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Abstract

Key message qGSN5, a novel quantitative trait locus coordinating grain size and grain number in rice, was fine-
mapped to an 85.60-kb region. GS3 may be a suppressor of gGSNS5.

Abstract Grain size and grain number are two factors that directly determine rice grain yield; however, the underlying genetic
mechanisms are complicated and remain largely unclear. In this study, a chromosome segment substitution line (CSSL),
CSSL28, which showed increased grain size and decreased grain number per panicle, was identified in a set of CSSLs derived
from a cross between 93-11 (recipient) and Nipponbare (donor). Four substitution segments were identified in CSSL28,
and the substitution segment located on chromosome 5 was responsible for the phenotypes of CSSL28. Thus, we defined
this quantitative trait locus (QTL) as grain size and grain number 5 (gqGSN5). Cytological and quantitative PCR analysis
showed that gGSN5 regulates the development of the spikelet hull by affecting cell proliferation. Genetic analysis showed
that gGSN5 is a semi-dominant locus regulating grain size and grain number. Through map-based cloning and overlapping
substitution segment analysis, gGSNS5 was finally delimited to an 85.60-kb region. Based on sequence and quantitative
PCR analysis, Os05g47510, which encodes a P-type pentatricopeptide repeat protein, is the most likely candidate gene for
gGSN5. Pyramiding analysis showed that the effect of gGSN5 was significantly lower in the presence of a functional GS3
gene, indicating that GS3 may be a suppressor of gGSN5. In addition, we found that gGSN5 could improve the grain shape
of hybrid rice. Together, our results lay the foundation for cloning a novel QTL coordinating grain size and grain number in
rice and provide a good genetic material for long-grain hybrid rice breeding.

Introduction

Rice (Oryza sativa L.) is one of the most important staple
foods in the world, feeding more than half of the world’s
population; thus, continuously increasing rice grain yield is
Communicated by Jiankang Wang. still one of the major goals of breeding programs. Grain size
and grain number per panicle are two factors that directly
determine rice grain yield (Xing et al. 2010; Li et al., 2021a).
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grain size (Fan et al., 2006; Mao et al., 2010). In addition,
other G-protein subunits also regulate grain size in rice (Sun
et al., 2018), including RGAI (Ga subunit), RGB1 (Gf} subu-
nit), and RGGI, RGG2, DEPI, and OsGGC2 (Gy subunits).
The OsMKKK10-OsMKK4-OsMPK6 signaling cascade
positively regulates grain size in rice (Duan et al., 2014;
Liu et al., 2015b; Xu et al., 2018a), and GRAIN SIZE AND
NUMBERI (GSNI), which encodes a MAPK phosphatase
(OsMKP1), negatively regulates grain size by directly inter-
acting with and deactivating OsMPK6 (Guo et al., 2018; Xu
et al., 2018b). To date, several components of the ubiqui-
tin pathway have been shown to be involved in the regula-
tion of grain size in rice, such as GRAIN WIDTH 2 (GW2)
and Chang Li Geng 1 (CLGI), which both encode RING-
type E3 ubiquitin ligases; GW2 negatively regulates grain
width and CLGI positively regulates grain length (Song
et al., 2007; Yang et al., 2021). WIDE AND THICK GRAIN
1/0sOTUBI and large grainl/OsUBP15, which encode pro-
teases with deubiquitination activity, are important factors
that determine grain size and shape (Huang et al., 2017;
Wang et al., 2017; Shi et al., 2019). Many transcription fac-
tors are involved in regulating grain size, such as members
of the SQUAMOSA promoter binding protein-like (SPL)
family (GW8/0OsSPL16, GLW7/0OsSPL13, OsSPL18) (Wang
et al., 2012; Si et al., 2016; Yuan et al., 2019) and basic
helix-loop-helix (bHLH) family (An-1, OsbHLH107, Osb-
HLHO079) (Luo et al., 2013; Yang et al., 2018; Seo et al.,
2020). Phytohormone signaling genes also play important
role in regulating grain size; these include GW5/GSES5 (Duan
et al., 2017; Liu et al., 2017) and GS2/GL2/OsGRF4 (Che
et al., 2015; Duan et al., 2015; Hu et al., 2015), which reg-
ulate grain size through brassinosteroid signaling, TGW6
(Ishimaru et al., 2013) and BGI (Liu et al., 2015a), which
regulate grain size by affecting indole-3-acetic acid homeo-
stasis, and BG3/0sPUP4 (Xiao et al., 2019) and AGO2 (Yin
et al., 2020), which regulate grain size by affecting cytokinin
(CK) distribution.

Grain number per panicle is determined mainly by the
number of panicle branches (Li et al., 2021b). Many genes/
QTLs associated with grain number have been identified
in rice, and most of them have been found to be involved
in phytohormone signaling. For example, Grain number la
(Gnla), which encodes a cytokinin oxidase/dehydrogenase
(OsCKX2), is a major QTL for grain number (Ashikari et al.,
2005), and DROUGHT AND SALT TOLERANCE (DST)
directly regulates its expression in the reproductive meris-
tem (Li et al., 2013); thus, the DST-Gnla pathway negatively
regulates grain number by affecting CK accumulation in the
young panicle. NUMBER OF GRAINS I, which encodes an
enoyl-CoA hydratase/isomerase, positively regulates grain
number per panicle and may be involved in the jasmonic
acid pathway (Huo et al., 2017). Grain Number per Paniclel
and Semi Dwarfl, which encode gibberellin 20 oxidase 1
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(GA200x1) and GA200x2, respectively, are involved in gib-
berellic acid biosynthesis and both genes positively regulate
grain number in rice (Wu et al., 2016; Su et al., 2021).

Usually, there is a coordination between the grain size and
grain number in plants (Sadras 2007; Fan et al., 2019). For
example, GSNI/OsMKP1, BG3/OsPUP4, and SGDP7/FZP
have been shown to coordinate the trade-off between grain
size and grain number in rice; the gsn/ mutant and bg3-D
mutant produce larger but fewer grains (Guo et al., 2018;
Xiao et al., 2019). On the contrary, FZP RNA-interference
lines produce more grains but with significantly decreased
grain size (Bai et al., 2017). Although there is clear evi-
dence for a trade-off between grain size and grain number,
the molecular mechanism underlying the coordination of this
trade-off remains largely unclear.

In the present study, using a chromosome segment substi-
tution line (CSSL) population derived from a cross between
93-11 and Nipponbare (Nip), we identified a novel QTL,
qGSN35, that coordinates grain size and grain number in rice.
And gGSN5 was finally delimited to an 85.60-kb region.
Candidate gene analysis showed that Os05g47510, which
encodes a P-type pentatricopeptide repeat (PPR) protein,
was the most likely candidate gene responsible for gGSN5.
In addition, we found that the effect of gGSN5 was signifi-
cantly inhibited by the functional GS3 gene, indicating that
GS3 may be a suppressor of gGSNS in regulating grain size.
Thus, our results lay the foundation for cloning a novel QTL
and studying the mechanism of coordination of grain size
and grain number.

Materials and methods
Plant materials and growth conditions

CSSL28, a CSSL with increased grain size and decreased
grain number per panicle, was identified in a set of CSSLs
(BCsFs) derived from a cross between 93-11 (recipient) and
Nip (donor). CSSL28 was crossed with 93-11 to generate a
segregating BC¢F, population for primary mapping. SSSL-
qGSNS35, a single segment substitution line (SSSL) harboring
the gGSN5 locus, was identified in the BC¢F, population
using marker-assisted selection (MAS). Then, SSSL-gGSN5
was crossed with 93-11 to generate a segregating BC,F,
population for fine mapping. Simultaneously, recombinants
harboring substitution segments of different lengths were
selected in the BC,F, population to perform fine mapping
using the overlapping substitution segment method. SSSL-
GS3, an SSSL harboring the functional GS3 gene from Nip,
was also identified in our CSSL population, and SSSL-GS3
was crossed with SSSL-gGSN5 to generate a double seg-
ment substitution line (DSSL), DSSL-GS3/gGSNS, using
MAS. All plants were grown in the experimental fields of
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Sichuan Agricultural University in Wenjiang (Sichuan Prov-
ince, China) or Lingshui (Hainan Province, China) under
normal cultivation conditions.

Agronomic trait investigation and statistical
analysis

For systematic investigation of agronomic traits, plants were
grown in a random block design with three replicates. At
maturity, five plants in the middle of each block were har-
vested. Then, the following agronomic traits were investi-
gated: plant height, grain length, grain width, 1000-grain
weight, number of tillers per plant, panicle length, numbers
of primary and secondary branches, number of grains per
panicle, seed setting rate, grain yield per plant, percent-
age of grains with chalkiness, and chalkiness degree. Grain
length, grain width, and 1000-grain weight were measured
using a Mini 1600 automatic analysis system (Jie Lai Mei
Technology Co., LTD., Chengdu, China). The percentage
of grains with chalkiness and the chalkiness degree were
measured using SC-E software (Wanshen Detection Tech-
nology Co., LTD., Hangzhou, China). A Student’s 7 test was
conducted for each trait to analyze the significance of dif-
ferences. The mean value and standard deviation (SD) were
calculated using Microsoft Excel 2019 (Microsoft, Red-
mond, USA). Multiple comparisons and two-way analysis
of variance (ANOVA) were conducted using data processing
system (Tang et al., 2013).

Scanning electron microscopy

Cytological analysis of spikelet hulls was performed as
described previously (Yuan et al., 2017). In brief, spikelet
hulls from 93-11 and SSSL-gGSN5 plants were collected
before anthesis and fixed in 2.5% glutaraldehyde. Then, gra-
dient ethanol dehydration (from 30 to 100%), critical drying,
and gold spraying were performed, and the samples were
observed by scanning electron microscopy (SEM) (JSM-
7500F, JEOL, Tokyo, Japan). Cell length was measured
using Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
USA). To compare the starch granules of 93-11 and SSSL-
qGSN5 grains, transverse sections of mature grains were
sputter-coated with platinum and observed by SEM.

Development of markers

For genotyping and fine mapping, 39 polymorphic mark-
ers were developed according to the sequence differences
between 93-11 and Nip: six tetra-primers and 33 InDel
(Insertion/Deletion) markers (Table S1). Tetra-primers based
on single nucleotide polymorphisms (SNPs) were developed
using an online system (http://primerl.soton.ac.uk/prime
rl.html), and InDel markers were designed using Primer

Premier 6.0 (www.PremierBiosoft.com). The marker for
genotyping of GS3 was developed based on the functional
SNP (C/A) located in exon 2 (Fan et al., 2006).

Total RNA extraction and quantitative real-time PCR
assay

Total RNA was extracted from young panicles using the
Plant Total RNA Isolation Kit (FOREGENE, Chengdu,
China). Total RNA (500 ng) was used to synthesize first-
strand cDNA with the HiScript® III 1st Strand cDNA
Synthesis Kit (+ gDNA wiper) (Vazyme, Nanjing, China).
Quantitative real-time PCR (qRT-PCR) was performed
using 2 X SYBR Green qPCR Master Mix (Bimake, Hou-
ston, USA) on a qTOWER?G Real-Time PCR thermocycler
(Analytik Jena AG, Jena, Germany). Three independent rep-
licates were performed for each assay, and OsActin was used
as an internal control. The primers for qRT-PCR assays are
listed in Table S2.

Dual-luciferase transient assay

To compare the promoter activity of candidate gene
0s505g47510, the ~2 kb promoter fragments of Os05g47510
were separately amplified from 93-11 and Nip using the
primers listed in Table S1 and then subcloned into a pGree-
nll 0800-LUC vector, which contains the LUC (luciferase)
reporter gene and REN (renilla luciferase) internal control.
The resulting vectors were transfected into rice protoplasts
for transient expression, and the relative luciferase activ-
ity LUC/REN was measured using the Dual-Luciferase
Reporter Gene Assay Kit (Beyotime, Shanghai, China).

Results

Identification of a QTL associated with grain size
and grain number

To identify QTLs for grain size and grain number in rice,
two sequenced cultivars, 93-11 (indica) and Nip (japonica),
which had significant differences in grain size and grain
number per panicle (Fig. S1), were respectively selected as
the recipient parent and donor parent to construct a set of
CSSLs (Fig. S2). Among the CSSLs in the BC,F5 popula-
tion (Fig. S2), one, CSSL28, showed no difference in plant
architecture compared with 93-11 (Fig. S3a), but showed
increased grain size and 1000-grain weight (Fig. S3b—e) and
decreased grain number per panicle (Fig. S3f). To quickly
and precisely identify the substitution segment in CSSL28,
CSSL28 was subjected to genotyping with the Rice 9 K
SNP array, and four substitution segments were identified
on chromosomes 5 (25.23-27.83 Mb), 8 (0.04-0.71 Mb,
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18.78-22.00 Mb), and 10 (0.09-0.76 Mb) (Fig. S3g). To
determine which substitution segment was responsible
for the phenotypes of CSSL28, we crossed CSSL28 with
the recurrent parent 93-11 to generate BC4F, plants, and a
BC(F, segregating population comprising 872 plants was
developed by self-pollination of BC4F, (Fig. S2, Fig. S4a).
As shown in Fig. S4a, the BC(F, plants and most of the
individuals in the BC¢F, population had a grain length inter-
mediate between that of the two parents, indicating that the
large-grain phenotype was semi-dominant. Subsequently,
four SSSLs were identified in the BC4F, population using
MAS and named SSSL28-5, SSS1.28-8.1, SSSL.28-8.2, and
SSSL28-10 (Fig. S3g). Phenotypic investigation showed that
only SSSL.28-5 had phenotypes similar to those of CSSL28,
including increased grain size and decreased grain number
(Fig. S3c-f). These results indicated that the QTL for the
grain size and grain number phenotypes of CSSL28 was
located in the substitution segment on chromosome 5. Thus,
we named this QTL grain size and grain number 5 (qGSNY5),
and SSSL28-5 was renamed SSSL-gGSN5.

Characterization of SSSL-qGSN5

The genetic background of SSSL-gGSN5 was reconfirmed
using the Rice 9 K SNP array; this SSSL had only one
substitution segment on the long arm of chromosome 5
(Fig. 1a). There was no difference in plant architecture or
height between SSSL-gGSN5 and 93-11 (Fig. 1b, Table 1),
but the grains were significantly longer (about 10% longer),
and the grains were also slightly wider, leading to signifi-
cantly higher 1000-grain weight (>5 g) (Fig. lc, Table 1).
However, the grain number per panicle was significantly
decreased (by more than 20%) because of the smaller num-
ber of secondary branches (Fig. 1d, Table 1). In addition, we
compared change in caryopsis fresh and dry weight during
grain filling between 93-11 and SSSL-gGSN5 and found that
the fresh and dry weights of SSSL-gGSN5 were significantly
higher than those of 93-11 starting at 9 days after fertiliza-
tion, with the differences leveling off at 21 days after fer-
tilization, indicating that SSSL-gGSN5 had a higher grain
filling rate (Fig. le—g). Importantly, the increased 1000-grain
weight and higher grain filling rate of SSSL-¢gGSN5 did not
affect the appearance of the rice grains (Table 1, Fig. S5),
suggesting that SSSL-gGSN5 may have the potential for use
in rice breeding.

Grain size is determined by cell number and cell size (Li
etal., 2018), SSSL-gGSN5 had a larger spikelet hull before
flowering (Fig. 2a, f); therefore, we compared the inner and
outer epidermal cells in spikelet hulls between 93-11 and
SSSL-gGSN5 using SEM (Fig. 2b—e). There was no differ-
ence in cell length between 93-11 and SSSL-gGSN5; how-
ever, the cell number of both the inner and outer epidermal
cells was significantly higher in SSSL-¢GSN5 (Fig. 2g—j).
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We then investigated the expression level of cell cycle-
related genes in 93-11 and SSSL-gGSN5 and found that
most of the genes facilitating cell proliferation were sig-
nificantly up-regulated in SSSL-gGSN5; however, four ICK/
KRP family genes, which are inhibitors of cyclin-dependent
kinases and negatively regulate cell number in plants (Torres
Acosta et al., 2011), were significantly down-regulated in
SSSL-gGSNS5 (Fig. 2k). Taken together, these results indi-
cated that gGSN5 regulates the development of the spikelet
hull by affecting cell proliferation.

Fine mapping of gGSN5

As described above, we had determined that gGSN5 was
located on the substitution segment on chromosome 5 (Fig.
S3, Fig. 3a). To map the gGSN5 locus, we first performed
map-based cloning using the 93-11/CSSL28 BCF, popula-
tion (see above) (Fig. S4a), and gGSN5 was initially mapped
to a 395.45-kb region between markers ARMS7 and Y101
(Fig. 3b). To further narrow down the interval of gGSN5, we
generated a larger mapping population derived from a cross
between 93-11 and SSSL-gGSN5 (Fig. S4b), and gGSN5 was
further mapped to a 111.25-kb region between markers Y83
and ARMS4 based on the number of recombinants (Fig. 3c).
Moreover, we identified ten recombinants (LL1-L.10) harbor-
ing substitution segments of different lengths in the 93-11/
SSSL-qGSN5 BC,F, population using MAS (Fig. 3d), and
these recombinants were selfed to obtain the BC,F; genera-
tion. The grain length of L1-L5, L9, and L10 was similar
to that of 93-11; however, the grains of L6-L8 were signifi-
cantly longer than those of 93-11. Based on the phenotypes
of the recombinants with overlapping substitution segments,
qGSN5 was finally delimited to an 85.60-kb region flanked
by markers Y83 and ARMS3 (Fig. 3d).

Analysis of gGSN5 candidate genes

According to the Rice Genome Annotation Project (http://
rice.uga.edu), 15 predicted genes are located in the 85.60-
kb region (Table S3). First, we investigated the expression
patterns of these genes using our previously published R527
RNA-sequencing data (Qin et al., 2021) and found that the
expression of most genes was extremely low or not detectable
in all investigated tissues, and only six genes (Os05g47510,
0s505g47530, Os05g47540, Os05g47550, Os05g47560,
0s505g47630) were expressed in young panicles (Table S3).
Among these genes, Os05g47560 and Os05g47630 had
no difference in amino acid sequence between 93-11 and
SSSL-gGSN5. Thus, the remaining four genes (Os05g47510,
0s505g47530, 0s05g47540, Os05g47550) were prioritized
as candidate genes for analysis.
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Fig. 1 Comparison of phenotypes between 93-11 and SSSL-gGSN5.
a Diagram showing the substitution segment in SSSL-gGSNS.
Black and red lines indicate 93-11 and Nip genotypes, respectively,
as determined by genotyping with the Rice 9 K SNP array. The red
arrow indicates the location of the substitution segment in SSSL-
gGSN5. b Plant architecture of 93-11 and SSSL-gGSN5 at maturity.
Scale bar, 10 cm. ¢ Comparison of grain length between 93-11 and

Sequence analysis showed that all four genes had dif-
ferences in the coding regions between the two parents
(Fig. 4a, Fig. S6a—c). 0s05g47510, which encodes a P-type
PPR protein, had four SNPs, resulting in one synonymous
and three nonsynonymous mutations, and two of the non-
synonymous mutations were located in the PPR domain
(Fig. 4a). Os05g47530, encoding an acid phosphatase/
vanadium-dependent haloperoxidase, had a 6-bp deletion
and three SNPs in 93-11, resulting in deletion of two amino
acids and two nonsynonymous substitutions (Fig. S6a).
0s05g47540 encodes a phosphoethanolamine N-meth-
yltransferase, OSPEAMT?2, and Os05g47550 encodes a

KR )
SSSL-gGSN5

35 97 —+—93-11
30 4 —=— SSSL-qGSN5

% ==
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Days after fertilization
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SSSL-gGSN5. Scale bar, 3 mm. d Panicle architecture of 93-11 and
SSSL-gGSN5. Scale bar, 3 cm. e Dynamic comparison of caryop-
sis development between 93-11 and SSSL-gGSNS5. Scale bar, 3 mm.
f Dynamic comparison of caryopsis fresh weight between 93-11
and SSSL-gGSN5. g Dynamic comparison of caryopsis dry weight
between 93-11 and SSSL-gGSN5. Data are given as means+SD
(n=90 grains)

clathrin assembly protein with an ENTH (Epsin N-terminal
homology) domain. Both Os05g47540 and Os05g47550 had
three SNPs, and one SNP in Os05g47540 and two SNPs in
Os05g47550 resulted in nonsynonymous mutations; how-
ever, no mutation was located in a predicted domain (Fig.
S6b, c). We also investigated the expression of these four
genes in developing young panicles and found that only
0s05g47510 showed a consistent difference in expression
between 93-11 and SSSL-gGSNS, with significantly higher
expression levels observed in SSSL-gGSN5 (Fig. 4b, Fig.
S6d). Consistent with the difference in expression levels,
there were several polymorphisms, namely 13 SNPs and
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Fig.2 gGSN5 regulates spikelet hull development by affecting cell
proliferation. a Spikelet hulls of 93-11 and SSSL-gGSN5 before flow-
ering. Scale bar, 3 mm. b—e SEM analysis of the inner (b and c) and
outer (d and e) epidermal cells of the lemma. Scale bar, 100 um. f
Spikelet hull length of 93-11 and SSSL-gGSN5 before flowering
(n=30). g-h Statistical analysis of the length (g) and number (h) of

two InDels, in the 2-kb promoter region of Os05g47510
between the two parents (Fig. 4c). We speculated that these
polymorphisms, especially the 72-bp deletion in the pro-
moter of 93-11, would lead to decreased promoter activity
in 93-11. As expected, dual-luciferase transient expression
assays in rice protoplasts showed that the Nip-type promoter
of Os05g47510 had significantly higher relative activity
than the 93-11-type (Fig. 4d, e). Taken together, we con-
sider Os05g47510, in which there are large differences in
the promoter region and coding region sequences, to be the
best candidate gene for gGSN5, although we cannot rule out
the possibility that other genes in this mapping region may
be the causal genes.

SSSL-gGSN5

SSSL-qGSN5
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the inner epidermal cells (n=30). i—j Statistical analysis of the length
(i) and number (j) of the outer epidermal cells (n=30). k Comparison
of the expression levels of cell cycle-related genes between 93-11 and
SSSL-gGSN5 in young panicles. The values of genes in 93-11 were
set to one. * indicates P<0.05 and ** indicates P<0.01 (Student’s ¢
test)

The effect of gGSN5 was inhibited by GS3

GS3 is a major QTL negatively regulating grain length in
rice (Fan et al., 2006; Mao et al., 2010; Sun et al., 2018).
Compared with Nip, 93-11 had a C to A substitution in the
second exon of GS3, leading to a premature termination
codon (TGA) in 93-11 (Fig. S7a). Thus, 93-11 has a non-
functional GS3 gene and produces long grains (Fig. S1b).
SSSL-GS3, an SSSL harboring the functional GS3 gene
from Nip (Fig. 5a), was identified in our CSSL popula-
tion. As expected, SSSL-GS3 showed significantly reduced
grain length compared with 93-11, and we confirmed that
GS3 was responsible for the phenotype of SSSL-GS3 by
performing co-segregation analysis (Fig. S7b). To study
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Fig.3 Fine mapping of ¢gGSN5 a Diagram of the genomic region
of gGSN5 genotyped using the Rice 9 K SNP array. White bar indi-
cates the 93-11 background, and black rectangle indicates the sub-
stitution segment from Nip. b Primary mapping of gGSN5 using
the 93-11/CSSL28 BC4F, population (n=872). ¢ Fine mapping of
qGSN5 using the 93-11/SSSL-gGSN5 BC,F, population (n=1735).

the genetic relationship between gGSN5 and GS3 in grain
size regulation, we crossed SSSL-GS3 with SSSL-gGSNS,
and obtained a DSSL, DSSL-GS3/¢qGSNS5, using MAS
(Fig. 5a, Fig. S7c).

The grain lengths of the recurrent parent 93-11 (geno-
type gs3/qgsn5), SSSL-gGSNS5 (genotype gs3/gGSNS5),
SSSL-GS3 (genotype GS3/qgsn5), and DSSL-GS3/qGSN5
(genotype GS3/qGSNS5), which have different allele com-
binations of gGSN5 and GS3, were investigated (Fig. 5b,
c). By comparing SSSL-gGSN5 (gs3/gGSN5) with 93-11
(gs3/qgsn5), we determined that gGSNS5 increased the grain
length by 10.98% in the non-functional GS3 background;
however, when comparing SSSL-GS3 (GS3/ggsn5) with
DSSL-GS3/qGSNS5 (GS3/gGSNS5), which has a functional
GS3 background, gGSN5 only increased the grain length
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Numbers of recombinants are shown under the bar. d Fine mapping
of gGSN5 based on the phenotype of homozygous recombinants.
White and black rectangles indicate the homozygous 93-11 genotype
and homozygous gGSN5 genotype, respectively. Data are shown as
means +SD (n=15 plants). ** indicates P <0.01 (Student’s ¢ test).

by 2.28%. When comparing SSSL-GS3 (GS3/qgsn)5),
which has a non-functional gGSN5 allele, with 93-11
(gs3/qgsn5), the loss of GS3 increased the grain length
by 11.59%; however, when comparing DSSL-GS3/¢GSN5
(GS3/qGSNS5), which has a functional gGSN5 allele, with
SSSL-gGSN5 (gs3/gGSNS5), the loss of GS3 increased the
grain length by 21.08%. These results indicated that the
effect of gGSN5 is significantly inhibited by functional
GS3. Consistent with this, two-way ANOVA for grain
length and genotype showed that the gGSN5 X GS3 inter-
action effect was significant (P=9.56 x 107°) (Table S4).
Similar results were also observed for 1000-grain weight
(Fig. 5d, Table S4). Taken together, our results suggest
that GS3 may be a suppressor of gGSN5 (Fig. 5e).
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Fig.4 LOC_Os05g47510 is the most likely candidate gene for
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qGSNS5 could improve the grain shape of hybrid rice

Considering that 93-11, the recurrent parent of SSSL-
qGSNS5, is a famous restorer line in China, and that the
large-grain phenotype of gGSN5 is semi-dominant (Table 1),
we wondered what the effect of gGSN5 would be in hybrid
rice. Therefore, we crossed 93-11 and SSSL-gGSN5 with
two male sterile lines, Y58S and Lu56S, to generate hybrid
progeny. Compared with Y58S/93-11 and Lu56S/93-11, the
grain width of Y58S/SSSL-¢GSN5 and Lu56S/SSSL-gGSN5
showed no obvious difference (Fig. 6a); however, the grain
length significantly increased by 6.56% and 6.20% (Fig. 6b),
respectively, and the resulting 1000-grain weight increased
by 14.23% and 15.65%, respectively (Fig. 6¢). Consist-
ent with the performances of SSSL-gGSN5 and 93-11/
SSSL-gGSN5 (BC,F,) (Table 1), we also observed signifi-
cant decreases in grain number per panicle in the Y58S/
SSSL-gGSN5 (-10.61%) and Lu56S/SSSL-gGSN5 (-9.08%)
plants (Fig. 6d). There were no significant differences in
other agronomic traits, namely days to heading, plant height,
panicle length, number of tillers per plant, and seed setting
rate (Fig. 6e—-i). Also, there were no significant differences in

5 cm in length, respectively. ** indicates P<0.01 (Student’s ¢ test).
¢ Diagram of the polymorphisms in the promoter region (2 kb) of
LOC_0s05g47510 between the two parents. d Schematic diagram of
two reporter constructs for dual-luciferase transient assays of LOC_
0s505g47510. e Relative luciferase activity (LUC/REN) was measured
in rice protoplasts. ** indicates P <0.01 (Student’s ¢ test)

the final grain yield per plant because the increase in 1000-
grain weight was balanced by the decrease in grain number
(Fig. 6j). Moreover, we found that the percentage of grains
with chalkiness and the degree of chalkiness in Y58S/SSSL-
qGSNS5 and Lu56S/SSSL-gGSN5 were not different com-
pared with those in Y58S/93-11 and Lu56S/93-11 (Fig. 6k,
1), indicating that the large increase in grain size and 1000-
grain weight in the hybrid rice did not affect grain quality.

Discussion

qGSN5 is a novel QTL coordinating grain size
and grain number in rice

In plants, there is usually a negative correlation between
grain size and grain number (Sadras 2007; Fan et al., 2019),
and GSNI coordinates the trade-off between grain number
and grain size in rice (Guo et al., 2018). In this study, SSSL-
qGSNS5, which showed significantly increased grain size
and decreased grain number (Table 1), was identified in our
93-11/Nip CSSL population. Consistent with the phenotypes
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Fig.5 GS3 may be a suppressor of gGSN5.a Schematic diagram of
substitution segments in different plants identified by the Rice 9 K
SNP array. The white bars indicate the 93-11 background, and red
rectangles indicate substitution segments from Nip. b Comparison
of grain length in 93-11, SSSL-¢gGSNS5, SSSL-GS3, and DSSL-GS3/
gGSNS5. Scale bar, 3 mm. c—d Statistical analysis of the grain length

of SSSL-gGSN35, the hybrid rice lines Y58S/SSSL-gGSN5
and Lu56S/SSSL-gGSN5 also produced larger and fewer
grains (Fig. 6a—d), indicating that gGSNS5 is a QTL coor-
dinating grain size and grain number in rice. Rice 9 K SNP
array analysis showed that SSSL-gGSN5 harbored a 2.6-Mb
substitution segment from Nip on the long arm of chromo-
some 5 (25.23-27.83 Mb) (Fig. 0.1a), which was responsible
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¢ and 1000-grain weight d in 93-11, SSSL-¢gGSNS5, SSSL-GS3, and
DSSL-GS3/gGSN5. Multiple comparisons were performed. Lower-
case and capital letters indicate differences at the 0.05 and 0.01 levels,
respectively. e A proposed model of the genetic relationship between
GS3 and gGSN5

for the phenotypes of SSSL-gGSN5. Furthermore, through
map-based cloning and overlapping substitution segment
analysis, gGSN5 was finally delimited to an 85.60-kb region
flanked by markers Y83 and ARMS3 (Fig. 3). To our knowl-
edge, there is only one recently reported grain size-related
gene, CLGI (Os05g47780), located in the substitution seg-
ment of SSSL-gGSN5, but it is not located in the final fine
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Fig.6 gGSN5 has potential value in long-grain hybrid rice breed-
ing. Comparison of agronomic traits between Y58S/93-11 and Y585/
SSSL-¢gGSN5 and between Lu56S/93-11 and Lu56S/SSSL-gGSN5.
a Grain width. b Grain length. ¢ 1000-grain weight. d Number of
grains per panicle. e Days to heading. f Plant height. g Panicle length.

mapping interval. Moreover, the homozygous recombinant
L9, carrying the CLG] allele from Nip, showed no differ-
ence in grain size compared with 93-11 (Fig. 3d). Consistent
with our result, Yang et al. also identified a CSSL carry-
ing the CLG] allele from Nip in the 93-11 background and
found that it showed no obvious difference compared with
93-11 (Yang et al., 2021). Thus, CLG/ is not the causal gene
of gGSN5, and gGSNS5 is a novel QTL for grain size and
grain number in rice.

Through expression pattern, sequence, and quantita-
tive PCR analysis, four genes (Os05g47510, Os05g47530,
0505847540, and Os05g47550) were prioritized as candi-
date genes, none of which have been cloned in rice. Among

h Number of tillers per plant. i Seed setting rate. j Grain yield per
plant. k Percentage of grains with chalkiness. 1 Chalkiness degree.
Data are shown as means+SD (n=15 plants). * indicates P <0.05
and ** indicates P <0.01 (Student’s ¢ test)

them, Os05g47510, which encodes a PPR protein with eight
canonical P-type PPR repeats (Fig. 4a), aroused our inter-
est. Firstly, the sequence of the promoter region and cod-
ing region of Os05g47510 and its expression level in young
panicles were significantly different between 93-11 and
SSSL-gGSN5 (Fig. 4). In addition, many PPR proteins have
been cloned in rice and shown to be involved in diverse bio-
logical processes (Kim et al., 2009; Huang et al., 2015; Xiao
et al., 2018; Qiu et al., 2021; Zheng et al., 2021), including
regulation of grain size. For example, OGR/ encodes a PPR-
DYW protein, and the ogr! mutant showed decreased grain
width and thickness (Kim et al., 2009); FLO10 and OsPPR5
encode canonical P-type PPR proteins, and both the flo10
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and Osppr5 mutants exhibited significantly decreased grain
length, grain width, and grain thickness (Wu et al., 2019;
Zhang et al., 2021). Thus, we suggest that Os05g47510 is the
most likely candidate gene for gGSNS5, although we cannot
rule out other candidate genes, and further transgenic com-
plementation experiments need to be performed.

GS3 may be a suppressor of gGSN5

Many grain size-related genes have been cloned in rice
and shown to be involved in several signaling pathways
(Fan et al., 2019; Li et al., 2019); howeyver, it is difficult to
study the genetic relationship between these cloned genes
because of differences in genetic background. SSSLs are
ideal materials for studying genetic relationships between
genes because they effectively minimize the interference of
genetic background. In this study, the SSSLs SSSL-gGSN5
and SSSL-GS3 with the same 93-11 genetic background
were identified, and a pyramiding line, DSSL-GS3/gGSNS5,
was generated to analyze the genetic relationship between
qGSN5 and GS3 in the regulation of grain size (Fig. 5a). As
shown in Fig. 5c, the functional GS3 allele from Nip had
a negative effect on grain length (-10.41%, SSSL-GS3 vs
93-11), and the gGSN5 allele from Nip had a positive effect
on grain length (+10.98%, SSSL-gGSN5 vs 93-11); how-
ever, the positive effect of gGSN5 was significantly inhibited
by GS3; DSSL-GS3/gGSN5 showed a grain length similar
to that of SSSL-GS3 (-8.30%, DSSL-GS3/gGSN5 vs 93-11).
Thus, according to our results, we speculate that GS3 may
be a suppressor of gGSN5, and loss of function of GS3 leads
to a synergistic increase in grain length (Fig. 5e). Moreover,
our results highlight the fact that (1) the small-grain parent
(Nip) has hidden large-grain genes, which may be masked by
the major QTL GS3, and (2) utilization of gGSN5 depends
on the presence of a non-functional allele of GS3.

gGSNS5 has potential value in long-grain hybrid rice
breeding

93-11 is an elite indica restorer line in China, and the genetic
background of SSSL-gGSN5, which harbors only one substi-
tution segment derived from Nip, is highly similar to that of
93-11 (Fig. 1a). Thus, SSSL-gGSNS5 has the potential to be a
new restorer line; in particular, the large-grain phenotype of
SSSL-gGSN?5 is semi-dominant (Table 1), and thus, this line
can be utilized in hybrid rice breeding. To test this hypoth-
esis, we crossed 93-11 and SSSL-gGSN5 with two male
sterile lines, Y58S and Lu56S. Compared with Y585/93-11
and Lu56S/93-11, Y58S/SSSL-gGSN5 and Lu56S/SSSL-
qGSN5 showed significantly increased grain size and 1000-
grain weight (Fig. 6b, c). However, there were no differ-
ences in the final grain yield because there was a decrease in
grain number (Fig. 6d, j). In spite of this, gGSN5 may play a

@ Springer

potentially important role in breeding long-grain hybrid rice,
as grain shape is an important quality trait affecting the mar-
ket value of rice grain; for example, consumers in Southern
China generally prefer long grains (Huang et al., 2013). In
addition, the grain number of hybrid rice carrying gGSN5
may be improved by crossing with sterile lines producing a
large number of grains.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00122-021-03951-7.
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