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Liquid-liquid phase separation (LLPS) is recognized as a key process for the efficient organization of macro-
molecules, including numerous proteins and nucleic acids, within cells, facilitating the formation and function of
various membraneless organelles. Growing evidence shows that environmental cues, including light, temperature,
hormones, and pathogens, trigger the LLPS of phase-separating proteins with intrinsically disordered or multi-
merization regions, thereby modulating plant growth and development. Proteins involved in phase separation

form distinct biomolecular condensates localized across subcellular compartments, from the nucleus to the
cytoplasm and organelles. Here, we summarize the plant condensates assembled by LLPS, with a focus on those
that regulate gene expression either directly or indirectly through mechanisms such as DNA epigenetics, tran-
scription, mRNA methylation, and RNA metabolism. These findings underscore the potential of exploiting
reversible protein phase separation for plant engineering to enhance crop yield and stress tolerance.

1. Introduction

The growth and development of plants are significantly influenced by
various environmental factors like light, temperature, water availability,
and soil nutrients. These factors can affect the formation and function of
cellular organelles, including conventional membrane-bound organelles
(such as the chloroplast) and numerous newly discovered membraneless
compartments [1]. Among these, biomolecular condensates (or conden-
sates for short) are a category of membraneless compartments within
cells composed of assorted proteins and ligands. Multiple reports have
discovered that biomolecular condensates exist in various cellular lo-
calizations, including the nucleus, cytoplasm, chloroplasts, and mem-
branes, highlighting their critical roles in plant responses to
environmental stimuli. For example, the nucleolus, the first discovered
membraneless nuclear sub-compartment, functions in ribosomal RNA
(rRNA) biosynthesis and ribosome biogenesis, are essential for regulating
plant growth, development, and stress responses [2].

Emerging studies have shown that biomolecular condensates display
various phases, such as liquid, gel, and solid, depending on dynamic
cellular environments. Liquid-liquid phase separation (LLPS) drives the
formation of many different condensates and describes a phenomenon in
which, under certain conditions, a solution demixes into two or more
coexisting distinct phases. Moreover, the condensation process of a bio-
macromolecular LLPS system is driven thermodynamically, involving

both entropic penalty and entropic gain [3-5]. A variety of factors such as
biomacromolecule concentration, temperature, light, pathogens, pH,
post-translational modifications (PTMs), redox state, molecular crowd-
ing, and ionic strength are highly associated with the LLPS process of
biomolecular condensates formed in the nucleus and cytoplasm, which in
turn play key roles in regulating gene expression, including transcription,
RNA metabolism, and DNA epigenetics in specific biological pathways
(Fig. 1). In recent years, LLPS, generally mediated by intrinsically
disordered regions (IDRs) or low-complexity sequences, has emerged as a
ubiquitous framework for organizing macromolecules with high speci-
ficity and precise spatiotemporal control in cells, and it appears to
explain organization and functions of many membraneless condensates
[6]. Since 2018, approximately 73 protein condensates have been
experimentally confirmed to possess the capability for phase separation
in plants. These condensates include known membraneless organelles
such as stress granules, processing bodies, dicing-bodies, and numerous
newly discovered aggregates. These sub-compartments are involved in
regulating various processes including light response, photosynthesis,
temperature sensing, flowering, immune response, plant interspecific
competition, seed development, hormone response, stress response,
fertility, autophagy, and DNA damage repair (Table 1). Notably, nearly
half of the identified condensates with LLPS properties in plants are
influenced by environmental factors, suggesting the importance of LLPS
in mediating plant responses to environmental cues.
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Fig. 1. Biomolecular condensates undergo LLPS in plants.

Microtubule condensates

(a) The mechanism of LLPS under various environmental conditions such as temperature, light, pathogens, pH, post-translational modifications (PTMs), redox state,
molecular crowding, and ionic strength. (b) The condensates undergo LLPS in both in vivo and in vitro conditions, with the role of LLPS in gene expression regulation at

both transcriptional and post-transcriptional levels.

Although substantial progress has been achieved in understanding the
functions and mechanisms of LLPS in plants, the formation and mecha-
nism of biomolecular condensates have not been fully understood. Some
reviews have summarized various aspects, including the function of
biomolecular condensates in plants [5], the role of LLPS in regulating
plant development [7] and stress responses [8], as well as the frontier
and future prospects of plant phase separation [9,10]. In this review, we
examine the condensates reported to undergo LLPS in both in vivo and in
vitro conditions, and summarize the role of LLPS in gene expression
regulation at both the transcriptional and post-transcriptional levels. We
also provide an outlook on their regulatory pathways and underlying
mechanisms, which may offer clues for leveraging LLPS to improve crop
yield and stress tolerance.

2. Biomolecular condensates undergo LLPS in plants

Biomolecular condensates play a critical role in numerous cellular
processes, including gene expression, cellular signaling, and metabolic
activities. Many biomolecular condensates have been characterized
based on their functions and subcellular localizations [5]. Here, we
summarize biomolecular condensates in plants that exhibit LLPS prop-
erties, as reported in recent studies (Fig. 2). These biomolecular con-
densates are localized to distinct subcellular compartments, such as the
nucleus, cytoplasm, plasma membrane, and chloroplasts, and are indis-
pensable for regulating plant growth and mediating adaptive responses
to environmental cues.

2.1. Photobodies

Photobodies are light-induced membraneless biomolecular conden-
sates that function in light sensing and signal transduction within the
nucleus [11]. In response to light, the blue-light receptor cryptochromes
(CRYs) and red-light receptor phytochrome B (phyB) constitute the nu-
clear condensates, which are termed as photobodies. Blue light rapidly
induces the oligomerization of the photoactivated CRY2, thereby initiating
LLPS and recruiting the components involved in m®A modification such as
FIONA1 (FIO1), SUPPRESSOR of phytochrome A (SPA1), mRNA ADEN-
OSINE METHYLASES A/B (MTA/MTB), the FK506-BINDING PROTEIN 12
KD INTERACTING PROTEIN 37KD (FIP37), as well as transcriptional
regulators such as MOS4-ASSOCIATED COMPLEX SUBUNITS 3A and 3B
(MAC3A/B), TEOSINTE BRANCHED1-CYCLOIDEA-PCF 22 (TCP22), and
LIGHT-REGULATED WD1/2 (LWD1/2). This process is crucial for regu-
lating photomorphogenesis and circadian rhythm [12-15]. Meanwhile,

red light exposure induces phyB to undergo LLPS along with
phytochrome-INTERACTING FACTORS (PIFs) to regulate photomorpho-
genesis and shadow avoidance [16-18]. Furthermore, phyB dynamically
and reversibly forms and dissociates photobodies via LLPS, rapidly regu-
lating the efficiency of phyB signal transduction, enabling plants to
respond independently to environmental temperature changes through
physiological processes [18].

2.2. Chromatin condensates

Research has shown that histone variant H2B.8 in Arabidopsis aggre-
gates chromatin through the phase-separation mechanism, and this pro-
cess is important for fertility [19]. Unlike euchromatin, heterochromatin
forms highly condensed and visible structures known as heterochromatin
foci (HF), which are enriched in linker histone H1. H1 drives HF formation
via phase separation to control nucleosomal repeat length and DNA
methylation [20]. Another study shows that the AGENET DOMAIN
CONTAINING PROTEIN 1 (ADCP1) mediates heterochromatin phase
separation as a multivalent H3K9me reader in Arabidopsis [21]. Moreover,
recent studies show that METHYL-CpG-BINDING DOMAIN PROTEIN5/6
(MBD5/6)/a-CRYSTALLINE DOMAIN15/21  (ACD15/21)/SILENZIO
(SLN) protein complex drives HF formation through LLPS, thereby con-
trolling nucleosomal repeat length and DNA methylation respectively [22,
23]. In rice, TELOMERE REPEAT-BINDING FACTOR 2 (TRBF2) undergoes
LLPS with POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) and acts as a
transcriptional repressor during development [24]. Similarly, in Medicago
truncatula, SUVR2 (SUV-RELATED HOMOLOG 2), a histone methyl-
transferase, supports DNA double-strand break repair by facilitating
chromatin remodeling and LLPS, maintaining the genome integrity of the
root tip stem cells [25].

2.3. Dicing-bodies

The Dicing-body (D-body), in which microRNAs (miRNAs) are pro-
cessed, comprises three key components: the ribonuclease (RNase) III
enzyme DICER-like 1 (DCL1), the double-stranded RNA-binding protein
HYPONASTIC LEAVES 1 (HYL1), and zinc-finger protein SERRATE (SE).
The D-body exhibits liquid-like properties, and involves SE-mediated
phase separation that drives DCL1, HYL1, and pri/pre-miRNAs into a
liquid phase for processing into miRNA/* duplexes [26]. Moreover,
CYCLOPHILIN71 (CYP71), a peptidyl-prolyl isomerase (PPIase) directly
interacts with SE and enhances its phase separation [27]. DEAD-box
helicases RH6 (RNA HELICASE 6), RH8, and RH12, previously
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Table 1
The summary of LLPS condensates and their functions in plants.
Proteins Species Biological processes Complex in condensates References
1 ELF3 Arabidopsis Ambient temperature sensing ELF4 [34,107]
2 ATG8e Arabidopsis Autophagy ATG3 [75]
3 ARF7/19 Arabidopsis Auxin response - [70]
4 CRY2 Arabidopsis Blue light response MTA, MTB, FIP37, MAC3A/3B, [12-15]
TCP22, LWDs, PPKs, FIO1, SPA1
5 DCP1 Arabidopsis Cell shape SCAR, WAVE [84]
6 MIDD1 Arabidopsis Cell wall development KINESIN-13A [93]
7 STT1/2 Arabidopsis Chloroplast development Hcf106 [90]
8 SCO1 Arabidopsis Chloroplast heat stress response - [89]
9 Rubisco/EPYC1 Chlamydomonas reinhardtii CO,-fixing Rubisco/EPYC1 [87,88]
10 GRP7 Arabidopsis Cold and heat tolerance elF4E1, CSP1, CSP3 [58]
11 OsSRO1c Oryza sativa Cold stress response OsDREB2B [38]
12 CP29A Arabidopsis Cold stress response - [91]
13 MAC3A/3B Arabidopsis Defense response - [40]
14 NUP62/58/54 Arabidopsis Defense response - [53]
15 MtSUVR2 Medicago truncatula DNA damage MtRAD51 [25]
16 H1 Arabidopsis DNA methylation - [20]
17 DRG9 Oryza sativa Drought stress response Rbp47b, DCP1 [67]
18 SiYTH1 Setaria italica Drought stress response — [79]
19 RALF Arabidopsis Endocytosis and stress response FER, LGG1 [731]
20 EIN2 Arabidopsis Ethylene responses G3BP7 [69]
21 TCP Arabidopsis Far-red light response PPKs, phyA [31]
22 H2B.8 Arabidopsis Fertility H3 [19]
23 CPSF30-L Arabidopsis Floral transition and ABA response - [41]
24 FCA/FLL2 Arabidopsis Flowering FLL2/FY/FPA/CSFP/MTA [43,95]
25 HRLP Arabidopsis Flowering SR45 [46]
26 TMF Solanum lycopersicum Flowering - [51]
27 TFAMs Solanum lycopersicum Flowering TFAM1/2/3/11 [52]
28 FRIGIDA Arabidopsis Flowering - [36]
29 UBA2c Arabidopsis Flowering - [44]
30 DCP5/SSF Arabidopsis Flowering - [50]
31 EHD6 Oryza sativa Flowering YTHO7, PAB2 [68]
32 Cco Arabidopsis Flowering NF-YB, NF-YC [45]
33 MBD5/6, ACD15/21 Arabidopsis Gene silence SLN [22,23]
34 ADCP1 Arabidopsis H3K9 and DNA methylation — [21]
35 NBR1 Arabidopsis Heat stress response ATGS8e [76]
36 RBGD2/4 Arabidopsis Heat stress response PAP8 [571
37 ALBA4/5/6 Arabidopsis Heat stress response DCP1, DCP2, DCP5, PAB2, [63]
Rbp47b
38 HEM1 Arabidopsis Immune response - [81]
39 GBPL1/3 Arabidopsis Immune response - [94]
40 REM1.2 Arabidopsis Innate immune responses — [82]
41 FIT Arabidopsis Integrating environmental and Fe bHLHO039, UAP56H2, P15H1, [32]
nutrition signals PININ
42 phyB Arabidopsis Light and temperature response PIF3/4/5 [16,18]
43 AGO1 Arabidopsis miRNA mediated silencing SGS3, PAB2, DCP5, UPF1 [60]
44 DCL1/HYL1/SE/CYP71 Arabidopsis miRNA metabolism DCL1/HYL1/SE/CYP71 [26,27]
45 MTB Arabidopsis miRNA processing SE [30]
46 SAID1/2 Arabidopsis miRNA processing SE [29]
47 MED19a Arabidopsis Nitrogen deficiency response ORE1 [47]
48 SEUSS Arabidopsis Osmotic stress response - [49]
49 ARF3 Oryza sativa Pathogen resistance — [39]
50 JAZ3 Arabidopsis Photomorphogenesis and PIF4 [33]
thermomorphogenesis
51 TRBF2 Oryza sativa Plant development PRC2 [24]
52 EMB1579 Arabidopsis Plant growth and development MSI4, DDB1, U1-70K, SC35, RZ- [42]
1C
53 NPR1 Arabidopsis Plant immune response EDS1, CUL3, BCS1, GSTU19 [71]
54 RH20 Arabidopsis Plant immunity against viruses AGO2 [62]
55 RBP47B Arabidopsis Plant interspecific competition - [56]
56 VRN1 Arabidopsis Plant vernalization - [37]1
57 DCP5 Arabidopsis Response to molecular crowding PAB2/4/8 [61]
58 TaHRC Triticum aestivum Response to mycotoxin TaSR45a [97]
59 RPP1, RBA1, TX14 Arabidopsis Response to pathogen inoculation - [85]
60 SFHS Arabidopsis Root growth PIN2 [84]
61 ECT1/2/4/8/9 Arabidopsis Salicylic acid/ABA DCP5, UBP1b, Rbp47b, [64-66,96]
RH12, TSN2
62 CalLB1 Arabidopsis Salt stress response ALIX, ATG8 [77]
63 FREE1 Arabidopsis Scission membranes — [86]
64 gliadins/y44-gliadin Triticum aestivum Seed development - [108,109]
65 FLOE1 Arabidopsis Seed germination - [72]
66 S-RNases Petunia hybrida Self-pollen rejection HT-B, Trxh [78]
67 PIF7 Arabidopsis Shade-avoidance phyB [17]
68 STM Arabidopsis MEDS8 [48]

(continued on next page)
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Table 1 (continued)
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Proteins Species Biological processes Complex in condensates References
Shoot meristem maintenance and
salt tolerance
69 SGS3 Arabidopsis siRNA-mediated gene silencing RDR6, UBP1b, AGO1, AGO7 [55,59]
70 SAGA1/2 Arabidopsis Starch sheath formation EPYC1 [92]
71 LEA9/42/48 Arabidopsis Stress responses - [74]
72 SIYTH2 Solanum lycopersicum Tomato fruit aroma SleIF3C, SlelF4B [80]
73 RH6/8/12 Arabidopsis Turnip mosaic virus response DCL1, HYL1, SE, DCP2, VCS, [28,54]
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Fig. 2. The condensates found in different subcellular compartments of plant cells.

The protein or protein complex with LLPS properties are localized in photobodies (a), chromatin condensates (b), dicing-bodies (c), other nuclear condensates (d),
stress granules (e), siRNA body (f), processing body (g), other cytoplasmic condensates (h), chloroplast condensates (i) and microtubule condensates (j). Detailed
descriptions are provided in section “Biomolecular condensates undergo LLPS in plants”, Table 1 and Supplemental Table 1. Abbreviations are defined in the main text.

All symbols or small drawings are indicated.

unidentified D-body components, also interact with SE and promote its
LLPS [28]. In contrast, SAID1/2 (SE-ASSOCIATED INHIBITORS WITH
DWARFISM APPEARANCE IN THE MUTANTS) display LLPS features and
form nuclear condensates with SE, but act as negative regulators by
inhibiting the processing of SE-mediated miRNA production, via SE
phosphorylation and degradation [29]. In addition, SE-driven phase
separation increases the activity of MTB (METHYLTRANSFERASE B),
thereby mediating the processing of pri-miRNAs [30]. Therefore, the
LLPS properties of D-bodies are vital for their functions and downstream
pri-miRNA processing.

2.4. Other nuclear condensates

2.4.1. Condensates involved in the light signaling pathways

So far, over 40 proteins have been identified as key constituents of
LLPS-mediated biomolecular condensates in the plant nucleus. Although
these nuclear subdomains are not linked to distinct anatomical struc-
tures, they actively participate in a broad range of biological processes,
ranging from plant development to environmental stress responses. One
example comes from light signaling pathways, where several components
assemble into condensates to perform their functions. Far-red light

induces LLPS of TANDEM ZINC-FINGER/PLUS3 (TZP), boosting the
proximity and interaction between phytochrome A (phyA) and PHO-
TOREGULATORY PROTEIN KINASES (PPKs), which in turn promote
PPK-mediated phosphorylation of phyA. This phosphorylation step is
proven to be critical for controlling hypocotyl elongation and anthocy-
anin accumulation under far-red light [31]. Similarly, condensation of
FER-like IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT),
induced by blue light, colocalizes with multiple splicing and light
signaling components to integrate environmental with Fe nutrition sig-
nals [32]. Another notable case is JASMONATE ZIM-domain protein 3
(JAZ3), which spontaneously undergoes LLPS both in vitro and in vivo.
JAZ3 also aids the LLPS of PIF4, thereby influencing seedling morpho-
genesis through integrating light and temperature signals [33]. Thus,
LLPS-driven condensate formation is essential for mediating light re-
sponses in plants.

2.4.2. Condensates induced by temperature changes

Temperature fluctuations provide another powerful cue for biomol-
ecular condensate formation in plants. The evening complex, containing
EARLY FLOWERING 3 (ELF3), which possesses a polyglutamine (polyQ)
tract within a predicted prion domain (PrD), forms liquid-like
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condensates under rising temperatures [34]. Conversely, elevated tem-
perature reduces the formation of GUANYLATE BINDING PROTEIN-like
3 (GBPL3) defense-activated biomolecular condensates (GDACS),
resulting in reduced salicylic acid (SA) production [35]. Cold, on the
other hand, rapidly induces FRIGIDA (FRI) nuclear condensates, spatially
distinct from the actively transcribed regions of FLOWERING LOCUS C
(FLC), and while transient warm spells reverse this effect, effectively
buffering FLC shutdown and preventing early flowering [36]. Alongside
FRI, VERNALIZATION 1 (VRN1) appears in nuclear puncta, implying a
role in maintaining the vernalized state by suppressing gene expression
through LLPS [37]. Rice also showcases LLPS-driven regulation, for
example, SIMILAR TO RCD ONE 1C (SRO1c) separates into liquid-like
droplets and recruits DEHYDRATION-RESPONSIVE ELEMENT-BIND-
ING PROTEIN 2B (DREB2B), an AP2/ERF transcription factor critical for
cold-stress tolerance, into nuclear condensates [38]. These findings
highlight LLPS as a critical mechanism underlying temperature responses
in plants.

2.4.3. Condensates involved in plant development and stress responses

In addition to temperature and light signals, various environmental
factors can also induce different types of condensates in plants. For
example, the pathogen-induced long noncoding RNA (ALEX1) stimulates
the condensation of AUXIN RESPONSE FACTOR 3 (ARF3), thereby
affecting the jasmonic acid (JA) signaling pathway and reinforcing
pathogen defense [39]. Additionally, KA120, a conserved nuclear
transport receptor, adds another layer of protection by preventing
spontaneous nuclear condensation of MAC3, thus fine-tuning plant im-
mune activation [40].

A variety of other proteins with LLPS properties highlight the versa-
tility of phase separation in regulating plant development. In Arabidopsis
thaliana, CLEAVAGE AND POLYADENYLATION SPECIFICITY FACTOR
30 (CPSF30-L), harboring an m6A-binding YTH domain, acts as an mPA
reader that strengthens the formation of liquid-like nuclear condensates
that regulate the floral transition and abscisic acid (ABA) response [41].
Likewise, EMBRYO DEFECTIVE 1579 (EMB1579), which interacts with
MSI4 (MULTIPLE SUPPRESSOR OF IRA 4), DDB1 (DNA DAMAGE
BINDING PROTEIN 1), and CUL4 (CULLIN 4), undergoes phase separa-
tion to govern a multitude of growth and developmental processes [42].
Meanwhile, the coiled-coil protein FLL2 (FLX-like 2) drives RNA-binding
protein FCA (FLOWERING CONTROL LOCUS A) into nuclear conden-
sates that manage flowering time [43], and the RNA recognition
motif-containing protein UBA2C (UBP1-ASSOCIATED PROTEIN 2C) also
forms nuclear condensates to regulate flowering [44]. In addition, a
multicomponent condensation of transcription factors CONSTANS (CO),
NUCLEAR FACTOR-Y SUBUNITS B2 (NF-YB2), and C9 (NF-YC9) acti-
vates FLOWERING LOCUS T (FT) expression, thereby promoting flow-
ering [45]. Another newly identified factor, hnRNP R-like PROTEIN
(HRLP), associates with ARGININE/SERINE-RICH 45 (SR45) in
liquid-like nuclear foci to inhibit the cotranscriptional splicing of FLC,
thereby promoting the floral transition [46].

Nuclear condensates assembled by LLPS also play essential roles in
helping plants respond to nutrient status and diverse environmental
stresses. For example, MED19a's C-terminus (cMED19a), containing a
mixed-charged intrinsically disordered region (MC-IDR), undergoes
phase separation and binds to ORESARA1 (ORE1), positively regulating
plant responses to nitrogen deficiency [47]. Similarly, SHOOT MER-
ISTEMLESS (STM) depends on LLPS to maintain shoot meristem and
enhance salt tolerance [48], and SEUSS (SEU) forms condensates that
bolster hyperosmotic stress resilience [49]. Additionally, DECAPPING5
(DCP5) and its partner SISTER OF FCA (SSF) assemble into condensates
to manage FLC transcription and flowering timing [50].

In Solanum lycopersicum, developmentally produced HoO2 within the
shoot meristem triggers reversible phase separation of TERMINATING
FLOWER (TMF). Moreover, TMF FAMILY MEMBERS (TFAMs), part of the
ALOG (ARABIDOPSIS LSH1 AND ORYZA G1) transcription factor family,
undergo divergent forms of LLPS, leading to distinct transcriptional
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outcomes [51,52]. In Arabidopsis, the nuclear pore complex (NPC), the
sole gateway between nucleus and cytoplasm, features central barrier
proteins (NUP62/58/54) that use LLPS to regulate selective nucleocy-
toplasmic transport of immune-related regulators [53]. Together, these
findings highlight the critical role of LLPS in regulating plant adaptation
to environmental stimuli.

2.5. Stress granules (SGs), siRNA body, and processing body (PB)

Plant SGs are temporary, membraneless condensates in the cytoplasm
that safeguard cells by storing mRNA and regulating their translation
during stress to prevent cellular damage [54]. Some SG markers,
including OLIGOURIDYLATE-BINDING PROTEIN 1b (UBP1b) and
RNA-BINDING PROTEIN 47B (RBP47B), have been shown to undergo
LLPS [55,56]. RNA-BINDING GLYCINE-RICH D2 and D4 (RBGD2/4)
condense into heat-induced SGs through LLPS [57]. Recently, warm
temperatures have been found to induce LLPS of GLYCINE-RICH RNA--
BINDING PROTEIN 7 (GRP7), EUKARYOTIC INITIATION FACTOR 4E1
(eIF4E1), and COLD SHOCK PROTEIN 1/3 (CSP1/3) complex, which in
turn contribute to the formation of SGs [58].

The siRNA (small interfering RNA) body and PB often interact or
converge with SGs in certain cellular processes [54,55]. SUPPRESSOR OF
GENE SILENCING 3 (SGS3), a protein that interacts with RDR6, un-
dergoes LLPS along with DICER-like proteins (DCL2/4) and ARGO-
NAUTE1/7 (AGO1/7), which is essential for siRNA production and
siRNA body formation in the cytoplasm [55,59]. AGO1 plays a central
role in microRNA and siRNA-mediated silencing. Heat stress promotes
LLPS of AGO1 protein to condensate in cytosol where it co-localizes with
SGS3 of siRNA body, DCP5 and UP-FRAMESHIFT1 (UPF1) of PB, and
POLY(A)-BINDING PROTEIN 2 (PAB2) of SGs [60]. Notably, DCP5 also
assembles into DCP5-enriched osmotic stress granules (DOSGs) upon
hyperosmolarity exposure, which adaptively reprogram both the trans-
latome and transcriptome to facilitate plant osmotic stress adaptation
[61]. RNA helicases RH6/8/12 co-localize and condense with SG
markers OLIGOURIDYLATE-BINDING PROTEIN 1 ¢ (UBP1c), and with
DECAPPING2 (DCP2) and VARICOSE (VCS) from PB, contributing to
their subcellular dynamics [54]. RH20 undergoes LLPS in the cytoplasm
and interacts with AGO2 to promote the accumulation of endogenous
and exogenous sRNAs [62]. ACETYLATION LOWERS BINDING AFFIN-
ITY PROTEIN (ALBA4/5/6), together with PAB2 and RBP47B, phase
separate into SGs and partially colocalize with DCP1/2/5 in PB under
heat stress [63]. The mfA readers, EVOLUTIONARILY CONSERVED
C-TERMINAL REGION (ECT1/2/8/9) proteins undergo LLPS with
RBP47B, UBP1B, and TUDOR STAPHYLO COCCAL NUCLEASE2 (TSN2)
in SGs, and DCP5 and RH12 in PBs [64-66], which underscores their
significance in RNA metabolism. In rice, DROUGHT RESISTANCE GENE
9 (DRGY) condenses into SGs through LLPS under drought stress to
protect the mRNAs of NCED4 (9-CIS-EPOXYCAROTENOID DIOXYGE-
NASE4) from degradation [67]. EARLY HEADING DATE6 (EHD6) re-
cruits the m®A reader YTHO7 (YT521-B homology 07) to cytoplasm
ribonucleoprotein granules also through phase separation, and recruits
COL4 (CONSTANS-like 4) mRNA into condensates to repress the accu-
mulation of COL4 protein, thus promoting rice flowering [68]. Similarly,
the ethylene central activator EIN2 (ETHYLENE INSENSITIVE 2) coloc-
alizes with a scaffold protein, Ras-GTPase, activating protein
SH3-domain-binding protein (G3BP7) for the assembly of SGs, undergoes
LLPS upon heat stress, highlighting the integration of phase transitions in
plant hormone pathways and stress responses [69].

2.6. Other cytoplasmic condensates

Some cytoplasmic condensates do not fit into the categories of SGs,
siRNA bodies, or PBs. For example, auxin response factor (ARF) tran-
scription factors form dense, micron-sized assemblies. Instead of the
classic liquid-liquid phase separation, they experience a liquid-to-solid
phase transition over time [70]. Also, salicylic acid-induced NPR1
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condensates (SINCs) are required for the formation of the NPR1-Cullin 3
E3 ligase complex to ubiquitinate SINC-localized substrates [71]. FLOEL,
a prion-like protein involved in seed germination, follows a
hydration-dependent LLPS to fulfill its regulatory functions [72]. Simi-
larly, the extracellular ligand RALF (RAPID ALKALINIZATION FACTOR)
also undergoes phase separation, thereby modulating the global
signaling functions of FERONIA [73]. Protective responses to environ-
mental challenges likewise hinge on cytoplasmic phase separation. LATE
EMBRYOGENESIS ABUNDANT (LEA) proteins, such as LEA9, LEA48, and
their heterodimers (LEA42-LEA48), form condensates closely linked to
stress tolerance [74].

During autophagy, AUTOPHAGY-RELATED 3 (ATG3) in Arabidopsis
facilitates the LLPS of ATG8e to promote this degradation pathway [75].
Another critical autophagy-associated protein, NBR1 (neighbor of
BRCA1 gene 1), undergoes LLPS before ATG8-mediated autophagosome
formation and, by doing so, bolsters plant heat stress resistance [76].
Besides, Ca?*-DEPENDENT LIPID BINDING PROTEIN 1 (CalB1) and
ESCRT-associated protein ALIX (ALG2-INTERACTING PROTEIN X)
localize with ATG8 on autophagosomes and assemble into condensates,
which are essential for the efficient maturation of autophagosomes under
salt stress [77].

Processes such as self-incompatibility further underscore the signifi-
cance of cytoplasmic condensates. In Petunia hybrida, S-RNases assemble
into cytoplasmic phase-separated condensates (SRCs), and interrupting
these structures disrupts self-incompatibility [78]. The mC®A-binding
protein YT521-B homology (YTH) FAMILY GENE 1 (SiYTH1) in Setaria
italica is uniformly distributed in the cytoplasm under normal conditions
but forms dynamic, liquid-like condensates in response to drought stress
[79]. Meanwhile, the tomato m6A—bindir1g protein SIYTH2 undergoes
LLPS to form RNA-protein condensates that negatively influence tomato
fruit aroma [80]. Plant global translational regulator HEM1 features a
condensation domain required for orchestrating immune gene trans-
lation, providing yet another illustration of how cytoplasmic phase sep-
aration underpins crucial cellular activities [81].

The N-terminal IDR of REM1.2 facilitates its direct interaction with
type-I formin, recruiting formin to specific plasma membrane domains
and enabling local remorin condensation. This condensation, regulated
by multivalent remorin interactions, plays a critical role in activating PTI
(pattern-triggered immunity) signaling [82]. Meanwhile, the
lipid-binding protein SFH8 (SEC FOURTEEN-HOMOLOGS) undergoes
LLPS in root stem cells. Beyond the stem cell niche, SFH8 interacts with
the caspase-like protease separase and microtubule motors at polar
plasma membrane zones. There, separase processes SFH8, driving a
transition from a liquid-like to a more solid-like state, which is an event
crucial for proper root development [83]. Another factor, the plasma
membrane-associated DCP1 component, can cluster at unique mem-
brane subdomains, such as cell edges and vertices, under the influence of
the SCAR-WAVE complex, which recruits DCP1 and enhances actin
nucleation via actin-related protein complex 2/3 [84]. A related theme
emerges in immune signaling, where TIR domain proteins (e.g., RPP1,
RBA1, and TX14) exploit phase separation for autonomous activation,
conferring plant immunity [85]. In parallel, the endosomal sorting
complex required for transport (ESCRT) component FREE1, which con-
tains a FYVE domain, has been shown to form liquid-like condensates on
membranes, driving intraluminal vesicle production [86]. Thus, the
cytoplasmic condensates mentioned above may function in a spatio-
temporally specific manner to regulate plant development and environ-
mental adaptation.

2.7. Chloroplast and microtubule condensates

Unique biomolecular condensates have also been identified within
various organelles in the cytoplasm. For example, a chloroplast
condensate, first discovered in the model alga Chlamydomonas reinhardtii,
forms with the essential components Rubisco and the linker protein
Essential Pyrenoid Component 1 (EPYC1) [87,88]. Further research
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showed that chloroplast-localized ankyrin-repeat proteins STT1/2 and
SNOWY COTYLEDON 1 (SCO1), a nuclear-encoded protein localized
within chloroplasts, also possess the ability to initiate phase separation
[89,90]. Besides, chloroplast-localized RNA-binding protein CP29A
(CHLOROPLAST 29 KDA PROTEIN A) also undergoes LLPS under cold
stress. This process, mediated by the prion-like domain of CP29A, mod-
ulates chloroplast RNA splicing and translation to enhance plant cold
resistance [91]. Moreover, Chlamydomonas SAGA1 (STARCH GRANULES
ABNORMAL 1) proteins localize to the proto-pyrenoid in engineered
Arabidopsis plants, which result in the formation of atypical spherical
starch granules enclosed within the proto-pyrenoid condensate and
adjacent plate-like granules that partially cover the condensate [92].
More recently, the scaffold protein MICROTUBULE DEPLETION
DOMAIN 1 (MIDD1) and KINESIN-13A were found to form
microtubule-associated phase separation, which tunes cell wall spacing
in xylem vessels [93].

3. Mechanism of LLPS in regulating gene expression

In the previous section, we summarized the reported types of con-
densates in plant cells and discussed their biological functions. Building
on this foundation, we mainly focus on the molecular functions of
different types of condensates. LLPS is increasingly recognized as a key
mechanism driving cellular organization and function, with a particular
emphasis on its role in gene expression. By concentrating or sequestering
specific proteins and nucleic acids, LLPS influences gene expression
through both transcriptional and post-transcriptional processes,
including transcription, chromatin regulation and DNA epigenetics
(Fig. 3), mRNA mPA methylation and RNA metabolism (Fig. 4).

3.1. Chromatin regulation and DNA epigenetics

Chromatin regulation and DNA methylation play pivotal roles in gene
activation and silencing, altering chromatin structure and DNA methyl-
ation patterns to regulate transcription. LLPS has been shown to create
specialized microenvironments that concentrate chromatin regulators.
By forming condensates, these factors are spatially organized to modulate
nucleosome positioning, DNA methylation, and histone modifications.
These condensates serve as hubs where epigenetic marks can be rapidly
established or altered in response to environmental or developmental
signals, ensuring a swift while reversible change in chromatin state
(Fig. 3a).

Recent studies have revealed diverse mechanisms through which
LLPS influences chromatin dynamics. H2B.8 forms condensates around
AT-rich regions to assist nucleus compaction and transcription readiness
[19], while the LLPS of H1 and H1-like proteins is required for forming
heterochromatin formation, affecting nucleosome spacing and DNA
methylation patterns [20]. TRBF2 (TELOMERE REPEAT-BINDING FAC-
TOR 2), which carries an H1/H5 domain, assembles into condensates
that likely contain dense chromatin. Notably, TRBF2 also recruits PRC2
into these condensates, creating a local chromatin environment condu-
cive to the patched deposition of H3K27me3 in Oryza sativa [24]. In
response to DNA damage, MtSUVR2 undergoes LLPS and drives the phase
separation of MtRAD51 to form “DNA repair bodies”, promoting the
protective condensation of chromatin through H3K9 methylation in
Medicago truncatula [25]. LLPS of UBA2c and ADCP1 regulates tran-
scription and transposon activity by modifying H3K27 and H3K9
methylation, respectively [21,44]. Recent studies have found that the
proteins ACD15/21, which contain a-CRYSTALLINE DOMAIN (ACD), are
essential components of the MBD5/6 (METHYL-CpG BINDING DOMAIN
PROTEIN 5/6) complex. ACD15 and ACD21 regulate the dynamics and
accumulation of MBD5/6 nuclear condensates, thus forming supramo-
lecular complex structures at CG-methylated sites to silence genes and
transposable elements [22,23]. Additionally, interactions involving
EMB1579 and cold-induced FRI with chromatin remodeling factors
highlight the complex interplay between LLPS and epigenetic
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modifications [36,42], illustrating complex strategies plants use to
regulate gene expression in response to environmental changes.

3.2. Transcription

In addition to the changes in chromatin state that regulate gene
expression, phase separation can also directly influence gene expression
by affecting the localization or activity of transcription factors. Generally,
LLPS facilitates the assembly of transcription factors and co-regulators
into dynamic condensates that serve as reaction hubs for gene expres-
sion. The common mechanism here involves the creation of a microen-
vironment that enhances the local concentration of the transcriptional
machinery, thereby improving the efficiency of co-transcriptional pro-
cessing and allowing for rapid responses to environmental stimuli
(Fig. 3b).

ALOG family transcription factors assemble into a heterotypic
condensate, and oxidation triggers TMF phase separation to bind and
sequester the promoter of the floral identity gene ANANTHA (AN),
thereby repressing its expression [51,52]. Similarly, AUXIN RESPONSE
FACTOR (ARF) transcription factors are found to undergo phase transi-
tion to form cytoplasmic protein assemblies that stay away from target
genes and repress auxin responsiveness [70]. In another case, PIF7-phyB
condensates inhibit the DNA-binding activity of PIF7 under white light to
repress PIF7-targeted gene expression [17]. JAZ3 regulates the expres-
sion of genes involved in many biological processes, such as the response
to auxin, the auxin-activated signaling pathway, the regulation of
growth, and the response to red light. Finally, JAZ3 inhibits the tran-
scriptional activation and DNA-binding ability of PIF4 through LLPS
[33]. Beyond instances where condensates repress gene expression, LLPS
condensates can also actively promote target gene expression in response
to certain stimuli. For example, elevated temperatures induce transcrip-
tional repressor ELF3 to enter the liquid phase, diminishing its binding to
target genes and enhancing thermal response [34]. Blue light prompts
CRY2 to undergo LLPS to mediate light response through enhanced DNA

binding activities of MAC3 and TCP22 [13,15]. Blue light also stimulates
FIT (FER-like IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR)
to accumulate preferentially in NBs (nuclear bodies) rather than nucle-
oplasm when engaged in protein complexes with itself and with
bHLHO039 (BASIC HELIX-LOOP-HELIX 039). FIT also colocalizes with
splicing and light signaling NB markers, which were linked with active
FIT and elevated FIT target gene expression in roots [32]. Additionally,
pathogens, nitrogen deficiency, and hyperosmotic stress respectively
induce the LLPS of MAC3, the LLPS of MED19a in combination with
ORE], and the LLPS of transcriptional regulator SEUSS, regulating gene
expression related to immune responses, senescence, and hyperosmotic
stress responses [40,47,49]. Similarly, the phase transition of STM and
GBPL1/3 modulates transcriptional activities in response to develop-
mental cues and biotic stress [48,94]. By binding to the intrinsically
disordered middle region of ARF3, IncRNA ALEX1 (A LEAF EXPRESSED
AND XOO-INDUCED LNCRNA 1) suppresses condensate formation while
promoting ARF3 dimerization, thereby enhancing its transcriptional
repression activity on the downstream gene JAZ13. This, in turn, mod-
ulates the JA signaling pathway and strengthens pathogen resistance in
rice [39]. OsDREB2B, which functions as a positive regulator of cold
stress, is recruited into biomolecular condensates by OsSROlc in the
nucleus, resulting in elevated transcriptional activity of OsDREB2B. This
action directly responds to low temperature through dynamic phase
transitions and regulates key cold-response genes, including COLDI
(CHILLING-TOLERANCE DIVERGENCE 1) [38].

Moreover, HRLP, together with the splicing factor SR45, forms phase-
separated nuclear condensates to regulate FLC splicing, R-loop forma-
tion, and RNA Polymerase II recruitment, which is essential for the
transcriptional repression of FLC [46]. While DCP5, along with SSF, en-
gages in LLPS to regulate FLC transcription by modulating RNA poly-
merase II enrichment [50]. The condensation and functionality of
CONSTANS (CO) rely on multivalent interactions. By coassembling with
Nuclear Factor-Y subunits C9 (NF-YC9) and B2 (NF-YB2), and tran-
scriptionally activating the florigen gene FT, CO forms percolation
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clusters that retain fluidic properties necessary for activating FT tran-
scription and initiating the flowering transition [45].

3.3. mRNA m°A methylation

Similar to DNA modification, RNA modification is also crucial for the
regulation of gene expression. m®A, recognized as the most prevalent
modification of eukaryotic mRNAs, plays a critical role in the post-
transcriptional regulation of transcripts, including splicing, nuclear
export, degradation, and translation. The compartmentalization of m°A
regulatory components via LLPS ensures precise and rapid modification
of mRNAs, integrating this critical post-transcriptional process with
broader developmental and stress-responsive pathways in plants
(Fig. 4a).

LLPS plays a critical role in organizing the writers and readers of m°A
marks into discrete nuclear bodies. For instance, Light-mediated LLPS of
CRYs is highly associated with mRNA m®A methylation. Upon photoex-
citation, CRY2 undergoes LLPS. In this process, CRY2 either condenses
the m°A methyltransferase complex (MTC) or associates with the SPA1-
FIO1 complex to regulate RNA decay and translation by directly modu-
lating the activities of methyltransferases [12,14]. Meanwhile, the LLPS
of m®A reader, CPSF30-L in nucleus regulates polyadenylation site and
lengthens the untranslated region of transcripts, thereby accelerating
mRNA degradation and leading to late flowering and ABA hypersensi-
tivity [41]. Conversely, the microprocessor component SE assembles into
liquid-like condensates that enhance the solubility and stability of MTC
subunit B, thereby boosting MTC activity. Primary miRNAs carrying m°A
marks at their single-stranded basal regions are recognized by m°A
readers, which retain the microprocessor in the nucleoplasm for
continued processing [30]. Other nuclear condensates likewise highlight
a central role of m®A in plant development. FCA, an RNA-binding protein,
co-immunoprecipitates with mP®A writer complex components; these in-
teractions influence the formation and dynamics of FCA nuclear con-
densates. By concentrating RNA-processing factors locally, these
condensates efficiently terminate transcription, resolve R-loops, and
yield proximal polyadenylation of COOLAIR [43,95]. This tight coupling
of m®A methylation with transcription and RNA processing ensures a
streamlined regulatory flow that is both efficient and responsive.

Shifting to the cytoplasm, certain m®A readers are also essential for
mRNA decay and translation. In tomato, SIYTH2 employs a similar
mechanism: it phase-separates to recruit m®A-modified mRNAs (SIHPL
and SICCDI1B), suppressing their translation and thereby boosting the
production of aroma-associated volatiles [80]. In rice, the RNA-binding
protein EHD6 recruits YTHO7 to RNP granules through phase separa-
tion, and sequesters COL4 mRNA into condensates to promote rice
flowering. These and other m®A readers extend their regulatory reach to
abiotic and biotic stress responses. In Setaria italica, SiYTH1, for instance,
is uniformly distributed in the cytoplasm under normal conditions.
However, when drought ensues, it undergoes LLPS into liquid-like con-
densates, stabilizing the transcripts of SIARDP and various ROS scav-
enging-related genes [79]. Similarly, ECT1 (EVOLUTIONARILY
CONSERVED C-TERMINAL REGION 1), forms cytosolic biomolecular
condensates following salicylic acid treatment or pathogen attack. By
sequestering mRNAs prone to SA-induced m®A modification, ECT1 pro-
motes their decay and reduces SA-mediated stress [64,65]. Meanwhile,
ECTS, accelerates degradation of its stress-related targets, partly through
direct interaction with the decapping protein DCP5 [96]. It also confines
mPA-modified PYL7 (PYRABACTIN RESISTANCE 1-like 7) mRNAs within
stress granules under ABA treatment, curbing PYL7 protein synthesis and
thus tempering ABA responses [66]. These findings highlight the multi-
faceted and environmentally dependent role of m®A regulators in plant
development and stress responses, revealing how LLPS acts as a general
regulatory mechanism to influence mRNA m®A methylation.
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3.4. RNA metabolism

LLPS contributes to RNA metabolism by organizing various RNA-
processing assemblies into discrete, dynamic condensates. A common
mechanism observed is the selective sequestration of mRNAs and RNA-
binding proteins. In these cases, LLPS provides a means to rapidly
concentrate enzymes and substrates, thereby optimizing the kinetics of
RNA turnover and processing in response to changing cellular conditions
(Fig. 4b).

In the nucleus, the D-body is a site for pri-microRNA processing.
Various components, such as SE and RH6/8/12/20, within this sub-
domain show liquid-like properties, and their LLPS drives the assembly of
dicing complex and miRNA processing. Ultimately, the production of
miRNAs targets selected mRNAs for cleavage or translational repression
[26-29]. In the cytoplasm, SGS3 phase-separates to aggregate RDR6,
RNAs, and other siRNA components into siRNA bodies, which act as key
hubs for mRNA decay [55,59,60]. Moreover, many PB and SG compo-
nents, including RH6/8/12, RBGD2/4, and ALBA4/5/6, undergo LLPS
and are essential for mRNA turnover [54,63]. For example, heat stress,
warm temperatures, or phenolic acids provoke LLPS of RBGD2/4,
GRP7/eIF4E1/CSPs, or RBP47Db, respectively, culminating in the forma-
tion of SGs and translational inhibition [56-58]. Selective sequestration
of mRNAs in stress granules is another critical adaptation. DRG9, for
instance, condenses into SGs via LLPS under drought stress, protecting
the mRNA of ABA biosynthesis factor OsNCED4 from degradation [67].
In Triticum aestivum, HISTIDINE-RICH CALCIUM-BINDING (TaHRC)
drives condensation of hub component TaSR45, and governs pre-mRNA
alternative splicing in controlling plant resistance to Fusarium head blight
[97].

Under hyperosmotic conditions, DCP5 rapidly forms “osmotic stress
granules” (DOSGs) via LLPS to reorganize the translatome and tran-
scriptome, thereby aiding osmotic stress tolerance [61]. Cold stress
triggers CP29A, harboring a prion-like domain, undergoes reversible
phase separation, which is essential for chloroplast RNA splicing and
translation at low temperatures [91]. Furthermore, the global trans-
lational regulator HEM1 exemplifies how phase-separated condensates
regulate immune-gene expression: by associating with ribosomal ma-
chinery, HEM1 suppresses the production of pro-death immune factors,
thereby safeguarding the plant from excessive immune responses and
maintaining cellular homeostasis [81].

4. Conclusions and future prospects

In recent years, LLPS has emerged as a fundamental organizing
principle in plant cells, underpinning processes spanning from chromatin
organization and transcriptional control to post-transcriptional regula-
tion (Figs. 2 and 3). The studies reviewed above depict a complex land-
scape in which biomolecular condensates not only compartmentalize
proteins and RNAs but also fine-tune gene expression in response to
developmental cues and environmental stresses. Despite notable prog-
ress, key questions remain on how LLPS is orchestrated and regulated in
plants, how condensates function in synergy with other cellular pro-
cesses, and how we can leverage this knowledge for crop improvement.

4.1. Conclusions

A unifying theme is that many LLPS-driven condensates serve as hubs
for regulatory activities, allowing specific sets of proteins, nucleic acids,
and other cofactors to accumulate and interact efficiently. In the nucleus,
the formation of photobodies, dicing-bodies, and various nuclear con-
densates underscores the dynamic nature of gene expression regulation
through compartmentalization (Fig. 2). For instance, the recruitment of
phytochrome-interacting proteins into photobodies regulates the
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transcription of genes related to hypocotyl elongation and shade avoid-
ance [17,18,98], while the assembly of DCL1-HYL1-SE complexes in
dicing-bodies coordinates miRNA biogenesis and promotes localized
concentration of factors, expediting reactions such as RNA processing or
signaling transduction [26-29]. At the chromatin level, phase separation
of histones and heterochromatin-associated proteins influences epige-
netic states and transcriptional accessibility [19-21]. These examples
highlight how LLPS contributes to gene expression at an upstream and
structural level, ensuring a rapid and context-specific response to fluc-
tuating signals.

Beyond the nucleus, cytoplasmic condensates also play pivotal roles,
particularly in mRNA metabolism. Stress granules, processing bodies,
and siRNA bodies govern translation, RNA decay, and small RNA pro-
cessing. Proteins like SGS3 and DRG9 utilize phase separation to protect
or process specific transcripts under abiotic stresses such as heat or
drought stress [59,60,67,99]. This targeted sequestration not only con-
serves resources during adverse conditions but also reconfigures the
translatome to enhance survival. Meanwhile, specialized condensates
such as those formed by ARF transcription factors, NPR1, and EIN2 un-
derscore the involvement of LLPS in hormonal signaling pathways,
illustrating that phase-separated compartments modulate processes from
auxin responsiveness to ethylene signaling [69-71]. The emerging evi-
dence that m®A readers and writers adopt or reside in condensates
further illustrates how post-transcriptional modifications intersect with
phase separation to control RNA stability, translation, and decay [11,
64-66,96].

In plants, condensates have traditionally been regarded as membrane-
less organelles operating independently of membranes or membrane-
bound compartments. However, recent studies indicate that condensates
can interact with, and even engulf membranes to regulate a variety of
biological processes [100]. In this review, we discuss several compo-
nents, including FREE1 and DCP1, which not only exhibit liquid-liquid
phase separation properties but also interact with membranes [84,86].
Notably, the wetting condensates formed by FREE1 mediate membrane
shaping and scission in plants, potentially contributing to cellular traf-
ficking mechanisms [86]. This research broadens our understanding of
protein compartmentalization and suggests a novel interplay between
conventional membrane scission mechanisms and condensate dynamics.
Consequently, further investigation is warranted to determine whether
condensates could act as molecular hinges, linking membrane surfaces
without direct contact or fusion, thereby deepening our insights into
intraorganellar communication.

4.2. Future prospects

Despite these advances, crucial gaps in our understanding remain.
The molecular principles governing the formation, maintenance, and
disassembly of condensates in vivo are still not completely clear.
Numerous studies have demonstrated correlations between condensate
formation and functional outcomes; however, the mechanistic details of
how specific RNAs or proteins are selectively recruited or excluded
remain to be determined. This issue also extends to understanding how
condensates transition between liquid-like, gel-like, or more solid states,
a phenomenon that can be protective but might also lead to dysfunctional
aggregation if not properly regulated.

Although many LLPS-prone proteins contain intrinsically disordered
regions that provide the multivalent interactions necessary for RNA or
protein condensation, different IDRs may exhibit similar ensemble
properties even if their sequences differ in composition or length [101].
Studies have shown that short linear motifs (SLiMs) in IDRs are sequence
motifs composed of approximately 5-12 residues that encode
sequence-specific recognition modules. SLiMs are required for protein—
protein interaction and function [102]. For example, CRY2 possesses a
well-recognized SLiM in its C-terminal region, namely the two-residue VP
motif [103]. This VP motif is essential for the CRY2-SPA1 interaction
that recruits FIO1 into photobodies undergoing LLPS [11]. Further
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identification of conserved SLiM motifs in plant LLPS proteins will extend
our understanding of molecular recognition and condensation.

PTMs offer another way to alter the context of IDRs. PTMs enable
covalent yet reversible changes in IDR sequence chemistry, thereby
influencing both intra- and intermolecular interactions [104]. For
instance, phosphorylation can act as a molecular switch by adding a
phosphate group, which substantially alters the ensemble behavior of an
IDR. The phosphorylation of the C-terminus is essential for maintaining
CRY2 in a liquid phase, thereby activating light signal transduction [12],
while GRP7 phosphorylated by FERONIA alters its capacity to undergo
LLPS and correlates with the adaptation to temperature changes [58].
Similar regulatory mechanisms have been observed in mammalian cells,
which can provide valuable insights for understanding plant systems. For
example, in mammalian cells, RAD23R induces LLPS of ubiquitinated
proteins and proteasomes [105], and the deSUMOylase SENP1 removes
the SUMOylation of RNF168 to disrupt LLPS [106]. However, the extent
to which PTMs (e.g., ubiquitination and SUMOylation) modulate LLPS
ability in a spatiotemporal manner remains poorly defined in plants.
Deciphering these regulatory codes will be essential for fully under-
standing how plants manage rapid condensate turnover or stabilization
under various stimuli.

Addressing these open questions holds significant promise for agri-
cultural biotechnology. Several promising strategies may bridge this gap.
First, genome editing and protein engineering can be employed to modify
key LLPS regulators, such as by altering SLiMs or modification residues to
optimize stress responses, flowering time, or yield-related pathways in
crops like rice, maize, and wheat. Moreover, synthetic biology offers
another approach, where customized condensate-forming modules can
be designed to create artificial regulatory hubs, thereby fine-tuning gene
expression in response to environmental cues. Furthermore, high-
throughput screening for small molecules that modulate LLPS behavior
could lead to the development of novel agrochemicals used as seed
treatments or foliar sprays. Such compounds might stabilize beneficial
condensates or prevent maladaptive aggregations under stress condi-
tions, thus enhancing crop resilience. However, a major challenge is the
inherent complexity and variability of field environments compared to
controlled laboratory settings. Factors like temperature fluctuations,
light intensity variations, and soil heterogeneity may significantly in-
fluence the dynamics of LLPS, necessitating extensive field trials and
advanced phenotyping to validate laboratory findings. Moreover, inte-
grating LLPS-based interventions with existing crop management prac-
tices and navigating regulatory frameworks will be critical for practical
implementation. Addressing these challenges through interdisciplinary
research and iterative field-testing will be key to realizing the full po-
tential of LLPS in improving crop performance and agriculture
sustainability.
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