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Rice productionis facing substantial threats from global warming
associated with extreme temperatures. Here we report that modifying a heat

stress-induced negative regulator, a negative regulator of thermotolerance
1(NAT1), increases wax deposition and enhances thermotolerancein

rice. We demonstrated that the C2H2 family transcription factor NAT1
directly inhibits bHLHI110 expression, and bHLH110 directly promotes

the expression of wax biosynthetic genes CER1/CERIL under heat stress
conditions. Insitu hybridization revealed that both NAT1and bHLH110

are predominantly expressed in epidermal layers. By using gene-editing
technology, we successfully mutated NAT1 to eliminate its inhibitory effects
onwax biosynthesis and improved thermotolerance without yield penalty
under normal temperature conditions. Field trials further confirmed the
potential of NATI-edited rice to increase seed-setting rate and grainyield.
Therefore, our findings shed light on the regulatory mechanisms governing
wax biosynthesis under heat stress conditionsinrice and provide a strategy
to enhance heatresilience through the modification of NAT1.

Theglobal populationis rapidly increasing, leading to asubstantial rise
infood demand'. However, crop productionis frequently hindered by
theimpacts of global climate change’. Mathematical modeling suggests
that cereal production could experience a decline of 6-7% in yield
for every1°Cincrease in environmental temperature’. Rice (Oryza
satival.)servesasastaplefood for over half of the world’s population,
butitis highly susceptible to heat stress during both the seedling and
reproductive stages®. Therefore, there is an urgent need to enhance
rice thermotolerance through modern breeding programs to meet
the escalating global food demand.

Heat stress has detrimental effects on plant growth and devel-
opment. For example, high temperature disrupts protein folding
in both the cytosol and endoplasmic reticulum (ER), leading to the
accumulation of misfolded proteins, reactive oxygen species (ROS)
and disruption of organelle integration in plants’. However, as plants
areimmobile, they have developed various strategies to mitigate the
damage caused by heat stress. These strategies include heat sens-
ing and signaling, transcriptional regulation and post-translational

regulation*®’. Thermotolerance 3 (T73), a quantitative trait locus
(QTL) inrice, consists of two genes, 773.1 and T73.2 (ref. 8). The ther-
mosensor TT3.1is an E3ligase that relocates from plasma membrane to
endosome, ubiquitinating the chloroplast precursor protein TT3.2 to
preventstress-induced damages conferred by TT3.2 under heat stress
conditions®’., In contrast, NTL3 encodes a rice membrane-associated
transcription factor that relocates from plasmamembrane to nucleus
toregulate the expression of genesinvolved in ROS detoxification and
ER protein folding under heat stress conditions™'°. In a recent study,
sensing Ca*" transcription factor 1/sensing Ca®* transcription factor 2
(SCT1/SCT2) decodes calcium signals from upstream regulator ther-
motolerance 2 (TT2) to negatively regulate thermotolerance in rice
at the transcriptional level™. TT1 is also a QTL for thermotolerance,
firstidentified in Africanrice (Oryzaglaberrima)". TT1encodes an a2
subunit of the 26S proteasome that is involved in the degradation of
cytotoxicdenatured proteins; overexpressing Og7T1in cultivated rice
substantially enhanced thermotolerance™. However, itisimportant to
note that stronger stress tolerance often comes at the cost of reduced
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Fig.1|NAT1negatively regulates thermotolerance. a,b, Upregulation of NAT1
expression by AZC and heat stress. Three-day-old NPB plants grown at 30 °C
were treated with AZC (5 mM) for 2 h (a) or kept either at 30 °C or transferred

to 45 °C for the indicated time (b), and total seedlings were sampled for RT-
qPCR analysis. Fold induction s the log, expression value of the AZC-treated
sample divided by the nontreated sample, both of which were normalized to
that of Actin. Relative expression of NAT1 is the expression level of NATI at 45 °C
normalized to thatat 30 °C, both of which were normalized to that of PP2A.

c,d, Tissue-specific expression of NATI (c) and its downstream gene bHLH110
(d). Insitu hybridization in the cross-section of NPB stems was performed with
antisense and sense probes (control) of NAT1/bHLH110. e-z, Phenotypic analysis
atseedling stage (e-j) and reproductive stage (k-z). In the survival test, NPB,

c NATI d bHLH110

Sense Sense Sense Sense

“

/Anfy Antisense

Control (30 °C)  Heat (38 °C)

™
\ N

Antisense ",‘\ Antisense

\ /
. //

Heat (38 °C)

Tmm—=

1mm .

Control (30 °C)

i j
Heat (45 °C) 100 50 1
a
a a 40 :
[o) Q
& 60 & 30
3 b 3
2 120 = 2 20 b
2 2 b
= 3 .
@ 20+ @ 10+
o- o
N 9 D
R NN R” K X
S (\rb (\'b < '\\O '\,\O
Q?‘ g?‘
o P q r

Seed setting rate (%)
1,000-grain weight (g)
Yield per five tillers (g)

X Y
g 3 G
© = 4
g 5 2
= ‘® =
£ : 2
B © =
[2] )] Q
it 3 a
3 o
3 S 3

< 0 =

9 N 9
éQ R 0% e/‘\?\o/\\o éQ\ /\\OQ’
V\V’$?~ g‘?‘é?* %?‘%?’

natl-1/natl-2 mutants and NATIOE-1/NAT10E-2 overexpression plants were grown
at30 °C, subjected to heat stress (45 °C) for 2 days and then recovered at 30 °C
for 7 days. The survival rate was calculated. For the thermotolerance test at the
reproductive stage, the abovementioned plants were subjected to heat stress

at 38 °C for 3 days during flowering and then recovered at 30 °C until maturity.
Thefilled grains per plant (k,s) or per five panicles (o,w) were photographed

and recorded. Data are presented as mean values + s.e.m.,n=3ina,b,ij;n=10
inl-n,t-v; n=15in p-r,x-z. Two-sided t-test was performed (a), and the exact
Pvalues are shown. Different letters indicate significant differences between the
two samples, as determined by the Tukey’s honestly significant difference (HSD)
test (P< 0.05) after two-way ANOVA analysis. Scalebars=1mminc,d;Scmine-h
andk,o,s,w for grains; 20 cmink,0,s,w for plant heights.
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crop yield®. This limitation hinders the widespread use of these tools
inmolecular breeding. Consequently, additional strategies are needed
to improve thermotolerance based on understanding the molecular
components of thermotolerance.

Inthe current study, we have identified anideal target locus called
the negative regulator of thermotolerance 1 (NATI) for enhancing
thermotolerance in rice through targeted gene editing. We have dis-
covered that NAT1is predominantly expressed inepidermal layers and
is highly induced by heat stress. NAT1 has a crucial role in repressing
the expression of bHLH110, whichin turninfluences the expression of
ECERIFERUMI (CER1)/CERI-like (CERIL), two homologous fatty alde-
hyde decarbonylase genes responsible for the biosynthesis of wax
very-long-chainalkaneinrice”. By editing the NATI genein three differ-
ent variety backgrounds, we have successfullyimproved thermotoler-
ance.Remarkably, these edited varieties exhibited enhanced tolerance
without negative impacts on growth and yield under normal growth
conditions. This finding presents a promising alternative approachto
ensuring sustainable productivity in the face of global climate change.

Results

NAT1is anegative regulator of thermotoleranceinrice

In our previous microarray experiment, we used the proline analog
l-azetidine-2-carboxylic acid (AZC)" to induce misfolded proteins in
plantcells. We discovered that NAT1, along with other well-known heat
stress regulators such as HsfA2a, HsfB2b, MBF1C and HSP26.7 (ref. 15),
was substantially upregulated following AZC treatment in wild-type
rice Nipponbare (NPB) plants (Fig.1a). Because heat stress could dena-
ture proteins and lead to the accumulation of misfolded proteins'¢, we
conducted quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) and revealed that NAT1 exhibited astrong response to
heat stress (Fig. 1b). To examine tissue-specific expression of NAT1, we
first conducted RT-qPCR with collections of different tissues grown
under normal growth temperature (30 °C) and found that NAT1 was
preferentially expressed inroots, stems and developing endosperms
(Supplementary Fig.1a). We then conducted in situ RNA hybridization
with stem sections and found that NATI signals were enriched in the
epidermallayers and periphery of vascular bundles, which s stronger
at 38 °C than that at 30 °C (Fig. 1c). To further investigate its role in
heat stress responses, we generated gene-edited natl mutants” in
the NPB background (Supplementary Fig. 2a). Interestingly, the natI-
1/nat1-2 mutant seedlings exhibited similar growth to NPB plants at
30 °C (Fig.1e). However, when exposed to 2 days of heat stress (45 °C),
the survival rates of natl-1/natl-2 mutants were substantially higher
compared to NPB plants (Fig. 1f,i). To assess the thermotolerance of
natl-I/natl-2 mutants at the reproductive stage, we evaluated major
agronomic traits such as seed-setting rate, 1,000-grain weight and
grainyield. Surprisingly, these mutants showed no significant differ-
encesinthesetraits compared to control plants at 30 °C (Fig. 1k-n). We
then subjected both the natI-1/natl-2 mutants and NPB plants grown
at30 °Cto heatstress (38 °C) starting at flowering for 3 days, followed
by areturn to 30 °C for recovery. At maturity, we observed that the

seed-setting rate, 1,000-grain weight and grain yield of natI-1/nat1-2
plants were higher than those of NPB plants (Fig. 1o-r).

Additionally, we conducted experiments to overexpress NATI in
the NPB background (Supplementary Fig.2b,c) and examined their heat
stress sensitivity. Phenotypic analysis revealed that NATIOE-1/NAT10E-2
overexpression plants were more susceptible to heat stress atboth the
seedling stage (Fig.1g,h,j) and reproductive stage (Fig. 1s-z) in terms of
survivalrate, seed-setting rate,1,000-grain weight and grainyield when
compared to the control plants, respectively. Starch accumulationin
mature pollen grains is vital for maintaining fertility, especially under
heat stress conditions'®. We stained pollen grain starches with iodine
potassium iodide (IKI) and found that the accumulation of starch in
pollengrains was higher in nat1-1 mutant but lower in NATIOE-1 plants
under heat stress conditions compared to thatin NPB; in contrast, the
accumulation of starchin pollen grains was similar among these plants
under normal conditions (Supplementary Fig. 3a-c).Inconclusion, our
results demonstrate that NAT1acts as a negative regulator of thermo-
tolerance in rice. The mutation of NATI confers thermotolerance to
rice at both the seedling and reproductive stages.

NAT1inhibits wax biosynthesis under heat stress conditions
The putative C2H2-type transcription factor encoded by NATI was found
exclusivelyinthenucleus (Fig. 2a). However, NAT1showed no transcrip-
tional activation activity (Supplementary Fig.4), soweinvestigated its
potential repression activity. When NAT1 was fused to LexA-DNA-binding
domain (LexA-BD), its transcription activation on the LexA operator
was reduced (Fig. 2b,c), indicating that NAT1 has transcription repres-
sion activity. Furthermore, mutation of the ethylene-responsive ele-
mentbinding factor-associated amphiphilic repression (EAR) domain®
greatly diminished the repression activity (Fig. 2c).

To understand the role of NAT1 in regulating thermotolerance in
rice, we conducted RNA-sequencing (RNA-seq) analysisto compare the
transcriptomes of natI-1and NPB seedlings. We identified 497 genes with
higher expression and 365 genes with lower expression in natI-1 plants
thanin NPB, specifically ata high temperature (45 °C; Fig. 2d,e and Sup-
plementary Datal). We considered these 497 genes as NATI-downstream
genes because NAT1 is a heat-induced repressor. Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis of these 497 genes revealed
enrichmentterms of phenylpropanoid biosynthesis, starchand sucrose
metabolism, cutin, suberin and wax biosynthesis, fatty acid elongation,
etc. (Fig. 2d). We focused on wax biosynthesis in the current study and
examinedthe expression of multiple reported and predicted wax-related
genes' in our RNA-seq data (Supplementary Data 1) and observed an
increased trend in their expression in natI-I mutant compared to NPB
under heat stress conditions (Fig. 2f and Supplementary Fig. 5). Among
these genes, we focused on two closely related genes (CER1/CERIL)
involved inwax biosynthesis*** and performed quantitative RT-qPCR.
The results showed higher expression levels of CER1/CERIL in natl-
1/nat1-2plantsandlower expression levels in NAT10E-1/NAT10E-2 plants
compared to NPB under heat stress conditions (Fig. 2g-j), suggesting
that NAT1represses the expression of these wax biosynthetic genes.

Fig.2|NAT1represses downstream genes involved in wax biosynthesis under
heat stress conditions. a-c, Subcellular localization and transcription activity
assay. The NAT1-green fluorescent protein (NAT1-GFP) fusion protein was
transiently co-expressed with the nucleus marker nucleus localized signal-red
fluorescent protein (NLS-RFP) in tobacco epidermal leaves and observed under
laser microscopy (a). For the effector-reporter assay, the native (EAR) or mutated
form (ear) of NAT1was fused to LexA-BD and used as the effector, and the LexA
operator lined to the 35S promoter, and the firefly luciferase was used as areporter
(bandc).d,e, NAT1-regulated downstream genes (e) and their KEGG analysis (d).
Upregulated genes (FC > 2, g < 0.05) in nat1-1 mutant compared to thatin NPB
plants were used for drawing the Venn diagram. Circle size represents the number
of enriched genes, and the maximum s 15. f-j, Expression analysis of wax-related
genes. NPB, natI-1/natl-2 mutants, and NATIOE-1/NATI-OE-2 overexpression plants

were grown at 30 °C and either kept at 30 °C (control) or transferred to 45 °Cfor1h
(HS, heat-stressed; f), or for the indicated time period (g-j). Circles represent genes
associated with wax, and the shaded area indicates the 95% confidence interval.In
f, theredlineillustrates the fitted curve based on gene expression patterns and the
dashed red line denotes the average value of wax-related genes in NPB plants under
heat stress conditions. k, Cuticle wax deposition on leaf surfaces.l, Wax contentin
seedlings. Seven-day-old NPB, nat1-1 mutant and NAT1OE-1 overexpression plants
grown at 30 °C were either kept at 30 °C or transferred to 45 °C for 1 day. Samples
were observed under a scanning electron microscope (k). Wax content was
quantitatively assayed using GC-MS (I). C16-C36 represent the number of carbon
atoms. Data are presented as mean values + s.e.m., n = 3. Different letters indicate
significant differences between the two samples, as determined by the HSD test
(P<0.05) after two-way ANOVA analysis. Scale bars =100 pm (a) and 1 pm (k).
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Fig.3|NAT1inhibits the expression of bBHLH110 and bHLH110 promotes the
expression of wax biosynthesis genes CER1/CERIL. a-e, Inhibition of bHLH110
expression by NAT1. NATI-myc overexpression plants grown at 30 °C were
harvested for ChIP-qPCR (a). The expression of bHLHI110 was checked following
aperiod of heat stress treatment (45 °C; b). In effector-reporter assays, various
segments of bBHLHII0 promoter sequences and the 35S promoter were linked to
the firefly luciferase and co-expressed with NAT1 (c,d). For the EMSA, biotin-
labeled A/T-rich probes were incubated with purified NAT1-His protein, while
unlabeled native (AGAAAAAG) or mutated (AGGGGGGG) probes were used as
competitors (e). f-i, Promotion of CER1/CERIL expression by bHLH110. Different
segments of CERI/CERIL promoter sequences or cis-elements were linked

to the firefly luciferase and co-expressed with bHLH110 in effector-reporter
assays (f-h).Inthe EMSA, biotin-labeled E-box (CATATG) probes were incubated
with purified bHLH110 protein, and unlabeled native or mutated (CAAAAG)

E-box probes were used as competitors (i). The relative luciferase activity was
determined by normalizing the firefly luciferase activity to the Renilla luciferase
activity (internal control), which was then normalized to the vector control.

Jj, Subcellular localization. The bHLH110-GFP fusion protein was transiently
co-expressed with the nucleus marker NLS-RFP in tobacco epidermal leaves and
observed under laser microscopy. Scale bars = 50 pm. kI, The expression of CERI
(k) and CERIL (1) in bhlh110-1/bhlh110-2 mutants and bHLHI10OE-1/bHLHIIOOE-2
overexpression plants subjected to heat stress treatment (45 °C) for the indicated
time. Data are presented as mean +s.e.m., n = 3. Two-sided ¢-test was performed
(a,c,d,f-h), and the exact Pvalues are shown. Different letters indicate significant
differences between the two samples, as determined by the HSD test (P < 0.05)
after two-way ANOVA analysis. Arrowhead and arrow point to the position of
shifted bands and free probes, respectively ineandi.

Tofurtherinvestigate the role of NAT1on wax biosynthesis, we exam-
ined the surfacefeatures of leaves, including cuticle flaky and amorphous
wax crystals, using scanning electron microscopy. Under normal tem-
perature conditions (30 °C), the leaf surfaces of NPB and natI-1 were
densely covered with wax crystals, while the wax density in NATIOE-1
plants was lower compared to that in NPB plants (Fig. 2k). In contrast,
under high-temperature conditions (45 °C), the wax crystal density of
natl-1 plants was much higher, while that of NATIOE-I plants was much
lower compared to NPB (Fig. 2k). To validate these observations with
quantification, we extracted wax compounds from plants and analyzed
them using gas chromatography-mass spectrometry (GC-MS). The
results showed that the level of known wax-related components (includ-
ing alkanes, esters, fatty acids and alcohols) was substantially higher in
natl-1plants and lower in NATIOE-I plants compared to NPB (Fig. 21 and
Supplementary Fig. 6). Together, these findings provide evidence that
NAT1negatively regulates wax biosynthesis under heat stress conditions.

NAT1directly represses bHLH110 expression

We investigated whether NAT1 directly represses the expression of
CERI/CERIL by performing chromatinimmunoprecipitation-quantita-
tive PCR (ChIP-qPCR). Our results showed that neither the CERI promoter
northe CERIL promoter was enriched by NAT1 (Fig. 3a). To further explore
this, we screened putative transcription factors fromthelist of differently
expressed genes between natl-1and NPB (Supplementary Data 1) and
found thatthe bHLH110 promoter was highly enriched by NAT1 (Fig. 3a).
This finding was consistent with the observation that the expression of
bHLHIIOwasincreased in natl-I/natl-2mutants under heatstress condi-
tions and decreased in NATIOE-1/NATIOE-2 overexpression plants com-
pared to NPB (Fig.3b). Furthermore, the tissue-specific expression pattern
of bHLH110was correlated to that of NATI (Fig. 1c,d and Supplementary
Fig.1a,b). We also examined the expression of other reported wax-related
regulatory genes in rice™ and found that T72/SCT1/SCT2 expression
remained unchanged in natl-1/nat1-2 mutants and NATIOE-1/NATIOE2
overexpression plants (Supplementary Fig. 7). However, the expression
of the wax biosynthesis regulator Waxsynthesis regulatory 2 (WR2) down-
stream of TT2/SCT1/SCT2 was increased in natI-1/natI-2 mutants and
decreasedin NATIOE-1/NATIOE-2 overexpression plants (Supplementary
Fig.7).Interestingly, the WR2 promoter was not enriched by NAT1 (Fig. 3a),
suggesting that NAT1indirectly regulates WR2 expression. Therefore,
we focused on bHLH110 for further study. To investigate the repression

of the bHLHI110 promoter by NAT1, we created reporters by linking the
bHLHII0 promoter with a constitutive 35 promoter and the firefly lucif-
erase (Supplementary Fig. 8a). Co-expression of these reporters with
the effector NAT1showed strong repression of the bHLH110 promoter
activity, which was dependent on the region from -631 bp to —267 bp
(pbHLH110-D; Fig. 3c and Supplementary Fig. 8a). We identified three
similar A/T-rich cis-elements within this region using an online predic-
tion program?® (Supplementary Fig. 8b). Effector-reporter assays using
the pbHLH110-D1 fragment (containing AGAAAAAG) confirmed that
NAT1repressed the promoter activity,and mutation of the cis-elements
abolished this inhibition (Fig. 3d). Electrophoretic mobility shift assay
(EMSA) further demonstrated that NAT1specifically binds tothe probes
containingthe A/T-rich cis-elements (Fig.3e). Theseresults indicate that
NATl1directly bindstothe bHLHIIO promoter and repressesits expression.

bHLHI110isrequired for thermotolerance

We generated gene-edited mutants and overexpression plants of
bHLHI110 (Supplementary Fig. 9a-c), and the phenotypic analysis
showed that the mutants (bhlh110-1/bhlh110-2) and overexpression
plants (bHLH1100E-1/bHLH1100E-2) had similar growth to NPB plants
at 30 °C (Fig. 4a,c,g-j,0-r). However, at 45 °C, the bhlh110 mutants
exhibited increased sensitivity to heat stress (Fig. 4b,e k-n), while
the bHLH110 overexpression plants showed increased tolerance
to heat stress (Fig. 4d,f,s—v) at both the seedling and reproductive
stages. Additionally, the wax density and composition were reduced
inbhlh110-1mutantandincreased in bHLH1100E-1 plants compared to
NPB, especially under heat stress conditions (Fig. 4w,x and Supplemen-
tary Fig.10). The accumulation of starch in pollen grains was similar
between NPB and bhlh110-1 or between NPB and bHLH1100OE-1 under
normal temperature conditions; however, the accumulation of starchin
pollengrains was lower in natl-I mutant but higher in NATIOE-1 plants
under heat stress conditions compared to thatin NPB (Supplementary
Fig.3a-c). These findings support the notion that bHLHI110is adown-
stream target of NAT1 and positively regulates rice thermotolerance
by affecting wax biosynthesis.

bHLH110 directly promotes the expression of CER1/CERIL

The expression of CERI/CERIL was altered in natl-1/nat1-2 and
NATIOE-1/NATIOE-2 plants, as shown in Fig. 2g-j. These plants exhib-
ited changes in wax deposition (Fig. 2k,1), leading us to investigate

Fig. 4 |bHLH110 positively regulates thermotolerance and cuticle wax
content. a-v, Phenotypic analysis. For the survival test, NPB, bhlh110-1/bhlh110-2
mutants and bHLH1100E-1/bHLH1100E-2 overexpression plants were grown at

30 °C, subjected to heat stress (45 °C) for 2 days and then recovered at 30 °C for

7 days, and the survival rate was calculated (a-f). For the thermotolerance test at
thereproductive stage, the abovementioned plants were subjected to heat stress
at 38 °C for 3 days during flowering and then recovered at 30 °C until maturity
(g-v). Thefilled grains per plant (g,0) or per five panicles (k,s) were
photographed and recorded. Data are presented as mean + s.e.m.,n=3in

e fin=10inh-j,p-r; n=15inl-n,t-v. Different letters indicate significant
differences between the two samples, as determined by the HSD test (P < 0.05)
after two-way ANOVA analysis. w, Cuticle wax deposition on leaf surfaces. x, Wax
content in seedlings. Seven-day-old NPB, bhlh110-1 mutant and bHLHIIOOE-1
overexpression plants grown at 30 °C were either kept at 30 °C or transferred

to 45 °Cfor1day and then sampled for observation under a scanning electron
microscope (w) or for quantitative assay by GC-MS to determine wax content
(x). C16-C36 represent the number of carbon atoms. Scale bars =5 cmin a-d for
plantheightand g k,0,s for grains; 20 cmin g k,0,s for plant heights; 1 pminw.
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promoters of genes involved in cutin, suberin and wax biosynthesis
(Supplementary Fig. 11b). To confirm the direct binding of bHLH110
to the E-box, we performed EMSA experiments and found a direct
interaction between bHLH110-MBP and E-box (Fig. 3i). ChIP-qPCR
experiment showed that the CERI/CERIL promoters were enriched by
bHLH110-FLAG (Supplementary Fig.12). Consistent with its function,
bHLH110-GFP was exclusively localized in nucleus (Fig. 3j). Addition-
ally, we examined the expression of CERI/CERIL and observed reduced
expressionin bhlh110-1/bhlh110-2mutants, whereasincreased expres-
sion in bHLH1100OE-1/bHLHI1100E-2 overexpression plants compared
to NPB plants (Fig. 3k,1). Although the expression of T72/SCT1/SCT2
remained largely unchanged, WR2 expression decreased in bhlh110-
1/bhlh110-2 mutants and increased in bHLH1100E-1/bHLH1100E-2
overexpression plants (Supplementary Fig. 13). In addition, the WR2
promoter was enriched by bHLH110 (Supplementary Fig. 12), sug-
gesting that WR2is also a direct target of bHLH110. We checked the
promoter sequences of WR2 and found one copy of the E-box. Effec-
tor-reporter assays showed that bHLH110 activated the promoter
of WR2 (Supplementary Fig. 14a,b). Interestingly, WR2 activated the
promoter of CERIbutnot CERIL (Supplementary Fig.15a,b). Neverthe-
less, bHLH110 directly binds to the promoter of CER1/CERIL/WR2 and
promotes their expression.

CER1and CERIL regulate wax deposition and thermotolerance
CER1 was reported to be involved in very-long-chain alkane biosyn-
thesisinrice”. Toinvestigate the role of CER1/CERIL in regulating wax
biosynthesis and thermotolerance, we created gene-edited mutants
of CERIand CERIL (Supplementary Figs.16 and 17). Unfortunately, the
double mutant (cerI-I cer1l-I) displayed stunted growth and failed to
produce any seeds (Supplementary Fig.18). Consequently, we focused
on studying the thermo-sensitivity of the single mutants. The cer1-
1/cer1-2 and cerll-1/cer1l-2 mutants exhibited similar growth to NPB
plants at 30 °C. However, they showed increased sensitivity to heat
stress (45 °C) at the seedling stage, resulting in reduced survival rates
(Fig. 5a-f). This sensitivity also extended to the reproductive stage,
where the mutants displayed decreased seed-setting rates,1,000-grain
weight and grainyield (Fig. 5k-n,s-v). The accumulation of starchin
pollen grains was reduced in ceri-1/cer1l-1 plants under heat stress
conditions compared to thatin NPB plants (Supplementary Fig.3a-c).
Notably, the major agronomic traits of cer1-1/cerl-2 and cerl1l-1/cer1l-2
plants grown at 30 °C were comparable to those of the control plants
(Fig. 5g—-j,0-r). These findings strongly support the role of CER1 and
CERIL as positive regulators of rice thermotolerance. Additionally, we
examined the wax deposition and composition of these plants grown
atboth 30 °C and 45 °C. Consistent with the phenotypic data, the wax
density and composition were reduced in cerI-1/cerll-1 mutants com-
pared to NPB, particularly under heat stress conditions (Fig. 5w-y and
Supplementary Figs. 19 and 20). We also checked the tissue-specific
expression of CERI/CERIL. They were dominantly expressedin leaves,
anthers and endosperms (Supplementary Fig. 1c,d). In situ hybridiza-
tion studies showed that they are expressed in epidermis and vicinity
of vasculature bundles (Supplementary Fig. 1e,f), which agrees with
their roles in wax deposition. Thus, CER1and CERIL are essential for
thermotoleranceinrice through their regulation of wax biosynthesis.

NAT1-regulated thermotolerance relies on
bHLH110/CER1/CERIL

To determine if the enhanced thermotolerance in natI mutants relies
on bHLH110 or CERI or CERIL, we created loss-of-function mutants
of bHLH110/CER1/CERIL in the nat1-2 background, respectively (Sup-
plementary Figs. 21, 24 and 25). These mutant plants exhibited similar
growthtoNPBat30 °C (Fig. 6a-d,i-I,q-t).In contrast to the thermotol-
erant phenotype of the natl-2 mutant, the abovementioned mutants
showed heat-sensitive phenotypes (Fig. 6e—h,m-p,u-x). Addition-
ally, mutation of bBHLH110/CER1/CERIL in the natI-2 background also

suppressed the enhanced wax accumulation phenotype of the nat1-2
mutant (Supplementary Figs. 22a,b,23 and 26). Overall, these genetic
analyses support theideathat natI-mediated thermotolerancerequires
downstream regulators such as bHLH110 and CER1/CERIL involved in
wax biosynthesis.

NATI has natural variations which diverge between subspecies
Toidentify natural alleles of NATI, we conducted haplotype analysis on
4,726riceaccessions, including indica, aus,japonica and intermediate
varieties. Our analysis revealed only four single-nucleotide polymor-
phisms (SNPs) in the coding sequence (CDS) region of NATI (Fig. 7a).
In contrast, the 2-kb promoter sequence contained 38 SNPs and 19
insertions/deletions (InDels), the 5" untranslated region (UTR) had 2
SNPsandthe 3’ UTR had 7SNPs and 3 InDels (Fig. 7a and Supplementary
Data 2). Excluding synonymous mutations, three major haplotypes
(Hapl-Hap3) were classified based on three SNPs in the CDS region.
Hapland Hap2 accessions accounted for 98.86% of the 4,726 rice acces-
sionsanalyzed. Furthermore, Hapl accessions were primarily foundin
Jjaponica/Geng, while Hap2 accessions were predominantly identified
inindica/Xian (Fig. 7b). Additionally, compared to Hapl accessions,
Hap3 accessions differed only in the amino acid at position 94, which
was similar to that in the examined wild rice species except for Oryza
rufipogon (Fig.7c).

Japonicaand indica are two subspecies that are distributed in dis-
tinctecological regions and have contrasting phenotypes with different
heat sensitivity*’. To compare the functional divergence of Hapl and
Hap2, we performed microscale thermophoresis (MST) assays. Com-
pared to the GFP-His control, both NATP'*°"ia_GFP-His and NAT1'"dica—
GFP-Hisbind to bHLH110-promoter DNA, and the dissociation constant
(K4) was similar (same order of magnitude) between NATI#P°">~GFP-His
and NAT1"%~GFP-His (Supplementary Fig. 27a,b). Further effector-
reporter assays using different alleles of NAT1 as the effector showed
that both NAT1'?P°"<@ and NAT1™9? repressed the bHLHI10 promoter
activity toasimilar extent (Supplementary Fig. 27¢c). Thus, these results
indicate that the functional divergence between Hapland Hap2is very
limited. However, the association of other natural variationsin NAT1I with
heat stress sensitivity needs to be investigated in the future.

We also found 10 SNPs in the CDS region, 62 SNPs and 20 InDels
in the 2-kb promoter sequences, 3 SNPsand 2 InDelsin the 5 UTR and
2SNPsin the 3’ UTR of bHLHI10 (Fig. 7d and Supplementary Data 2).
Excluding synonymous mutations, six major haplotypes (Hapl-Hap6)
were classified based on five SNPs in the CDS region (Fig. 7d). Hapl
accessions accounted for 89.55% of the 4,726 rice accessions analyzed.
Furthermore, indica accounted for the majority of Haplaccessions at
64.01%, followed by japonica at 26.37% (Fig. 7e). Additionally, com-
pared to Haplaccessions, Hap2 accessions, which have a stop-gained
mutation, were predominantly identified injaponica (Fig. 7e). For Hap1,
there was no difference in the five SNPs in the CDS region between
cultivatedrice and the examined wild rice species except Oryza barthii
(Fig. 7f). The Hap2allele of bHLHI110is aloss-of-function allele. Whether
Hap2 and other natural variations in bHLH110 are associated with
higher heat sensitivity is worth investigating in the future.

To checkwhether NATI or bHLHI110 has undergone domestication
selection, we performed nucleotide diversity (i) analysis of the 2-Mb
region spanning the CDS region of NAT1/bHLHI110. The m values of
Geng/japonica were slightly lower than those of wild rice, while the =
values of Xian/indica were similar to those of wild rice for NATI,and the
mvalues foreachcomparison were similar for bHLH110 (Supplementary
Fig.28a,c), suggesting that neither NATI nor bHLH110 has undergone
domestication selection, which is agreed with previous reports®.
Furthermore, we examined NAT1/bHLH110 evolution by calculating
thelevel of population differentiation index (Fs;) in the nearby region
of NAT1/bHLHI110 between different species/subspecies. The results
showed that Fg; level was higher between japonica and indica than
between wild rice and japonica or between wild rice and indica in the
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NAT1gene (Supplementary Fig.28b), while the Fy; values between dif-
ferent species/subspecies were similar and low in the bBHLH110 locus
(Supplementary Fig. 27d), indicating that NATI has high sequence
divergence between japonica and indica.

Gene editing of NAT1increases thermotoleranceinrice

Todetermineif editing NATI could improve thermotolerancein other
rice cultivars, aside from NPB (Fig. 1), we selected Songzaoxiang no.
1(SZX) and Yuzhenxiang (YZX) as the recipients for transformation.
SZX, an early maturing variety, is widely cultivated in the Changjiang
Deltaregion of Chinaas ‘Guo-Qing-Dao’. However, its yield is negatively
impacted by high temperatures occurring during the flowering and
seed-setting stage. Therefore, enhancing thermotolerance in SZX is
crucial for early sowing and for maximizingits economic benefits. On
the other hand, YZX is a suitable variety for ratoon rice production,
where a single sowing yields two harvests, saving labor in southern
China. Successful ratoonrice production requiresimproved thermotol-
erance duringboththereproductive and seedling stages. Through our
research, we generated loss-of-function mutants of NAT1in both SZX
and YZX backgrounds (Supplementary Fig. 29) and found that these
natl mutants also exhibited greater tolerance to heat stress at both
the seedling (Fig. 8a—f) and reproductive stages (Fig. 8g-v), without

significant decrease inyield under normal temperature conditions. In
addition, editing NAT1 does not reduce regeneration capacity, as new
shoots are produced in nat1-5 mutant plants under both normal and
high-temperature conditions (Supplementary Fig. 30). To evaluate
the potential of NATI-editing for breeding purposes, we conducted
preliminary field trials in Huzhou and Quzhou of Zhejiang province,
growing SZX and natl-3 (SZX background). In Quzhou, the plants
were transplanted 16 days earlier than in Huzhou, and the number
of high-temperature days (above 34 °C) was larger in Quzhou thanin
Huzhouduring the growth period (Supplementary Fig. 31a,b). Our find-
ings revealed that the natl-3 mutant exhibited a higher seed-setting
rate, 1,000-grain weight and grain yield per plot compared to the
control plantsin both geographiclocations (Fig. 8w,x), with agreater
yield increase observed in Quzhou compared to Huzhou (Fig. 8w,x).
Therefore, editing NATI holds substantial potential for breeding
environmental-resilient rice cultivars.

Discussion

Understanding the molecular mechanisms underlying thermotoler-
anceinplantsis crucial for developing temperature-resilient crops. In
this study, we have identified a regulatory module, NAT1-bHLH110-
CERI1/CERIL, which controls wax biosynthesis and thermotolerance
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Fig. 7| NAT1and bHLH110 have nonsynonymous natural variations.

a-f, Natural variations analysis of 4,726 rice accessions for NATI (a,b) and
bHLH110 (d,e). Nonsynonymous SNPs in the CDS region were classified into
different haplotypes, and their ratio in different subtypes of rice was calculated.
Haplrepresents the NPB (reference) allele. The number of SNPs and InDels

inpromoter and UTR regions is shown (a,d), and their variation details are in
Supplementary Data 2. Protein multiple sequences were aligned for two rice
subspecies (japonica, NPB; indica, 9311) and five wild rice species (c,f). Red
arrowhead marks the site of nonsynonymous mutations in cultivated rice.

inrice (Fig. 8y). Furthermore, we have demonstrated the potential
of modern gene-editing technology to edit a stress-induced negative
regulator, thereby enhancingyield productioninrice under heat stress
conditions but without obvious yield penalty under normal growth
conditions.

The plant cuticleis ahydrophobicbarrier composed of cutinand
cuticular wax”. Cutin is a polyester made up of hydroxy and epoxy
fatty acids, while cuticular wax consists of very long-chain fatty acids,
aldehydes, alkanes, ketones, alcohols and wax esters®*?. Several
enzymes involved in wax biosynthesis have been identified”*”*, and
the transcription factors WR1/WR2 positively regulate the expression
of wax biosynthetic genes". Inthis study, we found that the bHLH-type
transcription factor bHLH110 is a positive regulator of CER1/CERIL,
whichisinvolvedinthe conversion oflong-chain aldehydesto alkanes,
akey stepinwaxbiosynthesis. Other genes related to wax biosynthesis
arealso mis-expressed in natl-I mutants, highlighting the important
role of bHLH110 in wax biosynthesis and its association with thermo-
toleranceinrice.Previous research has shown that TT2, the y subunit

of the heterotrimeric GTP-binding protein (G protein) complex,
activates calmodulin 2 in response to heat stress™. TT2 inhibits the
activity of two calmodulin-binding transcriptional activators, SCT1/
SCT2, which are involved in wax biosynthesis, by promoting the
expression of WR2 (ref.11). In contrast, in our study, we found that the
expression of TT2/SCT1/SCT2remained unchanged in NAT1/bHLH110
mutants and NAT1/bHLH110 overexpression plants, suggesting that
the NAT1-bHLH110-CER1/CERIL pathway identified here is distinct
from the previously reported TT2-SCT1/SCT2-WR2 pathway. How-
ever, the expression of WR2is decreased in the bhlh110 mutant and
increased in bHLHI110 overexpression plants. Furthermore, it was
found that bHLH110, rather than NAT1, directly binds to the WR2
promoter and activates its activity in effector-reporter assays, sug-
gesting acollaborative effort between these two pathways in regulat-
ing wax biosynthesis in rice, particularly in response to heat stress.
Giventhat NAT1and bHLH110 are transcription factors with potential
multiple targets, further research into the functions of additional
targets of NAT1/bHLH110 will be essential to gain a comprehensive
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understanding of the thermotolerance mechanism mediated by
NAT1/bHLH110.

Cuticular wax is believed to protect plants from excessive water
loss during drought conditions?*° and acts as a physical barrier against
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invading pathogens and insect herbivores®. In our current study, we
have confirmed that wax deposition also has a vital role in enhanc-
ing thermotolerance in rice. High temperatures stimulate plant tran-
spiration rates, creating a trade-off between cooling leaves through
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Fig. 8 | Improving thermotolerance inrice by editing NAT1 without yield
penalty. a-v, Phenotypic analysis. For the survival test, wild-type (SZX or YZX),
natl mutantsin SZX background (nat1-3/natI-4) or in YZX background (nat1-
S/natl-6) were subjected to heat stress (45 °C) for 2 days and then recovered at
30 °C, and the survival rate was then calculated (a-f). For the thermotolerance
test at the reproductive stage, SZX/YZX, natl-3/nat1-4 and nat1-5/nat1-6 were
subjected to heat stress (38 °C) for 3 days during flowering and then recovered

at 30 °C until maturity (g-v). The filled grains per plant (g,0) or per five panicles
(k,s) were photographed and recorded. w,x, Field trials in two locations in
Zhejiang province. SZX and natI-3 plants were grown in the field in Changxing,
Huzhou (w) or in Kaihua, Quzhou (x). Data are presented as mean + s.e.m.,n=3in
e, fin=10inh-j,p-r;n=15inl-n,t-v; n =30 for seed-setting rate and 1,000-grain
weight and n =3 for yield per plotin w and x. Different letters indicate significant

differences between the two samples, as determined by the HSD test (P < 0.05)
after two-way ANOVA analysis. Scale bars = 5 cmin a-d for plant heights and

g k,0,sforgrains; 20 cmin g k,0,s,w,x for plant heights. y, A working model for
the thermotolerance conferred by natl mutation. Under heat stress conditions,
inthe wild-type plants (left), NAT1 represses the expression of bHLH110, which
effectively inhibits the bHLH110-mediated expression of CER1/CERIL/WR2.Both
CERI and CERIL have a crucial role in wax biosynthesis. In contrast, in the gene-
edited natI mutant (right), the absence of NATI repression allows for a significant
increase in bHLH110 expression. Consequently, this leads to a higher expression
level of CERI/CERIL/WR2, resulting in greater deposition of wax and enhanced
thermotolerance during both the seedling and reproductive stages. WR2 also
promotes the expression of CERI. Other target genes of NAT1/bHLH110 may also
contribute to the conferred thermotolerance in natl mutant plants.

excessive transpiration and conserving water by inhibiting transpira-
tion”. ERECTA (ER), aleucine-rich repeat receptor-like kinase, is a key
regulator of transpiration efficiency in Arabidopsis®. By overexpressing
the Arabidopsis ER geneinrice and tomato, increased thermotolerance
has been conferred through reduced transpiration®. Additionally,
stomata aperture controls water transpiration efficiency through
droughtand salt tolerance-mediated H,0, homeostasis***. The RING
finger ubiquitin E3 ligase heat tolerance at the seedling stage (HTAS)
enhances thermotolerance by modulating H,0,-induced stomatal
closure, potentially preventing excessive transpiration®. In our study,
we demonstrate that editing the NATI gene locus leads toincreased wax
deposition and improved thermotolerance during both the seedling
andreproductive stages. This highlights the importance of minimizing
water loss under heat stress conditions to enhance thermotolerance.

Due to its low basal expression level, the natlI mutants do not
exhibit growth or developmental defects under normal temperature
conditions. This shows the potential to enhance abiotic stress tolerance
without causing noticeable yield loss under normal growth conditions
by targeting stress-induced negative regulators. Given that NAT1 is
conserved in other crops such as maize, sorghum and wheat (Supple-
mentary Fig. 32), which are also facing heat stresses”, the identifica-
tion of the NAT1-bHLH110-CER1/CERIL regulatory module presents
avaluable opportunity for breeding high-temperature-resilient crops
using gene-editing-assisted modern technology.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competing interests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41588-024-02065-2.
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Methods

Plant materials and phenotypic analysis

Three wild-type plants (subsp. NPB, SZX and YZX) were used in the
current study. To generate the transgene-free gene-edited mutant
plants, gene-specific guide sequences (sgRNAs) for NATI (LOC_
0s07g40080), bHLH110 (LOC_0s02g39140), CER1 (LOC_0s02g40784)
and CERIL (LOC_0s02g56920) were designed and cloned into the
CRISPR-Cas9 system”. To obtain the overexpression plants, full-length
CDs of NAT1 and bHLH110 were amplified and cloned into the vec-
tors pCAMBIA1300-MYC and pCAMBIA1300-FLAG, respectively.
Error-free constructs were used to generate transgenic rice plants via
the Agrobacterium-mediated stable transformation. All the primers
are included in the Supplementary Table 1. For checking the expres-
sion level of transgenes, antibodies (Abmart; 1:5,000) of anti-MYC,
anti-FLAG, anti-f-tubulin and secondary antibody goat anti-mouse
IgG-HRP (Abmart; 1:10,000) were used in western blot analysis.

To conduct the phenotypic analysis at the seedling stage, rice
seedlings were cultivated in Kimura B nutrient solution under 20,000
lux light conditions (12-h light/12-h dark) within growth chambers
(CONVIRON PGR15). Heat stress was induced by transferring 7-day-old
plantsgrownat 30 °C to the growth chambers with atemperature set-
ting of 45 °C for 2 days. Subsequently, the plants were returned to the
growth chamber at 30 °C for 7 days to recover. Representative plants
were photographed, and the survival rate was calculated in each experi-
ment with every replicate consisting of 24 plants.

Forthe phenotypic analysis at the reproductive stage, plants were
grown at 30 °C until heading, and tillers/panicles in a similar devel-
opmental stage were selected by tagging them, and rice plants were
subjected to heat stress (38 °C) in the growth chamber for 3 days. They
were then allowed to recover at 30 °C until maturity. Representative
plants were photographed, and seed-setting rate and grain yield were
then measured for the tagged tillers.

Field tests were conducted at Changxing, Huzhou (longi-
tude =119.9, latitude = 31.0), or Kaihua, Quzhou (longitude =118.4,
latitude =29.1) in Zhejiang province. A randomized block design with
threereplicateswas used. There were 25 plants per plot (1 m?)in Huzhou
and 225 plants per plot (9 m?) inKaihua, respectively. The border plants
were also grown to avoid margin effects. At maturity, grain yield was
calculated on a per-plot basis, and seed set rates were determined on
aper-plantbasis. Measurements were taken from distinct samples for
allthe experiments.

Subcellular localization study

For protein subcellular localization studies, the CDs of NATI, or
bHLHI10, were amplified and subcloned into the pCAMBIA1300-GFP
vector. These C-terminal GFP-tagged fusion proteins were transiently
co-expressed with the nuclear protein marker (NLS-mCherry) in
tobacco (Nicotiana benthamiana) epidermal leaves and observed
under confocal microscopy (ZeissLSM A710). All the primers are listed
inSupplementary Table 1.

Effector-reporter assays

For effector-reporter assays, the promoter sequence of bHLH110/
WR2/CER1/CERIL or synthesized cis-elements were inserted into the
pGreen0800-I1 vector together with the 35S promoter or 35S minimal
promoter to generate the firefly luciferase reporter, and the Renillalucif-
erasedriven by the 35S promoter served as aninternal control. The CDS
of NAT1 or bHLH110 or WR2 was inserted into the pCAMBIA1300-MYC
or pCAMBIA1300-FLAG vector to generate the effector vector. Differ-
ent combinations of constructs were transiently expressed in tobacco
leaves, and the luciferase activity was measured with a dual-luciferase
reporter assay kit (Promega). Relative luciferase activity is the firefly
luciferase activity normalized to the Renillaluciferase activity (internal
control), which was then normalized to the vector control (LexA-BD).
Allthe primers arelisted in Supplementary Table 1.

Gene expression analysis
For RNA-seq analysis, 7-day-old rice NPB and nat1-I seedlings grown at
30 °Cweresubjectedtoheat stress (45 °C) for1 hand then harvested for
RNA-seq analysis using an lllumina HiSeq 4000 (LC-Bio Technologies)
following the standard lllumina protocols®. Clean reads were aligned to
thereference genome with the HISAT2 (https://daehwankimlab.github.
io/hisat2/, version: hisat2-2.2.1) package, and StringTie (http://ccb.jhu.
edu/software/stringtie/, version: stringtie-2.1.6) was used to assemble
the mapped reads with default parameters. The expression level of each
gene was normalized to fragment per kilobase of transcript per million
mapped reads value. Differential gene expression analysis was compared
withDESeq2 (v1.40.2) between two groups and edgeR (v3.42.4) between
two samples. Differentially upregulated genes were defined with the
cutoff—g < 0.05, fold change (FC) > 2 and downregulated genes with
g <0.05, FC < 0.5. KEGG analysis was performed using clusterProfiler
(v4.2.2) software, the top 20 pathways were screened out according to
the Pvalues and abubble chart was drawn withggplot2 (v3.5.1) software
atthe OmicStudio cloud platform provided by LC-Bio Technology. The
default statistical setting was two-sided, and no adjustment was made.
For RT-gPCR, total RNA was extracted using a RAN Prep Pure
PlantKit (Tiangen) and reverse-transcribed with the 5x PrimeScript RT
Master Mix (Takara) and oligo (dT) primers (Takara). RT-qPCRwas run
in the CFX96 real-time system (Bio-Rad) using the SuperReal PreMix
PlusKit (Tiangen). The AACt (threshold cycle) method was used for the
calculation. Relative expression is the expression of the target gene
normalized to thatin NPB at 30 °C, both of which were normalized to
that of PP2A. All the primers are listed in Supplementary Table 1.

Insitu hybridization

Digoxigenin-uridine triphosphate (UTP)-labeled sense and antisense
probes were synthesized by in vitro transcription using T7 RNA poly-
merase (Roche). Insitu hybridizations were performed following previ-
ous protocols®. Stem cross-sections were deparaffinized with xylene
for 10 min twice, rehydrated in 100%, 90%, 70%, 50% and 30% ethanol
series and diethyl pyrocarbonate (DEPC)-treated water for 2 mineach,
followed by proteinase K (Takara) at 37 °C for 40 min and refixationin
4% (wt/vol) formaldehyde for 60 min. Hybridization was performed at
50 °Cwithout probefor2 hin prehybridization buffer (50% formamide,
5% saline-sodium citrate (SSC), 0.92 mM citric acid, 0.1% Tween-20,
50 pg ml™ heparin (Sigma) and 1 mg mI™ tRNA (Sigma)). Subsequently,
500 ng ml™ probe was added at 50 °C overnight. On the second day,
slides were washed with 2x SSCT (2x SSC, 0.92 mM citric acid, 0.2%
Tween-20)/50% formamide, 2x SSCT/25% formamide, 2x SSCT and 0.2x
SSCT for 20 min each time. Sections were incubated in blocking solution
(10% phosphate buffered saline with Tris (PBST) for 2 hat room tempera-
ture and then incubated with antidigoxigenin-AP antibodies (Roche;
1:5,000) for 2 h at room temperature. After washing with PBST three
times (30 min each), samples were equilibrated with detection buffer
(100 mM Tris-HCI (pH 9.5), 50 mM or 5 mM MgCl,, 100 mM NaCl and
0.1% Tween-20) three times (30 mineach), and color was developed with
tetranitroblue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indolyl
phosphate disodium salt (BCIP) (Beyotime) in the dark.

ChIP-qPCR

ChIP assays were carried out according to standard methods. Briefly,
7-day-old NAT1-MYC or bHLH110-FLAG overexpression plants were sam-
pled for fixation with 1% formaldehyde for 15 min, which was stopped by
adding 0.15 M glycine. Nuclei were extracted and resuspended in a lysis
buffer. After sonicationin 0.8% SDS buffer, the mix wasimmunoprecipi-
tated withanti-MYC (Abmart) or anti-FLAG antibody (Abmart) or anti-GST
(Abmart) asthelgG control. qQPCRwas performed withroutine procedures.

EMSA
The full-length CDS of NAT1and bHLH110 were cloned into the pET28a
and pETMAL-H vectors, respectively. The fusion proteins, NAT1-His and

Nature Genetics


http://www.nature.com/naturegenetics
https://daehwankimlab.github.io/hisat2/
https://daehwankimlab.github.io/hisat2/
http://ccb.jhu.edu/software/stringtie/
http://ccb.jhu.edu/software/stringtie/

Article

https://doi.org/10.1038/s41588-024-02065-2

bHLH110-MBP, were expressed in BL21 cells and then extracted and
purified for EMSA. The 3’ ends of probes used for EMSA were labeled
with biotin according to the Biotin 3’ End DNA Labeling Kit (Thermo
Fisher Scientific). EMSA was performed using a Light Shift Chemilumi-
nescent EMSAKit (Thermo Fisher Scientific). Briefly, each binding reac-
tion (20 mM HEPES (pH 7.2), 80 mM KCI, 0.1 mM EDTA, 10% glycerol,
2.5mMDTT, 0.07 mg mI™BSA and 8 ng mI™ poly dI-dC) was setat room
temperature for 20 minand runona5%nondenaturing polyacrylamide
gel. After transferring to anylon membrane (GE), the blot was UV light
cross-linked and detected with the chemiluminescent nucleic acid
detection module (Thermo Fisher Scientific).

MST assays

The proteins GFP-His and NAT1-GFP-His were expressed in BL2I using
pET28a and purified with nickel column. Complementary pairs of
oligonucleotides (same sequences as in EMSA) were annealed and
added to the protein elution. An MST assay was performed using the
Monolith NT.115 (NanoTemper Technologies). Samples were loaded
into NT.115 premium capillaries. Measurements were performed at
21°C, 80% LED, 20% infrared ray (IR)-laser power and at a constant
concentration of 100 nM of protein with increasing concentration of
purified oligonucleotides.

Scanning microscopy

Scanning electron microscopy was used to image the cuticular wax
crystallization patterns. The fresh leaf sample was dried ina machine,
Hitachi HCP-2, and coated with gold for 2 min in a sputter coater
(Hitachi, MC1000) and viewed by a scanning electron microscope
(Hitachi, SU-8010).

Wax content determination

The cuticular waxes were extracted by immersing the whole leaf for
30 sinto30 mlof chloroformat 60 °C. Heptadecanoicacid (C17:0) was
added as an internal standard. The solvent was dried under a gentle
stream of nitrogen and dissolved in 150 pl of N,O-bis(trimethylsilyl)
trifluoroacetamide with trimethylchlorosilane (BSTFA-TMCS, 99:1)
and then was derivatized at 110 °C for 30 min. After BSTFA-TMCS was
evaporated, samples were solubilized in chloroform for qualitative
analysis by GC-MS (Agilent gas chromatograph equipped with an
HP-5MS column (30 m x 0.32 mm x 0.25 um) and a flame ionization
detector). Theinitial temperature of 50 °C was held for 4 min, increased
by 7 °C per minto 300 °C and held for 5 min.

Natural variations and population genetic analysis
Homologous proteins of NAT1 or bHLH110 were obtained by using
the UniProt database (https://www.uniprot.org/). Natural variation
and haplotype analysis were carried out with the genotype data of
4,726rice accessions downloaded from the RiceVarMap v.2.0 (https://
ricevarmap.ncpgr.cn/). The VCF format file used for the population
selection analysis, sourced from the 5,104 rice accessions*’, was pro-
cessed using vcftools (v0.1.16) to calculate nucleotide diversity (i) and
population differentiation index (Fs;) for the 2-Mb regions flanking
NAT1and bHLH110, using a 50-kb window size with a 5-kb overlapping
step size across the genome.

Statistics analysis and reproducibility

Dataare presented as mean * s.e.m. The exact numbers used to calcu-
late the statistics are shownin each figure legend. StatView (v.5.0) was
used for all statistical analysis. Two-sided ¢-test and two-way analysis
of'variance (ANOVA) were performed, and results with a Pvalue < 0.05
were considered statistically significant. Experiments regarding the

RNAinsitu hybridization, confocal microscopy and scanning micros-
copy were repeated at least three times using tissues from different
individual plants.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data are deposited in the NCBI-SRA database
(PRJNA1171028) and the Genome Sequence Archive database
(CRA013469). All data supporting the findings of this study are avail-
ablewithinthe paper andits Supplementary Information. Source data
are provided with this paper.

Code availability
Allsoftware used in the study are publicly available from the Internet
as described in the Methods and Reporting Summary.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
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[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  RiceVarMap v.2.0 (https://ricevarmap.ncpgr.cn/)

Data analysis HISAT2,v hisat2-2.2.1; StringTie, v stringtie-2.1.6; DESeq2, v 1.40.2; edgeR, v 3.42; clusterProfiler, v 4.2.2; ggplot2, v 3.5.1; vcftools, v 0.1.16;
StatView, v 5.0..

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The RNA-seq data is deposited in the Genome Sequence Archive (GSA) database (CRA013469) and NCBI-SRA database (PRINA1171028). Source data are provided
with this paper. All data supporting the findings of this study are available within the paper and its Supplementary Information.
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