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ARTICLE INFO ABSTRACT

Keywords: Grain quality is the key concern for rice breeders and is paramount to consumer acceptability. We characterized a
Rice diverse subset of 198 rice accessions of 3 K Rice Genome Project (RGP) for grain quality attributes, specifically

GW‘.AS . glycemic index %, total dietary fibre, oil %, protein, amylose, moisture %, phytate, phenol, and starch content. A
gf;;" quality set of 5,53,229 single nucleotide polymorphism (SNP) markers obtained from the 3 K RG 1 M filtered SNP dataset

used for genome wide association studies (GWAS). Consequently, we discovered 200 Quantitative trait nucle-
otides (QTNs) associated with the traits mentioned above distributed across the genome. These QTNs were
grouped into 26 Quantitative Trait Loci (QTL) clusters, of which 20 clusters validated with at least three GWAS
methods were considered reliable. Furthermore, 869 putative candidate genes were identified, many of which
overlapped between quality traits. Integrating the GWAS, RNA-seq and qRT-PCR results, we finally identified two
important genes (LOC_0Os11g303700 and LOC_Os11g30500) associated with rice quality, and they may affect the
grain quality by regulating the textural properties, appearance and eating quality. The findings of our study

GO enrichment
Candidate gene

highlighted the role of molecular machinery in future rice breeding.

1. Introduction

Rice is the most commonly cultivated staple food, feeding nearly 4
billion people across the globe (Ngo et al., 2023; Yoshida et al., 2023;
Jukanti et al., 2025). With the improving living standards, rice trade has
become ever more globalised, and the demand for healthier rice is rising
(Yang et al., 2023). It is the key source of nutrition and energy, espe-
cially for people with limited access to diverse diets (Birla et al., 2017;
Song et al., 2019). Whole grain rice stores a moderately lower amount of
essential micronutrients compared to other staple crops such as wheat,
maize, pulses, and tuber crops (Mahender et al., 2016). Rice grains,
though, contain 75-78 % starch, 10-15 % protein, and less than 1 % fat,
with lipids, minerals, vitamins, antioxidants, and dietary fibre in traces
(Jukanti et al., 2025; Bharali et al., 2025; Butardo Jr & Sreenivasulu,
2016).

Several efforts have been undertaken to identify the genes and QTLs
associated with rice grain quality (Lou et al., 2023), namely GBSSI and
SS2a, controlling genetic variations in starch attributes, and OsGlu
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associated with grain protein content, impacting the nutritional value
and eating quality of rice (Biselli et al., 2015; Praphasanobol et al.,
2023; Yang et al., 2019; Yoshida et al., 2023). Earlier studies imply that
certain genes dominantly govern rice quality. Rice quality, particularly
the appearance of the grain, its milling and cooking quality, determines
the preferences of the consumers and marketability (Kabange et al.,
2023). Breeding programmes aim for different types of rice varieties to
match the optimal demands of the health-conscious consumers
belonging to diverse groups. For instance, soft and sticky rice is well
suited to Japanese and South Korean populations, however, non-sticky
and fluffy rice is preferred in India and South America. Nevertheless,
superior quality rice with exceptional appearance and nutritional
characteristics is expected to be more favoured by consumers (Anacleto
et al., 2019; Ito, 2023; Li et al., 2022; Verma et al., 2022).

Major carbohydrate in rice occurs in the form of starch (amylose and
amylopectin) and based on the content of amylose rice has been cate-
gorized as waxy, low, very low, intermediate and high amylose types.
Amylose is a quantitative inherited trait, genes/QTL clusters for which
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have been mapped across the rice genome except chromosome 5 and 12.
Although QTLs have been reported, only limited genes for amylose have
been cloned (Wang et al., 2023). Waxy rice has a sticky nature, however,
the high amylose containing rice are fluffy and with low glycemic index
beneficial to rice consumers. Particularly, mutations in SSIIa and SSIIb
(starch synthase enzymes) and SBEs (starch branching enzymes) were
targeted in Waxy allele, GBSSI to generate high amylose rice (Anacleto
et al., 2019). In contrast, non-starchy and soluble forms such as dietary
fibre located mainly in the bran layers is affected by numerous genes and
environmental factors, making it a difficult task to map with single
QTLs. Genetic engineering could be utilized to improve dietary fibre in
rice, though this is still an elusive approach.

Another nutritionally important rice component is grain protein
which determines the textural attributes by avoiding water absorption
and swelling of starch once cooked. It has been reported that rice with
lower protein content have a comparatively better flavor than high
protein containing rice. About, 80 QTLs have been mapped across the
rice genome, including qPro-1, qPC1.2, qPC1, gAAC7.1, qPC6.2, qPro-2
(Islam et al., 2020). Low heritability, negative relationship with yield
and environmental influence has been a concern for rice breeders.
Therefore, mapping of QTLs governing high protein and pyramiding of
the QTLs identified in several rice breeding efforts are of much impor-
tance to the Asian population. Also, rice grains contain anti-nutritional
components viz., phytic acid and polyphenolic compounds in the bran
act as chelating agent for pro-oxidant metals and free radical scavengers.
Phytates QTLs and genes for phytate in rice have been identified on
different chromosomes, with one QTL for phytate and inorganic phos-
phorus on chromosome 5. A gene encoding phosphatidylinositol 4-ki-
nase homolog (LOC 0s08g0274775) has been proven to be potentially
involved in phytate metabolism (Gyani et al., 2020). The levels of
polyphenols vary in rice cultivars and are associated with the color of
rice, specifically in red and black rice varieties, which are appreciated
for their higher phenolic content. Quantitative Trait Loci (QTLs) for
phenolic compounds in rice have been on chromosomes 2, 7, 8, and 11
(Jin et al., 2009). 11 significant MTAs have been detected for three QTLs
for antioxidant traits in rice (Sanghamitra et al., 2022) that have been
presumed to assist in rice antioxidant improvement programmes. Hence,
increasing the nutritional value for functional rice is an important and
sustainable approach to improve consumer’s nutrition with multiple
benefits on human health (Huang et al., 2023; Wang et al., 2023).
However, such instances are unusual because rice quality is a complex
trait encompassing several attributes, and many genes contribute to
each specific trait. To date, identifying new genes governing grain
quality in rice remains a challenge, and the detailed molecular mecha-
nisms modulating the biosynthetic pathways of component quality traits
are largely unknown; hence, it is imperative to discover genes that
breeders might deploy in modern rice breeding. Genome-wide associa-
tion study is an effective tool that has been prevalently used for mapping
of QTNs underlying the rice quality traits and studying their complex
genetics (Badoni et al., 2024; Singh et al., 2024; Mbanjo et al., 2023;
Abhijjith et al., 2022; Tibbs Cortes et al., 2021; Cruz et al., 2021; Mishra
et al., 2019; Zhong et al., 2021; Qiu et al., 2021; Selvaraj et al., 2021;
Yang et al., 2019; Sumargo et al., 2016). Multiple loci models detect
QTN effects with much higher precision when compared with single
locus methods (Wen et al., 2018; Tamba et al., 2017; Zhang et al., 2017;
Wang et al., 2016). Conventional methods employed for the evaluation
of complex traits are undesirable because they are labour-intensive and
costly (Wu et al., 2019). However, a holistic effort assessing all the grain
quality component traits in a robust, cost-effective, and non-destructive
way will enable us to understand the interdependence between the
quality traits comprehensively and develop premium rice varieties.
More recently, prediction modelling based on near-infrared spectros-
copy (NIRS) technique has been widely used for estimation of a wide
variety of phytochemical properties, including total phenols, phytate
content, total carotenoids, anthocyanins and biochemical traits such as
moisture content, starch content, dietary fibre, glycemic index, proteins,
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lipids and vitamins in grains, plants, and animal products.in agriculture
(Bagchi et al., 2016) owing to its capacity to analyze multiple samples
simultaneously and environmental friendliness (Teye et al., 2019; Yang
et al., 2024). NIRS models analyze the absorption of near-infrared light
and predict these properties by correlating spectral data with chemical
analysis, offering an effective alternative for quality assessments and
research in areas of agriculture, food processing, and ecological in-
vestigations (Fodor et al., 2024; Pandiselvam et al., 2022; Grabska et al.,
2022). This approach potentially holds promise as a nutritional analysis
technique addressing the food security issues worldwide.

Enormous diversity in the germplasm plays a pivotal role in breeding
elite rice varieties with consumer choices (Selvaraj et al., 2021; Singh
et al., 2024). The 3 K RG association panel is acknowledged as a reser-
voir of important genes that influence grain yield and quality-related
traits, providing opportunities for their genetic improvement (Abbai
et al., 2019). In this context, we assessed a range of rice quality traits on
a subset of the 3 K rice genome panel of 198 accessions received from
IRRI, Varanasi, India. The accessions were subjected to single-locus and
multi-locus GWAS methods to identify the significant QTNs associated
with grain quality traits. In addition, we reported putative and novel loci
responsible for rice quality using the In-silico approach through gene
ontology, expression profiles and RT-PCR that can be utilized in quality
improvement programmes.

2. Materials and methods
2.1. Plant material and field trial

A set of 198 accessions of rice was received from IRRI-SARC (South
Asia Regional Centre), Varanasi, Uttar Pradesh, India used in the present
study. These accessions represent a subset of re-sequenced 3000 rice
genomes (https://doi.org/10.1186/2047-217X-3-7) collected across the
globe from 89 different countries, inclusive of two check varieties, Pusa
Basmati-1121 and Pusa Basmati-1 (Table S1). The plant materials were
planted at ICAR-IARI (ICAR-Indian Agricultural Research Institute) farm
located at 28.04°N, 77.12°E, New Delhi during kharif 2020 and kharif
2021 following an Augmented design with 7 blocks and 4 checks. About
21-day-old rice seedlings were sown in a nursery bed and manually
transplanted in the main experimental field in 2 m? plots with a spacing
of 20 cm between the rows and 15 cm between the plants. A suggested
package of agronomic practices was used to ensure uniform growth of
the transplanted rice crop under irrigated conditions.

2.2. Phenotyping of grain quality traits

The paddy samples at physiological maturity were harvested,
cleaned, dried in the oven at 60 °C, and dehulled using a rice mill JGMJ
8098 model. About 25 g of dried seeds were grinded and homogenized
further in a Foss Cyclotech™ laboratory mill, Denmark through a 1 mm
screen to obtain the flour as per John et al., 2023 and Padhi et al., 2022
for further analysis of selected grain quality related traitsi.e., percentage
of glycemic index (PGI), total dietary fibre (TDF), oil %, protein (Prt),
amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and
starch content (Str).

2.2.1. Estimation of PGI

For the determination of the glycemic index, the Megazyme b-
Glucose (GOPOD, glucose oxidase/peroxidase) Assay Kit (KGLUC) was
used. In brief, samples were milled and ground in a tissuelyser, weighed
~50 mg, and incubated with 500 pL of ethanol 80 % (v/v) at 80 °C for 5
min. The tubes were then centrifuged at 10,000 rpm for 5 min, and the
supernatant was carefully poured. The centrifugation was again
repeated, and the supernatant was then kept in a water bath at 60 °C for
15 min. 1 ml of distilled water was added to each of the tubes and stirred
on a vortex mixer. 0.1 mL of the sample was accurately transferred to
tubes, and 3 ml of GOPOD reagent was prepared and added to each tube.
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Mixing of the sample and solution was done for each tube by pipetting.
The solution mixtures were then kept in a water bath at 40 °C for 20 min,
and absorbance was measured using a Benchtop Lab Systems Spec-
trometer at 510 nm. The estimated glucose was converted to % starch
using the tool Mega-Calc™, available online (www.megazyme.com).
PGI was estimated from an index of hydrolysis (HI) obtained by dividing
the AUC, the area under the starch hydrolysis curve of the rice samples,
by that of glucose used as a standard (Selvaraj et al., 2021).

2.2.2. Estimation of amylose

The amylose content of rice accessions was evaluated by the iodine
binding method given by John et al., 2023 where the iodine complexes
with the amylose. Some modifications were made for streamlining the
handling procedure. Around 0.05 g of homogenized rice powder was
transferred to a test tube and suspended in 500 pl ethanol solution. 4.5
ml of 1 N NaOH solution was then added to the test tube, and the test
tubes were thoroughly vortexed. The test tubes were then kept in a water
bath maintained at 100 °C for 20 min, after which the test tubes were
taken out and brought back to room temperature. The final volume was
transferred to a volumetric flask of 50 ml, and the volume was made up
with distilled water. A 500 pl aliquot was taken from the flask and
moved to amber coloured Falcon tubes. To the aliquots, 200 pl glacial
acetic acid and 200 pl iodine solution were added, and the total volume
was made up with distilled water to 10 ml. The tubes were left undis-
turbed in the dark to facilitate blue coloured complex formation. The
intensity of the color was estimated spectrophotometrically at 620 nm
by UV- VIS double beam PC scanning spectro model UVD-3200. Stan-
dards were prepared using already known potato amylose concentra-
tions (A0512 Amylose from Sigma Aldrich).

2.2.3. NIR based estimation of other grain quality traits

All the 198 accessions were scanned for various eating quality traits
by a non-destructive and rapid method using near-infrared reflectance
spectroscopy (NIRS). Before scanning, the NIR instrument was cali-
brated with a reference cell, white mica, followed by sample estimations
for the highest accuracy. Grounded sample is then transferred to a FOSS
sample circular ring with a diameter of 3.8 cm and pressed without
applying much pressure for uniform packing. 5 g of each rice flour
sample was scanned 32 times within the NIR spectral absorbance range
of 400-2498 nm with 2 nm intervals as the logarithm of respective
reflectance(1/R) on the FOSS-NIRSDS3 spectrophotometer to obtain the
reflectance spectra using the analytical software viz., WinISI v1.5 (John
et al., 2022). The NIR results were then compared with reference ma-
terials (BCR-465, 466, and 467) to estimate selected eating quality traits
(TDF, oil, Prot, Mst, Phy, Phn and Str) in rice.

2.3. SNP genotyping, linkage disequilibrium and population structure

The 3 K rice genome 1 M SNP genotype data employed in this study
were downloaded from the Rice SNP-seek database (http://snp-seek.irri.
org/_download.zul). Imputation of missing SNP data was performed
using the software Beaglev5.4. A set of 5,53,229 high-quality SNPs for
minor allele frequency > 0.05 were retained to identify the peak asso-
ciations using TASSELv5.2.25, and the SNPs were considered as signif-
icantly associated with targeted rice quality traits, adopting the
suggestive -logijp p value >5. The population genetic structure and
kinship relationships of 198 accessions were inferred using STRUCTURE
v2.3.4 (Pritchard et al., 2000) and TASSEL v5.2.82 (Bradbury et al.,
2007), respectively. LD between pairwise 5,53,229 filtered SNPs was
assessed by estimating the coefficient of determination (R?) in LDkit
software. The rate of LD decay was the corresponding distance in base
pairs (bp) at which the average R? value decayed to one half of its
average maximum value.
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2.4. Association mapping

Average data, kinship matrix, and structure were utilized for asso-
ciation analysis using GAPITv3.1.0 (https://cran.R-project.org/). Asso-
ciations were studied using six GWAS methods, viz., MLM (Zhang et al.,
2010), CMLM (Li et al., 2014), MLMM (Segura et al., 2012), mrMLM
(Zhang et al., 2020), FASTmrMLM (Tamba & Zhang, 2018), and
FASTmrEMMA (Wen et al., 2020), considering a significant LOD score
value of 3. To improve the accuracy of GWAS results, QTNs detected by
more than two GWAS methodologies were considered truly significant
and used in the search for candidate loci. The GWAS results were pre-
sented in -log scale in the QQ and Manhattan plots using the ggman
package in R software (Turner, 2018).

2.5. Prioritization of putative candidate loci and gene set analysis

To predict genes underlying eating quality traits in rice, SNPs with p
< 0.00001 were considered significantly associated with targeted
quality traits. The search radius of putative candidates was established
based on R? half decay results. To confirm the GWAS results, a 100 kb
region flanking the significant SNPs was scanned for the presence of
previously reported eating quality-related QTLs and genes based on the
information in online databases., QTARO (http://qtaro.abr.affrc.go.jp/)
and Gramene (https://www.gramene.org/). Consequently, candidate
transcripts were subjected to functional annotations using the rice
database, i.e., RAP-DB (https://rapdb.dna.affrc.go.jp/). Furthermore,
the gene set enrichment analysis (GSEA) of the identified loci was con-
ducted utilizing the web-based graphical tool ShinyGO 0.77 (https://bio
informatics.sdstate.edu/go77/).

2.6. Tissue-specific expression of candidate loci and quantitative real-time
PCR

The gene expression profiles of each of the putative candidates were
obtained from the Gramene database across nine different develop-
mental tissues, including leaf, early inflorescence, emerging inflores-
cence, anther, pistil, seeds 5 days after pollination (5 DAP), seeds 10
days after pollination (10 DAP), plant embryo and endosperm and
visualized using a heatmap in R Studio. For verifying the reliability of
RNA-Seq analysis and the expression levels of candidate genes, qRT-PCR
analysis was performed using SYBR Green master mixes on Biorad
CFX96 Real-Time PCR System (California, USA) with UBQ as an internal
reference gene. Total RNA was isolated from the seeds of two genotypes
with high (10298) and low (8405) TDF, respectively using Sigma
Aldrich plant Spectrum™ total RNA kit and single-stranded cDNA was
then synthesized using the Verso ¢cDNA Synthesis Kit (AB-1453-B,
Thermo Scientific). Gene-specific primer pairs were designed using
Primer3Plus online software (https://www.bioinformatics.nl/cgi-bi
n/primer3plus/primer3plus.cgi), and primer information has been
given in supplementary table (Table S16). All qRT-PCRs were performed
in three independent replicates, and 2 22 was used to calculate the
relative expression to obtain the fold change values. Error bars in
expression graphs represent the standard deviation (SD) of three bio-
logical replicates.

2.7. Statistical data analysis and phenotypic differences

The phenotypic evaluations were done in triplicate, and mean data
were used in subsequent analysis. Descriptive statistics for all nine
eating quality traits were conducted in R using the describe function.
Phenotypic correlations between the quality traits and their level of
statistical significance were computed in R using the correlation func-
tion. A correlation network was built to understand the inter-
connectivity between the selected quality traits using the R package
graphics. To verify the associated locus between putative genes and rice
quality traits, SNP Seek software (https://snp-seek.irri.org/) was used to
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perform haplotype analysis considering the non-synonymous coding
SNPs, trait mean values were compared for their significant differences
at a threshold of P = 0.05 by student’s t-test.

3. Results

3.1. Phenotypic variations and correlation network analysis of quality
traits

Rice quality is a complex trait influenced by multiple factors and,
therefore, cannot be characterized precisely by a single trait. We eval-
uated a total of 9 quality traits, including percentage of glycemic index
(PGI), total dietary fibre (TDF), 0il%, protein content (Prt), amylose
(Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch
content (Str) in a subset of 3 K rice genome panel for two years. The
frequency histograms displayed that the quality traits under study fol-
lowed a normal and approximately normal to skewed distributions,
especially for PGI and Amy (Fig. S1). The selected subset depicted wide
variation for the all the quality traits analysed, with the coefficient of
variance ranging from 0.88 % to 29.75 % (Table 1). The PGI varied from
48.03 % to 99.83 %, whereas TDF values ranged from 4.04 to 4.66.
Considerable variation was also observed for Mst, Amy, Prt, Oil, and Str,
which play a crucial role in selecting high-quality rice varieties
considering consumer inclinations. In our present investigation, Oil
showed a range of 3.36 to 7.2 %, Prt ranged from 10.91 to 16.55 g/100
g, Amy exhibited a broad range of 5.24 to 28.36 g/100 g, Mst in the
range of 11.94 to 26.35 %, Phy varied from 0.87 to 1.68 g/100 g, Phn
from 0.13 to 0.69 g/100 g, and Str in the range of 71.74 to 74.95 g/100
g. We thus anticipated that the subset is suitable for GWAS studies
mapping SNPs and QTLs for quality traits in rice.

Correlation analysis revealed negative correlations for PGI with
phytate, amylose, total dietary fibre, starch and protein (Tuano et al.,
2021; Geng et al., 2021; Selvaraj et al., 2021; Haldipur & Srividya, 2020)
while it showed weak positive correlations with oil and Phn (Table S2;
Fig. S2). Amy demonstrated a significant negative correlation with Str
and oil, Phn, Prt, and PGI. Oil displayed negative correlations with Phn,
Str, Amy, while positive correlations with Prt, Phy, Mst, and PGI.
Moisture specified significant positive correlations with Prt and Amy,
while it exhibited significant negative correlations with Str, Mst, PGI,
and TDF, though weakly. Phn showed negative correlations with oil,
Phy, Mst, Prt, Amy, however, weak positive correlations were observed
with TDF, Str, and PGI. Along with Prt significantly, TDF correlated
positively with Prt, Phn, Phy, Mst, and Amy, while a negative correlation
was observed with Str, oil, and Mst. Prt had a significant positive cor-
relation with TDF and Phy, Mst, whereas it was inversely correlated with
Str, Phn, and PGI. These findings suggest an intricate relationship be-
tween the selected quality traits and influence quality in rice in a co-
ordinated way.

3.2. Population structure analysis and linkage disequilibrium decay

With a view to assess the count of subpopulations in selected rice
subset, this genome-wide SNP marker data using the Bayesian model
revealed a sharp peak Ak at k = 2 (Fig. S3A), implying presence of two
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subpopulations denoted as SP1 and SP2 (Fig. S3C). SP1 was the larger
one, comprising of 173 rice accessions in total belonging to indica sub-
populations (ind1a, ind1b, ind2, ind3 and indx). The smaller SP2 cluster
accommodated 25 accessions of japonica, aus/boro and intermediate type
of subpopulations. The LD across the rice genome was assessed using
5,53,229 filtered SNP markers with MAF > 5 %. The average LD across
the rice genome was 100 kb (Fig. S3B). These SNPs were moderately
uniformly distributed on twelve chromosomes suggesting their suit-
ability for dissecting complex quality traits in rice.

3.3. Dissecting the genetic basis of grain quality-related traits using multi-
model GWAS

In overall, 200 QTNs were discovered to be significantly associated
with selected nine quality traits (LOD score > 3) by six different GWAS
models (Table S3; Fig. 1). Manhattan plots and Quantile-quantile plots
derived from GWAS illustrating the model’s goodness of fit and the
chromosomal location of the SNPs identified, respectively are presented
in Fig. 2. Highest number of QTNs were identified to be associated with
Phn, followed by 32, 30, 23, 20, 18, 15,12 and 10 QTNs with PGI, Phy,
Oil, Amy, Prt, Mst, Str and TDF, respectively. These 200 QTNs were
distributed across all the twelve chromosomes with the maximum QTNs
on chromosome 2, followed by chromosome 12 (Fig. S4). Then, the
QTNs located within LD decay distance of 100 kb were grouped into the
same cluster, corresponding to the same QTL. Hence, these QTNs were
categorized into 26 QTL clusters (Table S4). These clusters contained 39
QTNs were located across the genome on chromosomes
1,2,3,4,7,8,9,10,11, and 12. Among the key clusters, 6,1,5,7,3,6,5,2 and
3 clusters were associated with PGI, TDF, Oil, Mst, Amy, Phn, Phy, Prt,
and Str, respectively (Table 2). Cluster q.9-1 was co-identified for Phn
and Phy traits, explaining 1.77~ 13.78 % of the phenotypic variation.
Clusters q.3-1 was found to be associated with Oil and Mst traits,
explaining 34.83 % of the phenotypic variation. Cluster q.1-1 was co-
identified to be associated with PGI and Phn traits and had 6.40 % of
phenotypic variance explained. Clusters q.12-1 was co-identified for
Mst and Phn, explaining 1.45~ 7.08 % of the phenotypic variance.
Clusters q.4-2 and q.3-4 co-identified for Mst, Prt, and Phy had 5.22 %
and 1.74 3.87 % of phenotypic variance correspondingly. q.2-2 was co-
identified to be associated with Mst and Phn, had 6.96 % of phenotypic
variance explained. Cluster q.11-1 was co-identified to be associated
with Oil and Phn traits, explaining 0.97 % of the phenotypic variation.
Cluster q.11-2 was co-identified to be associated with TDF and Prt traits
and had 0.79- 4.54 % of phenotypic variance explained. For the traits
PGI and Str traits, Cluster q.10-3 was found to be associated, explaining
2.80 % of the phenotypic variance. Cluster q.7-3 was co-identified for
Amy and Phy traits, explaining 1.20 % of the phenotypic variation.
Among these 26 clusters, 20 were considered as highly reliable key
clusters, as they were detected concurrently by at least 3 GWAS methods
and colocalized/located in vicinity of already known rice quality genes/
QTLs such as Phol(Phosphate transporter 1) gene (Hwang et al., 2016;
Sun et al., 2012), Histidine acid phosphatases (OsPHY2), Ser/Thr pro-
tein phosphatase family proteins, Calmodulin binding motif domain
containing protein (Chen et al., 2021), Zinc Finger domain containing
proteins, SBP-box gene family members, NIN like family proteins,

Table 1
Descriptive analysis of the traits related to grain quality of the selected subset of 3 K-RG panel.
PGI TDF oil Protein Amylose Moisture Phytate Phenols Starch
N 198 198 198 198 198 198 198 198 198
Mean 74.63 4.29 4.85 12.84 19.82 14.8 1.17 0.52 73.36
SD 13.57 0.1 0.71 0.84 5.9 2.59 0.13 0.09 0.65
cv 18.17 2.34 14.66 6.56 29.75 15.62 11.06 18.17 0.88
Range 48.03-99.83 4.04-4.66 3.36-7.20 10.91-16.55 5.24-28.36 11.94-16.36 0.87-1.68 0.13-0.69 71.74-74.95

Percentage of glycemic index (PGI), total dietary fibre (TDF), 0il%, protein content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch

(Str).
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Fig. 1. Physical map of detected QTNs associated with nine quality-related traits in rice. The vertical bars represent different rice chromosomes. Horizontal lines
represent the positions of SNP markers in each linkage group. Different colors represent QTNs detected for different quality traits assessed, i.e., dark green: Oil (%),
brown: phytate (Phy), yellow: amylose (Amy), black: percentage of glycemic index (PGI); light blue: protein content (Prt), light green: phenols (Phn), dark blue:
moisture (%) (Mst), red: total dietary fibre (TDF) and pink: starch (Str) content. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Manhattan plots (left side) and Q-Q plots (right side) for eating quality traits using multi-model GWAS methods. (A) Manhattan plots of percentage of
glycemic index (PGI), total dietary fibre (TDF), 0il%, protein content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch (Str) (starting
from top to bottom). The dotted horizontal line represents the threshold LOD score > 3. Light color dots denote the QTNs identified by single GWAS model and the
pink color dots depict the QTNs mapped by more than 2 GWAS models; (B) Q-Q plots of percentage of glycemic index (PGI), total dietary fibre (TDF), oil %, protein
content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch (Str) (starting from top to bottom). A Q-Q plot representing the observed
versus expected P values of each identified QTN signifies the fitness of the GWAS model. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Table 2
Key QTL clusters identified by GWAS for selected quality traits.
Trait QTL cluster Peak SNP Marker Chr Pos QTN effect —log10(P) PVE (%) Method
PGI q.l-1 28,466,925 1 28,466,925 —0.04 14.76 6.40 1,2,3,5
q.2-1 48,318,700 2 5,047,777 —5.43 4.28 3.50 1,2,3,6
q.6-1 191,110,865 6 10,027,745 —5.94 5.10 30.98 1,2,3,5
q.7-1 232,875,954 7 20,544,047 —-8.40 5.41 7.60 1,2,3,5
q.10-2 294,460,489 10 975,219 —6.05 6.50 7.17 1,2,3,4
q.10-3 294,497,553 10 1,012,283 -3.35 6.78 2.80 1,2,3,5
TDF q.11-2 334,258,365 11 17,565,808 0.01 3.88 0.79 1,2,3,5
oil q.2-3 64,016,824 2 20,745,901 -0.17 5.71 5.12 1,2,3,4
q.2-4 77,848,067 2 34,577,144 0.15 4.06 1.11 1,2,3,5
q.3-1 107,010,610 3 27,802,437 0.72 5.41 34.83 1,2,3
q.10-1 293,559,025 10 73,755 —0.10 5.67 1.85 1,2,3,5
q.11-1 325,718,479 11 9,025,922 —0.08 4.63 0.97 1,2,3,5
Mst q.2-2 59,864,999 2 16,594,076 1.00 6.85 6.96 1,2,3,4
q.3-1 107,010,610 3 27,802,437 0.72 5.41 34.83 1,2,3
q.3-3 112,810,170 3 33,601,997 -0.29 5.36 4.66 1,2,3
q.3-4 113,490,113 3 34,281,940 —0.58 4.46 1.74 1,2,3,5
q.4-1 117,373,665 4 1,751,673 -0.79 8.63 8.82 1,2,3,4
q.4-2 136,940,967 4 21,318,975 -1.19 9.54 5.22 1,2,3,4
q.12-1 361,469,484 12 15,755,821 —0.31 3.89 1.45 1,2,3,5
Amy q.7-2 233,148,289 7 20,816,382 —2.82 6.03 0.71 1,2,3,5
q.7-3 240,473,958 7 28,142,051 1.12 4.13 1.20 1,2,3,5
q.8-1 251,873,701 8 9,844,173 0.98 5.12 2.75 1,2,3,5
Phn q.1-1 28,466,925 1 28,466,925 —0.04 14.76 6.40 1,2,3,5
q.2-2 59,864,999 2 16,594,076 1.00 6.85 6.96 1,2,3,4
q.9-1 277,243,321 9 6,770,771 0.11 9.16 13.78 1,2,3,5
q.9-2 277,406,998 9 6,934,448 0.05 8.27 5.61 1,2,3,4
q.11-1 325,718,479 11 9,025,922 —0.08 4.63 0.97 1,2,3,5
q.12-1 361,495,171 12 15,781,508 —0.04 4.25-10.16 7.08 1,2,3,4,6
Phy q.3-4 113,496,685 3 34,288,512 0.03 3.81 3.87 1,2,3,5
q.4-2 136,940,967 4 21,318,975 -1.19 9.54 5.22 1,2,3,4
q.7- 240,473,958 7 28,142,051 1.12 4.13 1.20 1,2,3,5
q.9-1 277,299,005 9 6,826,455 0.12 5.61 1.77 1,2,3,5
q.10-4 314,820,179 10 21,334,909 -0.17 5.64 32.36 1,2,3
Prt q.3-4 113,490,113 3 34,281,940 —0.58 4.46 1.74 1,2,3,5
q.11-2 334,269,411 11 17,576,854 0.00-0.183 4.01-5.41 0.00-4.54 1,2,3,5,6
Str q.2-4 77,848,067 2 34,577,144 0.151 4.0554 1.1053 1,2,3,5
q.2-5 77,923,106 2 34,652,183 0.132 6.50 4.16 1,2,3,5
q.10-3 294,497,553 10 1,012,283 -3.35 6.78 2.80 1,2,3,5

Percentage of glycemic index (PGI), total dietary fibre (TDF), 0il%, protein content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch
(Str).

OsMADS6 (Lou et al., 2023; Ren et al., 2023).and consequently, were 3.4. Identification of putative candidates based on key QTL clusters
considered in our GWAS study for candidate gene search.
869 putative candidate genes were annotated from the 26 key QTL
clusters mentioned above. Out of which 206 candidate genes were
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Fig. 3. Candidate genes identified for different quality traits. (A) Venn diagram showing an overlap of significant genes identified from GWAS. (B) Heatmap of the
expression levels of putative candidates identified for different quality traits in nine different tissues (leaf, anther, pistil, early inflorescence, emerging inflorescence,
seeds 5 days after pollination, seeds 10 days after pollination, embryo and the endosperm) of rice. Where Percentage of glycemic index (PGI), total dietary fibre
(TDF), 0il%, protein content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn), and starch (Str).
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identified in the QTL clusters for PGI, followed by 175, 100, 154, 99,
101, 73, 43, and 58 putative candidates for Phn, Oil, Phy, Amy, Mst, Str,
TDF, and Prt, respectively (Table S5). 25 candidate genes were shared by
Mst and Phn; 16 candidate genes by Str and PGI; 14 candidate genes by
Phy and Amy; 2 candidate genes by Amy and PGI; 13 candidate genes by
Phy and Mst; 12 candidate genes by Oil and Mst; 10 candidate genes by
Oil and Phn; 11 candidate genes by Prt, Phy and Mst; 8 candidate genes
by Phn and Phy; 7 candidate genes by PGI and Phn; 5 candidate genes by
Str and Oil; 3 candidate genes by TDF and Prt; and 3 candidate genes by
PGI and Prt (Fig. 3A). These results showed that the putative candidate
genes for quality traits were overlapped, emphasizing the reliability of
these candidates.

3.5. Gene set analysis and expression analysis of candidate loci

GO enrichment analysis was then performed to detect the functional
categories across the grain quality putative candidates identified by
GWAS. The results demonstrated that these genes associated with PGI
were enriched in GO terms related to ubiquitin molecules, galactokinase
domain, phospholipid acyltransferase and phospholipase d family,
GPAT domain superfamily, nascent polypeptide-associated complex
alpha-like UBA domain, PO loop repeats, and other biological functions
(Fig. S5A, Table S6). The putative candidates associated with TDF were
enriched in GO terms primarily in NADP activity, beta-1,4-
mannosyltransferase activity, Glycosyltransferase family 21, Duf639
protein and SBP domain, AUX family and auxin binding, and other
biological functions (Fig. S5B, Table S7).

The candidate genes related to oil were enriched in the U-box
domain, NADH cytochrome P450 reductase and DHHC palmitoyl-
transferase, cupin domain, TAP42-like family and TIP-41-like family,
TB2/DP1, HVA22 and PAPD-like superfamily and molecular functions
(Fig. S5C, Table S8). The candidate genes related to Prt were enriched
with TIM10-like protein and the TIM22 translocase, GDSL/SGNH-like
acyl transferase activity, PMR5 N-terminal domain and cellular func-
tions (Fig. S5D, Table S9). The candidates related to Amy were enriched
largely in nucleoside phosphate binding, carbohydrate derivative
binding, phospholipid/glycerol acyltransferase domain-containing pro-
teins, ribonucleotide binding, ion binding, glycerol acyltransferase and
GPAT N-terminal domain superfamily, and cellular functions (Fig. S5E,
Table S10).

The candidate genes putatively associated with Mst were enriched in
Glutaredoxin-like and protein Duf2232, methyl-sterol oxidase activity
and squalene epoxidase activity, ACT domain-containing protein
ACR1-12 and UV-B-induced protein At3g17800-like, NADPH-cyto-
chrome P450 reductase and DHHC palmitoyl-transferase, cupin domain,
TAP42-like family and TIP-41-like family, PMR5 N-terminal domain,
and other cellular functions (Fig. S5F, Table S11). The candidate genes
related to Phy were enriched in GO terms related to DNA replication
origin binding, DNA replication initiation, ion binding, ribonucleotide
binding, and carbohydrate derivative binding (Fig. S5G, Table S12).

The candidate genes associated with Phn were enriched principally
in NmrA-like domain and ACT domain, STAM Vps27/Hrs/STAM
domain, oxylipin biosynthesis and acyl transferase/acyl hydrolase,
TMEM 14 family and Mce/MlaD, FAD/NAD(P) binding domain, NAP-
like superfamily, E3 binding domain, and molecular functional cate-
gory (Fig. S5H, Table S13). The candidate genes related to Str were
enriched in PHO1 and SPX domains, GAGA binding protein-like family,
EXS family, along with their molecular functions (Fig. S5I, Table S14).

Among the putative candidate genes associated with Oil, two can-
didates LOC_0s02g56510 (OsPHO 1, Phosphate transporter 1) and
LOC_0s03g58960 (DHHC zinc finger domain containing protein) were
detected in q.2-4 and q.3-3, respectively (Table 3). These genes showed
high expression levels in the emerging inflorescence, seeds 5 days after
pollination, 10 days after pollination and the endosperm, and hence may
play a vital role in regulating oil biosynthesis and accumulation. Of the
two candidate genes for q.11-1 associated with Phn, LOC Os11g16290
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Table 3
Putative candidate genes associated with rice quality traits identified by mul-
tiple GWAS models.

QTL SNP Trait GenelD Annotation
cluster
Oil, phosphate transporter 1
q.2-4 77,848,067 Str LOC_0s02g56510  (OsPHOI)
DHHC zinc finger
Oil, domain-containing
q.3-3 112,810,170 Mst LOC_0s03g58960 protein
Prt, Histidine acid
Mst, phosphatases, putative,
q.3-4 113,490,113 Phy LOC_0s03g60370 expressed
Calcium/calmodulin-
Mst, dependent protein
q.4-2 136,940,967  Phy LOC_0s04¢35240  kinase (OsSAPK?7)
Protein Phosphatase 2C
q.10-4 314,820,179 Phy LOC_0s10g39780 (OsPP2C72)
q.11-1 325,718,479  Phn LOC 0s11g16290  NIN like family protein
q.11-2 334,258,365  TDF LOC 0s11g30500  HVA22-related protein
Phosphatase 2 A isoform
2 belonging family 2
q.3-2 112,810,170  Mst LOC_0s03g59060  (OsPP2 Ac-2)
Prt, Leaf senescence related
q.3-4 113,490,113 Phy LOC_0s03g60350 protein (OsTBL5)

uridine/cytidine kinase-

q.11-1 325,718,479 Phn LOC 0s11g16370 like 1
SBP-box gene family
q.11-2 334,258,365 TDF LOC 0Os11g30370 member (OsSPL19)
Prt, cinnamoyl CoA
q.3-4 113,490,113  Phy LOC_0s03g60380  reductase

Percentage of glycemic index (PGI), total dietary fibre (TDF), 0il%, protein
content (Prt), amylose (Amy), moisture % (Mst), phytate (Phy), phenols (Phn),
and starch (Str).

encodes a NIN-like family protein, and LOC Os11g16370 encodes a
uridine/cytidine kinase-like 1 gene. These genes displayed higher
expression values in the inflorescence, seeds at 5 and 10 days after
pollination, embryo together with the leaf (LOC Os11g16290) and pistil
(LOC_0s11g16370) (Table 3; Fig. 3B).

Among the putative genes associated with Mst, four genes
LOC 0s03g60370 (Histidine acid phosphatase), LOC 0s03g59060
(OsPP2 Ac-2, Phosphatase 2 A isoform 2 belonging to family 2), and
LOC_0s04g35240 (OsSAPK7, Camk_Camk_Like.25 - Camk Includes Cal-
cium/Calmodulin Dependent Protein Kinases), LOC 0s03g58960
(DHHC zinc finger domain containing protein) were found in q.3-4,
q.3-2, q.4-2 and q.3-3, respectively. The expression of LOC_0s04¢35240
was high in all the tissues except the leaf, anthers and the endosperm,
while the expression of LOC_0s03g59060 was comparatively higher in
the leaf, anther, pistil, early inflorescence and the emerging inflores-
cence (Table 3; Fig. 3B). The expression of LOC 0s03g60370 and
LOC_0s03g58960 was significantly higher in emerging inflorescence,
seeds 10 days after pollination, embryo and the endosperm, signifying
their potential roles in regulating moisture availability to the developing
embryo and seedling which is crucial for grain filling and grain quality.

Among the putative candidates associated with Prt, three genes
LOC_0s03g60370 (OsPHY2, histidine acid phosphatase),
LOC_0s03g60350 (OsTBL5, leaf senescence related protein), and
LOC_0s03g60380 (OsCCR2, cinnamoyl CoA reductase) were detected in
the cluster q.3-4 (Table 3; Fig. 3B). The genes LOC 0s03g60370,
LOC_0s03g60350 and LOC_0s03g60380 were highly expressed in the
pistil, inflorescence, seeds at different stages and the embryo and, also
leaf in case of LOC_ 0s03g60380 suggesting their critical role in protein
metabolism, mobilizing release/transport of amino acids specifically
during seed germination and eventually affecting the grain size and
protein quality.

Another candidate gene for q.2-4 associated with Str,
LOC 0s02g56510 encoding OsPHOI1, phosphate transporter-1 gene
exhibited significantly higher expression in anther, seeds 5 and 10 days
after pollination, and the endosperm pointing towards its involvement
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in uptake and transport of phosphates and thus, is considered as the most
likely candidate gene governing starch biosynthesis in rice grains
(Table 3; Fig. 3B). Our GWAS results suggested five candidate genes for
Phy, including LOC 0s03g60370 (histidine acid phosphatase),
LOC_0s04g35240 (OsSAPK7, Camk_Camk_Like.25 - Camk Includes Cal-
cium/Calmodulin Dependent Protein Kinases), LOC_0s03g60350
(OsTBL5, leaf senescence related protein), LOC_Os10g39780 (OsPP2C72,
Protein Phosphatase 2C), and LOC 0s03g60380 (cinnamoyl CoA
reductase) which were found in q.3-4, q.4-2, q.3-4, q.10-4 and q.3-4,
respectively. Notably, these genes facilitate remobilisation of nitrogen
and phosphorus from the vegetative tissues to the developing rice grains,
influencing the bioavailability of nutrients at the grain filling stage
(HajibaraT and Saidi, 2022; Fuchs et al., 2013). Their higher
expression in the pistil, early and emerging inflorescence, seeds at 5 and
10 days after pollination, embryo and the endosperm also indicates their
potential roles impacting the overall rice grain quality and phytate
content (Table 3; Fig. 3B).

Among the candidate genes associated with TDF, two genes
including LOC Os11g30370 (OsSPL19, SBP-box gene family member)
and LOC Os11g30500 (HVA22-related protein) located in q.11-2
exhibited relatively high expression in the pistil, early inflorescence,
seeds 5 days after pollination, embryo and the endosperm indicating
their regulatory role in flowering, panicle architecture, and the endo-
sperm development, and might influence dietary fibre profile of the rice
grains (Table 3; Fig. 3B). The qRT-PCR results also showed the expres-
sion levels of LOC_0s11g30370 and LOC_0Os11g30500 were extensively
higher in IRIS_313-10,298 with high TDF than that in the genotype
IRIS_313-8405 with low TDF (Fig. 5). The introduction of the OsSPL19
molecular module into high-yielding rice varieties could substantially
improve rice quality, providing a novel approach for the synergistic
improvement of rice quality. Hence, these twelve candidate genes were
determined as promising for haplotype analysis.

3.6. Haplotype analysis of putative candidates

A set of twelve candidate loci were subjected to haplotype analysis
considering the non-synonymous coding SNPs, then t-test was con-
ducted to test the significant variations among the haplotypes. The
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haplotypes revealed and phenotypic distribution of each grain quality
trait were then visualized as boxplots in R Studio using ggplot2 package.

For the gene LOC_0s03g60370 encoding Histidine acid phosphatases
(OsPHY2) associated with Prt, Mst and Phy, three haplotypes were
identified based on eight SNPs in the genic region. For Phy, the geno-
types having HapB (TTTGC) was significantly superior to the genotypes
with HapA (TTTGC) and HapC (GCCAC) with a mean value of 1.14 g/
100 g and 1.16 g/100 g phytate respectively. For the gene
LOC_0Os11g16290 encoding NIN like family protein, present within the
LD region of q11-1 five haplotypes were identified based on forty one
SNPs in the coding region of the gene (Fig. 4). The accessions possessing
HapC showed higher mean value of 0.603 g/100 g while the genotypes
having HapE displayed the least mean value of 0.456 g/100 g. For Oil%
and Str, Mst and Phy, Prt and Phy, 3 genes LOC 0s02g56510,
LOC_0s04g35420 and LOC_ 0s03g60380 encoding OsPHO1, OsSAPK7
and OsCCR2 were identified for haplotype analysis. Three, three and
four haplotypes were identified for LOC 0s02g56510, LOC_0s04g35420
and LOC 0s03g60380 respectively. However, none of the haplotypes
showed significant associations with aforementioned traits. The details
of the haplotypes identified are given in the supplementary table
(Table S15). For the gene LOC Os11g30500 encoding HVA-22 related
protein involved in governing TDF, HapC (GC) with a mean value of
4.366 g/100 g depicted superiority over Hap A(CT) and HapB(CC).
Similarly, HapC and HapE contributed to the respective highest and
lowest mean values of TDF for another candidate gene LOC Os11g30370
encoding OsSPL19. Also, significant differences in TDF among the gene
haplotypes were consistent with the RNA-Seq and qRT-PCR results
(Fig. 5) signifying that SPL19 gene and HVA22 gene may play an
imperative role in rice quality.

4. Discussion

Rice is the second most widely consumed cereal worldwide, and
grain quality has been a key concern for consumers and rice breeders.
Multiple genes with several gene expression profiles and regulatory
pathways contribute to quality-related traits; henceforth, geneticists
incessantly develop approaches to dissect their complexity. The in-
tricacy at the genetic level and an inadequate number of germplasm
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for selected grain quality traits in rice.

lines with the required eating and cooking quality attributes are the
major barriers to grain quality improvement in rice. Using a subpanel of
198 accessions and 5,53,229 SNP markers, significant QTNs and
candidate genes associated with grain quality traits were identified. In
this study, based on the frequency distribution, it may be determined
that a wide range of variability existed for PGI, Amy, Str, Mst and other
quality related traits in the selected subset (Fig. S1). Likewise, our cor-
relation analysis revealed that Prt exhibited significant negative corre-
lations with Str, Amy, Phn and PGI however, positive correlation was
observed with TDF and Phy, consistent with several reports (Pinta et al.,
2024; John et al., 2023; Qadir & Wani, 2023; Song et al., 2019; Balin-
dong et al., 2018; Zhang et al., 2017; Lee et al., 2015). Phn exhibited
negative correlations with Oil, Amy, Prt, Phy, and Mst, though positively
correlated with TDF and PGI, similar to earlier studies (John et al., 202.3;
Liu et al., 2020). Str showed negative correlation with TDF, Prt, Phy, Oil,
Amy, PGI, and Mst, suggesting its vital role in mitigating the detrimental
effects of Type II diabetes globally (Takahashi et al., 2024). Addition-
ally, we observed negative correlations between PGI and Amy, Str, Prt
and Phy (Anacleto et al., 2019; Badoni et al., 2024; Guzman et al., 2017;
Jabeen et al., 2021; John et al., 2023; Kumar et al., 2020; Ngo et al.,
2023; Pautong et al., 2022; Selvaraj et al., 2021; Zhou et al., 2016)
confirming the hypothesis that higher proportions of Amy, Str and Prt
are believed to be desirable for public health with lower PGI (Badoni
et al., 2024; Jukanti et al., 2025). Phy displayed negative correlations
with TDF, Str, Amy, Phn, and PGI, and positive correlations with Prt and
oil, which corroborate with the study done by Lee et al. (2015). Inter-
estingly, it has been found that dehusked rice cultivars with high
phenolic compounds and low phytic acid possess antioxidant activity
and hence, are believed to be suitable for infants and low GI diets (Lee
et al., 2015). Moreover, TDF, oil, and moisture displayed moderately
low to moderately high non-significant correlations with the other traits,
indicating these traits cannot determine the grain quality exclusively,
and it is imperative to take into consideration other quality traits.
Pleiotropic SNPs identified by GWAS supported well Pearson’s correla-
tions and network visualization approach, further highlighting the
interdependence between the selected quality traits (Fig. S2).

Previous studies have reported genetic dissection of different com-
plex traits (Abbai et al., 2019; Anacleto et al., 2019; Badoni et al., 2024;
Mbanjo et al., 2023; Selvaraj et al., 2021; Singh et al., 2024; Song et al.,
2019). However, the understanding of the genetic mechanisms regu-
lating rice grain quality is extremely limited. Therefore, we conducted a
comprehensive GWAS study and identified 200 QTNs associated with
rice quality. Particularly, 32 QTNs associated with PGI were mapped to
6 QTL clusters located on chromosomes 1,2,3,5,6,7,10, and 12
(Table S3, Fig. 1) that differed from those already reported loci for PGI,
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which were mainly positioned on chromosomes 1,2,6,8,9, and 11
(Anacleto et al., 2019; Badoni et al., 2024; Selvaraj et al., 2021). 20QTNs
detected for Amy (Table S3) were mapped to 3 QTL clusters located on
chromosomes 1,2,3,5,7,8,9,10,11 and contrasted with the known Amy
genes at chromosome 6 (Chen et al., 2024; Okpala et al., 2022; Zhong
et al., 2021). Similarly, 30QTNs identified for Phy were mapped to 5
QTL clusters located across the genome were different from the genes
documented for phytic acid on chromosomes 3,4,6, and 8 (Gyani et al.,
2020; Perera et al., 2018; Perera et al., 2019; Tp et al., 2022). 40 QTNs
detected for Phn mapped to 6 QTL clusters located on chromosomes
1,2,3,4,6,7,8,9,11, and 12 differed from previously known Phn genes on
chromosome 1,2,4, 6,7,9,11, and 12 (Xia et al., 2021; Xu, Bao, He, &
Park, 2016a; Shao et al., 2014). Remarkably, 118 of 200 QTNs identified
in the current study were located in close vicinity of already reported
QTLs/grain quality genes whereas the remaining 82 QTNs can be
considered novel (Table S3).

Additionally, 13 QTL clusters were simultaneously detected by more
than one quality trait (Table 2), such as q.9-1, q.7-3,q.11-1 and q.11-2.
For PGI, 2 QTL clusters (q.1-1 and q.10-3) were co-detected by PGI,
Phn, and Str, and for Mst, 4 of 8 QTL clusters (q.2-2, q.3-4, q.4-2, and
q.12-1) were co-detected by Mst, Phn, Prt, and Phy. Likewise, many
putative candidates were also found to be associated with QTL clusters
detected with multiple quality traits (Fig. 3A), emphasizing the
complexity of rice grain quality and pleiotropic effects of the identified
candidates. These findings collectively contribute to our understanding
of the genetic basis of the assessed quality traits and multifaceted
developmental processes regulating preferred nutritional attributes in
rice.

The QTL cluster governing Str and 0il% (q.2-4) was found near to the
position of OsMADS6 gene encoding MADS-box transcription factor.
Previous reports demonstrate the significant influence of OsMADS6 on
the expression of seed storage protein (SSP) genes and starch synthesis
related gene (SBEII) encoding 1,4-Alpha-Glucan-Branching Enzyme
resulting in impaired grain filling, grain shape and reduced rice quality
(Ren et al., 2023; Xu, Bao, Kim, & Park, 2016b). Furthermore, the above
cluster harbours PHO1 gene (LOC 0s02g56510) and has been reported
to mediate the uptake and translocation of inorganic phosphates
essential for grain filling in developing rice seeds (Che et al., 2020; Secco
etal., 2010; Yan et al., 2024). Primarily, previous reports revealed over-
accumulated inorganic phosphate in growing seeds of the Osphol mu-
tants inhibited the activity of AGPase (ADP-glucose pyrophosphorylase)
gene, crucial for starch synthesis, and the grain-filling defects were
reduced by the overexpression of AGPase in Osphol mutants (Bao et al.,
2012; Ma et al., 2021). Grain filling is a rate limiting step for seed
development and determines the significance of a starch to many food
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and non-food applications. Considering these findings, we anticipate the
role of PHO1 gene in affecting the rice quality.

In addition, we found 6 QTL clusters novel to this study expanding
the established genetic landscape linked to grain quality traits in rice.
The accessions harbouring superior haplotypes associated with the
selected grain quality traits can be utilized in marker assisted rice
breeding programmes. For the Phy, 3 QTL clusters identified on chro-
mosomes 3,4 and 10 are novel and specific to this GWAS study as pre-
vious studies reported the QTLs in chromosomes 2,3, 5,7,8 and 12
(Gyani et al., 2020; Perera et al., 2018; Perera et al., 2019; Tp et al.,
2022).

The significant SNP 325718479 of the QTL cluster q.11-1 associated
with Phn i.e., was found within the candidate gene NIN
(LOC_0s11g16290), a member of NIN-like proteins (NLPs). Transgenic
studies strongly advocate their role as nitrate responsive transcription
factors improves yield and NUE in rice by participating in develop-
mental processes, stress signalling, and defense mechanisms (Alfatih
et al., 2020; Pradhan et al., 2019). Loss of OsNLP4 mutation caused
significant reduction in rice yield and NUE in comparison to wild type
rice under different N conditions (Wu et al., 2021). All these results
suggest that these genes, influence protein content by regulating nitro-
gen uptake and potentially phenolic content of the rice grains. The
current GWAS study for the first time shows the association of NIN
protein in the phyate metabolism in rice while previous studies have
highlighted the role of OsPHY1 and other inositol phosphate kinases and
synthases (Ali et al., 2013; Karmakar et al., 2020; Suzuki et al., 2007).

We also found an association of q.3-4 with Phy harbouring Histidine
acid phosphatases (LOC_0s03g60370, OsPHY?2) gene (Table 2) that plays
a crucial role in hydrolysis of phytates found in rice grains (Scott et al.,
2024) and was reported to catalyse the transfer of a phosphoryl group
from phosphomonoesters to water driving the release of phosphates
from phytate (Acquistapace et al., 2020). Thus, it is plausible that the
moisture content of rice grains influences the activity of phytases and
the breakdown of phytic acid by HAPhys.

Dietary fibre is an important trait to assess the grain quality and
dimensions for selecting appropriate breeding lines for the rice eating
population and market acceptance. For TDF, two genes i.e., HVA-22
related protein (LOC_ Os11g30500) and SBP-box gene family protein
(LOC_0s11g303700) were identified on chromosome 11 with 3 and 4
haplotypes respectively (Fig. 4). The roles HVA-22 related protein and
OsSPL19 in fibre quality including the content of dietary fibre in the rice
hull, bran layer, textural characteristics in different crops and grain
protein respectively were deciphered previously (Zhang et al., 2023; Ren
et al., 2023; Wattanavanitchakorn et al., 2023; Ren et al., 2023; Wang
et al.,, 2012; Yang et al., 2008). Their association with dietary fibre has
not been reported in any of the previous researches. Xie et al., 2011 also
reported limited QTLs for dietary fibre on chromosomes 2,4,6, 8 and 11
by utilizing the rice BIL population (Xie et al., 2011). High expression in
pistil, inflorescence and seed tissues also suggested these genes might be
a major determinant of rice grain quality (Fig. 3B). Quantitative RT-PCR
has been anticipated for validation of candidate genes identified by as-
sociation studies (Cao et al., 2024). In this study, we used qRT-PCR to
assess the relative expression levels of the candidate genes associated
with TDF content viz., OsSPL19 (LOC Os11g30370) and HVA-22
(LOC_0Os11g30500) between the two genotypes: IRIS_313-10,298 with
high TDF and IRIS_313-8405 with low TDF. Notably, we found that both
the genes displayed significant differences in the contrasting genotypes
(Fig. 5). The QTL clusters and putative candidates, therefore, identified
in our GWAS study would be valuable molecular tools for gaining in-
sights into rice quality improvement.

5. Conclusion
Through GWAS, 20 key QTL clusters and several rice grain quality

genes were identified. Finally, two important candidate genes OsSPL19
(LOC_0s11g30370) and HVA-22 (LOC_Os11g30500) were functionally
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characterized and validated by RT-PCR analysis. The identified QTLs
and candidate genes signify reliable sources for developing new,
improved rice varieties with enhanced nutritional value in future rice
improvement and might be used in value-added trait introgression
breeding for faster deployment of premium quality rice grains consistent
with the needs of the consumers and market trade.
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