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ROS regulated reversible protein phase separation
synchronizes plant flowering

Xiaozhen Huang'?¢, Shudong Chen'?*¢, Weiping Li*, Lingli Tang"?3, Yueqgin Zhang'?°, Ning Yang'?,
Yupan Zou'?, Xiawan Zhai'?, Nan Xiao%3, Wei Liu?3, Pilong Li®*> and Cao Xu®"2

How aerobic organisms exploit inevitably generated but potentially dangerous reactive oxygen species (ROS) to benefit nor-
mal life is a fundamental biological question. Locally accumulated ROS have been reported to prime stem cell differentiation.
However, the underlying molecular mechanism is unclear. Here, we reveal that developmentally produced H,0, in plant shoot
apical meristem (SAM) triggers reversible protein phase separation of TERMINATING FLOWER (TMF), a transcription factor
that times flowering transition in the tomato by repressing pre-maturation of SAM. Cysteine residues within TMF sense cel-
lular redox to form disulfide bonds that concatenate multiple TMF molecules and elevate the amount of intrinsically disordered
regions to drive phase separation. Oxidation triggered phase separation enables TMF to bind and sequester the promoter of a
floral identity gene ANANTHA to repress its expression. The reversible transcriptional condensation via redox-regulated phase

separation endows aerobic organisms with the flexibility of gene control in dealing with developmental cues.

maintenance and fate decision of a pool of stem cells. In
plants, the stem cells are embedded within growing apices
known as meristems'. The SAM produces all above-ground tissues
and shapes overall plant architecture'”. The stem cell fate decision
in plant SAM is determined by balancing proliferation of central
domain cells for replenishing pools of pluripotent cells with dif-
ferentiation of periphery cells into lateral organs. This balance is
regulated by endogenous and environmental signals. Integration of
these signals drives meristems to experience a gradual maturation
process accompanied by successive leaf production, called meristem
maturation, which often terminates with the meristem differentiat-
ing into a flower’. The transition to flowering at the proper time
achieved by precisely controlled SAM maturation is vital for repro-
ductive success and environmental acclimation of flowering plants.
A program preventing precocious maturation ensures an
appropriate duration of vegetative meristem stage for formation
of adequate stem cells before activation of floral identity genes. A
repression mechanism exerted by an ALOG (Arabidopsis LSH1
and Oryza G1) family gene TMF has recently been described as a
such program™!. TMF encodes a transcription factor that harbors
a DNA-binding domain derived from the XerC/D-like recombi-
nases>”. When TMF is mutated, the meristem maturation pro-
gram is prematurely completed due to a precocious activation of
the F-box gene ANANTHA (AN, a homolog of Arabidopsis UFO),
which forces flower differentiation from a meristem mostly in a veg-
etative state, leading to early flowering and single-flower primary
inflorescence*. The ALOG family genes in different plant species
have been reported to play important roles in nodulation, light sig-
naling, floral organ specification and convergent evolution of lateral
organogenesis’~*. TMF defines a new flowering regulation mecha-
nism independent of the classical florigen pathway*’, but nothing
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is known about how it senses and relays cellular or environmental
signals to gene expression.

ROS have recently been reported as beneficial signals in regula-
tion of stem cell proliferation and differentiation'*-*’. Histological
staining using ROS specific fluorescent dyes showed spatial distri-
bution and functions of different forms of ROS in plant meristems:
superoxide accumulates mainly in the central zone of SAM to main-
tain cell proliferation and hydrogen peroxide enriches primarily in
the peripheral zone to promote stem cell differentiation'*". H,O,
directed thiol-based modification of cysteine residues in target
proteins represents a chief mechanism of ROS mediated biological
effects in redox regulation*°. H,0, reacts with cysteine residues
in proteins to form a sulfenic acid, which can react with a second
cysteine in the same or a second protein to form intra- or inter-
molecular disulfide bonds; in turn, they can be reduced through
the action of thiol oxidoreductases, such as the thioredoxins and
glutaredoxins™*'.

In plant SAM, H,0, is highly reactive with tightly restricted cel-
lular level and spatial localization, which requires its signal sensing
and transmitting to be finely controlled in a relatively undisturbed
micro-environment. One way to achieve such precise spatiotem-
poral control of a complicated biochemical process is to regulate
the localization of reaction components®-*. Biomolecular conden-
sates, micrometer-scale membraneless compartments formed by
liquid-liquid phase separation, can concentrate and confine pro-
teins and nucleic acids to prevent the biochemical reactions from
outside perturbation?. Protein phase separation has recently been
found to implicate in acclimation responses to cellular pH levels,
heat and oxidative stress in yeast and animals*~**. While phase
separation-involved stem cell regulation begins to emerge in ani-
mals®, nothing is known about how cellular or environmental sig-
nals trigger/induce protein phase separation to regulate plant stem
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Fig. 1| H,0, represses flowering transition through TMF. a, Spatial distribution of H,0, and TMF transcripts indicated by HPF staining (left), DAB staining
(middle) and in situ hybridization (right) in tomato SAMs, respectively. Scale bar, 50 pm. Each experiment was conducted three times with similar results.
b,c, Stereoscope images (b) and quantitative data (¢) comparing flowering transition indicated by leaf production until the floral meristem stage transition

among mock and GSH (1mM), DPI (0.5uM), H,0, (10 mM), SHAM (50 uM) treated wild type (WT) (upper) and tmf (bottom). Leaf production is
indicated by leaf number. L, leaf; NS, not significant. Scale bar, 50 pm. Sample size of each reagent treatment for the WT and tmf mutant is 136, 117, 131,
140,154, 28, 29, 30, 29 and 28, respectively. d, Distribution of leaf production until floral meristem transition in 678 tomato plants under various redox
chemical treatments. e f, Representative images (e) and quantification data (f) showing the early flowering phenotypes of slrboh1 slrboh2 mutant plants.
Red arrow head indicates inflorescences. Scale bar, 1.8 cm. g, RT-gPCR showing the expression of TMF, SIRBOH and SICDKA in SAM treated with or without
H,0, (10mM) for 36 h (n=3). h, Western blot analysis of TMF proteins. Actin serves as a loading control. Blue and red arrow heads and the red arrow
indicate oligomers, dimers and monomers, respectively. Each experiment was conducted three times with similar results. i, Confocal microscopy images
showing TMF-GFP condensates formed in nuclei in the meristem of 355:TMF-GFP transgenic tomato plants. Scale bars, 7.5 pm. Three independent assays

with similar results were conducted.

cell activity. Here we uncover a new protein phase separation mech-
anism achieved by ROS provoked disulfide bonding and DNA bind-
ing of a transcription factor, by which plants exploit developmentally
produced ROS to direct stem cell fate for flowering transition.

Results

ROS regulates flowering transition through TMF. To explore the
role of ROS in plant flowering transition, we stained the transi-
tion meristem stage toward floral transition of tomato SAMs with
florescent H,0, probe hydroxyphenyl fluorescein (HPF)* and
observed intense signals of H,0O, in peripheral zones and initiat-
ing vasculature cells (Fig. 1a, left). This pattern was confirmed by
staining using nonfluorescent H,0, dye 3,3’-diaminobenzidine
(DAB)'® (Fig. 1a, middle). The distribution of H,0O, in tomato SAM
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reminisces the spatial expression of TMF we reported previ-
ously™’. TMF expresses at the periphery of the transition meristem
in boundary regions, and into initiating vasculature cells (Fig. 1a,
right), matching the pattern of H,O,.

Recalling the known role of TMF in preventing pre-maturation
of meristem, we hypothesized that local enrichment of H,0, may
regulate meristem maturation through TMF. To address this, we
manipulated endogenous H,0, levels in tomato seedlings by exog-
enously applying H,0, and related chemicals and investigated
their effects on floral transition, which is reflected by the number
of leaf primordium produced before vegetative meristems transi-
tioning into floral meristems”. The DAB and HPF staining con-
firmed that application of these chemicals can alter H,0, levels in
the SAM (Extended Data Fig. la—c). Treatments using exogenous
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H,0, or peroxidase inhibitor salicylhydroxamic acid (SHAM)*®
that elevates endogenous H,0O, levels delayed the floral transition
(Fig. 1b,c). In contrast, application of glutathione (GSH) or oxidase
inhibitor diphenylene iodonium (DPI) that decreases cellular H,0O,
level® promoted flowering earlier by one leaf than untreated plants
(Fig. 1b,c). However, the flowering transition of tmf null mutant
is not affected by the same treatments. This was confirmed in a
weaker TMF mutant allele tmf-2 (refs. '), whose floral transition
similarly shows less sensitivity to H,O, level changes (Extended
Data Fig. 1d,e).

Analysis of flowering transition in all treated plants (sample size
678 plants) showed that oxidative chemicals dramatically increased
the proportion of late-flowering plants that produce nine to ten
leaves before floral transition, but reducing cellular H,O, level sig-
nificantly increased the proportion of early flowering plants that
flower after six to seven leaves (Fig. 1d). These results suggested
that exogenously application of H,0, alters flowering transition by
regulating meristem maturation. To investigate how endogenous
H,O, affects tomato flowering transition, we used CRISPR-Cas9
technology to create null mutants of respiratory burst oxidase homo-
log (RBOH), the nicotinamide adenine dinucleotide phosphate oxi-
dase that produces H,O, in plants. Two RBOH members (SIRBOH1
and SIRBOH?2) that highly express in SAMs were selected for gene
editing (Extended Data Fig. 1f,g). We designed two guide RNAs
for each gene and assembled all four gRNAs into one construct
to create double knock-out mutants (Extended Data Fig. 1h). The
endogenous H,0, level indeed decreased in slrbohl slrboh2 mutant
(Extended Data Fig. 1i). The slrboh1 slrboh2 seedlings showed accel-
erated meristem maturation toward flowering transition (Extended
Data Fig. 1j). The mature slrbohl slrboh2 plants flower about three
leaves earlier than the wild type (Fig. le,f). Together, these results
demonstrate that H,O, serves as a developmental signal to regulate
flowering transition through TMF.

To explore the underlying molecular mechanism, we examined
if TMF transcriptionally responds to H,O,. Quantitative real-time
PCR (RT-qPCR) analyses showed that H,O, treatment does not
induce significant transcriptional changes of TMF compared to
previously reported H,O, responsive genes™* (Fig. 1g). We then
investigated whether TMF protein responds to H,0O, and related
redox regulations. Given that TMF predominantly expresses in veg-
etative meristems, we generated 35S:TMF-Myc transgenic lines in
the falsiflora (fa) mutant, a classic tomato mutant overproliferates
vegetative meristems®. The immunoblotting analysis against TMF-
Myc proteins showed larger aggregated bands, indicating possible
presence of oligomers and dimers (Fig. 1h). Adding dithiothreitol
(DTT) shifted the pattern, showing a dramatically decrease of oligo-
mers and dimers, but increase of monomers (Fig. 1h). These results
suggest that TMF protein behavior is regulated by redox state. To
explore TMF protein behavior in living cells, we took advantage of
a previously identified green fluorescent protein-TMF (GFP-TMF)
transgenic line in which the fusion protein rescues all tmf mutant
phenotypes’. Confocal microscopy imaging showed TMF-GFP
puncta in the nuclei (Fig. 1i), reminiscent of biomolecular con-
densates formed by protein liquid-liquid phase separation®*. The
punctate localization and redox-regulated oligomerization of TMF
suggests the potential of protein phase separation.

H,0, promotes TMF phase separation. Phase separation often
occurs in proteins that have intrinsically disordered regions (IDRs)
and the capability for multivalent interactions”*'. TMF harbors
one typical IDR at the N terminus (IDR1) and one short IDR at
the C terminus (IDR2) (Fig. 2a and Extended Data Fig. 2a). While
purifying recombinantly expressed TMF proteins, we observed
that cooling on ice made the sample solutions turbid and the solu-
tion became clear on raising the temperature to room temperature
(Fig. 2b). Microscopy observation of the turbid solution revealed
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droplets of various sizes, indicating coexistence of a dense and a
dilute phase (Fig. 2¢).

To facilitate the observation, we purified recombinantly
expressed GFP-TMF fusion proteins, which formed spherical drop-
lets with an aspect ratio (maximal diameter to minimal diameter)
close to one (Fig. 2d and Extended Data Fig. 2b), indicating a high
degree of circularity. We then performed in vitro phase separation
assays to generate a phase diagram by systematically changing TMF
protein and salt concentrations to assess the conditions that pro-
mote condensate formation. Under these conditions, we observed
a continuum of phases from barely detectable small foci to regular
droplets and large droplet clusters (Fig. 2¢). The GFP-TMF proteins
started to form visible spherical droplets at a concentration of 1 pM
in a buffer with 100mM NaCl. The droplet abundance increases
with the decrease of salt concentration when the protein concentra-
tion is constant. It also increases as protein concentration increases
with constant salt concentration, indicating that it is sensitive to
salt and protein concentrations (Fig. 2e). Using time-lapse micros-
copy, we found that TMF droplets can fuse by necking and relax-
ation into a spherical shape on intersection of two droplets (Fig. 2f
and Supplementary Video 1), suggesting their dynamic property.
This was validated by fluorescence recovery after photobleaching
(FRAP) analysis, in which we bleached the centers of large drop-
lets and monitored recovery. Around 30% of the originally detected
signal intensity of the GFP-TMF droplets recovered within 16 min
after photobleaching (Fig. 2g,h and Supplementary Video 2).

To investigate phase separation properties of TMF in vivo, we
expressed TMF-GFP fusion proteins in tomato protoplasts. TMF
proteins showed the punctate localization in nuclei, colocalizing
with Hoechst-stained chromatin (Fig. 2i). Approximately 50% of
transfected cells exhibited this punctate pattern for TMF signal
(Extended Data Fig. 2c), indicating formation of biomolecular
condensates. FRAP analysis showed that approximately 70% of the
bleached TMF condensates were again visible within 30s (Extended
Data Fig. 2d,e and Supplementary Video 3), suggesting that TMF
dynamically exchange and form into nuclei condensates. This was
confirmed by FRAP analysis in living plants. The bleached con-
densates in nucleus of GFP-TMF transgenic plants could recover
within 30s after bleaching (Fig. 2j,k and Supplementary Video 4),
indicating the rapid exchange kinetics of TMF condensates in
planta. It is noted that the FRAP recovery time of TMF condensates
in living cells is much shorter than droplets formed in vitro. The
difference is reminiscent of the fact that phase separation driven by
low-complexity regions often undergoes further solidification in
test tubes*>*. Alternatively, it might be explained by the lack of addi-
tional charged interactors, such nucleic acids, which improve the
dynamic of condensates in in vitro purified proteins. Collectively,
these results suggest that TMF undergoes phase separation in vitro
and form condensates in vivo.

We then determined whether the phase separation of TMF is
sensitive to oxidant/reductant environment. We held the GFP-TMF
protein and salt concentrations constant but varied the concentra-
tions of H,O, and reducing reagent DTT. The addition of a rela-
tively low concentration (1 mM) of H,O, led to an enhancement in
droplet formation, markedly fewer droplets were formed as the con-
centration reaches higher than 10mM (Fig. 2l and Extended Data
Fig. 3a). Notably, the presence of any tested concentration of DTT
dramatically disrupted droplet formation (Fig. 21 and Extended
Data Fig. 3a). This effect was confirmed using another reducing
reagent Tris (2-carboxyethyl) phosphine hydrochloride (Extended
Data Fig. 3b,c). Moreover, we observed the apparent chemical res-
cue of TMF’s droplet formation in samples containing both DTT
and H,0, (Fig. 21 and Extended Data Fig. 3a), indicating that phase
separation capacity of TMF is reversible and can be controlled via
an oxidation-reduction switch. To quantitatively investigate the
redox-regulated phase separation of TMF protein, we performed

NATURE CHEMICAL BIOLOGY | VOL 17 | MAY 2021 | 549-557 | www.nature.com/naturechemicalbiology 551


http://www.nature.com/naturechemicalbiology

ARTICLES NATURE CHEMICAL BIOLOGY

a 87 124 b ¢
C C
IDR1 o IDR2 —
10 1 69 112 126 166 208 His-TMF H|SiGFP—TMF
8 N ®_'®
— [}
2 o8 g
s 2
é 0.6 N 3
2]
r 04 5
9 e
Z 0.2
3 0 e}
& 0
0 50 100 150 200
Amino acid number
e o
Sparse phase Dense phase
D A 2% 7 00 ‘
B 05095
¥ o ||e %% ."o h 1o
203
150 3
3 0.2
i
s 0.1
E
c 0+ T T )
% 0 5 10 15
£ Time (min)
[}
o
5 Hoechst
o
o
©
z
1.0
0.8

Prebleach 0.6

— Bleached

Recovery

Protein concentration (uM) 0.4

— Unbleached
| 02
(= T T |
20 0 10 20 30
Time (s)

% n P=981x10"
£ ™ P=g7ax10°_ |
_5 10 m P=0.03
§ 100 P=0.02
<
8 80
8

o4 60
(@)

N
T 40

SR

CK H,0, AT KI DTT

Percentage of ¢ with TMF puncta

Distance (um)  Distance (um) Distance (um) Distance (um) Distance (um)

. ]
Z
g
0 £
o+ o+ 0+ 0 0
1234567 1234567 246810 123456 2468
0 10 20 80

DTT concentration (mM)

Fig. 2 | TMF undergoes phase separation in vitro and in vivo. a, IDRs and cysteine residues in TMF proteins. b, Visualization of turbid solution of His-TMF
proteins. Bovine serum albumin serves as a control. Scale bar, 3.5 mm. ¢,d, Representative differential interference contrast and fluorescence image
showing the droplets formed by His-TMF (c) and His-GFP-TMF (d) proteins. Scale bar, 10 pm. Three independent assays with similar results were carried
out. e, Phase diagram of GFP-TMF droplets. Scale bar, 5 pm. Three independent assays with similar results were carried out. f, Time-lapse microscopy
showing fusion dynamics of GFP-TMF droplets. Images are representative of five independent fusion events. Time O indicates the time of start recording.
Scale bar, Tpm. g, FRAP assay showing dynamic property of GFP-TMF droplets. Time O indicates the time of the photobleaching pulse. White arrows show
the bleached area in droplets. Scale bar, Tpm. h, Quantification data of FRAP assays for GFP-TMF droplets. Data are representative of four independent
FRAP events. i, Condensates formed by TMF-GFP fusion proteins (green) in the nuclei stained by Hoechst (blue) of tomato protoplast cells. Scale bar,
2um. Three independent assays with similar results were carried out. j k, Images (j) and quantitative FRAP data (k) showing the dynamic property of
TMF-GFP condensates in 355.TMF-GFP transgenic plants. The bleached (green line) event occurs at a time of O's. The unbleached (blue line) was used

as control. Quantitative data are representative of three independent photobleaching events. Scale bar, 2 um. I, Phase diagram showing droplet formation
of GFP-TMF protein under various concentration combinations of H,O, and DTT with constant protein concentration (25pM). Scale bar, 5 pm. Three
independent assays with similar results were performed. m,n, Imaging (m) and quantification (n) indicating effects of various redox chemicals on
TMF-GFP condensate formation in tomato protoplasts. Scale bar, 2 pm. Protein concentrations were 15uM in ¢,d and 25 uM in f,g; NaCl concentrations
were 25mM in ¢,d f.g. Data are presented as means (+s.d.) (n=63, 73, 49, 67, 55, two-tailed t-test) in n.
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a sedimentation assay to separate the condensed liquid phase and
the aqueous phase by centrifugation (Extended Data Fig. 3d). We
found that adding DTT reduced the proportion of TMF present in
the condensate phase (pellet), while H,O, promoted the formation
of the condensate phase (Extended Data Fig. 3e,f), confirming the
redox responsive property of TMF condensates.

Extending these insights from in vitro experiments into
plant cells, we treated tomato protoplasts with a variety of redox
chemicals and quantified the percentage of the cells showing
TMF condensates. Consistent with the trends we observed in the
in vitro phase separation assays, exogenous H,O, increased con-
densation of TMF-GFP in nuclei, while DTT significantly dis-
rupted this process (Fig. 2m,n). Moreover, treatment of protoplasts
with a general H,O, scavenger, potassium iodide (KI)”, dimin-
ished phase separation, while it can be dramatically improved on
elevating overall H,O, concentration via application of catalase
inhibitor amino-1,2,4-triazole** (Fig. 2m,n). These results indi-
cate that H,O, and related redox state regulate phase separation of
TMEF protein.

Cysteine oxidation enables phase separation of TMF. We next
explore the driving forces of TMF phase separation. Phase-separating
IDRs often encompass low-complexity regions enriched with polar
amino acid residues such as glutamine and asparagine”. The IDR1
region of TMF contains high asparagine content (Extended Data
Fig. 2a). We mutated the eight asparagine residues in IDR1 into
alanines (TMF“") and deleted the shorter IDR2 region (TMF4i4:2),
respectively (Extended Data Fig. 3g). Both recombinantly expressed
TMF! and TMF44? showed weaker droplet formation capacity
than normal TMF (Fig. 3a and Supplementary Fig. 1). Expression of
GFP fusion proteins of TMF*! and TMF4? in tomato protoplasts
showed dramatic decreases in condensate formation (Fig. 3b,c and
Extended Data Fig. 3h). These observations indicated that phase
separation of TMF is, in part, driven by IDRs.

Four cysteine residues in the folded region between the two
IDRs draw our attention since cysteine residues within proteins
are typical targets for H,0, mediated oxidation. We mutated four
cysteines individually into serines to generate TMF®7, TMF!'%,
TMF¢'* and TMFC*$ protein variants (Extended Data Fig. 3g
and Supplementary Fig. 1). In vitro phase separation assays indi-
cated that mutations of cysteines diminished TMF’s capacity of
phase separation in varying degrees (Fig. 3a). In contrast to a slight
decrease of droplet formation of TMFS, TMF!! and TMF¢!26
can only form scattered aggregates with irregular shapes. TMF¢!#$
almost completely eliminated the phase separation capacity (Fig. 3a
and Extended Data Fig. 3g). These results were confirmed by con-
densate assessments of GFP fusion proteins in tomato protoplasts
in which the TMF¢'** variant showed the most pronounced loss of
biological condensate (Fig. 3b,c). We also noted that there was no
GFP florescence signal detected for the TMF“** variant in proto-
plasts, possibly due to low protein stability (Extended Data Fig. 3i).
Together, in vitro and in vivo results suggest that both IDRs and
cysteine residues are required for TMF phase separation.

The most common reversible oxidative modification of a protein
is the formation of disulfide bonds through oxidation of cysteine
residues®. We analyzed recombinantly expressed TMF proteins by
mass spectrometry and found that C124 indeed forms intramo-
lecular disulfide bonds with C126. Intermolecular disulfide bonds
also form via crosslinking C112-C124 and C112-C126 (Fig. 3d
and Extended Data Fig. 4a). To test the causal link between proper
disulfide bonds formation and TMF phase separation, we used
protein-disulfide isomerase (PDI) to manipulate disulfide bond
arrangement. PDI can catalyze thiol-disulfide interchange (oxida-
tion/reduction) and disulfide bond rearrangement (isomerization)
in substrate proteins, depending on redox states of its active sites*
(Extended Data Fig. 4b). We incubated PDI with TMF protein in a
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redox balancing buffer (1mM GSH+0.2mM glutathione disulfide
(GSSG), GSH/GSSG=5) that allows disulfide formation (oxida-
tion) while maintaining sufficient reducing power to break incor-
rect disulfides®. The treatment did not significantly change TMF
phase separation behavior (Fig. 3e,f). Mass spectrometry analysis
confirmed that oxidative PDI did not isomerize existed disulfide
bonds (Extended Data Fig. 4c), suggesting the stability of existing
disulfide bonds in TMEF. To further test PDI’s function in catalyz-
ing disulfide bond formation and its effects on TMF phase sepa-
ration, we reduced TMF protein thoroughly with a 4-h treatment
with 100 mM DTT. After dialysis removal of DTT, we found that the
reduced TMF lost phase separation capacity and it failed to recover
after a long time of exposure in air (Fig. 3g,h). Notably, PDI can
catalyze the disulfide bond reformation of reduced TMF protein
and thus largely rescue its phase separation (Fig. 3g,h), demonstrat-
ing that phase separation of TMF relies on disulfide bonds formed
by cysteine oxidation. Therefore, cysteines within TMF sense redox
conditions to form intermolecular disulfide bonds that concatenate
TMF molecules to enhance IDR-driven phase separation.

TMEF transcriptional condensates repress AN expression. Given
the fact that TMF is a putative transcription factor that represses
flowering transition, we hypothesize that H,O, signaling can be per-
ceived by cysteine residues in TMEF, which triggers phase separation
of TMF to regulate transcription of flowering genes. Previous stud-
ies have shown that TMF synchronizes tomato flowering by prevent-
ing precocious activation of AN, and the an mutant is completely
epistatic to tmf’. We therefore tested whether AN is a direct down-
stream target gene of TME The yeast one-hybrid assay showed that
TMF physically interacted with AN promoter (Fig. 4a and Extended
Data Fig. 5a-d). To confirm the direct binding in vivo, we per-
formed chromatin immunoprecipitation (ChIP) analysis in planta
by using the vegetative meristem tissue collected from 35S:TMF-
Myc transgenic plants. The ChIP-qPCR assays showed appreciable
enrichment of TMF-Myc protein in the promoter regions of AN
(Fig. 4b and Extended Data Fig. 5e). This direct binding was fur-
ther validated by the electrophoretic mobility shift assay (EMSA)
using recombinantly expressed TMF protein (Fig. 4c). These results
indicate that AN is a direct target of TMF. Notably, cysteine residue
and IDR mutations of TMF comprised the promoter binding ability,
shown by yeast one-hybrid and EMSA assays (Fig. 4c and Extended
Data Fig. 5b-d), suggesting that phase separation is essential for
TMF’s transcriptional binding capability.

We next assessed the phase separation property of TMF as it
interacts with target DNA sequences. When 5’-fluorophore labeled
DNA fragments from the AN promoter were incubated with recom-
binantly expressed GFP-TMF protein, phase-separated droplets
formed in a 150mM NaCl solution (a physiologically relevant salt
concentration) (Fig. 4d), few droplets formed in samples with the
same TMF protein concentration but lacking DNA (Fig. 2e). A
phase diagram assay confirmed that the presence of these DNA
molecules promoted TMF’s phase separation (Fig. 4d). Supporting
this, FRAP analysis showed that TMF-DNA complex droplets have
significantly improved recovery after photobleaching compared to
DNA-free protein droplets (Fig. 4e.f, Supplementary Video 5 and
Fig. 2g,h). We then incubated TMF-DNA complexes in variable
redox conditions created by combinations of different DTT and
H,0, concentrations (Fig. 4g and Extended Data Fig. 6a). DTT dra-
matically disrupted phase separation at all tested concentrations,
while H,0, promoted droplet formation at low concentrations
(Fig. 4g and Extended Data Fig. 6a). H,0O, rescued the disrupting
effects of DTT (Fig. 4g and Extended Data Fig. 6a), confirming
that increasing H,O, oxidant concentration can counterbalance the
disulfide bond disruption by DTT to promote droplet formation.
This redox responsive property of TMF-DNA droplets is validated
by the sedimentation assay (Extended Data Fig. 6b,c).
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Fig. 3 | Redox-regulated disulfide bonding determines phase status of TMF. a, Phase-separated droplets formed by TMF variants with IDR or cysteine
mutations. Representative confocal images showing droplet formation of each mutated TMF protein (right). Insets indicate the shape of individual

droplet. NaCl concentration, 25 mM; scale bars, 5pm (large picture), 2 um (insets). Three independent assays with similar results were performed.

b, Subcellular localization pattern of TMF variants with IDR or cysteine mutations in nuclei of transfected tomato protoplasts. Scale bars, 2 pm. ¢, Percentage
of transfected tomato protoplast cells showing nuclei condensates from TMF and its mutant variants (n=69, 52, 94, 67, 65, 69). d, Schematics illustrating
the intermolecular and intramolecular disulfide bonds identified by LC-MS/MS from recombinantly expressed TMF protein. C, cysteine residue; red

line, loop-link and crosslink forms of disulfide bonds. e-h Representative confocal microscopy images and quantitative data showing the effects of PDI
treatments on droplet formation of normal (e,f) and reduced (g h) GFP-TMF proteins. Protein concentrations, 8 uM (e) and 5 pM (g); salt concentration,
25mM,; scale bars, 50 um (e), 25um (g) and Tum (inset). Three technical replicates of data are presented (n=3). In ¢ ,f h, data are presented as means

(+s.d.) (two-tailed t-test).

To explore how ROS related redox regulation of TMF’s phase sep-
aration affects AN transcription, we conducted a series of transcrip-
tional activity assays using the beta-glucuronidase (GUS)-luciferase
(LUC) dual reporter system in tobacco leaves (Fig. 5a). The results
showed that TMF repressed AN transcription (Fig. 5b). Exogenous
application of H,0, or amino-1,2,4-triazole and SHAM that increase
cellular H,O, level enhanced the transcriptional repression; how-
ever, application of chemicals including KI and DPI attenuated the
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transcriptional repression (Fig. 5¢). These data indicate that H,0O, is
essential for TMF to maintain its transcriptional repression on AN.
We then examined if floral transition regulated by redox states is AN
dependent. Given that AN is rarely expressed in vegetative and tran-
sitional meristems before floral transition due to repression by TMF,
H,O, scavenger treatment that disrupts TMF phase separation would
release the repression and result in precocious activation of AN.
The RT-qPCR analysis using micro-dissected tomato transitional
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codon of AN). Merged images (yellow) are shown. Scale bar, 5 um. e f, Imaging (e) and quantitative data (f) from FRAP assay showing dynamic property
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droplets. Scale bars, 20 pm (upper panel) and Tpm (lower panel). Quantitative data are representative of three independent FRAP events. g, Quantification
of integrated fluorescence density of the liquid-like droplets formed by GFP-TMF protein with Cy-3 labeled DNA under various concentration combinations
of H,0, and DTT. Protein concentration, 15 pM; DNA concentration, 500 nM. Data are presented as means (+s.d.) (n=3, two-tailed t-test).

meristems showed that AN’s expression can be precociously acti-
vated on DPI treatments in wild-type plants, but not in tmf mutants
(Fig. 5d). Notably, we also found the precocious upregulation of AN
in the slrbohl slrboh2 double mutant (Fig. 5e). These data explain
the early flowering phenotypes of the slrbohI slrboh2 double mutant
and the plants after reducing chemical and H,O, scavenger treat-
ments (Fig. 1b-f). In support of this, previous studies have shown
that ectopic expression of AN in vegetative meristems leads to pre-
cocious adoption of floral identity that promotes early flowering®.
These results demonstrate that H,O, regulated flowering transition
relies on TMF regulated expression of AN.

Given that cysteine residues within TMF sense developmen-
tal ROS, we then explored the functional indispensability of the
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cysteine residues in regulating floral transition. The GUS-LUC dual
reporter assays indicated that cysteine mutation variants of TMF
compromised its transcriptional repression effects on AN (Fig. 5f).
To validate this in planta, we performed a complementation test by
transforming cysteine mutated TMF variant into tmf null mutant
plants. Compared to the flowering time rescue by normal TMF pro-
tein, point mutation of C112, a key cysteine residue for formation of
intermolecular disulfide bond, failed to rescue the early flowering
defects of tmf (Fig. 5g and Extended Data Fig. 6d,e), confirming that
TMF’s function depends on oxidation triggered disulfide bonding
of cysteine residues. Together, these results demonstrate that H,0,
provoked TMF transcriptional condensates repress AN expression
to regulate flowering transition.
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Discussion

Our findings support a model wherein the spatially distributed H,0,
in the boundary region of plant SAM at vegetative stages oxidizes
cysteines of TMF protein to form disulfide bonds, which facilitates
the IDR-driven phase separation. The phase-separated TMF con-
densates sequester the AN locus to prevent its precocious activation
during meristem maturation to maintain an appropriate duration of
vegetative stage for floral transition (Fig. 5h). The SAM lies at the
center of plant development, whose activity is strongly influenced
by environmental conditions. Flowering is highly plastic under
environmental stress, either being accelerated or delayed, aligned
to plant developmental stages under stress”. As cellular ROS level
quickly changes in response to environment conditions, ROS pro-
moted protein phase separation might be an evolved bet-hedging
strategy for environmental acclimation of plants.
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Biomolecular phase separation is a robust and switch-like behav-
ior happening in numerous biological pathways”**. We discovered
that TMF takes advantage of intermolecular disulfide bonds to
achieve this switch-like function. TMF contains two IDR regions
that mediate phase separation at high protein concentrations and
low salt concentrations in vitro. The developmentally produced
H,O, promotes the formation of intra- and intermolecular disul-
fide bonds between highly conserved cysteine residuals of TMF.
The intermolecular disulfide bonds enable concatenation of TMF
molecules, which enhances phase separation by increasing the
valency of IDRs. On the other hand, the intramolecular disulfide
bonds cap TMF polymers at finite sizes, which is consistent with its
fast dynamics within TMF condensates in vivo. Phase separation of
TMFisalso strengthened by binding to the promoter of target gene(s).
Therefore, the driving force of TMF phase separation includes weak
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interactions including multivalent interactions between IDRs,
charge—charge interactions between TMF and DNAs, and strong
interactions such as intermolecular disulfide bonds. In plant SAM,
the oxidative ROS are tightly controlled to maintain the proper cel-
lular level and spatial localization'*’. The double-condensation pro-
moting mechanism enables the precise coupling of ROS sensing with
loci-specific transcriptional suppression via phase separation. There
are about 214,000 cysteine residues encoded in proteins of human
genome, about 10-20% of them in cellular cysteine proteome are
readily oxidized under aerobic conditions*. Our finding that natu-
rally produced ROS promote the formation of transcriptional con-
densates uncovers a new layer of complexity in redox biology. This
mechanism might serve as a common cellular behavior evolved in
aerobic organisms for coping with ROS.
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Methods

Plant materials and growth conditions. The tomato (Solanum lycopersicum)
cultivar M82 was used in this study. Greenhouse plants were grown under natural
light with supplementation from LED (Philips Lighting IBRS, 10461, 5600 VB, NL)
on a 16 h light/8 h dark photoperiod. Hydroponic seedlings were grown in a growth
room at 26 °C, with 45-60% relative humidity and 12 h light/12h dark photoperiod
under 55 pmol m?s™* light intensity. For redox chemical treatment, M82 seeds were
germinated on filter paper for 2d in dark at room temperature, and the germinated
seeds were transferred into soil. The seedlings at similar stages were selected and
grown in hydroponic culture boxes (SJT003A, Nantong Rongcheng Agriculture)
supplied by 1x Hoagland (Coolaber) medium with or without different chemical
reagents. Growth and development evaluations of tomato seedlings were
performed to establish the appropriate concentration of redox chemicals.

Plasmid constructs and tomato transformation. To make the constructs for

358: TMF-GFP and 35S:GFP-TMF"'*/tmf transgenic plants, the coding sequences
of TMF, TMF°"'* and GFP were ligated into the pRI101 vector by In-Fusion
cloning (TransGen Biotech). To produce pSuper: TMF-Myc transgenic plants,

the coding sequence of TMF was directly cloned into binary vector pSuper:1300
containing the Myc tag. The resulting constructs were transformed into M82,
fa*’~ and tmf mutant plants by following Agrobacterium-mediated transformation
and tissue culture protocol as described in ref. *°. To generate the constructs for
transcription activity assay, the 2-kb fragment upstream of the transcription start
site of AN was amplified and cloned into pCAMBIA1381-GUS vector by In-Fusion
cloning. The primers are listed in Supplementary Table 1.

Messenger RNA in situ hybridization. mRNA in situ hybridization for TMF

was conducted using standard protocols* with slight modifications. Briefly,

to generate probes of TMF, a full-length coding sequence was amplified from
complemementary DNA using KOD Xtreme hot start DNA polymerase (Novagen),
and the resulting products were ligated into StrataClone pSC-A-amp/kan vector
(Agilent Technologies). Plasmids were linearized and, depending on insert
orientation, T7 or T3 RNA polymerase was used for in vitro transcription (Roche).
Full-length probes were used for the hybridization. For fixation, meristems were
hand-dissected and fixed in 4% paraformaldehyde with 0.3% Triton-X

under vacuum.

Protein structure prediction. IDR domains were analyzed by ‘VSL2’ algorithm
of ‘Predictor of Natural Disordered Regions’ (PONOR, http://www.pondr.com/).
DNA-binding domain of TMF was defined as previously described”.

Recombinant protein expression and purification. To express recombinant TMF
proteins in Escherichia coli, the coding sequences of TMF alone and GFP-TMF
fusion DNA were ligated into the pQE-80L vector by In-Fusion cloning. The
resulting constructs were transformed into E. coli BL21 (DE3) or Rosetta (DE3)
competent cells for isopropyl p-p-1-thiogalactopyranoside (IPTG) inducible
protein expression. The E. coli. cells were cultured in LB liquid medium at 37°C
until the optical density (ODy,,) went up to an optimal density (0.8-1.3) followed
by cooling-down for 30 min at 4 °C, and then induced with supplementation of
0.5mM IPTG for 16h at 16 °C. The cells were collected by centrifugation and
crushed by sonication in lysis buffer (50 mM Tris-HCI, 200 mM NaCl, pH7.4). Cell
lysates were centrifuged at 14,000¢ for 30 min. Protease inhibitor cocktail tablets
(Roche) were added into cell lysates to protect the protein from degradation. The
supernatants were initially purified by Ni-NTA (GE healthcare) affinity beads,
and subsequently purified on a Superdex 200 increase 10/300 column (SD200)
cascaded into an AKTA system (GE healthcare) by following the manufacturer’s
instructions. Benzonase nuclease (Chejeter) and high salt buffer (50 mM
Tris-HCI, 2M KCl, pH7.4) were used to remove prokaryotic nucleic acids from
recombinantly expressed proteins. Protein ultrafiltration tubes (Vivaspin turbo)
were used for protein concentration and buffer exchange. Purified proteins were
examined by SDS-PAGE gels (Supplementary Fig. 1) and stored in storage buffer
(50 mM Tris-HCI, 200 mM NaCl, pH7.4) at —80°C.

In vitro phase separation assay. In vitro phase separation assay was performed in
buffer containing 50 mM Tris-HCI (pH 7.4) and NaCl at various concentrations as
indicated in the figure legends. To remove the potentially denatured protein pellets
in the bottom of tubes that might interfere experimental results, all protein samples
were centrifuged at 12,000¢ and the resulting supernatants were transferred into
new tubes before performing the phase separation assay. Protein concentrations
were determined by NanoDrop spectrophotometry (IMPLEN NP80). To assess the
effects of target DNA of TMF on its phase separation behavior, the 120bp length
of single-strand DNA fragments from AN promoter region were synthesized by
labeling with Cy-3 (Ruibio). To produce double-strand DNAs, a touchdown PCR
(Program: Final temperature (25 °C) =initial temperature (95°C) + ((number of
cycles—1) X AT (0.1°Cs™))) was performed to produce double-strand DNAs.

The DNA concentrations were measured using NanoDrop spectrophotometry
(IMPLEN NP80). The protein phase separation reacted in 1.5 ml Eppendorf

tubes. Liquid droplets were observed using confocal microscopy (Leica SP5
microscope equipped with X20 and x40 immersion objectives). For generating

phase diagram, the samples were observed in 384-well microscopy plate (Cellvis)
sealed with optically clear adhesive film. The phase diagram images were captured
simultaneously under Nikon A1Rsi microscope equipped with X60 oil immersion
objective. GFP and Cy-3 fluorescence were excited at 488 or 543nm and detected
at 500-540 and 595-630 nm, respectively.

Phase sedimentation assay. For the sedimentation assay without DNA addition,
150 pM His-TMF protein in the 50 mM Tris-HCI buffer with 150 mM NaCl
were diluted into 25 mM NaCl to trigger phase separation. For the sedimentation
assay with DNA, 150 pM His-TMF protein and 6 pM double-strand DNA

from AN promoter region (—1,537 to —1,657 bp) were incubated with

indicated concentrations of DTT and H,O, on ice for 10 min in the Tris-HCl
buffer with 150 mM NaCl. The samples were then centrifuged at 20,000g for
15min at 4°C. The resulting supernatants were immediately transferred into
new tubes and remaining pellet fractions were resuspended using Tris-HCI
buffer with equal volume to the supernatants. Next 5 ul of 20-fold diluted
supernatant and pellet samples were completely reduced with 5mM
B-mercaptoethanol and loaded into SDS-PAGE for western blotting analysis.
Anti-GFP antibody (Easybio) and horseradish peroxidase-conjugated
(antirabbit) secondary antibody (Easybio) were used for protein detection.

The immunoblotting signals were visualized by a chemiluminescence apparatus
(Tanon 500 Multi).

Protoplast transfection and chemical treatment. The protoplast cells were
isolated from cotyledon of tomato seedlings with two or three true leaves

grown in a greenhouse under a normal growth conditions as mentioned above.
Approximately 20 pg of plasmids were transfected into protoplasts using the
PEG-mediated transfection protocol as described previously’'. The transfected
protoplasts were incubated in W5 buffer at 22°C in the dark. After incubation

for 13 h, protoplasts were supplemented with 1 mM redox agents of H,0,, amino-
1,2,4-triazole (Sigma), 5mM KI (Macklin) and 1 mM DTT for 3 h before harvesting
for microscopy observation, respectively. The Hoechst 33342 dye (5ugml™)
(Invitrogen) was used to label the nuclei of protoplast cells.

Hydrogen peroxide staining. Florescence probe HPF (Alexis Biochemical) and
unflorescence dye DAB (Sigma-Aldrich) were used to detect the endogenous
hydrogen peroxide level in tomato SAMs. For HPF staining, the tomato young
seedlings at vegetative and transition meristem stages were simply dissected

to remove extra leaves and embedded in 6% agarose (VWR Chemicals). The
embedded materials were then sectioned into 50-pm thicknesses by Microtome
(Leica VT1200S). The sections were incubated in the phosphate buffer (pH6.1)
containing 5 pM HPF for 5 min. For DAB staining, meristem sections were
incubated in the DAB staining buffer (1 mgml~' DAB and 200 mM Na,HPO,,
pH6.5) for 4h, and leaves were incubated for 12 h. The staining was then stopped
in a fixing solution (ethanol:lactic acid:glycerol, 3:1:1). Images were collected using
stereomicroscope (LeicaDM5000-B).

Microscopy imaging. Imaging for tomato protoplast cells and young leaves

was performed on a Leica SP5 confocal microscope with X20, x40 and x63 oil
objectives. GFP was detected using 488 nm laser excitation and 500-540 nm
emission filter. The Hoechst dye signals were detected with 405nm laser excitation
and a 440-480 nm emission filter. Dissection and stereomicroscope imaging

of tomato meristems were carried out under Olympus microscope (SteREO
Discovery, v.12) by following a standard protocol as previously reported™”.

FRAP. FRAP of TMF-GFP condensates in transfected tomato protoplasts and
transgenic plants was performed on a Zeiss 710LSM confocal microscope using a
%60 oil objective. The punctate region of TMF-GFP was bleached using a 488 nm
laser pulse (65% intensity). In vitro FRAP analysis was conducted with samples
in 384-well microscopy plates using a Nikon Al microscope equipped with a

%60 oil immersion objective. Droplets with and without Cy-3 labeled DNA were
bleached with a 488 nm laser pulse and 488/595 laser pulse, respectively (at least
three repeats). The recovery time was recorded for the indicated time

as mentioned.

Image analysis and signal quantification. Signal strength of the fluorescence
images and immunoblotting images was quantified using Image] (Fiji Win64). Raw
images were imported and transformed into eight-bit type. The measurements
were performed according to the user guide of the software.

Yeast one-hybrid assays. Yeast one-hybrid assays were performed as described
previously™. Briefly, the various DNA fragments from AN promoter region were
cloned into pLacZi2u vector by which the LacZ was expressed as a reporter.

The coding sequences of TMF and its mutant variants were ligated into the
PB42AD vector to generate activator constructs. The resulting constructs

were cotransformed into yeast strain EGY48 by following a standard yeast
transformation handbook protocol (Clontech). The yeast colonies were grown
on selective medium for 3d at 28 °C. To quantify and compare the transcription
regulating activity, the yeast cells were cultured in SD/-Trp-Ura liquid medium
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until the ODg, went up to 1.0. The cellular p-galactosidase activity was determined
by using a yeast p-galactosidase assay kit (Thermo Scientific).

ChIP-qPCR. ChIP-qPCR assay was carried out as described previously with
minor modifications™. To obtain enough vegetative meristem tissue for ChIP-
qPCR assay, we transformed TMF-Myc fusion construct into an fa mutant that
overproliferates vegetative meristems during inflorescence development. Young
inflorescences of pSuper: TMF-Myc/fa transgenic plants grown in greenhouse were
used for crosslinking in prechilled PBS with 1% formaldehyde (Sigma-Aldrich)
buffer under vacuuming (7.5 psi). The crosslinking reaction was quenched using
prechilled PBS with 0.125M glycine solution. After washing three times with
distilled deionized water, the fixed tissue was quickly ground in liquid nitrogen.
The nuclei isolation and chromatin release were performed as described. The
TMEF-Myc protein was immunoprecipitated by anti-Myc antibody (Sigma) and
isolated by protein A/G magnetic beads (Millipore). Data for statistical analysis
were collected from three independent experiments with three technical replicates
for each experiment.

Mass spectrometric analysis of protein disulfide bonds. Protein disulfide

bond identification were performed as described before™*. For the protein sample
pretreatment, the purified recombinant TMF proteins were alkylated by

25mM N-ethylmaleimide for 45 min at room temperature in the dark. The
alkylated proteins were subjected for pepsin digestion (pepsin:protein ratio, 1:50)
for 2h at 37 °C followed by overnight trypsin digestion at 37 °C (trypsin:protein
ratio, 1:50). The digested samples were loaded into Orbitrap Fusion Lumos
equipped with EASY-nLC 1200 (ThermoFisher) for liquid chromatograph
tandem mass spectrometry (LC-MS/MS) analysis. The resolution of MS1 and MS2
scans were set to 120,000 and 15,000, respectively. The Sol Genomics

Network database ITAG3.2 was used for tomato protein sequence analysis.

The search engine pLink v.2.3 (http://pfind.ict.ac.cn/software/pLink/index.
html) was used for disulfide linkage analysis. Both precursor mass and fragment
tolerance were set at 20 ppm. The n-ethylmaleimide [C] was set to variable
modification.

PDI assay. The human PDI (gene accession no. AK297967) used in this study was
recombinantly expressed in E. coli and purified as previously reported™. For the
PDI assay, GFP-TMF protein was reacted with 1M PDI in a classical a redox
balancing buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM GSH and 0.2mM GSSG,
GSH/GSSG =5)". For PDI catalyzed disulfide reformation, GFP-TMF protein
was incubated with 100mM DTT for 4 h to fully reduce the disulfide bonds. The
DTT was then removed by dialysis using a dialysis membrane (Solarbio) and
protein ultrafiltration columns (Vivaspin turbo). The dialyzed TMF proteins were
incubated with 1 pM PDI in the redox balancing buffer. All the above reactions
underwent at 4 °C for 4h before microscopy imaging.

Transcription activity assay. The previously reported GUS-LUC dual reporter
system was used for the transcription activity analysis™. In the assays, the TMF
and its cysteine mutated variant proteins served as effectors, with GFP alone as
a negative control. The GUS gene driven by the 2-kb upstream promoter region
of AN (pAN:GUS) served as a reporter. The firefly LUC gene driven by CaM'V’
35S promoter (35S:LUC) was used as an internal control. The combinations of
effector and reporter plasmids were coinfiltrated into Nicotiana benthamiana
leaves as described. After infiltration for 48 h, the leaves were treated with different
chemicals, including 10 mM H,0,, 5mM KI, 0.5mM AT, 50 pM SHAM (Sigma)
and 0.5 pM DPI for 12 h before harvesting. To measure the activity of GUS and
luciferase (LUC) activity, the 4-methylumbelliferyl glucuronide (Sigma) and
luciferin (Promega) were used as substrates, respectively. The transcriptional
activity was reflected by the ratio of activity of GUS to LUC.

Immunoblotting analysis of TMF proteins. Total protein was extracted from
young leaves of a 35S:TMF-Myc/fa transgenic plant with lysis buffer (10 mM
Tris-HCI, 150 mM NaCl, 0.5% NP40) supplemented with or without 10 mM

DTT for 30 min on ice, respectively. The total proteins were loaded into SDS—
PAGE for western blotting analysis. Anti-Myc antibody (Sigma) and horseradish
peroxidase-conjugated (antimouse) secondary antibody (Easybio) were used

for TMF-Myc protein detection, horseradish peroxidase-conjugated anti-Actin
(Easybio) was used for Actin protein detection. The immunoblotting signals were
visualized by a chemiluminescence apparatus (Tanon 500 Multi).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to
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Source data are provided with this paper. All other data supporting the findings of
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are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1| Images and quantification data for hydrogen peroxide staining and redox chemical treatments. a, DAB staining and stereoscope
imaging showing the accumulation of H,0, in tomato young leaves treated with or without H,0, (10 mM) for 36 h. b,c, HPF staining (b) and quantitative
data (c) showing the accumulation of H,0, in the meristem treated with or without H,0, (10 mM) for 48 h. (n=3). d,e, Stereoscope images (d) and
quantitative data (e) comparing flowering transition indicated by leaf production until floral meristem stage transition from mock and H,O, (10 mM)
treated WT (upper) and tmf-2 (bottom). Leaf production is indicated by leaf number. L, Leaf. Scale bar, 100 pm. Data are presented as means (+ s.d.).
Sample size used for statistics of mock and H,0O, treatment for WT and tmf-2 is 19, 16, 43, 44, respectively. f, Phylogeny tree showing RBOH gene family

in tomato. g, Expression of SIRBOH genes during meristem maturation of tomato. h, CRISPR/Cas9 gRNAs for targeting SIRBOH genes. i, DAB staining
showing decreased H,0, level in CRISPR mutant of slrboh1 slrboh2. Scale bar, 0.9 cm. j, Stereoscope images comparing flowering transition indicated by
leaf production until floral meristem stage transition from WT and sirbohT slrboh2 mutant, L, leaf. Scale bar, 100 pm. Three independent assays with similar
results were carried out. In ¢ and e, data are presented as means (+ s.d.)(two-tailed t-test).
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Extended Data Fig. 2 | Droplet property and FRAP analysis of TMF-GFP condensates. a, Amino acid sequence of TMF indicating IDRs, putative DNA
binding domain and cysteine residues. b, Aspect ratios (maximal diameter/ minimal diameter) of droplets formed GFP-TMF. Gray ellipses show a guide
to the eye of different aspect ratios. Totally, 202 droplets were measured for aspect ratio calculation. ¢, Quantification of TMF-GFP transfected tomato
protoplast cells with or without condensates in nuclei. Three independent experiments were performed for quantification. Data are presented as (+ s.d.)
(n=48).d,e, Image (d) and quantitative data (e) showing the recovery of TMF-GFP condensates after photobleaching in tomato protoplasts. The
bleached (green line) event occurs at time = 0 s. The unbleached (blue line) was used as control. Quantitative data are representative of three
independent photobleaching events. Data are presented as (+ s.d.) (n = 3).
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Extended Data Fig. 3 | Quantification data and representative images for protein behavior of TMF and its mutated variants after redox chemicals
treatment. a, Quantification of integrated fluorescence density of the liquid-like droplets formed by GFP-TMF protein under various concentration
combinations of H,0, and DTT with constant protein concentration (25 pM). b,¢, Representative confocal images (b) and quantification data (¢) showing
effects of TCEP treatment on droplet formation of GFP-TMF proteins. Protein concentration, 20 pM; Salt concentration, 25 mM. Scale bar, 20 pm.

d, Schematic sedimentation assay for redox regulated phase separation. e,f, Immunoblotting (e) and quantification data (f) showing the distribution of
TMF proteins between aqueous-solution/supernatant (S) and condensed liquid phase/pellet (P) fractions after H,O, or DTT treatments. g, Schematics
showing TMF variants with IDR or cysteine mutations. h, Quantification of integrated fluorescence density of the droplets formed by TMF variants with
IDR or cysteine mutations. i, Immunoblot analysis showing the expression for TMF and variants with IDR or cysteine mutations in tomato protoplast.
Actin serves as a loading control. In a,c,f h, three technical replicates data are presented as means (+ s.d.) (n = 3, two-tailed t-test).
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Extended Data Fig. 4 | Inter- and intramolecular disulfide bonds identified by LC-MS/MS. a, LC-MS/MS spectrum of intramolecular and intermolecular
disulfide bonds from normal TMF. b, Schematic diagrams showing the working model of PDI in different redox status. ¢, LC-MS/MS spectrum of
intramolecular and intermolecular disulfide bonds from PDI treated TMF protein.
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Extended Data Fig. 5 | Representative colonies and quantification data of yeast one-hybrid assay. a, Promoter regions upstream of the AN gene selected
for yeast one hybrid assays in (b-d). b-d, Colony growth assessment (b) and quantification of -galactosidase activity (c,d) in yeast one-hybrid assay.

e, Promoter regions upstream of the AN gene selected for evaluating the ChIP enrichments. In ¢ and d, three biological replicates data are presented as
means (+ s.d.) (n = 3, two-tailed t-test).
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Extended Data Fig. 6 | Quantification data for droplets, phase sedimentation assay and leaf production for flower transition. a, Phase diagram showing
droplets formed by GFP-TMF protein and Cy-3 labeled DNA fragments under various concentration combinations of H,O, and DTT with constant

protein concentration. Scale bar, 5 pm. b,c, Immunoblotting (b) and quantification data (¢) showing the distribution of TMF-DNA complex between
aqueous-solution/supernatant (S) and condensed liquid phase/pellet (P) fractions after H,0, or DTT treatments. Three technical replicates data are
presented. d, Western blot analysis showing expression of proteins in transgenic plants. The Wild-type (WT) plant sample served as a negative control,
actin served as a loading control. e, Quantification of leaf number to flower transition on primary shoots. In ¢ and e, data are means(+ s.d.) (n = 3 for

¢, n = 8 for e, two-tailed t-test).
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Data collection was performed manually and captured using Microsoft Excel 2013

Data analysis Statistical analyses were performed using Microsoft Excel 2013, R 3.5.1, Sigmaplot 10.0. Significances of difference were analyzed by
two-tailed t-test . In all cases, n is as indicated; p is defined as follows: *, p < 0.05; **, p < 0.01; ***, p <0.001.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Figures 1-5, Extended Data Figures 1-6. No restrictions on data availability. All data used as part of this study are included in this manuscript or its Extended Data
and Supplementary Materials or are available upon request from the corresponding author.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Given that all genotypes analyzed were either wild type controls or stable homozygous mutants, > 10 biological replicates for meristems were
analyzed in each experiment for data presented in this study. For statistical analysis, two-tailed t-test was used.
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Data exclusions  No data excluded.
Replication All presented either in Methods or Supplementary information.
Randomization  Seedlings used for phenotyping were grown side by side with several replicates, and multiple times at greenhouse.

Blinding Not applicable.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq

X

[] Eukaryotic cell lines X[ ] Flow cytometry
[] Palaeontology X[ ] MRI-based neuroimaging
[] Animals and other organisms

Human research participants

XXNXNXKX[ S

[] clinical data
Antibodies
Antibodies used Monoclonal antibodies (Anti-His) against TMF-His was sourced from BPI. Goat anti-mouse IgG HRP-conjugated secondary
antibodies was purchased from EasyBio.
Validation Validation of commercially available antibodies is provided by the supplier.
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