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Remembering winter through vernalisation

Shujuan Xu'? and Kang Chong'?*

Vernalisation is the programmed physiological process in which prolonged cold-exposure provides competency to flower in
plants; widely found in winter and biennial species, such as Arabidopsis, fruit trees, vegetables and wheat. This phenomenon is
regulated by diverse genetic networks, and memory of vernalisation in a life cycle mainly depends on epigenetic mechanisms.
However, less is known about how to count winter-dosage for flowering in plants. Here, we compare the vernalisation genetic
framework between the dicots Arabidopsis, temperate grasses, wheat, barley and Brachypodium. We discuss vernalisation
mechanisms involving crosstalk between phosphorylation and 0-GlcNAcylation modification of key proteins, and epigenetic
modifications of the key gene VRN1 in wheat. We also highlight the potential evolutionary origins of vernalisation in various
species. Current progress toward understanding the regulation of vernalisation requirements provides insight that will inform

the design of molecular breeding strategies for winter crops.

external cues, and adjust their cell processes, metabolism and

development according to the many environmental stresses
they encounter. Thus, how plants respond to these environmental
changes with season switches in their life cycle is a crucial issue.

Q s sessile organisms, plants are constantly exposed to various

Sensing seasons in plant development

Adaptation to environmental changes of the seasons allows ses-
sile plants to survive and grow around the world. One major fac-
tor of plant adaptation to their ambient environment is the seasonal
changes that trigger different developmental stages that protect
plants from extreme weather stress.

Plants adjust their growth and development to the ambient envi-
ronment. Low temperature is a critical factor that influences the
growth, development and geographic distribution of crops'~. The
different capacities of crops to adapt to temperature extremes deter-
mine their geographical regions and planting times. For example,
rice cultivation is limited to warm regions because lower yearly
temperatures severely restrict the growth and grain-yield of rice
plants*®. Conversely, wheat can be cultivated in a broad swath of
temperate regions because it can tolerate frosts and cold winter tem-
peratures®’. For winter wheat, prolonged exposure to cold tempera-
tures is required to initiate the transition from vegetative growth
to flowering (Fig. 1)*'°. How plants monitor the changing environ-
ment and adjust their growth to seasonal cues, such as cold stress
and the transition from vegetative growth to flowering, is a fun-
damental question in determining how plants flower at the proper
time and avoid frost damage to improve crop yield.

Cold-acclimation and vernalisation. In temperate regions, winter
cereals are planted in autumn and flower in spring. One of the deter-
mining factors of flowering for winter cereals is the duration of expo-
sure to the winter cold". Sufficient exposure to low temperatures
(0-10°C for about one month or more) enables flowering in winter
cereals soon after the return of warm temperatures in spring—this
process is known as vernalization''. Accordingly, perception of the
chilling signal to trigger the defence response is a primary event
during vernalisation. Perception of low temperature by plants likely
invokes two sequential processes: sensing the chilling to induce

tolerance responses that enable cold acclimation; and counting the
dosage of vernalisation for future developmental transitions. It is
not yet clear how chilling is sensed in wheat, but the COLD1-RGA1
complex is critical for cold-sensing in rice'>. COLD1, a regulator of
G-protein signalling (RGS), interacts with rice G-protein o subunit 1
(RGA1) to activate Ca’* influx into the cytoplasm and trigger-
ing downstream responses, such as expression of genes encod-
ing the transcription factors INDUCER OF CBF EXPRESSION 1
(ICE1) (also known as OsbHLHO002) and C-REPEAT-BINDING
FACTORS (CBFs) for chilling tolerance'?. These downstream sig-
nalling pathways, such as the CBF-dependent signalling pathway
and the mitogen-activated protein kinase 3 (MPK3)-OsbHLHO002-
trehalose-6-phosphate phosphatase 1 (OsTPP1) pathway, alter the
expression of key cold-response genes and cause the accumulation
of metabolites that enhance cold tolerance".

Wheat is planted in autumn to allow plants to acclimate to lower
temperatures and subsequently tolerate prolonged cold during win-
ter'"'%. In the conserved cold-acclimation pathway, cold-activated
ICE1 increases the expression of CBF genes to initiate expression
of COLD REGULATED (COR) genes, which allow plants to acquire
freezing tolerance'. The earlier and more up-regulated the CBF and
COR genes are a result of cold and confer faster cold-acclimation to
wheat'>'*. Whereas increased levels of vernalisation gene, VRNI,
mRNA after vernalisation can reduce the transcription of CBF and
COR genes to cold*". Therefore, low basal levels of VRN in autumn
facilitate the up-regulation of CBF and COR genes in cold weather,
which initiates the cold-acclimation process and improves frost-tol-
erance in temperate cereals”. In Brachypodium distachyon accessions
with a vernalisation requirement, a similar cold-acclimation response
was shown by gradually accumulating sugars, proline and COR gene
transcripts”. Alternative genes, such as COLD-INDUCED SMALL
PROTEIN 1 (CISP1), DEHYDRATION-RESPONSIVE ELEMENT-
BINDING PROTEINS 2/3 (DREB2/3) and LATE EMBRYOGENESIS
ABUNDANT (LEA) that were also involved in the regulation of cold
acclimation in temperate grasses”**?'. Cold-acclimation of cereal
crops in autumn lays the foundation for their survival in the following
vernalisation process during the winter. In addition to cereal crops,
many herbaceous plants (known as ‘biennials’ or ‘winter annuals’)
also require vernalisation. Although flowering is regulated by the
interaction of multiple genetic pathways (such as the autonomous
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Fig. 1] Life-cycle transitions of winter wheat and rice in response to
seasonal changes. Winter wheat and rice grow in different seasons due

to environmental constraints. Winter wheat can be planted in autumn to
acquire frost tolerance. The prolonged low temperatures of winter delay
flowering and, in spring, vernalisation and photoperiod determine when the
wheat flowers. Rice shows hypersensitivity to cold stress at the seedling
and reproductive stages, thus restricting its life cycle to warm conditions
(for example, in northern China, rice is sown in the early summer and
harvested in the autumn). The life-cycles of wheat and rice are shown by
the green and yellow arrows, respectively. The snowflakes represent stages
that may suffer cold stress.

and photoperiod pathways) with other variables, such as age and
hormone levels (for example, gibberellin (GA) levels), vernalisation
is a critical factor in promoting the floral transition in Arabidopsis®.
The timing of this transition to flowering is strongly influenced by
ambient environmental conditions, such as day-length and winter
temperatures®**. These intricate genetic networks evolved to moni-
tor endogenous and environmental signals to precisely regulate flow-
ering time and ensure reproductive success®*".

The molecular genetic network of vernalisation
Vernalisation genes with the same name but representing differ-
ent genes in Arabidopsis and temperate grasses (wheat, barley and
B. distachyon), such as VRNI and VRN?2, are involved in the genetic
network for vernalisation (Table 1)*-** and there is distinct diversity
between the genetic pathways of vernalisation-mediated flowering
in these plants. For instance, the flowering repressor gene FLC is
suppressed by vernalisation to initiate the floral transition in spring
in Arabidopsis®. In contrast, the return of warmth induces the flow-
ering promoting gene VRN to maintain higher transcript levels to
ensure spring flowering in wheat and barley (Fig. 2)***".

Arabidopsis genetic network. There are a series of key genes
involved in vernalisation in Arabidopsis, including FRIGIDA (FRI)*
and FLOWERING LOCUS C (FLC, a MADS-box transcription fac-
tor)*>*. FRI encodes a scaffold protein that increases transcription of
FLC by forming a large transcription activator complex composed of
FRI, FRI-LIKE 1 (FRL1), FRI ESSENTIAL 1 (FES1), SUPPRESSOR
OF FRI 4 (SUF4) and FLC EXPRESSOR (FLX)*. This complex

recruits transcription factors and chromatin modifiers to activate
FLC transcription®”. FLC delays flowering in a dose-dependent
manner”*. High levels of FLC expression repress transcription of
the two floral regulatory genes FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), resulting
in delayed flowering (Fig. 2)*"*.

Repression of FLC by prolonged cold requires many genes,
such as Arabidopsis thaliana VERNALIZATION 1 (AtVRNI),
VERNALIZATION 2 (AtVRN2), and VERNALIZATION
INSENSITIVE 3 (VIN3), which are involved in histone modifica-
tions at FLC (refs **~**). AtVRNI encodes a protein containing a B3
DNA-binding domain and a PEST region that regulates the acetyla-
tion and methylation of histone 3 at the FLC locus, thereby repress-
ing its expression’. AtVRN2 encodes a C2H2-type zinc finger
nucleoprotein, similar to the FIS2 and EMF2 polycomb group (PcG)
proteins in plants and the Su(z) protein in animals®. AtVRN2 is one
component of POLYCOMB-GROUP REPRESSIVE COMPLEX
2 (PRC2), which is required to stably maintain the repression of
FLC on return to warmth but does not function in its initial down-
regulation during vernalization™. Another polycomb group gene,
CURLY LEAF (CLF), an orthologue of the enhancer of zeste (E(z)),
encodes an H3K27me3 methyltransferase®. CLF is required for the
repression of FLC by vernalisation and plays an important role in
spreading H3K27me3 across the FLC locus after vernalization®~*.
VIN3, encoding a chromatin-remodelling plant homeodomain
(PHD) finger protein, is transcriptionally induced by vernalisation
and returns to basal levels under warm temperatures*®. During ver-
nalisation, VIN3 represses FLC transcription by recruiting PRC2,
which catalyses tri-methylation of H3K27 at the nucleation region of
FLC (refs ***+*7). VILI (also known as VRN5) is a paralogue of VIN3
but is not induced by vernalization®. During vernalisation, VIN3
interacts with VRN5/VILI1 to form a heterodimer that maintains the
vernalisation-inducing histone modifications required for silencing
FLC, such as deacetylation and H3K27me3 (ref. **). TERMINAL
FLOWER 2 (TFL2; also known as LIKE HETEROCHROMATIN
PROTEIN 1, LHP1) recognizes the H3K27me3 and maintains
the stable repression of FLC in Arabidopsis*~'. All of these genes
likely cooperate to silence the FLC gene and maintain its repressed
state by changing chromatin structure at the FLC locus during or
after vernalisation.

Genetic network in temperate grasses. Winter cereal varieties that
require vernalisation express various regulatory genes in response
to this process to adjust floral initiation, such as VRNI, VRN2
and VRN3 (refs #*°). VRNI, encoding an APETALA1 (AP1)-like
MADS-box transcription factor, is induced by vernalization and
promotes the transition from vegetative to reproductive develop-
ment”. VRN2, encoding a zinc-finger protein, is a floral repres-
sor that delays flowering until plants are vernalized™. Expression
of VRN3, which encodes a polyethanolamine-binding protein, is
mediated by the photoperiod and vernalisation, and accelerates
flowering™. During the vegetative stage of winter cereals in autumn,
VRN expression is low and VRN2 activity represses expression of
VRN3 (Fig. 2)°".

VRNI is associated with inflorescence meristem identity, floral
transition and cold tolerance in wheat***>*. This gene is ortholo-
gous to the meristem identity genes API, CAULIFLOWER (CAL)
and FRUITFULL in Arabidopsis*>*". Hexaploid wheat carries three
homologous copies of the VRNI gene in the long arm of chromo-
somes 5A, 5B and 5D, which are designated VRN-A1, VRN-BI and
VRN-DI, respectively’>***. VRNI transcription is initiated after
cold-exposure and maintains high levels of expression after ver-
nalisation in both apices and leaves of winter wheat. These tran-
scriptional dynamics may be controlled by histone modifications’'.
Both the promoter and the critical region in the first intron of
VRNI are required for the vernalisation response™ . Deletions and
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Table 1| Summary of genes involved in vernalisation in Arabidopsis, wheat and barley
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Gene name Description Function References
Arabidopsis
FLOWERING LOCUS C (FLC) A MADS-box transcription factor Represses flowering 33,34
FRIGIDA (FRI) A protein with two coiled-coil motifs Promotes expression of FLC 32
as a scaffold
VERNALIZATION 1 (AtVRNT) A protein containing a B3 DNA- Represses FLC by epigenetic 41
binding domain and PEST regions modification
VERNALIZATION INSENSITIVE 3 (VIN3) A chromatin remodelling plant Represses FLC by epigenetic 39,44,47
homeodomain (PHD) finger protein  modification
VERNALIZATION 5 (VRN5)/VIN3-LIKE 1 (VILT) A homologue of VIN3 Represses FLC by epigenetic 48
modification
FLOWERING LOCUS T (FT) A small globular protein similar to A major integrator of inductive 165,166
the RAF kinase inhibitors flowering pathways
FLOWERING LOCUS D (FD) A bZIP transcription factor Interacts with FT to induce floral 77
meristem identity genes
Polycomb FERTILIZATION INDEPENDENT A homologue of extra sex combs Represses FLC by H3K27me3 167,168
repressive complex ENDOSPER (FIE) (ESC) epigenetic modification
2 (PRC2)
MULTI-SUBUNIT SUPPRESSOR OF IRA° Homologues of nucleosome- Represses FLC by H3K27me3 169,170
1(MSIT) remodelling factor 55 kDa subunit epigenetic modification
(NURF55)
FERTILIZATION INDE-PENDENT SEED ~ Three homologues of suppressor of ~ Represses FLC by H3K27me3 40,171-173
2 (FIS2)/ EMBRYONIC FLOWER 2 zeste 12 (Su(2)12) epigenetic modification
(EMF2)/ VERNALIZATION 2 (AtVRN2)
CURLY LEAF (CLF)/ SWINGER The H3K27 methyltransferases as Represses FLC by H3K27me3 43,174,175
(SWN)/ MEDEA (MED) homologues of Drosophila enhancer epigenetic modification
of zeste (E(2))
VIVIPAROUS 1/ABI3-LIKE 1/2 (VAL1/2) A trans-acting epigenome reader Recognises the RY-motifs and 119,120
and transcriptional repressor H3K27me3 of FLC to recruit PRC2
LEAFY COTYLEDON 1 (LECT) A NF-Y seed-specific transcription ~ Engages EFS and SWRIc to establish 124
factor an active chromatin state at FLC
EARLY FLOWERING 6 (ELF6) A H3K27me3 demethylase Partially resettes vernalized state of FLC 176
Wheat and barley
VERNALIZATION 1 (VRNT) An APETALAT-like MADS box Promotes flowering 28
transcription factor
VERNALIZATION 2 (VRN2) A zinc-finger-CCT domain Represses flowering 52
transcription factor
VERNALIZATION 3 (VRN3) A RAF kinase inhibitor-like protein, ~ Promotes flowering 53,81
similar to Arabidopsis FT
VERNALIZATION-D 4 (VRN-D4) Sharing with the regions VRN-ATas  Promotes flowering 68,69
an extra copy of VRNT
GLYCINE-RICH RNA-BINDING PROTEIN 2 (GRP2) A glycine-rich RNA-binding protein  Inhibites the splicing of VRNT pre- 67
mRNA
VERNALIZATION RELATED 2 (VER2) A jacalin-like lectin Switches the sublocalization of GRP2 ~ 65-67
to increase VRNT expression
FD-like 2 (FDL2) A homologue of Arabidopsis FD Promotes transcription of VRNT by 78
interacting with FT
B. distachyon
VERNALIZATION 1 (VRNT) An APETALAT1-like MADS box Promotes flowering 89
transcription factor
VERNALIZATION 3 (VRN3) A RAF kinase inhibitor-like protein, ~ Promotes flowering 89
similar to Arabidopsis FT
REPRESSOR OF VERNALIZATION 1 (RVRT) A protein containing a bromo- Represses VRN1 before cold 70
adjacent homology and
transcriptional elongation factor S-II
domain
ENHANCER OF ZESTE-LIKE T (EZLT) A homologue of Arabidopsis CLF Represses VRNT by H3K27me3 132

NATURE PLANTS | www.nature.com/natureplants

modification before cold


http://www.nature.com/natureplants

REVIEW ARTICLE NATURE PLANTS

Arabidopsis

Autonomous pathway
FCA, FLD, FY, FVE
PRCZ

1

Wheat and barley

Light — | PHYC

/I

e

/}A{\

4 BN

VRN3

Long days

Photopenod \ FLC 4_ - Verr
Integrators
A |l ———
T oS00

% )

T\
—

Fig. 2 | Comparison of the vernalisation gene-regulatory networks of Arabidopsis and wheat. There are distinct differences in the gene-regulatory
networks involved in vernalisation between dicots (Arabidopsis) and monocots (wheat and barley). In Arabidopsis (left), FLC is a key flowering repressor
that is regulated by the autonomous and vernalisation pathways. Vernalisation inhibits expression of FLC by PRC2- and IncRNA-mediated epigenetic

regulation. AtVRN1 and VRN5 also regulate the expression of FLC through epigenetic modifications. Silencing of FLC promotes flowering by up-regulating
the expression of flowering integrator genes, such as FT and SOCI. In wheat and barley, the long days of autumn induce high levels of VRN2, which
represses the expression of VRN3 to inhibit flowering. Cold temperatures induce high expression levels of VRNT through epigenetic regulation and VER2-
GRP2-mediated RNA splicing. VRN-D4, a copy of VRN-AT, is also induced by vernalisation and modulates flowering. VRNT1 directly represses VRN2
expression by binding its promoter in leaves. The resulting low VRN2 transcript levels facilitate the up-regulation of VRN3 by long days in the spring, which
is mediated by PHYC, PPD1and CO. VRN1 can also increase the transcription of VRN3 by binding its promoter. VRN3 further induces VRNT by interacting
with FDL2 and 14-3-3 in the leaves, forming a positive feedback loop. VRN3 can be transported from leaves to the shoot apex to promote VRNT expression,

initiating the switch from vegetative growth to flowering. VRN1 can also promote the expression of FPFI-like genes by inhibiting ODDSOC2 transcription,

thereby accelerating flowering.

insertions in the promoter of VRNI, and large deletions in its first
intron, have been correlated with dominant alleles for spring growth
habits in wheat, suggesting that these regions are extremely impor-
tant for repression of VRNI expression before vernalization®-°'.
These mutations likely break the higher structures in chromatin
or modulate epigenetic regulation of the VRNI locus—a ques-
tion worth further investigation in the future. Allelic variation at
the VRNI locus is one of the main sources of genetic variation in
vernalisation requirements in wheat. One dominant VRN allele at
any of the three homoloci is sufficient to confer a spring growth
habit**>***"*2, Vernalisation induces higher transcript levels of VRN-
Al with promoter mutation compared to VRN-BI and VRN-DI
with first-intron deletions, so the different strengths of these alleles
may be due to various underlying mutations™**%'. Additional cold-
induced genes mediate VRN expression to ‘regulate’ floral initia-
tion in wheat. VER2, induced by vernalization, encodes a jacalin-like

lectin with high affinity for galactose and N-acetylglucosamine
(GlcNAc)*>%. VER2 interacts with the glycine-rich RNA-binding
protein GRP2 (an orthologue of the Arabidopsis GLYCINE-RICH
RNA-BINDING PROTEIN 7), moving it from the nucleus to the
cytoplasm. This translocation of GRP2 represses its specific RNA-
binding to RIP3 in the first intron of VRNI, resulting in high levels
of VRNI transcripts following prolonged cold exposure®. VRN-D4,
an extra copy of VRN-AI, is located on chromosome 5DS and is
crucial for development of the spring growth habit in wheat®. Three
adjacent single nucleotide polymorphisms (SNPs) in the RIP3 motif
of VRN-D4 disrupt the binding of GRP2. In the RIP3 motif of VRN-
Al, SNPs are correlated with winter and spring growth habits in
wheat, which provides a novel idea for the adaptation of wheat vari-
eties to different environments (Fig. 2)®. In wheat, there are likely
negative regulators of VRNI that minimize its transcription prior
to winter. Recently, in Brachypodium, a gene called REPRESSOR
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OF VERNALIZATIONI (RVRI) has been shown to be a repressor
of VRNI before vernalisation and to be involved in establishing a
vernalisation requirement’’. Even though VRNI1 plays an important
role in regulating wheat vernalisation-mediated flowering, its loss
does not abolish flowering™. There are likely redundant flowering
genes, such as FUL2 and FUL3 (paralogues VRN1), that can induce
wheat flowering in the absence of functional VRN1 (ref. ).

Additional variation in vernalisation requirements in wheat is
determined by VRN2 (ref. **). Analyses of genetic epistatic inter-
actions indicate that VRNI and VRN2 share a genetic pathway’
VRN2, as a repressor of flowering, encodes a zinc-finger-CCT
domain transcription factor and is down-regulated by vernalisa-
tion and short days®>’>”. Therefore, this CCT domain contributes
the vernalisation requirement in winter wheat and barley. Mutants
or deletions in the CCT domain eliminate this vernalisation
requirement’>’*”>.

VRN3, a promoter of flowering, encodes an RAF kinase inhib-
itor-like protein and is induced in leaves by long days. This pro-
tein in wheat is functionally similar to FLOWERING LOCUS T in
Arabidopsis>’*. VRN3 promotes VRNI expression by interacting
with the bZIP transcription factor FDL2, which is an orthologue of
Arabidopsis FD that directly binds ACGT elements in the promoter
region of VRNI (refs 777). The VRN3-FDL2 interaction requires
the 14-3-3C protein to form a florigen activation complex (FAC),
which can regulate other flowering promoters in wheat and barley”.
VRN3 can integrate the vernalisation and photoperiod signals to
accelerate flowering. In the long days of autumn, the low expres-
sion level of VRNI leads to high levels of VRN2, which represses
the expression of VRN3 to inhibit flowering”®. In winter, short
days and prolonged exposure to low temperatures up-regulates
VRNI (refs °'). VRN1 can directly bind the promoter of VRN2
to decrease its transcription, and can increase the transcription of
VRN3 by binding to its promoter in barley’. Thus, the increased
expression of VRNI after winter represses the transcription of
VRN2, which enables the transcription of VRN3 under long-day
conditions in spring®-*. VRN3 expression is also mediated by the
photoperiod genes PPDI and CO, as well as the competition to inter-
act with nuclear factor-Y (NF-Y) transcription factors between CO
and VRN2 (ref. ). Light-dependent PHY TOCHROME C (PHYC)
mediates the transcriptional activation of PPDI and CO to up-reg-
ulate VRN3 in wheat***. VRN3 further induces VRNI in the leaves
to form a positive-feedback regulatory loop. In addition, VRN3 is
transported to the shoot apex from leaves, where it up-regulates
VRNI expression to a threshold level that initiates the switch from
vegetative to reproductive growth (Fig. 2)*. In barley, the grass-spe-
cific MADS box gene ODDSOC2, an orthologue of FLC in mono-
cots, was found to function in the vernalisation process®. VRN1
can down-regulate the transcription of ODDSOC2 by directly bind-
ing to its promoter, reducing expression of the FPFI-like gene, an
orthologue of Arabidopsis FLOWERING PROMOTING FACTOR 1
(FPF1), to inhibit flowering®**. The VRN1-VRN2-VRN3 regula-
tory modules can integrate vernalisation and the photoperiod signal
to precisely mediate the flowering time of cereals in the spring.

The temperate grass model B. distachyon shares a conserved
mechanism of vernalisation with wheat and barley on temperate
grass orthologues of VRNI and VRN3 (ref. *). In Brachypodium,
the expression pattern of VRNI in its flowering response depends
on vernalisation’”'; where increased expression levels of VRNI and
VRN3 promote the transition to flowering®***. Despite VRN2 acting
as a floral inhibitor in Brachypodium, it is not repressed by vernali-
sation through VRNI1 but is induced by cold, contrary to the VRN2
gene in wheat and barley”. The functional diversity of VRN2 in the
vernalisation of various grass species is still a ‘black box’.

Interestingly, cold acclimation is decreased in vernalized
plants, which may indicate a trade-off between development and
defence. The vernalisation gene VRNI can down-regulate the
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expression of CBF by binding to its promoter, facilitating the transi-
tion from vegetative to reproductive development after vernalization®.
A similar regulatory mechanism is found in Brachypodium, in which
the expression of VRNI reduces freezing tolerance by decreasing
the expression of cold-responsive genes in vernalized and spring
growth habit plants®. Thus, the expression of VRNI can coordi-
nate cold-acclimation and vernalisation-mediated flowering in
temperate grass. Similar patterns have also been shown in rice cold-
tolerance, where OsMADS57 can coordinate cold-stress responses
and developmental transitions through switching its binding tar-
gets, although rice does not require vernalisation for flowering”.

The perception of vernalisation and memory of winter
Vernalisation requires that plants both sense their exposure to cold
temperatures and form a ‘memory’ of that exposure to ensure they
flower in response to warmer temperatures in spring”. Indeed,
sensing the vernalization dosage is required for the transition from
vegetative growth to flowering. Previous studies that used localized
chilling and grafting methods suggested that shoot apices (including
young leaf primordia and the shoot apical meristem) are responsi-
ble for the perception of cold-temperature signals for flowering’”".
However, these technical approaches failed to distinguish between
cold-sensing at the meristem and in young leaves. Further evidence
indicates that the vernalisation signal is perceived in leaves. In sugar
beet, young leaves were induced to produce the floral stimulus by
vernalisation®. Flowering plants were regenerated from vernalised
leaves of Luannari biennis and Thlaspi arvense but not from non-
vernalised leaves” '"'. More precise molecular analyses, such as
in situ RNA hybridization of the vernalisation-induced gene VER2,
also indicate that immature leaves are the key tissues for sensing
cold temperatures during vernalisation®. These data suggest that
young leaves are the main tissue to perceive the vernalisation signal
for flowering.

After the sensing step, plants must maintain the effect of vernali-
sation through mitotic divisions to successfully transition to flower-
ing in spring'””. This cold-induced mitotic transmission is an effect
of vernalisation memory (or winter memory)'”, which was first
described in the henbane plant in the 1940s'". Vernalised henbane
plants can sustain vegetative growth throughout non-inductive pho-
toperiods, and can then flower after shifting to inductive photope-
riods'®”. Thus the stable effect of vernalisation can be remembered
through cell divisions under warm conditions'®. This vernalisation
memory has also been verified in temperate grasses. For example,
VRNTI is stably induced after vernalisation and thus likely contrib-
utes to the memory of vernalisation in Brachypodium and cereals,
such as wheat and barley”'®. The effects of insufficient vernalisa-
tion can be reversed by exposure to high temperatures (~35°C) in a
process known as devernalisation®'**'?”. Further studies have dem-
onstrated that the mechanism of vernalisation memory is related to
the epigenetic regulation of key vernalisation genes.

Counting winter dosage with epigenetic marks

A requirement for vernalisation (and therefore winter) ensures that
plants grow vegetatively over winter and flower the next spring.
Counting the winter dosage is mainly regulated by the histone epi-
genetic alteration of FLC in Arabidopsis and VRN in cereal crops.

Activation of FLC by epigenetic histone modifications. Before
vernalisation, FLC is expressed at a high levels due to the pres-
ence of histone modifications in its promoter region that promote
transcription, including trimethylation of histone 3 at lysine 4
(H3K4me3) and at lysine 36 (H3K36me3). FRI acts as a scaffold
with its paralogue FRL1, DNA-binding protein SUF4, transacti-
vating protein FLX4 and the zinc finger-containing protein FESI,
forming a transcriptional activating complex®. This FRI complex
increases FLC expression by increasing the levels of H3K4 and
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H3K36 trimethylation, H3 and H4 acetylation and H2A.Z depo-
sition at the FLC by recruiting the COMPASS-like complex, SET
DOMAIN GROUP 25 (SDG25), the H3K36me3 methyltransferase
EARLY FLOWERING IN SHORT DAYS (EFS), and the chroma-
tin-remodelling SWR1 complex>'*-'". This group of transcrip-
tional activators ensures high levels of FLC expression to prevent
flowering before spring. Cold-activated stress protein WRKY34
promotes the expression of CULLIN 3A (CUL3A) resulting in
the proteasome-dependent degradation of the FRI complex by a
CUL3A-based ubiquitin E3 ligase to slightly repress transcription
of FLC (Fig. 3)'""; in an example of protein degradation for coordi-
nating stress and flowering development.

PcG-mediated silencing of FLC during vernalisation. The poly-
comb repressive complex 2 (PRC2), which silences gene expression
by inducing trimethylation of histone H3 at lysine 27 (H3K27me3)
at target gene loci, is a popular working model to explain vernali-
sation at the molecular level''>'”’. The epigenetic silencing of FLC
during vernalisation may be divided into two phases in Arabidopsis:
the initial silencing of expression, and the subsequent spreading and
maintenance of the silenced state. During prolonged cold exposure
during winter, VIN3 and the long non-coding (Inc)RNAs COLD-
INDUCED LONG ANTISENSE INTRAGENIC RNA (COOLAIR)
and COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR),
down-regulate FLC (refs **''#!*). The antisense IncRNA COOLAIR
starts downstream of the FLC poly(A) site and terminates within the
FLC promoter. COOLAIR expression is induced soon after expo-
sure to low temperatures and peaks after 10 days of cold''. During
vernalisation, COOLAIR accelerates the transcriptional repres-
sion of FLC by reducing H3K36me3 at the FLC locus''*. COLDAIR
maintains this COOLAIR-initiated repression of FLC. COLDAIR is
derived from the first intron of FLC and is induced slowly by cold
temperatures, reaching its maximum expression level after 20 days of
cold. The sense IncRNA COLDAIR interacts with CLF, a component
of the PRC2 complex, to recruit PRC2 to the FLC locus to repress
FLC transcription'”. An additional sense IncRNA COLDWRAP
(COLD OF WINDTER-INDUCED NONCODING RNA FROM
THE PROMOTER), derived from the FLC promoter and highly
expressed after winter cold, associates with COLDAIR to retain the
PRC2 complex at FLC to establish the stable repressed state of FLC
(ref. ''%). Before vernalisation, VIVIPAROUS 1/ABI3-LIKE factors
VALLI and VAL2 recruit LHP1, the PRC2 complex, components of
the apoptosis- and splicing-associated protein (ASAP) complex,
and HDAI19 to the nucleation region of FLC. This recruitment of
regulatory factors is achieved by VALI and VAL2 recognition of two
RY motifs and H3K27me3 markers in the nucleation region of FLC
(refs "'*'2%). To initiate FLC repression, VIN3 associates with PRC2
to form the active PHD-PRC2 complex, resulting in a peak of the
repressive chromatin marker H3K27me3 at the nucleation region
(Fig. 3)"*". Both COLDAIR and VAL1/2 can recruit PRC2 complexes
at the FLC locus and initiate the repression of FLC, but how they
cooperate to regulate this repression is still unknown. It is likely that
they function in the relay to maintain the repressed state of the FLC
nucleation region during prolonged cold exposure by targeting the
same site or adjacent sites to the FLC locus™'*. It is also possible
that they work together to strongly initiate the repression of FLC by
increasing H3K27 trimethylation at the nucleation region. This will
be an interesting problem to resolve in the future.

Memory and resetting of vernalisation. In Arabidopsis,
H3K27me3 induced by the PRC2 complex (silencing the FLC gene)
and H3K4me3 induced by the COMPASS complex (activating the
expression of FLC) are involved in the memory of the repressed
and activated states, respectively, of chromatin through cell divi-
sion?>#>12b12512¢ - Active histone modifications, such as H3K4me3,
promote high levels of FLC expression before winter, and the active

state of FLC is maintained until winter. During vernalisation, the
PcG-mediated nucleation of FLCin intron 1 represses its expression,
and this silencing is remembered during subsequent growth and
development under warmer temperatures'>'*. Vernalisation mem-
ory requires the spread of H3K27me3 across the entire region of FLC
through cell divisions following return to warmth, in which DNA
polymerase o, DNA polymerase €, ESD7, CLE, EMF2, MSI1 and
LHP1 play important roles'”. Maintenance of FLC repression allows
Arabidopsis to flower in spring*>'#>'¥’, but how the silenced state of
FLC is erased in the next generation to enable high levels of FLC
expression before winter is still unclear. Recently, the seed-specific
transcription factor LECI was found to bind the promoter of FLC
and promote a shift from the vernalized chromatin state, charac-
terized by repressive H3K27me3, to the active chromatin state,
characterized by permissive H3K4me3 and H3K36me3 (ref. ).
This epigenetic change deletes the vernalisation memory and reac-
tivates expression of FLC in the pro-embryo. This active state of
FLC is also passed on to the following seedling stage by mitosis,
preventing flowering before or during winter. The jumonji-domain-
containing protein EARLY FLOWERING 6 (ELF6), which pos-
sesses H3K27me3 demethylase activity, also functions in deleting
vernalisation memory and reactivating the expression of FLC in the
pro-embryo'**. However, how the LECI and ELF6 together regulate
the deletion of vernalisation memory, is still unknown.

Epigenetic regulation of vernalisation in temperate grasses.
In temperate grasses, the epigenetic regulation of vernalisation
is distinctly different from that of Arabidopsis. In wheat and bar-
ley, the target gene regulated by epigenetic modification is mainly
the promoting gene VRN instead of a repressor of flowering'*'®.
VRNI expression is induced by vernalisation and is maintained
at high levels on return to warm conditions. VRN1 possesses a
large first intron of about 10 kb that contains regulatory regions
for vernalisation. Epigenetic modifications in both the first intron
and the promoter of VRNI are involved in the epigenetic memory
of vernalisation in wheat and barley*'**'**, Before vernalisation,
the repressive mark H3K27me3 is deposited in VRNI locus to
inhibit VRNI transcription in barley and wheat'*. During ver-
nalisation, the active histone modification marks H3K4me3 and
H3K36me3 are gradually increased at VRN, while H3K27me3
levels decrease™*"'°>!?°, The epigenetic activation of VRNI can
be maintained on returned to warm conditions. The polycomb
complex and Trithorax-group complex are responsible for the
maintenance of H3K27me3 and H3K4me3 levels"*"'. It was
also shown that the CURLY LEAF orthologue ENHANCER OF
ZESTE-LIKE 1 (EZL1) in Brachypodium is involved in deposit-
ing repressive H3K27me3 chromatin marks around VRNI before
cold”. In Brachypodium, there is a decrease in H3K27me3, as
well as an increase in H3K4me3, around VRNI during cold that
associated with the stably induced expression of VRNI after the
cold’**?1, The integrated data demonstrate that VRN likely plays
a role in memory of the vernalized state through epigenetic regu-
lation. There may also be alternative candidates for genes that are
related to the memory of winter in grasses. A number of genes
in Brachypodium were identified, for which the expression pat-
terns and epigenetic modifications (H3K27me3 and H3K4me3)
changed during cold, that are maintained after 7 days post-ver-
nalization**"**. In Brachypodium, VRN3, similar to VRNI, also
showed coordinated changes in H3K4me3 and H3K27me3 that
were epigenetically regulated during vernalization'**.

This vernalisation-memory-associated switch from H3K27me3
to H3K4me3 at the key vernalisation gene locus may be due
H3K27me3 demethylase activity, H3K4 methyltransferase activity
and binding elements in VRNI. Intricate complexes (such as epi-
genetic modules) are likely needed to sense prolonged cold tem-
perature and regulate the maintenance of the active state of VRNI
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Fig. 3 | Epigenetic silencing of FLC to count the duration of vernalisation. A profile of FLC regulation for counting vernalisation with epigenetic marks in
Arabidopsis. Before vernalisation (in the autumn), FRI increases expression of FLC by recruiting proteins to form the FRI-complex (FRI-c), which increases
the level of the active histone marks H3K4me3 and H3K36me3 at the FLC locus by recruiting COMPASS-like H3K4 methyltransferase complex, SDG25
and EFS. The high expression level of FLC inhibits Arabidopsis flowering before or during winter. During vernalisation (in the winter), FLC is gradually
silenced by high levels of H3K27me3 at the nucleation region of FLC, which is jointly regulated by the PHD-PRC2 complex and decreasing levels of
H3K4me3 and H3K36me3. Prolonged low temperatures in winter induce the expression of non-coding RNAs COOLAIR and COLDAIR, and the expression
of PHD finger protein VIN3 at different stages of vernalisation. VAL1 recognizes the RY motifs and H3K27me3 markers in the FLC nucleation region to
recruit LHP1 and the PHD-PRC2 complex, resulting in the peak of H3K27me3 at this region. COLDAIR interacts with CURLY LEAF (CLF, a component of
the PRC2 complex), to recruit PRC2 and enhance repression of FLC. On return to warmth (in spring), the silenced state of FLC is maintained by the spread
of H3K27me3 across the entire region of FLC through cell divisions, allowing Arabidopsis to flower. Here, the H3K27me3 level at the FLC locus (top) is

consistent with the chromatin structure of FLC (middle).

or other candidate genes after vernalisation. This key fundamental
question should be addressed with new data in the future.

0O-GIcNACc signalling in the vernalisation response
O-GlcNAc signal was reported to be involved in the etiology of
human diseases, such as cancer and diabetes, through affecting pro-
tein phosphorylation status, stability, localization and/or interaction
with other proteins. In plants, previous studies have also shown that
O-GlcNAc signalling, including metabolism, has a crucial role in
regulating the vernalisation response for flowering.

Metabolic characters during vernalisation. During prolonged cold
exposure, several metabolic changes occur before morphological

NATURE PLANTS | www.nature.com/natureplants

changes at the shoot apex. There are three sequential stages in ver-
nalisation: the inducing period, the accelerating period and the
steadying period®. During the different stages of vernalisation,
several programmed metabolic changes occur sequentially, includ-
ing oxidative phosphorylation to produce energy during the induc-
ing period (a dehydrogenase-enhanced stage), and nucleic acid and
protein metabolism in the accelerating period®. Monosaccharide
levels are significantly higher in cold-treated plants'® and the
addition of glucose can reduce the number of required vernalized-
days of winter wheat before flowering'*>"*. In fact, approximately
2-5% of intracellular glucose enters the hexosamine biosynthesis
pathway (HBP), which eventually produces uridine diphosphate-
N-acetylglucosamine (UDP-GIcNAc)".
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O-GIcNAc signal and its regulation in vernalisation respon-
siveness. UDP-GIcNAc is the direct donor of the nutrient sensor
O-GIcNAc™®. Two conserved enzymes, O-GIcNAc transferase
and O-GlcNAcase, mediate the reversible addition and removal
of O-GlcNAc to and from the serine or threonine of target pro-
teins, similar to protein phosphorylation'*. Indeed, the same sites
are often targets for both O-GlcNAcylation and phosphorylation,
resulting in the Yin-Yang model of antagonism between these
two modifications at both the global proteome level and at spe-
cific amino acids on particular proteins'*-'*>. In Arabidopsis, the
OGTs SECRET AGENT (SEC) and SPINDLY (SPY) have been
functionally characterized in plant development and growth, and
double-mutant seedlings have been shown to be inviable'*-'*.
O-GlcNAcylated proteins are also identified as mediators of the
circadian clock, flowering time and floral organ development
through effects on transcription, chromatin remodelling and epi-
genetic gene regulation in Arabidopsis'*. Recently, ARABIDOPSIS
HOMOLOGUE OF TRITHORAX 1 (ATX1) was shown to be
modified by O-GlcNAcylation, and O-GlcNAc signalling can regu-
late flowering by changing the activity of ATX1 to affect the epi-
genetic methylation modifications at FLC locus in Arabidopsis'*’.
In wheat, O-GlcNAcylation of GRP2 and phosphorylation of VER2
together mediate the vernalisation process®®. A jacalin-like lec-
tin, VER2, shows binding specificity to N-acetylglucosamine and
galactose®. Knockdown of VER2 causes a delay in flowering, and
overexpression of VER2 can accelerate flowering in winter wheat
during vernalisation, suggesting its overexpression can partially
replace vernalisation treatment to induce flowering”. During ver-
nalisation, VER2 binds to O-GlcNAcylated proteins®*°, such as
O-GlcNAcylated GRP2 (ref. ). In fact, prolonged exposure to cold
temperatures simultaneously increases O-GlcNAcylation of the
flowering repressor GRP2 in the cytoplasm and phosphorylation of
the flowering activator VER2 in the nucleus. This crosstalk between
phosphorylation and O-GlcNAcylation, regulates the interaction of
VER2 and GRP2, as well as modulating the transcription of key ver-
nalisation response gene VRNI (which contains the specific RNA-
binding site RIP3 that affect flowering in winter wheat) (Fig. 4). As
VER?2 binds diverse range of O-GlcNAcylated proteins, there may
also be other O-GlcNAcylated proteins involved in regulation of
vernalisation response®.

Vernalisation evolution
Grasses (Poaceae) originated about 70 million years ago, likely in the
understory of tropical forests. The colonization of temperate zones
by Pooideae, a subfamily of grasses, was likely enabled by the evolu-
tion of specific inducible genetic modules from deeply conserved
stress-response pathways'*>'*. In temperate latitudes, some plant
species have evolved the ability to use prolonged cold winters as a
regulatory factor, which confers them with competence for spring
flowering to maximize their reproductive success'®’. The evolu-
tion of the vernalisation response resulted in the wide spread of the
Pooideae planting area and facilitated the radiation of Pooideae into
temperate areas'*”'*'. Other Poaceae taxa, such as Bambusoideae
and Ehrhartoideae, do not require vernalisation, likely due to their
restricted distribution in tropical or subtropical regions. This is
true even in highland rice varieties, which can tolerate chilling but
display no vernalization response’*?. Although the rice gene GHD7
(GRAIN NUMBER, PLANT HEIGHT AND HEADING DATE 7) is
an orthologue of the wheat vernalisation gene VRN2, it only has the
ancestral function of repressing flowering under long days®>'*.
Despite evidence for an early origin of vernalisation respon-
siveness in Pooideae, the VRN1-VRN2-VRN3 regulatory mod-
ules may have been established during core Pooideae evolution
(such as in wheat and barley) to precisely mediate flowering®'.
In fact, VRN2 is not down-regulated by vernalisation through
VRNI1 in Brachypodium®***. However, the up-regulation of VRNI

by prolonged cold was likely a key early event in Pooideae evolu-
tion”>!*0132154 while the FUL-like MADS box genes (VRN1)-FT
regulatory feedback loop probably developed prior to vernalisation
in cereals, as it is highly conserved in the flowering control path-
way #2015 Thus, the VRN1-VRN2-VRN3 regulatory module
in vernalisation is likely to have occurred after the divergence of
Brachypodieae from the core Pooideae. Mutations in the promoter
region and first intron of VRNI may have increased variations in
growth habit (ranging from winter to spring growth) and therefore
increased evolutionary potential. Most of the wild Triticeae species
possess a winter growth habit with the ancestral recessive VRN
allele, however domestication and artificial selection favoured vari-
ous dominant VRNT alleles that conferred the spring growth habit.
This evolution of the spring type from the winter type resulted in
adaptation of crops to temperate regions'*. Phylogenetic analy-
ses indicate that VRN2-like genes underwent a duplication event
before the diversification of grasses, resulting in two grass clades—
the CO9 clade and the VRN2/GHD?7 clade”. On the other hand,
the Brachypodium VRN2 gene, unlike VRN2 in wheat and barley,
is induced by long days in vernalised plants””. It seems that the
function of this gene in vernalisation is evolving rapidly in grasses.
Nevertheless, the function of VRN2/GHD?7 in repressing flower-
ing is conserved under long days. The rice GHD? gene is induced
by long days and represses the transcription of HEADING DATE
3A (HD3A, a homologue of FT) to inhibit flowering'”’. Within the
grass lineage, GHD7 may function to induce flowering in response
to photoperiod, but may have nothing to do with the response to
vernalisation, probably due to the lack of low temperatures required
for vernalisation in tropical or subtropical regions™.

The vernalisation-regulated flowering pathway is involved
in both monocots and eudicots. In monocots, such as wheat and
barley, the genes controlling the vernalisation response function
mainly in the VRN1-VRN2-VRN3 regulatory loop. However,
this is different from the FRI-FLC module in Arabidopsis®-'*'. The
mechanism of counting the duration of vernalisation also differs
between monocots and eudicots. The polycomb complex mediates
the stable epigenetic silencing of FLC by H3K27me3 in Arabidopsis,
whereas the epigenetic activation and maintenance of VRN expres-
sion is regulated by increased H3K4me3 in wheat and barley*”'%>'%,
These distinct vernalisation systems are probably the result of con-
vergent evolution between monocots and eudicots living in similar
environments. Orthologues of FLC, ODDSOC2 in Brachypodium
and barley, or AGL33 in wheat, were identified to act similarly as
flowering repressors'**'**, Even in accessions of Brachypodium, such
as Bd21 and BdTR3C, down-regulation of ODDSOC2 by prolonged
cold exposure is associated with increased H3K27me3 at ODDSOC2
locus and is maintained when the plants are returned to warm tem-
peratures'®®. This provides a fresh perspective on the differences in
the evolution of vernalisation between monocots and eudicots.

The vernalisation-regulated flowering pathway is also divergent
in different dicotyledonous species. In sugar beet, as a new mode of
life-cycle-control in dicotyledonous species, a different regulatory
module BOLTING TIME CONTROL 1 (BvBTC1)-BvFT1-BvFT2
has evolved in response to vernalisation, compared with that in
Arabidopsis’>'®. During vernalisation, the pseudo-response regula-
tor (PRR) gene BvBTCI is upregulated, suppressing expression of
the flowering repressor gene BvFT1 and promoting expression of the
flowering activator gene BvFT2 (ref. 7°). Despite the various vernali-
sation regulatory loops in Arabidopsis and beet, an FLC orthologue
(FLC-LIKE 1; BvFL1) has been identified in beet. Complementation
analyses of BVFLI in Arabidopsis, and down-regulation of BvFLI by
vernalization in beet, suggest its conserved floral repressor func-
tion'®'. However, instead of being epigenetically maintained in a
transcriptionally silent state after vernalisation, expression of BvFL1
returns to pre-vernalisation levels, which is very different from that
in Arabidopsis'***. In galegoid legumes (another dicotyledonous
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Fig. 4 | The regulatory role of the O-GIcNAc signal in vernalisation. Before vernalisation, GRP2 (an RNA-binding protein) binds to the RIP3 motif in

the first intron of VRNT pre-mRNA, inhibiting its splicing to keep the level of VRNTmRNA low (left). Prolonged cold temperature exposure gradually
increases the level of phosphorylated-VER2 in the nucleus. At the same time, phosphorylated-VER2 can interact with O-GlcNAcylated GRP2, induced by
vernalisation, which leads to release of VRNT pre-mRNA and accumulation of VRN1. This accumulation promotes flowering of plants in the spring (right).
The crosstalk between phosphorylation of VER2 and O-GlcNAcylation of GRP2 mediates vernalisation by regulating the expression of VRNTin wheat. The
blue molecular structure represents phosphoric acid; the orange molecular structure shows acetylglucosamine (GIcNAc). SEC, SECRET AGENT.

species), Arabidopsis FLC-like genes appear to be absent, and a ver-
nalisation-independent mechanism exists. Interestingly, the number
of FT orthologues are higher in legumes (which evolved into three
subclades FTa, FTb and FTc, with different functions in the legume
species)'®. The FIal gene from Medicago truncatula is necessary
for the response to vernalisation, whereas vernalisation responsive-
ness is mediated by FTcl gene in Lupinus angustifolius">*'**. Both
conservation and divergence were likely to have occurred during
the evolution of vernalisation in dicotyledons.

Perspectives

The major fundamental questions of vernalisation are how plants
sense the vernalisation signal and count the dosage of prolonged
cold exposure, along with how these processes can be applied to
crop production.

Counting the dosage of vernalisation with epigenetic marks.
The genetic and epigenetic regulatory networks of vernalisation
differ considerably between temperate grasses and Arabidopsis. In
Arabidopsis, flowering repressor FLC is the key gene that responds
to vernalization®. The PcG-mediated epigenetic silencing of FLC
tracks the duration of vernalisation and initiates the floral transi-
tion*. The vernalisation-mediated recruitment of H3K27me3 to
the nucleation site of FLC initiates gene repression and, on return

NATURE PLANTS | www.nature.com/natureplants

to warm conditions, the repressed state of FLC can be maintained
and mitotically inherited by spreading H3K27me3 around the pro-
moter and coding region of the FLC locus. This ensures flowering of
Arabidopsis in the spring'?'. In barley, VRN1 binds to the promoter
of VRN2 to repress its expression. Thus repression of VRN2 may not
be involved in counting the vernalisation process®'*. Interestingly,
in temperate grasses (such as wheat, barley and Brachypodium), the
flowering promoter gene VRNI tracks the duration of prolonged
cold with increased H3K4me3, rather than H3K27me3, and main-
tains a high level of VRN expression even after vernalisation®'%!%2,
A number of genetic analyses hint that the promoter and first intron
of VRNI play a vital role in its epigenetic regulation®"'".

The potential mechanism of sensing vernalisation signal. The
perception of the vernalisation signal is a process that balances the
cold defence response with plant development following prolonged
exposure cold temperatures. A potential theory for the quantita-
tive activation of flowering by vernalisation in cereals is that cold-
temperature-induced transcription leads to a gradual change in
VRN expression by erasing repressive chromatin marks'®. Another
alternative hypothesis is that the duration of vernalisation could be
recorded by the modifications of key proteins, such as phosphoryla-
tion of VER2 and O-GlcNAcylation on GRP2 (ref. ). In wheat, cross-
talk between gradually phosphorylated VER2 and O-GlcNAcylated
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GRP2 during vernalisation can regulate the expression of VRNI in
response to vernalisation, which implies that the Yin-Yang relation
of phosphorylation and O-GlcNAcylation may involve sensing the
vernalisation signal and counting the duration of prolonged cold
(Fig. 4). Further analysis of this relationship may provide new ave-
nues of research on the perception of vernalisation dosage.

Up to now, the genetic and epigenetic regulatory mechanisms of
vernalisation have only been well studied in Arabidopsis. The refer-
ence genome sequence of hexaploid wheat may shed new light on
key fundamental questions about complex crop genomes, such as
how plants perceive vernalisation and measure its dosage, as well as
how vernalisation memories are formed and erased. How epigenetic
marks and Yin-Yang modifications coordinate dosage counting is a
particularly interesting question to be addressed in the future.
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