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QTL-seq analysis to trace genomic regions related 
with grain number per  panicle using a mapping 
population derived from a cross between CB12132 
(High grain number) and IET28835 (Low grain num-
ber). This approach revealed five candidate genomic 
regions: qGNPP1.1 (10.40  Mb to 12.76  Mb), 
qGNPP1.2 (24.61  Mb to 25.33  Mb), qGNPP1.3 
(26.57  Mb to 27.26  Mb), qGNPP4.1 (27.70  Mb to 
31.34  Mb), and qGNPP5.1 (2.12  Mb to 5.50  Mb) 
on chromosomes 1, 4, and 5, respectively. Further, 
we searched for possible candidate genes using a 

Abstract  Rice grain yield is a major focus of rice 
breeding, and with grain number per panicle being 
a major trait that largely determines overall grain 
yield. Despite its importance, the genetic architecture 
and underlying mechanisms governing grain number 
per panicle are not well understood. In this study, 
we adopted a whole-genome resequencing-based 
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comprehensive approach that included the analy-
sis of gene sequences, functional annotation, and 
expression patterns. A total of 23 candidate genes, 
including most possible genes Os01g0292900 
(SPL1), Os01g0622000 (OsCUGT1), Os01g0655300 
(SDG705), Os04g0615000 (NAL1), Os04g0559800 
(SMG2) and Os05g0155200 (ERS2), were identi-
fied across the five candidate genomic regions. Col-
lectively, our study results shed light on the genetic 
mechanisms underlying grain number per panicle in 
rice and will be helpful for improving grain yield in 
future rice breeding programs.

Keywords  Candidate genes · Grain number per 
panicle · QTL seq · Whole genome resequencing

Introduction

Rice is a major food crop globally, and its consump-
tion is projected to rise significantly by 2025, from 
503.5 million tonnes to 800–900 million tonnes 
(Resilience 2017). The introduction of hybrid rice 
and semi-dwarf cultivars has already led to a sub-
stantial increase in rice production. However, despite 
reaching desired production levels in recent dec-
ades, rice yield growth has plateaued (Xu et al. 2015; 
Zhu et  al. 2017). Therefore, it is necessary to inten-
sify efforts to boost the yield potential of rice as the 
world’s rapid population growth continues to pose a 
serious threat to food security. One of the key objec-
tives of rice breeding remains the development of 
high-yielding improved cultivars. Grain yield is a 
complex quantitative trait, influenced by three major 
traits—panicle number, grain number per panicle, 
and grain weight—as well as genotype-environment 
(GE) interactions (Oladosu et  al. 2017; Wang et  al. 
2020). Grain number per panicle is a major trait 
linked to grain yield, and understanding its genetic 
basis is useful for the development of higher-yielding 
rice cultivars. The genetic basis of grain number per 
panicle has been extensively studied in rice, and sev-
eral major quantitative trait loci (QTL) or genes asso-
ciated with grain numbers per panicle have been iden-
tified, including GN1a (Ashikari et al. 2005), NOG1 
(Huo et al. 2017), LOG (Kurakawa et al. 2007), LP/
EP3 (Li et al. 2011a), GNP1 (Wu et al. 2016), qGN4-
1 (Singh et  al. 2018), GNP 4 (Zhang et  al. 2011), 
NAL1 (Fujita et  al. 2013), GSN1 (Guo et  al. 2018), 

APO 1 (Ikeda-Kawakatsu et  al. 2009), GHD 7 (Xue 
et  al. 2008), PAY1 (Zhao et  al. 2015), OsSPL14 
(Miura et al. 2010), DEP 1 (Huang et al. 2009), TAW1 
(Yoshida et al. 2013), SP 1 (Li et al. 2009) and RCN 1 
(Nakagawa et al. 2002) in across all 12 chromosomes.

Despite extensive research, the mechanism under-
lying grain number trait formation remains unclear. 
Traditional QTL mapping studies require a large 
breeding population and numerous markers, which 
can be time-consuming and labor-intensive (Wang 
et al. 2019; Weng et al. 2021). In contrast, bulked seg-
regant analysis (BSA) (Michelmore et al. 1991) offers 
a simple and cost-efficient approach to rapidly iden-
tify the polymorphic markers associated with traits 
of interest. The availability of the whole-genome 
sequence of rice, combined with advances in second 
and third-generation sequencing, enables the intro-
duction of innovative genomics-driven breeding strat-
egies (Yano et  al. 2016). Furthermore, QTL-seq has 
emerged as a useful method for detecting QTL when 
it is integrated with traditional BSA and sequencing 
technological advances (Takagi et al. 2013). Numer-
ous studies have demonstrated that QTL-seq, which 
involves tracing QTL from whole-genome resequenc-
ing of two DNA bulks of progeny with extreme 
phenotypes, offers a faster and more cost-effective 
approach compared to traditional QTL mapping (Jia 
et  al. 2023; Pujol et  al. 2019b; Vogel et  al. 2021; 
Yang et  al. 2021; Yuan et  al. 2015). QTL-seq has 
been extensively used for the detection of QTL for 
many traits, including grain elongation (Arikit et  al. 
2019), plant height (Zhang et al. 2021a), panicle grain 
number (Ma et al. 2022), brown plant hopper resist-
ance (Wang et al. 2022), and salt tolerance (Gao et al. 
2023) in rice.

In our previous study, we investigated the genetic 
variation of grain number per panicle and its related 
traits using a diverse set of rice genotypes and iden-
tified high and low grain number per panicle geno-
types of CB12132 (423.00 ± 12.56) and IET 28835 
(108.00 ± 11.45) (Gunasekaran et  al. 2023). To fur-
ther elucidate the genetic and molecular basis of grain 
number per panicle, this study employed QTL-seq, a 
combination of BSA and whole genome resequenc-
ing. Our objective is to identify genomic regions 
associated with grain number per panicle and pin-
point potential candidate genes that can useful for rice 
breeding programs aimed at improving grain number 
per panicle in rice.
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Materials and methods

Plant materials and generation of segregating 
population

In the present study, we used an F2 segregating popu-
lation composed of 256 individuals, derived from a 
cross between two Oryza sativa L. ssp. indica geno-
types: CB12132 (High grain number) and IET28835 
(Low grain number). To prepare the F2 segregat-
ing population, IET28835 plants were crossed with 
CB12132 in the summer of 2020, and F1 plants were 
obtained. After confirming the true F1s, the plants 
were selfed to produce the F2 population in the sum-
mer of 2021. All field experiments were conducted at 
the Paddy Breeding Station, Centre for Plant Breed-
ing and Genetics, Tamil Nadu Agricultural Univer-
sity, Coimbatore, India. Each plant had a plant-plant 
distance of 20  cm × 20  cm, respectively. The 2012 
edition of the TNAU-Crop Production Guide was fol-
lowed for agronomic practices and plant protection 
techniques to ensure healthy crop growth.

Trait evaluation and construction of bulks

The parents and the F2 segregating population 
were subjected to trait evaluation and used to con-
struct bulks. Traits such as flag leaf area (FLA), 
panicle length (PL), number of spikelets per panicle 
(NOSPP), number of grains per panicle (NOGPP), 
number of primary branches (NOPB), number of 
secondary branches (NOSB), number of secondary 
branches per primary branch (NOSBPB), number of 
spikelets in primary branches (NOSIPB), and number 
of spikelets in secondary branches (NOSISB) were 
measured agreeing to IRRI’s standard evaluation sys-
tem (SES) (IRRI, 2014). In F2 plants, the first-formed 
primary panicle was tagged in each plant, and at phys-
iological maturity, it was collected and used to count 
the number of grains per panicle. From a total of 256 
F2 plants of CB12132 × IET28835 cross, 15 plants 
each with a high grain number per panicle and low 
grain number per panicle were selected to construct 
two bulks, referred to as the high grain number per 
panicle-bulk (HGNPP-B) and low grain number per 
panicle-bulk (LGNPP-B), respectively. F2 individuals 
from the two groups were selected, and DNA was iso-
lated by the CTAB method (Murray and Thompson 
1980). The extracted DNA of the 15 individual plants 

in each group was mixed at equal molar concentra-
tions and pooled together to construct the bulks.

Library preparation and whole‑genome resequencing

We prepared four genomic libraries, including two 
parents (CB12132 and IET28835) and two extreme 
bulks (HGNPP-B and LGNPP-B) using Nextera 
XT DNA library preparation kit (Illumina, Inc., San 
Diego, CA, USA). The libraries had a size of 350b 
and were sequenced on the Illumina NovaSeq 6000 
(Illumina, Inc., San Diego, CA, USA) with a pair-end 
read length of 150 bp. The raw sequence data has been 
deposited in the NCBI Sequence Read Archive data-
base (https://​www.​ncbi.​nlm.​nih.​gov/​sra) under the 
following Bio project and SRA accession numbers; 
PRJNA1094905, and SRX24115668- SRX24115671.

Data analysis via the QTL‑seq pipeline

We performed quality control and preprocess-
ing on the raw reads from four samples (CB12132, 
IET28835, HGNPP-B, and LGNPP-B) using Trim-
momatic v0.39 (Bolger et al. 2014). The clean reads 
were then mapped to the reference genome, Nip-
ponbare (Oryza_sativa_IRGSP-1.0, accessed on 
10.02.2024) using Burrows-Wheeler Aligner (BWA) 
software (Version 0.7.17) (Li and Durbin 2009). To 
ensure that only uniquely mapped reads retained. We 
converted the SAM file to BAM format, sorted and 
indexed it using samtools (version 1.17), and removed 
duplicates using Picard Tools (version 3.00) (https://​
broad​insti​tute.​github.​io/​picard/). The processed BAM 
files were used as input for QTLseq analysis using the 
pipeline reported by Sugihara et al. (2022) and Takagi 
et  al. (2013). We calculated the SNP index for each 
SNP position in the HGNPP-B and LGNPP-B sam-
ples based on the count of reads harboring SNPs sim-
ilar or dissimilar to the reads of CB12132. If all reads 
in the HGNPP-B was identical to CB12132, the SNP 
index was 0, and if all reads were different, the SNP 
index was 1. The ΔSNP index of each SNP was esti-
mated according to the formula: ΔSNP index = SNP 
index of LGNPP-B – SNP index of HGNPP-B. The 
SNP index distribution among the 12 chromosomes 
was analysed using the sliding window method by 
setting 1 Mb of window size and 50 kb of increment 
steps. Genomic regions with an average ΔSNP index 
value greater than the surrounding region with a 95% 

https://www.ncbi.nlm.nih.gov/sra
https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/
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or 99% confidence level were considered effective. 
Additionally, Genome Analysis Toolkit (GATK), 
Haplotype Caller was used to predict the SNP and 
InDel variation (McKenna et  al. 2010). SnpSift 
and SnpEff (version 5.1) were used for the filter-
ing (parameters: QUAL >  = 30 and MQ >  = 30 and 
DP >  = 10) and annotation of SNPs and InDels (Cin-
golani et al. 2012).

Search for candidate genes

We employed a three-stage approach to identify the 
possible candidate genes. First, we collected genes 
within the specific genomic region. Next, we pin-
pointed gene positions, sorted genes with nonsynony-
mous SNPs and InDels, and annotated them using the 
Rice Annotation Project Database (https://​ricex​pro.​
dna.​affrc.​go.​jp accessed on 09.03.2024). We excluded 
genes labeled as ‘(retro) transposon’, ‘hypotheti-
cal’, or ‘unknown’ from further analysis. Eventually, 
expression pattern of selected genes in flag leaf and 
inflorescence developmental stages were analysed 
using the RiceXpro database (https://​ricex​pro.​dna.​
affrc.​go.​jp accessed on 09.03.2024). By integrating 
these analyses with literature knowledge, we prior-
itized the possible genes associated with grain num-
bers per panicle in each candidate genomic region.

Quantitative real‑time PCR (qRT‑PCR) analysis

Fresh, young inflorescence (0.5  cm length at the 
branch primordium stage) were collected from vari-
ous plants of CB12132 and IET28835. A 0.5 g sam-
ple was used for total RNA isolation, which was per-
formed using the TRIzol® reagent kit (Invitrogen, 
Carlsbad, CA, USA) following to the user guidelines. 
We used the iScript cDNA synthesis kit (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) to convert 
DNA-free RNA from high and low grain number 
parents into high-quality cDNA, following the prod-
uct guidelines. High-quality cDNA was used as the 
template for qRT-PCR analysis, and reactions were 
performed on the Bio-Rad CFX 96 (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA). Each 20 μL PCR 
reaction contained 1 μL of cDNA, 1 μL of each for-
ward and reverse primers, 10 μL AccuPower ® 2X 
GreenstarTM SYBR Green Master mix, and 6 μL dd 
H2O. We used a 2−ΔΔCt method to analyse the rela-
tive expression of the target genes, using OsActin1 

(Han et al. 2024) as the internal control. In addition, 
all the samples were amplified at three biological rep-
lications, with three technical replications at each bio-
logical replication. The primer sequences were listed 
in supplementary Table 1.

Results

Phenotypic variation in F2 population and 
construction of bulks

The high and low grain number per panicle parents, 
CB12132 and IET28835 were crossed and advanced 
to F1 and F2 generation. The evaluation of traits such 
as, FLA, PL, NOSPP, NOGPP, NOPB, NOSBPB, 
NOSIPB, and NOSISB showed significant differ-
ences between parents and its F1 generation (Table 1). 
In the F1 generation, the grain number per panicle 
had an intermediate value of 187.50 ± 12.56 com-
pared to CB12132 (423.00 ± 12.56) and IET 28835 
(108.00 ± 11.45). In the F2 generation, 225 individual 
plants were evaluated, and the number of grains per 
panicle ranged from 89 to 420. The majority of plants 
had grain number per panicle ranging between 150 
and 200. A total of 15 F2 plants with grain number 
per panicle ranging from 355 to 420 were selected to 
generate the HGNPP-B, while 15 F2 plants with grain 
number per panicle ranging from 89 to 125 were used 
to produce the LGNPP-B. The two parents and high 
and low-grain numbers F2 individuals are presented 
in Fig. 1. 

Whole‑genome resequencing of parental lines and 
HGNPP and LGNPP bulks

Sequencing of CB12132, IET28835, HGNPP-B and 
LGNPP-B yielded 60.45, 56.40, 60.00 and 48.39 
million reads, respectively (Table 2). After filtering, 
we obtained the following number of high-qual-
ity clean reads for each sample: 60.07 million for 
CB12132, 55.98 million for IET28835, 59.40 mil-
lion for HGNPP-B, and 48.08 million for LGNPP-
B. Alignment with the reference genome produced 
8.98  Gb and 8.16  Gb of clean data (22.74X and 
21.42X coverage) for CB12132 and IET28835, 
and 8.87  Gb, and 7.19  Gb clean data (21.53X and 
18.36X coverage) for HGNPP-B and LGNPP-
B. The number of genome-wide SNPs and InDels 

https://ricexpro.dna.affrc.go.jp
https://ricexpro.dna.affrc.go.jp
https://ricexpro.dna.affrc.go.jp
https://ricexpro.dna.affrc.go.jp
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identified in HGNPP-B and LGNPP-B after map-
ping cleaned reads onto the reference genome were 
877,063 and 846,524, respectively. Using a crite-
rion of read depth exceeding 15 in both HGNPP-
B and LGNPP-B and a SNP index surpassing 0.30 
in at least one, a total of 204,923 SNPs and 66,459 
InDels commonly detected in both HGNPP-B and 
LGNPP-B were used for QTL seq analysis (Fig. 2). 

Tracing candidate genomic region associated with 
grain number per panicle using QTLseq

QTL-seq analysis was done to trace the candidate 
genomic region associated with grain number per 
panicle. This analysis calculated the ∆ (SNP index) 
values across the genome in 1  Mb window with a 
50  kb increment. It revealed five candidate QTL 
regions associated with grain number per panicle 
on chromosomes 1, 4, and 5 (Table  3). Of these, 
three QTL regions on chromosome 1 designated 
as qGNPP1.1, qGNPP1.2, and qGNPP1.3 spanned 
between 10.40 to 12.76  Mb (2.36  Mb), 24.61 
to 25.33  Mb (0.72  Mb) and 26.57 to 27.26  Mb 
(0.68 Mb) with Δ SNP index values of 0.451, 0.459, 
and 0.233. The QTL on chromosome 4, qGNPP4.1 
(3.64  Mb) spanned between 27.70 to 31.34  Mb 
with Δ SNP index values of 0.471. Another QTL, 
qGNPP5.1 (3.38 Mb) on chromosome 5, was identi-
fied in the region of 2.12 to 5.50 Mb with a Δ SNP 
index values of 0.452. The SNP index plot and can-
didate genomic regions across the rice genome are 
presented in Fig. 3 and 4.

Briefing the putative candidate genes associated with 
grain number per panicle

A total of 199, 87, 73, 508, and 359 genes were 
identified in the targeted candidate genomic regions 
qGNPP1.1, qGNPP1.2, qGNPP1.3, qGNPP4.1 and 
qGNPP5.1, respectively. Further, we identified 23 
candidate genes associated with grain number per 
panicle in five candidate genomic regions based on 
nonsynonymous SNPs/InDels, expression in inflo-
rescence, and annotation details (Table 4 and Fig. 5). 
On chromosome 1, the qGNPP1.1 region includes 
gene such as squamosa-promoter binding-like pro-
tein 2 (Os01g0292900), similar to kinase interac-
tor 1 (Os01g0310800), R2R3-MYB transcription 
factor 6 (Os01g0298400) and polygalacturonase 
(Os01g0296200). The qGNPP1.2 region contains 
genes like ATPase, AAA-type, core domain-con-
taining protein (Os01g0623500), myosin tail 2 
domain-containing protein (Os01g0621700), and 
glycosyltransferase (Os01g0622000), while the 
qGNPP1.3 region contains the TRITHORAX-like 
protein (Os01g0655300). On chromosome 4, the 
qGNPP4.1 region encompasses eight possible can-
didate genes, including the previously reported ser-
ine protease (NAL1; Os04g0615000) gene. Mean-
while chromosome 5’s qGNPP5.1 region includes 
six possible candidate genes such as serine car-
boxypeptidase (Os05g0158500), 4Fe-4S ferre-
doxin (Os05g0157300), S-Domain receptor-like 
kinase-36 (Os05g0166600), ethylene receptor-like 
(Os05g0155200), KIP1-like domain-containing pro-
tein (Os05g0168800) and similar to P-glycoprotein 

Table 1   The phenotypic observation on grain number per panicle and its related traits

FLA, Flag leaf area; PL, Panicle length; NOSPP, Number of spikelets per panicle; NOGPP, Number of grains per panicle; NOPB, 
Number of primary branches; NOSB, number of secondary branches; NOSBPB, number of secondary branches per primary branch; 
NOSIPB, number of spikelets in primary branches; NOSISB, number of spikelets in secondary branches

Sl.no Traits CB12132 IET28834 F1

1 FLA 44.25 ± 2.64 26.45 ± 1.89 30.18 ± 1.75
2 PL 29.38 ± 1.64 22.75 ± 1.75 25.63 ± 1.95
3 NOSPP 437.50 ± 10.50 111.75 ± 9.85 195.00 ± 12.65
4 NOGPP 423.00 ± 12.56 108.00 ± 11.45 187.50 ± 12.56
5 NOPB 17.50 ± 1.32 9.33 ± 1.36 13.50 ± 1.65
6 NOSB 74.75 ± 3.85 17.83 ± 3.45 32.50 ± 3.84
7 NOSBPB 4.26 ± 0.74 1.91 ± 0.80 2.43 ± 0.95
8 NOSIPB 83.50 ± 3.24 48.17 ± 3.15 68.50 ± 3.29
9 NOSISB 354.00 ± 13.50 63.58 ± 12.50 126.50 ± 11.45
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ABCB5 (Os05g0137200). These genes are potential 
contributors to grain number per panicle and useful 
for further investigation. 

Expression profiling of candidate genes

A total of six candidate genes such as Os01g0292900 
(SPL1), Os01g0622000 (OsCUGT1), Os01g0655300 

Fig. 1   Grain number per 
panicle distribution in the 
F2 generation derived from 
the cross between CB12132 
and IET28835. Parents and 
F2 individuals (A), F2 indi-
viduals with a high grain 
number per panicle (B), and 
F2 individuals with a low 
grain number per panicle 
(C). Note: HGNPP-B stands 
for high grain number per 
panicle-bulk, and LGNPP-B 
stands for low grain number 
per panicle-bulk
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(SDG705), Os04g0615000 (NAL1), Os04g0559800 
(SMG2) and Os05g0155200 (ERS2) were selected 
from the 23 identified genes and their expression pat-
tern were analysed in the young inflorescence of the 
two parents, CB12132 and IET28835 using qRT-PCR 

analysis. The results showed that all genes, except 
for Os04g0559800, were expressed at significantly 
higher levels in CB12132 compare to IET28835. Fig-
ure  6 shows the expression levels of these genes in 
CB12132 and IET28835.

Table 2   The overview of whole genome resequencing data of parents (CB12132 and IET28835), and HGNPP-B and LGNPP-B 
derived from F2 individuals

HGNPP-B, High grain number per panicle-bulk and LGNPP-B: Low grain number per panicle-bulk;

Sl.no Genotypes Raw reads 
(Millions)

Cleaned reads 
(Million)

Cleaned bases 
(Gb)

Alignment (%) Average depth 
(X)

Genome 
coverage 
(%)

1 CB12132 60.45 60.07 8.98 97.23 22.74 91.89
2 IET28835 56.40 55.98 8.16 98.27 21.42 92.29
3 HGNPP-B 60.00 59.40 8.87 93.60 21.53 94.17
4 LGNPP-B 48.39 48.08 7.19 98.30 18.36 94.18

Fig. 2   A summary of 
SNP and InDel variants 
identified in the high and 
low bulks mapped to the 
reference genome (A), and 
the common SNPs and 
InDels between the high 
and low grain number per 
panicle bulks (B). Note: 
HGNPP-B stands for high 
grain number per panicle-
bulk, and LGNPP-B stands 
for low grain number per 
panicle-bulk

Table 3   Details of candidate genomic regions associated with the grain number per panicle

HGNPP-B, High grain number per panicle-bulk and LGNPP-bulk: Low grain number per panicle-bulk

Sl.no QTL Chromo-
some

QTL region 
interval 
(Mb)

QTL size 
(Mb)

HGNPP-B 
SNP index

LGNPP-
BSNP 
index

Δ SNP index Total genes Causal genes

1 qGNPP1.1 Chr 01 10.40–12.76 2.36 0.216 0.667 0.451 199 54
2 qGNPP1.2 Chr 01 24.61–25.33 0.72 0.367 0.828 0.459 87 12
3 qGNPP1.3 Chr 01 26.57–27.26 0.68 0.341 0.574 0.233 73 3
4 qGNPP4.1 Chr 04 27.70–31.34 3.64 0.305 0.776 0.471 508 156
5 qGNPP5.1 Chr 05 2.12–5.50 3.38 0.386 0.838 0.452 359 69
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Discussion

The grain number per panicle is closely associated 
with grain yield and is an ideal trait targeted by rice 
breeders to improve the rice yield. In this study, we 
used a segregating F2 population derived from the 
cross between CB12132 and IET28835, to investigate 
the genetic mechanism of this trait. The F2 popula-
tion showed a wide distribution for grain number 
per panicle, ranging from 89 to 420, indicating that 
the trait governed by additive gene action. This find-
ing is consistent with the reports of Priyanka et  al. 
(2019), Sekhar et al. (2021) and Wang et al. (2024). 
Furthermore, our study used whole-genome rese-
quencing-based QTL-seq approach integrated with 
BSA to identify the genomic region regulating grain 
number per panicle in rice. We used a total of 15 
individuals to construct the HGNPP-B and LGNPP-
B, which is adequate for detecting the major loci 
associated with trait of interest, consistent with pre-
vious reports (Bommisetty et  al. 2023; Huang et  al. 
2022; Kaur et  al. 2022; Singh et  al. 2022; Zhang 
et al. 2021b). The genome coverage for the HGNPP-
B and LGNPP-B was 94.17% and 94.18%, respec-
tively, which is within the ranges reported in previous 

studies: 96.72–96.95%, 93.70–94.39%, 93.51–94.05% 
and 93.37–95.53% (Gao et al. 2023; Luo et al. 2018; 
Ma et  al. 2022). The average depth was above 20X 
obtained in both bulks, similar to findings reported 
in other studies (Nubankoh et  al. 2020; Singh et  al. 
2022 and Takagi et al. 2013). We identified five can-
didate QTL regions associated with grain number per 
panicle using QTL-seq. These regions, qGNPP1.1-
qGNPP1.3, qGNPP4.1, and qGNPP5.1, were located 
on chromosomes 1, 4, and 5. Notably, several of 
these QTLs coincide with or near previously reported 
QTLs for grain number per panicle. For instance, 
qGNPP1.2 was positioned 1.5 Mb downstream from 
LOG1 (Kurakawa et al. 2007), while qGNPP1.3 was 
near RGN1a (Zhang et al. 2022b), with a distance of 
1  Mb. Additionally, qGNPP4.1 overlaps with NAL1 
(Fujita et  al. 2013) and qGN4.1, and qGNPP5.1 is 
linked to qSPP5 (Luo et  al. 2013). Interestingly, 
the qGNPP1.1 region appears to be novel, with no 
reported genes related to grain number in this area.

According to the Nipponbare reference genome 
sequence, the five genomic regions (qGNPP1.1, 
qGNPP1.2, qGNPP1.3, qGNPP4.1 and qGNPP5.1) 
contain a total of 1226  genes. To identify possible 
candidate genes associated with grain number per 

Fig. 3   SNP index plots for HGNPP-B (green dotted) (A), 
LGNPP-B (orange dotted) (B), and Δ SNP index plots for the 
two bulks (C). Sliding window plots of the average SNP index, 
using a 1-Mb window size and 50-kb steps, are shown as red 
lines. The green and orange lines in the Δ SNP index plots 

represent the 95% and 99% confidence intervals, respectively. 
Note: HGNPP-B refers to the high grain number per panicle 
bulk, and LGNPP-B refers to the low grain number per panicle 
bulk
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panicle, we filtered these genes based on nonsynony-
mous SNPs/InDels, expression in inflorescence, and 
annotation. We first narrowed down the list to 294 

genes with nonsynonymous SNPs/InDels and then 
selected 23 possible genes across the five regions 
using the expression and annotation data. These 23 

Fig. 4   Sliding window plots depict the SNP index for 
HGNPP-B and LGNPP-B, providing a comparison of the SNP 
index between the two bulks. The plots include: Pseudomole-
cules of the Nipponbare reference genome according to IRGSP 
1.0 (A), upper probability threshold at 99% confidence level 
(P < 0.01) (B) and 95% confidence level (P < 0.05) (C), slid-
ing window analysis of the ΔSNP index with a window size 
of 1 Mb and steps of 50 kb (D), lower probability threshold at 

95% confidence level (P < 0.05) (E) and 99% confidence level 
(P < 0.01) (F), sliding window plots of average SNP index val-
ues in the HGNPP-B (G) and LGNPP-B (H) with a 1 Mb win-
dow and 50 kb steps. The identified candidate genomic regions 
for grain number per panicle are highlighted in the circos plot. 
Note: HGNPP-B stands for high grain number per panicle-
bulk, and LGNPP-B stands for low grain number per panicle-
bulk
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Table 4   Summary of possible candidate genes identified in the genomic region associated with grain number per panicle

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP1.1 Chr 01 Os01g0292900 Similar to 
Squamosa-
promoter 
binding-like 
protein 2

10,653,714 C G Missense_
variant

0.861

10,654,586 G A Missense_
variant

0.875

10,655,208 A C Missense_
variant

0.819

qGNPP1.1 Chr 01 Os01g0310800 Similar to Pto 
kinase inter-
actor 1

11,678,041 G A Missense_
variant

0.840

11,678,805 T G Missense_
variant

0.770

11,678,934 G T Missense_
variant

0.796

qGNPP1.1 Chr 01 Os01g0298400 R2R3-MYB 
transcription 
factor 6

10,935,015 TCG​GCG​G T Disruptive_
inframe_
insertion

0.496

10,935,677 A C Missense_
variant

0.617

qGNPP1.1 Chr 01 Os01g0296200 Photo-sensitive 
leaf rolling 1

10,830,126 G A Missense_
variant

0.667

qGNPP1.2 Chr 01 Os01g0623500 ATPase, 
AAA-type, 
core domain 
containing 
protein

24,896,190 G T Missense_
variant

0.733

24,897,157 C A Missense_
variant

0.790

24,863,549 G GGC​CTT​C Disruptive_
inframe_
insertion

0.856

24,896,536 CTTG​ C Con-
servative_
inframe_
deletion

0.494

24,863,725 TCTC​ T Con-
servative_
inframe_
deletion

0.284

qGNPP1.2 Chr 01 Os01g0621700 Myosin tail 
2 domain 
containing 
protein

24,785,497 T C Missense_
variant

0.654

24,785,694 T C Missense_
variant

0.312

qGNPP1.2 Chr 01 Os01g0622000 Glycosyltrans-
ferase

24,786,776 C T Missense_
variant

0.702

24,787,278 G T Missense_
variant

0.685

qGNPP1.3 Chr 01 Os01g0655300 Trithorax-like 
protein

26,592,888 TGA​CGA​
TGA​CGA​
TGA​CGA​
TGA​CGA​
GGA​CGA​
G

TGA​CGA​
TGA​CGA​
TGA​CGA​
TGA​CGA​
TGA​CGA​
GGA​CGA​
G

Disruptive_
inframe_
insertion

0.586
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Table 4   (continued)

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP4.1 Chr 04 Os04g0555000 GRAS (GAI-
RGA-SCR) 
plant-specific 
transcription 
factor

27,765,440 A C Missense_
variant

0.274

27,765,467 A G Missense_
variant

0.192

27,765,836 A G Missense_
variant

0.354

qGNPP4.1 Chr 04 Os04g0559800 Mitogen-
activated pro-
tein kinase 
(MAPK) 10

28,050,666 T C Missense_
variant

0.617

28,053,739 A G Missense_
variant

0.623

28,055,009 C T 5_prime_
UTR_pre-
mature_
start_
codon_
gain_vari-
ant

0.573

qGNPP4.1 Chr 04 Os04g0560600 Calcium-
dependent 
protein 
kinase

28,082,063 CGC​CGC​
CG

C Frameshift_
variant

0.556

28,082,071 AAG​ACG​
AGC​

A Frameshift_
variant

0.574

28,082,103 G C Missense_
variant

0.429

qGNPP4.1 Chr 04 Os04g0563900 Similar to 
H0409D10.5 
protein

28,265,430 TTGC​ T Con-
servative_
inframe_
insertion

0.606
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Table 4   (continued)

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP4.1 Chr 04 Os04g0591900 F-box associ-
ated domain, 
type 3 
domain 
containing 
protein

29,958,138 C CG Frameshift_
variant

0.541

29,958,141 T C Missense_
variant

0.565

29,958,204 T TGA​TGC​G Con-
servative_
inframe_
deletion

0.527

29,958,381 G C Missense_
variant

0.701

29,958,394 CGG​CTT​
GTA​ACC​
CCA​GCA​
CAG​CGT​
GTA​

C Frameshift_
variant

0.611

29,958,501 G A Missense_
variant

0.689

29,958,584 A G Missense_
variant

0.729

29,958,713 G A Missense_
variant

0.375

29,959,319 G C missense_
variant

0.736

29,959,581 TCG​ACG​C T Con-
servative_
inframe_
insertion

0.573

qGNPP4.1 Chr 04 Os04g0597400 Nitrate 
transporter, 
Control of 
grain yield 
and nitrogen 
use efficiency

30,147,663 A G Missense_
variant

0.652

qGNPP4.1 Chr 04 Os04g0598300 Probable 
transcription 
factor

30,185,147 G C Missense_
variant

0.355

qGNPP4.1 Chr 04 Os04g0615000 Serine protease 31,214,019 C T Missense_
variant

0.602

31,214,045 G A Missense_
variant

0.745
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Table 4   (continued)

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP4.1 Chr 04 Os04g0615700 Argonaute 
(AGO) fam-
ily protein

31,239,297 A G Missense_
variant

0.750

31,239,372 C G Missense_
variant

0.690

31,239,383 G GGT​ Frameshift_
variant

0.452

31,239,387 C CT Frameshift_
variant

0.402

31,239,485 A G Missense_
variant

0.267

31,239,694 A AGC​CCC​C Disruptive_
inframe_

insertion

0.350

31,239,711 C CGG​CGC​
CGG​CTC​
A

Disruptive_
inframe_

insertion

0.465

31,239,747 A T Missense_
variant

0.395

31,239,748 G T Missense_
variant

0.650

31,239,770 A T Missense_
variant

0.505

31,240,150 A T Missense_
variant

0.525

31,240,160 A G Missense_
variant

0.645

31,240,217 C A Missense_
variant

0.381

31,242,782 T G Missense_
variant

0.671

qGNPP5.1 Chr 05 Os05g0137200 Similar to 
P-glycopro-
tein ABCB5

2,171,489 C A Missense_
variant

0.620

qGNPP5.1 Chr 05 Os05g0155200 Similar to 
ethylene 
receptor

3,234,718 C T Missense_
variant

0.393

3,235,129 G A Missense_
variant

0.650
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Table 4   (continued)

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP5.1 Chr 05 Os05g0157300 4Fe-4S ferre-
doxin, iron-
sulpur bind-
ing domain 
containing 
protein

3,349,978 C G Missense_
variant

0.740

3,350,579 G T Missense_
variant

0.705

3,350,731 G C Missense_
variant

0.560

3,350,931 T A Missense_
variant

0.650

3,350,935 T C Missense_
variant

0.785

3,351,318 G C Missense_
variant

0.690

3,351,343 T C Missense_
variant

0.840

3,351,345 C T Missense_
variant

0.880

3,351,369 G A Missense_
variant

0.716

3,351,755 T C Missense_
variant

0.745

3,351,768 A C Missense_
variant

0.635

3,351,779 A C Missense_
variant

0.294

3,352,741 A G Missense_
variant

0.520

3,352,742 G A Missense_
variant

0.630

3,352,746 CG C Frameshift_
variant

0.580

3,352,748 CGG​CGG​
CGG​

C Frameshift_
variant

0.615

3,352,751 G T Missense_
variant

0.620

qGNPP5.1 Chr 05 Os05g0158500 Serine car-
boxypepti-
dase

3,439,806 G T Missense_
variant

0.487

3,442,782 T TGG​ Frameshift_
variant

0.480

3,442,785 TAG​ T Frameshift_
variant

0.460

3,443,576 TCG​CCG​C T Con-
servative_
inframe_
insertion

0.451
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genes show promise for further investigation into 
their role in regulating grain number per panicle. In 
the qGNPP1.1 genomic region (Chr 1; 10.40  Mb 
to 12.76  Mb), we identified four potential genes: 
Os01g0292900 (SPL1), Os01g0310800 (WAK4), 
Os01g0298400 (2R_MYB6), and Os01g0296200 
(PSL). Notably, SPL1 belongs to a plant transcrip-
tion factor family that regulates growth, develop-
ment, and grain yield. SPL genes increase grain 
number per panicle by promoting panicle branching 
and enhance grain length and plant yield by regu-
lating cell size (Jiao et  al. 2010; Miura et  al. 2010). 
We found three missense SNPs in SPL1, which may 
contribute to higher grain number per panicle. Addi-
tionally, WAK4, involved in cell expansion (Delteil 
et al. 2016), may also play a role in regulating pani-
cle development, as loss of WAK function has been 
linked to decreased florets in rice panicles (Zhang 

et al. 2022b). In the qGNPP1.2 genomic region (Chr 
1; 24.61 Mb to 25.33 Mb), we identified three poten-
tial candidate genes: Os01g0623500, Os01g0621700, 
and Os01g0622000 (OsCUGT1). Notably, OsCUGT1 
is a Glycosyltransferase involved in regulating physi-
ological and stress responses in rice. It was previ-
ously identified as a cold stress-responsive gene, and 
its mutant showed a sterile inflorescence phenotype 
with altered cytokinin metabolism and phenylpropa-
noid biosynthesis (Zhao et al. 2023). Os01g0655300 
(SDG705) is the most possible candidate gene iden-
tified in the qGNPP1.3 genomic region (Chr 1; 
26.57 Mb to 27.26 Mb). SDG705 belongs to the SET 
domain family, which is involved in histone modifica-
tion and various biological processes, including flow-
ering regulation. Enhanced expression of SDG genes 
promotes florigen genes and Ehd3, critical promoters 
of rice flowering. Interestingly, overexpression of a 

Table 4   (continued)

QTL Chromo-
some

Gene ID Description Position 
(bp)

HGNPP-B 
(Allele)

LGNPP-B 
(Allele)

Variant 
effect

∆ SNP index

qGNPP5.1 Chr 05 Os05g0166600 S-domain 
receptor like 
kinase-36

3,970,975 C T Missense_
variant

0.458

3,971,451 G A Missense_
variant

0.648

3,971,866 A G Missense_
variant

0.620

3,971,872 G C Missense_
variant

0.487

3,971,988 A G Missense_
variant

0.550

3,972,200 T G Missense_
variant

0.382

3,972,984 G A Missense_
variant

0.826

3,973,300 G C Missense_
variant

0.740

3,973,348 T G Missense_
variant

0.360

3,973,363 C T Missense_
variant

0.480

Chr 05 Os05g0168800 KIP1-like 
domain 
containing 
protein

4,130,144 A C Missense_
variant

0.665

4,131,212 C T Missense_
variant

0.673

HGNPP-B, High grain number per panicle-bulk and LGNPP-B: Low grain number per panicle-bulk 
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similar gene, GhD7, delayed flowering and increased 
panicle size, leading to enhanced grain yield in rice 
(Xue et al. 2008).

In the qGNPP4.1 genomic region (Chr 4; 
27.70  Mb to 31.34  Mb), we identified nine poten-
tial candidate genes, including Os04g0615700 
(OsAGO2), Os04g0563900 (OsRLCK157), 
Os04g0597400 (OsNPF7.6), Os04g0559800 (SMG2), 
Os04g0598300 (RFL), Os04g0560600 (CDPK12), 
Os04g0615000 (NAL1), Os04g0555000 (OsHAM3) 
and Os04g0591900 (OsFbox231). Notably, NAL1 
(Os04g0615000) encodes a serine protease, previ-
ously reported to regulate grain number per panicle, 
with two missense SNPs. NAL1 has been extensively 
studied for its pleiotropic effects on various traits, 

including grain number per panicle, leaf width, and 
photosynthetic efficiency (Fujita et  al. 2013; Takai 
et al. 2013; Xu et al. 2015; Yano et al. 2016; Zhang 
et  al. 2014). Other notable candidate genes in this 
region include: OsNPF7.6 (Os04g0597400), involved 
in nitrate transportation and uptake, with poten-
tial for improving nitrogen utilization efficiency and 
yield (Zhang et  al. 2022a). SMG2 (Os04g0559800), 
interacting with signaling cascades to modulate grain 
size (Xu et  al. 2018). OsAGO2 (Os04g0615700), 
regulating anther development by controlling ROS 
levels and tapetal PCD through DNA methylation-
mediated gene expression (Zheng et  al. 2019). In 
the qGNPP5.1 genomic region (Chr 5; 2.12  Mb 
to 5.50  Mb), we identified six potential candidate 

Fig. 5   The expression patterns of 23 possible candidate genes across various reproductive stages and tissues, as obtained from the 
RiceXPro database (accessed on 09.03.2024)
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genes: Os05g0158500 (GS5), Os05g0157300, 
Os05g0166600 (SDRLK-36), Os05g0155200 (ERS2), 
Os05g0168800, and Os05g0137200 (MDR3). Nota-
bly, ERS2 (Os05g0155200) encodes an ethylene 
receptor, previously reported to regulate grain num-
ber per panicle. Ethylene plays a crucial role in grain 
filling, with higher levels at anthesis associated with 
poorer grain filling (Panigrahi et  al. 2023). Another 
notable candidate gene is GS5 (Os05g0158500), 
encoding serine carboxypeptidase, which positively 
regulates grain size and grain yield. These genes may 
play important roles in regulating grain number per 
panicle and grain yield (Li et al. 2011b).

In summary, by adopting QTL-seq approach, we 
identified five candidate genomic regions associated 

with grain number per panicle using an F2 population 
derived from CB12132 × IET28835 cross. Additionally, 
we identified 23 possible candidate genes through anal-
ysis of gene sequences, expression, and annotation data 
sets. Of these, six genes were validated by qRT-PCR 
analysis. We recommend further investigation of these 
candidate genes using functional genomics approaches. 
The genomic regions and genes identified in this study 
could be valuable for enhancing grain yield in rice 
breeding programs.

Fig. 6   The expression patterns of six candidate genes were 
analyzed in high and low grain number per panicle parents 
(CB12132 and IET28835) using qRT-PCR. Data are presented 

as the means of three biological replicates, with error bars indi-
cating the standard deviation (SD)
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