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ARTICLE INFO ABSTRACT
Keywords: Rice yield strongly depends on panicle size and architecture but the genetics underlying these traits and their
Epistasis coordination with environmental cues through various signaling pathways have remained elusive. A genome-

Haplotype analysis

GWAS wide association study (GWAS) was performed to pinpoint the underlying genetic determinants for rice

. panicle architecture by analyzing 20 panicle-related traits using a data set consisting of 44,100 SNPs. We defined
Population structure . A .
R o . QTL windows around significant SNPs by the rate of LD decay for each chromosome and used these windows to
Protein-protein interaction network analyses A ) X X g A X N A !
QTLs identify putative candidate genes associated with the trait. Using a publicly available RNA-seq data set we
RNA-seq data analysis performed analyses to identify the differentially expressed genes between stem and panicle with putative
functions in panicle architecture. In total, 52 significant SNPs were identified, corresponding to 41 unique QTLs
across the 12 rice chromosomes, with the most signals appearing on chromosome 1 (nine associated SNPs), and
seven significant SNPs for each of chromosomes 8 and 12. Some novel genes such as Ankyrin, Duf, Kinesin and
Brassinosteroid insensitive were found to be associated with panicle size. A haplotype analysis showed that genetic
variation in haplotypes qMIL2 and qNSBBH21 were related to two traits, MIL, the greatest distance between two
nodes on the rachis, and NSBBH, the number of primary branches in the bottom half of a panicle, respectively.
Analysis of epistatic interactions revealed a marker affecting clustered traits. Several QTLs were identified on
different chromosomes for the first time which may explain the phenotypic diversity of rice panicle architecture
we observe in our collection of accessions. The identified candidate genes and haplotypes could be used in
marker-assisted selection to improve rice yield through gene pyramiding.

1. Introduction hence plays an important role in controlling rice yield (Ntakirutimana
etal., 2023). Inflorescence development occurs in three stages: (Li et al.,

The green revolution in the mid-20th century resulted from an 2020)) the transition of the shoot apical meristem (SAM) to an inflo-
architectural change in rice from low to dense panicles (Pasion et al., rescence meristem (IM), (Zhuang et al., 2020)) the production of several

2021; Batool et al., 2023; Singh et al., 2024) and panicle architecture primary branch meristems (PBMs), and (Pasion et al., 2021)) the

Abbreviation: QTL, quantitative trait locus; GWAS, genome-wide association study; SNP, single nucleotide polymorphism; RNA-seq, RNA sequencing; LD, Linkage
disequilibrium decay; ACC, Accessions; PPI, protein-protein interaction; SAM, shoot apical meristem; IM, inflorescence meristem; PBM, primary branch meristems;
ABA, abscisic acid; BR, brassinosteroids; TEJ, temperate japonica; IND, indica; ARO, aromatic; TRJ, tropical japonica; P-TRAP, Panicle TRAit Phenotyping; RGB
image, Red, Green, and Blue; H2y;,, Broad-sense heritability; OMAP project, Oryza Map Alignment Project; MLM, mixed linear models; FarmCPU, fixed and random
model circulating probability unification; GLM, general linear model; PC, principal components; QQplot, quantile-quantile plot; FPKM, fragments per kb per million
reads; DEG, differentially expressed gene; GO, Gene Ontology; DUF, Domains of unknown function; Kip, Cyclin Inhibitory Protein/Kinase inhibitory protein; MF,
molecular function; BP, biological process; CC, cellular component; PC, protein class; NB-ARC, nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4;
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formation of subsequent species-specific branching that leads to the final
inflorescence architecture (Fig. 1a). These developmental stages have
major effects on rice grain number and hence ultimately on crop yield.
The rice inflorescence (Fig. 2) consists of a main axis in the middle with
primary, secondary, and higher-order branches (Bai et al., 2021a; Li
et al., 2021a). In rice, the process of panicle development and the
panicle branching pattern is highly dependent on the timing of inflo-
rescence meristem abortion, the conversion of the rachis branch meri-
stem to terminal spikelet meristem, and the formation of lateral spikelets
(Pasion et al., 2021; Zhu et al., 2022). High-yielding rice cultivars pro-
duce longer primary and more secondary branches than low-yielding
genotypes (Ntakirutimana et al., 2023; Agata et al., 2020). Panicle or
inflorescence branching in rice is under strong genetic control with high
heritability (H% = 75-84 %) (Bai et al., 2021a) but is also influenced by
hormonal and environmental factors (Bai et al., 2021a; Harrop et al.,
2019). Environmental factors such as temperature (Weng et al., 2014),
water (Du et al., 2018), light (Xie et al., 2019), nutrition (Wang et al.,
2021), and pathogens and insects (Sun et al., 2020) have all been shown
to be important in influencing rice panicle architecture.

Effects of hormonal cross-talk in defining inflorescence architecture
of rice has also been reported and the roles of cytokinins (cell division
and floral organ growth and development; (Han et al., 2014)), auxins
(initiation and maintenance of the axillary meristem affecting inflores-
cence branching; 18), and gibberellins (organ elongation, seed germi-
nation, and flowering) are all well established. Nevertheless, the role of
other hormones such as ethylene, abscisic acid (ABA), and brassinoste-
roids should not be ignored (Chun et al., 2022; Wu et al., 2016). GAs
oppose cytokinins in maintaining SAM activity (Shi and Vernoux, 2019).
These positive and negative effects of hormones sometimes fail to revert
effects on the panicle phenotype caused by other hormones (Chun et al.,
2022). Receptor histidine kinases, histidine phosphotransfer proteins
(Yao et al., 2023), cytokinin oxidase/dehydrogenase and response reg-
ulators convey the cytokinin signal transduction (Duan et al., 2019a)
and this signaling cascade results in the definition of panicle length
(Duan et al., 2019a), branch, spikelet, and seed numbers (Rong et al.,
2024). The GIBBERELLIN INSENSITIVE DWARF1 (GID1) receptor and
the cytochrome P450 monooxygenase gene OsCYP71DSL have been
shown to play substantiative roles in mediating the effects of GA
signaling on panicle size and architecture (Ueguchi-Tanaka et al., 2005).
Also, ABA content is positively correlated with the potential of
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grain-filling in rice (Oryza sativa L.) cultivars when comparing the
inferior (late-flowering) vs. the superior (early-flowering) spikelets
(Zhang et al., 2012a).

GWAS is a reliable technique for dissecting the genetic control of
plant traits and have successfully been employed to identify loci con-
trolling wheat grain yield (Li et al, 2019), plant architecture
(Muhammad et al., 2021) and flag leaf morphology (Li et al., 2021a). In
rice, GWAS has previously been used to dissect the genetic architecture
of the main features of panicle morphology using 162 Oryza glaberrima
Steud accessions, identifying several genes related to panicle architec-
ture, including OgPHYB (Ntakirutimana et al., 2023). Rice panicle
architecture-related QTLs have also been reported elsewhere (Bai et al.,
2021a). In this study we aim to dissect the panicle architecture of rice in
terms of branching and lengths using a GWAS mapping population
consisting of 158 rice genotypes. We identify QTLs for 20 traits (Table 1)
using GWAS (Fig. 2). A comparative study of the expression of candidate
genes between panicle and stem tissues was conducted using data ob-
tained from the Rice RNA-seq database. A protein-protein interaction
(PPI) analysis was performed using transcripts showing significant
expression differences in the RNA-seq data analysis. A haplotype anal-
ysis was also conducted to identify novel candidate SNPs inherited
together in a diverse array of rice genotypes. Additionally, epistatic in-
teractions were assessed between SNPs with significant effects on rice
panicles. Our findings provide the basis for detailed molecular analyses
of panicle architecture traits in rice.

2. Material and methods
2.1. Plant materials and growing conditions

A collection of 282 accessions of rice were obtained from the Inter-
national Rice Research Institute (IRRI, Philippines), Accessions were
grown in an experimental field in a randomized complete block design
with three replicates at Ahwaz (31°50'N, 48°27°E), Iran in 2021 and
2022. A total of 158 rice accessions (Table S1) reached panicle maturity.
The accessions contained a mixture of landraces, breeding lines, vari-
eties, and cultivars. Accessions belonged to TEJ (temperate japonica),
IND (indica), AUS (aus), ARO (aromatic), TRJ (tropical japonica), and
ADMIX subpopulations. Panicle traits were measured at maturity only
from the main tiller, i.e., the tallest panicle. Standard field management
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Fig. 1. Inflorescence meristem development stages in rice; a) rice panicle from the shoot apical meristem to inflorescence meristem. b) a scanning electron
micrograph of the primary rachis branch meristem and a schematic representation of the primary and secondary rachis branch meristems and the spikelet meristem.
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Fig. 2. Traits of rice panicle architecture: All panicles were fixed on paper near the ruler and the initial images were taken using a fixed camera (at the same distance
from all panicles). In all images, the upper, the middle and the lower third of the panicle, and the upper and the lower halves of the panicle were identified. The
images were analyzed in P-TRAP software (https://www.quantitative-plant.org/software/p-trap).

practices were performed throughout the growing season. Analysis of
variance and mean comparisons (Duncan’s multiple range test) were
performed for all traits using the Agricolae packages in R.

Panicle traits were recorded by P-TRAP (Panicle TRAit Phenotyping;
(Al-Tam et al., 2013)) for reliable and high-throughput accurate mea-
surements of rice inflorescence architecture. The input was an RGB
image of the spread panicle, fixed at the center on a white background.
Adhesive tapes were used to stick the panicle onto the shooting stand. A
total of 20 traits were analyzed in the current study and the traits and
their description are listed in Table 1. The traits were obtained from
reviewing the sources of all similar articles that have been published to
date and from the USDA website (https://www.ars.usda.gov/southeas
t-area/stuttgart-ar/dale-bumpers-national-rice-research-center/docs/
rice-diversity-panel-1-rdp1/). Considering that higher spikelet density
at the top of the rice panicle is a selected trait, we examined all the traits
that show this feature in the panicle. All data were entered in Excel
following measurements and were used as phenotypic data for GWAS
analysis performed in the R software (Fig. 2). Broad-sense heritability
(H) for each trait was calculated based on the three replicates using the
heritability package in R. The repeatability of these traits was measured
using the Gaussian model implemented in the rptR package in R
(https://cran.r-project.org/web/packages/rpart/index.html).

2.2. Linkage disequilibrium & genome-wide association studies (GWAS)

SNP genotyping using array hybridization has previously been
described for rice by Zhao et al (Zhao et al., 2011). Single nucleotide
polymorphisms (SNPs) information for all studied genotypes were
downloaded from the Gramene portal (http://gramene.org). Briefly, 44,
100 SNPs from two data sources, the Oryza SNP project and the OMAP
project were used for GWAS. Alleles were included in the final data if
their minor allele frequency exceeded 0.05.

PCA was used for population structure analysis using the rMVP
package (https://cran.r-project.org/web/packages/rMVP/index.html).
GWAS analysis was performed using mixed linear models (MLM) (Zhang
et al., 2010), the fixed and random model circulating probability uni-
fication (FarmCPU) model, and the general linear model (GLM) in rMVP.
Fixed and FarmCPU analyses were performed using the first three
principal components (PCs) (Liu et al., 2016; Panahabadi et al., 2021a)

to correct for population structure in the data set. Manhattan plots were
generated using-logio(p) values with the MVP package in R (Panahabadi
et al., 2021a). SNP markers with -log;o(p-value) > 3.7 were considered
as significant SNPs, based on the quantile-quantile (Q-Q) plot. A
phylogenetic tree and heatmap of kinship (K) matrix were created from
the numeric SNP data using the Popkin package in R (Panahabadi et al.,
2021b). Linkage disequilibrium analyses were performed using all 158
accessions in the association panel. The resolution of LDs was evaluated
by pairwise calculations of LDs between 34,072 SNP markers. The value
of r? in a sliding window of 50 markers was calculated using TASSEL and
plotted graphically using ggplot2 in R to depicted LD decay with phys-
ical distance between SNPs (Luo et al., 2019).

2.3. Candidate gene identification

Based on the LD decay distance of each chromosome, we used re-
gions extending half the LD decay distance flanking significant SNPs to
identify putative candidate genes (Xie et al., 2021). To ascertain
whether the candidate genes surrounding a QTLs have already been
functionally characterized and to establish their relevance for panicle
architecture, a thorough literature survey was carried out. Flanking
genes with pleiotropic effects between traits were further examined

2.4. Gene expression analysis

The average gene expression for the GWAS candidate genes was
calculated using RNA-seq data obtained from two neighboring tissues,
panicle and stem. The expression data for panicle (young panicle-milky
stage; R6 flowering stage) representing reproductive tissues and stem
(three-leaf stage), representing vegetative tissues, was obtained from the
Rice RNA-seq Database (http://ipf.sustech.edu.cn/pub/ricerna/), to
identify genes possibly involved in panicle formation. The quantitative
analyses were conducted based on read counts using FPKM values (ex-
pected number of fragments per kb per million reads) for each candidate
gene. Samples with many zeros were removed. Read counts were
normalized on a per sample basis using a normalization factor obtained
from the sum of each sample divided by the sum of the smallest sample.
To identify differentially expressed genes (DEGs), the R packages limma,
edgeR, and umap were used with the threshold of “adjusted p-values” set
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Table 1
List of trait names, abbreviations (symbol), descriptions, and units that were
measured in this study. The traits are depicted in Fig. 2.

Trait name Symbol Trait description Measurement
Unit
Panicle Length PL length of a panicle from  cm
the base to the tip
Number of Nodes NN total number of nodes number/panicle
rachis
Total Number of NPRB total number of nodes number/panicle
Primary Rachis on the panicle axis from
Branches base to tip
Total Number of NSRB total number of number/panicle
Secondary Rachis secondary branches on
Branches the panicle from base to
tip
Number of Primary NPRBU number of primary number
Rachis Branches in rachis branches in the
Upper upper third of the
panicle
Number of Primary NPRBM number of primary number
Rachis Branches in rachis branches in the
Middle middle third of a panicle
Number of Primary NPRBB number of primary number
Rachis Branches in rachis branches in the
Bottom lower third of a panicle
Number of Secondary NSRBM number of secondary number
Rachis Branches in rachis branches in the
Middle middle third of a panicle
Number of Secondary NSRBB number of secondary number
Rachis Branches in rachis branches in the
Bottom lower third of a panicle
Number of Primary NPBUH number of primary number
Branches in Upper branches in the top half
Half of Panicle of a panicle
Number of Primary NPBBH number of primary number
Branches in Bottom branches in the bottom
Half of Panicle half of a panicle
Number of Secondary NSBUH number of secondary number
Branches in the Upper branches in the top half
Half of Panicle of a panicle
Number of Secondary NSBBH number of secondary number
Branches in the branches in the bottom
Bottom Half of the half of a panicle
Panicle
Number of Internode NI distances between two number
nodes
Max Internode Length  MIL the greatest distance cm
between two nodes on
the rachis
Total Primary Branch TPBL total length of primary cm
Length branches in panicle
Total Primary Branch TPBLUH  total length of primary cm
Length in Upper Half branches in the upper
of Panicle half of a panicle
Total Primary Branch TPBLLH total length of primary cm
Length in Lower Half branches in the lower
of Panicle half of a panicle
Max Primary Branch MPBL length of the longest cm
Length primary branch among
the branches of a
panicle
Total Number of TNSP total number of Number/
Spikelets in Panicle spikelets in a panicle panicle

from the base to the tip

Secondary branch meristems are being produced successively on the primary
branch to differentiate into spikelet branch meristems and lateral spikelet
meristems. Concurrently, the top of the primary branch meristem differentiates
into a terminal spikelet meristem (Fig. 1b) (Li et al., 2020). Each primary branch
meristem generates next-order meristems laterally until they acquire inflores-
cence meristem identity. Floral organs develop from the flanks of the floral
meristems to make grains (Zhuang et al., 2020).
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to less than 0.05 and |log; Fold change|> 1. A volcano plot was drawn
using the tidyverse and ggrepel packages, showing up- or down-
regulated genes together with all non-significant genes. A heatmap
was generated from the RNA-seq data of the candidate genes displaying
substantial differences in gene expression between the two tissues with
gplots R package. To get an overview of different functional classes
present in the DEGs, a Gene Ontology (Go) analysis was performed using
PANTHER (https://www.pantherdb.org/geneListAnalysis.do) with an
ID list containing all significant DEGs. A protein-protein interaction
network was established between DEGs using STRING (https://strin
g-db.org/ using a minimum required interaction score: medium confi-
dence of 0.4) in Cytoscape (V, 3.10.2, algorithm, BottleNeck). Hub genes
were colored yellow, and a protein-protein interaction network between
genes with loga FC > 3, for a total of 31 genes, was drawn in STRING.

2.5. Haplotype and epistatic analysis

For the haplotype analysis, phenotypic, genotypic, cultivar, and bed
files including the positions of genes in the identified QTLs were used.
Haplogroups consisting of less than five accessions were excluded.
Haplotype analysis was performed for SNPs within 500 kbp intervals.
GeneHapR, an R package, was used to perform haplotype analyses for all
gene blocks of each trait and the corresponding images were generated.
To determine potential epistatic interactions between different QTLs
influencing inflorescence architecture, we performed an epistatic
interaction analysis using functional regression with FRGEpistasis
(Weng et al., 2014).

3. Results
3.1. Population structure and LD decay

The phenotypic distributions for all traits are shown in Figure S1. The
mapping population consisted of accessions from six different sub-
populations according to Zhao et al (Zhao et al., 2011). (ADMIX, ARO-
MATIC, AUS, IND, TEJ, TRJ). The phenotypic variation of the measured
traits is summarized in Table S2. The principal component analysis
(Figure S2) identified four subgroups. At the same time, the kinship
matrix, a summary of the distribution of pairwise relative relationship
coefficients among accessions, could be grouped into five sub-
populations of temperate japonica, indica, Aus, aromatic, and tropical
japonica (Figure S3). LD decays for all chromosomes are presented in
Figure S4. The distance where LD drops by 50 % varied from 200.1 to
700.2 kbp across the different rice chromosomes (Table S3). The dis-
tribution of SNP markers on each chromosome is provided in Figure S5,
which shows the highest and the lowest SNP abundances are found on
chromosomes 1 and 10, respectively. On average, a SNP was observed
every 10,955 bp across the rice genome (Table S3).

3.2. GWAS results

In this study, 34,072 SNPs were used for GWAS analyses. Based on
the Manhattan plots (Fig. 3 and S6), 52 SNPs, with -log1(p) value > 3.7,
were found to be associated with a total of 19 traits. Significant SNPs
were distributed on all chromosomes (Table S4). Traits sharing associ-
ated SNPs are listed in Table S5. The peak markers, -log10(p), candidate
genes, QTLs, candidate gene IDs are presented in Tables S6 and S7 while
gene functions associated with candidate genes are presented in
Tables S8. Based on a comparative analysis of Q-Q plots comparing the
three GWAS models we used (MLM, GLM, and FarmCPU), we chose to
present the results from FarmCPU since it displayed the most marker-
trait associations (-logio(p) > 3.7) for all traits (Fig. 3 and S6). The
repeatability and heritability of traits are reported in Table S9.

Pleiotropy occurs when one gene affects more than one trait and
contributes to the genetic correlation between traits (Auge et al., 2019).
Pleiotropy with linkage disequilibrium results in genetic correlations
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Fig. 3. Manhattan plots (two traits, i.e., PL and NPBBH, are shown, please see the Supplementary Figures for the other traits) showing marker-trait associations in
genome-wide association study results using the FarmCPU model. The blue line on each Manhattan plot indicates significant marker-trait associations with —log;0(p)
> 4. The quantile-quantile plot (on the right) illustrates the distribution of expected vs. observed probability values, represented based on —log;o(p).

between traits due to physical linkage or population structure (Chebib
and Guillaume, 2021). Genes with pleiotropic effects with potential
functions on several traits are reported in Table S10. The pleiotropic
genes include peptidase, protein kinase, ubiquitin, Kelch, Zinc finger, Cy-
tochrome P450, pentatricopeptide, DUFs, tetratricopeptide, WD40 and MYB
transcription factors.

3.3. Differentially expressed candidate genes between stem and panicle

A heatmap for all candidate genes was generated from the gene
expression data (FPKM values are reported in Table S11). Genes that
show significant differences in gene expression values between two
neighboring tissues, panicle and stem, are displayed in Figure S7. The
purpose of comparing the expression of candidate genes between
panicle and stem tissues was to shortlist and identify genes with sub-
stantial roles in panicle formation. We identified a total of 211 DEGs,
103 of which were up-regulated and 108 of which were down-regulated
(Figure S8), logoFCs reported in Table S12. A PCA was performed on all
RNA-seq data related to the candidate genes identified from the GWAS
study. The data before and after normalization are shown in Figure S9.
Gene expression comparisons of the normalized data were performed
between the two tissues.

Heatmaps of genes with up- and down-regulation in the panicle
compared to the stem are shown in Figure S7 and Figure S10. Amongst
those with high fold change (logoFC > +3) in the panicle and down-
regulated genes (logoFC < —3) in the panicle reported in Table S13.

The functional annotation of GO terms was performed based on the
molecular function (MF), biological process (BP), cellular component
(CC), and protein class (PC) to identify the biological meaning and the
systematic features of 211 DEGs. Figure S11A summarizes the eight
molecular functions to which all the activities belong: 75.7 % of the data
consisted of unclassified genes while the rest belonged to catalytic ac-
tivity (Go: 000003824, 17.5 %), binding (GO: 0005488, 7.8 %), tran-
scription regulator activity (GO: 0140110, 2.9 %), transporter activity

(GO: 0005215, 1 %), ATP-dependent activity (GO: 0140657, 1 %),
cytoskeletal motor activity (GO: 0003774, 0.5 %), and molecular func-
tion regulator activity (GO: 0098772, 0.5 %). The overrepresented GO
terms for the biological processes contained more than half of the data,
including 18.9 % metabolic process (GO: 0008152), 16 % cellular pro-
cess (GO: 0009987), 7.8 % biological regulation (GO: 0065007), 6.8 %
response to stimulus (GO: 00500896), 1.9 % biological process involved
in interspecies interaction between organisms (GO: 0044419), 1.5 %
developmental process (GO: 0032502), 1 % localization (GO:0051179),
and 0.5 % homeostatic process (GO: 0042592) with the rest as unclas-
sified (Figure S11B). The cellular component in which these targets
perform their function was categorized as 75.7 % unclassified
(Figure S11C). The rest belong to the cellular anatomical entity (GO:
0110165, 23.3 %) and protein-containing complex (GO: 0032991,
2.4 %). For protein class terms (Figure S11D) 59.2 % were grouped as
unclassified. Transmembrane signal receptor (PC00197) and protein
modifying enzyme (PC00260) were 10.2 % of each, while metabolite
interconversion enzyme (PC00262, 7.3 %), gene-specific transcriptional
regulator (PC00264, 5.3 %), defense/immunity protein (PC00090,
1.9 %), scaffold/adaptor protein (PC00226, 1.5 %), cytoskeletal protein
(PC00085, 1 %), protein binding activity modulator (PC00095, 1 %),
RNA metabolism protein (PC00031, 0.5 %), transporter (PC00227,
1 %), and DNA metabolism protein (PC00009, 0.5 %) were accounted
for less than 10 % of classes each.

3.4. Protein-protein interaction analysis

The results of the PPI network analysis of all DEGs (Figure S12a) and
DEGs that had a |logy FC= < 3| are shown in Figure S12b. All accessions
in the PPI network are shown in Figure S12. We added 31 genes with |
logy FC= > 3 to the STRING database. Hub genes are shown yellow in
Figure S13. Accessions that did not interact were removed and 13 genes
were kept that interacted with each other (Figure S12b). The hub gene
accessions and functions are reported in Table S14.
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Fig. 4. Haplotype analysis in qMIL2 region for MIL (Max Internode Length) located on Chromosome 2. a) at first six haplogroups were observed in 158 accessions
using three SNPs: colored boxes are illustrative of haplotype variants with the corresponding frequency at the last column. * *significant at p < 0.01. b) three
haplogroups had more than five accessions and other groups were removed. c¢) gene models associated with QMIL2: visualization of variants position above gene
model, the black line represents the genome and rectangles represent upstream and downstream variants. d) heatmap for phenotypic differences in haplogroups. e)
violin plot shows the comparison of MIL among accessions between the three haplotypes of qMIL2 (f) geo-distribution of major haplotypes of qMIL2; circle size
represents accessions counts and the pies in different color represent constituent ratios of classified haplotype categories for relevant accessions derived from different
eco-regions. HOO3 is found only in Asia, while HOO1 and HO02 are found globally. (g) qMIL2 haplotype network. Each circle represents a haplotype and the size
indicates the accession number. The pies in different colors represent the ratio of category in each haplotype. The symbol on the line between haplotypes represents
the number of variants. (h) LD-block visualization of each site in the locus. LD-block and its red color indicate the close relationship between the SNPs of this
haplotype block. The gene model was presented at the top of the plot, the line represents the genome and the rectangle represents the upstream gene variant and

downstream gene variant. The LD block with the color key lies at the bottom.

3.5. Haplotype and epistatic analysis

Haplotype analysis for all significant SNPs resulted in seven chro-
mosomal blocks for four traits (NSRBB, NSBBH, MIL, and NPBUH) that
harbored at least three significant SNPs. Amongst them, the SNPs for
MIL and NSBBH were locates in coding regions (Fig. 4 and S14). The
haplotype analysis of MIL (Max Internode Length) identified three
haplotypes of QMIL2 in the population located on chromosome 2 (Fig. 4,
b). These three haplotypes included haplotypes HOO1 (present in 99
accessions), HOO2 (present in 42 accessions) and HO03 (present in 13
accessions). The phenotypic value for HO03 was not significantly
different from the other two haplotypes (H001 & H002). However, in-
dividuals carrying haplotype H002 displayed larger MIL values than
individuals with haplotype HOO1 (Fig. 4). The violin plot of qMIL2 for
the three haplogroups showed a significant difference between the two
haplotypes. According to geo-distribution, HO03 belongs to the acces-
sions that originated from Asia, while HO01 and H002 were found
everywhere. HOO1 includes more accessions from the TRJ and IND
groups while individuals in TEJ were mostly found to carry HOO2 or
HO003, including AUS (Fig. 4). In these haplogroups, SNPs resided in the
gene of inositol monophosphatase family protein: id2002053 [POS:
3793906 with missense conversion (A—G) resulting in Trp to Cys] and
id2001992 [Pos: 3707110 with a transition (A—G) upstream of the
ORF]. Here, the population was divided into three significant haplotypes
for MIL, HOO1 found in 99 accessions with a mean of 2.86, containing
TRJ, IND, and TEJ individuals, HO02 found in 42 accessions with mean
of 3.23, mainly consisting of individuals from TEJ, and H003 found in 13
AUS accessions with a mean of 2.94. The significant difference seen
between the HO01 and HO02 haplotypes is probably due to the presence
of IND accessions, cultivars that display longer and larger panicles (the
number of primary and secondary branches, and the length of the
panicle is greater) than japonica accessions (Bai et al., 2021b) in HOO1.

Haplotype analysis of NSBBH (Number of Secondary Branches in
Bottom Half of panicle) resulted in four haplogroups. gNSBBH21 region
on chromosome 2 within 158 accessions was a haplogroup based on the
presence of five significant SNPs. A violin plot of gNSBBH21 for the four
haplogroups demonstrated no significant differences between the four
haplotypes. Haplotype HOO1 is found mostly in Asia, while H002, HO03
are found everywhere, and HO04 are found in Asia and Africa. HOO1
includes more IND individuals, HOO2 includes more individuals from
TEJ, HOO3 includes more individuals from TRJ while HO04 includes
more individuals from the Aromatic group. (Figure S14). The id2007248
SNP is a T—C transition located downstream of the ORF.

We identified epistasis between chromosomes 1 (SNP2 that includes
myosin heavy chain-like protein, Dof, DUF688, permease, dynein light chain,
homeodomain, DUF2039, TCP family transcription factor strigolactone and
cytokinin controlled mesocotyl elongation in darkness, cytochrome P450,
DUF155, pentatricopeptide repeat, Zinc finger, RING finger) and 9 (SNP1
that includes DUF573, DUF1644, peptidase A1, ubiquitin, peptidase S26A
signal peptidase I, peptidase S9A prolyl oligopeptidase, peptidase S54
rhomboid, heat shock, remorin, BZIP transcription factor, cytochrome P450,
AP2, DUF827, brassinosteroid signaling control of organ length) for a
number of NSRBB traits (Table S15).

4. Discussion

Rice yield is highly dependent on panicle architecture. therefore, it is
important to identify the genes that are involved in determining panicle
architecture for use in selection programs, to design smart crossing
blocks, and to define the ultimate ideotype. We used a GWAS approach
to assess how genotypic diversity available in a diverse array of 158 rice
accessions, collected from across the world, help control the structure
and morphology of the rice panicle. Three GWAS models, i.e., FarmCPU,
GLM, and MLM models were tested and FarmCPU was ultimately
selected for identifying SNPs significant associated with our traits of
interest that would serve as proxies for candidates involved in defining
each of the 20 panicle traits we included in our study. According to
earlier studies, the statistical power of FarmCPU is greater than the other
GWAS models (Zhong et al., 2021). The pattern of LD decay is influenced
by the genetic structure of the population, i.e., the population size and
composition, the density of SNP markers, the number of SNPs and the
distribution of SNPs across chromosomes (Hao et al., 2022). All
panicle-related traits had high heritabilities, in line with earlier studies
(Adam et al., 2023; Chen et al., 2023). We identified 52 significant SNPs,
(Lu et al., 2015) QTLs, and a total of 876 protein-coding genes as can-
didates for all traits included in our study (Table S7).

Previously, and similar to our findings, the roles of genes such as
Kelch (Zhang et al., 2012a), remorin (Gui et al., 2014), patatin-related
phospholipase (Liu et al., 2015), Dof (Deveshwar et al., 2020), AP2 (Li
et al., 2021a), and NB-ARC (Sinha et al., 2023) have been implicated in
defining panicle architecture. OsDof12 is related to rice architecture by
influencing plant height, NPRB, NSRB, number of spikelets per panicle,
and overall panicle size (Ta et al., 2018). OsDof12 appears to regulate
panicle architecture via a negative regulatory feedback loop of BR
signaling (Deveshwar et al., 2020). OsDof12 also reduces NSRB (Wu
etal., 2015). We identified several Dof members in the flanking region of
association signals for traits such as NPRB, NPBBH, and NSRBB. The
AP2/ERF family of TFs affects NPRB, NSRB, and rice panicle architecture
(Harrop et al., 2019), controlling panicle morphology traits (Luong,
2019). In our study, AP2 paralogs were shown to be associated with
NSRB, NSRBB, NPRBU, and NSBBH. An earlier GWAS indicated the role
of GNP12, an NB-ARC, as a positive regulator of panicle growth and
length (Rashid et al., 2023). However, the mechanism of action has not
yet been established. It has also been shown that rice NB-ARC probably
improves PL (Sinha et al., 2023). Here, NB-ARC family members were
associated with PL, NPRBM, NPBUH, NPBBH, NI, MPBL, and TPBLLH
(Table S7). Structural proteins, such as remorins, may play a definitive
role in the overall structure of a cell, tissue, or organ. Remorins are
plant-specific and plasma membrane-associated proteins that play an
essential role in plant growth and development (Narawatthana et al.,
2023) via stabilizing large-scale membrane conformations independent
of the cell wall (Su et al., 2023). Remorin is related to internode length
and PL (Gui et al., 2014). In our study, remorin homologs were associated
with PL, NSRBB, NPBUH, NPRBU, and TPBLLH traits. Patatin-related
phospholipase A (pPLA), a glycerolipid hydrolase, has been shown to
play a role in rice vegetative and reproductive growth as a suppressor of
cell elongation probably leading to shortened panicles (Liang et al.,
2014; Zhang et al., 2021). In our study Patatin was observed flanking an
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Table 2
List of previously reported candidate genes with logoFC > 3.
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Gene name Reported Trait names

Reference

Trait name

RING-like Zinc- rice panicle branching architecture- morphology

finger plant growth and development 2022).
flower development
bHLH grain size by influencing cell numbers - longitudinal

direction of spikelet hulls

cell division

number of secondary branches in the panicle
number of primary panicle and secondary panicle
branches

rice heading-date genes

heading date floral activators in sorghum
flowering independent of photoperiod

dependent promotion of flowering

plant architecture regulation floral organ number and
size floral morphology

cell division

grain length

Kelch repeat gene

2012)
Peptidase regulate rice architecture by influencing polar auxin
transport
tiller and panicle numbers
differentiation of spikelet primordial,
panicle branches
inflorescence architecture in rice
negative role in gibberellin-mediated regulation of cell
elongation in the uppermost internode of rice
plant height, rice panicle development, main rachis
growth
improved grain per panicle and seed setting rate in rice
inflorescence architecture in rice
plant growth regulation that affects plant height
grain number and size
increase in grain size, weight, and yield in rice

cytochrome P450

(Wang et al. 2008; Zheng et al.

(Yang et al., 2018)

(Zhang et al. 2022)
(Tadesse et al. 2024)
(Han et al. 2015)
(Imaizumi et al. 2005).
(Li et al. 2011)

(Zhao et al. 2015)

NPRB, NSRB, NN, PL, NSRBB, NPRBU, NPRBB, NPBBH, NSBBH,
NI, MIL, and TNSP

(Xiao et al. 2009)

PL, NSRB, NSRBB, NPRBU, NPBUH, NSBBH, and MPBL

(Luo et al. 2013)
(Seo et al. 2020)
(Lv et al. 2023)

NSRB, NN, PL, NPBBH, NSBBH, NI, MIL, MPBL, and TPBLLH.

(Zhang et al. 2012; Hu et al.

NPRB, PL, NSRBB, NPRBU, NPBUH, NPBBH, NSBBH, NI, MIL,
TPBL, MPBL, TPBLUH, TPBLLH, and TPBLLH

(Wu et al. 2023)

NSRB, NSRBB, PL, NPRBB, NPBUH, NSRBB, NPBUH, NSBBH,
MIL, NI, MPBL, and TNSP.

(Luo et al. 2006).
(Guo et al. 2014)

(Qian et al. 2017)

(Li et al. 2018)

(Zhao et al. 2022)

(Zhou et al. 2017)

(Fang et al. 2016; Zhou et al.

2017; Aloryi et al. 2022)

Protein
ubiquitination

stem cell processes in young rice panicles
panicle size and the grain number in rice
regulation of grain width and size in rice
regulating the process of plant architecture
establishment

grain size in rice-cell proliferation

regulates rice panicle architecture

increased plant height and primary branches per panicle
grain size, panicle size, primary branches, and
secondary branches

panicle morphogenesis

panicle architecture

denser panicles

Protein kinase

(Zhu et al. 2020)
(Huang et al. 2021)
(Shi et al. 2019)
(Wu et al. 2018)

NPRB, NSRB, NSRBB, NPRBU, NPBUH, NPBBH, NSBBH, MIL,
MPBL, TPBLUH, TPBLLH, and TNSP

NN, PL, NSRBM, NSRBB, NPRBU, NPRBM, NPBUH, NPBBH,
NPBBH, NSBBH, NI, MIL, TPBL, MPBL, TPBLUH and TPBLLH

(Duan et al. 2014)
(Guo et al. 2023)
(Zou et al. 2015)
(Xu et al. 2020)

(Guo et al. 2018)

SNP associated with TPBLLH. The list of all genes in discussion for all
traits is reported in Table S16.

After examining the DEGs between stem and panicle, and performing
functional annotation via GO, it was determined that predictions based
on molecular function were not informative. Interestingly, GO terms for
biological processes of DEGs were informative as they explained the
roles of DEGs in metabolic and cellular processes, biological regulation,
and developmental processes; all were within the scope of panicle
development and architecture. The cellular component and protein class
terms were not informative as the majority of the terms were unclassi-
fied. This means that enhancements to the GO software are likely
required. We therefore performed a transcriptome data analysis between
stem and panicle tissues. The differentially expressed genes between the
two tissues included genes that had previously been reported to be
involved in panicle definition, and this then serves that the method
works. These analyses also allowed us to shortlist novel genes that have
previously not been linked to panicle formation.

4.1. Candidate genes with significant transcript expressions

To confirm the results from our GWAS analyses and to identify
candidate genes involved in rice panicle formation, we performed the

gene expression analysis between two tissues (panicle and stem). Our
analysis highlighted some genes with increased pnicle expression
(logoFC > 3, Table 2). From this list, some genes have already been
reported as being involved in the definition of the panicle architecture,
including RING-like Zinc-finger protein (Wang et al., 2008; Zheng et al.,
2022), C2H2 zinc finger (Xiao et al., 2009), bHLH (Luo et al., 2013; Yang
et al., 2018; Seo et al., 2020; Lv et al., 2023), Kelch repeat gene (Li et al.,
2011; Zhang et al., 2012b; Hu et al., 2012), Peptidase (Zhao et al., 2015;
Duan et al., 2019b), Cytochrome P450 (Luo et al., 2006; Guo et al., 2014;
Zhou et al., 2017; Aloryi et al., 2022; Sahoo et al., 2023), Protein ubiq-
uitination (Shi et al., 2019; Zhu et al., 2020; Huang et al., 2021) and
Protein kinase (Duan et al., 2014; Zou et al., 2015; Guo et al., 2023).
Furthermore, Table 3 lists genes with reduced panicle expression
(logoFC < —3), including Pentatricopeptide repeat (Jiang et al., 2014; Ke
et al., 2018), Tetratricopeptide (TTP) proteins (Harrop et al., 2019; Khong
et al., 2021), Rice WD40s (Kwon et al., 2012; Yoshida et al., 2012; Yang
et al., 2021), Homeodomain (Bai et al., 2021a; Li et al., 2021b), RING
Finger Protein ligase (Yan et al., 2022), TCP family transcription factor
(Nakagawa et al., 2012; Zhang et al., 2014; Ming et al., 2023) which
have previously been reported as involved in panicle architecture.
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Table 3
List of previously reported candidate genes with log,FC < -3.
Gene name Trait reported in Reference Our traits
other articles
Pentatricopeptide regulating peduncle (Jiang et al. NSRB, NN, PL,
repeat and secondary 2014) NSRBB, NPRBU,
branch elongation NPRBB, NPBUH,
differences in branch (Ke et al. NPBBH, NSBBH,
numbers and 2018) NI, MIL, TPBL,
spikelet per panicle MPBL, TPBLUH
and TPBLLH
Tetratricopeptide control the number (Harrop et al. NSRB, NSRBB,
(TTP) proteins of spikelets by 2019) NPRBU, NPRBB,
controlling primary NPBUH, NSBBH,
and secondary NI, PL, NSRBB,
branches in rice NPRBU and
panicles NSBBH
controlling the (Khong et al.
number of spikelets 2021)
the number of
secondary branches
Rice WD40s panicle branch (Ojolo et al. NSRB, NN, PL,
number 2018) NSRBM, NSRBB,
regulate grain (Chen et al. NPRBU, NPRBM,
number through the 2021) NPBUH, NPBBH,
control of secondary NSBBH, NI,
branches TPBL, MPBL,
axillary meristem (Kwon et al., TPBLLH, and MIL
inflorescence 2012; Yoshida
development et al., 2012)
controls increased (Yang et al.
kernel row number 2018a)
seed size and the
number of lateral
branches
Homeodomain regulating normal (Bai et al. NSRB, PL,
panicle architecture 2021; Li et al. NSRBB, NPRBU,
clustered primary 2021) NPBUH, NSBBH,
branches and short NSBBH, TPBLUH,
rachis and TPBLLH
RING Finger regulates flowering (Yan et al. NSRBB
Protein ligase time, the number of 2022)
grains in the panicle,
the number of
primary branches,
the number of tillers,
and the plant height
regulates the rice
panicle seed setting
rate
TCP family tillering and (Zhang et al. NSRBB
transcription branching inriceand  2014)
factor Arabidopsis
elongation of organs (Nakagawa
and the internodes of et al. 2012;
rachis branches Zhang et al.

through decreased 2014)
cellular proliferation

controls branching (Xie et al.
in Arabidopsis 2020)

4.2. Novel candidate genes

The genes that have not previously been reported for the traits of
study or to be associated with panicle architecture were considered
novel genes. For example, Ankyrin genes have been reported to control
rice panicle architecture and secondary branch diversity in panicle
(Khong et al., 2021). Ankyrin homologs were identified in the flanking
regions of SNPs associated with NN, NI, NSRBB, NPBBH, TPBL, MPBL,
and TPBUH. Similarly, Duf homologs have been shown to have roles in
the development (Nabi et al., 2020) and to control the shape and size of
rice grain, likely by altering cell division and expansion of the grain hull
(Yan et al., 2013). Paralogs of this gene were observed in the flanking
regions of SNPs associated with NN, NI, PL, TNSP, MIL, TPBL, MPBL,
TPBLLH, TPBLUH, NSRB, NSBBH, NSRBM, NSRBB, NPRBU, NPRBM,
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NPRBB, NPBUH, NPBBH.

Leucine-rich repeat receptor-like kinase (LRR-LRK) over-expression in
rice led to increased panicle, spikelet in panicle, weight per grain,
increased cellular proliferation, and the grain yield per plant (Zha et al.,
2009). Leucine-rich repeat homologs were identified in the flanking re-
gions of SNPs associated with NN, NI, NSRBB, NSBBH, NPBBH, NPBUH,
NPRBU, MIL, and MPBL. KIP1-like domain-containing proteins, known as
ICKs (inhibitors of cyclin-dependent kinase, CDK) or KRPs (Kip-related
proteins), function to regulate the activities of CDK through cell cycle
regulation (Ajadi et al., 2019). KIP homologs were observed in the
flanking regions of SNPs associated with NN, NI, and NPRBU. The
Brassinosteroid insensitive 1-associated kinase 1-like gene is strongly
expressed in rice panicles, suggesting that this gene plays a role in grain
growth and development (Teh et al., 2019). BRs levels in rice panicles
promote spikelet development, enhance inflorescence meristem activity
and panicle growth (Xie et al., 2019). We found homologous genes of
BRs in the flanking regions of SNPs associated with NN, NI, and NSRBB.

Several Kinesins have been reported to be involved in plant devel-
opment, many cellular functions and morphogenetic processes, cell di-
vision (Kitagawa et al., 2010), cell plate formation (Fang et al., 2018),
cell elongation control, grain shape (Kitagawa et al., 2010), control of
plant height, tillering (Ran et al., 2018), glume length (Fang et al.,
2018), grain length (Wu et al., 2014), weight (Ye et al., 2022) and width
through the cell proliferation (Ran et al., 2018). We found homologs of
this gene in the flanking regions of SNPs associated with NPBBH and
NPRBU.

R2R3 MYB TF has been reported to affect grain number, and panicle
architecture, and to control flower and spikelet development (Li et al.,
2022a, 2022b). MYB TFs were identified in the flanking regions of SNPs
associated with NPRB, NN, NPBUH, NPBBH, and MPBL. Alos, Gluca-
nases, among many other roles, are required for root cell elongation and
cell division in rice, and internode cell elongation (Zhang et al., 2012a).
We observed this gene in the flanking of an SNP associated with PL
which has the possibility of influencing PL elongation.

Interestingly, some of the associated genes had pleiotropic effects on
rice panicle architecture in our post-GWAS analysis such as Penta-
tricopeptide, Tetratricopeptide, WD40, Homeodomain, DUFs, Brassinoste-
roid insensitive and MYB TF (Table S10). It should be noted that several
genes with pleiotropic effects on panicle traits have already been re-
ported in previous studies. Pleiotropy occurs when a single mutation or
gene/allele affects more than one phenotypic trait. Pleiotropy is an
important concept in population genetics that explains why certain
traits are always found together among individuals in a population
(Christoffers, 2018; Zimdahl, 2024).

The development of the panicle system plays a vital role in increasing
the yield of rice. This requires the identification of proteins that play a
significant role in panicle formation and architecture. PPI network
analysis is used to enhance our global understanding of important pro-
teins governing panicle formation. Computational approaches in
creating higher-level views of biological systems (such as PPI network
graphs are useful for identifying complex relationships between proteins
(Wimalagunasekara et al., 2023). Here, we identified 211 proteins that
were observed to have significant transcript differences between panicle
and stem. Of these, 52 proteins were included in our construction of a
PPI network, and after reviewing the sources, it was determined that
these proteins probably play a role in panicle formation. This network
provides ways to identify important members of the central modules of
panicle formation. Hub proteins (yellow circles, Figure S11) are poten-
tial candidates for future genetic engineering experiments because their
impact on panicle formation is greater than other proteins. The role of
some of these hub proteins, such as zinc finger (Wang et al., 2008; Zheng
et al., 2022) and ubiquitin (Shi et al., 2019; Huang et al., 2021), in
controlling panicle structure has already been experimentally
confirmed. Others, such as Ankyrin, Dufs, and heat shock proteins, need
further experimental verification before their contributions to panicle
traits are fully understood.
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4.3. Haplotype and epistasis

A haplotype is a collection of alleles, SNPs or other variation such as
indels, that are inherited together and are physically located in the same
region of a chromosome (Christoffers, 2018). Knowing haplogroups is
useful in concurrent breeding for more than one trait. Therefore,
developing markers that can differentiate haplotypes will help increase
the breeding speed during selection years. For example, when we are
looking for rice with longer panicle in our study, i.e., MIL traits, it is
better to choose parents carrying haplotype HO02. Developing markers
for NSBBH would help analyze the germplasms received from interna-
tional collections to differentiate the genotypes into subgroups and use
them more effectively in crossing schemes for the trait of interest, i.e.,
NSBBH that can be considered as a yield-definitive trait. Although there
were no significant differences between the four haplogroups in our
study, the study and separation of the population based on these hap-
logroups can be used to identify panicles with more grains.

Studying epistasis between the two loci is a natural step following a
single locus analysis. There are complex relationships between genes
that have epistatic effects, for example, two of the brassinosteroid
biosynthesis genes that encode cytochrome P450s, whose function is to
influence the regulation of plant architecture (Sakamoto et al., 2006).
Mutants with altered rice panicle morphologies, such as different sec-
ondary branches PMM1 (Li et al., 2018), GNS4 (Zhou et al., 2017), CPB1
(Wuetal., 2016) and NBG4 (Tong et al., 2018) all resulted from different
alleles at DWARF1 (encoding a cytochrome P450). The DOF transcrip-
tion factor (OsDof12), plays a role in determining the number of sec-
ondary branches in the rice panicles and this gene is a negative regulator
of brassinosteroid signaling (Wu et al., 2015). OsDof12 may be regu-
lating the brassinosteroid signaling homeostasis to regulate panicle ar-
chitecture via a negative regulatory feedback loop (Deveshwar et al.,
2020). It has been found that a zinc-finger (DROUGHT AND SALT
TOLERANCE (DST)) negatively regulates Cytokinin accumulation in the
reproductive meristem by regulating OsCKX2 gene expression in rice.
OsCKX2 expression positively regulates Cytokinin degradation and
negatively regulates panicle branching (Li et al., 2013). OsCKX2 gene
expression is decreased in young panicle mutants of the kelch-repeat
containing F-Box protein (encoded by Larger Panicle (LP)/Erect Panicle
3 (EP3)) (Li et al., 2011; Piao et al., 2009). LP/EP3 Mutants (ubiquitin
ligase) showed a significant increase in the number of secondary
branches in the rice panicles (Li et al., 2011).

5. Conclusion

We have assessed the genetic basis of traits associated with panicle
architecture using a panel of 158 rice accessions. GWAS and post-GWAS
analyses, including comparative RNA-seq profiles between panicle and
stem, construction of a protein-protein interaction network and haplo-
type analyses, identified several novel candidate genes associated with
panicle traits that affect its final shape and architecture. A literature
review showed that some of the genes we identified in our GWAS ana-
lyses have already been reported in the literature. Likwise, our RNA-seq
data analysis validated our findings by pinpointing several genes with
previous evidence for involvement in panicle formation. However, the
identified genes need to be functionally characterized before they can be
used in future rice breeding programs.
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