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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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Rice serves as the primary food source for over 
half of the world’s population, contributing 
significantly to daily energy and protein intake; 
hence, ensuring its sustainable production is 
vital for global food security (Saha et al., 2021). 
To address the challenges posed by population 

growth, climate change, and limited arable land, 
hybrid rice has emerged as a key technological 
innovation. Hybrid rice consistently 
demonstrates a yield advantage of 15-20% over 
conventional varieties (Virmani et al., 2001; 
Yuan, 2017). However, rice production faces 
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ABSTRACT

Global rice production faces enormous challenges from climate-induced abiotic and biotic stresses, 
with rice blast disease caused by the fungus Pyricularia oryzae posing a major threat to yield and 
food security. Developing and deploying rice cultivars with resistance to blast disease remains the 
most effective and sustainable approach to mitigate this constraint. To identify potential sources of 
resistance, a study was conducted during 2022–2023 focusing on the development of hybrid rice 
parental lines. Out of 43 genotypes evaluated, 18 exhibited resistance to a virulent blast isolate, 
while the remaining 25 showed susceptible reactions. Agro-morphological traits such as plant 
height, panicle length, days to maturity, number of effective tillers, total spikelets per panicle, filled 
grains per panicle, spikelet fertility percentage, grain yield per hill, and notably the blast disease 
severity score, were key contributors to phenotypic variability among these genotypes. Based on 
these traits, the genotypes were categorized into five distinct clusters. Principal component analysis 
revealed that the first three components explained 67.45% of the total variation. Genotypes G22 
(IR126055-46-3-2-B), G13 (BHR362- 8-6-5-26-9), G11 (BHR360- 86-41-7-26-1), and G10 
(BHR359-11-30-7-2) from cluster III exhibited high yield potential, whereas genotypes G42 
(IR127278-114-3-3-2), G38 (BHR383-53-8-13-1-1), and G43 (BR9390-6-2-2-1) from cluster IV 
showed notable blast resistance, underscoring their value for hybrid rice development programs. To 
employ these traits, genotypes from the aforementioned clusters could be made testcross with 
promising CMS (Cytoplasmic Male Sterile) lines that would offer a good scope to explore the source 
of high yielding and blast resistance elite restorer or maintainer lines. These findings offer valuable 
insights for rice breeders aiming to develop high yielding and blast-resistant hybrid varieties tailored 
to the agro-ecological conditions of Bangladesh. 
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significant challenges due to climate-related 
disruptions, which often trigger a combination 
of abiotic and biotic stresses. Among the biotic 
stresses, rice blast disease caused by the fungus 
Pyricularia oryzae is one of the most 
devastating diseases, leading to major yield 
reductions and threatening global rice 
production (Salleh et al., 2022; Yadav et al., 
2017). This disease severely affects aromatic 
and hybrid rice varieties, resulting in substantial 
crop losses (Ye et al., 2025; Nalley et al., 2016). 
The development of rice hybrids is a key 
strategy for overcoming the yield plateau, as 
hybrid rice often demonstrates superior 
performance due to heterosis (hybrid vigor) 
(Nivedha et al., 2024). For an effective hybrid 
breeding program, it is essential to first identify 
and select genetically distinct parental 
genotypes. Crossing these lines must be aimed at 
maximizing desirable traits in the offspring 
(Nivedha et al., 2024). Consequently, a thorough 
evaluation of these elite genotypes is crucial, 
particularly by assessing their disease resistance 
alongside numerous yield and yield-related 
characteristics. Assessing rice germplasm for 
desirable traits is a complex endeavor, as key 
agronomic features like grain yield, plant height, 
and tiller number are polygenic and strongly 
influenced by environmental interactions (Wang 
et al., 2024; Deepika et al., 2021). Similarly, 
blast resistance is governed by multiple genes 
whose effectiveness may vary in durability and 
expression (Debnath et al., 2018; Yadav et al., 
2017). 
Multivariate statistical tools, including Principal 
Component Analysis (PCA) and cluster 
analysis, play an important role in breeding 
programs. These methods help in evaluating 
trait variability, identifying key contributors to 
genetic divergence, and grouping genotypes 
based on overall similarity (Deepika et al., 2021; 
Nivedha et al., 2024). Integrating these 
approaches enables breeders to efficiently select 
elite genotypes that are both high-yielding and 
blast-resistant, thereby improving the precision 
of parental selection (Salleh et al., 2022).
Although chemical treatments and antibiotics 
are available to manage blast disease, they pose 

risks to human health and the environment. In 
contrast, the use of resistance (R) genes offers a 
safer and more sustainable alternative, providing 
broad-spectrum and long-lasting protection. 
Identifying resistant sources through systematic 
screening is a critical step in breeding programs 
aimed at developing durable blast-resistant 
varieties. A genetically diverse gene pool is 
essential for initiating such programs 
(Sivaranjani et al., 2010; Nihad et al., 2020). 
Genetic diversity analysis evaluates the genetic 
distance among the selected genotypes and 
shows the relative contribution of evaluated 
traits towards the total divergence (Falconer, 
1960). Several researchers have used 
agro-morphological traits for diversity analysis 
and characterization of Bangladesh rice 
germplasm accessions (Siddique et al., 2011; 
Banik et al., 2012; Khalequzzaman et al., 2012; 
Baktiar et al., 2013; Siddique et al., 2013; Islam 
et al., 2014; Ahmed et al., 2015a, 2015b; 
Kulsum et al., 2015; Akter et al., 2016; Biswash 
et al., 2016; Siddique et al., 2016a; Akter et al., 
2017; Islam et al., 2017; Akter et al., 2018; 
Islam et al., 2018; Siddique et al., 2018; Islam et 
al., 2019; Muti et al., 2020; Khalequzzaman et 
al., 2022a; Khalequzzaman et al., 2023).  Hence, 
this study aims to evaluate elite rice genotypes 
to identify promising sources of blast resistance 
and to initiate testcross program for the 
identification of restorer and maintainer lines for 
developing blast resistant heterotic hybrid rice 
varieties.

MATERIALS AND METHODS 
The experimental materials consisted of 43 elite 
rice (Oryza sativa L.) genotypes. Nine advanced 
breeding lines- IR126055-46-3-2-B, 
IR126066-85-5-2-1, IR126069-48-3-2-2, 
IR126076-67-3-2-3-4, IR126037-59-3-2-3-4, 
IR126072-83-3-3-1, IR126076-122-1-1-2, 
IR127278-152-1-3-1 and IR127278-114-3-3-2 
originated from the Hybrid Rice Development 
Consortium (HRDC), International Rice 
Research Institute (IRRI), Philippines. All 
advanced materials were obtained from the 
Hybrid Rice Division, Bangladesh Rice 
Research Institute (BRRI), Gazipur. The 

genotypes code, genotypes/ advanced lines 
name and blast disease reactions are provided in 
Table 1.  

Evaluation of leaf blast disease resistance
To assess blast disease reaction, the genotypes 
were grown from October to December 2022 in 
a randomized complete block design (RCBD) 
with three replications at the Blast Nursery of 
Plant Pathology Division, BRRI, Gazipur. A 
sowing frame was used to place 5–7 seeds per 
genotype per grid. The highly susceptible check 
variety US2 was planted along the borders of 
each bed to serve as a disease severity 
benchmark. Artificial inoculation was 
performed using a spore suspension of the 
virulent isolate U23-i7-k177-z06-ta423 of 
Pyricularia oryzae (Khan et al., 2016). At the 
4–5 leaf stage (21 days after sowing), seedlings 
were sprayed with a spore solution adjusted to 
3–8 × 10⁴ spores/mL. Meteorological data for 
the experimental period (October to December, 
2022) were obtained from the meteorological 
station of the Bangladesh Rice Research 
Institute (BRRI), Gazipur. Monthly average air 
temperatures for October, November, and 
December were 29.2°C, 25.3°C, and 21.9°C, 
respectively. Relative humidity ranged from 
62.1% to 74.0%.  Rainfall was recorded only in 
October (9 mm), with no precipitation in 
November and December. To promote infection, 
nursery beds were covered with polythene 
sheets and misted using a sprinkler system to 
maintain humidity levels above 80% for six 
consecutive days. Disease scoring was initiated 
once the susceptible check (US2) showed severe 
blast symptoms. Leaf blast disease severity was 
recorded from three seedlings per genotype 
using the 0–5 JIRCAS rating scale (Hayashi and 
Fukuta, 2009). A score of 0 indicated no visible 
symptoms, while 5 represented spindle-shaped 
lesions exceeding 3 mm in diameter with lesion 
coalescence. scores between 0 and 2 were 
considered as resistant, whereas scores from 3 to 
5 were categorized as susceptible.

Evaluation of agro-morphological traits 
The 43 genotypes were transplanted for 

agro-morphological assessment during the Boro 
2023–24 season at the research farm of Hybrid 
Rice Division, Gazipur. The field experiment 
followed an RCBD layout with three 
replications. Thirty-day-old seedlings were 
transplanted at a spacing of 20 × 20 cm between 
rows and 15 × 15 cm between plants, using one 
seedling per hill. Fertilization included Urea, 
TSP, MP, Gypsum, and ZnSO₄ were applied at 
the rates of 270:130:120:70:10 kg/ha, 
respectively. All fertilizers except urea were 
applied during final land preparation. Urea was 
top-dressed into three equal splits: at 15 days 
after transplanting (DAT), 30 DAT (tillering 
stage), and 45 DAT (just before panicle 
initiation). Standard agronomic practices 
recommended by BRRI for irrigated rice were 
strictly followed. Eight agro-morphological 
traits were recorded during field evaluation, 
based on observations from ten randomly 
selected plants for each genotype. The data were 
recorded of the following characters: Days to 
maturity (DM), Plant height (PH), Effective 
tillers per hill (ETPH), Panicle length (PL), 
Filled grains per panicle (FGPP), Total spikelets 
per panicle (TSPP), Spikelet fertility (SF %) and 
Grain yield per hill (GYPH). 

Statistical analysis  
Correlations, principal component and cluster 
analyses were done through several programme 
packages using R studio. The clustering was 
performed using the Ward’s method, and 
correlation analysis was conducted through 
Pearson’s test using R programming language. 
For data visualization and multivariate analysis, 
the R packages ggplot2, FactoMineR, 
Factoextra, and ggrepel were employed, while 
clustering procedures were further supported by 
Factoextra and cluster packages. To illustrate 
phenotypic correlation matrices, a heatmap was 
generated using the metan package in R Studio. 
Descriptive statistics for the nine evaluated traits 
were generated using the Statistical Tool for 
Agricultural Research (STAR, version 2.0.1; 
IRRI, Philippines).
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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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Rice serves as the primary food source for over 
half of the world’s population, contributing 
significantly to daily energy and protein intake; 
hence, ensuring its sustainable production is 
vital for global food security (Saha et al., 2021). 
To address the challenges posed by population 

growth, climate change, and limited arable land, 
hybrid rice has emerged as a key technological 
innovation. Hybrid rice consistently 
demonstrates a yield advantage of 15-20% over 
conventional varieties (Virmani et al., 2001; 
Yuan, 2017). However, rice production faces 

significant challenges due to climate-related 
disruptions, which often trigger a combination 
of abiotic and biotic stresses. Among the biotic 
stresses, rice blast disease caused by the fungus 
Pyricularia oryzae is one of the most 
devastating diseases, leading to major yield 
reductions and threatening global rice 
production (Salleh et al., 2022; Yadav et al., 
2017). This disease severely affects aromatic 
and hybrid rice varieties, resulting in substantial 
crop losses (Ye et al., 2025; Nalley et al., 2016). 
The development of rice hybrids is a key 
strategy for overcoming the yield plateau, as 
hybrid rice often demonstrates superior 
performance due to heterosis (hybrid vigor) 
(Nivedha et al., 2024). For an effective hybrid 
breeding program, it is essential to first identify 
and select genetically distinct parental 
genotypes. Crossing these lines must be aimed at 
maximizing desirable traits in the offspring 
(Nivedha et al., 2024). Consequently, a thorough 
evaluation of these elite genotypes is crucial, 
particularly by assessing their disease resistance 
alongside numerous yield and yield-related 
characteristics. Assessing rice germplasm for 
desirable traits is a complex endeavor, as key 
agronomic features like grain yield, plant height, 
and tiller number are polygenic and strongly 
influenced by environmental interactions (Wang 
et al., 2024; Deepika et al., 2021). Similarly, 
blast resistance is governed by multiple genes 
whose effectiveness may vary in durability and 
expression (Debnath et al., 2018; Yadav et al., 
2017). 
Multivariate statistical tools, including Principal 
Component Analysis (PCA) and cluster 
analysis, play an important role in breeding 
programs. These methods help in evaluating 
trait variability, identifying key contributors to 
genetic divergence, and grouping genotypes 
based on overall similarity (Deepika et al., 2021; 
Nivedha et al., 2024). Integrating these 
approaches enables breeders to efficiently select 
elite genotypes that are both high-yielding and 
blast-resistant, thereby improving the precision 
of parental selection (Salleh et al., 2022).
Although chemical treatments and antibiotics 
are available to manage blast disease, they pose 

risks to human health and the environment. In 
contrast, the use of resistance (R) genes offers a 
safer and more sustainable alternative, providing 
broad-spectrum and long-lasting protection. 
Identifying resistant sources through systematic 
screening is a critical step in breeding programs 
aimed at developing durable blast-resistant 
varieties. A genetically diverse gene pool is 
essential for initiating such programs 
(Sivaranjani et al., 2010; Nihad et al., 2020). 
Genetic diversity analysis evaluates the genetic 
distance among the selected genotypes and 
shows the relative contribution of evaluated 
traits towards the total divergence (Falconer, 
1960). Several researchers have used 
agro-morphological traits for diversity analysis 
and characterization of Bangladesh rice 
germplasm accessions (Siddique et al., 2011; 
Banik et al., 2012; Khalequzzaman et al., 2012; 
Baktiar et al., 2013; Siddique et al., 2013; Islam 
et al., 2014; Ahmed et al., 2015a, 2015b; 
Kulsum et al., 2015; Akter et al., 2016; Biswash 
et al., 2016; Siddique et al., 2016a; Akter et al., 
2017; Islam et al., 2017; Akter et al., 2018; 
Islam et al., 2018; Siddique et al., 2018; Islam et 
al., 2019; Muti et al., 2020; Khalequzzaman et 
al., 2022a; Khalequzzaman et al., 2023).  Hence, 
this study aims to evaluate elite rice genotypes 
to identify promising sources of blast resistance 
and to initiate testcross program for the 
identification of restorer and maintainer lines for 
developing blast resistant heterotic hybrid rice 
varieties.

MATERIALS AND METHODS 
The experimental materials consisted of 43 elite 
rice (Oryza sativa L.) genotypes. Nine advanced 
breeding lines- IR126055-46-3-2-B, 
IR126066-85-5-2-1, IR126069-48-3-2-2, 
IR126076-67-3-2-3-4, IR126037-59-3-2-3-4, 
IR126072-83-3-3-1, IR126076-122-1-1-2, 
IR127278-152-1-3-1 and IR127278-114-3-3-2 
originated from the Hybrid Rice Development 
Consortium (HRDC), International Rice 
Research Institute (IRRI), Philippines. All 
advanced materials were obtained from the 
Hybrid Rice Division, Bangladesh Rice 
Research Institute (BRRI), Gazipur. The 

genotypes code, genotypes/ advanced lines 
name and blast disease reactions are provided in 
Table 1.  

Evaluation of leaf blast disease resistance
To assess blast disease reaction, the genotypes 
were grown from October to December 2022 in 
a randomized complete block design (RCBD) 
with three replications at the Blast Nursery of 
Plant Pathology Division, BRRI, Gazipur. A 
sowing frame was used to place 5–7 seeds per 
genotype per grid. The highly susceptible check 
variety US2 was planted along the borders of 
each bed to serve as a disease severity 
benchmark. Artificial inoculation was 
performed using a spore suspension of the 
virulent isolate U23-i7-k177-z06-ta423 of 
Pyricularia oryzae (Khan et al., 2016). At the 
4–5 leaf stage (21 days after sowing), seedlings 
were sprayed with a spore solution adjusted to 
3–8 × 10⁴ spores/mL. Meteorological data for 
the experimental period (October to December, 
2022) were obtained from the meteorological 
station of the Bangladesh Rice Research 
Institute (BRRI), Gazipur. Monthly average air 
temperatures for October, November, and 
December were 29.2°C, 25.3°C, and 21.9°C, 
respectively. Relative humidity ranged from 
62.1% to 74.0%.  Rainfall was recorded only in 
October (9 mm), with no precipitation in 
November and December. To promote infection, 
nursery beds were covered with polythene 
sheets and misted using a sprinkler system to 
maintain humidity levels above 80% for six 
consecutive days. Disease scoring was initiated 
once the susceptible check (US2) showed severe 
blast symptoms. Leaf blast disease severity was 
recorded from three seedlings per genotype 
using the 0–5 JIRCAS rating scale (Hayashi and 
Fukuta, 2009). A score of 0 indicated no visible 
symptoms, while 5 represented spindle-shaped 
lesions exceeding 3 mm in diameter with lesion 
coalescence. scores between 0 and 2 were 
considered as resistant, whereas scores from 3 to 
5 were categorized as susceptible.

Evaluation of agro-morphological traits 
The 43 genotypes were transplanted for 

agro-morphological assessment during the Boro 
2023–24 season at the research farm of Hybrid 
Rice Division, Gazipur. The field experiment 
followed an RCBD layout with three 
replications. Thirty-day-old seedlings were 
transplanted at a spacing of 20 × 20 cm between 
rows and 15 × 15 cm between plants, using one 
seedling per hill. Fertilization included Urea, 
TSP, MP, Gypsum, and ZnSO₄ were applied at 
the rates of 270:130:120:70:10 kg/ha, 
respectively. All fertilizers except urea were 
applied during final land preparation. Urea was 
top-dressed into three equal splits: at 15 days 
after transplanting (DAT), 30 DAT (tillering 
stage), and 45 DAT (just before panicle 
initiation). Standard agronomic practices 
recommended by BRRI for irrigated rice were 
strictly followed. Eight agro-morphological 
traits were recorded during field evaluation, 
based on observations from ten randomly 
selected plants for each genotype. The data were 
recorded of the following characters: Days to 
maturity (DM), Plant height (PH), Effective 
tillers per hill (ETPH), Panicle length (PL), 
Filled grains per panicle (FGPP), Total spikelets 
per panicle (TSPP), Spikelet fertility (SF %) and 
Grain yield per hill (GYPH). 

Statistical analysis  
Correlations, principal component and cluster 
analyses were done through several programme 
packages using R studio. The clustering was 
performed using the Ward’s method, and 
correlation analysis was conducted through 
Pearson’s test using R programming language. 
For data visualization and multivariate analysis, 
the R packages ggplot2, FactoMineR, 
Factoextra, and ggrepel were employed, while 
clustering procedures were further supported by 
Factoextra and cluster packages. To illustrate 
phenotypic correlation matrices, a heatmap was 
generated using the metan package in R Studio. 
Descriptive statistics for the nine evaluated traits 
were generated using the Statistical Tool for 
Agricultural Research (STAR, version 2.0.1; 
IRRI, Philippines).
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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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Rice serves as the primary food source for over 
half of the world’s population, contributing 
significantly to daily energy and protein intake; 
hence, ensuring its sustainable production is 
vital for global food security (Saha et al., 2021). 
To address the challenges posed by population 

growth, climate change, and limited arable land, 
hybrid rice has emerged as a key technological 
innovation. Hybrid rice consistently 
demonstrates a yield advantage of 15-20% over 
conventional varieties (Virmani et al., 2001; 
Yuan, 2017). However, rice production faces 

significant challenges due to climate-related 
disruptions, which often trigger a combination 
of abiotic and biotic stresses. Among the biotic 
stresses, rice blast disease caused by the fungus 
Pyricularia oryzae is one of the most 
devastating diseases, leading to major yield 
reductions and threatening global rice 
production (Salleh et al., 2022; Yadav et al., 
2017). This disease severely affects aromatic 
and hybrid rice varieties, resulting in substantial 
crop losses (Ye et al., 2025; Nalley et al., 2016). 
The development of rice hybrids is a key 
strategy for overcoming the yield plateau, as 
hybrid rice often demonstrates superior 
performance due to heterosis (hybrid vigor) 
(Nivedha et al., 2024). For an effective hybrid 
breeding program, it is essential to first identify 
and select genetically distinct parental 
genotypes. Crossing these lines must be aimed at 
maximizing desirable traits in the offspring 
(Nivedha et al., 2024). Consequently, a thorough 
evaluation of these elite genotypes is crucial, 
particularly by assessing their disease resistance 
alongside numerous yield and yield-related 
characteristics. Assessing rice germplasm for 
desirable traits is a complex endeavor, as key 
agronomic features like grain yield, plant height, 
and tiller number are polygenic and strongly 
influenced by environmental interactions (Wang 
et al., 2024; Deepika et al., 2021). Similarly, 
blast resistance is governed by multiple genes 
whose effectiveness may vary in durability and 
expression (Debnath et al., 2018; Yadav et al., 
2017). 
Multivariate statistical tools, including Principal 
Component Analysis (PCA) and cluster 
analysis, play an important role in breeding 
programs. These methods help in evaluating 
trait variability, identifying key contributors to 
genetic divergence, and grouping genotypes 
based on overall similarity (Deepika et al., 2021; 
Nivedha et al., 2024). Integrating these 
approaches enables breeders to efficiently select 
elite genotypes that are both high-yielding and 
blast-resistant, thereby improving the precision 
of parental selection (Salleh et al., 2022).
Although chemical treatments and antibiotics 
are available to manage blast disease, they pose 

risks to human health and the environment. In 
contrast, the use of resistance (R) genes offers a 
safer and more sustainable alternative, providing 
broad-spectrum and long-lasting protection. 
Identifying resistant sources through systematic 
screening is a critical step in breeding programs 
aimed at developing durable blast-resistant 
varieties. A genetically diverse gene pool is 
essential for initiating such programs 
(Sivaranjani et al., 2010; Nihad et al., 2020). 
Genetic diversity analysis evaluates the genetic 
distance among the selected genotypes and 
shows the relative contribution of evaluated 
traits towards the total divergence (Falconer, 
1960). Several researchers have used 
agro-morphological traits for diversity analysis 
and characterization of Bangladesh rice 
germplasm accessions (Siddique et al., 2011; 
Banik et al., 2012; Khalequzzaman et al., 2012; 
Baktiar et al., 2013; Siddique et al., 2013; Islam 
et al., 2014; Ahmed et al., 2015a, 2015b; 
Kulsum et al., 2015; Akter et al., 2016; Biswash 
et al., 2016; Siddique et al., 2016a; Akter et al., 
2017; Islam et al., 2017; Akter et al., 2018; 
Islam et al., 2018; Siddique et al., 2018; Islam et 
al., 2019; Muti et al., 2020; Khalequzzaman et 
al., 2022a; Khalequzzaman et al., 2023).  Hence, 
this study aims to evaluate elite rice genotypes 
to identify promising sources of blast resistance 
and to initiate testcross program for the 
identification of restorer and maintainer lines for 
developing blast resistant heterotic hybrid rice 
varieties.

MATERIALS AND METHODS 
The experimental materials consisted of 43 elite 
rice (Oryza sativa L.) genotypes. Nine advanced 
breeding lines- IR126055-46-3-2-B, 
IR126066-85-5-2-1, IR126069-48-3-2-2, 
IR126076-67-3-2-3-4, IR126037-59-3-2-3-4, 
IR126072-83-3-3-1, IR126076-122-1-1-2, 
IR127278-152-1-3-1 and IR127278-114-3-3-2 
originated from the Hybrid Rice Development 
Consortium (HRDC), International Rice 
Research Institute (IRRI), Philippines. All 
advanced materials were obtained from the 
Hybrid Rice Division, Bangladesh Rice 
Research Institute (BRRI), Gazipur. The 

genotypes code, genotypes/ advanced lines 
name and blast disease reactions are provided in 
Table 1.  

Evaluation of leaf blast disease resistance
To assess blast disease reaction, the genotypes 
were grown from October to December 2022 in 
a randomized complete block design (RCBD) 
with three replications at the Blast Nursery of 
Plant Pathology Division, BRRI, Gazipur. A 
sowing frame was used to place 5–7 seeds per 
genotype per grid. The highly susceptible check 
variety US2 was planted along the borders of 
each bed to serve as a disease severity 
benchmark. Artificial inoculation was 
performed using a spore suspension of the 
virulent isolate U23-i7-k177-z06-ta423 of 
Pyricularia oryzae (Khan et al., 2016). At the 
4–5 leaf stage (21 days after sowing), seedlings 
were sprayed with a spore solution adjusted to 
3–8 × 10⁴ spores/mL. Meteorological data for 
the experimental period (October to December, 
2022) were obtained from the meteorological 
station of the Bangladesh Rice Research 
Institute (BRRI), Gazipur. Monthly average air 
temperatures for October, November, and 
December were 29.2°C, 25.3°C, and 21.9°C, 
respectively. Relative humidity ranged from 
62.1% to 74.0%.  Rainfall was recorded only in 
October (9 mm), with no precipitation in 
November and December. To promote infection, 
nursery beds were covered with polythene 
sheets and misted using a sprinkler system to 
maintain humidity levels above 80% for six 
consecutive days. Disease scoring was initiated 
once the susceptible check (US2) showed severe 
blast symptoms. Leaf blast disease severity was 
recorded from three seedlings per genotype 
using the 0–5 JIRCAS rating scale (Hayashi and 
Fukuta, 2009). A score of 0 indicated no visible 
symptoms, while 5 represented spindle-shaped 
lesions exceeding 3 mm in diameter with lesion 
coalescence. scores between 0 and 2 were 
considered as resistant, whereas scores from 3 to 
5 were categorized as susceptible.

Evaluation of agro-morphological traits 
The 43 genotypes were transplanted for 

agro-morphological assessment during the Boro 
2023–24 season at the research farm of Hybrid 
Rice Division, Gazipur. The field experiment 
followed an RCBD layout with three 
replications. Thirty-day-old seedlings were 
transplanted at a spacing of 20 × 20 cm between 
rows and 15 × 15 cm between plants, using one 
seedling per hill. Fertilization included Urea, 
TSP, MP, Gypsum, and ZnSO₄ were applied at 
the rates of 270:130:120:70:10 kg/ha, 
respectively. All fertilizers except urea were 
applied during final land preparation. Urea was 
top-dressed into three equal splits: at 15 days 
after transplanting (DAT), 30 DAT (tillering 
stage), and 45 DAT (just before panicle 
initiation). Standard agronomic practices 
recommended by BRRI for irrigated rice were 
strictly followed. Eight agro-morphological 
traits were recorded during field evaluation, 
based on observations from ten randomly 
selected plants for each genotype. The data were 
recorded of the following characters: Days to 
maturity (DM), Plant height (PH), Effective 
tillers per hill (ETPH), Panicle length (PL), 
Filled grains per panicle (FGPP), Total spikelets 
per panicle (TSPP), Spikelet fertility (SF %) and 
Grain yield per hill (GYPH). 

Statistical analysis  
Correlations, principal component and cluster 
analyses were done through several programme 
packages using R studio. The clustering was 
performed using the Ward’s method, and 
correlation analysis was conducted through 
Pearson’s test using R programming language. 
For data visualization and multivariate analysis, 
the R packages ggplot2, FactoMineR, 
Factoextra, and ggrepel were employed, while 
clustering procedures were further supported by 
Factoextra and cluster packages. To illustrate 
phenotypic correlation matrices, a heatmap was 
generated using the metan package in R Studio. 
Descriptive statistics for the nine evaluated traits 
were generated using the Statistical Tool for 
Agricultural Research (STAR, version 2.0.1; 
IRRI, Philippines).
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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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RESULTS 
Reaction of genotypes to blast isolates
Following screening, 18 genotypes showed 
resistant reactions and 25 genotypes showed 
susceptible reactions (score 3-5) to the blast 
isolate (Table 1). 

Pearson’s correlation coefficient 
Correlation analysis revealed the relationships 
among the studied traits to take decision in 
designing an effective breeding strategy. As 
shown in Fig. 1, grain yield per hill (GYPH) was 

significantly and positively correlated with 
spikelet fertility (SF%) (0.52***) and effective 
tillers per hill (ETPH) (0.31*). Total spikelets 
per panicle (TSPP) displayed a highly 
significant and positive correlation with filled 
grains per panicle (FGPP) (0.90***). Panicle 
length (PL) showed a strong positive correlation 
with and plant height (PH) (0.84***) and days to 
maturity (DM) (0.33*). FGPP had 
non-significant positive correlation with GYPH 
(0.14). PH had significant but negative 
correlation with SF (-0.34*).

Table 1.  List of the materials used in the study with leaf blast reactions.

Code Genotype DR Code Genotype DR 
G1 BHR350-4-12-3-1-2 S G23 IR126066-85-5-2-1 S 
G2 BHR351-50-22-3-2-2 S G24 IR126069-48-3-2-2 S 
G3 BHR352-22-4-7-2 R G25 IR126076-67-3-2-3-4 R 
G4 BHR353-39-21-4-3 S G26 IR126037-59-3-2 -3-4 S 
G5 BHR354-55-27-9-2 R G27 BHR372-8-11-1-1-1 S 
G6 BHR355-5-26-7-3 R G28 BHR373-8-65-22-29-10 S 
G7 BHR356-13-20-3-4 S G29 BHR374-90-9-2-8-15 S 
G8 BHR357-19-29-4-3 S G30 BHR375-6-5-26-21-2 S 
G9 BHR358-12-11-7-2 S G31 BHR376-B-6-52-6-10 S 
G10 BHR359-11-30-7-2 S G32 BHR377-60-81-9-34-2 S 
G11 BHR360- 86-41-7-26-1 S G33 BHR378-12-13-1-1-1 R 
G12 BHR361-8-65-2-6-4 R G34 BHR379-6-15-10-1-1 R 
G13 BHR362- 8-6-5-26-9 R G35 BHR380-26-1-8-1-1-2 R 
G14 BHR363-86-52-6-4-7 S G36 BHR381-66-11-9-1-1 S 
G15 BHR364-86-5-26-14 S G37 BHR382-50-3-3-1-1 S 
G16 BHR365-76-90-2-11 R G38 BHR383-53-8-13-1-1 R 
G17 BHR366-126-4-2-2 R G39 IR126072-83-3-3-1 R 
G18 BHR367-18-2-1-14-1 S G40 IR126076-122-1-1-2 S 
G19 BHR368-5-B-16-2 S G41 IR127278-152-1-3-1 R 
G20 BHR369-6-55-16-1 S G42 IR127278-114-3-3-2 R 
G21 BHR370-51-8-1-3 R G43 BR9390-6-2-2-1 R 
G22 IR126055-46-3-2-B R    

Legend: HRD= Hybrid Rice Division, BRRI= Bangladesh Rice Research Institute, HRDC= Hybrid Rice 
Development Consortium, IRRI= International Rice Research Institute, DR= Disease Reaction, R=Resistance, 
and S=Susceptible.
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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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Principal Component Analysis (PCA) 
Principal Component Analysis (PCA) is a 
widely used multivariate statistical method for 
distinguishing genotypes based on trait 
variation. Fig. 2 and 3 illustrate the eigenvalues 
and the proportion of total phenotypic variance 
accounted for by each principal component 
among elite rice genotypes. Out of nine 

components, only three exhibited eigenvalues 
greater than 1, collectively explaining 
approximately 67.45% of the total trait 
variability (Fig. 2). The first principal 
component (PC1) accounted for the largest share 
of variance at 26.59%, followed by PC2 with 
20.90%, and PC3 with 19.96% (Fig. 3).

Fig. 1.  Pearson’s correlation analysis of the studied traits.

Fig. 2.  Principal component analysis of elite rice genotypes showing eigenvalues and their contribution.
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Test cross F1’s from the B×B cross derived 
selected 27 fixed lines, 25 produced 100% 
sterile pollen (Fig. 7: a-g) and confirmed as new 
maintainer lines, but two genotypes produced 
90-98% sterile pollens (Fig. 7: m,n) and were 
discarded. Test cross F1’s from the R×R cross 
derived selected 17 fixed lines produced >80% 
fertile pollens and selected as new R lines. Test 
cross F1’s from the tested 12 elite lines, 7 
produced >80% fertile pollen and identified as 
new R line, whereas 5 produced <80% fertile 
pollen and were discarded (Fig. 7: h-l). Though 
BBC14-4R-49 (G44) and HRB502-4R-181 
(G51) showed recessive band for both the used 
markers but they could not show 100% sterility 
and showed 90-98% sterility (Fig. 7: m-n).

DISCUSSION
The development of salinity-tolerant hybrid rice 
parental lines is critical for sustaining rice 
production in salt-affected areas, which are 
expanding due to climate change, sea-level rise, 
and poor irrigation management (Raghavendra 
et al., 2021). In the present study, 286 

genetically fixed entries derived from 22 crosses 
(14 B×B and 8 R×R) and 19 elite lines were 
evaluated for salinity tolerance using the 
Standard Evaluation System (SES) and 
agronomic performance. The strategic approach 
of crossing parents with favorable SES scores 
(3-5) aimed to combine high salinity tolerance 
with desirable grain yield with agronomic traits 
and fertility restoration/maintenance ability in 
the progenies.

Parental Selection Strategy and Cross 
Performance
The identification of 15 promising crosses (9 
B×B and 6 R×R), where both parents exhibited 
SES scores of 3-5 represents a focused breeding 
strategy for introgressing salinity tolerance into 
new hybrid rice parents. This approach aligns 
with recent marker-assisted breeding programs 
that have successfully combined salinity 
tolerance with other desirable traits in parental 
lines (Niu et al., 2025; Sheng et al., 2023). 
Among these, cross HRB 502 
(BHR101/BHR184) produced the largest F6 

population (33 entries). The varying parental 
SES scores and F6 population sizes (ranging 
from 1 to 33) across the crosses provide a 
diverse genetic pool for selecting high-yielding 
and salinity-tolerant fixed lines for use as new 
hybrid rice parents. The use of tolerant × tolerant 
crosses is supported by previous studies 
showing that parental salinity tolerance is a 
prerequisite for developing stable salt-tolerant 
hybrids (Raghavendra et al., 2021; Beulah et al., 
2023). 
The wide variation in F6 population sizes (1-33 
entries) across crosses reflects differences in 
cross compatibility, seed set, and selection 
pressure applied during line stage testing (LST) 
trial. The seven crosses involving at least one 
highly susceptible parent (SES 7-8) yielded 
fewer promising selections, confirming that both 
parents should possess moderate to high 
tolerance for efficient introgression of this trait. 
Similar observations have been reported in 
studies where screening of large germplasm 
collections identified maintainer and restorer 
candidates with inherent salinity tolerance for 
hybrid development (Beulah et al., 2023; Dolo 
et al., 2016).

BLUP-Based Selection for High-Yielding 
Genotypes
The application of Best Linear Unbiased 
Predictor (BLUP) values for selection based on 
yield, growth duration, plant height, and 
effective tiller number represents a robust 
statistical approach for handling the augmented 
randomized complete block design with 
unbalanced data. BLUP-based selection has 
gained prominence in plant breeding due to its 
ability to account for spatial variation and 
provide unbiased estimates of genotypic values 
(Piepho et al., 2008). In this study, the stringent 
selection threshold of population means plus one 
standard deviation (µ + 1σ) for yield resulted in 
54 selected genotypes, while only five 
exceptional genotypes exceeded µ + 2σ. This 
selection intensity ensures that only superior 
performers are advanced, maximizing genetic 
gain while maintaining sufficient genetic 
diversity for future breeding efforts (Falconer 

and Mackay, 1996). 
The distribution of selected genotypes across 
breeding populations (27 from B×B crosses, 17 
from R×R crosses, and 10 from elite lines) 
indicates successful recovery of 
high-performing lines from diverse genetic 
backgrounds. The elite lines contributed 
proportionally fewer selections, suggesting that 
the targeted crosses were more effective in 
generating superior combinations. This outcome 
validates the crossing strategy and emphasizes 
the importance of planned hybridization over 
relying solely on existing germplasm.

Genetic Diversity and Cluster Analysis
The Euclidean distance analysis revealed 
substantial genetic diversity among the 54 
selected genotypes, with distances ranging from 
0.17 to 5.85. The highest genetic distance 
between HRB502-4R-181 and 
BR11716-4R-120 (5.85) indicates these lines 
are highly divergent and could serve as 
complementary parents in future hybrid 
combinations to maximize heterosis (Sruthi et 
al., 2020; Prasanna et al., 2022). Conversely, the 
lowest distance between BR11723-4R-27 and 
BR11723-4R-12 (0.17) suggests these lines are 
closely related, likely derived from the same 
cross with minimal phenotypic differentiation. 
The frequency distribution of pairwise distances 
showed a roughly normal distribution centered 
around moderate distances (2-4 units), with the 
highest frequency (530 pairs) at distance >2-3. 
This pattern indicates a balanced level of genetic 
variability within the selected population, which 
is desirable for maintaining breeding flexibility 
while ensuring sufficient divergence for 
heterotic exploitation (Prasanna et al., 2022). 
The relatively few pairs showing very low (0-1; 
61 pairs) or very high (5-6; 11 pairs) divergence 
further supports the notion that the population 
represents a well-structured gene pool with 
moderate diversity. 

Clustering Patterns and Agronomic 
Implications
Ward's D2 hierarchical clustering classified the 
54 genotypes into three distinct clusters with 

contrasting agronomic characteristics. Cluster 1, 
comprising late-maturing genotypes (158.30 
days), exhibited the highest yield (1.82 kg/1.2 
m²) despite having only 10 members and 
moderate tiller numbers (8.00). This suggests 
that extended growth duration allows for greater 
biomass accumulation and enhanced grain 
filling, consistent with reports that late-maturing 
varieties often achieve higher yields through 
prolonged photosynthetic activity and better 
resource utilization (Yang et al., 2010). These 
genotypes are particularly valuable for 
developing high-yielding hybrids in 
environments where the growing season permits 
late maturity.
Cluster 2 consisted of medium-duration 
genotypes (137.67 days) characterized by the 
tallest plant height (145.33 cm) and moderate 
yield (1.78 kg/1.2 m²). Tall plant stature in 
hybrid rice parents can be advantageous for 
biomass production and lodging resistance when 
combined with appropriate stem strength traits 
(Khush et al., 2005). However, excessive height 
may increase lodging risk under high-input 
management, necessitating careful evaluation in 
hybrid combinations. 
Cluster 3, the largest group with 38 members, 
included early-maturing, short-statured 
genotypes (136.68 days, 116.24 cm) with the 
highest tiller number (12.89) but the lowest yield 
(1.67 kg/1.2 m²). This inverse relationship 
between tiller number and yield suggests a 
trade-off where high tillering may result in 
smaller panicles or reduced grain weight per 
panicle, possibly due to competition for 
assimilates among tillers (Huang et al., 2011). 
Previous studies have demonstrated that while 
effective tiller number is positively correlated 
with yield, excessive tillering can lead to 
unproductive tillers and reduced individual 
panicle productivity (Huang et al., 2011). This 
cluster represents genotypes suitable for 
breeding programs targeting early maturity and 
adaptation to short-season environments, though 
yield improvement would require selection for 
larger panicle size or grain weight. 

Cluster Validation and Inter-Cluster 
Divergence
The silhouette width analysis confirmed the 
clustering structure, with Clusters 1 and 2 
exhibiting higher average silhouette widths 
(0.464 and 0.461, respectively) compared to 
Cluster 3 (0.284). High silhouette values 
indicate that genotypes within these clusters are 
well-grouped and distinct from other clusters, 
reflecting strong internal cohesion (Rousseeuw, 
1987). The lower silhouette width of Cluster 3 
suggests greater internal variability and 
potential overlap with other clusters, which may 
be attributed to its larger size and broader 
genetic composition.
The inter-cluster distance analysis revealed that 
Clusters 1 and 3 were the most divergent 
(distance 3.07), indicating substantial 
phenotypic differentiation between 
late-maturing, high-yielding types and 
early-maturing, high-tillering types. This 
divergence provides opportunities for heterotic 
crosses between these groups to exploit 
complementary traits (Sruthi et al., 2020). The 
smallest inter-cluster distance between Clusters 
2 and 3 (2.48) suggests some phenotypic 
similarity, possibly in maturity duration, which 
could limit heterotic potential in crosses 
between these groups.

Salinity Tolerance Evaluation of Selected 
Lines
The evaluation of 54 selected genotypes under 
12 dS/m salinity stress at the seedling stage 
identified 11 highly tolerant lines (SES 3): six 
restorer lines and five maintainer lines. This 
represents a 20.4% success rate in recovering 
highly tolerant lines from the selected 
population, which is consistent with the 
expected segregation patterns when crossing 
moderately tolerant parents (Beulah et al., 2023; 
Singh and Flowers, 2010). An additional 19 
genotypes exhibited moderate tolerance (SES 
5), providing a broader pool of genetic material 
for further improvement through recurrent 
selection or marker-assisted backcrossing.
The visual differences in seedling response to 
salinity stress (Fig. 5) clearly distinguished 

tolerant genotypes (minimal leaf damage, 
continued growth) from susceptible ones (severe 
leaf scorching, stunted growth), validating the 
SES scoring system as an effective phenotyping 
tool. The susceptible checks BRRI dhan28 and 
IR154 displayed severe stress symptoms, 
confirming the effectiveness of the screening 
protocol. The SES-based screening approach 
has been widely used in rice breeding programs 
and has proven reliable for identifying 
salinity-tolerant donors and breeding lines 
(Raghavendra et al., 2021; Beulah et al., 2023; 
Dolo et al., 2016).
The recovery of both highly tolerant and 
moderately tolerant lines from the breeding 
populations confirms the effectiveness of the 
crossing strategy. The tolerant lines identified in 
this study can serve as new parental lines for 
hybrid rice breeding programs targeting 
salt-affected ecologies, while moderately 
tolerant lines can be used as donors in 
marker-assisted backcrossing programs to 
further enhance salinity tolerance (Niu et al., 
2025; Thomson et al., 2010).

Molecular Confirmation of Fertility 
Restoration and Maintenance Ability
The use of gene-based markers DRRM-Rf3-5 
(for Rf3) and DRCG-RF4-14 (for Rf4) 
successfully differentiated restorer lines from 
maintainer lines at the molecular level. The Rf3 
gene on chromosome 1 and Rf4 gene on 
chromosome 10 are the major fertility restorer 
genes in rice, encoding pentatricopeptide repeat 
(PPR) proteins that restore pollen fertility in 
cytoplasmic male sterile (CMS) lines (Huang et 
al., 2015). The clear banding patterns 
observed-160 bp and 800 bp for restorer lines 
versus 140 bp and 885 bp for maintainer 
lines-enabled efficient classification of 24 
genotypes as restorers and 27 as maintainers.
Molecular markers for Rf genes have been 
extensively validated and are routinely used in 
hybrid rice breeding programs to accelerate 
parental line development (Huang et al., 2015; 
Kumar et al., 2017; Tang et al., 2014). Studies 
have reported marker efficiencies of 80-90% for 
SSR and gene-based markers linked to Rf3 and 

Rf4, making them valuable tools for preliminary 
screening of breeding materials (Kumar et al., 
2017; Sheeba et al., 2009). However, the 
efficiency of these markers is not 100%, 
necessitating phenotypic confirmation through 
test cross evaluation (Tang et al., 2014; 
Nagaraju et al., 2023).

Pollen Fertility Testing and Phenotypic 
Validation
The test cross evaluation using I-KI staining 
provided phenotypic confirmation of fertility 
restoration and maintenance ability. Among the 
27 B×B-derived lines tested, 25 produced 100% 
sterile pollen in test cross F1s, confirming their 
maintainer status, while two genotypes 
(BBC14-4R-49 and HRB502-4R-181) showed 
only 90-98% sterility and were discarded. This 
discordance between molecular marker 
prediction and phenotypic expression highlights 
the limitation of relying solely on molecular 
markers for parental line classification (Tang et 
al., 2014; Nagaraju et al., 2023).
Several factors may contribute to incomplete 
sterility in putative maintainer lines despite 
showing recessive alleles for both Rf3 and Rf4. 
These include: (1) environmental effects on 
pollen fertility expression (Li and Yang, 2007); 
(2) allelic variation at the Rf loci that affects 
restoration efficiency (Huang et al., 2009); and 
(3) possible errors in marker scoring or DNA 
quality issues. Similar observations have been 
reported in other studies where marker-based 
predictions did not perfectly align with 
phenotypic fertility restoration, emphasizing the 
need for combined molecular and phenotypic 
selection (Tang et al., 2014; Nagaraju et al., 
2023; Kumar et al., 2016).
All 17 R×R-derived lines and 7 out of 12 tested 
elite lines produced >80% fertile pollen in test 
cross F1s, confirming their restorer status. The 
threshold of >80% pollen fertility is commonly 
used in hybrid rice breeding to classify effective 
restorers when both Rf3 and Rf4 are present in 
homozygous dominant condition (Kumar et al., 
2017). The five elite lines that failed to meet this 
threshold were appropriately discarded, 
demonstrating the value of phenotypic 

validation in eliminating false positives from 
molecular screening. Among the selected 54 
genotypes, six R lines (HRR271-4R-44, 
HRR271-4R-46, HRR269-4R-36, BR11716- 
4R-102, BR11716-4R-108, RRC9-4R-31) have 
SES 3 score (tolerant) and confirmed as new 
restorer lines except BR11716-4R-102. Five B 
lines HRB512-4R-108, HRB513-4R-157, 
HRB512-4R-129, HRB503-4R-4, HRB512- 
4R-201 have SES 3 score (tolerant) and 
confirmed as new maintainer (B) lines.

Implications for Hybrid Rice Breeding
The successful development of 25 new maintainer 
lines (5 maintainer having SES 3) and 24 new 
restorer lines (5 restorer having SES 3) with 
combined salinity tolerance and desirable 
agronomic traits represents a significant 
achievement for hybrid rice breeding programs 
targeting salt-affected areas. These parental lines 
can be immediately utilized in hybrid 
combination trials to develop salt-tolerant hybrids 
with improved yield potential. The diversity 
analysis revealed sufficient genetic divergence 
among the selected lines to enable heterotic 
grouping and systematic hybrid development.
The integration of phenotypic screening (SES 
scoring, yield evaluation), molecular marker 
analysis (Rf gene markers), and statistical genetics 
(BLUP, clustering) in this study exemplifies a 
comprehensive and efficient approach to parental 
line development. This multi-faceted strategy 
maximizes selection efficiency while ensuring 
that only lines with confirmed genetic and 
phenotypic attributes are advanced (Niu et al., 
2025; Collard and Mackill, 2008). Future research 
work should focus on: (1) evaluating the 
combining ability of these parental lines through 
line × tester analysis; (2) assessing salinity 
tolerance at reproductive stage in addition to 
seedling stage; (3) incorporating additional 
trait-linked molecular markers for other important 
traits such as grain quality, disease resistance, and 
yield-related QTLs; and (4) conducting 
multi-location trials to assess stability and 
adaptability of salinity tolerance and yield 
performance across diverse saline environments.

CONCLUSION
This study successfully developed 49 new 
salinity-tolerant hybrid rice parental lines (25 
maintainers and 24 restorers) through strategic 
crossing of tolerant donor parents, BLUP-based 
selection, and combined molecular-phenotypic 
validation. The newly developed parental lines 
need to be genotyped to identify which 
mechanisms and underlying genes/QTLs 
introgressed into the developed lines and 
provided tolerances. The identified lines 
exhibited diverse agronomic characteristics, 
grouped into three distinct clusters representing 
different growth duration-yield contributing 
ideotypes. The integration of SES-based salinity 
screening with molecular marker analysis for Rf 
genes proved effective, though phenotypic 
validation through test cross pollen fertility 
testing is crucial for confirming parental line 
classification. Overall, these newly developed 
parental lines provide valuable genetic resources 
for breeding salinity-tolerant hybrid rice 
varieties suited to salt-affected ecologies.
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Analysis of principal components and their 
corresponding vector loadings (Table 2) 
revealed that PC1 was strongly influenced by 
panicle length (0.75), plant height (0.74), days to 
maturity (0.54), effective tillers per hill (0.40), 
and grain yield per hill (0.23), all contributing 
positively. PC2 showed positive associations 
with total spikelets per panicle (0.82), filled 

grains per panicle (0.77), panicle length (0.50), 
plant height (0.49), days to maturity (0.22), and 
grain yield per hill (0.20). PC3 was primarily 
influenced by spikelet fertility percentage 
(0.85), grain yield per hill (0.78), effective tillers 
per hill (0.40), and filled grains per panicle 
(0.24).

Table 2.  Contribution of variability of the first three principal components.

Fig. 3.  Contribution of principal components to total explained variance in phenotypic diversity of elite rice 
genotypes to total variance.

Variable PC1 PC2 PC3 
Days to maturity (days) 0.54 0.22 0.18 
Plant height (cm) 0.74 0.49 -0.27 
Effective tillers per hill (count) 0.40 -0.21 0.40 
Panicle length (cm) 0.75 0.50 -0.15 
Filled grains per panicle (count) -0.57 0.77 0.24 
Total spikelets per panicle (count) -0.49 0.82 -0.12 
Spikelet fertility percentage (percent %) -0.21 -0.01 0.85 
Grain yield per hill (g) 0.23 0.20 0.78 
Disease severity score (ordinal values) 0.42 0.06 0.31 
% of explained variances 26.59 20.90 19.96 
Cumulative % of variances 26.59 47.49 67.45 
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Fig. 4. The Biplot of 43 elite genotypes. The arrows show the contribution of the traits. Cos2 is the quality 
representation of both individuals and variables. (DM: days to maturity, PH: plant height (cm), ETPH: 
effective tillers per hill, PL: panicle length, FGPP: filled grain per panicle, TSPP: total spikelets per 
panicle, SF%: spikelet fertility percentage, GYPH: grain yield per hill (g) and DSS: Disease Severity 
Score).

A two-dimensional PCA biplot (Figure 4) was 
generated using principal component scores to 
visualize the extent and direction of trait 
contributions across components. The first 
dimension (Dim1) accounted for 26.6% of the 
total variation, while the second dimension 
(Dim2) explained 20.9%. Traits were grouped 
into two major components: Dim1 was primarily 
linked to GYPH, PL, and PH. These traits had 
long vectors and high cos² values, indicating 
strong influence. The Dim2 captured variation 
associated with TSPP and FGPP, which also 
showed strong contributions. Traits like SF, 
ETPH, and disease severity score (DSS) had 
shorter vectors and lower squared cosine values, 
indicating minimal representation in these two 
dimensions. Genotypes G22, G13, G11, G8, 

G12, G29, G20, G17, and G18 were positioned 
close to the grain yield vector, suggesting 
potential for yield-related traits. Genotypes G36, 
G37, G38, and G15 showed strong associations 
with TSPP and FGPP. The vector for DSS points 
towards the positive Dim1 and slightly positive 
Dim2 direction. Genotypes located opposite to 
the DSS vector (arrow) in the PCA biplot 
especially those farthest from it are likely to 
have low disease severity scores and are ideal 
candidates for blast resistance.  In relation to the 
DSS vector, the genotypes G7, G6, G42, G2, 
G3, G38, G43 and G5 are the promising 
candidates for blast resistance and could be 
prioritized for breeding programs. Notably, 
genotypes G22, G13, G11, and G10 emerged as 
top performers for overall yield, while G10 

showed strong expression of traits aligned with 
Dim2.

Trait Characterization
Descriptive statistics outlining the genetic 
variation among traits are presented in Table 3. 
Days to maturity among the genotypes ranged 
from 132 days (G38) to 162 days (G37). Plant 
height varied between 84 cm (G6) and 127 cm 
(G22). The number of effective tillers ranged 
from 5 (G38) to 10 (G23, G24, G33, G40). 

Panicle length extended from 19 cm (G7) to 27 
cm (G10–G13, G17). Filled grains per panicle 
ranged between 95 (G19) and 255 (G36), while 
total spikelet’s per panicle varied from 115 
(G19) to 294 (G36). Spikelet fertility 
percentages spanned 66% (G42) to 97% (G7). 
Grain yield per hill ranged from 15 g (G30) to 41 
g (G5). Disease severity scores varied from 0 
(G5, G7, G10, G19, G26, G30, G36, G38, G42) 
to 5 (G14, G16).

DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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A two-dimensional PCA biplot (Figure 4) was 
generated using principal component scores to 
visualize the extent and direction of trait 
contributions across components. The first 
dimension (Dim1) accounted for 26.6% of the 
total variation, while the second dimension 
(Dim2) explained 20.9%. Traits were grouped 
into two major components: Dim1 was primarily 
linked to GYPH, PL, and PH. These traits had 
long vectors and high cos² values, indicating 
strong influence. The Dim2 captured variation 
associated with TSPP and FGPP, which also 
showed strong contributions. Traits like SF, 
ETPH, and disease severity score (DSS) had 
shorter vectors and lower squared cosine values, 
indicating minimal representation in these two 
dimensions. Genotypes G22, G13, G11, G8, 

G12, G29, G20, G17, and G18 were positioned 
close to the grain yield vector, suggesting 
potential for yield-related traits. Genotypes G36, 
G37, G38, and G15 showed strong associations 
with TSPP and FGPP. The vector for DSS points 
towards the positive Dim1 and slightly positive 
Dim2 direction. Genotypes located opposite to 
the DSS vector (arrow) in the PCA biplot 
especially those farthest from it are likely to 
have low disease severity scores and are ideal 
candidates for blast resistance.  In relation to the 
DSS vector, the genotypes G7, G6, G42, G2, 
G3, G38, G43 and G5 are the promising 
candidates for blast resistance and could be 
prioritized for breeding programs. Notably, 
genotypes G22, G13, G11, and G10 emerged as 
top performers for overall yield, while G10 

showed strong expression of traits aligned with 
Dim2.

Trait Characterization
Descriptive statistics outlining the genetic 
variation among traits are presented in Table 3. 
Days to maturity among the genotypes ranged 
from 132 days (G38) to 162 days (G37). Plant 
height varied between 84 cm (G6) and 127 cm 
(G22). The number of effective tillers ranged 
from 5 (G38) to 10 (G23, G24, G33, G40). 

Panicle length extended from 19 cm (G7) to 27 
cm (G10–G13, G17). Filled grains per panicle 
ranged between 95 (G19) and 255 (G36), while 
total spikelet’s per panicle varied from 115 
(G19) to 294 (G36). Spikelet fertility 
percentages spanned 66% (G42) to 97% (G7). 
Grain yield per hill ranged from 15 g (G30) to 41 
g (G5). Disease severity scores varied from 0 
(G5, G7, G10, G19, G26, G30, G36, G38, G42) 
to 5 (G14, G16).

Cluster analysis
Based on multivariate analysis of nine studied 
traits, the 43 genotypes were classified into five 
separate clusters (Table 4 and Fig. 5). Cluster III 

encompassed the largest number of genotypes 
(11). Clusters I and IV each comprised 10 
genotypes. Clusters II and V were the smallest, 
with six genotypes in each.

Table 3.  Descriptive statistics for nine agro-morphological traits of 43 rice genotypes.

Table 4.  Arrangement of 43 genotypes in different clusters.

SL No. Variable Mean Min Max SD SE 
1 Days to maturity (days) 149.51 132 162 7.07 0.82 
2 Plant height (cm) 104.88 84 127 10.29 1.49 
3 Effective tillers per hill (count) 7.79 5 10 1.25 0.18 
4 Panicle length (cm) 23.28 19 27 2.5 0.35 
5 Filled grains per panicle (count) 169.77 95 255 35.04 5.47 
6 Total spikelets per panicle (count) 200.98 115 294 41.18 6.96 
7 Spikelet fertility percentage (percent %) 84.88 66 97 7.59 1.23 
8 Grain yield per hill (g) 27.91 15 41 6.47 0.94 
9 Disease severity score (ordinal values) 1.81 0 5 1.5 0.24 

Name of the 
cluster 

Number of 
genotypes 

Name of the genotypes code 

I 10 G1, G4, G14, G17, G18, G27, G29, G32, G35, G40 
II 6 G2, G3, G5, G6, G7, G8 
III 11 G9, G10, G11, G12, G13, G17, G20, G21, G22, G26, G34 
IV 10 G15, G28, G30, G31, G36, G37, G38, G41, G42, G43 
V 6 G19, G23, G24, G25, G33, G39 

DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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The mean performance of nine characters across 
five distinct clusters is presented in table 5.  
Notable differences were observed among 
clusters for most traits. Cluster V recorded the 
highest averages for days to maturity (154.17 
days) and effective tillers per hill (9.00). Cluster 
IV showed the greatest mean values for filled 
grains per panicle (196.3) and total spikelets per 

panicle (241.2), along with the lowest disease 
severity (0.7), indicating strong resistant to 
blast. Cluster III exhibited the highest averages 
for panicle length (26.27 cm) and grain yield per 
hill (33.36). Spikelet fertility percentage peaked 
in Cluster II (94.50%). Meanwhile, Cluster I had 
the lowest average plant height (105.6 cm).

Table 6 presents both intra- and inter-cluster 
distances among the five identified clusters. The 
intra-cluster distances varied from 2.69 to 3.77, 
with Cluster III showing the lowest internal 

variation and Cluster V exhibiting the highest 
variation. Regarding inter-cluster relationships, 
the highest distance was observed between 
Cluster I and Cluster V (D² = 5.09), indicating 

Table 5. Cluster means value of nine characters in the studied materials.

Characters  Cluster I Cluster II Cluster III Cluster IV Cluster V 
Days to maturity (days) 150.20 142.50 152.73 146.70 154.17 
Plant height (cm) 105.6 89.83 115 101.9 105.17 
Effective tillers per hill (count) 7.7 7.83 7.91 7 9 
Panicle length (cm) 23.2 19.83 26.27 22.1 23.33 
Filled grains per panicle (count) 164 175 178.27 196.3 114.33 
Total spikelets per panicle (count) 195.6 185.5 208.64 241.2 144.33 
Spikelet fertility (%) 83.7 94.5 87.18 81.2 79.17 
Grain yield per hill (g) 28 32.83 33.36 20.6 25 
Disease severity score (ordinal values) 3.8 1.17 1.82 0.7 1 

Fig. 5. Illustration of an un-rooted phylogenic tree among 43 rice genotypes based on Euclidean distance.

substantial genetic divergence. This was 
followed by distances between Cluster I and IV 
(D² = 4.90), Cluster III and IV (D² = 4.77), and 
Cluster IV and V (D² = 4.65). The smallest 
inter-cluster distance was recorded between 

Cluster II and Cluster III (D² = 3.55). These 
results highlight considerable diversity among 
the clusters, which is beneficial for selecting 
genetically distinct genotypes in hybrid rice 
breeding programs.

DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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Table 6 presents both intra- and inter-cluster 
distances among the five identified clusters. The 
intra-cluster distances varied from 2.69 to 3.77, 
with Cluster III showing the lowest internal 

variation and Cluster V exhibiting the highest 
variation. Regarding inter-cluster relationships, 
the highest distance was observed between 
Cluster I and Cluster V (D² = 5.09), indicating 

Table 6.  Intra- (Italic) and Inter- cluster divergence of 43 rice genotypes.

substantial genetic divergence. This was 
followed by distances between Cluster I and IV 
(D² = 4.90), Cluster III and IV (D² = 4.77), and 
Cluster IV and V (D² = 4.65). The smallest 
inter-cluster distance was recorded between 

Cluster II and Cluster III (D² = 3.55). These 
results highlight considerable diversity among 
the clusters, which is beneficial for selecting 
genetically distinct genotypes in hybrid rice 
breeding programs.

DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

 Cluster I Cluster II Cluster III Cluster IV Cluster V 
Cluster I 3.01 4.13 4.4 4.90 5.09 
Cluster II  2.96 3.55 4.27 4.38 
Cluster III   2.69 4.77 4.64 
Cluster IV    2.72 4.65 
Cluster V     3.77 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 
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DISCUSSION 
Grain yield in rice is a complex quantitative trait 
influenced by numerous factors. These include 
indirect contributors such as plant height, 
growth duration, effective tiller number, panicle 
length, and seed setting percentage as well as 
direct factors such as panicle number, grains per 
panicle, filled grains and thousand-grain weight 
(Sakamoto & Matsuoka, 2008; Huang et al., 
2011). Due to this complexity, direct selection 
for yield traits can be challenging and 
time-intensive. In contrast, selecting traits that 
are strongly correlated with yield offers a more 
efficient and practical approach (Ahmadikhah et 
al., 2008). The variation among the evaluated 
genotypes reflected a distinct interaction 
between blast resistance and genotypes. Some 
genotypes demonstrated strong resistance, while 
others showed susceptible reactions. These 
contrasting reactions emphasize that blast 
resistance varies across genotypes and is 
governed by both resistance genes and 
responsiveness to pathogen pressure. Such 
findings are valuable for breeding programs, as 
they help identify genotypes with more 
consistent resistance under pathogen pressure, 
thereby supporting the development of durable 
blast resistant hybrid cultivars.
Principal Component Analysis (PCA) revealed 
three components with eigenvalues of 2.39, 
1.88, and 1.80, accounting for 26.59%, 20.90%, 
and 19.96% of the total variance, respectively. 
These components are essential in identifying 

key traits for selecting superior genotypes from 
diverse breeding populations, as supported by 
findings from Majid et al. (2013) and Akhtar et 
al. (2022). Understanding the relationships 
among yield components is essential for 
effective genotype selection in breeding 
programs. Correlation analysis plays a vital role 
in pinpointing traits that significantly impact 
yield, guiding breeders in prioritizing traits for 
improvement (Eriksson et al., 2018). 
Correlation analysis revealed a significant 
positive association between SF (%) and GYPH 
implies that the higher the fertility rate, the 
higher the grain yield. Bist et al. (2025) and 
Bhadru et al. (2012) stated that the lower the 
sterility rate, the higher the grain yield. A 
significant positive correlation between grain 
yield and number of effective tillers per hill was 
stated by Islam et al. (2025) and Gupta et al. 
(2023), Debsharma et al. (2020) and Kohnaki et 
al., (2013). FGPP was positively correlated with 
GYPH. The positive connection of GY with 
FGPP was reported by Perween et al., (2020) 
and Kohnaki et al., (2013). These results 
indicate that selection for these traits could 
effectively enhance grain yield in the evaluated 
rice genotypes. Integrating these traits into 
breeding will speed up the development of 
high-yielding rice cultivars to meet national 
food demand. The number of FGPP had a highly 
significant and positive correlation with TSPP 
was reported by Ara et al., (2023). A highly 
significant and positive correlation between PL 

and PH also stated by Galib et al. (2025). 
Similarly, the findings of positive correlation 
between PL and DM corroborate with Bist et al., 
(2025). The FGPP was not significantly 
correlated with GYPH; similar to the results of 
Li et al., (2019). 
PCA and cluster analysis are effective tools for 
assessing variability in quantitative traits and 
identifying high-performing genotypes 
(Sawarkar et al., 2025). PCA helps reduce data 
dimensionality while retaining maximum 
variability, allowing genotypes to be ranked 
based on component scores (Shoba et al., 2019). 
Similar patterns of variation were reported by 
Kumar et al. (2021), who found 31.848% and 
19.553% variation in PC1 and PC2, 
respectively, using 119 rice breeding lines. 
PCA-based clustering revealed substantial 
genetic diversity and trait associations, which 
are crucial for targeted breeding efforts. The 
PCA biplot (Fig. 4) highlighted key traits 
driving variability and genotype differentiation, 
consistent with studies by Chiquet et al. (2018) 
and Saha et al., (2022). Traits near the origin 
contributed little to variance, and clustered 
genotypes indicated strong phenotypic 
associations (Kose et al., 2018). Notably, our 
analysis indicated a robust association among 
GYPH and a cluster of agronomic traits, 
including PL, PH, ETPH, DM and DSS as 
evidenced by the acute angles by their respective 
dimension vectors. The association between 
GYPH and PH suggests a compact plant 
architecture with shorter stature and more tillers 
or panicles, which can reduce lodging risk and 
improve yield stability (Hairmansis et al., 2010; 
Avakyan & Dzhamirze, 2018). Similarly, the 
angle between GYPH and DM implies that 
longer growth periods may enhance yield 
through increased biomass and grain filling 
(Al-Karaki, 2012). Genotypes G22, G13, G11, 
G8, G12, G29, G20, G17, and G18 were closely 
aligned with the GYPH vector, indicating their 
potential as high-yielding candidates for direct 
selection or use in breeding programs. Rao et al. 
(2021) and Prakriti et al. (2017) documented 
variability in rice germplasm, with panicle 
length ranging from 16–33.9 cm and 21.7–29.6 

cm, respectively. In a more recent study, Sultana 
et al. (2025) reported trait ranges in T. Aman 
rice, including effective tillers per hill 
(10.03–13.05), panicle length (21.82–23.0 cm), 
sterile spikelets per panicle (12.65–13.05), and 
grains per panicle (123.53–141.33).
Cluster analysis grouped the 43 genotypes into 
five distinct clusters. This classification revealed 
substantial genetic diversity among the 
genotypes, particularly in traits related to yield 
and disease resistance. The genotypes 
demonstrated a wide range of variability, with 
several unique entries showing potential for use 
in breeding programs. Different authors reported 
that genetic diversity among different rice 
genotypes has been classified into distinct 
cluster groups. For instance, Girma et al. (2018) 
grouped 64 genotypes into six clusters using 
seven yield-related traits. Bekis et al. (2021) 
classified 30 lowland rice genotypes into five 
clusters based on 17 morphological and yield 
traits, while Worede et al. (2014) divided 24 
upland rice genotypes into two clusters using 17 
morpho-agronomic traits. The phylogenetic tree 
further illustrated the genetic relationships and 
diversity among the cultivars. Such clustering is 
instrumental for breeders in selecting 
genetically distant parents for developing 
hybrids with enhanced yield potential and 
resistance to blast disease. The insights gained 
from this study contribute to breeding strategies 
aimed at meeting the evolving demands of 
agriculture and consumers.
The cluster mean value indicated that neither 
any cluster contained the genotypes with all 
desirable traits which could be selected and 
utilized directly in the crossing program of 
hybrid rice breeding. Thus, hybridization 
between different clusters is needed to develop 
desirable genotypes. The analysis of cluster 
distance revealed that the inter-cluster distances 
were higher than the intra-cluster distance 
indicating wider genetic diversity among the 
genotypes of different groups. The above result 
indicated that the genotypes included in the 
cluster I and cluster V were more diverse than 
the genotypes of others cluster. Therefore, 
genotype selection for hybridization from the 

cluster I and V may give the desirable heterosis 
for heterotic rice hybrids. The genotypes under 
cluster IV having lower DSS values. So, the 
genotypes of this cluster could be used as a male 
parent of testcross program for identifying blast 
resistant maintainer or restorer lines. These 
results are in agreement with those of Khan et al. 
(2014) and Latif et al., (2011). Genotypes of 
distantly located clusters were suggested to use 
in hybridization programs for obtaining a wide 
spectrum of variation among the segregates as 
suggested by Yadav et al. (2011) and Latif et al., 
(2011).  The present study provided important 
information for blast resistance at the seedling 
stage, but it may not fully represent responses at 
reproductive stages. Similarly, the 
morphological traits are influenced by 
environmental factors; therefore, assessment of 
morphological traits in a single environment 
potentially confounds only genetic effects. So, 
phenotypic screening with molecular markers at 
both the seedling and reproductive stages 
alongside multi-location or multi-season trials 
would facilitate the identification of stable and 
broad-spectrum resistance.
 
CONCLUSION 
Multivariate analyses of nine quantitative traits 
were performed to determine the genetic 
diversity of 43 genotypes, which were grouped 
into five different clusters. The 67.45% variation 
was explained by the first three primary axes. 
Cluster III and IV represent high yielding and 
disease resistant cluster, respectively. So, 
testcrosses could be made of the aforementioned 
clusters with promising CMS line that would 
offer a good scope to identify blast-resistant and 
high yielding elite restorer or maintainer lines. 
The study revealed that blast resistance varied 
among genotypes, reflecting genetic differences 
in resistance genes and pathogen 
responsiveness. Future research should focus on 
validating these findings across diverse 
environments and pathogen populations, as well 
as integrating molecular markers (SSR or SNP) 
to identify genes for blast resistance (R-genes), 
fertility restoration (Rf), wide compatibility 
(WC), identifying yield QTLs and heterotic loci 

for greater heterosis and introducing them into 
the background of hybrid parental genotypes to 
accelerate the rate of heterosis for hybrid rice 
breeding program. 

ACKNOWLEDGMENTS
The authors are thankful to the Plant Pathology 
Division, Bangladesh Rice Research Institute 
(BRRI), Gazipur, Bangladesh for providing 
facilities for phenotypic screening of leaf blast 
of rice at the blast nursery field. 
 
FUNDING 
This study was supported by a national project 
of Bangladesh “High-yielding hybrid rice 
variety development through modernization of 
research,” funded by Ministry of Agriculture 
(224344400), Bangladesh. 

AUTHOR’S CONTRIBUTIONS 
M. Akhlasur Rahman (M.A.R) and Umakanta 
Sarker (US): Conceptualization, designing the 
experiment, validation, resources, monitoring of 
the experiments, writing-manuscript draft, 
review and editing. Laila Ferdousi Lipi (LFL): 
Methodology, validation, experimentation, data 
curation, data analysis, data interpretation, 
writing first manuscript draft, review and 
editing. Mohammad Mehfuz Hasan Saikat 
(MMHS) and Md. Motaher Hossain (MMH): 
review and editing. 

REFERENCES
Ahmadikhah, A. (2018). Selection effects in rice 

as assessed by genetic analysis in 
segregating populations. Plant Breeding 
and Seed Science, 77, 69-77.

Ahmed, M. S., Parveen, S., Baktiar, M. H. K., & 
Siddique, M. A. (2015a). Study of 
qualitative agro-morphological characters 
of Dhaliboro rice germplasm. Eco-friendly 
Agricultural Journal, 8(8), 91–96.

Ahmed, M. S., Parveen, S., Islam, M. Z., & 
Siddique, M. A. (2015b). Characterization of 
Dhaliboro rice (Oryza sativa L.) germplasm 
of Bangladesh for morpho-physicochemical 
traits. International Journal of 
Bio-Research, 19(1), 1–11.

Akter, N., Begum, H., Islam, M. Z., Siddique, M. 
A., & Khalequzzaman, M. (2018). Genetic 
diversity in Aus rice (Oryza sativa L.) 
genotypes of Bangladesh. Bangladesh 
Journal of Agricultural Research, 43(2), 
253–266.

Akter, N., Islam, M. Z., Bhuiyan, A., Siddique, 
M. A., & Khalequzzaman, M. (2017). 
Distinctness of 45 irrigated rice (Oryza 
sativa L.) landraces of Bangladesh through 
agro-morphological traits. Eco-friendly 
Agricultural Journal, 10(7), 100–107.

Akter, N., Islam, M. Z., Siddique, M. A., 
Chakrabarty, T., Khalequzzaman, M., & 
Chowdhury, M. A. Z. (2016). Genetic 
diversity of Boro rice (Oryza sativa L.) 
landraces of Bangladesh. Bangladesh 
Journal of Plant Breeding and Genetics, 
29(2), 33–40.

Akhtar, R., Iqbal, A., & Dasgupta, T. (2022). 
Genetic diversity analysis of aromatic rice 
(Oryza sativa L.) germplasm based on 
agro-morphological characterization. 
Oryza, 59(2), 141-149.

Al-Karaki, G. N. (2012). Phenological 
development‐yield relationships in durum 
wheat cultivars under late‐season 
high‐temperature stress in a semiarid 
environment. International scholarly 
research notices, 2012(1), 456856.

Ara, A., Nihad, S. A. I.., Rashid, M. M.., Akter, 
A., Uddin, A. B. M. A., Ansari, T. H.., & 
Latif, M. A.  (2023). Genetic diversity of 
INGER rice genotypes based on 
morphological charac-ters and bacterial 
blight resistance. Bangladesh Rice Journal, 
26(1), 17–31. https://doi.org/10.3329/ 
brj.v26i1.65876

Avakyan, E. R., & Dzhamirze, R. R. (2018). Rice 
lodging resistance. RUDN Journal of 
Agronomy and Animal Industries, 13(4), 
366-372.

Baktiar, M. H. K., Samad, M. A., 
Khalequzzaman, M., Sharma, N., & 
Siddique, M. A. (2013). Morphological 
characterization of local Aus rice 
germplasm (Oryza sativa L.). Eco-friendly 
Agricultural Journal, 6(10), 238–242.

Banik, S., Islam, M. Z., Haque, M. A., Siddique, 
M. A., Mallik, A., & Siddiquee, M. A. 
(2012). Physico-chemical properties based 
genetic diversity of T. Aman rice genotypes. 
Eco-friendly Agricultural Journal, 5(7), 
69–72.

Bekis, D., Mohammed, H., & Belay, B. (2021). 
Genetic divergence and cluster analysis for 
yield and yield contributing traits in 
lowland rice (Oryza sativa L.) genotypes at 
Fogera, Northwestern Ethiopia. 
International Journal of Advanced 
Research in Biological Sciences, 8(5), 1-11.

Bhadru, D., Reddy, D. L., & Ramesha, M. S. 
(2012). Correlation and path analysis of 
yield and yield components in hybrid rice 
(Oryza sativa L.). Agricultural Science 
Digest-A Research Journal, 32(3), 199-203.

Bist, D. R., Chapagaee, P., Rawal, R., Bist, G., & 
Bohara, R. (2025). Multivariate analysis of 
yield and phenotypic diversity in rainfed 
rice (Oryza sativa L.) landraces from 
Gokuleshwor, Baitadi, Nepal. Discover 
Agriculture, 3(1), 167.

Biswash, M. R., Sharmin, M., Rahman, N. M. F., 
Farhat, T., & Siddique, M. A. (2016). 
Genetic diversity in modern T. Aman rice 
varieties of Bangladesh (Oryza sativa L.). 
Sains Malaysiana, 45(5), 709–716.

Chiquet, J., Mariadassou, M., & Robin, S. 
(2018). Variational inference for 
probabilistic Poisson PCA. Annals of 
Applied Statistics, 12(4), 2674–2698.

Debnath, A., Bhutia, K. L., & Sumpi, H. (2018). 
Mapping and deployment of blast 
resistance gene in rice—A work in 
progress. International Journal of Current 
Microbiology and Applied Sciences, 7, 
2073-2094.

Debsharma, S. K., Disha, R. F., Ahmed, M. M. 
E., Khatun, M., Ibrahim, M., & Aditya, T. 
L. (2020). Assessment of genetic variability 
and correlation of yield components of elite 
rice genotypes (Oryza sativa L.). 
Bangladesh Rice Journal, 24(1), 21-29.

Deepika, K., Lavuri, K., Rathod, S., Yeshala, C. 
M., Jukanti, A. K., Reddy, S. N., & Badri, J. 
(2021). Multivariate analysis of 

geographically diverse rice germplasm for 
genetic improvement of yield, dormancy 
and shattering-related traits. Plant Genetic 
Resources, 19(2), 144-152.

Eriksson, D., Akoroda, M., Azmach, G., 
Labuschagne, M., Mahungu, N., & Ortiz, R. 
(2018). Measuring the impact of plant 
breeding on sub-Saharan African staple 
crops. Outlook on Agriculture, 47(3), 
163-180.

Girma, B. T., Kitil, M. A., Banje, D. G., Biru, H. 
M., & Serbessa, T. B. (2018). Genetic 
variability study of yield and yield related 
traits in rice (Oryza sativa L.) genotypes. 
Advances in Crop Science and Technology, 
6(4), 381.

Gupta, R., Debsharma, S. K., Jahan, N., & Rani, 
M. H. (2023). Genetic Variability Analysis 
for Yield Contributing Traits in Rice (Oryza 
sativa L.) in hilly areas of Bangladesh. 
Bangladesh Rice Journal, 27(2), 51–65. 
https://doi.org/10.3329/ brj.v27i2.77556

Hairmansis, A., Kustianto, B., & Suwarno, S. 
(2010). Correlation analysis of agronomic 
characters and grain yield of rice for tidal 
swamp areas. Indonesian Journal of 
Agricultural Science, 11(1), 11-15.

Huang, X., Zhao, Y., Wei, X., Li, C., Wang, S., 
Zhao, Q., & Xu, C. (2011). Genome-wide 
association study of 14 agronomic traits in 
rice landraces. Nature Genetics, 44(1), 
23-30.

Islam, R., Hossain, M. S., Aktar, S., Sharma, D. 
C., Islam, S., & Kayess, M. O. (2025). 
Genetic and multivariate analysis of some 
local and advanced selected Aman rice 
genotypes under Bangladesh condition. 
Discover Plants, 2(1), 271.

Islam, M. Z., Akter, N., Chakrabarty, T., Bhuiya, 
A., Siddique, M. A., & Khalequzzaman, M. 
(2018). Agro-morphological characterization 
and genetic diversity of similar named 
aromatic rice (Oryza sativa L.) landraces of 
Bangladesh. Bangladesh Rice Journal, 22(1), 
45–56.

Islam, M. Z., Khalequzzaman, M., Siddique, M. 
A., Akter, N., Ahmed, M. S., & Chowdhury, 
M. A. Z. (2017). Phenotypic characterization 

of jhum rice (Oryza sativa L.) germplasm 
collected from Rangamati district in 
Bangladesh. Bangladesh Rice Journal, 
21(1), 47–57.

Islam, M. Z., Siddique, M. A., Akter, N., Prince, 
M. F. R. K., Islam, M. R., Anisuzzaman, M., 
& Mian, M. A. K. (2019). Morpho- 
molecular divergence of restorer lines for 
hybrid rice (Oryza sativa L.) development. 
Cereal Research Communications, 47(3), 
531–540.

Islam, M. Z., Siddique, M. A., Rashid, E. S. M. 
H., Ahmed, M. S., & Khalequzzaman, M. 
(2014). Genetic diversity in Sadajira rice 
(Oryza sativa L.) germplasm. The 
Agriculturists, 12(1), 26–32.

Khalequzzaman, M., Chakrabarty, T., Islam, M. 
Z., Rashid, E. S. M. H., Prince, M. F. R. K., 
& Siddique, M. A. (2022). Assessment of 
mean performance, variability, traits 
association and path coefficient in 
transplanted Aman rice (Oryza sativa L.) 
landraces. Asian Journal of Biology, 16(4), 
27–39.

Khalequzzaman, M., Chakrabarty, T., Islam, M. 
Z., Rashid, E. S. M. H., Prince, M. F. R. K., 
& Siddique, M. A. (2023). Deciphering 
genetic variability, traits association, 
correlation and path coefficient in selected 
Boro rice (Oryza sativa L.) landraces. Asian 
Journal of Biology, 19(2), 33–45.

Khalequzzaman, M., Siddique, M. A., & Bashar, 
M. K. (2012). Rice genetic resources 
conservation and utilization in Bangladesh. 
In Genetic Resources and Seed Division 
(pp. 50–60). Gazipur, Bangladesh.

Khan, M. A., Ali, M. A., Monsur, M. A., 
Kawasaki-Tanaka, A., Hayashi, N., 
Yanagihara, S., & Fukuta, Y. (2016). 
Diversity and distribution of rice blast 
(Pyricularia oryzae Cavara) races in 
Bangladesh. Plant Disease, 100(10), 
2025-2033.

Kohnaki, M. E., Kiani, G., & Nematzadeh, G. 
(2013). Relationship between 
morphological traits in rice restorer lines at 
F3 generation using multivariate analysis. 
International Journal of Advanced 

Biological and Biomedical Research, 1(6): 
572-577. 10.26655/ijabbr.2017.9.1

Kose, A., Onder, O., Bılır, O., & Kosar, F. 
(2018). Application of multivariate 
statistical analysis for breeding strategies of 
spring safflower (Carthamus tinctorius L.). 
Turkish Journal of Field Crops, 23(1), 
12-19.

Kulsum, M. U., Hasan, M. J., Siddique, M. A., 
Begum, F., & Akond, Z. (2015). Genetic 
diversity in selected rice genotypes (Oryza 
sativa L.). Bangladesh Journal of 
Agriculture, 38–40, 63–72.

Latif, M., Rahman, M., Kabir, M., Ali, M., Islam, 
M., & Rafii, M. (2011). Genetic diversity 
analyzed by quantitative traits among rice 
(Oryza sativa L.) genotypes resistant to 
blast. African Journal of Microbiology 
Research, 5, 4383-4391. https://doi.org/ 
10.5897/ajmr11.492. 

Li, R., Li, M., Ashraf, U., Liu, S., & Zhang, J. 
(2019). Exploring the relationships between 
yield and yield-related traits for rice 
varieties released in China from 1978 to 
2017. Frontiers in plant science, 10, 543. 
https://doi.org/10.3389/fpls.2019.00543.

Mazid, M. S., Rafii, M. Y., Hanafi, M. M., Rahim, 
H. A., Shabanimofrad, M., & Latif, M. A. 
(2013). Agro-morphological characterization 
and assessment of variability, heritability, 
genetic advance and divergence in bacterial 
blight resistant rice genotypes. South African 
Journal of Botany, 86, 15-22. 

Muti, S. A. A., Hoque, M. I., Islam, M. M., 
Siddique, M. A., & Islam, M. S. (2020). 
Morpho-molecular characterization and 
screening of rice (Oryza sativa L.) 
genotypes for salinity tolerance at seedling 
stage. SAARC Journal of Agriculture, 18(2), 
1–15.

Nalley, L., Tsiboe, F., Durand-Morat, A., Shew, 
A., & Thoma, G. (2016). Economic and 
environmental impact of rice blast pathogen 
(Magnaporthe oryzae) alleviation in the 
United States. PloS one, 11(12), e0167295. 

Nihad, S. A. I., Ara, A., Rashid, M. M., Hasan, 
M. A. I., Khan, M. A. I., & Latif, M. A. 
(2020). Genetic divergence of rice 

genotypes revealed by bacterial blight 
disease and morphological traits. 
Bangladesh Rice Journal, 24(1), 73-84.

Nivedha, R., Manonmani, S., Kalaimagal, T., 
Raveendran, M., & Kavitha, S. (2024). 
Assessing the genetic diversity of parents 
for developing hybrids through 
morphological and molecular markers in 
rice (Oryza sativa L.). Rice, 17(1), 17.

Perween, S., Kumar, A., Singh, S. P., Satyendra, 
Kumar, M., & Ravi Ranjan Kumar, R.R. 
(2020). Genetic Variability Parameters for 
Yield and Yield Related Traits in Rice (Oryza 
sativa L.) under Irrigated and Drought Stress 
Condition. International Journal of Current 
Microbiology and Applied Science, 9(2), 
1137-1143. doi: https://doi.org/10.20546/ 
ijcmas.2020.902.133

Prakriti, M., Bhandarkar, S., Shrivas, Y., Nair, S. 
K., Ojha, G. C., & Pachauri, A. K. (2017). 
Assessment of genetic variability for 
quantitative and qualitative traits in Rice 
Germplasm Accessions (Oryza sativa L.). 
Bulletin of Environment, Pharmacology 
and Life Science, Special issue (1), 76-83.

Rao, N. N. D., Roja, V., Tushara, M., Rao, V. S., 
& Rao, V. S. (2021). Characterization and 
diversity analysis of rice germplasm. In 
Biological Forum–An International 
Journal, 13(3a), 170-179.

Saha, I., Durand-Morat, A., Nalley, L. L., Alam, 
M. J., & Nayga, R. (2021). Rice quality and 
its impacts on food security and 
sustainability in Bangladesh. PLoS One, 
16(12), e0261118.

Saha, S. R., Ferdausi, A., Hassan, L., Haque, M. 
A., Begum, S. N., Yasmin, F., & Akram, W. 
(2022). Rice landraces from haor areas of 
Bangladesh possess greater genetic 
diversity as revealed by morpho-molecular 
approaches along with grain quality traits. 
Cogent Food & Agriculture, 8(1), 2075130.

Sakamoto, T., & Matsuoka, M. (2008). 
Identifying and exploiting grain yield genes 
in rice. Current opinion in plant biology, 
11(2), 209-214.

Salleh, S. B., Rafii, M. Y., Ismail, M. R., Ramli, 
A., Chukwu, S. C., Yusuff, O., & Hasan, N. 

A. (2022). Genotype-by-environment 
interaction effects on blast disease severity 
and genetic diversity of advanced 
blast-resistant rice lines based on 
quantitative traits. Frontiers in Agronomy, 
4, 990397.

Sawarkar, A., Das, S., & Saha, S. (2025). Genetic 
Cause and Effect Interrelationships for 
Yield and Yield Components of Mungbean 
[Vigna radiata (L.) Wilczek]. Legume 
Research-An International Journal, 1, 9.

Shoba, D., Vijayan, R., Robin, S., Manivannan, 
N., Iyanar, K., Arunachalam, P., & Geetha, 
S. (2019). Assessment of genetic diversity 
in aromatic rice (Oryza sativa L.) 
germplasm using PCA and cluster analysis. 
Electronic Journal of Plant Breeding, 
10(3), 1095-1104.

Siddique, M. A., Islam, M. Z., Khalequzzaman, 
M., & Ahmed, M. S. (2011). Genetic 
diversity in rice (Oryza sativa L.) landraces 
of hilly areas in Bangladesh. Bangladesh 
Journal of Plant Breeding and Genetics, 
24(2), 25–30.

Siddique, M. A., Khalequzzaman, M., Islam, M. 
Z., Ahmed, M. S., & Rashid, E. S. M. H. 
(2013). Genetic diversity in local Boro rice 
(Oryza sativa L.) genotypes of Bangladesh. 
Bangladesh Journal of Plant Breeding and 
Genetics, 26(1), 19–24.

Siddique, M. A., Khalequzzaman, M., Islam, M. 
Z., Baktiar, M. H. K., & Ahmed, M. S. 
(2016). Genetic diversity assessment of 
quantitative traits in landraces of Aus rice. 
Bangladesh Journal of Plant Breeding and 
Genetics, 29(2), 17–24.

Siddique, M. A., Rashid, E. S. M. H., 
Khalequzzaman, M., Islam, M. Z., Ahmed, 
M. S., & Baktiar, M. H. K. (2010). Genetic 
diversity of local rainfed rice (Oryza sativa 
L.). Bangladesh Journal of Plant Breeding 
and Genetics, 23(2), 41–46.

Siddique, M. A., Islam, M. Z., Khalequzzaman, 
M., & Bhuiya, A. (2018). 
Agro-morphological characterization of 
geographical indication rice cultivars 

grown in Bangladesh. The Experiment, 
45(4), 2598–2610.

Sivaranjani, R., Reddy, R. S., & Reddy, K. R. 
(2010). Assessment of genetic diversity in 
Indian rice germplasm (Oryza sativa L.) 
using SSR markers. Journal of Genetics, 
92(3), 545–557. https://www.ias.ac.in/ 
article/fulltext/jgen/092/03/0545-0557

Sultana, N., Das, B., Akhter, M. S., Sultana, N., 
& Rahman, M. A. (2025). Comparative 
Performance of Transplanted Aman Rice 
Varieties under Raised Bed and 
Conventional Cultivation Methods in 
Bangladesh. Asian Journal of Agricultural 
and Horticultural Research, 12(3), 
123-136.

Virmani, S. S., Mao, C. X., & Hardy, B. (2001). 
Hybrid rice: Seeds of innovation. Los 
Baños, Philippines: International Rice 
Research Institute.

Wang, C., Fa, X., Meng, Q., Zhang, Y., Wang, 
W., Zhu, K., & Zhang, H. (2024). 
Comparison of agronomic and 
physiological characteristics for rice 
varieties differing in water use efficiency 
under alternate wetting and drying 
irrigation. Agronomy, 14(9), 1986.

Worede, F., Sreewongchai, T., Phumichai, C., & 
Sripichitt, P. (2014). Multivariate analysis 
of genetic diversity among some rice 
genotypes using morpho-agronomic traits. 
Journal of plant sciences, 9(1), 14.

Yadav, M. K., S, A., Ngangkham, U., Shubudhi, 
H. N., Bag, M. K., Adak, T., & Jena, M. 
(2017). Use of molecular markers in 
identification and characterization of 
resistance to rice blast in India. PloS one, 
12(4), e0176236.

Yadav, V. K., Yuvraj Singh, Y. S., Soni, S. K., & 
Yadav, A. K. (2011). Genetic divergence 
analysis in salt tolerance rice (Oryza sativa 
L.) genotypes. Plant Archives, 11 (2), 
593-595.

Yuan, L. P. (2017). Progress in super-hybrid rice 
breeding. The Crop Journal, 5(2), 100–104. 
https://doi.org/10.1016/ j.cj.2017.02.001


