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The Brassicaceae family represents an extraordinary case of both evolutionary
diversification and agricultural success. Through centuries of classical selective
breeding, this family has yielded a vast array of crop species—ranging from
oilseeds to leafy vegetables—that exhibit remarkable adaptation to diverse
climates and a wide range of morphological traits. Central to this success is the
combination of diverse genome structures and an ingenious evolutionary
acquisition, the process of vernalization. This review explores the current state
of vernalization research across three critical dimensions of translational science.
First, we examine the genomic translation from the model annual Arabidopsis
thaliana to Brassica vegetable crops, which has provided the foundational
molecular framework for the vernalization response. Second, we discuss
epigenetic translation, shifting the focus from fixed genetic variation to the
heritable but flexible chromatin states that govern transcriptional memory. By
targeting the recruitment mechanisms —such as DNA elements and noncoding
RNAs—of chromatin-modifying complexes, researchers can achieve precise,
locus-specific control over crop performance using existing technologies.
Third, we address environmental translation, moving from the highly controlled
laboratory conditions to the fluctuating complexities of natural field
environments, where plants must integrate noisy thermal signals to ensure
timely reproduction. After outlining the core molecular and epigenetic
mechanisms of the vernalization “double-negative” switch, we summarize and
evaluate how specific biotechnological and omics-based approaches have
advanced our understanding of three key species: Brassica rapa, Brassica
oleracea, and Raphanus sativus.
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1 Introduction

The Brassicaceae family, often colloquially known as the
mustard family, stands as a uniquely fascinating and economically
vital group within the plant kingdom. Its biological significance
stems from three converging avenues of success that have driven
extensive genetic and molecular research. First, the family
demonstrates profound evolutionary success, having adapted to
diverse ecological niches across the globe, a resilience likely rooted
in genome complexity and flexible regulatory mechanisms. Second,
the Brassicaceae family includes the origin of numerous high-value
agricultural crops (Brassicas), including global staples such as
oilseed rape, cabbage, broccoli, and turnip. Intensive selective
breeding over centuries has resulted in an astonishing variety of
morphological and biochemical traits, providing a rich natural
laboratory for studying complex phenotypic variation (Cheng
et al., 2014; Saban et al., 2023). Finally, the family hosts
Arabidopsis thaliana, the premier model organism in plant
science that has consistently pushed the frontiers of molecular
genetics, providing a foundational blueprint for understanding
gene function, signaling networks, and genome structure across
the plant domain (Yaschenko et al., 2025).

Against the dual backdrop of agronomic importance and
scientific accessibility, dissecting the mechanisms underlying trait
variation in Brassica species is a central goal in breeding research.
The morphological diversity of Brassica crops is largely shaped by
the interaction between their complex genomes and environmental
conditions, in particular, extended cold exposure and photoperiod,
which precisely direct the shift from the vegetative phase to the
reproductive phase (flowering), thereby initiating the development
of a range of new morphological organs that become edible crop
parts. A central gene for these developmental decisions is
FLOWERING LOCUS C (FLC) (Kim, 2025). In this review, we
summarize recent advances in understanding the genetic and
molecular basis of flowering-time regulation in Brassica species,
with particular emphasis on the roles of FLC and its regulatory
network. We further explore how environmental cues such as
vernalization and photoperiod interact with these molecular
pathways and highlight the implications of these findings for
breeding strategies aimed at optimizing flowering behavior and
improving crop adaptability.

2 Brassica vegetable crops: genomic
insights and the complexity of crop
improvement

2.1 Genomic foundation for Brassica
domestication

The genus Brassica comprises several agriculturally important
species that are interconnected through the classical “U’s triangle”
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model. This model describes three diploid progenitor species—
Brassica rapa (AA genome, 2n = 2x = 20), Brassica nigra (BB, 2n =
2x = 16, genome B), and Brassica oleracea (CC, 2n = 2x =18)—and
three derived amphidiploid species, Brassica juncea (AABB, 2n = 2x
=36), Brassica napus (AACC, 2n = 2x =38), and Brassica carinata
(BBCC, 2n = 2x =34) (U, 1935). Advances in genome sequencing
technologies have enabled the assembly of high-quality whole-
genome sequences for all six species, providing robust molecular
evidence in support of the U’s triangle model (Chalhoub et al., 2014;
Yang et al, 2016; Song et al, 2021). Furthermore, population
genomic studies employing high-throughput sequencing have
shed light on the domestication and diversification of B. rapa and
B. oleracea. These analyses suggest that the earliest domestication of
B. rapa, particularly the turnip type, occurred in Central Asia
(McAlvay et al., 2021), whereas B. oleracea was first domesticated
in the Eastern Mediterranean region (Mabry et al., 2021).

2.2 Economic importance, diversity, and
nutritional value

The Brassica genus comprises economically important species
that exhibit remarkable morphological diversity and provide a wide
range of edible plant parts, including roots, stems, leaves, buds,
flowers, and seeds. Vegetables belonging to this genus, such as
cabbage, cauliflower, broccoli, Chinese cabbage, and turnip,
represent valuable components of the human diet owing to their
high nutritional value. They are rich sources of essential minerals,
including potassium and calcium, as well as folic acid, vitamin C, and
vitamin K (Zhang et al., 2025a). Several Brassica species also contain
bioactive compounds with health-promoting properties; among
these, glucosinolates are characteristic sulfur-containing secondary
metabolites of the genus. Their hydrolysis products, particularly
sulforaphane, which is abundant in broccoli and its sprouts,
function as a potent antioxidant with well-documented benefits for
human health (Cheng et al., 2014; Zhang et al., 2025a). This unique
combination of morphological versatility and high nutritional density
establishes the genus Brassica as an indispensable cornerstone of
global food security and human health.

2.3 Breeding challenges and the
molecular-environmental gap

The requirement for vernalization leads to distinct and critical
breeding challenges across the diverse Brassica vegetable crop types. In
leafy or root vegetables, such as cabbage and turnip, premature bolting
before harvest severely reduces yield and market quality, making strong
bolting resistance a highly desirable trait, particularly in temperate
regions such as Europe and East Asia that experience cold winters and
distinct seasonal changes. Conversely, flower (inflorescence) vegetables,
such as broccoli and cauliflower, generally have a weaker vernalization
requirement; however, precise control of the floral transition remains
equally essential to ensure the development of commercially
harvestable curds at the optimal time (Lin et al, 2005; Ridge et al.,
2015). Furthermore, in F; hybrid breeding, synchronizing the flowering
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FIGURE 1

Schematic diagram of the dual-memory switch governing the vernalization checkpoint. Developmental memory (red curve, TF = transcription
factor) shows the high FLC expression state established during embryogenesis and mitotically inherited to maintain vegetative growth. Environmental
memory (blue curve) illustrates cold-induced FLC silencing, which acts as a timing mechanism to sense winter duration. Once silencing is complete,
this repressed state is mitotically remembered, allowing the transition to the reproductive phase only after the winter signal is registered.

time of parental lines is paramount for efficient hybrid seed production
(Fujimoto et al., 2018). Given these varied and stringent requirements,
understanding the precise molecular mechanisms underlying
flowering-time regulation is crucial for breeding programs in
Brassica vegetables. Another significant challenge lies in translating
basic research to field applications: the expression patterns of
flowering-related genes can vary substantially between controlled
experimental systems (where mechanisms are discovered and
characterized) and field-grown plants (where food production takes
place). This variation suggests that real-world environmental factors
profoundly influence the complex regulatory network controlling floral
transition. Consequently, to effectively translate molecular insights into
predictable crop performance, integrative analyses combining genetic,
molecular, and environmental data are indispensable to fully elucidate
the mechanisms governing flowering in Brassica vegetable crops.

3 The vernalization checkpoint:
molecular and epigenetic logic of FLC
memory

In A. thaliana, the vernalization checkpoint operates as a classic
double-negative switch, in which the transition to flowering is
initiated only after FLC, the master inhibitor of floral transition,
is silenced. This switch is versatile in distinguishing relevant signals
from sporadic ones over long temporal intervals associated with
seasonal changes. Importantly, it relies fundamentally on an
information storage system that allows the plant to “remember”
its developmental and environmental history. This information
storage is currently best understood in the context of winter
annual life history (Figure 1), where FLC regulation is framed as
the sequential integration of developmental and environmental
memories, each serving multiple roles.
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3.1 Developmental memory and the active
chromatin state

Developmental FLC memory is a form of active transcription
that inhibits the transition to reproduction by maintaining high
FLC levels throughout early growth. This high-expression state is
established during a narrow embryonic window by specialized
transcription factors and is mitotically inherited through all
subsequent cell lineages, persisting from the embryo into the
juvenile and adult phases (Tao et al., 2017). Physically, this state
is maintained by the recruitment of activating chromatin
machinery, primarily orchestrated by FRIGIDA (FRI) (Maple
et al., 2024).

In eukaryotic nuclei, DNA is wrapped around histone octamers
to form nucleosomes. The “on” state of FLC is characterized by the
enrichment of H3K4me3 and H3K36me3—marks associated with
active euchromatin (Fang et al,, 2021). Trimethylation of histone H3
at lysine 4 (H3K4me3) is deposited at promoters by Trithorax-group
(TrxG) complexes. In A. thaliana, the major writers include
ARABIDOPSIS TRITHORAX1 (ATX1) and related SET-domain
proteins, alongside the SET DOMAIN GROUP 2 (SDG2)
methyltransferase (Ding et al., 2012; Binenbaum et al., 2025). These
marks typically peak at the 5" ends of genes, where they facilitate the
recruitment of the general transcription machinery. ATX1, for
instance, physically associates with the basal transcriptional
machinery—including TATA-binding protein (TBP) and Pol II—
and is essential for maintaining high levels of these components at
promoters (Ding et al., 2012). This interaction promotes the
formation of a robust pre-initiation complex, while the catalytic
H3K4me3 mark itself is required for efficient transcriptional
elongation; in its absence, Pol II tends to pause or stall more
frequently, leading to reduced mRNA production. Active genes are
further characterized by the presence of H3K36me3 throughout their
transcribed regions—a pattern that supports open chromatin and
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unobstructed Pol II passage (Roudier et al., 2011). In A. thaliana, the
SDG8 enzyme catalyzes di- and tri-methylation of H3K36 on
elongating genes. Mechanistically, SDG8 is directly coupled to
transcription through its physical interaction with both the
initiating and elongating forms of Pol II (Zhang et al., 2020). This
coupling ensures that H3K36me3 is deposited in tandem with Pol II
progression, thereby supporting transcriptional induction.

3.2 Environmental memory and the
repressive machinery

Environmental FLC memory refers to the repressed state,
serving as a timing mechanism during the cold and providing
permanent repression afterwards. The gradual silencing of FLC
allows the plant to “sense” the duration of winter, in which
decreasing levels of the repressor serve as a cellular record of
sufficient cold exposure. This transition is mediated by the
accumulation of VERNALIZATION INSENSITIVE 3 (VIN3),
which recruits the Polycomb Repressive Complex 2 (PRC2) to
the locus.

The core repressive mark, H3K27me3, is deposited by PRC2. In
A. thaliana, this complex comprises several functionally distinct
subunits: the catalytic SET-domain proteins—including CURLY
LEAF (CLF), SWINGER (SWN), and MEDEA (MEA); the SUZ12-
like zinc-finger proteins such as EMBRYONIC FLOWER 2 (EMF2),
VERNALIZATION 2 (VRN2), and FERTILIZATION-
INDEPENDENT SEED 2 (FIS2)—which facilitate nucleosome
binding; and the scaffolding proteins FERTILIZATION-
INDEPENDENT ENDOSPERM (FIE) and MULTICOPY
SUPPRESSOR OF IRA1 (MSI1) (Godwin and Farrona, 2022).
Mechanistically, H3K27me3 promotes chromatin condensation,
thereby restricting the accessibility of transcription factors and
RNA Pol II. PRC2-mediated silencing can block the transition of
RNA Pol II into productive elongation by inducing promoter-
proximal pausing, or by physically compacting nucleosomes to
exclude the transcriptional machinery entirely (Aranda et al., 2015).

Because PRC2 lacks inherent DNA-binding capabilities, its
recruitment is guided by DNA-binding cofactors that recognize
specific sequence motifs. For example, telobox DNA repeats recruit
telomere-repeat-binding (TRB) proteins that physically interact
with CLF and SWN to guide PRC2 to specific target genes (Deng
et al., 2013; Zhou et al.,, 2018). Crucially, H3K36me3 and
H3K27me3 tend to be mutually exclusive; active genes marked
with H3K36me3 rarely acquire repressive Polycomb marks, and
vice versa, thereby establishing a stable epigenetic boundary
(Sequeira-Mendes et al., 2014).

3.3 Erasers and the regulatory tug-of-war

While the deposition of histone marks can propagate epigenetic
states across cell divisions—creating stable memory of active/
repressed states—these marks are ultimately reversible. The
erasure of H3K27me3 is achieved by Jumonji demethylases such
as RELATIVE OF EARLY FLOWERING 6 (REF6, JMJ12) and
EARLY FLOWERING 6 (ELF6, JMJ13) (Noh et al., 2004). REF6
acts as a specific targeting factor, recognizing the DNA motif
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CTCTGYTY via its C2H2 zinc-finger domains and directly
binding to target loci (Qiu et al, 2019). Upon binding, REF6
recruits the SWI/SNF chromatin remodeler BRAHMA to open
the chromatin structure and promote transcription, effectively
switching silenced genes back to an active state. A critical aspect
of this regulation is the selectivity of REF6; it binds only to motifs in
relatively unmethylated, euchromatic regions and is actively
repelled by H3K9me2-associated DNA methylation. This ensures
that while developmental genes can be toggled between active and
repressed states, constitutive heterochromatin remains stable.
Similarly, histone H3K4 demethylases, such as JMJ14, act as
molecular switches to remove activation marks and fine-tune
gene expression levels (Lu et al, 2010; Searle et al, 2010). By
balancing the activity of PRC2 writers against erasers such as REF6
and ELF6, the plant cell can precisely tune developmental gene
expression and maintain a flexible yet heritable epigenetic memory.

The interplay between these opposing histone modifications
establishes a robust yet reversible system of transcriptional control,
exemplified most notably by the regulation of the floral repressor
FLC. The FLC locus serves as a molecular battlefield where
activating (H3K4me3/H3K36me3) and repressive (H3K27me3)
complexes are recruited to specific, cis-regulatory elements to
ultimately coordinate the timing of phase transitions (Buzas et al.,
2012; Buzas, 2017). Notably, the same cis-acting elements can act as
a core recruitment platform for both Polycomb and Trithorax
complexes, having antagonistic activities. Ultimately, it is such
tug-of-war that allows succession of the two FLC memory states:
developmental and environmental (Figure 1).

3.4 Translating epigenetic knowledge into
precision breeding

While traditional crop improvement focuses on fixed DNA
sequences, the epigenome provides a flexible and dynamic layer of
heritable information for translational research. Although histone
modifications constitute the physical marks of memory, the actual
frontier for breeding lies in manipulating the cis-regulatory logic—
in case of FLC, including elements such as the first intron and
noncoding RNAs—that directs chromatin-modifying complexes to
specific genomic loci. The first intron of FLC is a particularly
valuable target, as it contains a long DNA sequence peppered
with cis-elements—such as the Vernalization Response Element
(VRE) (Sung and Amasino, 2004) and the Cold Memory Element
(CME) (Yuan et al, 2016)—that serve as recruitment hubs for
epigenetic “writers” and “erasers” without compromising protein
function (Buzas et al., 2011, 2012).

Beyond these DNA elements, the antisense transcript COOLAIR
holds significant potential for engineering because both its promoter
and its various exons—which are alternatively spliced into different
isoforms (Marquardt et al., 2014)—are located outside the FLC
coding region. Natural variations in COOLAIR sequences that
modulate FLC regulation without altering the amino acid sequence
of the FLC protein have already been identified in diverse A. thaliana
accessions (Li et al., 2014) and Brassica crops (Ahn et al.,, 2024, see
below). This natural diversity indicates that such noncoding regions
are viable targets for crop development, providing a mechanism to
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fine-tune environmental responses without pleiotropic effects on
protein function. By using Clustered regularly interspaced
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
to target these specific recruitment and splicing mechanisms in crops
such as Brassica and Raphanus, researchers can engineer how crops
record and respond to their environment, leveraging conserved A.
thaliana regulatory logic to achieve FLC-specific impacts on crop
performance. Given the wealth of existing information on the
function of natural variants in these noncoding regions, these
sequences represent immediate, high-value targets for developing
climate-resilient horticultural varieties.

4 From model to market: leveraging
genomic paralog diversity and DNA
elements for epigenetic regulation

The translation of findings from A. thaliana to related crops is
complicated by their increased genomic complexity. Multiple FLC
paralogs, arising from ancestral whole-genome triplication events,
provide a genomic “control panel” in which different paralogs may
contribute unequally to the flowering phenotype (i.e., sub-
functionalization). Therefore, translational research requires the
functional characterization of each paralog to determine which
copies have retained dominance in controlling vernalization. While
the protein-coding sequences are highly conserved, significant
variation exists in the noncoding regions, particularly within the
massive first introns characteristic of Brassica and Raphanus FLC
genes. These intronic expansions often house the duplicated cis-
regulatory elements that dictate how each paralog responds to
environmental cues. By identifying which specific paralog—such
as BrFLC2 in certain Chinese cabbage varieties—exerts the strongest
influence on bolting, breeders can move beyond broad phenotypic
selection toward a “paralog-specific” breeding strategy.

4.1 Paralog diversification and epigenetic
control of flowering time in B. rapa

4.1.1 Paralog diversity and function

The whole-genome triplication event in the genus Brassica,
following its divergence from A. thaliana, resulted in multiple
paralogs of genes that typically exist as single copies in A.
thaliana (Cheng et al., 2013). Consequently, understanding
flowering in Brassica requires accounting for both additive effects
and functional divergence among these paralogs. Central regulators
of flowering time exemplify this genomic complexity. For instance,
B. rapa possesses two copies of FRI; while both retain the ancestral
function of AtFRI, notable functional differences have emerged
between them (Takada et al., 2019; Zheng et al., 2021). Similarly, all
four BrFLC paralogs are repressed by cold, yet their varying
expression levels prior to vernalization suggest divergence in
regulatory control (Kawanabe et al., 2016; Takada et al., 2019).
Among flowering integrators, two BrFT copies were identified in
the ‘Chiifu-401-42’ reference genome (Del Olmo et al., 2019; Lee
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et al,, 2023), while 12 FT-related genes with distinct functional roles
have been reported in turnip (Li et al., 2024). Furthermore, BrSOCI
exists in three copies (BrSOCI-1, -2, and -3) with distinct expression
patterns (Sri et al., 2020), while the two BrVIN3 paralogs (BrVIN3.1
and BrVIN3.2) are essentially the same, though there are a few
minor differences in their regulatory control (Jung et al., 2021).
Notable functional studies have further dissected this
complexity through several avenues. First, QTL mapping has been
instrumental in identifying genes associated with flowering time.
Studies using populations derived from early- and late-flowering
accessions have identified loss-of-function alleles in major
regulators such as BrFT and BrFLC (Shea et al., 2017; Akter et al.,
2021; Kim et al., 2022). While promoter insertions that activate
BrFT lead to early flowering (Wei et al., 2022; Nishikawa et al.,
2023), the late-bolting trait is often more valuable in breeding leafy
and root vegetables. Delayed flowering is associated with insertions
in the first intron of BrFLC2 and BrFLC3, which inhibit cold-
induced suppression (Kitamoto et al., 2014). Additionally, variation
in BrFLC5—which is non-functional in many lines but functional in
others— correlates with flowering time, with functional alleles
trending toward later flowering (Kakizaki et al., 2011; Xi et al,
2018; Akter et al.,, 2023). Association studies have linked
polymorphisms in BrFLCI and BrVIN3.1I to variation in flowering
time (Su et al., 2018). Total BrFLC expression prior to vernalization
is positively correlated with delayed bolting, suggesting that
promoter sequence polymorphisms may drive divergent
vernalization requirements (Takada et al., 2019). Conversely,
reduced repression of BrFLC during cold treatment also
contributes to late-bolting phenotypes, likely driven by sequence
polymorphisms in critical repressive regions, such as the first intron
(Kitamoto et al., 2014; Takada et al., 2019). In addition, genome
editing has revealed critical dosage effects. In F; plants created by
crossing a BrSOCI loss-of-function mutant with the wild type,
bolting was delayed relative to the wild type but was less severe than
in the mutant. This dosage sensitivity highlights its potential as a
tool for fine-tuning bolting time in hybrid breeding, though the
effect is less pronounced than a complete loss-of-function (Jung
et al.,, 2025). RNA-seq analyses pre- and post-vernalization have
identified differential expression of core genes, including BrFLC,
BrVIN3, and BrSOCI (Shea et al., 2019; Akter et al., 2020; Jung et al.,
2021). Notably, late-flowering lines exhibit higher expression of
nitric oxide signaling genes both before and after cold treatment
(Jung et al.,, 2021). Among the BrSOCI paralogs, BrSOCI-1 appears
to play the most critical role; although loss of any paralog delays
flowering, the effect is significantly more pronounced when
BrSOCI-1 is involved (Jung et al, 2021). Lastly, single-cell
transcriptomics provides the clearest demonstration of
spatiotemporal functional divergence. Profiling across five cell
types revealed that mesophyll cells are highly responsive to
vernalization. In contrast, vascular cells tend to maintain BrFLC
expression longer during cold exposure, suggesting they may buffer
against flowering induction during short-term cold exposure.
Crucially, the patterns of specific paralogs vary significantly by
cell type; while BrFLCI and BrFLC2 expression decreases rapidly in
mesophyll and epidermal cells in response to cold, vascular cells
show delayed repression of the same genes. Furthermore, specific
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paralogs, such as BrFLC3, show higher baseline stability in
proliferating cells than in differentiated mesophyll, indicating that
the triplicated genome allows for cell-type-specific “tuning” of the
vernalization requirement (Zhang et al., 2025b).

4.1.2 Epigenetic marks and mechanisms

H3K27me3 is deployed genome-wide in B. rapa to silence
developmental regulators, and its distribution is largely conserved
among paralogs in the triplicated genome, underscoring its
fundamental role in controlling developmental transitions (Akter
et al,, 2019; Paya-Milans et al., 2019; Nishimura et al., 2025). Prior
to vernalization, BrFLC is actively transcribed and enriched in
permissive histone marks, such as H3K4me3 and H3K36me3,
across the gene body (Mehraj et al., 2021). During cold exposure,
however, H3K27me3 gradually accumulates at the nucleation
region near the transcription start site. Upon return to normal
temperatures, this repressive mark spreads across the entire gene,
thereby establishing a stably silenced state of BrFLC (Akter et al.,
2019). Several loss-of-function mutants of PRC2 components have
been identified in B. rapa. BrCLF is a single-copy gene and the brclf
mutants exhibit early flowering (Huang et al., 2020; Tan et al., 2021;
Nugroho et al., 2023; Poza-Viejo et al., 2024). Chromatin
Immunoprecipitation (ChIP)-seq and RNA-seq analyses in brclf
mutants have revealed reduced H3K27me3 levels, concomitant with
the upregulation of floral integrator and homeotic genes, including
BrSOCI, BrFT, and BrSEP3 (Poza-Viejo et al., 2024). BrSWN is also
present as a single-copy gene in B. rapa, and the brswn mutant
displays delayed flowering accompanied by reduced vernalization
sensitivity. After prolonged cold treatment, expression levels of
BrFLC2 and BrFLC3 remained higher in the brswn mutant than in
the wild type, whereas their H3K27me3 levels were lower,
indicating that BrSWN is directly or indirectly required for
efficient epigenetic silencing of BrFLC paralogs during
vernalization (Zhao et al., 2025).

In addition to PRC2-mediated repression, histone methylation
associated with transcriptional activation also contributes to
flowering time regulation. SDG8, the ortholog of the A. thaliana
histone H3K36 methyltransferase, was identified as the causal gene
of another early-flowering mutant. In this mutant, expression levels
of all four BrFLC paralogs were reduced compared to the wild type
(Fu et al,, 2020). Another TrxG-related H3K36 methyltransferase,
BrEFS (the B. rapa homolog of A. thaliana EFS), was recently
characterized in oilseed-type B. rapa. A loss-of-function brefs
mutant carrying a premature stop codon in BrEFS, displays
defects in floral organ development and shows strongly reduced
H3K36me3 at key flower-development regulators, linking H3K36
methylation directly to reproductive development in Brassica
(Moon et al., 2025). Together, these findings support a model in
which TrxG enzymes lay down activating marks to sustain
expression of floral regulators, thereby antagonizing the spread of
PRC2-mediated H3K27me3.

Histone demethylases also modulate flowering through
dynamic regulation of H3K27me3. brelf6 and brref6 mutants,
each present as a single-copy gene, show contrasting phenotypes;
brelf6 flowers early, whereas brref6 flowers late. The early-flowering
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phenotype of brelf6 is associated with increased H3K27me3
accumulation and repression of BrFLC3. In contrast, the late-
flowering phenotype of brref6 is not associated with BrFLC3
expression or its H3K27me3 levels. Instead, genes involved in
gibberellin (GA) biosynthesis exhibit elevated H3K27me3 and
transcriptional repression in brref6, suggesting that impaired GA
biosynthesis causes delayed flowering, a hypothesis supported by
the observation that exogenous GAj; application accelerates
flowering in brref6 but not in the wild type (Poza-Viejo et al,
2022). Functional diversification has also been observed among
alleles of Br/MJ18, an H3K36me3/2 demethylase. Overexpression of
the BrJM]J18 allele from subsp. chinensis (Pak-Choi, PC) does not
alter flowering time between normal and high temperature
conditions. However, overexpression of the allele from subsp.
chinensis var. parachinensis (Par) leads to delayed flowering at
high temperatures but not under normal temperature conditions.
This temperature-dependent delay is associated with increased
H3K36me3 enrichment at the BrFLC3 locus and elevated BrFLC3
expression, indicating that the BrJMJI8 allele from Par modulates
thermal responsiveness of flowering through H3K36me3 dynamics
(Xin et al., 2024).

Together, these findings highlight the diverse and interconnected
roles of histone methylation and demethylation machinery in
regulating FLC expression and flowering time in B. rapa. While
COOLAIR-like transcripts have been identified for BrFLCI and
BrFLC2 and are induced by cold, they appear to be absent for
BrFLC3 and BrFLC5 (Li et al.,, 2016; Shea et al., 2019; Dai et al.,
2024). Consequently, although all four paralogs exhibit cold-induced
H3K27me3 accumulation, the contribution of noncoding RNAs to
PRC2 recruitment in B. rapa remains unclear. Instead, the RY
element—a cis-regulatory sequence known to recruit PRC2 as part
of the CME—has been identified in all four BrFLC paralogs,
suggesting that it may play the primary role in vernalization-
induced repression in Brassica (Moon et al., 2026).

4.2 Natural variation and morphotype-
specific regulation of flowering in
B. oleracea

4.2.1 Physiological and genetic divergence

While B. oleracea shares a requirement for prolonged cold
exposure with B. rapa, their physiological responses are distinct.
B. rapa is characterized by a seed-vernalization response, whereas B.
oleracea exhibits a “green plant” vernalization type, requiring the
plant to reach a specific vegetative size or age before becoming
competent to perceive cold signals (Itabashi et al., 2019). Within the
species, vernalization requirements vary drastically across
morphotypes; leafy vegetables such as cabbage possess a high cold
requirement, while flower-head crops like broccoli and cauliflower
require significantly less (Ridge et al, 2015; Guo et al,, 2024).
Following the whole-genome triplication event shared across the
Brassica genus, B. oleracea contains multiple paralogs of A. thaliana
flowering-related genes (Cheng et al., 2013). For example, FRI is
present in two copies, and the conserved FRI-FLC regulatory
module remains a fundamental feature of B. oleracea flowering
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(Irwin et al,, 2012). Among the repressors, four BoFLC paralogs
have been identified: BoOFLC5 is a pseudogene, while BoFLCI exists
as a tandem duplication (BoFLCla and BoFLCIb). As this tandem
duplication is also observed in the C-subgenome of B. napus, the
event likely occurred prior to the formation of B. napus
approximately 7,500 years ago (Chalhoub et al., 2014).

4.2.2 The central role of natural variation in
BoFLCs

Early QTL analyses established the genetic basis for flowering
variation in B. oleracea (Camargo and Osborn, 1996; Guo et al.,
2004). A major breakthrough identified BoFLC2 as the causal gene
for the largest flowering-time QTL; early-flowering genotypes often
carry nonfunctional BoFLC2 alleles due to frameshift mutations or
deletions (Okazaki et al., 2007). Further modelling suggested that
differences in cold sensitivity among genotypes are the primary
drivers of flowering-time diversity (Uptmoor et al., 2012). Recent
advances in next-generation sequencing technologies have
deepened this understanding. QTL-seq identified the Ef2.1 locus
on chromosome C02, where BolGRF6 emerged as a strong
candidate gene for early flowering (Shu et al., 2018). Similarly,
GWAS and transcriptomic analyses across diverse accessions
identified miR172D and BoFLC2 as key candidate regulators for
vernalization response (Woodhouse et al., 2021). While the
functional roles of two B. oleracea copies of miR172D remain to
be elucidated (Shivaraj et al., 2014), BoFLC2 expression levels under
non-vernalizing conditions show a strong correlation with the
timing of visible bud formation and anthesis (Woodhouse et al.,
2021). This relationship between pre-vernalization FLC expression
levels and cold requirement mirrors findings in B. rapa and B.
napus (Takada et al, 2019; Calderwood et al., 2021). Molecular
evidence confirms that subtle variation in BoFLC2 regulation
facilitates climate adaptation. Cis-regulatory polymorphisms at
this locus influence heading dates (Irwin et al., 2016), while a 215
bp insertion/deletion (indel) within the first intron reduces the
efficiency of cold-induced silencing, thereby delaying flowering (Li
et al,, 2022). Furthermore, BoFLC2 variants were likely selected
during domestication to optimize flowering time across
geographically distinct growing regions (Hou et al., 2025).

BoFLCI has also been identified as a significant regulator of
flowering time. A 67 bp insertion in the first intron of BoFLCI
differentiates early- and late-flowering lines, serving as a reliable DNA
marker for breeding (Abuyusuf et al., 2019). Notably, in the “natural
non-flowering cabbage” (nfc) mutant, a tandem duplication and
constitutive overexpression of BoFLCla and BoFLCIb continuously
suppress the floral integrator BoFT, thereby maintaining a vegetative
state throughout winter (Kinoshita et al., 2023).

4.2.3 Spatiotemporal and morphotype-specific
regulation

Analyses of cabbage at different developmental stages (e.g.,

four-leaf vs. fourteen-leaf) reveal distinct expression dynamics
among BoFLC paralogs. While BoFLC2 and BoFLC3 are strongly
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repressed following prolonged cold exposure regardless of age,
BoFLCI expression remains relatively stable. These findings
suggest that cabbage employs age-dependent and gene-specific
responses to regulate flowering competence (Itabashi et al., 2019).
Coordination between BoFLC paralogs and other regulators—such
as BoGI, BoCOOLAIR, and BoVIN3—further modulates these
responses (Ahn et al, 2024). Comprehensive omics approaches
have expanded the regulatory network governing flowering.
Transcriptomic comparisons between early- and late-flowering
cabbage lines identified BoSEP2-1 and BoSEP2-2 as candidate
genes (Wang et al, 2023). Furthermore, integrated metabolome
and transcriptome analyses of bolting-tolerant lines revealed
complex interactions among circadian-related genes (BoCCAl,
BoLHY, BoELF4), flowering integrators (BoSOCI), and metabolic
pathways such as ribosome biogenesis and raffinose metabolism
(Yang et al,, 2025). In specific morphotypes such as cauliflower,
floral initiation requires a synergy between vernalization (optimally
around 10 °C) and GA; activity to facilitate stalk elongation (Guo
et al., 2004). The reduced vernalization requirement in cauliflower
and broccoli is often linked to the loss of BoFLC2 function (Ridge
etal., 2015). Recent pangenome analyses revealed a large deletion of
BoFLC2 in Chinese kale and a widespread single-nucleotide
deletion in the fourth exon of BoFLC2, found in over 90% of
broccoli and cauliflower accessions (Guo et al., 2024).

In conclusion, while BoFLC2 is clearly a dominant regulator of
flowering in B. oleracea, evidence from B. rapa and B. napus
suggests that the total expression of all FLC paralogs is critical. It
remains to be seen if the current focus on BoFLC2 reflects its high
genetic diversity or if other paralogs exhibit more constrained
natural variation. Moreover, the molecular mechanism underlying
the juvenile-phase requirement for vernalization competence in B.
oleracea remains a significant knowledge gap. Addressing these
questions will be crucial for developing Brassica varieties that are
adapted to a changing global climate.

4.3 Integrated control of flowering time in
radish

4.3.1 Genomic background and conservation of
flowering genes

Radish (R. sativus L.) is an important root vegetable crop
belonging to the family Brassicaceae. Because an early floral
transition results in significant yield loss, understanding the
mechanisms regulating flowering time is essential for radish
breeding. Radish is a diploid species (2n = 2x = 18), and
comparative genomic studies have shown that Raphanus genomes
originated from an ancestral genome that underwent whole-
genome triplication, followed by extensive chromosomal
rearrangements (Kitashiba et al., 2014; Mitsui et al., 2015; Jeong
et al., 2016). Transcriptome analyses identified 142 radish genes
orthologous to flowering-related genes in A. thaliana, suggesting
that flowering regulation in radish operates through conserved
pathways similar to those in A. thaliana and other Brassicaceae
species (Nie et al., 2016; Wang et al., 2017). FLC paralogs mediate a
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central, conserved regulatory pathway. Genome sequencing and
transcriptome analyses have identified three paralogous FLC genes
in radish: RsFLC1, RsFLC2, and RsFLC3 (Kitashiba et al., 2014; Yi
et al,, 2014; Jeong et al., 2016). Overexpression of each RsFLC gene
in A. thaliana transgenic plants delayed flowering, demonstrating
that all three RsFLC genes function as floral repressors (Yi
et al., 2014).

4.3.2 Allelic variation and QTL mapping of bolting
traits

There is significant variation in vernalization sensitivity among
radish cultivars, often driven by structural variations in the
paralogous FLC genes. A 1,627 bp insertion in the 5" region of the
first intron of RsFLC2 was identified via QTL analysis in an
extremely late-bolting radish cultivar requiring over 60 days of
cold exposure; this insertion attenuated the repression of RsFLC2
during vernalization (Wang et al., 2018). Additionally, insertions of
1,910 bp and 1,627 bp in the first introns of RsFLCI and RsFLC2,
respectively, were shown to impair repression of these genes
following prolonged cold treatment, resulting in delayed flowering
(Mitsui et al., 2023). The combination of the two RsFLC alleles
carrying these insertions modulates flowering time, with the
insertion in RsFLC2 exerting a particularly strong effect on
delayed flowering (Mitsui et al., 2023). While QTLs on
chromosomes R02 (¢gBT2) and R07 (¢BT7.2) implicate RsFLC2
and RsFLCI as primary candidates (Jin et al., 2024), other studies
have identified flowering QTLs on chromosome R06 that do not
encompass any FLC paralogs, suggesting the existence of FLC-
independent regulatory nodes (Ma et al., 2021).

4.3.3 Local adaptation in wild accessions

Variation in vernalization requirement has also been observed
among wild radish accessions collected across Japan, ranging from
Hokkaido in the north to Okinawa in the south. While northern
regions experience colder climates, daily minimum temperatures in
Okinawa (Naha) from October to February range from 14.6 °C to
23.1 °C, which may be above the optimal range for vernalization.
Northern accessions failed to flower without vernalization, even
under long-day conditions, whereas southern accessions flowered
without vernalization, although flowering time varied among
accessions. Promotion of flowering by vernalization was also
observed in summer accessions. Interestingly, similar levels of
RsFLC expression were observed in both northern and southern
accessions, and RsFLC was suppressed by vernalization in both.
However, expression levels of CONSTANS-like 5 (RsCOL5), the
orthologue of AtCOL5—which promotes flowering by increasing
AtFT expression in short-day-grown A. thaliana (Hassidim et al.,
2009)—was strongly induced after vernalization, particularly in
summer accessions, suggesting that the floral-promoting function
of RsCOL5 may outweigh the floral-repressive function of RsFLC.
While some suggest a preference for the photoperiod pathway over
the vernalization pathway in these cases (Han et al., 2021), whether
RsFLC functions similarly in summer and winter accessions
requires further examination.
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4.3.4 Transcriptomic responses to vernalization

Transcriptome analyses conducted under three distinct
conditions—non-vernalized, after 40 days of cold treatment, and
following a 10-day warm recovery period—revealed differential
expression in thousands of genes. Among these, 22 of 78 known
flowering-related genes in radish exhibited significant expression
changes. Notably, three RsFLC paralogs were downregulated
following prolonged cold exposure. The expression patterns of
MADS AFFECTING FLOWERING (MAF) genes varied: RsMAF3
was suppressed only after the transition to warm temperatures
following cold treatment, whereas RsMAF4 expression remained
stable across all conditions. Interestingly, RsVIN3a and RsVIN3b
were induced by cold and further upregulated upon transfer to
warm conditions (Lee et al., 2024). This contrasts with AtVIN3 in A.
thaliana, which typically decreases during warm recovery. While
some studies report a drop in RsVIN3 levels after cold treatment
(Mitsui et al., 2023), complementation experiments in atvin3
mutants confirmed that both RsVIN3a and RsVIN3b are
functionally equivalent to AtVIN3 (Lee et al,, 2024). Further
research is required to determine if these divergent patterns are
species-wide or line-specific.

On a separate note, GA also influences flowering after the
vernalization process. Although GA treatment alone does not
induce flowering in radish, it acts synergistically with
vernalization to accelerate the process, reducing the required
duration of cold exposure. RNA-seq analysis of two lines differing
in their cold requirements revealed that GA treatment following 10
days of cold exposure did not produce substantial transcriptional
differences between the lines. Nevertheless, both lines showed
increased expression of the floral activators RsFT and RsSOCI-1,
suggesting that GA-mediated acceleration of flowering is primarily
driven by the induction of these specific genes (Jung et al., 2020).

From a crop quality perspective, vernalization also influences
the glucosinolate levels in radish, which are related to the plant’s
natural defense mechanisms, flavor, and nutrition. Integrated
transcriptomic and metabolomic analyses indicate that total
glucosinolate (GSL) levels decrease following prolonged cold
exposure. The expression of MYB transcription factors governing
aliphatic GSL biosynthesis—including RsMYB28a, RsMYB28c,
RsMYB29a, and RsMYB29b—was reduced when plants returned
to normal temperatures. In contrast, MYB genes involved in indolic
GSL biosynthesis showed inconsistent expression patterns; while
MYB34c was downregulated, MYB5la and MYB51b were
upregulated. This discordance between transcriptomic and
metabolomic data suggests a complex or uncoupled regulation of
indolic GSL biosynthesis (Nugroho et al., 2021). Therefore, changes
in metabolic compounds are additional factors to consider when
breeding for desired flowering phenotypes.

4.3.5 Epigenetic regulation of RsFLC and
chromatin dynamics

The epigenetic silencing of RsFLC during vernalization depends

critically on RY motifs within its regulatory regions. Specifically, in
RsFLCI, these motifs are essential for transcriptional repression;
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their disruption impairs the accumulation of the repressive histone
mark H3K27me3 and delays floral transition. This highlights the
critical role of RY motifs in mediating the vernalization response
(Lee et al., 2024).

Further epigenetic insights have emerged from comparative
analyses between the normal-flowering inbred line ‘Jinjudaepyung’
(D) and the late-flowering line ‘Simu’ (‘SM’). These studies
identified RsFLCI and RsFLC2 as key differentially expressed
genes (DEGs). In the normal-flowering line, all three RsFLC
paralogs were suppressed by cold and remained repressed during
the warm recovery phase. Conversely, in the late-flowering ‘SM’
line, RsFLC2 was not suppressed despite the successful repression of
RsFLCI and RsFLC3. This lack of suppression in the late-flowering
line is attributed to two major DNA insertions in RsFLC2: a 1,037
bp insertion in the proximal promoter and a 1,627 bp insertion in
the first intron. Transformation of this genomic fragment into A.
thaliana delayed flowering and abolished cold-induced RsFLC2
suppression, successfully recapitulating the radish phenotype (Lee
et al., 2025). Furthermore, chromosome conformation capture (3C)
analysis revealed that these insertions disrupt proper intragenic
loop formation and impede PRC2-mediated H3K27me3 deposition,
thereby neutralizing the vernalization response (Lee et al., 2025).

4.4 The genomic translation from the
model annual A. thaliana to Brassica
vegetable crops

The molecular framework underlying FLC regulation provides a
direct and actionable bridge between mechanistic insights and
practical breeding of Brassica vegetable crops. From a breeding
standpoint, two issues are particularly critical.

First, most cultivars of Brassica vegetable crops are grown as F;
hybrids (Fujimoto et al, 2018), making the synchronization of
flowering time between parental lines a key determinant of efficient
hybrid seed production. Second, in leafy and root vegetables,
premature flowering during cultivation results in severe yield and
quality deterioration; therefore, enhancing late-bolting traits is a
central breeding objective (Kitamoto et al., 2017). In this context,
two molecular parameters emerge as especially informative: the
basal expression level of FLC prior to vernalization and the
efficiency with which FLC repression is established and stably
maintained during prolonged cold exposure. Elevated pre-
vernalization FLC expression is strongly associated with delayed
bolting in leafy and root vegetables (Takada et al., 2019), whereas
incomplete or unstable epigenetic silencing during cold exposure
underlies extreme late-flowering phenotypes (Kitamoto et al., 2014;
Moon et al., 2026).

In Brassica vegetable crops, flowering time is not governed by a
single dominant locus but rather by the combined and context-
dependent contributions of multiple FLC paralogs (Figure 2). This
paralog diversity provides breeders with a tunable genetic system in
which flowering behavior can be adjusted incrementally, rather than
through binary low- or high-vernalization requirement outcomes.
Because the expression levels of individual FLC paralogs prior to cold
exposure are likely determined primarily by cis-regulatory variation
in their promoters, one practical strategy may be to select and
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pyramid high-expression FLC alleles in pre-vernalized states.
Alternatively, if trans-acting transcription factors that coordinately
regulate multiple FLC paralogs can be identified, it may be possible to
elevate overall FLC expression by manipulating a single upstream
regulator. Progress in elucidating these regulatory layers will be
essential for refining flowering-time control in breeding of Brassica
vegetable crops. In addition, genome-editing approaches targeting
cis-regulatory landscapes of promoters (“cis-nome editing”) may
provide further opportunities to fine-tune FLC expression (Saeed
et al, 2022). Ultimately, these findings suggest that targeted
manipulation of specific FLC paralogs—either through marker-
assisted selection or genome editing—can fine-tune vernalization
requirement without compromising other developmental traits.

A second major breeding target is reduced sensitivity to
vernalization. In this regard, the first intron of FLC plays a
pivotal role and is closely linked to epigenetic regulation. In
several Brassica vegetable crops, insertions within the first intron
prevent FLC downregulation even after prolonged cold exposure,
resulting in a strong vernalization requirement (Figure 2)
(Kitamoto et al., 2014; Li et al, 2022; Mitsui et al., 2023; Lee
et al,, 2025). This phenotype is most likely caused by impaired
recruitment of the PRC2, with the CME representing a key target.
The most straightforward strategy to modulate this response is to
introduce mutations within the CME, either by identifying naturally
occurring variants or through genome editing. Because these are cis-
regulatory changes, their incorporation into breeding programs via
DNA marker-assisted selection is expected to be relatively
straightforward. In fact, marker-assisted selection has already
been performed using DNA markers targeting insertions in the
first intron of FLC (Kitamoto et al, 2017). Another emerging
possibility is epigenome editing, which has recently been reported
to manipulate chromatin states without altering the underlying
DNA sequence (Tonosaki et al., 2022; He et al., 2025; Hirata et al.,
2025; Nishimura et al., 2025). While this approach holds conceptual
promise, precisely regulating multiple paralogs of the target gene
may be technically challenging. In addition, substantial regulatory
hurdles remain before it can be realistically implemented in
practical breeding programs. Importantly, these molecular
parameters can be quantified using targeted molecular assays and
directly linked to agronomically relevant traits, enabling breeders to
move beyond purely phenotypic selection toward genotype-
informed prediction and optimization of flowering behavior.

5 Vernalization research beyond the
growth chamber

Despite vernalization being an essential and prominent
developmental process critical in nature for wild species and the
yield and quality of numerous horticultural and staple crops, the
overwhelming majority of mechanistic studies rely on highly
controlled laboratory assays. This reliance has created a significant
knowledge gap, as the complex and variable environmental
conditions found in natural habitats and agricultural fields often
alter the plant’s response to seasonal cues. To exemplify some notable
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FIGURE 2

Schematic model of BrFLC-mediated flowering regulation, illustrating the dynamics of paralog expression and epigenetic silencing. Prior to cold
exposure, BrFLC paralogs (BrFLC1, BrFLC2, BrFLC3, and BrFLC5) are actively expressed and repress flowering. During vernalization, Polycomb
Repressive Complex 2 (PRC2) is recruited to BrFLC loci and promotes the accumulation of H3K27me3, leading to progressive transcriptional
repression. In the late-bolting line (left panel), all BrFLC paralogs are efficiently silenced during vernalization. In contrast, the extremely late-bolting
line (right panel) carries insertions within the first introns of BrFLC2 and BrFLC3, which disturb PRC2-mediated H3K27me3 accumulation during
vernalization. This defect causes sustained expression of BrFLC2 and BrFLC3 after cold treatment. After vernalization, H3K27me3 marks spread
across the entire gene bodies, and expression of BrFLC paralogs is stably repressed, resulting in long-term silencing of BrFLC paralogs and
promotion of flowering in the late-bolting line. In contrast, BrFLC2 and BrFLC3 are not completely silenced in the extremely late-bolting line,
thereby maintaining repression of flowering and producing an extremely late-bolting phenotype. Colored bars and black arrows indicate the relative
expression levels of each BrFLC paralog, and red arrows denote the lack of repression of BrFLC expression during and after vernalization.

outcomes of recent studies that do not rely exclusively on laboratory
assays, we categorized such current research into three groups, based
on the scope of environmental integration.

The first category comprises validation studies, which aim to
verify and contextualize core mechanisms established in the
laboratory by comparing molecular and phenotypic outcomes
observed under controlled laboratory conditions with those
observed under specific, local field environments. Such studies
often serve to highlight the limitations of predictive models based
solely on chamber experiments. For example, field studies tracking
B. napus (winter oilseed rape) have revealed that the FLC repression
occurs predominantly in early autumn, rather than continuously
throughout winter—contradicting assumptions based on constant-
temperature typically used in chamber experiments to mimic
seasonal progression (O’Neill et al., 2019). Further challenging the
assumptions of laboratory constancy, work on A. thaliana by
Burghardt et al. (2016) demonstrated that when plants are
subjected to realistic, fluctuating, and warmer cold regimes, the
repressive effect of FLC on flowering time is significantly weakened.
Collectively, these findings highlight that the key molecular event—
the stability and effectiveness of FLC silencing—is fundamentally
shaped by the temporal patterns and variability of cold exposure
found outside the laboratory.

Frontiers in Horticulture

The second category comprises mechanistic discovery studies.
These studies aim to identify novel molecular or regulatory
mechanisms that are triggered or activated only under the
complex dynamics of natural field conditions. These studies often
employ a hybrid approach, using field data (e.g., temperature
fluctuations) to design more realistic, fluctuating cold treatments
in the laboratory, leading to the discovery of novel temperature-
sensing components or regulatory nodes within the vernalization
pathway. Hepworth et al. (2018) investigated how multiple aspects
of the temperature profile in diverse European field sites with
different winters allow flowering to align with spring conditions.
In laboratory vernalization assays, VIN3-independent silencing of
FLC and VIN3 induction occur as superimposed events during the
cold treatment. However, under field conditions, FLC silencing can
be temporally separated into two distinct phases, each with different
kinetics and different VIN3 regulatory phases. Another study
analyzed the induction of COOLAIR under field conditions across
different A. thaliana accessions. These experiments revealed
accession-specific temperature sensitivity and identified a critical
factor for COOLAIR induction, namely the first frost, a
characteristic that could be replicated in the laboratory. These
findings led the authors to propose that COOLAIR could be a key
indicator for the arrival of winter (Zhao et al., 2021).
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Models of information storage in FLC regulation. Schematic representation of distinct memory types used to track environmental signals. (Left panel)
A traditional switch-like memory where a transient signal triggers a state that persists after the stimulus has ceased. (Right panel) An integrative
memory in which a gene tracks fluctuating thermal signals by integrating them over a past temporal window. In this model, gene expression
variance is explained by temperatures averaged over time, allowing the plant to capture signal duration as a quantifiable parameter

Early studies demonstrated that the range of FLC expression in
a natural population of Arabidopsis halleri subsp. gemmifera (A.
halleri) was substantially broader under natural environmental
conditions than in vernalization assays in the laboratory (Aikawa
et al,, 2010). This finding was recently confirmed by a comparative
study between the two perennial life histories of A. halleri and
Eutrema japonicum (E. Japonicum) (Endo et al, 2025). In both
species, the difference in FLC expression levels reached as much as
1,000-fold. Furthermore, the duration of FLC maintenance—both
in its high-expression state (“memory of embryonic state”) and low-
expression state (“memory of winter”)—is significantly prolonged
in natural settings compared to laboratory conditions.
Paradoxically, these results suggest that fluctuating temperatures
induce longer-term stability in gene expression than constant
cold regimes.

Finally, the last category comprises ecological studies that aim
to elucidate how plants—constantly exposed to multiple, often
unpredictable factors in natural environments—can generate
robust developmental responses. An entire area of research was
pioneered through ecological studies of the perennial relative, A.
halleri, specifically by tracking gene expression and phenotypic
changes within wild populations over time (Aikawa et al., 2010;
Kudoh, 2016; Nishio et al., 2020).

The traditional concept of “winter memory,” developed
primarily from controlled laboratory vernalization assays, depicts
FLC as a canonical Polycomb/Trithorax target that “remembers” a
cellular state across cell divisions. In this context, memory
specifically refers to the persistence of FLC silencing (maintaining
low expression) after the cold stimulus has ceased (after winter
ends). However, ecological studies in A. halleri revealed a distinct
second type of FLC memory (Figure 3): one defined by the plant’s
integration of a fluctuating thermal signal over a past temporal
window (Aikawa et al., 2010; Endo et al, 2025). The evergreen
perennial life history of A. halleri uniquely permits the continuous
monitoring of AhgFLC levels across the full annual cycle in
mitotically active leaf cells. The foundational study by Aikawa
et al. (2010) revealed a cyclic expression pattern in which AhgFLC
maintenance and de-silencing states are reiterated over the four
seasons in this cellular lineage. Notably, despite the influence of

Frontiers in Horticulture

multiple environmental cues on perennial flowering (Madrid et al.,
2021), temperature alone accounted for approximately 80% of
AhgFLC expression variance across the annual cycle when
averaged over a six-week window, thereby revealing that FLC
integrates thermal inputs over time. The underlying molecular
mechanism—a cis-acting chromatin switch elaborated in annual
life histories (Angel et al., 2011; Berry and Dean, 2015)—also
operates in the perennial life history (Nishio et al., 2020; Buzas
et al,, 2021). Importantly, in addition to evidencing this unique
memory type, these studies simultaneously developed empirical
methods to capture the duration of this memory as a quantifiable
parameter. This was achieved by statistically regressing gene
expression against past temperature windows and incorporating
bootstrap analyses to robustly define best-fit intervals (Aikawa et al.,
2010; Nishio et al., 2020). Recent evidence indicates that this type of
integrative memory is conserved in divergent perennials such as E.
japonicum (Endo et al., 2025).

Overall, while translational validation studies have confirmed
the relevance of laboratory findings and revealed some differences,
and mechanistic discovery studies have identified new regulatory
nuances under fluctuating conditions, molecular ecology studies
have begun to transform the study of vernalization. This emerging
approach advances the field from a system-specific description into
a comprehensive framework capable of bridging molecular and
ecological scales to understand plant seasonal responses under real-
world climate variability.

6 Perspective: from translation to
reciprocation

While A. thaliana provided the foundational blueprint for
elucidating the vernalization pathway, the “multidimensional
landscape” described here suggests that the research relationship
between the model and the Brassica vegetable crops has developed
beyond a one-way translation. The vast natural variation inherent in
Brassica morphotypes offers an exhaustive “treasure trove” of
regulatory diversity—ranging from tandem gene duplications to
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cell-type-specific responses—that often holds more immediate
agricultural applicability than the study of A. thaliana natural
accessions. This shift has been accelerated by the increasing
accessibility of sophisticated molecular technologies beyond
traditional model systems. With the advent of pangenomics and
CRISPR-Cas9 technologies, Brassica species are transitioning
from mere “recipients of knowledge” to primary models for
investigating complex genome-environment interactions. This
transition will enable the direct engineering of phenological traits,
ultimately positioning Brassica vegetable crops as the frontier for
understanding the plasticity of flowering in a changing global climate.
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