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Abstract

Rice (Oryza sativa L.) is a critical global staple, essential for food security, especially in Asia. With increasing population pressure
and environmental constraints, enhancing yield and agronomic performance through advanced breeding strategies is imperative. This
study aimed to assess genetic diversity, identify genomic regions associated with yield-related traits in rice germplasm to facilitate mark-
er-assisted selection and hybrid breeding. A panel of 101 diverse rice genotypes was evaluated over two growing seasons for 11 mor-
phological and yield-related traits, including Association mapping using 10K SNP array identified 129 Marker-Trait Associations (MTAs)
across the rice genome, with Phenotypic Variance Explained (PVE) ranging from 6.08% to 27.15%. Several pleiotropic loci influencing
multiple traits were detected, such as RM5951 on chromosome 4 linked to plant height, 1000-grain weight, tillers per plant, yield per hect-
are, and seed setting percentage. These findings provide a foundation for developing high-yielding, climate-resilient rice varieties to meet
future food demands. Future work should expand the germplasm base, integrate multi-omics approaches, and promote collaborative
efforts for the rapid development and dissemination of improved rice cultivars.
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Introduction

Oryza sativa L. is a member of the Poaceae (Gramineae) family. More than 50% of the people in the world is anticipated to be fed
by rice, which also provides more than 20% of their daily needs (FAO, 2024). In Pakistan, rice is a staple cuisine. Itincreased the value
of agriculture by 3.0% and the GDP by 0.6%. After wheat, it is our nation’s second-most important crop. The rice crop area grew by 3.8
percent in 2025-2026. Production is 4.0 thousand tonnes above the seven million tonne objective and continues to fall 3.8 percent to 4.1
thousand tonnes from the previous year. Rice is one of the best cereal crop for molecular and genome study because rice have small ge-
nome size ("430Mb) (Wijerathna-Yapa, et al. 2024, Yuan, et al. 2015, Ishtiaq, et al. 2019, Javed, et al. 2024, Abbas, et al. 2024). Mutation,
recombination, and unsystematic genetic drift are the causes of genomic diversity in crop populations (Farooq, et al. 2024, Gartner,
et al. 2009). Genome-Wide Association Study (GWAS) also called Linkage Disequilibrium (LD) mapping, is regarded as a powerful
method for identifying genes (Huang, et al. 2010). To pick out and capitalize on useful allelic variations for crop improvement, herbal
diversity is employed (Zhao, et al. 2011).
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Materials and Methods

The practice of sowing all genotypes in small polythene bags in the research area of the Department of Plant Breeding and Ge-
netics Faculty of Agricultural Sciences, University of the Punjab.

Phenotyping

Plant height (cm): When the plants were fully grown, the height of five chosen plants was measured from the tip of the central
stem to the end of the shoot.

Days to heading (50%): For each variety, the total number of days from transplanting until half of the plants in a plot flowered
was noted as Days to 50% Flowering (DF).

Days of maturity: For each variety, days to maturity was calculated as the total number of days from transplanting to plant har-
vesting in a plot.

Panicle length (cm): Three mature panicles were removed from the selected plants, and their length was measured as the dis-
tance between the neck and tip of each panicle.

Number of spikelets per panicle: The number of spikelets per panicle was measured by counting all spikelets on the main pani-
cle of each sampled plant at maturity.

Unfilled spikelets/panicle: Unfilled grain per panicle was determined by counting the amount of unfilled grain from a chosen
panicle.

Yield per plant: Yield per plant was measured by harvesting and weighing the total produce from individual plants to determine
the average yield for each plant.

1000 grain weight (g): After being removed from the sample, the seeds were weighed as 1000 seeds.
Statistical data analysis

The experiment was conducted using a Randomized Complete Block Design (RCBD) with three replications. Each inbred line
was sown on the lines of 9 inches length, and a plant was 9 inches apart. Collected data was analyzed using ANOVA for variance (Steel,
etal. 1997).

Statistical analysis: The Least Significant Difference test (LSD) was used to separate means and analyze variances. A 5% proba-
bility level was used for statistical analysis of all the data. Statistics 8.1 was used for statistical analysis.

DNA extraction: For DNA extraction, Fresh leaf samples of 20 days old rice lines will be collected and stored at -40°C. A CTAB
method (Murray and Thompson, 1980) used for DNA extraction. DNA quality and quantity will be checked through running DNA
sample (15 ng) in agarose gel (0.8%). The DNA samples showing smear in the gel under UV light were ignored, and DNA extraction was
done again. After DNA extraction, PCR will be performed to evaluate the genetic diversity at the gene level. It will be done using SSR
(simple sequence repeats).

Genotyping of progenies

Rice genotyping for 10K SNP array: Genomic DNA was extracted using the CTAB method and analyzed with a 1.2k multi-
plex-PCR panel on the MolBreeding GBTS platform. SNP positions were mapped against physical chromosome distances using the
Nipponbare reference sequence. To ensure data quality, researchers filtered out ambiguous SNPs and monomorphic markers with
over 20% missing values. Additionally, any minor alleles with a frequency of less than 5% were excluded from the final study.

GWAS analysis for 10K SNP: To assess the findings were credible, researchers used the GAPIT R package, a computationally ef-
ficient tool known for its high likelihood accuracy. The analysis employed non-traditional statistical methods, specifically Compressed
Mixed Linear Models (CMLM) for genomic prediction. To prevent false results from population structure, researchers used Principal
Components (PCs) as constant effects and a kinship matrix to account for individual relationships. Following the criteria of Suku-
maran, et al. 2015, markers were deemed relevant based on specific descriptive thresholds. Ultimately, 7,550 polymorphic SNPs were
mapped to established genetic data to complete the GWAS profile.

Results and Discussion

Significant variations between the genotypes for the yield and yield-related variables were revealed by the Analysis Of Variance
(ANOVA). In rice germplasm, the traits Days to 50 percent Flowering (DF) and Days to Maturity (DM) demonstrated substantial vari-
ances, while the remaining traits indicated extremely significant differences. This suggested that all accessions had a high degree of
phenotypic diversity for the parameters under study in the field. Based on examined qualities, the presence of differences in germ-
plasm can help determine whether these variations are genetic or environmental (Suvi, et al. 2020, Thakur, et al. 20211, Upadhyay, et
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al. 2011). Therefore, choosing the optimal yield requires knowledge of genetic variants and careful analysis of the relationship between
yield and other relevant criteria pertaining to the germplasm under study. Breeding efforts for crop development depend heavily on the
diversity of germplasm resulting from genetic mechanisms. ANOVA results from the current experiment showed a highly significant
difference across rice accessions for the parameters under study, indicating a great deal of genetic variation.

Mean variability
Days to 50 percent Flowering (DF): Among the rice genotypes, average Days to 50 percent Flowering (DF) was 82.49.

Days to Maturity (DM): The average number of DM for each of the 101 rice genotypes was 110.64 (Tab. 1). While G68 and G72 has
early maturity, G36, G59, and G79 matured later.

Table 1. Mean data of 101 rice genotypes for the studied traits.

Genotypes DF DM PH TP PL G/P UG/P SS TGW YIP YH
G1 83.0 110.0 132.60 12.40 23.67 168.90 11.23 93.68 28.18 2.98 2980.0
G2 81.0 110.3 126.27 17.00 23.73 130.67 17.17 88.64 28.30 3.06 3063.3
G3 80.3 107.7 122.33 19.23 24.47 141.00 20.33 87.78 29.42 3.05 3050.0
G4 82.0 108.3 119.83 19.87 23.67 138.43 15.10 90.55 28.24 3.41 3410.0
G5 81.0 111.3 129.47 15.77 24.97 145.53 18.60 89.30 29.84 3.40 3400.0
G6 81.0 110.7 130.73 13.87 24.07 153.80 12.77 92.43 32.10 3.66 3656.7
G7 83.0 112.0 130.53 17.13 25.83 180.60 24.20 88.42 30.88 3.37 3366.7
G8 83.7 111.3 131.07 17.40 23.27 145.93 15.97 90.09 28.87 2.91 2910.0
G9 83.3 112.0 128.77 18.80 25.63 147.80 30.30 85.26 28.82 3.48 3476.7
G10 82.3 111.0 122.47 16.80 23.33 175.10 25.80 89.77 27.89 3.89 3893.3
G11 81.0 108.7 124.03 16.33 24.60 169.03 31.90 85.54 28.53 3.83 3833.3
G12 82.7 110.7 117.40 19.77 22.40 121.03 18.40 87.04 28.07 3.23 3230.0
G13 86.3 110.7 128.37 20.33 25.03 132.60 16.67 88.78 25.79 3.43 3430.0
G14 83.7 110.0 122.03 17.60 25.27 143.43 23.33 86.08 28.74 3.46 3463.3
G15 83.3 110.7 125.63 15.10 26.70 175.17 25.43 87.59 28.76 3.75 3753.3
G16 81.0 110.7 125.97 13.93 23.17 173.10 18.60 90.32 29.11 3.60 3600.0
G17 78.7 110.7 115.67 17.47 22.83 159.00 9.30 94.48 22.82 2.81 2810.0
G18 82.7 117 123.80 14.80 2517 178.90 18.60 91.01 28.83 3.54 3540.0
G19 82.7 112.3 120.73 16.50 2413 176.80 29.77 85.68 27.83 3.01 3013.3
G20 82.7 1M11.7 123.90 15.53 25.07 193.80 42.63 83.97 28.54 3.57 3566.7
G21 79.0 107.3 118.57 16.53 25.23 147.53 24.40 86.25 26.59 3.18 3176.7
G22 82.0 110.3 129.47 14.17 24.50 149.93 20.00 88.69 31.49 3.13 3126.7
G23 84.0 112.3 125.37 16.67 24.20 152.47 18.60 89.34 29.54 3.27 3266.7
G24 84.3 117 126.87 16.60 23.30 151.40 15.43 91.24 28.29 3.33 3333.3
G25 7.7 108.0 125.70 15.97 23.80 135.47 13.40 90.96 27.48 3.19 3186.7
G26 80.0 108.3 125.70 17.87 23.73 178.33 21.17 89.70 29.81 3.39 3393.3
G27 84.0 111.3 124.70 16.17 23.47 136.73 16.13 89.56 30.19 3.66 3660.0
G28 82.7 110.7 129.10 15.40 22.63 137.67 13.68 90.92 29.77 3.06 3056.7
G29 79.3 110.3 125.17 15.23 24.63 162.90 21.63 88.02 28.67 3.28 3283.3
G30 84.0 117 129.77 15.87 23.03 149.47 12.87 91.84 26.86 3.51 3513.3
G31 81.0 111.0 126.13 18.07 23.87 175.13 16.40 91.69 29.38 3.61 3610.0
G32 80.7 108.3 130.07 14.37 23.90 158.07 20.90 88.94 29.09 3.27 3270.0
G33 82.7 110.7 128.50 15.27 24.97 156.33 23.27 88.77 29.24 3.42 3423.3
G34 82.7 111.0 128.90 15.23 23.90 153.87 26.83 87.55 29.33 3.61 3613.3
G35 83.3 111.3 129.30 15.27 24.67 151.53 12.67 92.27 29.89 3.27 3266.7
G36 83.3 113.0 129.67 14.33 25.50 163.53 21.40 88.58 31.29 3.72 3723.3
G37 84.0 111.3 127.63 15.60 23.63 155.17 17.07 90.10 28.66 3.56 3556.7
G38 82.0 110.7 126.67 15.53 23.40 138.80 13.40 91.20 29.92 3.20 3203.3

G39 82.7 117 121.70 16.33 25.20 159.73 24.20 86.88 28.72 3.12 3120.0
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Ga1 81.7 109.0 116.67 10.00 23.00 115.67 43.67 72.62 28.20 4.71 1884.0
G92 81.0 109.7 112.33 8.67 24.67 128.00 48.67 72.63 29.36 2.99 1194.7
G93 82.7 112.0 111.67 10.67 26.00 125.67 35.00 78.12 28.90 3.85 1541.3
G994 84.0 110.3 116.33 12.33 27.33 182.67 78.33 69.98 26.95 3.79 1516.0
G95 82.3 110.7 132.33 7.00 27.67 196.67 15.00 92.93 28.33 3.53 1410.7
G96 85.0 110.3 125.67 8.67 23.67 207.00 41.67 82.89 27.12 3.96 1582.7
G97 82.3 109.3 102.33 8.33 25.00 155.67 18.33 89.46 29.74 2.27 909.3
G98 84.3 112.0 134.67 9.33 24.33 126.00 23.33 84.53 28.37 4.86 1942.7
G99 83.3 112.0 121.33 9.67 24.67 102.67 24.67 80.66 27.46 2.62 1048.0
G100 82.0 109.3 110.67 9.33 26.00 114.33 34.67 76.89 28.70 3.06 1224.0
G101 83.7 109.0 134.67 11.00 25.33 115.00 14.67 88.72 27.09 4.03 1612.0
Mean 82.49 110.64 123.62 13.40 24.83 146.21 23.34 86.56 26.95 3.27 2405.03
Max. 86.7 113 168.33 20.33 30.67 207 78.33 99.29 321 5.23 3893.3
Min. o 107 60 6.33 20.67 85 5 63.78 18.16 1.4 568.7
SD 1.81 1.28 13.72 3.37 1.95 25.35 11.78 5.82 3.65 0.60 1091.58

Plant Height (PH): The average plant height for all genotypes was 123.62 cm. Genotypes G72 and G87 were dwarf, whereas G58
and G79 were taller.

No. of Tillers per Plant (T/P): Genotypes under study, the average number T/P was 13.40 (Tab. 1). Genotypes G13 and G72 had
more and less tillers, respectively.

Panicle Length (PL): The average Panicle Length (PL) for all rice genotypes under study was 24.83 cm. Genotype with the highest
PLis Gé9.

No. of Grains per Panicle (G/P): Number of Grains per Panicle (G/P), among the 100 rice genotypes, was 147.21 grains (Tab. 1).
The genotype with the highest G/P Gé7.

No. of Unfilled Grains per Panicle (UG/P): The average values for this attribute were 23.32 for all genotypes. The genotype G96
was found to have more UG/P, whereas the genotype G76 exhibited less UG/P.

Seed Setting percentage (SS): Among the rice genotypes under study, the mean values for Seed Setting percentage (SS) were
86.56. Genotypes G13 and G68 had higher and lower levels of SS, respectively.

1000 Grain Weight (TGW): The 1000 Grain Weight (TGW) of the 100 rice genotypes was found to be considerably averaged at
26.95 g.

Yield per Plot (Y/P): The mean values for this characteristic were 3.27 kg for all genotypes. Genotypes, G83 was shown the higher
yields, whereas G64 had the lowest yield in both seasons.

Yields per hectare (Y/H): Among the rice accessions under study, the average Yield per Hectare (Y/H) was 2405.03 kg. In this
germplasm, the genotype G68 has the lowest yield per hectare in both seasons, while the genotype G1o has the highest Y/H.

GWS-mapping using 10k SNP array

In order to find SNPs associated with yield and other agronomic variables, 7550 high-density, polymorphic SNP markers from
the 10K SNP array were examined (Verma, et al. 2019, Wen, et al. 2009, Wang, et al. 2014). This work aimed to discover QTLs for yield,
yield related traits in 101 rice diverse germplasm and to assess the GS (genetic structure) and degree of LD in the rice germplasm. The
two years 2016-17 and 2017-18 were used for the phenotypic assessment of yield and agronomic traits. Using a 10k SNP array and the R
tool GAPIT, mean values for each characteristic were extracted from the data from utilized for GWAS analysis. Fig. 1 describes the LD
patterns of SNPs markers on chromosomes. For pairwise markers, linkage disequilibrium is calculated as R square and plotted versus
distance (Fig. 2). Tab. 1 displays all of the GWAS or association mapping results. Using a Mixed Linear Model (MLM) for eleven yield
and other agronomic characteristics, 147 significant SNPs were linked to the examined traits at or above the -log 10 (P<0.0001; Tab. 2).
Manhattan plots (Fig. 2) that display the locations of significant SNPs and -log10o (p) linked to variables related to yield and drought in
both scenarios. The significance level (P<0.0001) is indicated by the blue horizontal line. In the Quantile-Quantile (QQ) plot, the ob-
served negative base-10 logarithm of the P-values is shown by the Y-axis, while the predicted negative base-10 logarithms of the P-val-
ues, assuming a uniform [0,1] distribution, are represented by the X-axis. As stated in figures 4.8b—4.18b, the dotted lines in this plot
represent the 95% confidence interval for the QQ-plot under the null hypothesis of no connection between the SNP and the examined
attributes. Among the traits examined in this study, the total phenotypic variability was reflected by R2 showed in Tab. 2..
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Figure 2. Linkage Disequilibrium (LD) decade over distance. Each dot represents a pair of distances between two markers on the window and
their squared correlation coefficient. The red line is the moving average of the 10 adjacent markers.

Table 2. Table 2. Results of 147 polymorphic SSR markers used in 101 rice genotype.

Traits SNP Chromosome Position P value R%
OsGRb14914 7 20814664 0.000112756 19.66
OsGRb15039 7 22304042 0.000112756 19.66
OsGRb05211 2 29829169 0.000115539 19.61
OsGRb04064 2 16775829 0.000254602 17.88
OsGRb04108 2 17345198 0.000282383 17.66
OsGRb04456 2 21810979 0.000314737 17.43
OsGRb04559 2 22869364 0.000314737 17.43
OsGRb04569 2 23120515 0.000314737 17.43
Days of 50% flowering OsGRb30142 2 24285137 0.00034923 17.2
OsGRb04511 2 22354743 0.000358582 17.15
OsGRb16114 8 8615206 0.000426811 16.78
OsGRb16145 8 8929911 0.000449302 16.67
OsGRb04104 2 17309380 0.000512281 16.39
OsGRb04421 2 20975538 0.000519788 16.36
OsGRb04893 2 26259806 0.000555053 16.22
OsGRb21146 1 15034296 0.000563352 16.19
OsGRg02884 2 19568531 0.000566321 16.18
OsGRg03095 2 23712290 0.000566321 16.18
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OsGRb08806 4 12650451 0.000733361 1717
OsGRb08813 4 12874705 0.000733361 17.16
OsGRg06306 4 11320635 0.000258291 18.36
OsGRb25787 4 12725098 0.00026478 18.31
0OsGRb09155 4 19209543 0.000283155 18.16
OsGRb08910 4 14035735 0.000287425 18.13
OsGRb25664 4 8124043 0.000302411 18.02
0OsGRb09180 4 19850601 0.00030797 17.98
OsGRg06407 4 19601384 0.000626121 17.9
OsGRg06430 4 19893385 0.000626121 17.88
OsGRg06261 4 6968387 0.000653867 17.82
OsGRb25862 4 19570740 0.000655505 17.77
OsGRb09200 4 20060586 0.000665116 17.77
0OsGRb09238 4 20485782 0.000665116 17.7
OsGRb09240 4 20505437 0.000665116 17.67
Seed Setting%age OsGRg06458 4 20426851 0.00067696 17.66
(SS) OsGRb08754 4 11300762 0.000678377 17.56
OsGRg06304 4 11316471 0.000678377 17.49
OsGRb25740 4 10304323 0.000683696 17.45
OsGRb08742 4 10624962 0.000688745 17.39
OsGRb25839 4 17182231 0.000690069 17.36
OsGRg06490 4 21414906 0.000703709 17.36
OsGRg06518 4 22025935 0.000718576 17.34
OsGRb17738 9 11674055 0.0007187 17.33
0OsGRg11329 8 3389509 0.00072166 17.32
OsGRg06481 4 21313607 0.000733361 17.2
OsGRb08806 4 12650451 0.000733361 17.17
OsGRb08813 4 12874705 0.000733361 17.16
OsGRb08766 4 11794996 0.00091055 16.53
OsGRg06245 4 6939489 0.000910949 16.5
OsGRb15974 8 6205816 0.000922788 16.47
OsGRg06447 4 20096863 0.000922968 16.47
OsGRb23906 1 10116371 0.000902976 15.63
1000 grain weight OsGRb05492 2 34355959 0.000148332 14.6
(TGW) OsGRg01164 1 28331892 0.000216037 13.83
OsGRb21690 1 21789361 0.000222423 13.77
OsGRb13190 2 20245648 0.00021125 16.57
0OsGRg04556 1 6518355 0.000107335 14.09
Tiller/ plant (TP)
OsGRg03402 7 28582430 0.000239771 12.44
OsGRb29047 4 858733 0.000269943 12.12
Unfilledled Grain OsGRg06432 8 285322 0.000292806 15.47
(UGIP) OsGRb14503 7 15365358 0.000324535 15.51

Days to 50 percent Flowering (DF)

Markers linked to Days to 50% Flowering (DF) showed between 16.18% and 19.66% of the overall PV (Phenotypic Variation). In
this investigation, SNP (OsGRb14914) on chromosome 7 indicate that highest value of trait variability (19.66%), while the SNP (Os-
GRb03095) on chromosome 2 indicate the lowest value (16.18%) (Tab. 2).

Days to Maturity (DM)

Twenty SNPs were found to be associated with DM in GWAS using 101 rice genotypes. Of these, one was from chromosome 3
(OsGRb25451) and one from chromosome 9 (OsGRb17703) in Tab. 2.
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Plant Height (PH)

In this study, fourteen SNP markers showed a strong correlation with plant height. On chromosome 4 the SNP marker Os-
GRb30717 described the highest phenotypic trait variability (17.27%), and chromosome 7 the marker OsGRb14503 indicated the lowest
value (11.54%).

Number of Grains per Panicle (G/P)

This analysis found four significant MTAs for this characteristic, all of which were SNPs on chromosome 9 (Tab. 2). For this
trait, the marker (OsGRb31905) on chromosome described the most variation (20.76%), whereas the marker (OsGR18178) on 9 (Fig. 2)
explained the least variation (18.69%).

Panicle Length (PL)

These important SNAPs for PL were found on 6,1 chromosomes (Tab. 2). In this marker (OsGRb0o9425) on chromosome 6 indicat-
ed the greatest PV (13.89%), marker (OsGRb24377) on 1 chr explained the least variation (13.89%) for panicle length.

Seed Setting Percentage (SS)

47 MTAs were identified to have a significant relationship with Seed Setting Percentage (SS). On chromosome 4 the SNP marker
(OsGR25787) described the highest value of variability (18.31%), second marker (OsGRbo6447) from the same chromosome explained
the lowest value (16.33%) of phenotypic variance in this study.

Tillers per Plant (TP)

The number of T/P was strongly related with 4 SNPs. The SNPs OsGRb13190, OsGRgo4556, OsGRgo3402, and OsGRb29047,
which are situated on chromosomes 2,1, 7, and 4, were found to be significantly linked with this trait.

Unfilled Grains per Panicle (UG/P)

A total of 23 major MTAs were substantially associated with unfilled grain. The SNP (OsGRgo6432) on chromosome 5 explained
the highest variation (15.47%), whereas the SNP (OsGRg11936) on chromosome 4 lowest variation (12.17%) for unfilled grain.

Yield per Hectare (Y/H)

Yield per hectare was strongly linked with 4 MTAs. Marker (OsGRb20655) indicated high variation (18.84%) on chromosome 11
in this study.

Yield per Plot (Y/P)

Five noteworthy MTAs were linked to yield per marijuana in this investigation. MTA for YP was found on chromosomes 4, 8, 7,
7,and 9 (Tab. 2). OsGRb09543 is one of the markers that have a strong correlation with yield per hectare (Fig. 1). 15.03% to 15.86% of the
phenotypic variation in this characteristic was explained by all of these SSRs. The largest phenotypic variation (15.03%) in Table 2 was
explained by the marker (OsGR12112) on chromosome 9. Six chromosomal areas on chromosomes 1, 2, 3, 5, and 6 were found by Hu, et
al. 2013.

Conclusion

The results revealed here present an opportunity to clone genes and employ Marker-Assisted Selection (MAS) for pertinent
features to produce a pleiotropic locus associated with several phenotypic variables. SS (OsGR25787), UG/P (OsGRgo6432), Y/H (Os-
GRb20655) another traits PL (OsGRbo9425 and OsGRb24377), markers (OsGRb25803, and OsGRb15974) were shown to be significantly
correlated with the locus (OsGRb30591) on different chromosome and position. The significant effects of these key markers may be very
beneficial in marker-assisted QTL pyramiding to boost rice production and other yield-related attributes.
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