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Abstract

This review highlights recent literature on biomolecular condensates in plant development and discusses challenges for fully dis-
secting their functional roles. Plant developmental biology has been inundated with descriptive examples of biomolecular con-
densate formation, but it is only recently that mechanistic understanding has been forthcoming. Here, we discuss recent examples
of potential roles biomolecular condensates play at different stages of the plant life cycle. We group these examples based on
putative molecular functions, including sequestering interacting components, enhancing dwell time, and interacting with cyto-
plasmic biophysical properties in response to environmental change. We explore how these mechanisms could modulate plant
development in response to environmental inputs and discuss challenges and opportunities for further research into deciphering
molecular mechanisms to better understand the diverse roles that biomolecular condensates exert on life.

protein complexes. However, how multivalent interactions
can act as major contributors to plant development has re-
mained controversial (Lorkovi¢ 2009; Merchante et al. 2017;
Song et al. 2019). Answers to this issue have emerged
through the realization that protein complexes form sub-
cellular membraneless compartments termed biomolecular
condensates. Biomolecular condensates are an umbrella
term used to group membraneless cellular compartments
formed by diverse proteins and ligands that function to

Introduction

Plants continuously generate new organs throughout their life
cycle while constantly interpreting and acclimating to chan-
ging environments. This acclimation includes both physiologic-
al responses and developmental changes that allow plants to
interpret changing environments over temporal scales ranging
from seconds to years, enabling optimal survival and reproduc-
tion. Research in plant development initially focused on master
regulators that cause obvious phenotypes when a single

gene is mutated (Koornneef and Meinke 2010). Building
on this, our more recent understanding of development
has centered on how these regulators function: gene activa-
tion or repression, translational control, transcript degrad-
ation, protein modifications, and regulation of multimeric

compartmentalize reactions and signaling pathways in organ-
isms (Banani et al. 2017; Lyon et al. 2020; Emenecker et al.
2021). Biomolecular condensates can form and dissolve via
modulated multivalent interactions of biomolecules, assisting
in rapid cellular changes in response to the environment.
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Biomolecular condensate formation is involved in numerous
processes, including transcription, RNA processing, translation,
cellular signaling, and metabolism. Frequently, the role of bio-
molecular condensates is dominated by the discussion of
well-characterized examples like mRNA processing and
mRNA storage in processing bodies or stress granules
(Protter and Parker 2016; Luo et al. 2018; Hofmann et al.
2021). While these examples provide excellent insight into
regulatory mechanisms of biomolecular condensates, focus-
ing exclusively on them both obfuscates the general mechan-
isms that biomolecular condensates perform in the cell and
over-shadows the diversity of proteins and pathways in
which biomolecular condensates are involved.

This review summarizes the current literature on biomolecular
condensates involved in plant development, how biomolecular
condensates may exert their functions in shaping development,
and challenges for future research investigating their molecular
mechanisms. The roles of individual biomolecular condensates
in development are diverse. We group recent examples into 3
categories of mechanisms (Fig. 1). First, biomolecular conden-
sates sequester proteins (or ligands, e.g. RNA) away from their
target, preventing a reaction or signal from occurring (Banani
et al. 2017; Lyon et al. 2020; Roden and Gladfelter 2020). This
mechanism allows biomolecular condensates to inhibit reactions
through their formation, or to enhance interactions when the
condensate is dissolved and sequestered components are re-
leased. Second, biomolecular condensate formation increases
dwell time of components to enhance interactions and avidity
(see definitions of useful terms in Table 1). Increased dwell
time is the result of high, local concentrations of biomolecules
in a condensed state, reducing the probability of binding part-
ners from diffusing away (reviewed in Banani et al. 2017; Bienz
2020; Lyon et al. 2020; Roden and Gladfelter 2020). Dwell times
are primarily determined by efficient rebinding of partners rather
than diffusion. This mechanism can enhance the rate, equilib-
rium, duration, or specificity of interactions within the conden-
sate, and serve as an additional layer of pathway regulation
(additional mechanisms and their examples discussed in Case
et al. 2019). Third, biomolecular condensates may interact
with cytoplasmic biophysical properties of the cell, such as cyto-
plasmic stiffness, during stress (Tanaka et al. 2022).

These mechanisms can help explain how evolution has
selected for multivalent interactions to work together to progres-
sively pass biochemical checkpoints through biomolecular con-
densates in many developmental processes. These mechanisms
also provide a rationale for how organisms might extract signals
from noisy environmental conditions. Further, they provide in-
sight into how cells maintain concentrations of factors at specific
sites despite fluctuations in expression or degradation, thus de-
creasing “noise” from the biological system (Banani et al. 2017).

Recent work has identified biomolecular condensates in
plant development, with roles spanning the life cycle of the
plant, ranging from germination through vegetative growth
and flowering (Fig. 2). We discuss studies of biomolecular con-
densates at different stages of plant development, grouped by
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Figure 1. General molecular mechanisms of biomolecular conden-
sates. A) Sequestration of pathways away from ligands or interact-
ing partners. Biomolecular condensates “hold” proteins or nucleic
acids away from their targets or interacting partners not in the con-
densate. An example of this mechanism is mediated by the process-
ing body and its components (green proteins) that help sequester
translationally repressed mRNAs (red line in condensate). During
skotomorphogenesis, this phenomenon may be required for
the protein DCP5. When these nontranslating mRNAs in process-
ing bodies are released, these mMRNAs may undergo translation.
B) Increasing dwell time of reaction components. Biomolecular
condensates increase the local concentration of proteins (blue
RNA-binding proteins) or nucleic acids (red nucleic acid) at a site
to enhance a reaction or signaling pathway. An example of this
regulation is mediated by FCA condensates that compartmentalize
3’ processing factors and help resolve the R-loop formed by the FLC
antisense transcript (COOLAIR) at the FLC locus. C) Condensation
mediated changes to cellular biophysical properties. Biomolecular
condensate formation or dissolution can change biophysical prop-
erties of the cytoplasm, including changes to viscosity and protein
diffusion. No published examples of this mechanism are available in
plants at this time. The figure shows biomolecular condensate for-
mation resulting in cytoplasmic liquification, based on the current
hypothesis for FLOE1 function. The opposite is observed with
Tardigrade CAHS, where CAHS condensate formation results in
cytoplasmic gelation.
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Biomolecular condensates necessary for development

Table 1. Biomolecular condensate concepts and terminology

Concepts and terms Definitions

Biomolecular condensates are nonmembrane
bound concentrations of biomolecules that can
exist in varying states, including liquid-, gel-, or
solid-like states that differ from what would
normally be a diffuse state, under physiological
or in vivo conditions.

Phase separation is a term describing a
mechanism by which a biomolecular
condensate may form, driven by physical
principles of molecules transitioning from a
1-phase to a 2-phase regime (see Emenecker
et al. 2021). Phase separation can occur in vivo,
in vitro, or in nonphysiological conditions.

Both are measures of binding strength. Affinity is
the binding strength of a single bond or
interaction, while avidity is the strength of all
binding/interacting sites. Avidity is commonly
used in this field because of the requirement for
multivalent biomolecular interactions driving
condensate formation. Avidity is more
appropriate for describing ligands interacting
with multiple binding partners in a condensate,
compared to the affinity of a single protein—
ligand interaction.

Protein domains involved in biomolecular condensate formation
IDR A domain or region of the protein that does not
adopt a stable ordered secondary structure.

A low complexity IDR protein domain that lacks
the secondary structure that is similar to
published prion domains.

Biomolecular
condensates

Phase separation

Avidity vs affinity

Prion-like domain

PB1 domain A ubiquitin beta-grasp fold domain that drives
protein—protein assembly of ARF19.
MR domain An IDR in ARF19 required for ARF19 condensate

formation.

A disordered RNA binding domain required for
LHP1 condensate formation.

Similar to domains identified in oligomerization of
the DISHEVELLED and AXIN proteins,
composed of an alpha-helical and a beta-sheet
structure.

Hinge region

DIX-like domain

SMP domain An alpha-helical domain that drives LEA
condensation.

QPS domain A prion-like IDR required for FLOE1
hydration-dependent condensate formation.

DS domain An IDR required for preventing FLOE1 protein

aggregates.

types of mechanisms, based on the current state of research.
We also highlight protein domains involved in biomolecular
condensate formation and discuss how manipulating these re-
gions could link condensate formation with function.

Biomolecular condensates involved in
vegetative development

Analyses of many aspects of vegetative development involv-
ing photoreceptor biology, hormone signaling, and circadian
clock function have identified examples where biomolecular
condensates function through sequestration and increasing
dwell time.
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Sequestration of nontranslating mRNAs in processing
bodies during skotomorphogenesis

The function of processing bodies during skotomorphogen-
esis is to sequester selected mRNAs and prevent their trans-
lation. Skotomorphogenic development occurs after seeds
germinate underground. Seedlings growing in darkness
have elongated hypocotyl, closed cotyledons, and an apical
hook. When seedlings protrude from soil and sense light,
plants undergo morphological changes termed photo-
morphogenesis, a process involving cotyledon greening, ap-
ical hook opening, and inhibition of hypocotyl growth.

Processing bodies are cytoplasmic condensates that func-
tion in RNA decay and translational repression in many organ-
isms (Luo et al. 2018; Jang et al. 2020). Loss of function of
DECAPPING PROTEIN 5 (DCP5), an RNA-binding protein
and one of the Arabidopsis (A. thaliana) processing body com-
ponents, decreases the number of DCP1 and DCP2 marked
processing bodies (Xu and Chua 2009; Jang et al. 2019). dcp5
mutants grown in the dark have increased translation effi-
ciency of hundreds of mRNAs, impacting skotomorphogenesis
development and apical hook maintenance. After seedlings
reach the soil surface, DCP2-marked processing bodies
decrease in size and number in cotyledons through a
phytochrome-dependent manner. The processing body-
associated and translationally repressed mRNAs are then
released for synthesizing proteins, including chlorophyll bio-
synthetic enzymes and putative auxin carriers essential for
photomorphogenesis and adaptation to light (Jang et al. 2019).

Recent studies highlight the tight association between
phytochromes and processing bodies during photomorpho-
genesis. Phytochromes are red- and far-red light receptors
that control many biological processes including germin-
ation, photomorphogenesis, shade avoidance, flowering,
and dormancy (Galvdo and Fankhauser 2015). The phyto-
chromobilin synthase encoded by LONG HYPOCOTYL
2 (HY2) is essential for synthesizing the phytochrome
chromophore phytochromobilin and making functional
phytochrome (Kohchi et al. 2001). Light-triggered reduction
of processing bodies does not occur in the light-insensitive
hy2-106 mutant (Jang et al. 2019). The CONSTITUTIVELY
PHOTOMORPHOGENIC 1/SUPPRESSOR OF PHYA-105
(COP1/SPA) complex is a central repressor in the
phytochrome-mediated signaling pathways (Saijo et al.
2003). Loss of function of COP1 results in a photomorpho-
genic phenotype and increased translation in dark-grown
seedlings (Lau and Deng 2012; Chen et al. 2018). Consistent
with the phenotypes and the increased translation status of
the copT mutant, processing bodies do not accumulate in eti-
olated cop1 seedlings (Jang et al. 2019).

One additional connection between phytochromes and
processing body regulation is NOT9B. NOT9B is a phyto-
chrome A (phyA) interacting protein identified as a negative
regulator of light signaling and is a component of CARBON
CATABOLITE REPRESSION 4-NEGATIVE ON TATA-LESS
(CCR4-NOT) complex (Schwenk et al. 2021). NOT9B
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Figure 2. Summary of biomolecular condensates in plant development. Clockwise from upper right; GERMINATION: FLOET is essential for coord-
inating germination to appropriate environmental conditions. FLOE1 forms condensates upon addition of water to regulate germination in seed
cells. DE-ETIOLATION: processing bodies in cotyledons decrease in number in response to light and help young seedlings timely modify morpho-
genesis. VEGETATIVE GROWTH: ARF19 undergoes nucleo-cytoplasmic shuttling, and biomolecular condensate formation dampens auxin response,
regulating root growth. ELF3 forms nuclear localized condensates in hypocotyl cells in response to high temperatures. FLOWERING: multiple bio-
molecular condensates including FCA and FRIGIDA (FRI) regulate expression of a key repressor to fine-tune the timing of flowering, FCA forms
nuclear condensates that are not temperature-responsive, while FRI nuclear condensates become larger and more stable in response to cold.

colocalizes with DCP1 marked processing bodies in tobacco
and Arabidopsis seedlings (Schwenk et al. 2021). NOT9B bio-
molecular condensate number is reduced upon exposure to
far-red and red light and coincides with the reduction of pro-
cessing body markers in response to far-red light. Further,
cytoplasmic phyA is essential for mediating far-red light-
dependent reduction of processing bodies and hypocotyl
growth (Schwenk et al. 2021; Schwenk and Hiltbrunner
2022). Based on current findings, processing bodies accumu-
late in dark-grown seedlings and function in sequestering
nontranslated mRNAs. The reduction of processing bodies
is regulated by light signaling pathways to ensure that se-
lected mRNAs are translated at a proper time during the
dark-light transition.

EARLY FLOWERING 3, a component of the circadian
clock, is sequestered into biomolecular condensates
in response to light and temperature

The circadian clock is an internal biological system to regu-
late plant physiology through integrating temperature and
light signals (Millar 2004). The EARLY FLOWERING 3
(ELF3) protein contains a prion-like domain and forms bio-
molecular condensates in response to changes in tempera-
ture and light (Nusinow et al. 2011; Jung et al. 2020; Ronald
et al. 2022). Warm temperatures enhance ELF3 condensate
formation in hypocotyl cells in the afternoon but not in

the morning (Murcia et al. 2022). ELF3 acts as a scaffold pro-
tein and the scaffold activity assists in recruiting components
such as ELF4 and LUX ARRHYTHMO (LUX) to the circadian
clock evening complex (Nusinow et al. 2011; Herrero et al.
2012; Jung et al. 2020). ELF3 colocalizes with phyB and
TANDEM ZINC-FINGER/PLUS3 (TZP), an integrator of light
and photoperiodic pathways, in nuclear photobodies
(Kaiserli et al. 2015). ELF3 condensates accumulate in the
dark, and the accumulation is further induced by prior blue
light treatment while reduced with prior red-light treatment
(Ronald et al. 2022). Functionally, ELF3 condensates repress
ELF3 activity during high temperatures through a decrease
in ELF3 binding to its target genes (Jung et al. 2020), suggesting
ELF3 condensates serve to sequester ELF3 activity.

Biomolecular condensates are essential to sequester
hormone signaling transcription factors

Hormone signaling is an essential patterning mechanism for
plant development. Spatial control of auxin transcriptional
output is critical for driving plant developmental events,
such as leaf initiation, apical hook formation, lateral root pro-
duction, and root apical meristem maintenance. Recent work
identified biomolecular condensate formation of proteins in
the auxin hormone signaling pathways (Powers et al. 2019;
Jing et al. 2022), tying together spatial regulation of the auxin
response in roots with biomolecular condensate formation.
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AUXIN RESPONSE FACTOR 19 (ARF19) is a transcription
factor that forms condensates essential for regulating its
own activity. ARF19 undergoes nucleo-cytoplasmic cycling;
in the nucleus ARF19 is diffuse while in the cytoplasm
ARF19 forms condensates (Powers et al. 2019). ARF19 con-
densate formation in roots changes along the length of the
root and is critical for regulating root development. In tissues
with ARF19 cytoplasmic condensates, there is a dampened
auxin transcriptional response compared to other tissues
without ARF19 condensates, suggesting ARF19 is seques-
tered to prevent auxin signaling.

ARF19 condensate formation is driven by protein—protein
interactions of the ubiquitin beta-grasp fold Phox and Bem1
(PB1) domain and requires the intrinsically disordered region
(IDR) called middle region (MR) domain (Powers et al. 2019).
Mutants of ARF19 that do not form condensates,
ARF19%9*A have transcript populations upregulated similar-
ly to WT with auxin treatment (Powers et al. 2019), support-
ing the hypothesis that the ARF19 condensates inhibit ARF19
function via sequestration. ARF19°*** mutants display al-
tered root development indicative of hyperactive auxin re-
sponsiveness. ARF19 condensates are further regulated by
degradation through the Ub-proteasome and require the
E3 ubiquitin ligase SCF*™" (Jing et al. 2022). Together, forma-
tion of ARF19 condensates function to sequester the ARF19
transcription factor away from the nucleus to prevent or
dampen auxin signaling in root development.

Increased local concentration of photoreceptors and
circadian clock components in biomolecular
condensates
Phytochrome activity is regulated by its subcellular localization
in which the protein forms nuclear speckles after light expos-
ure (Mackenzie et al. 1975). Photo-activated phytochrome B
(phyB) rapidly translocates from the cytoplasm to the nucleus
and forms condensates (called photobodies) dependent on
light wavelength and intensity (Sakamoto and Nagatani
1996; Kircher et al. 1999; Chen et al. 2003). PhyB integrates
light and temperature signals through changes to liquid-liquid
phase separation (LLPS) (Chen et al. 2022; see other articles in
this issue for additional information on photobodies).
Cryptochromes are another group of photoreceptors that
have numerous functions, including perceiving blue light and
mediating the photomorphogenesis and circadian clock in
plants (Wang and Lin 2020). Cryptochromes regulate the cir-
cadian clock through the CRYPTOCHROME 2 (CRY2) pro-
tein localizing to biomolecular condensates. CRY2 forms
liquid-liquid phase separated biomolecular condensates
only after first being activated by blue light (Mas et al.
2000). Functionally, cryptochromes regulate m®A RNA modi-
fication on more than 10% of mRNAs in Arabidopsis young
seedlings, and the photo-activated CRY2 condenses m®A wri-
ter proteins by multivalent interactions (Wang et al. 2021a),
suggesting CRY2 condensates function to modify mRNA.
CRY2 regulates the circadian clock through CIRCADIAN
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CLOCK ASSOCIATED 1 (CCA1), a component of the
central oscillator that forms transcriptional feedback loops
(Wang and Tobin 1998). The TEOSINTE BRANCHED1-
CYCLOIDEA-PCF 22 (TCP22) transcription factor and
LIGHT-REGULATED WD1 (LWD1) form a complex to acti-
vate CCAT expression by associating at the CCAT promoter
(Wu et al. 2016). TCP22 proteins localize to CRY2 conden-
sates in plant cells after blue light exposure (Mo et al.
2022). LWD1 prefers to interact with phosphorylated
TCP22. In line with this, CRY2-TCP22 condensates are main-
tained by PHOTOREGULATORY PROTEIN KINASE 1
mediated phosphorylation at the CCA7 promoter region.
Together, these 4 proteins colocalize into condensates in
protoplasts (Mo et al. 2022), which may increase dwell
time to activate CCA1 expression for regulating the circadian
clock, though direct evidence is currently lacking.

Other developmental programs also involve RNA
processing and biomolecular condensation

Several stress-associated RNA processing pathways localize
to biomolecular condensates and have possible roles in de-
velopment. For instance, several miRNAs target developmen-
tal patterning genes, and dicing bodies and the protein
SERRATE are critical for miRNA biogenesis (Grigg et al.
2005; Lobbes et al. 2006). Similarly, trans-acting siRNAs
(tasiRNAs) regulate several ARFs involved in development.
tasiRNA  biogenesis requires SUPPRESSOR OF GENE
SILENCING 3, which is essential for forming siRNA bodies
(Kim et al. 2021). siRNA bodies and dicing bodies both in-
crease concentration and dwell time of their components
for small RNA biogenesis.

SERRATE was previously established to regulate miRNA pro-
cessing, including miR165 and miR166 that repress the abaxial/
adaxial patterning genes PHABULOSA and PHAVOLUTA
(Grigg et al. 2005; Lobbes et al. 2006). Dicing bodies are
miRNA processing centers and require phase separation of
SERRATE for assembly (Xie et al. 2021). SERRATE is a zinc-
finger protein essential for lateral organ development, shoot
elongation, and leaf patterning (Prigge and Wagner 2001). In
dicing bodies, SERRATE processes primary and precursor
miRNAs into mature miRNAs that are then released to silence
targets (Xie et al. 2021). Overall, miRNAs have been established
to impact development and miRNA processing is regulated by
biomolecular condensates. However, experimental evidence
directly connecting biomolecular condensates with miRNA-
mediated development has not yet been demonstrated.

Biomolecular condensates involved in
flowering

The regulation of flowering has identified numerous biomo-
lecular condensates, including some that appear to exert an-
tagonistic mechanisms of sequestering components and
increasing dwell time on a single pathway.
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Regulation of flowering time by TMF

TERMINATING FLOWER (TMF) is a transcription factor that
prevents premature maturation of the shoot apical
meristem into floral transition. TMF will bind and form con-
densates at the promoter of the ANANTHA F-Box floral iden-
tity gene, sequestering the promoter from transcriptional
activators and preventing expression (Huang et al. 2021).
TMF biomolecular condensation is driven by local accumula-
tion of reactive oxygen species (ROS; e.g. H,0,) that forms
disulfide bridges between TMF proteins and condenses
TMEF. Four cysteine residues in TMF’s IDR are essential for
modulating this phase separation through their oxidation
(Huang et al. 2021). This ROS-mediated regulation of TMF al-
ters ANATHA expression to regulate early floral meristem
formation (Allen and Sussex 1996; Lippman et al. 2008).

Regulation of FLOWERING LOCUS C by sequestering

regulators

FLOWERING LOCUS C (FLC) is a key flowering repressor in
Arabidopsis. FLC is a MADS-Box transcription factor that reg-
ulates hundreds of genes (Deng et al. 2011), including
FLOWERING LOCUS T and SUPPRESSOR OF OVEREXPRESSION
OF CO 1, which control the timing of flowering (Helliwell
et al. 2006; Searle et al. 2006). Therefore, regulation of FLC
expression is an important mechanism for plants to transi-
tion from a vegetative to reproductive phase of develop-
ment at the appropriate time. Recent work indicates that
FLC is both positively and negatively regulated via biomole-
cular condensates.

FRIGIDA (FRI) is an important positive regulator of FLC ex-
pression, which ensures plants overwinter before flowering.
FRI associates with FRIGIDA-LIKE proteins, transcription fac-
tors, and splicing factors that all promote FLC expression co-
transcriptionally. FRI nuclear condensates form in response
to cold exposure (~6 h after plants are moved to cold). FRI
condensates are relatively stable, and dissolve in a similar
timeframe upon return to warm temperatures, features part-
ly associated with changed FRI stability and association with
a cold-specific isoform of the FLC antisense transcript (Zhu
et al. 2021). The FRI disordered and coiled-coil domains are
required for condensate formation, which are enriched
with FRIGIDA-LIKE1, EARLY FLOWERING 7, and the Cajal
body marker U2 SMALL NUCLEAR RIBONUCLEOPROTEIN
(Zhu et al. 2021). FRI condensates do not associate with
the transcriptionally active FLC locus (Zhu et al. 2021) and
may sequester cotranscriptional activators away from the
FLC locus. The cold-induced increase in FRI condensates cor-
relates with the decreased expression of FLC (Zhu et al. 2021).
Therefore, the condensation mechanism has the potential to
dynamically partition the FRI cotranscriptional activators,
conferring plasticity to FLC regulation in response to natural
temperature fluctuations. However, direct evidence for this
mechanism is currently lacking.

Biomolecular condensate formation is also involved in the
epigenetic silencing of FLC expression by prolonged cold, a

Field et al.

process called vernalization. VERNALIZATION 1 (VRNT1) is
a nonsequence-specific DNA-binding protein required for
vernalization (Levy et al. 2002; Sung and Amasino 2004).
VRN1 forms biomolecular condensates in vitro and requires
DNA for condensate formation (Wang et al. 2021b). This may
influence VRN1 association with DNA in vivo since VRNT1 as-
sociates with DNA over all 5 mitotic Arabidopsis chromo-
somes (Mylne et al. 2006). LIKE HETEROCHROMATIN
PROTEIN 1 (LHP1) is also involved in FLC silencing. LHP1
forms dynamic nuclear condensates, somewhat similarly to
its mammalian homologue HP1 (Berry et al. 2017). An
RNA-binding hinge region of LHP1 is required for this con-
densate formation and FLC repression (Berry et al. 2017). In
Arabidopsis, LHP1 associates with Polycomb-Repressive
Complex 2 (PRC2) and is required for spreading the classic
histone modification delivered by the PRC2 complex, tri-
methylation of lysine 27 on the histone 3 tail (H3K27me3),
across the FLC locus. This maintains the silenced state of
FLC as the plant returns to warm conditions (Mylne et al.
2006; Sung et al. 2006; Derkacheva et al. 2013; Yang et al.
2017). Whether LHP1 condensation sequesters the silenced
loci in the Arabidopsis nucleus into what has been termed
Polycomb bodies in mammalian cells is still to be established.

Increased dwell time mechanisms potentially

influencing flowering through FLC regulation

FLOWERING CONTROL LOCUS A (FCA) represses FLC ex-
pression to promote a rapid-cycling strategy in Arabidopsis.
FCA is an RNA-binding protein containing a prion-like do-
main and is localized in liquid-like nuclear condensates
(Fang et al. 2019), together with many of the conserved 3’
RNA processing and polyadenylation factors (Fang et al.
2019). FCA promotes 3’ processing of an FLC antisense tran-
script (called COOLAIR) at a proximal site (Liu et al. 2010).
This proximal termination of transcription resolves an R-
loop, a 3 stranded DNA—-RNA hybrid nucleic acid structure,
formed by antisense transcription. This clears a potential
“tangle” in the chromatin before the next transcription event
or DNA replication occurs and delivers a chromatin environ-
ment that reduces transcription (Liu et al. 2010; Sun et al.
2013; Fang et al. 2020; Xu et al. 2021b). FCA/3’ processing
condensates appear to increase dwell time of the polyadeny-
lation factors at the R-loop region. The in vivo significance of
this mechanism was revealed by mutants influencing FCA/3’
processing condensate dynamics. These mutants identified a
role for several proteins, including the coiled-coil protein
FLL2, enzymes for N®-methyladenosine (m®A) RNA modifica-
tion of COOLAIR and with m®A methyltransferase function,
and ARGONAUTE1 (AGO1), a protein historically consid-
ered to function in small RNA regulation (Fang et al. 2019;
Xu et al. 2021a). FCA activity at FLC functions to antagonize
the promotion of FLC expression by FRI (discussed above).
Interestingly, while temperature regulates FRI condensate
formation, the liquid-like FCA condensation is surprisingly
unaffected by cold (Zhu et al. 2021). In summary, 2 genetically
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antagonistic regulators of FLC form biomolecular conden-
sates with different biophysical properties and are controlled
by different inputs. These condensates are associated with
different phases of the transcription cycle and would not ne-
cessarily be operating simultaneously. The functional coord-
ination of biomolecular condensates that both activate and
repress the same target is an interesting future area to
explore.

Another regulator of FLC is the RNA-binding protein hnRNP
R-LIKE PROTEIN (HRLP). HRLP forms phase-separated con-
densates with the splicing factor ARGININE/SERINE-RICH 45
(SR45) and promotes R-loop formation of sense FLC (Zhang
et al. 2022). This increased R-loop formation reduces RNA
polymerase Il recruitment, thus lowering FLC expression
(Zhang et al. 2022). HRLP with truncated IDRs did not form
condensates and had reduced R-loop formation, along with
an increase in FLC expression (Zhang et al. 2022). This suggests
that HRLP condensates may increase the dwell time of HRLP
and SR45 to enhance R-loop formation, which suppresses
FLC expression.

A distinct protein polymerization mechanism involving
head-tail polymer interactions also targets FLC to epigeneti-
cally silence it during vernalization. Two Arabidopsis PRC2
accessory proteins, VERNALIZATION INSENSITIVE 3 and
VERNALIZATION 5 (VEL proteins), contain a protein inter-
action domain unrelated to the well-characterized SAM and
PB1 domains that are capable of spontaneous head-to-tail
polymerization (Greb et al. 2007; Fiedler et al. 2022).
Mutations with just 1 amino acid change in the VEL polymer-
ization interface prevent Polycomb silencing at FLC (Fiedler et
al. 2022). Plant VEL proteins likely increase the dwell time of
PRC2 complexes at their targets by increasing the rate of re-
binding after their dissociation (Bienz 2020), a mechanism
well-established in many biological systems but difficult to
test in planta. The high concentration of VEL proteins at the
genomic nucleation sites may hold PRC2 at target loci to
maintain epigenetic silencing through many cell cycles
and over long developmental periods.

Biomolecular condensates involved in
embryogenesis and germination

Embryo development and seed germination involve several
biomolecular condensates. One well-characterized example
exerts an increased dwell time mechanism, while the mech-
anism of other condensates observed during germination re-
mains controversial.

SOSEKI condensates in cellular polarity

One of the best examples of the importance of biomolecular
condensates in developmental regulation is SOSEKI (SOK), a
protein involved in cell polarity in plants (van Dop et al.
2020). SOK proteins show a striking polar localization in vari-
ous Arabidopsis tissues to control the orientation of cell div-
ision (Yoshida et al. 2019). SOK proteins form dynamic
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biomolecular condensates in Arabidopsis embryos and are
associated with cell membranes specifically on one corner
of the cell. These condensates form large aggregates through
a DIX-like protein polymerization domain, paralleling the VEL
polymerization mechanism, discussed above. SOK polymer-
ization is required for recruitment of a putative effector pro-
tein called ANGUSTIFOLIA. ANGUSTIFOLIA is critical for
arrangement of microtubules to regulate cell wall expansion
in developing leaves (Kim et al. 2002).

Condensates interact with cytoplasmic biophysical
properties

Another group of biomolecular condensates has been ob-
served during seed germination, but the molecular mechan-
isms they perform remain unknown. Currently, there is
debate about whether changes to cytoplasmic properties
drive biomolecular condensation, or if biomolecular conden-
sation can drive changes to cellular biophysical properties.
For example, changes in ribosome concentration mediated
by mTORCT1 resulted in changes to molecular crowding
and cytoplasmic viscosity, which resulted in changes to bio-
molecular condensate formation (Delarue et al. 2018). An ar-
gument for biomolecular condensates driving changes to
biophysical properties was made based on a protein that
forms biomolecular condensates in tardigrades, which are
multicellular organisms that remain viable after undergoing
extreme desiccation (Tanaka et al. 2022). Oligomerization
of members of the tardigrade CYTOPLASMIC ABUNDANT
HEAT SOLUBLE PROTEIN (CAHS) family drives gelation of
the cytoplasm during water stress (Tanaka et al. 2022).
Members of CAHS are freely dispersed in the cytoplasm
but low water stress results in CAHS reversibly forming
filament-like condensates that drive gelation of the cyto-
plasm (Tanaka et al. 2022). CAHS expressed in heterologous
systems resulted in cytoplasmic gelation, enhanced cell stiff-
ness, and prevented cellular deformation during low water
stress (Tanaka et al. 2022).

A major direction for future research in this area is to bet-
ter connect the cause and effect of biomolecular condensate
formation and how this impacts cellular biophysical proper-
ties. Explicitly connecting biomolecular condensate regula-
tion with other biophysical properties will require further
research in the broader biomolecular condensates field.
There have not been any published examples of plant pro-
teins forming biomolecular condensates to drive changes
to the cellular biophysical properties, but based on current
literature, we discuss 2 possible candidates: LATE EMBRYO
ABUNDANCE (LEA) proteins and FLOE1.

Connecting germination to condensate-mediated
changes in cellular biophysical properties

The plant life cycle requires cells to undergo a programmed
desiccation. During seed development, the developing em-
bryo desiccates to reach the mature seed stage. Upon favor-
able environmental conditions, the dried, mature seed will
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germinate, which requires cells to rehydrate to resume me-
tabolism (Rajjou et al. 2012; Nonogaki 2014; Carrera-
Castafio et al. 2020). FLOET and the LEA proteins have
been implicated in desiccation during embryo development
and sensing water during seed germination, respectively
(Hundertmark and Hincha 2008; Dorone et al. 2021).

LEA proteins contain prion-like domains, are implicated in
desiccation and viability of desiccated cells, and have been
identified throughout eukaryotes (Tunnacliffe and Wise
2007; Battaglia et al. 2008; Hundertmark and Hincha 2008).
LEA proteins are a broad group of disordered hydrophilic
proteins composed of 4 subgroups, 2 of which are found
only in plants (Tunnacliffe and Wise 2007; Hesgrove and
Boothby 2020). LEA proteins can prevent other proteins
from aggregating during desiccation and low water stress
(Chakrabortee et al. 2012; Belott et al. 2020). Ectopic expres-
sion of LEA proteins enhances low water stress survival in
cells, decreases protein aggregation during heat and low
water stress, and protects enzyme activity (Goyal et al.
2005; Dang et al. 2014; Belott et al. 2020). Under low water
stress, LEA proteins form biomolecular condensates driven
by the alpha-helical seed maturation protein (SMP) domain
(Belott et al. 2020). While the molecular mechanism behind
LEA proteins’ ability to prevent aggregation remains elusive,
it was recently proposed to be through modulating changes
in the biophysical properties of the environment around pro-
teins (Chakrabortee et al. 2012; Belott et al. 2020).

Arabidopsis has 51 LEA proteins (Hundertmark and Hincha
2008), though the formation of condensates has only been de-
monstrated in a few members of the LEA subgroup 4
(Ginsawaeng et al. 2021). In subgroup 4, LEA9, LEA48, and
LEA42—-LEA48 heterodimers formed condensates (Ginsawaeng
et al. 2021). LEA9 forms biomolecular condensates in dry seeds,
while LEA9 in hydrated cells forms biomolecular condensates
only in low water stress conditions. LEA9 condensates disappear
within 24 h in hydrated seeds (Ginsawaeng et al. 2021). Further
research is required to test if LEA9 condensates modulate changes
to biophysical properties of cells during seed desiccation and
rehydration.

Another candidate plant protein that could drive changes
to cytoplasmic biophysical properties through biomolecular
condensate formation is FLOE1. FLOE1 is expressed and
forms condensates during embryo development. FLOE1 con-
tains a prion-like domain and localizes diffusely in dry seeds
but rapidly (less than a minute) forms biomolecular conden-
sates upon addition of water (Dorone et al. 2021). Mutants
lacking FLOE1 (floe1-1) have increased germination rate un-
der low water stress conditions compared to the wildtype, in-
dicating FLOE1 is essential for regulating germination in
response to environmental conditions (Dorone et al. 2021).

FLOE1 biomolecular condensate formation is critical for
regulating germination during low water stress. FLOE1 re-
quires the prion-like glutamine-, proline-, serine-rich (QPS)
domain for forming condensates in response to hydration
and regulating seed germination (Dorone et al. 2021).
Deletion of the disordered aspartic acid- and serine-rich

Field et al.

(DS) domain of FLOE1 results in large, solid, FLOE1 protein
aggregates, and higher germination rate in salt conditions
than wildtype and floe1-1 plants (Dorone et al. 2021).
These observations suggest FLOE1 biomolecular condensate
formation is essential for regulating germination. What re-
mains unknown is how FLOE1 performs these functions
and if FLOE1 alters cytoplasmic biophysical properties during
desiccation and rehydration of seed cells.

Challenges for the field of biomolecular
condensates in plants

The biggest challenge for understanding the role and function of
biomolecular condensation in plant development is to connect
them with molecular, biochemical, and biophysical mechanisms.
We begin this section by listing what we consider the most
pressing open questions about the functions of biomolecular
condensates in regulating plant growth and development, fol-
lowed by sections that address technical challenges slowing pro-
gress in the field. Tools and methodologies that will help us
overcome these challenges are summarized in Table 2.

Open questions

« What developmental processes in plants require biomo-
lecular condensate formation?

« Do environmental conditions change development dir-
ectly through changes in biomolecular condensate for-
mation and condensate properties?

« What are the physical properties of biomolecular conden-
sates in different environments, how do they vary across a
plant’s life cycle, and do these changes impact function?

« Are there functions of biomolecular condensates outside
of the broad mechanisms of sequestration, increasing
dwell time, and modulating cellular biophysical properties?

« What protein domains are critical for condensate for-
mation and how diverse are mechanisms of condensate
formation?

« What roles do RNA and RNA processing play in biomo-
lecular condensate formation and dissolution during
development?

How can functional mechanisms of biomolecular
condensates be tested?

We discussed several well-established developmental regu-
lators, which were recently demonstrated to undergo con-
densate formation. The ongoing challenge in the field is to
understand if condensation is critical for the function of
these proteins and pathways. The diversity of protein and
condensate function makes it difficult to understand the
specific molecular function of a given protein, though we
suggest 2 guiding principles: (i) the function of the biomo-
lecular condensate can be tested by categorizing it into one
of the 3 general mechanisms (Fig. 1) to inform researchers
to make hypothesis driven questions; and (ii) connecting
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Table 2. Techniques and methods to categorize biomolecular condensate function
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Level of Technique Description Benefits Disadvantages References or
study examples
Organismal Functional Expressing a mutant protein that Provides strong Need structural information ~ Emenecker
complementation of cannot form condensates information if the of protein and how to et al. (2021)
a null mutant with a driven by the native promoter condensate is critical disrupt condensate
noncondensing in the null mutant and seeing for function. formation, is slow to
protein in the native whether it cannot rescue the generate, need
system null phenotype. to phenotype.
Transient expression Expressing the protein transiently Is quick, and can test  Biologically relevant proteins, Emenecker
in a plant system (e.g. which stresses, or other et al. (2021)
protoplasts, tobacco). protein domains are unknown parameters that
essential for may be required in the
condensate native system cannot be
formation. replicated.
Heterologous Expressing the protein in a Can generate Same issues as the transient Emenecker
expression and in non-native system (e.g. yeast, functional expression above. Need to et al. (2021),
vitro analysis human cells) and testing the information, can be optimize expression, and Alberti et al.
protein/condensate function quicker than need to know what (2019)
in vitro. generating a stable function to test.
plant line.
Cellular and  Fluorescence recovery Bleaching part of a fluorescently ~ Measure fluidity of a Condensate properties can Emenecker
subcellular after photobleaching labeled condensate and condensate, can differ between expression et al. (2021),
(FRAP) measuring how quickly compare viscosity of systems and expression Ganser et al.
fluorescence diffuses back into condensates relative levels. (2023),
the bleached area. Determines to each other. Alberti et al.
if the condensate is formed by (2019)
LLPS.
1,6-Hexanediol Treating cells with 1,6-hexanediol ~ Can be informative for ~ Can trigger granule formation  Alberti et al.
to see if the biomolecular quickly disrupting with prolonged incubation (2019)
condensate dissolves. LLPS and inferring (> a few minutes).
formation through
LLPS.
Stochastic optical Super resolution single molecule  Can be used to test for Time consuming. Feng et al.
reconstruction fluorescence. sub cellular (2019)
microscopy (STORM) localization of
condensates.
Transmission electron High resolution imaging of Can see nanoscale Need to fix samples, which Hamada et al.
microscopy (TEM) biomolecular condensates in structure of may result in non-native (2018) and
their native system. biomolecular structures or localizaiton. Bounedjah
condensates in the et al. (2014)
native system.
Molecular Total internal reflection  High resolution and shallow Can measure single Need purified proteins. Feng et al.
fluorescence depth fluorescence microscopy molecule (2019)
(TIRF) microscopy that allows single molecule interactions.
analysis. Used for determining
changes in dwell time.
Cryogenic electron Electron microscopy and Can get high resolution  Need purified proteins for Tollervey et al.
microscopy (Cryo- tomography techniques on structures of Cryo-EM. Cryo-ET not well (2023)
EM) and tomography frozen samples, useful for biomolecular worked out in plants.
(Cryo-ET) viewing the native structure of condensates in their
proteins and condensates. native states.
Biophysical Time domain NMR (TD-  Nuclear Magnetic Resonance Can accurately Need a large amount of Hesgrove et al.

NMR)

technique that measures water
coordination within a tissue.

measure water
coordination and
changes in the state
of water in biological
samples.

biological samples.

(2021)

condensate formation with function can be tested using
mutants that can no longer form condensates. We have
highlighted examples of several protein domains critical
for condensate formation (see Table 1). Future work should
mutate these protein domains to prevent condensate

formation and use these mutants to test if condensate for-
mation is critical for development. Successful examples of
this approach include mutations to the ARF19 PB1 domain
(ARF19%99*A powers et al. 2019) and mutations to the
FLOE1 DS and QPS domains (Dorone et al. 2021).
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How can we increase the speed of research
connecting condensate formation to function in
plants?

Molecular insight into biomolecular condensate functions in
plants lags behind human and yeast systems due to the rela-
tively long generation time for making stable reporter lines in
plants. To facilitate a faster pace of biomolecular condensate
research in plants, we propose the use of transient expression
systems to: (i) understand if the protein can form a biomole-
cular condensate; and (ii) identify the protein domains essen-
tial for condensate formation. Additionally, transient systems
can be used for generating a rough understanding of protein
colocalization to specific condensate populations with con-
served markers, though it should be used with caution (fur-
ther discussed below).

When are transient systems inappropriate for
investigating biomolecular condensates?

One caution in biomolecular condensate research is that
condensate formation can be regulated by protein concen-
tration. Overexpression of biomolecular condensate proteins
generally causes condensation that is different from those of
the endogenous system (Alberti et al. 2019; Guillén-Boixet
et al. 2020). For this reason, testing biomolecular condensa-
tion in the endogenous system is critical to characterize bio-
logically relevant biochemical and biophysical properties of
the condensate and accurately understand their formation
and function. This was demonstrated by Xie et al. (2021)
who showed DCL1, HYL1, and SERRATE proteins form bio-
molecular condensates in Nicotiana benthamiana and
Arabidopsis, though FRAP recovery rates identified
Arabidopsis biomolecular condensates as less liquid than
N. benthamiana condensates (Xie et al. 2021), indicating al-
tered condensate properties. The endogenous plant system
should ultimately be used to dissect specific developmental
functions mediated by the biomolecular condensates.
Further, transient systems can be a powerful tool if we estab-
lish how formation and properties of current plant conden-
sates in the endogenous system compare with their
formation and properties in a transient system. If condensate
properties can be established in both systems, then research-
ers will know which biomolecular condensates are appropri-
ate to study in transient systems and which always require
studying in the native system.

How can we study the impact of environmental cues
on biomolecular condensate formation?

Studying biomolecular condensates in plants is exciting be-
cause environmental conditions readily impact condensate
formation. Unfortunately, this also poses challenges because
the rapid formation or dissolution of condensates can occur
during processing of samples when moved to new condi-
tions. Live-cell imaging is one of the most common micros-
copy techniques to study biomolecular condensates in
plants and can be used to quickly study condensates in living
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plants. In situations where the biomolecular condensate is
extremely dynamic, environmental control of the micro-
scope stage can be essential for studying condensates
in response to environmental stimuli. Humidity and tem-
perature controlled microscope stages are now available
and should help aid in the understanding of environmental
inputs triggering condensate regulation in planta.

When can we say a biomolecular condensate is
formed through LLPS?

Not all biomolecular condensates are formed by LLPS (fur-
ther discussed in Table 1). FRAP is typically used to test for
LLPS due to the rapid diffusion of fluorescent protein back
into the bleached site (Alberti et al. 2019). Other assays,
like 1,6-Hexanediol treatment to test if an LLPS dissolves,
have been used to test for hydrophobic interactions asso-
ciated with LLPS, though 1,6-hexanediol treatment has
been identified as increasing LLPS formation in some condi-
tions in vivo (Wheeler et al. 2016). In general, establishing
that a condensate forms through LLPS requires additional
lines of evidence, and researchers wanting to do so should re-
view current methodologies (Alberti et al. 2019; Ganser and
Myong 2020; Gao et al. 2022; Wang et al. 2022).

How can experimental data from across eukaryotes
benefit plant-specific biomolecular condensate
function research?

Information generated on similar proteins in other eukar-
yotes can provide a useful model to test the function of
plant-specific proteins, particularly in condensates like stress
granules and processing bodies. Additionally, an interesting
aspect of biomolecular condensate research in plants is the
identification of proteins that form biomolecular conden-
sates, which have previously been linked to organismal level
phenotypes. In contrast to plant research, biomolecular con-
densate research in yeast and human cell lines typically starts
and remains in single cell systems, making it difficult to
understand the role of biomolecular condensate regulation
at the organismal level. This is an excellent opportunity for
the plant biomolecular condensate field because we can
study proteins similar to those implicated in human diseases
and disorders, which are functionally conserved with plant
proteins (e.g. G3BP; Reuper et al. 2021), and connect this
regulation back to the fundamental biological processes at
the organismal level.

Conclusions

Plant development is regulated by mechanisms involving
biomolecular condensates at various stages of the life cycle
(Fig. 2). Overall, biomolecular condensates function to se-
quester (FRI, ARF19, TMF) or increase local concentration
(FCA, CRY2) of components that result in changes to devel-
opment, with input from environmental signals. Further re-
search into biomolecular condensate interaction with
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cytoplasmic biophysical properties (FLOE1, LEA) will also en-
hance our understanding of the biophysical mechanisms im-
portant for condensate function. Additionally, the diverse
roles of condensates in plant development pose interesting
future research directions to further understand the diverse
strategies plants use to tailor development for changing con-
ditions. Altogether, plants pose an exquisite system to study
the regulation of development by biomolecular condensates
that stand to enhance our understanding of the basics
of their regulation and mechanism at the molecular, cellular,
and organismal levels.
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