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SUMMARY
Understanding molecular mechanisms of plant cellular response to heat stress will help to improve crop
tolerance and yield in the global warming era. Here, we show that deacetylation of non-histone proteinsmedi-
ated by cytoplasmic histone deacetylase HDA714 is required for plant tolerance to heat stress in rice. Heat
stress reduces overall protein lysine acetylation, which depends on HDA714. Being induced by heat stress,
HDA714 loss of function reduces, but its overexpression enhances rice tolerance to heat stress. Under heat
stress, HDA714-mediated deacetylation of metabolic enzymes stimulates glycolysis. In addition, HDA714
protein is found within heat-induced stress granules (SGs), and many SG proteins are acetylated under
normal temperature. HDA714 interacts with and deacetylates several SG proteins. HDA714 loss of function
increases SG protein acetylation levels and impairs SG formation. Collectively, these results indicate that
HDA714 responds to heat stress to deacetylate cellular proteins, control metabolic activities, stimulate SG
formation, and confer heat tolerance in rice.
INTRODUCTION

Plants are highly sensitive to temperature variations, which have

significant impacts on plant growth and development.1 In partic-

ular, high temperatures can accelerate plant flowering and aging

and reduce seed production and crop yield. It is estimated that

each degree Celsius increase in global average temperature

can reduce crop yield by 3%–8%.2 Plants have developed a

range of regulatory mechanisms to cope with heat stress,

including protein folding, reactive oxygen species homeostasis,

epigenetic modifications, and gene transcription.1 Epigenetic

modifications, such as histone acetylation, play a crucial role in

plant adaptation to adverse environmental conditions. Histone

acetyltransferase and histone deacetylases (HDACs) are largely

involved in the epigenetic regulation of stress-responsive gene

expression.3–6 Several HDACs have been shown to control plant

tolerance to high temperature or heat stress by epigenetic regu-

lation of gene expression. For instance, Arabidopsis HDA15 in-

teracts with the transcription factor long hypocotyl in far red1

(HFR1) to synergistically inhibit plant response to high tempera-

tures, whereas HDA9 and HDA19 play a positive role in the

response.7 In addition, HD2B and HD2C were shown to interact
Cell Reports 43, 114642, Septem
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with ARGONAUTE4 to promote DNA methylation and maintain

heterochromatin stability under heat stress.8 Besides histones,

lysine acetylation is detected in many proteins of diverse

cellular pathways. Apart from regulating histone acetylation,

HDACs also deacetylate non-histone proteins to control plant

response to stress. For example, HDA9 deacetylates and inhibits

WKRY53, amaster transcriptional regulator of stress-responsive

genes in Arabidopsis.9 SRT1, a sirtuin-type deacetylase, re-

duces the lysine acetylation of the glycolytic enzyme glyceralde-

hyde-3-phosphatedehydrogenase (GAPDH), affecting its nu-

clear accumulation that is enhanced by oxidative stress.10

HDA714, a member of the rice RPD3 family, localizes in the cyto-

plasm and was reported as a major non-histone deacetylase in

rice.11 Protein acetylation analysis revealed that in addition to

metabolic enzymes and ribosomal proteins, HDA714 deacety-

lates many proteins involved in stress response,11 suggesting

that protein acetylation status may be involved in plant stress

response. However, the precisemolecular mechanism and func-

tional implication of non-histone protein lysine acetylation in

plant stress response have yet to be fully elucidated.

Another aspect of plant response to stress, which has gained

increasing attention in recent years, is stress granule (SG)
ber 24, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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formation.12–14 SGs are membrane-less aggregates of mRNA,

proteins, and other molecules that are assembled instanta-

neously by liquid-liquid phase separation (LLPS) when cells are

stressed.15 SGs contain translationally stalled mRNA, translation

initiation factors, RNA-binding proteins (RBPs), heat-shock pro-

teins (HSPs), and other stress-related proteins.16–18 SGs are dis-

assembled during recovery from stress, allowing restoration of

protein activities.

In plants, SGs form in response to diverse stresses, including

heat, hypoxia, high salt, darkness, and chemical stress.19

Several RBPs have been identified as integral components of

plant SGs14,20 and undergo phase separation to promote plant

survival in response to heat stress.13,14,21 SGs play a crucial

role in conferring plant resistance to stress, protecting related

proteins and mRNA, and regulating translation.14,21 Despite the

growing interest in SGs, the regulation of SG dynamics in plants

remains poorly understood.

Studies in yeast and mammalian cells have shown that the

acetylation of SG-associated proteins can affect SG forma-

tion.22,23 For example, in yeast, acetylation of the RBP Pab1

at lysine 131 was found to decrease SG formation under

glucose-deprivation conditions.23 In mammalian cells, the his-

tone deacetylase HDAC6 was shown to promote SG formation

by deacetylating RNA helicases DDX3X and G3BP1, allowing

their entry to SGs.24,25 There is evidence that SG formation

in plants is regulated by protein post-translational modifica-

tions, such as phosphorylation and ubiquitination,26 but the

role of protein acetylation in SG regulation is not well

understood.

In this work, we show that plant response to heat stress in-

volves a deacetylation process of cellular proteins, which de-

pends on the rice cytoplasmic histone deacetylase HDA714.

The function of HDA714 to deacetylate cellular proteins is

required for rice plant tolerance to heat stress. We show that

HDA714 is present in heat-induced SGs and is required for SG

formation likely through the deacetylation of SG proteins. The re-

sults reveal that lysine deacetylation of cellular proteins is a

cellular response to heat stress involving histone deacetylase

in plants.

RESULTS

HDA714 is a positive regulator of heat stress tolerance
in rice
The rice cytoplasmic histone deacetylase HDA714 was shown to

control ribosomal protein lysine acetylation and translational

activity.11 To study whether HDA714 was involved in plant

response to stress, we tested the heat stress tolerance of inde-

pendent hda714#1 and hda714#2 CRISPR lines (Figure S1A).

Under normal growth temperature conditions (25�C), both

hda714#1 and hda714#2 mutant seedlings showed no visible

phenotype (Figure 1A), consistent with previous observations.11

However, themutants exhibited lower survival rates than thewild

type (WT) after recovery from heat stress (42�C) over a 5-day

period (Figure 1A). Conversely, HDA714 overexpression (OE)

plants showed higher survival rates than theWT (Figure 1B), indi-

cating that HDA714 had a function to confer heat tolerance in

rice. In contrast, hda714#1 and hda714#2 had no clear effect un-
2 Cell Reports 43, 114642, September 24, 2024
der other abiotic stresses, including cold (4�C), salt (180 mM

NaCl), and drought (20% PEG6000) (Figures S1B–S1D). This

would suggest that HDA714 mainly functions to confer heat

stress tolerance. We further evaluated the role of HDA714 in

heat stress tolerance at the reproductive stage. Under normal

rice growth conditions (30�C/13 h light, 25�C/11 h dark), WT,

hda714, and HDA714 OE plants showed similar seed-setting

rates (Figures S2A and S2B). However, under higher daytime

temperatures (37�C/13 h light, 25�C/11 h dark), the seed-setting

rates of hda714 plants were lower, while those of HDA714 OE

plants were higher than the WT plants (Figures S2A and S2B).

The 1,000-grain weight and -grain width of WT and HDA714

OE plants were similar but higher than that of hda714 plants un-

der both normal and higher temperatures (Figures S2C and S2D).

These results indicate that HDA714 has a function to confer heat

tolerance at both vegetative and reproductive stages of rice

plants.

HDA714 reduced the overall protein acetylation under
heat stress
qRT-PCR analysis showed that the HDA714 transcript level

was gradually increased during the first 60 h at 42�C (Fig-

ure 1C). The HDA714 protein was continuously accumulated

during 7 days at 42�C (Figure 1D). Previous results showed

that HDA714 deacetylates cytoplasmic proteins.11 To test

whether heat stress affected overall protein acetylation, using

a commercial anti-Lys-acetylation antibody that detects only

acetylated proteins, we analyzed cellular protein acetylation

levels by immunoblotting total proteins extracted from WT

and mutant seedlings treated at 25�C or 42�C for 3 days. In

WT rice plants, the overall protein acetylation was clearly

decreased at 42�C (Figure 2), suggesting that heat stress

induced a process of deacetylation of cellular proteins. By

contrast, the hda714 mutations impaired the heat-induced pro-

tein deacetylation (Figure 2). For comparison, the mutants of

two other reported cytoplasmic HDACs, which regulate some

non-histone proteins in rice,11 had no effect on the heat-

induced protein deacetylation (Figures S3A and S3B). To verify

the immunoblotting results, we performed quantitative acetyl-

proteomic analysis of WT plants under normal and heat stress

(42�C) conditions. Data obtained from the two biological repli-

cates were highly correlated (Figure S4A). The acetylation

levels were calibrated relative to protein abundance to prevent

bias. The acetylome results showed that heat stress clearly

reduced the protein acetylation levels (Figures S4B and S4C;

Data S1), in line with the immunoblot results (Figure 2). The pro-

teins with decreased Kac levels under heat stress were en-

riched in amide biosynthetic process, translation, gene expres-

sion, glycolytic process, and response to heat (Figure S4D).

More than 50% of the proteins that show hyper (increased)-

acetylation in hda714 mutant were found to be hypoacetylated

(reduced) in WT plants under heat stress (Figure S4E). These

results indicate that heat stress decreases overall protein acet-

ylation in rice plants and that HDA714 plays an important role in

the process. These observations, together with the mutant

phenotype in Figure 1, suggest that HDA714 is involved in

heat stress tolerance, likely through deacetylation of cellular

proteins.
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Figure 1. HDA714 is required for heat stress tolerance in rice

(A) Phenotypes of WT and hda714 seedlings before (left) and after (right) recovery from heat stress (42�C).
(B) Phenotypes of WT and HDA714 OE seedlings before (left) and after (right) recovery from heat stress (42�C). Seedlings were stressed at 42�C for 5 (A) or 7

(B) days, thenmoved to normal temperature (25�C) to recover for 7 days. The survival rates of the plants after recovery were surveyed in three biological replicates

(n = 40 plants for each replicate). Significant difference was calculated by the two-tailed, paired Student t test.

(C) qRT-PCR analysis of HDA714 transcription levels in WT under normal (25�C) and heat stress conditions (42�C) at different time points. Bars are means ± SDs

from three biological replicates.

(D) HDA714 protein levels in WT seedlings under normal (25�C, top) or heat stress (42�C, bottom) conditions at different time points detected by immunoblotting

with anti-HDA714. Statistical analysis for immunoblot is shown on the right. Anti-actin antibody and Coomassie blue staining were used as the loading controls of

the immunoblots. Immunoblotting bands were quantified using ImageJ, and the relative signals indicated below each band were normalized with 0 day set as 1.

For all statistics, the means ± SDs of three independent biological replicates are shown. The significance was calculated using one-way ANOVA with Tukey’s

multiple comparison tests. Different letters on top of the bars indicate a significant difference (p < 0.05).
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HDA714 promotes the activity of glycolysis enzymes
under heat stress
It has been shown that glycolysis plays a pivotal role inmediating

a plant response to abiotic stresses27–30 and that acetylation

modulates the activity of glycolytic enzymes.3,10 Examination

of the rice acetylomes found that several glycolytic enzymes

showed reduced acetylation levels under heat stress (Fig-

ure S4C), and their acetylation levels were found to be increased
in hda714 relative to WT plants grown in normal conditions11

(Figures 3A and 3B). To determine whether acetylation levels in

these enzymes affected their activities, we extracted proteins

from the aerial parts of hda714 and WT seedlings under normal

and heat stress conditions, and tested the enzymatic activities

of GAPDH, enolase (ENO), and pyruvate kinase (PK). At normal

temperatures, the tested enzymes exhibited a lower activity

in the mutants than the WT (Figure 3C). Under heat stress
Cell Reports 43, 114642, September 24, 2024 3
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Figure 2. Heat stress reduces the overall protein acetylation levels, and the reduction requires HDA714

Overall protein lysine acetylation levels in 14-day-old WT plants (with two repetitions �1 and �2) and two independent CRISPR mutant lines (hda714#1 and

hda714#2) grown at 25�C or 42�C for 3 days, detected by immunoblotting with a commercial antibody (anti-LysAc) that detects only acetylated proteins.

Statistical analysis for immunoblot is shown at right. Anti-actin antibody and Coomassie blue staining were used as loading controls. The immunoblotting bands

were quantified using ImageJ, and the relative signals, indicated below the bands, were normalized, with WT-1 at 25�C, set as 1.

For all statistics, the means ± SDs of three independent biological replicates are shown. The significance was calculated using one-way ANOVA with Tukey’s

multiple comparison tests. Different letters on top of the bars indicate a significant difference (p < 0.05).
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(42�C for 6 h), the enzymatic activities increased in the WT but

remained unchanged in hda714 plants (Figure 3C). The protein

levels of GAPDH and ENO1, as detected by immunoblotting

with their antibodies, were about the same in WT and hda714

seedlings under both normal and heat stress conditions (Fig-

ure 3D). However, heat stress decreased the acetylation levels

of the enzymes in the WT, as detected by anti-Lys-Ac antibody,

but not in hda714 plants (Figure 3E), confirming the acetylome

data. Because of lack of PK1 antibody, we used a pk1 mutant

line complemented by HA (hemagglutinin)-PK1 (see method de-

tails). The acetylation level of HA-PK1 in the complementation

plants was decreased by heat (Figure S5A), while the protein

level remained similar under normal and heat stress conditions

(Figure S5B). To further confirm the deacetylation of glycolytic

enzymes by HDA714, we produced and purified glutathione

S-transferase (GST)-tagged ENO1 and GAPDH1 proteins in Esh-

cerichia coli and incubated with or without HDA714 (tagged by

maltose-binding protein [MBP]) for in vitro deacetylation assays.

In the absence of HDA714, the tagged ENO1 and GAPDH1

showed high levels of lysine acetylation, indicating that the pro-

teins were acetylated in E. coli cells (Figure S6). The presence of

HDA714 largely reduced their acetylation levels (Figure S6).

Together, these results suggest that HDA714 is involved in

heat-induced deacetylation of glycolytic enzymes, which stimu-

lates glycolysis.

HDA714 localizes in heat-induced SGs
To further investigate the mechanism underlying the HDA714-

mediated heat tolerance, we next examined the subcellular

localization of HDA714-GFP fusion proteins in infiltrated tobacco
4 Cell Reports 43, 114642, September 24, 2024
leaf cells. Under normal conditions, HDA714-GFP signals were

evenly distributed throughout the cytosol (Figure S7A). However,

after 30min at 42�C, small granule-like structures spontaneously

formed, which gradually increased in size to become larger

puncta after 1 h of treatment (Figure S7A). The HDA714-contain-

ing granules displayed high degrees of co-localization (Pearson

correlation coefficient [PCC] >0.82) with the SG marker proteins

RBP47B17 and TSN12 (Figures 4A and 4B), suggesting that

HDA714 localized in heat-induced SGs. To rule out the possibil-

ity that puncta formation was triggered by GFP/RFP dimeriza-

tion, we examined the subcellular localization of another cyto-

solic histone deacetylase, HDA706.11 No granule-like structure

was formed in HDA706-GFP/RFP-infiltrated cells under normal

and stressed conditions (Figure S7B). Furthermore, immuno-

staining of rice root cells with anti-HDA714 also revealed the for-

mation of granule-like structures under heat stress (Figures 4C

and S7C), and the addition of cycloheximide (CHX), a stable

polymeric translation inhibitor that inhibits SG formation, abol-

ished HDA714 particle formation (Figure 4C). To further confirm

the observations, we isolated SG fractions from rice seedlings

under both normal and heat stress conditions using a previously

described procedure (Figure 5A)31 and analyzed the isolated SG

fractions by immuno-inflorescence and immunoblotting with the

HDA714 antibody. The analyses detected high enrichments of

the HDA714 protein in the heat-induced SG fractions relative

to those from the control condition (Figures 5B and 5C).

Identification of heat-induced SG proteome in rice cells
To characterize heat-induced HDA714-containing SGs, using

anti-HDA714 antibody we affinity purified the SG fractions
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Figure 3. HDA714 promotes glycolysis by deacetylation under heat stress

(A) Overview of the glycolytic pathway. Enzymes with increased acetylation in hda714 are labeled in red.

(B) Heatmaps of acetylation levels at individual lysine residues of glycolytic enzymes in hda714 and WT.

(C) Enzyme activity assays of GAPDH, ENO, and PK in hda714 and WT plants under normal (25�C) and heat stress (42�C for 6 h) conditions.

(D) ENO1 and GAPDH protein levels in WT and hda714 plants under normal and heat stress conditions, detected by immunoblotting with anti-ENO1 and anti-

GAPDH antibodies, respectively. Statistical analysis for immunoblot is shown at right. Anti-actin antibody and Coomassie blue staining were used as loading

controls. Immunoblotting bands were quantified using ImageJ and the relative signals for statistics analysis were normalized with WT under normal conditions

(set as 1).

(legend continued on next page)

Cell Reports 43, 114642, September 24, 2024 5

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
isolated from the control and stress-treated seedlings and

analyzed the immuno-purified SGs by mass spectrometry

(MS)-based proteomics (Figures 5A and 5D). In the heat-stress

group, 510 proteins (with unique peptides >2 as criterion) were

identified in all three biological replicates, compared with 33 in

the control groups (Figure S8A). After eliminating those overlap-

ping with the proteins in the control and the proteins annotated

as plastid and mitochondrial proteins, 223 proteins (Figure S8B;

Data S2) were identified as present in heat-induced SGs in rice

seedlings. HDA714 was among the 223 heat-induced SG pro-

teins (Data S2).

Among the 223 candidate SGproteins, 30 and 24were in com-

mon, respectively, with previously published human and Arabi-

dopsis SGs,16,17 with 10 commonly found in the 3 organisms

(Figure S8C; Data S3). The 10 SG proteins included 3 well-char-

acterized SG marker proteins: 2 homologous to poly(A)-binding

protein (PABP3),12,17 one to Tudor protein with multiple SNc

domains (TSN),12,17 and 4 HSP (chaperones). According to pub-

lished rice acetyl-proteomic data,11,32 the 10 proteins are acety-

lated in normal growth conditions. Recently, salicyclic acid (SA)-

induced SG proteins were reported in Arabidopsis,33 with which

153 of the 223 rice SG proteins overlapped (Figure S8D).

Functional classification and Gene Ontology pathway analysis

of the 223 rice candidate SG proteins revealed an enrichment of

translation, gene expression, chaperone, and RNA metabolism

proteins (Figures S9A and S9B). According to present and pub-

lished rice protein acetylomes,11 199 of the 223 proteins are

acetylated (Figure S9C). Among the 199 acetylated SG proteins,

155 showed decreased acetylation under heat stress in WT (Fig-

ure S9D), 97 of which displayed increased acetylation in hda714

in normal conditions11 (Figure S9D) A domain analysis of the

candidate SG proteins revealed an enrichment of prion and

ATPase motifs (Data S4), which were recognized as essential

elements for the assembly or dynamics of SGs in previous

studies.16,17,22

To validate the rice SG proteome, we made GFP fusions with

eight candidate proteins, including TSN, PABPC1, and PABPC3,

as well as ribosomal proteins RPS3 and RPS6, elongation factor

EIF, DEAD-box ATP-dependent RNA helicase DEAD, and PK3,

and analyzed their presence in heat-induced SGs in tobacco

leaf cells (Figures S10A–S10H). The analysis showed that all of

the fusion proteins exhibited aggregation into cytosolic foci un-

der heat stress, overlapping with the SG marker protein

RBP47B-RFP (Figures S10A–S10H). The results confirmed that

they were bona fide SG proteins in rice plants.

HDA714 interacts with several SG proteins in rice cells
and is required for RPS6 entry into heat-induced SGs
RPS6 is a component of the small subunit of ribosomes and has

been reported as an SG protein in animal and plant cells.18,33 It

was previously shown that HDA714 interacts with and deacety-
(E) ENO1 and GAPDH protein acetylation levels in WT and hda714 plants under

immuno-purified from the plant protein extracts using anti-ENO1 or anti-GAPDH a

anti-LysAc antibody. Statistical analysis for immunoblot is shown at right. Anti-E

noblotting bands were quantified using ImageJ, and the relative signals for statis

For all statistics, the means ± SDs of three independent biological replicates are

multiple comparison tests. Different letters on top of the bars indicate a significa
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lates RPS6.11 Analysis of RPS6 subcellular localization in

HDA714-FLAG plants by anti-RPS6 immunofluorescence indi-

cated that RPS6 was diffused throughout the cytoplasm in rice

root cells at a normal temperature (25�C), but was condensed

in cytoplasmic foci and co-localized with the HDA714-FLAG pro-

tein under heat stress (Figure 6A). The results suggested that

both proteins were recruited to the same SGs in rice cells.

To test whether HDA714 was required for RPS6 entry into

SGs, we examined RPS6 subcellular localization in WT and

hda714 mutant plants (Figure 6B). The results showed that

heat stress-induced RPS6-containing SGs were largely reduced

in hda714 cells compared to the WT (Figures 6B and 6C). To

examine whether HDA714 function in RPS6 SGs was related to

its deacetylase activity, we treated rice plants with trichostatin

A (TSA), a specific HDAC inhibitor, and examined the formation

of heat-induced RPS6 particles. The results revealed a clear

reduction of RPS6-containing SGs by TSA (Figures S11A and

S11B), suggesting that the function of HDA714 in heat-induced

RPS6 SG formation depends on its deacetylase activity.

In addition, HDA714 could interact with other SG proteins TSN

and PK3 in vivo and in vitro (Figures S12A–S12D). The interac-

tions could be detected at normal temperatures and also under

heat stress within SGs (Figure S12A). To confirm the function of

HDA714 in heat-induced SG formation, we used TSN, an SG

core marker protein,12 to make GFP fusion and transfected WT

and hda714 cells. Heat stress induced the formation of a much

lower number of SGs in the mutant than WT cells (Figure S13A).

The results support the hypothesis that the HDA714 has a func-

tion in heated-induced SG formation.

HDA714-mediated deacetylation is required for heat-
induced SG formation in rice cells
From the published acetyl-proteomic data,11 the acetylation

levels of 107 rice SG proteins were augmented in hda714 plants

(Figure S9D). To test whether HDA714 was required for the de-

acetylation of SG proteins under heat stress, SG fractions were

isolated from heat-stressed WT, hda714, and HDA714 over-

expression plants, as described in Figure 5. The SG-enriched

fractions were analyzed by immunoblotting using the anti-LysAc

antibody that detects only acetylated proteins. The results

showed that the overall protein acetylation levels of heat-

induced SGs were much higher in the hda714 mutant, but lower

in OE, thanWT plants (Figure 7A). To test the acetylation levels of

individual SG proteins, we immuno-purified RPS6 (with anti-

RPS6) from the isolated SG fractions and analyzed its acetylation

level by immunoblotting using anti-LysAc antibody. The analysis

revealed that the RPS6 acetylation level was higher in the SGs

isolated from hda714 mutant and lower from HDA714 OE than

from WT plants (Figure 7B).

To further test whether lysine acetylation of RPS6 affected its

presence in SGs, we made lysine acetylation mimic (K to Q) and
normal and heat stress conditions. The ENO1 and GAPDH proteins were first

ntibodies coated on protein-A beads, then analyzed by immunoblotting with the

NO1 and anti-GAPDH were used to control the loaded protein levels. Immu-

tics analysis were normalized with WT under normal conditions (set as 1).

shown. The significance was calculated using one-way ANOVA with Tukey’s

nt difference (p < 0.05).
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Figure 4. HAD714 localizes in heat-induced SGs

(A and B) Subcellular localization of HDA714-GFP in tobacco epidermal cells under normal (25�C) and heat stress conditions (42�C for 30 min). RFP-tagged

RBP47B or TSN served as a SGmarker. Scale bars, 10 mm. The HDA714 coding sequence was fused to GFP at its C terminus. The coding sequences of RBP47B

and TSNwere each fused to RFP at their respective C termini. All fusion constructs were placed under the control of the cauliflower mosaic virus 35S promoter. At

least three tobacco plants (n = 3) were infiltrated. The related intensity profiles and PCC are shown on the left of the images. The white lines serve as typical

examples representing the intensity profiles. n = 6 for PCC quantification (mean ± SD is shown).

(C) Anti-HDA714 immunostaining of rice root tip cells at 25�C and 42�C for 6 h and rice root cells pretreated with CHX (200 ng/L) for 30 min before being heat

stressed at 42�C for 6 h. Arrows indicate SGs. Scale bars, 5 mm. Red (HDA714), blue (DAPI), nuclei.

For (A) and (B), to mitigate red-green color perception difficulties, red was replaced with magenta.
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Figure 5. Identification of heat-induced SG proteins in rice

(A) Schematic representation of SG fraction isolation from rice plants and anti-HDA714 affinity purification for MS analysis. SG fractions were also extracted from

heat-stressed (42�C) and control (25�C) plants using a previously described procedure.31 Briefly, rice seedlings were grounded with liquid nitrogen and sus-

pended in lysis buffer. After centrifugation at 4,0003 g for 10 min at 4�C, the pellets were washed twice in lysis buffer with centrifugation at 18,0003 g for 10 min

at 4�C. The pellets were resuspended and centrifuged at 1,0003 g for 10 min at 4�C. The SG-enriched supernatants were collected for analysis in (B) and (C). For

identification of HDA714-associated SG proteins, the SG-enriched fractions were affinity purified with anti-HDA714 antibody and analyzed by MS.

(B) Anti-HDA714 immunostaining of the SG-enriched fractions (arrows) isolated from heat-stressed (42�C) and control (25�C) rice plants. Scale bars, 10 mm.

(C) Immunoblotting with anti-HDA714 antibody of SG-enriched fractions from the stressed (42�C) and control (25�C) plants.
(D) Immunoblotting of anti-HDA714 immuno-precipitates from SG fraction isolated heat-stressed (42�C) and control (25�C) plants. The band at 55 kDa corre-

sponds to the immunoglobulin G heavy chain.
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resistant (K to R) point mutations in RPS6. The RPS6 lysine res-

idues (K2, K14, K15, K23, and K157) that showed increased

acetylation in hda714 mutant,11 were simultaneously mutated

to Q or R. The RPS6 WT and the K to Q or R mutant proteins

were fused with GFP and co-expressed with the SG marker

RBP47B in tobacco leaf cells (Figure 7C). Under normal condi-

tions, the WT and mutant versions of RPS6-GFP fusion were

evenly distributed in tobacco cells (Figure 7C). Under heat

stress, the WT and the mutations of RPS6-GFP were found to

co-localize with the SG marker RBP47B-RFP (Figure 7C). How-

ever, with the lysine-acetylation resistant (K to R) mutants, a high

number of SGs was observed under heat stress, while a lower

number of SGs were produced with the acetyl-lysine (K to Q)

mimic mutants when compared with WT RPS6 (Figure 7C, right),

suggesting that lysine deacetylation stimulated RPS6 entering

into SGs.

To further assess the impact of protein deacetylation on heat-

induced SG formation, wemade acetyl-lysine mimic (K to Q) and

acetylation-resistant (K to R) mutations in the SG marker protein

TSN at lysine residue 76 (K76), which exhibited an increased

acetylation in the hda714 mutant.11 The WT and the K to Q or
8 Cell Reports 43, 114642, September 24, 2024
R mutants of the TSN protein were fused with GFP and ex-

pressed in rice cells. Under heat stress, a higher number of

SGs were produced in cells transfected by the acetylation-resis-

tant (K76 R) mutant than the WT or the acetyl-lysine mimic

(K76Q) mutant (Figure S13B). To further confirm the deacetyla-

tion of TSN by HDA714, we produced GST-tagged TSN protein

in E. coli. After purification, the tagged protein was incubated

with or without HDA714-MBP in deacetylation buffer. Without

HDA714, GST-TSN showed a high level of lysine acetylation (Fig-

ure S6). The presence of HDA714 reduced TSN lysine acetylation

levels (Figure S6). Collectively, the results indicate that HDA714-

dependent lysine deacetylation promotes heat-induced SG for-

mation in rice cells.

DISCUSSION

Plants have evolved regulatory networks of gene expression to

effectively cope with heat stress. Transcription factors are

crucial components in these networks, and their activity is metic-

ulously regulated at multiple levels to response to heat stress.1

In the present study, we explored a previously unexplored
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Figure 6. HDA714 is required for RPS6 entry into heat-induced SGs

(A) Subcellular localization of HDA714 and RPS6 in rice cells. HDA714-FLAG plant root tip cells were immunostained with anti-FLAG and anti-RPS6 antibodies

under normal (25�C) and heat stress (42�C for 6 h) conditions. To mitigate red-green color perception difficulties, red was replaced with magenta. Scale bars,

10 mm.Nuclei are indicated byDAPI staining. GFP, HDA714-FLAG;magenta fluorescence, RPS6. The related intensity profiles and PCC are indicated at right. The

white lines serve as typical examples representing the intensity profiles. n = 6 for PCC quantification (mean ± SD is shown). Scale bars, 10 mm.

(B) Mutation of hda714 led to reduced RPS6-containing SG numbers in rice cells. Anti-RPS6 immunostaining was performed on the root tip cells of WT and

hda714 plants under normal (25�C) and heat stress (42�C for 6 h) conditions. Scale bars, 10 mm. Blue (DAPI): nuclei; green: RPS6.

(C) Quantification of heat-induced RPS6-containing SGs in both WT and hda714 plants (B). SG numbers in rice root tip cells were quantified by ImageJ in in-

dividual cells. Data are presented as mean ± SD (n R 27). The significant difference between the groups was analyzed using a Student’s t test.
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regulatory mechanism that involves protein lysine acetylation

regulated by the cytoplasmic histone deacetylase HDA714.

The present work provided evidence that HDA714 is required

specifically for heat tolerance, likely through the deacetylation

of cytoplasmic protein in rice plants. First, the expression and

protein accumulation of HDA714 are induced during heat treat-

ment. Its loss of function impairs rice plant tolerance to heat

stress, while its OE increases the tolerance. Second, heat stress

leads to decreases in the overall cellular protein acetylation

levels, which is at least partially dependent on HDA714. Third,

HDA714 locates in heat-induced SG and is required for the SG

formation. Finally, HDA714 interacts with and is required for

the deacetylation of some SG proteins. However, whether

HDA714 contributes to the functional recovery of SG protein af-
ter the release of heat stress deserves further investigation.

These findings reveal a novel function for histone deacetylases

in plants, underscoring the complexity of the regulatory networks

that are involved in plant response to heat stress.

Lysine deacetylation of cellular proteins is a cellular
response to heat stress in plants
Recent results have shown that besides histones, many cellular

proteins, especially metabolic enzymes and translational pro-

teins, are acetylated.10,11,29,34 In this work, we showed that

heat stress sensibly reduces the overall acetylation level of

cellular proteins, which stimulates glycolytic enzymatic activ-

ities. This indicates that protein acetylation dynamics is a cellular

response to heat stress. The observation that the hda714
Cell Reports 43, 114642, September 24, 2024 9
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Figure 7. HDA714-mediated deacetylation of SG proteins is required for heat-induced SG formation

(A) Analysis of protein acetylation levels of SG fractions isolated from heat-treated hda714, HDA714 OE in comparison with WT plants by immunoblotting using

anti-LysAc antibody, which detects only acetylated proteins. Coomassie blue staining was used as loading controls. Statistical analysis for immunoblot is shown

at right.

(B) Analysis of RPS6 acetylation levels in SG fractions isolated from WT, hda714, and HDA714 OE plants under heat stress (42�C). Statistical analysis for

immunoblot is shown at right. The SG fractions were immuno-purified with anti-RPS6 antibody-coated protein-A beads. The purifications were tested by

immunoblotting with anti-LysAc to detect RPS6 acetylation and with anti-RPS6 to test RPS6 protein levels in the different samples. The immunoblotting bands

were quantified using ImageJ, and the relative signals, indicated below each band, were normalized to WT, which was set to 1.

(legend continued on next page)
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mutation impairs heat-induced deacetylation of cellular proteins

indicates that HDA714 is at least partly responsible for the heat

stress-induced protein deacetylation process. Although the

function of protein lysine acetylation is unclear, previous studies

indicated that lysine acetylation may promote protein poly-ubiq-

uitination and degradation.11,35,36 In addition, lysine acetylation

can affect metabolic enzyme activities and ribosomal protein

functions.11,37 The heat stress-induced lysine deacetylation pro-

cess may promote cellular protein stability, stimulate translation,

and enhance metabolism such as glycolysis shown in this work,

for plant tolerance.

The present work showing that the acetylation of many rice SG

proteins is reduced by heat stress indicates that lysine acetyla-

tion plays a role in heat-induced SG dynamics. The effects of

hda714 mutations (as well as treatment with the deacetylase in-

hibitor TSA) on SG formation, combined with those of the acety-

lation-resistant or mimic point mutations within the TSN and

RPS6 proteins, suggest that lysine acetylation controls SG pro-

tein entry or SG formation. SGs are spontaneously formed under

stress to prevent the degradation of essential proteins required

for cell survival.38 The present data suggest that HDA714-medi-

ated deacetylation of SG proteins may contribute not only to the

SG formation but also to SG protein stability and functional re-

covery once the stress is relieved. This hypothesis is supported

by previous results showing that HDA714 enhances ribosomal

protein stability and translational activity under normal condi-

tions.11 Thus, heat stress-induced deacetylation of cellular pro-

teins may control various cellular processes, including SG for-

mation and translational activity to enhance tolerance to the

stress. The present results also suggest that heat-induced SGs

are more stable in rice plants. As shown in Figure 6, RPS6-con-

taining SGs are robust after 6 h of heat treatment. This is also

supported by the observation that SG formed after 6 h of heat

treatment was prevented by CHX (Figure 4C). In addition, during

heat treatment, few HDA714-containing granules appeared after

0.5 h, but many more granules appeared after 3 and 6 h (Fig-

ure S7C). SGs are formed rapidly and start to disassemble

soon after the stress is gone. The persistence of SG in rice during

6 h of heat stress is consistent with previous observations of SG

formation under prolonged stress in HeLa (at 44�C for 1 h)25 and

MEF (under arsenite stress for 3 h) cells,39 and in mice fed West-

ern food for 16 weeks.40

Possible function of HDA714 in heat-induced SG
formation
SGs are inducible and reversible biomolecular condensates

assembled by LLPS upon induction by a variety of endogenous
For (A) and (B) statistics, the means ± SDs of three independent biological replic

Tukey’s multiple comparison tests. Different letters on top of the bars indicate a

(C) Subcellular localization of RPS6 (WT and K to Q or R mutant) proteins in tobac

RPS6 or RBP47B was fused to GFP or RFP, respectively, at its C terminus and und

an SG marker. To mitigate red-green color perception difficulties, red was replac

infiltrated per test. The related intensity profiles and PCC of RBP47B-RFP and R

representing the intensity profiles. n = 6 for PCC quantification (mean ± SD is sh

(D) ImageJ quantification of RPS6-containing SGs per 1,000 mm2 of leaf area trans

conditions. Data are presented as mean ± SD (nR 27). The significance was calc

letters on top of the bars indicate a significant difference (p < 0.05).
and exogenous stresses.38 LLPS is often triggered by proteins

with intrinsically disordered regions (IDRs) that induce the aggre-

gation of proteins or protein-RNA complexes. It was shown that

protein lysine acetylation has a negative effect on LLPS, inhibit-

ing SG assembly.24 For instance, acetylation of lysine 376 in the

RNA-binding domain of mammalian G3BP1, an SG marker pro-

tein, negatively affects its ability to bind RNA and interact with

other SG components, leading to the disassembly of SG.41 Addi-

tionally, acetylation of the IDRs of DDX3X, which is a component

of SGs, hinders the formation of SGs.24 Mammalian HDAC6 was

shown to enter SGs and deacetylate DDX3X and G3BP124,41.

Plant homologs of G3BP-1 and DDX3X are shown to function

in SGs.42 DDX3X appears to be acetylated in rice (Data S5). Inter-

estingly, as with several plant class II HDACs, HDA714 also con-

tains IDRs.43 It remains to be determined whether HDA714

directly participates in SG formation via IDR-mediated LLPS.

In conclusion, our results identify HDA714 as a heat-respon-

sive cytoplasmic lysine deacetylase that may enhance plant

tolerance to heat stress through several pathways. First,

HDA714 may confer plant tolerance to heat stress by partici-

pating in and facilitating SG formation. Second, HDA714 may

improve plant tolerance by enhancing metabolic activity such

as glycolysis (Figure S14). In addition, the function of HDA714

that stabilizes ribosomal proteins and promotes protein transla-

tion, as shown previously,43 may be also involved in improving

plant tolerance to heat.

Limitations of the study
In this study, we have uncovered a protective role of HDA714 in

rice under heat stress. However, it is essential to highlight certain

limitations in our analysis. First, SG formation can be divided into

formation and recovery stages. Whether HDA714 has a function

in SG recovery is not yet clear. In addition, whether HDA714 con-

trols the interaction between SG proteins and RNA remains to be

studied. Second, there is a lack of field trial data to confirm the

contribution of HDA714 to heat tolerance in rice grain produc-

tion. In addition, the 6-h heat stress that we used in our experi-

ments may affect the components of SG in rice. All in all, these

questions are important for fully understanding the function of

HDA714 in heat stress and its application in crop improvement.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rice and N. benthamiana
In this study, the rice variety Zhonghua11 (Oryza sativa spp. Japonica) was used to produce the transgenic plants. The CRISPR/

Cas941 mutants were produced by transformation of the binary transfer DNA vectors containing Cas9 and sgRNA into rice calli.

The mutation was decoded by DSDecode.42 The over expression transgenic plants were produced using the maize (Zeamays) ubiq-

uitin promoter vector pU1301-33FLAG.

METHOD DETAILS

Plant materials and stress treatments
For the hda714 mutants, two independent transgenic lines (Cas9 free) were used, which included the previously reported CRISPR/

Cas9-generated hda714mutant line (hda714#1) was utilized in this study,11 and hda714#2 which was generated in this study with a

different sgRNA targeting the HDA714 gene (Figure S1A, see below). The had705 and hda706mutants used in this study were char-

acterized in a previous study.11 The HDA714, TSN, and PK3 overexpression lines were generated by fusing the FLAG tag to the C

terminus of the coding sequences, driven by the ubiquitin promoter. Two independent HDA714, TSN or PK3 over-expression lines

were obtained. The pk1 complementation lines (Com#1 and Com#2) were driven by their own promoters, with the CDS HA-tagged.

Transgenic plants were produced using the rice variety Zhonghua11 (Oryza sativa ssp. Japonica [Geng]). For phenotyping, plants

were hydroponically cultivated in liquid Yoshida’s solution.44 Various stress treatments were applied to seedlings at the early devel-

opmental stage. For cold stress, 14-day-old seedlings grown hydroponically of 25�C/14 h light and 25�C/10 h dark were transferred

to a 4�C chamber for 3 days. For heat stress, seedlings were incubated at 42�C in a growth chamber for 5–7 days. For salt and os-

motic stresses, NaCl (180mM) and PEG6000 (20%) were added to the nutrient solution for 3 and 4 days, respectively. For the control,

seedlings were grown under normal conditions of 25�C/14 h light and 25�C/10 h dark. After stress treatments, seedlings were re-

turned to normal conditions for 7 days before surveying survival rates based on the percentage of viable seedlings. The survival rates

(live plants/total plants 3 100%) after recovery were surveyed in 3 biological replicates (n = 40 for each replicate). To identify rice

thermotolerance at the reproductive stage, rice plants were first grown individually in pots (n > 18) under normal growth conditions

(30�C/13 h light, 25�C/11 h dark) in a greenhouse. At the flowering stage, half of the plants were then subjected to high-temperature

stress (37�C/13 h light, 25�C/11 h dark) for 14 days, while the other half was kept under standard growth conditions. After the treat-

ment, the plants were returned to standard growth conditions until maturation, and the phenotypes were assayed.

CRISPR/Cas9 vector construction
The CRISPR/Cas9 sgRNAs targeting HDA714 gene were designed using CRISPR-P2.0 (http://crispr.hzau.edu.cn/CRISPR2/).

The transgenic vectors were constructed as previously described.45 The Cas9 and sgRNA expression cassettes were driven by

the ubiquitin promoter and U3/6 promoter, respectively. The sgRNAs were then ligated into the Cas9 destination vector using Gibson

Assembly Cloning.46 The resulting transfer DNA vectors, containing both Cas9 and the sgRNAs, were transformed into rice calli via

Agrobacterium-mediated transformation.

RT-qPCR
Total RNAwas extracted using TRIzol reagent (Invitrogen, 15596018). Complementary DNA was synthesized from 1 mg of RNA using

the reverse transcription kit (Vazyme, R212-01). Real-time PCRwas performed using the SYBR Premix ExTaq (Vazyme, Q441-02) on

an ABI 7500 real-time PCR instrument, with rice ACTIN1 serving as the internal standard for gene expression. Each sample was

analyzed in triplicate. The relative expression levels were calculated using the 2�66CT method.47

Total protein extraction and immunoblotting
To extract total protein, the rice seedlings grown under heat stress and normal conditions were first collected and ground into a fine

powder using liquid nitrogen and then homogenized in lysis buffer containing 10 mM Tris-HCl pH7.5, 150 mM NaCl, 0.5 mM EDTA,

and 0.5%NP-40. The suspensionwas then centrifuged at 16,000 g for 10min at 4�C, and the resulting supernatant was transferred to

a new 1.5 mL centrifuge tube. Half of the volume of 2x SDS loading buffer (containing 120 mM Tris-HCl pH 6.8, 20% glycerol, 4%

SDS, 0.04% bromophenol blue, and 10% b-mercaptoethanol) was added to the supernatant, and the mixture was thoroughly mixed

before being heated at 95�C for 10 min. The extracted total proteins were then used for immunoblotting analysis, using anti-ACTIN

(1:4000, D191048-0100, Sangon), anti-Lys-Ac (1:1000, ab21623, Abcam) antibodies, anti-GAPDH (1:1000, ab9485, Abcam), anti-

ENO1 (1:1000, YM029972M, Abmart), and anti-HDA714 (1:1000, self-made). Band intensities were quantified from the 16-bit digital

image by densitometry in ImageJ (v1.6.0_24) and normalized to the control samples as indicated in the figures.
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In vitro deacetylation assays
In vitro deacetylation assays for ENO1, TSN, and GAPDH1 were performed using MBP-tagged HDA714 and GST-tagged ENO1,

TSN, and GAPDH1 proteins, which were expressed and purified from E. coli cells. The tagged proteins were acetylated in E. coli.

Deacetylation experiments were conducted at 37�C for 12 h in a reaction buffer containing 50 mM Tris (pH 8.0), 137 mM NaCl,

2.7mMKCl, 1mMMgCl2, 1 mMZnCl2, and 1mMDTT. The products were then subjected to western blot analysis using an anti-LysAc

antibody (1:1000, ab21623, Abcam).

Rice stress granule isolation and proteome identification
Stress granules were also extracted as previously described.31 In brief, the plant sample (4 g) was finely ground with liquid nitrogen

and suspended in lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM potassium acetate, 2 mMmagnesium acetate, 0.5% NP-40, 0.5 mM

DTT, 1 mM NaF, 1 mM Na3VO4, protease inhibitor cocktail, and 1U RNasin). The slurry was centrifuged at 4,000 g for 10 min at 4�C,
and the supernatant was removed. The pellet was resuspended in lysis buffer, centrifuged at 18,000 g for 10 min at 4�C, and this

process was repeated once, resuspending the pellet in lysis buffer each time. The suspension was then centrifuged at 1000 g for

10 min at 4�C. The resulting supernatant was considered the SG-enriched fraction. A volume of 260 mL of protein-A magnetic beads

(Thermo Fisher Scientific, 10001D) was washed once with DEPC-treated PBS buffer supplemented with 0.05% NP-40, followed by

three washes with lysis buffer for 5 min at 4�C. The SG-enriched fraction and RNasin (at a final dilution of 1:100) were added to the

mixture and incubated on a tube rotator for 15 min at room temperature. The beads were separated using a magnet, and the super-

natant was then incubated with anti-HDA714 antibody for 4 h at 4�C. Excess antibody was removed by centrifugation, and the pellet

was resuspended in 500 mL of lysis buffer and incubated overnight with 100 mL of equilibrated Dynabeads at 4�C. The protein-bound

beadswerewashed four timeswith lysis buffer and subsequently sent to BGI Genomics Co., Ltd (China) for mass spectrometric anal-

ysis. This process was independently replicated three times for biological validation.

SG proteomics and data analysis
SGs proteins were first trypsin-digested for 4 h at 37�C, followed by desalting and freeze-drying. The resulting dried peptide samples

were subsequently reconstituted using mobile phase A (2% ACN, 0.1% FA). The separation process was carried out using a Thermo

UltiMate 3000 UHPLC system. The sample was initially enriched in a trap column, underwent desalting, and then entered a self-

packed C18 column (75 mm internal diameter, 3mm column size, 25cm column length). Separation occurred at a flow rate of 300

nL/min, following this gradient: 0–5 min, 5% mobile phase B (98% ACN, 0.1% FA); 5–45 min, linear increase of mobile phase B

from 5% to 25%; 45–50 min, mobile phase B increased from 25% to 35%; 50–52 min, mobile phase B rose from 35% to 80%;

52–54 min, 80% mobile phase B; 54–60 min, 5% mobile phase B. The nanoliter liquid phase separation end was directly linked to

the mass spectrometer. Subsequently, the peptides separated through liquid phase chromatography were ionized using a nanoESI

source and then directed to the tandemmass spectrometer Q-Exactive HF (Thermo Fisher Scientific, San Jose, CA) for protein iden-

tification. Proteins were identified through a database search of the fragment spectra against the MSUOryza sativa database (http://

rice.uga.edu/), concatenated with a reverse decoy database, using the Mascot software program (version 2.3; Matrix Science). An

e-value of <0.05 was set as the filtering criterion. Proteins with >2 unique peptides in three biological replicates in either the control or

treatment group were selected. By eliminating the proteins present in the control group and proteins annotated as ’mitochondrial’ or

’chloroplastic’ by cropPAL2, a list of proteins specific to the treatment group were obtained. The protein orthologs between rice, Ara-

bidopsis and human SG proteins were searched using the ortholog tool OrthoFinder (v2.5.4)48 with default parameters for pairwise

searches. GO enrichment was analyzed by PANTHER, domain enrichment analysis was done by STRING (v12.0),49 and the acety-

lation status of rice SG proteins was determined based on previously reported protein acetylomes of rice seedlings grown under

normal conditions.11

Analysis of rice SG proteins acetylation levels
SG fractions from wild type, hda714 mutants, and HDA714 overexpression plants rice seedlings under heat stress were isolated as

described above. The lysine acetylation levels of SG fraction proteins were assayed by immunoblotting using an anti-LysAc antibody,

which detects only acetylated proteins.

To analyze RPS6 acetylation, the isolated SG fractions from the different genotypes were dissolved in buffer X (50 mM HEPES-

KOH [pH 7.5], 150 mM NaCl, 1 mM Ethylene Diamine Tetraacetic Acid [EDTA], 1% Triton X-100, 0.1% sodium deoxycholate,

0.1% SDS). Subsequently, the dissolved proteins were incubated with anti-RPS6 (1:1000, ab40820, Abcam) coated protein-A mag-

netic beads (Thermo Fisher Scientific, 10001D) for 5 h at 4�C. After four washes with PBST buffer, the immuno-purified proteins were

collected. After boiled at 95�C, the purified proteins were separated by SDS-PAGE and immunoblotted with anti-RPS6 (1:1000,

ab127980, Abcam) and anti-LysAc (1:1000, ab21623, Abcam).

Bimolecular fluorescence complementation (BiFC) assay
For the BiFC assays, Agrobacterium strains EHA105 carrying cYFP-HDA714 and the nYFP-TSN or nYFP-PK3 were co-infiltrated into

N. benthamiana leaves. After 48 h, the plants (n = 3) were treated at 42�C for 30 min, with the control plants maintained at normal

temperature (25�C). The transfected leaf cells were then photographed using a laser confocal microscope (Olympus FV1200).
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Split-luciferase complementation assays
For the split-luciferase complementation assays, the constructs containing split luciferase (nLUC- and cLUC)were initially introduced

into A. tumefaciens cells. Subsequently, the designated pairs of transformed constructs were infiltrated into the abaxial epidermis of

6-week-old tobacco (N. benthamiana) leaves using a needleless syringe. At least three tobacco plants (n = 3) were infiltrated. After

48 h of transfection, the transfected leaves were treated with 1 mM luciferin (Gold Biotechnology) and kept in darkness for 10 min.

Luciferase bioluminescence images were captured using the Chemi-Image System (Tanon 5200Multi).

In vitro pull-down assays
For in vitro pull-down assays, GST-tagged PK3, GST-tagged HDA714, MBP-tagged TSN and MBP-tagged HDA714 were con-

structed and expressed in the Escherichia coli cells. GST or PK3-GST coupled GST beads (17-5132-01, GE Healthcare) were

used to pull down HDA714-MBP and analyzed by immunoblotting with anti-MBP antibody (1:4000, E8032S, NEB). TSN-MBP was

incubated with GST or HDA714-GST and pulled down with GST beads. Anti-MBP antibody was used to detect TSN-MBP by

immunoblotting.

Co-IP assays
For co-immunoprecipitation to detect in vivo interaction betweenHDA714 and TSN or PK3 proteins, TSN-FLAG andPK3-FLAG over-

expression seedlings were pulverized into powder using liquid nitrogen and then extracted with lysis buffer (10 mM Tris–HCl pH 7.5,

150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P40 Substitute). The extracts were incubated with anti-FLAG M2 magnetic beads

(M8823, Sigma) for 5 h at 4�C. After four washes with PBST buffer, the co-immunoprecipitated proteins were separated by SDS-

PAGE and analyzed by immunoblotting using anti-FLAG (1:1000, F3165, Sigma) and anti-HDA714 (1:1,000, self-made) antibodies.

LC-MS/MS-based quantitative acetylproteomics
The control and heat-stressed rice seedlings (exposed to 42�C for 72 h) were collected, ground to powder using liquid nitrogen, and

then phenol extraction buffer (containing 10 mM dithiothreitol, 1% protease inhibitor, 3 mM TSA, 50 mM NAM) was added for ultra-

sonic lysis. After centrifugation, the supernatant was mixed with an equal volume of Tris-balanced phenol to precipitate overnight.

The resulting precipitates were washed five times with 0.1 M ammonium acetate/methanol. The precipitates were then dissolved in

8 M urea. For acetylproteomics, the protein solution was first treated with 5 mM dithiothreitol at 56�C for 30 min, then with 11 mM

iodoacetamide at 25�C for 15min in the dark. The urea concentration was reduced to less than 2Mwith 100mM TEAB. Then, trypsin

was added at a 1:50 ratio for 12 h and at a 1:100 ratio for 4 h. Peptides were next dissolved in IP buffer (100mMNaCl, 50mMTris-HCl,

1 mM EDTA, 0.5% NP-40, pH 8.0) with antibody beads (PTM-104, PTM Bio) and mixed at 4�C for 12 h. After washing, peptides were

eluted with 0.1% trifluoroacetic acid, collected, and dried. For LC-MS/MS analysis, peptides were first desalted using C18

ZipTips (Millipore) and then separated using a NanoElute system with mobile phases of 0.1% formic acid (A) and 0.1% formic

acid in acetonitrile (B). The gradient was: 0–40 min, 7%–24% B; 40–52 min, 24%–32% B; 52–56 min, 32%–80% B; 56–60 min,

80% B, at 450 nL/min. The final peptides were ionized and analyzed with a TIMS-TOF Pro mass spectrometer. The scan range

was 100–1700 m/z in PASEF mode. The resulting MS/MS data were analyzed using MaxQuant (v1.6.15.0) with the Oryza_sati-

va_4530_NCBI database. Trypsin/P was set for digestion with up to 4 missed cleavages. Modifications included fixed cysteine alkyl-

ation and variable methionine oxidation, N-terminal acetylation, lysine acetylation, and deamidation. Identifications with FDR <1%

were selected. Proteins that exhibited less than 1-fold change in Kac levels in both replicates were annotated as decreased.

Stress granule assays in Nicotiana benthamiana cells
The full-length cDNAs of the target genes of RPS6 (Os07g0622100), TSN (Os02g0523500), PABP1 (Os09g0115400), RPS3

(Os03g0577000), PK1 (Os11g0148500), PK3 (Os04g0677500), DEAD (Os04g0533000), PABP3 (Os04g0504800), EIF (Os02g

0519900), RBP47B (AT3G19130), and TSN (AT5G61780) were subcloned into pCambia 1301. RBP47B and TSN were specifically

fused with RFP, whereas the remaining genes were fused with GFP. A. tumefaciens cells with above constructs were infiltrated

into the abaxial epidermis of 6-week-old tobacco (N. benthamiana) leaves using a syringe. After 48 h, the plants were subjected

to 42�C for 30 min, while the control plants were maintained under normal growth conditions. The leaf cells were then photographed

using a laser confocal microscope (Olympus FV1200). For each transient expression experiment, at least three (n = 3) tobacco plants

were infiltrated. After 48 h, the plants were treated at 42�C for 30 min, the leaf cells were photographed using a laser confocal mi-

croscope (Olympus FV1200). The image was quantified using ImageJ (v1.41) software, and the number of SGwas quantified in every

1000 mm2. For co-localization analyses, we calculated the Pearson correlation coefficient (PCC) for the pixels representing the fluo-

rescence signals in both channels. A sample size of n = 6 was used for Pearson correlation coefficient (PCC) quantification, and the

results are presented asmean ±SD. Levels of co-localization range from +1 to�1 for positive and negative correlations, respectively.

Immunofluorescence staining of rice root tips
The root tips of 3-day-old rice seedlings were either treated at 42�C for 6 h or untreated as a control. For the Cycloheximide (CHX)

treatment, the seedling roots were first pre-incubated with 200 ng/L CHX for 30 min and then heat-stressed at 42�C for 6 h. For the

Trichostatin A (TSA) treatment, the seedling roots were incubated with 3 mM TSA for 30 min and then heat-stressed at 42�C for 6 h.

The root tips were fixed with 4% paraformaldehyde for 30 min at room temperature and then digested with 3% (w/v) cellulase R-10
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and 0.3% (w/v) Macerozyme R-10 (Yakult Pharmaceutical Industry) for 4 h at 37�C. Then the root tips were placed on a polyline-

coated slide, which was prepared using the squashed method.

For immunofluorescence staining, the prepared slides were blocked with 5% (w/v) bovine serum albumin in PBS (pH7.4) for 1 h at

37�C, and then washed three times with PBS. Next, the slides were incubated with primary antibodies diluted 1:100 at 4�C overnight,

followed by secondary antibodies diluted 1:200 at 37�C for 1 h after three washes with PBS. Each slide was then stained with DAPI

and photographed using amicroscope (Olympus FV1200) in Airyscanmodewith a360 NA oil objective. The SG numbers in immuno-

stained rice root tip cells were individually quantified with ImageJ (v1.41).

Enzyme activity assays
The activities of the glycolytic enzymes GAPDH and PK were determined using commercial kits (Suzhou Keming Biotechnology)

following the manufacturer’s instructions. In brief, 0.1 g of rice seedlings was homogenized in 1 mL of enzyme extraction buffer

and then centrifuged at 4�C for 10 min. The absorbance was measured at a wavelength of 340 nm using a multimode microplate

reader (Spark, TECAN). Six biological replicates were performed for each genotype. Enzyme activity was calculated from the absor-

bance value and the sample fresh weight using the formula provided in the enzyme kit instructions.

Enolase activity was determined using the Enolase Activity Assay Kit (Sigma, Germany, MAK178-1KT) according to the manufac-

turer’s instructions. In brief, 0.01 g of rice seedlings was homogenized in 100 mL of ice-cold Enolase Assay Buffer and then centri-

fuged at 4�C for 5 min. The samples of cell lysates were mixed with reaction buffer and incubated at 25�C. After 5–10 min, an initial

measurement of the OD value was taken at a wavelength of 570 nm. This was followed by measurements every 2–3 min until the OD

value reached its highest point. The enzyme activity of the sample was calculated according to the instructions provided in the kit.

Stress granule assays in rice protoplasts
The full-length cDNAs of the target genes were subcloned into pCambia1301 to fuse with GFP. The fusion was transiently expressed

in rice protoplasts using polyethylene glycol-mediated transformation. After overnight culture, the subcellular localization was visu-

alized using a confocal laser scanning microscope (Olympus FV1200) under normal (25�C) and heat stress (42�C for 30 min).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data were analyzed using one-way ANOVA or Student’s t test. The values represented as means ± standard deviation (SD).

Statistical details can be found in the figure legends, including biological repeats, exact value of n, what n represents, and the sta-

tistical tests used.
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