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Summary

Biomolecular condensation involves the concentration of biomolecules (DNA, RNA, proteins)
into compartments to form membraneless organelles or condensates with unique properties and
functions. This ubiquitous phenomenon has garnered considerable attention in recent years
owing to its multifaceted roles in developmental processes and responses to environmental cues
in living systems. Recent studies have revealed that biomolecular condensation plays essential
roles in regulating the transition of plants from vegetative to reproductive growth, a
programmed process known as floral transition that determines flowering time and inflorescence
architecture in flowering plants. In this Tansley insight, we review advancesin how biomolecular
condensation integrates developmental and environmental signals to program and reprogram
the floral transition thus diversifies flowering time and inflorescence architecture.

reorganized in space and time, effectively compartmentalizing
cellular biochemistry. The LLPS typically leads to the liquid state,
while further maturation or aging can result in gel or solid states
(Boeynaems ez al., 2018). LLPS is driven by multivalent interactions,

Biomolecular condensation is characterized by the formation of
membraneless organelles or condensates that can exist in various
physical states, including liquid, gel, and solid, depending on the
specific conditions and components within cells. Through liquid—
liquid phase separation (LLPS), biomolecules such as RNA, DNA,
and proteins are sequestered into liquid-like condensates and
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including electrostatic interactions, van der Waals forces, and
hydrophobic interactions (Banani e al, 2017). Phase-separated
condensates exhibit dynamic and reversible properties, allowing for
rapid assembly and disassembly in response to changing environ-
mental cues or developmental signals. The phase behavior of a protein
is affected by various factors, such as intrinsic properties determined
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by its amino acid sequence, posttranslational modifications, interac-
tion partners, and the cellular environment. Notably, intrinsically
disordered regions (IDRs), which encompass prion-like domains
(PrDs) or low-complexity sequences with a biased amino acid
composition, and specific domains such as coiled-coil and SH2
domains can promote multivalent interactions with proteins or
nudleic acids to trigger phase separation (Alberti e# al., 2019; Zhu
et al., 2020, 2021).

Floral transition

In flowering plants, flowering time and inflorescence architecture
of plants are determined by the floral transition after a programmed
maturation process of the shoot apical meristem (SAM). Before
floral transition, despite expansion and doming (Park ez al., 2012;
Tal et al, 2017; Kinoshita ez 2/, 2020), the SAM remains in a
vegetative state due to the higher activity of flowering repressors
(Fig. 1), such as FLOWERING LOCUS C (FLC) in Arabidopsis
and TERMINATING FLOWER (TMF) in tomato. FLC, a
MADS-box transcription factor, directly represses the expression of
flowering genes such as FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(8OCI) (Helliwell ez al., 2006). TMF, an ALOG (Arabidopsis
LIGHT-SENSITIVE HYPOCOTYL 1, Oryza Gl) family
transcription factor, maintains vegetative developmentand inhibits
precocious floral transition by directly repressing the expression of
floral identity gene ANNATHA (AN) (MacAlister er al., 2012;
Huang ez al., 2021). Once the SAM reaches a certain develop-
mental stage or is stimulated by specific environmental signals,
activators act or repressors release inhibition, or both occur
simultaneously to initiate the expression of floral identity genes
(Fig. 1). For instance, leaf-derived florigen signals, including FT
and FT orthologs, are transported to the SAM to induce the
transition of vegetative meristems (VMs) to inflorescence mer-
istems (IMs) that gives rise to floral meristems (FMs) (Park
et al., 2014; Tsuji & Sato, 2024). This process is controlled by the
spatiotemporal expression of a group of floral identity genes, such as
APETALAI (API), FRUITFULL (FUL), UNUSUAL FLORAL
ORGANS (UFO), and LEAFY (LFY), which are regulated by both
florigen-independent

florigen-dependent  and pathways
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Wild-type
P Fig. 1 The floral transition is associated with

flowering time and inflorescence architecture in
plants. Flowering repressors inhibit the expression
of floral identity genes and maintain vegetative
development; flowering activators induce the
expression of these same genes and initiate
reproductive development. This equilibrium
ensures appropriate flowering time and
inflorescence architecture in plants. FM, floral
meristem; IM, inflorescence meristem; SIM,
sympodial inflorescence meristem; SYM,
sympodial meristem. The green blunt arrows
indicate repression, the pink standard arrows
indicate activation, the green standard arrows
indicate main stems and canonical axillary shoots,
and the gradient or black arrows indicate
developmental directions.

(MacAlister ez al., 2012; Leijten et al., 2018; Meir et al., 2021;
Nguyen & Gutzat, 2022; Shi & Vernoux, 2022).

The discovery and elucidation of the biomolecular condensation
mechanisms of biomacromolecules have significantly enhanced our
understanding of floral transition regulated by both pathways.
Here, we focus on recent advances in biomolecular condensation
regulated floral transition (Table 1).

Il. Biomolecular condensation promotes floral
transition by repressing FLC

The flowering repressor FLC plays a central role in both
autonomous and vernalization pathways for the regulation of
floral transition in Arabidopsis. Recent studies have shown that
biomolecular condensation promotes floral transition by repressing
the initiadon of FLC transcription and elongation of FLC
transcripts (Fig. 2a).

FLC regulation in the autonomous pathway

The autonomous pathway promotes flowering independent of day
length. It includes RNA-binding proteins, RNA 3’ end processing
factors, and chromatin modifiers, all of which work together to
repress FLC expression (Wu ez al., 2020). First, FLOWERING
CONTROLLOCUS A (FCA) condensates repress FLC transcrip-
tion by increasing polyadenylation of the antisense transcript
COOLAIR. FCA, an RNA-binding protein involved in flowering,
interacts with an RNA 3 ’ end processing factor, FY, to promote the
proximal polyadenylation of COOLAIR, which is transcribed from
the FLClocus, triggering the chromatin silencing of FLC (Simpson
et al, 2003; Liu et al, 2010). FCA contains two PrDs and
undergoes phase separation to form nuclear bodies in a manner
dependent on the coiled-coil protein FLC EXPRESSOR-LIKE 2
(FLL2). Like FCA, FLL2 also exhibits PrD-dependent phase
separation properties, which are essential for FCA function (Fang
et al., 2019). The FCA nuclear bodies colocalize with and
compartmentalize another RNA-binding protein, FPA, and the
RNA 3’ end-processing factor FY, to enhance polyadenylation of
COOLAIR, thereby repressing FLC transcription (Fang
et al., 2019).
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Table 1 Proteins involved in floral transition by phase separation.

Activity in Function of the condensates
Protein name condensates in floral transition Reference
VRN1 Activated Promotion Zhou et al. (2019)
EMB1579 Activated Promotion Zhang et al. (2020)
DCP5/SSF Activated Promotion Wang et al. (2023)
FRI Repressed Promotion Zhu et al. (2021)
HRLP/SR45 Activated Promotion Zhang et al. (2022)
FCA/FLL2 Activated Promotion Fang et al. (2019)
TMF Activated Inhibition Huang et al. (2021)
TFAM1/2/3/11 Activated Inhibition Huang et al. (2022)
phyB Activated Inhibition Chen et al. (2022)
CRY2 Activated Promotion Wang et al. (2021)
ELF3 Repressed Promotion Jung et al. (2020)
ECT2/3/4 Activated Promotion Lee et al. (2022)
EHD6 Activated Promotion Cuietal. (2024)

CRY2, cryptochrome2; DCP5, DECAPPING 5; ECT, EVOLUTIONARILY CONSERVED C-TERMINAL REGION; EHD6, EARLY HEADING DATE®6; ELF3, EARLY
FLOWERING3; EMB1579, EMBRYO DEFECTIVE 1579; FCA, FLOWERING CONTROL LOCUS A; FLL2, FLC EXPRESSOR-LIKE 2; FRI, FRIGIDA; HRLP,
HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN R-LIKE PROTEIN; phyB, phytochrome B; SR45, SERINE/ARGININE-RICH 45; SSF, SISTER OF FCA;
TFAM, TMF FAMILY MEMBERs; TMF, TERMINATING FLOWER; VRN1, VERNALIZATION1.

Second, HETEROGENEOUS NUCLEAR RIBONUCLEO-
PROTEIN R-LIKE PROTEIN (HRLP) condensates repress FLC
transcription by sequestering polymerase II (Pol II). HRLP, an
RNA-binding protein, interacts with the splicing factor
SERINE/ARGININE-RICH 45 (SR45) to form nuclear bodies
via LLPS. HRLP—SR45 condensates compartmentalize RNA Pol I1
and decrease its enrichment over the region near intron I of FLC,
thereby increasing the R-loop (DNA:RNA hybrid) level at the FLC
locus (Zhang ez al., 2022). Additionally, Pol II enrichment at the
FLClocus is also inhibited by the nuclear condensate formed by
PrD-mediated LLPS of DECAPPING 5 (DCP5), a P-body
component, and the scaffold protein SISTER OF FCA (SSF), an
interacting partner of DCP5 (Wang et al, 2023). These
condensates sequester Pol II and fine-tune FLC transcription,
thereby promoting the floral transition in Arabidopsis.

FLC regulation during vernalization

Vernalization induces the floral transition after overwintering by
epigenetically silencing FLC expression in Arabidopsis. Biomole-
cular condensation enhances chromatin silencing of the FLClocus
by promoting the activity of repressors. VERNALIZATIONI
(VRN1) acts together with vernalization-specific transcription
factors to repress FLCexpression (Levy er al., 2002). Additionally,
VRNTI is essential for the epigenetic regulation of FLC (Bastow
et al., 2004). VRN can bind to DNA sequences from the FLC
promoter and undergo LLPS 77 vitro, depending on its B3 domains
linked by an IDR (Zhou ez4l.,2019). VRN1 may recruit epigenetic
and transcriptional factors by forming condensates to control FLC
silencing in response to prolonged cold exposure.

The plant-specific EMBRYO DEFECTIVE 1579 (EMB1579)
condensates repress FLCexpression by binding to the FLCgenomic
sequence. EMB1579 contains IDRs enriched in hydrophobic
amino acids and undergoes phase separation to form liquid-like
condensates in the nucleus. EMB1579 condensates interact with

© 2024 The Author(s).
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MULTIPLE SUPPRESSOR OF IRA 4 (MSI4) and condense the
CUL4-DDB1M™ complex, which consists of MSI4, DNA
DAMAGE BINDING PROTEIN 1 (DDB1), and Cullin 4
(CULA4), thereby promoting H3K27 trimethylation at the FLC
locus and repressing its transcription (Zhang ez al., 2020).

FRIGIDA (FRI), a nuclear protein with two coiled-coil regions,
is an important determinant of the vernalization response in early
cold phase. Diffused FRI interacts with other FLC-specific
regulators to form a complex that recruits general transcription
factors and chromatin modification factors to activate FLC
transcription (Geraldo er al, 2009; Choi ez al, 2011). Cold
temperatures promote the formation of FRI nuclear condensates
via its two coiled-coil regions and C-terminal IDR (Zhu
et al., 2021). FRI condensation sequesters FRI complex and
reduces its occupancy at the FLC promoter and thus FLC
transcription, which is dynamic, allowing for reversible changes
in FLC expression to monitor seasonal progression and initiate
floral transition at favorable times (Zhu e 4l, 2021). This
regulation differs from the vernalization memory controlled by
Polycomb nucleation, a more stable and heritable state, ensuring
that FLC remains silenced after the plant has experienced
sufficient cold.

lll. Biomolecular condensation programs floral
transition via a florigen-independent pathway

Biomolecular condensation of transcription factors has been found
to programs floral transition by maintaining vegetative develop-
ment of shoot meristems. In tomato, the loss-of-function of TMF
accelerates floral transition independently of florigen, leading to
early flowering and single-flowered primary inflorescences (MacAl-
ister er al., 2012). TMF interacts with transcriptional cofactors
BLADE-ON-PETIOLE (BOPs)
progressive meristem maturation and control inflorescence
architecture in tomato (Xu ez al., 2016). TMF harbors two typical

in the nucleus to ensure
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Fig. 2 Biomolecular condensates integrate developmental and environmental signals to regulate the floral transition in plants. (a) Biomolecular condensates
repress FLC transcription to promote Arabidopsis floral transition. (b) Heterotypic transcriptional condensates formed by TMF and TFAMs maintain
vegetative development of the SAM in tomato. (c) Low temperature-induced phyB condensates repress floral transition by sequestering flowering
activators. (d) High temperature-induced ELF3 condensates promote the floral transition by derepressing flowering activators. Biomolecular condensates
are represented as dashed circles. AN, ANNATHA; C, cysteine residue; CO, CONSTANS; CR, cotranscriptional regulators; CUL4, Cullin 4; DCP5,
DECAPPING 5; DDB1, DNA DAMAGE BINDING PROTEIN 1; ELF3, EARLY FLOWERINGS3; ELF4, EARLY FLOWERING 4; EMB1579, EMBRYO DEFECTIVE
1579; FCA, FLOWERING CONTROL LOCUS A; FLC, FLOWERING LOCUS C; FLL2, FLC EXPRESSOR-LIKE 2; FM, floral meristem; FR, far-red light; FRI,
FRIGIDA; FRL, FRIGIDA-LIKE; FT, FLOWERING LOCUS T; HRLP, HETEROGENEOUS NUCLEAR RIBONUCLEOPROTEIN R-LIKE PROTEIN; HT, high
temperature; IM, inflorescence meristem; LT, low temperature; LUX, LUX ARRHYTHMO; MSI4, MULTIPLE SUPPRESSOR OF IRA 4; NTE, N-terminal
extension; PIF4, PHYTOCHROME-INTERACTING FACTOR 4; Pol II, polymerase II; PrD, prion-like domain; R, red light; ROS, reactive oxygen species; S,
sulfhydryl; SR45, SERINE/ARGININE-RICH 45; SSF, SISTER OF FCA; TFAM, TMF FAMILY MEMBERs; TMF, TERMINATING FLOWER; VRN1,

VERNALIZATION1.
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prion-like IDRs, one at the N-terminus and the other at the C-
terminus. A recent study revealed that TMF can sense the
developmentally produced reactive oxygen species (ROS) in
the peripheral regions of the SAM to form disulfide bonds,
triggering LLPS to form condensates (Fig. 2b; Huang ez al., 2021).
ALOG family in tomato comprises 12 members called TMF
FAMILY MEMBERs (TFAMs) (MacAlister et al., 2012). Like
TMEF, the TFAM1, TFAM?2, TFAM3and TFAM1 1 are expressed at
different vegetative stages of SAM and encode proteins with typical
prion-like IDRs at the N- and/or C-terminus, which also undergo
phase separation. Genetic variations in the IDRs of TMF and
TFAMs derived from genome duplication results in different
capacities to form liquid-like droplets (Huang ez al, 2022). The
heterotypic interaction and phase separation of TMF and TFAMs
promote protein complex rewiring to form robust transcriptional
condensates that directly bind to the promoter of the floral identity
gene AN and precisely control its expression (Fig. 2b). The
heterotypic transcriptional condensates formed by different ALOG
family members canalize shoot meristem maturation program to
ensure the timing of flowering and the establishment of
inflorescence architecture in tomato (Huang ez al., 2021, 2022).
Accordingly, plants with different combination of mutations in
TMFand TFAMs showed a continuum of flowering times, ranging
from normal to exceptionally early. Correspondingly, their
inflorescence architectures varied from muldple flowers to a
singular flower (Huang er 4/, 2018, 2022). Interestingly, the
intensity of phenotypes observed in single mutants of #mfor tfam
mutants was notably correlated with the phase separation capacity
of the proteins encoded by the responsible genes. These studies
revealed the role of biomolecular condensation in assembling
multiple proteins into a transcriptional condensates to achieve a
robust control of programmed maturation of shoot meristems and
thus determine flowering time and inflorescence architecture.

IV. Biomolecular condensation integrates
environmental signals to regulate floral transition

The dynamic fluctuations of light and temperature allow plants to
sense seasonal changes and adjust their developmental transitions
(Casal & Qliesta, 2018). As sessile organisms, plants integrate
environmental signals to initiate their floral transition at the
optimal time. Several studies have demonstrated that environ-
mental signals trigger biomolecular condensation to regulate floral
transition.

In plant photomorphogenesis, the cryptochrome (CRY1 and
CRY?2, blue light receptors) and phytochrome B (phyB, red and
far-red receptor) form photobodies and antagonistically regulate
floral transition by oppositely regulating the flowering activator
CONSTANS (CO) in Arabidopsis (Su er al, 2017). CRY2
undergoes blue light-dependent phosphorylation and LLPS to
form photobodies, promoting the floral transition (Liu ez al., 2017;
Wang et al., 2021). In addition to blue light regulated photobodies,
red light can change phyB protein conformation by promoting the
conversion from its inactive far-red light-absorbing (Pr) form to
the active red light-absorbing (Pfr) form, which undergoes LLPS to
form phyB condensates via its N-terminal extension (NTE), a

© 2024 The Author(s).
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Tansley insight

phase-separating IDR (Chen ezal., 2022). Red light-activated phyB
can recruit its interacting  proteins such as
PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) into
condensates (Chen et al., 2022). PIF4 is a basic helix-loop—helix
(bHLH) transcription factor that can bind to the F7 promoter and
promote  its positively  regulate  high
temperature-induced early flowering in Arabidopsis (Kumar
et al, 2012). Additionally, phyB has the ability to sense
temperature signals. Specifically, low temperatures induce the
formation of phyB condensates, and high temperatures induce Pfr-
to-Pr reversion and abolition of phyB condensates (Legris ez al,
2016; Chen et al, 2022). Since phyb mutants exhibit early
flowering (Reed et al., 1993), we speculate that phyB condensates
may maintain vegetative development by sequestering flowering
activators to reduce their binding to the F7" promoter. High
temperature abolish phyB condensate, releasing flowering activa-

expression  to

tors that promote F7 expression, thereby accelerating floral
transition (Fig. 2¢). Temperature and light always work together
to control the floral transition in plants. The condensation of phyB
reveals a strategy that simultaneously integrates different environ-
mental signals to regulate development.

In contrast to phyB, increasing temperature induces the
condensation of the PrD-containing protein EARLY FLOWER-
ING 3 (ELF3), a core component of the circadian evening complex
(Nusinow ez al., 2011; Jung ez al., 2020). Under low temperatures,
the evening complex formed by diffuse ELF3, ELF4, and LUX
ARRHYTHMO (LUX) acts as a transcriptional repressor to inhibit
the expression of genes that promote floral transition, such as PIF4,
maintaining vegetative development in Arabidopsis (Nusinow
et al., 2011; Kumar et al, 2012; Jung et al., 2020). Increasing
temperatures induce the assembly of ELF3 condensates, which
dissociates the evening complex, thus lowering its locus occupancy
and transcriptional repression of target genes and promoting floral
transition (Fig. 2d).

V. Conclusions and perspectives

Floral transition not only determines plant diversity but also affects
the harvesting time and final yield of crops. A delayed or accelerated
transition to flowering may result in plants that are poorly adapted
to their environment, leading to substantial yield losses. Therefore,
the abundance and molecular status of floral transition regulators
must be dynamically balanced to ensure a precise and flexible
transitional program. Biomolecular condensate, featured by
reversible assembly and relatively isolated microenvironment, acts
as an organizer for complex regulation by compartmentalizing
cellular reactions and plays a critical role in the dynamic
coordination of regulators and signals involved in floral transition.

The occurrence, capacity, and duration of biomolecular
condensates represent different parameters to quantify their
functions, and these distinct properties may be reflected by
traceable and quantitative changes in cellular activides or
phenotypes. Flowering time and inflorescence architecture are
easily quantified and influenced by gene dosage. Engineering
biomolecular condensation of flowering regulators holds promise
for creating quantitative traits related to flowering time and
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inflorescence structure. Supporting this, natural variations in ELF3
alter the capacity of phase separation, affecting the temperature
adaptability of floral transition in different species (Jung
et al., 2020). The IDR and cysteine-mediated phase separation of
TMF and TFAM proteins controls the floral transition, thereby
influencing flowering time and inflorescence architecture in tomato
(Huang et al., 2021, 2022). Moreover, variations in IDRs of the
TMF and TFAM proteins leads to different phase separation
capacity that correlates with their functional significance in the
regulation of floral transition (Huang et al., 2022). The sequence
variations of the aforementioned genes, along with the diversity of
mechanisms for the formation and regulation of biomolecular
condensates, provide insights for the rational design of desirable
biomolecular condensates.

De novo engineering of condensates has been demonstrated in
prokaryotic and eukaryotic cells by utilizing modular domains,
such as IDRs or multivalent interaction motifs, to control the
properties and behavior of condensates (Bracha et al, 2019;
Dzuricky et al, 2020; Reinkemeier & Lemke, 2021; Lasker
et al., 2022). If this strategy is applied to plants, particularly to
major crops, it is likely to generate new phenotypic variations and
confer greater developmental plasticity and stress resilience to these
crops. This holds significant potential for future agriculture in
mitigating crop yield loss caused by global climate change.
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