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Plants require dynamic mechanisms of cellular organization to continuously adapt
to fluctuating environmental conditions. Biomolecular condensation, which refers
to nonstoichiometric assembly of macromolecules into membraneless compart-
ments via phase separation, emerges as an essential regulatory strategy for plant
development and stress responses. Unlike membrane-bound organelles, conden-
sates can dynamically assemble/disassemble in response to different environmen-
tal cues. Increasing evidence indicates that versatile plant condensates associate
with cellular membranes to regulate processes such as signal transduction, intracel-
lular trafficking, organelle biogenesis, and gene expression. In this review, we
summarize recent progress on representative condensates in association with the
plant endomembrane system. We also highlight methodological advances, from
multiscale in vivo characterization to in vitro reconstitution, which enable quantita-
tive dissection of membrane-condensate interactions, with an emphasis on the
biophysical principles governing them.

Current understanding of membrane-associated plant biomolecular condensates
The endomembrane system, which is composed of different membranes including the endoplas-
mic reticulum (ER), Golgi apparatus, endosomes, plasma membrane (PM), and vacuole, has long
been considered as the major platform for intracellular compartmentalization [1]. Beyond
membrane-bound organelles, plant cells also rely on membraneless assemblies formed through
phase separation (also known as biomolecular condensation; see Glossary), which are now
referred to as ‘biomolecular condensates’ [2]. These membraneless condensates are central
regulators of cellular organization, enabling molecules (e.g., proteins and nucleic acids) to assem-
ble into membraneless compartments in response to different environmental cues
(e.g., temperature, pH, and ionic strength).

The formation of condensates is governed by phase behavior, which is often represented in
phase diagrams that define macromolecule demixing conditions [3] (Figure 1A). Molecules that
nucleate and sustain condensates are generally termed ‘scaffolds’, while other components
that selectively partition into these assemblies are referred to as ‘clients’ [4]. Importantly, conden-
sates are not static: depending on macromolecular composition, concentration, time, and
different stimuli, they can transition from liquid-like to gel-like or solid-like states (Figure 1B). This
material plasticity arises mainly from molecular multivalency, which allows the formation of a
dynamic interaction network promoted by structured/folded domain repeats, such as the Src
homology 3 (SH3) domain [5], and/or intrinsically disordered regions (IDRs) within the mole-
cules, as exemplified by the prion-like domain of fused in sarcoma (FUS) [6] (Figure 1C).

To date, versatile biomolecular condensates with distinct compositions have been implicated in
plant growth and development, as well as in response to various abiotic and biotic stresses, as
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comprehensively discussed in several recent excellent reviews [2,7-9] (Figure 1D). By
reorganizing the local concentration and activity of enzymes, signaling complexes, transcription
factors, or nucleic acids, biomolecular condensates function as dynamic platforms for either acti-
vation or suppression of biochemical reactions and signaling pathways, buffering or sensing of
environmental fluctuations, and molecular sequestration or relocalization for storage purposes.
In addition, some biomolecular condensates directly interact with cytoskeletal elements and
membranes, generating mechanical forces and contributing to membrane remodeling. Impor-
tantly, biomolecular condensates are not restricted to a single function; rather, they may fulfill
multiple roles depending on the location, composition, and material property under varying condi-
tions. In the past decade, exciting new findings have unraveled the intimate interactions between
plant biomolecular condensates and different membrane-bound compartments in the
endomembrane system. In this respect, we summarize and discuss recent updates on how
membrane-associated biomolecular condensates in the endomembrane system impact cellular
activity and organization in plant cells. Additionally, we highlight representative methodological
advances that enable mechanistic understanding.

PM-associated condensates

As the first selective membrane barrier separating the external and internal environments in plant
cells, the PM acts as a dynamic platform containing diverse membrane domains, often referred to
as nanodomains, which display heterogeneous protein and lipid compositions as well as distinct
geometric properties, including asymmetry and curvature, in response to different stimuli [10,11].
Biomolecular condensation on the PM has been reported to facilitate the assembly of specific
nanodomains that function as signaling hubs and organizing centers (Figure 2Aa,Ba). For
instance, phase separation driven by the extracellular peptide ligand rapid alkalinization factor
(RALF) with the cell wall pectin recruits the PM receptor kinase FERONIA (FER), subsequently
promoting FER clustering and endocytosis for signaling activation under diverse stress conditions
[12] (Table 1). A recent study further illustrated that FER serves as a turgor sensor to transduce
outside-in signaling, likely via conformational change and clustering of its extracellular domain
through the local force generated by turgor-mediated cell wall-PM contact [22]. As such, biomo-
lecular condensation locally enrich signaling molecules for complex assembly to organize
nanodomains that activate and amplify downstream signaling pathways. In addition, phase
separation triggers complex assembly on the PM to form clathrin-coated vesicles (CCVs) for
clathrin-mediated endocytosis, as exemplified by Arabidopsis thaliana Eps15 homology (AtEH)/
Pan1 protein family [23]. Notably, both coiled-coil (CC) and IDR domains promote AtEH conden-
sation, whereas mutation in the lipid-binding domain compromises AtEH condensation at the PM
[13] (Table 1), suggesting that protein-lipid interaction is required for the nucleation of AtEH
condensates on the membrane. Further characterization using correlative light and electron
microscopy (CLEM) and electron tomography (ET) showed that clathrin-like lattices and triskelia
form within AtEH1 condensates, and altering the material properties of AtEH1 condensates
impairs endocytic progression [13]. This work provides mechanistic insights into the connection
between PM-associated condensation and CCV formation, reinforcing biomolecular condensa-
tion as a fundamental organizational principle spanning from the PM to subsequent endocytic
events. However, it remains elusive how pre-existing membrane lateral heterogeneity within the
PM is selected as a hotspot for condensate formation. Conversely, whether and how condensa-
tion on the PM modulates membrane properties, such as lipid composition, packing, or
nanodomain organization, remains an important aspect deserving further exploration.

On the other hand, PM-associated biomolecular condensates have been implicated in mediating
cytoskeletal dynamics for various biotic and abiotic stress responses (Figure 2Aa). For example,

during pattern-triggered immunity responses, actin-nucleating factor formin assembles into
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Glossary

Aging: the time-dependent evolution of
biomolecular condensates from
dynamic, liquid-like states toward more
rigid, gel-like, or solid-like states. Aging
can alter the material properties, internal
organization, and biological function of
condensates.

Environmentally sensitive probes:
fluorescent molecules whose emission
intensity, spectrum, or lifetime changes
in response to local physicochemical
properties such as pH, temperature,
polarity, viscosity, hydration, and lipid
order, thereby enabling spatial mapping
of microenvironmental states in cells and
model systems.

Hyperspectral imaging: an imaging
technique that records emission spectra
at each pixel, allowing for the quantitative
mapping of local physicochemical
properties within complex biological or
biomimetic samples.

Interfacial tension: the interfacial
energy per unit area between coexisting
phases. In phase separation processes,
surface tension drives droplet rounding
and coalescence (fusion or merging) to
minimize the total interfacial energy.
Intrinsically disordered regions
(IDRs): protein segments that lack a
stable secondary/tertiary structure
under physiological conditions. IDRs act
as flexible linkers to enable weak and
multivalent interactions among
molecules, thereby promoting phase
separation.

Lipid packing: the degree of lateral
ordering and density of lipid molecules
within a membrane. Lipid packing
influences membrane thickness, fluidity,
permeability, and protein partitioning
and is commonly modulated by
membrane composition as well as
interactions with condensates.
Membrane spontaneous curvature:
the preferred local curvature that a
membrane inherently adopts based on
its lipid composition, leaflet asymmetry,
and bound or inserted proteins. It
represents the intrinsic bending
tendency of the membrane—protein
assembly in the absence of applied
macroscopic mechanical forces.
Multivalency: the presence of multiple
interaction sites, motifs, or distributed
features (such as charged amino acids)
within a molecule, enabling numerous
weak, reversible interactions with
multiple partners that collectively form
dynamic macromolecular networks and
promote phase separation.
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macromolecular condensates with the PM-anchored remorin to form nanodomains on the PM for
actin assembly [14,24]. Intriguingly, disrupting remorin-mediated nanodomains induces lateral
diffusion of formin and reduced assembly of actin, suggesting a reciprocal regulation between
formin clustering and nanodomain assembly [14]. Furthermore, the formin complex can be
hijacked by a bacterial effector XopR to subvert cytoskeleton depolymerization [25]. During infec-
tion, XopR partitions into condensates formed by resistance to Pseudomonas syringae pv.
maculicola 1 (RPM1)-interacting protein 4 (RIN4), which coalesces with the immune receptor
RPM1 at the PM. By fluidizing RIN4 condensates, XopR impairs RIN4 phosphorylation, thereby
inhibiting the RIN4/RPM1-mediated defense response [26]. In addition, cytoskeletal dynamics
can be modulated by spatial positioning of other cytosolic condensates recruited to the PM,
resulting in new functional outcomes. For example, decapping protein 1 (DCP1), a core compo-
nent of the cytosolic processing body (PB), shuttles between PB and PM by interacting with
actin-nucleating complex, which confines DCP1 to the cell edges and vertices to reinforce the
nucleating complex for actin assembly [27]. Moreover, phosphorylation status of DCP1 shifts
its partitioning between PB and PM. The localization-dependent functional outcome of the
condensates in cytoskeletal dynamics is further illustrated by PM-associated cation-binding
protein 1a (PCaP1a). Under salinity stress, local Ca®* influx across the PM induces phase transi-
tion of PCaP1a and its subsequent relocalization to the cytosol, where PCaP1a condensates
promote microtubule depolymerization [28]. Recently, it has been shown that kinesin-separase
complex, which regulates microtubule dynamics, is recruited to the PM for proteolysis of a
lipid-binding protein SEC-fourteen homolog 8 (SFH8), resulting in a liquid-to-solid phase transi-
tion of SFH8 condensates at the polar PM domain for root development [15] (Table 1). This
suggests that PM-associated condensates might serve as proteolytic hubs to modulate cellular
activity. It was also noted that the cleaved IDR of SFH8 forms cytoplasmic condensates with
unknown function. Considering the essential role of microtubules in polar localization, whether
the cytoplasmic condensates serve as a feedback mechanism to regulate microtubule dynamics,
and subsequently, the polar distribution of proteins at the PM awaits further investigation.

Endosome-associated condensates

Multivesicular bodies (MVBs), also known as prevacuolar compartments, are specialized late
endosomes featuring intraluminal vesicles (ILVs) formed through remodeling and scission of the
MVB membrane [1]. It has long been considered that ILV biogenesis depends on a series of
steps mediated by the conserved endosomal sorting complex required for transport (ESCRT)
machinery [29]. Recently, the plant-unique ESCRT component Fab-1/YGL023/Vps27/EEA1
(FYVE) domain protein required for endosomal sorting 1 (FREE1) [30] was reported to form
condensates on MVB membranes, for ILV formation [16]. This process involves wetting, by
which FREE1 condensates spread on the MVB membrane surfaces and locally drive membrane
deformation [3] (Figure 2Ab). In plants, the wetting process has been previously observed during
protein storage vacuole (PSV) morphogenesis in seeds, by which phase-separated vacuolar
droplets adhere to and spread along the vacuolar membrane (tonoplast) [31,32]. As a transitional
organelle in seeds, the PSV is suggested to arise by the remodeling and division of the pre-
existing vacuole, characterized by the formation of droplet-like structures containing seed storage
proteins [31,32]. It has been proposed that wetting of these vacuolar droplets leads to either
tonoplast budding or the formation of membrane nanotubes: the membrane buds likely promote
PSV formation, while the nanotubes may facilitate molecular exchange between the droplets and
the vacuolar interior [32]. Considering the cell membrane as a locally planar surface, wetting-
induced membrane remodeling can generate either positive membrane curvature (bending
toward the cytoplasm) or negative membrane curvature (bending away from the cytoplasm)
(Figure 2Bd). Indeed, in vitro liposome analysis demonstrated that glycinin, a major soybean stor-
age protein, forms droplets that interact with giant unilamellar vesicles (GUVs) to induce partial
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Nanodomains: dynamic and
nanoscale (<1 ym) membrane regions
with lipids and proteins distinct from the
surrounding membrane. These transient
environments function as confined
platforms for signaling, trafficking, and
membrane remodeling, often organizing
complex assemblies to regulate plant
responses to different stimuli.

Phase separation/biomolecular
condensation: a physicochemical
process in which biomolecules demix
from a homogeneous solution to form a
dense liquid phase that coexists with a
dilute phase, separated by an interface.
Prewetting: a membrane-induced
phase transition in which a thin
condensate layer forms at the surface
prior to bulk phase separation.
Membranes act as nucleation sites,
allowing condensation at subcritical bulk
concentrations.

Spectral phasor approach: a model-
free analysis method that transforms
fluorescence emission spectra into a
phasor plot, enabling quantitative, pixel-
resolved mapping of environmental
states (e.g., membrane order or
condensate hydrophobicity).
Unilamellar vesicles: lipid bilayer
compartments, categorized by
diameter: small (<100 nm, SUVs), large
(100 nm—1 pm, LUVs), and giant (>1 pm,
GUVs). They serve as tunable
biomimetic platforms to isolate the
effects of curvature, lipid composition,
and tension on condensate affinity and
protein phase separation.
Viscoelasticity: a material property
describing the coexistence of viscous
(liquid-like) and elastic (solid-like)
responses to deformation. Biomolecular
condensates often display viscoelastic
behavior, reflecting the dynamic nature
of their liquid protein scaffold and their
shape-restorative response to
deformation governed by interfacial
tension.

Wetting: a phenomenon in which a
liquid droplet spreads on a substrate,
forming a contact angle. On deformable
substrates such as membranes, wetting
can additionally lead to substrate
deformation through interfacial forces.
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Figure 1. An overview of biomolecular condensates in plants. (A) A generic protein phase diagram illustrating phase separation. The binodal delineates the boundary
between the single- and two-phase regions. Within the binodal, the system demixes into a dilute (light) phase and a dense phase, with compositions indicated along the tie line
and the binodal. Above the critical point, the system exists in a single homogeneous phase. At point 1, proteins remain fully dissolved in the dilute phase. From point 2 to 3,
increasing protein concentration increases the volume fraction of the dense phase, and droplets fuse to minimize interfacial energy. From point 3 to 4, the dense phase
becomes continuous, with light droplets in diluted phase dispersed within it. At point 5, the system is in the dense phase. All bulk compositions along a single tie line
(e.g., points 2—-4) demix into dilute and dense phases with fixed equiliorium concentrations corresponding to the two ends of the tie line (points 1 and 5). (B) Components
and material states of biomolecular condensates. Biomolecular condensates typically consist of scaffold molecules that drive assembly and maintain structural integrity,
and client molecules that selectively partition into condensates to regulate their function. Depending on molecular composition, maturation time, and other stimuli, liquid-
like condensates can undergo transitions to gel-like and solid-like states, a process termed ‘aging’. (C) Multivalent interactions driven by two types of scaffolds carrying
(a) IDRs or (b) folded/structured domains. (D) Representative functions of biomolecular condensates in plant growth/development regulation and abiotic/biotic stress
response: (a) activation/inactivation of biochemical reactions by recruiting/concentrating molecules; (b) sequestration/localization for storage or relocalization; (c) buffering/
sensing by changing the concentrations of molecules; (d) force generation/membrane remodeling.

or complete membrane wetting [33]. This leads to the formation of inward nanotubes or membrane
buds with variable angles largely dependent on membrane charge and salinity. In the case of MVB
biogenesis, FREE1 condensates induce negative membrane curvature on MVBs via its N-terminal
IDR and phosphatidylinositol-3-phosphate (PI3P)-binding FYVE domain (Table 1). Depletion of the
IDR fails to complement the reduced ILV formation and lethal phenotype of the free? mutant, while
FREE1 lacking the FYVE domain forms cytosolic condensates, suggesting a lipid-driven condensation
mechanism at the MVB. In line with this, in vitro reconstitution demonstrated that FREE1 condensates
are sufficient to induce bending and scission of PISP-containing membranes, offering an alternative
condensate-dependent model for MVB biogenesis [16]. Beyond MVBs and PSVs, wetting mediated
by biomolecular condensation might serve as a general principle to drive membrane remodeling for
organelle biogenesis [34]. To unravel the local conditions/factors in plant cells responsible for wetting
initiation and capillary forces, further studies need to incorporate in vivo and in vitro assays in combina-
tion with in silico modeling.

ER-associated condensates

As the primary platform for lipid and protein synthesis, the ER serves as the major reservoir for
maintaining cellular homeostasis, which is characterized by morphologically and dynamically
distinct subdomains [35]. Two recent studies indicated that condensation on the ER is involved
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Figure 2. The interconnection between the endomembrane system and biomolecular condensates in plant
cells. (A) Representative endomembrane-associated biomolecular condensates in plant cells: (a) PM-associated
condensates; (b) endosome-associated condensates; (c) ER-associated condensates; (d) autophagosome-associated
condensates. (B) Representative functions of membrane-associated biomolecular condensates: (a) clustering/assembly of
compositions for nanodomain formation; (b) sequestration/recruitment at the membrane for activation/inactivation of
reaction/signaling; (c) selectivity/filtration of molecules across membrane; (d) wetting/membrane remodeling to induce
membrane curvature and scission. ALIX: ALG2-interacting protein X; ATG18a: autophagy-related 18a; CaLB1: calcium-
dependent lipid-binding protein 1; DCP1: decapping protein 1; EH1: Eps15 homology 1; ER: endoplasmic reticulum;
ERC1: ELKS/Rab6-interacting/CAST 1; FREE1: FYVE domain protein required for endosomal sorting 1; HEM1:
hematopoietic protein-1; MVB: multivesicular body; NE: nuclear envelope; NPC: nuclear pore complex; PB: processing
body; PCaP1a: plasma membrane-associated cation-binding protein 1a; PM: plasma membrane; PNET2: plant NE
transmembrane protein 2; PSV: protein storage vacuole; PVC: prevacuolar compartment; RALF: peptide ligand rapid
alkalinization factor; RIN4: resistance to Pseudomonas syringae pv. maculicola 1 (RPM1)-interacting protein 4; SFH8: SEC
fourteen-homolog 8; VPS41: vacuolar protein sorting-associated protein 41.
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Scaffold Functional IDR Membrane binding/ Function Refs
domain prediction” anchoring ability
RALF1 IDR PONDR No. Phase separation with pectin [12]
on PM to mediate signaling
complex assembly
EHA1 EH, IDR, CC PLAAC EH domain binds to Recruitment of accessory [13]
MobiDB negatively charged proteins for CCV assembly
anionic phospholipids.
REM1.2 IDR, CC PONDR C terminus for Condensation with Formin on [14]
membrane-anchoring. PM for actin assembly
SFH8 IDR, PONDR CRAL-TRIO domain Liquid-solid phase transition on [18]
CARAL-TRIO binds to small lipophilic PM to regulate delivery of polar
molecules. proteins
FREE1 IDR, CC, PLAAC FYVE domain binds to MVB membrane bending and [16]
FYVE PONDR PI3P. scission
NUP62 IDR PrDOS No. Nucleocytoplasmic transport [17]
PNET2 IDR, TM AlphaFold TM for membrane Inactivation of gene expression [18]
anchoring.
ERC1 IDR, CC AlphaFold Uncharacterized. Autophagosome formation [19]
CalLB1 IDR, C2 IUPred2 C2 domain binds to Autophagosome closure [20]
PI3P.
ALIX IDR, BRO1,V  IUPred2 ALIX binds to PI3P. Autophagosome closure [20]
ATG18a  IDR, WD PONDR WD repeat domain binds ER remodeling for [21]

to PI3P. autophagosome formation

BRO1: BCK1-like resistance to osmotic shock 1; CRAL-TRIO: cellular retinaldehyde-binding protein and TRIO guanine
exchange factor; C2: the second Calcium-binding domain; REM1.2: remorin 1.2; TM: transmembrane; V: V-shaped; WD:
tryptophan-aspartate acid.
AWebsites for predicting the IDRs of scaffolds are listed. PLAAC (http://plaac.wi.mit.edu/); MobiDB (https://mobidb.org/);
AlphaFold (https://alphafold.com/); PrDOS (https://prdos.hgce.jp/cgi-bin/top.cgi); PONDR (https://pondr.com/); IUPred2
(https://iupred2a.elte.hu/).

in plant disease tolerance (Figure 2Ac). For example, pathogen infection induces the condensa-
tion of hematopoietic protein-1 (HEM1) with an ER-resident protein, BAX-inhibitor 1 (BI-1),
leading to two different outcomes: HEM1 condensates direct the degradation of BI-1 through
autophagy for disease tolerance; in turn, lipid-metabolic enzymes associated with Bl-1 are
sequestered in the HEM1 condensates, which impairs lipid homeostasis and induces tissue
damage [36] (Figure 2Bb). In another case, the P protein encoded by rice stripe mosaic
virus (RSMV) undergoes phase separation at the ER. Components of the coatomer protein |
(COP |) vesicle transport pathway, as well as the enzymes for phosphatidylinositol-4-phosphate
(P14P) synthesis, are hijacked into P protein-containing condensates for local PI4P synthesis,
which further promotes the expansion of P granules for RSMV assembly [37] (Figure 2Bb). Collec-
tively, these findings reinforce the double-edged functions of biomolecular condensation at the
ER in lipid homeostasis. In addition, condensates associated with the ER have been suggested
to function in organelle biogenesis, such as autophagosome formation (discussed below). Never-
theless, the roles of condensation at other ER subdomains remain relatively less explored.

As a structurally contiguous and functionally specialized subdomain of the ER, the nuclear
envelope (NE) serves as the boundary for another multiphase condensate, the nucleus [35]
(Figure 2Ac). The nuclear pore complex (NPC) embedded within the NE is the exchange channel
controlling transport between the nucleus and cytoplasm, with a central permeability barrier that
determines cargo selectivity [38,39]. A recent study demonstrated that the core NPC subunit
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nucleoporin 62 (NUP62) forms condensates as selective barriers in the NE to control the perme-
ability and selectivity of immune regulators for plant defense [17] (Figure 2Bc) (Table 1). Anin vitro
assay showed that NUP62 undergoes phase separation to form a hydrogel, which allows selec-
tive transport of nuclear cargoes such as mitogen-activated protein kinase 3 (MPKS3), but not the
inert cargo GFP. Meanwhile, in phase-separation-defective nup62 mutants, the nuclear transport
of MPK® is impaired, indicating that NUP62 condensates at the NE might serve as a flexible filter
for selective nucleocytoplasmic transport [17]. Underneath the inner nuclear membrane, the
nuclear lamina, a mesh-like network consisting of nucleoskeleton and inner nuclear membrane
proteins, is also governed by phase separation to modulate chromatin organization and gene
expression. For instance, a recent study showed that the integral membrane protein, plant
nuclear envelope transmembrane 2 (PNET?2), forms perinuclear condensates with NAC transcrip-
tion factors (NTLs) to restrict transcription activity [18]. However, upon heat stress, NTLs are
released from PNET2 by protease cleavage and relocate into the nucleoplasm to activate gene
expression. This study suggests that NE-associated condensates may serve as a resting or stor-
age niche for transcription factors (Figure 2Bb); however, the mechanisms by which different
stress signals are transmitted across the NE to modulate the condensate properties remain
unclear.

Autophagosome-associated condensates

Autophagosome formation represents an alternative de novo process for vacuolar transport that
involves dynamic membrane remodeling, including phagophore initiation, expansion, closure,
and fusion with the vacuole, which are coordinated by a set of autophagy-related (ATG) proteins
and plant-specific regulators [40] (Figure 2Ad). ER membranes and ATG9-containing vesicles are
both suggested to contribute to autophagosome biogenesis in Arabidopsis [41-43]. Recently,
Arabidopsis ELKS/Rab6-interacting/CAST (ERC) protein family was identified as a novel class
of ATG8-interacting proteins that promote autophagy progression via biomolecular condensation
[19]. ERC1 contains two predicted IDRs (Table 1) and forms membraneless droplets together
with ATG8 prior to phagophore initiation. 3D ET analysis reveals that ERC1 condensates reside
in close proximity to ER membranes and display a heterogeneous organization, being embedded
with numerous small vesicles, suggesting an initial interplay between ERC1 condensates and
membrane sources. Moreover, the autophagy receptor neighbor of BRCA1 1 (NBR1) is highly
enriched in ERC1 condensates in autophagosome-defective mutants [19]. Given that mamma-
lian autophagy receptor p62 forms droplets that mediate autophagosome membrane remodeling
via wetting to selectively facilitate cargo sequestration [44], whether ERC1 coordinates with
NBR1 to drive membrane wetting in plants remains an open question.

Beyond autophagosome initiation, plant biomolecular condensates have also been implicated
in promoting autophagosome membrane closure and maturation. In Arabidopsis, calcium-
dependent lipid-binding protein 1 (CalLB1), which interacts with ATG8 and PISP on autophagosome
membranes, can assemble into droplet-like structures together with the ESCRT-associated protein
ALG2-interacting protein X (ALIX) on salt-induced autophagosomes (Table 1) [20]. Notably, salt
treatment induces the assembly of CalLB1/ALIX condensates on autophagosomes, while depletion
of CaLB1 compromises salt-induced autophagosome closure, suggesting a role for Cal.B1
condensates in facilitating ESCRT-IIl recruitment for autophagosome maturation [20]. FREE1 has
also been shown to function in autophagosome closure/maturation [45,46] and to mediate
membrane bending and scission at MVBs via wetting [16]. However, whether a similar wetting-
driven mechanism underlies the role of FREE1 in autophagosome maturation remains unclear.
Additionally, it has been reported that ATG18a participates in autophagosome expansion and
closure by coordinating with ATG2 [47]. A recent study showed that ATG18a undergoes phase
separation by cooperating with the ER membrane-shaping protein to remodel the ER subdomain
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for autophagosome biogenesis [21] (Table 1), raising the question of whether ATG18a condensates
are also involved in autophagosome closure. Following closure, the autophagosome is finally
transported to the vacuole for degradation. Another study identified that vacuolar protein sorting-
associated protein 41 (VPS41), a tethering subunit for homotypic plant vacuole fusion, converts
from cytosolic condensates into puncta lacking liquid-like properties upon interaction with the
autophagosome membrane [48]. The VPS41 punctum subsequently transforms into a ring-like
structure to enclose the autophagosome, likely to recruit other tethering regulators to facilitate auto-
phagosome fusion with the vacuole. Future studies are required to elucidate how these different
condensates are spatially and temporally coordinated to establish specific contacts with autophago-
some membranes across various stages of autophagosome biogenesis.

An update on in vivo and in vitro approaches for studying membrane-condensate
interactions

It is becoming evident that different types of biomolecular condensates establish diverse and
complex spatiotemporal contacts with the plant endomembrane system, which are modulated
by changes in cellular activities and environmental cues. Additionally, the material properties of
condensates can change over time through a process known as ‘aging’ or ‘maturation’ [49]
(Figure 1B). Consequently, understanding the dynamic interplay between membranes and
condensates requires multiscale interdisciplinary methods by integrating biochemistry, cell biol-
ogy, and biophysics. In the following sections, we highlight recently developed in vivo and in
vitro approaches for studying membrane—condensate interactions, with a focus on composition
identification, material/biophysical properties, kinetic analysis, and spatiotemporal organization.

In vivo approaches

Because biomolecular condensates often lack structural integrity outside their native intracellular
environment, capturing their composition requires targeted strategies to selectively isolate
proteins of interest from the complex cellular landscape. Since many biomolecular condensates
maintain high local concentrations of specific proteins, selective precipitation is useful for isolating
major components with strong interactions for subsequent mass spectrometry analysis
(Figure 3A). For example, the small molecule biotinylated isoxazole (b-isox), which binds to
proteins with IDRs or low-complexity sequences, has been used to precipitate phase-
separated proteins [13,16,50]. However, b-isox might not effectively capture all types of
condensate compositions, especially those governed by weak multivalent interactions that vary
across different time and length scales. Alternatively, proximity labeling, which can capture tran-
sient and weak protein—protein interactions, has been successfully applied to identify the transient
compositions of condensates under different conditions in plant cells [19,26,27].

Further, molecules of biomolecular condensates in living cells are usually tagged or labeled with fluo-
rescent probes for intracellular visualization [51]. Time-lapse imaging is commonly employed to eval-
uate the characteristic timescale of condensate dynamics and membrane association via changes
in fluorescence intensity over time [13,19,21]. To achieve higher temporal and spatial resolution,
total internal reflection fluorescence (TIRF) and spinning disk confocal microscopy are particularly
useful for capturing the kinetics on the membrane surface [15,19,28]. The material properties of
condensates can be further investigated using different fluorescence-based techniques. For
example, fluorescence recovery after photobleaching (FRAP) is commonly used to probe molecular
diffusion timescales and evaluate material properties such as viscosity, which directly reflects
condensate fluidity and molecular exchange dynamics [12,13,15,18,19,21,26-28,37] (Figure 3B).
When combined with other metrics, FRAP can provide evidence of condensate viscoelasticity,
which reflects the behaviors of viscous (liquid-like) and elastic (solid-like) responses over time [3].
Complementarily, viscosity and interfacial tension can be evaluated by monitoring the fusion
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Figure 3. In vivo approaches for studying membrane—condensate interaction. (A) Representative methods for identifying condensate compositions:
(a) precipitation and (b) proximity labeling. Following proteolytic digestion, the enriched peptides of proteins are subjected to MS analysis for protein identification.
(B) Representative methods for characterizing the properties of membrane-associated condensates: (a) time-lapse imaging to capture the dynamic association of
condensates with membranes; (b) FRAP analysis to measure molecular diffusion and internal mobility; (c) coalescence analysis to determine viscosity and interfacial
tension. (C) Electron microscopy for visualizing the ultrastructural organization of condensates and membranes. Plant tissues (e.g., leaves and roots) and single cells
(e.g., isolated protoplasts) can be processed for fixation via high-pressure freezing (HPF) or plunge freezing. HPF-fixed samples are trimmed by ultramicrotomy to obtain
ultrasection for (a) (Immunogold-)EM, (b) CLEM or (c) ET analysis, or by Cryo-ultramicrotomy, followed with Cryo-lift-out to obtain coarse lamella. Final lamella thinning is
performed by Cryo-FIB milling before (b) Cryo-CLEM or (c) Cryo-ET analysis. Alternatively, HPF-fixed samples on the grid can be used for Cryo-lift-out and Cryo-FIB, or
direct Cryo-FIB milling using the waffle method. Samples fixed by plunge freezing are directly processed by cryo-FIB milling for (b) Cryo-CLEM or (c) Cryo-ET analysis.
For (Cryo-)ET, a tilt-series is collected for tomographic reconstruction to generate a 3D model (adapted from Ref. [19]). Scale bar: 1 pm. b-isox: biotinylated isoxazole;
CLEM: correlative light and electron microscopy; Cryo-FIB: cryo-focused ion beam; EM: electron microscopy; ET: electron tomography; FM: fluorescence microscopy;
FRAP: fluorescence recovery after photobleaching; MS: mass spectrometry; TEM: transmission electron microscopy.
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kinetics of neighboring condensates of comparable sizes through time-lapse coalescence (fusion)
analysis [12,13,18,19,21,37] (Figure 3B). Alternatively, inducible sequestration or reallocation
using ‘knock-sideways’ or optogenetic tools is useful to dissect intracellular phase behavior through
chemical- or light-controlled clustering or subcellular localization [13,52]. Due to the resolution limit
of traditional microscopy, imaging small condensates (<200 nm), and particularly their kinetics on
membranes, remains challenging. Therefore, super-resolution microscopy and single-molecule
tracking have become useful tools to capture condensate dynamics with nanoscale accuracy,
as exemplified in the detection of the cluster-to-filamentous transition of SFH8 on the PM [15,51].
Additionally, condensate-dissolving chemicals, such as 1,6-hexanediol, have been combined
with fluorescence microscopy for characterization [12,15,19,21,48]. However, their applications
require rigorous experimental design and caution due to their nonspecific dissolution potency
and cytotoxicity [53].

Alternatively, given that many condensates exhibit distinct electron density compared to the
surrounding cytosol, ribosomes, and membranes, electron microscopy (EM) can extend the
resolution of conventional optical microscopy to resolve the nanoscale details of condensate
organization and interaction with membranes [51] (Figure 3C). Furthermore, immunogold-EM is
useful for visualizing the subcellular distribution pattern of specific condensate-associated
proteins at membrane sites such as MVB and autophagosome membranes [16,19,20,48]. 3D
ET, which allows for the detailed illustration of condensate spatial organization and membrane
interfaces, has become a powerful tool for studying condensate-membrane interactions
such as those between AtEH1 condensates and CCVs, or ERC1 condensates and ER/vesicles
[13,19]. These methods can also be combined with CLEM for fluorescence and ultrastructural
analysis (2D or 3D), which bridges the gap between protein identification via fluorescence and
high-resolution ultrastructural context [13,19] (Figure 3C). To resolve the nanoscale architecture
of the condensate-membrane interface, cryo-EM/ET is ideal for in situ observation reaching
subnanometer resolution [54] (Figure 3C). With the recent successful applications of cryo-
CLEMV/ET analysis in plant cells [55-58], we anticipate that these methods will provide unprece-
dented insight into the molecular architecture of plant condensate-membrane interfaces.

In vitro approaches

Although intracellular condensates are implicated in diverse membrane remodeling processes,
isolating the physicochemical principles that control these interactions remains challenging in
plant cells. The intricate in vivo environment, shaped by overlapping regulatory networks, active
processes, and molecular crowding, complicates efforts to determine how biomolecular conden-
sation alters membrane properties and function. In this context, in vitro reconstitution has
emerged as an essential complementary approach for understanding how condensates and
membranes influence each other at a fundamental level [51,59].

By reducing biochemical complexity while maintaining precise control over molecular composi-
tion, in vitro systems provide a powerful workbench for investigating how molecular-scale interac-
tions shape the mesoscale morphology and material properties of both membranes and
condensates. In the following sections, we review in vitro experimental strategies for characteriz-
ing membrane—condensate interactions across length scales and environmental conditions,
briefly outline a theoretical framework for their characterization, and list models that explain the
underlying biophysical mechanisms.

Structural diversity of biomimetic model membrane platforms. Biomimetic membrane architec-
tures can be broadly categorized into planar systems, including substrate-supported lipid bilayers

(SLBs) and free-standing black lipid membranes (BLMs), and curved geometries such as

10  Trends in Plant Science, Month 2026, Vol. xx, No. xx



Trends in Plant Science

liposomes, which more closely recapitulate cellular membranes. SLBs provide a robust and
experimentally accessible platform for investigating the lifecycle of membrane-associated
condensates, from nucleation and lateral growth to aging [60,61]. When combined with TIRF
microscopy or high-speed atomic force microscopy [62], SLBs enable high spatiotemporal reso-
lution imaging of condensates preferentially associating with distinct lipid microdomains within
phase-separated membranes [63]. In plants, SLB-based reconstitution has been successfully
applied to investigate the interaction modes of remorin and formin on the membrane [14].

Despite these advantages, SLBs are subjected to substrate-induced friction and altered
membrane dynamics. In contrast, BLMs offer free-standing, substrate-free membranes with
the possibility of imposing asymmetric buffer environments and lipid leaflet compositions. This
architecture is particularly well-suited for probing trans-leaflet lipid coupling and for determining
how condensates modulate lipid dynamics and co-localization across the bilayer [64]. The disad-
vantage of this model membrane is that it is usually based on the use of organic solvents that
might affect the bilayer properties.

Unilamellar vesicles serve as versatile curved model membrane systems, which are typically clas-
sified according to their size to recapture specific subcellular geometries (Figure 4A). Small
unilamellar vesicles (SUVs), typically generated via sonication, serve as high-curvature mimics
for endocytic and exocytic transport vesicles. Large unilamellar vesicles (LUVs), often prepared
by extrusion, are widely used because of their structural stability and ease of handling. GUVs,
produced by methods ranging from lipid film swelling to microfluidic and emulsion-based
assembly [70,71], emulate the low-curvature landscape of the PM and serve as autonomous
minimal-cell platforms [59]. Among these platforms, GUVs have proven particularly powerful for
resolving membrane morphology and mechanics at cellular length scales. Thus, in the following
sections, we focus primarily on methods based on GUV systems.

In vitro systems: A biomimetic toolkit with quantifiable material properties. Beyond their
customizable chemical composition, the cell-like dimensions of GUVs enable precise modulation
of mechanical properties and direct visualization of membrane responses by optical microscopy
[71]. Their membrane tension can be tuned experimentally through osmotic deflation or micropi-
pette aspiration [71,72]. Additional biophysical parameters, including bending rigidity [69],
lipid domain morphology [69], and the formation of highly curved structures such as nanotubes
[69,73,74], can be quantified using conventional and super-resolution confocal microscopy
[69,73]. GUVs also allow mapping of local membrane fluidity and phase state. Lipid diffusion is
commonly measured by FRAP [63] or fluorescence correlation spectroscopy (FCS), whereas
membrane order and hydration can be assessed with environmentally sensitive probes
[69,75]. For example, lipid packing is frequently quantified using the probe 6-dodecanoyl-2-
(dimethylamino)naphthalene (LAURDAN) via generalized polarization analysis [76] or spectral
phasor approaches [33,65,69,77].

The material properties of biomolecular condensates can likewise be characterized using
complementary biophysical approaches. Interfacial tension and viscosity, the key determinants
of condensate behavior, are commonly estimated by micropipette aspiration [65,78-80], FRAP
[81,82], FCS [88], or the sessile droplet method [84,85]. While newly formed condensates typi-
cally exhibit more liquid-like properties, their viscoelastic characteristics can evolve as they age;
this behavior can be probed using optical tweezers [86,87]. The ratio of viscosity to interfacial
tension (i.e., the inverse capillary velocity) can be inferred from the coalescence dynamics of simi-
larly sized condensates [88,89]. Because condensates often carry an intrinsic surface charge
(zeta potential) [90], their electrical properties have also been investigated; however, an accurate
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Figure 4. Liposome reconstitution platforms and representative examples of membrane—condensate mutual
remodeling. (A) Commonly used in vitro liposome platforms spanning sizes between ~50 nm and ~100 pm. (B) The
condensate affinity to the membrane is characterized by the intrinsic contact angle 8" defined at the contact line between
tangential planes of the condensate and membrane surfaces [65]. (C,D) Examples of membrane-condensate
morphologies induced upon phase separation triggered (C) externally and influenced by membrane charge, or
(D) internally, evolving with osmolarity changes (adapted from [65,66]). Scale bar: 10 um. (E) Complex membrane
remodeling induced by 3D (bulk) and 2D (lateral) condensates. Scale bar: 5 um. Left: endocytosis-like engulfment of
charged condensates by oppositely charged membranes (adapted from [67]). Middle: membrane ruffling and formation of
finger-like protrusions upon condensate wetting (adapted from [65]). Right: lipid-anchored 2D condensates inducing
membrane compression and tubulation (adapted from [68]). (F) Influence of lipid packing and membrane phase state on
condensate affinity to membranes: condensates preferentially associate with membranes exhibiting lower lipid packing at

(Figure legend continued at the bottom of the next page.)
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estimation by dielectrophoresis requires accounting for their fluid and viscous nature [83]. Beyond
mechanics and electrostatics, the internal physicochemical environment of condensates is
equally important. Hydrophobicity and dielectric properties can be mapped using environmentally
sensitive dyes and hyperspectral imaging [91], whereas chemical composition, including water
and biopolymer content, can be spatially resolved using Raman microscopy [92-94].

Biophysical principles of membrane remodeling by biomolecular condensates. Condensates
exhibit wetting behavior on membranes, analogous to liquid droplets spreading on solid
substrates. On SLBs, which represent planar membranes whose deformation is prohibited by
the solid support, the contact angle between the condensate droplet and the SLB directly defines
the wetting affinity, that is, the interaction (Figure 4B). However, biomembranes are soft materials
with low bending rigidity [95,96] and when freely suspended (as in vesicles), they can deform
upon contact with a condensate (Figure 4C-E). In this case, the wetting affinity is defined by
the intrinsic contact angle, which can be deduced from the microscopically observed ones
(Figure 4C,D) [65,69]. Because the membrane is soft, wetting is not merely a surface phenome-
non but is coupled to membrane shape transformations, giving rise to biologically relevant
topologies such as tube formation, budding, engulfment, ruffling, and vesicle compartment
fission [65,67,69,72] (Figure 4D,E). In plant cells, several recent studies have demonstrated
that wetting modulates the condensate—-membrane interface during MVB and PSV biogenesis
[16,31,32].

Membrane wetting and remodeling by condensates were first observed in GUVs encapsulating
polyethylene glycol (PEG)-dextran aqueous two-phase systems [66], where phase separation
was induced by increasing osmotic pressure [72,97-99] (Figure 4D) or temperature [97,100].
This foundational work demonstrated that membrane morphology is governed by curvature-
elasticity parameters such as bending rigidity and membrane spontaneous curvature. \When
combined with the condensate material properties, such as interfacial tension, these parameters
define a metric for membrane—-condensate affinity that can be directly measured by microscopy
[101,102]. Crucially, this model is composition-independent, capturing affinity in systems of segre-
gative phase separation (e.g., PEG—dextran, Figure 4D), as well as for associative phase separation
(e.g., oppositely charged polypeptides or self-coacervating proteins, Figure 4C) [65].

Beyond classical thermodynamic variables (temperature and pressure), physiologically relevant
parameters, including ionic strength and the surface charge density of both membranes and
condensates, critically modulate affinity, occasionally producing endocytosis-like morphologies
(Figure 4E, left panel). Even in systems where proteins alone do not interact with membranes,
the incorporation of lipid tethers, such as nitrilotriacetic acid lipids [68], cholesterol-tagged RNA
[108], or charged lipids [65,67,103], can promote wetting and generate local compressive
stresses that drive inward tubulation (Figure 4E, middle and right panels). These effects are
tunable through lipid composition, protein concentration, and salinity [68].

Lipid composition, particularly packing density and cholesterol content, represents a key regulator
of condensate-membrane affinity [65,67,69]. In biological contexts, lipid-specific protein interac-
tions create distinctive interfacial roles among scaffold and client molecules, with implications for

constant headgroup chemistry (adapted from Ref. [69]). Scale bar: 5 um. (G) Effects of condensate wetting on lipid packing
and membrane fluidity: lipids in the membrane region contacting condensates (gray) show reduced diffusion compared with
lipids in the bare membrane and the membrane gets locally dehydrated (adapted from [32,65]). Scale bar: 10 pm. DLPC: 1,2-
dilauroyl-sn-glycero-3-phosphocholine; DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC: 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine; FRAP: fluorescence recovery after photobleaching; GUV: giant unilamellar vesicle; LUV: large
unilamellar vesicle; NTA: nitrilotriacetic acid; PEG: polyethylene glycol; SUV: small unilamellar vesicle.
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the selective sorting of tight junction proteins and enzymes in mammalian cells [104-106]. Notably,
these interactions are reciprocal: membranes can promote condensate formation by acting as
nucleation points for condensation at subsaturation concentrations (prewetting) [3], while
condensate wetting can induce lipid demixing and enhance local packing, effectively reducing fluid-
ity within the wetted patch [33] (Figure 4F,G). Unlike classical wetting, which involves the spreading
of pre-existing 3D condensates on a membrane surface, prewetting describes a membrane-
induced phase transition that precedes bulk phase separation. By acting as nucleation platforms,
membranes can locally concentrate condensate-forming molecules and promote condensation at
bulk concentrations below the phase-separation threshold. Although prewetting has not yet been
demonstrated in plant cells, the growing number of membrane-associated condensates and lipid-
binding scaffolds identified in plants (Figure 2A and Table 1) suggests that this framework may help
explain the selective assembly of condensates at membrane interfaces. Future in vitro reconstitu-
tion studies will be instrumental in testing whether prewetting contributes to membrane-associated
condensate formation in plants.

Overall, in vitro approaches provide a robust framework for elucidating the functional landscapes
of membrane-associated condensates, revealing the fundamental biophysical principles that
govern how membranes and condensates mutually reorganize upon contact. However, the
application of these useful toolsets remains in its nascent stage in the study of condensate—
membrane interactions in plants.

Concluding remarks and future perspectives

The study of biomolecular condensates is an emerging frontier in plant cell biology. Particularly,
the diverse interplays between biomolecular condensates and membranes in plant cells might
serve as a fundamental principle for flexible and selective compartmentation during membrane
organization and remodeling. Nevertheless, our understanding of the membrane—condensate
interface in plants is still in its infancy. The precise nature and the regulatory mechanisms of
these diverse interactions, along with the technical challenges involved in investigating them,
remain largely unresolved (see Outstanding questions). Given the complex interplay between
biomolecular condensates and the membranes of different plant organelles, future studies
must integrate both in vivo and in vitro methods. This integration will be essential to dissect the
material and biophysical properties of condensates at a multiscale level, potentially revolutionizing
our understanding of plant organelle biogenesis and paving the way for engineering enhanced
cellular function and stress resilience.
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