not
slow down (Supplemental Fig. S8F). Conversely, for longer cold
treatments, where the FLC levels will be lower at the start of

Noncoding SNPs influence long-term memory

the warm, r will be decreasing while FLC remains under the
threshold, leading to less reactivation (Supplemental Fig. S8G).
A more quantitative comparison of the slowing growth rate and
the change in reactivation will require more accurate measurements of growth and division/endoreduplication at a cellular level. Indeed, assuming that it reflects replication, the difference
between leaf addition rates observed in Supplemental Figure
S7D,E can only explain the difference in reactivation rate at a
qualitative not quantitative level.
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