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Introduction: Panicle abortion is a severe physiological defect and causes a reduction in grain yield.
Objectives: In this study, we aim to provide the characterization and functional analysis of a mutant
apa1331 (apical panicle abortion1331).
Methods: The isolated mutant from an EMS-mutagenized population was subjected to SSR analysis and
Mutmap assay for candidate gene mapping. We performed phenotypic analysis, anthers cross-sections
morphology, wax and cutin profiling, biochemical assays and phylogenetic analysis for characterization
and evaluation of apa1331. We used CRISPR/Cas9 disruption for functional validation of its candidate
gene. Furthermore, comparative RNA-seq and relative expression analysis were performed to get further
insights into mechanistic role of the candidate gene.
Results: The anthers from the apical spikelets of apa1331 were degenerated, pollen-less and showed
defects in cuticle formation. Transverse sections of apa1331 anthers showed defects in post-meiotic
microspore development at stage 89. Gas Chromatography showed a significant reduction of wax and
cutin in anthers of apa1331 compared to Wildtype (WT). Quantification of H2O2 and MDA has indicated
the excessive ROS (reactive oxygen species) in apa1331. Trypan blue staining and TUNEL assay revealed
cell death and excessive DNA fragmentation in apa1331. Map-based cloning and Mutmap analysis
revealed that LOC_Os04g40720, encoding a putative SUBTILISIN-LIKE SERINE PROTEASE (OsSUBSrP1),
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harbored an SNP (A > G) in apa1331. Phenotypic defects were only seen in apical spikelets due to highest
expression of OsSUBSrP1 in upper panicle portion. CRISPR-mediated knock-out lines of OsSUBSrP1 dis-
played spikelet abortion comparable to apa1331. Global gene expression analysis revealed a significant
downregulation of wax and cutin biosynthesis genes.
Conclusions: Our study reports the novel role of SUBSrP1 in anther cuticle biosynthesis by ROS-mediated
programmed cell death in rice.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The panicle is a reproductive organ in rice, which directly deter-
mines the grain yield [1]. Various genetic and environmental fac-
tors regulate the spatiotemporal arrangement of a panicle by
affecting its reproductive success and developmental decisions
[2]. Abortion of spikelets, also called panicle degeneration, is highly
detrimental to plants and causes a significant reduction in yield [3
5]. Although, several genetic factors have been reported that con-
trol the apical panicle development in rice. Nevertheless, the
molecular basis of mechanisms and why abortion remains in the
apical portion still needs a comprehensive understanding.

Development of the panicle begins with the transition of juve-
nile to the reproductive phase. Various changes at these transitions
including shoot, inflorescence and branch meristems could bring
severe defects to panicle development [6]. SMALL PANICLE1 (SP1)
controls the length of the panicle by encoding a nitrate transporter
of a PEPTIDE TRANSPORTER (PTR) family [7]. Similarly, ERRECT
PANICLE 2 (EP), LAX PANICLE1 (LAX1) and LAX2 are reported to
involve in the development of axillary and branch meristems for-
mation [810]. ABERRANT PANICLE ORGANIZATION 1 (APO1) and
APO2 work in the temporal regulation of meristems, which ulti-
mately affect the inflorescence development [1112]. SQUAMOSA
PROMOTER BINDING PROTEIN LIKE6 (SPL6) regulates the signaling
outputs by repressing an active transducer INOSITOL-REQUIRING
ENZYME 1 (IRE1) of cell death and control panicle development.
SPL6 deficient mutant plants revealed hyperactivation of IRE1
and displayed apical panicle abortion [13]. ALUMINUM ACTIVATED
MALATE TRANSPORTER (OsALMT7) controls the panicle develop-
ment by transporting malate to the vascular bundles [3]. A muta-
tion in CALCINEURIN B-LIKE PROTEIN-INTERACTING PROTEIN
KINASE 31 (OsCIPK31) also displayed apical spikelet abortion phe-
notype [14]. Mutation in TUTOU1 that encodes a SUPPRESSOR OF
CAMP RECEPTOR (SCAR) like protein also exhibited the apical
degeneration phenotype due to disorganization of actin [15].
OsC6 encodes a LIPID TRANSFER PROTEIN (LTP) and is involved in
the post-meiotic development of anthers. Plants silenced for OsC6
displayed the defective development of pollen exine and tapetum
[16]. DEGENERATED PANICLE AND PARTIAL STERILITY 1 (DPS1)
played an important role in anther cuticle development, and dps1
plants showed an accumulation of ROS (reactive oxygen species)
in apical spikelets [5].

During panicle development, abortion of spikelets frequently
occurs either at basal or apical portions of the panicle due to unfa-
vorable conditions [17]. Extreme temperature, malnutrition and
drought stress have been identified as potential factors promoting
panicle degeneration [3,1720]. ROS are oxidizing agents and cause
dynamic injury to various biological events [21]. Impairments in
the panicle, heading date, plant height and number of grains are
associated with ROS accumulation that causes damage to cellular
tissues and machinery [1415,22]. Unbalanced ROS homeostasis
also leads to defects in meiosis and microspore development
[23]. Programmed cell death (PCD) is a controlled process involved
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in rupturing the nuclear membrane, cytoplasmic shrinkage and
swelling of the endoplasmic reticulum [24].

Anthers are the male reproductive organs present inside the
spikelet and produce pollen grains via meiosis and mitosis [25].
Anthers have four layers; epidermis, endothecium, middle layer
and tapetum. Tapetum is the innermost layer, which serves as a
source of nutrients and enzymes during microspore development
[26]. Tapetum plays a key role in pollen development and seed set-
ting [27]. Normal tapetum development is often associated with a
well-developed cuticle, and it protects anthers from external dam-
ages. The cuticle is mainly composed of wax and cutin monomers.
Any abnormality in cuticle development leads to the impaired
tapetum that ultimately causes the failure in the seed setting [28
30]. Several factors affect cuticle development, such as high tem-
perature, excessive accumulation of ROS and imbalance of certain
hormones [3133]. These factors are either controlled by genetic
elements or environmental cues. Anther cuticle and walls share
several phenolic and lipidic precursors. Wax and cutin play an
essential role in pollen mother cell (PMC) development. C16 and
C18 and their derivatives are called cutin, constitute the cuticle
of anthers [34]. Several genes controlling cuticle and tapetum
development have been identified, such as WAX-DEFICIENT
ANTHER1 (WDA1), DPS1, POST-MEIOTIC DEFICIENT ANTHER1
(PDA1), ATP BINDING CASSETTE TRANSPORTER G26 (OsABCG26), NO
POLLEN1 (NP1), IRREGULAR POLLEN EXINE1 (IPE1), DEFECTIVE POL-
LEN WALL2 (DPW2), and DPW3 have been reported to play their
role in anther development by regulating wax and cutin pathway
[5,3541]. Similarly, MALE STERILE2 (MS2) and DPW2 play their part
in developing pollens by regulating the expression of FATTY ACYL
TRANSFERASE [40,42].

The protein family of SUBTILISIN-LIKE SERINE PROTEASE
(Subtilisin) is not well studied in plants. However, their role as
CASPASES in animals has been widely reported. Subtilisins display
a cleavage specificity and have a particular function in PCD [4344].
Plant subtilisins have been reported to play their role in the pro-
cessing of peptide growth factors [45], fruit ripening [46], xylem
differentiation [47], plant-pathogen recognition [48] and
determination of silique number [49]. A few plant studies have also
indicated their role in reproductive organs, and a meiotic
protein was reported to involve in events of late microsporogenesis
[5051].

The current study is a genetic analysis and functional validation
of our previous preliminary study of a gene mapped on chromo-
some 4 controlling panicle abortion phenotype [52]. We presented
a novel function of a putative OsSUBSrP1, which is essential for
anther cuticle formation and panicle development. An ethyl
methane-sulfonate (EMS) generated mutant apa1331 and CRISPR/
Cas9 mediated knock-out lines displayed a significant reduction
in seed setting rate due to loss of function of OsSUBSrP1. Thus,
we propose that a mutation in OsSUBSrP1 produces defects in
anther cuticle biosynthesis and triggers ROS accumulation. Our
data present the first insight into the novel role of OsSUBSrP1 in
seed setting rate by regulating wax and cutin pathway.
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Materials and methods

Experimental materials

The panicle mutant apa1331 was derived from an indica main-
tainer line Yixiang 1B (WT) by EMS mutagenesis. Apa1331 was
screened from an M2 population, and the trait of apical abortion
was stably inherited. Yixiang 1B is a backbone maintainer line of
indica hybrid rice, bred from the Institute of Agricultural Sciences,
Yibin, Sichuan, China. More than 50 hybrids have been released
using its corresponding CMS Yixiang 1A as the maternal parent.
The apa1331 was used as a female parent and crossed with the
WT and 02428 (japonica) cultivars to construct two F2 mapping
populations. Plants were grown under natural conditions in the
experimental fields at Rice Research Institute, Sichuan Agricultural
University, Chengdu (N30.67̄, E104.06̄), or alternatively at Lingshui
(N18.47̄, E110.04̄), Hainan Province, China.

Scanning electron microscopy

Scanning electron microscopy was performed as described by
Chun et al. [53].

DAB staining and quantification of ROS

3,3-Diaminobenzidine (DAB) staining of the spikelets of WT and
apa1331 was done according to a previously described method
[54]. ROS was quantitatively measured in the form of H2O2 from
6 cm fresh panicles of WT and apa1331 using a ROS assay Kit (Bey-
otime, Shanghai, China) by following a method of Zafar et al. [5].

Trypan blue staining and quantification of malondialdehyde (MDA)
contents

Trypan blue staining of WT and apa1331 spikelets was per-
formed according to Zafar et al. [55]. MDA contents were quanti-
fied from 6 cm fresh panicles of WT and apa1331 using an MDA
assay kit purchased from Nanjing Jiancheng Bioengineering Insti-
tute according to the manufacturers instruction.

Transverse sectioning of anthers

Different stages of anther development were selected from WT
and apa1331 panicles as previously described by Wilson et al. [56].
Paraffin-embedded anthers were cut into 4 thin slides using a
microtome (LEICA RM2255).

TUNEL assay

The samples were selected at the 13 cm stage of panicle devel-
opment from WT and apa1331 prepared according to protocol
mentioned in the study of Zafar et al. [5].

Quantitative relative expression analysis

RT-qPCR data of genes were determined from the 6 cm panicle
tissues taken only from apical spikelets of WT (normal tissues) and
apa1331 (degenerated tissues). PCR amplification and quantitative
relative expression were performed according to the previous
study of Wu et al. [57].

Genetic analysis of apa1331

Map-based cloning was performed with more than 700 SSR
markers using 300 mutant individuals selected from the F2 popula-
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tion. Polymorphic bands were screened from all the chromosomes.
For the MutMap assay, F2 plants were backcrossed with apa1331 to
generate a BC1F2 population. 25 individuals from BC1F2 population
with apical abortion phenotype were selected, and MutMap analy-
sis was performed according to Abe et al. [58].

Development of knock-out lines using CRISPR/cas9 system

A CRISPR/Cas9 vector (BGK03), carrying rice U6 promoter and a
single-guide RNA (sgRNA), was constructed for targeting
OsSUBSrP1 to develop its knock-out lines. A target sequence (3-
CCATGCGCGACCTCAAGTGT-5) with protospacer adjacent motif
(PAM) sequence CCA was identified in the first exon of OsSUBSrP1.
Two oligos were designed using an online Biogle tool (http://bio-
gle.cn/index/excrispr). Knock-out constructs used in the current
study were developed using Biogle Biotech Kit (BGK03) purchased
from Hongzhou Biogle Biotechnology Co., Ltd. The possible off-
target effects were prevented by BLAST search using target
sequence in Gramene (www.gramene.org) database. Oligo dimers
were synthesized according to the manufacturers guidelines.
Briefly, synthesized oligos were dissolved in water to 10 çM. A
reaction mixture (18 çl aneal buffer, 1 çl forward oligo and 1 çl
reverse oligo) was heated (95̄ C for 3 min) in PCR, and then slowly
reduced to 20̄ C at a rate of 0.2̄ C/s. Oligo dimers were constructed
into CRISPR/Cas9 vector by mixing the following components (2 çl
CRISPR/Cas9 vector, 1 çl oligo dimer, 1 çl enzyme mix and H2O was
added to 10 çl), and kept at a temperature of 20̄ C for 1 h. The 10 çl
of a recombinant mixture containing the CRISPR/Cas9 vector was
transformed into an E. coli strain Trans-DH5 (100 çl) by following
the guidelines of Ma et al. [59]. The mixture was added into pre-
heated liquid LB (700ul) and cultured at 37¯C/200 rpm for 1 h.
The reaction mixture was plated on the solid LB media having
kanamycin at 37¯C overnight. Positive clones were confirmed by
sequencing from Qingke Biology Co., Ltd. The constructed vector
was sent to Boyun Biotechnology Co., Ltd for genetic transforma-
tion into the calli of a rice cultivar Zhonghua11 (ZH11) using a
method of Toki et al. [60]. The homozygous T3 plants were used
for phenotypic analysis.

Phylogenetic analysis

Sequences of characterized and putative subtilisins were down-
loaded from NCBI and Phytozome databases and analyzed accord-
ing to Tripathy et al. [61]. A phylogenetic tree was constructed
using a neighbor-joining method at 1000 bootstrap replicate in
software MEGA-X [62].

Transcriptome profiling

Transcriptome analysis was performed using three replicates
from the panicles of WT and apa1331. Total RNA was extracted
from 6 cm panicles when the signs of programmed cell death
became visible in the apical spikelet of apa1331 using the manufac-
turers protocol (mirVana miRNA Isolation Kit, Ambion). A total of 6
samples were sent to OE Biotechnology (Shanghai, China) for com-
plete mRNA transcriptome analysis by following a method
reported by Li et al. [63]. Samples integrity was evaluated using
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The samples with RNA integrity number (RIN) 7 were
subjected to the subsequent analysis. According to the manufac-
turers instructions, the libraries were constructed using TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA,
USA). Then, these libraries were sequenced on the Illumina
sequencing platform (HiSeqTM 2500 or Illumina HiSeq X Ten),
and 125 bp/150 bp paired-end reads were generated. The
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functional annotation of DEGs was performed according to signifi-
cantly enriched biological processes according to a GO Consortium
[64].
Analysis of anther wax and cutin

The fatty acids contents were determined using 25 mg of fresh
anthers fromWT and apa1331 according to the instructions of Jung
et al. [35] through GCMS (Gas Chromatograph-2010 Plus SHI-
MADZU). Briefly, the weighed anthers samples were crushed into
powder with liquid nitrogen. A lipid extraction buffer containing
chloroform, methanol and water (8:4:3 vol) was added to the sam-
ple and vortexed for 1 min. The reaction mixture was sonicated in
ice for 5 min, and the process was repeated 35 times and kept
standing for 2 h. The mixture was centrifuged at 3000 rpm for
15 min. The chloroform residue was transferred into a 10 ml tube.
The residue was washed twice by adding 3 ml of extraction buffer,
and obtained chloroform was transferred to the previously men-
tioned 10 ml tube. The tube was placed in a vacuum drier to extract
plant triglycerides. For saponification, 2 ml of a solution (KOH-
CH3OH, 0.5 mol/L) was added to the reaction tube, sealed and vor-
texed for 1 min. The reaction tube was placed in boiling water until
the oil droplet completely disappeared from the surface. The reac-
tion was mixed several times during saponification to get all free
fatty acids. For methyl esterification, the reaction mixture was
cooled for 3 min, and 2 ml of BF3-CH3OH was added, vortexed
(10 s) and placed in a water bath (80¯C). For extraction, 1 ml of
n-hexane and 5 ml of saturated NaCl solution were added to the
mixture, vortexed and centrifuged at 2000 rpm for 5 min. The n-
hexane layer (not less than 500 çl) was inserted into the Gas Chro-
matograph. The composition of fatty acids was presented in the
form of relative percentage as performed by Liu et al. [65]
Results

apa1331 displayed aborted apical spikelets

To understand the genetic regulation of panicle development,
we identified a mutant named apical panicle abortion1331
(apa1331), which shows a stable phenotype of panicle abortion.
This mutant was screened through an EMS mutagenized popula-
tion of a maintainer line (Yixiang 1B), taken as WT in the current
study.

At maturity, apa1331 showed abortion of apical spikelets and
had significantly lower seed yield than WT (Fig. 1, A). The panicle
of apa1331 started to develop aborted spikelets at apical portions,
while WT did not reveal any abortion (Fig. 1, B). To differentiate,
when apa1331 started to show abortion, we carefully observed dif-
ferent stages of panicle development and compared them with WT
(Fig. 1C). Until the 5 cm length of the panicle development, the
developmental course of apa1331 was normal like that of WT
and did not reveal any visible abortion signs. At 6 cm length of pan-
icle development, spikelet abortion became visible in the apical
spikelets of apa1331. Apical spikelets began to degenerate when
panicle was still enclosed in the flag leaf. As the panicle grows in
its length, apical spikelets abortion became severe. The 6 cm length
of panicle development was regarded as the stage of divergence
between apa1331 and WT. Various agronomic traits, e.g., plant
height, number of primary branches, number of tillers, and 1000-
grain weight did not show any significant differences in apa1331
compared to WT (Fig. 1D-F). However, the number of grains per
spike and fertile panicle length were significantly decreased in
apa1331 (Fig. 1G-H). Degeneration rate, which is the percentage
of degenerated/aborted spikelets to the total number of spikelets
in a panicle, in apa1331 was up to 53% (Fig. 1I). At the same time,
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WT did not show abortion of spikelets. The seed setting rate in
apa1331 was decreased up to 4053% compared to WT. Thus,
apa1331 is an apical panicle abortion mutant and significantly
reduces the number of fertile spikelets and causes a massive loss
in grain yield.

The apical spikelets of apa1331 are pollen-less and defective in anther
cuticle formation

To know the basis of the low seed setting rate of apa1331, we
studied the detailed structure of the apical spikelet using stereo
and electron microscopy. The anthers of apa1331 were degener-
ated, while WT anthers were normal and yellowish (Fig. 2A-B).
WT anthers had normal and viable pollens that were darkly stained
in potassium iodide (KI) staining, while apa1331 anthers were
entirely pollen-less (Fig. 2C-D). It is worth mentioning that the
basal spikelets of apa1331 were normal and showed fertile spike-
lets comparable to WT. However, the only apical spikelets were
found sterile. Previous studies have revealed the defective develop-
ment of anthers cuticle in sterile mutants [29,66]. Accordingly, the
scanning electron microscopic (SEM) observation revealed a pres-
ence of three-dimensional nano-ridges of cuticle on the surface
of WT anthers, while apa1331 showed a complete lack of cuticle
(Fig. 2E-H). The lack of cuticle formation on the surface of
apa1331 anthers encouraged a further deep look into microsporo-
genesis and meristem development. SEM of apa1331 did not show
any observable aberration in meristem formation at 1.5 cm length
of panicle (Fig. 2I-J). This data suggests that apa1331 showed defec-
tive anther cuticle formation and did not show any abnormality at
meristem development.

Post-meiotic microspore development was defective in apa1331

To reveal any cytological defects in microspore development,
cross-sections of different stages of anthers were analyzed as dis-
cussed by Wilson et al. [56]. Transverse sections of WT and
apa1331 anthers did not reveal any observable difference until
stage 7, and both showed a regular structure of all layers e.g., epi-
dermis, endothecium, middle layer and tapetum (Fig. 3A-D). Dur-
ing the early stage 8, the PMCs of WT went under normal
meiosis; however, the PMCs nuclei of apa1331 were neither round
(asterisk) nor enclosed by a well-developed callose wall (Fig. 3E-F).
Moreover, the cytoplasm of apa1331 was trapped within a cloud
(Fig. 3F). During late stage 8, in apa1331, the cloud around the cyto-
plasm became more evident, and PMC nuclei were irregular (as-
terisk) and degenerative (Fig. 3G-H). In contrast, PMC nuclei of
WT were darkly stained and showed a regular (round) shape
(Fig. 3G). During stage 9, WT tapetum cells were normal, but that
of apa1331 were swollen and significantly degenerated microspore
cells and nucleus were seen (Fig. 3I-J). Microspore development of
apa1331 was seriously affected after stage 9 and showed severe
degeneration of microspores (Fig. 3K-L). During stage 10, the tape-
tum of WT started to degenerate, and microsporocytes were found
vacuolated. However, the microspores of apa1331 were collapsed
and remnants of degenerated microspores were present in the
form of cellular debris (Fig. 3L). Due to severe degeneration in
apa1331 anthers, we were unable to differentiate later stages of
development. The results of cross-sections morphology suggest
that microspore development after meiosis was strongly affected
in apa1331.

Reduction of wax and cutin contents in apa1331 anthers

SEM of anthers surface revealed a pronounced lack of cuticle in
apa1331. To confirm the differences of wax and cutin, which are
important components of anthers cuticle, we measured the fatty



Fig. 1. Phenotypic observation and agronomic traits of apical panicle abortion1331 (apa1331), (A) Plant morphology of a Wild Type (WT) plant showing normal panicle
development, while an apa1331 plant shows apical spikelet abortion grown under field conditions. (B) Mature panicle of WT and apa1331. (C) Different stages of WT and
apa1331 panicle at a length of 1 cm, 2 cm, 4 cm, 6 cm, 8 cm, 12 cm and 16 cm. White arrows show the aborted spikelets in apa1331. Panels to the right of C are enlarged views
of 12 cm and 16 cm panicles of WT and apa1331. Box and whisker plots (D-I) show the comparison of plant height (D), number of primary branches (E), number of tillers (F),
number of grains per spike (G), fertile panicle length (H) and degeneration rate between WT and apa1331 (I), respectively. The students t-test was used to calculate the
significance of the data. Whereas, NDS: no degenerated spikelets. Bars are equal to 10 cm in (A).

Fig. 2. Microscopic examination and anther cuticle formation of Wild type (WT) and apical panicle abortion1331 (apa1331). (A-B) Comparative morphology of WT and
apa1331 spikelet obtained by stereomicroscope. (C-D) Potassium iodide (KI) staining of pollens and their enlarged view of WT (C) and apa1331 (D). (E-F) Scanning electron
micrographs (SEM) of anthers of WT (E) and apa1331 (F). (G-H) Zoomed view of anther cuticle surface of WT (G) and apa1331 (H). (I-J) Inflorescence meristem development of
WT (I) and apa1331 (J). Bars are equal to 1.5 mm in A-B, 0.5 mm in C-D, 50 çm in G-H and 500 çm in I-J.
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acid profiles of apa1331 and WT anthers by Gas Chromatography.
Composition data of wax and cutin were presented in percentages
as described by Liu et al. [65]. Results revealed a significant
(P < 0.01) decrease in total cutin and wax contents in apa1331 as
compared to WT (Fig. 4A-B). Among saturated fatty acids, palmitic
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acid (C16:0) and steric acid (C18:0) constitute the cutin monomers
and were significantly (P < 0.01) decreased in apa1331 as compared
to WT (Fig. 4C). Similarly, the percentage of saturated wax, espe-
cially C15:0, C17:0 and C20:0 were also significantly reduced in
apa1331 (Fig. 4D). Similarly, unsaturated cutin e.g., C16:1,



Fig. 3. Transverse sections of anthers showing defects of microspore development in apical panicle abortion1331 (apa1331). (A-L) Transverse micrographs of Wild type
(WT) and apa1331 anthers development at (A-B) St6: showing normal thickening of anthers walls, (C-D) St7: showing the normal development of all anther layers in apa1331,
(E-F) St8a: showing the trapped cytoplasm in a cloud, and degeneration of pollen mother cell (PMC) nucleus in apa1331. At the same time, the PMC of WT was regular and
round. Asterisk (*) indicates the position of degenerating PMC nucleus. (G-H) St8b: Trapped cytoplasm and degeneration of PMC nucleus of apa1331 become more evident, (I-
J) St9: Swollen tapetum and degeneration of microspore of apa1331, (K-L) St10: At late microspore mother cell development, apa1331 showed complete degeneration of
microsprocyte in the form of a degenerated tissue. Whereas, E; epidermis, En; endothecium, ML: middle layer, SPC; secondary parietal cells. SC; sporocytes, T; tapetum, and
Msp; microsporocyte. Bars in A-L are 25 mm.

Fig. 4. Composition of wax and cutin contents in anthers of Wild type (WT) and apical panicle abortion1331 (apa1331), (A) Total amount of cutin in anthers. (B) Total
amount of wax in anthers. (C) Amount of saturated fatty acids (cutin) in anthers. (D) Amount of saturated fatty acids (wax) in anthers. E) Amount of unsaturated fatty acids
(cutin) in anthers. (F) Amount of unsaturated fatty acids (wax) in anthers of WT and apa1331. The values represent the average of three individual repeats. Data in (A-F) are
presented in percentages of per fatty acid to total fatty acids. The students t-test was used to calculate the significance of data, where *p < 0.05 and **p < 0.01.
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Fig. 5. Analysis of reactive oxygen species (ROS), cell viability, cell death and DNA fragmentation in apical panicle abortion1331 (apa1331), (A) Dark DAB (3,3–
diaminobenzidine) staining of the spikelet of apa1331 shows the excessive accumulation of hydrogen peroxide (H2O2) compared to WT. (B) Quantification of H2O2 was
significantly increased compared to WT. (C) Quantification of malondialdehyde (MDA) was significantly increased compared to WT. (D) Trypan blue staining revealed the
compromised cell viability in apical spikelet apa1331. (E) Significant downregulation of CATALASES, e.g., OsCATa, OsCATb and OsCATc in the panicle of apa1331 than WT. (F)
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay showing DNA fragmentation in spikelet of apa1331. Tissues were taken from the whole spikelet
(a1 and d1), anther (a2 and d2) and glume (a3 and b3). Propidium iodide (PI) and iso-thiocyanate produce red and green (b and e) fluorescence, respectively. Yellow (c and f)
fluorescence is the combined signals of PI and iso-thiocyanate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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C18:1nt, C18:1nc and C18:1n3 were also significantly decreased in
apa1331 (Fig. 4E). However, contrary to other fatty acids, unsatu-
rated wax contents e.g., C22:2, C20:5n3, and C22:6n3 were signif-
icantly (P < 0.05) increased in apa1331 compared to WT (Fig. 4F).
Consistent with our previous observations, chemical composition
analysis of wax and cutin revealed that the candidate gene of
apa1331 regulates the wax and cutin contents and anther cuticle
formation.
Apical spikelets of apa1331 had higher level of ROS

Excessive ROS accumulation could happen either due to genetic
factors or in response to biotic and abiotic stresses [67]. These ROS
molecules could cause damage to the cell wall structure, macro-
molecules, DNA and proteins, leading to the degenerated tissues
[68]. To further investigate the cause of abortion of spikelets of
apa1331, we detected the cellular ROS by DAB staining (Fig. 5A).
Fig. 6. Fine mapping and genetic analysis of SUBTILISIN-LIKE SERINE PROTEASE 1
abortion1331 (apa1331) phenotype on chromosome 4 between SSR markers 49 and 410. (
blue boxes are representing exons, blue lined boxes are up and downstream sequences an
was harbored in the 4th exon of OsSUBSrP1. (C) SUBSrP1 was consist of 1393 amino acids
605th amino acid. (D) The comparative chromatograms cloned and sequenced from W
(AAC > GAC) of the codon. (For interpretation of the references to color in this figure leg
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The quantitative measurements revealed that H2O2 was signifi-
cantly (P < 0.01) increased in apical spikelets of apa1331 than that
of WT (Fig. 5B). Malondialdehyde (MDA) is an indicator of local
ROS production and is involved in the peroxidation of fatty acids
[69]. Consistently, MDA was also significantly increased in
apa1331 spikelets (Fig. 5C). Trypan blue staining is used to test
the viability of cells [70]. Dark staining of the apical spikelet of
apa1331 showed cells viability was compromised, while light
staining of WT showed spikelets cells were viable (Fig. 5D). CATA-
LASE (OsCATa), OsCATb, and OsCATc are antioxidant enzymes coding
genes and are involved in the scavenging activities of ROS [71]. Rel-
ative expressions of OsCATa, OsCATb, and OsCATc were significantly
decreased in apa1331 spikelets compared to WT (Fig. 5E, Table S1).
Together, DAB staining, measurement of H2O2 and relative expres-
sion data revealed the excessive accumulation of ROS in apa1331
caused the abortion and damage to apical spikelets. At the same
time, trypan blue staining has indicated the death of apical spike-
lets cells.
(OsSUBSrP1). (A) Primary mapping of the OsSUBSrP1 controlling apical panicle
B) Genomic structure of OsSUBSrP1 (LOC_Os04g40720) and position of an SNP, where
d black lines are indicating introns. The red arrow shows the position of an SNP that
, and black line show the position of a non-synonymous substitution (Asn > Asp) of
T (up) and apa1331 (down), where the red lines show the substituted sequence
end, the reader is referred to the web version of this article.)



A. Ali, T. Wu, H. Zhang et al. Journal of Advanced Research 42 (2022) 273–287
Apical spikelets and anthers of apa1331 showed increased cell death
and DNA fragmentation

Trypan blue staining indicated the presence of cell death in api-
cal spikelets of apa1331. We hypothesized that apical spikelets of
apa1331 would have undergone an abnormal PCD and DNA frag-
mentation. To test this hypothesis, we performed a TUNEL (termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling) assay to detect apoptosis. Spikelet and anthers of 13 cm
panicle length were used as representatives (Fig. 5F). WT (Fig. 5-
Fa-c) showed the absence of TUNEL signal in all parts of spikelets
(c1) including anther (c2) and glume (c3). However, apa1331
(Fig. 5Fd-f) showed positive TUNEL signals in all parts of the spike-
let (e1) including anther (e2) and glume (e3). These findings sug-
gest that DNA fragmentation has occurred in apa1331 at the
single-cell level that causes cell death in spikelets and anthers.

OsSUBSrP1 encodes a putative protein of a subtilisin family

To find the candidate gene of the characterized mutant pheno-
type, we developed two F2 mapping populations. These mapping
populations were derived by crossing apa1331 with an indica cv.
Yixiang 1B and a japonica cv. 02428, respectively. In F1 generations
of both populations, all plants did not show an abortion phenotype.
Genetic analysis of these populations revealed that a single reces-
Fig. 7. CRISPR/Cas9 mediated knock-out (KO) lines of SUBTILISIN-LIKE SERINE PROTE
target sequence (PAM and gRNA) in gene structure of OsSUBSrP1. Sequence comparison re
G to A in KO-3 (B) Panicle of KO-1, KO-2, and KO-3 show the phenotype of apical abort
panicle was significantly (P < 0.01) decreased in KO-1, KO-2, and KO-3. (D) Fertile length
and KO-3. The students t-test was used to calculate the significance of data, whereas **
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sive gene controls the phenotype of panicle abortion in apa1331
[52].

Primary mapping of apa1331 revealed that the candidate gene
resides between the SSR marker 49 and 410 on the short arm of
chromosome 4 (Fig. 6A). The gene was narrowed down between
RM252 and RM5979 in a distance of 16.4 cM [52]. Due to the fur-
ther unavailability of InDel markers in this region, we performed a
MutMap assay to find any mutation in the primary mapped region
by following a method of Abe et al. [58]. MutMap whole genome
sequencing (Illumina HiSeq 2500 platform) revealed an SNP index
of 1 due to the presence of a single nucleotide mutation in
(Os04g0483400) LOC_Os04g40720 [52]. Consistent with the primary
mapping by SSR markers, Mutmap results showed an SNP (A > G)
located between the previously mapped region of SSR markers
RM252 and RM5979. According to MutMap, the candidate gene
of apa1331 phenotype was LOC_Os04g40720, and it has six exons,
present in reverse order in the MSU database. The mutation was
located in the 4th exon of LOC_Os04g40720, changing the 3373th
codon from AAC to GAC (Fig. 6B). This SNP in apa1331 has ulti-
mately substituted an amino acid (asparagine into aspartic acid).
According to Rice Genome Annotation Project (http://rice.plantbi-
ology.msu.edu/), LOC_Os04g40720 annotates a putative protein of
SUBTILISIN LIKE SERINE PROTEASE [72]. Candidate protein has a
total residue length of 1393 amino acids, and mutation (Asn > Asp)
was occurred in 1125th amino acid (Fig. 6C). To further verify the
ASE 1 (OsSUBSrP1) showed the phenotype of apical abortion. (A) The position of
veals a one bp (-) deletion in KO-1, substitution of G to T in KO-2 and substitution of
ion, while the Zhonghua11 (ZH11) did not show abortion. (C) Number of seeds per
of panicle was significantly decreased due to apical panicle abortion in KO-1, KO-2,
p < 0.01.

http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/


Fig. 8. Global gene expression analysis of Wild type and apical panicle abortion1331, (A) Principal component analysis (PCA) shows 76% and 19% variations in the samples
contributed by PC1 and PC2, respectively. (B) Heat map showing the differentially expressed genes (DEGs) with log2FC > 1 at p-value < 0.05 in apa1331 compared to WT. (C)
Graph showing statistics of DEGs betweenWT and apa1331,where red and blue color are showing the number of up and down-regulated genes, respectively. (D) Comparison
of top 30 downregulated gene ontology (GO) terms. The x-axis shows the GO terms of biological processes, cellular components and molecular functions in green, blue and
red color, respectively, while the y-axis shows the -log10 (p-value) of differentially enriched GO terms between WT and apa1331. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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MutMap candidate gene analysis, we cloned and sequenced the
candidate gene LOC_Os04g40720 in apa1331 and WT. The compar-
ative chromatograms of WT and apa1331 validated the presence of
an SNP at the same position consistent with MutMap analysis
(Fig. 6D).

Phylogenetic and annotation analysis of the candidate gene of
apa1331 shows that it encodes a novel protein and has not been
characterized before. However, its orthologs in Brachypodium
(Bradi5g13740), maize (GRMZM2G063163) and sorghum
(Sb06g0200570) encode putative subtilisin-like serine proteases.
According to MEROPS database, there are more than 50 families
of serine protease [73]. A study has identified 63 and 56 subtilases
in rice and Arabidopsis, respectively [7475]. These two plant species
also appear to encode a similar number (206 and 222) of putative
subtilises in Arabidopsis and rice, respectively [61]. Although the
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genome size of rice (389 MB) is much higher than that of Arabidop-
sis (125MB). Another genomic evolution study has categorized ser-
ine protease into 9 families, among them subtilisins are the second
largest family having a catalytic triad of Asp (D), His (H) and Ser (S)
residues with no other structural similarity [7677]. Accordingly,
the candidate protein of apa1331 has also no known structural sim-
ilarity with other characterized proteins. BLAST of referenced pro-
tein showed only a 3745% sequence similarity with most of the
uncharacterized proteins of species other than rice (Figure S1).
None of the members of its orthologs genes have been functionally
characterized before. Amino acid sequence alignment of blasted
proteins showed conserved residues of catalytic triads of D, H
and S (Figure S2 A). A phylogenetic tree was constructed, revealing
rice subtilisins can be divided into three major clades (Figure S2 B).
The largest clade shared 26 genes that were further divided into
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two subclades. While both second and third clades shared two
genes each. The reference gene (Os04g0483400) was placed into
a seprate clade with another gene Os07g0651400.

Genetic analysis revealed that a-synonymous subtitution (Asn-
Asp) of an amino acid in apa1331 has not occurred in the catalytic
triad of subtilisin. It suggests the additional and criticle role of
another amino acid (Asn) combined with other catalytic traids
for proper functioning. The presence of a catalytic triad of D, H
and S and functional homology with subtilisin orthologs suggest
that the candidate protein of apa1331 encodes a subtilisin. Hence,
we tentatively named the reference protein of apa1331 as putative
SUBSrP1.

SUBSrP1 is preferentially expressed in the upper part of a young
panicle

Members of the subtilisin protease family showed variation in
spatio-temporal expression under different conditions [78].
According to Rice anther expression (https://www.cpib.ac.uk/an-
ther/riceindex.html) plots [79] the expression of OsSUBSrP1 during
anther development was also found variable (Figure S3 A). Accord-
ing to BAR ePlant Browser [80] database (bar.utoronto.ca/eplant)
relative expression spectrum of OsSUBSrP1 showed the highest
expression in a young panicle at stage P1 and P2 (Figure S3 B).
To answer an important question, e.g., why only apical spikelets
of apa1331 have degenerated? We determined the relative expres-
sion spectrum of OsSUBSrP1 in the root, leaf, stem and different
stages of panicle development in WT (Figure S4). Relative expres-
sion of OsSUBSrP1 in 5 cm panicle was higher than that of 2 cm
and 12 cm panicle length. We further divided the 5 cm panicle into
the upper, middle and lower part and quantified the relative
expression of OsSUBSrP1. Result revealed that OsSUBSrP1 was pref-
erentially expressed in different parts, where upper part showed
highest expression followed by middle part, and minimum in
lower part of WT panicle. Variation in the expression of OsSUBSrP1
redundancy between different parts of the panicle disentangled its
Fig. 9. SUBTILISIN-LIKE SERINE PROTEASE 1 (OsSUBSrP1) regulates the expressio
transcriptome analysis of Wild type (WT) and apical panicle abortion1331 (apa1331) rev
fatty acids. (B) Comparative transcriptome analysis of WT and apa1331 revealed the dow
(C) Comparative transcriptome analysis of WT and apa1331 revealed the up and down
normalized expression value of fragments per kilobase of transcript per million (FPKM) fo
value key scale, in which dark red and blue show the highest and lowest expression, respe
is referred to the web version of this article.)
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phenotypic defect from the lower and middle part of the panicle.
Hence, the phenotypic defect of the loss of function of OsSUBSrP1
was majorly seen in the apical spikelets only.

CRISPR-Cas9 targeted knock-out lines showed the phenotype of apical
spikelet abortion

To validate the function of OsSUBSrP1, a CRISPR-Cas9 vector
containing a sgRNA was constructed and transformed into calli of
ZH11 to develop knock-out (KO) lines. The target sequene
sequence (3- CCATGCGCGACCTCAAGTGT-5) was located in first
exon of OsSUBSrP1 (Fig. 7A). Three independent knock-out (KO)
lines showed the abortion of apical spikelet. Sequencing revealed
the one bp (G) deletion, one bp substitution (G to T) and one bp
substitution (G to A) in KO-1, KO-2, and KO-3, respectively. KO-1,
KO-2 and KO-3 showed the abortion of apical spikelets, while the
ZH11 did not show any abortion phenotype at the heading stage
(Fig. 7B). Similar to apa1331, the number of seeds per panicle
and fertile panicle length was significantly (P < 0.01) decreased
in KO-1, KO-2, and KO-3 compared to ZH11 (Fig. 7C-D). Overall,
genetic analysis of apa1331 and CRISPR/Cas9-targeted mutagenesis
of KO lines revealed that mutation in OsSUBSrP1 causes a signifi-
cant decrease in seed setting due to abortion of apical spikelets.
It validates the function of OsSUBSrP1 in apical spikelet develop-
ment in rice.

Global gene expression analysis revealed OsSUBSrP1 mediated
downregulation of wax and cutin biosynthesis pathway genes

Abnormal PCD and elevated ROS levels can affect the expression
of many wax and cutin pathway genes [5,39]. To elucidate the
transcriptional changes associated with functional pathways due
to mutation in OsSUBSrP1, a comparative transcriptome profiling
of WT and apa1331 was performed using RNA sequencing Illumina
Platform (HiSeqTM 2500). Three individual sampling repeats were
selected from WT and apa1331 apical spikelets at the 6 cm stage
n of wax, suberin, and cutin biosynthesis pathway genes, (A) Comparative
ealed the downregulation of genes involved in the biosynthesis of the unsaturated
nregulation of genes involved in the biosynthesis of cutin and suberin biosynthesis.
regulation of genes involved in the wax biosynthesis. The heat maps showed the
r a specific gene (brown rectangle). Figure legend shows the normalized expression
ctively. (For interpretation of the references to color in this figure legend, the reader

https://www.cpib.ac.uk/anther/riceindex.html
https://www.cpib.ac.uk/anther/riceindex.html
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(point of divergence between WT and apa1331). High-throughput
RNA sequencing generated high-quality data with an adequate
sequencing depth. Principal component analysis (PCA) revealed
76% (PC1) and 19% (PC2) variance between WT and apa1331 sam-
ples (Fig. 8A). The heat map showed a sum of 3168 differentially
expressed genes (DEGs) between apa1331 andWT (Fig. 8B). Among
3168 DEGs, 1935 and 1233 DEGs were found down-regulated and
up-regulated in apa1331 compared to WT, respectively (Fig. 8C).
We further subjected the significantly [fold change (FC) > 2 and a
p < 0.05] DEGs to gene ontology (GO) enrichment analysis and
Kyoto encyclopedia of genes and genomes (KEGG) pathway func-
tional classification.

GO enrichment analysis of significantly enriched DEGs between
apa1331 and WT was categorized into biological processes, cellular
components and molecular functions. Among the top 30 down-
regulated DEGs, pollen exine function (GO:0010584) was most sig-
nificantly down-regulated biological process in apa1331 (Fig. 8D).
While other important biological processes associated with these
downregulated DEGs were sporopollenin biosynthetic process
(GO:0080110), fatty acid omega oxidation (GO:0010430) and lig-
nin biosynthetic process (GO:000980). While most significantly
downregulated cellular components and molecular functions asso-
ciated with these DEGs were plant-type cell wall (GO:0009505)
and hydrolase activity, acting on ester bonds (GO:00016788),
respectively. GO classification indicates the downregulation of pol-
len exine, sporopollenin, fatty acid omega-oxidation related bio-
logical processes in apa1331 panicle.

We mapped all DEGs to their respective KEGG enrichment anal-
ysis to get further insights into the specific pathways, which regu-
late the above-mentioned biological processes. Among them, the
cutin, suberin, and wax biosynthesis pathway (K00073) was the
most relevant KEGG pathway with the highest (15.3%) number of
DEGs (Fig. 9). 13 DEGs were involved in the wax and cutin biosyn-
thesis pathway. Among the 13 genes, 12 genes (Os11g0507200,
Os01g0854800, Os06g0254700, Os06g0254300, Os10g0486100,
Os08g0401500, Os04g0512200, OsWDA1, OsMS2 (MALE STERILITY2),
OsCER4, Os07g0416100 and Os08g0298700) were significantly
down-regulated. While only one gene Os02g0814200 annotated
for aldehyde decarbonylase (EC: 4.1.99.5) was up-regulated
(FC = 3.341) in apa1331 compared to WT. The heat map of these
12 down-regulated and one up-regulated genes represents signifi-
cant changes in their expression in apa1331 compared to WT.
Among the down-regulated genes e.g., Os11g0507200 encodes a
transferase family protein and is involved in the biosynthesis of
unsaturated fatty acids, especially cutin and suberin.
Os01g0854800 and Os10g0486100 encode a cytochrome P450 pro-
tein and are involved in the long-chain fatty acid mono-
oxygenase activity (EC:1.14.14.80). Os06g0254300 encodes a per-
oxygenase and is involved in the cutin, suberin and wax biosynthe-
sis pathway. OsWDA1, OsMS2, and OsCER4 have been reported to
regulate the wax and cutin biosynthesis and pollen development
in rice [30,35,81].

To validate the expression of DEGs obtained in RNA-seq data,
we randomly selected five genes among up-regulated and down-
regulated DEGs validated their relative expression by RT-qPCR
(Figure S5, Table S1). The level of ENT-COPALYL DIPHOSPHATE
SYNTHASE 4 (OsCPS4), CXE CARBOXYLASE, POLYAMINE OXIDASE,
DIISOPROPYL-PHOSPHO-FLUORIDATE (DFP) and GLUCSOYL HYDRO-
LASE were significantly up-regulated in apa1331 compared to
WT. LTPL72, PURPLE ACID PRECURSOR, CYTOCHROME P450 FAMILY,
3-OXOACYLE-REDUCTASE and OsC6 were significantly down-
regulated in apa1331 compared to WT. The relative expression of
genes analyzed by qRT-PCR was consistent with that RNA-seq pro-
filing. These results support that mutation in OsSUBSrP1 causes a
significant decrease in wax and cutin contents due to downregula-
tion of cutin, suberin and wax biosynthesis pathway genes.
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Discussion

Successful plant reproduction is a sophisticated process involv-
ing proper development of male and female reproductive organs.
This process is controlled by a set of different genetic factors work-
ing together in different pathways. Identifying the role of these
genetic factors is crucial to understand the mechanism of repro-
duction, and the knowledge could be applied in hybrid-breeding
programs to accelerate the crop yields. In this study, we have iden-
tified the role of a novel genetic factor called OsSUBP1 in rice male
reproductive development using mutation breeding, transcrip-
tomic and genome editing approaches. The OsSUBP1 was cloned
from a mapping population using map-based cloning based on a
panicle abortion mutant called apa1331. The function was con-
firmed by knocking-out the target gene using CRISPR/Cas9, a highly
sensitive genome editing approach [82].
OsSUBSrP1 is essential for normal apical spikelet development

Genetic analysis of apa1331 has revealed that it bears an SNP
(A > G) in the 4th exon that causes the dysregulation in OsSUBSrP1
(Fig. 6). OsSUBSrP1 encodes a putative subtilisin and its role in the
plants was not reported before. A study has indicated the secretion
of a serine proteinase at late microsporogenesis and primary
expression in tapetal cells [51]. It was also stated that the serine
protease is a preproprotein, which acquires glycans during move-
ment from the Golgi body and mitochondria to other organelles.
Another study revealed the preferential expression of a prepropro-
tein RICE SUBTILISIN-LIKE SERINE PROTEASE 1 (RSP1) in ovaries and
pistils [50]. Few family members have also been differentially
expressed in tomatoes [83]. Martinez et al. reported SENESCENCE-
ASSOCIATED SUBTILISIN LIKE PROTEASE (SASP) in Arabidopsis, and
its loss of function mutant showed increased inflorescence
branches at the reproductive stage [49]. They also reported that
the subtilisin-like SASP function is conserved at-least between rice
and Arabidopsis. However, functional characterization of any indi-
vidual plant serine protease has not been reported so far. Nonethe-
less, some findings have indicated the presence of SUBSrP in rice
and preferential expression in flower development [4950]. Our
study presents that loss of function of OsSUBSrP1 produced apical
spikelet abortion. Knock-out of OsSUBSrP1 also produces apical
abortion, which verifies its indispensability for normal apical spi-
kelet development in rice.
OsSUBP1 is involved in anther cuticle formation and regulates wax and
cutin biosynthesis pathway

Fatty acids are essential molecules required during anther,
especially tapetum development [29]. Anthers of the apical spike-
lets of apa1331 were pollen-less and sterile. Their SEM also
revealed defects in anther cuticle formation (Fig. 2E-G). Transverse
sections of apa1331 revealed the abnormal swelling of tapetum
and degeneration of the PMC nucleus at stage 9 (Fig. 3K-L). Anther
cuticle is composed of cutin and wax, which are long-chain fatty
acids, alcohols and alkanes [84]. Comparative fatty acid profiling
revealed a substantial decrease in wax and cutin in apa1331
(Fig. 4). Previous studies showed that reduction of wax and cutin
contents causes defects in pollen development [16,29,42,66].
Decrease in wax and cutin contents also suggests the substantial
loss of water and alters cuticle properties [85]. Transcriptome pro-
filing of apical spikelets also revealed the significant downregula-
tion of wax and cutin pathway genes in apa1331.
Downregulation of wax and cutin genes supports the observation
of decreased anther cuticle formation (Fig. 9). Global gene expres-
sion analysis revealed that 13 genes were directly involved in the



Fig. 10. An Illustration showing the function of SUBTILISIN-LIKE SERINE PROTEASE 1 (OsSUBSrP1) in homeostasis of Reactive oxygen species (ROS)-mediated
programmed cell death (PCD) for anther cuticle development and seed setting rate, OsSUBSrP1 is essential for maintaining a balance of ROS-mediated PCD and plays a key
role in developing apical spikelets by regulating the expression of wax and cutin pathway genes. A mutation in OsSUBSrP1 causes dysregulation in its protein and produces a
defect in anther cuticle formation in apical panicle abortion1331 (apa1331). Significant decrease of wax and cutin contents in anthers of apa1331 causes excessive water loss
from the surface of anthers that ultimately produce aborted spikelets.
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metabolism of fatty acids. OsWDA1, OsMS2 and OsCER4 have
already been reported to regulate wax biosynthesis, pollen exine
and anther walls formation [35,42,65,81]. Os01g0854800,
Os06g0254300 and Os10g0486100 also encode different enzymes
involved in regulating cutin, suberin and wax biosynthesis path-
way. A considerable decrease in saturated and unsaturated wax
and cutin in apa1331 was likely due to the down-regulation of
genes mentioned above. These findings support that OsSUBSrP1 is
essential for normal development of PMC and anther cuticle for-
mation. Our data suggest OsSUBSrP1 plays an essential role in
anther cuticle formation by regulating the expression of wax and
cutin biosynthesis genes.

OsSUBSrP1 regulates ROS-mediated cell death

DAB staining and measurement of H2O2 revealed an excessive
accumulation of ROS in apical spikelets of apa1331 (Fig. 5).
Enhanced level of MDA and decreased relative expression level of
OsCATa, OsCATb and OsCATc revealed the excessive peroxidation
of fatty acids and ROS imbalance in apa1331 (Fig. 5E). Dark staining
of trypan blue and strong positive TUNEL signals revealed DNA
fragmentation and cell death in apa1331 (Fig. 5F). Previous studies
have reported that the excessive occurrence of ROS causes cell
death in the apical spikelets [3,14]. Enhanced ROS levels and
increased PCD in the apical spikelets indicate their correlation with
panicle abortion. Excessive PCD has been reported to play its role
in panicle development and spikelet abortion [16,35]. Enhanced
PCD is usually accompanied due to disturbance in the ROS
homeostasis or external stimuli [86]. Aborted pollen grains,
failure of normal microspore development and abnormal anther
development have been reported due to excessive accumulation
of ROS [5,67]. ROS are important signaling molecules involved in
the rupture of tapetum for pollen grain development. Still, its accu-
mulation beyond the threshold would produce oxidative stress to
cellular components [87]. Hence, it is logical to refer that apical
sterility in apa1331 was caused due to excessive bursts of ROS
and abnormal cell death occurrence. Our findings provide the basis
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of the mechanism by which homeostasis in ROS-mediated PCD was
possibly dysregulated due to the mutation in OsSUBSrP1. Our data
support that apical spikelet abortion onset was started due to
mutation in OsSUBSrP1 and validate the potential correlation
between cell death and ROS homeostasis for panicle development.

In summary, our results revealed that SUBSrP1 is essential to
control the excessive outburst of ROS and programmed cell death
(Fig. 10). A mutation in SUBSrP1causes dysregulation in its func-
tion and induces abnormal cell death to apical spikelet of
apa1331. In WT, the balanced homeostasis of ROS and antioxidants
produce a normal degeneration of tapetum that is essential for nor-
mal microspore development. However, excessive ROS and abnor-
mal cell death cause the faulty development of PMCs and defective
cuticle formation in apa1331. Mutation in OsSUBSrP1 results in the
impairment in transferring fatty acid molecules to developing pol-
len that causes sterility. Defective cuticle formation and a signifi-
cant decrease in wax and cutin contents cause the excessive
water loss that produced aborted apical spikelet in apa1331. How-
ever, in WT, normal development of anther cuticle and wax saves
enough water for cell viability and provides fatty acid to develop
regular pollen grains. Our hypothesized model supports that
SUBSrP1 is essential for maintaining ROS homeostasis by regulat-
ing wax and cutin development in rice.
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