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Abstract: Hybrid sterility is the major obstacle to the utilization of inter-subspecific heterosis in
hybrid rice breeding. The S5 locus, composed of three adjacent genes ORF3, ORF4, and ORF5,
plays a crucial role in regulating indica/japonica hybrids’ female sterility. Through a series of
crosses involving 38 parents, three alleles of S5, ORF3+ORF4—ORF5n, ORF3+ORF4+ORFbn, and
ORF3—/ORF4—/ORFb5n, all could be regarded as wide-compatibility alleles, and when crossed with
indica or japonica rice, they all showed significantly high fertility. Then, in order to explore the genes’
function, we further knocked out genes by using CRISPR/Cas9-based genome editing. Our results
demonstrate that the ORF3+ was not just the protector in the killer-protector system, and knocking
out ORF3 of the indica allele seriously affected the rice’s normal development. We observed the
concrete enhancing hybrid spikelet fertility from the crosses between the ORF4+ knockout japonica
materials with indica varieties. By conducting the comparative RNA-Seq analysis of young spikelets,
we found that the ORF4+/ORF4— could modulate the hybrid fertility by affecting the expressions
of genes related to the function of the Golgi apparatus. This study indicated that knocking out the
ORF4+ of the japonica allele or using the alleles carrying ORF5n would provide effective approaches
to overcome indica/japonica hybrid female sterility in rice breeding.
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1. Introduction

Rice is one of the most important crops in the world. With the rapid growth of the
world population and the dramatically decreasing cultivated lands globally, high yield
is the unchangeable theme and challenge for rice breeding in the world [1]. The Asian
cultivated rice (Oryza sativa L.) is divided into two subspecies, known as Xian /indica and
Geng/japonica [2,3]. Due to their greater genetic diversity, indica/japonica crosses contained
stronger heterosis than intra-subspecific crosses, mainly in plant height, effective spike,
grain weight, and other essential agronomic traits [4,5]. So, the indica-japonica interspecific
hybrid rice, known as fifth generation (5G) rice, could be represented as a potential approach
to increasing rice productivity [6-8]. However, this heterosis of inter-subspecific crosses is
hardly used in breeding programs because of the serious hybrid sterility [9-11].

Hybrid sterility is the common form of postzygotic reproductive isolation [9,12].
To unveil the molecular mechanism of hybrid sterility among indica/japonica subspecies
remained a hugely complicated work. Subsequently, about 50 loci controlling inter-specific
or inter-subspecific hybrid sterility have been identified or mapped, among which 12 of
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them have been cloned [7,11,13,14]. However, in indica/japonica hybrids, only three loci
Sa, Sc, pf12, and DPL1/DPL2 were associated with hybrid pollen sterility [15-18], and
three loci S5, HSA1, and S7 relating to hybrid embryo sac sterility [19-21] were cloned.
Several genetic models have been proposed to explain the genetic mechanisms of hybrid
sterility, among them, two major genetic models focusing on F; hybrid sterility were more
influential, the one-locus sporo-gametophytic interaction model, and the duplicate gametic
lethal model [22-24]. Previous reports of five cloned loci conformed to the one-locus
sporo-gametophytic interaction model but they have unique molecular mechanisms [7].

Among all these hybrid sterility loci, S5 is a major reproductive barrier regulator in
cultivated rice. Chen et al. [19] cloned this gene and found that it encodes an aspartic
protease, hereby proposing a tri-allelic system. Their research showed that the two dif-
ferent nucleotides (C819A and C1412T) in S5-i and S5-j have caused hybrid sterility as a
heterozygous pair, while the S5-n allele with a 136 bp DN A-sequence deletion triggered
the malfunction of genes conferring fertility with either allele [25-28]. Based on these
results, Yang et al. [29] proposed a killer-protector system in indica/japonica hybrid rice. It
indicated that the gene S5 contained three tightly linked open reading frames (ORFs). From
protein function prediction, the ORF3 encodes a heat shock protein Hsp70, while the ORF4
encodes a membrane protein and the ORF5 encodes an aspartate protease. The genetic
evidence showed that the ORF5+ in combination with the ORF4+ acts as a “killer” and
selectively eliminates the female gametes without the “protector” ORF3+. In contrast, the
ORF3+ prevented the gametes from being killed and subsequently rescued the hybrid fer-
tility [29]. In addition, another study [30] showed the processes underlying a reproductive
barrier induced by the S5 gene at the transcriptomic level, revealing that the interaction of
different ORF combinations induced endoplasmic reticulum (ER) stress, and then led to
programmed cell death (PCD), eventually resulted in abortive female gametes. So, diverse
ORF combinations of S5 locus in hybrids in different genetic backgrounds would show a
different level of hybrid sterility [30,31]. In summary, S5 gene is the key reason responsible
for sterility of indica/japonica subspecies hybrids.

The discovery of wide-compatible genes (WCGs) and wide-compatible varieties
(WCVs) provides the possibility to overcome interspecific hybrid sterility. The S5 is the first
identified WCG, and the 55-n allele showed wide compatibility and could produce normal
or higher fertility whether crossed with indica or japonica rice [29,31]. It is an essential
resource to dispatch the sterility of indica/japonica subspecies hybrids. In order to subdue
the indica/japonica hybrid sterility, the S5-n allele could be crossed with neutral alleles of
some hybrid pollen sterility loci to develop wide compatibility lines (WCLs), which had
compatibility with both indica and japonica varieties [32-34]. Furthermore, the S5-n allele
could be pyramided with pollen sterility allele S-i in the japonica genetic background to
develop indica-compatible japonica lines (ICJLs), which when crossed with indica rice could
produce hybrid rice with normal or near normal fertility [35,36].

The clustered regularly interspaced short palindromic repeats (CRISPR) based gene
editing technology, such as CRISPR /Cas9 system, have become powerful tools for genetic
improvement and molecular breeding of crops [37-39]. It is capable of rapidly generating
novel neutral or advanced alleles at the hybrid sterility loci to alter the expression level
of the gene, which subsequently leads to conquering the inter-subspecies reproductive
barrier [16,40]. The S5 gene is a vital locus associated with hybrid sterility [19,29]. In this
study, we analyzed the genetic effect of the S5 genes on hybrid sterility by using indica
or japonica testers and Huajingxian74 (HJX74) single-segment substitution lines (SSSLs).
Moreover, we created new alleles of ORF3 and ORF4 to overcome the S5-induced hy-
brid sterility by knockout the allele of ORF#4 in the japonica genotype. Finally, we per-
formed RNA-sequencing (RNA-seq) to quantify the gene expression levels in hybrids
F1 (ORF4+/ORF4+) in comparison to the hybrids F; (ORF4+/ORF4—). Our study provided
significant implications for understanding the molecular mechanisms of hybrid sterility and
promoted the application of heterosis between indica and japonica cultivars in the future.
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2. Materials and Methods
2.1. Plant Materials

The plant material included 38 rice varieties, four breeding lines HJX74-SSSLs, and
one pyramiding line TISL-Dbc-Gde. (A) HX]74, a recipient of the SSSLs and an elite
variety planted widely in South China, was used as the donor of genetic background.
(B) Three SSSLs carrying S5 locus in the substituted segments were selected from the SSSL
library in HJX74 genetic background, and the genotypes and chromosome substitution
segments were analyzed in previous research [34]. (C)TISL-Dbc-Gde was a pyramiding
line that carried the S-i allele at the Sb and Sc loci from Dijiaowujian and the S-i allele
at the Sd and Se loci from Guangluai4, and it was also a japonica line with a genotype
and phenotype similar to Taichung 65 (T65) [36]. (D) Other testers were selected from a
previously reported study [36]. Among them, 35 varieties were used for sequencing the
coding sequence (CDS) of the S5 locus, and 38 varieties were used as testers to analyze the
genetic effect of the 55 locus. The cultivars belong to typical indica or typical japonica based
on available information. All rice plants were cultivated under natural growth conditions
in Guangzhou, China.

2.2. Plasmid Construction and Plant Transformation

Three vectors were constructed in this paper. (A) The full length of ORF4 cDNA
(0s0640213000) was cloned from rice elite cultivar HJX74 into a plant binary vector pCAM-
BIA1300 under the control of the ubiquitin (UBI) promoter to generate the ORF4 overexpres-
sion construct Ubi:ORF4. Then the vector was transferred into Agrobacterium tumefaciens
strain EHA105 by electroporation and consequently delivered into 10-06 as previously
described [41]. (B) The ORF4 gene (Os06g0213000) in SSSL 10-06 was used as a reference to
identify proper editing target sites. Two gRNAs, 5'-ACTACCTACATCACCTGCCG-3/, and
5'-CCGCGGCAGCTACGCGGCTT-3' located within the 1st exon in ORF4 were selected
using the CRISPR2 website (http://crispr.hzau.edu.cn/CRISPR2/, accessed on 1 May 2018).
These gRNAs were cloned separately in the pBWA-Hu-cas9pl-U3 vector using this proto-
col [42]. The ORF4-gRNA1 and Cas9 expression cassettes were cloned into pCAMBIA1300
to construct the intermediate vector. Then, the ORF4-gRNA?2 was cloned into this vector.
Finally, the single gene ORF4 knock-out expression vector pPBWA-Hu-cas9pl-U3-ORF4
plasmid was obtained. It was transferred into EHA105 and subsequently delivered into
HJX74 SSSL 10-06 and TISL-Dbc-Gde, respectively. (C) The ORF3 (Os0650212900) and
ORF4 (0s06g0213000) gene in SSSL 14-06 was used as a reference, and the CRISPR/Cas9
gene plasmids for ORF3 and ORF4 were constructed as [43]. Six target site sequences
of ORF3 GAACCAGTGATCGAAATCGATGG, GATTTCGATCACTGGTTCCGTGG, and
CAGAGGGAACAGCAGCAGCTCGG) and ORF4 (CACCTGCCGCGGCAGCTACGCGG,
CCGCGGCAGCTACGCGGCTTCGG, and GCTGCCGCGGCAGGTGATGTAGG) were
cloned into the single guide RNA (sgRNA) expression cassette pPBWA-Hu-cas9pl-U3 ac-
cordingly. Then, all integrated sgRNA expression cassettes were amplified and cloned into
the CRISPR/Cas9 vector to construct pPBWA-Hu-cas9pl-U3-ORF3-ORF4 plasmids. Then,
this plasmid was transferred into EHA105 by electroporation and later delivered into HJX74
SSSL 14-06. All the primer sequences used in this study are listed in Table S9. All transgenic
plants were cultivated in natural conditions in Guangzhou, China.

2.3. PCR Amplification and DNA Analysis

The genomic DNA was extracted from fresh-frozen leaves of each plant as described
by Zheng et al. [44] with minor alterations. For DNA sequencing, the PCR was conducted
using the method with minor modifications [45]. Two primers (ORF3-G and ORF4-G) listed
in Table S9 were used to amplify sequences with the target sites accordingly to identify the
genotype of the transgenic plants. All the sequence data were assembled and aligned by
using the Lasergene Seqman software (DNASTAR Lasergene 7.0, Madison, WI, USA).
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2.4. Fertility Examination

Three panicles per plant were harvested to examine spikelet fertility and scored as
the ratio of the number of filled grains to the total spikelet. These mature flowers were
collected from the upper one-third portion of the panicle and fixed in FAA solution (ethanol,
formaldehyde, and acetic acid at a ratio of 89:6:5) to examine pollen fertility. More than
300 pollen grains were scanned by microscope using the I,-KI (containing 0.1% (w/v) iodine
and 1% (w/v) potassium iodide) staining method randomly per plant.

2.5. Agronomic Traits and Statistical Analysis

All data on agronomic traits were collected from 10 plants per line. Multiple re-
peated mean values of each trait were statistically analyzed. The data are presented as the
means + standard deviation (SD) and transferred by arcsin~! prior if they were provided
as a percentage. Student’s t-test and Dunnett’s ¢-test were used to calculate the significant
differences. The Chi-square (x?) test was used to detect the distorted segregation of three
genotypes in F, populations from the Mendelian ratio of 1:2:1. The results were considered
statistically significant when p < 0.05 (*) and extremely significant when p < 0.01 (**). The
least significant difference (LSD) method or Duncan’s method was used for multiple-range
tests among multiple groups. SPSS version 17 (Chicago, IL, USA), Microsoft Office Excel
2016 (Redmond, WA, USA), and Origin Pro 9.0 (Northampton, MA, USA) were used for
data statistical analysis and figure making.

2.6. Sample Collection and Total RNA Extraction

Panicles were separately collected from three hybrids, 04-06/14-06 (as controls),
04-06/10-06 and 14-06/10-06 at the different panicle developed stages, such as 3.0-4.5-mm-long
young panicles (meiosis stages, Sp1), 10.2-11.5-mm-long young panicles (Sp2), and mature
panicles before heading (Sp3), correspondingly named Spl-ck, Spl-1, Sp1-2, Sp2-ck, Sp2-1,
Sp2-2, Sp3-ck, Sp3-1, Sp3-2 with two replicates. Collected samples were frozen in liquid ni-
trogen and stored at —80 °C. Then, RNA was extracted using a Promega RNA extraction kit
(Promega, Beijing, China) according to the manufacturer’s instructions. Total RNA was quali-
fied and quantified using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific,
Waltham, MA, USA).

2.7. Library Construction and RNA-Seq Analysis

In this paper, 1 ug RNA was used as raw material for the RNA sample preparations.
Sequencing libraries were generated using NEBNext UltraTM RNA Library Prep Kit for
umina (NEB, Ipswich, MA, USA) following the manufacturer’s recommendation with
index codes adding to attribute sequences to each sample. The sequencing data was filtered
through in-house perl scripts, the reads containing sequencing adapter; low-quality read,
and reads with ploy-N were removed, afterward clean reads were obtained and stored
in FASTQ format [46] The Q20, Q30, and GC content of the clean reads were shown in
Table S5. The rice reference genome and annotation files were downloaded from NCBI
(https:/ /www.ncbinlm.nih.gov/assembly /GCF_001433935.1/ accessed on 5 June 2020).
The clean reads were mapped to the reference genome using HISAT2 (v2.0.4) [47] and
aligned to the reference coding gene using Bowtie2 (v2.2.5) [48].

2.8. DEG Identification and Analysis

Differential expression analysis of two biological replicates per group was performed using
the DESeq2 (v1.4.5, R Foundation for Statistical Computing, Vienna, Austria). The genes with
an adjusted Q < 0.05 were assigned as differentially expressed. The heatmap was drawn by
pheatmap (v1.0.8, Raivo Kolde, Boston, MA, USA) according to the gene expression in different
samples. To take insight into the functions of differentially expressed genes (DEGs), Gene
Ontology (GO, http:/ /www.geneontology.org/ accessed on 2 August 2021) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG, https://www.kegg.jp/ accessed on 1 August 2021)
enrichment analysis of annotated DEGs was performed by Phyper (https://en.wikipedia.org/
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wiki/Hypergeometric_distribution/ accessed on 3 July 2021) based on Hypergeometric test.
The significant levels of terms and pathways were corrected by Q value with a rigorous thresh-
old (Q value < 0.05) by Bonferroni [49]. The model of the protein was developed by using
SWISS-MODEL (https:/ /swissmodel.expasy.org/ accessed on 4 May 2021) and AlphaFold
Protein Structure Database (https://www.alphafold.ebi.ac.uk/ accessed on 4 May 2021).

2.9. Real-Time Quantitative PCR Analysis

In order to confirm the genetic effect of 55, Real-time quantitative PCR (qRT-PCR)
reactions were performed with three biological replicates using RNA samples from young
panicles of SSSL carrying different genotypes. To validate the DEGs identified in the
RNA-seq analysis, qRT-PCR analysis also was conducted on the selected genes. Real-time
PCR reactions were performed using the SYBR® Premix Ex TaqTM Kit (Takara Biomedical
Technology, Beijing, China) on an ABI PRISM 7900HT platform (Applied Biosystems,
Waltham, MA, USA), according to the manufacturer’s instruction. Relative gene expression
levels were calculated using the 2-44Ct method [50]. The primers used for qRT-PCR are
listed in Table S9.

3. Results
3.1. Nucleotide Variations and Genetic Effect of S5 Locus

Samples of 35 Oryza accessions (13 indica cultivars, 22 japonica cultivars) were taken to
investigate the natural variations of ORF3, ORF4, and ORFb5 at the S5 locus. The Coding
sequences in ORF3-5 amplified by primers in Table S9 were obtained for each accession.
Our results showed that two variants of ORF3 (one SNP and one InDel), four variants of
ORF4 (three SNPs and one InDels), and seven variants of ORF5 (five SNPs and two InDels)
in the coding regions (Figures 1A and 51-53). The analysis of all genetic sequences at the
S5 locus, ORF3— and ORF3+, ORF4— and ORF4+, ORF5—, ORF5+, and ORF5n, was distin-
guished by predicted proteins according to previous reports [29]. Six allele combinations
were found in these 35 selected varieties, ORF3+/ORF4+/ORF5+, ORF3+/ORF4-/ORF5+,
ORF3+/ORF4—/ORF5n, ORF3+/ORF4+/ORF5n, ORF3—/ORF4—/ORFb5n, and ORF3-
/ ORF4+/ORF5-, and the last three allele combinations were only discovered in 16 japonica
varieties (Table S1).

To assay the genetic effect of the S5 locus, these Oryza accessions were regarded as
parental testers in pairs to develop 62 crosses. In addition, the genotypes of the S5 locus for
15 other varieties were obtained from a previously reported study [36]. The spikelet fertility
in all F; hybrids varied from 3.28% to 92.48%, mainly due to the different alleles at the S5 lo-
cus in the crossing parental. The hybrids in heterozygous of S5 with common indica/japonica
genotypes (ORF3+ORF4—ORF5+/ORF3—ORF4+ORF5—) showed full sterility, varied from
3.28% to 8.21%, with an average of 5.50%. The distorted segregation from the Mendelian seg-
regation ratio was observed in the selected F, populations. In contrast, the average spikelet
fertility of the hybrids in the genotype of ORF3—ORF4+ORF5— /ORF3+ORF4+ORF5+ was
significantly higher, reached to 39.51% (Figure 1B, Table 52). Combined with the genotypic
analysis of the parents, this result may be related to the allelic interactions (+/—) of the
ORF4 gene. In contrast, three different wide-compatibility alleles (ORF3+/ORF4—/ORFbn,
ORF3+/0ORF4+/0ORF5n, and ORF3—/ORF4—/ORFbn) could rescue the fertility to 68.89%,
79.67%, and 80.29%, when crosses with either japonica or indica genotypes, and no segre-
gation distortion was observed in the F, offspring from these crosses (Figure 1B, Table S2).
Therefore, the presence of ORF5n may have no impact on hybrid embryo sac sterility
whatever alleles of ORF3 or ORF4 it combined with. Three wide-compatibility alleles could
rescue the reproductive isolation between indica and japonica. Besides, the fertility of these
hybrids was lower than expected, possibly due to the lower pollen fertility controlled by
pollen sterility genes.
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Figure 1. Genetic effect of ORF3, ORF4, and ORFb5 at the S5 locus in different indica/japonica crosses.
(A) Schematic drawing of polymorphisms in CDS of three genes at S5 locus. Black boxes and white
boxes represent the exons and introns respectively. Single nucleotide polymorphisms are indicated
by lines with solid circles in the gene model. Insertions/deletions (InDels) are indicated by lines
with a solid block in the gene model. (B) Spikelet fertility of F; hybrids in different genotypes at
the S5 locus (left) and the ratio of genotypes at the S5 locus in the F, populations from different in-
dica/japonica crosses (right). +—n/—+—, +—n/+++, +—n/+—+, ——n/—+—, ——n/+++, ——n/+—+,
++n/ —+—, +n/+++, +n/+—+, +—+/—+—, and +++/—+— represented the hybrid F; in the genotype
of ORF3+/ORF4—/ORF5n/ORF3—/ORF4+/ORF5—, ORF3+/ORF4—/ORF5n/ORF3+/ORF4+/ORF5+,
ORF3+/ORF4—/ORF5n/ORF3+/ORF4— /ORF5+, ORF3—/ORF4—/ORF5n/ORF3—/ORF4+/ORF5—,
ORF3—/ORF4—/ORFb5n/ORF3+/ORF4+/ORF5+, ORF3—/ORF4—/ORF5n/ORF3+/ORF4—/ ORF5+,
ORF3+/ORF4+/ORF5n/ORF3—/ORF4+/ORF5—, ORF3+/ORF4+/ORF5n/ORF3+/ORF4+/ORF5+,
ORF3+/ORF4+/ORF5n/ORF3+/ORF4— /ORF5+, ORF3+/ORF4—/ORF5+/ORF3—/ ORF4+/ORF5—,
and ORF3+/ORF4+/ORF5+/ORF3—/ORF4+/ORF5— respectively. P1P;, Genotype of S5 in female par-
ents. P1P,, Heterozygous genotype. P,P,, Genotype of S5 in male parents. Error bars represent SD, n = 10.
** Significantly different at 0.01 probability level.

3.2. Allelic Interactions of ORF4 in the H[X74-S5SLs

Three SSSLs carrying S5 locus in the substituted segments were selected from the SSSL library
in HJX74 genetic background, and the genotypes and chromosome substitution segments were
analyzed in previous research [34]. In the S5 locus, the genotypes of 04-06, 10-06, and 14-06 were
ORF3+0ORF4—ORF5+/ORF3+ORF4—0ORF5+, ORF3—ORF4+ORF5— /ORF3—ORF4+ORF5— and
ORF3+ORF4+0ORF5+/ORF3+ORF4+ORF5+ respectively [34]. The ORF3+ORF4—ORF5+ is the
typical genotype in indica rice. Three ORFs all showed low chromatin accessibility during
the spikelet development periods via Assay for Transposase-Accessible Chromatin with high
throughput sequencing (ATAC-seq) (Figure S4). Then, we evaluated the expression of ORF3,
ORF4, and ORF5 in young panicles. The results showed that the transcript levels of ORF3 in
04-06 were the highest, showing that ORF3+ and ORF3— have divergent functions. However,
the transcript levels of ORF4 were obviously lower in 04-06 and 10-06 (Figure 2A). This result
might due to the genetic structure of ORF4— (Figure S5). Three different ORF combinations
at the S5 locus in F; hybrids were obtained from the crosses between the SSSLs. The results
indicated that the F; hybrids in all genotypes showed normal pollen fertility, the fertility rates
range from 92.18% to 95.02%. The genotypes of ORF3+ORF4+ORF5+/ORF3+ORF4—ORF5+
as control showed normal spikelet fertility. However, we found that the spikelet fertility in the
ORF3+0ORF4+ORF5+/ORF3—ORF4+ORF5— genotype was 76.55%, higher than 68.72% in the
ORF3+ORF4—ORF5+/ORF3—0ORF4+ORF5— genotype, which was only different in the genotype
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of ORF4, ORF4+/ORF4+ or ORF4+/ORF4— (Figure 2B,C). Interestingly, we discovered that the
remarkable distorted segregation was detected both in two F, populations, but the population of
the japonica genotype was significantly lower in ORF3+ORF4—ORF5+/ORF3—ORF4+0ORF5—
population (Figure 2D). Taken together, the allele interaction of ORF4+/ORF4— could lead to
lower fertility in Fy hybrids of indica/japonica crosses.
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Figure 2. Genotypes and genetic effects of three genes at the S5 locus in HJX74 SSSLs (A) Expression
level of three adjacent genes at S5 locus in young panicles of three SSSLs. The reference gene was
Profilin. (B) Pollen grains stained by I,-KI solution (top) and spikelet fertility in the panicles (bottom)
in F; hybrids. Scale bar in pollen grains, 30 um. Scale bar in panicles, 1 cm. The arrow points
to the empty grain. (C) Pollen fertility and spikelet fertility in hybrids F; from the crosses of the
SSSLs carrying the S5 gene in different genotypes. ORF3, ORF4, and ORF5 were abbreviated as
“3”,“4”, and “5”. Error bars represent SD, n = 10. (D) The ratio of genotypes at the S5 locus in
the F, populations from the crosses of SSSLs with S5 gene and testers. P1P;, Genotype of the left
SSSL. P1P,, Heterozygous genotypes. P,P,, Genotypes of the right SSSL. **, significantly different at
0.01 probability level.

3.3. CRISPR/Cas9-Mediated Editing of ORF4 Gene in H[X74-SSSL

Previously, we collected 171 accessions of O. sativa and used them to identify the genotypes of
the S5 gene in previous studies, but the combination ORF3—ORF4—ORF5—/ORF3—ORF4—ORF5—
was not detected in O. sativa [36]. The ORF4 acted as an essential gene to assist the ORF5+ in
eliminating gametes purposefully to control hybrid fertility. The ORF4 encodes a transmembrane
structural domain protein, and ORF4— lost its function because of an 11 bp deletion, resulting in
the premature termination of the encoded protein and leading to the loss of the transmembrane
structural domain [29].
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To obtain new alleles of the S5 locus, two adjacent targets sites of ORF4 located in
exon 1 were selected and constructed into the CRISPR/Cas9 gene editing vectors, and
transformed into the inbred HJX74-SSSL 10-06 (Figure 3A). Six Ty generation plants were
amplified by PCR-specific primers, and positive plants were screened. Thus, two ORF4
knockout mutant lines E403-9 and E403-12 were obtained. The E403-9 harbored a 1-base
pair(bp) insertion in the T; editing site and a 41-bp deletion in the T, editing site, while
E403-12 harbored a 1 bp insertion of the sequence A in the T; editing site and a 2 bp
insertion of the sequence A in T, editing site. Subsequently, the protein sequence analysis
showed that the 1 bp base “A” insertion led to the early termination of the ORF4+ protein.
In comparison with the reference ORF4+ protein, 234 amino acids (aa), the E403-9 and
E403-12 were both predicted to produce the same truncated proteins of 103 amino acids,
named ORF4(—) (Figures 3B and S6). In addition, several agronomic traits of edited lines
were investigated, and no significant difference between SSSL 10-16 and two gene editing
mutants was found in the majority of investigated traits (Figure S7).

Hence, we examined the expression of three ORFs at the S5 locus in the young spikes
of E403-9 mutants. The results revealed that the expression level of the ORF4 gene was
significantly decreased in the two mutants in comparison to the control SSSL 10-06. There
was no significant difference in the expression level of the ORF3 gene, while the expression
of the ORF5 was significantly lower in mutants than that of the WT plant. Our results
suggested that the editing of ORF4 caused a significant reduction in the expression of both
ORF4 and ORF5 (Figure 3C).

3.4. ORF4(—) Improved Indica/Japonica Hybrid Fertility in H]X74 Background

To analyze the effect of ORF4(—) on hybrid sterility, two mutants, E403-9 and E403-12,
were crossed with HJX74, SSSL 04-06, and 14-06. The F; hybrid from HJX74/E403-9 and
04-06/E403-9 (ORF3+ORF4—0ORF5+/ORF3—0ORF4(—)ORF5—) showed normal spikelet
fertility, compared with 65.39% of F; hybrid from HJX74/10-06. While the F; hybrid of
14-06/E403-9 (ORF3+ORF4+ORF5+/ORF3—0ORF4(—)ORF5—) showed lower spikelet fertil-
ity, about 69.46%, compared with 78.51% of the 14-06/10-06 plant. (Figure 3D,E, Table S3).
In addition, no distorted segregation of the S5 locus was detected in the F, population of
HJX74/E403-9. Previous studies showed that the majority of current indica rice varieties
owned the genotype ORF3+ORF4—ORF5+/ORF3+ORF4—ORF5+ at the S5 locus, while
the genotype of japonica rice was ORF3—ORF4+ORF5—/ORF3—ORF4+ORF5— [29,36].
In conclusion, our results revealed that ORF4 knockout in the japonica genotype might
significantly enhance the hybrid spikelet fertility.

3.5. Overexpression of ORF4 Gene in HJX74-SSSL

Previous studies showed that the expression of ORF3 and ORF5 genes had no signif-
icant effect on the fertility of hybrid F; lines [29,30,51]. In this study, we constructed an
ORF4 overexpression vector and transferred it into HJX74-SSSL 10-06 background to obtain
positive plant line E343. The results exhibited that the E343 had significantly higher expres-
sion of ORF4, ORF3, and ORF5 genes in young spikelets in comparison to 10-06 (Figure 3C).
Then, we used E343 crossing with the 04-06 and 14-06 to obtain hybrid F;. Analysis of
the fertility revealed that the combinations 04-06/E343 and 14-06/E343 showed normal
pollen fertility, and lower spikelet fertility, 77.52% and 79.98%, respectively (Figure 3D,E).
In sum, our results confirmed that overexpression of the ORF4 gene in japonica rice parents
significantly improved the fertility of hybrid F; of ORF4+/ORF4— combinations but had no
significant effect on ORF4+ORF4/+ combinations.
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Figure 3. Knockout of ORF4 in SSSL S5-10 improved the hybrid fertility (A) The sites of target sequences in
ORF4. The black boxes represent the exons. Two target sites are located on the first exon of the ORF# gene.
The target site is located in the box. The PAM sequence is underlined and shown in red. (B) Identification of
mutations in ORF4 by sequencing of the target site in T, generation. The positions highlighted in red show
the targeted mutations and deletions indicated by the red dash “—". ORF4 (—) indicated the ORF4 gene
loss of function. (C) qRT-PCR of ORF3, ORF4, and ORF5 expression levels of RNA isolated from young
panicles in different lines. 10-06, wild-type. E343, ORF4+ overexpression plant in the 10-06 background.
E403-9, ORF4+ edited mutant line in the 10-06 background. Profilin was the reference gene. Results were
presented relative to the expression level of three ORFs in 10-06. * Significantly different at 0.05 probability
level. (D) The panicles in F; hybrids from three crosses. Scale bar in panicles, 1 cm. (E) Spikelet fertility
of hybrids F; from the crosses of indica-SSSLs with E343 or E403-9. The genotypes of the parents in the
crosses were in parentheses, ORF3, ORF4, and ORF5 were abbreviated as “3”, “4”, and “5”. Error bars
represent SD, n = 10.

3.6. CRISPR/Cas9-Mediated Editing of ORF3 and ORF4 Gene in H[X74-SSSL

To obtain new indica genotypes and confirm the function of the ORF4 gene, three
target sites were selected in exon 4 of the ORF3 gene and exon 1 of the ORF4 gene re-
spectively to develop two CRISPR/Cas9-based editing constructs and introduced in the
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HJX74-SSSL 14-06 (Figure 4A). In the T, generation, we selected three homozygous mutant
lines for further study. Sequence alignments of these two homozygous mutants Y184-2
and Y184-3 against that of the control 14-06 further indicated that 1 bp deletion appeared
at the first target site, inducing gene frameshift of ORF3 resulting in a deletion of amino
acid residues and no difference in ORF4. However, compared to the control 14-06, mutant
Y184-4 existed 4 bp deletion between the PAM sites in the ORF3 gene which resulted in
a premature translation but remained intact in the ORF4 gene. This allele of ORF3 was
named ORF3(—P) (Figure 4B). In the T3 generation, we focused on three homozygous
plants (Y184-18, Y184-22, and Y184-6) with different editing patterns in both ORF3 and
ORF4 proteins. However, only the last ten amino acids were altered in the C termino of

the ORF3 protein in Y184-6, we suspected that it might not affect the function of ORF3
(Figures 4B, S8 and S9).
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Figure 4. CRISPR/Cas9-mediated editing of ORF3 and ORF4 gene in HJX74-SSSL (A) Target sites in
ORF3 or ORF4 for the CRISPR/Cas9 editing. The black boxes represent the exons. Two target sites
are located on the four exons of the ORF3 or the first exon of ORF4. The target sites were located
in frames. (B) Sequencing of the CRISPR/Cas9-targeted sites in ORF3 (left) and ORF4 (right). The
PCR fragments containing the targeted sites were directly sequenced. The wild-type sequences in
14-06 were as references. The positions highlighted in red show the targeted mutations and deletions
indicated by the red dash “—". (C) qRT-PCR analysis of ORF3, ORF4, and ORF5 in young panicles of
different gene-edited lines. Profilin was the reference gene. Results were presented relative to the
expression level of three ORFs in 14-06. * Significantly different at 0.05 probability level.
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The expression level of the three genes at the S5 locus was analyzed in the young
spikelet of the six mutants by qRT-PCR. Compared with it in WT, the expression of the
gene clusters in the double knockout gene mutants Y184-18 and Y184-22 significantly
declined. However, the expression of ORF3 in double knockout gene mutant Y184-6 was
no obvious changes. In contrast, the expression of ORF4 and ORF5 in the mutants Y184-4
were significantly down-regulated, and its relative expression of ORF3 was up-regulated
(Figure 4C). Previous reports discussed that the promoter region of ORF4 and ORF5
overlapped and frequently co-expressed [29]. In addition, lower expressions of ORF3 and
ORF5 were shown in Y184-2 and Y184-3 (Figure 4C). In conclusion, based on the mutation
sites and the expression of ORFs, the allele of S5 in Y184-18 and Y184-22 was named
ORF3(—)ORF4(—)ORF5+, while it in Y184-6 was named ORF3(—Y)ORF4(—Y)ORF5+. The
allele of S5 in Y184-4 was named ORF3+ORF4(—P)ORF5+, while it in Y184-2 and Y184-3
was named ORF3(—P)ORF4+ORF5+. The result also indicated that ORF3(—Y), ORF3(-),
ORF3(—P) and ORF3+ alleles may have diverse functions.

Besides fertility, we also investigated other major relevant agronomic traits of 14-06
and six mutants. As expected, we discovered that no significant difference was present
between 14-06 and Y184-6, Y184-4 in the majority of traits. In comparison to the 14-06, the
panicle number, grain length, 1000 grain weight, and plant height of Y184-2, Y184-3, and
Y184-22 consistently decreased to a relatively lower status. In total, the results indicated
the editing of ORF3 would affect plant growth and development (Figure S10).

3.7. Strong Influence on Hybrid Sterility by Editing of ORF3 and ORF4 in H[X74 Background

To analyze the function of new alleles, we chose six mutants crossed with HJX74-SSSL
10-06 and mutants E403-9. We analyzed the fertility of mutants in heterozygous or homozy-
gous genotypes and the hybrid F; lines. The results suggested that the mutants in the ho-
mozygous genotype had normal fertility, except for mutant Y184-2 and Y184-3 (genotype of
ORF3(—P)ORF4+0ORF5+/ ORF3(—P)ORF4+ORF5+), which had lower spikelet fertility, 33.24%,
and 14.55%, but normal pollen fertility (Figure 5, Table S4). These data indicated that unlike
common ORF3+, ORF3(—P) showed no function on hybrid sterility, and could not prevent the
gametes from being eliminated.

Furthermore, the spikelet fertility of most mutants in the heterozygous genotype
showed about 25% abortive, while the mutant Y184-4 (genotype of ORF3+ORF4(—P)ORF5+
/ ORF3+ORF4+ORF5+) and Y184-6 (genotype of ORF3(—Y)ORF4(—" )ORF5+/ORF3+ORF4+ORF5+)
showed normal spikelet fertility, revealing the ORF3+ and ORF3(—") acted as the same
role and prevented the gametes from being killed.

In this case, we identified the spikelet fertility of 14-06/10-06 hybrid (genotype
of ORF3+ORF4+0ORF5+/0ORF3—0ORF4+ORF5—), served as control, was lower than nor-
mal level, about 78.51%. The hybrids F; from the combinations Y184-2/10-06 (geno-
type of ORF3(—P)ORF4+ORF5+/ORF3—ORF4+ORF5-), Y184-2/FE403-9 (genotype of
ORF3(—P)ORF4+ORF5+/ORF3—ORF4(—)ORF5—) and Y184-18/10-06 (genotype of
ORF3(—)ORF4+0ORF5+/ORF3—0ORF4+0ORF5—) showed the lowest spikelet fertility 19.89%,
21.56% and 25.14%, respectively (Figure 5, Table S4). It revealed that the sequence difference
in ORF3(—) and ORF3(—P) probably destroyed the ORF3+ protein structure resulting in
functional changes in the hybrid sterility in the case of combining with japonica gametes.

Besides, compared with 14-06/10-06 hybrid (ORF3+ORF4+ORF5+/ORF3—ORF4+ORF5—,
78.51%) and 13-06/10-06 (ORF3+ORF4—ORF5+/ORF3—ORF4+ORF5—, 66.50%), the hybrid
F; of Y184-4/10-06 showed semi-sterility 49.62% in genotype ORF3+ORF4(—P)ORF5+
/ORF3—ORF4+ORF5—, remarkably less than the controls. Previous research showed
14-06/E403-12 produce hybrid F1 with 65.25% fertility in genotype ORF3+ORF4+ORF5+
/ORF3—ORF4(—)ORF5— (Figure 5, Table 54). In conclusion, all these results revealed there
might exist a correlation between ORF4+, ORF4—and ORF5+ when indica-allele crossed
with japonica-allele. This existence would regulate the hybrid fertility and ORF4 knockout
in the indica allele would destroy this correlation leading to reduce the hybrid fertility.
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In addition, the spikelet fertility of Y184-4/E404-9 in the genotype of ORF3+ORF4(—P)ORF5+
/ORF3—ORF4(—)ORF5— and Y184-18/E4039 or Y184-22/E403-9 in the genotype of
ORF3(—)ORF4(—)ORF5+/ ORF3—0ORF4(—)ORF5— was normal, about 88.45%, 87.19% and 90.25%
respectively (Figure 5, Table S4). These results revealed that the ORF4 knockout in two parents
might hugely restore the hybrid F; spikelet fertility.
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Figure 5. Knockout of both ORF3 and ORF4 by CRISPR/Cas9 resulted in lower hybrid fertility
(A) Spikelet fertility in the panicles in F; hybrids from six crosses. Scale bar in panicles, 1 cm.
(B) Spikelet fertility in hybrids F; from the crosses of gene-edited mutations in the SSSL 14-06
background with 10-06. The genotypes of the parents in the crosses were in parentheses, ORF3, ORF4,
and ORF5 were abbreviated as “3”, “4”, and “5”. Error bars represent SD, n = 10.

3.8. Konckout the ORF4 Gene to Overcome Hybrid Sterility Caused by S5-Dependent in
Indica/Japonica Background

The TISL-Dbc-Gde was a pyramiding line that carried the 5-i allele at the Sb and
Sc loci from Dijiaowujian and the S-i allele at the Sd and Se loci from Guangluai4, and
it was also a japonica line with a genotype and phenotype similar to T65 [36]. In this
study, we introduced ORF4-sgRNA /Cas9 editing constructs into the pyramiding line
TISL-Dbc-Gde. We obtained three homozygous mutants, T304-3, T304-6, and T304-12. We
identified the ORF4 gene premature terminated in all mutants by sanger sequencing, named
ORF4 (") (Figures 6A and S11). All these mutants have excluded transgenic elements of
the Cas9 vectors. To further explore whether mutations in the ORF4 gene in the japonica
background affect the main agronomic traits, we measured the main agronomic traits
of three mutant lines, including plant height, 1000-seed weight, etc. The results showed
almost no significantly different between TISL-Dbc-Gde and mutant lines (Figure 512).
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Figure 6. ORF4 knockout overcame the S5-dependent hybrid sterility in indica/japonica background
(A) Identification of mutations in ORF4 by sequencing of the target site in T, generation. The positions
highlighted in red show the targeted mutations and deletions indicated by the red dash “~”. ORF4 (—!)
indicated the ORF4 gene loss of function. (B) qRT-PCR of ORF3, ORF4, and ORF5 expression levels
in RNA isolated from young panicles of different lines. Profilin was the reference gene. Results were
presented relative to the expression level in TISL-Dbc-Gde. * Significantly different at 0.05 probability
level. (C) Spikelet fertility in the panicles in F; hybrids from three crosses. Scale bar in panicles, 1 cm.
(D) Spikelet fertility in hybrids F; from the crosses of TISL-Dbc-Gde with indica testers Minghui63

(MH63), Nanjing11 (NJ11), and 9311. Capital letters indicate statistical differences at 0.01 probability
level, n = 10.

To evaluate the effect of ORF4 (—1), the mutants were test-crossed with a set of testers
including typical indica varieties Nanjing11 (NJ11), Minghui63 (MH63), and 9311. The geno-
type of the S5 locus in NJ11 and MH63 was ORF3+ORF4—ORF5+/ORF3+ORF4—ORF5+,
while its genotype in 9311 was ORF3+ORF4+ORF5+/ORF3+ORF4+ORF5+. Compared
with TISL-Dbc-Gde, three edited lines showed higher spikelet fertility of F1 hybrids when
tested with NJ11 or MH63, with an average of 87.83% or 91.99% (Figure 6C,D). In the
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F; populations from the T304-3/NJ11 and T304-3/MHG63 crosses, no distorted segregation
at the S5 gene was found, and the three genotypes’ segregated ratio were 56:113:52 and
63:142:59. Thus, these results indicated that the ORF4 knockout japonica lines could produce
F; hybrids with high spikelet fertility when it crossed with indica rice.

3.9. Comparative Transcriptome Analysis of Young Spikelet in Different Hybrids by RNA-Seq

To better understand the effects of the S5 locus in the transcription levels, the hybrid
F; lines from three hybrid combinations, 04-06/10-06 (genotype of ORF3+OR4—ORF5+
/ ORF3—ORF4+ORF5—), 14-06/10-06 (genotype of ORF3+OR4+ORF5+/ORF3—ORF4+ORF5—),
and 04-06/14-06 (genotype of ORF3+OR4—ORF5+/ORF3+ORF4+ORF5+, as control), were
selected at different periods of spikelet development, young spikelet length 3.0-4.5 cm
(Sp1-1, Sp1-2, Spl-ck), young spikelet length 10.2-11.5 cm (Sp2-1, Sp2-2, Sp2-ck), and the
day before heading (Sp3-1, Sp3-2, Sp3-ck) for transcriptome analysis. Totally 1237.04 M
clean reads were obtained. The Q30 base percentage was 95.00% (Table S5). The DEGs in
different spikelet development stages were screened out based on the expression of fold
change > 2 and p-value < 0.05. Then we verified the expression of six randomly selected
DEGs by gqRT-PCR, and the results showed similar expression trends between RNA-Seq
data and transcriptome analysis (Figure 514).

In the Sp1 stage, the oocyte meiosis stage, genes related to ER stress as well as PCD
such as OsBip5 [52] and OsAP25 [53] were not significantly differentially expressed in Sp1-1
and Sp1-2 compared with Sp1-ck, revealing the ER stress and PCD did not contribute to
S5-dependent fertility. These results were probably due to the presence of ORF3+ genes
in both hybrid combinations (Figure S13, Table S6). This conclusion was consistent with
the results previous [30]. In the Sp2 stage, the young spikelet development, 1938 DEGs
(495 up- and 1443 down-regulated) were identified in the Sp2-1 vs. Sp2-ck comparison
(Figure 3B); while 1232 DEGs (175 up- and 1057 down-regulated), were identified in the
Sp2-2 vs. Sp2-ck comparison. Furthermore, in the Sp3 stage, a total of 6294 and 4330 genes
were differentially expressed in 04-06/10-06, 14-06/10-06 compared with 04-06/14-06,
respectively. Among them, 3382 and 2296 genes were up-regulated, while 2912 and 2034
genes were down-regulated respectively at this stage (Figure 7A,B).

In general, the number of DEGs in Sp2-1/Sp2-ck and Sp2-2/Sp2-ck was 804 while
it in S3-1/Sp3-ck and Sp3-2/Sp3-ck was 3212. Subsequently, to explore the metabolic
regulatory network of rice hybrid sterility, KEGG enrichment analysis of these 804 DEGs
and 3212 DEGs showed that these DEGs were enriched in these pathways relative to the ck,
such as metabolic pathways, global and overview maps pathway, secondary metabolite
biosynthesis pathway, phenylpropanoid biosynthesis synthesis, photosynthesis, TGF-beta
signaling pathway, starch and sucrose metabolism and flavonoids biosynthesis (Figure S15).
Interestingly, the secondary metabolism processes are important in plant stress response
including phenylpropanoids and flavonoids metabolism [54,55], suggesting that the ORF
interaction at the S5 locus might affect the metabolism and the activities in two hybrids
involved in reducing fertility.

In particular, some genes related to fertility were selected from these DEGs. Among
them, the expression of genes related to ER stress was significantly up-regulated in
04-06/10-06 and 14-06/10-06 compared with the control 04-06/14-06, such as OsHSP70,
and OsBip5. However, there was no significant difference in PCD-related genes except
OsAP37 [56]. The genes related to oocyte meiosis and phenylpropanoid biosynthesis were
also significantly different from the control, with some genes significantly up-regulated in
expression at the Sp2 stage and significantly down-regulated at the Sp3 stage (Figure 7C,
Table S7). These results indicated that ORF interaction at the S5 locus induced the ER
stress but not led to premature PCD, and it might produce some phenylpropanoids and
flavonoids to response the stress and up-regulated oocyte meiosis genes expression to
induce embryo-sac-producing abortive female gametes.
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Figure 7. Transcriptome analysis of the panicles of WT (fertility) and F; hybrids (sterility) (A) Number
of the up- and down-regulated DEGs at Sp2 and Sp3 stages. (B) The Venn diagram shows the numbers
of shared and unique DEGs. (C) The ratio of the expression of genes selected in the DEGs. The
expression level based on log2 (FPKM + 0.01) is represented by a heat map. Sp2-ck, Sp2-1 and Sp2-2
indicated the florets in length ranges of 10.2-11.5 mm of the hybrid F; from 04-06/14-06, 04-06/10-06,
and 14-06/10-06 respectively. Sp3-ck, Sp3-1, and Sp3-2 indicated the florets one day before heading
off the hybrid F; from 04-06/14-06, 04-06/10-06, and 14-06/10-06 respectively.

3.10. Analysis of Genes Differentially Expressed in Hybrids F; (ORF4+/ORF4+) Compare to
Hybrids F1 (ORF4+/ORF4—)

The ORF4 gene at the S5 locus encodes a transmembrane structural domain pro-
tein [29]. The hybrid F; spikelet fertility from the cross of 14-06/10-06 was higher than it of
04-06/10-06. Generally speaking, these two combinations had the same background. To
further understand the molecular mechanism of hybrid sterility, we performed a transcrip-
tomic analysis of these two hybrids. Only 6, 107, and 984 DEGs (2, 48, and 543 up-regulated
and 4, 59, and 441 down-regulated) were identified in the 04-06/10-06 vs. 14-06/10-06 in
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three different stages (Figure 8A). The GO standardized classification system was used
to analyze these DEGs and classify 1097 DEGs into three categories: biological process,
molecular function, and cellular components. Under molecular function, cellular process,
binding and catalytic activity were the largest subcategories. The membrane and membrane
part were two of the predominant subcategories in the cellular component category. Major
subcategories under the biological process were the metabolic process, response to stimulus,
and biological regulation (Figure 8B).
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Figure 8. Analysis of genes differentially expressed in hybrids F; (ORF4+/ORF4+) compared with
hybrids F; (ORF4+/ORF4—). (A) Number of the up- and down-regulated DEGs of hybrid F; in
different genotypes of ORF4. (B) The significant GO annotations of DEGs during three spikelet
development stages. (C) Heat map of expression change of genes selected in the DEGs. The color
in each frame represents the level of expression change based on the log, fold. Sp1-1 and Sp1-2
indicated the florets in length ranges of 3.0-4.5 mm of the hybrid F; from 04-06/10-06 and 14-06/10-06
respectively; Sp2-1 and Sp2-2 indicated the florets in length ranges of 10.2-11.5 mm of the hybrid F;
from 04-06/10-06 and 14-06/10-06 respectively; Sp3-1 and Sp3-2 indicated the florets one day before
heading of the hybrid F; from 04-06/10-06 and 14-06/10-06 respectively.
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Later on, we analyzed these differentially expressed DEGs in the three periods (Figure 516).
The genes related to glyoxylate and dicarboxylic acid metabolism, such as RBCS multigene
family were significantly higher expressed compared with the hybrid F; from 14-06/10-06
combination in Sp3 stage, leading to an accumulation of Rubisco holoenzyme [57,58]. Some
genes related to glycines, serine and threonine metabolisms, and photosynthesis, such as Os-
GDCH, OsLFNR1, and the genes encoded by Ribosome protein were remarkable up-regulation
(Figure 8C). In addition, comparing with the hybrid F; from 14-06/10-06 combination, there
were several noteworthy down-regulated genes such as F3H, flavanone 3-hydroxylase that is
involved in flavonoid biosynthesis to response to stress [59], and ANS, important structural
gene to response to abiotic stress [60]. ORF4+ localized to the plasma membrane and Golgi.
The expression of CESA7 and BC7, encoding cellulose synthase catalytic subunit [61] were
significantly decreased in the hybrid F; from 04-06/10-06 combination. These genes may play
crucial roles in hybrid sterility caused by ORF4+/ORF4— and ORF5+.

4. Discussion

Hybrid sterility is the major obstacle to the utilization of the strong vigor in in-
dica/japonica hybrids. S5 was identified as the major locus contributing to inter-subspecific
hybrid spikelet sterility [62-64]. It was a complex gene cluster, composed of three adjacent
genes, ORF3, ORF4, and ORF5 [29]. Here, we explored the functions of three ORFs and
analyzed the genetic effect of different ORF combinations on hybrid sterility via knocking
out of these ORFs with CRISPR/Cas9-based genome editing or by transcriptomic analysis.

The S5 locus conformed to the one-locus sporo-gametophytic interaction model [65].
In the hybrids, the S5-n was regarded as a wide-compatibility allele and does not produce
female sterility in combination with 55-i or 5§54 alleles in the triallelic system [19] and
further studies [19,25,27,28,65]. A killer-protector system was put forward, and it showed
ORF5+ together with ORF4+ could selectively eliminate the female gametes without pro-
tector ORF3+ [29]. Previous studies showed that four different alleles containing ORF5n
were all identified in Oryza sativa L. [31,36,66]. Three common alleles of them were used
to cross with 55-i and S5-j alleles in this paper, and the higher fertility of F; hybrids and
no segregation distortion in the F, population indicated that the presence of ORF5n has
no effect on embryo sac sterility regardless of the alleles of ORF3 and ORF4. For instance,
the hybrid with ORF3+ORF4+ORF5+/ORF3—0ORF4—ORF5n showed higher fertility than
it with ORF3+ORF4+ORF5+/ORF3—ORF4+ORF5—. The ORF5+, ORF4+, and ORF3+ all
existed in these two hybrids, but they showed different fertility, which was not completely
consistent with previous studies [29]. So, according to the one-locus sporo-gametophytic in-
teraction model, ORF3+ORF4—ORF5n, ORF3+ORF4+0ORF5n, and ORF3—/ORF4—/ORFb5n
might be the 55-n as previous [17], and they all could be regarded as wide-compatibility
alleles. The superior wide compatible varieties were useful in obtaining an F; hybrid with
high fertility crossed with indica or japonica varieties [67,68]. Therefore, the germplasm
carrying ORF5n would be an important resource to break the reproductive barrier between
indica and japonica subspecies in rice breeding.

The HSP70s in plants were encoded by multiple gene families. The ORF3+ encoded
a heat shock protein and localized to the ER [29], and most closely resembles the BiP
(the luminal binding protein) protein. Five BiP genes were previously identified and the
expression of all these genes could be up-regulated by ER stress [52,69,70]. The ORF3+
was regarded as a protector because it may help to fold the signal proteins to suppress the
ORF5+ and ORF4+ induced ER stress and PCD [29,30]. Here, we provided some evidence
supporting this point. We created new alleles of ORF3 with CRISPR/Cas9-based genome
editing technology. ORF3+ and ORF3—, ORF3(—), and ORF3(—P) had several amino
acids difference at the C terminal, but showed two different functions on hybrid sterility.
without ORF3+, the hybrid in genotype ORF3(—P)ORF4+ORF5+/ORF3(—P)ORF4+ORF5+,
ORF3(—P)ORF4+ORF5+/ ORF3—ORF4+ORF5—, ORF3(— P)ORF4+ORF5+/ ORF3—ORF4(—)ORF5—,
and ORF3(—)ORF4(—)ORF5+/ORF3—0ORF4+ORF5— showed normal pollen fertility but lowest
spikelet fertility. These results confirmed the function of ORF3 in the killer-protector system [29].
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Furthermore, we found that all the ORF3-knockout mutants in the indica background showed
dwarf, sterility, and low yield. However, the japonica varieties grow normally in the genotype
ORF3—ORF4+ORF5— / ORF3—ORF4+ORF5—. These results indicated there may exist a gene in the
indica background that interacts with the ORF3+ gene, and knocking out ORF3+ might cut off the
relationship and affect plant growth and development. ORF3 was an important gene that not only
could protect the gametes to produce hybrid offspring with normal fertility, but also protect plant
growth normally in indica background.

The ORF4+ was localized to the plasma membrane and Golgi, and it could help ORF5+ selec-
tively eliminate the female gametes [29]. Typical japonica varieties carry the ORF3— /ORF4+/ORF5—
haplotype, while typical indica varieties carry the ORF3+/ORF4— /ORF5+ haplotype. Here, we
generated a new hybrid-compatible allele by knocking out the ORF4 in the japonica genotype. The
hybrid in ORF3+ORF4—ORF5+/ORF3—ORF4(—)ORF5— genotype showed normal spikelet fertil-
ity from CRISPR/Cas9 knockout mutants crossed with typical indica varieties, showing ORF4(—)
did break down the reproductive barrier induced by S5 in the hybrids. Besides, the hybrid F; in
the genotypes of ORF3+ORF4+ORF5+/ORF3—ORF4+ORF5— showed higher fertility than it in
ORF3+0ORF4—ORF5+/ORF3—ORF4+ORF5— genotype, which was only different in the interaction
of ORF4+/ORF4—. The comparative RNA-Seq analysis of young spikelets was then conducted.
Compared with the hybrid F; from 14-06/10-06 combination, F3H, and ANS were dramatically
down-regulated which were important in Flavonoid biosynthesis to respond to abiotic stress [59,60].
Meanwhile, the expression of CESA7 and BC7 encoded cellulose synthase catalytic subunit was also
significantly decreasing in the hybrid F; from 04-06/10-06 combination, which was related to the
formation or function of the Golgi apparatus [61].

The three ORFs of the S5 locus together regulated inter-specific hybrid sterility in
rice. In the indica/japonica hybrid, ORF3+ may help the folding of the signal proteins
to suppress the ER stress and PCD induced by ORF5+ and ORF4+, and ORF4+ may be
a receptor to receive a signal from ORF5+. Without ORF4+ in both parents would not
induce female gamete abortion. If ORF4+ and ORF4— both existed, the genes related to
the function of the Golgi apparatus were dramatically down-regulated and may affect the
Golgi apparatus’s reprocessing of signal proteins from ER, inducing the lower fertility of
hybrid in ORF4+/ORF4— combinations.

The CRISPR/Cas9 system was a powerful and highly efficient genome editing tool [37-39].
It could rapidly generate new neutral alleles at the hybrid sterility loci. Shen et al. [16] used
CRISPR/Cas9 system to knock out one or two of the three Sc-i copies and rescued the expression
level to overcome Sc-induced hybrid sterility. Xie et al. [40] created neutral Sa alleles by knocking
out the SaF and SaM alleles by CRISPR/Cas9 system, which could overcome the male sterility
caused by the Sa gene in hybrids. In this paper, TISL-Dbc-Gde was the pyramiding line in the
japonica background. Knocking out ORF4 in TISL-Dbc-Gde showed wide compatibility and
could produce high pollen fertility and spikelet fertility in their F; hybrids with indica rice.

In conclusion, our study analyzed the function of three ORFs of S5. The allele carrying
ORF5n showed wide compatibility and could produce high fertility in their F1 hybrids with
both indica and japonica alleles. The ORF3+ was an important gene, and knockout in indica
background could affect rice normal development. The allele interaction of ORF4 could
regulate hybrid fertility by affecting the expressions of genes related to the function of
the Golgi apparatus. Finally, we provide effective approaches to overcome indica/japonica
hybrid sterility by knocking out the ORF4+ in the japonica genotype or using the alleles
carrying ORF5n. These results of the present study would have laid a good foundation for
the utilization of inter-subspecific heterosis in hybrid rice breeding.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/agronomy13041094/s1, Figure S1: Alignment of the protein
sequences encoded by ORF3 in 35 varieties; Figure S2: Alignment of the protein sequences encoded by
ORF4 in 35 varieties; Figure S3: Alignment of the protein sequences encoded by ORF5 in 35 varieties;
Figure S4: The chromatin accessibility of the three genes during different spikelet development periods via
ATAC-seq; Figure S5: Structure of ORF3+, ORF3—, ORF4+ and ORF4—; Figure S6: Sequence alignment of
the sgRNA target region amplified by marker ORF4—G in two different ORF#4 gene edited lines compared
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with the HJX74 SSSL 10-06; Figure S7: Phenotype of HJX74-SSSL 10-06 as control and two ORF4 gene edited
mutants E403-9 and E403-12 in T, generation, and ORF4 over-expression mutants E 343 and E342; Figure S8:
Sequence alignment of the sgRNA target region amplified by marker ORF3-G in six different ORF3-ORF4
genes edited lines; Figure S9: Sequence alignment of the sgRNA target region amplified by marker ORF4-G
in six different ORF3-ORF4 genes edited lines; Figure S10: Phenotype of HJX74-SSSL 14-06 as control and
six ORF3-ORF# genes edited mutants in T, generation; Figure S11: Sequence alignment of the sgRNA
target region amplified by marker ORF4-G in three different ORF# gene edited lines compared with the
TISL-Dbc-Gde; Figure S12: Phenotype of TISL-Dbc-Gde as control and three ORF4 genes edited mutants
in T, generation; Figure S13: Transcriptome analysis of the panicles of the hybrids from 04-06/10-06 and
14-06/10-06 (sterility) vs. 04-06/14-06 (fertility) at meiosis stage; Figure S14: The comparisons of key genes
expressions between qRT-PCR and RNA-Seq data; Figure S15: Differentially expressed genes enriched GO
categories and KEGG pathway (the spikelet of hybrids F; from 04-06/10-06 and 14-06/10-06 vs. 04-06/14-06
in Sp2 and Sp3 stage); Figure S16: Differentially expressed genes enriched KEGG pathway (the spikelet
of hybrids F; from 04-06/10-06 vs. 14-06/10-06 in three development stage); Table S1: Genotype of ORF3,
ORF4, and ORF5 at S5 locus for 38 parents used in diallel crosses; Table S2: Pollen fertility and spikelet
fertility in hybrids F; and the F, distorted segregation of the S5 locus in a diallel set of crosses involving
38 parents (%=SD, n = 10); Table S3: The spikelet fertility in hybrids F; from the crosses of indica-SSSLs
with ORF4+ overexpression mutations or ORF4+ edited mutations in the japonica-SSSL 10-06 background;
Table S4: The spikelet fertility in hybrids F; from the crosses of gene-edited mutations in the SSSL 14-06
background with HJX74-SSSL 10-06 or ORF4-edited mutations in 10-06 background; Table S5: Sequencing
data quality assessment and reads mapping with reference genome; Table S6: The differentially expressed
genes in combination from 04-06/14-06 (fertility) and 04-06,/10-06 or 14-06/10-06 (sterility) at meiosis stage;
Table S7: The differentially expressed genes in combination from 04-06/14-06 (fertility) and 04-06/10-06 or
14-06/10-06 (sterility) at different period of immature inflorescences; Table S8: The differentially expressed
genes in combination from 04-06/10-06 (low) and 14-06/10-06 (high) at different period of immature
inflorescences; Table S9: Primer sequences used in this paper.
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