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A B S T R A C T

The Green Revolution altered the rice panicle by increasing grain numbers per panicle. Here, we perform a 
genome-wide association study to understand the molecular mechanisms determining the number of grains in a 
panicle in rice. Panicle image analyses were performed on 158 genetically diverse rice accessions, and GWAS was 
run using the FarmCPU model with 34,072 single nucleotide polymorphisms to relate genotypic variation to the 
corresponding phenotypes. Flanking regions of candidate SNPs were separately defined for each chromosome 
based on LD decay distance to identify putative-associated genes. An RNA-seq data analysis was performed 
between stem and panicle to emphasize the role of candidate genes in panicle compactness. The results were 
further confirmed by a PPI network analysis using the putative candidate genes. In total 95 significant SNPs were 
identified; as close SNPs were considered a QTL that resulted in 56 QTLs across the 12 rice chromosomes. We 
identified novel candidate genes for panicle compactness traits, such as cytochrome P450, polygalacturonase, 
glycosyltransferase, MADS-box, WRKY, YABBY, WUSCHEL-related homeobox, protein kinase, lipase, zinc finger 
transcription factor and protein phosphatase. Haplotype analysis identified haplogroups qNSSBB53, qNSSBB102, 
qNSSBU3, qNSSBU21, and qLS3 for three traits of NSSBB, NSSBU and LS. An analysis of epistatic interactions 
among candidate SNPs identified 91 significant SNP-SNP interactions.

1. Introduction

Rice is the most important food source for half of the world’s pop-
ulation and, for example, it provides 76 % of the calorie intake of South 
East Asia [16,36,51,76]. Due to global warming, high localized popu-
lation growth in some parts of the world, and demand for cheaper staple 
food sources, high-yielding rice cultivars are needed to meet future 
demand. To meet the predicted needs of the world’s population, global 
rice production needs to increase by more than 1.2 % annually. In Asia, 
where rice is considered a staple crop, a 43 % increase in output over the 
next 30 years is required. Increasing rice yield per unit area can address 
parts of this increasing demand [40,57,71]. Parameters that determine 
yield include the number of panicles per square meter, the total number 
of spikelets per panicle (TNSP), the weight of thousand rice grains, and 
the percentage of filled and ripe grains [18,21,84,87].

In the grass family of plants, spikelets with flower(s) and their ar-
rangements establish inflorescence architecture and yield. Thus, deci-
phering the molecular mechanisms involved in controlling spikelet 
development has been the subject of interest to breeders and biologists 
[90]. Some responsible genes and QTLs that are under the influence of 
environmental factors, controlling these traits and more specifically 
TNSP have been reported previously [100,47,79]. Genes controlling 
vascular development (Ghd7, NAL1, qPE9–1/DEP1, PlA2/DEP3), 
phytohormone pathways (LOG, GNP1, PIN, CPB1, PMM1, FZP), panicle 
architecture (qPE9–1/DEP1, RGN1, sped1-D), and branch differentiation 
(GN1a, CKX2, PAP2) have been highlighted as the genetic determinants 
of TNSP [45,53,70,78,81].

TNSP-related genes primarily affect panicle traits such as the number 
and length of branches and spikelet density [57,72,79]. DEP3 encodes a 
Patatin-like phospholipase A2 (PLA2) with a role in vascular bundle 
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formation that defines panicle length and grain number per panicle 
among other functions [70]. APO1 (encodes an F-box) is a regulatory 
protein that controls panicle size and grain number [18,28]. Gn1a, 
identified in a genotype with significantly increased spikelet numbers 
[4,46], encodes a cytokinin (CK) oxidase/dehydrogenase (CKX) that 
catalyzes active CK. DEP1 encodes a noncanonical Gγ subunit and un-
derlies a major QTL for rice panicle architecture and grain size [102,29, 
30]. DEP1 positively regulates rice grain-filling by increasing the auxin 
and cytokinin contents [93].

GRAIN NUMBER 1.1 (GN1.1) has been shown to interact with OsZAC 
(an ADP-ribosylation factor-GTPase-activating protein) that together 
facilitates polar transport and elevation of panicle auxin content to 
impact panicle development [97]. Panicle Morphology Mutant 1 (PMM1) 
is a cytochrome P450 involved in brassinosteroids biosynthesis, along 
with its paralogues, DWARF11 and DWARF4 in a redundant manner. 
This gene was reported as being involved in controlling the differenti-
ation of spikelet primordia and panicle branching to define the inflo-
rescence architecture in rice [45]. An aluminum-activated malate 
transporter (OsALMT7) was shown to maintain rice panicle size and 
grain yield via mutant analysis [26].

TAW1 [18], a member of ALOG gene family, encodes a nuclear 
protein and works upstream of MADS-box genes to regulate the phase 
transition by promoting the activity of inflorescence meristems [2,89]. 
Two other ALOG gene family members, (OsG1L1 and OsG1L2), with 
similar expressions and mutant phenotypes to TAW1 have been reported 
with a proposed function in inflorescence development. In the same 
study, a gene regulatory network (GRN) with OsG1L2 has established 
the possible involvement of a homeodomain-leucine zipper TF 
(OsHOX14) in the same pathway as further confirmed via phenotypic 
analysis of CRISPR loss-of-function mutants [6]. OsMADS34, a Sepalla-
ta-like gene, was shown to control the development of rice spikelets and 
inflorescence [19]. Taking a combinatory approach of phenotypic QTL 
and expression QTL analysis followed by a thorough functional analysis 
of the candidate genes, the roles of OsMADS18, a modulatory TF 
partially determining primary rachis average length, and OsFLT1 with 
pleiotropic effects on several panicle traits have been demonstrated 
[80]. OsSPL14, encoding a SQUAMOSA promoter binding TF, is 
responsible for the negative regulation of phase transition to spikelet 
meristem and it has a definitive role in controlling plant height, panicle 
length, spikelet number, grain number, and thousand-grain weight [35, 
41,55,60,7]. In another study, OsSPL9 was shown to be involved in 
controlling secondary branch formation and grain number per panicle 
via activation of RCN1 (RICE TERMINAL FLOWER 1/CENTRORADIALIS 
homolog, [27]). SCM3 encodes a TCP family TF that acts downstream of 
strigolactone signaling to inhibit outgrowth of the axillary buds in rice 
[12]. SCM3 negatively regulates tiller number per plant and enhances 
the thickness of the culm wall [88]. qSSP7 controls the number of 
spikelets per panicle [85]. Fan et al. [17] reported a DLT3-MOC3-MOC1 
protein complex that binds to the promoter of FLORAL ORGAN NUMBER 
1 (FON1) via DLT3, a Dof protein, to positively regulate tiller and panicle 
numbers.

Epigenetic modification is also involved in controlling panicle 
development as shown by the study of the COMPASS-like complex, a 
complex of proteins containing WD40 protein (OsWDR5a), TRITHORAX- 
like protein (OsTrx1) and SET domain group protein 723 (SDG723), with 
histone 3 Lys 4 trimethylation (H3K4me3) activity [33].

In this study, we measure 16 traits related to panicle density 
(Table 1) and the number of spikelets per panicle in a population of 158 
rice genotypes and dissect the genetic basis of these traits using GWAS 
(Fig. 1). RNA-seq data analysis was used to assess the expression pat-
terns of the candidate genes between panicle and stem. Finally, we used 
post-GWAS analyses to define the role of associated SNP markers and the 
underlying candidate genes in controlling panicle density.

2. Material and methods

2.1. Plant material and phenotyping

In this study, 282 rice accessions from 82 countries were obtained 
from the International Rice Research Institute of the Philippines. The 
seeds were planted at the Ahwaz Agricultural Research Station, Iran 

Table 1 
Trait designation, description and units.

Trait name Symbol Trait description Measurement 
Unit

Total Number of 
Spikelets in Panicle

TNSP total number of 
spikelets in a panicle 
from the base to the tip

No./panicle

Lateral Spikelet LS total number of 
spikelets in a panicle 
from the base to the tip 
except for terminal 
spikelet

No./panicle

Terminal Spikelet TS total number of 
spikelets in a panicle 
from the base to the tip 
in terminal branches

No./panicle

Total Number of 
Spikelets in Panicle/ 
Panicle Length

TNSP/PL the ratio of the number 
of spikelets in panicle/ 
panicle length

No./cm

Total Number of 
Spikelets in Panicle/ 
Total Primary 
Branch Length

TNSP 
/TPBL

ratio of the number of 
spikelets in panicle/ 
primary branch length

No./cm

Total Number of 
Spikelets in Panicle/ 
Panicle length 
+ Total Primary 
Branch Length

TNSP/ 
PL+ TPBL

the ratio of the number 
of spikelets in panicle/ 
panicle length 
+ primary branches 
length

No./cm

Number of Spikelet 
Primary Rachis 
Branches in Up of 
Panicle

NSPBU number of spikelets on 
primary rachis 
branches in the upper 
third of the panicle

No./panicle

Number of Spikelet 
Primary Rachis 
Branches in Middle 
of Panicle

NSPBM number of spikelets on 
primary rachis 
branches in the middle 
third of the panicle

No./panicle

Number of Spikelet 
Primary Rachis 
Branches in Bottom 
of Panicle

NSPBB number of spikelets on 
primary rachis 
branches in the bottom 
third of the panicle

No./panicle

Number of Spikelet 
Secondary Rachis 
Branches in Up of 
Panicle

NSSBU number of spikelets on 
secondary rachis 
branches in the upper 
third of the panicle

No./panicle

Number of Spikelet 
Secondary Rachis 
Branches in Middle 
of Panicle

NSSBM number of spikelets on 
secondary rachis 
branches in the middle 
third of the panicle

No./panicle

Number of Spikelet 
Secondary Rachis 
Branch in Bottom of 
Panicle

NSSBB number of spikelets on 
secondary rachis 
branches in the bottom 
third of the panicle

No./panicle

Number of Spikelet 
Primary Branches in 
Upper Half of 
Panicle

NSPBUH number of spikelets on 
primary rachis 
branches in the upper 
half of the panicle

No./panicle

Number of Spikelet 
Primary Branches in 
Bottom Half of 
Panicle

NSPBBH number of spikelets on 
primary rachis 
branches in the bottom 
half of the panicle

No./panicle

Number of Spikelet 
Secondary Branches 
in Upper Half of 
Panicle

NSSBUH number of spikelets on 
secondary rachis 
branches in the upper 
half of the panicle

No./panicle

Number of Spikelet 
Secondary Branches 
in Bottom Half of 
Panicle

NSSBBH number of spikelets on 
secondary rachis 
branches in the bottom 
half of the panicle

No./panicle
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(31◦50′N, 48◦27’E) during 2022–2023 in a randomized complete design 
with three replicates (25 × 25 cm spacing in plots of 1 × 2 m size), using 
standard field management practices throughout the growing season. 
From this collection, 158 rice accessions (Table S1) produced panicles 
and these plants were evaluated at the stage of panicle maturity. The 
panicle-producing accessions contained a mixture of landraces, breeding 
lines, varieties, and cultivars belonging to the TEJ (temperate japonica), 
IND (indica), AUS (aus), ARO (aromatic), TRJ (tropical japonica), and 
ADMIX subpopulations [99]. Ten rice panicles from each accession were 
collected from the main tillers in the field and transported to the labo-
ratory. Panicle-related traits were measured on three randomly selected 
panicles of each accession at maturity. Analysis of variance and mean 
comparisons (Duncan’s multiple tests) were carried out for all traits 
using the Agricolae package at R. For reliable and high-throughput ac-
curate measurements of rice panicle compactness, panicle-related traits 
were obtained with P-TRAP (Panicle TRAit Phenotyping; [3]) imaging 
software. The input to P-TRAP was an RGB image of a fixed rice panicle 
taped onto a white cardboard (Fig. 1). The 16 traits included in this 
study were selected from the review of similar published articles and 
were included due to their importance of determining panicle spikelet 
density (Table 1).

2.2. SNP genotyping data and genome-wide association studies (GWAS)

The development of an SNP array hybridization platform for rice 
have previously been described by Zhao et al. [99]. Single nucleotide 
polymorphisms (SNPs) information for all used accessions were down-
loaded from the Gramene portal (http://gramene.org). The 44 K SNP 
array was used and ultimately 33,484 high-quality SNP markers were 
included in our GWAS analyses after filtering on a minor allele 

frequency greater than 0.05. We assessed the underlying population 
structure in the population using PCA calculated using rMVP (https: 
//cran.r-project.org/web/packages/rMVP/index.html). GWAS was 
performed using three different models, MLM, FarmCPU, and GLM, all 
implemented in rMVP. Based on a comparison of the quantile–quantile 
(Q–Q) plots for the three statistical models used in the GWAS analyses 
(MLM, GLM, FarmCPU), we ultimately used the Fixed and Random 
Model Circulating Probability Unification (FarmCPU) with three prin-
cipal components (PCs) to account for the underlying population 
structure in the data set [50,64]. The results of the other two models, i.e., 
MLM and GLM are not presented here. We generated Manhattan plots 
for all traits using the –log10(p) values in the rMVP package in R [64]. 
SNP markers with -log10(p) > 3.5 and -log10(p) > 4 were considered 
significant SNPs for different traits based on visual inspection of the 
quantile-quantile (Q–Q) plots. The threshold number for each trait is 
based on the location of the break in the QQ plot line for each trait. A 
phylogenetic tree and a heatmap of the kinship (k) matrix values were 
created from the numeric SNP data using the Popkin package in R [65]. 
Linkage disequilibrium decay was estimated among all 158 accessions in 
the association panel. The resolution of LD was evaluated by performing 
pairwise calculations of LD using r2 in a sliding window of 50 markers 
using TASSEL (https://www.softpedia.com/get/Science-CAD/TASSEL. 
shtml). The LD decay with physical distance between the SNPs was 
visualized using ggplot2 in R [69,82]. Candidate genes were displayed 
on chromosomes using Mapchart (https://www.wur.nl/en/show/map 
chart.htm).

2.3. Gene identification

We identified flanking regions surrounding significant SNPs from the 

Fig. 1. Panicle phenotypic diversity in the sampled rice genotypes. The panicles were attached to white cardboard with colorless glue and photographed with a 
camera fixed at the same distance from the panicles. To obtain phenotypic data, the images were called in P-TRAP software. The phenotypic data were arranged in an 
Excel sheet and used for subsequent GWAS analyses.
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GWAS analyses based on the distance where the r2 value decayed to half 
its original value. These flanking regions were then to identify putative 
candidate genes surrounding the significant SNPs [100]. A detailed 
literature survey was performed for all the candidate genes that were 
found to be associated with panicle compactness. Among the candidate 
genes, some genes showed pleiotropic effects on multiple traits. The 
broad-sense heritability (H2b) of each trait was estimated using the 
heritability package in R based on data from three replicates. The 
repeatability of these traits was examined using the Gaussian model 
implemented in rptR package in R (https://cran.r-project.org/web/ 
packages/rpart/index.html).

2.4. Gene expression analysis

The average expression values of candidate genes between repro-
ductive (panicle with 50 biological replicates) and vegetative (stem with 
7 biological replicates) tissues were obtained from the rice RNA-seq 
database (http://ipf.sustech.edu.cn/pub/ricerna/). Expression data of 
all putative candidate genes were obtained and calculated using FPKM 
values. The resulting expression data, after batch-effect correction and 
normalization, was used to identify DEGs using the limma, edgeR, and 
umap packages in R, with a significance threshold of "adjusted p-values 
< 0.05 and |log2 fold change| > 1. Volcano diagrams of expression data 
were drawn with tidyverse and ggrepel packages. A heatmap of the 
expression data from all candidate genes showing significant expression 
differences was drawn with gplots package. A gene ontology (GO) 
analysis was performed using PANTHER (https://www.pantherdb.org/ 
geneListAnalysis.do) with the ID list of all significant DEGs. Charts 
were drawn for the molecular function (MF), biological process (BP), 
cellular component (CC), and protein class (PC). A protein-protein 
interaction network was estimated for all DEGs in STRING (https://st 
ring-db.org/) using a minimum required interaction score with me-
dium confidence 0.4. The network was confirmed with Cytoscape (V, 
3.10.2, algorithm, BottleNeck). Hub genes were colored yellow, and a 
protein-protein interaction network for the genes with |log2 FC= > 3 
was generated in string (https://string-db.org/) and visualized via 
Cytoscape.

2.5. Haplotype and epistatic analyses

Haplotype analysis was performed for all gene blocks using the 
GeneHapR package in R. Haplogroups consisting of less than five ac-
cessions were excluded. To determine potential genic interactions be-
tween different QTLs influencing panicle compactness, epistatic 
interaction analysis was performed using functional regression with 
FRGEpistasis [91].

3. Results

3.1. Population structure

Distribution graphs for all traits are shown in Figure S1 and the 
maximum, minimum, and average phenotypic values of each trait for all 
accessions are reported in Table S2. The population could be subdivided 
into six subpopulations viz. ADMIX, AROMATIC, AUS, IND, TEJ, TRJ 
according to Zhao et al. [99]. However, a principal component analysis 
(Figure S2) suggested that the data could be subdivided into four sub-
populations. On the other hand, the kinship matrix, which summarize 
the distribution of pairwise relative relationship coefficients among 
accessions based on SNP information, included six subpopulations 
consisting of temperate japonica, indica, Aus, aromatic, admix and 
tropical japonica (AROMATIC, AUS, IND, TEJ, TRJ, ADMIX, Figure S3). 
The pattern of LD decay was different across chromosomes, with the 
mean LD, based on r2 values, ranging from 200.1 kbp on chromosome 
11–700.2 kbp on chromosome 5 (Table S3). LD decay plots for all 
chromosomes are depicted in Figure S4. The distributions of SNP 

markers on 12 chromosomes are shown in Figure S5. SNPs on chromo-
somes 1 and 7 were the densest and the most scattered, respectively. On 
average, one SNP in every 10,954 base pairs was scored across the rice 
genome (Table S3).

3.2. Genome-wide association study results

The total SNP data consisted of 34,072 SNPs and these were used to 
assess genotype-phenotype relationships with 16 different panicle- 
related traits. Based on the Manhattan plots (Fig. 2a-e) we identified 
95 SNPs with -log10(p) values exceeding 3.5 and ≥ 4, according to Q-Q 
plots of each trait (Table 2). The highest marker-trait associations were 
obtained by FarmCPU (MLM and GLM models were also used - data not 
shown). The candidate genes, peak markers, -log10(p) and QTLs are 
presented in Table 2 and S5. Significant SNPs (95) were distributed 
across all 12 rice chromosomes (Fig. 2a-e). The functions of candidate 
genes in the close vicinity of detected SNPs are presented in Table S6 and 
Fig. 2f.

The SNPs that are shared among traits, indicating possible pleiot-
ropy, are listed in Table S8. Pleiotropy occurs when one gene affects 
more than one trait and contributes to the genetic correlation between 
traits [5]. Apart from pleiotropy, linkage disequilibrium due to physical 
linkage or population structure can also contribute to genetic correla-
tions between traits [8]. The genes with pleiotropic effects, and hence 
with potential functions in several traits, are reported in Table S9. The 
genes were serine/threonine protein phosphatase, NF-Y-A, peptidase, cyto-
chrome P450, Yabby, NB-ARC, pentatricopeptide, protein kinase, tetra-
tricopeptide, DUFs, bHLH transcription factor, lipase, and GDSL. 
Repeatability (0.68–0.99) and heritabilities (0.49–0.99) of all traits are 
reported in Table S10.

3.3. Differentially expressed candidate genes between panicle and stem

A PCA was performed for all RNA-seq data related to the candidate 
genes identified in the GWAS for two tissue types: i.e., panicle and stem. 
The data before and after normalization are shown in Figure S5. Gene 
expression comparisons of the normalized data were performed between 
the two tissues, panicle and stem, and differentially expressed genes 
(DEGs) were identified (Fig. 3a, in total 246 DEGs; including 117 up- and 
129 down-regulated genes, all DEGs are reported in Table S11) by 
comparing normalized expression values of the flanking genes between 
the two tissues (Figure S5). A heatmap was drawn for the expression 
values of flanking genes (Fig. 3b). Genes with higher fold change (log2FC 
≥ +3) in the panicle in comparison to stem were cellulose synthase 
(Os10g0467800), TB2/DP1, HVA22 related protein family protein 
(Os03g0250200), thaumatin-like protein (1− 4)-β-mannan 
endohydrolase-like protein (Os01g0663300), peptidase S8 subtilisin- 
related domain containing protein (Os03g0119300), microtubule- 
associated protein TORTIFOLIA1 (Os02g0739900), glycoside hydrolase 
family N-terminal protein (Os06g0179000), protein of unknown func-
tion DUF plant family protein (Os03g0246500), trehalose-6-phosphate 
synthase (Os08g0414700), receptor-like protein kinase 3 
(Os07g0134200), H0525G02.7 protein (Os03g0659800), and peptide 
transporter (Os03g0235700).

Genes down-regulated genes (log2FC ≤ − 3) in panicles were 40S 
ribosomal protein S13 (Os07g0572900), protein of unknown function 
DUF26 domain-containing protein (Os02g0734800), β-glucanase family 
protein (Os03g0117300), Copper chaperone homolog CCH 
(Os08g0405700), chemocyanin precursor (basic blue protein) (Planta-
cyanin) (Os02g0731400). Some genes are novel candidates with re-
ported functional roles in inflorescence growth and development 
(Table S6).

The functional annotation of GO terms was performed based on 
molecular function (MF), biological process (BP), cellular component 
(CC), and protein class (PC) to make sense of the biological and sys-
tematic features of 246 DEGs. Figure S6A summarizes the nine 
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molecular functions to which all the activities belong. Unclassified genes 
made up 66.9 % of the data. The other main molecular functions were 
catalytic activity (Go: 000003824, 15.5 %), antioxidant activity (GO: 
0016209, 0.4 %), molecular function regulator activity (GO: 0098772, 
0.8 %), molecular transducer activity (GO: 0060089, 0.4 %), structural 
molecule activity (GO: 0005198, 3.3 %), transcription regulator activity 
(GO: 0140110, 1.3 %), ATP-dependent activity (GO:0140657, 1.7 %), 
transporter activity (GO:0005215, 4.6 %) and binding (GO: 0005488, 
13.8 %). The overrepresented GO terms for biological processes were 

unclassified (67.8 %), cellular process (GO: 0009987, 25.5 %), meta-
bolic process (GO: 0008152, 17.2 %), detoxification (GO: 0098754, 
0.4 %), biological regulation (GO: 0065007, 4.6 %), localization 
(GO:0051179, 7.9 %), reproduction (GO:0000003, 0.4 %), reproductive 
process (GO:0022414, 0.4 %), interspecies interaction between organ-
isms (GO: 0044419, 0.4 %) and response to stimulus (GO: 0050896, 
5.9 %) (Figure S6B). The main cellular component terms in which these 
targets perform their function was categorized as 59.8 % unclassified 
(Figure S6C), cellular anatomical entity (GO: 0110165, 38.9 %), and 

Fig. 2. Multiple Circular-Manhattan plots and Q-Q plots for panicle compactness GWAS and the location of novel candidate genes on 12 rice chromosomes. Sig-
nificant SNPs are shown as hollow triangles, indicated by grey dashed lines within the radius of each circle. The names of the QTL associated with that SNP with a 
Koch cut are written on the edge of the circle. The threshold value was set at 3.5 for a, b & c. and 4 for d & e. The traits are shown in circles:(a) from inside to outside 
include TNSP, LS, TNSP/PL and (b) TNSP/TPBL, TNSP/PL+TPBL, NSSBM and (c) NSPBM, NSPBUH, NSSBUH and (d) NSPBU, NSPBB, NSSBU and (e) NSSBB, 
NSPBBH, NSSBBH respectively. (f) The hollow boxes represent the rice chromosomes, and the names and locations of the genes on each chromosome are indicated. 
We have colored the transcription factors [pink (Zinc finger); red (MADS-box); green (WRKY); dark blue (YABBY)]. The novel genes include cytochrome P450s, 
polygalacturonases, glycosyltransferases, MADS-boxes, WRKYs, YABBYs, WUSCHEL-related homeoboxes, protein kinases, lipases, zinc finger transcription factors, protein 
phosphatases.
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protein-containing complex (GO: 0032991, 12.1 %). For protein class 
terms (Figure S6D), 49.4 % were unclassified. The other main players 
belong to metabolite interconversion enzyme (PC00262, 15.1 %), DNA 
metabolism protein (PC00009, 1.3 %), calcium-binding protein 
(PC00060, 0.4 %), chaperone (PC00072, 2.1 %), chromatin/chromatin 
binding or regulatory protein (PC00077, 0.8 %), cytoskeletal protein 
(PC00085, 2.1 %), defense/immunity protein (PC00090, 0.4 %), gene- 
specific transcriptional regulator (PC00264, 3.8 %), translational pro-
tein (PC00263, 5.4 %), RNA metabolism protein (PC00031, 2.9 %), 
protein binding activity modulator (PC00095, 1.7 %), scaffold/adaptor 
protein (PC00226, 0.8 %), transfer/carrier protein (PC00219, 0.4 %), 
translational protein (PC00263, 5.4 %), transmembrane signal receptor 
(PC00197, 1.3 %), transporter (PC00227, 4.2 %), protein modifying 
enzymes (PC00260, 5 %), metabolite interconversion enzyme 
(PC00262, 15.1 %), and membrane traffic protein (PC00150, 2.9 %).

The PPI network of all DEGs (246) is depicted in Fig. 5a-b. A protein- 
protein interaction network was constructed for DEGs with log2FC 
≥ +3. By PPI analysis, the hub proteins with the highest number of 

edges could be classified into eight protein groups according to their 
function. Interestingly, they were mostly involved in RNA processing 
(nuclear ribonucleoproteins), DNA replication (DEAD-box ATP- 
dependent RNA helicase), protein synthesis (40S ribosomal proteins, 
60S ribosomal proteins, Elongation Factor Tu, translation initiation 
factor) and turnover (Ubiquitin-60S ribosomal protein, proteasome), 
genome stability (Histone H4), energy management (ATP synthase), cell 
cycle regulation (AMEIOTIC1), intracellular compartment pH control 
(Vacuolar-type proton ATPase) and some unknown proteins (Fig. 5a). 
Another PPI network was generated for DEGs with log2FC ≤ -3. The 
proteins in this network were β-glucanase family protein, similar to 40S 
ribosomal protein S13, similar to microtubule-associated protein TOR-
TIFOLIA1, and similar to (1− 4)-β-mannan endohydrolase-like protein 
(Fig. 5b).

3.4. Haplotype analysis

Haplotype analysis of NSSBB (Number of Spikelet Secondary Rachis 

Fig. 2. (continued).
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Table 2 
Peak marker list.

Trait Chromosome Peak marker Position (bp) QTL

TNSP 3 id3010981 25182779 qTNSP3
11 id11009673 24485844 qTNSP11qLS11

NSSBM 6 id6000857 1174430 qNSSBM6
NSSBB 1 id1019517 32026514 qNSSBB12

1 id1019604 32108071 qNSSBB11
2 id2007913 20377685 qNSSBB2
3 id3011335, id3011351 

id3011358, id3011500 
id3011502, id3011506 
id3011493, id3011260 
id3011485

26946603, 26964732 
26967947, 27292413 
27294316, 27304002 
27278957, 26830010 
27274022

qNSSBB31

3 id3014260 30198305 qNSSBB32
5 id5000043, id5000094 

id5000097
101950,186388 
186597

qNSSBB51

5 id5003459 6826167 qNSSBB55
5 id5004778 9736974 qNSSBB52
5 id5005867, id5005869 

id5005876, id5005883 
id5005937, id5005959 
wd5002107

14240248, 14240906 
14298814, 14355479 
14440907, 14450796 
14547125

qNSSBB53

5 id5007371 18435915 qNSSBB54
9 id9005493 17148241 qNSSBB9

10 id10003825, id10003776 
id10003777

14487961, 14418751 
14418925

qNSSBB101

10 id10004679, id10004767 
id10004974, id10004985

16751682, 16982012 
17342968, 17377688

qNSSBB102

11 id11007060 18773506 qNSSBB11
NSPBU 1 id1014144, id1014344 

id1014414, id1014425
24055495, 24316976 
24373975, 24376323

qNSPBU1

2 id2006499, id2006513 
id2006538, ud2000899 
id2006577, id2006552

16100817, 16125288 
16201982, 16251432 
16313676, 16259296

qNSPBU2

NSPBM 12 id12000148 435265 qNSPBM12
NSPBB 1 id1010751 17791344 qNSPBB1 qNSPBBH12

2 wd2001147 13900471 qNSPBB21
2 id2013634 30626029 qNSPBB22
3 id3004022 7428049 qNSPBB3
4 id4005406 18572034 qNSPBB4
6 id6002713 3319644 qNSPBB61
6 ud6000141, id6003218 

id6002713
3959748, 4367518 
3319644

qNSPBB62

7 id7005370 27081531 qNSPBB7
8 id8000944 3047925 qNSPBB8

NSPBUH 7 ud7000123, id7000308 1690767, 1627513 qNSPBUH71
7 id7003993, id7004048 

id7004061
22932237, 23096454 
23109129

qNSPBUH72

NSPBBH 1 id1007155, id1007156 9633974, 9634128 qNSPBBH11
1 id1010751 17791344 qNSPBB1 qNSPBBH12
6 ud6000141, id6003218 3959748, 4367518 qNSPBBH6

NSSBBH 2 id2007949 20587834 qNSSBBH2 qTNSP/PL2
5 id5005867 14240248 qNSSBBH5

LS 2 id2008980 22597869 qLS2
3 id3010981, id3010993 

id3011000
25182779, 25248551 
25253030

qLS3

11 id11009673 24485844 qTNSP11qLS11
TNSP/PL 2 id2007949 20587834 qNSSBBH2 qTNSP/PL2

3 id3010993, id3011000 25248551, 25253030 qTNSP/PL3
6 id6015076 26857644 qTNSP/PL6

TNSP/ TPBL 1 id1015770, id1015767 27083820, 27082764 qTNSP/ TPBL1
5 id5003529, id5003459 6994407, 6826167 qTNSP/ TPBL5 qTNSP/PL+TPBL51
5 id5011416 24581277 qTNSP/ TPBL5 qTNSP/PL+TPBL52
8 id8000663 2154333 qTNSP/ TPBL8 qTNSP/PL+TPBL8

11 id11002180 5340175 qTNSP/ TPBL111qTNSP/PL+TPBL111
11 id11005231 15338678 qTNSP/ TPBL112 qTNSP/PL+TPBL112

TNSP/PL+TPBL 1 id1015770 27083820 qTNSP/PL+TPBL1
5 id5003529, id5003459 6994407, 6826167 qTNSP/ TPBL5 qTNSP/PL+TPBL51
5 id5011416 24581277 qTNSP/ TPBL5 qTNSP/PL+TPBL52
8 id8000663 2154333 qTNSP/ TPBL8 qTNSP/PL+TPBL8

11 id11002180, id11002573 5340175, 5890369 qTNSP/ TPBL111qTNSP/PL+TPBL111
11 id11005231 15338678 qTNSP/ TPBL112 qTNSP/PL+TPBL112

NSSBUH 4 id4005826 19715224 qNSSBUH4
12 id12006366 19116715 qNSSBUH12

NSSBU 2 id2006552, id2006523 
id2006499, id2006513 

16259296,16161784 
16100817, 16125288 

qNSSBU21

(continued on next page)

M. Kordi et al.                                                                                                                                                                                                                                   Current Plant Biology 42 (2025) 100464 

7 



Branch in Bottom) showed two haplotypes of qNSSBB53 on chromosome 
5 [H001 (present in 107 accessions with wide distribution around the 
world) and H002 (present in 48 accessions originating from Asia and 
West Africa)] (Figure S7) with significant difference between the two as 
illustrated by a violin plot. H001 mostly contains TEJ, TRJ and ADMIX 
accessions, while H002 mostly contains accessions from IND, AUS and 
ADMIX (Figure S7). Furthermore, two significantly different haplotypes 
of qNSSBB102 were found on chromosome 10 with H001 present in 130 
accessions and H002 present in 22 accessions (Figure S8). According to 
geographic distribution, H002 was found mostly in accessions belonging 
to AUS, Aromatic, IND and ADMIX that originated in Asia or West Af-
rica, while H001 mostly contained TEJ, TRJ, IND and ADMIX accessions 
that were distributed worldwide (Figure S8).

Haplotype analysis of NSSBU (Number of Spikelet Secondary Rachis 
Branch in Upper) showed two significant haplotypes in the genomic 
region qNSSBU21 on rice chromosome 2 with H001 present in 99 ac-
cessions and H002 present in 57 accessions (Fig. 4g). Haplotype H002 
mostly contains accessions belonging to IND, AUS, ADMIX and Aromatic 
that originate in Asia, west or South Africa while H001 mostly contains 
accessions belonging to TEJ, TRJ and ADMIX that have a worldwide 
distribution (Fig. 4e). Furthermore, three haplotypes, H001 present in 

57 accessions, H002 present in 57 accessions, and H003 present in 37 
accessions were identified on chromosome 3 for qNSSBU3 (Figure S9g). 
Haplotypes H002 and H003 did not show any significant differences in 
trait values. Haplotype H002 mostly contains accessions belonging to 
IND, AUS, ADMIX and Aromatic with an origin in Asia and Africa while 
H001 mostly contains accessions from TRJ, TEJ and ADMIX and H003 
mostly contains accessions from TEJ and ADMIX (Figure S9).

A haplotype analysis of LS (Lateral Spikelet) identified three haplo-
types, H001 present in 129 accessions, H002 present in 16 accessions 
and H003 present in 13 accessions, in the region qLS3 on chromosome 3 
(Figure S10b). Here, the two haplogroups H001 and H003 showed sig-
nificant differences in trait values while H001 and H002 were not 
significantly different. Individuals carrying haplotype H002 (AUS and 
TRJ) belong to the accessions that originated in Asia, while individuals 
carrying haplotype H003 contain accessions from ADMIX, TRJ, TEJ and 
IND that are predominantly found in Asia, west Africa, and Central 
America, while H001 carrying individuals belong to TEJ, TRJ, IND and 
ADMIX which are found everywhere (Figure S10).

Table 2 (continued )

Trait Chromosome Peak marker Position (bp) QTL

id2006538, ud2000899 
id2006577

16201982, 16251432 
16313676

2 id2009201 23099368 qNSSBU22
3 ud3000042, id3000536 

id3000527, id3000506
906506, 909867 
906918, 877707

qNSSBU3

8 id8000370 1289777 qNSSBU81
8 id8005260, id8005219 

id8005235, id8005256
19642854, 19600803 
19609178, 19639358

qNSSBU82

8 id8006704 23402228 qNSSBU83
11 id11002387 5675109 qNSSBU11

Fig. 3. (a) Volcano plot showing the significantly up- and down-regulated genes between panicle and root. The logarithm of fold change (log2) for each transcript is 
presented on the x-axis, and the log10 of the p-values (false discovery rate) is displayed on the y-axis. The number of transcripts with increased expression was 117, 
the number of transcripts with decreased expression was 129, and the number of transcripts with non-significant expression difference was 719. (b) Heatmap of 
transcripts between panicle (3) and root samples (11). P11, P12 and P13 are the panicle samples (yellow bar at the top of the graph) and S1, S2 and S3 are stem 
samples (pink bar). Red represents lower expression, green represents high expression, columns represent individual experiments, and rows represent candidate 
genes with up- and down-regulations. Two-dimensional hierarchical clustering classifies 246 differentially expressed profiles.
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3.5. Epistatic interaction analysis

The epistasis analyses between our candidate genes identified 91 
significant SNP-SNP interactions (Zinc finger, peptidase, serine/threo-
nine protein phosphatase, pentatricopeptide, ubiquitin, MADS-box, 
threonine endopeptidase, heat shock protein, Armadillo, FAR1, Pro-
tein kinase, Leucine-rich repeat plant specific containing protein, F-box 

domain cyclin-like domain-containing protein and others) for the LS, 
NSPBB, NSPBUH, NSPBU, NSSBU, TNSP/PL traits (Table S12). A circos 
plot visualizing the epistatic interactions is shown in Fig. 5c.

4. Discussion

One of the most important goals of rice breeding programs is to 

Fig. 4. Haplotype analysis of qNSSBU21 region for NSSBU (Number of Spikelet Secondary Rachis Branch in Upper) located on Chromosome 2. a) four haplogroups 
were observed in the 158 accessions based on nine SNPs. Colored boxes are haplotype variants with the corresponding frequency in the last column. * *significant at 
p ≤ 0.01. b) Two haplogroups were represented by more than five accessions and the SNP positions are given in the upper box c) The gene models associated with 
qNSSBU21. Visualization of variant positions is given above the gene models with black lines representing the chromosome and rectangles representing upstream and 
downstream variants. (d) The haplotype network of qNSSBU21. Each circle represents a haplotype, and the size indicates the number of accessions carrying that 
haplotype. Different colored pie charts represent the origin of accessions in each haplotype. The symbol on the line between haplotypes represents the number of 
variants differentiating the two haplotypes. (e) Geographic distribution of the major haplotypes at qNSSBU21 where circle sizes represent accession counts and the 
pie charts in different colors represent the ratios of classified haplotype categories for relevant accessions derived from different geographic regions. H002 is found 
mostly in Asia and West Africa, H003 is found in Asia and West Africa, while H001 is found almost everywhere. f) The heatmap for phenotypic differences between 
haplogroups is shown in panel d. g) Violin plot showing the comparison of LS among accessions carrying the three different haplotypes at qNSSBU21 (h) An LD block 
visualization of each site in haplotype region. The LD block indicates the close relationship between the SNPs of this haplotype block. The gene model is presented at 
the top of the plot, the line represents the genome and the rectangle represents the upstream and the downstream gene variants.
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increase the number of spikelets in a panicle by producing a more 
compact panicle [14,39]. A molecular understanding of the traits in 
producing compact panicles helps to improve rice yield. In this study, we 
used GWAS to identify candidate genes for controlling panicle archi-
tecture in a collection of 158 diverse rice accessions. To perform GWAS 
analyses for the 16 panicle-related traits, we used the FarmCPU method 
due to its high statistical power [101]. The LD decay patterns differed 
among 12 rice chromosomes [54]. LD decay valuesoften differ between 
studies due to differences in population size, genetic structure and size, 
and the number and density of SNP markers [25,73,96]. All panicle 
compactness traits had high heritability values, similar to what has been 
observed in earlier studies [1,21]. In total, across the 16 traits, we found 
95 significant SNPs that could be grouped into 56 unique QTLs. The lists 
of all accessions and candidate genes are reported in Table S13. By 
analysis of highly expressed genes in panicle and looking at PPI net-
works, it can be seen that the dynamic of growth and development is at a 
high state. Accordingly, all the mechanisms involved in cell cycle 
regulation (RNA processing, DNA replication, protein synthesis, ATP 
synthesis) are active, and the corresponding proteins can be considered 
as the hub proteins. On the other hand, genes that are involved in cell 
wall hydrolysis are being down-regulate to possibly allow better cell 
division and proliferation.

4.1. Candidate genes

Previously reported genes that have been implicated in influencing 
rice panicle compactness and that were found to be associated with traits 
in our study include a serine/threonine-protein kinase [43,74], a tetra-
tricopeptide [62], a pentatericopeptide [34], a glutamine synthase [63], and 
transcription factors from the GATA family [92], helix-loop-helix [56]
and NF-Y ([15,59] (Table 3). Serine/threonine-protein kinase, tetra-
tricopeptide, glutamine synthase, and NF-Y genes were also found in our 

genes showing differential expression (DEGs) between panicle and stem.

4.2. Novel candidate genes

In our GWAS on rice panicle compactness, we identified several 
genes that have not previously been reported to be associated with the 
traits of the study. These genes were considered novel genes affecting 
panicle-related traits and include a cytochrome P450 [24,45], poly-
galacturonase [32], glycosyltransferase [95,61], MADS-box [38,52,67, 
75], WRKY transcription factor [42,83], YABBY [77], WUSCHEL-related 
homeobox [10,11], protein kinase [58,66], lipase [48,56], Zinc finger 
protein [103,86], protein phosphatase [68] (Table 4). Of these, cytochrome 
P450 CYP94E4, WRKY transcription factor 16, Receptor-like protein kinase 
3, Zinc finger CCHC retroviral-type domain-containing protein and protein 
phosphatase 2 C family protein genes were differentially expressed in 
panicle compared to stem.

Cytochrome P450 (found in flanking SNPs associated with NSSBU, 
NSSBB, NSSBBH, NSPBU, NSPBBH, TNSP, TNSP/PL, TNSP/TPBL, 
TNSP/PL+TPBL and LS) has been implicated in BRs biosynthesis with 
role in spikelet primordia differentiation and panicle branch patterning 
[45], rice panicle development, rachis growth, and plant height 
(Table S6; [24]). Polygalacturonase, found in the flanking region of the 
SNPs associated with NSSBB, NSPBU and NSPBUH, has previously been 
shown to regulate floral organ numbers in rice (Table S6; [32]). Glyco-
syltransferase, found in the flanking region of the SNPs associated with 
NSPBBH, NSSBU, NSSBB and TNSP/PL+TPBL, plays critical roles in rice 
height and spikelet fertility [95] and pollen wall formation (Table S6; 
[61]).

MADS-box genes are involved in rice floral organ development [52], 
palea development, spikelet morphology [67], panicle length and 
spikelet fertility [52], embryogenesis and flower development, spikelet 
development [75] and formation (Table S6; [38]). We identified several 

Fig. 5. Protein-protein interaction (PPI) network analysis of all differentially expressed genes associated with panicle formation in rice (a). Hub genes (a) include 40S 
ribosomal proteins (Os02g0478600, Os02g0478700, Os03g0249400, Os03g0667800, Os04g0399000, Os07g0572900, Os10g0411800), 60S ribosomal proteins 
(Os02g0591700, Os01g0276000, Os05g0207300, Os06g0181566, Os10g0466700), nuclear ribonucleoproteins (Os05g0314100, Os02g0586500, Os03g0240800, 
Os03g0241200), Histone H4 (Os10g0418000, Os03g0119900), Elongation factor (Os02g0595700, Os05g0104800), Ubiquitin-60S ribosomal protein (Os03g0234200, 
Os06g0167600), cDNA clone (Os05g0498400, Os08g0156800, Os10g0411700, Os10g0465800, Os02g0736600, Os08g0412200, Os08g0416100, Os03g0650400), ATP 
synthase (Os05g0106100, Os08g0478200). With minimum required interaction score, medium confidence 0.4 in STRING. Protein-protein interaction (PPI) network 
analysis of DEGs with logFC > 3 (b) list of all genes with logFC > 3 reported in Table S12b accessions are included β-glucanase family protein (Os03g0117300), 
similar to 40S ribosomal protein S13 (Os07g0572900), similar to microtubule-associated protein TORTIFOLIA1 (Os02g0739900), similar to (1− 4)-β-mannan 
endohydrolase-like protein (Os01g0663300). (c) Circus plot of epistatic interactions between chromosomes. Colored crescents around the circle represent different 
chromosomes (Dark green, light green, light purple, dark purple, dark blue, turquoise, light mustard, dark mustard). The internal area of the circus plot depicts 
significant epistatic interactions between SNPs affecting panicle compactness. The light blue line is the interaction between two SNPs related to the LS, and dark blue 
lines are the interactions between three SNP pairs related to NSPBUH. Turquoise lines are the interactions between 65 SNP pairs related to NSSBU. Dark red lines are 
the interactions between three SNP pairs related to TNSP/PL. Dark grey lines are the interaction between six SNP pairs related to NSPBU. Red lines are the in-
teractions between 11 SNP pairs related to NSPBB (Full details are given in Table S12).
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MADS-box genes in the flanking region of SNP associated with NSSBUH 
and NSPBB. WRKY transcription factor, found in the flanking region of 
SNPs associated with TNSP/TPBL and TNSP/PL+TPBL, has a reported 
role in panicle development (Table S6; [83]). YABBY, found in the 
flanking region of SNP associated with NSPBUH, TNSP, TNSP/PL and 
LS, plays a regulatory role in flower development in Arabidopsis. In rice, 
the genes have been reported to be involved in lateral organ develop-
ment and the maintenance of meristem organization in spikelets 
(Table S6; [77]). WUSCHEL-related homeobox genes, found in the 
flanking region of SNPs associated with TNSP/PL and TNSP/PL+TPBL, 
are involved in reproductive organ development in rice [10] and lemma 
and palea morphogenesis in spikelets (Table S6; [11]). There are reports 
on the role of zinc finger proteins in regulating spikelet development in 
rice (Table S6; [86,103]). This zinc finger protein gene was found in the 
flanking region of SNPs associated with NSSBU, NSSBB, NSPBU, NSPBM, 
NSPBB, NSPBBH, NSSBBH, TNSP/PL, TNSP/TPBL, TNSP/PL+TPBL and 
LS.

Serine carboxypeptidase, found in the flanking region of SNP associ-
ated with NSSBU, NSSBB, NSPBB, NSPBBH and NSSBUH has been 
shown to have roles in cell division and grain size [44], and the number 
of secondary branches (Table S6; [98]). Protein kinase genes, found in the 
flanking region of the SNPs associated with NSSBB, NSPBU, NSPBM, 
NSPBB, NSPBUH, NSPBBH, NSSBBH, NSSBUH, NSSBU, TNSP, 
TNSP/TPBL, TNSP/PL+TPBL and LS, have reported roles in apical 
spikelet development [66] and rice grain filling (Table S6; [58]). Ser-
ine/threonine protein phosphatase gene likely plays a role in cell prolif-
eration and grain size determination by affecting cell cycle proteins such 
as Cyclin-T1 (Table S6; [68]). Isoforms of lipase, found in the flanking 
region of SNPs associated with NSSBB, NSPBU, NSPBM, NSSBU, 
TNSP/TPBL and TNSP/PL+TPBL, have previously been demonstrated to 

regulate spikelet development [48], tillering, plant height, and spikelet 
fertility in rice (Table S6; [56]).

4.3. Haplotype and epistatic analysis

A haplotype is a collection of alleles, SNPs or other types of variation 
such as indels, that are inherited together and are physically located in 
the same region of a chromosome [13]. Having knowledge of haplotypes 
is useful when concurrent breeding is performed on more than one trait 
and developing markers that can differentiate haplotypes will therefore 

Table 3 
Gene list of candidate genes in our study, that reported in previously research.

Gene name ref Traits in other research Trait in our 
research

Serine/threonine- 
protein kinase

Sekhar 
et al., 
[43,74]

inflorescence 
architecture, grain 
filling, compact- 
panicle rice

NSBU, NSSBU, 
NSSBB, NSPBU, 
NSPBB, NSPBM, 
NSSBBH, NSPBUH, 
TNSP/TPBL, TNSP/ 
PL, TNSP/PL+TPBL 
and LS

Tetratricopeptide Ni et al., 
[62]

spikelet number NSSBB, NSPBB, 
NSPBBH, NSPBU, 
NSSBBH, NSSBU, 
TNSP/PL and LS

Pentatericopeptide Jiang 
et al., 
[34]

development of 
inflorescence branches, 
number of spikelets

NSSBM, NSSBB, 
NSPBU, NSPBM, 
NSPBB, NSPBB, 
NSPBBH, NSSBU, 
NSSBU, TNSP/ 
TPBL, TNSP/ 
PL+TPBL and LS

GATA transcription 
factor

Zhang 
et al., 
[92]

grain number per 
panicle, heading date

NSSBB, TNSP/TPBL 
and TNSP/ 
PL+TPBL

Helix-loop-helix Luo et al., 
[56]

number of grain, grain 
size, awn development,

NSSBB, NSPBM, 
NSPBB, NSSBBH, 
NSSBU, TNSP/PL, 
TNSP/TPBL and 
TNSP/PL+TPBL

Glutamine synthase Obara 
et al., 
[63]

panicle weight, 
number of spikelets in 
the rice panicle

NSSBB and NSPBB

NF-Y family of TFs Das et al., 
[15,59]

panicle development, 
seed size, grain width 
and length, number of 
leaves, plant height, 
compactness of the 
panicle structure, 
panicle branches

NSSBB, TNSP, 
TNSP/PL and LS

Table 4 
Gene list of novel genes in our study for panicle traits.

Gene name ref Traits in other 
research

Trait in our 
research

Cytochrome P450 Guo et al., 
[24,45]

differentiation of 
spikelet primordia, 
patterns of panicle 
branches, panicle 
development, panicle 
growth, main rachis 
growth, plant height

NSSBU, NSSBB, 
NSSBBH, 
NSPBU, 
NSPBBH, TNSP, 
TNSP/PL, TNSP/ 
TPBL, TNSP/ 
PL+TPBL and LS

Polygalacturonase Jang et al., 
[32]

floral organ number NSSBB, NSPBU 
and NSPBUH

Glycosyltransferase Moon et al., 
[95,61]

plant height, spikelet 
fertility, pollen wall 
formation

NSPBBH, 
NSSBU, NSSBB 
and TNSP/ 
PL+TPBL

MADS box Prasad et al., 
[38,52,67, 
75]

floral organ 
development, panicle 
length and spikelet 
fertility, palea 
development, spikelet 
morphological

NSSBUH and 
NSPBB

WRKY transcription 
factor

Xiang et al., 
[42,83]

panicle development, 
seed size, stem 
elongation

TNSP/TPBL and 
TNSP/PL+TPBL

YABBY Tanaka et al., 
[77]

lateral organ 
development, spikelet 
development

NSPBUH, TNSP, 
TNSP/PL and LS

WUSCHEL-related 
homeobox

Cho et al., 
[10,11]

organ development, 
lemma and palea 
morphogenesis in 
spikelets

TNSP/PL and 
TNSP/PL+TPBL

Serine 
carboxypeptidase

Li et al., [98, 
44]

cell division, grain 
size and the number 
of secondary branches

NSSBU, NSSBB, 
NSPBB, NSPBBH 
and NSSBUH

Protein kinase Manimaran 
et al., [58, 
66]

development of 
panicle apical 
spikelets, grain filling

NSSBB, NSPBU, 
NSPBM, NSPBB, 
NSPBUH, 
NSPBBH, 
NSSBBH, 
NSSBUH, 
NSSBU, TNSP, 
TNSP/TPBL, 
TNSP/PL+TPBL 
and LS

Lipase Li et al., [48, 
56]

tillering, plant height, 
and spikelet fertility, 
expansion and cell 
division, branch and 
spikelet fertility

NSSBB, NSPBU, 
NSPBM, NSSBU, 
TNSP/TPBL and 
TNSP/PL+TPBL

Zinc finger Xu et al., 
[103,86]

spikelet development NSSBU, NSSBB, 
NSPBU, NSPBM, 
NSPBB, 
NSPBBH, 
NSSBBH, TNSP/ 
PL, TNSP/TPBL, 
TNSP/PL+TPBL 
and LS.

Protein phosphatase Qi et al., 
[68]

cell proliferation and 
grain size 
determination by 
affecting cell cycle 
proteins such as 
Cyclin-T1

NSSBB, NSPBU, 
NSPBM, 
NSPBUH, 
NSPBBH, 
NSSBU, TNSP/ 
PL

M. Kordi et al.                                                                                                                                                                                                                                   Current Plant Biology 42 (2025) 100464 

11 



help increase the speed of breeding during a selection period. Consid-
ering the fact that the high spikelet density at the top of the rice panicle 
was the selected trait in our study, it is interesting to note that four of the 
haplotype analyses that showed significant differences among haplo-
types refer to traits affecting the density spikelet numbers at top or 
bottom of the panicle. From these haplotype studies, it is clear that 
haplotypes H002 in the qNSSBB53 and qNSSBB102 genomic regions 
(traits that serve as indicators of the number of spikelets at the bottom of 
the panicle) contained the most desirable rice accessions with the 
desirable compact panicle form. Between qNSSBU21 and qNSSBU3 
(indicators of the number of spikelets at the up of the panicle) haplo-
types, haplotypes H001 and H003 contained accessions with preferable 
trait values. For qLS, an indicator of panicles with high numbers of 
pikelet per panicle, the H003 haplotype is preferable due to its greater 
performance for the trait in question.

In our epistasis analyses, several genes co-expressed, highlighting 
possible interactions that together help define panicle compactness. 
Both Helix-loop-helix and Spl genes were detected in the epistasis ana-
lyses. According to previous studies, these two genes are responsible for 
lateral spikelet production on secondary branches in rice [49]. In rice, 
OsMPK6 was shown to directly interact with zinc finger protein by 
phosphorylating it to modulate phytohormone homeostasis and influ-
encing inflorescence shape [22]. The LAX1 protein, encoded by a 
helix-loop-helix TF, interacts with OsMADS1, OsMADS6 and OsMADS7 
and plays a role in axillary meristem initiation, panicle length, and 
spikelet fertility [52]. The interaction between YABBY proteins and 
tetratricopeptide repeat (TPR) domain-containing proteins significantly 
influences the number of spikelets per panicle in rice. OsYAB1 has been 
implicated in floral organ development, where its ectopic expression 
leads to the formation of extra stamens and carpels, indicating its role in 
meristem maintenance and organ development [31]. On the other hand, 
the TPR domain protein DES4 is crucial for determining spikelet 
numbers, as mutations in DES4 resulted in reduced spikelet numbers and 
altered expression of other spikelet-related genes [62]. These findings 
suggest that both OsYAB1 and DES4 are essential for proper spikelet 
development, with DES4 potentially acting upstream of other genes 
affecting spikelet number. The interplay between these proteins may 
regulate the balance between spikelet formation and floral organ 
development, ultimately affecting rice yield [31,62]. The interaction 
between FAR1-related proteins and peptidases significantly influences 
the number of spikelets per panicle in rice. The THERMO-SENSITIVE 
BARREN PANICLE (TAP) gene, which encodes a FAR1-related protein 
regulates panicle and spikelet development, particularly under 
high-temperature conditions. TAP promotes the expression of OsYABBY 
transcription factors, which are essential for spikelet initiation and 
panicle architecture [94]. Additionally, the manipulation of 
ligand-receptor pairs, such as the EPIDERMAL PATTERNING FACTOR 
(EPF) family interacting with the OsER1 receptor, has been shown to 
negatively regulate spikelet number, indicating a complex signaling 
network that balances spikelet development and fertility [23]. 
Furthermore, genes like TAW1 and APO1 directly increase spikelet 
numbers, highlighting the genetic basis for enhancing yield. The roles of 
WD40 proteins and serine/threonine protein phosphatases in deter-
mining the number of spikelets per panicle in rice are significant. WD40 
proteins, such as GORI and OsKRN2, regulate pollen tube growth and 
grain yield, respectively. GORI enhances pollen germination and tube 
elongation, indirectly affecting reproductive success and spikelet for-
mation [37]. Meanwhile, OsKRN2, a WD40 protein, negatively regulates 
grain number by controlling secondary panicle branches; as knocking 
out this gene led to an increase in grain yield by enhancing spikelet 
numbers [9]. On the other hand, the serine/threonine protein phosphatase 
found in the qGL3/OsPPKL1 genomic region is crucial for brassinoste-
roid signaling, which affects grain length and indirectly influences 
spikelet development. It interacts with WD40 proteins to modulate its 
stability and localization, impacting growth responses [20]. Together, 
these findings highlight the intricate interplay between WD40 proteins 

and protein phosphatases in optimizing spikelet number and overall 
yield in rice.

5. Conclusion

We have dissected the genetic basis of panicle compactness traits 
using 158 diverse rice accessions. GWAS and post-GWAS analyses 
revealed several novel candidate genes associated with panicle traits 
that affect its compactness. The identified genes need to be functionally 
characterized and used in future rice breeding programs.
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