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SUMMARY
The transition of the shoot apical meristem (SAM) from vegetative growth to flowering, a key step of angio-
sperm reproductive success, is highly vulnerable to heat stress. Overproduction of reactive oxygen species
(ROS) is a hallmark of such environmental stresses, but how SAM exploits the extra ROS to achieve heat-
stress resilience is largely unknown. Here, we report that tomato plants respond to heat-induced ROS burst
by slowing down SAM maturation and lengthening the vegetative state to achieve heat resilience. Heat-
induced extra ROS prolonged the transcriptional condensation status of TERMINATING FLOWER (TMF), a
prion-like transcription repressor that undergoes phase separation by sensing hydrogen peroxide (H2O2),
therefore temporarily delaying activation of flowering transition and extending vegetative growth. Loss-of-
function of TMF, or base editing of a single cysteine residue that senses H2O2, abolishes heat resilience.
Our findings demonstrate that transcriptional reprogramming triggered by ROS might be a molecular basis
of plant developmental plasticity underlying heat-stress resilience.
INTRODUCTION

Rising temperature caused by global climate change poses a

significant challenge to crop production, elevating interest in

crop heat tolerance.1 The response mechanism of heat stress

(HS) on later stages of reproductive success, such as pollen

development and fertilization, has been well documented in liter-

atures.2 However, the effects of HS on the shoot apical meristem

(SAM) that harbors a group of stem cells located at the tip of each

plant and generates all above-ground organs of higher plants,

have been largely ignored.3 Plants have evolved remarkable

developmental plasticity to adapt to temperature changes and

expand to diverse ecosystems, but our knowledge about the un-

derlying molecular mechanisms of such plasticity is still very

limited. Developmental plasticity is the organism’s ability to

adjust its growth and developmental processes in response to

environmental cues in the time span of its lifetime, in contrast

to passing beneficial genetic variations through natural selection

across generations.4,5 The plasticity of SAM development re-

quires a mechanism to rewire the otherwise highly stable and

precise SAM development program in response to environ-

mental conditions.3,6 Flowering transition, which marks the

switch of SAM from vegetative to reproductive growth, is highly
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sensitive to HS.7 Exposure to HS at this specific stage often

leads to devastating consequences for reproductive develop-

ment and seed/fruit setting as well as a substantial loss of crop

yield.8,9 However, at a molecular level, little is known about

how exactly SAM canalizes environmental changes such as

HS through adjustment of the maturation program to create

the plasticity.

Plants have evolved sophisticated signaling pathways to

respond to various environmental changes and achieve stress re-

silience. Accumulation of reactive oxygen species (ROS), such as

hydrogen peroxide (H2O2) and superoxide (O2
.�), is a hallmark of

responses to environmental stresses in plants.10,11 On one hand,

various proteins, such as heat-shock chaperones and signaling

pathways, prevent ROS overproduction or remove non-functional

proteins caused by oxidative damage to ensure developmental

robustness under HS.12–16 On the other hand, developmentally

produced ROS can serve as beneficial signals for plant develop-

ment and growth, including their significant roles in maintenance

and differentiation of stem cells in the SAM and root apical meri-

stem.17–19 We recently found that developmentally produced

H2O2 in the boundary domains of SAM induces the formation of

disulfide bonds to trigger phase separation of a transcriptional

repressor, TERMINATING FLOWER (TMF). The ROS-induced
gust 4, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Reprogramming of SAM maturation at early vegetative meristem stage confers heat resilience in tomato

(A) Experimental design for heat treatment of tomato seedlings at EVM stage and recovery at different shoot apical meristem maturation stages.

(B and C) Stereoscope images (B) and leaf numbers of representative meristems (C) showing the SAMmaturation process under HS. The numbers of meristems

observed at different stages are 10, 10, 10, 10, and 32 for NC and 10, 10, 10, 10, and 65 for HS, respectively.

(D) Representative stereoscope images (upper) and schematics (bottom) showing themorphology of inflorescencemeristems derived from primary shoot apex of

WT plants under sustained NC or recovered from continuous HS when reaching the indicated stages. Yellow triangles indicate inflorescence branching. Orange

dots indicate SIMs. Red triangles indicate vegetative reversions. The numbers of meristems used for the observation of inflorescence meristem architecture are

18, 8, 22, 10, and 16, respectively.

(legend continued on next page)
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transcriptional condensates of TMF enable precise control ofmer-

istemmaturation and flowering transition in tomato.18 The biomol-

ecular condensates formed by protein phase separation have

been found to play critical roles in stress responses in various or-

ganisms.20–22 The formation and maintenance of biomolecular

condensates have been recently reported to be closely related

to altered ROS levels.18,23–25 As inevitable byproducts of cellular

activity and energymetabolism, how ROS reprogram plant devel-

opmental processes through regulating protein phase separation

to adapt to environmental changes has been a fundamental yet

unresolved scientific question.

As one of the highest value fruit/vegetable crop worldwide, to-

mato originates from a relatively cool region in the Andes of

South America (optimum growth temperature 22�C to 28�C)
and is vulnerable to higher temperatures.26–28 Tomato plants

exhibit a sympodial growth habit and multiflowered inflores-

cences with a zigzag branching pattern.29,30 The SAMmaintains

vegetative development before transitioning to reproductive

development and terminating in an inflorescence meristem.

The continuous growth of tomato plants arises from sympodial

shoot meristems (SYMs), specialized axillary meristems that

develop in the axil of the last leaf produced by the primary shoot

meristem (PSM) and canonical axillary meristems.29,31 The floral

transition of tomato plants occurs after a stepwise SAMmatura-

tion program that can be developmentally defined and morpho-

logically observed after removing the young leaves surrounding

SAM,18,29 making it an ideal model for exploring SAM develop-

ment under stresses. Here, we find that heat-induced ROS facil-

itate the formation of TMF transcriptional condensates, which

temporarily slows the SAM maturation process toward the

reproductive state. This redox regulatory mechanism, a discov-

ery in the molecular basis of developmental plasticity, allows

tomato plants to prolong their vegetative growth as a coping

mechanism under HS to maintain and optimize reproductive

success.

RESULTS

Tomato plants slow SAM maturation to achieve heat-
stress resilience
To explore whether and how SAM maturation responds to HS in

tomato, we applied a 24-day continuous heat treatment using to-

mato cultivar Ailsa Craig (AC, WT) and monitored the develop-

mental consequences during the entire SAM maturation pro-

cess. Specifically, we transferred plants at an early vegetative

meristem (EVM) stage from 26�C (normal condition, NC) to

35�C (HS) for continuous growth (Figure 1A) and analyzed the

developmental differences between NC and HS at different

SAM maturation stages, including middle vegetative meristem

(MVM), late vegetative meristem (LVM), transition meristem

(TM), and flower meristem (FM) stages. According to the plasto-
(E and F) Representative shoots and primary inflorescences (E) and quantificati

continuous HS when reaching the indicated stages. White triangles indicate infl

triangles indicate vegetative reversions on inflorescences.

N, number of samples for quantification. Data are means ± SD, ***p < 0.001, S

meristem; MVM, middle vegetative meristem; LVM, late vegetative meristem; TM,

bars, 100 mm (B and D), 2 cm (E, plants), 1 cm (E, inflorescences).

See also Figure S1 and Table S2.
chron index, the time interval between two successive leaf or

flower primordia initiations during SAM development32 and

related morphological characteristics, the number of leaves,

and the morphology of PSM are primary indicators of the matu-

ration process.29 Typically, every new leaf production marks a

stage transition up to the TM.

For plants grown under NC, we observed a typically pro-

grammed maturation process as previously described (Fig-

ure 1B).29 In contrast, heat-stress-treated plants dramatically

delayed the transition from the EVM to theMVM stage, indicated

by the production of around four more extra leaves (Figures 1B

and 1C). Once the maturation process entered into the MVM

stage, the interval of leaf numbers between different stages no

longer showed differences between plants under NC and HS

(Figures 1B and 1C). Finally, the plants suffering from HS pro-

duced four more leaves than under NC at flowering transition

(Figures 1B and S1A). These results suggest that HS at the early

vegetative stage of meristem maturation delays floral transition

and the delay is mainly due to the longer duration of the vegeta-

tive meristem stage (Figure S1B).

We subsequently investigated the phenotypic outcomes of

HS. As shown in Figure 1A, the aforementioned plants were al-

lowed to grow until MVM, LVM, TM, and FM stages and then

were moved to NC for recovery growth, respectively. Plants

recovered at vegetative stages (MVM and LVM) showed normal

inflorescence meristems (Figure 1D) and thus inflorescence ar-

chitecture (Figure 1E). However, occasional branching began

to appear on the PSM of plants recovered at TM stage, and

much more frequent branching, along with a few vegetative re-

versions, occurred in the PSM of plants recovered at FM stage

(Figure 1D), suggesting that HS alters the developmental fate

of SAM once it enters the reproductive stage. Accordingly,

despite the delay in flowering (Figures 1E and 1F), the primary in-

florescences (the first inflorescence of the plant) of plants recov-

ered at vegetative stages showed normal inflorescence architec-

ture (Figure 1E). In contrast, the primary inflorescences of plants

recovered at TM and FM stages showed branches, and vegeta-

tive reversions occurred in the primary inflorescences of plants

recovered at FM stage (Figure 1E). Moreover, the fruit setting

rate and yield of plants recovered at FM stage decreased

22.7% and 31.1%, respectively (Figures S1C–S1E). These re-

sults suggest that, if HS is stopped before the transitional stage

(TM) of meristem maturation, plants only delay flowering transi-

tion by producing four extra leaves without significant reproduc-

tive development disruption and losses in fruit yield. However, if

HS persists until the flowering transition stage (FM), it will lead to

severe reproductive organ developmental defects and substan-

tial yield losses. Therefore, we hypothesized that tomato plants

prolong vegetative growth when experiencing HS at the vegeta-

tive meristem stage and prevent reproductive development from

being exposed to HS to achieve heat resilience.
on of flowering time (F) for WT plants under sustained NC or recovered from

orescences, white arrowheads indicate branching on inflorescences, and red

tudent’s t test. NC, normal condition; HS, heat stress; EVM, early vegetative

transition meristem; FM, flower meristem; L, leaf; DAS, day after sowing. Scale
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SAM maturation delay occurs at EVM stage in response
to HS
To test the hypothesis, we performed stage-specific heat-stress

treatments. Specifically, we grew tomato seedlings under NCuntil

different SAM developmental stages, including EVM, MVM, LVM,

TM, and FM stages. Subsequently, we simultaneously transferred

plants at each aforementioned stage to 35�C for 14 days (Fig-

ure 2A). Compared with plants continuously grown under NC,

the initiation and development of FMand sympodial inflorescence

meristem (SIM), a specializedmeristem formedwithin the inflores-

cence that produces another SIM on its side before terminating in

a FM,29,30 were severely repressed by HS (Figures 2B and S2A).

After 14 days, the SAMs of plants grown under NC had reached

the reproductive stage, with four to seven FMs and SIMs, display-

ing the normal ‘‘zigzag’’ inflorescence architecture (Figures 2B

and S2A). Plants exposed to HS at EVM stage showed delayed

meristem maturation, with a prolonged duration of vegetative

meristem, entering the MVM and TM stages with the production

of about four more leaves (Figures 2B and S2B). However, plants

exposed to HS at other older stages (MVM, LVM, TM, and FM)

produced the same number of leaves before flowering transition

as the plants grown under NC (Figures 2B and S2B). Their FM

andSIMdevelopmentswere dramatically affected in these plants,

seen in reduced production of floral primordia, occurrence of

vegetative reversions, and increased branching events on inflo-

rescence meristems (Figures 2B and S2A). These results suggest

that HS perturbs the programmed development of SAM and trig-

gers reprogramming in certain cases.

To assess the phenotypic consequences of the 14-day heat-

stress treatment, we analyzed phenotypes of mature plants

that were transferred to NC for recovery growth after heat treat-

ment. Despite EVM-stage plants producing four more leaves at

flowering transition after heat treatment, they developed normal

inflorescence architecture and floral organs (Figures 2C and 2D).

Consequently, the fruit setting and yield of the primary inflores-

cences in these plants were not affected by HS (Figures 2E–

2G). In contrast, plants subjected to HS at older stages (MVM,

LVM, TM, and FM) did not show changes in leaf number at flow-

ering transition, but their primary inflorescences exhibited

frequent branches and vegetative reversions (Figures 2C and

2D). Specifically, aborted flowers were frequently observed on

the primary inflorescences in plants treated at TM and FM

stages, with the even-higher severity of flower abortion in plants

treated at FM stage (Figure 2C), suggesting that HS occurring

during reproductive stages exacerbates the severity of the ef-

fects. These floral development defects caused significantly

decreased fruit setting with a lost fruit yield of approximately

39.8%, 33.6%, 35%, and 63% in plants heat-treated at MVM,

LVM, TM, and FM stages, respectively (Figures 2E–2G). These

results indicate that tomato plants actively reprogram shootmer-

istem maturation in response to HS by delaying the maturation

process and extending the vegetative state to mitigate stress

damage, and this adaptive response occurs at the EVM stage.

The heat-responsive delay of SAM maturation relies on
ROS burst
Next, we explored the signal that reprograms the meristem

maturation. Given that ROS burst is a hallmark of environmental

stress responses in plants, it might be utilized as the signal to
4 Developmental Cell 60, 1–14, August 4, 2025
reprogram SAMmaturation in response to HS. There are various

pathways for ROS metabolism in organisms. Among them, res-

piratory burst oxidase homologs (RBOHs) catalyze the conver-

sion of O2 to O2
.�, which is then rapidly converted into H2O2 by

superoxide dismutases (SODs). Subsequently, H2O2 is reduced

to H2Oby various systems, including peroxiredoxin (PRX)/thiore-

doxin (TRX), glutathione peroxidase (GPX)/glutathione (GSH),

and catalase (CAT) (Figure 3A).17,33–35 Loss of SlRBOH1 and

SlRBOH2, two RBOH genes that are highly expressed in tomato

SAM, accelerated SAM maturation and promoted early flower-

ing.18 We then analyzed the phenotypic changes of the RBOH-

deficient tomato mutant upon HS by applying the heat treatment

to the seedlings at the EVM stage. To rapidly examine ROS

levels in living plants, we used the nonfluorescent dye 3,30-diami-

nobenzidine (DAB) (Figure S3A) and nitroblue tetrazolium (NBT)

staining to detect H2O2 and O2
.�, respectively (Figure S3C).

We observed lower ROS levels in the leaves of Slrboh1 Slrboh2

mutant plants than those of wild type (WT) under NC

(Figures S3A–S3D). To accurately monitor ROS levels in SAMs,

we used a more sensitive fluorescent probe of ROS, hydroxy-

phenyl fluorescein (HPF). HPF staining indicated decreased

ROS levels in leaves of Slrboh1 Slrboh2 mutant (Figures S3E

and S3F), resembling the results of DAB and NBT staining. HS

strongly induced ROS accumulation in SAMs of WT plants but

not in those of Slrboh1 Slrboh2 mutant plants (Figures 3B and

3C), indicating that heat-stress-induced ROS accumulation is

impaired in the Slrboh1 Slrboh2 plants.

We then tracked the SAM maturation in the WT and Slrboh1

Slrboh2 plants that were treated at EVM stage with continuous

HS. In contrast to meristem maturation delay observed in WT

plants, the Slrboh1 Slrboh2 mutant plants produced the same

number of leaves at flowering transition as observed under NC

(Figures 3D and 3E), suggesting that the Slrboh1 Slrboh2 plants

are unable to reprogram the meristem maturation for stress

adaption (Figure 3F). Specifically, heat-treated Slrboh1 Slrboh2

plants progressed to the FM stage whereas WT plants remained

in the vegetative meristem stage due to the heat-induced delay

of meristem maturation (Figure 3F). To investigate whether the

heat-induced delay is dependent on the developmental stage

of the meristem when experiencing stress or the absolute age

of the plant (indicated by the number of leaves), we conducted

heat treatment on WT and Slrboh1 Slrboh2 mutant plants that

had the same number of leaves but were at different develop-

mental stages of the meristem. Specifically, WT plants are at

the EVM stage after producing seven leaves, whereas the

Slrboh1 Slrboh2 mutant is already at the MVM stage when pro-

ducing seven leaves due to its slight early-flowering pheno-

type.18 The results indicated that the WT showed an expected

meristem maturation delay, with production of about four more

leaves at flowering transition under HS, whereas Slrboh1

Slrboh2 mutant plants exhibited the same number of leaves at

flowering transition as they did under NC (Figures S3G and

S3H), suggesting that heat-responsive delay is linked to the

developmental stage of plants rather than their age. To investi-

gate the phenotypic consequences of mature plants, we simul-

taneously transferred the heat-treated WT and Slrboh1 Slrboh2

plants to NC for recovery growth. In contrast to WT plants

that produced normal inflorescence architecture and floral

organs (Figures 3G and 3H), Slrboh1 Slrboh2 plants showed



Figure 2. Developmental and fruit yield consequences of heat stress on tomato seedlings at different SAM maturation stages

(A and B) Experimental setup (A) and representative stereoscope images and schematics showing the effects of 14-day HS on shoot apical meristem at different

stages (B). DAS, day after sowing. The numbers of meristems used for quantification are 8, 6, 10, 8, and 8 for NC and 8, 5, 8, 7, and 13 for HS, respectively. The

colored dots (red, orange, yellow, green, blue, pink, and purple dots) indicate SIMs and FMs. Red triangles indicate vegetative reversions, and yellow triangles

indicate branching events. Green ovals indicate vegetative reversions.

(C and D) Representative images of plant and primary inflorescence (C) and quantification of leaves at flowering (D) for plants recovered to NC after 14-day HS

treatment at different SAM maturation stages. White triangles indicate primary inflorescences, white arrowheads indicate branching, red triangles indicate

vegetative reversions, red arrowheads indicate aborted flowers.

(E–G) Representative images of fruits (E), quantification of fruit setting rate (F) and yield (G) for the primary inflorescences of plants recovered from 14-day HS at

different developmental stages.

N, number of samples for quantification. Data are means ± SD, *p < 0.05, ***p < 0.001, Student’s t test. n.s., not significant; NC, normal condition; HS, heat stress;

EVM, early vegetative meristem; MVM, middle vegetative meristem; LVM, late vegetative meristem; TM, transition meristem; FM, flower meristem; L, leaf. Scale

bars, 100 mm (B), 2 cm (C, plants; E), and 1 cm (C, inflorescences).

See also Figure S2 and Table S2.
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Figure 3. The delay of flowering transition relies on heat-induced H2O2 accumulation

(A) Schematic diagram of ROS metabolism in plants.

(B andC) Representative images (B) and intensity quantification (C) of HPF staining showingROS level in themeristems ofWT andSlrboh1 Slrboh2mutants under

NC and HS.

(D–F) Stereoscope images (D), quantification of leaves at flower transition (E), and schematic diagram (F) showing the SAMmaturation process ofWT andSlrboh1

Slrboh2 under NC and HS.

(G and H) Representative shoots and primary inflorescences (G) and quantification data (H) of flowering time for WT and Slrboh1 Slrboh2 mutant plants grown

under NC and recovered from continuous HS when Slrboh1 Slrboh2 mutant plants reached FM, respectively. White triangles indicate primary inflorescences,

white arrowheads indicate branching, red arrowheads indicate aborted flowers.

N, number of samples for quantification. Data are means ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. n.s., not significant; NC, normal condition; HS,

heat stress; EVM, early vegetative meristem; VM, vegetative meristem; TM, transition meristem; FM, flower meristem; L, leaf. Scale bars, 100 mm (B), 50 mm (D),

2 cm (G, plants), and 1 cm (G, inflorescences).

See also Figure S3 and Table S2.
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disordered reproductive development. Specifically, their inflo-

rescences showed 88% branching and 31% reversion events,

accompanied by a frequent occurrence of aborted flowers

(Figures 3G and 3H). The fruit setting rate and fruit yield were

comparable between WT and Slrboh1 Slrboh2 plants under

NC (Figures S3I and S3J). However, the Slrboh1 Slrboh2 plants

exhibited a significant decline in both traits when subjected to

HS. Specifically, the fruit setting rate decreased by 59.37%

and the fruit yield decreased by 57.4% in Slrboh1 Slrboh2 plants

(Figures S3I and S3J). These results suggested that heat-

induced accumulation of ROS protects SAM maturation from

precocious exposure of reproductive organs to stress damage.

HS reprograms meristem maturation through TMF
TMF acts as a transcriptional switch for flowering transition in to-

mato by sensing developmentally produced ROS and forming

transcriptional condensates via protein phase separation.18,36

We applied heat treatment to tmfmutants to investigate whether
6 Developmental Cell 60, 1–14, August 4, 2025
heat-stress-induced delay of SAMmaturation relies on TMF. The

results showed that the TMF null mutant, tmf-1, failed to delay

SAMmaturation in response to HS (Figures S4A and S4B). Given

that tmf-1 shows strong phenotypes in flowering time and inflo-

rescence architecture due to rapidly precocious termination of

meristem maturation,36 we therefore confirmed the effects by

taking advantage of the tmf-2 mutant. This allele displays a

moremoderate effect, resulting in the flowering of approximately

two leaves earlier than the WT.36 Likewise, we found that tmf-2

plants did not delay meristem maturation marked by producing

extra leaves, as seen in WT plants (Figures 4A–4C). Notably,

the heat-induced accumulation of ROS in the tmf mutants was

found to be indistinguishable from that in WT plants, thereby

excluding any phenotypic influences arising from changes in

ROS levels (Figures S4C–S4F). The tmf-2mutant plants showed

a high frequency of branching (57%) on the primary inflores-

cences along with aborted flowers (Figures 4D and 4E), resem-

bling the effects observed in the ROS production-deficient



Figure 4. HS slows flowering transition through extending transcriptional condensation of TMF protein

(A–C) Stereoscope images (A), quantification of leaves at flower transition (B), and schematic diagram (C) showing the SAMmaturation process of WT and tmf-2

plants under NC and HS.

(legend continued on next page)
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Slrobh1 Slrobh2 mutant (Figure 3G). Moreover, the overexpres-

sion of TMF resulted in a slight delay in the flowering transition,

with approximately two additional leaves compared with WT un-

der NC (Figures S4G and S4H). This delay was further exacer-

bated by HS, with an additional increase of approximately two

leaves (Figures S4G and S4H). Collectively, these results indi-

cate that the heat-stress-responsive delay of SAM maturation

is dependent on TMF.

ROS burst prolongs transcriptional repression status of
TMF condensates
Wenext investigatedhowheat-inducedROSslowmeristemmatu-

ration for stress resilience. Given that HS did not change the tran-

scription level ofTMF (Figure 4F), wehypothesized that the regula-

tory mechanism may reside in the stress-responsive control of

TMF protein behavior. To test this, we examined status changes

of TMF condensates in living cells. We took advantage of a fission

yeast system that is widely used for investigating protein phase

separation in both animals and plants.37–40 When expressed in

fissionyeastcells, theGFP-TMFprotein showeda typical punctate

localization in the nucleus, similar to the pattern in the cells of to-

mato plants (Figure 4G).18 Heat treatment significantly enhanced

the formationofTMFcondensates (Figures4Gand4H). Tovalidate

this inplanta,wesubjected theGFP-TMF transgenic tomatoplants

to heat-stress treatment and observed TMF condensates. Heat

treatment led to a significant enhancement in TMF condensation,

characterized by approximately a 20-fold increase in the propor-

tion of punctate-localized GFP-TMF protein in the nucleus

compared with NC (Figures S4I and S4J). This phenomenon is

reminiscent of the changes in TMF condensates induced by

ROS application.18 We then explored whether the changes of

TMF phase separation status rely on endogenous ROS levels.

We expressed GFP-TMF in the WT and Slrboh1 Slrboh2 mutant

with reducedROS levels (Figures3B, 3C, andS3A–S3F) and found

that the proportion of cells with punctate-localized GFP-TMF was

significantly reducedbyapproximately46%in theSlrboh1Slrboh2

mutant compared with WT (Figures S4K and S4L). These results

suggest that heat-stress-induced TMF condensation depends

on cellular ROS accumulation.

Cysteine residues at positions 112, 124, and 126 of the TMF

protein can sense and become oxidized by cellular ROS, result-

ing in the formation of intermolecular and intramolecular disulfide
(D and E) Representative shoots and primary inflorescences (D) and quantification

recovered from continuous HS when tmf-2 reached FM stage, respectively.

branching, red arrowheads indicate aborted flowers.

(F) Representative image of micro-dissected transitional meristems (left) for real-t

NC. UBIQUITIN (UBI) and HSP70 serve as an internal control and positive contro

(G and H) Representative images (G) and quantification data (H) showing enhance

indicate nuclei with puncta.

(I and J) Representative images (I) and quantification data (J) of nuclei with puncta

mutant under NC and HS, respectively. White arrowheads indicate nuclei with p

(K and L) Relative expression of AN in the transitional meristems of WT (K) and t

(M and N) Schematics of constructs (M) and transcriptional repression of AN unde

activity, using LUC as an internal control.

(O–Q) Representative stereoscope images of meristems (O), quantification of leav

tmf-1, Slrboh1 Slrboh2, and tmf-1 Slrboh1 Slrboh2. White triangles indicate prim

N, number of samples for quantification. Data are means ± SD, *p < 0.05, **p < 0.0

heat stress; EVM, early vegetative meristem; VM, vegetative meristem; TM, transi

(D, plants), 1 cm (D, inflorescences; Q), 5 mm (G), 50 mm (I, bright), and 10 mm (I,

See also Figure S4 and Table S2.
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bonds that drive protein phase separation.18 To test whether the

enhanced TMF protein phase separation is caused by the

sensing of heat-stress-induced ROS, we mutated the cysteine

at position 112 to serine (GFP-TMFC112S) and examined the

phase separation property by transiently expressing in tobacco

plants. In contrast to the noticeably heat-responsive increase

in puncta formation observed in the GFP-TMF protein, the status

of the GFP-TMFC112S variant showed a slight change under HS

(Figures S4M and S4N). To validate this in living tomato plants,

we generated complementation transgenic plants in the tmf

mutant by expressing GFP-TMF and GFP-TMFC112S, respec-

tively. Expression of GFP-TMF rescued the early flowering and

single-flower phenotypes of tmfmutant plants as described pre-

viously, suggesting a normal function of TMF.18,36 We examined

changes in the phase separation status of GFP-TMF and GFP-

TMFC112S in response to HS within the SAM. HS dramatically

increased the proportion of GFP-TMF condensates in the shoot

apical stem cells (Figures 4I and 4J). However, the GFP-

TMFC112S protein did not show such responsive changes

(Figures 4I and 4J). Consistently, GFP-TMFC112S could not

rescue the phenotype of tmfmutant plants.18 These results sug-

gest that stress-responsive enhancement of TMF protein phase

separation relies on sensing of heat-induced ROS.

We next explored how heat-induced TMF condensation af-

fects gene expression. We previously reported that TMF directly

binds the promoter of the floral identity gene ANANTHA (AN) to

repress its expression until the onset of flowering transition.18

Activation of AN marks initiation of floral transition in tomato

plants. We performed microdissection of the TMs for reverse-

transcriptase quantitative PCR (RT-qPCR) analysis and found

that HS delayed the transcriptional activation of AN in the

SAMs of WT plants (Figure 4K). In contrast, the AN expression

in the tmf-2 mutant showed no significant difference between

NC and HS (Figure 4L), suggesting that TMF-controlled AN

expression underlies the delay of meristem maturation caused

by HS. To test the direct transcriptional regulation of TMF on

AN under HS, we performed GUS-LUC dual reporter assays in

tobacco plants (Figure 4M). We found that the degree of tran-

scriptional repression of AN’s expression was associated with

the enhancement of TMF condensate formation under HS (Fig-

ure 4N). To genetically test whether ROS-burst-controlled heat

resilience relies on TMF, we crossed tmf-1 with Slrboh1 Slrboh2
data (E) of flowering time for WT and tmf-2mutant plants grown under NC and

White triangles indicate primary inflorescences, white arrowheads indicate

ime PCR analysis. Relative expression was normalized to the expression under

l, respectively.

d protein phase separation of TMF under HS in yeast cells. White arrowheads

in the SAM of transgenic plants expressing GFP-TMF andGFP-TMFC112S in tmf

uncta.

mf-2 mutant (L) under HS. UBI served as an internal control.

r HS (N). The ratio of GUS/LUC was used to indicate the relative transcriptional

es at flower transition (P), and representative primary inflorescences (Q) for WT,

ary inflorescences.

1, ***p < 0.001, Student’s t test. n.s., not significant; NC, normal condition; HS,

tion meristem; FM, flower meristem; L, leaf. Scale bars, 100 mm (A and O), 2 cm

GFP).



Figure 5. Base editing of H2O2-sensing cysteine residue of TMF abolishes heat-stress resilience of meristem maturation

(A) Schematic of TMF protein domains and amino acid sequence of the ALOGdomain. Conserved cysteine residues for disulfide bond formation are shown in red.

NLS, nuclear localization signal.

(B) Schematic diagram of adenine base editor (ABE). sgRNA, single guide RNA; PAM, protospacer adjacent motif; A, adenine; G, guanine.

(C) Schematic indicating sgRNA (red line, upper) and allelic information (bottom) for CR-TMFC124R.

(D and E) Representative shoots and primary inflorescences (D) and quantification of flowering time (E) for WT and CR-TMFC124R mutants grown under NC. We

refer to the �70% of CR-TMFC124R mutant plants with single-flowered primary inflorescences as CR-TMFC124R (tmf-like) and the remaining �30% of plants with

multiple-flowered primary inflorescences as CR-TMFC124R (WT-like). White triangles indicate primary inflorescences.

(F and G) Stereoscope images (F) and quantification of leaves at flower transition (G) in WT and CR-TMFC124R mutants under NC and HS.

N, number of samples for quantification. Data are means ± SD, *p < 0.05, ***p < 0.001, Student’s t test. n.s., not significant; NC, normal condition; HS, heat stress;

L, leaf. Scale bars, 2 cm (D, plants), 1 cm (D, inflorescences), and 100 mm (F).

See also Figure S5 and Table S2.
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and generated tmf-1 Slrboh1 Slrboh2 triple mutant. The resulting

phenotypes of the tmf-1 Slrboh1 Slrboh2mutant in terms of SAM

maturation, flowering time, and inflorescence architecture were

indistinguishable from those observed in the tmf-1 single mutant

(Figures 4O–4Q), suggesting that TMF is epistatic to SlRBOH1

and SlRBOH2. Together, these results demonstrated that TMF

is the executor of the meristem maturation delay induced by

the ROS burst.

Base editing of endogenous TMF transcriptional
condensates abolishes stress resilience
Despite the evidence generated by overexpression and comple-

mentary transgenic plants, the spatiotemporal property of TMF
expression and condensation, as well as fine-scale localization

of ROS signals, makes endogenous mutation of TMF the ideal

strategy to investigate its phase separation behavior in vivo.

TMF contains an ALOG domain with three functional conserved

cysteine residues—C112, C124, and C126—that sense ROS to

form disulfide bonds and trigger phase separation (Figure 5A).18

Expression of GFP-TMFC112S could not rescue the tmf mutant

phenotypes, establishing the function of cysteine-mediated pro-

tein phase separation for TMF.18 To precisely alter the endoge-

nous cysteine residues of TMF, we took advantage of the

adenine base editor (ABE), which efficiently generates adenine

(A)-to-guanine (G) conversion and is composed of a nickase-

type Cas9 (nCas9) and an adenosine deaminase (Figure 5B).41
Developmental Cell 60, 1–14, August 4, 2025 9
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We generated a vector pDIRECT-22C-ABE8e containing the

genes that encode the evolved adenosine deaminase TadA-8e

of Escherichia coli and nCas9, respectively.42,43 Due to the limits

imposed by editing windows and features of the ABE system,

only two target sites were available over the three cysteine resi-

dues, one for C124 and one for C126. Fortunately, one of them

allowed us to successfully generate a CR-TMFC124R mutant, en-

coding a TMF variant with C124 changed to R124 (Figure 5C).

Compared with WT, the CR-TMFC124R mutant plants displayed

early flowering and a single flower with magnified leaf-like sepals

in the primary inflorescences, and the phenotype of the single

flower showed about 70% penetrance (Figures 5D and 5E).44

Specifically, we referred to these CR-TMFC124R mutant plants

as CR-TMFC124R (tmf-like) and the �30% remaining plants as

CR-TMFC124R (WT-like), as they only showed early flowering

but not the single-flower phenotype due to the penetrance

(Figures 5D and 5E). The phenotypes of the CR-TMFC124R

mutant were similar to the classic tmf mutant,36 suggesting

that the C124R mutation disrupted TMF biological function.

Consistently, TMFC124R proteins exhibited a nearly complete

loss of phase separation capacity (Figure S5).

We next investigated phenotypes of CR-TMFC124R mutant

plants under HS. We applied a continuous HS treatment to WT

and CR-TMFC124R mutant plants at EVM stage. Under NC, the

CR-TMFC124R mutant showed precocious SAM maturation and

early flowering, asmentioned before (Figures 5F and 5G). Howev-

er, the meristem maturation delay did not occur in the CR-

TMFC124R mutant plants after heat treatment (Figures 5F and

5G), resembling the phenotypes of tmf-1 and tmf-2 mutants and

the ROS-production-deficient mutant Slrboh1 Slrboh2. Together,

these findings provide compelling genetic evidence that ROS-

induced SAM maturation delay in response to HS is controlled

by cysteine-residue-governed TMF transcriptional condensates.

Manipulation of endogenous ROS level confers
plasticity of SAM maturation
ROS level often has such widespread pleiotropic effects on plant

growth that it becomes difficult to focus on when studying any

specific phenotype or trait. Here, the demonstration of TMF func-

tion provided uswith a rare opportunity to fine-tune the ROS level,

as well as a gene’s response, to reprogram the developmental

process in a precise spatiotemporal context. To achieve this, we

used the TMF promoter, which is predominantly active in vegeta-

tive meristems,36 to specifically express SlRBOH1 to enhance

ROS production. The resulting pTMF:SlRBOH1-YFP transgenic

plants showed slower meristemmaturation, indicated by produc-

ing approximately two more leaves at the floral transition

compared with WT plants (Figures 6A and 6B). Accordingly, the

flowering time of mature plants was also delayed by approxi-

mately two leaves (Figures 6C and 6D). These results suggest

that manipulating ROS level by tweaking enzymes in the ROS-

generating pathway in a precise spatiotemporal context can

reprogram meristem maturation and flowering.

We subsequently tuned down the activity of the ROS-scav-

enging pathway by engineering peroxidases that express in

SAM and putatively catalyze the reduction of H2O2 into H2O.

This intervention was expected to lead to the accumulation

of endogenous H2O2. We used CRISPR-Cas9 technology to

knock out two tomato peroxidase genes that are highly ex-
10 Developmental Cell 60, 1–14, August 4, 2025
pressed in SAMs: Solyc01g108320 (designated as SlPRX1)

and Solyc12g096530 (designated as SlPRX2) (Figures S6A and

S6B). Both genes are putative homologs of the Arabidopsis

peroxidase PRX69 (AT5G64100), which is specifically expressed

in shoot apical stem cells to restrict H2O2 accumulation.17 The

H2O2 levels in the leaves ofCR-SlPRX1 andCR-SlPRX2mutants

were significantly elevated, but the O2
.� levels did not show sig-

nificant difference from WT plants (Figures S6C–S6J), suggest-

ing that loss of SlPRX1 or SlPRX2 induces ROS accumulation

by reducing the conversion of H2O2 to H2O. Both CR-SlPRXmu-

tants exhibited a delay in SAM maturation and flowering transi-

tion compared with WT plants. Specifically, the CR-SlPRX1

mutant produced approximately five more leaves before the

transition to flowering (Figures S6K–S6N), whereas the CR-

SlPRX2 mutant exhibited a weaker phenotype, resulting in only

two extra leaves prior to the flowering transition (Figures 6E–

6H). These results suggest that the ROS accumulation achieved

by partially blocking H2O2 catabolism mimics the ROS burst

induced by HS, both of which similarly adjust plant architecture

by reprogramming shoot apical stem cell maturation. The results

suggest that dynamic changes of ROS levels enable develop-

mental reprogramming and plasticity of plants. Manipulating

ROS in such a fine spatial scale to adjust the SAM maturation

program could serve as an effective means to preserve tomato

productivity—and possibly that of other crops—in the face of

environmental stresses.

DISCUSSION

Optimal SAM development is crucial for ensuring efficient and

balanced growth of different plant organs, in particular the transi-

tion from vegetative to reproductive growth, which directly deter-

mines plant aerial architecture and yield.29,45,46 As a result of

angiosperm evolution, the development of the SAM is a sophisti-

catedly orchestrated process determined by various genetic and

environmental factors.47 Genetic factors determine the inherent

growth program and architecture of the SAM,29,48 whereas envi-

ronmental factors influence the spatiotemporal manifest of the

inherent program.49,50 Plasticity, environmentally attuned devel-

opmental reprogramming, is an important mechanism that helps

plants respond, adjust, and acclimate to various environmental

stresses.51,52We demonstrated that cellular ROS control the pro-

gramming and reprogramming of SAM development via TMF

transcriptional condensates, enabling normal growth and heat re-

silience in tomato, respectively (Figure 6I). Under NC, the normal

local ROS control SAM maturation and synchronize flowering

through TMF transcriptional condensates. This process relies

on cysteine-mediated formation of disulfide bonds (Figure 6I).18

Under HS, accumulated ROS enhance the formation of TMF tran-

scriptional condensates and prolong its transcriptional repression

on the floral identity gene to extend vegetative growth of the SAM,

preventing precocious transition to reproductive growth and

avoiding damage to reproductive growth by stress, as continued

HS during FM development results in flower abortion and yield

loss (Figure 6I). The molecular links between HS, ROS, and

TMF condensates established in this study provide uswith an op-

portunity to devise genetic and environmental manipulations for

tuning the SAMmaturation process and thus the ability to develop

crop varieties with improved stress tolerance and productivity.



Figure 6. Manipulation of endogenous ROS level confers flowering plasticity in tomato

(A and B) Representative stereoscope images of meristems (A) and quantification of leaves at flower transition (B) for WT and pTMF:SlRBOH1-YFP transgenic

plants.

(C and D) Representative shoots and primary inflorescences (C) and quantification of flowering time (D) for WT and pTMF:SlRBOH1-YFP transgenic plants. White

triangles indicate primary inflorescences.

(E and F) Representative stereoscope images of meristems (E) and quantification data of leaves at flower transition (F) for WT and CR-SlPRX2 mutant plants.

(G and H) Representative shoots and primary inflorescences (G) and flowering time quantification (H) for WT and CR-SlPRX2 mutant plants. White triangles

indicate primary inflorescences.

(I) A working model for TMF-controlled developmental plasticity and heat resilience in tomato. EVM, early vegetative meristem; TM, transition meristem; FM,

flower meristem.

N, number of samples for quantification. Data are means ± SD, ***p < 0.001, Student’s t test. n.s., not significant. NC, normal condition; HS, heat stress; L, leaf.

Scale bars, 50 mm (A and E), 2 cm (C and G, plants), and 1 cm (C and G, inflorescences).

See also Figure S6 and Table S2.
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This mechanism emphasizes the critical need for monitoring and

controlling temperature during the seedling stage in agricultural

practices. It guides farmers in making informed decisions by

either adjusting sowing times or by precisely controlling seedling

growth temperatures. Such measures are essential for balancing

harvest timing and mitigating yield penalties caused by global

warming.
ROS signaling is implicated in multiple biological processes in

plants’ responses to environmental changes. Our findings

demonstrate that overproduced ROS contribute to the fine-tun-

ing of SAM development for heat resilience by extending

standby transcriptional condensates. Heat-induced ROS may

act as a signal that triggers developmental plasticity in shoot api-

cal stem cells, maintaining them in an undifferentiated and
Developmental Cell 60, 1–14, August 4, 2025 11
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pluripotent state in response to HS. This mechanism represents

a redox-controlled bet-hedging strategy with which plants

actively cope with HS, but it needs a molecular underpinning.

Protein phase separation provides a dynamic and spatial frame-

work for transcriptional regulation by organizing and compart-

mentalizing transcriptional molecules and facilitating their inter-

action. With signal-sensing ability and state/phase reversibility,

protein phase separation is well-suited to serve as the molecular

basis of precisely controlled developmental plasticity.53 The for-

mation of protein condensates is sensitive to environmental

stresses, such as heat, cold, and osmotic stress.37,54–56 ROS,

serving as signals in stress responses, relay environmental sig-

nals and modify proteins by oxidizing critical residues, such as

cysteine residues, which, in turn, alter their phase separation

properties.18,23,57 Cysteine exists in various forms, depending

on the pH and redox environment, and this flexibility establishes

it as an excellent candidate for controlling phase separation in

biomolecular condensates involved in diverse biological pro-

cesses. Our research demonstrates how plants achieve heat re-

silience through the precise coupling of ROS sensing with loci-

specific transcriptional suppression via phase separation. This

redox-controlled developmental reprogramming mechanism is

not only the basis of this particular case of plant developmental

plasticity but may also represent a more common strategy em-

ployed by biological systems to cope with variable environ-

mental stresses. This mechanism sheds light on the genetic

and molecular basis of developmental plasticity, a largely evolu-

tionary puzzle, paving the way to exploit the mechanism to

create more flexible, resilient, and adaptable crops.

Limitations of the study
The development of SAM occurs in a strong spatiotemporal

context that is sensitive to environmental changes. In an open field

environment, temperature fluctuates due to weather variations,

accompanied by changes in factors such as moisture and light,

making stable heat-stress conditions unfeasible. Therefore, we

can only conduct the study under controlled conditions. Addition-

ally, the tomato SAM is encased by multiple layers of leaf

primordia with trichomes, preventing staining agents from directly

entering the SAM cells. Microdissection under a stereoscope is

required to remove these leaf primordia for staining and observa-

tion. Moreover, the instability and dynamic changes of cellular

ROS also pose challenges for accurately measuring the endoge-

nous ROS levels in plant cells.We can onlymaintain identical pro-

cedures for both the WT and mutant plants to obtain a relative

quantification result to compare their differences.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli: DH5a This paper N/A

Escherichia coli: Rosetta (DE3) WEIDI Cat#: EC1010

Agrobacterium tumefaciens: AGL1 WEIDI Cat#: AE1020

Fission yeast strain: LD328 Wang et al.36 N/A

Chemicals, peptides, and recombinant proteins

DAB Sigma-Aldrich Cat#: D8001

NBT Sigma-Aldrich Cat#: N5514

HPF Cayman Chemical Cat#: 10159

Low Melting Point Agarose VWR Chemicals Cat#: 0815

Paraformaldehyde Sigma-Aldrich Cat#: 158127

4-Methylumbelliferyl -b-D-glucuronide

hydrate (MUG)

Sigma-Aldrich Cat#: M9130

Critical commercial assays

CloneExpress II One Step Cloning Kit Vazyme Cat#: C11202

Arcturus PicoPure RNA Isolation Kit Thermo Scientific Cat#: 12204-01

Luciferase 1000 Assay System Promega Cat#: E4550

Experimental models: Organisms/strains

Tomato cultivar: AC This paper N/A

Tomato cultivar: M82 This paper N/A

M82: tmf-2 MacAlister et al.35 N/A

M82: tmf-1 MacAlister et al.35 N/A

M82: 35S:GFP-TMF/tmf This paper N/A

M82: 35S:GFP-TMFC112S/tmf Huang et al.18 N/A

M82: 35S:GFP-TMF Huang et al.18 N/A

AC: Slrboh1 Slrboh2 Huang et al.18 N/A

AC: CR-SlPRX1 This paper N/A

M82: CR-SlPRX2 This paper N/A

M82: CR-TMFC124R This paper N/A

M82: pTMF:SlRBOH1-GFP This paper N/A

Nicotiana benthamiana: tobacco This paper N/A

Oligonucleotides

See Table S1 N/A N/A

Software and algorithms

Fiji NIH https://imagej.net/software/fiji/downloads

Prism GraphPad https://www.graphpad.com/features

Adobe illustrator Adobe https://www.adobe.com/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The tomato (Solanum lycopersicum) cultivar Ailsa Craig (AC) andM82were used in this study. The Slrboh1 Slrboh2mutant generated

in ACwas used in the previous study.18 tmf-1 and tmf-2mutants were shared by Z. B. Lippman (Cold Spring Harbor Laboratory).CR-

SlPRX1mutant was generated in AC, and CR-SlPRX2, CR-TMFC124R mutants were generated in M82, and 35S:GFP-TMF/tmf trans-

genic plants generated in tmfmutant background by Agrobacterium-mediated tissue culture, respectively. Under normal condition,

plants were grown in growth room with a 16-hour light/8-hour dark photoperiod at 26�C and 45-60% relative humidity, under LED

lighting (Philips Lighting IBRS) with an intensity of 80-100 mmol m2 s-1.
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METHOD DETAILS

Plant growth conditions
For plant cultivation, seedswere germinated on filter paper for three days in dark at room temperature, and thenwere sown into soil in

growth room. Under normal condition, plants were grown in growth room with 16 hours of light and 8 hours of dark at 26�C, 45-60%
relative humidity under LED (Philips Lighting IBRS) light with 80-100 mmol m2 s-1 light intensity.

Heat treatment for tomato plants
Heat treatment for tomato plants was conducted in a plant growth chamber (CONVIRONCMP6010) with 16 hours of light at 35�C and

8 hours of dark at 28�C, 50% relative humidity and 80-100 mmolm2 s-1 light intensity. For heat treatment in Figure 1, the plants at EVM

stage grown under normal condition were selected and transferred to the plant growth chamber for continuous heat treatment, where

they were allowed to grow until MVM, LVM, TM, and FM stages. For heat treatment in Figure 2, the plants at EVM, MVM, LVM, TM,

and FM stages grown under normal condition were simultaneously selected and transferred to the plant growth chamber for 14-day

heat treatment. For the heat treatment of Slrboh1 Slrboh2, tmf-1, tmf-2, CR-TMFC124R mutants and corresponding wild-types, the

plants at EVM stage were selected and transferred to the plant growth chamber for heat treatment. The duration time of heat treat-

ment across all experiments is determined by the specific developmental stage of WT or mutant plants as described in main text and

figure legends. Following heat treatment, the plants were transplanted to a growth room under normal condition for recovery growth

and subsequent phenotypic analysis, with plants continuously grown under normal condition serving as controls.

Plasmid constructs and tomato transformation
To generate the pDIRECT-22C-ABE8e vector, the Asp (D) at position 10 of Cas9 in pDIRECT-22Cwasmutated to Ala (A) to generate

nCas9, then the coding sequence of tRNA adenosine deaminase TadA-8e with a 34 aa linker sequence synthesized by the Beijing

Genomics Institute (BGI) was amplified and constructed at the N-terminus of nCas9.42 The target-sgRNA expression cassettes were

then cloned into pDIRECT-22C-ABE8e for base editing by using the same construct protocol as gene editing of pDIRECT-22C vector

system.43

To generate 35S:GFP-TMF transgenic plants, the coding sequence of TMF was amplified using the primer listed in Table S1 and

ligated into the PRI101-GFP vector by In-Fusion cloning. To produce pTMF:SlRBOH1-YFP transgenic plants, the 3-kb fragment up-

stream of the transcription start site of TMFwas amplified and cloned into pGWB401, with the SlRBOH1 coding sequence fused with

YFP at C terminal, using In-Fusion cloning (TransGen Biotech). The completed constructs were transformed intoM82 plants by Agro-

bacterium-mediated transformation.

Hydrogen peroxide and superoxide staining
To visualize ROS accumulation, fluorescence probe HPF (Alexis Biochemical), chemical dye DAB (Sigma-Aldrich) and NBT (Sigma)

were used. For HPF staining, tomato seedlings at transitionmeristem (TM) stage with or without heat stress treatment were dissected

to remove extra leaves and embedded in 6% agarose (VWR Chemicals). The embedded materials were sectioned to a thickness of

50 mmusing microtome (Leica VT1200S) and incubated for 5 min in phosphate buffered saline (PBS) containing 5 mMHPF in the dark

at room temperature. For DAB staining, young true leaves of tomato seedlings with or without heat stress treatment were excised and

incubated in DAB staining buffer (1 mg/ml DAB and 10 mM Na2HPO4 at pH 6.5) for 26 h in the dark. After staining, leaves were fixed

and destained in bleaching solution of 3:1:1 ethanol:lactic acid:glycerol. For NBT staining, young true leaves of tomato seedlings with

or without heat stress treatment were incubated in the NBT staining buffer (1 mg/ml NBT and 50 mM KH2PO4, pH 7.6) for 26 h in the

dark, then fixed and destained in the bleaching solution of 3:1:1 ethanol:lactic acid:glycerol. The area and color exhibited on the

leaves stained by DAB and NBT indicate the level of ROS.

Fluorescence microscopy of plants
The tomato 35S:GFP-TMF/tmf and 35S:GFP-TMFC112S/tmf transgenic plants were grown in a growth room at 26�C, and then half of

plants were transferred to plant growth chamber at 35�C for 3-days heat stress treatment. Tomato seedlings at transition meristem

(TM) stage with or without heat stress treatment were dissected to remove extra leaves and fixed with 4% Paraformaldehyde (PFA,

Sigma), and then embedded in 6%agarose (VWRChemicals). The embeddedmaterials were sectioned to a thickness of 50 mmusing

microtome (Leica VT1200S). Sectioned meristems were imaged using a Zeiss LSM980 confocal microscope with 203, 403 objec-

tives. The tomato 35S:GFP-TMF transgenic plants were grown in a growth room at 26�C. Detached leaves were imaged before and

after incubation at 37�C for 1 h using a Zeiss LSM980 confocal microscope with 203, 403 objectives. For transient expression of

GFP-TMF andGFP-TMFC112S in tobacco leaves,N. benthamiana (tobacco) leaves were infiltratedwith AgrobacteriumAGL1 contain-

ing 35S:GFP-TMF or 35S:GFP-TMFC112S plasmid, respectively. After 48 h, detached tobacco leaves were imaged before and after

incubation at 37�C for 30min using a Zeiss LSM980 confocal microscopewith 203, 403 objectives. GFP fluorescencewas excited at

488 nm and detected at 500–540 nm.

Yeast fluorescence microscopy
Thecoding sequenceofTMF fusedGFPwasamplifiedandcloned intopDUAL-Pnmt1-yeGFP vectorby In-fusion cloning.TheGFP-TMF

protein was expressed in the fission yeast strain LD328 as the following protocol. Yeast cells were cultured in YES medium until OD600
e2 Developmental Cell 60, 1–14.e1–e3, August 4, 2025
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reached 0.4–0.8, then collected and washed with sterilized water for three times and resuspended in buffer I (240 mL included 50%

PEG3350, 36 mL of LiAc (1.0M) and 10 mL of boiled single-stranded carrier DNA (10mgml-1)). The plasmids were digested with NotI re-

striction enzyme, and the products were purified. The resuspended cells were then added to 34 mL of the linearized plasmid (up to 1 mg),

mixedvigorously, and incubatedat42�C for 40min.Thecellswerecentrifuged, resuspendedwith100mLwater andplatedonEMM + HT

(EMM medium supplemented with 45 mg L-1 histidine and 15 mM thiamine) solid medium. After incubation at 30�C for 3-5 days, 5-10

individual colonies were picked and refreshed by drawing lines on the YES solid medium. After incubation at 30�C for 1-2 d, yeast cells

were transferred toEMM + H (EMMmediumsupplementedwith45mgL-1histidine)platesandculturedovernight at30�C.Thecellswere

imaged before and after incubation at 37�C for 30 min using a Zeiss LSM980 confocal microscope equipped with 633 objectives.

Quantification of cells with puncta
To assess the puncta state in cells, we set the GFP signals in the nucleus with heterogeneity characteristic as the presence of puncta

and vice versa as no puncta.18,47 We quantified the percentage of the cells with puncta to reflect the phase separation capacity of

TMF and TMFC112S.

Transcriptional activity assay
The GUS–LUC dual reporter system was used for transcriptional activity analysis in this study. The TMF protein fused GFP served as

an effector, while GFP alone served as a negative control. TheGUS gene driven by the 2-kb upstreampromoter ofAN (pAN:GUS) was

used as a reporter, and the LUC gene driven by theCaMV 35S promoter (35S:LUC) served as an internal control. The Agrobacterium

was cultured overnight in liquid LB medium at 28�C, and then diluted to an OD600 of 0.8. The Agrobacterium strains expressing

different proteins were mixed together in a specific ratio, with the following composition (1.2 mL): 300 mL P19 + 4 mL internal control +

300 mL reporter + 600 mL effector. The combinations were co-infiltrated intoNicotiana benthamiana leaves as indicated, respectively.

After 48 h, half of the infiltrated leaves were treated with 35�C for 12 h before harvesting, while the untreated leaves were harvested as

a control. The substrates 4-methylumbelliferyl glucuronide (Sigma) and luciferin (Promega) were used to measure the activity of GUS

and luciferase (LUC), respectively. The ratio of GUS/LUC was used to reflect the transcriptional activity.

Image analysis and signal quantification
Meristem samples were imaged with a fluorescence microscope (Leica DM2500) and leaves were photographed using a digital sin-

gle-lens reflex camera. The relative intensity of ROS staining in entire leaf or meristem was quantified using ImageJ (Fiji Win64). Im-

ages were converted to grayscale, and the intensity was measured according to the software’s user guide.

Tissue collection and RT-qPCR
Seedlings at the EVM stage grown at 26�Cwere selected and transferred to plant chamber with 16 h light at 35�C and 8 h dark at 28�C
and 50% relative humidity for heat treatment. The primary meristems at TM stage from tomato seedlings grown under normal con-

dition and heat treatment were collected using hand microdissection. Total RNA was extracted using the Arcturus PicoPure RNA

Isolation Kit (Thermo, 00860267), cDNA was generated by reverse transcription PCR with SuperScript IV Reverse Transcriptase (In-

vitrogen, 18090010), andRT-qPCRwas performedwith TB green Prexim Ex Taq (Takara, RR820A). The primers are listed in Table S1.

Phase separation assay in vitro

The coding sequences of GFP-TMF andGFP-TMFC124Rwere cloned separately into the pQE-80L vector, and the resulting constructs

were transformed into E. coliRosetta (DE3) competent cells. Positive clones were cultured in LBmedium and protein expression was

induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) for 16 h at 16 �C. After harvesting the cells, purification was car-

ried out using Ni-NTA affinity beads (GE Healthcare). The eluted proteins were subsequently subjected to buffer exchange and con-

centration using Vivaspin Turbo ultrafiltration tubes. Purified proteins were stored in a buffer containing 50 mM Tris-HCl and 200 mM

NaCl, pH 7.4. For phase separation assays, proteins were diluted into a buffer containing 50mMTris-HCl (pH 7.4) and 25mMNaCl to

the final concentrations specified in the figure legends. The diluted protein solutions were incubated for 15 minutes at room temper-

ature in a 384-well plate. Droplet was imaged with a Leica SP5 confocal microscope equipped with a 203 objective. GFP fluores-

cence was excited at 488 nm and detected at 500–540 nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details for each analysis, including the statistical tests used, exact sample size (N), what N represents, definition of center,

and dispersion measures, are provided in the respective figures and figure legends. Comparisons between two groups were per-

formed using unpaired two-tailed Student’s t-tests, and statistical analyses were conducted using GraphPad Prism 8.0.2. Results

are presented as mean ± standard deviation. Significance levels are indicated in the figures as follows: *P < 0.05, **P < 0.01, and

***P < 0.001. Data were assessed for normal distribution, and no significant differences in variance were observed between groups

in individual comparisons. The source data used for quantification and statistical analysis are listed in Table S2.
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