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Summary

Inter-subspecific indica—japonica hybrid rice (Oryza sativa) has the potential for increased yields
over traditional indica intra-subspecies hybrid rice, but limited yield of F; hybrid seed production
(FHSP) hinders the development of indica—japonica hybrid rice breeding. Diurnal flower-opening
time (DFOT) divergence between indlica and japonica rice has been a major contributing factor to
this issue, but few DFOT genes have been cloned. Here, we found that manipulating the
expression of jasmonate (JA) pathway genes can effectively modulate DFOT to improve the yield
of FHSP in rice. Treating japonica cultivar Zhonghua 11 (ZH11) with methyl jasmonate (MeJA)
substantially advanced DFOT. Furthermore, overexpressing the JA biosynthesis gene OPDA
REDUCTASE 7 (OsOPR7) and knocking out the JA inactivation gene CHILLING TOLERANCE 1
(OsHANT) in ZH11 advanced DFOT by 1- and 2-h respectively; and knockout of the JA signal
suppressor genes JASMONATE ZIM-DOMAIN PROTEIN 7 (OsJAZ7) and OsJAZ9 resulted in 50-min
and 1.5-h earlier DFOT respectively. The yields of FHSP using japonica male-sterile lines GAZS
with manipulated JA pathway genes were significantly higher than that of GAZS wildtype.
Transcriptome analysis, cytological observations, measurements of elastic modulus and
determination of cell wall components indicated that the JA pathway could affect the loosening
of the lodicule cell walls by regulating their composition through controlling sugar metabolism,
which in turn influences DFOT. This research has vital implications for breeding japonica rice
cultivars with early DFOT to facilitate indica—japonica hybrid rice breeding.

Introduction

Hybrid rice (Oryza sativa L.) breeding has dramatically increased
rice yields, but yields of traditional indlica intra-subspecies hybrid
rice have plateaued, suggesting that maximum yield potential
may have been reached in this breeding system. In contrast, inter-
subspecific indica—japonica hybrid rice exhibits strong heterosis
and the potential to increase yields by up to 30% compared with
indica intra-subspecies hybrid rice (Qian et al., 2016). However,
the asynchrony in diurnal flower-opening times (DFOTs, the time
of day when the flower opens) between indica and japonica
varieties challenges the breeding of inter-subspecific indica—
japonica hybrids. This asynchrony reduces the yield of F; hybrid
seed production (FHSP), increasing the seed price for farmers and
is the main factor restricting indica—japonica hybrid breeding (Liu
et al., 2017; Zhang et al., 2016). Rice pollen is highly susceptible
to temperature fluctuations, and high temperature reduces pollen
viability during pollination. The indica rice varieties, growing in
tropical and subtropical regions of low latitude with warmer
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climatic conditions, tend to bloom in the morning, avoiding peak
diurnal temperatures and thus enhancing seed setting rates.
Conversely, japonica rice varieties, growing in high latitudes, tend
to bloom closer to noon, mitigating the risk of low temperatures
during flower opening (Bheemanahalli et al., 2017; Hirabayashi
et al., 2015; Jagadish, 2020; Li et al., 2023). Therefore, the
variation in DFOTs between indica and japonica rice varieties
likely represents an adaptation to their respective environmental
conditions, shaped by long-term evolution and artificial selection
processes.

The pair of lodicules situated at the base of the floret in grasses
function in flower opening by rapidly taking in water and
expanding (Ciaffi et al., 2011; Wang et al., 2022;
Yoshida, 2012). The precise timing of rice flower opening is
determined by a delicate balance between osmotic pressure
within the lodicule cells and the loosening of cell walls, which is
influenced by genetic, environmental factors and plant hormones
(Jagadish et al., 2016; Kazuhiro et al., 2010; Wang et al., 2023).
We recently identified DIURNAL FLOWER OPENING TIME 1
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(DFOTT), which is specifically expressed in rice lodicules. DFOT1
directly interacts with members of the pectin methylesterase
family and increases their enzymatic activity, modulating pectin
methylesterification levels in the cell walls of lodicules and
consequently impacting DFOT (Wang et al., 2022). Moreover,
Xu et al. (2022) discovered that DFOT1 (named EMF1 in their
study) also interacts with endo-1,4-B-glucanase (GLN2) to
influence pectin and cellulose biosynthesis in lodicule cell walls,
further impacting DFOT.

Jasmonates (JAs) are the primary phytohormones involved in
DFQOT in rice (Gou et al., 2022; Li et al., 2018; Liu et al., 2017;
Wang et al., 2016). JAs constitute a category of fatty acid
derivatives, including jasmonic acid and its various forms, such as
jasmonoyl-L-isoleucine (JA-lle), methyl jasmonate (MelA) and
12-hydroxy jasmonoyl sulfate (12-HSO4-JA). Jasmonic acid bio-
synthesis starts with the release of polyunsaturated fatty acids
from chloroplast/plastid membranes by phospholipases (Howe
et al., 2018). These fatty acids then undergo a series of
conversions, with 12-oxo-phytodienoic acids (OPDAs) being
produced through the catalytic activity of 13-lipoxygenase (LOX),
13-allene oxide synthase (AOS), and 13-allene oxide cyclase (AOC)
in chloroplasts. Subsequently, OPDAs are transported to peroxi-
somes, where they undergo reduction by OPDA reductase (OPR)
and multiple B-oxidation steps to generate JAs (Han, 2017; Hou
et al., 2016; Ruan et al., 2019). Finally, JAs are transported to the
cytoplasm and undergo further metabolism to generate deriva-
tives. For example, JASMONATE RESISTANT 1 (JART), in collabo-
ration with JA amido synthetase, catalyses the formation of the
biologically active JA-lle (Chini et al., 2007; Miersch et al., 2008;
Thines et al., 2007). CHILLING TOLERANCE 1 (OsHANT), named
for 'han’ in Chinese, which means ‘chilling’, encodes a mono-
oxygenase belonging to the cytochrome P450 superfamily,
facilitating the conversion of active JA-lle into inactive 12-
hydroxy-JA-lle (Mao et al., 2019). The CORONATINE INSENSITIVE
1 (COI1)-JASMONATE ZIM-DOMAIN (JAZ) protein complex plays a
crucial role as the co-receptor for JA-lle in the JA signalling
pathway. COI1, a subunit of the E3 ubiquitin ligase SCF complex,
detects the JA-lle signal, binds to JAZ proteins and subsequently
promotes JAZ protein ubiquitination and degradation (Sheard
et al., 2010). JAZ proteins serve as inhibitory factors within the JA
signalling pathway by binding to downstream transcription factors
such as MYCs/MYBs to repress their activity (Katsir et al., 2008;
Sheard et al., 2010; Thines et al., 2007).

In this study, we revealed that exogenous MelJA accelerates
DFOT in rice, and the proportion of opened florets increases with
MeJA concentration. Moreover, we generated rice lines with
different DFOTs by manipulating the expression of key genes
responsible for JA biosynthesis, deactivation and signal transduc-
tion. The seed setting rates of FHSP between indica cultivar
Nanguizhan and japonica male sterile line GAZS with over-
expressing OsOPR7 (GS-OPR7-OE) and with knockout of OsHAN1
(GS-HAN1-CAS) were 1.85 and 2.86 times higher than that of
GAZS respectively. Further transcriptomic analysis suggested that
JAs regulate DFOT by affecting genes related to sugar metabo-
lism. Cytological observations, measurements of elastic modulus
and determination of cell wall components indicated that JA
pathway genes may mainly regulate DFOT by influencing the
metabolism of the cell wall polysaccharides of lodicule cells,
thereby affecting the rigidity of the lodicule cell wall. We,
therefore, demonstrate that the JA signalling pathway is involved
in regulating DFOT and reveal promising genes that could be

manipulated to facilitate inter-subspecific indica—japonica hybrid
rice breeding.

Results
Exogenous MelJA induces early flower opening in rice

The japonica rice cultivar Zhonghua 11 (ZH11) typically begins to
bloom around 11:00 am in September in Guangzhou, China
(with an average temperature of approximately 28 °C). We
sprayed ZH11 plants with different concentrations of MelA (0, 5,
10, 20, 30 or 50 mmol/L) at 7:00 am (Figure 1). These treatments
substantially accelerated the blooming time of flowers, consistent
with results reported from previous studies (Li et al., 2018; Liu
et al.,, 2017, Wang et al., 2016). Furthermore, ZH11 com-
menced blooming approximately 0.5 h after MeJA treatment,
and within 1 h, about half of the total number of florets for the
day had opened. The number of flowering florets per panicle was
positively associated with the concentration of MelJA, being
highest at 30 and 50 mmol/L MeJA. These results indicate that
exogenous MeJA accelerates the DFOT and peak flower opening
of rice, increasing the number of open flowers.

Key genes in the JA pathway are associated with DFOT

To investigate whether JA pathway genes control DFOT in rice, we
examined the expression patterns of key genes related to JA
biosynthesis  (OsOPR7/0s0890459600/LOC_0s08g35740) and
deactivation (OsHAN1/Os1190483000/LOC_Os11g29290), as
well as JAZ family genes that act as negative regulators of the
JA pathway. Reverse transcription quantitative PCR (RT-gPCR)
revealed that OsOPR7 is expressed at low levels in roots and
inflorescences, and in lodicules before flower opening. In contrast,
its expression levels are higher in stems and leaves, and in lodicules
during flower opening. Compared with its expression in lodicules
at 5:00-6:00 pm the day before flower opening, OsOPR7 was
up-regulated in lodicules at 7:00-10:00 am on the day of flower
opening, and its expression level increased substantially in
lodicules at 11:00-11:59 am during flower opening (Figure 2a).
The expression of OsHANT was relatively low in roots, stems,
leaves and inflorescences, and in lodicules before flower opening.
OsHANT expression in lodicules was nearly undetectable at 5:00—
6:00 pm on the day before flower opening, was higher between
7:00 and 10:00 am on the day of flower opening and peaked
during flower opening (Figure 2b). The substantial increase in
OsOPR7 and OsHAN1 expression during flower opening suggests
that these genes may be involved in this process.

The JAZ gene family in rice consists of 15 members (Figure 2c).
We determined the expression levels of all 15 JAZ genes in rice
lodicules at 9:00-10:00 am on the day of flower opening and
selected those with relatively high expression levels for further
analysis:  OsJAZ1 (0s04g0653000/LOC_0s04955920), OsJAZ4
(0s09g0401300/LOC_0s09g23660), OsJAZ6 (0s03g0402800/LO-
C_0s03g28940), Os/AZ7 (0s0790615200/LOC_0s07g42370),
0OsJAZ9  (0s03g0180800/LOC_0s03g08310) and  OsJAZT1
(0s03g0180900/LOC_0s03g08320) (Figure 2d). We analysed the
expression patterns of these six OsJAZ genes in different tissues
using RT-gPCR. OsJAZ1 had the lowest expression level in stems and
the highest in inflorescences, with similar expression levels in
lodicules at all-time points (Figure 2e). OsJAZ4 displayed the lowest
expression in stems and the highest in inflorescences; its expression
increased gradually in lodicules before flower opening and
decreased gradually during flower opening (Figure 2f). OsJAZ6
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Figure 1 Exogenous MelA can advance the DFOT of rice. (a) Rice plants sprayed with different concentrations of MeJA. Scale: 20 cm. (b) Rice
inflorescence after 1 h spraying of different concentrations of MeJA. Scale: 2 cm. (c) The DFOT statistics of rice sprayed with different concentrations of
MelA, with the y-axis representing the total average number of florets per panicle that have blossomed and the x-axis representing the time. The data

represent mean + SD, n = 5.

and OsJAZ7 exhibited similar expression patterns, with relatively low
expression in roots, stems and inflorescences, and relatively high
expression in leaves. Their expression was low in lodicules at 5:00—
6:00 pm and gradually increased from 7:00 amto 11:59 am on the
day of flower opening, peaking during active flower opening
(11:00-11:59 am; Figure 2g,h). OsJAZ9 had the relatively low
expression in inflorescences, relatively higher expression in roots,
and showed similar expression patterns to OsJAZ6 and OsJAZ7 in
lodicules at different time points during flower opening (Figure 2i).
OsJAZ11 displayed the lowest expression in roots and the highest in
inflorescences; expression in lodicules was relatively higher at 5:00—
6:00 pm on the day before flower opening, with lower expression
on the day of flower opening (Figure 2j). With the exception of
OsJAZ1, the expression levels of JAZ genes changed in lodicules as
flower opening approached, suggesting a potential association
between OsJAZ genes and DFOT in rice.

We also detected the expression levels of JA-related genes
OsOPR7, OsHANT, OsJAZ7 and OsJAZ9 in a japonica cultivar
Kongyu 131 (KY131) and an indica cultivar 1132. The results
showed the expression patterns of OsOPR7, OsHAN1, OsJAZ7
and OsJAZ9 in lodicules of the two varieties at various time points
align with those of ZH11. Specifically, they exhibited lower
expression levels before flowering, which increased during
flowering (Figure S1).

Overexpression of JA biosynthesis gene OsOPR7
increases JA levels and advances DFOT in rice

To study the role of OsOPR7, a key gene involved in JA
biosynthesis, in the regulation of DFOT in rice, we developed
overexpression lines of OsOPR7 (OsOPR7-OE13 and OsOPR7-
OE20) in the japonica rice ZH11 for subsequent study (Figur-
e S2A). The DFOTSs of the two OsOPR7-OE lines were 1 h earlier
than that of the wild-type ZH11 in June and September in
Guangzhou (Figure 3a—c). To analyse how OsOPR7 mediates rice
flower opening, we observed dynamic changes in lodicules at
different time points of flower opening in September. Lodicules
of both ZH11 and OsOPR7-OE lines increased in size before
flower opening and wilted after flower opening. The lodicule
sizes of the OsOPR7-OE and ZH11 plants were slightly different at
9:00 am on the day of flower opening, whereas OsOPR7-OE

lodicules rapidly enlarged before flower opening at 10:00 am
(Figures 3d and S2B).

OsOPR7 (OPR3) is a key enzyme in the biosynthetic pathway
of JAs, and OPDA is an intermediate product of JA synthesis.
OPDA is transported from chloroplasts to peroxisomes, where it
undergoes catalysis by OsOPR7 and multiple B-oxidations to
produce JAs (Tani et al., 2008). To understand whether OsOPR7
regulates DFOT through the JA pathway, we measured the
contents of endogenous OPDA, JA and JA-lle. At 3 h before
flowering of OsOPR7-OE plants (7:00 am), the contents of
OPDA, JA and JA-lle in ZH11 and OsOPR7-OE is low, but as the
DFOT approaches, the contents of OPDA, JA and JA-lle in
lodicules gradually increases (Figures 3e-g and S3). One hour
before flower opening (9:00 am), JA and JA-lle contents in
lodicules were approximately 1.2 and 1.5 times higher in
OsOPR7-OE plants than those in ZH11 respectively (Figure 3e—
g). The contents of OPDA, JA and JA-lle in the lodicules of
OsOPR7-OE plants at flowering (10:30 am) increased explosively,
which were 4.4 times, 32.4 times and 29.9 times higher than
those of ZH11 respectively (Figure S3). This implies that
overexpressing OsOPR7 promotes JA biosynthesis and early
flower opening in rice.

Knockout the JA deactivation gene OsHANT enhances
JAs levels and advances DFOT

To investigate the role of the JA deactivation gene OsHANT in
DFOT modulation in rice, we obtained two overexpression lines
(OsHANT-OE1 and OsHANT-OE2) and two knockout lines
(OsHANT-CAS4 and OsHANT-CAS15) of OsHANT (Figure S4A,
B). The DFOTs of OsHAN7-OE1 and OsHANT-OE2 plants showed
no substantial differences from that of the wild-type ZH11
(Figure S4C,D), whereas flowers of OsSHANT-CAS4 and OsHAN1-
CAS15 plants opened approximately 2 h earlier than those in
wild-type ZH11 in September in Guangzhou (Figure 4a—c). The
lodicules of the OsHANT-CAS plants were larger than those of
ZH11 at 8:00 am on the day of flower opening, and this
difference was most apparent during OsHANT-CAS plants flower
opening (Figures 4d and S4E). The early expansion of lodicules in
OsHANT-CAS4 and OsHANT-CAS15 plants led to early flower
opening. These results indicated that the enlargement of lodicules
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Figure 2 The expression characteristics of key genes in the JA pathway and the phylogenetic tree of rice JAZ protein family. (a, b) The relative expression
levels of OsOPR7 and OsHANT in roots, stems, leaves, inflorescences and lodicules of japonica rice ZH11 from 5:00 pm on the day before flower-opening to
11:59 am on the day of flower-opening were analysed by RT-qPCR, and Actin was used as a control. (c) The phylogenetic tree of rice JAZ protein family was
constructed by sequence alignment using MEGA 7.0 software, and the bootstrap repeats of the adjacent phylogenetic tree were 1000 times. (d) The

relative expression levels of 15 genes of JAZ family in ZH11 lodicules during 9:00-10:00 am were analysed by RT-gPCR, and Actin was used as a control.
(e—j) The relative expression levels of OsJAZ1, OsJAZ4, OsJAZ6, OsJAZ7, OsJAZ9 and OsJAZ11 in roots, stems, leaves, inflorescences and lodicules of ZH11
from 5:00 pm on the day before flower-opening to 11:59 am on the day of flower-opening were analysed by RT-qPCR, and Actin was used as a control.

is the primary force for pushing the glumes, and the early
enlargement of lodicules in OsHANT-CAS plants causes early
flower opening.

OsHAN1 belongs to the cytochrome P450 superfamily and is
responsible for the metabolism of the active forms of JA-lle into
the inactive form 120H-JA-lle, resulting in the inactivation of JAs.
To investigate the changes in JA levels associated with early
flower opening in OsHAN7-CAS plants, we measured the levels of
endogenous OPDA, JA and JA-lle in lodicules of both
OsHANT-CAS and ZH11 plants. Lodicules of both ZH11 and
OsHANT-CAS showed very low levels of OPDA, JA and JA-lle
contents at 2 h before flowering (7:00 am). However, as the time
of flowering approaches, the levels of OPDA, JA and JA-lle in
lodicules gradually increased (Figures 4e—g and S3). At around
8:30 am on the day of flower opening, the contents of OPDA, JA
and JA-lle in the lodicules of OsHANT-CAS plants were
approximately 1.4, 5.6 and 4.3 times higher than those in wild-
type ZH11 respectively (Figure 4e—g). During flowering
(10:30 am), the levels of OPDA, JA and JA-lle in OsHANT-CAS
increased dramatically, with amounts reaching 10.4, 62.6 and
38.6 times higher than those in ZH11 respectively (Figure S3).
These findings suggest that OsHANT knockout leads to an
increase in active JA levels, which advances flower opening in
OsHAN1-CAS plants.

Knockout of JAZ genes involved in JA signalling
advances DFOT

JAZs are negative regulators in the JA signalling pathway, binding
to transcription factors such as MYC and MYB to inhibit JA signal
transduction (Katsir et al., 2008; Sheard et al., 2010; Thines
et al., 2007). To investigate the role of JAZs in regulating DFOT
in rice, we selected five genes, OsJAZ1, OsJAZ4, OsIAZ7, OsIAZ9
and OsJAZ11, with relatively high expression levels and dissimilar
expression patterns in lodicules for further study. These genes
were knocked out individually in ZH11 (Figure S5). In September
in Guangzhou, the OsJAZ7 knockout lines showed a 50-min
earlier DFOT compared to ZH11, whereas flowers of the OsJAZ9
knockout lines opened approximately 1.5 h earlier (Figure 5).
However, knockout lines of OsJAZ1, OsJAZ4 and OsJAZ11 did not
exhibit substantial advancement in DFOT compared to ZH11 (data
not shown).

To analyse how OsJAZ7 and OsJAZ9 regulate rice flower
opening, we observed the dynamic changes in lodicules of
OsJAZ7 and OsJAZ9 knockout plants at different time points. The
lodicules of OsJAZ7 knockout plants were similar in size
compared with those of ZH11 at 8:00 am on the day of flower
opening but enlarged considerably during flower opening
(Figures 5d and S6A). In contrast, lodicule changes in OsJAZ9-
CAS plants resembled those in OsHANT-CAS plants, showing an
earlier enlargement than in ZH11 at 8:00 am on the day of flower
opening, with a more obvious difference during flower opening
(Figures 5h and S6B). These results suggest that lodicule

enlargement is the main driving force for flower opening in rice,
and that early lodicule enlargement in OsJAZ7-CAS and OsJAZ9-
CAS plants leads to earlier flower opening.

Deciphering the influence of JA signalling pathway
genes on rice DFOT through transcriptome and cell wall
polysaccharide metabolism analysis

To gain further insights into the mechanisms by which key genes
in the JA signalling pathway affect rice DFOT, we conducted
transcriptome analysis using the lodicules of OsJAZ9-CAS plants,
which showed the significantly advanced DFOT, and those of
wild-type ZH11. We identified 1319 differentially expressed
genes (DEGs) between Os/AZ9-CAS and ZH11, including 1087
up-regulated genes and 232 down-regulated genes (Figure S7A;
Table S1). This suggests that OsJAZ9 is a suppressor, which is
consistent with the previous studies (Sheard et al., 2010; Thines
et al., 2007). Gene ontology (GO) analysis identified seven out of
the most enriched 20 GO terms of molecular function were
related to various glycolytic enzyme activities and transport
activities (Figure S7B).

Lodicule swelling is primarily influenced by the rising of
cytoplasmic osmotic pressure and the loosening of cell wall
(Gou et al., 2022). Sugar metabolism and transport both play
important roles in osmotic pressure and cell wall loosening (Wang
et al., 2023). Therefore, 11 up-regulated genes encoding sugar
metabolism-related enzymes and two genes encoding sugar
transport proteins were selected for validation by RT-gPCR.
Among these genes, the sugar metabolism-related enzymes
encoded by the selected genes include Os079g08713800 (beta-
glucosidase 3, Os7BGlu3), Os01g0930800 (Os1bglu5), Os079053
9700, 0s0890224500, 0s06g0367100 and 0s0190220100
(endo-p-1,4-glycanase, OsCel94), are all predicted to be cellu-
lases. These enzymes hydrolyse cellulose during cell wall
development, releasing soluble oligosaccharides and monosac-
charides (Chai et al., 2009; Opassiri et al., 2003; Wang and
Li, 2021; Yoshida et al., 2006). 0s07g0529700 (xyloglucan
endotransglucosylase/hydrolase 1, XTH1), Os0690696400 (OsXTH11)
and Os07g0134800 encode hemicellulases involved in the
metabolic process of xyloglucan or xylan (Hara et al., 2014;
Ishida and Yokoyama, 2022; Wang et al., 2014). Os0690713800
is predicted to encode an a-amylase, which is essential for
hydrolysing starch and increasing soluble sugar content (Pujadas
and Palau, 2001). 0s039g0407300 (RSUST) encodes a sucrose
synthase that participates in sucrose metabolism (Hirose
et al., 2008). The genes involved in sugar transport include
0s0790559700 (monosaccharide transporter gene, OsMST6),
encoding a monosaccharide transporter, and 0s0990416200,
encoding a glucose transporter (Deng and Yan, 2016; Wang
et al., 2008). These two transporters contain transmembrane
domains and facilitate the transport of sugars from the
extracellular environment into cells. Our RT-gPCR results showed
substantially higher expression levels of the above-mentioned
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OPDA, JA and JA-lle in the lodicules of ZH11 and OsOPR7-OE at 9:30 am. The data are the mean + SDs, n = 4; *0.01 < P < 0.05; **0.001 < P < 0.01;

*#kp < (0.001 according to Student's t-test. FW stands for fresh weight.

sugar metabolism and transport-related genes in the lodicules of
OsJAZ9-CAS plants compared to wild-type ZH11 plants (Figur-
e S7C). This suggests that JA pathway genes may influence DFOT
of rice via the sugar metabolism pathway and sugar transport.
In an effort to delve deeper into how JA pathway genes
influence DFOT by modulating sugar metabolism, we measured

soluble sugar content in the lodicules. Our results revealed that, in
comparison to the ZH11, the lodicules of OsOPR7-OE, OsHANT-
CAS and OsJAZ9-CAS did not experience an increase in soluble
sugar content. On the contrary, there was a slight decrease,
which could be attributed to the larger size of the pre-flowering
lodicules in the early DFOT transgenic lines and their relatively
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Figure 4 Knockout of the JA-inactivation regulator OsHANT can increase the level of JA-lle and advance the DFOT in rice. (a) The phenotypes of ZH11,
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higher water content when compared to the ZH11 (Figure 6a).
Cellulose content analysis showed that the cellulose content
in lodicules of OsOPR7-OE, OsHANT1-CAS and OsJAZ9-CAS
significantly decreased compared with ZH11 (Figure 6b). The
immunofluorescence assay conducted with hemicellulose anti-
body LM15 revealed that the fluorescence intensity of lodicule cell

walls of OsOPR7-OE, OsHANT-CAS and OsJAZ9-CAS was weaker
in comparison to ZH11. This suggests that the hemicellulose
content in the lodicule cell walls of OsOPR7-OE, OsHAN1-CAS
and OsJAZ9-CAS was lower than in ZH11 (Figure 6c—j). To verify
the impact of the decrease of cellulose and hemicellulose on the
cell wall of lodicule, we conducted ultra-thin sections to analyse
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Figure 5 Knockout of the negative regulator JAZs of the JA signalling pathway can advance the DFOT in rice. (a) The phenotypes of ZH11, OsJAZ7-CAS1
and OsJAZ7-CAS2 plants. OsJAZ7-CAS started to bloom at 10:10 am, while ZH11 started to bloom at 11:00 am. Scale: 20 cm. (b) The inflorescence of
ZH11, OsJAZ7-CAS1 and OsJAZ7-CAS2 at around 10:40 am. Scale: 2 cm. (c) The DFOT statistics of ZH11, OsJAZ7-CAS1 and OsJAZ7-CAS2 plants. The y-
axis represents the total number of florets per panicle that have bloomed, and the x-axis represents the time. The data represent mean + SDs, n = 5. (d)
The changes in glume opening and lodicule size of ZH11, OsJAZ7-CAS1 and OsJAZ7-CAS2 from 8:00 am to 1:00 pm on the day of flower-opening. Scale:
2 mm. (e) The phenotypes of ZH11, OsJAZ9-CAS1 and OsJAZ9-CAS2 plants. OsJAZ9-CAS started to bloom at 9:30 am, while ZH11 started to bloom at
11:00 am. Scale: 20 cm. (f) The rice inflorescence of ZH11, OsJAZ9-CAS1 and OsJAZ9-CAS2 at about 10:40 am. Scale: 2 cm. (g) The DFOT statistics of
ZH11, OsJAZ9-CAS1 and OsJAZ9-CAS2. The y-axis represents the total number of florets per panicle that have bloomed, and the x-axis represents the time.
The data represent mean + SDs, n = 5. (h) The changes in glume opening and lodicule size of ZH11, OsJAZ9-CAS1 and OsJAZ9-CAS2 plants from 8:00 am

to 1:00 pm on the day of flower-opening. Scale: 2 mm.

the cell wall thickness of lodicule. The results showed that the cell
wall thickness of the lodicule of OsHANT-CAS and OsJAZ9-CAS
significantly decreased compared to ZH11 (Figure 6k,l). We then
measured the elastic modulus of the lodicule cell walls of ZH11,
OsOPR7-OE, OsHANT1-CAS and OsJAZ9-CAS, and the results
showed that the elastic modulus of the lodicule cell walls of
OsOPR7-OE, OsHAN1-CAS and OsJAZ9-CAS decreased, indicat-
ing the loosening of the cell wall of these transgenic plants
(Figure 6m). The above results suggest that the JA pathway-
related genes OsOPR7, OsHANT and Os/AZ9 regulate the
cellulose and hemicellulose content of the cell walls of lodicule,
affecting the rigidity of the cell walls and regulating DFOT in rice.

Application of JA synthesis and deactivation genes in
FHSP

Currently, indica—japonica hybridization is primarily achieved
through the use of japonica sterile lines and indlica restorer lines.
To further explore the potential of modulating JA synthesis and
signal transduction pathway genes to improve hybrid seed
production, we first assessed the agronomic traits of OsOPR7-
OE, OsHANT-CAS, OsJAZ7-CAS and OsJAZ9-CAS (Figure S8).
Apart from a decrease in OsHANT-CAS, there were no notable
variances in the seed setting rate among the transgenic lines in
comparison to ZH11. The 100-grain weight results indicated a
significant but minor decrease in OsOPR7-OE, OsJAZ7-CAS and
OsJAZ9-CAS in comparison to ZH11, with no significant change
observed in OsHAN1-CAS. Tiller number assessment revealed no
significant differences between ZH11 and the transgenic plants.
The plant height was slightly decreased in the transgenic lines
OsHANT-CAS and OsJAZ7-CAS compared to ZH11, whereas
OsOPR7-0OE and OsJAZ9-CAS showed no significant differences.
The OsOPR7-OE and Os/AZ9-CAS exhibited an increase in the
number of grains per panicle compared to ZH11. In contrast,
there was no significant difference observed in the OsJAZ7-CAS,
whereas the OsHANT-CAS lines showed a decrease in this regard.
In general, the transgenic lines of OsHANT-CAS, which flowered
earliest, displayed a slightly lower yield compared to ZH11,
whereas the vyields of OsOPR7-OE and OsJAZ9-CAS were
enhanced. Considering that knockout of OsHAN1, OsJAZ7 and
OsJAZ9, respectively, resulted in recessive traits that do not affect
the agronomic characteristics of heterozygotes, we believe that
the use of these genes in male sterile lines would not influence
the agronomic traits of Fy hybrid rice.

So we overexpressed the JA synthesis gene OsOPR7 and
knocked out the JA deactivation gene OsHANT in the japonica
thermo-sensitive genic male sterile (TGMS) line GAZS, respec-
tively, which we developed previously (Zhou et al., 2016). As a
result, we obtained GS-OPR7-OE1, GS-OPR7-OE2, GS-HANI-
CAS1 and GS-HAN7T-CAS2 lines (Figure S9A,B). In trials

conducted in September in Guangzhou, the DFOT of GS-OPR7-
OE1 and GS-OPR7-OE2 was advanced from 11:30 to approxi-
mately 10:30, resulting in an advancement of approximately 1 h
(Figures 7a,b and S9C). Furthermore, the knockout lines
GS-HAN1-CAS1 and GS-HANT-CAS2 flowered even earlier, from
11:30 to 10:00, resulting in a 1.5-h earlier DFOT compared with
GAZS (Figures 7c,d and S9D). These findings indicate the
potential for generating japonica male sterile lines with diverse
DFOTs by modulating the expression of JA pathway genes.

In order to investigate whether DFOT affects the yields of FHSP,
we conducted a trial test on the yields of indica—japonica hybrid
rice seed production. The results demonstrated that the seed
setting rate of the japonica TGMS line GAZS crossed with the
indica variety Nanguizhan was 10.7%, and the yield per plant
was 1.62 g. After modifying the DFOT of GAZS by overexpressing
OsOPR7 (OPR7-QE), the seed setting rate of GS-OPR7-OE crossed
with Nanguizhan was 19.8% and the yield per plant was 2.69 g.
The seed setting rate of GS-HANT-CAS crossed with Nanguizhan
was 30.6%, and the yield per plant was 4.50 g (Figures 7e—g and
S10). These findings show that advancing the DFOT in japonica
male sterile lines can significantly enhance in the yield of FHSP
and reduce the cost of seed production.

Discussion

Genetic manipulation of DFOT reduces hybrid breeding
costs through the JA pathway

Breeding of inter-subspecific indica—japonica hybrid rice holds
promise for higher yields compared to traditional indica intra-
subspecies hybrid rice. However, limited yield of F; hybrid seed
hinders the development of indica—japonica hybrid rice breeding.
The yields of FHSP from indica intra-subspecies crosses reached
300-400 catties per mu, whereas the average yield of F; hybrid
seed from inter-subspecific indica—japonica crosses is only slightly
over 100 catties per mu. This greatly increases the price of hybrid
seed and discourages farmers from choosing indica—japonica
hybrid rice varieties (Wang et al., 2023). Addressing the chal-
lenge of 'mismatched DFOT’ between indica and japonica rice
varieties and enhancing the yield of F; hybrid seed are urgent
tasks for plant biologists and rice breeders (Zhang et al., 2016).
Currently methods to improve the F; seed production of indica—
Jjaponica hybrid involve application of synthetic plant growth
regulators, trace elements and employment of agronomic
practices. These methods aim to increase the successful cross-
pollination rate between parents. However, the exogenous plant
growth regulators and trace elements can affect both indica and
Japonica rice, albeit with different effects. Therefore, these
methods to improve the yield of hybrid seed production are
limited. Furthermore, implementing agronomic practices is time-
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mean =+ SDs, n = 5; #*¥0.001 < P < 0.01; ***P < 0.001 according to Student’s t-test. DW stands for dry weight. (c-)) Immunofluorescence assay of the
lodicules of ZH11 (c), OsOPR7-OE (d, e), OsHAN1-CAS (f, g) and OsJAZ9-CAS (h, i) plants (primary antibody LM15). (j) Negative control. Rabbit anti-rat
secondary antibody was added, but no primary antibody was added. Scale: 50 um. (k) The cell structures of ZH11, OsHAN1-CAS and OsJAZ9-CAS lodicules
were observed by transmission electron microscopy. Scales were 5 and 1 um for top panel and bottom panel respectively. (1) The cell wall thickness of
ZH11, OsHAN1-CAS and OsJAZ9-CAS lodicules calculated by ImageJ software. The data are the mean + SDs, n = 23; **0.001 < P < 0.01; ***P < 0.001
according to Student's t-test. (m) Elastic modulus of OsOPR7-OE, OsHANT-CAS and OsJAZ9-CAS detected by atomic force microscopy. The data are the
mean + SDs, n = 3; *0.01 < p < 0.05; **0.001 < p <0.01 a ccording to Student’s t-test.

consuming and requires significant labour, posing challenges in
practical seed production. Ultimately, these methods do not
adequately address the issue of asynchronous DFOTs between
indica and japonica parental lines (Wang et al., 2023; Zhang
et al., 2016). Therefore, cloning DFOT genes and developing
japonica rice varieties with earlier DFOT through genetic
improvement is the most effective and cost-effective solution to
address the mismatched DFOT issue.

In this study, we determined that manipulating genes in the JA
pathway modulates DFOT in rice. Increasing the expression of
OsOPR7, a gene in the JA biosynthesis pathway, elevated JA levels
in lodicules and advanced DFOT by approximately 1 h (Figure 3).
Knockout of OsHANT, a gene responsible for JA deactivation,
increased the levels of active JAs in lodicules and substantially
advanced DFOT by approximately 2 h (Figure 4). Knockout of
OsJAZ7 or OsJAZ9, negative regulators in the JA signal
transduction pathway, also accelerated DFOT by about 50 min
and 1.5 h respectively (Figure 5). These findings highlight the

potential of manipulating key genes in the JA pathway to advance
flower opening in japonica rice.

In inter-subspecific indica—japonica hybrid breeding, indica
restorer lines typically flower between 10:30 am and 12:30 pm,
with peak flower opening around 11:00 am, whereas japonica
sterile lines usually flower after 12:00 pm; each floret generally
opens for about 1 h (Zhang et al., 2016). Modifying the JA
pathway in parental lines could produce plants with various
DFOTs for hybrid breeding, allowing breeders to synchronize
DFOT using different parental lines. In this study, we modified the
Japonica TGMS line GAZS, obtaining the sterile lines GS-OPR7-OE
and GS-HANT-CAS, which flowered approximately 1 and 1.5 h
earlier respectively (Figure 7b,d). F; seed production trials with
indica—japonica hybrid rice showed that the seed-setting rate
significantly increased to 19.8% and 30.6% when the transgenic
lines GS-OPR7-OE and GS-HANT-CAS were crossed with the
indica rice Nanguizhan compared to the original GAZS rate of
10.7% (Figure 7e). The yields of FHSP using GS-OPR7-OE and
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Figure 7 Application of OsOPR7 overexpression and OsHANT knockout in FHSP. (a) The inflorescence of GAZS, GS-OPR7-OE1 and GS-OPR7-OE2 at
around 11:20 am. Scale: 2 cm. (b) The DFOT statistics of GAZS, GS-OPR7-OE1 and GS-OPR7-OE2 plants. The y-axis represents the total number of florets
per panicle that have bloomed, and the x-axis represents the time. The data represent mean + SDs, n = 5. (c) The inflorescence of GAZS, GS-HAN1-CAS1
and GS-HANT-CAS2 at around 11:10 am. Scale: 2 cm. (d) The DFOT statistics of GAZS, GS-HANT-CAS1 and GS-HANT-CAS2 plants. The y-axis represents
the total number of florets per panicle that have bloomed, and the x-axis represents the time. The data represent mean + SDs, n = 5. (e) Statistics of F4
hybridization rate between japonica male sterile lines GAZS, GS-OPR7-OE and GS-HANT-CAS and indica cultivar Nanguizhan. The data are the

mean £ SDs, n = 5; *0.01 < P < 0.05; ***P < 0.001 according to Student'’s t-test. (f) The seeds obtained by crossing five panicles of japonica male sterile
lines GAZS, GS-OPR7-OE, and GS-HAN1-CAS with indica rice Nanguizhan. Scale: 2 cm. (g) Statistics of F4 hybridization yield per plant between japonica
male sterile lines GAZS, GS-OPR7-OE, and GS-HANT-CAS and indica cultivar Nanguizhan. The data are the mean =+ SDs, n = 9; ***P < 0.001 according to

Student’s t-test.

GS-HAN1-CAS as the female parents were 1.85 and 2.86 times
greater, respectively, than those using GAZS. These results
suggest that by modifying genes studied in the present study to
advance the DFOT of japonica male sterile lines can significantly
enhance the yield of FHSP and reduce the cost of seed
production. In addition, JA pathway genes could also be modified
to promote rice flower opening in the morning to avoid high mid-
day temperatures. Furthermore, enhancing JA signalling also
improves plant resistance to biotic and abiotic stresses (Ghorbel
et al., 2021; Raza et al., 2021). Consequently, the manipulation
of JA pathway genes holds immense significance for breeding
stress-resistant rice varieties with early DFOT. Our findings provide
a potential strategy for reducing hybrid breeding costs and
advancing indica—japonica hybrid rice breeding.

JA controls DFOT through loosening of the lodicule cell
walls in rice

DFOT is a complex trait influenced by multiple factors, and research
inthis field has been relatively limited (Zheng et al., 2020). Previous

studies have identified certain quantitative trait loci on different
chromosomes (1, 2, 3,4, 5,7, 8, 10, 12) that control DFOT in rice,
but the functional genes have not been successfully cloned through
map-based cloning (Hirabayashi et al., 2015; Ma et al., 2011;
Thanh et al., 2010; Wan et al., 2013; Wang et al., 2023). Using
reverse genetics, we previously discovered DFOT1/EMFT as a
functional gene modulating DFOT in rice. DFOT1/EMF1 encodes a
protein of unknown function, and specifically expressed in lodicules
(Wang et al., 2022; Xu et al., 2022). Loss of DFOT1 function
results in the advancement of DFOT by approximately 2.5 h in
summer in Guangzhou.

JAs have emerged as critical players in the flower-opening
process of rice; for example, exogenous MelJA treatment induces
flower opening in rice (Zeng and Zhou, 1999). In the rice CMS
line Zhenshan 97A (ZS97A), a decrease in JA content in lodicules
is related to delayed and dispersed DFOTSs (Liu et al., 2017). These
studies suggest a role for JAs in rice flower opening.

In this study, we observed that exogenous MeJA applied at
various concentrations induced rice flower opening after
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30 min (Figure 1). Furthermore, the proportion of blooming
florets was dependent on MeJA concentration, with the
optimal concentration for getting the maximum proportion of
blooming florets being 30 mmol/L. Subsequently, we found
that the expression level of key genes in the JA biosynthesis
and signalling pathways changed during the process of rice
flower opening (Figure 2). These results imply a role for JA in
DFOT in rice.

Previous studies have revealed that the OPEN GLUMET mutant
(og1) of OsOPR7 displays dispersed flower opening. Down-
regulation of sugar transport-related genes, such as OsSWEET, in
the og7 mutant affects the sugar content in lodicules, resulting in
delayed closure of the glume after flower opening (Li et al.,
2018). Here, overexpressing OsOPR7 led to an increase in
endogenous levels of JA, resulting in larger lodicules during
flower opening, thereby advancing DFOT in rice (Figure 3).
Knockout of OsHANT, encoding a JA-inactivating enzyme,
increased the level of active JA-lle, resulting in larger lodicules
before flower opening and a substantial advancement of DFOT
(Figure 4). Individual knockouts of OsJAZ7 and OsJAZ9 resulted in
an early DFOT phenotype (Figure 5). Similar to OsHANT,
knockout of OsJAZ7 or OsJAZ9 led to larger lodicules before
flower opening.

We found that 3 h before flowering of OsOPR7-OE plants
(7:00 am), the levels of OPDA, JA and JA-lle in the lodicules of the
ZH11, OsOPR7-OE and OsHANT-CAS plants were all very low
(Figure S3). As the DFOT approaching, the contents of OPDA, JA
and JA-lle gradually increased in the rice lodicules. In the lodicules
of OsOPR7-OE plants, displaying a DFOT approximately 1 h earlier
than wild-type ZH11, the JA and JA-lle contents in lodicules were
approximately 1.2 and 1.5 times higher than those in ZH11 plants
about 1 h before flowering (9:00 am) respectively (Figure 3f,g).
In OsHANT-CAS lines, displaying a DFOT approximately 2 h
earlier than wild-type ZH11, the JA and JA-lle contents in lodicules
were approximately 5.6 and 4.3 times higher than those in ZH11
about 0.5 h before flowering (8:30 am) respectively (Figure 4f,g).
The OsOPR7-OE lines undergoing flowering at 10:30 am
exhibited increased levels of OPDA, JA and JA-lle that were 4.4,
32.4 and 29.9 times higher, respectively, than those in ZH11. The
OPDA, JA and JA-lle levels of lodicules of OsHAN1-CAS
undergoing flowering showed 10.4, 62.6 and 38.6 times higher
than those in ZH11 respectively (Figure S3). In summary, these
results suggest that the levels of JA and JA-lle in lodicules are
positively associated with the DFOT. Additionally, on the day of
flowering, the JA content progressively increases as the DFOT
approaches.

DEG analysis of lodicule transcriptomes in the Os/JAZ9-CAS and
ZH11 plants indicated an up-regulation of genes associated with
sugar metabolism, such as genes encoding cellulase and
hemicellulase (Figure S7). Subsequent investigations showed that
the cellulose and hemicellulose contents in the cell walls of the
lodicules from the early-flowering lines OsOPR7-OE, OsHANT-
CAS and OsJAZ9-CAS were reduced compared to the ZH11.
Moreover, ultra-thin sectioning observation revealed decreased
cell wall thickness in lodicules of OsSHANT-CAS and OsJAZ9-CAS.
Atomic force microscopy measurements also indicated a reduc-
tion in the elastic modulus of the lodicule cell walls for OsOPR7-
OE, OsHANT-CAS and OsJAZ9-CAS lines (Figure 6). These results
suggest that the JA pathway-related genes OsOPR7, OsHAN1 and
0sJAZ9 mainly influence the composition and thus the stiffness of
lodicule cell walls by regulating sugar metabolism genes, thereby
controlling the DFOT in rice.

Materials and methods

The construction of the expression vectors and genetic
transformation

According to the previous description (Zhou et al., 2012), the
coding region of OsOPR7 was cloned into the pOX vector to
construct the overexpression vector. According to the previous
description (Ma et al., 2015; Zhou et al., 2016), two target site
sequences of OsHANT, OsJAZ1, OsJAZ4, OsJAZ7, OsJAZ9 and
OsJAZ11 genes were, respectively, cloned into pYLgRNA, and
then the expression cassette containing two target sites was
amplified from pYLgRNA and connected to pYLCRISPR/Cas9 to
construct the knockout vector. The above vectors were trans-
formed into rice by Agrobacterium-mediated genetic transfor-
mation. All primers are shown in Table S2.

Plant materials and planting

The homozygous knockout mutants OsHANT-CAS, OsJAZ1-CAS,
OsJAZ4-CAS, OsJAZ7-CAS, OsIAZ9-CAS and OsJAZ11-CAS were
obtained by CRISPR/cas9 technology in japonica rice (Oryza sativa
L. ssp. gengl/japonica) variety ZH11; the homozygous knockout
mutants GS-HANT-CAS were obtained by CRISPR/cas9 technol-
ogy in japonica rice sterile line GAZS. OsOPR7 was expressed in
ZH11 and GAZS under the control of the ubiquitin promoter to
obtain overexpressed lines OsOPR7-OE13, OsOPR7-OE20,
GS-OPR7-OE1 and GS-OPR7-OE2. All materials were planted in
the experimental farm of South China Agricultural University in
Guangzhou, or Lingshui, Hainan.

Total RNA extraction and RT-gPCR analyses

RNA was extracted from different tissues of rice using Trizol
reagent (Invitrogen). HiScript Il 1st Strand ¢cDNA Synthesis Kit
(Vazyme, Nanjing) or the PrimeScript Il 1st Strand cDNA Synthesis
Kit (Takara, Kyoto) were used for reverse transcription to obtain
cDNA. RT-gPCR was performed using 2x RealStar Green Fast
Mixture Kit (Genstar, Beijing) according to the corresponding
experimental steps. Each experiment was repeated three times,
Actin was used as the control for normalizing cDNA amounts, and
data were processed according to BioRad's ‘Fluorescent Quanti-
tative  PCR Application Guide’ by calculating the relative
expression levels of target genes through 272! value. For RNA
extraction, the plant materials of the japonica rice Kongyu131
(KY131) and indica rice 1132 RNA were taken from Lingshui,
Hainan in March, and plant materials for other rice lines were
taken from summer in Guangzhou.

Statistics of the number of florets opened

Diurnal flower-opening time (DFOT) is an important agronomic
trait of rice. The concept of DFOT can be divided into two
categories: the time from floret opening to floret closing, and the
time or duration of floret flowering in the field population within
a day. The latter can be further divided into the beginning of
flower opening, the peak time of flower opening (when 50% of
the florets have opened), and the end time of flowering (Gou
et al., 2022; Ma et al., 2011; Zhang et al., 2016). In this paper,
we use DFOT to represent the beginning of flower opening.
Counting statistics of DFOT for knockout plants and over-
expressed plants with wild-type plants started from 2 to 5 days
after rice heading. The inflorescences with similar growth rates
were selected on the day before flowering, and five inflores-
cences for each rice line was labelled and marked. From the

© 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 22, 2267-2281



beginning of flower-opening, the number of opening florets was
counted every 30 min until all florets were closed. The statistical
results were averaged from the data of the five inflorescences.

Observation of dynamic changes in lodicules

Florets were selected at different times of the day, and then
peeled off the lemma and palea to expose a pair of lodicules, and
the dissected florets were observed and photographed under a
dissecting microscope (Olympus SZX10). Subsequently, a pair of
lodicules on the florets were peeled off and photographed with a
dissecting microscope. The surface area of the lodicules was
counted by ImagelJ software, as shown in Figure S11.

Hormone treatment

One day before the treatment, inflorescences with similar growth
status were selected in the field and labelled. At 7:00 am,
different concentrations of MeJA (Yuanye, Shanghai) solution
were sprayed on the marked inflorescence until all rice
inflorescences were wet, and then the number of floret opening
was counted every 30 min for each inflorescence until all florets
were closed. The average value of five inflorescences was taken
for each time point. The rice plants treated with MeJA solution for
1 h were pulled out from the field and then planted in pots to
take pictures of the plants.

Hormone content measurement

The fresh lodicules of ZH11, OsOPR7-OE and OsHANT-CAS plants
at different time points were quickly frozen in liquid nitrogen. The
contents of JA, JA-lle and OPDA were measured according to the
method described by Cai et al. (2016). The extraction and
detection part of the experiment was completed by Wuhan
Greensword Creation Technology Co., Ltd.

Transcriptome analysis

About 0.1 g of fresh lodicules were collected 0.5-1 h before
flower-opening of OsJAZ9-CAS plants and then quickly frozen in
liquid nitrogen (in March in Lingshui, Hainan). The collected
lodicules were thoroughly ground in liquid nitrogen and the fine
powder was transferred into a 2-mL Eppendorf tube with Trizol
reagent and quickly mixed, and then stored at —80 °C before
use. The RNA extraction, library construction, sequencing and
transcriptome analysis of the samples was conducted by
GENEWIZ Suzhou Co., Ltd. According to the transcriptome
results, differential gene expression analysis was performed using
DESeq2 software. Genes with P < 0.05 and log2-fold change >1
or log2-fold change <—1 were classified as DEGs and GO
enrichment analysis was performed with DEGs and the RT-gPCR
method was used to verify the expression of the selected DEGs.

Plant soluble sugar detection

Plant soluble sugar detection is based on the principle of anthrone
colorimetry by using soluble sugar detection kit (Sangon,
Shanghai). The experimental procedure was carried out according
to the kit instructions. The lodicules at 8:30 am on the day of
flowering were collected into Eppendorf tubes and then 1 mL of
ddH,0 was added. For breaking the lodicules, the tubes were
incubated in water bath at 100 °C for 10 min, and then cooled at
room temperature followed by centrifuging at 8000 g for
10 min. After centrifugation, the supernatant was collected into
a new tube and the solution volume was adjusted with ddH,O for
measurement. Different concentrations of anhydrous glucose
were used as standard curve quantification and ddH,0 as blank
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control. For soluble sugar measurement, 0.2 mL of the extracted
sample was transferred into a new tube followed by adding
0.2 mL of ddH,O, 0.1 mL of working solution, and 1 mL of
concentrated sulphuric acid, then close the tube lid and mix well.
Put tubes in a 95 °C water bath for 10 min, and then cool to
room temperature. Transfer 0.2 mL of the solution to a 96-well
plate, and then measure the absorbance value at 620 nm by
using a spectrophotometer (Biotek, USA).

Cellulose content detection

The lodicules were dried to constant weight, according to the
experimental steps of the cellulose content detection kit (Sangon,
Shanghai). The cellulose was decomposed into B-D-glucose by
heating under acidic conditions, and reacted with anthrone
reagent to produce colour under strong acidic conditions. The
absorbance value was measured at 620 nm to determine the
cellulose content.

Ultra-thin sections

The experimental procedure was based on the previous study
(Peng et al., 2023; Wang et al., 2022). Briefly, soak the lodicules
in 4% paraformaldehyde fixative at 8:00 am on the day of
flowering. After fixation with 1% the osmium tetroxide solution,
the alcohol dehydration, the acetone transition, resin infiltration
and embedding were conducted. Ultra-thin sections with a
thickness of 100 nm were prepared with a diamond blade. The
cut slices were placed in a staining box, stained with uranyl
acetate at room temperature for 15-30 min, rinsed with ddH,0
and stained with lead citrate for 5-30 min. Then rinse the slices
with ddH,0 to clean, dry and the slices were observed by using
transmission electron microscopy after drying.

Immunofluorescence

The experimental steps for paraffin embedding and immunoflu-
orescence of rice lodicules refer to the previous study (Chen
et al., 2023; Wang et al., 2022). The primary antibody was
LM15 (PlantProbes) with the antigen of Xyloglucan, and the
secondary antibody was FITC Rabbit Anti-Rat (BOSTER, Wuhan).

Measurement of elastic modulus

Elastic modulus of the lodicule was measured according to the
previous experimental method (Wang et al., 2022). Briefly, fresh
samples were attached to a glass slide with transparent nail
polish, and several drops of sterile water were dripped at room
temperature to prevent the lodicule from losing water and
shrinking. The elastic modulus of the surface of the lodicule was
detected using a BioScope Resolve atomic force microscope with
a SCANASYST-FLUID probe in the liqguid QNM mode. The peak
force frequency is 2 kHz, and the peak force setting value is 3 nN.
The topological image size is 5 x 5 pm? with the resolution of
256 x 256 pixels, and the scanning rate is 0.2 Hz. The
experiment was repeated three times, and the data were
analysed using NanoScope analysis software version 3.0.

Indica—japonica F; hybrid seeds production test

In the crossing experiment, the japonica TGMS line GAZS and its
transgenic lines GS-OPR7-OE and GS-HANT-CAS were used as
maternal parents, and the indica rice variety Nanguizhan as the
paternal parent. The ratio of sterile lines to restorer lines was
6 : 2, with six rows of sterile lines in the middle and one row of
restorer lines on both sides. Each combination was planted with
48 rice plants, and three replicates were conducted for each
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combination. Pollinations were performed once a day at
11:30 am during the flowering period, with the process repeated
over four consecutive days. Flowering observations indicated that
at 9:40 am, Nanguizhan began to open its florets, with most
prepared to close by 11:30 am. At this time, GAZS had just
started to flower.
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