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Many plant species overwinter before they flower. Transition to flowering is aligned to
the seasonal transition as a response to the prolonged cold in winter by a process called
vernalization. Multiple well-documented vernalization properties in crucifer species with
diverse life histories are derived from environmental regulation of a central inhibitor of the
flowering gene, Flowering Locus C (FLC). Episode(s) of flowering are prevented during
high FLC expression and enabled during low FLC expression. FLC repression outlasts
the winter to coincide with spring; this heterochronic aspect is termed “winter memory.”
In the annual Arabidopsis thaliana, winter memory has long been associated with the
highly conserved histone modifiers Polycomb and Trithorax, which have antagonistic
roles in transcription. However, there are experimental limitations in determining how
dynamic, heterogenous histone modifications within the FLC locus generate the final
transcriptional output. Recent theoretical considerations on cell-to-cell variability in gene
expression and histone modifications generating bistable states brought support to
the hypothesis of chromatin-encoded memory, as with other experimental systems in
eukaryotes. Furthermore, these advances unify multiple properties of vernalization, not
only the winter memory. Similarly, in the perennial Arabidopsis halleri ssp. gemmifera,
recent integration of molecular with mathematical and ecological approaches unifies
FLC chromatin features with the all-year-round memory of seasonal temperature. We
develop the concept of FLC season-meter to combine existing information from the
contrasting annual/perennial and experimental/theoretical sectors into a transitional
framework. We highlight simplicity, high conservation, and discrete differences across
extreme life histories in crucifers.

Keywords: Flowering Locus C, polycomb and trithorax chromatin regulators, bistable states, annual and perennial
life history, convergent cross mapping

INTRODUCTION

As a standing proof of a sharp divide between winter and spring, some plant species burst into
flower at this precise time to secure reproductive success in this vacant niche. The process of
vernalization, enabling precision in timing of the floral transition after the prolonged cold of winter,
is versatile in nature and agriculture. Species with single and multiple reproductive episodes (herein
annual and perennial), ecotypes adapted to local climates, including those of the model plant species
Arabidopsis thaliana (A. thaliana) from the representative crucifer family, and crop varieties with
distinct timing for harvesting, all overwinter before they flower. How can reproductive transition
be so precisely timed to occur in spring in a variety of biological systems?
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In crucifers, central to vernalization is a gene that blocks
flowering termed Flowering Locus C (FLC) (Michaels and
Amasino, 2000). Across life histories, abundant FLC expression
facilitates vegetative growth until, under the influence of low
temperatures, FLC expression gradually becomes negligible by
the end of winter. Also, as FLC repression outlasts the winter,
plants become competent to flower in spring—this is often
referred to as “winter memory.” The length of winter memory,
i.e., the length of time the low FLC expression is maintained,
varies especially across extreme life histories: in the annual
A. thaliana, the FLC minimum is prolonged into the final
senescence stage; ancestral perennial forms have short winter
memory, allowing only a narrow window of flowering before
reverting to vegetative growth based on high FLC levels (Wang
et al., 2009; Aikawa et al., 2010).

Intensive genetic screens dissecting winter memory in
A. thaliana frequently recover core and accessory proteins of the
Polycomb group (PcG) and Trithorax group (TrxG) complexes
(reviewed in Buzas et al.,, 2012; Berry and Dean, 2015a; Luo and
He, 2020), highly conserved in eukaryotes (Steffen and Ringrose,
2014). PcG/TrxG catalyze mainly trimethylation of lysine 27 and
four of histone 3 (H3K27me3, H3K4me3), while other associated
activities, including, for example, H3K36me3, also mediate
PcG/TrxG regulated processes (Steffen and Ringrose, 2014).
There are two main long-standing conundrums in this area.
One is whether (PcG/TrxG induced) chromatin modifications
produce memory (Moazed, 2011). The other is how to unify the
well-known role of PcG/TrxG in stably maintaining expression
states independent of the inducing signals at a gene, with highly
dynamic regulation at other PcG/TrxG target genes (Steffen et al.,
2012; Steffen and Ringrose, 2014; Reinig et al, 2020). From
theoretical consideration on how cell-to-cell variability in gene
expression and histone modifications influence the vernalization
process, recent advances support the hypothesis of chromatin
coding of memory (Angel et al., 2011; Berry et al., 2015b; Yang
et al., 2017; Nishio et al., 2020a) as we outline in the section
“Insights From Annual Vernalization: Experiments and Theory”
and in the section “Initial Insights From Perennial Vernalization”.
By comparing winter memory mechanisms in annuals and
perennials, we formulate a model of how stable and flexible
gene expression states residing together at FLC may account for
precise detection of seasons in diverse life histories (see section
“The Flowering Locus C Season-Meter for Flowering Across Life
Histories”). As such, findings from the vernalization example are
more generally relevant to chromatin regulation.

INSIGHTS FROM ANNUAL
VERNALIZATION: EXPERIMENTS AND
THEORY

Models for Arabidopsis thaliana

Establishing a gene expression state at the chromatin level
involving PcG/TrxG was initially determined experimentally
with the Hox genes in Drosophila as a two-step process:
initiation and maintenance. Initiation commonly requires

DNA-based mechanisms, mediated by transcription factor
binding. Maintenance over cell generations is under the
influence of histone modifications, recruited locally by
cis-acting elements termed Polycomb/ TrxG recruiting
elements (PRE/TRE) (Steffen and Ringrose, 2014; Buzas,
2017). Essentially memory elements PRE/TREs can maintain a
high degree of stability of gene expression across cell divisions
that outlast the initiating signals. The states maintained as
development proceeds are either ON or OFF; this can be
visualized in reporter assays as variegation (Chan et al.,, 1994;
Steffen et al., 2012).

Theoretical approaches also bridge PcG/TrxG-related
phenomena across eukaryotes and are deemed suitable to
tackle the complex dynamics, especially in quantitative terms
(Steffen et al, 2012). How an array of nucleosomes can
remain stable over many cell divisions even when individual
nucleosomes change modification states randomly has been
predicted from a purely theoretical study (Dodd et al., 2007).
In this model, various histone-modifying biochemical activities
result in nucleosome states, distilled down to three categories:
“active,” “unmodified,” and “repressed.” The transitions between
these states can be via either feedback (a nucleosome state
generates the same state in neighboring nucleosomes) or
noise (random addition or removal of modifications). The
model asks what conditions generate bistability, a state where
the whole array of nucleosomes is either ON or OFF giving
rise to variegation (Chan et al, 1994; Steffen et al, 2012).
Feedback is required for system stability, while noise generates
switching. How the Dodd model is applicable to vernalization
(Angel et al., 2011; Satake and Iwasa, 2012) is outlined in the
section “Cell-to-Cell Variation Underlies Measuring of Cold
Duration, Robust Response to Noisy Temperatures, and Memory
of Winter.”

The Repertoire of Stable AtFLC

Expression States

Both active and repressed states of AtFLC are biologically
relevant: active AtFLC reliably prevents flowering until plants
have experienced winter/saturating cold treatment, while
repressed AtFLC ensures that flowering takes place in spring/after
cold treatment. How each of the active and the repressed AtFLC
states are established has been investigated as two-step processes,
as in Drosophila, especially as AtFLC regulatory regions satisfying
both PRE and TRE requirements have been found (reviewed
in Buzas et al., 2012).

When considering how active AtFLC is established, the
two steps can be delineated: a transcription factor transiently
expressed in embryos initiates AfFLC activation; then, this
memory of the embryonic state is maintained via TrxG-like
activity during the vegetative phase (Tao et al., 2017). However,
the process of AtFLC repression does not entirely fit the
paradigm. A transcription factor transiently induced in the early
stages of cold that would initiate AtFLC repression has not
been identified (Helliwell et al., 2015). Nevertheless, an early
cold event leads to rapid reduction in AtFLC transcription
rate (Finnegan, 2015). Then, a dynamic cascade of chromatin
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events during early stages of cold leads to stabilization of AtFLC
repression over time (Berry et al., 2015b; Finnegan, 2015; Qtiesta
et al, 2016; Yuan et al., 2016; Yang et al., 2017) (also see section
The cell autonomous chromatin switch), before AfFLC repression
is maintained in a PcG-dependent manner (Buzas et al., 2012;
Berry and Dean, 2015a).

Adding support to the PcG/TrxG control via bistable states,
AtFLC ON and OFF states have been evidenced experimentally
(Angel et al,, 2011; Berry and Dean, 2015a; Yang et al.,, 2017;
Qiiesta et al., 2020). However, surprisingly, AtFLC ON/OFF
states are not exclusively found in developmental windows
of active/repressed AtFLC. Instead, mixed ON/OFF states are
present during the transition from active to repressed FLC
(Angel et al, 2011; Berry et al., 2015b; Yang et al., 2017) as
well as possibly during the reverse transition (Qiiesta et al.,
2020). In fact, the transition intervals support further AtFLC
biological functions: an accelerated increase (FLC dial-up) of
AtFLC levels in the seed both resets the vernalization requirement
in the next generation (Sheldon et al., 2008; Choi et al., 2009;
Crevillén et al,, 2014), and ensures that flowering is prevented
(Sheldon et al., 2008); gradually decreasing AtFLC (FLC dial-
down) levels results in corresponding degrees of earliness
in flowering (Michaels and Amasino, 2000; Sheldon et al,
2006).

In conclusion, current data prompts a view of the AtFLC locus
as a dynamic PcG/TrxG target where switching between ON
and OFF states generates a cyclic response with four types of
AtFLC quantities, tightly regulated over time: minimum, dial-up,
maximum, and dial-down.

AtFLC Chromatin: Three Domains

It is of great interest to understand how the PcG/TrxG-
induced chromatin modifications control FLC expression. The
whole tissue level dynamics of H3K27me3/H3K4me3 has been
quantified at the di-tri nucleosome level resolution along the FLC
chromatin during vernalization treatments in many A. thaliana
studies (Finnegan and Dennis, 2007; Angel et al., 2011; Buzas
et al, 2011; Yang et al., 2017). A group of over 30 nucleosomes
of the AtFLC locus appears to be structured in three regions with
distinct H3K4me3/H3K27me3 dynamics (Finnegan and Dennis,
2007; Yang et al., 2014). We note that all three domains can also
be distinguished in A. halleri (Nishio et al., 2020a,b). The few
nucleosomes spanning the short first exon and part of the first
intron form a chromatin domain termed the nucleation region,
NR. The greater bulk of nucleosomes along the coding region,
including the long first intron, which is generally termed the
gene body (GB). Finally, the distal end of FLC, encompassing
the promoter and the 5" end of the antisense non-coding RNA
COOLAIR (Swiezewski et al., 2009), marks the third domain,
later termed distal Nucleation Region (dNR) (Nishio et al,
2020a,b).

In Table 1, we summarize H3K27me3/H3K4me3 dynamics
during A. thaliana vernalization treatments for NR, GB,
and dNR at the whole tissue level. Intuitive deductions
on how distinct dynamics at each/all three chromatin
domains input into an overall AtFLC transcriptional outcome
under different temperature regimes are difficult to make,

TABLE 1 | The whole tissue level quantities of gene expression and histone
modifications from At vernalization treatments and yearly Ahg in the
natural environment.

FLC FLC FLC FLC
minimum dial-up maximum  dial-down
NR m - T M [k H3K4me3
M - M m T H3K27me3
GB M T - M m m f H3K27me3
dNR T m - m f m M T H3K4me3
M m - T m T m H3K27me3
At Ahg At Ahg At  Ahg At Ahg

Flowering locus C (FLC) expression is divided into minimum, dial-up, maximum, and
dial-down. H3K4me3 and H3K27me3 levels are indicated, as follows: m, minimum;
M, maximum; 1y, increasing; |}, decreasing. Data are from Yang et al. (2014) for
Arabidopsis thaliana (At) and Nishio et al. (2020a, b) for Arabidopsis halleri (Ahg).
Quantifications of histone modification data during AtFLC dial-up in young embryo
are not available, which is denoted as —.” NR, Nucleation Region; dNR, distal
Nucleation Region; GB, gene body.

even when further genetic and biochemical experimental
evidence is considered.

Cell-to-Cell Variation Underlies
Measuring of Cold Duration, Robust
Response to Noisy Temperatures and
Memory of Winter

One way to advance the chromatin profiles outlined in Table 1
to the next level for understanding vernalization characteristics is
to move to single nucleosome and single cell level experiments.
The immediate alternative is to advance from tissue to cell level
based on theoretical predictions and then devise suitable tests
with currently available techniques. Two studies have adapted the
Dodd model to stochastically implement the chromatin dynamics
described in Table 1 for NR and GB in A. thaliana by including
additional parameters specific to vernalization (temperature-
dependent replication rates, etc.) and have simulated these
numerically to reproduce the chromatin dynamics observed
(Angel et al., 2011; Satake and Iwasa, 2012). Outcomes have
been reviewed in more detail (Berry and Dean, 2015a), as well
as in more general terms on how epigenetics contributes to
quantitative biology (Steffen et al., 2012).

One merit of these models is that they reveal the simplest
way to unify the multiple characteristics of the vernalization
system, previously dissected molecularly on a one-by-one basis.
When the underlying assumption is that the chromatin status
links with transcriptional outcome to give memory (H3K27me3
correlates with repression), at least three characteristics of the
vernalization system are generated. First, when each cell is
in either ON or OFF FLC state and the timing of transition
between states is not synchronized in all cells, the length of cold
can be measured at the population level as the proportion of
cells in the OFF state. For this, strong cooperativity of histone
modifications is required. Second, as a warm-to-cold temperature
shift triggers de-synchronized switching in individual cells, a
robust response to noise is realized at the cell population
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level (Satake and Iwasa, 2012). Third, to understand how full
FLC repression can outlast the cold interval Satake and Iwasa
(2012) explicitly addressed the duration of winter memory.
They found that the speed of deposition of repressive histone
modifications after vernalization is critical. The prediction is
that the length of winter memory in annuals is large, essentially
irreversible, based on high deposition speed, while in perennials,
comparatively slower deposition creates shorter winter memory.
This also implies that a plant can respond to diverse intervals
of cold by adjusting the speed of deposition of repressive marks
(Satake and Iwasa, 2012).

The first critical experimental support for these characteristics
came from assays in vernalized root cells. Plants expressing
a translational FLC:GUS fusion exposed to non-saturating
vernalization treatment, then transferred to warm, displayed
variegated, all-or-nothing FLC:GUS expression sectors
reflecting the stochastic nature of silencing and re-activation
(Angel et al., 2011).

The Cell-Autonomous Chromatin Switch

A frequent hypothesis is that histone modifications maintain
transcription states, ie., they encode memory. However, a
reciprocal relationship between transcription and H3K27me3
accumulation was demonstrated at AtFLC (Buzas et al., 2011).
Recent studies have shown that AtFLC alleles in ON and
OFF states co-exist within the same cell in plants that had
been vernalized (Berry et al., 2015b; Yang et al., 2017; Qiesta
et al., 2020). This indicates a cell autonomous chromatin
switch functions during the quantitative stage in the cold
(Berry et al., 2015b). There is also additional evidence from
the Lov-1 ecotype of A. thaliana where AtFLC re-activation
occurs, that re-activation is also a cell-autonomous process
(Qiiesta et al., 2020).

INITIAL INSIGHTS FROM PERENNIAL
VERNALIZATION

Perennial Life Cycle

Perennial crucifers cycle through episodes of vegetative and
reproductive growth (Wang et al., 2009; Aikawa et al., 2010;
Kemi et al., 2013). Genetic studies in the Arabis alpina perennial
support the role of the FLC ortholog PERPETUAL FLOWERING
1 in preventing flowering before vernalization based on high
PEPI expression and restricting flowering to a short episode,
before PEP1 reverts to high levels in some meristems (Wang
et al., 2009). The perennial life cycle in Arabidopsis halleri ssp.
gemmifera (A. halleri) is unique in that all developing meristems
first become reproductive, then revert to the vegetative phase by
developing aerial rosettes, which then propagate clonally (Aikawa
et al., 2010; Satake et al., 2013; Nishio et al., 2016, 2020a,b; Honjo
and Kudoh, 2019). These characteristics confer experimental
advantages, especially in studies in the natural environment. As
AhgFLC expression is monitored over an entire year, chromatin
events are less rapid than in vernalization treatments and can be
captured in slow motion (Nishio et al., 2020a). Particularly, the
FLC dial-up, restricted to embryonic cells concealed in tiny seeds

in A. thaliana and to some meristems in A. alpina, is represented
in readily accessible A. halleri tissues.

Theoretical and Experimental

Approaches in Arabidopsis halleri

Frequent, long-term time series of gene expression and histone
modifications, combined with environmental data in a natural
A. halleri population (Nishio et al., 2020a) enabled application
of two main types of parameter estimations and mathematical
models. First, linear regressions were applied assuming the
AhgFLC expression follows the amount of chilling accumulation
below a certain threshold temperature for a set period (Aikawa
et al., 2010; Nishio et al., 2020a). This approach allowed us
to estimate the length of past exposure to low temperature
affecting the current gene expression (L). Second, an empirical
dynamic modeling test called convergent cross-mapping (CCM)
was used. This test can be applied on multiple data series, when
each has more than 30-40 time points (Sugihara et al., 2012;
Ye et al., 2015). CCM examines causality between variables by
testing whether the information of a casual variable is encoded
in the time series of an affected variable. For example, when
a variable X affects another variable Y, the signature of X can
be found in the time-series of Y. Thus, it is possible to predict
the dynamics of X using those of Y, which is called cross-
mapping. This is applicable even when there are two-way causal
relationships between the elements. CCM was used to infer
the causal relationships between H3K4me3 and H3K27me3 at
different locations along the AhgFLC locus and between mRNA
and H3K4me3/H3K27me3 (Nishio et al., 2020a).

All-Year-Round Memory: Seasonal
Temperature and Repertoire of Stable
AhgFLC States

Yearly dynamics of AhgFLC expression revealed a cyclic pattern
with maximum, dial-down, minimum, and dial-up quadrants
(Aikawa et al., 2010; Nishio et al., 2020a). The transitions
between quadrants were delayed relative to the break of
seasons (Kudoh, 2016). Indeed, maximum likelihood analysis in
simple chilling unit models between temperature and AhgFLC
expression in a natural habitat revealed that the expression level is
determined by temperature during the past period of 42 days, i.e.,
L = 42 days (Aikawa et al.,, 2010). Furthermore, past temperature
also determined the accumulation of histone modifications:
H3K27me3 appeared to index the long-term seasonal trend
along the AhgFLC locus (Nishio et al., 2020a). These results
indicate that AhgFLC serves as a memory of seasonal temperature
throughout the year, not just during the cold season and that
all four AhgFLC quadrants manifest stability characteristic of
PcG/TrxG states. Notably, stability of AhgFLC dial-up and dial-
down states was supported further: intermediate AhgFLC dial-up
levels are maintained when plants were transplanted to cold
(Nishio et al., 2020a), and the AhgFLC dial-down levels are
proportional with the length of cold treatments (Nishio et al.,
2020b), as known from A. thaliana (Sheldon et al., 2006) and
Arabis alpina (Wang et al., 2009).
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Causal Relationships Between
H3K27me3 and Transcription in

Arabidopsis halleri

The seasonal dynamics of H3K4me3 and H3K27me3 in the
natural environment at the three AhgFLC chromatin domains
is outlined in Table 1. Remarkably similar with the data from
A. thaliana vernalization treatments are dynamics at the NR
region. As this region plays a critical role in the cell autonomous
chromatin switch in A. thaliana (Angel et al., 2011; Berry et al,,
2015b; Yang et al., 2017), it was of interest to interrogate the causal
relationship between H3K27me3/H3K4me3 and transcription at
the NR in A. halleri. The CCM analysis indicated bidirectional
causalities at NR between all three pairs: between mRNA
and H3K4me3, between mRNA and H3K27me3, and between
H3K4me3 and H3K27me3 (Nishio et al., 2020a). Therefore,
a causal relationship between transcription and H3K27me3
at NR in A. halerii is consistent with the cell autonomous
chromatin switch from A. thaliana operating in A. halleri as well
(Nishio et al., 2020a).

THE FLOWERING LOCUS C
SEASON-METER FOR FLOWERING
ACROSS LIFE HISTORIES

The current state of knowledge on how Pcg/TxG contributes
to precision in determining seasonal transition in a variety
of crucifers will undoubtedly advance in the future to better
bridge across the life histories and between experiment and
theory. Today’s exercise is to create a transitional framework to
identify conserved mechanisms across annual and perennial life
histories in crucifers.

Simplicity in composition and precision of measurements
combine in the operating principles of a mechanical watch,
which, once set, can run indefinitely with exquisite precision.
Similarly, we envisage that an “FLC season-meter” might
precisely detect seasons in the natural environment based on
the simple yet versatile properties conferred by bistable states
supporting the repertoire of stable FLC states. Considering
that perennial life history is the ancestral form (Kiefer et al.,
2017), it is difficult to imagine that bistable states arose in the
derivative annual forms.

Based on arguments outlined in the section “Insights From
Annual Vernalization: Experiments and Theory” for the annual
A. thaliana and in the section “Initial Insights From Perennial
Vernalization” mainly for the perennial A. halleri, we propose
that the FLC season-meter may have three core principles
(Figure 1):

vernalization
transition to

i) It is anchored, e,
aligns the dial-down-minimum
winter-spring transition.

ii) It has a cyclic response with four quadrants of
FLC expression.

iii) Itis hybrid, i.e., two types of inputs trigger changes in FLC
expression: signals generated by external/developmental

requirement
the

0 Winter-spring

@ Autonomous Switch @ Signal

FIGURE 1 | Putative conserved features of the Flowering Locus C (FLC)
season-meter across annual and perennial crucifers. The cyclic pattern of FLC
expression is represented as a black circle divided into four quadrants: Max,
FLC maximum; Min, FLC minimum; D-d, FLC dial-down; D-u, FLC dial-up (ii).
The transition D-d-Min is anchored onto the Winter-Spring transition,
represented by the blue/yellow (for cold-warm temperatures) gradient
rectangular (i). There are two types of inputs into the cyclic response, i.e., the
FLC season-meter is “hybrid”: autonomous chromatin switch and
transcription-factor based signal (jii). The autonomous Chromatin switch
generates graded response (tick-tick) quadrants when switching is still taking
place and ON/OFF states are mixed and smooth response (sweep) when
switching had resolved into full either ON or OFF states. The three arrows from
the autonomous switch and one arrow from the signal indicate control points
based on Angel et al. (2011); Berry et al. (2015b), Yang et al. (2017), and Tao
et al. (2017). The length of each quadrant in the image is approximated from
Nishio et al. (2020a) (Max, 50%; D-d 25%, Min 10%, and D-u 15%). Brown
question marks indicate that the inputs could be located elsewhere.

triggers (transcription factor based) and cell autonomous
switches (chromatin based).

In this view, FLC is neither a repressed/active PcG/TrxG target
gene nor one that simply switches dynamically, but both. Stability
and flexibility induced by PcG/TrxG is manifested during all
four FLC quadrants, although to different extents within and
across life histories.

FINAL REMARKS

The season-meter concept can generate a list of new questions.
How does an autonomous switch influence the length of the
consecutive sweep quadrant? Do autonomous switches and
signal-triggered transitions alternate? Does a season-meter need
to contain more than the minimum number of autonomous
switches and signal triggers to maintain the noise buffering
function? The list goes on. It is difficult to imagine how to
engineer a live-cell measurement system that can track FLC
switching during an entire cycle in a crucifer growing in
the natural environment, but experimentalists and theoretical
biologists working together can make the task of deciphering the
FLC season-meter less insurmountable in the near future.

Frontiers in Plant Science | www.frontiersin.org

March 2021 | Volume 12 | Article 640442


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Buzas et al.

The Season-Meter in Crucifers

AUTHOR CONTRIBUTIONS

DB conceptualized and wrote the manuscript. HN and HK
contributed to the drafting of the paragraphs.

FUNDING

This research was supported by JSPS KAKENHI
(20K06699) to DB, JST CREST (JPMJCR1501) and JSPS

REFERENCES

Aikawa, S., Kobayashi, M. J., Satake, A., Shimizu, K. K., and Kudoh, H. (2010).
Robust control of the seasonal expression of the Arabidopsis FLC gene in a
fluctuating environment. Proc. Natl. Acad. Sci. U.S.A. 107, 11632-11637. doi:
10.1073/pnas.0914293107

Angel, A, Song, J., Dean, C., and Howard, M. (2011). A Polycomb-based switch
underlying quantitative epigenetic memory. Nature 476, 105-109. doi: 10.1038/
nature10241

Berry, S., and Dean, C. (2015a). Environmental perception and epigenetic memory:
mechanistic insight through FLC. Plant J. 83, 133-148. doi: 10.1111/tp;j.12869

Berry, S., Hartley, M., Olsson, T. S. G., Dean, C., and Howard, M. (2015b). Local
chromatin environment of a Polycomb target gene instructs its own epigenetic
inheritance. Elife 4:e07205. doi: 10.7554/eLife.07205

Buzas, D. M. (2017). Capturing environmental plant memories in DNA, with a
little help from chromatin. Plant Cell Physiol. 58, 1302-1312. doi: 10.1093/pcp/
pcx092

Buzas, D. M., Robertson, M., Finnegan, E. J., and Helliwell, C. A. (2011).
Transcription-dependence of histone H3 lysine 27 trimethylation at the
Arabidopsis polycomb target gene FLC. Plant J. 65, 872-881. doi: 10.1111/j.
1365-313X.2010.04471.x

Buzas, D. M., Tamada, Y., and Kurata, T. (2012). FLC: a hidden polycomb response
element shows up in silence. Plant Cell Physiol. 53, 785-793. doi: 10.1093/pcp/
perl63

Chan, C. S, Rastelli, L., and Pirrotia, V. (1994). A Polycomb response element in
the Ubx gene that determines an epigenetically inherited state of repression.
EMBO J. 13, 2553-2564. doi: 10.1002/j.1460-2075.1994.tb06545.x

Choi, J., Hyun, Y., Kang, M. J,, In Yun, H,, Yun, J. Y., Lister, C, et al.
(2009). Resetting and regulation of FLOWERING LOCUS C expression during
Arabidopsis reproductive development. Plant J. 57, 918-931. doi: 10.1111/j.
1365-313X.2008.03776.x

Crevillén, P., Yang, H., Cui, X., Greeff, C., Trick, M., Qiu, Q., et al. (2014).
Epigenetic reprogramming that prevents transgenerational inheritance of the
vernalized state. Nature 515, 587-590. doi: 10.1038/nature13722

Dodd, I. B., Micheelsen, M. A., Sneppen, K., and Thon, G. (2007). Theoretical
analysis of epigenetic cell memory by nucleosome modification. Cell 129,
813-822. doi: 10.1016/j.cell.2007.02.053

Finnegan, E. J. (2015). Time-dependent stabilization of the +1 nucleosome is an
early step in the transition to stable cold-induced repression of FLC. Plant J. 84,
875-885. doi: 10.1111/tpj.13044

Finnegan, E. J., and Dennis, E. S. (2007). Vernalization-induced trimethylation of
histone H3 lysine 27 at FLC is not maintained in mitotically quiescent cells.
Curr. Biol. 17, 1978-1983. doi: 10.1016/j.cub.2007.10.026

Helliwell, C. A., Anderssen, R. S., Robertson, M., and Finnegan, E. J. (2015). How
is FLC repression initiated by cold? Trends Plant Sci. 20, 76-82. doi: 10.1016/j.
tplants.2014.12.004

Honjo, M. N., and Kudoh, H. (2019). Arabidopsis halleri: a perennial model
system for studying population differentiation and local adaptation. AoB Plants
11:plz076. doi: 10.1093/aobpla/plz076

Kemi, U., Niittyvuopio, A., Toivainen, T., Pasanen, A., Quilot-Turion, B., Holm, K.,
etal. (2013). Role of vernalization and of duplicated FLOWERING LOCUS C in
the perennial arabidopsis lyrata. New Phytol. 197, 323-335. doi: 10.1111/j.1469-
8137.2012.04378.x

KAKENHI (JP19H01001) to HK, and by a Cooperative
Research Grant from Plant Transgenic Design Initiative,
University of Tsukuba.

ACKNOWLEDGMENTS

We apologize for possible important omissions from research
literature due to space limitation. We would like to thank Liz
Dennis and DeMar Taylor for editing the manuscript.

Kiefer, C., Severing, E., Karl, R., Bergonzi, S., Koch, M., Tresch, A., et al.
(2017). Divergence of annual and perennial species in the Brassicaceae and
the contribution of cis-acting variation at FLC orthologues. Mol. Ecol. 26,
3437-3457. doi: 10.1111/mec.14084

Kudoh, H. (2016). Molecular phenology in plants: in natura systems biology
for the comprehensive understanding of seasonal responses under
natural environments. New Phytol. 210, 399-412. doi: 10.1111/nph.
13733

Luo, X., and He, Y. (2020). Experiencing winter for spring flowering: a molecular
epigenetic perspective on vernalization. J. Integr. Plant Biol. 62, 104-117. doi:
10.1111/jipb.12896

Michaels, S. D., and Amasino, R. M. (2000). Memories of winter: vernalization and
the competence to flower. Plant Cell Environ. 23, 1145-1153. doi: 10.1046/j.
1365-3040.2000.00643.x

Moazed, D. (2011). Mechanisms for the inheritance of chromatin states. Cell 146,
510-518. doi: 10.1016/j.cell.2011.07.013

Nishio, H., Buzas, D. M., Nagano, A. J., Iwayama, K., Ushio, M., and Kudoh,
H. (2020a). Repressive chromatin modification underpins the long-term
expression trend of a perennial flowering gene in nature. Nat. Commun.
11:2065. doi: 10.1038/s41467-020-15896-4

Nishio, H., Buzas, D. M., Nagano, A. J., Suzuki, Y., Sugano, S., Ito, M., et al. (2016).
From the laboratory to the field: assaying histone methylation at FLOWERING
LOCUS C in naturally growing Arabidopsis halleri. Genes Genet. Syst. 91, 15-26.
doi: 10.1266/ggs.15-00071 article **

Nishio, H., Iwayama, K., and Kudoh, H. (2020b). Duration of cold exposure
defines the rate of reactivation of a perennial FLC orthologue via
H3K27me3 accumulation. Sci. Rep. 10:16056. doi: 10.1038/s41598-020-
72566-7

Qiiesta, J. ., Antoniou-Kourounioti, R. L., Rosa, S., Li, P., Duncan, S., Whittaker,
C., et al. (2020). Noncoding SNPs influence a distinct phase of Polycomb
silencing to destabilize long-term epigenetic memory at Arabidopsis FLC. Genes
Dev. 34, 446-461. doi: 10.1101/gad.333245.119

Qiiesta, J. I, Song, J., Geraldo, N., An, H., and Dean, C. (2016). Arabidopsis

transcriptional repressor VAL triggers Polycomb silencing at FLC
during vernalization. Science 353, 485-488. doi: 10.1126/science.aaf
7354

Reinig, J., Ruge, F., Howard, M., and Ringrose, L. (2020). A theoretical model
of Polycomb/Trithorax action unites stable epigenetic memory and dynamic
regulation. Nat. Commun. 11:4782 . doi: 10.1038/s41467-020-18507-4

Satake, A., and Iwasa, Y. (2012). A stochastic model of chromatin modification:
cell population coding of winter memory in plants. J. Theor. Biol. 302, 6-17.
doi: 10.1016/}.jtbi.2012.02.009

Satake, A., Kawagoe, T., Saburi, Y., Chiba, Y., Sakurai, G., and Kudoh, H. (2013).
Forecasting flowering phenology under climate warming by modelling the
regulatory dynamics of flowering-time genes. Nat. Commun. 4:2303. doi: 10.
1038/ncomms3303

Sheldon, C. C., Hills, M. J., Lister, C., Dean, C., Dennis, E. S., and Peacock,
W. J. (2008). Resetting of FLOWERING LOCUS C expression after epigenetic
repression by vernalization. Proc. Natl. Acad. Sci. U.S.A. 105, 2214-2219. doi:
10.1073/pnas.0711453105

Sheldon, C. C., Finnegan, E., Dennis, E. S., and James Peacock, W. (2006).
Quantitative effects of vernalization on FLC and SOCI1 expression. Plant J. 45,
871-883. doi: 10.1111/j.1365-313X.2006.02652.x

Frontiers in Plant Science | www.frontiersin.org

March 2021 | Volume 12 | Article 640442


https://doi.org/10.1073/pnas.0914293107
https://doi.org/10.1073/pnas.0914293107
https://doi.org/10.1038/nature10241
https://doi.org/10.1038/nature10241
https://doi.org/10.1111/tpj.12869
https://doi.org/10.7554/eLife.07205
https://doi.org/10.1093/pcp/pcx092
https://doi.org/10.1093/pcp/pcx092
https://doi.org/10.1111/j.1365-313X.2010.04471.x
https://doi.org/10.1111/j.1365-313X.2010.04471.x
https://doi.org/10.1093/pcp/pcr163
https://doi.org/10.1093/pcp/pcr163
https://doi.org/10.1002/j.1460-2075.1994.tb06545.x
https://doi.org/10.1111/j.1365-313X.2008.03776.x
https://doi.org/10.1111/j.1365-313X.2008.03776.x
https://doi.org/10.1038/nature13722
https://doi.org/10.1016/j.cell.2007.02.053
https://doi.org/10.1111/tpj.13044
https://doi.org/10.1016/j.cub.2007.10.026
https://doi.org/10.1016/j.tplants.2014.12.004
https://doi.org/10.1016/j.tplants.2014.12.004
https://doi.org/10.1093/aobpla/plz076
https://doi.org/10.1111/j.1469-8137.2012.04378.x
https://doi.org/10.1111/j.1469-8137.2012.04378.x
https://doi.org/10.1111/mec.14084
https://doi.org/10.1111/nph.13733
https://doi.org/10.1111/nph.13733
https://doi.org/10.1111/jipb.12896
https://doi.org/10.1111/jipb.12896
https://doi.org/10.1046/j.1365-3040.2000.00643.x
https://doi.org/10.1046/j.1365-3040.2000.00643.x
https://doi.org/10.1016/j.cell.2011.07.013
https://doi.org/10.1038/s41467-020-15896-4
https://doi.org/10.1266/ggs.15-00071
https://doi.org/10.1038/s41598-020-72566-7
https://doi.org/10.1038/s41598-020-72566-7
https://doi.org/10.1101/gad.333245.119
https://doi.org/10.1126/science.aaf7354
https://doi.org/10.1126/science.aaf7354
https://doi.org/10.1038/s41467-020-18507-4
https://doi.org/10.1016/j.jtbi.2012.02.009
https://doi.org/10.1038/ncomms3303
https://doi.org/10.1038/ncomms3303
https://doi.org/10.1073/pnas.0711453105
https://doi.org/10.1073/pnas.0711453105
https://doi.org/10.1111/j.1365-313X.2006.02652.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Buzas et al.

The Season-Meter in Crucifers

Steffen, P. A., Fonseca, J. P, and Ringrose, L. (2012). Epigenetics meets
mathematics: towards a quantitative understanding of chromatin biology.
BioEssays 34, 901-913. doi: 10.1002/bies.201200076

Steffen, P. A., and Ringrose, L. (2014). What are memories made of? How polycomb
and trithorax proteins mediate epigenetic memory. Nat. Rev. Mol. Cell Biol. 15,
340-356. doi: 10.1038/nrm3789

Sugihara, G., May, R., Ye, H., Hsieh, C. H., Deyle, E., Fogarty, M., et al. (2012).
Detecting causality in complex ecosystems. Science 338, 496-500. doi: 10.1126/
science.1227079

Swiezewski, S., Liu, F., Magusin, A., and Dean, C. (2009). Cold-induced silencing
by long antisense transcripts of an Arabidopsis Polycomb target. Nature 462,
799-802. doi: 10.1038/nature08618

Tao, Z., Shen, L., Gu, X, Wang, Y., Yu, H., and He, Y. (2017). Embryonic
epigenetic reprogramming by a pioneer transcription factor in plants. Nature
551, 124-128. doi: 10.1038/nature24300

Wang, R., Farrona, S., Vincent, C., Joecker, A., Schoof, H., Turck, F., et al. (2009).
PEPI1 regulates perennial flowering in Arabis alpina. Nature 459, 423-427.
doi: 10.1038/nature07988

Yang, H., Berry, S., Olsson, T. S. G., Hartley, M., Howard, M., and Dean, C. (2017).
Distinct phases of Polycomb silencing to hold epigenetic memory of cold in
Arabidopsis. Science 357, 1142-1145. doi: 10.1126/science.aan1121

Yang, H., Howard, M., and Dean, C. (2014). Antagonistic roles for H3K36me3
and H3K27me3 in the cold-induced epigenetic switch at Arabidopsis FLC. Curr.
Biol. 24, 1793-1797. doi: 10.1016/j.cub.2014.06.047

Ye, H., Deyle, E. R, Gilarranz, L. J., and Sugihara, G. (2015). Distinguishing time-
delayed causal interactions using convergent cross mapping. Sci. Rep. 5:14750.
doi: 10.1038/srep14750

Yuan, W, Luo, X,, Li, Z., Yang, W., Wang, Y., Liu, R,, et al. (2016). A cis cold
memory element and a trans epigenome reader mediate Polycomb silencing of
FLC by vernalization in Arabidopsis. Nat. Genet. 48, 1527-1534. doi: 10.1038/
ng.3712

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Buzas, Nishio and Kudoh. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

March 2021 | Volume 12 | Article 640442


https://doi.org/10.1002/bies.201200076
https://doi.org/10.1038/nrm3789
https://doi.org/10.1126/science.1227079
https://doi.org/10.1126/science.1227079
https://doi.org/10.1038/nature08618
https://doi.org/10.1038/nature24300
https://doi.org/10.1038/nature07988
https://doi.org/10.1126/science.aan1121
https://doi.org/10.1016/j.cub.2014.06.047
https://doi.org/10.1038/srep14750
https://doi.org/10.1038/ng.3712
https://doi.org/10.1038/ng.3712
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	The Flowering Season-Meter at FLOWERING LOCUS C Across Life Histories in Crucifers
	Introduction
	Insights From Annual Vernalization: Experiments and Theory
	Models for Arabidopsis thaliana
	The Repertoire of Stable AtFLC Expression States
	AtFLC Chromatin: Three Domains
	Cell-to-Cell Variation Underlies Measuring of Cold Duration, Robust Response to Noisy Temperatures and Memory of Winter
	The Cell-Autonomous Chromatin Switch

	Initial Insights From Perennial Vernalization
	Perennial Life Cycle
	Theoretical and Experimental Approaches in Arabidopsis halleri
	All-Year-Round Memory: Seasonal Temperature and Repertoire of Stable AhgFLC States
	Causal Relationships Between H3K27me3 and Transcription in Arabidopsis halleri

	The Flowering Locus C Season-Meter for Flowering Across Life Histories
	Final Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


