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Abstract

The transition from vegetative to reproductive growth is a pivotal developmental
switch in flowering plants, orchestrated by complex transcriptional regulatory
networks. This chapter comprehensively reviews the transcriptional regulatory
networks that govern floral induction, the core transcription factor (TF) families that
govern floral induction, including MADS-box proteins, the key floral integrators
FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1), and the major repressor FLOWERING LOCUS C (FLC).
These TFs integrate endogenous and environmental cues such as photoperiod,
vernalization, ambient temperature, gibberellin (GA), and age. MADS-box proteins
assemble into higher-order complexes that specify floral organ identity through DNA
looping, while floral integrators converge at the shoot apex to activate meristem
identity genes (AP1, LFY, FUL). Vernalization triggers Polycomb-mediated
epigenetic silencing of FLC, a process requiring VEL protein condensates and
operating via a digital, cell-autonomous switching mechanism. In perennial plants,
duplicated FT genes have acquired divergent roles in flowering and dormancy
regulation. The miR156-SPL-miR172 cascade mediates age-dependent flowering:
high miR156 levels in young plants repress SPL transcription factors; as miR156
declines with age, accumulated SPLs activate miR172, which downregulates AP2-like
repressors (TOE1, TOE2, SMZ, SNZ), thereby de-repressing FT. Post-translational
modifications dynamically modulate TF activity, adding another layer of control.
Gene duplication, neofunctionalization, and the recruitment of conserved modules
into alternative developmental pathways illustrate how evolutionary tinkering
generates flowering-time diversity across angiosperms. The chapter concludes by
examining the ecological dimensions of these mechanisms, highlighting their
significance for plant adaptation and crop improvement. Collectively, this review
underscores how the integration of multiple signals through these transcriptional
networks ensures reproductive success and offers targets for crop breeding.
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1. Introduction

Flowering, a critical developmental phase in angiosperms, marking the transition
from vegetative to reproductive growth [1]. This process directly influences
offspring reproductive capacity, population viability, and ecological adaptability
[2, 3]. In crop and horticulture species, flowering time significantly impacts yield
and quality, rendering the regulation of adaptive flowering an important agronomic
trait of considerable interest to breeders [4-7].

Flowering time is modulated by a combination of endogenous and exogenous
factors, including temperature, light, humidity, stress, carbohydrate levels, mineral
nutrition status, plant growth regulators, and genetic factors [8]. Natural selection has
refined the underlying regulatory mechanisms, resulting in sophisticated molecular
circuits that align flowering with favorable conditions [9]. Premature flowering exposes
reproductive organs to environmental stresses such as frost or drought, while delayed
flowering may prevent seed maturation before seasonal changes [10-12].

Flowering is regulated by a complex network of endogenous and environmental
signaling pathways that collectively ensure reproductive success. Autonomous
pathway promotes flowering through constitutive repressing of floral inhibitors,
particularly FLOWERING LOCUS C (FLC) [13]. Gibberellin (GA) pathway
mediates hormonal signals by destabilizing DELLA repressor proteins [14].
Moreover, age pathway operates through the gradual decline of microRNA156
(miR156) and accumulation of SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPL) transcription factors (TFs) [15].

Environmental pathways enable adaptive responses to external conditions. The
Photoperiod Pathway senses day length through circadian-regulated accumulation
of CONSTANS (CO) protein, which activates transcription of FLOWERING LOCUS
T (FT) encoding the mobile florigen signal [16]. The Vernalization Pathway
mediates response to prolonged winter cold by epigenetically silencing FLC via
Polycomb-group proteins [17, 18]. The Ambient Temperature Pathway modulates
flowering through thermosensitive mechanisms including stabilization of
PHYTOCHROME INTERACTING FACTORS (PIFs) and regulation of histone
variant H2A.Z occupancy [19, 20].

Crucially, these pathways do not function independently but form an extensively
interconnected regulatory network. Vernalization, for instance, removes FLC-mediated
repression, thereby enabling photoperiodic induction. Gibberellin signaling can
promote flowering under non-inductive photoperiods when the CO-FT module is
inactive. The age pathway, operating through miR156 and SPL transcription factors,
modulates the sensitivity of meristems to these various inductive signals.

Post-translational modifications (PTMs), including phosphorylation, ubiquitination,
SUMOylation, and acetylation, are important for regulating protein stability and
function. Recent biochemical evidence suggests that the functioning of FLC is controlled
at both the transcriptional and post-translational levels, indicating that PTMs play
important roles in regulating FLC function.This chapter elaborates how these
transcriptional and post-translational mechanisms together orchestrate flowering time
control. It begins with the core TF families involved, including MADS-box proteins,
flowering integrators, and pathway-specific repressors. Subsequent sections address the
regulatory networks formed through pathway cross-talk and signal integration, and
explore how PTMs dynamically modulate TF activity, stability, and interactions in
response to endogenous and environmental cues.
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2. Core transcription factor families in flowering

The transition from vegetative to reproductive development depends on
a sophisticated regulatory network in which TFs integrate endogenous and
environmental signals. These proteins coordinate the expression of target genes
in specific spatial and temporal patterns, directing the shoot apical meristem to
adopt a floral meristem identity. This section reviews the major transcription
factor families that regulate floral induction and meristem identity, focusing on
their molecular functions, regulatory interactions, and roles within the broader
flowering network.The major transcription factor families involved in flowering
control are summarized in Table 1.

Family  Gene Function Upstream signals Downstream Key
targets references
MADS- AP1 Floral meristem identity, FT-FD complex, LFY AP3, PI, AG [21-23]
box sepal/petal development
MADS-  FLC Floral repressor, vernali- Vernalization, autono- FT, SOC1 [24-28]
box zation integrator mous pathway
MADS- SOC1 Floral integrator, multiple ~ CO (photoperiod), GA, LFY, AP1 [29-33]
box pathway convergence relief of FLC repression
MADS-  SEP1-4 Floral organ identity Developmental signals Class A, B, [34-36]
box co-factor (E-function) C MADS-box
proteins
PEBP FT Mobile florigen, floral CO (photoperiod), PIF4  AP1, SOC1 [37-43]
integrator (temperature)
B-box CO Photoperiodic switch, Circadian clock (GI, FT, TSF [44-51]
zinc day-length measurement FKF1, CDFs),
finger photoreceptors
bZIP FD Floral activation at shoot FT (via 14-3-3) AP1 [41-43]
apex
bHLH PIF4 Thermosensor, tempera- Elevated temperature FT [52]
ture-responsive activator
SBP- SPLs Age pathway, develop- miR156 (declining with ~ miR172, SOC1, [15, 53]
box mental timing age) LFY
AP2/ TEM1/2 Floral repressor, auxin Auxin signaling FT [54, 55]
ERF integration
PHD VIN3 Vernalization initiator, Prolonged cold FLC [27, 56, 57]
finger PRC2 recruitment (chromatin)
VEL VRNS5, Polycomb silencing main-  Cold exposure FLC [57, 58]
family VIN3 tenance, condensate (chromatin)
formation
B3 VAL1 Silencing nucleation at Vernalization signals FLC [59]
domain FLC (chromatin)
Table 1.

Core transcription factor families in flowering time regulation.
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2.1 MADS-box TFs
2.1.1 APETALA1, FRUITFULL, and SEPALLATA clades

The MADS-box family is among the most thoroughly studied transcription factor
families in plants. These proteins share a conserved DNA-binding domain originally
identified in MCM1, AGAMOUS, DEFICIENS, and SRF, and function as key
regulators of diverse developmental processes. Their roles in floral organ
specification and meristem identity have received particular attention (Table 1)
[60, 61].

Among the MADS-box proteins, the APETALA1 (AP1)/FRUITFULL (FUL) and
SEPALLATA (SEP) clades play fundamental roles in specifying floral meristem and
organ identity. AP1 functions as both a floral meristem identity gene and a regulator
of sepal and petal development. In Arabidopsis thaliana, AP1 expression is activated
in response to floral inductive signals and serves to specify the fate of floral
primordia while simultaneously repressing inflorescence meristem identity
(Table 1) [21, 22]. Loss-of-function apl mutants exhibit partial conversion of
flowers into inflorescence shoots, highlighting the critical role of AP1 in establishing
floral meristem identity.

FUL, a closely related MADS-box gene, exhibits partially redundant functions
with AP1 and contributes to inflorescence architecture and fruit development.
While ful single mutants display relatively subtle flowering phenotypes, ap1 ful
double mutants show enhanced flowering delay and more severe defects in floral
meristem specification, indicating functional overlap between these two
regulators (Table 1) [23]. FUL also plays specific roles in cauline leaf
development and valve differentiation during fruit development, demonstrating
the pleiotropic functions characteristic of MADS-box proteins.

SEP1-4 proteins serve as essential co-factors that interact with other MADS-
domain proteins to form higher-order transcriptional complexes. Originally
identified through the severe floral phenotype of sep1 sep2 sep3 triple mutants,
which exhibit conversion of all floral organs into sepal-like structures, the SEP
proteins are now recognized as required partners for the proper function of class A,
B, and C MADS-box proteins (Table 1) [34, 35]. SEP3, in particular, acts as
a central hub in the MADS-box protein interaction network, promoting formation
of multimeric complexes with enhanced DNA-binding specificity and affinity
(Table 1) [36].

2.1.2 The ABC(E) model

In the ABC model, a flower is composed of four concentric whorls bearing
different kind of floral organs — sepals, petals, stamens, and carpels — sequentially
arranged from the outer to the inner part of the flower. This floral structure is typical
of core eudicots. The ABC model, initially based on floral mutant phenotypes in
Arabidopsis and Antirrhinum, postulates that three different gene classes, or
functions, specify the identity of these organs in the four floral whorls. In the
outermost whorl, the A-function specifies sepal identity, while the A- and
B-function genes together control petal identity in the second whorl. In the third
whorl, the B- and C-function genes are required for stamen development, while the
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C-function by itself specifies carpel identity in the inner whorl and terminates floral
meristem activity. In addition, the A- and C-functions antagonize each other,
enforcing the proper domains of activity. A later addition to the model are the
E-function genes, which are required for all the other functions, since they encode
proteins necessary for the formation of the higher order complexes in which most of
the ABC-function proteins are active [62, 63]. Interestingly, except for one of the
A-function genes, APETALA2 (AP2), all the ABCE-functions are encoded by one or
more type [I MADS-box genes.

Class A genes, including AP1 and AP2, specify sepal identity in the first floral
whorl and contribute to petal development in combination with class B genes. Class
B genes, represented by APETALA3 (AP3) and PISTILLATA (PI), function together
to specify petal and stamen identity in the second and third whorls, respectively.
Class C genes, primarily AGAMOUS (AG), determine stamen and carpel identity in
the third and fourth whorls while simultaneously repressing class A function in these
inner whorls [64, 65]. Class E genes, the SEP clade, are required for the activities of
all floral organ identity genes, functioning as obligatory co-factors that enable the
formation of functional tetrameric complexes [34].

Several members have been shown to form dimers and consequently two
functional regions within the MADS-box have been defined. The N-terminal half is
the major determinant of DNA-binding specificity whilst the C-terminal half is
necessary for dimerisation. This organisation allows the potential formation of
numerous proteins, with subtly different DNA-binding specificities, from a limited
number of genes by heterodimerisation between different MADS-box proteins. The
majority of MADS-box proteins bind similar sites based on the consensus sequence
CC(A/T)6GG although each protein apparently possesses a distinct binding
specificity [66, 67]. This higher-order complex formation enables synergistic
transcriptional activation and provides a mechanistic basis for the combinatorial
specification of floral organ identity. Moreover, several MADS-box proteins
specifically recruit other transcription factors into multi-component regulatory
complexes.

Recent advances have highlighted the dynamic nature of these protein-protein
interactions and their integration with hormonal and environmental signals. For
instance, the AP1-FUL clade exhibits context-dependent interactions with
additional co-factors, including LEAFY and its transcriptional co-regulators,
thereby linking floral meristem identity specification with downstream organ
development [68]. Moreover, chromatin immunoprecipitation coupled with
high-throughput sequencing (ChIP-seq) has revealed extensive genome-wide
binding patterns for MADS-box proteins, uncovering thousands of potential
target genes and revealing complex regulatory hierarchies underlying floral
patterning [69, 70].

2.2 Flowering integrators and pathway-specific regulators

MADS-box proteins such as SOC1 and FLC act downstream of photoperiod,
vernalization, and GA pathways to regulate flowering. Transcription factors
including CO, FT, and LFY function as floral integrators, relaying inputs from these
pathways to meristem identity genes. Together, they converge diverse regulatory
signals to control flowering time and floral development.
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2.2.1 FT and SOC1

FT and SOC1 function as primary floral integrators that regulate photoperiod,
vernalization, GA, autonomous, and age pathways (Table 1) [37, 38]. FT, a member
of the phosphatidylethanolamine-binding protein (PEBP) family, functions as the
long-sought florigen. This mobile signal is synthesized in leaves and translocated via
the phloem to the shoot apical meristem, where it initiates the floral transition
(Table 1) [39, 40]. The systemic movement of FT protein through the phloem
establishes a long-distance communication system that coordinates flowering
responses across the plant body.

At the shoot apical meristem, FT interacts with the bZIP TF FD through a 14-3-3
protein-mediated mechanism, forming a transcriptional activation complex that
directly induces expression of downstream floral meristem identity genes including
AP1 and SOC1 (Table 1) [41-43]. This FT-FD module exhibits remarkable
evolutionary conservation, with FT homologs identified as flowering regulators in
diverse angiosperm species ranging from rice to poplar [71, 72].

SOC1, a MADS-box TF, integrates signals from multiple flowering pathways at
the transcriptional level. SOC1 expression is directly activated by CO under long-day
conditions, repressed by FLC in response to vernalization, and induced by GA
signaling through the destabilization of DELLA repressors (Table 1) [29-31]. The
SOC1 protein, in turn, directly activates floral meristem identity genes including LFY
and AP1, positioning it as a central hub that translates diverse regulatory inputs into
a coherent developmental output (Table 1) [32, 33].

2.2.2 CO

CO encodes a B-box zinc finger TF, and it plays a central role in photoperiodic
flowering regulation [44]. CO expression is subject to complex circadian and light-
mediated control at both transcriptional and post-translational levels, enabling
precise measurement of day length. The circadian clock regulates CO transcription
such that mRNA accumulation peaks approximately 12 hours after dawn, but this
peak occurs during daylight only under long-day conditions (Table 1) [45, 46].

Post-translational mechanisms provide an additional regulatory layer. CO protein
stability is directly modulated by light quality through the action of photoreceptors
including phytochrome A (phyA), cryptochromes (CRY1 and CRY2), and the E3
ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1). Under long-day
conditions, light stabilizes CO protein during the afternoon, enabling accumulation to
levels sufficient for FT activation. Under short days, CO protein peaks during darkness
and is rapidly degraded by COP1-mediated ubiquitination (Table 1) [47, 48]. This
dual regulation ensures that FT is activated only under inductive photoperiods,
establishing the CO-FT module as a conserved mechanism linking photoperiod
perception to floral induction across diverse angiosperm species [49].

Beyond FT regulation, CO directly targets a suite of additional genes involved in
flowering time control and stress responses, expanding its regulatory influence
beyond the canonical photoperiod pathway. Genome-wide binding studies have
identified hundreds of CO-bound loci, including genes involved in hormone
signaling, circadian clock regulation, and metabolic processes, suggesting broader
roles for CO in coordinating developmental transitions with environmental
conditions (Table 1) [50, 51].
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2.2.3 LEAFY (LFY)

LFY functions as a master regulator of floral meristem identity, integrating
upstream signals from both the photoperiod and GA pathways [73, 74]. LFY
expression is directly activated by SOC1 and by SPL TFs from the age pathway,
positioning it downstream of multiple flowering integrators. Conversely, LFY also
participates in positive feedback loops that reinforce flower development, including
direct activation of AP1 and indirect activation of SOC1 through repression of the
flowering repressor TERMINAL FLOWER 1 (TFL1) (Table 1) [75, 76].

At the molecular level, LFY functions as a pioneer TF capable of binding
condensed chromatin and facilitating the recruitment of additional TFs to target loci.
LFY directly activates the expression of floral homeotic genes, including AP1, AP3,
and AG, by binding to specific cis-regulatory elements enriched in the promoters of
these genes [77, 78]. Through direct activation of floral organ identity genes, LFY
links floral induction to downstream organ development.

The DNA-binding specificity of LFY is modulated by interaction with co-factors
including the TF UNUSUAL FLORAL ORGANS (UFO), which acts as
a transcriptional co-activator to facilitate LFY-mediated activation of class B genes
[79]. Through this co-factor interaction, LFY achieves whorl-specific transcriptional
activity required for proper floral organ specification.

2.3 Transcriptional repressors and the fine-tuning of floral transition

While activators of flowering have received considerable attention,
transcriptional repressors play equally important roles in preventing precocious
flowering and ensuring that the floral transition occurs only under favorable
conditions. These repressors integrate environmental and endogenous signals to
fine-tune flowering timing and provide developmental plasticity.

2.3.1 FLC and its epigenetic regulation in vernalization

FLC, aMADS-box TF, functions as a potent repressor of flowering that integrates
vernalization and autonomous pathway signals. FLC directly represses the
transcription levels of floral integrators FT and SOCI by binding to specific CArG-
box motifs in their regulatory regions, thereby preventing premature flowering
under non-inductive conditions [24, 25]. In winter-annual ecotypes of Arabidopsis
and many temperate cereals, high FLC expression establishes a strong block to
flowering that can only be overcome by prolonged cold exposure.

The molecular mechanisms underlying FLC repression operate at multiple levels.
The autonomous pathway maintains basal FLC repression through FLOWERING
LOCUS D (FLD)-mediated histone deacetylation and FCA-mediated alternative
splicing (Figure 1) [80, 81]. However, the most dramatic regulation occurs through
vernalization, which aligns flowering with spring by epigenetically silencing FLC in
response to winter cold.

A prerequisite for vernalization-induced silencing is transcriptional
downregulation of FLC. This correlates with decreased levels of H3K36me3 and
H3K4me3, histone marks deposited during FRIGIDA (FRI)-dependent FLC
activation (Figure 1) [82, 83]. Cold exposure rapidly promotes the formation of FRI
nuclear condensates that do not colocalize with the active FLC locus, reducing FRI



Flowering Plant Species - An Ecological Insight

Cold Exposure (Winter) Prolonged Cold After Cold
(Silencing Initiation) (Epigenetic Memory)

T‘ e B

> AT p \
ving/IN3 COQUgoraR | SWN VRN5
VIN3 CNOLAIR VIN3

VIN. COOLAIRp| AIR \

\_‘ VIN3
< /|
s o @

Active cell (ON) Silent cell (OFF)

Figure 1.

Vernalization-mediated epigenetic silencing of FLC. Three-step molecular model of FLC repression triggeved by
prolonged cold. Step 1: cold exposure induces FRI condensate formation, VIN3 expression, and COOLAIR
accumulation, leading to FLC transcriptional downregulation. Step 2: VALI recruits PRC2 complex to the
nucleation region; VEL proteins form condensates to facilitate h3k27me3 spreading. Step 3: after cold, FLC is
stably silenced by h3k27me3 in a digital, cell-autonomous, and mitotically stable manner.

occupancy at the FLC promoter and contributing to transcriptional repression.
Warm temperature spikes can reverse this process, buffering FLC shutdown to
prevent premature flowering. The accumulation of FRI condensates in the cold is
influenced by specific co-transcriptional regulators and by cold-induced expression
of a specific isoform of the antisense RNA COOLAIR.

Transcriptional downregulation sets the stage for Polycomb-mediated epigenetic
silencing. During prolonged cold, the PHD finger protein VERNALIZATION
INSENSITIVE 3 (VIN3) is induced and associates with Polycomb Repressive
Complex 2 (PRC2), facilitating the deposition of repressive H3K27me3 marks across
the FLC locus (Figure 1, Table 1) [26-28]. This Polycomb-mediated silencing is
mitotically stable, maintaining winter memory through subsequent cell divisions
after cold exposure ends. Longer cold leads to progressively higher H3K27me3
accumulation and more stable repression, allowing plants to integrate winter
duration and flower only after vernalization requirements are fully met
(Figure 1, Table 1) [82, 83].

The FLC system thus represents a paradigm for environmentally triggered
epigenetic regulation, revealing how plants integrate seasonal cues with
developmental programs.

2.3.2 TEMPRANILLO (TEM) and SMALL AUXIN UP RNA (SAUR) families
in growth-veproduction balance

Several TF families function in parallel with FLC to coordinate vegetative growth
and flowering. The TEMPRANILLO (TEM) genes, for example, encode AP2/ERF-
family repressors that directly downregulate FT (Table 1) [54]. TEM1 and TEM2
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bind cis-elements in the FT promoter and recruit transcriptional co-repressors,
maintaining low FT expression during vegetative development.

TEM proteins also integrate auxin signaling with flowering time control, linking
the balance between growth and reproduction. TEM1 directly regulates genes
involved in auxin biosynthesis and response, and conversely, auxin signaling
modulates TEM expression, establishing a feedback loop that coordinates
developmental transitions with hormone status (Table 1) [55]. This integration
ensures that flowering occurs only when plants have achieved sufficient vegetative
development and resource accumulation.

SMALL AUXIN UP RNA (SAUR) family, best known for regulating auxin
transport and cell expansion, also influence flowering time. Several SAUR family
members show flowering phenotypes when overexpressed or mutated, suggesting
roles in meristem maturation or hormone crosstalk [84]. SAUR-mediated auxin
signaling may affect flowering via meristem maturation, photoperiod response, or
GA pathway interactions, highlighting the complexity of hormonal crosstalk in
flowering control.

Flowering time reflects the balance between repressors and activators. Repressors
like FLC and TEM prevent precocious flowering, while activators like CO and FT
promote the floral transition when environmental and developmental conditions are
favorable. This antagonism allows the flowering network to integrate diverse signals
and respond appropriately.

3. Regulatory networks and the integration of signaling pathways
in flower development

The TFs described above do not act alone. They function within an
interconnected network that integrates endogenous and environmental signals,
allowing plants to align flowering with internal development and external
conditions. This section examines the major pathways that converge on flowering
time, including photoperiod, vernalization, gibberellin, age, and ambient
temperature, focusing on their molecular mechanisms, cross-talk, and integration
(Figure 2).

3.1 Photoperiodic pathway

Plants perceive seasonal changes in day length primarily through the photoperiod
pathway, which adjusts flowering time accordingly. In A. thaliana, a facultative
long-day species, flowering accelerates under long days via the CO-FT module [85,
86]. The circadian clock controls CO transcription through GIGANTEA (GI),
FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1), and CYCLING DOF
FACTORs (CDFs), restricting CO expression to specific times of day [85]. CO
protein stability is further modulated by light quality through photoreceptors
including phyA and cryptochromes, which antagonize COP1-mediated degradation
[87]. FT, encoding the mobile florigen signal, is then activated specifically under
inductive long days [88, 89]. Additional regulation of the CO-FT module comes from
several factors. The chromatin-remodeling factor PICKLE (PKL) physically interacts
with CO to facilitate its access to FT chromatin, mediating the diurnal switch
between active and inactive states at dusk and night, respectively. Furthermore, the
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Figure 2.

Integration of multiple signaling pathways governing flowering time. Environmental and endogenous signals
(photoperiod, vernalization, ambient temperature, gibberellin, and age) converge on floval integrators FT and
SOC1. These integrators activate floral meristem identity genes (AP1, LFY, FUL) at the shoot apical meristem,
which in turn specify floral organ identity through the ABCE mads-box model.

BBX28 and BBX29 proteins promote flowering under long-day conditions at low
ambient temperature (16 °C) by interacting with CO to enhance its transcriptional
activation of FT and its paralog TWIN SISTER OF FT (TSF). Consistent with this,
bbx28 bbx29 double mutants exhibit delayed flowering and reduced FT/TSF
expression under these conditions [90].

3.1.1 Functional diversification through gene duplication

The CO-FT module varies considerably across angiosperm lineages, shaped by
life history and ecological context [91, 92]. In the perennial tree Populus trichocarpa,
for instance, gene duplication and subfunctionalization have produced two FT
paralogs with divergent roles. PtFT1 promotes flowering. Its overexpression induces
precocious flowering within weeks (compared to the typical 8-20 year juvenile
phase), and its expression is specifically induced by cold treatment in reproductively
mature trees, corresponding to winter inflorescence development [92]. In contrast,
PtFT2 is expressed only under warm, long-day conditions and regulates the
developmental switch between vegetative growth and dormancy. When heat-shock
drives PtFT2 expression, plants fail to set buds under normally inductive short days
and instead continue growing [92]. Natural variation across latitudinal clines in
European aspen shows that day-length thresholds for growth cessation shift with
latitude, correlating with altered PtFT2 expression and its putative regulator PtCO2
[91]. Notably, PtFT1 shows no diurnal variation and is primarily temperature-
regulated, while PtFT2 exhibits strong photoperiodic regulation, demonstrating
subfunctionalization of duplicated FT genes [92]. The FD homolog PtFD1 integrates
these FT signals to coordinate both reproductive and vegetative phase transitions,
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being transiently upregulated in apical buds during early short-day exposure;
overexpression of PtFD1 disrupts short-day-induced growth cessation and bud
formation while also causing precocious flowering under long days [93].
Furthermore, the AP1 ortholog LAP1 acts downstream of the CO-FT module to
regulate seasonal growth cessation through an AINTEGUMENTA-like TF rather
than flowering-related targets, indicating that functional divergence downstream of
AP1/LAP1 enables the same photoperiodic signal to control distinct developmental
programs in different species [94].

3.1.2 Lineage-specific innovations in monocots

In rice (Oryza sativa L.), a facultative short-day plant, flowering time is controlled by
both the evolutionarily conserved CO-FT module (Hd1-Hd3a) and a unique Ehd1-
dependent pathway. Early heading date 4 (Ehd4) functions as a novel positive regulator
of Ehd1, encoding a CCCH-type zinc finger protein localized to the nucleus that exhibits
transcriptional activation activity [95]. The ehd4 mutant displays a never-flowering
phenotype under natural long-day conditions, indicating that Ehd4 is essential for floral
induction under non-inductive photoperiods. Ekd4 is predominantly expressed in
young leaves with a diurnal pattern similar to Ehd1 under both short-day and long-day
conditions, and it promotes flowering by up-regulating Ehd1 expression, which in turn
activates the florigen genes Hd3a and RFT1. Notably, Ehd4 acts independently of other
known Ehd1 regulators including Hd1, Ghd7, and OsMADS50, and is highly conserved
within the Oryza genus but absent in other plant lineages, representing an Oryza-genus-
specific innovation that integrates with the ancestral CO-FT pathway to confer
photoperiodic flowering control [95].

In maize bamboo (Dendrocalamus latiflorus), a conserved CO-FT regulatory
module exists wherein DICO1 regulates DIFT1 expression, and DIFT1 functions as
a florigen candidate that promotes flowering by interacting with DIFD and
upregulating downstream AP1, while DITFL1 antagonizes DIFT1 function through
competitive interaction with DIFD [96].

3.1.3 Recruitment for alternative developmental programs

The CO-FT module has been co-opted to regulate diverse photoperiodic
responses beyond flowering. In potato (Solanum tuberosum), this module regulates
photoperiodic tuberization rather than flowering, wherein StCO represses
tuberization under non-inductive photoperiods by modulating expression of the
mobile signals StBEL5 and StFT/StSP6A, which promote tuber formation [97]. In the
perennial plant Arabis alpina, the CO-FT module regulates flowering in a shoot-
specific manner. AaCO activates AaFT/TSFL transcription in leaves to promote
flowering under long days, but while both genes are required for inflorescence
development on the primary shoot, AaCO is dispensable for axillary branch
flowering whereas AaFT/TSFL is essential, revealing that subfunctionalization of
this module contributes to the complex polycarpic perennial life history [98].

3.1.4 Evolutionary dynamics in polyploid and domesticated species

In allotetraploid cotton (Gossypium spp.), eight group I CONSTANS-like (COL)
genes exhibit diurnal expression patterns and have undergone asymmetric
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evolutionary pressures between the A and D subgenomes following polyploidization,
with COL1, COL2, and COL8 showing evidence of domestication-associated
selection, indicating that the conserved CO-FT module has been shaped by
polyploidy and domestication to regulate photoperiodic flowering [99]. Similarly, in
Brassica napus, quantitative trait loci (QTL) mapping and genome-wide association
studies have identified FT, CO, and FLC as key loci associated with ecotypic
differentiation and flowering time variation across multiple environments,
confirming that the CO-FT module mediates photoperiodic flowering by integrating
environmental signals at the shoot apical meristem, wherein FT acts as a floral
pathway integrator together with SOC1 to initiate flowering [100].

3.1.5 Integration of diverse environmental cues

Beyond photoperiod, the CO-FT module functions as a central hub integrating
diverse environmental signals. Transcriptomic analyses of Arabidopsis plants grown
on the Chinese space station revealed that this module integrates spaceflight-
associated microgravity signals with transcriptional networks involving ERF, bZIP,
bHLH, and BES1 TFs to modulate adaptive growth responses, demonstrating the
broad signal-integration capacity of the CO-FT regulatory hub [101].

Collectively, these comparative studies reveal that while the CO-FT module
serves as a core regulatory hub across angiosperms, lineage-specific gene
duplications, subfunctionalization, neofunctionalization, and recruitment for
alternative developmental programs have generated remarkable diversity in how
photoperiodic signals are transduced to control flowering time, dormancy
transitions, tuberization, and inflorescence architecture.

3.2 Vernalization pathway

Vernalization refers to the promotion of flowering by prolonged exposure to
winter cold, a mechanism that aligns reproductive development with favorable
spring conditions. In A. thaliana and many temperate cereals, vernalization acts
through epigenetic silencing of the potent floral repressor FLC [102, 103]. FLC
encodes a MADS-box TF that directly represses the floral integrators FT and SOC1,
and in winter-annual ecotypes, high FLC expression establishes a strong block to
flowering that can only be overcome by cold exposure. The vernalization pathway
has emerged as a paradigm for understanding environmentally triggered epigenetic
regulation in plants, with recent advances revealing multiple interconnected layers
of control operating at transcriptional, post-transcriptional, and chromatin
organizational levels.

3.2.1 Nucleation and establishment of polycomb silencing

During vernalization, the PHD finger protein VIN3 is progressively induced and
associates with PRC2 (Table 1) [56]. This complex catalyzes H3K27me3, a repressive
chromatin mark, across the FLC locus. The initiation of this silencing process
requires sequence-specific targeting of transcriptional repressors to an intragenic
nucleation region within FLC. The transcriptional repressor VAL1 binds to this
nucleation region iz vivo, promotes histone deacetylation, and interacts with the
conserved ASAP complex, demonstrating that sequence-specific targeting recruits
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the machinery necessary for establishing Polycomb silencing at FLC (Table 1) [59].
The importance of this nucleation site is underscored by the finding that a single
point mutation within this region prevents Polycomb-mediated epigenetic silencing
by blocking PHD-PRC2 nucleation [59].

Recent studies have revealed that VEL proteins (VERNALIZATION LIKE) play
distinct accessory roles in Polycomb silencing, facilitating the spread and
maintenance of H3K27me3 during and after cold exposure [57]. The VEL proteins
VRNS5 and VIN3 exhibit distinct molecular functions. VRN5 adopts a compact
conformation that enables intimate association with multiple PRC2 components and
is required for both H3K27me2 and H3K27me3 deposition, whereas VIN3 interacts
with the transcriptional repressor VAL1 and is specifically required for H3K27me3
but not H3K27me?2 [57]. Vernalization-mediated epigenetic silencing further
requires the ability of VEL proteins to form biomolecular condensates, as they
contain a four-helix bundle domain that undergoes concentration-dependent head-
to-tail polymerization; mutations disrupting this polymerization prevent Polycomb
silencing at FLC, demonstrating that VEL-mediated condensate assembly facilitates
the nucleation and propagation of the silenced state (Table 1) [58].

3.2.2 Integration of transcriptional and chromatin regulatory layers

A computational model integrating co-transcriptional RNA processing, histone
demethylation, and PRC2 function at FLC reveals that the RNA-binding protein FCA
mediates proximal polyadenylation and termination, which recruits the histone
demethylase FLD to remove H3K4mel [104]. This H3K4mel removal reduces RNA
polymerase I processivity, reinforcing early termination and repressing productive
transcription. The resulting transcription-coupled repression determines the level of
transcriptional antagonism to PRC2 action, thereby dictating the timescale for
establishment of PRC2-mediated H3K27me3 silencing and the rate of the ON-to-OFF
epigenetic switch at FLC [104].

3.2.3 Temperature-dependent regulation of transcriptional activators

The flowering regulator FRIGIDA (FRI) undergoes temperature-dependent
phase separation to control FLC expression, providing a mechanistic link between
ambient temperature sensing and epigenetic regulation. In warm conditions, FRI
remains soluble and associates with transcriptional co-activators to activate FLC,
while cold exposure stabilizes FRI and promotes its sequestration into nuclear
condensates, thereby removing it from the FLC promoter and facilitating
transcriptional shutdown [105].

3.2.4 Nuclear organization and physical clustering

Vernalization involves cold-induced epigenetic silencing of FLC through
Polycomb-mediated mechanisms accompanied by specific changes in nuclear
organization, including disruption of an intragenic gene loop and physical clustering
of FLC loci [106]. These nuclear reorganization events occur at distinct temporal
phases, with locus clustering tightly correlated with the accumulation of Polycomb
complexes and H3K27me3 at a localized intragenic nucleation site during cold
exposure, suggesting that changes in nuclear architecture are mechanistically linked
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to the cell-autonomous bistable switching that underlies quantitative vernalization
response [106]. Live-cell imaging of FLC-lacO alleles has confirmed that cold
exposure induces physical clustering of FLC loci, and this clustering depends on
Polycomb factors required for establishing silencing (such as VIN3) but not on LIKE
HETEROCHROMATIN PROTEIN 1 (LHP1), which maintains silencing, suggesting
that physical clustering of Polycomb target loci may represent a conserved feature of
epigenetic switching mechanisms during vernalization [107].

3.2.5 Digital switching and quantitative memory

The Polycomb-mediated silencing established during cold exposure is
mitotically stable, persisting through subsequent cell divisions after temperatures
rise. This epigenetic memory ensures that FLC remains repressed throughout the
remainder of the plant’s life cycle, enabling flowering to occur in the spring
following winter [103]. Quantitative analyses have revealed that vernalization
operates through a digital paradigm. Longer cold exposure leads to an increasing
proportion of cells switching FLC to the OFF state, and this all-or-nothing cellular
memory is maintained through subsequent cell divisions [103]. Recent single-cell
analyses have confirmed that FLC expression exhibits bimodal distribution
during vernalization, with cells existing in either fully ON or fully OFF
states [108].

3.2.6 Natural variation in silencing stability

Natural variation in epigenetic silencing of FLC in Arabidopsis accessions
involves an additional long-term perpetuated phase downstream of Polycomb-
mediated H3K27me3 spreading. In the Lov-1 accession, noncoding SNPs in the
nucleation region cause unstable silencing with frequent digital FLC reactivation in
individual cells upon return to warm, with reactivation probability decreasing after
longer cold due to reduced DNA replication post-flowering [109].

3.2.7 Epigenetic resetting across generations

The vernalized state must be reset during each generation to maintain the
requirement for winter cold. This resetting occurs during embryogenesis and
involves active removal of H3K27me3 marks from FLC chromatin [56]. The DNA
polymerase a subunit INCURVATA2 (ICU2) and the histone chaperone CAF-1
complex contribute to the proper resetting of epigenetic marks during reproductive
development [110]. The precise coordination between silencing and resetting
ensures that vernalization requirements are faithfully transmitted across generations
while preventing inappropriate inheritance of the vernalized state. Although
originally identified as vernalization regulators, VIN3 and VRNS5 co-associate with
numerous H3K27me3-marked targets genome-wide, indicating broad relevance for
PRC2-mediated silencing beyond FLC [57].

Together, sequence-specific nucleation, VEL-mediated condensate assembly,
transcription-coupled repression, nuclear reorganization, digital epigenetic
switching, and germline resetting constitute a sophisticated regulatory framework
that enables plants to quantitatively perceive winter duration, establish mitotically
stable epigenetic memory, and align flowering with favorable spring conditions.
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3.3 GA pathway

GAs are tetracyclic diterpenoid hormones that regulate diverse developmental
processes, including seed germination, stem elongation, and flowering. The GA
pathway is particularly critical for flowering under non-inductive photoperiods,
such as short days in many rosette plants [14].

DELLA proteins function as master repressors of GA signaling. Named for the
conserved N-terminal DELLA motif, these nuclear-localized TFs suppress
GA-responsive growth and development. In Arabidopsis, five DELLA proteins,
including GA INSENSITIVE (GAI), REPRESSOR OF GA1-3 (RGA), RGA-LIKE1
(RGL1), RGL2, and RGL3, exhibit partially redundant functions, with RGA and
RGL1 playing particularly prominent roles in flowering regulation [14].

GA signaling is initiated by binding of bioactive GAs to the GIBBERELLIN
INSENSITIVE DWARF1 (GID1) receptor, which undergoes a conformational change
that promotes interaction with DELLA proteins [14]. This GA-GID1-DELLA
complex recruits F-box proteins of the SCF E3 ubiquitin ligase complex, leading to
DELLA polyubiquitination and subsequent degradation by the 26S proteasome. This
degradation relieves DELLA-mediated repression, permitting activation of
downstream genes. Studies in lettuce have demonstrated that the DELLA protein
LsRGL1 negatively regulates bolting and flowering by modulating both GA and
auxin biosynthesis, indicating that DELLA functions as a hub connecting multiple
hormone pathways [111].

DELLA proteins directly interact with several key flowering regulators. DELLAs
bind to and inhibit the activity of SPL TFs, which activate floral integrators including
SOC1 and LFY [14]. DELLAs also interact with PIFs, integrating GA signaling with
light and temperature pathways. Additionally, DELLAs can sequester the floral
activator FD, preventing its interaction with FT at the shoot apex. Through these
multiple mechanisms, GA signaling modulates flowering time in response to
developmental and environmental cues [14].

3.4 Autonomous pathway

Autonomous pathway promotes flowering through constitutive repression of
FLC, independent of environmental signals. This pathway ensures that flowering
eventually occurs even in the absence of inductive cues, acting as a developmental
timer or fail-safe mechanism [56, 112, 113].

Several autonomous pathway genes encode proteins involved in RNA processing.
FCA and FY function in alternative polyadenylation, regulating 3’ end formation of
FLC antisense transcripts. FPA, another RNA-binding protein, acts redundantly
with FCA to promote FLC repression through effects on transcription termination
and chromatin state. Recent studies have revealed that the Cleavage and
Polyadenylation Specificity Factor (CPSF) phosphatase module, including APRF1
(yeast Swd2/human WDR82), TOPP4 (PP1 phosphatase), and LD (Like
Heterochromatin Protein 1), links transcription termination to chromatin silencing
at the FLC locus [114]. This module physically associates with chromatin modifiers,
generating a transcription-coupled silencing mechanism that ensures robust FLC
repression.

Additional autonomous pathway components modulate FLC expression through
chromatin-based mechanisms. FVE (also known as AtMSI4) encodes
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a retinoblastoma-associated protein that interacts with histone deacetylase
complexes to promote repressive chromatin modifications at FLC [115]. FLD
encodes a lysine-specific demethylase-like protein that reduces histone H3 lysine 4
(H3K4) methylation, an activating mark, at the FLC locus. Recent advances have
demonstrated that FLD associates with LD and other factors to form a complex that
specifically removes H3K4mel in the central region of FLC, contributing to
transcriptional silencing [114].

Autonomous pathway and vernalization pathway converge on FLC repression
through complementary mechanisms. While vernalization establishes stable Polycomb-
mediated silencing, autonomous pathway maintains basal repression levels and
facilitates the rapid downregulation of FLC upon cold exposure [115]. Autonomous
pathway also prevents inappropriate reactivation of FLC after vernalization,
contributing to the stable maintenance of the silenced state. This coordination ensures
robust FLC regulation across diverse environmental conditions.

3.5 Age pathway

Age pathway functions as an endogenous timing mechanism that ensures plants
initiate flowering only after attaining appropriate developmental maturity, thereby
integrating internal physiological status with environmental signals. This pathway is
primarily orchestrated by the miR156-SPL-miR172 regulatory cascade (Figure 3).

During early vegetative development, high concentrations of miR156 maintain
the juvenile phase by repressing the expression of SPL TFs. As plants undergo
progressive maturation, miR156 levels gradually decline, permitting the
accumulation of SPL proteins, which in turn activate downstream flowering-related
genes including miR172. In A. thaliana, miR156 targets multiple SPL family members

Juvenile stage Adult stage
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/ \ \
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Figure 3.

The mir156-SPL-mir172 cascade in age-dependent flowering. During juvenile development, high mir156
represses SPL transcription factors. As plants mature, mir156 levels decline, allowing SPL proteins to accumulate
and activate mir172. Mir172 repvesses ap2-like floral repressors (TOE1, TOE2, SMZ, SNZ), thereby de-
repressing FT and promoting the floral transition.
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with distinct functions. SPL2, SPL9, SPL10, SPL11, SPL13, and SPL15 are primarily
associated with flowering time regulation, while SPL3, SPL4, and SPL5 specifically
promote floral meristem differentiation (Table 1, Figure 3) [53]. Among these,
SPL9 and SPL15 directly activate miR172 transcription by binding to its promoter
region, establishing a regulatory link between the two microRNA modules.

miR172 functions downstream of the miR156-SPL module to promote flowering
by repressing APETALA2 (AP2)-like TF genes. Specifically, miR172 targets TARGET
OF EARLY ACTIVATION TAGGED 1 (TOE1), TOE2, SCHNARCHZAPFEN (SNZ),
and SCHLAFMUTZE (SMZ), which act as floral repressors. Degradation of these
AP2-like transcripts relieves their repression of FT, thereby facilitating floral
transition (Table 1, Figure 3) [116].

Notably, miR156 and miR172 exhibit temporally opposing expression patterns
during shoot maturation. miR156 declines with age while miR172 concomitantly
increases. Genetic analyses have established that miR156 functions upstream of
miR172, as SPL9 and SPL15, direct targets of miR156, mediate miR172 transcriptional
activation (Table 1, Figure 3) [53]. This hierarchical regulatory cascade ensures that
flowering occurs only after sufficient vegetative growth has been achieved, thereby
optimizing reproductive success by aligning floral transition with developmental
competence.

3.6 Thermosensory pathway

Ambient temperature regulates flowering time through the thermosensory
pathway, which integrates temperature signals with endogenous developmental
cues. The central floral integrator FT serves as the core output of this pathway,
with its expression dynamically modulated by temperature fluctuations. In
A. thaliana, an increase in ambient temperature from 23 °C to 27 °C promotes FT
expression and accelerates flowering [117]. The thermosensitive TF
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) accumulates at elevated
temperatures and directly activates FT transcription by binding to its promoter
(Table 1) [52].

FT expression is also modulated by the MADS-box TFs FLOWERING LOCUS
M (FLM) and SHORT VEGETATIVE PHASE (SVP). FLM undergoes temperature-
dependent alternative splicing, generating two major isoforms. FLM-f
predominates at 16 °C, while FLM-8 becomes the predominant isoform at 27 °C
[118]. At low temperatures, the FLM-B-SVP complex represses FT transcription by
binding to FT promoter motifs. Upon warming, the formation of the SVP-FLM-5
complex alleviates this transcriptional repression, thereby promoting
flowering [118].

In addition to transcriptional regulation, microRNAs (miRNAs) contribute to
thermosensory flowering control. Several miRNAs, including miR156, miR172,
miR163, miR169, and miR399, are involved in temperature-mediated flowering
regulation [119]. Among these, miR156 plays a predominant role. Elevated
temperatures downregulate miR156 expression, leading to increased accumulation of
its target SPL TFs. The miR156-SPL regulatory module thus integrates temperature
signals into the flowering pathway by modulating FT expression [120].

Collectively, PIF4-mediated transcriptional activation, FLM-SVP alternative
splicing, and miRNA-mediated post-transcriptional regulation enable plants to fine-
tune flowering time in response to ambient temperature fluctuations.
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4. Ecological considerations in flowering time regulation

Flowering time is not merely a developmental decision; it is a critical ecological
trait that determines plant fitness in natural and agricultural settings. The molecular
networks described in this chapter — centered on TFs such as FLC, CO, FT, and
SOC1 - enable plants to perceive and respond to seasonal cues, thereby aligning
reproduction with favorable environmental conditions.

In natural populations, variation in flowering time contributes to local
adaptation. For example, latitudinal clines in Arabidopsis thaliana are often
associated with allelic variation at FLC and FRIGIDA, which modulate vernalization
requirements and photoperiod sensitivity [91, 102]. Such variation allows
populations to track climatic gradients and optimize reproductive success across
different geographic regions.

Flowering phenology also influences species interactions. Shifts in flowering time
can disrupt synchrony with pollinators, alter competitive dynamics among co-
flowering species, or affect seed dispersal timing. In fragmented landscapes or under
climate change, mismatches between flowering time and pollinator emergence can
have cascading effects on plant reproductive success and population persistence
[10, 11].

From an evolutionary perspective, flowering time variation can drive
reproductive isolation. Divergent selection on flowering time genes may lead to
allochronic speciation, where populations flowering at different times become
genetically isolated. This process has been documented in several plant groups,
highlighting the role of flowering time regulation in diversification [3].

In the context of global climate change, understanding the molecular basis of
flowering time becomes increasingly urgent. Rising temperatures are shifting
phenology worldwide, and the capacity of plant populations to track these changes
depends on the standing genetic variation within flowering time networks. Species
or populations with limited adaptive potential may face increased risk of
phenological mismatch, reduced reproductive success, and population decline. For
crops, breeding for climate-resilient flowering time is essential to maintain yield
stability under variable environmental conditions [4, 5, 11].

Thus, the molecular orchestrators of flowering time are also ecological
orchestrators. Their study bridges fundamental developmental biology with pressing
challenges in biodiversity conservation and agricultural adaptation.

5. Conclusions and perspectives

The regulation of flowering time represents one of the most intricate and highly
coordinated developmental decisions in the life cycle of flowering plants. As detailed
throughout this chapter, this process is governed by a multilayered network of TFs
that interpret and integrate diverse endogenous and environmental signals. From the
MADS-box proteins that specify floral organ identity to the pathway-specific
integrators such as CO, FT, and SOC1, and the repressors like FLC and TEM that
prevent precocious flowering, each regulator contributes to a dynamic and robust
system that ensures reproductive success under fluctuating conditions.

A recurring theme in flowering time control is the importance of PTMs, which
provide rapid and reversible modulation of TF activity, stability, and subcellular

18



The Molecular Orchestrators: Transcriptional Regulation in Flowering Time and Development
DOI: http://dx.doi.org/10.5772/intechopen.1015731

localization. Phosphorylation, ubiquitination, SUMOylation, and acetylation fine-
tune the behavior of key regulators in response to light, temperature, and hormonal
cues, enabling precise temporal control over floral transition. The discovery of PTM-
mediated condensate formation, as seen in VEL proteins during vernalization,
further highlights the emerging role of biomolecular phase separation in epigenetic
memory and transcriptional regulation.

Looking forward, several frontiers promise to deepen our understanding of
flowering time control. First, the application of single-cell genomics and spatial
transcriptomics will enable researchers to dissect cellular heterogeneity and lineage-
specific regulatory dynamics within the shoot apical meristem during floral
transition. Second, advances in chromatin profiling and live-imaging technologies
are poised to reveal the real-time dynamics of epigenetic silencing and nuclear
organization, particularly at loci such as FLC. Third, comparative studies across
diverse angiosperm lineages, ranging from perennials like poplar to crops like rice
and Brassica, will continue to uncover lineage-specific innovations and conserved
regulatory principles, informing both evolutionary biology and breeding strategies.

Finally, the integration of systems biology and synthetic biology approaches
offers transformative potential for agriculture. By modeling flowering networks as
predictive frameworks, it may become possible to engineer flowering time in crops
to optimize yield under changing climatic conditions. The targeted manipulation of
key TFs, their PTMs, or their interacting partners could enable precise control over
flowering time, stress adaptation, and reproductive architecture.

In summary, the study of flowering time regulation has evolved from descriptive
genetics to a mechanistically rich and systems-level discipline. The continued
unraveling of its molecular orchestrators will not only illuminate fundamental
principles of developmental biology but also empower innovative strategies for crop
improvement and climate resilience.
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CPSF Cleavage and Polyadenylation Specificity Factor
CO CONSTANS

COL CONSTANS-like

CoP1 CONSTITUTIVE PHOTOMORPHOGENIC 1
CDFs CYCLING DOF FACTORs

Ehd4 Early heading date 4

FKF1 FLAVIN-BINDING KELCH REPEAT F-BOX 1
FLC FLOWERING LOCUS C

FLD FLOWERING LOCUS D

FLM FLOWERING LOCUS M

FRI FRIGIDA

FT FLOWERING LOCUS T

FUL FRUITFULL

GA Gibberellin

GAI GA INSENSITIVE

GID1 GIBBERELLIN INSENSITIVE DWARF1

GI GIGANTEA

H3K4 histone H3 lysine 4

H3K27me3 H3 lysine 27 trimethylation

ICU2 INCURVATA2

LFY LEAFY

LHP1 LIKE HETEROCHROMATIN PROTEIN 1
miR156 microRNA156

miRNAs microRNAs

PKL PICKLE

PI PISTILLATA

PEBP phosphatidylethanolamine-binding protein
phyA phytochrome A

PIF4 PHYTOCHROME INTERACTING FACTOR 4
PIFs PHYTOCHROME INTERACTING FACTORS
PRC2 Polycomb Repressive Complex 2

PTMs post-translational modifications

QTL quantitative trait loci

RGA REPRESSOR OF GA1-3

RGL1 RGA-LIKE1

SNZ SCHNARCHZAPFEN

SMZ SCHLAFMUTZE

SEP SEPALLATA

SVP SHORT VEGETATIVE PHASE

SAUR SMALL AUXIN UP RNA

SOC1 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
SPL SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
TOE1 TARGET OF EARLY ACTIVATION TAGGED 1
TEM TEMPRANILLO

TFL1 TERMINAL FLOWER 1

TFs transcription factors

TSF TWIN SISTER OF FT

UFO UNUSUAL FLORAL ORGANS

VIN3 VERNALIZATION INSENSITIVE 3
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